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1. Why it is important to test GR



UQFT

GR
QFT

Why Gravity?

Nature’s most fundamental and mysterious force 

Electromagnetism

Weak nuclear force

Strong nuclear force

Gravity ?
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Why Gravity?

Nature’s most fundamental and mysterious force 

To achieve a full, coherent picture of the Universe, we must understand 
gravity!


Do we understand it? GR cannot be the ultimate gravity theory because of:


• singularities,


• incompatibility with quantum mechanics


It must fail at the Planck scale!


Are there any deviations at measurable scales?
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Measurable deviations?

Instead of this many new fields, could our understanding of gravity be at fault?


MANY alternative theories of gravity have been proposed to explain these phenomena, with 
significant deviations from GR below the Planck scale that can be observed in binary pulsar 
experiments!


Thus, falsifying or confirming such theories has implications beyond the study of gravity – also for 
the study of the origin, evolution and contents of our Universe.

  What caused cosmic inflation?


  What is Dark Matter?


  What is Dark Energy?

We don‘t know many things:  Cosmic "makeup".  Credit: ESA/Planck
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2. Why tests of gravity theories with radio pulsars?



Einstein published the field equations of general 
relativity in November 1915.


General relativity has since passed all 
experimental tests!


Until 1974, all tests of this theory were made in 
the Solar System (very weak fields, very low 
velocities).


But what if the fields are much stronger? 
What if we have objects moving much faster, 
and with much stronger gravitational fields? – 
After all, this is what made Newtonian gravity 
fail…

General relativity
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The discovery of pulsars

• In August 1967, Jocelyn Bell, then a graduate student 
at Cambridge, finds a radio signal in the constellation 
Sagitta (the Little Arrow) pulsating with a period of 
1.33 seconds. She found this to appear 4 minutes 
earlier every day, indicating a sidereal source! 

• For this discovery, her supervisor, Anthony Hewish 
earns the Nobel Prize in Physics 1974.
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The discovery of pulsars

Sound of PSR B1919+21, as observed 
at Arecibo on the 13th of June 2006:
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Figure on the left: Single pulses from PSR B1919+21 
observed at Arecibo. From: Craft HD (1970),


``Radio Observations of the Pulse Profiles and 
Dispersion Measures of Twelve Pulsars.”

PhD thesis, Cornell University, New York
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Neutron stars are the remnants of extremely 
massive stars. Towards the end of their lives they 
explode as Supernovae:


• The result is a sphere of neutrons with R ~ 11-13 
km, and M ~ 460000 times the Earth’s mass


• Gravitational binding energy: about −40 000 
Earth masses!


• Density in the core is several hundred million 
tons per cubic cm – significantly higher than at 
the atomic nucleus!


Some neutron stars emit radio waves 
anisotropically. Their rotation then makes them 
appear to pulse, like a lighthouse – a pulsar!

What are pulsars?
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Neutron stars are the remnants of extremely 
massive stars. Towards the end of their lives they 
explode as Supernovae:


• The result is a sphere of neutrons with R ~ 11-13 
km, and M ~ 460000 times the Earth’s mass


• Gravitational binding energy: about −40 000 
Earth masses!


• Density in the core is several hundred million 
tons per cubic cm – significantly higher than at 
the atomic nucleus!


Some neutron stars emit radio waves 
anisotropically. Their rotation then makes them 
appear to pulse, like a lighthouse – a pulsar!

Why are pulsars interesting for gravity?

POINT MASSES

Non-trivial grav. Prop.

We can time them 
precisely!

This stuff is so dense we 
don’t know what it is.
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Since these discoveries, we have been actively observing these pulsars in order to derive their timing 
solutions.


The timing technique

Pulsar timing measures pulsar 
arrival time at the telescope (TOA):

Fold

TOA

Model

Fold

Residual

Credit:

Rotating pulsar: M. Kramer


Timing plots: David Champion
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The first binary pulsar - 1974

From: Hulse & Taylor, 1975, ApJ, 195, 51 

PSR B1913+16

 58.97 ms

 59.06 ms

  Pulse period    : 59.0 ms
  Orbital period     : 7.75 h 
  Eccentricity    : 0.617
  Pulsar mass       : 1.44 M⊙

  Companion mass      : 1.39 M⊙  (neutron star)

Pb

e

P

mp

mc

“Here was a system that featured, in addition to 
significant post-Newtonian gravitational effects, highly 
relativistic gravitational fields associated with the 
pulsar (and possibly its companion) and the possibility 
of the emission of gravitational radiation by the 
binary system.” (Clifford Will, TEGP 2018)
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PSR B1913+16
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Where do binary pulsars come from?

Circular orbits

Eccentric orbits

Figure from: Lorimer, D., Living Rev. Relativity 11 (2008), 8
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Figure from: Freire & Wex., Living Rev. Relativity, 27 (2024), 5



• In a binary pulsar, having a clock in the 
system allows us to measure the range 
relative to the center of mass of the binary.


• The 5 Keplerian orbital parameters derived 
from pulsar timing are thousands of times 
more precise than derived from Doppler 
measurements – with the same observational 
data!


• This feature is unique to pulsars, and is the 
fundamental reason why they are superior 
astrophysical tools.


• This precision allows the measurement of 
post-Keplerian parameters!

Why a pulsar in a binary system is a big deal

Figure: Scott Ransom
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Mass function

For most binary pulsars, all we have are 
the Keplerian parameters and all we can 
derive is the mass function:


One equation, three (known) unknowns! 
☹

f(Mp, Mc, i) ≡
(Mc sin i)3

(Mp + Mc)3
=

4π2

T⊙

x3

P2
b

T⊙ ≡
(𝒢ℳ)N

⊙

c3
= 4.925490947641266978... μs
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Relativistic effects

IF a binary pulsar is compact and 
eccentric – which B1913+16 certainly 
is – the timing precision allows the 
measurement of several relativistic 
effects:


• The advance of periastron


• The Einstein delay
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Relativistic effects

IF a binary pulsar is compact and 
eccentric – which B1913+16 certainly 
is – the timing precision allows the 
measurement of several relativistic 
effects:


• The advance of periastron


• The Einstein delay
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Periastron advance
Assuming GR, to 1 PN:

·ω =
3n5/3

b

1 − e2
(MT⊙)2/3

nb =
2π
Pb

M = Mp + Mc
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Einstein delay
Assuming GR, to 1 PN:


• 3 equations for 3 unknowns! 
Precise masses can be derived!


• This was at the time the most 
precise measurement of any mass 
outside the solar system.

M = Mp + Mc

nb =
2π
Pb

·ω =
3n5/3

b

1 − e2
(MT⊙)2/3

γ =
eT2/3

⊙

n1/3
b

Mc(2Mc + Mp)
M4/3
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Orbital decay

• A third relativistic effect soon 
became measurable – the orbital 
decay due to GW emission! 

• Assuming GR, LO PN [(v/c)5]: 

• Prediction: the orbital period should 
decrease at a rate of –2.40247 × 
10−12 s/s (or 75 μs per year!)


• Effect not detectable in Solar 
System!

·Pb = −
192

5
(nbT⊙)5/3 fe

MpMc

M1/3

fe =
1

(1 − e2)7/2 (1 +
73
24

e2 +
37
96

e4)
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Test of general relativity

• Rate is –2.4085(52) x 10–12 s/s. 
Agreement with GR is perfect!


• GR gives a self-consistent estimate 
of the component masses!
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PSR B1913+16

Weisberg, J.M., and Huang, Y., 2016, ApJ. 829, 55

Gravitational waves exist!
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• Even for two point masses, the  is affected by kinematic effects, from the proper motion and 
from the…  difference between the acceleration of the system and the acceleration of our Solar 
system projected along the line of sight from the Earth to the pulsar ( ). Thus


   


• This is one of the best-known corrections to the PK parameters. It limits the precision that can 
be achieved in orbital decay tests with the Hulse-Taylor pulsar, and will eventually limit it for the 
double pulsar. For a detailed account, see e.g., Damour & Taylor (1991, ApJ, 762, 94)


• Because of the constant loss of orbital energy, the Hulse-Taylor binary will merge in 300 Myr!


• There must be many other such systems in the Universe!

·Pb

a

(
·Pb

Pb )
obs

= (
·Pb

Pb )
int

+
μ2d
c

+
a
c

Variation of the orbital period
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… and then came LIGO and Virgo…
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Figure 1 illustrates the di↵erent regimes. Gravity regime G1 is well tested in the
Solar system. Binary pulsar experiments are presently our only precision exper-
iments for gravity regime G2, and the best tests for the radiative properties of
gravity (regime GW)1. In the near future, gravitational wave detectors will allow
a direct detection of gravitational waves (regime GW) and probe the strong and
highly dynamical spacetime of merging compact objects (regime G3). As we will
discuss at the end of this review, pulsar timing arrays soon should give us direct
access to the nano-Hz gravitational wave band and probe the properties of these
ultra-low-frequency gravitational waves (regime GW).

G1 G2 G3 GW
Figure 1: Illustration of the di↵erent gravity regimes used in this review.

1.1 Radio pulsars and pulsar timing

Radio pulsars, i.e. rotating neutron stars with coherent radio emission along their
magnetic poles, were discovered in 1967 by Jocelyn Bell and Antony Hewish [21].
Seven years later, Russell Hulse and Joseph Taylor discovered the first binary pulsar,
a pulsar in orbit with a companion star [19]. This discovery marked the beginning of
gravity tests with radio pulsars. Presently, more than 2000 radio pulsars are known,
out of which about 10% reside in binary systems [22]. The population of radio
pulsars can be nicely presented in a diagram that gives the two main characteristics
of a pulsar: the rotational period P and its temporal change Ṗ due to the loss
of rotational energy (see figure 2). Fast rotating pulsars with small Ṗ (millisecond
pulsars) appear to be particularly stable in their rotation. On long time-scales, some
of them rival the best atomic clocks in terms of stability [23, 24]. This property
makes them ideal tools for precision astrometry, and hence (most) gravity tests
with pulsars are simply clock comparison experiments to probe the spacetime of
the binary pulsar, where the “pulsar clock” is read o↵ by counting the pulses in
the pulsar signal (see figure 3). As a result, a wide range of relativistic e↵ects
related to orbital binary dynamics, time dilation and delays in the signal propagation

1 Gravitational wave damping has also been observed in a double white-dwarf system, which
has an orbital period of just 13 minutes [20]. This experiment combines gravity regimes G1 (note,
v/c ⇠ 3⇥ 10�3) and GW of figure 1.

5

From: Wex (2014)
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3. The double pulsar



PSR J0737−3039 

Discovered in the Galactic anti-center survey with 
Parkes (Burgay et al. 2003, Nature, 426, 531)
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A compact pulsar - neutron star system

Nature sometimes is extremely 
generous! In this case, for many 
reasons...


#1: Orbital period of 2h 27m, it 
was at the time the most 
relativistic double neutron star 
system known!


Advance of periastron and 
orbital decay are more 
prominent!
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Detection of the Shapiro delay
#2: the system has the highest orbital inclination for any binary pulsar! The Shapiro delay is very 
precisely measured, providing two extra mass constraints!

actually includes parts of the plane disallowed
by the Keplerian mass functions of both pulsars
(see Fig. 1). To derive legitimate predictions for
the various parameters, we used the following
Monte Carlo method. A pair of trial values for
ẇ and xB (and hence R and the B mass func-
tion) is selected from Gaussian distributions
based on the measured central values and un-
certainties. (The uncertainty on xA is very small
and is neglected in this procedure.) This pair of
trial values is used to derive trial masses mA

and mB, using the GR equation ẇ 0 3(Pb/2p)j5/3

(TRM)
2/3 (1j e2)j1, where e is the orbital eccen-

tricity and M 0 mA þ mB and TR K GMR/c
3 0

4.925490947 ms, and the mass-ratio equation
mA/mB 0 xB/xA. If this trial mass pair falls in

either of the two disallowed regions (based on
the trial mass function for B), it is discarded.
This procedure allows for the substantial uncer-
tainty in the B mass function. Allowed mass
pairs are then used to compute the other PK
parameters, assuming GR. This procedure is
repeated until large numbers of successful trials
have accumulated. Histograms of the PK pre-
dictions are used to compute the expectation
value and 68% confidence ranges for each of
the parameters. These are the values given in
Table 2.

The Shapiro delay shape illustrated in Fig. 2
gives the most precise test, with sobserved/spredicted 0
0.99987 T 0.00050 (21). This is by far the best
available test of GR in the strong-field limit,

having a higher precision than the test based on
the observed orbit decay in the PSR B1913þ16
system with a 30-year data span (22). As for the
PSR B1534þ12 system (6), the PSR J0737-
3039A/B Shapiro-delay test is complementary
to that of B1913þ16 because it is not based on
predictions relating to emission of gravitational
radiation from the system (23). Most important,
the four tests of GR presented here are qual-
itatively different from all previous tests be-
cause they include one constraint (R) that is
independent of the assumed theory of gravity at
the 1PN order. As a result, for any theory of
gravity, the intersection point is expected to lie
on the mass ratio line in Fig. 1. GR also passes
this additional constraint.

In estimating the final uncertainty of xB and
hence of R, we have considered that geodetic
precession will lead to changes to the system
geometry and hence changes to the aberration of
the rotating pulsar beam. The effects of aber-
ration on pulsar timing are usually not separately
measurable but are absorbed into a redefinition
of the Keplerian parameters. As a result, the ob-
served projected sizes of the semimajor axes,
xobsA,B, differ from the intrinsic sizes, xintA,B, by
a factor (1 þ eA

A,B). The quantity eA depends
for each pulsar A and B on the orbital period, the
spin frequency, the orientation of the pulsar spin,
and the system geometry (12). Although aberra-
tion should eventually become detectable in the
timing, allowing the determination of a further
PK parameter, at present it leads to an undeter-
mined deviation of xobs from xint, where the latter
is the relevant quantity for the mass ratio. The
parameter eAA,B scales with pulse period and is
therefore expected to be two orders of magnitude
smaller for A than for B. However, because of
the high precision of the A timing parameters,
the derived value xobsA may already be signifi-
cantly affected by aberration. This has (as yet) no
consequences for the mass ratio R 0 xobsB/x

obs
A,

as the uncertainty in R is dominated by the much
less precise xobsB. We can explore the likely
aberration corrections to xobsB for various pos-
sible geometries. Using a range of values given
by studies of the double pulsar’s emission
properties (24), we estimate eAA È 10j6 and
eAB È 10j4. The contribution of aberration
therefore is at least one order of magnitude
smaller than our current timing precision. In the
future this effect may become important, pos-
sibly limiting the usefulness of R for tests of
GR. If the geometry cannot be independently
determined, we could use the observed devia-
tions of R from the value expected within GR
to determine eAB and hence the geometry of B.

Space motion and inclination of the orbit.
Because the measured uncertainty in Ṗb de-
creases approximately as Tj2.5, where T is the
data span, we expect to improve our test of the
radiative aspect of the system to the 0.1% level
or better in about 5 years’ time. For the PSR
B1913þ16 and PSR B1534þ12 systems, the
precision of the GR test based on the orbit-

Table 2. Four independent tests of GR provided by the double pulsar. Observed PK parameters
were obtained by fitting a DDS timing model to the data. Values expected from GR take into
account the masses determined from the intersection point of the mass ratio R and the periastron
advance ẇw. Uncertainties refer to the last significant digits and were determined using Monte Carlo
methods.

PK parameter Observed value Expected value from GR
Ratio of observed
to expected value

ṖPb 1.252(17) 1.24787(13) 1.003(14)
g (ms) 0.3856(26) 0.38418(22) 1.0036(68)
s 0.99974(j39,þ16) 0.99987(j48,þ13) 0.99987(50)
r (ms) 6.21(33) 6.153(26) 1.009(55)
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Fig. 2. Measurement of a Shapiro delay demonstrating the curvature of space-time. Timing residuals
(differences between observed and predicted pulse arrival times) are plotted as a function of orbital
longitude and illustrate the Shapiro delay for PSR J0737-3039A. (A) Observed timing residuals after a
fit of all model parameters given in Table 1 except the Shapiro-delay terms r and s, which were set to
zero and are not included in the fit. Although a portion of the delay is absorbed in an adjustment of the
Keplerian parameters, a strong peak at 90- orbital longitude remains clearly visible. This is the orbital
phase of A’s superior conjunction (i.e., when it is positioned behind B as viewed from Earth), so that its
pulses experience a delay when moving through the curved space-time near B. The clear detection of
structure in the residuals over the whole orbit confirms the detection of the Shapiro delay, which is
isolated in (B) by holding all parameters to their best-fit values given in Table 1, except the Shapiro
delay terms (which were set to zero). The red line shows the predicted delay at the center of the data
span. In both cases, residuals were averaged in 1- bins of longitude.

RESEARCH ARTICLES

6 OCTOBER 2006 VOL 314 SCIENCE www.sciencemag.org100

From: Kramer et al. (2006), Science, 314, 97

Credit: NASA
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tron, and the only fitted parameters were the
pulsar rotational period, P, its first derivative,
Ṗ, and the projected semimajor axis, xB ! aB

(sin i)/c, where i is the orbital inclination and
c is the speed of light (Table 1).
Gravitational physics. With their strong

gravitational fields and rapid motions, DNS

binaries exhibit large relativistic effects. Gen-
eral relativity and other theories of gravity
can be tested when a number of relativistic
corrections, the so-called post-Keplerian
(hereafter PK) parameters, to the classical
Keplerian descriptions can be measured. In
this formalism, for point masses with negli-

gible spin contributions, the PK parameters in
each theory should only be functions of the a
priori unknown neutron star masses and the
classical Keplerian parameters. With the two
masses as the only free parameters, the mea-
surement of three or more PK parameters
overconstrains the system and thereby pro-
vides a test ground for theories of gravity (7).
In a theory that describes the binary system
correctly, the PK parameters define lines in a
mass-mass diagram that all intersect in a
single point. Such tests have been possible to
date in only two DNS systems, pulsar (PSR)
B1913"16 (8) and PSR B1534"12 (9) [see
also (10)]. For PSR B1913"16, the relativ-
istic periastron advance, #̇, the orbital decay
due to gravitational wave damping, Ṗb, and
the gravitational redshift and time dilation
parameter, $, have been measured, providing
a total of three PK parameters. For PSR
B1534"12, Shapiro delay (11), caused by
passage of the pulses through the gravitation-
al potential of the companion, is also visible,
because the orbit is seen nearly edge-on. This
results in two further PK parameters, r
(“range”) and s (“shape”) of the Shapiro de-
lay. However, the observed value of Ṗb re-
quires correction for kinematic effects (12),
so that PSR B1534"12 provides four PK
parameters usable for precise tests (9).

Extending and improving the timing solu-
tion for A (3), we have measured A’s #̇ and
$ and have also detected the Shapiro delay in
the pulse arrival times of A due to the grav-
itational field of B (Fig. 2). This provides
four measured PK parameters, resulting in a
mA % mB plot (Fig. 3) through which we can
test the predictions of general relativity (11,
13). However, the detection of B as a pulsar
opens up opportunities to go beyond what is
possible with previously known DNS binary
systems. First, we can exclude all regions in
the mA % mB plane that are forbidden by the
individual mass functions of A and B because
of the requirement sin i ! 1. Secondly, with
a measurement of the projected semimajor
axes of the orbits of A and B (Table 1), we
obtain a precise measurement of the mass
ratio, R(mA, mB) & mA/mB ! xB/xA, pro-
viding a further constraint in the mA % mB

plot (Fig. 3). This relation is valid for any
theory of gravity (7, 14). Most importantly,
the R line is independent of strong-field
(self-field) effects, providing a stringent
and new constraint for tests of gravitational
theories (11, 13, 15).

With four PK parameters already avail-
able for tests, this additional constraint makes
this system the most overdetermined DNS
binary to date and a truly unique laboratory
for relativistic gravity. Moreover, with a sig-
nificant measurement of Ṗb expected within
the next few months, an additional PK pa-
rameter will become available. This may pro-
vide a sixth constraint if kinematic effects are

Fig. 1. The intensity of radiation of B as a function of orbital longitude relative to the ascending
node of its orbit. Each panel shows a gray plot of intensity over a phase range of 0.1 of pulsar
rotational period, centered on the pulsed emission. (A), (B), and (C) present observations at 680
MHz, 1390 MHz, and 3030 MHz, respectively (summed over six orbits at 1390 MHz and two orbits
at each of the other frequencies), showing the similarity of the intensity variation over the wide
frequency range and the changing pulse shape with orbital longitude. Longitude in this diagram
(and in Figs. 2 and 5) is strictly the sum of the longitude of periastron and the true anomaly. The
vertical line at longitude 270° represents the longitude of inferior conjunction of B, when the two
stars are at their closest on the sky and B is the nearer to the Earth. deg., degree; sec, second.

Table 1. Observed and derived parameters of PSRs J0737%3039A and B with the use of the DD timingmodel (11,
13). Standard (1 ') errors are given in parentheses after the values and are in units of the least significant digit(s).
The parametersA, B, and (r in theDDmodelwere assumed to be zero in the analysis. The distance is estimated from
the dispersionmeasure and amodel for the interstellar free electron distribution (32). Dash entries indicate assumed
values as measured for A; blank entries indicate not measured. h, hours; m, minutes; s, seconds.

