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Why keep testing general relativity?

‣ General relativity (GR) is one of the pillars of modern physical science. 

‣ We know GR must fail... 

   ➡ GR is fundamentally incompatible with quantum theory

   ➡ GR predicts the existence of singularities, which are outside of the scope of GR 

   Will Einstein have the last word on macroscopic gravity, 
   or does GR fail far below the Planck energy?

‣ What is dark matter and dark energy? 
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Solar system gravity tests
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  Gravity regimes

(1) Quasi-stationary 
weak-field 
regime

(2) Quasi-stationary 
strong-field 
regime

(3) Radiative 
regime

(4) Highly relativistic 
regime

 Solar system 
 experiments

 Binary pulsar experiments

 GW astronomy
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   Pulsar timing

Timing precision for some MSPs < 100 ns   ! < 30 m

Time (ms)
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Solar System 
Barycenter

Pulsar 
System

   Pulsar timing - spacetime view

⌧psr / T , � = �0 + ⌫T + 1
2 ⌫̇T
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  Pulse period: 59.0 ms

  Orbital period: 7.75 h 

  Eccentricity: 0.617

  Companion: neutron star

PSR B1913+16

 58.97 ms

 59.06 ms

[ Hulse & Taylor 1975 ]

The first binary pulsar - 1974
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‣ Advance of periastron 

[ Weisberg et al. 2010 ]

Observed value:  
4.226598 ± 0.000005 deg/yr

‣ Time dilation

Observed value: 
4.2992 ± 0.0008 ms

‣ Calculated neutron star masses

m1 = 1.4398± 0.0002M� m2 = 1.3886± 0.0002M�

   2 post-Keplerian parameters (quasi-stationary)
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[ Weisberg et al. 2010 ]

[ Peters 1964 ]
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Table 3
Orbital Parameters

Parameter Valuea

T0 (MJD) 52144.90097841(4)
x ! a1 sin i (s) 2.341782(3)
e 0.6171334(5)
Pb (d) 0.322997448911(4)
!0 (deg) 292.54472(6)
"!̇# (deg yr$1) 4.226598(5)
" (ms) 4.2992(8)
Ṗb $2.423(1) %10$12

Note.a Figures in parentheses represent estimated uncer-
tainties in the last quoted digit. The estimated uncertain-
ties range from (2–6)% the formal fitted uncertainties, in
order to reflect also the variations resulting from different
assumptions regarding timing noise, etc.

appropriate expressions for "!̇# and " are

"!̇# = 3G2/3c$2(Pb2# )$5/3(1 $ e2)$1(m1 + m2)2/3

= 2.113323(2)
!

(m1 + m2)
M&

"2/3

deg yr$1, (1)

" = G2/3c$2e(Pb/2# )1/3m2(m1 + 2m2)(m1 + m2)$4/3

= 0.002936679(2)

#
m2(m1 + 2m2)(m1 + m2)$4/3

M
2/3
&

$

s.

(2)

In the second line of each equation we have substituted values
for Pb and e from Table 3, and used the constants GM&/c3 =
4.925490947 % 10$6 s and 1 Julian yr = 86400 % 365.25 s.
The figures in parentheses represent uncertainties in the last
quoted digit, determined by propagating the uncertainties listed
in Table 3. In each case, the uncertainties are dominated by the
experimental uncertainty in orbital eccentricity, e.

Equation (1) may be solved for the total mass of
the PSR B1913+16 system, yielding M = m1 + m2 =
2.828378±0.000007 M&. The additional constraint provided by
Equation (2) permits a solution for each star’s mass individually,
m1 = 1.4398 ± 0.0002 M& and m2 = 1.3886 ± 0.0002 M&. As
far as we know, these are the most accurately determined stellar
masses outside the solar system. It is interesting to note that
since the value of Newton’s constant G is known to a fractional
accuracy of only 1 % 10$4, M can be expressed more accurately
in solar masses than in grams.

3.3. Gravitational Radiation Damping

According to general relativity a binary star system should
radiate energy in the form of gravitational waves. Peters &
Matthews (1963) showed that the resulting rate of change in
orbital period should be

Ṗ GR
b = $ 192 # G5/3

5 c5
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(3)

Inserting values obtained for m1 and m2 and propagating
uncertainties appropriately, we obtain the general relativistic

predicted value

Ṗ GR
b = $2.402531 ± 0.000014 % 10$12. (4)

Equations (3) and (4) apply in the orbiting system’s reference
frame. Relative acceleration of that frame with respect to
the solar system barycenter will cause a small additional
contribution to the observed Ṗb. Damour & Taylor (1991)
presented a detailed discussion of this effect and other possible
contributions to Ṗb. Recent progress in determining the galactic-
structure parameters allows us to update the relevant quantities
and compute a new value for the kinematic correction to Ṗb.
Using R0 = 8.4 ± 0.6 kpc for the distance to the galactic center
and !0 = 254 ± 16 km s$1 for the circular velocity of the
local standard of rest (Ghez et al. 2008; Gillessen et al. 2009;
Reid et al. 2009), and d = 9.9 ± 3.1 kpc for the pulsar distance
(Weisberg et al. 2008), we obtain the kinematic contribution,
"Ṗb,gal:

"Ṗb,gal = $0.027 ± 0.005 % 10$12. (5)

Thus, we find the ratio of the observed-to-predicted rate of
orbital period decay to be

Ṗb $ "Ṗb,gal

Ṗ GR
b

= 0.997 ± 0.002. (6)

Agreement between the observed orbital decay and the general
relativistic prediction is illustrated in Figure 2, which shows
how excess orbital phase (relative to an unchanging orbit) has
accumulated since the pulsar’s discovery in 1974. We note that
the overall experimental uncertainty embodied in Equation (6)
is now dominated by uncertainties in the galactic parameters
and pulsar distance, not the pulsar timing measurements. Even
better agreement between the observed and expected values
of Ṗb would be obtained if the true value of R0 or d were
slightly smaller, or !0 slightly larger. For example, observed
and expected values agree if d = 6.9 kpc, which is within the
Weisberg et al. (2008) error envelope. It will be interesting to
see whether improved future estimates of these quantities will
show one or more of these conditions to be true.

4. OTHER RELATIVISTIC EFFECTS

Two other relativistic phenomena are potentially measurable
in the PSR B1913+16 system: geodetic precession and gravita-
tional propagation delay. Spin–orbit coupling should cause the
pulsar’s spin axis to precess (Damour & Ruffini 1974; Barker
& O’Connell 1975a, 1975b), which should lead to observable
pulse shape changes. Weisberg et al. (1989) first detected such
changes, which were observed and modeled further by Kramer
(1998). Weisberg & Taylor (2002) and Clifton & Weisberg
(2008) found that the pulsar beam is elongated in the latitude
direction and becomes wider in longitude with increasing dis-
tance from the beam axis in latitude. These models suggest that
in the next decade or so, precession may move the beam far
enough that the pulsar will become unobservable from Earth for
some decades, before eventually returning to view.

