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We experience a golden era in testing and exploring relativistic gravity. Whether it is
results from gravitational wave detectors, satellite or lab experiments, radio astronomy
plays an important complementary role. Here one can mention the cosmic microwave
background, black hole imaging and, obviously, binary pulsars. This talk will concen-
trate on the latter and new results from studies of strongly self-gravitating bodies with
unrivalled precision. This presentation compares the results to other methods, discusses
implications for other areas of relativistic astrophysics and will give an outlook of what
we can expect from new instruments in the near future.
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1. Introduction

The latest Marcel-Grossmann Meeting has showed once more that gravity can be
explored and tested in many different ways. Whether it is via lab experiments on
Earth, in the Solar system or in outer space. Whether it is via radio astronomy, op-
tical/infrared astronomy, high-energy observations or gravitational wave detectors.
Nearly all experiments use techniques that were not even remotely thinkable at the
time, when Einstein conceived general relativity (GR). And yet, all these experi-
ments that the theory has been confronted with, seem to confirm GR’s predictions.
Obviously, the phenomena of Dark Matter and Dark Energy, or the incompatibility
of GR with quantum physics, justify the search for alternatives and the continuing
search for experiments that may eventually show a flaw in Einstein’s theory.

In this endeavour it is important to complement the different approaches as
they test different regimes of gravity, in each of which one may find a deviation
for a given theory. This is illustrated in Figure 1. In the solar systems, gravity
tests are made in the quasi-stationary weak-field regime, often involving satellite
experiments of high precision (e.g. Ref. 1). The quasi-stationary strong-field regime
can be probed with experiments such as stellar orbits around Sgr A* (e.g. Ref. 2)
or radio images of black holes (Ref. 3). But also pulsar experiments contribute to
this regime, and indeed they already allow precision tests of the radiative proper-
ties of gravity (e.g. Ref. 4), as we also show in the following. Using radio pulsars
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Fig. 1. Different regimes of gravity tests and examples of methods and experiments that allow
tests in those.

also as galaxy-sized gravitational wave (GW) detectors (e.g. Refs. 5), one also en-
ters the dynamical strong-field regime, where obviously also the Earth-bound GW
detectors are operating (e.g. Ref. 6). Finally, theories should also be tested on the
largest scales, which can be done, for instance, with studies of the cosmic microwave
background (CMB).

We note that in most of these experimental methods (certainly in those examples
given here) radio astronomy plays a crucial role. In the following, we will concentrate
on recent results involving radio pulsars.

2. Testing gravity with pulsars

The most common, and most well known way, of testing gravity with pulsars is via
a technique called pulsar timing.” Less common but still powerful is the usage of
pulse structure data that allow us to probe precessional effects when the line-of-sight
through the emission beam is changing, modifying the observed pulse properties
like width or generally pulse shape.® In extreme cases, the pulsar may completely
disappear from our view after a while.?10)

In pulsar timing one makes use of the often very stable rotation of a pulsar that
leads to a regularity in the emitted pulsed signal, caused by a lighthouse effect, that
rivals the best atomic clocks on Earth. As an observer on Earth, we can measure

the arrival time of the pulses at the telescope and infer from it the motion of the
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Fig. 2. Gravity tests using binary pulsars performed via the measurements of Post-Keplerian
(PK) parameters and their graphical representation in a mass-mass diagram. a) all PK parameter
lines insect in a single point: the test is passed. b) the lines do not intersect in a single point: the
theory fails the test. ¢) Example for the Hulse-Taylor pulsar, here shown for general relativity.

pulsar in a binary orbit. The timing precision that is attainable (i.e. better than
100 ns in many cases) is provided by following the rotational phase of the pulsar
in a coherent fashion, making measurements more precise as the time baseline in-
creases. In a similar way, tracking the orbital phase reveals periodic and secular
deviations from a simple Keplerian orbit, expressed in the so called Post-Keplerian
(PK) parameters.® 1112 Those can typically be expressed as functions of the Kep-
lerian parameters and the two unknown masses of the binary system. Once two PK
parameters can be measured, the two masses can be determined within the frame-
work of a given theory and the value of further PK parameters can be predicted.
Once that is done, the predictions can be compared with similar measurements and
the theory, hence, can be tested.