PSR J0737%3039A PSR J0737%3039B

Pulse period P (ms) 22.69937855615 (6) 2773.4607474 (4)
Period derivative Ṗ 1.74 ) 10%18 (0.05 ) 10%18) 0.88 ) 10%15 (0.13 ) 10%15)
Epoch of period (MJD) 52870.0 52870.0
Right ascension (J2000) 07h37m51s.247 (2) %
Declination (J2000) %30°39*40**.74 (3) %
Dispersion measure DM (cm%3 pc) 48.9 (2) 48.7 (2)
Orbital period Pb (day) 0.102251563 (1) %
Eccentricity e 0.087779 (5) %
Epoch of periastron T0 (MJD) 52870.0120589 (6) %
Longitude of periastron # (deg) 73.805 (3) 73.805 " 180.0
Projected semimajor axis x ! a (sin i)/c (s) 1.41504 (2) 1.513 (4)
Advance of periastron #̇ (degree/year) 16.90 (1) %
Gravitational redshift parameter $ (ms) 0.38 (5)
Shapiro delay parameter s 0.9995 (%32, "4)
Shapiro delay parameter r (+s) 5.6 (%12, "18)
Root mean square timing residual (+s) 27 2660
Flux density at 1390 MHz (mJy) 1.6 (3) 0–1.3 (3)
Characteristic age , (My) 210 50
Surface magnetic field strength B (Gauss) 6.3 ) 109 1.2 ) 1012

Spin-down luminosity Ė (erg/s) 6000 ) 1030 2 ) 1030

Mass function (MJ) 0.29097 (1) 0.356 (3)
Distance (kpc) -0.6
Total system mass mA " mB (MJ) 2.588 (3)
Mass ratio R & mA/mB 1.069 (6)
Orbital inclination from Shapiro s (degree) 87 (3)
Orbital inclination from (R, #̇) (degree) 87.7 (%29, "17)
Stellar mass from (R, #̇) (MJ) 1.337 (5) 1.250 (5)

R E S E A R C H A R T I C L E S

20 FEBRUARY 2004 VOL 303 SCIENCE www.sciencemag.org1154

A double pulsar!
• #3:  The second NS in the system (PSR J0737−3039B) was detectable as a radio pulsar! 

• Finding such a system was one of the ``holy grails’’ of pulsar astronomy!


       

6 mass constraints for 2 unknowns! 4 independent tests of GR!

R =
MA

MB
=

xB

xA

From: Lyne et al. (2004)
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DNS J0737−3039
• GR passes all 4 tests! 

• There is a fifth test, from geodetic 
precession of PSR J0737−3039B 
(Breton et al. 2008, Science). 

Figure 7: GR mass-mass diagram based on timing observations of the Double Pulsar.
The orange areas are excluded simply by the fact that sin i  1. The figure is taken
from [75] (⌦SO lines removed) and based on the timing solution published in [76].

With the large number of post-Keplerian parameters and the known mass ratio,
the Double Pulsar is the most over-constrained binary pulsar system. For this reason,
one can do more than just testing specific gravity theories. The Double Pulsar
allows for certain generic tests on the orbital dynamics, time dilation, and photon
propagation of a spacetime with two strongly self-gravitating bodies [75]. First, the
fact that the Double Pulsar gives access to the mass ratio, R, in any Lorentz-invariant
theory of gravity, allows us to determine mA/M = R/(1 + R) = 0.51724 ± 0.00026
and mB/M = 1/(1 + R) = 0.48276 ± 0.00026. With this information at hand, the
measurement of the shape of the Shapiro delay s can be used to determine Vb via
equation (16): Vb/c = (2.0854 ± 0.0014) ⇥ 10�3. At this point, the measurement of
the post-Keplerian parameters !̇, �, and r (equations (13), (14), (15)) can be used
to impose restrictions on the “strong-field” parameters of Lagrangian (2) [75]:

2" � ⇠

5
= 0.9995 ± 0.0016 , (30)

G0B

G
+ K

B
A = 1.005 ± 0.010 , (31)

24

From: Kramer et al. (2006), Science, 314, 97
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Measurement of rate of geodetic precession was 
determined from shape of eclipses of this system:

Measurement of the geodetic precession rate
4.5 Eclipse Model Fitting 143

Figure 4.17 Long-term evolution of the eclipse profile at 820MHz. The signal-to-noise
varies from epoch to epoch because a di↵erent number of eclipse were combined —
3, 8, 13, 8 and 10 for MJD 52997, 53860, 54050, 54199, 54422.

From: Breton et al. 2008

⌦B = 4.77± 0.65 deg/yr
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16 yr of observations with many radio telescopes!
5

FIG. 1. Time and frequency coverage of the 4-min-sampled ToAs from the contributing observatories.

1. Parkes Telescope

As summarised in Table I the Parkes observations were
made in three main bands, centered around 700MHz,
1400MHz and 3100MHz respectively, using a variety of
receivers and signal processors. As illustrated in Fig. 1,
in terms of time coverage the Parkes 1400MHz data set
is the most complete of those analysed. All data sets had
a basic time sampling or sub-integration length of 30 s.

The 700MHz and most of the 3100MHz observations
were made using the dual-coaxial 10cm/50cm receiver
[39] while the 1400MHz observations primarily used the
center beam of the 20cm 13-beam (MB) receiver [40].
For several months in 2016 while the MB receiver was
refurbished, the H-OH receiver which covered a 512-
MHz band centered at 1526MHz was used. Following
retirement of the 10cm/50cm receiver in 2018 October,
the Ultra-Wideband Low (UWL) receiver [41] was used
to extend the 1400MHz and 3100MHz data sets. All
of these receivers have (or had) orthogonal linearly po-
larised receptors. Signal processing systems used with
these receivers comprised three groups, analogue filter-
banks (AFB), digital filterbanks (DFB) and two coher-

ent de-dispersion systems used for the 700MHz band,
CPSR [42] and CASPSR [43]. The AFB systems had
channel bandwidths of 0.5MHz for the 700MHz band
and 1MHz for the higher-frequency bands and utilised
1-bit digitisers. The DFB systems used 8-bit digitisers
and implemented polyphase filterbanks with Field Pro-
grammable Gate Array processors (FPGAs). Both the
AFB and DFB systems utilised incoherent de-dispersion
to sum data across sub-bands. More details of these sig-
nal processing systems can be found in Manchester et al.
[44].

2. Green Bank Telescope

Observations at the Green Bank Telescope (GBT) were
carried out at 820MHz and 1400/1500MHz. Typically,
5-hours observations were conducted with monthly ca-
dence and at alternating frequencies. Twice a year,
we usually conducted concentrated observing campaigns
in April/May and October/November using observa-
tions at 820MHz on consecutive days to separate short-
from long-term orbital changes. The Green Bank As-

Kramer et al. (2021)
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Unprecedented 
precision!

(see Refs. [28,29] and the discussion in Ref. [63]). With Pb,
x, and the masses from Table IV, one finds for the 1PN
correction in Eq. (19) approximately 1.3 × 10−5, which is
only about a factor of 1.3 larger than the error for sin i in
Table IV. For that reason, we use the full 1PNmass function
(19). This is the first time that 1PN corrections to the mass
function become relevant for any binary pulsar.

5. Secular changes in orbital period

The observed change in the orbital period is a combi-
nation of effects intrinsic to the system and apparent
changes related to a temporal change in the Doppler factor
D in Eq. (1) [122]. For the double pulsar, by far the
dominant contribution to _Pb is the orbital period decay due
to the emission of GWs. In GR, GW damping enters at the
2.5PN level in the equations of motion (see Ref. [123] and
references therein). The explicit expression for the leading-
order changes due to GW emissions for an eccentric orbit
are worked out in Ref. [124] (see Ref. [4] for a more pulsar-
astronomy-adapted expression). The Hulse-Taylor pulsar is
the first binary system where the leading-order GW damp-
ing has been tested [2,30].
The NLO correction to the change in the orbital period

corresponds to the 3.5PN terms in the equations of motion
and, hence, to the 1PN corrections in the radiation reaction
force [125–127]. It is calculated in Ref. [128]. For the
double pulsar, this contribution amounts to about −1.75 ×
10−17 [110]. This is about a factor of 4.5 smaller than the
error in _Pb (see Table IV). Although this higher-order
correction is, in principle, still negligible, we include it in
our analysis. This is of particular interest for the compari-
son with the LIGO/Virgo results in Sec. VI B 2. In the near
future, however, that contribution will become of impor-
tance (see Ref. [110]).
Yet another intrinsic effect that changes the orbital

period in the double pulsar is the mass loss related to the
spin-down of the pulsars [122]. This mass loss is a
result of Einstein’s energy-mass equivalence in the sense
that here one is seeing the loss of mass associated with the
loss of rotational (kinetic) energy of the pulsar. In Ref. [110],
these contributions are calculated based on Eq. (4.1) in
Ref. [122].While for B this is negligible, for A one has [110]

_P _mA
b ¼ 2.3 × 10−17 × Ið45ÞA : ð20Þ

For two reasons, it is important to include this contribution
in the analysis below. First, given the range for Ið45ÞA (see the
end of Sec. VA 2), _P _mA

b can be as large as 3.1 × 10−17,
which is a fair fraction of the measurement error of _Pb
(see Table IV). Second, andmore importantly, when estimat-
ing a MOI constraint based solely on the double pulsar

TABLE IV. Timing parameters for PSR J0737–3039A in TDB
units (see the text). Except for astrometry and DM, the parameters
are derived using Tempo with the 30-s TOA dataset. Numbers in
parentheses are 1σ uncertainties referred to the last quoted digit.
The overall reduced χ2 is 0.97.

Parameter Value

Right ascension (R.A.), α (J2000) 07h37m51s:248115ð10Þa
Declination (Dec), δ (J2000) −30°3904000: 70485ð17Þa
Proper motion R.A., μα (masyr−1) −2.567ð30Þa
Proper motion Dec., μδ (masyr−1) 2.082(38)a

Parallax, πc (mas) 1.36ðþ0.12;−0.10Þa
Position epoch (MJD) 55045.0000

Rotational frequency (freq.), ν (Hz) 44.054 068 641 962 81(17)b

First freq. derivative, _ν (Hzs−1) −3.4158071ð11Þ×10−15b

Second freq. derivative, ν̈ (Hzs−2) −2.286ð29Þ×10−27b

Third freq. derivative, ⃛ν (Hzs−3) 1.28ð26Þ×10−36b

Fourth freq. derivative, ν⃜ (Hz s−4) 4.580ð86Þ×10−43 b

Timing epoch, t0 (MJD) 55700.0

Profile evolution, FD parameter c1 0.0000180(75)
Profile evolution, FD parameter c2 −0.0001034ð10Þ
Profile evolution, FD parameter c3 0.0000474(26)

Dispersion measure, DM (pccm−3) 48.917 208

Orbital period, Pb (day) 0.102 251 559 297 3(10)
Projected semimajor axis, x (s) 1.415 028 603(92)
Eccentricity (Kepler equation), eT 0.087 777 023(61)
Epoch of periastron, T0 (MJD) 55 700.233 017 540(13)
Longitude of periastron, ω0 (deg) 204.753 686(47)

Periastron advance, _ω (deg yr−1) c 16.899 323(13)
Change of orbital period, _Pb −1.247920ð78Þ×10−12

Einstein delay amplitude, γE (ms) 0.384 045(94)
Logarithmic Shapiro shape, zs 9.65(15)
Range of Shapiro delay, r (μs) 6.162(21)
NLO factor for signal prop., qNLO 1.15(13)
Relativistic deformation of orbit, δθ 13ð13Þ×10−6

Change of proj. semimajor axis, _x 8ð7Þ×10−16

Change of eccentricity, _eT (s−1) 3ð6Þ×10−16

Derived parameters

sini¼1−expð−zsÞ 0.999936ðþ9=−10Þ
Orbital inclination, i (deg) 89.35(5) or 90.65(5)
Total mass, M (M⊙)

d 2.587052ðþ9=−7Þ
Mass of pulsar A, mA (M⊙)

d 1.338185ðþ12=−14Þ
Mass of pulsar B, mB (M⊙)

d 1.248868ðþ13=−11Þ
Galactic longitude, l (deg) 245.2357
Galactic latitude, b (deg) −4.5049
Proper motion in l, μl (masyr−1) −3.066ð35Þ
Proper motion in b, μb (masyr−1) −1.233ð31Þ
Distance from πc, d (pc) 735(60)
Transverse velocity, vT (kms−1) 11.5(10)

aSee Secs. IV B and IV C for the derivation of these values.
bSee Ref. [103].
c _ω≡2πk=Pb. k is the PK timing parameter in Eq. (7).
dSee Ref. [104].
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Mass-mass diagram in 2021

MA = 1.338185+0.000012
−0.000014 M⊙

MB = 1.248868+0.000013
−0.000011 M⊙

M = 2.587052+0.000009
−0.000007 M⊙

the Shapiro delay related to the motion of the masses
[Eq. (32)] and corrections related to the deflection of the
signal beam in the gravitational field of the companion
[Eqs. (33) and (34)]. Although, as discussed in Sec. V E,
these contributions cannot be tested separately in a simul-
taneous fit, in a phenomenological approach one can still
test for one at a time while keeping the other one fixed. If

we apply the scaling factor qNLO only to the deflection-
related contributions, one finds

qNLO½deflection" ¼ 1.26ð24Þ: ð54Þ

This limit comes solely from the NLO aberration contri-
butions [Eq. (34)], since a rescaling of δΛlen

u is covariant

FIG. 13. Mass-mass diagram for the double pulsar based on GR, for the six PK parameters _ω≡ nbk, γE, _Pb, r, s, Ω
spin
B , and the mass

ratio R. The width of each curve indicates the measurement uncertainty of the corresponding parameter. The seventh PK parameter δθ is
not shown here, since its limits still lie outside the mass ranges shown. For the solid black _ω line, Ið45ÞA ¼ 1.32 is used, which corresponds
to a NS radius of 12 km (cf. Ref. [112]). The inset is an expanded view of the region of principal interest, where only the four best PK
parameters are shown. To illustrate the influence of the LTeffect, we draw in the inset a dashed black _ω0 line where the LT contribution is
ignored [see Eq. (9)]. The gray band indicates the range for the _ω line under the variation of IA, from the causality limit of Ref. [169] (left
border) to a NS radius of 15 km (right border). The conversions between radius and MOI are based on the relation in Ref. [114]. There is
a small IA dependence of the _Pb curves, which is ignored. The intersection of all line pairs is consistent with a small region that
corresponds to the masses of A and B.
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In addition to timing observations, information obtained
via different routes will further aid the exploitation of
the system. First, further VLBA astrometric imaging
observations can reduce the current uncertainty of the
VLBI parallax and, hence, of the distance. A factor-of-2
reduction in the VLBI parallax uncertainty is within reach
of an extended campaign, which would lead to a distance
precision of 5%. Second, as mentioned in Sec. VI A,
scintillation measurements can result in an independent
measurement of the orbital inclination angle. This is one of
the goals of ongoing MeerKAT observations [154].

X. SUMMARY AND CONCLUSIONS

We have presented results from a timing campaign for
the double pulsar with a duration of more than 16 years,
using data from six different telescopes. In order to analyze
the data adequately, we have introduced a number of new
methods. To facilitate analyses of the system astrometric
parameters and DM variations, we formed a dataset with
4-min integration time per TOA, which provided the widest
possible coverage in terms of time and observing fre-
quency. Analysis of the binary parameters, including the
important PK parameters, requires a second dataset with
TOAs based on 30-s subintegrations in order to optimally
resolve the fast compact orbit of PSR J0737–3039A. The
analysis of this latter dataset required also the development
of a new timing model and an improved implementation in
Tempo. This takes into account higher-order effects, includ-
ing velocity-dependent terms in the Shapiro delay. With
these efforts, our results not only improve on precision of
the previously measured parameters [31], but also reveal
newly measured effects.
Using a Monte Carlo analysis, we obtained a probability

distribution for the weighted mean of the VLBI and pulse
timing annual parallaxes to obtain our best estimate of
1.36þ0.12

−0.10 mas for the parallax and 735" 60 pc for the
distance of the double pulsar. We emphasize again that,
because of the fortunate arrangement of the secular
(Shklovskii) and the Galactic acceleration being of opposite
sign for the double pulsar, the impact of distance uncer-
tainties is minimal for our current GW emission test [177].
This will eventually change, but continued VLBI and
timing observations should converge onto a higher-preci-
sion distance well before any limitations are reached for the
GW emission test.
We then discussed in detail the contributions to the

timing model that need to be considered given the much-
improved precision of our measurements. Here, we con-
sidered, in particular, higher-order timing effects, extrinsic
modifications to our observed timing parameters, and also
spin contributions. The latter requires us, for the first time,
to pay attention to the EOS of NSs when interpreting pulsar
timing data.
In this work, we obtained more independent tests of GR

than are possible in any other system. We summarize the

six PK parameters measured in this work in Table V,
additionally including the test of relativistic spin preces-
sion. The measurements allow us to test conservative
aspects of the orbital dynamics of two strongly self-
gravitating masses up to 2PN order, including an approx-
imately 1σ constraint on the Lense-Thirring contribution,
which, in turn, could be used to constrain the MOI of pulsar
A under the assumption of GR. A signal propagation test
resulted in a confirmation of GR at the 4 × 10−4 level for
the propagation of photons in the gravitational field of a
strongly self-gravitating (material) body (see Sec. VI B 5).
Moreover, NLO contributions are clearly present in the
timing data, confirmed with a precision of about 10%. The
most precise GR test available with our data probes
the radiative aspects of GR, yielding a test at 2.5PN level
in the equations of motion with a precision of 1.3 × 10−4

(95% C.L.; see Sec. VI B 2). In terms of overall fractional
precision, this is the most precise test of GR’s predictions
for GW emission currently available.
The new effects that we detected include a relativistic

deformation of the orbit and higher-order contributions
to the Shapiro and aberration delay. The latter allow us to
infer the spin direction of A as prograde, confirming earlier
results that require a low-kick supernova as the forma-
tion process for pulsar B. We can determine the masses of
pulsars A and B with a precision of 10−5 (modulo an
unknown Doppler factor, which is expected to deviate by
less than 10−4 from unity), which we can combine with
the first constraints on the NS MOI ever obtained from
pulsar timing. With the double pulsar, we are able to
greatly improve the measurement of orbital period decay
resulting from GW damping compared to the current best

TABLE V. Summary of the relativistic effects measured in our
analysis and list of the resulting independent strong-field tests of
GR. For each test, the remaining PK parameters and the mass
ratio are used to determine the masses of pulsars A and B as input
for GR predictions. In addition, parameters that test the signifi-
cance of specific higher-order contributions in the advance of
periastron and the signal propagation are given.

Relativistic effect Parameter Obs./GR pred.

Shapiro delay shape s 1.00009(18)
Shapiro delay range r 1.0016(34)
Time dilation γE 1.00012(25)
Periastron advance _ω≡ nbk 1.000015(26)
GW emission _Pb 0.999963(63)
Orbital deformation δθ 1.3(13)
Spin precession Ωspin

B
0.94ð13Þa

Tests of higher-order contributions
Lense-Thirring contrib. to k λLT 0.7(9)
NLO signal propagation qNLO½total& 1.15(13)
… from signal deflection qNLO½deflect& 1.26(24)
… from signal retardation qNLO½retard& 1.32(24)

aDetermined in Ref. [54].
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• To calculate masses correctly from the periastron advance, we need to take into account the 
relativistic spin-orbit coupling (Lense-Thirring effect) into account.


• This depends on the moment of inertia of the A pulsar!

Advance of periastron

25

FIG. 11. Mass-mass diagram for the Double Pulsar based on
GR. The width of each curve indicates the 1� uncertainty.
For the solid black !̇ line I(45)

A
= 1.32 has been used, which

corresponds to a NS radius of 12 km (cf. [85]). To illustrate the
influence of the LT e↵ect, we have drawn in the bottom figure
a dashed black !̇0 line where the LT contribution has been
ignored (see Eq. (9)). The grey band indicates the range for
the !̇ line under the variation of IA, from the causality limit
of [138] (left border) to a NS radius of 15 km (right border).
The conversions between radius and MoI are based on the
relation in [86]. There is a small IA dependence of the Ṗb

curves, which has been ignored.