The excess propagation delay (Shapiro 1964) caused by the
passage of pulsar signals through the curved spacetime of
the companion is largest at the pulsar’s superior conjunction.
The maximum amplitude varies with time because the impact
parameter at superior conjunction strongly depends on the
current value of !. In this respect, the orbital geometry was
particularly unfavorable in the mid-1990s (see Damour & Taylor

  Gravitational wave damping in the Hulse-Taylor pulsar

0.4% (95% C.L.)
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   The mass-mass diagram for the Hulse-Taylor pulsar

PK = f(K;mp,mc)

!̇

�E

Ṗb

Parametrized post-Keplerian formalism

For a wide class of gravity theories:

[ Damour 1988, Damour & Taylor 1992 ]
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Present limitations for the Hulse-Taylor pulsar

�Ṗb =
Pb

c

v2T
d

�Ṗb =
Pb

c
n · (gpsr � g�)

Shklovskii effect

Galactic differential acceleration
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Geodetic precession of the Hulse-Taylor pulsar
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GEOMETRY OF PSR B1913]16 857

FIG. 1.ÈPulse proÐle of B1913]16 observed in 1995 April

At Ðrst, we measured the amplitude ratio of the leading
and trailing components using the o†-pulse rms as an
uncertainty estimator. These are presented in Figure 2,
where we also plot data from It is seen that the newWRT.
data are in good agreement with the earlier measured trend.
Performing a weighted least-squares Ðt, we obtained a ratio
change of [1.9% ^ 0.1% per year. It is interesting to note
that our Ðt is also in agreement with the component ratio
from 1978 March which was measured using the(Fig. 2),
proÐle published by & Weisberg The ampli-Taylor (1982).
tude ratio between proÐle midpoint and trailing component
seems to remain constant at a value of about 0.17 over a
time span of 20 yr within the errors.

Measuring the separation between the leading and trail-
ing components, we followed the approach of byWRT
Ðtting Gaussian curves to the central portion of each com-
ponent. The formal accuracy determined by the Ðt error can
be up to an order of magnitude better than the sampling
time, similar to a standard template matching procedure.
We note, however, that the components are asymmetric in
shape, so that the resulting centroids might be a†ected by

FIG. 2.ÈAmplitude ratio of leading and trailing components as a func-
tion of time. Filled circles were adapted from while open circlesWRT,
represent E†elsberg measurements. The dashed line represents a linear Ðt
to the data with a slope of 1.9% yr~1. The amplitude ratio adapted from

& Weisberg is shown as a Ðlled square.Taylor (1982)

FIG. 3.ÈMeasured component separations as a function of time.
Closed circles are values presented by while open circles are mea-WRT,
surements presented here. The solid line represents the best-Ðt models
listed in The open square shown in the upper panel demonstratesTable 1.
the consistency of our measurement method with that of (see text forWRT
details).

the number of samples included in the Ðt around the peak.
In order to estimate this e†ect as the true separation uncer-
tainty, we performed Ðts including samples corresponding
to intensity levels of down to 95%, 90%, 80%, and 60%,
respectively. The resulting mean values for the separation
and their corresponding errors are presented in Figure 3
with values adapted from In order to verify thisWRT.
approach, we measured the component separation of the
1981 proÐle presented by at corresponding intensityWRT
levels. We obtained a value of in very good38¡ ^ 0¡.1,
agreement with their value. This gives conÐdence in the
consistency between our measurements and those of WRT.

3. MODELING GEODETIC PRECESSION

In what follows we will make two assumptions : (1)
general relativity is the correct theory of gravitation within
the uncertainties of our measurements, and (2) the emission
beam exhibits an overall circular hollow-coneÈlike shape,
with intensity possibly depending on magnetic longitude.
The Ðrst assumption is obviously well justiÐed, given the
excellent agreement of the measured orbital decay with the
prediction from general relativity (Taylor & Weisberg 1982,

While the assumption of an intensity dependence on1989).
magnetic longitude accounts for the component ratio
change, the hollow-coneÈlike shape follows the arguments
given by which can now be based on even more dataCWB,

Kramer 1998
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[ Burgay et al. 2003, Lyne et al. 2004 ]

McLaughlin et al. 2004

 Spin periods:  23 ms / 2.8 s

 Orbital period:  2.45 h 

 Eccentricity:         0.088

The double pulsar PSR J0737-3039A/B
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Orbits

PSR B1913+16 

Sun 

PSR J0737-3039A/B 
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Relativistic binary pulsar for gravity testsis 17 degrees per year, meaning that the eccentric orbit does a full rotation in just
21 years. In this subsection, we briefly discuss the properties of this unique system,
commonly referred to as the Double Pulsar, and highlight some of the gravity tests
that are based on the radio observations of this system. For detailed reviews of the
Double Pulsar see [KS08, KW09].

Figure 6: Short-orbital-period (Pb < 1 day) binary pulsars used for gravity tests.
The velocity Vb (divided by the speed of light c) is a direct measure for the strength
of post-Newtonian e↵ects in the orbital dynamics. The gravitational wave luminosity
LGW is an indicator for the strength of radiative e↵ects that cause secular changes
to the orbital elements due to gravitational wave damping.

In the case of the Double Pulsar a total of six post-Keplerian parameters have
been measured by now. Five arise from four di↵erent relativistic e↵ects visible
in pulsar timing [KSM+06], while a sixth one can be determined from the e↵ects
of geodetic precession, which will be discussed in detail in Section 3.2 below. The
relativistic precession of the orbit, !̇, was measured within a few days after timing of
the system commenced, and by 2006 was already known with a precision of 0.004%

22

!̇ = 4.2�/yr !̇ = 17�/yr

ḟb = 0.1 pHz/yr

ḟb = 0.5 pHz/yr
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PSR B1913+16

PSR J0737−3039A/B

25 000 lt-yr

Sun

Location in the Galaxy
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‣ Binary parameters from timing

[ Kramer et al. 2006 ]

‣ Spin precession of B from eclipses

[ Breton et al. 2008 ]

Timing measurements. For each of the final
profiles, pulse times-of-arrival (TOAs) were com-
puted by correlating the observed pulse profiles
with synthetic noise-free templates (fig. S1)
(14). A total of 131,416 pulse TOAs were mea-
sured for A; 507 TOAs were obtained for B.
For A, the same template was used for all ob-
servations in a given frequency band, but dif-
ferent templates were used for widely separated
bands. We note that our observations still pro-
vide no good evidence for secular evolution of
A’s profile (15) despite the predictions of geo-
detic precession. The best timing precision was
obtained at 820 MHz with the Green Bank
Astronomical Signal Processor (GASP) back
end [see (16) for details of this and other
observing systems] on GBT, with typical TOA

measurement uncertainties for pulsar A of 18 ms
for a 30-s integration.

For B, because of the orbital and secular de-
pendence of its pulse profile (10), different
templates were also used for different orbital
phases and different epochs. A matrix of B
templates was constructed, dividing the data set
into 3-month intervals in epoch and 5-min
intervals in orbital phase. The results for the 29
orbital phase bins were studied, and we noticed
that although the profile changed quickly dur-
ing the two prominent bright phases, the profile
shape was simpler and more stable at orbital
phases when the pulsar is weak. This apparent
stability at some orbital phases cannot be at-
tributed to a low signal-to-noise ratio, as secular
variations in the pulse shape were still evident.

Consequently, the orbital phase was divided
into five groups of different lengths to which
the same template (for a given 3-month interval)
was applied as shown in fig. S2. In the final tim-
ing analysis, data from the two groups repre-
senting the bright phases (IV and V in fig. S2)
were excluded to minimize the systematic errors
caused by the orbital profile changes. Also, be-
cause of signal-to-noise and radio interference
considerations, only data from Parkes and the
GBT BCPM (Berkeley-Caltech Pulsar Machine)
back end (16) were used in the B timing analysis.