One can express such a test in a graphical form, where each PK parameter
describes a line in a diagram with the values of two unknown masses as its axes.
Two PK parameter lines define an intersection point through which every other
PK parameter line must pass. If that is not the case, the theory determining the
lines is falsified and needs to be rejected. The measurement uncertainties in the PK
parameters is expressed as the width of the PK lines in the mass-mass diagram. See
Figure 2.

2.1. The Double Pulsar

We demonstrate the power of pulsar timing using the best laboratory currently
known, the so called “Double Puslar”.13:14 The system consists of two active radio
pulsars — a currently still unique feature of the system — orbiting each other in 147
min. The recycled (old) pulsar (A) in the system has a period of 23 ms, the non-
recycled (young) pulsar (B) a period of 2.8 s. An important feature of the system
is its edge-on geometry (see Figure 3) that also leads to 30-s long eclipses and our
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Fig. 3. Artistic impression of the Double Pulsar. Here, two active radio pulsars orbit each other
in 147 min in a slightly eccentric orbit (e = 0.09). One pulsar is old and recycled (P = 23 ms),
while the second pulsar is young (P = 2.8 s). Figure is not to scale.

ability to measure light-propagation effects (see below). The previous gravity tests
with the system made usage of the ratio of the masses of the two pulsars, that
can be directly (i.e. theory independently to 1PN order) measured from the two
semi-major axes the pulsars’ orbit around the common centre of mass.* Meanwhile
the data have improved very significantly in both precision and length. The latest
results were presented by Kramer et al. (Ref. 15), reporting the measurement of, in
total, seven PK parameters.

What is important and different to previous experiments, the measurement pre-
cision is now so high that for the first time higher-order contributions need to be
taken into account for some of the PK parameters. This includes the contribution of
the A pulsar’s effective mass loss (due to spin-down) to the observed orbital period
decay, a relativistic deformation of the orbit, and the effects of the equation of state
of super-dense matter on some of the observed PK parameters via relativistic spin-
orbit coupling. The system also provides the currently most precise test of general
relativity’s quadrupolar description of GWs, validating GR’s prediction at a level of
1.3 x 10~* with 95% confidence.'® As indicated, the impact of the mass loss due to
rotational spin-down is taken into account in this result. Interestingly, as the pulsar
is losing rotational energy, and while E = mc?, the slow-down corresponds to a
mass loss of 8.4 Million tons per second or 3.2 x 10721 of the mass of A per second.

2.1.1. Light propagation

The edge-on geometry of the system allows not only a test of relativistic spin-
precession as discussed in Section 3, but it also leads to a “Shapiro-delay”, i.e. the a
delay in the measured arrival time as the photons have to propagate in the curved
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Fig. 4. Shapiro delay measurement in the Double Pulsar. The curvature of spacetime around the
companion B (see artistic impression on the left, not to scale) leads to a delay in the arrival times
of the pulses of pulsar A (right).

spacetime near the companion pulsar. We illustrate this effect in Figure 4. The data
points follow the prediction of GR (red line) remarkable well (at a level of 4 x 10~%
with 95% confidence.!® This agreement with the data is, however, only achieved
when next-to-leading order effects are taking into account: at the 1.5PN limit one
has to take into account that the speed of light is finite and that pulsar B moves
during the flight time of the photos across the orbit. See Figure 5.

When comparing the Shapiro delay curve with precision data, another effect
needs to be considered which relates to the fact the pulsar is indeed a lighthouse
rather than a pulsating or oscillating object. This effect is aberration, which for
pulsar timing means in principle a delay in arrival time that depends on orbital phase
and on the orientation of the pulsar with respect to the orbit and the observer.'? 16
Due to the geometry of the Double Pulsar that does, however, not lead to separately
measurable, additional PK parameters.!® Nevertheless and most interestingly, given
the precision obtained in the measurements, the curved spacetime encountered by
the photons near superior conjunction leads to a deflection of the signal in the
gravitational field of pulsar B. This gravitational signal deflection leads to a small
change in the proper angle of emission, which in turn leads to a lensing correction
to the classical (“longitudinal”) aberration. See Ref. 15 for details. As a result,
only those photons reach the observer on Earth that are emitted slightly earlier
(or later, respectively) in pulsar rotational phase, before (and after, respectively)
superior conjunction. The measurement shown in Figure 6 not only demonstrates
the lighthouse character of pulsars but also indicates a prograde alignment of the
pulsar spin relative to the total angular momentum vector.