VII. ALTERNATIVE GRAVITY THEORIES

As we have demonstrated so far, GR is in perfect agree-
ment with current observations of the Double Pulsar,
meaning that with high precision GR provides a cor-
rect description of the quasi-stationary and radiative as-

pects of the gravitational interaction of two strongly self-
gravitating (material) bodies at a separation of a few
light-seconds. This in turn means tight constraints on
alternative gravity theories that predict deviations from
GR in this mildly relativistic strong-field regime. Given
the large number of alternative theories of gravity that
have been developed for di↵erent purposes, it is impossi-
ble to give an even remotely complete discussion within
the scope of this paper. For that reason, we follow [157]
and focus on only two di↵erent alternatives, mainly to
demonstrate which kind of deviations from GR one might
typically expect when going beyond GR, and how they
are being constrained by the di↵erent PK parameters
measured in the Double Pulsar.
Before entering the theory specific discussion, we would

like to give a general statement about constraints on de-
viations from GR in the radiative regime that can come
from the precise measurement of the GW emission (see
Eq. (48)). In alternative theories one often has gravita-
tional dipolar radiation due to a violation of the strong
equivalence principle (SEP) as a significant contribution
to GW damping. In the equations of motion that contri-
bution enters at the 1.5PN level (O(�3

O); see e.g. [148]). If
we parametrize a deviation from GR led by dipolar GW
damping by ṖGW

b = ṖGW,GR
b

�
1 +BD ��2

O

�
, then we find

BD . 4 ⇥ 10�10 (95% C.L.). This is nearly five orders
of magnitude more constraining than the limit from the
double NS merger GW170817 [158]. Note, however, that
the two di↵erent limits are coming from di↵erent grav-
ity regimes (see the discussion at the end of Sec. VIB 2).
How such a limit on BD converts into actual constraints
on a given gravity theory depends on the specifics of that
theory. In many theories it is expected that due to the
similarity of the two masses in the Double Pulsar, the
limit is actually weaker than one would assume directly
from the tight limit on BD.
A violation of the SEP not only gives rise to dipolar

GWs, it generally also results in a temporal modifica-
tion of the (e↵ective) gravitational constant due to the
expansion of the universe (see e.g. [159]), by this hav-
ing an addition e↵ect on the orbital period. The orbital
period change due to a time-varying gravitational con-
stant is given by Ṗ Ġ

b /Pb = �2(Ġ/G)FAB, where FAB

accounts for corrections related to the strong gravita-
tional fields of the NSs in the Double pulsar system
[159–161].20 For weakly self-gravitating bodies, as in
the solar system, FAB ' 1. FAB depends on the de-
tails of the gravity theory under consideration, as well as
on the EoS. While for Jordan-Fierz-Brans-Dicke gravity
FAB ⇡ 0.6, for some theories FAB can be significantly
larger than one (cf. discussion in [8]). If one assumes

that Ṗ Ġ
b is the only significant non-GR contribution to

the orbital period change, then from Eq. (48) one finds

20 There are special cases, like Barker’s constant-G theory [162],

where Ṗ Ġ
b

cannot be written in this form.
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B. Masses and Tests of General Relativity

1. Mass measurement

The standard procedure to obtain the masses of a
(“clean”) relativistic binary pulsar system is the measure-
ment of two PK parameters. Under the assumption of
GR, and using the well-measured Keplerian parameters,
one can calculate the two a priori unknown masses [4].
Alternatively, one can fit the DDGR model [96], which
is based on GR and has the companion and total masses
as free parameters. For the Double Pulsar the situa-
tion is more complicated, since the most precisely known
PK parameter, !̇, has a contribution from the Lense-
Thirring e↵ect due to the rotation of pulsar A, which is
more than 30 times larger than the measurement error in
!̇ (see Eq. (16) and Tab. IV). However, a calculation of
the Lense-Thirring contribution requires the knowledge
of the MoI of pulsar A, IA, which comes with a significant
uncertainty due to our imperfect knowledge of the EoS
for NS matter (cf. [90, 134]). Figure 3 demonstrates how
the masses, determined from !̇ and the Shapiro shape s
(the second most precise PK parameter) depend on IA.
To constrain IA one can use constraints on the EoS ob-
tained from the double NS merger GW170817 [135]. As
a first approximation, we use the limits on the radius of
a NS obtained in [85] and convert them into a probabil-
ity distribution for IA with the help of the radius-MoI
relation for pulsar A given in [86]. Doing so, one obtains
from Eq. (16)

!̇LT,A = �4.83(+29/�35)⇥ 10�4 deg yr�1 , (35)

and in combination with the PK parameter s one then
gets for the (Doppler-shifted) masses14

mA = 1.338185(+12/�14)M� , (36)

mB = 1.248868(+13/�11)M� , (37)

M = 2.587052(+9/�7)M� . (38)

In these calculations, for both of the PK parameters !̇
and s we have accounted for NLO contributions as given
in Section V. While for !̇ this 2PN correction is highly
significant (⇠ 35�), for s the 1PN term amounts to a
correction of only ⇠ 1-�. It is interesting to note, while
to leading order a measurement of !̇ can directly be con-
verted into a measurement of the total mass M , this is no
longer the case once 2PN and Lense-Thirring corrections
need to be accounted for (cf. Eqs. (9) and (13)).

14 Mass determination from PK parameters yields the product Gmi

(i = A,B). Consequently, whenever we express the masses in
terms of solar masses M�, the numerical value is calculated
via Gmi/(GM)N�, where (GM)N� ⌘ 1.3271244 ⇥ 1026 cm3 s�2

is the solar mass parameter as defined by the IAU 2015 Res-
olution B3 [136]. Furthermore, we use T� ⌘ (GM)N�/c3 =
4.9254909476 . . . µs.

Concerning the precision obtained in Eqs. (36) to (38),
one has to keep in mind that strictly speaking they need
to be re-scaled with the unknown Doppler factor D of
Eq. (1), in order get the actual (intrinsic) inertial masses
[36, 70].15 To calculate D one would need the radial
velocity vR of the Double Pulsar system with respect to
the SSB, which is not measurable. Given the small trans-
verse velocity vT (see Tab. IV and also Section VIIIC)
one would naturally expect vR ⇠ 11 km s�1 (cf. Fig. 18),
which converts into a mass uncertainty of ⇠ 3⇥10�5 M�.
It is important to note, that in gravity tests the unknown
factor D drops out and is therefore irrelevant [36, 70].

FIG. 3. Dependence on the masses of the Double Pulsar
system on the MoI of pulsar A, IA. Mass calculations are
based on GR and the two PK parameters !̇(mA,mB, IA) and
s(mA,mB). The figure shows the total mass M = mA +mB

(upper panel) and the masses of pulsar A (middle panel) and
B (lower panel) as a function of IA. The blue bands indi-
cate the 1-� uncertainty. The grey bands indicate the range
derived from [85] when using the radius-MoI relation of [86].
The red areas are excluded by the causality condition for the
EoS [138].

The PK parameter �E (within the approximation re-
quired) is not a↵ected by the uncertainty in the EoS.
However, a mass determination based on s and �E yields
to considerably larger errors in the masses: mA =
1.3393(19)M� and mB = 1.2494(9)M�. The same
is true for a mass determination based on s and R:
mA = 1.3379(29)M� and mB = 1.2487(14)M�. Note

15 This Doppler-shift re-scaling , mmeasured = mintrinsic/D, be-
tween the pulsar-timing measured masses and the intrinsic
ones [70] is due to the same physical e↵ect which causes the
masses directly deduced from gravitational-wave-template fitting
in LIGO/Virgo data analysis to di↵er from the intrinsic, source-
frame masses by a redshift factor: mobs = (1 + z)msource [137].
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• The agreement on the masses 
with the orbital decay (assuming 
GR) will provide a measurement 
of the moment of inertia.


• This is not too constraining yet, 
but the timing continues!


• Expect a measurement of the 
moment of inertia soon…


• This is an important test of the 
EOS of dense nuclear matter.

Limits on the moment of inertia
21

3. Lense-Thirring E↵ect and Equation of State

In Sec. VIB 1 we have used constraints on the MoI of
pulsar A, IA, derived from the multi-messenger analysis
in Ref. [85], in order to obtain the best mass estimates for
the Double Pulsars, as given in Eqs. (36)–(38). In this
section we ignore any existing constraints on the EoS of
NSs, and simultaneously determine mA, mB and IA, fol-
lowing the procedure outlined in [84]. As in Sec. VIB 1,
we assume GR to be the correct theory of gravity, and use
the three best PK parameters to simultaneously calculate
the individual masses of the Double Pulsar and the MoI
of A. From the calculations in Sec. VIB 1 it is already
obvious that the combination of the PK parameters !̇,
s, and Ṗb is expected to give by far the best results. In
a way, we use s and Ṗb to determine the masses mA and
mB, and then use mA to extract IA from the observed !̇,
a procedure already proposed in [7]. In practice the cal-
culations are slightly more complicated, as Ṗb also has a
contribution proportional to IA (see Eq. (20)). Although
that contribution is still smaller than the error in Ṗb,
we will nevertheless account for it, and follow the pro-
cedure of [84], i.e. calculate mA, mB and IA by simulta-
neously solving the three equations !̇ = !̇(mA,mB, IA),
s = s(mA,mB), and Ṗb = Ṗb(mA,mB, IA). By this we
obtain probability distributions for the Double Pulsar
masses and the MoI of pulsar A. For the MoI we find
IA < 3.0 ⇥ 1045 g cm2 with 90% confidence. Fig. 6 com-
pares our result with those derived from the GW170817
LIGO/Virgo merger and from NICER X-ray timing. Us-
ing a universal relation, like the one in [86], one can con-
vert the probability distribution of IA into a probabil-
ity distribution for A’s radius. We find R < 22 km with
90% confidence, a value outside any physically valid EoS,
clearly exceeding the range used in [86].

While these numbers cannot compete with those ob-
tained from LIGO/Virgo and NICER observations (see
e.g. [85, 87–89]), they show that the Double Pulsar
constraints are narrowing in on realistic values for NS
radii. This is expected to improve considerably over
the next years (see Hu et al. [84]). For the masses
we get mA = 1.338183(+78/�52)M� and mB =
1.248869(+38/�27)M�. These masses are clearly more
uncertain than in Eqs. (36) and (37), but they do not
require any assumption about the EoS for matter at
supranuclear densities.

By assuming the constraints on NS EoSs in [85], similar
to the procedure outlined in Sec. VIB 1, we can turn the
above analysis around and constrain the Lense-Thirring
contribution in !̇. In this case one has a given probability
distribution for IA, which can be used for the mass-loss
contribution in Ṗb to calculate the masses of A and B
from s and Ṗb (cf. end of Sec. VIB 1). The so calculated

masses m(s,Ṗb)
A and m(s,Ṗb)

b can be used to extract the
Lense-Thirring contribution from the observed periastron
advance !̇obs (cf. Eq. (12)). The resulting Lense-Thirring
part of !̇ then can be compared with the expected value

FIG. 6. Probability distribution for the MoI IA of pulsar A
derived from the !̇� s� Ṗb test. The vertical dashed red line
indicates the upper bound with 90% confidence. IA > 0 has
been assumed as a prior. The light grey band shows the 90%
credible interval one obtains with the limits from [85] using
the radius-MoI relation of [86]. The red area is excluded by
the causality condition for the EoS [138].

!̇LT,A calculated via Eq. (16) (see Hu et al. [84] for more
details). Our analysis gives

!̇obs
� !̇

�
m(s,Ṗb)

A ,m(s,Ṗb)
B , IA = 0

�

!̇LT,A
= 0.7(9) , (49)

which is consistent with GR, but admittedly not very
constraining. In addition, the limit above comes with a
caveat. While it is certainly a self-consistency test within
GR, the constraint given above cannot be considered as
a generic limit, like for instance the constraints on �PPN

from the LAGEOS/LARES experiment [108, 153]. In or-
der to extract the Lense-Thirring contribution to !̇ and
obtain (49), we have, for instance, assumed that the ad-
vance of periastron w/o Lense-Thirring contribution (up
to 2PN order) and the GW damping can be calculated
according to GR, which is generally not the case in al-
ternative gravity theories. As a result, one would have
to implement the equivalent analysis for any other grav-
ity theory, in order to obtain a fully consistent Lense-
Thirring test. Given the low precision of the LT test,
one might wonder if this then yields any additional con-
straints, in view of the other tests with the Double Pulsar,
mostly based on very precisely measured PK parameters.
In principle there is the possibility of short range mod-

ifications of gravity that do not a↵ect the Shapiro delay
and the GW emission, but still have a significant e↵ect
on the structure of the neutron star, and therefore its
MoI. As an example, a su�ciently massive scalar field
would accomplish this (cf. [151, 154]). A test for such a
scenario can be directly extracted from Fig. 6, in compar-
ison to the MoI based on realistic EoSs. Such a test cur-
rently gives IA/IGR

A . 2.5 (90% C.L.). Constraints with
GW170817 and NICER, however, seem to put clearly
more stringent limits on such a scenario.

21

ious experiments, which are closely linked to the details
of a given theory of gravity.

FIG. 5. Update of Fig. 6 in [145] (including data from [146,
147]) which shows the 90% upper bounds on the absolute
magnitude of the GR violation parameters �'̂i, from 0PN
through 3.5PN (“relative” order) in the inspiral phase (see e.g.
[152] for the definition of the PN phase coe�cients and [145]
for further details on the method). As discussed in [145], the
0.5PN parameter is zero in GR, and therefore understood not
as a relative but as an absolute shift. Black circles show the
combined limits from the double BH mergers, blue squares
are the limits from the double NS merger GW170817, and
red triangles give the limits derived from the Double Pulsar
GW test in this paper. The PN order on the x-axis is in the
GR radiation reaction, where the leading contribution (0PN)
corresponds to the dissipative 2.5PN term in the equations
of motion. Note, such a comparison of tests with di↵erent
compact objects (BHs vs. NSs) as well as di↵erent gravity
regimes (mildly relativistic vs. highly relativistic strong field)
does come with a caveat, which is explained in more detail in
the text.

3. Lense-Thirring E↵ect and Equation of State

In Sec. VIB 1 we have used constraints on the MoI of
pulsar A, IA, derived from the multi-messenger analysis
in Ref. [85], in order to obtain the best mass estimates for
the Double Pulsars, as given in Eqs. (36)–(38). In this
section we ignore any existing constraints on the EoS of
NSs, and simultaneously determine mA, mB and IA, fol-
lowing the procedure outlined in [84]. As in Sec. VIB 1,
we assume GR to be the correct theory of gravity, and use
the three best PK parameters to simultaneously calculate
the individual masses of the Double Pulsar and the MoI
of A. From the calculations in Sec. VIB 1 it is already
obvious that the combination of the PK parameters !̇,
s, and Ṗb is expected to give by far the best results. In
a way, we use s and Ṗb to determine the masses mA and
mB, and then use mA to extract IA from the observed !̇,
a procedure already proposed in [7]. In practice the cal-
culations are slightly more complicated, as Ṗb also has a

contribution proportional to IA (see Eq. (20)). Although
that contribution is still smaller than the error in Ṗb,
we will nevertheless account for it, and follow the pro-
cedure of [84], i.e. calculate mA, mB and IA by simulta-
neously solving the three equations !̇ = !̇(mA,mB, IA),
s = s(mA,mB), and Ṗb = Ṗb(mA,mB, IA). By this we
obtain probability distributions for the Double Pulsar
masses and the MoI of pulsar A. For the MoI we find
IA < 3.0 ⇥ 1045 g cm2 with 90% confidence. Fig. 6 com-
pares our result with those derived from the GW170817
LIGO/Virgo merger and from NICER X-ray timing. Us-
ing a universal relation, like the one in [86], one can con-
vert the probability distribution of IA into a probabil-
ity distribution for A’s radius. We find R < 22 km with
90% confidence, a value outside any physically valid EoS,
clearly exceeding the range used in [86].
While these numbers cannot compete with those ob-

tained from LIGO/Virgo and NICER observations (see
e.g. [85, 87–89]), they show that the Double Pulsar
constraints are narrowing in on realistic values for NS
radii. This is expected to improve considerably over
the next years (see Hu et al. [84]). For the masses
we get mA = 1.338183(+78/�52)M� and mB =
1.248869(+38/�27)M�. These masses are clearly more
uncertain than in Eqs. (36) and (37), but they do not
require any assumption about the EoS for matter at
supranuclear densities.

FIG. 6. Probability distribution for the MoI IA of pulsar A
derived from the !̇� s� Ṗb test. The vertical dashed red line
indicates the upper bound with 90% confidence. IA > 0 has
been assumed as a prior. The light grey band shows the 90%
credible interval one obtains with the limits from [85] using
the radius-MoI relation of [86]. The red area is excluded by
the causality condition for the EoS [138].

By assuming the constraints on NS EoSs in [85], similar
to the procedure outlined in Sec. VIB 1, we can turn the
above analysis around and constrain the Lense-Thirring
contribution in !̇. In this case one has a given probability
distribution for IA, which can be used for the mass-loss
contribution in Ṗb to calculate the masses of A and B
from s and Ṗb (cf. end of Sec. VIB 1). The so calculated

masses m(s,Ṗb)
A and m(s,Ṗb)

b can be used to extract the
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This value is in perfect agreement with the observed value
given in Eq. (44), leading to a GR test of

ṖGW
b /ṖGW,GR

b = 0.999963(63) . (48)

This is by far the most precise test of GW emission, about
a factor of 25 better than in the Hulse-Taylor pulsar
[139]. The agreement with GR is further demonstrated
in Fig. 4, which shows the cumulative shift in perias-
tron time due to the acceleration in the orbital phase
evolution as a result of Ṗb (cf. Eq. 5). Since this is the
most precise test of the di↵erent tests one obtains from
the Double Pulsar, one can say that GR is in agreement
with the Double Pulsar at a level of 1.3⇥ 10�4 with 95%
confidence. We would like to emphasize that the result
(48) has been calculated in a Monte-Carlo run, where
we have simultaneously randomized the observed param-
eters and IA (probability distribution like for Eq. (43))
in order to calculate the masses (from !̇ and s) and all
the Ṗb contributions.

We have also tested the dependence of result (48)
on our assumptions about the NS EoS. In a separate
Monte-Carlo run, instead of the limits in Ref. [85] we
have assumed a uniform distribution for the MoI, in

the (rather extreme) range of I(45)A = 0.875 (causality

limit [138]) and I(45)A = 1.981 (RA = 15 km) [86, 134].
The upper limit with its large radius is in clear ten-
sion with, e.g., LIGO/Virgo observations [135]. Never-
theless, even for such a distribution for IA we obtain
ṖGW
b /ṖGW,GR

b = 0.999958(64), which shows that (48)
depends only very weakly on the EoS uncertainty.

FIG. 4. Cumulative shift of the times of periastron passage
relative to a non-dissipative model in which the orbital pe-
riod remains fixed at its 2004.4 value. The uncertainties are
plotted but too small to be visible. The red curve is the GR
prediction based on the masses of Section VIB 1.

In the following we will use the accelerated phase evo-
lution in the orbital motion as shown in Fig. 4 to update
the PN parameter test introduced by the LIGO/Virgo
Collaboration in [145]. In particular, it is the tests from
the early-inspiral stage, where the phase evolution of the
merger of compact objects is analytically described by
the PN approximation [94], that can be used in such a
comparison with the GW damping measured in the Dou-
ble Pulsar. Most importantly, the measurement preci-
sion of Ṗb has greatly improved compared to Ref. [5],
which is the data that has been used in [145]. Fig-
ure 5 gives an updated version of Fig. 6 in Ref. [145]
(including the new results from Refs. [146, 147]16). The
bounds are plotted for the di↵erent PN levels, allowing
for possible GR violations at di↵erent PN levels (i.e. dif-
ferent powers of frequency), one at a time. Note, Fig. 5
uses the “relative” PN order in the radiation reaction
(i.e. PN order beyond the Einstein quadrupole formula),
where the leading order, i.e. 0PN, occurs at the 2.5PN
order in the binary’s equations of motion (see e.g. [94]
for a detailed discussion). Due to the many orbits since
2003 (⇠60,000), which can be tracked with high precision
in a phase-coherent timing solution, the Double Pulsar
leads to considerably tighter constraints at low PN or-
ders, whereas it becomes very quickly less constraining
for higher PN orders, due to its comparatively small ve-
locity (v ⇠ 0.002 c).
While Fig. 5 certainly serves as a comparison on how

much a given PN parameter of the inspiral phase evolu-
tion can (each at a time) deviate from its GR value in the
di↵erent experiments, that figure has to be taken with a
grain of salt when it comes to interpreting these bounds
as limits on deviations from GR predicted by alternative
theories of gravity. First, such a comparison mixes tests
from two di↵erent types of compact objects, i.e. NSs and
BHs, which might behave quite di↵erently depending on
how GR is broken. Hence constraints from experiments
with material bodies might not apply to BH dynamics
and vice versa. Particularly obvious cases are alternative
theories where BH binaries behave like in GR (e.g.[148]),
or alternative theories where NSs do not carry any scalar
charge, while BHs do [149]. Second, the Double Pulsar
tests a di↵erent gravity regime (mildly relativistic strong
field) compared to the GW merger events (highly rel-
ativistic strong field). For instance, the Double Pulsar
test would generally be insensitive to modifications of
GR that only lead to short-range e↵ects, e.g. [150, 151].17

Nevertheless, at least to some extent such a comparison
illustrates the complementarity of binary pulsar experi-
ments and merger observations by GW detectors, as long
as one keeps in mind the qualitative di↵erences of the var-

16 We have taken the combined results of these references, obtained
from the IMRPhenomPv2 waveform family.

17 Short-range modifications of GR that significantly a↵ect the MoI,
could in principle show up in the Lense-Thirring test of Eq. 49,
see discussion in [84].

Orbital decay

0.013% (95% C.L.)

• Most precise test of the 
radiative properties of gravity


• Radiative test is now 25 times 
better that possible with the 
Hulse-Taylor binary!


• Next-to-leading order 
contributions to GW emission 
are becoming relevant!