All TOAs were transferred to Universal Co-
ordinated Time (UTC) using the Global Posi-
tional System (GPS) to measure offsets of station
clocks from national standards and Circular
T of the Bureau International des Poids et
Mesures (BIPM) to give offsets from UTC,
and then to the nominally uniform BIPM Ter-
restrial Time (TT) time scale. These final TOAs
were analyzed using the standard software pack-
age Tempo (17), fitting parameters according to
the relativistic and theory-independent timing
model of Damour and Deruelle (DD) (11, 18).
In addition to the DD model, we also applied
the ‘‘DD-Shapiro’’ (DDS) model introduced
by Kramer et al. (19). The DDS model is a
modification of the DD model designed for
highly inclined orbits. Rather than fitting for the
Shapiro parameter s, the model uses the param-
eter z

s K jln(1j s), which gives a more reliable
determination of the uncertainties in zs and
hence in s. We quote the final result for the
more commonly used parameter s and note
that its value computed from zs is in good
agreement with the value obtained from a
direct fit for s within the DD model. Derived
pulsar and binary system parameters are listed
in Table 1.

In the timing analysis for pulsar B, we used
an unweighted fit to avoid biasing the fit toward
bright orbital phases. Uncertainties in the timing
parameters were estimated using Monte Carlo
simulations of fake data sets for a range of TOA
uncertainties, ranging from the minimum es-
timated TOA error to its maximum observed
value of about 4 ms. For B, we also fitted for
offsets between data sets derived from different
templates in the fit because the observed profile
changes prevent the establishment of a reliable
phase relationship between the derived tem-
plates. This precludes a coherent fit across the
whole orbit and hence limits the final timing
precision for B. It cannot yet be excluded that
different parts of B’s magnetosphere are active
and responsible for the observed emission at
different orbital phases.

In the final fit, we adopted the astrometric
parameters and the dispersion measure derived
for A and held these fixed during the fit, be-
cause A’s shorter period and more stable profile
give much better timing precision than is achie-
vable for B. Except for the semimajor axis—
which is observable only as the projection onto
the plane of the sky xB 0 (aB/c)sin i, where aB is

Table 1. Parameters for PSR J0737-3039A (A) and PSR J0737-3039B (B). The values were derived
from pulse timing observations using the DD (11) and DDS (19) models of the timing analysis
program Tempo and the Jet Propulsion Laboratory DE405 planetary ephemeris (41). Estimated
uncertainties, given in parentheses after the values, refer to the least significant digit of the
tabulated value and are twice the formal 1s values given by Tempo. The positional parameters are
in the DE405 reference frame, which is close to that of the International Celestial Reference
System. Pulsar spin frequencies n K 1/P are in barycentric dynamical time (TDB) units at the timing
epoch quoted in modified Julian days (MJD). The five Keplerian binary parameters (Pb, e, w, T0, and x)
are derived for pulsar A. The first four of these (with an offset of 180- added to w) and the position
parameters were assumed when fitting for B’s parameters. Five post-Keplerian parameters have
now been measured. An independent fit of ẇw for B yielded a value (shown in square brackets) that
is consistent with the much more precise result for A. The value derived for A was adopted in the
final analysis (16). The dispersion-based distance is based on a model for the interstellar electron
density (26).

Timing parameter PSR J0737-3039A PSR J0737-3039B

Right ascension a 07h37m51s.24927(3) —
Declination d j30-39¶40!.7195(5) —
Proper motion in the RA direction (mas yearj1) j3.3(4) —
Proper motion in declination (mas yearj1) 2.6(5) —
Parallax p (mas) 3(2) —
Spin frequency n (Hz) 44.054069392744(2) 0.36056035506(1)
Spin frequency derivative ṅn (sj2) j3.4156(1) ! 10j15 j0.116(1) ! 10j15

Timing epoch (MJD) 53,156.0 53,156.0
Dispersion measure DM (cmj3 pc) 48.920(5) —
Orbital period Pb (day) 0.10225156248(5) —
Eccentricity e 0.0877775(9) —
Projected semimajor axis x 0 (a/c)sin i (s) 1.415032(1) 1.5161(16)
Longitude of periastron w (-) 87.0331(8) 87.0331 " 180.0
Epoch of periastron T0 (MJD) 53,155.9074280(2) —
Advance of periastron ẇw (-/year) 16.89947(68) [16.96(5)]
Gravitational redshift parameter g (ms) 0.3856(26) —
Shapiro delay parameter s 0.99974(j39,"16) —
Shapiro delay parameter r (ms) 6.21(33) —
Orbital period derivative ṖPb j1.252(17) ! 10j12 —
Timing data span (MJD) 52,760 to 53,736 52,760 to 53,736
Number of time offsets fitted 10 12
RMS timing residual s (ms) 54 2169
Total proper motion (mas yearj1) 4.2(4)
Distance d(DM) (pc) È500
Distance d(p) (pc) 200 to 1,000
Transverse velocity (d 0 500 pc) (km sj1) 10(1)
Orbital inclination angle (-) 88.69(–76,"50)
Mass function (MR) 0.29096571(87) 0.3579(11)
Mass ratio R 1.0714(11)
Total system mass (MR) 2.58708(16)
Neutron star mass (mR) 1.3381(7) 1.2489(7)
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Timing measurements. For each of the final
profiles, pulse times-of-arrival (TOAs) were com-
puted by correlating the observed pulse profiles
with synthetic noise-free templates (fig. S1)
(14). A total of 131,416 pulse TOAs were mea-
sured for A; 507 TOAs were obtained for B.
For A, the same template was used for all ob-
servations in a given frequency band, but dif-
ferent templates were used for widely separated
bands. We note that our observations still pro-
vide no good evidence for secular evolution of
A’s profile (15) despite the predictions of geo-
detic precession. The best timing precision was
obtained at 820 MHz with the Green Bank
Astronomical Signal Processor (GASP) back
end [see (16) for details of this and other
observing systems] on GBT, with typical TOA

measurement uncertainties for pulsar A of 18 ms
for a 30-s integration.

For B, because of the orbital and secular de-
pendence of its pulse profile (10), different
templates were also used for different orbital
phases and different epochs. A matrix of B
templates was constructed, dividing the data set
into 3-month intervals in epoch and 5-min
intervals in orbital phase. The results for the 29
orbital phase bins were studied, and we noticed
that although the profile changed quickly dur-
ing the two prominent bright phases, the profile
shape was simpler and more stable at orbital
phases when the pulsar is weak. This apparent
stability at some orbital phases cannot be at-
tributed to a low signal-to-noise ratio, as secular
variations in the pulse shape were still evident.

Consequently, the orbital phase was divided
into five groups of different lengths to which
the same template (for a given 3-month interval)
was applied as shown in fig. S2. In the final tim-
ing analysis, data from the two groups repre-
senting the bright phases (IV and V in fig. S2)
were excluded to minimize the systematic errors
caused by the orbital profile changes. Also, be-
cause of signal-to-noise and radio interference
considerations, only data from Parkes and the
GBT BCPM (Berkeley-Caltech Pulsar Machine)
back end (16) were used in the B timing analysis.

All TOAs were transferred to Universal Co-
ordinated Time (UTC) using the Global Posi-
tional System (GPS) to measure offsets of station
clocks from national standards and Circular
T of the Bureau International des Poids et
Mesures (BIPM) to give offsets from UTC,
and then to the nominally uniform BIPM Ter-
restrial Time (TT) time scale. These final TOAs
were analyzed using the standard software pack-
age Tempo (17), fitting parameters according to
the relativistic and theory-independent timing
model of Damour and Deruelle (DD) (11, 18).
In addition to the DD model, we also applied
the ‘‘DD-Shapiro’’ (DDS) model introduced
by Kramer et al. (19). The DDS model is a
modification of the DD model designed for
highly inclined orbits. Rather than fitting for the
Shapiro parameter s, the model uses the param-
eter z

s K jln(1j s), which gives a more reliable
determination of the uncertainties in zs and
hence in s. We quote the final result for the
more commonly used parameter s and note
that its value computed from zs is in good
agreement with the value obtained from a
direct fit for s within the DD model. Derived
pulsar and binary system parameters are listed
in Table 1.