2.1.2. Orbital deformation, lense-thirring effect and moment-of-inertia

A further effect that is observed in the Double Pulsar and that is now required to
be considered in the data analysis is a relativistic deformation of the orbit. The
presence of the effect!!'!? was already seen by Weisberg & Huang (Ref. 17). In
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Fig. 5. TIllustration of the physical origin and impact of the next-to-leading order (1.5PN) con-
tribution to the Shapiro delay. a) Previously, a “static” Shapiro delay was implemented in timing
formula, assuming the position of the companion pulsar B to be fixed during the propagation of
A’s photons. b) In reality, pulsar B moves during the flight time of the photons, which effectively
leads to a small shift in the Shapiro delay curve at the 1.5PN level. Illustration by N. Wex.

this case, ignoring this subtle effect would (wrongly) suggest a tension between the
measured “Einstein delay” and its prediction by GR. See Kramer et al. (Ref. 15)
for details.

As already indicated, the extreme precision of the experiment now also needs
to incooperate the effects of the equation of state (EoS) of super-dense matter on
some of the observed post-Keplerian parameters via relativistic spin-orbit coupling.
Indeed, the most precisely measured PK parameter, w, representing the precession
of the orbit, has a contribution from the Lense-Thirring effect due to the rotation
of pulsar A at the 2PN level, which is more than 30 times larger than our measure-
ment error. However, a calculation of the Lense-Thirring contribution requires the
knowledge of the Moment-of-Inertia of pulsar A, I, which comes with a significant
uncertainty due to our imperfect knowledge of the EoS for neutron star matter. To
constrain Ix one can use constraints on the EoS obtained from the double neutron
star merger GW170817'® and determine precise measurements for the pulsars. Al-
ternatively, one can ignore any existing constraints on the EoS of neutrons stars to
simultaneously determine the pulsar masses, ma, mp, and I, assuming GR to be
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Fig. 6. Illustration and measurement of another next-to-leading order effect that needs to be taken
into account for the Shapiro delay. In this case, aberrational light bending due to the curvature of
spacetime around pulsar B is considered. a) Before superior conjunction, the photons have to be
emitted at a slightly later rotational phase than usual to compensate for the light bending near
B to reach the observer on Earth. b) After superior conjunction, the photons have to be emitted
slightly earlier, respectively. ¢) The light bending contributes an additional 600 km to the total
impact distance. d) Residuals observed near superior conjunction (i.e. periastron, ® = 0 deg),
when this effect is not taken into account. The red curve shows the theoretical prediction arising
from this effect, and the black curve corresponds to the best fit, with a 20 range indicated by the
light grey band. This effect allows us to infer the spin direction of pulsar A, indicating a prograde
orientation. See Kramer et al. (2021) for details.

the correct theory of gravity. In this case, simply based on pulsar timing, one finds
for the the Mol I < 3.0 x 10%° g cm? with 90% confidence,'® which in turn can be
directly compared to the results derived from the GW170817 LIGO/Virgo merger
and from NICER X-ray timing. Using a universal relation, like the one in Ref. 19,
one can convert the obtained probability distribution of Ix into a probability distri-
bution for A’s radius. With 90% confidence, this gives an upper limit for A’s radius
of 22km, a value outside any physically valid EoS but purely based on the arrival
times measurements of pulses.15

In summary, the Double Pulsar allows to test conservative aspects of the or-
bital dynamics of two strongly self-gravitating masses up to 2PN order, including
a ~1lo constraint on the Lense-Thirring contribution, which in turn can be used
to constrain the Mol of pulsar A under the assumption of GR. The experiments
allow to test the propagation of photons in the gravitational field of a strongly self-
gravitating (material) body, with next-to-leading-order contributions being clearly
present in the timing data, confirmed with a precision of about 10%. We can also
test the radiative aspects of GR, yielding a test at 2.5PN level in the equations
of motion with a precision of 1.3 x 107* (95% C.L.). In terms of overall frac-
tional precision, this is the most precise test of GR’s predictions for GW emission
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Fig. 7. Mass-mass diagram for the Double Pulsar as presented by Kramer et al. (2021). The right
panel is a zoomed-in version of the intersection point of the PK parameter lines in the left panel.
The shift of the line for the PK-parameter w when ignoring the Lense-Thirring effect (wp) is clearly
visible. See text for details.

currently available. These tests are summarized in the mass-mass diagram shown in
Figure 7.