·PGW
b = − 1.247782(79) × 10−12

·PGW
b = − 39377.9 ± 2.5 ns yr−1

·PGW
b

·PGW,GR
b

= 0.999963(63)

Figure: Norbert Wex
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The Shapiro delay in the double pulsar is qualitatively different that what we see in the Solar 
system! This happens because:


• The high inclination of the system means that radiation is passing within 10000 km of the B 
pulsar, where curvature is 106 times large than for horizon of M87


• In many alternative theories of gravity, the gravitational field of a NS is not qualitatively identical 
to that of the Sun!

Shapiro delay in the double pulsar

A
B

0.63 deg

B 

A 

10000 km
Figure: M. Kramer, N. Wex
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Despite this, the results agree with the GR 
predictions!

Observed Shapiro delay in the double pulsar 24
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FIG. 9. Signature of the Shapiro delay in the timing residuals,
plotted against A’s angular orbital position � = ! + ✓ with
respect to the ascending node. The bottom panel shows the
aggregated residuals as a function of orbital phase when not
including the Shapiro delay parameters, zs (or equivalently
sin i) and r. The shape di↵ers from the expected Shapiro
delay curve shown in the top panel, as some signal power
is absorbed in a fit for the orbital parameters, namely the
Rømer delay (see e.g. [69]). The expected shape is recovered
by computing the residuals when setting the Shapiro delay
parameters to zero in the final timing solution. Note that
the shown residuals were corrected for a slow variation in
the curve due to the relativistic orbital precession. The red
curves show the GR expectation using values of sin i and r
derived from !̇ and �E. These are (sin i)GR = 0.99988(18)
and rGR = 1.24897(23)T� where the uncertainties are deter-
mined by those in !̇ and �E. Note that the uncertainty in the
prediction of sin i is correspondingly larger than that of the
actually measured sin i.

mass ratio adds yet another (theory-independent) curve
to this diagram in Fig. 11. The thickness of the lines
represents the uncertainty in the measured PK parame-
ters (68% c.l.). For all PK-parameters but ⌦geod

B , which
is determined from eclipse modeling (see Section II), we
have reached a point where we need to zoom in to show
the intersection point in more detail to recognize the rel-
ative uncertainties. While the top panel in Fig. 11 shows
most of the mass-range of interest for NSs, the bottom

FIG. 10. Aggregated residuals (blue) due to NLO contribu-
tions in the Shapiro delay and the aberration, plotted against
A’s angular orbital position � = ! + ✓ with respect to the
ascending node. The red curve shows the theoretical pre-
diction, and the black curve corresponds to the fitted qNLO

(see Tab. IV), with a 2� range indicated by the light grey
band. Residuals have been re-scaled by (1 + eT cos ✓)�1 to
account (to leading order) for a secular variation in the am-
plitude due to the precession of !. A data point generally
results from ⇠ 3000 aggregated residuals. The data point at
� = 90� (i.e. superior conjunction of A) has a much larger
uncertainty, as this bin coincides with the 30-s long eclipse
of pulsar A, resulting in both much fewer ToAs available for
aggregation and residuals of opposite sign to be averaged.

panel shows such a zoomed-in area, where we choose not
to show R, r and ⌦geod

B for clarity. It is obvious that
all lines are consistent with a single intersection point,
given by the masses of Eqn. 38. The lower panel, how-
ever, highlights the fact that we clearly need to take the
Lense-Thirring contribution into account (see discussion
in Section VA2). With n = 7 constraints (i.e. 6 PK pa-
rameters and the mass ratio, R), we can conduct 7�2 = 5
independent tests of theories of gravity, which are all
passed with flying colours as shown above.
On a final note, from the bottom panel of Fig. 11 one

can also extract a test of �E, which nicely agrees with
the intersection of s-curve with either the !̇-curve or the
Ṗb-curve. As a result one finds

�E/�
GR
E = 1.00012(25) . (55)

The main interest in such a test lies in the fact it tests
an invariance of the local gravitational constant, which
is a specific aspect of local position invariance. We will
discuss this in more details in the following section, in
the context of two specific alternatives to GR.

sobs/sGR = 1.00009(18)

robs/rGR = 1.0016(34)

spacetime curvature (as, for instance, measured by the
Kretschmann scalar) that is many orders of magnitude
stronger than in other experiments that test photon propa-
gation in gravitational fields and, therefore, the coupling
between gravitational and the electromagnetic fields. This
is of interest, for instance, in the presence of interactions
between the electromagnetic field and curvature tensor as
studied in Ref. [190].
As it turns out, the leading-order expression (24) no

longer provides a complete description of the signal

propagation in the double pulsar. Such a model leads to
significant residuals near conjunction, as can be seen in
Fig. 12. These residuals are fully accounted for by
the expected NLO contributions discussed in Secs. V C
and V D (red curve in Fig. 12). To test the significance of
the NLO corrections in ΔS and ΔA, we scale them
collectively with a factor qNLO [cf. Eqs. (32) and (34)],
which is unity in GR. As discussed in Sec. V E, the
similarity of the NLO contributions to ΔS and ΔA makes
it impossible to test these two contributions separately. For
the common factor, which also scales the NLO contribution
from lensing [see Eq. (33)], we find

qNLO ¼ 1.15ð13Þ; ð53Þ

which can be interpreted as an approximately 8σ meas-
urement of NLO contributions in the signal propagation, in
agreement with GR. This clearly shows that the timing of
the double pulsar has by now reached a precision where
NLO contributions to the Shapiro and aberration delay have
to be taken into account.
As as consequence of its definition in Sec. V E, a fit for

qNLO combines two aspects of gravity, 1.5PN corrections to

FIG. 12. Aggregated residuals (blue) due to NLO contributions
in the Shapiro delay and the aberration, plotted against A’s
angular orbital position ψ ¼ ωþ θ with respect to the ascending
node. The red curve shows the theoretical prediction, and the
black curve corresponds to the fitted qNLO (see Table IV), with a
2σ range indicated by the light gray band. Residuals are rescaled
by ð1þ eT cos θÞ−1 to account (to leading order) for a secular
variation in the amplitude due to the precession of ω. A data point
generally results from approximately 3000 aggregated residuals.
The data point at ψ ¼ 90° (i.e., superior conjunction of A) has a
much larger uncertainty, as this bin coincides with the 30-s-long
eclipse of pulsar A, resulting in both many fewer TOAs available
for aggregation and residuals of opposite sign being averaged.
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FIG. 11. Signature of the Shapiro delay in the timing residuals,
plotted against A’s angular orbital position ψ ¼ ωþ θ with
respect to the ascending node. The bottom shows the aggregated
residuals as a function of orbital phase when not including the
Shapiro delay parameters zs (or, equivalently, sin i) and r. The
shape differs from the expected Shapiro delay curve shown in
the top, as some signal power is absorbed in a fit for the orbital
parameters, namely, the Rømer delay (see, e.g., Ref. [98]). The
expected shape is recovered by computing the residuals when
setting the Shapiro delay parameters to zero in the final timing
solution. Note that the shown residuals are corrected for a slow
variation in the curve due to the relativistic orbital precession. The
red curves show the GR expectation using values of sin i and r
derived from _ω and γE. These are ðsin iÞGR ¼ 0.99988ð18Þ and
rGR ¼ 6.1518ð11Þ μs, where the uncertainties are determined
by those in _ω and γE. Note that the uncertainty in the prediction
of sin i is correspondingly larger than that of the actually
measured sin i.

STRONG-FIELD GRAVITY TESTS WITH THE DOUBLE PULSAR PHYS. REV. X 11, 041050 (2021)

041050-27

Kramer et al. (2021)

45



Subtracting the 1 PN term, we can already see contributions from higher-order terms!

Higher-order terms of the Shapiro delay
24
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FIG. 9. Signature of the Shapiro delay in the timing residuals,
plotted against A’s angular orbital position � = ! + ✓ with
respect to the ascending node. The bottom panel shows the
aggregated residuals as a function of orbital phase when not
including the Shapiro delay parameters, zs (or equivalently
sin i) and r. The shape di↵ers from the expected Shapiro
delay curve shown in the top panel, as some signal power
is absorbed in a fit for the orbital parameters, namely the
Rømer delay (see e.g. [69]). The expected shape is recovered
by computing the residuals when setting the Shapiro delay
parameters to zero in the final timing solution. Note that
the shown residuals were corrected for a slow variation in
the curve due to the relativistic orbital precession. The red
curves show the GR expectation using values of sin i and r
derived from !̇ and �E. These are (sin i)GR = 0.99988(18)
and rGR = 1.24897(23)T� where the uncertainties are deter-
mined by those in !̇ and �E. Note that the uncertainty in the
prediction of sin i is correspondingly larger than that of the
actually measured sin i.

mass ratio adds yet another (theory-independent) curve
to this diagram in Fig. 11. The thickness of the lines
represents the uncertainty in the measured PK parame-
ters (68% c.l.). For all PK-parameters but ⌦geod

B , which
is determined from eclipse modeling (see Section II), we
have reached a point where we need to zoom in to show
the intersection point in more detail to recognize the rel-
ative uncertainties. While the top panel in Fig. 11 shows
most of the mass-range of interest for NSs, the bottom

FIG. 10. Aggregated residuals (blue) due to NLO contribu-
tions in the Shapiro delay and the aberration, plotted against
A’s angular orbital position � = ! + ✓ with respect to the
ascending node. The red curve shows the theoretical pre-
diction, and the black curve corresponds to the fitted qNLO

(see Tab. IV), with a 2� range indicated by the light grey
band. Residuals have been re-scaled by (1 + eT cos ✓)�1 to
account (to leading order) for a secular variation in the am-
plitude due to the precession of !. A data point generally
results from ⇠ 3000 aggregated residuals. The data point at
� = 90� (i.e. superior conjunction of A) has a much larger
uncertainty, as this bin coincides with the 30-s long eclipse
of pulsar A, resulting in both much fewer ToAs available for
aggregation and residuals of opposite sign to be averaged.

panel shows such a zoomed-in area, where we choose not
to show R, r and ⌦geod

B for clarity. It is obvious that
all lines are consistent with a single intersection point,
given by the masses of Eqn. 38. The lower panel, how-
ever, highlights the fact that we clearly need to take the
Lense-Thirring contribution into account (see discussion
in Section VA2). With n = 7 constraints (i.e. 6 PK pa-
rameters and the mass ratio, R), we can conduct 7�2 = 5
independent tests of theories of gravity, which are all
passed with flying colours as shown above.
On a final note, from the bottom panel of Fig. 11 one

can also extract a test of �E, which nicely agrees with
the intersection of s-curve with either the !̇-curve or the
Ṗb-curve. As a result one finds

�E/�
GR
E = 1.00012(25) . (55)

The main interest in such a test lies in the fact it tests
an invariance of the local gravitational constant, which
is a specific aspect of local position invariance. We will
discuss this in more details in the following section, in
the context of two specific alternatives to GR.

spacetime curvature (as, for instance, measured by the
Kretschmann scalar) that is many orders of magnitude
stronger than in other experiments that test photon propa-
gation in gravitational fields and, therefore, the coupling
between gravitational and the electromagnetic fields. This
is of interest, for instance, in the presence of interactions
between the electromagnetic field and curvature tensor as
studied in Ref. [190].
As it turns out, the leading-order expression (24) no

longer provides a complete description of the signal

propagation in the double pulsar. Such a model leads to
significant residuals near conjunction, as can be seen in
Fig. 12. These residuals are fully accounted for by
the expected NLO contributions discussed in Secs. V C
and V D (red curve in Fig. 12). To test the significance of
the NLO corrections in ΔS and ΔA, we scale them
collectively with a factor qNLO [cf. Eqs. (32) and (34)],
which is unity in GR. As discussed in Sec. V E, the
similarity of the NLO contributions to ΔS and ΔA makes
it impossible to test these two contributions separately. For
the common factor, which also scales the NLO contribution
from lensing [see Eq. (33)], we find

qNLO ¼ 1.15ð13Þ; ð53Þ

which can be interpreted as an approximately 8σ meas-
urement of NLO contributions in the signal propagation, in
agreement with GR. This clearly shows that the timing of
the double pulsar has by now reached a precision where
NLO contributions to the Shapiro and aberration delay have
to be taken into account.
As as consequence of its definition in Sec. V E, a fit for

qNLO combines two aspects of gravity, 1.5PN corrections to

FIG. 12. Aggregated residuals (blue) due to NLO contributions
in the Shapiro delay and the aberration, plotted against A’s
angular orbital position ψ ¼ ωþ θ with respect to the ascending
node. The red curve shows the theoretical prediction, and the
black curve corresponds to the fitted qNLO (see Table IV), with a
2σ range indicated by the light gray band. Residuals are rescaled
by ð1þ eT cos θÞ−1 to account (to leading order) for a secular
variation in the amplitude due to the precession of ω. A data point
generally results from approximately 3000 aggregated residuals.
The data point at ψ ¼ 90° (i.e., superior conjunction of A) has a
much larger uncertainty, as this bin coincides with the 30-s-long
eclipse of pulsar A, resulting in both many fewer TOAs available
for aggregation and residuals of opposite sign being averaged.
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FIG. 11. Signature of the Shapiro delay in the timing residuals,
plotted against A’s angular orbital position ψ ¼ ωþ θ with
respect to the ascending node. The bottom shows the aggregated
residuals as a function of orbital phase when not including the
Shapiro delay parameters zs (or, equivalently, sin i) and r. The
shape differs from the expected Shapiro delay curve shown in
the top, as some signal power is absorbed in a fit for the orbital
parameters, namely, the Rømer delay (see, e.g., Ref. [98]). The
expected shape is recovered by computing the residuals when
setting the Shapiro delay parameters to zero in the final timing
solution. Note that the shown residuals are corrected for a slow
variation in the curve due to the relativistic orbital precession. The
red curves show the GR expectation using values of sin i and r
derived from _ω and γE. These are ðsin iÞGR ¼ 0.99988ð18Þ and
rGR ¼ 6.1518ð11Þ μs, where the uncertainties are determined
by those in _ω and γE. Note that the uncertainty in the prediction
of sin i is correspondingly larger than that of the actually
measured sin i.
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Effect of the light bending in the Shapiro delay

A

B

A

B

One of these is the bending delay, which depends on the spin period of the pulsar. The fact that 
we have observed this effect confirms that the pulsar really is a rotator, and that it rotates in the 
same sense as the orbital motion!

Figure: N. Wex
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MeerKAT arrives…
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The S/N of the detections of 
the double pulsar are three 
times better than the GBT 
detections.


This is true for pulsars located 
farther South.


Relative to Parkes, the 
improvement if a factor of 6 to 
8! Big improvement for any 
objects deep in the Southern 
Hemisphere.

Detections start pouring in…

Credit: SARAO / MeerTIME consortium
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Much better now with MeerKAT!

Higher-order terms of the Shapiro delay

H. Hu et al.: Gravitational signal propagation in the double pulsar

intrinsic contribution to the periastron advance can be expressed,
with su�cient precision, as (Damour & Schäfer 1988)

!̇ = !̇1PN + !̇2PN + !̇LT,A. (13)

The first and second post-Newtonian (PN) terms !̇1PN and !̇2PN

are functions of masses and observed Keplerian parameters. The
situation is more complicated for the LT contribution !̇LT,A, as it
requires the knowledge of the moment of inertia (MOI) of pul-
sar A, which is still not very constrained because of our lim-
ited knowledge of the equation of state (EOS) of neutron stars.
As discussed in detail in Hu et al. (2020), one could measure
the masses and the MOI simultaneously by introducing a third
PK parameter Ṗb into the !̇ � s test. Such a test has already
been carried out by Kramer et al. (2021a) using the 16 yr data
with an upper limit obtained: IA < 3.0 ⇥ 1045 g cm2 with 90%
confidence. This measurement is expected to improve with the
combination of the 16 yr data with MeerKAT data in a forth-
coming paper, and should improve considerably in the coming
years as more data becomes available. This promises an impor-
tant complementary constraint on the EOS (Hu et al. 2020). For
the calculations here, we take the value of !̇LT,A from Eq. (35)
in Kramer et al. (2021a), which uses the constraints on the EOS
from Dietrich et al. (2020):

!̇LT,A = �4.83 (+29,�35) ⇥ 10�4 deg yr�1. (14)

The Shapiro shape parameter s is the sine of the orbital incli-
nation i. In Newtonian gravity, the orbital inclination is linked
to the projected semi-major axis x via the binary mass function
(e.g. Lorimer & Kramer 2004):

sin i =
(nbM)2/3x

T 1/3
� mB

, (15)

where x and the orbital frequency nb ⌘ 2⇡/Pb are both mea-
sured Keplerian parameters. Equation (15) gets modified by
a 1PN term in the 1PN approximation for Kepler’s third law
(see Eq. (3.7) in Damour & Deruelle 1985 and Eq. (3.9) in
Damour & Taylor 1992):

sin i =
(nbM)2/3x

T 1/3
� mB


1 +
✓
3 � mAmB

3M2

◆
(T�Mnb)2/3

�
. (16)

Taking the measurements of Pb, x, and masses from Table 2, one
can calculate that the 1PN correction is approximately 1.27 ⇥
10�5. This correction was considered for the first time in pulsar
analysis by Kramer et al. (2021a), where the significance was
about 1.3�. Now with MeerKAT data, this 1PN correction is
2.5� significant and cannot be ignored in the analysis. We hereby
use the full 1PN mass function Eq. (16) to measure the masses.

Combining the PK parameters !̇ and s, one obtains the
(Doppler-shifted) masses, which are listed in Table 2. These
measurements are fully consistent with those obtained with 16 yr
data (Kramer et al. 2021a), and the precision of mA and mB are
also better.

Alternatively, one can fit for masses using the timing model
known as DDGR (Taylor & Weisberg 1989), which is based on
the DD model where the PK parameters are explicitly calcu-
lated from the masses and the Keplerian parameters, assuming
GR. Beside the Keplerian parameters, it fits explicitly for the
total mass M and the companion mass mB. To make the mea-
surements, we modify the DDGR model so that it incorporates
all NLO contributions that need to be accounted for in this sys-
tem, including NLO signal propagation e↵ects, LT contribution

Table 3. Mass measurements with a new modified DDGR model that
accounts for NLO contributions in the orbital motion and signal propa-
gation in this system.

Parameter Value

Mass of pulsar A, mA (M�) 1.338 186(10)
Mass of pulsar B, mB (M�) 1.248 886(5)
Total mass, M (M�) 2.587 050(8)

Notes. The MOI has been chosen to be IA = 1.28⇥ 1045 g cm2 in the fit.

Fig. 5. Aggregated residuals (blue) due to NLO contributions in Shapiro
and aberration delay, shown in the orbital phase  . Residuals are re-
scaled by (1 + eT cos ✓)�1 to account for secular variations in amplitude
due to the precession of periastron. The black curve indicates the fitted
qNLO (see Table 2) with the 2� range shown by the grey shaded areas,
which agrees very well with the theoretical prediction indicated by the
red dotted line.

!̇LT,A, NLO gravitational wave damping and mass-loss contri-
bution to Ṗb (see Hu et al. 2020; Kramer et al. 2021a). An MOI
needs to be provided to the model for the calculation of !̇LT,A

and the mass loss contribution to Ṗb. For periastron advance
!̇, the uncertainty from the MOI is still smaller than that from
MeerKAT observations (see Eq. (14) and Table 2). Therefore,
based on the EOS constraint from Dietrich et al. (2020), we fix
the MOI to IA = 1.28 ⇥ 1045 g cm2 in our fit. Table 3 shows
the mass measurements obtained using the DDGR model. The
results are fully consistent with the measurements derived from
the DDS model, with smaller uncertainties in mB and M.

Following Kramer et al. (2021a), one could test the agree-
ment of r in GR by comparing m(r)

B = r/T� = 1.2512 (33) M�
(cf. Table 2) with the companion mass determined here, which
gives

robs/rGR = 1.0019 (26). (17)

This leads to a 5.3 ⇥ 10�3 (95% confidence) test of GR.

5. Studying NLO signal propagation effects

Because the double pulsar system is nearly edge-on to our line of
sight (LOS, see i in Table 2), it is ideal for measuring signal prop-
agation e↵ects caused by the gravitational field of the companion
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with su�cient precision, as (Damour & Schäfer 1988)
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The first and second post-Newtonian (PN) terms !̇1PN and !̇2PN

are functions of masses and observed Keplerian parameters. The
situation is more complicated for the LT contribution !̇LT,A, as it
requires the knowledge of the moment of inertia (MOI) of pul-
sar A, which is still not very constrained because of our lim-
ited knowledge of the equation of state (EOS) of neutron stars.
As discussed in detail in Hu et al. (2020), one could measure
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PK parameter Ṗb into the !̇ � s test. Such a test has already
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with an upper limit obtained: IA < 3.0 ⇥ 1045 g cm2 with 90%
confidence. This measurement is expected to improve with the
combination of the 16 yr data with MeerKAT data in a forth-
coming paper, and should improve considerably in the coming
years as more data becomes available. This promises an impor-
tant complementary constraint on the EOS (Hu et al. 2020). For
the calculations here, we take the value of !̇LT,A from Eq. (35)
in Kramer et al. (2021a), which uses the constraints on the EOS
from Dietrich et al. (2020):

!̇LT,A = �4.83 (+29,�35) ⇥ 10�4 deg yr�1. (14)

The Shapiro shape parameter s is the sine of the orbital incli-
nation i. In Newtonian gravity, the orbital inclination is linked
to the projected semi-major axis x via the binary mass function
(e.g. Lorimer & Kramer 2004):

sin i =
(nbM)2/3x
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, (15)

where x and the orbital frequency nb ⌘ 2⇡/Pb are both mea-
sured Keplerian parameters. Equation (15) gets modified by
a 1PN term in the 1PN approximation for Kepler’s third law
(see Eq. (3.7) in Damour & Deruelle 1985 and Eq. (3.9) in
Damour & Taylor 1992):
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Taking the measurements of Pb, x, and masses from Table 2, one
can calculate that the 1PN correction is approximately 1.27 ⇥
10�5. This correction was considered for the first time in pulsar
analysis by Kramer et al. (2021a), where the significance was
about 1.3�. Now with MeerKAT data, this 1PN correction is
2.5� significant and cannot be ignored in the analysis. We hereby
use the full 1PN mass function Eq. (16) to measure the masses.