In the timing analysis for pulsar B, we used
an unweighted fit to avoid biasing the fit toward
bright orbital phases. Uncertainties in the timing
parameters were estimated using Monte Carlo
simulations of fake data sets for a range of TOA
uncertainties, ranging from the minimum es-
timated TOA error to its maximum observed
value of about 4 ms. For B, we also fitted for
offsets between data sets derived from different
templates in the fit because the observed profile
changes prevent the establishment of a reliable
phase relationship between the derived tem-
plates. This precludes a coherent fit across the
whole orbit and hence limits the final timing
precision for B. It cannot yet be excluded that
different parts of B’s magnetosphere are active
and responsible for the observed emission at
different orbital phases.

In the final fit, we adopted the astrometric
parameters and the dispersion measure derived
for A and held these fixed during the fit, be-
cause A’s shorter period and more stable profile
give much better timing precision than is achie-
vable for B. Except for the semimajor axis—
which is observable only as the projection onto
the plane of the sky xB 0 (aB/c)sin i, where aB is

Table 1. Parameters for PSR J0737-3039A (A) and PSR J0737-3039B (B). The values were derived
from pulse timing observations using the DD (11) and DDS (19) models of the timing analysis
program Tempo and the Jet Propulsion Laboratory DE405 planetary ephemeris (41). Estimated
uncertainties, given in parentheses after the values, refer to the least significant digit of the
tabulated value and are twice the formal 1s values given by Tempo. The positional parameters are
in the DE405 reference frame, which is close to that of the International Celestial Reference
System. Pulsar spin frequencies n K 1/P are in barycentric dynamical time (TDB) units at the timing
epoch quoted in modified Julian days (MJD). The five Keplerian binary parameters (Pb, e, w, T0, and x)
are derived for pulsar A. The first four of these (with an offset of 180- added to w) and the position
parameters were assumed when fitting for B’s parameters. Five post-Keplerian parameters have
now been measured. An independent fit of ẇw for B yielded a value (shown in square brackets) that
is consistent with the much more precise result for A. The value derived for A was adopted in the
final analysis (16). The dispersion-based distance is based on a model for the interstellar electron
density (26).

Timing parameter PSR J0737-3039A PSR J0737-3039B

Right ascension a 07h37m51s.24927(3) —
Declination d j30-39¶40!.7195(5) —
Proper motion in the RA direction (mas yearj1) j3.3(4) —
Proper motion in declination (mas yearj1) 2.6(5) —
Parallax p (mas) 3(2) —
Spin frequency n (Hz) 44.054069392744(2) 0.36056035506(1)
Spin frequency derivative ṅn (sj2) j3.4156(1) ! 10j15 j0.116(1) ! 10j15

Timing epoch (MJD) 53,156.0 53,156.0
Dispersion measure DM (cmj3 pc) 48.920(5) —
Orbital period Pb (day) 0.10225156248(5) —
Eccentricity e 0.0877775(9) —
Projected semimajor axis x 0 (a/c)sin i (s) 1.415032(1) 1.5161(16)
Longitude of periastron w (-) 87.0331(8) 87.0331 " 180.0
Epoch of periastron T0 (MJD) 53,155.9074280(2) —
Advance of periastron ẇw (-/year) 16.89947(68) [16.96(5)]
Gravitational redshift parameter g (ms) 0.3856(26) —
Shapiro delay parameter s 0.99974(j39,"16) —
Shapiro delay parameter r (ms) 6.21(33) —
Orbital period derivative ṖPb j1.252(17) ! 10j12 —
Timing data span (MJD) 52,760 to 53,736 52,760 to 53,736
Number of time offsets fitted 10 12
RMS timing residual s (ms) 54 2169
Total proper motion (mas yearj1) 4.2(4)
Distance d(DM) (pc) È500
Distance d(p) (pc) 200 to 1,000
Transverse velocity (d 0 500 pc) (km sj1) 10(1)
Orbital inclination angle (-) 88.69(–76,"50)
Mass function (MR) 0.29096571(87) 0.3579(11)
Mass ratio R 1.0714(11)
Total system mass (MR) 2.58708(16)
Neutron star mass (mR) 1.3381(7) 1.2489(7)
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➥ mass ratio + 5 post-Keplerian parameters

⌦B = 4.77+0.66
�0.65

�/year

➥ 6th post-Keplerian parameter

Relativistic effects in the double pulsar

B

A
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   Observing the double pulsar

 ~ 300 000 TOAs from 5 different radio telescopes 
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Figure 3. Mass–mass diagram of the double pulsar system summarizing the measured PK
parameters in combination with the derived mass ratio (R ! mA/mB = xB/xA, solid red line)
and constraints given by the mass functions of the binary system. The latter are indicated by
the coloured regions which mark areas in the diagram that are excluded by the Keplerian mass
functions of the two pulsars and the condition that sin i ! 1. Further constraints are shown as
pairs of lines enclosing permitted regions as predicted by general relativity (see section 3.1). These
are the measurement of the advance of periastron !̇ (diagonal dashed line); the measurement of
the gravitational redshift/time dilation parameter " (dot-dash line); the measurement of Shapiro
parameter r (solid green line) and Shapiro parameter s (dotted green line); the measurement of the
orbital decay Ṗb (dot-dot-dot-dash line); and the rate of spin precession of B, #SO (almost vertical
dashed line). The inset is an enlarged view of the small square which encompasses the intersection
of the tightest constraints. The permitted regions are those between the pairs of parallel lines and
we see that an area exists which is compatible with all constraints, delineated by the solid blue
region.

(This figure is in colour only in the electronic version)

Strictly speaking, the separation between the pulsars of only 880 000 km is large enough
for the pulsars to move in the weak-field range of each other’s gravitational field. However, as
we explain below, the pulsars’ motion is still sensitive to strong-gravitational self-field effects
which are predicted by the majority of alternative theories. Hence, the above test of GR is
currently the best under strong-field conditions.

5. Alternative theories of gravity

In the previous section we have seen that the timing observations of the double pulsar are in
perfect agreement with general relativity. It is the purpose of this section to investigate what
this means for alternative theories of gravity.

Before the discovery of the Hulse–Taylor binary pulsar in 1974 [41] high-precision tests for
relativistic gravity were restricted to the solar system, which exhibits only very small ("10#6)

10

   The mass-mass diagram of the double pulsar

7 - 2 = 5 tests of GR
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[ Kramer et al. 2006, Breton et al. 2008]
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Double pulsar (A/B):    4.7 / 5.1 deg/yr

B

A

A B B

A

Dec 2003

Nov 2007

Relativistic spin precession in the double pulsar

1974: Prediction of relativistic spin 
precession in binary pulsars by 
Damour and Ruffini

[ Breton et al. 2008 ]

⌦B = 4.77+0.66
�0.65

�/year

[ Barker & O'Connell 1975, Börner et al. 1975 ]

General relativity:
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   Spin precession is nice, but…

Pulse profile of pulsar B at 820 MHz 
Dec 2003 – Mar 2008

[ Perera et al. 2010 ]
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Fortunately A is stable

[ Ferdman et al. 2013 ]
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Table 1. Log of observations and radial-velocity measurements.

vR vWD !v

Date MJDmid,bar " (km s!1) (km s!1) (km s!1) !B"

(1) (2) (3) (4) (5) (6)

Gemini, GMOS-S
2006 Apr 27 53852.310219 0.0250 +56.3 ± 0.8 !209 ± 27 !265 ± 27 2.91 ± 0.06