3. Relativistic spin-precession

A gyroscope freely falling in curved spacetime suffers a precession with respect to a
distant observer. Experiments made in Solar System provide precise weak-field tests
and confirm it, e.g. with Lunar Laser Raning or GRAVITY Probe-B. In a binary
pulsar system, the pulsar - also being a gyroscope - we observe, strictly speaking,
a mixture of different contributions to relativistic spin-orbit coupling. One contri-
bution comes from the motion of the first body around the centre of mass of the
system (deSitter-Fokker precession), while the other comes from the dragging of the
internal frame at internal frame at the first body due to the translational motion of
the companion.?® This resulting relativistic spin-precession causes nevertheless the
expected effect: the pulsar precesses about the total angular momentum, which as
a result changes the relative orientation of the pulsar towards Earth with poten-
tially observable consequences as predicted by Damour & Ruffini in Ref. 21 even
before the publication of the discovery of the Hulse-Taylor binary pulsar.?? We note
that the orbital angular momentum is expected to be much larger than that of
a pulsar in the system, so that the orbital spin practically represents a fixed di-
rection in space. Hence, effectively the pulsar precesses about the orbital angular
momentum.
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The precession rate, {250, is another PK as introduced above. Assuming GR to
be valid, it is given by?3

0 2/3 (27T)5/3 mA(4mB+3mA) 1
so=T"| = . (1)
P, 2(mB + mA)4/3 1—e2
The effect of relativistic sin precession on pulsar timing is in principle measurable
due to a change in the aberration parameters with time.® Much more obvious, and
hence easier to measure, are the consequences of the changing line-of-sight as the
pulsar precesses. We expect changes in the pulse shape (e.g. in simply the measured
width, but also more dramatic changes) and especially in the measured linearly
polarised emission which is a sensitive probe of the pulsar geometry.?!:24 Such mea-
surements have indeed enabled the detection of spin precession in a number of rel-
ativistic binaries. After the first detection in the Hulse-Taylor pulsar B1913+416% 25
and later in PSR B1534+4-12,25 27 it is now possible to convert long-term observations
in precise quantitative tests of spin precession and, hence, test of the “effacement”
property of a spinning body.

3.1. Spin precession in the Double Pulsar

A prime example to study relativistic spin precession is, again, the Double Pulsar.
Here, we have two active pulsars, both of which could, in principle show the effects of
precession. However, it turns out that the supernova explosion creating the second-
born pulsar, B, was a low-kick supernova which left the pre-Supernova orientation of
the orbital angular momentum vector unchanged. The spin of pulsar A, having been
aligned with the orbital spin during its recycling period, is therefore still aligned
with it, so that precession for A is not expected. Indeed, so far, profile changes for
A have not been detected, suggesting that A’s misalignment angle is less than 3
deg.28:29

In contrast, secular changes in the pulse shape and the orbital visibility windows
of pulsar B were observed soon after its discovery,3° providing early evidence for
spin precession of B. Around 2008, the pulsar vanished from our view when our
line-of-sight moved out of the emission beam.'® B will eventually re-appear. The
exact epoch for this to happen depends on the actual beam shape, but despite a
precession period of 71 years (see Table 1), it could happen relatively soon.'?:3!

Meanwhile, it has been possible to track the orientation of the spin axis of pulsar
B in a rather fortuitous way: Breton et al. (Ref. 32) studied the time evolution of the
~ 30-s long eclipses of A that are caused by the blocking rotating magnetosphere of
B at superior conjunction. This absorption of the background emission, presumably
by synchrotron self-absorption,? is not complete, but because of the torus-shaped
dipolar magnetosphere® the light from the background pulsar A is visible every
half-turn or full-turn of pulsar B, depending on the orientation of the spin-axis and,

2Deviations from a purely dipolar-shaped magnetosphere do exist and are observed. Indeed, about
50% of the magnetosphere is “missing” but for the remaining parts, the torus shape appears more
than adequate, as the successful modelling shows. See, for instance Ref. 34.
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hence, the magnetosphere. Applying a simple but successful geometrical model,>?