Combining the PK parameters !̇ and s, one obtains the
(Doppler-shifted) masses, which are listed in Table 2. These
measurements are fully consistent with those obtained with 16 yr
data (Kramer et al. 2021a), and the precision of mA and mB are
also better.

Alternatively, one can fit for masses using the timing model
known as DDGR (Taylor & Weisberg 1989), which is based on
the DD model where the PK parameters are explicitly calcu-
lated from the masses and the Keplerian parameters, assuming
GR. Beside the Keplerian parameters, it fits explicitly for the
total mass M and the companion mass mB. To make the mea-
surements, we modify the DDGR model so that it incorporates
all NLO contributions that need to be accounted for in this sys-
tem, including NLO signal propagation e↵ects, LT contribution

Table 3. Mass measurements with a new modified DDGR model that
accounts for NLO contributions in the orbital motion and signal propa-
gation in this system.

Parameter Value

Mass of pulsar A, mA (M�) 1.338 186(10)
Mass of pulsar B, mB (M�) 1.248 886(5)
Total mass, M (M�) 2.587 050(8)

Notes. The MOI has been chosen to be IA = 1.28⇥ 1045 g cm2 in the fit.

Fig. 5. Aggregated residuals (blue) due to NLO contributions in Shapiro
and aberration delay, shown in the orbital phase  . Residuals are re-
scaled by (1 + eT cos ✓)�1 to account for secular variations in amplitude
due to the precession of periastron. The black curve indicates the fitted
qNLO (see Table 2) with the 2� range shown by the grey shaded areas,
which agrees very well with the theoretical prediction indicated by the
red dotted line.

!̇LT,A, NLO gravitational wave damping and mass-loss contri-
bution to Ṗb (see Hu et al. 2020; Kramer et al. 2021a). An MOI
needs to be provided to the model for the calculation of !̇LT,A

and the mass loss contribution to Ṗb. For periastron advance
!̇, the uncertainty from the MOI is still smaller than that from
MeerKAT observations (see Eq. (14) and Table 2). Therefore,
based on the EOS constraint from Dietrich et al. (2020), we fix
the MOI to IA = 1.28 ⇥ 1045 g cm2 in our fit. Table 3 shows
the mass measurements obtained using the DDGR model. The
results are fully consistent with the measurements derived from
the DDS model, with smaller uncertainties in mB and M.

Following Kramer et al. (2021a), one could test the agree-
ment of r in GR by comparing m(r)

B = r/T� = 1.2512 (33) M�
(cf. Table 2) with the companion mass determined here, which
gives

robs/rGR = 1.0019 (26). (17)

This leads to a 5.3 ⇥ 10�3 (95% confidence) test of GR.

5. Studying NLO signal propagation effects

Because the double pulsar system is nearly edge-on to our line of
sight (LOS, see i in Table 2), it is ideal for measuring signal prop-
agation e↵ects caused by the gravitational field of the companion
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4.Tests of the nature of gravitational waves and of 
alternative theories of gravity 



The Einstein equivalence principle

• Given the stringent constraints of the universality of free fall for test particles, and how well tested 
special relativity is, most alternative theories of gravity predict the Einstein equivalence principle.


• They do this by describing gravity as deformed space-time: They are ``Metric” theories.

|Δ | < 10−15

Touboul et al. (2022),

Physical. Rev. Lett. 129, 121102

Figure: CNES
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The strong equivalence principle
• However, only GR fully embodies the strong equivalence principle (SEP). Generally, alternative 

theories of gravity violate it!


• The main consequence would be a violation of the universality of free fall for self-
gravitating objects. This would have, for systems with two objects with different gravitational 
binding energies, two main consequences:


1. Orbital polarization (Nordtvedt effect) in an external gravitational field


2. Dipolar gravitational wave (DGW) emission (tight orbits, 1.5 PN, or 1/c3)


• Detecting these effects would falsify GR! Not detecting them constrains alternatives!


• Because of the difference in binding energies, pulsar – white dwarf systems might show these 
effects!

·PD
b = − 2πnb

G*MWD

c3

q
q + 1

1 + e2/2
(1 − e2)5/2

(αp − αWD)2

Δ ∝ α0(αp − αWD)
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3.1. Searching for dipolar GW emission 



Limits on Dipolar GWs

• PSR J1738+0333 is a 5.85-ms 
pulsar in a 8.5-hour, low eccentricity 
orbit. It was discovered in 2001 in a 
Parkes Multi-beam high-Galactic 
latitude survey (Jacoby 2005, Ph.D. 
Thesis, Caltech).


• Companion WD detected at optical 
wavelenghts, and relatively bright!

Antoniadis et al. (2012), MNRAS, 423, 3316
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Optical observations of PSR J1738+0333

• The WD is bright enough for a study of the spectral lines!


• Together with WD models, these measurements allow an estimate of the WD mass:         
.0.181+0.007

−0.005 M⊙

Antoniadis et al. (2012)
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Optical observations of PSR J1738+0333

• Shift in the spectral lines allows 
an estimate of the mass ratio:      

.


• This allows an estimate of the 
orbital inclination ( ) 
and the pulsar mass:         




• Results in Antoniadis et al. 2012, 
MNRAS, 423, 3316.

q = 1.8 ± 0.2

32.6 ± 1.0∘

1.46+0.07
−0.06 M⊙

Antoniadis et al. (2012)
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Prediction:

• Once the component masses are known, we can estimate the rate of orbital decay due to quadrupolar 
GW emission predicted by GR: 

    

   … which is a change on the orbital period of ! 

• In the presence of dipolar GW emission this quantity must be larger (in absolute value) - If , 
then  

     (!!) 

• Which is it?

·PGR
B = −

192
5 (nBT⊙Mc)5/3 q

(q + 1)1/3
= − 27.7+1.5

−1.9fs s−1

−0.86 μs yr−1

αp ∼ 1

·PD
b = − 2πnb

G*MWD

c3

q
q + 1

1 + e2/2
(1 − e2)5/2

(αp − αWD)2 = − 110,000 μs yr−1
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Timing of PSR J1738+0333

10 years of timing with Parkes and Arecibo were necessary to measure this number precisely!
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The (awesome) power of timing
o Number of rotations between MJD 52872.01692 and 55813.95899 (SSB): 43 449 485 656 ± 0.


o Spin period (on 14th of May 2008 at 0h UTC): 0.005850095859775683 ± 0.000000000000000005 s                                                                                               

o Orbital period: 8h 30m 53.9199264 ± 0.0000003 s 


o Projected semi-major axis of the pulsar’s orbit: 102957453 ± 6 m. 


o Eccentricity: ( 3 ± 1) × 10−7. This means that the orbit deviates from a circle by (5 ± 3) μm!


o Proper motion: 7.037 ± 0.005 mas yr−1, 5.073 ± 0.012 mas yr−1, parallax: 0.68 ± 0.05 mas.


o Orbital decay: −(25.9 ± 3.2) × 10−15 ss−1 (or 0.8 ± 0.1 μs yr−1!). GR Does it again!!!!
·Pint
b = ·Pobs

b − ·PAcc
b − ·PShk

b
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Looking for dipolar GW: not there!

Figure: Norbert Wex

PSR J1738+0333

Ṗb = �26± 3 fs/s

mc

R
=
m
p
/m

c

• Observed decay represents a 12% test of GR 
- not a very good test!


• However, the difference between the 
measured value and the GR prediction is tiny 
compared with the prediction for dipolar GW 
emission!


• Best constraint on the emission of dipolar 
GWs, and of their nature!


• Most constraining test for many alternative 
gravity theories.
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3.2. Searching for spontaneous scalarisation 
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with some coeKcients ai, a2, . . . which stay finite when
cto ~ 0 [and which are of order unity if the coupling func-
tion A(y) is smooth and involves no large parameters].
This expansion suggests that o.~ ~ 0 when o,o tends to-
ward zero, even when sA approaches unity (strong self-
gravity). As all observable quantities associated to the
exchange of a scalar interaction contain at least two a fac-
tors (e.g. , in combinations such as aAp~no), this would
mean that post-Newtonian experiments yield a priori
constraints on possible strong-Beld eRects observable in
systems of compact objects. Actually, this conclusion is
premature.
One can see heuristically in a simplified model how

the infinite series of self-gravity contributions, 1+ais~+
a2s&+, can compensate even a vanishingly small o.o.
Let us consider the simple case where A(y) = exp(Pp2/2)
[i.e. , o;(p) = P&p and /3(y) = t9 = const], and let us ap-
proximate the scalar field equation (4b) by neglecting the
curvature of g„' and replacing G,T, =—G,A (4Z —3p)
by a positive constant, G,mA/(4+rA/3) = 3sA/4irr&, all
over the volume of the star (r & rA). This yields the
simple equation Ay = sign(p) r p where r—:3~/3~sAr&
when r & rA and r = 0 when r ) rA. When t9
is negative, the solution of this equation in the inte-
rior of the star is p;„(r) = p~ sin(vr)/Kr with &p,

po/cos(rrz) = yo/cos[(3~P~sz) / ] ) (po, so that the
effect of the self-gravity of the star is to amplify the lo-
cal value of ~a(y)~ = ~P~p with respect to its cosmolog-
ical value (oo( = (P(&po. When (P~ and the self-gravity
of the star are such that (3(p(sA) / = vr/2 this ampli-
Bcation mechanism can compensate even a vanishingly
small o,o. (There appears a zero mode of p, i.e., a non-
trivial solution with vanishing boundary conditions at in-
finity. ) As a typical (1.4m') neutron star has s& 0.2,
we expect that this nonperturbative arnplification effect

rn/m-1

0.2

could take place when P & —4. By contrast, when P
is positive the solution is obtained by the replacements
sin ~ sinh, cos ~ cosh and one obtains a deampli-
fication of the local value of a(y) with respect to Ao
(n, = no/cosh[(3psA) / ]). In that case the strong self-
gravity of neutron stars is expected to further quench
deviations from general relativity.
By numerically integrating the exact system of equa-

tions (7) we have indeed shown the existence of a non-
perturbative amplification mechanism of the coupling
strength of the scalar field when the logarithm of the
coupling function A(&p) has a sufficiently negative curva-
ture around rpo. Po = 82 in A/Bpo2 & —4. The results of
our numerical integrations are presented in Figs. 1—3.
To model the structure of a neutron star we con-

sidered polytropic equations of state, 8 = nmb +
Knomb(n/no) /(I' —1), p = Knomb(n/no) with mb =
1.66 x 10 g and no ——0.1 fm, and with values
of the parameters I' and K adjusted to fit the curves
(computed, within general relativity, from some realistic
equations of state [10,11]) giving the fractional binding
energy f—:(m —m)/m as a function of the baryonic
mass m (see Fig. 1). In particular, we used I' = 2.34 and
K = 0.0195 to fit the equation of state II of Ref. [11],and
I' = 2.46 and K = 0.00936 to Bt the equation of state A
of Ref. [10].
Figure 1 illustrates the spectacular changes in the grav-

itational equilibrium configurations of a neutron star
with a given nuclear equation of state when using, instead
of general relativity, the tensor-scalar theory defined by
A(y) = exp(—3p~), with yo = 0.0043, i.e., the maximum
value consistent with the limits in Eq. (1). The maximum
baryonic mass of a neutron star increases from 2.23mo
in general relativity to 3.03mo [12]. Note the presence
of a second branch of equilibrium configurations below
the one continuously connected with the normal New-
tonian configurations. This second branch is linked to
the appearance, above a certain state of compactness,

0.15

0.1

0.8

0.6

cosV &p

2
exp—3(p

0.05

exp

0.5 1.5 2.5 rn/ms3 Sun
0.2 xp—2

FIG. 1. Fractional binding energy vs baryonic mass for a
neutron-star model (polytrope I' = 2.34 with K = 0.0195)
computed within the tensor-scalar theory A(&p) = exp(—3p ),
with cosmological boundary condition &po

——0.0043. The
dashed curve represents a second, energetically less favorable,
sequence of equilibrium configurations. For clarity, only the
turning point of the binding energy curve within general rel-
ativity is indicated.

2222

rn/m

exp+3(p 2 3 4

FIG. 2. EfFective scalar coupling constant vs baryonic mass
for the neutron star model of Fig. 1 computed within five
difFerent tensor-scalar theories. The labels indicate the cor-
responding coupling functions A(p). In each case, we chose
the maximum value of y0 consistent with the two limits in
Eq. (1).
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It is shown that a wide class of tensor-scalar theories can pass the present weak-field gravitational
tests and exhibit nonperturbative strong-field deviations away from general relativity in systems
involving neutron stars. This is achieved without requiring either large dimensionless parameters,
fine tuning, or the presence of negative-energy modes. This gives greater significance to tests of the
strong gravitational field regime, notably binary pulsar experiments.

PACS numbers: 04.50.+h, 97.60.Jd

Tensor-scalar theories, in which gravity is mediated by
one or several long-range scalar fields in addition to the
usual tensor field present in Einstein's theory, are the
most natural alternatives to general relativity. Kaluza-
Klein, supergravity, and superstring theories naturally
give rise to massless scalar fields coupled to matter with
gravitational strength. Recently, "extended" inHationary
models [1] furnished a new motivation for considering
tensor-scalar theories.
Solar-system experiments set tight constraints on pos-

sible post-Newtonian deviations from general relativity,
namely (at the one sigma level) [2,3],

ip —li & 2 x 10, iP —li & 2 x 10

where P and p denote the usual post-Newtonian param-
eters (we add a tilde to the standard notation to distin-
guish them from the underlying theory parameters intro-
duced below). Within tensor-scalar theories, the combi-
nation

' = (1—~)/(1 + ~) (2)
plays a basic role because it measures the ratio between
the couplings to matter of scalar and tensor Belds. The
Jordan-Fierz-Brans-Dicke theory, which is the simplest
tensor-scalar theory, has a;o ——(2io + 3) as a unique
free parameter, and all its predictions (in both weak-field
and strong-field conditions [4]) fractionally dier from the
general relativistic ones by quantities of order a&. More
generally, a recent study of generic tensor-scalar theo-
ries [5] has formally shown that all the deviations from
general relativity, observable at the present cosmological
epoch, can be expanded in series of powers of 0.20. These
results seem to suggest that the limit ao ( 10 deduced
from post-Newtonian experiments, Eq. (1), a priori con-
strains the possible level of deviation from general rel-
ativity in all other gravitational experiments, including
those involving strong gravitational fields [6].

+S W, &'(v)g„*.] . (3)

G, denotes a bare gravitational coupling constant, and
B, —:g„" B„* the curvature scalar of the "Einstein met-
ric" g* . The last term in Eq. (3) denotes the action of
the matter, which is a functional of some matter vari-
ables, collectively denoted by Q, and of the ("Jordan-
Fierz") metric g&„—A2(p)g„* . See Ref. [5] for the ex-
tension to the multiscalar case, and a comprehensive dis-
cussion of the observable consequences of tensor-scalar
theories.
The universal coupling of matter to g„means that

nongravitational clocks and laboratory rods measure this
metric. However, the Beld equations of the theory are
better formulated in terms of the variables (g„'„,p). The
field equations derived from Eq. (3) read

R', = 28„pBp+ 8m O. (T,„',— T g—'

g P = —47l-G. o.(&P)T„,
with T," = 2(g, ) ~ 6S /69„* denoting the stress-
energy tensor in the g* units, and where all tensorial
operations are performed by using this metric. The quan-

The purpose of the present work is to prove that such
a conclusion would be illegitimate. By studying neutron-
star models within general tensor-scalar theories, we Bnd
that, when a certain inequality is satisfied [(P—1)/(p—
1) ) +1], these models develop some nonperturbative
strong gravitational Beld eKects which induce order-of-
unity deviations from general relativity, even when the
linear coupling constant a& is very small.
The most general metric tensor-monoscalar theory

(with one massless scalar field) contains one arbitrary
"coupling function" A(&p) [7]. Its action reads

S = (16~G.) ' ds2:g.'~ [R, —2g„" B„pB p]
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• P = 32.8 ms, Pb = 2.44 d, e = 0.00038


• Recycled pulsar with very massive WD companion.


• Kinematic effects can also be corrected very precisely (from the exquisite distance 
measurement)


• Mass measurement is precise, and measured with multiple PK parameters (periastron advance 
and very significant Shapiro delay)


• Most massive double degenerate system known, and largest NS birth mass!


• PB-dot is improving very fast.


• All this and the unusual mass yields a useful test of ST theories of gravity!

Some important points about PSR J2222-0137
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ABSTRACT

The binary pulsar J2222−0137 is an enigmatic system containing a partially recycled millisecond pulsar and a
companion of unknown nature. While the low eccentricity of the system favors a white dwarf companion, an
unusual double neutron star system is also a possibility, and optical observations will be able to distinguish between
these possibilities. In order to allow the absolute luminosity (or upper limit) of the companion object to be properly
calibrated, we undertook astrometric observations with the Very Long Baseline Array to constrain the system
distance via a measurement of annual geometric parallax. With these observations, we measure the parallax of the
PSR J2222–0137 system to be 3.742+0.013

−0.016 mas, yielding a distance of 267.3+1.2
−0.9 pc, and measure the transverse

velocity to be 57.1+0.3
−0.2 km s−1. Fixing these parameters in the pulsar timing model made it possible to obtain a

measurement of Shapiro delay and hence the system inclination, which shows that the system is nearly edge-on (sin
i = 0.9985 ± 0.0005). Furthermore, we were able to detect the orbital motion of PSR J2222–0137 in our very long
baseline interferometry (VLBI) observations and measure the longitude of ascending node Ω. The VLBI astrometry
yields the most accurate distance obtained for a radio pulsar to date, and is furthermore the most accurate parallax
for any radio source obtained at “low” radio frequencies (below ∼5 GHz, where the ionosphere dominates the error
budget). Using the astrometric results, we show that the companion to PSR J2222–0137 will be easily detectable in
deep optical observations if it is a white dwarf. Finally, we discuss the implications of this measurement for future
ultra-high-precision astrometry, in particular in support of pulsar timing arrays.

Key words: astrometry – pulsars: general – pulsars: individual (J2222−0137) – techniques: interferometric

1. INTRODUCTION

PSR J2222−0137 was discovered in the Green Bank Tele-
scope 350 MHz drift-scan pulsar survey carried out in 2007
(Boyles et al. 2013; Lynch et al. 2013). It has an observed
spin period P of 32.82 ms and a spin period derivative Ṗ of
4.74 × 10−20. The dispersion measure is only 3.27 pc cm−3,
which places the pulsar at a distance of roughly 300 pc assum-
ing the NE2001 electron density model (Cordes & Lazio 2002),
although dispersion measure distances can exhibit large errors
for individual objects (e.g., Deller et al. 2009). PSR J2222−0137
is in a low-eccentricity orbit (e = 0.00038) with an orbital pe-
riod of 2.4 days. The spin period, low eccentricity, and small Ṗ
indicate that PSR J2222−0137 has been partially recycled.

Using the orbital parameters obtained from timing and as-
suming a pulsar mass of 1.35 M% gives a minimum companion
mass of 1.1 M% (Boyles et al. 2013). Despite the relatively high
minimum companion mass, the low orbital eccentricity argues
against the likelihood that PSR J2222−0137 is a member of
a double neutron star (DNS) binary system. For comparison,
among known DNS systems the lowest measured eccentricity
is around 0.09 (for PSR J0737-3039; Lyne et al. 2004), a fac-
tor of over 200 greater than PSR J2222–0137. The majority of
DNS systems are expected to be born with a high eccentricity
(Chaurasia & Bailes 2005), so despite gravitational wave emis-
sion leading to circularization over time, such an extremely low
eccentricity would be unexpected. A relatively heavy CO white
dwarf companion is the alternative explanation, which would
make PSR J2222−0137 an “intermediate-mass binary pulsar”
(e.g., Camilo et al. 2001).

Characterizing the PSR J2222–0137 system and distinguish-
ing between the possible evolutionary pathways will require
multiwavelength data which can be reliably interpreted. This
demands an accurate distance to the system, in order to con-
vert observed flux densities to absolute luminosities. Very long
baseline interferometry (VLBI) can provide astrometric accu-
racies on the order of tens of microarcseconds, sufficient to
measure distances accurately out to a range of ∼10 kpc through
the measurement of annual geometric parallax. The Very Long
Baseline Array (VLBA) has demonstrated an outstanding ca-
pability for precision astrometry, having been used to map a
variety of Galactic objects such as pulsars, masers, and low-
mass protostars with exquisite precision (e.g., Chatterjee et al.
2009; Reid et al. 2009; Loinard et al. 2007). At the relatively
low radio frequencies usually required for pulsar observations
(!5 GHz, where the ionosphere dominates error budgets) the
ability of the VLBA to make use of “in-beam” calibrators for
the majority of targets gives it a particular advantage (Chatterjee
et al. 2009). Accordingly, we undertook an astrometric cam-
paign on PSR J2222–0137 using the VLBA to determine its
distance.