53852.366314 0.1831 +49.1 ± 0.8 !143 ± 26 !192 ± 26 2.88 ± 0.06
2006 Apr 28 53853.295453 0.8019 +53.7 ± 0.5 !100 ± 14 !154 ± 14 2.88 ± 0.04

53853.350638 0.9575 +68.8 ± 0.6 !185 ± 15 !254 ± 15 2.88 ± 0.04
2006 May 07 53862.333037 0.2749 +40.1 ± 0.5 !35 ± 13 !75 ± 13 2.83 ± 0.03

53862.391933 0.4409 +84.9 ± 0.6 +162 ± 21 +77 ± 21 2.87 ± 0.04
2006 May 26 53881.198674 0.4489 +60.8 ± 1.1 +121 ± 37 +60 ± 37 3.03 ± 0.11

53881.252933 0.6018 +67.0 ± 0.9 +33 ± 32 !34 ± 32 2.97 ± 0.09
2006 May 27 53882.352291 0.7005 +43.1 ± 0.5 !6 ± 15 !49 ± 15 2.85 ± 0.04
2006 May 28 53883.296760 0.3625 +54.9 ± 0.6 +28 ± 16 !27 ± 16 2.86 ± 0.03

53883.350144 0.5130 +53.9 ± 0.6 +134 ± 17 !189 ± 17 2.85 ± 0.03
2006 Jun 19 53905.174549 0.0264 +41.5 ± 0.5 !226 ± 12 +80 ± 12 2.85 ± 0.04
2006 Jun 23 53909.170100 0.2881 +39.9 ± 0.7 !5 ± 14 !45 ± 14 2.88 ± 0.03

53909.210618 0.4023 +95.6 ± 1.1 !103 ± 36 !45 ± 36 2.84 ± 0.04
2006 Jun 26 53912.156147 0.7045 +60.4 ± 0.5 !7 ± 14 !67 ± 14 2.85 ± 0.04

53912.209838 0.8558 +60.7 ± 0.6 !136 ± 15 !197 ± 15 2.88 ± 0.04
2006 Jun 27 53913.120000 0.4212 +42.5 ± 0.5 +79 ± 12 +37 ± 12 2.84 ± 0.04

53913.176660 0.5809 +43.6 ± 0.5 +106 ± 13 +62 ± 13 2.82 ± 0.04
Keck, LRIS
2008 Aug 04 54682.377697 0.6224 50 ± 1, +61 ± 5 !2 ± 9 !52 ± 9 3.01 ± 0.05

Notes. (1) The barycentric mid-exposure time. (2) The orbital phase using the ephemeris in Table 2. (3) The compari-
son’s velocity with respect to the Solar system barycentre and (4) the raw barycentric velocities of PSR J1738+0333.
(5) The differential velocity used to determine the orbit in Section 4. (6) The differential spectrophotometric mag-
nitudes in B" (equal to B, but limited to the wavelength range covered by our spectra; see Section 3). Here, the errors
are the quadratic sum of the photometric uncertainties of the WD and the comparison. For LRIS, two velocities are
listed for the comparison star, for the blue and red arm, respectively. For the WD, the velocity is for the blue arm
(see text).

Figure 1. Finding chart for PSR J1738+0333 (using the SOAR V image). Indicated are the WD counterpart, the slit orientation used and the comparison star
that was included in the slit.
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comparison star, our Keck spectrum yields 61 ± 5 km s!1. As
mentioned above, we believe the wavelength calibration is most
reliable for the Keck spectrum, so we adapt this velocity. For
PSR J1738+0333, correcting for the gravitational redshift of the
WD of 3 km s!1 (using the mass and radius derived in Section 4.6),
we infer a systemic velocity of ! = !42 ± 16 km s!1.

4.4 Interstellar reddening

We calculated the run of reddening along the line of sight us-
ing the Galactic extinction model of Drimmel, Cabrera-Lavers &
López-Corredoira (2003). We find that the interstellar extinction
increases smoothly to reach a maximum value of AV = 0.56 at
1.3 kpc and remains constant thereafter. This is similar to the max-
imum value along this line of sight of AV = 0.65 inferred from the
maps of Schlegel, Finkbeiner & Davis (1998). Therefore, for both
PSR J1738+0333 and the comparison value we adopt AV = 0.56 ±
0.09, with the uncertainty taken to be the difference between the
two models.

We can now use these results to estimate the distance of the
comparison star: adopting MV = 4.3 and (B ! V)0 = 0.57 for a
G0V star (Cox 2000) and AB = 1.321AV (Schlegel et al. 1998) we
obtain a distance of "4.3 kpc for both bands. As a sanity check for
the systemic velocity derived above, we can calculate the expected
velocity of the comparison for the photometric parallax: assuming
the Galactic potential of Kenyon et al. (2008), a distance to the
Galactic centre of 8.0 kpc and a peculiar velocity of the Sun relative
to the local standard of rest of (U, V , W) = (10.00, 5.25, 7.17) km s!1

(Cox 2000), we find that the local standard of rest at the position of
the comparison star moves with a speed of "60 km s!1. Given the
uncertainties of the model and our measurements and the possibility
of peculiar motion, the latter agrees well with our estimated value.

4.5 Temperature and surface gravity of the WD

The zero-velocity average spectrum (Fig. 3) shows deep Balmer
lines up to H12, typical for a WD with a hydrogen atmosphere and
low surface gravity.

Quantitative estimates for the atmospheric parameters were ob-
tained by modelling the spectrum with a grid of DA model at-
mospheres extending from 7000 to 25 000 K and log g = 6.00 to
log g = 8.00 dex with step sizes of 100 K and 0.1 dex, respectively.
The models used in this work are a recent update of the grid pre-
sented in Koester (2008) which incorporates the improved treatment
of pressure broadening of the absorption lines by Tremblay & Berg-
eron (2009).

At each point of the grid that we scanned, we fitted for the
normalization with a polynomial function of the wavelength. This
was found necessary in order to account for the (up to) "10 per
cent, slowly varying continuum deviations, caused by imperfect
flux calibration. Assuming our flux calibration is perfect (namely,
using a normalization factor that does not vary with wavelength)
resulted in a poor fit with large-scale structure in the residuals and
lines systematically deeper than the best-fitting model (best-fitting
values: Teff = 9010 ± 50 K, log g = 6.81 ± 0.12 dex with "2

red " 9).
Similarly underestimated lines were obtained using a fitting routine
normally used by one of us (DK) that assumes a fixed slope for
the continuum over the length of each line. The former comparison
revealed that there was also a smaller spectral range between 4400
and 4780 Å with features similar to the ones seen in the flat-fields
(see Section 3), likely associated with the holographic grating [we
were alerted to this effect because it was much more obvious for the
companion of PSR J1909!3744 (vK+12).]. Fortunately, no Balmer
lines are present in this region, and hence we simply modelled the
spectrum excluding this range (specifically, we fitted the ranges

Figure 3. Left-hand panel: from top to bottom: the zero-velocity flux-calibrated average spectrum of PSR J1738+0333 obtained with Gemini, the corresponding
best-fitting atmospheric model, the (single) spectrum obtained with Keck, and the residuals from the fit (see Section 4). The model and the Keck spectrum are
shifted down by 10 and 20 units, respectively. Right-hand panel: details of the Balmer series in the average spectrum (H# to H12, from bottom to top), with
the best-fitting model overdrawn (red lines). Lines are shifted by 8 units with respect to each other.
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Figure 2. Radial-velocity measurements of the companion to PSR J1738+0333 as a function of the orbital phase. Filled black circles depict the points used to
fit the orbit and the blue line the best-fitting solution. Red crosses indicate two outliers that we excluded and the black line the best-fitting solution with these
points included. The latter agrees well and is almost indistinguishable. The blue triangle shows the Keck point. The green line depicts the velocity of the pulsar
as inferred from radio timing. All velocities are relative to the comparison star, but corrected for its estimated 61 km s!1 barycentric radial velocity. All error
bars represent 1! uncertainties. The orbit is depicted two times for clarity.

folded the barycentric velocities using the ephemeris in Table 2 and
fitted for a circular orbit keeping the orbital period and time of
accenting node passage fixed to the timing values. The fit gave a
radial-velocity semi-amplitude of Kobs = 165 ± 7 km s!1 and a
systemic radial velocity of " = !50 ± 4 km s!1 with #2

red = 1.55
for 16 degrees of freedom.