Breton et al. were able to explain the observed modulation of A’s lightcurve dur-
ing the eclipse phase in great detail. Model-fitting indicates a constant magnetic
inclination angle and constant misalignment angle, while the azimuthal spin an-
gle is changing with a rate of Qg0 B = 4.771L8:gg° yr~1, in agreement with general

relativity3? (see Table 1).

3.2. PSR J1906+4074,6 — The currently best test

A further observational consequence of relativistic spin precession is its impact on
the polarisation properties of binary pulsars. Here, two separate but related aspects
are observable.

The first aspect is due to the changing line-of-sight within the pulsar beam.
According to the rotating vector model (RVM),?* we expect an S-like swing of the
position angle of the linearly polarised emission component of the studied pulsar.
The closer the line-of-sight approaches the magnetic axis, the steeper is the ex-
pected S-swing. In general, the shape of the S-swing depends on four quantities:
the magnetic inclination angle, «, between the spin and magnetic axes, the impact
angle between our line-of-sight and the magnetic axis, 3, the pulse phase, ¢, and,
finally, the absolute (reference) position angle, ¥y, which is obtained at ¢ = 0 and
identical to the orientation of the pulsar spin-axis projected on the plane of the sky.
Such a measurement was first achieved for PSR B1534+12,%6:27 where the impact
angle 8 was observed to change with time.

The second consequence is the change of ¥y due to the changing orientation
of the pulsar spin and the resulting projection on the sky.3® This change of the
absolute position angle is periodic, with a period equal to the precessional period.
Note that there is also a small contribution due to orbital aberration, which we will
ignore here. We note that the measured absolute position angle will be affected by
Faraday rotation due to propagation in the magnetised ionised interstellar medium.
But this effect can, in principle, be measured and removed.

It is the additional information provided by the change in absolute position
angle that allows to break some degeneracies and to potentially determine the true
orbital inclination angle, ¢ (rather than 180 —i, as pulsar timing only provides sin).
Modelling the evolution of the position angle swing in the described way requires in
total only four free parameters, i.e. the precession rate, {250, the misalignment angle
between pulsar spin and total angular momentum vector, §, the precession reference
phase, ®¢,, and the magnetic inclination angle of the pulsar, a. A requirement
for precession to occur is § > 0, a measurement of which is very useful to study
the formation of the system (see Refs. 34 and 35 for a detailed discussion on this
topic).

Both aspects just described are relevant for the beautiful case of PSR
J1906+0746. This pulsar is an almost perfect orthogonal rotator, and so this
pulsar was discovered with the emission from both magnetic poles being visible
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Fig. 8. Pulse profile of PSR J1906+0746 as observed by Desvignes et al. (2019) shown in the
middle panel. Both magnetic poles (schematics left and right) were originally visible after discovery.
Their observed emission is highly linearly polarised (red line), with a position angle swing (middle
lower panel) that resembles a textbook-like rotating vector model. The pulsar also shows a modest
amount of circularly polarised emission (middle upper panel, blue line). At the left pole, our line-
of-sight moves out of the beam, while at the right pole our line-of-sight crossed the magnetic pole
during the long-term monitoring of this source.

(see Figure 8). The emission’s high degree of linear polarisation reveals a perfect
RVM-like behaviour of the measured position angle that was studied by Desvignes
et al. (Ref. 36). Fitting those to the RVM as a function of time using the pre-
cessional RVM model®® described above, allows to measure the precession rate to
Qgso = 2.17+0.11 deg/yr which is in perfect agreement with the expectation from
GR (see Table 1). This test is the currently best test of relativistic spin-precession
for strongly self-gravitating bodies.

The study of the position angle reveals even more: Apart from providing mea-
surements of the geometry of the system (i = 45 £ 3 deg, @ = 99.4 £+ 0.2 deg,
0 = 104 + 9 deg), the evolution of the position angle swing with time shows how
its slope becomes steeper when our lines-of-sight approaches the magnetic pole. It
also shows how it swaps sign in slope when crossing the pole, and how it becomes
flatter again when moving away from the pole®® (see right of Figure 9). This is
the first unequivocal evidence that the RVM is correct and that the position angle
swing of pulsars is in principle determined by the geometry of the pulsar and its
fieldlines. Deviation may, however, still occur in cases due to propagation effects or
modifications to the field line structure in the emission region.