2. OBSERVATIONS AND DATA REDUCTION

We observed PSR J2222–0137 a total of eight times with
the VLBA between 2010 July and 2012 June. Each observation
had a duration of 2 hr, and used the source J2218−0335 as the
primary calibrator, which is separated from PSR J2222–0137
by 2.◦1. In order to maximize the astrometric accuracy, our
first observation focused on the identification of a suitable
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Shapiro delay for PSR J2222-0137

MP = 1.831(10) M⊙, Mc = 1.319(4) M⊙

Guo et al. (2021), A&A,  654, A16

Mass of pulsar is between masses of PSR J1738+0333 and J0348+0432!

A&A 654, A16 (2021)

Fig. 5. Residuals as a function of the orbital phase for the same ephemeris as Fig. 4. Top panel: we display the residuals predicted by the model
but without taking into account the Shapiro delay. Lower panel: we see the same while fitting for other Keplerian parameters. As we see, some of
the Shapiro delay is absorbed by this fit, but some still remains; this remnant represents the ‘measurable’ part of the Shapiro delay; this is given, in
the limit of perfect orbital sampling, by Eq. (31) of Freire & Wex (2010). In this plot, the Nançay residuals are displayed in black, the E↵elsberg
residuals in red, and all others in grey, all without error bars for the sake of clarity.

Fig. 6. Mass-mass diagram of J2222�0137. In the main panel on the left we display the cos i �Mc plane, and on the right we display the Mp �Mc
plane; the grey region is excluded by the constraint sin i  1. The black contours indicate the 68.3% and 95.4% confidence region derived from
a 3D �2 map of the cos i � ⌦ � M plane using the DDK orbital model combined with GR equations. The constraints (according to GR) from
h3, &, and !̇ in the ELL1H+ model are shown in blue, green, and red lines, respectively, where the solid and dotted lines indicate the nominal and
±1� measurements. The fact that they all meet in the same regions of these planes represents a ⇠1% test of GR, which the theory passes. The
side panels display the 1D PDFs for cos i (top left), Mp (top right), and Mc (right), with the median value and the 1� and 2� confidence intervals
indicated as vertical lines.

of the best ELL1H+model, indicating again the self-consistency
of the relativistic e↵ects.

5.4. Variation in the projected semi-major axis of the pulsar’s
orbit

Relative to Cognard et al. (2017), the orbital parameter that has
had the most significant change was the rate of change of the pro-

jected semi-major axis, ẋ: When they assume the VLBI proper
motion, they obtain ẋ = 3.5(30) ⇥ 10�15 lt-s s�1, our new value
is �7.76(48)⇥ 10�15 lt-s s�1; the change is 3.8-� significant. The
uncertainty has decreased by a factor of six.

The observed value of ẋ is dominated by the secular
change of the orbital inclination caused by the proper motion
(Arzoumanian et al. 1996; Kopeikin 1996):

ẋPM = x µ cot i sin(⇥µ �⌦). (1)
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Periastron advance in PSR J2222-0137
Guo et al. (2021)

A&A 654, A16 (2021)

Fig. 5. Residuals as a function of the orbital phase for the same ephemeris as Fig. 4. Top panel: we display the residuals predicted by the model
but without taking into account the Shapiro delay. Lower panel: we see the same while fitting for other Keplerian parameters. As we see, some of
the Shapiro delay is absorbed by this fit, but some still remains; this remnant represents the ‘measurable’ part of the Shapiro delay; this is given, in
the limit of perfect orbital sampling, by Eq. (31) of Freire & Wex (2010). In this plot, the Nançay residuals are displayed in black, the E↵elsberg
residuals in red, and all others in grey, all without error bars for the sake of clarity.

Fig. 6. Mass-mass diagram of J2222�0137. In the main panel on the left we display the cos i �Mc plane, and on the right we display the Mp �Mc
plane; the grey region is excluded by the constraint sin i  1. The black contours indicate the 68.3% and 95.4% confidence region derived from
a 3D �2 map of the cos i � ⌦ � M plane using the DDK orbital model combined with GR equations. The constraints (according to GR) from
h3, &, and !̇ in the ELL1H+ model are shown in blue, green, and red lines, respectively, where the solid and dotted lines indicate the nominal and
±1� measurements. The fact that they all meet in the same regions of these planes represents a ⇠1% test of GR, which the theory passes. The
side panels display the 1D PDFs for cos i (top left), Mp (top right), and Mc (right), with the median value and the 1� and 2� confidence intervals
indicated as vertical lines.

of the best ELL1H+model, indicating again the self-consistency
of the relativistic e↵ects.

5.4. Variation in the projected semi-major axis of the pulsar’s
orbit

Relative to Cognard et al. (2017), the orbital parameter that has
had the most significant change was the rate of change of the pro-

jected semi-major axis, ẋ: When they assume the VLBI proper
motion, they obtain ẋ = 3.5(30) ⇥ 10�15 lt-s s�1, our new value
is �7.76(48)⇥ 10�15 lt-s s�1; the change is 3.8-� significant. The
uncertainty has decreased by a factor of six.

The observed value of ẋ is dominated by the secular
change of the orbital inclination caused by the proper motion
(Arzoumanian et al. 1996; Kopeikin 1996):

ẋPM = x µ cot i sin(⇥µ �⌦). (1)

A16, page 12 of 17

67



Precise measurement of variation of orbital period!

Quadrupole term not even measured properly! 

However, the excess is extremely small, constraining the emission of dipolar GWs for 
large NS masses!

A&A 654, A16 (2021)

Table 7. Di↵erent contributions to Ṗb, in units of 10�12 s s�1.

Ṗb,obs Ṗb,GR Ṗb,Shk Galactic model Ṗb,Gal Ṗb,xs

Horizontal Vertical Total

0.2509(76) �0.00809(5) 0.2794(12) Nice & Taylor (1995) (a) �0.0014 �0.0128 �0.0142(13) �0.0063(76)
McMillan (2017) �0.0016 �0.0145 �0.0161(15) �0.0044(77)
Pi✏ et al. (2014) �0.0017 �0.0162 �0.0179(16) �0.0026(77)

Binney & Tremaine (2008) �0.0014 �0.0123 �0.0137(12) �0.0068(76)

Notes. Several di↵erent models for Galactic potential are used for comparison. The value z0 = 0 was used for these calculations. (a)Analytical
model including updates from Lazaridis et al. (2009) and updated values for R0 and ⇥0.

Fig. 8. Variation in Ṗb,Gal with the Galactic height of the Sun (z0), for
the Galactic potential models listed in Table 7. The dashed vertical line
on the right corresponds to the estimate of Bennett & Bovy (2019).

Finally, we note that the solar height z0 is ignored in the
estimates made in Table 7. In Fig. 8, we show the variation in
Ṗb,Gal as a function of z0 for the di↵erent Galactic models in
Table 7. The di↵erences of ⇠10�15 s s�1 are also significantly
smaller than the uncertainty of Ṗb,obs, but comparable to the dif-
ferences between models. As an example, if we use z0 = 20.8 pc
(Bennett & Bovy 2019), the Ṗb,Gal predicted by the analytical
model becomes �0.0151(14) ⇥ 10�12 s s�1, a di↵erence similar
to the 10% uncertainty in the vertical acceleration of that model.

For now, none of these di↵erences change the fact that the
Ṗb,xs is 1� consistent with zero. However, as the measurement
of Ṗb,obs improves, these uncertainties in the Galactic model and
z0 will eventually limit the precision of Ṗb,int and Ṗb,xs.

8. Summary and perspectives

In this paper we present the results of a 12-year timing of PSR
J2222�0137, combining data from the E↵elsberg, Nançay, and
Lovell radio telescopes with early GBT data. Furthermore, we
have re-analysed the astrometric VLBI data. Finally, we have
also obtained polarimetric data from FAST.

The re-analysis of the VLBI data confirms most of the results
presented by Deller et al. (2013), except for ⌦, which changed
by ⇠180 deg. This resulted from our use of conventions that are
fully consistent with those used in pulsar timing. We have also
calculated the absolute position, with more realistic uncertainty
estimates. Because of these, there is no longer a significant dis-
agreement with the timing position.

The very high signal-to-noise ratio of the FAST data yields
polarimetry consistent with the (corrected) Nançay data, and it
has allowed a detection of several faint emission regions, which
include, importantly, an interpulse. This has allowed an unam-

biguous determination of the geometry of the pulsar, in particu-
lar a precise determination of its 3D orientation.

Regarding the timing, one of the most important things we
have learned from this system is the great importance of con-
sistent spin phase definitions for all the templates used to derive
ToAs from the di↵erent datasets. Without this, we have no con-
sistent measurements of the orbital motion of the pulsar. Fixing
this issue has resulted in a very significant improvement in the
quality of the timing relative to previous analyses.

If we use a few DM derivatives to model the DM variations,
the proper motion shows discrepancies from the VLBI result at
the 3�5� level. If we use instead the DMX model, which can
describe short-term DM changes, then the proper motion is con-
sistent with the VLBI result, but with much larger uncertainties.
Because of this, in our timing we used the DMX model and fixed
the parallax and proper motion to the VLBI values.

Relative to previous work, our improved timing analysis
results in a much more precise measurement of three PK param-
eters, two for the Shapiro delay (h3 and &) and one for the rate
of advance of periastron, !̇. The mutual agreement between the
mass estimates obtained with these parameters within the frame-
work of GR provides a successful ⇠1% test of that theory.

The secular variation in the semi-major axis, ẋ, is larger
(in magnitude) than expected; the di↵erence with the expected
value is 3.4� significant. It is likely that this is caused by the pres-
ence of e↵ects, such as the annual orbital parallax, which are not
taken into account in the models that fit explicitly for ẋ. Indeed, a
DDK model, which takes the annual orbital parallax into account,
provides the best fit (with the lowest �2) to the data assuming only
the changes in x expected from the geometry of the system.

From a self-consistent analysis that assumes the validity of
GR and takes all kinematic e↵ects into account, we obtain a
large pulsar mass of 1.831(10) M� and a companion WD mass
of 1.319(4) M�, which is the largest confirmed NS birth mass
(Cognard et al. 2017). This is only one of two recycled pulsar
and massive (>0.6 M�) WD binary systems with precisely mea-
sured masses, the other being PSR J2045+3633 (McKee et al.
2020). The total mass of the system is 3.150(14) M�, confirm-
ing this as the most massive double degenerate binary known in
the Galaxy. The resulting orbital orientation, which favours an
inclination angle of 85.27 deg and ⌦ = 188 deg, is fully con-
sistent with the VLBI astrometry. It is also consistent with the
orientation of the pulsar spin derived from polarimetry, showing
that, within experimental precision, the spin axis of the pulsar is
aligned with the orbital angular momentum.

The relatively long spin period of PSR J2222�0137 means
that not too much angular momentum was transferred in this
case; thus, in principle, there could be a measurable misalign-
ment. However, taking into account the characteristics of its cur-
rent companion, we come to the conclusion that the pulsar was
already ⇠50 Myr old when the Roche-lobe overflow started; at

A16, page 16 of 17
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• P = 27.3 ms, Pb = 4.95 h, 
e = 0.089531


• Double neutron star 
system.


• Most massive double 
neutron star system in the 
Galaxy!


• Member of a new 
population of asymmetric, 
merging double neutron 
star systems!

Some important points about PSR J1913+1102:
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Asymmetric mass ratios for bright double 
neutron-star mergers

R. D. Ferdman1ಞᅒ, P. C. C. Freire2, B. B. P. Perera3, N. Pol4,5, F. Camilo6, S. Chatterjee7,8,  
J. M. Cordes7,8, F. Crawford9, J. W. T. Hessels10,11, V. M. Kaspi12,13, M. A. McLaughlin4,5,  
E. Parent12,13, I. H. Stairs14 & J. van Leeuwen11

The discovery of a radioactively powered kilonova associated with the binary 
neutron-star merger GW170817 remains the only con!rmed electromagnetic 
counterpart to a gravitational-wave event1,2. Observations of the late-time 
electromagnetic emission, however, do not agree with the expectations from 
standard neutron-star merger models. Although the large measured ejecta mass3,4 
could be explained by a progenitor system that is asymmetric in terms of the stellar 
component masses (that is, with a mass ratio q of 0.7 to 0.8)5, the known Galactic 
population of merging double neutron-star systems (that is, those that will coalesce 
within billions of years or less) has until now consisted only of nearly equal-mass 
(q > 0.9) binaries6. The pulsar PSR J1913+1102 is a double system in a !ve-hour, 
low-eccentricity (0.09) orbit, with an orbital separation of 1.8 solar radii7, and the two 
neutron stars are predicted to coalesce in 470−11

+12 million years owing to 
gravitational-wave emission. Here we report that the masses of the pulsar and the 
companion neutron star, as measured by a dedicated pulsar timing campaign, are 
1.62 ± 0.03 and 1.27 ± 0.03 solar masses, respectively. With a measured mass ratio of 
q = 0.78 ± 0.03, this is the most asymmetric merging system reported so far. On the 
basis of this detection, our population synthesis analysis implies that such 
asymmetric binaries represent between 2 and 30 per cent (90 per cent con!dence) of 
the total population of merging binaries. The coalescence of a member of this 
population o$ers a possible explanation for the anomalous properties of GW170817, 
including the observed kilonova emission from that event.

Since its discovery7 in 2012, we have been regularly monitoring the 
double neutron star (DNS) PSR J1913+1102 with the Arecibo radio tel-
escope. Our observations have used the Mock Spectrometer and the 
Puerto Rico Ultimate Pulsar Processing Instrument (PUPPI) to coher-
ently remove dispersive smearing from the pulsar signal, caused by the 
interstellar free-electron plasma along the line of sight to the pulsar. We 
analysed data from this pulsar using standard pulse timing techniques 
(see Methods).

With a spin period of 27 ms, PSR J1913+1102 was probably the 
first-formed neutron star in this binary system; it subsequently gained 
angular momentum via accretion of matter from the progenitor to the 
second neutron star7. The timing of the pulsar has allowed a precise 
measurement of the rate of advance of the periastron, which is 
ω = (5.6501 ± 0.0007) yr−1̇ ∘ . In addition, we have now determined two 
more post-Keplerian parameters: the first is the Einstein delay 
(γ = 0.471 ± 0.015 ms), which describes the effect of gravitational 

redshift and relativistic time dilation due to the varying orbital veloc-
ity and proximity of the neutron stars to one another during their orbits. 
The second is the decay of the orbital period caused by the emission 
of gravitational waves ( ̇P = ( − 4.8 ± 0.3) × 10 s sb

−13 −1).
In Fig. 1, we show the general-relativistic mass constraints corre-

sponding to each measured post-Keplerian parameter. From ω̇, the 
total system mass is (2.8887 ± 0.0006)M☼ (M☼, solar mass), making PSR 
J1913+1102 the most massive among known DNS systems (by a 2% mar-
gin). By combining ω̇ and γ, we obtain the individual neutron-star 
masses mp = (1.62 ± 0.03)M☼ and mc = (1.27 ± 0.03)M☼ (unless otherwise 
stated, uncertainties denote 68% confidence) for the pulsar and the 
companion, respectively, which give a mass ratio of q = mc/mp =   
0.78 ± 0.03. The observed Pḃ is consistent with the general relativity 
prediction for these neutron-star masses; apart from confirming them, 
this effect provides a unique test of alternative gravitational theories 
that will be reported elsewhere (P.C.C.F. et  al., manuscript in 
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preparation). Table 1 summarizes the best-fit model parameters for 
the PSR J1913+1102 system.

PSR J1913+1102 is part of a population of several very compact DNS 
binary systems with moderate orbital eccentricities ("0.2) and low 
proper motions (for example, PSRs J0737−3039A/B8, J1756−22519 
and J1946+205210). These imply an evolutionary path in which the 
second-formed neutron star is born as a result of an envelope-stripped 

helium star progenitor having undergone a supernova with very little 
mass loss and low natal kick6,11, owing to either a rapid iron core collapse 
event or electron capture onto an oxygen–neon–magnesium core12–14. 
Either of these scenarios lead to a low-mass ("1.3M☼) neutron star7, 
which is confirmed by our measurements. Furthermore, we estimate 
the tangential component of the peculiar velocity of the system to 
be 100 ± 70 km s−1 (95% confidence); although the uncertainty is still 
large, this hints at a relatively low kick velocity arising from the second 
supernova compared to the overall pulsar population.

The PSR J1913+1102 mass ratio makes it the most asymmetric among 
the known DNS binaries that are expected to merge within a Hubble 
time, which otherwise have q ≳ 0.9. Considering all known DNS systems, 
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Fig. 1 | Pulsar mass–companion mass diagram for the PSR J1913+1102 
system. Shaded regions bounded by solid curves represent 1σ mass 
constraints from each measured post-Keplerian parameter, derived in the 
context of general relativity. These are: the orbital precession rate (ω̇), the time 
dilation/gravitational redshift (γ) and the rate of orbital decay ( ̇Pb). The inset 
shows a zoom-in of the dotted square region in the main plot, with the 3σ 
confidence region for the mass measurements shaded in red. The two most 
precisely measured parameters allow us to determine the individual masses of 
this system. Each additional post-Keplerian parameter measurement provides 
an independent consistency test of the predictions of general relativity.

Table 1 | Measured and derived parameters for PSR 
J1913+1102

Parameter name Value

Reference epoch (MJD) 57,504.0

Observing time span (MJD) 56,072–58,747

Number of arrival time measurements 2,541

Solar System ephemeris used DE436

Root-mean-square timing residual 56 µs

Reduced χ2 of timing fit 1.01

Right ascension, α (J2000) 19 h 13 min 29.05365(9) s

Declination, δ (J2000) 11° 02′ 05.7045(22)″

Proper motion in α −3.0(5) mas yr−1

Proper motion in δ −8.7(1.0) mas yr−1

Pulsar spin period, P 27.2850068680286(19) ms

Spin period derivative, P ̇ 1.5672(7) × 10−19 s s−1

Dispersion measure, DM 339.026(3) pc cm−3

Orbital period, Pb 0.2062523345(2) d

Projected semi-major axis of the pulsar’s orbit, x 1.754635(5) light s

Orbital eccentricity, e 0.089531(2)

Longitude of periastron, ω 283.7898(19)°

Epoch of periastron passage, T0 (MJD) 57,504.5314530(10)

Total system mass, M 2.8887(6)M

Companion mass, Mc 1.27(3)M

Rate of periastron advancea, ω̇ 5.6501(7)° yr−1

Einstein delaya, γ 0.000471(15) s

Orbital period decay ratea, ̇Pb −4.8(3) × 10−13 s s−1

Pulsar mass, Mp 1.62(3)

Mass ratio, q 0.78(3)

Orbital inclination angle, i 55.3°

Dispersion-derived distanceb, d 7.14 kpc

Two-dimensional systemic peculiar velocityc, vLSR 100(70) km s−1

Surface magnetic flux density at the polesd, B0 2.1 × 109 G

Characteristic aged, τc 2.8 Gyr

Time to coalescence, Tc 470 Myr−11
+12

Values in parentheses represent the 1σ (68% confidence) uncertainty on the last quoted digit. 
Unless otherwise noted, measured parameters were determined using the DDGR timing 
model43,44, which assumes general relativity to be the correct theory of gravity. MJD, modified 
Julian date. 
aPost-Keplerian orbital parameters were measured using the model-independent Damour and 
Deruelle timing model43–45. 
bDistance is derived using a model of the Galactic ionized electron density46, with estimated 
uncertainty of 20%. 
cVelocity is with respect to the local standard of rest, and thus peculiar to the binary system. 
dThe surface magnetic field and characteristic age are derived from the pulsar spin period and 
its derivative47.
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Fig. 2 | Probability density of the population of PSR J1913+1102 -like DNS 
systems in the Galaxy, as a fraction of the total number of DNSs that will 
merge within a Hubble time. We find this fraction to be 0.11−0.09

+0.21 , where the 
uncertainty represents the 90% confidence interval (vertical dashed lines). The 
quoted value is the median of the distribution, shown on the plot as a solid 
vertical line, and the peak value of 0.06 is represented by a dotted vertical line. 
This implies that roughly 1 in 10 merging DNS systems are likely to have 
asymmetric component masses.
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this system. Each additional post-Keplerian parameter measurement provides 
an independent consistency test of the predictions of general relativity.
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Surface magnetic flux density at the polesd, B0 2.1 × 109 G
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Values in parentheses represent the 1σ (68% confidence) uncertainty on the last quoted digit. 
Unless otherwise noted, measured parameters were determined using the DDGR timing 
model43,44, which assumes general relativity to be the correct theory of gravity. MJD, modified 
Julian date. 
aPost-Keplerian orbital parameters were measured using the model-independent Damour and 
Deruelle timing model43–45. 
bDistance is derived using a model of the Galactic ionized electron density46, with estimated 
uncertainty of 20%. 
cVelocity is with respect to the local standard of rest, and thus peculiar to the binary system. 
dThe surface magnetic field and characteristic age are derived from the pulsar spin period and 
its derivative47.
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Pulsar mass makes system interesting!