The radial velocity of the comparison star in the Gemini data set
varied as much as 55 km s!1 which is considerably higher than the
uncertainties of individual points. We found no evidence for binarity
and thus we attribute the large scatter to systematics, likely induced
by slit positioning errors and differential atmospheric diffraction.
For that reason, we chose to use velocities relative to the comparison
star, $v. This choice relies on the assumption that both the WD
and the comparison star are affected by the same systematics. This
should be correct to the first order, but given the relatively large
separation of the two stars on the slit, their different distances from
the centre of rotation of the instrument, and their different colours,
small second-order differences may remain. Even if any are present,
however, they should not be correlated with orbital phase (since our
measurements are taken on many different nights), and thus be taken
into account automatically by our rescaling of the measurement
errors such that reduced #2 equals unity.

After subtracting the velocity of the comparison star, we obtain
Kobs = 166 ± 6 km s!1, $" = !101 ± 4 km s!1 with #2

red = 1.07.
This orbit is shown in Fig. 2. This fit has two outliers, which both
are from spectra taken in the night with the worst condition (they are
also outliers in the relative flux between the WD and the comparison

star; see Table 1). Excluding these, we find Kobs = 167 ± 5 km s!1

and $" = !103 ± 3 km s!1 with #2
red = 0.93 for 14 degrees of

freedom. We will use these latter values as our best estimates, but
note that all fits gave consistent results, so our inferences do not
depend on this choice.

Because the exposure time is a significant fraction of the orbit
(texp " 0.12 Pb), the observed semi-amplitude is affected by ve-
locity smearing. This reduces the measured amplitude by a factor
sin (!texp/Pb)/(!texp/Pb) = 0.976. Thus, the true radial-velocity am-
plitude is KWD = 171 ± 5 km s!1.

Likewise, the semi-amplitude of the pulsar’s projected radial ve-
locity is KPSR = 2!cx/Pb = 21.103059(2) km s!1, where x is the
projected semi-major axis of the pulsar orbit. Based on the two
values calculated above we derive a mass ratio of q = KWD/KPSR =
8.1 ± 0.2.

4.3 Systemic velocity

The systemic velocity $" derived above is relative to the compari-
son star. Thus, for an absolute value one needs to obtain an estimate
of the true velocity of the latter. From the Gemini spectra we derived
an average value of 64 ± 5 km s!1. As discussed above, the indi-
vidual velocities have a large scatter and one may thus worry about
systematics. It seems that these are of the order of 15–20 km s!1.
First, for the velocity standard WD 1743!132 we find a veloc-
ity of !58.6 ± 1 km s!1, which is offset by 14.2 km s!1 from the
catalogue value of !72.8 km s!1 (Reid 1996). Secondly, for the

C# 2012 The Authors, MNRAS 423, 3316–3327
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Table 1. Log of observations and radial-velocity measurements.

vR vWD !v

Date MJDmid,bar " (km s!1) (km s!1) (km s!1) !B"

(1) (2) (3) (4) (5) (6)

Gemini, GMOS-S
2006 Apr 27 53852.310219 0.0250 +56.3 ± 0.8 !209 ± 27 !265 ± 27 2.91 ± 0.06

53852.366314 0.1831 +49.1 ± 0.8 !143 ± 26 !192 ± 26 2.88 ± 0.06
2006 Apr 28 53853.295453 0.8019 +53.7 ± 0.5 !100 ± 14 !154 ± 14 2.88 ± 0.04

53853.350638 0.9575 +68.8 ± 0.6 !185 ± 15 !254 ± 15 2.88 ± 0.04
2006 May 07 53862.333037 0.2749 +40.1 ± 0.5 !35 ± 13 !75 ± 13 2.83 ± 0.03

53862.391933 0.4409 +84.9 ± 0.6 +162 ± 21 +77 ± 21 2.87 ± 0.04
2006 May 26 53881.198674 0.4489 +60.8 ± 1.1 +121 ± 37 +60 ± 37 3.03 ± 0.11

53881.252933 0.6018 +67.0 ± 0.9 +33 ± 32 !34 ± 32 2.97 ± 0.09
2006 May 27 53882.352291 0.7005 +43.1 ± 0.5 !6 ± 15 !49 ± 15 2.85 ± 0.04
2006 May 28 53883.296760 0.3625 +54.9 ± 0.6 +28 ± 16 !27 ± 16 2.86 ± 0.03

53883.350144 0.5130 +53.9 ± 0.6 +134 ± 17 !189 ± 17 2.85 ± 0.03
2006 Jun 19 53905.174549 0.0264 +41.5 ± 0.5 !226 ± 12 +80 ± 12 2.85 ± 0.04
2006 Jun 23 53909.170100 0.2881 +39.9 ± 0.7 !5 ± 14 !45 ± 14 2.88 ± 0.03

53909.210618 0.4023 +95.6 ± 1.1 !103 ± 36 !45 ± 36 2.84 ± 0.04
2006 Jun 26 53912.156147 0.7045 +60.4 ± 0.5 !7 ± 14 !67 ± 14 2.85 ± 0.04

53912.209838 0.8558 +60.7 ± 0.6 !136 ± 15 !197 ± 15 2.88 ± 0.04
2006 Jun 27 53913.120000 0.4212 +42.5 ± 0.5 +79 ± 12 +37 ± 12 2.84 ± 0.04

53913.176660 0.5809 +43.6 ± 0.5 +106 ± 13 +62 ± 13 2.82 ± 0.04
Keck, LRIS
2008 Aug 04 54682.377697 0.6224 50 ± 1, +61 ± 5 !2 ± 9 !52 ± 9 3.01 ± 0.05

Notes. (1) The barycentric mid-exposure time. (2) The orbital phase using the ephemeris in Table 2. (3) The compari-
son’s velocity with respect to the Solar system barycentre and (4) the raw barycentric velocities of PSR J1738+0333.
(5) The differential velocity used to determine the orbit in Section 4. (6) The differential spectrophotometric mag-
nitudes in B" (equal to B, but limited to the wavelength range covered by our spectra; see Section 3). Here, the errors
are the quadratic sum of the photometric uncertainties of the WD and the comparison. For LRIS, two velocities are
listed for the comparison star, for the blue and red arm, respectively. For the WD, the velocity is for the blue arm
(see text).

Figure 1. Finding chart for PSR J1738+0333 (using the SOAR V image). Indicated are the WD counterpart, the slit orientation used and the comparison star
that was included in the slit.
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comparison star, our Keck spectrum yields 61 ± 5 km s!1. As
mentioned above, we believe the wavelength calibration is most
reliable for the Keck spectrum, so we adapt this velocity. For
PSR J1738+0333, correcting for the gravitational redshift of the
WD of 3 km s!1 (using the mass and radius derived in Section 4.6),
we infer a systemic velocity of ! = !42 ± 16 km s!1.