Furthermore, we can reconstruct the emission beams of the pulsar as projected
on the sky and as shown in the left two panels of Figure 9). As the light of sight
crosses the two beams, we can obtain “tomographic” images, albeit incomplete ones
due to lack of observations in part of the beam. We note from the middle panel,
showing the pole that is responsible for the (initially) weaker pulse component
in Figure 8, that the emission beam is active on either side of the pole, ruling
out models that predict radio emission to be restricted to one side of the pole.
Secondly, the emission pattern is not symmetric in the latitudinal direction relative
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Fig. 9. Beam pattern of the two magnetic poles of PSR J19064+0746 as projected on the sky
and observed by Desvignes et al.?6 The beams are reconstructed from observations spanning more
than 10 years, when our line-of-sight moved in the indicated direction above both poles. For the
right beam, our line-of-sight crossed the magnetic pole. The resulting position angle swing shown
on the right evolves with time as expected from the rotating vector model (see text for details).
For the left beam, the emission becomes weaker to the beam edge and the initially much stronger
component (see Figure 8) is hardly detectable anymore and will soon vanish completely.

to the pole. When looking more closely at our data, we also notice that above the
pole itself the emission is reduced, matching theoretical predictions for the current
density in the polar cap for an orthogonal rotator.?” What is also not visible in these
total intensity plots shown here (see Ref. 36 for details) is an interesting behaviour
of the polarisation characteristics more generally: the handedness of the circularly
polarised emission changes when crossing the pole, the fractional linear polarization
overall decreases with increasing distance to the beam centre, and finally, emission
heights inferred from polarisation data increase from very low emission heights near
the pole to emission heights of several hundreds of kilometres at the beam edge,
again consistent with theoretical expectations®® and inferred more indirectly from
other pulsars.3?>40

In summary, somewhat unexpectedly, an experiment designed to test theories
of gravity and to tests predictions made by Thibault Damour and Remo Ruffini
nearly 50 years ago, leads to unique insight into the emission physics of pulsars.

3.3. Relativistic spin precession in other pulsars

Today, spin precession has been routinely observed in all those binary pulsars, where
we can expect the pulsar spin to be misaligned with the orbital momentum vec-
tor (i.e. systems where we observe the young pulsar or where the last supernova
explosion in the system imparted a large kick onto the newly born neutron star)
and where the precession rate is high enough due to a sufficient compactness of the
orbit. Using the precession rate as given in GR, Eqn. 1, we provide a list of pulsars
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where we would expect to observe spin precession. Table 1 gives the corresponding
values, sorted by decreasing rate. We note that for the vast majority of sources, spin
precession has been detected (see Ref 41). The second highest rate is expected for
the highly accelerated binary pulsar J1757—1854 discovered with in the High Time
Resolution Universe Survey.?? As presented by Cameron et al. in this conference,
first signs of profile changes may already be present but further data are needed.
If this is confirmed, the first top-6 pulsars (and seven out of eight) have all been
observed to undergo spin precession. The only other exception in the table is PSR
J1756—2251. Here the spin may be aligned with the orbital momentum vector, but
studies are in progress to revisit this pulsar with larger precision and longer time

baseline.*3

Table 1. Binary pulsar systems where relativistic spin precession is expected
or observed, ordered according to the precession rate as expected from general
relativity. Pulsars marked with an asterisk have been identified of showing spin

precession.

PSR P(ms) Py, (d) z(1t-s) e Qp (deg yr—1)
JO737—3039A/B*  22.7/2770 0.10 1.42/1.51  0.09 4.8/5.1
J1757—1854 22.50 0.18 2.24 0.61 3.1
J1906+0746* 144.1 0.17 1.42 0.09 2.2
B2127+11C* 30.5 0.34 2.52 0.68 1.9
J1141—-6545* 394.0 0.20 1.89 0.17 1.4
B1913+16* 59.0 0.33 2.34 0.62 1.2
J1756—2251 28.5 0.32 2.76 0.18 0.8
B1534+12* 37.9 0.42 3.73 0.27 0.5

4. Further recent tests with radio pulsars

In this work, we have so far concentrated on a few prominent, perhaps even spec-
tacular recent examples of using pulsars for testing strong-field gravity. Much more
can be studied, including fundamental concepts, such as the Universality of Free
Fall (UFF) and the Strong Equivalence Principle (SEP), the possible variation of
fundamental constants, or bounds on the graviton mass. We can also test specific
alternatives to GR. Here, we refer to recent reviews (see Refs. 44, 45 for more in-
depth discussions) and we point to other contributions of the MG16 meeting. Here,
we will only highlight some recent examples.