Orbital decay agrees with GR!

MP = 1.62(3) M⊙, Mc = 1.27(3) M⊙
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preparation). Table 1 summarizes the best-fit model parameters for 
the PSR J1913+1102 system.

PSR J1913+1102 is part of a population of several very compact DNS 
binary systems with moderate orbital eccentricities ("0.2) and low 
proper motions (for example, PSRs J0737−3039A/B8, J1756−22519 
and J1946+205210). These imply an evolutionary path in which the 
second-formed neutron star is born as a result of an envelope-stripped 

helium star progenitor having undergone a supernova with very little 
mass loss and low natal kick6,11, owing to either a rapid iron core collapse 
event or electron capture onto an oxygen–neon–magnesium core12–14. 
Either of these scenarios lead to a low-mass ("1.3M☼) neutron star7, 
which is confirmed by our measurements. Furthermore, we estimate 
the tangential component of the peculiar velocity of the system to 
be 100 ± 70 km s−1 (95% confidence); although the uncertainty is still 
large, this hints at a relatively low kick velocity arising from the second 
supernova compared to the overall pulsar population.

The PSR J1913+1102 mass ratio makes it the most asymmetric among 
the known DNS binaries that are expected to merge within a Hubble 
time, which otherwise have q ≳ 0.9. Considering all known DNS systems, 
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Fig. 1 | Pulsar mass–companion mass diagram for the PSR J1913+1102 
system. Shaded regions bounded by solid curves represent 1σ mass 
constraints from each measured post-Keplerian parameter, derived in the 
context of general relativity. These are: the orbital precession rate (ω̇), the time 
dilation/gravitational redshift (γ) and the rate of orbital decay ( ̇Pb). The inset 
shows a zoom-in of the dotted square region in the main plot, with the 3σ 
confidence region for the mass measurements shaded in red. The two most 
precisely measured parameters allow us to determine the individual masses of 
this system. Each additional post-Keplerian parameter measurement provides 
an independent consistency test of the predictions of general relativity.
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Orbital eccentricity, e 0.089531(2)

Longitude of periastron, ω 283.7898(19)°

Epoch of periastron passage, T0 (MJD) 57,504.5314530(10)
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Companion mass, Mc 1.27(3)M

Rate of periastron advancea, ω̇ 5.6501(7)° yr−1

Einstein delaya, γ 0.000471(15) s

Orbital period decay ratea, ̇Pb −4.8(3) × 10−13 s s−1
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Surface magnetic flux density at the polesd, B0 2.1 × 109 G

Characteristic aged, τc 2.8 Gyr
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Values in parentheses represent the 1σ (68% confidence) uncertainty on the last quoted digit. 
Unless otherwise noted, measured parameters were determined using the DDGR timing 
model43,44, which assumes general relativity to be the correct theory of gravity. MJD, modified 
Julian date. 
aPost-Keplerian orbital parameters were measured using the model-independent Damour and 
Deruelle timing model43–45. 
bDistance is derived using a model of the Galactic ionized electron density46, with estimated 
uncertainty of 20%. 
cVelocity is with respect to the local standard of rest, and thus peculiar to the binary system. 
dThe surface magnetic field and characteristic age are derived from the pulsar spin period and 
its derivative47.
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This implies that roughly 1 in 10 merging DNS systems are likely to have 
asymmetric component masses.
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3.3 .  The Nordtvedt effect



• Nortdvedt calculates that orbit 
of Earth and Moon should be 
polarized by Solar field in BD 
gravity (Nodtvedt effect)


• Detecting this effect is one of 
the main goals of LLR!

Lunar Laser Ranging

Apollo 15 LLR station. Credit: NASA g⊥

eF

eR
eobs

θ



Tests of universality of free fall for self-gravitating 
objects

Lunar Laser Ranging

Weakly self-gravitating objects

Damour-Schäfer test (1991), Phys. Rev. Lett. 66, 2549

Gonzalez et al. (2011), ApJ, 743, 102

de/dt test (Freire, Kramer, Wex, 2012)

Pulsar in triple star system (Freire, Kramer, Wex, 2012)

or, even better, 
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The pulsar in a triple system and the strong-field 
Nordtvedt effect

Ransom et al., (2014); Archibald et al. (2018)
|�| < 2.6⇥ 10�6
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• There are no analytical models 
to describe the motion. 


• Therefore, phenomenological 
equations of motion for a n-
body system in a wide class of 
alternative theories of gravity 
must be integrated with high 
precision and for the whole 
length of the timing study (~10 
years).


• Initial parameters and theory 
parameters are then varied to 
minimize the residual rms.


• These can describe the timing 
perfectly!

Numerical integration of the equations of motion

76

G. Voisin et al.: An improved test of the strong equivalence principle with the pulsar in a triple star system

Appendix A: Strong-field equations of

motion

In our timing model, the motion of the three bodies follows
the equations of motion derived from the post-Galiean-invariant
N-body Lagrangian of the modified Einstein-Infeld-Ho↵mann
(mEIH) formalism (Will 1993; Damour & Taylor 1992). The
mEIH equations of motion describe the first post-Newtonian
dynamics of a N-body system which also contains strongly self-
gravitating masses, under the assumption that the gravitational
interaction is Poincaré invariant. Furthermore, it assumes that
there are no ‘asymmetric’ terms in the Lagrangian, which are
anyway absent in many well motivated theories of gravity (see
the discussion in Nordtvedt 1985; Damour & Taylor 1992). The
mEIH formalsim is a generalisation of the parametrised post-
Newtonian (PPN) equations of motion for fully conservative the-
ories with ⇠ = 0, in order to include e↵ects related to the strong
internal fields of strongly self-gravitating objects, like neutron
stars. The mEIH Lagrangian can be written as (cf. Damour &
Esposito-Farèse 1992)
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where ma are the inertial masses with coordinate positions xa

and coordinate velocities ua, rab = kxa � xbk, va = kuak, and
nab = (xb � xa)/rab. The quantities �̄ab = �ab � 1, �̄a

bc
= �a

bc
� 1

and Gab are the e↵ective strong-field interaction constants. The
unbarred quantities are the strong-field generalisation of the PPN
parameters �PPN and �PPN (Eddington parameters). The strong-
field parameters satisfy the symmetries Gab = Gba (a , b),
�̄ab = �̄ba (a , b), and �̄a

bc
= �̄a

cb
(a , b, a , c). The body-

dependent e↵ective strong-field interaction constants depend on
the details of the underlying gravity theory as well as the struc-
ture of the individual bodies. Hence, in the most general case of a
three-body system one has three di↵erent e↵ective gravitational
constants Gab, three di↵erent �̄ab, and nine di↵erent �̄a

cb
. In GR,

due to the fulfilment of SEP and the corresponding e↵acement of
the internal structure (see e.g. Damour 1987), one has Gab = GN
and �̄ab = �̄a

bc
= 0.

One can then use the Euler-Lagrange equations (Will 1993)
to derive the equations of motion for each body:
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In the weak-field limit one can check that this equation does give
the PPN equation of motion (e.g. So↵el 1989; Will 1993).

Conserved quantities are key elements to check the numer-
ical implementation and accuracy of the equations of motion.
We have used the Hamiltonian (conservation of energy), and the
momentum and position of the centre of mass of the system. The
last two are also necessary to derive the initial conditions of the
system.

The Hamiltonian corresponding to Eq. (A.1) is derived using
the Legendre transform =
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The momentum of the centre of mass is given by the same
expression as in GR only with the replacement G ! Gab, P =P
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The centre-of-mass position X satisfies ( /c2) dX

dt
= P (see

e.g. Will 2014b),
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Voisin et al. (2020)

• Delta parameter is smaller than 
 (95 % C. L., Voisin 

et al. 2020) !


• No more systematic effects, as 
in Archibald et al. (2018). Partly 
because kinematic effects 
induced by the finite size of 
the orbit must be taken into 
account.

2 × 10−6

Best limits ever on any violations of the Universality 
of free fall for strongly gravitating objects!

G. Voisin et al.: An improved test of the strong equivalence principle with the pulsar in a triple star system

Table 2. Gaussian priors adopted in MCMC posterior inference.

Parameter Mean Std dev Source

↵ 3h37m43s.8270 0.37 mas (†) 1
� 17�1501400.8178 0.38 mas (†) 1
d 1.3 kpc 160 pc (†) 3
µ↵ 4.8 mas yr�1 1 mas yr�1 (†) 1
µ� �4.4 mas yr�1 0.8 mas yr�1 (†) 1
Vk = µd d 29.7 km s�1 0.9 km s�1 (⇤) 2

Notes. (†)2⇥ the uncertainty reported in the source. (⇤)1⇥ the uncertainty
reported in the source.
References. (1) Gaia DR2 (Lindegren et al. 2018); (2) Kaplan et al.
(2014); (3) Ransom et al. (2014).

in turn bias the stellar radius estimate and therefore the absolute
magnitude of the star. It is worth pointing out that the two com-
monly used free-electron density models for the Galaxy, NE2001
(Cordes & Lazio 2002) and YMW16 (Yao et al. 2017), both pre-
dict a distance of about 800 pc which is significantly smaller that
reported in Tables 1–2. This indicates that the electron density
for the given Galactic height (z = �690(40) pc) is overestimated.
All priors are summarised in Table 2. Let us note that our fit for
the radial proper motion µd is unconstraining as the uncertainties
reported in Table 1 match the radial velocity prior of Table 2. The
uncertainties of all the other fitted quantities are improved with
respect to their prior.

The high dimensionality of the PDF together with the neces-
sity to integrate numerically the equations of motion makes
the problem computationally challenging. However our C++
code is able to calculate one PDF value in less than 10 s
on a last-generation laptop, which made it possible to sam-
ple the PDF on a medium-size computer cluster. The sampling
was achieved using a home-made implementation of the a�ne-
invariant Markov-chain Monte Carlo (MCMC) of Goodman &
Weare (2010) parallelised with the scheme of Foreman-Mackey
et al. (2013). The advantage of this algorithm is to be e�cient
in high dimensionality (Allison & Dunkley 2014) and insen-
sitive to any level of linear correlations between the parame-
ters. This is particularly important as we found � to be highly
correlated with many orbital parameters (see Fig. 2). However,
we also found that non-linear ‘correlations’ between parameters
were preventing convergence within a reasonable time, which
was solved by appropriate re-parametrisation (see Sect. 3.1).
Convergence was evaluated by requiring that fluctuations of the
mean and standard-deviation estimators be smaller that 6% of
the full-chain standard deviation for each parameter (see e.g.
Dunkley et al. 2005, Sect. 4.1 and chain plot in supplemen-
tary online material). We noticed that standard deviations some-
times converge later than means, particularly for �, confirming
the importance of monitoring both indicators to ensure reliable
uncertainties.

Due to its very low ecliptic latitude, ⇠2 deg, the timing of
PSR J0337+1715 is potentially sensitive to a range of e↵ects
occurring in the Solar-system. In particular, we detected in pre-
liminary runs a slight increase in timing residuals of the order of
1 µs when the pulsar was within 3 deg of the Sun. We attributed
this increase to the inaccuracy of the Solar-wind electron density
model used by tempo2 to calculate the related DM. We miti-
gated this e↵ect by removing all the ToAs taken within 5 deg of
the Sun. Moreover, our periodogram shows a secondary ⇠0.2 µs
component close to the Earth orbital frequency, sign of possi-

Fig. 7. Left-hand side: marginalised posterior probability distribution
of the SEP violation parameter � sampled by MCMC and normal law
with the same mean and standard deviation. The upper axis gives the
mean value and the boundaries of the 95% confidence region. Right-

hand side: distribution of distance to GR derived from the left-hand-side
distribution.

ble extra inaccuracies in the Solar-wind model or in the Solar-
system ephemerides. This is likely to a↵ect outer-orbit parame-
ters since this period is close to 1 year but such a correlation can
only widen posterior uncertainties.

Two models M were tested. Our main model includes only �
as a free parameter while our secondary model includes the three
additional 1PN-strong-field parameters, �̄p, �̄pp, �̄p, yielding the
following 95% C.L. constraints for them:

� = 1.1+4.8
�4.6 ⇥ 10�6, (13)

�̄p = �2+13
�14, (14)

�̄pp = �0.1+0.9
�1.0, (15)

�̄p = +0.8+7.2
�6.6. (16)

In regard to binary-pulsar tests (see Sect. 5), the above results
on the three �̄ parameters are unconstraining. We used this prior
knowledge to run our main model with �̄p = �̄p = �̄pp = 0 and
obtain our primary SEP limit

� = (+0.5 ± 1.8) ⇥ 10�6 (95% C.L.), (17)

which translates into |�| < 2.05 ⇥ 10�6 at 95% C.L. (see Fig. 7).
The full result of the main model is reported in Table 1. Note
that ⇠8% of the reported uncertainties are due to unaccounted
systematics absorbed in the EFAC parameter (see also Sect. 4.2).
The wider uncertainty obtained in the secondary run is due to
large correlations with the three additional parameters.

4.1. MCMC run and convergence

The a�ne-invariant algorithm of Goodman & Weare (2010)
requires to move N walkers together at each iteration. The gist
of this algorithm is that the walkers within the set are not inde-
pendent from each other while the set as a whole constitutes a
single e↵ective walker in the Markov process sense, namely that
it depends only on its previous state. Individual moves within
the set are informed by the positions of other walkers in a way
that renders the algorithm rigorously immune to any linear corre-
lation, or any a�ne parameter transformation. However it might
be sensitive to correlation of a higher degree, or to non-convexity
of the posterior isosurfaces. Therefore, with this algorithm one
should take care of removing as much as possible any non-
linear correlations by choosing an appropriate parameter set (see
Sect. 3.1) but very large linear correlations, as can be seen in
Fig. 2, are well resolved by the algorithm.
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5. Consequences for our understanding of gravity 
and alternative gravity theories



Precision relative to LIGO/Virgo

PN levels, allowing for possible GR violations at different
PN levels (i.e., different powers of frequency), one at a
time. Note that Fig. 7 uses the “relative” PN order in the
radiation reaction (i.e., PN order beyond the Einstein
quadrupole formula), where the leading order, i.e., 0PN,
occurs at the 2.5PN order in the binary equations of motion
(see, e.g., Ref. [123] for a detailed discussion). Because of
the many orbits since 2003 (approximately 60 000), which
can be tracked with high precision in a phase-coherent
timing solution, the double pulsar leads to considerably
tighter constraints at low PN orders, whereas it becomes
very quickly less constraining for higher PN orders, due to
its comparatively small velocity (v ∼ 0.002c).
While Fig. 7 certainly serves as a comparison on how

much a given PN parameter of the inspiral phase evolution
can (each at a time) deviate from its GR value in the
different experiments, that figure has to be taken with a
grain of salt when it comes to interpreting these bounds as
limits on deviations from GR predicted by alternative
theories of gravity. First, such a comparison mixes tests
from two different types of compact objects, i.e., NSs and
BHs, which might behave quite differently depending on

how GR is broken. Hence, constraints from experiments
with material bodies might not apply to BH dynamics
and vice versa. Particularly obvious cases are alternative
theories where BH binaries behave like in GR (e.g.,
Ref. [183]) or alternative theories where NSs do not carry
any scalar charge, while BHs do [184]. Second, the double
pulsar tests a different gravity regime (mildly relativistic
strong field) compared to the GW merger events (highly
relativistic strong field). For instance, the double pulsar test
would generally be insensitive to modifications of GR that
lead only to short-range effects (e.g., Refs. [185,186]); see
also Ref. [187]. Nevertheless, at least to some extent, such a
comparison illustrates the complementarity of binary pulsar
experiments and merger observations by GW detectors, as
long as one keeps in mind the qualitative differences of the
various experiments, which are closely linked to the details
of a given theory of gravity.

3. Lense-Thirring effect and equation of state

In Sec. VI B 1, we use constraints on the MOI of pulsar
A, IA, derived from the multimessenger analysis in
Ref. [112], in order to obtain the best mass estimates for
the double pulsar, as given in Eqs. (36)–(38). In this
section, at first, we ignore any existing constraints on
the EOS of NSs and simultaneously determinemA,mB, and
IA, following the procedure outlined in Ref. [110]. As in
Sec. VI B 1, we assume GR to be the correct theory of
gravity and use the three best PK parameters to simulta-
neously calculate the individual masses of the double pulsar
and the MOI of A. From the calculations in Sec. VI B 1, it is
already obvious that the combination of the PK parameters
k, s, and _Pb is expected to give by far the best results. In a
way, we use s and _Pb to determine the masses mA and mB
and then usemA to extract IA from the observed advance of
periastron kobs (see _ω≡ nbk in Table IV), a procedure
already proposed for the double pulsar in Ref. [33]. In
practice, the calculations are slightly more complicated, as
_Pb also has a contribution proportional to IA [see Eq. (20)].
Although that contribution is still smaller than the error in
_Pb, we nevertheless account for it and follow the procedure
in Ref. [110], i.e., calculate mA, mB, and IA by simulta-
neously solving the three equations kobs ¼ kðmA; mB; IAÞ,
sobs ¼ sðmA; mBÞ, and _Pint

b ¼ _PbðmA; mB; IAÞ. By this, we
obtain probability distributions for the double pulsar
masses and the MOI of pulsar A. For the MOI, we find
IA < 3.0 × 1045 g cm2 with 90% confidence. Figure 8
compares our result with those derived from the
GW170817 LIGO/Virgo merger and from NICER x-ray
timing. Using a universal relation, like the one in
Ref. [114], one can convert the probability distribution
of IA into a probability distribution for A’s radius. With
90% confidence, this gives an upper limit for A’s radius of
22 km, a value outside any physically valid EOS and
clearly exceeding the range used in Ref. [114].

FIG. 7. Update of Fig. 6 in Ref. [178] (including data from
Refs. [180,181]), which shows the 90% upper bounds on the
absolute magnitude of the GR violation parameters δφ̂i, from
0PN through 3.5PN (“relative” order) in the inspiral phase (see,
e.g., Ref. [182] for the definition of the PN phase coefficients and
Ref. [178] for further details on the method). As discussed in
Ref. [178], the 0.5PN parameter is zero in GR and, therefore,
understood not as a relative but as an absolute shift. Black circles
show the combined limits from the double BH mergers, blue
squares are the limits from the double-NS merger GW170817,
and red triangles give the limits derived from the double pulsar
GW test in this paper. The PN order on the x axis is in the GR
radiation reaction, where the leading contribution (0PN) corre-
sponds to the dissipative 2.5PN term in the equations of motion.
Note that such a comparison of tests with different compact
objects (BHs vs NSs) as well as different gravity regimes (mildly
relativistic vs highly relativistic strong field) does come with a
caveat, which is explained in more detail in the text.
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the double pulsar, as given in Eqs. (36)–(38). In this
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IA, following the procedure outlined in Ref. [110]. As in
Sec. VI B 1, we assume GR to be the correct theory of
gravity and use the three best PK parameters to simulta-
neously calculate the individual masses of the double pulsar
and the MOI of A. From the calculations in Sec. VI B 1, it is
already obvious that the combination of the PK parameters
k, s, and _Pb is expected to give by far the best results. In a
way, we use s and _Pb to determine the masses mA and mB
and then usemA to extract IA from the observed advance of
periastron kobs (see _ω≡ nbk in Table IV), a procedure
already proposed for the double pulsar in Ref. [33]. In
practice, the calculations are slightly more complicated, as
_Pb also has a contribution proportional to IA [see Eq. (20)].
Although that contribution is still smaller than the error in
_Pb, we nevertheless account for it and follow the procedure
in Ref. [110], i.e., calculate mA, mB, and IA by simulta-
neously solving the three equations kobs ¼ kðmA; mB; IAÞ,
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b ¼ _PbðmA; mB; IAÞ. By this, we
obtain probability distributions for the double pulsar
masses and the MOI of pulsar A. For the MOI, we find
IA < 3.0 × 1045 g cm2 with 90% confidence. Figure 8
compares our result with those derived from the
GW170817 LIGO/Virgo merger and from NICER x-ray
timing. Using a universal relation, like the one in
Ref. [114], one can convert the probability distribution
of IA into a probability distribution for A’s radius. With
90% confidence, this gives an upper limit for A’s radius of
22 km, a value outside any physically valid EOS and
clearly exceeding the range used in Ref. [114].