4.4 Interstellar reddening

We calculated the run of reddening along the line of sight us-
ing the Galactic extinction model of Drimmel, Cabrera-Lavers &
López-Corredoira (2003). We find that the interstellar extinction
increases smoothly to reach a maximum value of AV = 0.56 at
1.3 kpc and remains constant thereafter. This is similar to the max-
imum value along this line of sight of AV = 0.65 inferred from the
maps of Schlegel, Finkbeiner & Davis (1998). Therefore, for both
PSR J1738+0333 and the comparison value we adopt AV = 0.56 ±
0.09, with the uncertainty taken to be the difference between the
two models.

We can now use these results to estimate the distance of the
comparison star: adopting MV = 4.3 and (B ! V)0 = 0.57 for a
G0V star (Cox 2000) and AB = 1.321AV (Schlegel et al. 1998) we
obtain a distance of "4.3 kpc for both bands. As a sanity check for
the systemic velocity derived above, we can calculate the expected
velocity of the comparison for the photometric parallax: assuming
the Galactic potential of Kenyon et al. (2008), a distance to the
Galactic centre of 8.0 kpc and a peculiar velocity of the Sun relative
to the local standard of rest of (U, V , W) = (10.00, 5.25, 7.17) km s!1

(Cox 2000), we find that the local standard of rest at the position of
the comparison star moves with a speed of "60 km s!1. Given the
uncertainties of the model and our measurements and the possibility
of peculiar motion, the latter agrees well with our estimated value.

4.5 Temperature and surface gravity of the WD

The zero-velocity average spectrum (Fig. 3) shows deep Balmer
lines up to H12, typical for a WD with a hydrogen atmosphere and
low surface gravity.

Quantitative estimates for the atmospheric parameters were ob-
tained by modelling the spectrum with a grid of DA model at-
mospheres extending from 7000 to 25 000 K and log g = 6.00 to
log g = 8.00 dex with step sizes of 100 K and 0.1 dex, respectively.
The models used in this work are a recent update of the grid pre-
sented in Koester (2008) which incorporates the improved treatment
of pressure broadening of the absorption lines by Tremblay & Berg-
eron (2009).

At each point of the grid that we scanned, we fitted for the
normalization with a polynomial function of the wavelength. This
was found necessary in order to account for the (up to) "10 per
cent, slowly varying continuum deviations, caused by imperfect
flux calibration. Assuming our flux calibration is perfect (namely,
using a normalization factor that does not vary with wavelength)
resulted in a poor fit with large-scale structure in the residuals and
lines systematically deeper than the best-fitting model (best-fitting
values: Teff = 9010 ± 50 K, log g = 6.81 ± 0.12 dex with "2

red " 9).
Similarly underestimated lines were obtained using a fitting routine
normally used by one of us (DK) that assumes a fixed slope for
the continuum over the length of each line. The former comparison
revealed that there was also a smaller spectral range between 4400
and 4780 Å with features similar to the ones seen in the flat-fields
(see Section 3), likely associated with the holographic grating [we
were alerted to this effect because it was much more obvious for the
companion of PSR J1909!3744 (vK+12).]. Fortunately, no Balmer
lines are present in this region, and hence we simply modelled the
spectrum excluding this range (specifically, we fitted the ranges

Figure 3. Left-hand panel: from top to bottom: the zero-velocity flux-calibrated average spectrum of PSR J1738+0333 obtained with Gemini, the corresponding
best-fitting atmospheric model, the (single) spectrum obtained with Keck, and the residuals from the fit (see Section 4). The model and the Keck spectrum are
shifted down by 10 and 20 units, respectively. Right-hand panel: details of the Balmer series in the average spectrum (H# to H12, from bottom to top), with
the best-fitting model overdrawn (red lines). Lines are shifted by 8 units with respect to each other.
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Figure 2. Radial-velocity measurements of the companion to PSR J1738+0333 as a function of the orbital phase. Filled black circles depict the points used to
fit the orbit and the blue line the best-fitting solution. Red crosses indicate two outliers that we excluded and the black line the best-fitting solution with these
points included. The latter agrees well and is almost indistinguishable. The blue triangle shows the Keck point. The green line depicts the velocity of the pulsar
as inferred from radio timing. All velocities are relative to the comparison star, but corrected for its estimated 61 km s!1 barycentric radial velocity. All error
bars represent 1! uncertainties. The orbit is depicted two times for clarity.

folded the barycentric velocities using the ephemeris in Table 2 and
fitted for a circular orbit keeping the orbital period and time of
accenting node passage fixed to the timing values. The fit gave a
radial-velocity semi-amplitude of Kobs = 165 ± 7 km s!1 and a
systemic radial velocity of " = !50 ± 4 km s!1 with #2

red = 1.55
for 16 degrees of freedom.

The radial velocity of the comparison star in the Gemini data set
varied as much as 55 km s!1 which is considerably higher than the
uncertainties of individual points. We found no evidence for binarity
and thus we attribute the large scatter to systematics, likely induced
by slit positioning errors and differential atmospheric diffraction.
For that reason, we chose to use velocities relative to the comparison
star, $v. This choice relies on the assumption that both the WD
and the comparison star are affected by the same systematics. This
should be correct to the first order, but given the relatively large
separation of the two stars on the slit, their different distances from
the centre of rotation of the instrument, and their different colours,
small second-order differences may remain. Even if any are present,
however, they should not be correlated with orbital phase (since our
measurements are taken on many different nights), and thus be taken
into account automatically by our rescaling of the measurement
errors such that reduced #2 equals unity.

After subtracting the velocity of the comparison star, we obtain
Kobs = 166 ± 6 km s!1, $" = !101 ± 4 km s!1 with #2

red = 1.07.
This orbit is shown in Fig. 2. This fit has two outliers, which both
are from spectra taken in the night with the worst condition (they are
also outliers in the relative flux between the WD and the comparison

star; see Table 1). Excluding these, we find Kobs = 167 ± 5 km s!1

and $" = !103 ± 3 km s!1 with #2
red = 0.93 for 14 degrees of

freedom. We will use these latter values as our best estimates, but
note that all fits gave consistent results, so our inferences do not
depend on this choice.

Because the exposure time is a significant fraction of the orbit
(texp " 0.12 Pb), the observed semi-amplitude is affected by ve-
locity smearing. This reduces the measured amplitude by a factor
sin (!texp/Pb)/(!texp/Pb) = 0.976. Thus, the true radial-velocity am-
plitude is KWD = 171 ± 5 km s!1.

Likewise, the semi-amplitude of the pulsar’s projected radial ve-
locity is KPSR = 2!cx/Pb = 21.103059(2) km s!1, where x is the
projected semi-major axis of the pulsar orbit. Based on the two
values calculated above we derive a mass ratio of q = KWD/KPSR =
8.1 ± 0.2.

4.3 Systemic velocity

The systemic velocity $" derived above is relative to the compari-
son star. Thus, for an absolute value one needs to obtain an estimate
of the true velocity of the latter. From the Gemini spectra we derived
an average value of 64 ± 5 km s!1. As discussed above, the indi-
vidual velocities have a large scatter and one may thus worry about
systematics. It seems that these are of the order of 15–20 km s!1.
First, for the velocity standard WD 1743!132 we find a veloc-
ity of !58.6 ± 1 km s!1, which is offset by 14.2 km s!1 from the
catalogue value of !72.8 km s!1 (Reid 1996). Secondly, for the

C# 2012 The Authors, MNRAS 423, 3316–3327
Monthly Notices of the Royal Astronomical Society C# 2012 RAS

[ Antoniadis et al. 2012, Freire et al. 2012 ]
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What do we learn from PSR J1738+0333?
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Ṗ dipole

b

= �4⇡2

P
b

Gm
A

m
B

c3(m
A

+m
B

)

1 + e2/2

(1� e2)5/2
(↵

A

� ↵
B

)2

<< 1

Unlike GR, most alternative theories of gravity predict 
dipole radiation that dominates the energy loss of the 
orbital dynamics (1.5 pN):
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Constraining quadratic scalar-tensor gravity

[ Antoniadis et al. 2012, Freire et al. 2012 ]
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PSR J0348+0432 - A massive pulsar in a relativistic orbit
26

P = 39.1226569017806(5)ms

Pb = 2.45817750533(2) h

e . 10�6

[ Boyles et al. 2013, Lynch et al. 2013, Antoniadis et al. 2013 ] 

Mass of pulsar:

2.01± 0.04M�



PSR J0348+0432 - a unique gravity lab
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So far...