4.1. Universality of Free Fall (UFF)

The UFF can be tested in the various regime that we discussed in context of Figure 1.
In the solar system, we refer to the superb measurement using test masses aboard the
MICROSCOPE satellite that was launched in April 2016 and operated until October
2018. The results indicate that any violation of the weak equivalence principle, A,
is smaller than A < 10715 (see Ref. 1).
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Fig. 10. Artistic impression of the Triple System, where a 2.7-ms pulsar, PSR J0337+1715, and
a 0.20M s white dwarf are in an inner 1.63-day orbit, while being orbited themselves by a second
0.41M¢ white dwarf in 327 days. The figure is not to scale.

The Earth-Moon system allows to test the fall of two bodies with different
gravitational self-energy, € = Egray/ mc?, where Egrayv is the Newtonian gravitational
binding energy, in the gravitational field of the Sun. For the Earth g = —4.6x 10710
and for the Moon, €p; = —0.2 x 10719, The fall can be measured with Lunar Laser
Ranging and limits on a deviation are currently at A < 2 x 10713.46:47 Comparing
this to the gravitational self-energy of the involved bodies, a limit on the violation
of the SEP in the weak field of the solar system is A/e < 0.04%.

Pulsars allow us to test the SEP for strongly-self gravitating bodies, i.e. € =
—0.13. The idea was already presented by Damour & Schéfer in 1991 (Ref. 48) who
proposed to study the possible variation of the orbits of pulsar-white dwarf systems
as they fall in the gravitational potential of the Milky Way. The discovery of a Triple
System,*? a pulsar with two White Dwarf (WD) companions, allows an important
variation of this experiment, leading to a much more stringent test (see Figure 10).

The 2.7-ms pulsar, also known as PSR J0377+1715 is in a 1.63-day orbit with a
WD of mass 0.2M,. This inner binary system is orbited by a second, more massive
WD (0.41Mg) in a 327-day orbit. As pointed out already by Freire et al. (Ref. 50),
in such a case, the pair of bodies with different gravitational self-energy falls in
the gravitational potential of the outer WD, providing a much stronger field than
that of the Milky Way. Archibald et al. (Ref. 51) presented the result of such an
experiment and derived a limit of A < 2 x 107°. This may appear weaker than the
weak-field limit from the solar system, but the SEP should apply for both weak- and
strong-field conditions. Hence, when referring to a corresponding A /e < 0.002%, the
importance of this measurement becomes clear.

Even more recently, Voisin et al. (Ref. 52) presented an important improvement
on the experiment, using a completely independent data set. The improvements
arise from a more uniformly sampled data set but also from an improved theoretical
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treatment that incorporates the interesting parameter A directly into the analysis
of the timing data set. The result is a limit of A = (4+0.5 4+ 1.8) x 1075 at 95%
confidence level. While the numerical improvement upon Ref. 51 is 30%, this result
is statistics-limited and avoids limitation by systematics as previously encountered.

We complete this section by also referring to recent results and proposals for
further experiments to test the UFF also towards dark matter. See Ref. 53 for more
details.

4.2. Alternative theories of gravity

Despite the successes of GR when being confronted with experimental data, GR may
not be our final answer in describing gravity on a macroscopic scale. Given a number
of unsolved questions (e.g. dark matter, dark energy, inflation) or its incompatibility
with quantum mechanics, is still possible that we encounter an experiment that
contradicts GR’s predictions. In this case, we would learn important and substantial
lessons, and so it is important to explore all regimes presented in Figure 1, probing
different aspects of the predictions of GR and alternative theories with different
methods. For instance, observations with GW detectors are able to test the highly
dynamical strong-field regime and radiative aspects of gravity, but they are not able
to test aspects of light-propagation in strong fields. This may be eventually possible
with images from super-massive black holes, but the curvature of spacetime is many
orders of magnitude smaller than around stellar compact objects. This, on the other
hand, and other aspects can be tested with binary pulsars.