FIG. 7. Update of Fig. 6 in Ref. [178] (including data from
Refs. [180,181]), which shows the 90% upper bounds on the
absolute magnitude of the GR violation parameters δφ̂i, from
0PN through 3.5PN (“relative” order) in the inspiral phase (see,
e.g., Ref. [182] for the definition of the PN phase coefficients and
Ref. [178] for further details on the method). As discussed in
Ref. [178], the 0.5PN parameter is zero in GR and, therefore,
understood not as a relative but as an absolute shift. Black circles
show the combined limits from the double BH mergers, blue
squares are the limits from the double-NS merger GW170817,
and red triangles give the limits derived from the double pulsar
GW test in this paper. The PN order on the x axis is in the GR
radiation reaction, where the leading contribution (0PN) corre-
sponds to the dissipative 2.5PN term in the equations of motion.
Note that such a comparison of tests with different compact
objects (BHs vs NSs) as well as different gravity regimes (mildly
relativistic vs highly relativistic strong field) does come with a
caveat, which is explained in more detail in the text.
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Constraints on DEF gravity
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FIG. 12. Constraints on the DEF gravity from di↵erent exper-
iments: Shapiro delay with the Cassini spacecraft [168], dipo-
lar radiation (J1738+0333) [157], gravitational weak equiva-
lence principle (J0337+1715) [50], and the Double Pulsar (this
paper). Areas above a curve are excluded.a Solid lines are for
a comparably sti↵ EoS (MPA1 in [134]). The dashed lines
are based on a rather soft EoS (WFF1 in [134]), to illustrate
the EoS dependence of the di↵erent limits. GR corresponds
to ↵0 = �0 = 0, and JFBD theory is along the vertical �0 = 0
line with Brans-Dicke parameter !BD = (↵�2

0
� 3)/2. The

black star indicates the parameters used in Fig. 13.
a See [107, 167] for details, where we have use �2 = 4 as a
conservative limit.

The crucial di↵erence between DEF gravity in Sec-
tion VIIA and TeVeS is the specific form of the phys-
ical metric, which ensures that �PPN = �PPN = 1, mak-
ing TeVeS indistinguishable from GR in the weak-field
slow-motion regime. Therefore, by design TeVeS passes
solar-system tests, like the one from the Cassini space-
craft [168]. Interestingly, the special form of the physical
metric also leads to the fact that �AB = 1 in TeVeS-like
gravity theories [157], di↵erent from Eq. (C2)

As discussed in [157], the predictions for the Einstein
delay amplitude, �E, and the GW damping, Ṗb, keep the
same form as in standard scalar–tensor theories. How-
ever, ↵A = ↵B = ↵0, and therefore there is no dipolar
radiation. As a consequence dipolar radiation tests like
in [157] do not provide any constraints on Bekenstein’s
TeVeS. The same is the case for the universality of free
fall test with the pulsar in the stellar triple [50, 171].
The Double Pulsar, on the other hand, is sensitive to the
modification of the MoI due to the periodic variation in
the local gravitational constant (modification of �E) re-
lated to the scalar field of TeVeS, and has a su�ciently
precise GW test that is sensitive to modifications of the
quadrupolar GW damping due to the presence of the dy-
namical scalar field. This is obvious from Fig. 14, which
gives the mass-mass diagram for Bekenstein’s TeVeS with
a coupling parameter ↵0 that guarantees a natural tran-
sition from the Newtonian to the MONDian regime (see
discussion in [172]). The deviations in �E and Ṗb clearly
falsify that theory. The current Double Pulsar observa-
tions require |↵0| < 9 ⇥ 10�3 (95% C.L.) which requires

FIG. 13. Mass-mass diagram for DEF gravity with ↵0 =
0.0005, �0 = �4. EoS MPA1 has been used to calculate the
curves. The curves fail to agree on a common region in the
mass-mass plane (see in particular !̇ and Ṗb curves), meaning
that this specific scalar-tensor theory is excluded. The chosen
point in the ↵0-�0 plane is not excluded by other experiments
(see Fig. 12). This figure is merely to illustrate how a specific
theory fails the Double Pulsar test. In this case it is due to
the additional energy loss from scalar GWs, predominantly
the dipolar contribution. The Ṗb curve is based on Eq. (44).
The 2PN and Lense-Thirring contributions to !̇ have been
calculated assuming GR, since any corrections from the scalar
field at this PN level are insignificant.

a highly unnatural behaviour of the scalar-field contribu-
tion to the gravitational acceleration (cf. Fig. 8 in [157]
and Fig. 3 in [172]).

TeVeS-like theories that modify the conformal factor
between the Einstein and the Jordan frame, as intro-
duced in [157], are similarly excluded. For �0 values sig-
nificantly di↵erent from zero, the constraints do primarily
come from dipolar radiation and universality of free fall
tests, e.g. from limits in [50, 157].

As a final comment, we would like to emphasize that
like in [157] we have neglected the contributions of the
vector field to the dynamics and the gravitational radia-
tion. We consider this as a conservative approach, since
a dynamical vector field is expected to increase the GW
damping by additional energy from the orbital dynamics.
Furthermore, modifications of TeVeS that only modify
the vector part and leave the scalar sector of the the-
ory unchanged, should therefore generally be excluded
by this test as well (see discussion in [172] on the role of
the scalar field to reproduce the MONDian dynamics).

α0 = 0.0005,β0 = − 4, EOS MPA1

27
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same form as in standard scalar–tensor theories. How-
ever, ↵A = ↵B = ↵0, and therefore there is no dipolar
radiation. As a consequence dipolar radiation tests like
in [157] do not provide any constraints on Bekenstein’s
TeVeS. The same is the case for the universality of free
fall test with the pulsar in the stellar triple [50, 171].
The Double Pulsar, on the other hand, is sensitive to the
modification of the MoI due to the periodic variation in
the local gravitational constant (modification of �E) re-
lated to the scalar field of TeVeS, and has a su�ciently
precise GW test that is sensitive to modifications of the
quadrupolar GW damping due to the presence of the dy-
namical scalar field. This is obvious from Fig. 14, which
gives the mass-mass diagram for Bekenstein’s TeVeS with
a coupling parameter ↵0 that guarantees a natural tran-
sition from the Newtonian to the MONDian regime (see
discussion in [172]). The deviations in �E and Ṗb clearly
falsify that theory. The current Double Pulsar observa-
tions require |↵0| < 9 ⇥ 10�3 (95% C.L.) which requires

FIG. 13. Mass-mass diagram for DEF gravity with ↵0 =
0.0005, �0 = �4. EoS MPA1 has been used to calculate the
curves. The curves fail to agree on a common region in the
mass-mass plane (see in particular !̇ and Ṗb curves), meaning
that this specific scalar-tensor theory is excluded. The chosen
point in the ↵0-�0 plane is not excluded by other experiments
(see Fig. 12). This figure is merely to illustrate how a specific
theory fails the Double Pulsar test. In this case it is due to
the additional energy loss from scalar GWs, predominantly
the dipolar contribution. The Ṗb curve is based on Eq. (44).
The 2PN and Lense-Thirring contributions to !̇ have been
calculated assuming GR, since any corrections from the scalar
field at this PN level are insignificant.

a highly unnatural behaviour of the scalar-field contribu-
tion to the gravitational acceleration (cf. Fig. 8 in [157]
and Fig. 3 in [172]).

TeVeS-like theories that modify the conformal factor
between the Einstein and the Jordan frame, as intro-
duced in [157], are similarly excluded. For �0 values sig-
nificantly di↵erent from zero, the constraints do primarily
come from dipolar radiation and universality of free fall
tests, e.g. from limits in [50, 157].

As a final comment, we would like to emphasize that
like in [157] we have neglected the contributions of the
vector field to the dynamics and the gravitational radia-
tion. We consider this as a conservative approach, since
a dynamical vector field is expected to increase the GW
damping by additional energy from the orbital dynamics.
Furthermore, modifications of TeVeS that only modify
the vector part and leave the scalar sector of the the-
ory unchanged, should therefore generally be excluded
by this test as well (see discussion in [172] on the role of
the scalar field to reproduce the MONDian dynamics).

Solid lines: MPA1 EOS

Dashed lines: WFF1 EOS
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These results are already enough to exclude TeVeS - or at least a version that can yield MOND

The double pulsar and TeVeS
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FIG. 14. Mass-mass diagram for Bekenstein’s TeVeS with a
“natural” transition from the Netownian to the MONDian
regime (↵0 = 0.04) [172]. Such a theory is obviously in con-
tradiction with the Double Pulsar observations. The Ṗb curve
is based on Eq. (44). The 2PN and Lense-Thirring contribu-
tions to !̇ have been calculated assuming GR, since any TeVeS
related corrections for them are negligible in this test.

VIII. SYSTEM PROPERTIES REVISITED

We complete our analysis by revisiting important sys-
tem properties such as the distance, velocity and geome-
try. In particular, we try to understand the impact of the
ISM on our timing and imaging results and, conversely,
discuss implications of our timing results on the struc-
ture of the ISM along the path to the system. We also
compare the properties of the Double Pulsar system with
those expected from pulse profile studies and our theoret-
ical understanding of the formation of the Double Pulsar
system.

A. The distance to the Double Pulsar

The astrometric results derived from timing
(Sec. IVB) and from interferometric data (Sec. IVC) can
be compared against each other and with earlier VLBI
observations using the Australian Long Baseline Array
[67]. A detailed comparison between the two VLBI
measurements is presented in Appendix A, in which
we demonstrate that our new VLBA results are more
reliable than the previous Long Baseline Array results,
in part due to a previously unappreciated source of
systematic error (refractive image wander). Accordingly,
we focus on the VLBA results presented in this work.

The estimated parallax from the VLBA measurements

is ⇡v = 1.30+0.13
�0.11 mas (Sec. IVC). This contrasts with the

value estimated from the pulsar timing of ⇡t = 2.15 ±

0.48mas (Sec. IVB). The implied pulsar distances are,
respectively, 770 ± 70 pc and 465+134

�85 pc. As described
in Appendix A, we have adopted a weighted mean of
these two distances, 735± 60 pc, as our best estimate of
the pulsar distance. Note that none of these distance
estimates change beyond their uncertainties if one applies
the Lutz-Kelker correction (cf., Refs. [173, 174]). We
now consider the impact of the pulsar distance on other
observables to see if they can assist in determining the
most likely parallax value.

The estimated distance for the pulsar based on the
NE2001 Galactic electron-density model [175] is 516 pc
and, based on the YMW16 model [176], 1105 pc. We
note, however, that the derivation of the YMW16
electron-density model included the earlier VLBI-based
distance [67] (corrected for the Lutz-Kelker bias; [174])
of 1100 pc in its set of independently measured distances
used to calibrate the model. Removing the Double Pulsar
from the list of independent distances and re-determining
the parameters of the YMW16 model had a surprisingly
large e↵ect on the estimated distance, changing it from
1105 pc to 463 pc (Jumei Yao, private communication).
Further investigation showed that the reason for this
large change was that, in the modified analysis, the ra-
dius of the model component representing the Gum Neb-
ula changed from 125 pc to 128 pc. This had the e↵ect
of placing the LoS to the Double Pulsar just within the
Gum Nebula, which is centered at about 450 pc from the
Sun [177], rather than just outside it. The resulting addi-
tional electron column density was su�cient to place the
pulsar within the Nebula at 463 pc. The original YMW16
distance for the Double Pulsar, 1105 pc, is very close to
the adopted independent distance of 1100 pc. This, and
the large change when this independent distance was re-
moved from the model, highlight the fact that the num-
ber of independent distances used to build the original
YMW16 model (viz., 189) was relatively small. In the
intervening years, many more independent estimates of
pulsar distances have been published, most notably the
VLBI pulsar parallax study PSR⇡ [178]. Consequently,
future generations of the YMW16 model will be less sus-
ceptible to this problem.

The real Gum Nebula does not have the relatively
sharp and well-defined edge assumed by the YMW16
model. It is a complex region of ionized gas that is be-
lieved to be a greatly expanded remnant of a supernova
explosion, a fossil H II region, a wind-blown bubble, or
some combination of these (see Ref. [177] for an H↵ image
of the nebula and a summary of its properties). The Vela
supernova remnant is superimposed on the Nebula and
probably lies within it, but is not the source of the bulk
of the ionization. The Gum Nebula is roughly circular in
shape, with an angular radius of about 23�, correspond-
ing to a physical radius of about 190 pc. It has large ex-
tension to the west which covers the projected direction
of the Double Pulsar. The identification of this extended
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Abstract
Bene!tting from the unequaled precision of the pulsar timing technique, binary
pulsars are important testbeds of gravity theories, providing some of the tight-
est bounds on alternative theories of gravity. One class of well-motivated
alternative gravity theories, the scalar–tensor gravity, predict large devia-
tions from general relativity for neutron stars through a nonperturbative phe-
nomenon known as spontaneous scalarization. This effect, which cannot be
tested in the Solar System, can now be tightly constrained using the latest
results from the timing of a set of seven binary pulsars (PSRs J0348+0432,
J1012+5307, J1738+0333, J1909−3744, J2222−0137, J0737−3039A, and
J1913+1102), especially with the updated parameters of PSRs J2222−0137,
J0737−3039A and J1913+1102. Using new timing results, we constrain the
neutron star’s effective scalar coupling, which describes how strongly neutron
stars couple to the scalar !eld, to a level of |αA| ! 6 × 10−3 in a Bayesian anal-
ysis. Our analysis is thorough, in the sense that our results apply to all neutron
star masses and all reasonable equations of state of dense matters, in the full rel-
evant parameter space. It excludes the possibility of spontaneous scalarization
of neutron stars, at least within a class of scalar–tensor gravity theories.
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Figure 2. The 90% CL upper limits on the effective scalar coupling αA. On the left, we
plot the limits obtained with the current experimental results for the pulsars considered
by reference [23]. On the right, we see the limits obtained with all seven pulsars in our
sample.

mass uncertainties. Hence, the GR masses in tables 1–3 can be used directly in the combined
analysis.

4. Limits on scalar–tensor gravity

In many cases, STG theories predict for the systems listed above a signi!cant scalar dipole and
consequently a considerable loss of orbital energy via dipolar GWs [55]. For that reason, the
close agreement of the intrinsic Ṗb with GR can be used to constrain these theories [28]. We
focus on the DEF gravity as an example. In these theories, the contribution of dipolar radiation
to Ṗxs

b is, to leading order, given by

Ṗdipole
b = −4π2G∗

c3Pb

mpmc

mp + mc

1 + e2/2
(1 − e2)5/2 (αp − αc)2, (2)

where G∗ = GN/(1 + α2
0) denotes the bare gravitational constant [57], αp and αc are the effec-

tive scalar couplings of the pulsar and the companion, and all other relevant quantities can be
found in tables 1–3.

The limits on T1(α0, β0) determined using the above seven binary pulsars in a combined,
multi-EOS, multi-pulsar analysis are shown in !gure 2. These cover the whole parameter space
where spontaneous scalarization can occur, and the full range of observed NS masses. For a
comparison, we repeat the same exercise without the recent results on the intermediate-mass
pulsars.

In this and the following !gures, the black/red/blue triangles are the upper limits at 90%
CL from individual pulsars. For parameters other than Ṗxs

b , we use their central values listed
in tables 1–3. For Ṗxs

b , we conservatively use a Gaussian function as its probability density
function (PDF),

PDF of Ṗxs
b =






N
(

0,
(
Ṗxs

b

)2
+
(
σṖxs

b

)2
)

, Ṗxs
b > 0,

N
(

Ṗxs
b ,

(
σṖxs

b

)2
)

, Ṗxs
b ! 0.

(3)
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» Conclusions

dynamics of binary pulsars.37 Theories that predict deviations only in the context of
BHs also have not been tested in binary pulsar experiments, simply because no
binary pulsar with a BH companion was available until now, with the first strong
candidate having been published only this year (Barr et al. 2024).

6 Conclusions and future prospects

6.1 Summary

As the first half century since the discovery of the first binary pulsar comes to a close,
it is important to reflect on what has been achieved in terms of tests of gravity
theories. This includes the first tests of gravity theories with compact, strongly self-
gravitating objects and the first detection of GWs from the orbital decay of the first
binary pulsar. These represent qualitatively new tests in comparison with all previous
tests in the Solar System.

However, it is also important to realise that the most precise tests of gravity
theories based on the timing of binary (and triple) systems have been published since
the last Living Review in Relativity on this topic (Stairs 2003):

● The measurement of the orbital decay in the Double Pulsar published in 2021
(Kramer et al. 2021) improved the precision of tests of the radiative properties of
gravity—especially the leading order quadrupolar term predicted by GR—by a
factor of 25 over the best previous test. The results agree with GR within the
relative 1-r uncertainty of 6:3! 10"5.

● The same system allowed several other independent, high-precision tests of GR as
well, including the first pulsar tests of terms past the leading order.

● These include the most precise pulsar tests of the Shapiro delay, carried out in a
spacetime with a curvature that is six orders of magnitude larger than the
curvature probed with the Cassini-spacecraft test in the Solar system. More
generally, it is the photon propagation test with the highest spacetime curvature,
exceeding the images of the supermassive BHs M87# (Event Horizon Telescope
Collaboration 2019a) and Sgr A# (Event Horizon Telescope Collaboration 2022)
by more than nine and three orders of magnitude respectively.

● The MSP in a triple system, PSR J0337?1715, has allowed an improvement in
our test of the UFF for NSs by three orders of magnitude (Archibald et al. 2018;
Voisin et al. 2020). This test of the SEP provides some of the tightest constraints
for many alternatives to GR, including JFBD gravity and a large part of the DEF-
gravity parameter space.

● The latter parameter space was also constrained by tight constraints on the
possibility of dipolar GW emission in a set of pulsar-WD systems with a wide
range of pulsar masses;

37 If the short-range modification leads to a significant alteration of the MoI of a NS, such an effect could
in principle be tested through the LT precession of a binary pulsar orbit (see the discussion in Hu et al.
2020).
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● Regarding other gravity theories, pulsar tests have not only provided important
limits on other types of scalar–tensor theories, scalar-Gauss-Bonnet gravity,
Einstein-Aether (a tensor–vector theory which violates Lorentz invariance in the
gravitational sector), etc., but also entirely ruled out others, like Bekenstein’s
TeVeS and some of its variations.

Impressively, GR still passes all these precise and diverse tests. More generally, these
experiments test some fundamental aspects and symmetries of gravitation and
spacetime:

● The verification of the UFF for NSs via the non-detection of the Nordtvedt effect
and of dipolar GW emission.

● The stringent limits on UFF violation and on preferred-location and preferred-
frame effects for the gravitational interaction further support the SEP. This is of
fundamental importance, particularly in view of the conjecture that GR is the sole
valid gravity theory that fully embodies the SEP.

● Some of these radiative experiments are stringent probes into the nature of GWs,
showing that they are, to leading order, quadrupolar as predicted by GR. These
GW pulsar tests nicely complement GW tests obtained from merger observations
with ground-based GW observatories.

● These radiative experiments have also excluded some strong-field highly
nonlinear deviations from GR, like the phenomenon of spontaneous scalarisation
predicted by DEF gravity.

● Finally, pulsars have also provided tight constraints for parameters of generic
frameworks, like strong-field generalizations of PPN parameters and parameters
of the gravitational sector in the SME. Some of them are directly related to the
aforementioned limits on violations of symmetries associated with the SEP, like
the UFF, local position and local Lorentz invariance.

This flurry of recent results show that gravity experiments using radio pulsars are
thriving. They, and many results from the Solar System, EHT, LIGO/Virgo/KAGRA,
etc., demonstrate the continued interest in precision gravity experiments.

6.2 Prospects

The prospects for improvements in the precision of these tests for the near future
appear to be excellent. First, the mere continuation of some timing experiments will
greatly improve many of the tests done with these systems. As examples, 2 years of
additional data on PSR J0337?1715 allowed a (preliminary) doubling of the
precision of the test of the UFF with this system (Voisin et al. 2022). Furthermore,
simulations showed that continued timing of the Double Pulsar might constrain the
MoI of PSR J0737−3037A to within 10% until 2030 (Hu et al. 2020), apart from
significantly improving the precision in the measurement of the orbital decay.
Although such a determination of the MoI assumes GR to provide the correct
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» Implications for our understanding of gravity and spacetime
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Abstract
The discovery of the first pulsar in a binary star system, the Hulse–Taylor pulsar,
50 years ago opened up an entirely new field of experimental gravity. For the first
time it was possible to investigate strong-field and radiative aspects of the gravita-
tional interaction. Continued observations of the Hulse–Taylor pulsar eventually led,
among other confirmations of the predictions of general relativity (GR), to the first
evidence for the reality of gravitational waves. In the meantime, many more radio
pulsars have been discovered that are suitable for testing GR and its alternatives. One
particularly remarkable binary system is the Double Pulsar, which has far surpassed
the Hulse–Taylor pulsar in several respects. In addition, binary pulsar-white dwarf
systems have been shown to be particularly suitable for testing alternative gravita-
tional theories, as they often predict strong dipolar gravitational radiation for such
asymmetric systems. A rather unique pulsar laboratory is the pulsar in a hierarchical
stellar triple, that led to by far the most precise confirmation of the strong-field
version of the universality of free fall. Using radio pulsars, it could be shown that
additional aspects of the Strong Equivalence Principle apply to the dynamics of
strongly self-gravitating bodies, like the local position and local Lorentz invariance
of the gravitational interaction. So far, GR has passed all pulsar tests with flying
colours, while at the same time many alternative gravity theories have either been
strongly constrained or even falsified. New telescopes, instrumentation, timing and
search algorithms promise a significant improvement of the existing tests and the
discovery of (qualitatively) new, more relativistic binary systems.
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Thank you!

For questions and suggestions, contact me at: pfreire@mpifr-bonn.mpg.de, or see my site at 
http://www3.mpifr-bonn.mpg.de/staff/pfreire/ 


To stay up to date on the latest precise NS mass measurements and GR tests, check:      
http://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html
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