The game of science
28

Das Spiel der Wissenschaft hat grundsätzlich kein Ende: wer 
eines  Tages beschließt, die wissenschaftlichen Sätze nicht 
weiter zu überprüfen, sondern sie etwa als endgültig 
verifiziert zu betrachten,  der tritt aus dem Spiel aus.

[ The game of science is, in principle, without end. He who 
decides one day that scientific statements do not call for any 
further test, and that they can be regarded as finally verified, 
retires from the game. ]

...but
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SKA and the double pulsar - higher order GR effects

 Shapiro delay: higher order effects on signal propagation (~ 800 ns)

 Gravitational wave emission: beyond the quadrupole-formula

 Lense-Thirring precession 
   and moment-of-inertia of A

[ Blanchet & Schäfer 1989 ] 

tremendous precision needed for the orbital parameters. We
therefore conclude that measurement of the spin-orbit perias-
tron advance, resulting in a moment of inertia measurement to
the order of 10% accuracy within several years, seems possible.

4. CONSTRAINING THE EOS

Estimating a neutron star’s moment of inertia from timing
observations of a radio binary pulsar has significant implica-
tions for constraining the EOS. In some respects, a moment of
inertia measurement could be more useful than a radius mea-
surement of the same accuracy. First, the neutron star mass in a
radio binary will obviously already be known to high precision,
while a radius measurement from observations of thermal ra-
diation actually refers to the radiation radius R1 ! R/ 1"#
2GM /Rc2$1/2. To obtain the radius and mass separately requires
an estimate of the star’s redshift (1 " 2GM /Rc2)"1/2 " 1, which
so far is not yet available for any thermal source. Moreover, the
accuracy of radiation radius estimates from thermal sources is
limited by uncertainties due to source atmospheric reprocess-
ing, interstellar absorption, and distances. In the case of X-ray
bursters, for the one case in which a redshift measurement may
be secure, EXO 0748"676, no independent mass measurement
is yet available, and radius information obtained from fitting the
line profile with the observed rotation rate is relatively weak.
Mass and moment of inertia measurements from radio binary
pulsars are not sensitive to distance uncertainties, and a redshift
is not required. Second, the range of moments of inertia for var-
ious neutron star models (including strange quark matter stars)
is, in relative terms, larger than the predicted range of radii (see
Fig. 1). This follows from the dimensional relation I / MR2.
For example, it is 30–240M% km2 for masses >1M% and is 53–
109M% km2 for a 1.4M% star. For comparison, the range of radii
for a 1.4 M% model is 9–16 km.

Spanning the same set of equations of state as in the com-
pendium of Lattimer & Prakash (2001), moments of inertia for
normal neutron and strange quark matter stars are displayed in
Figure 1. The moments of inertia have been scaled by a factor
M 3/2 to reduce the range of the ordinate. For most masses, the
range in I is approximately a factor of 2–3. The significance of

a measurement of I with &10% accuracy is illustrated by the
shaded band centered on the hypothetical measurement, here
taken to be I /M 3/2 ! (50 & 5) km2 M"1/2

% , together with an error
bar located at a precisely measured mass, taken to be 1.34M%. It
is clear that relatively few equations of state would survive these
constraints. Those families of models lying close to the measured
values would have their parameters limited correspondingly.
If the EOS does not have a large degree of softening at super-

nuclear densities, possibly introduced by hyperons, Bose con-
densates or self-bound strange quark matter, a moment of inertia
determination furthermore permits one to estimate the neutron
star radius to a relative uncertainty smaller than the relative un-
certainty in the moment of inertia measurement. Figure 2 shows
the moment of inertia as a function of the relativity parameter
M /R for the same equations of state displayed in Figure 1. Sev-
eral analytic solutions of Einstein’s equations that are applicable
to either normal or self-bound stars are displayed as well. These
solutions are all scale-free and are functions ofM /R alone; hence,
they cannot be displayed in Figure 1. Unless the EOS has an ap-
preciable degree of softening, usually indicated by a maximum
mass of order 1.6 M% or less, or unless it is self-bound, there
appears to be a relatively unique relation between I /MR2 andM /R.
For M /R values greater than approximately 0.07 M% km"1, i.e.,
for M ' 1:0 M%, this relation can be approximated by

I ’ (0:237 & 0:008)MR2 1( 4:2
M km

M% R
( 90

M km

M% R

! "4
" #

:

#12$

An analogous fit has also been suggested by Bejger & Haensel
(2002):

I ’ 2

9
1( 5

M km

R M%

! "
#13$

for M /R > 0:1M% km"1; however, this fit underestimates I for
the largest neutron star masses.
Simultaneous mass and moment of inertia measurements

could therefore usefully constrain the radius. The relevant radius

Fig. 1.—Moment of inertia scaled by M 3/2 as a function of stellar mass M.
Equation-of-state labels are described in Lattimer & Prakash (2001). The
shaded band illustrates a 10% error on a hypothetical I /M 3/2 measurement of
50 km2M"1/2

% ; the error bar shows the specific case in which themass is 1.34M%.
The dashed curve labeled ‘‘Crab’’ represents the lower limit derived by Bejger &
Haensel (2003) for the Crab pulsar.

Fig. 2.—Moment of inertia as a function of the relativity parameter M /R.
The curves labeled TIV, TVII, NIV, Inc, and Buch refer to analytic solutions of
Einstein’s equations, while other curves refer to a variety of equations of state
(see Lattimer & Prakash 2001 for details). The shaded band illustrates the
relation eq. (12).

LATTIMER & SCHUTZ982 Vol. 629

[ Lattimer & Schutz 2005,
  Kramer & Wex 2009 ] 
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Testing SEP with the triple system
30

[ Ransom et al., 2014 ] 
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Testing SEP with the triple system
30

triple system
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A PSR-BH system - the holy grail of pulsar astronomy
31
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PSR / stellar mass BH - testing the no-hair theorem
32

[ Wex & Kopeikin 1999, Liu et al., in prep.]
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PSR / stellar mass BH - testing scalar-tensor theories
33
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[ Liu et al., in prep. ]



Testing the no-hair theorem with a pulsar near Sgr A*
34

[ Wex & Kopeikin 1999, Liu et al. 2012 ]

(no-hair theorem)q ⌘ c4

G2

Q
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Figure 1 A Keck/NIRC2 adaptive optics image from May 2010 showing the short-period star
S0-102, which is besides S0-2 the only star with full orbital phase coverage, and the electro-
magnetic counterpart of the black hole, Sgr A*. The image was taken at a wavelength of 2.12
µm and shows the challenge of detecting S0-102, which is 16 times fainter than S0-2 and lies
in this crowded region.

13

[ Meyer et al. 2012 ]



... and in combination with the 

Event Horizon Telescope (EHT)

and the 

BlackHoleCam (14 M€ ERC Synergy Grant - H. Falcke, M. Kramer, L. Rezzolla)

Combining near and far field tests
35

Moscibrodzka & Falcke
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Thank you!