The close agreement of the Double Pulsar experiment with the predictions of
GR shown in Section 2.1 allows us to place tight constraints on various alter-
natives to GR. Kramer et al. (Ref. 15) used their recent results to study both
“Damour—Esposito-Farése” (DEF) gravity and Bekenstein’s tensor-vector-scalar
theory (TeVeS).5* The latter is a MONDian relativistic gravity theory that evades
the need for dark matter in galaxies by a modification of GR. Even though this the-
ory has been ruled out already with observations of GWs,>® Ref. 15 points out that
pulsar experiments are still useful to test the aspects of scalar field in the theory.

DEF is a two-parameter mono-scalar-tensor gravity,”® containing GR as a limit
with the two parameters ag = By = 0. As other alternative of GR, DEF violates
the SEP, which should result in observable dipolar GWs and a location-dependent
gravitational constant. We would measure such phenomena in the form of differ-
ent functional dependencies of the PK parameters as described in Section 2 (see
e.g. Ref. 57). Moreover, in certain regions of the parameter space, DEF gravity
shows genuine non-perturbative strong-field effects that are only present in NSs
and therefore are not testable in the weak-field regime of the solar system. Hence,
one can convert our observational results into constraints for the parameters ag—f.
This is done by Ref. 15 as shown in Figure 11. It demonstrates that pulsar tests are
complementary to each other as well as to other methods.
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Fig. 11. (Left) Diagram displaying the ap—8p parameter space of DEF gravity. Different exper-
iments provide constraints shown as lines. Parameter space above a line is ruled out. In addition
to constraints from the Cassini spacecraft, the figure includes constraints from limits on the ex-
istence of dipolar GW emission obtained from PSR J17384-0333, and constraints from the Triple
System and the Double Pulsar as described earlier. GR is contained in this parameter space at
(ap = 0,80 = 0). The Jordan-Fierz-Brans-Dicke (JFBD) theory is also contained along the vertical
(Bo = 0)-line. (Right) Every point in the left parameter space corresponds to a specific DEF theory
and different realisations of the PK parameters. For a specific choice as an example, indicated by
the star in the left figure, one obtains a mass-mass diagram that can be compared to Figure 7.
Here, the PK lines fail to intersect in a single point and the specific theory should be rejected.
This is already visible by the star’s position in the left diagram, left and above the Double Pulsar
line. This specific theory, however, would have passed other existing constraints as indicated. See
Kramer et al. (2021) for details and references therein.

5. Conclusions

In this contribution, I have tried to summarise some recent key results in probing
strong-field gravity using pulsars. In the past three years, the results have not only
improved dramatically in precision, but also new effects could be studied. Pulsar
continue to play an important role and complement other experiments which have
only become possible in the recent years. This includes terrestrial GW detection as
well as the imaging of black holes. What is unique about pulsars is the incredible
precision that we can obtain in pulsar timing experiments. This is perhaps best
demonstrated by the fact that we now have to consider the mass loss of a pulsar
spinning down and the interior structure of neutron stars when we one to interpret
our results.

Figure 12 attempts to bring the pulsar experiments into context with others.
The chosen parameters plotted are a deliberate choice, as they clearly demonstrate
that pulsars probe strong-field gravity, as pointed out by many authors in the past
(e.g. Ref. 58). It also shows the size of the parameter space to be probed. Fu-
ture telescopes, like the Square Kilometre Array (SKA), will contribute many more
experiments and exciting constraints, as first results with MeerKAT clearly demon-
strate.*> The best is still to come.
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Fig. 12. Parameter space to compare different gravity experiments. While several possible com-
binations for 2-D diagrams are possible, none is complete in capturing all quantities relevant for
gravity tests, and therefore each of them always gives an incomplete comparison. Adopting the
plot from Kramer et al. (2021), we show the gravitational potential and the maximum space-
time curvature in a system, distinguishing between weakly and strongly self-gravitating masses
amongst material bodies. Experiments that directly probe the coupling between gravitational and
electromagnetic fields, i.e. the propagation of photons in a curved spacetime, are highlighted by
red circles. We also mark experiments involving black holes as black dots. See Kramer et al. for a
discussion of the choice of parameters and further details.
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