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Therole of binary pulsarsin testing gravity
theories

Andrea Possenti and Marta Burgay

Abstract Radio pulsars are neutron stars (NSs) which emit collimaiegims of

radio waves, observed as pulses, once per rotation of theomestar. A subgroup
of the radio pulsars behave as highly stable clocks and mdamdt the times of ar-

rival of their radio pulses can provide an accurate deteation of their positional,

rotational and orbital parameters, as well as indicatiomshe properties of their
space-time environment. In this chapter we focus on thealeetrelativistic binary

pulsars, recycled neutron stars orbiting around a comgaopanion star. Some of
them can be used as unique tools to test General Relativitytrer gravitational

theories. The methodology for exploiting these sourceskbsrhtories for gravity

theories is first explained and then some of the most releemeint results are re-
viewed.

1 Themany faces of pulsar science

Pulsars are radio sources representing a paradigm for the and the procedures
of the modern astrophysics. In fact, on one side, they ang imriguing celestial
objectsper se whereas, on another side, they can be exploited as uniglsefty
investigating the behavior of Nature and constraining itshiundamental laws.
As to the former aspect, the investigation of the radio pslgiee. highly magne-
tized and rapidly spinning neutron stars) is for examplerapdrtant ingredient for
understanding the final fate of the massive stars, as webragldrifying the pro-
cesses occurring in the evolution of binary systems invhat least one compact
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2 Andrea Possenti and Marta Burgay

star. The explanation of the broadband emission of ele@gimatic waves (from
the radio to the GeV and TeV bands) has been representinglaraiag task for
generations of experts of electrodynamics, while the etgueemission of acceler-
ated particles impacts on the studies of the cosmic ray®, M dispersion of the
pulsed signal while it goes across the interstellar medipens the possibility of
determining the distribution of the free electrons in thdkyliway (e.qg. [1]), and
the observation of the Faraday rotation of the polarizedaghelps in mapping
the large-scale structure of the Galactic magnetic fielgl (€]). Furthermore, when
discovered in a globular cluster, the pulsars provide a wagtudying the cluster’'s
dynamics and potential well, potentially unveiling the ggace of non luminous
matter in the form of black-holes [3].

Looking at the second aspect, the study of the pulsars isrmbstt relevance
for investigating two of the fundamentdbrces” in Nature, the nuclear interaction
and the gravitational interaction. No terrestrial laborgtcan compress a sizable
amount of matter to nuclear density; hence the equationadé $or the nuclear
matter at ultra high density can only be investigated in anoewstar, where Nature
provides matter experiencing those extreme conditiongakticular, each equation
of state for the nuclear matter predicts a precise valueHerradius and for the
moment of inertia of a neutron star, depending on the gréwital mass (below a
maximum mass) and the rotational frequency (below a maxifmaquency) of the
star. The maximum allowed mass and frequency are also depeod the equation
of state. The observation of the very high spin rate [4] andfdhe high mass of
some pulsars [5, 6] has already been used for constrainmgduation of state
for the nuclear matter. The measurement of the moment dii@iera more difficult
task, but it might be attained in the near future for someipalerly favorable pulsar
(i.e. the Double pulsar [7]).

This chapter mostly deals with the application of the pudsarthe investigation
of the gravitational theories. We will first briefly summagithe rudiments of pulsar
science § 2), and the evolutionary scenario leading to the formatibtine the so-
calledrelativistic binary pulsarsThen, in§ 3 the principles and methodology of
the pulsar timing will be reviewed and the most interestipgleations presented
in § 4. Last section 5 will illustrate where this field of reseaisheading to.

2 Rudimentsfor pulsars investigators

Pulsars are celestial objects which only progessivly unheir parameters. The
peculiarities and/or the degree of scientific interest okea 1I30uUrce only emerges
after having undertaken a patient monitoring of its radignsi, over timescales
starting from few weeks and sometimes reaching few decddes.of the basic
parameters is the spin period first derivati?e a determination of which typically
requires almost one year of regular observations {s®e
Assuming that the emission is due to the rotational energy in the form of

magneto-dipole radiation (see eq. 1), its measuremenvslles to estimate im-
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Fig. 1 Period-period derivative diagram. Grey dots are Galacttdfradio pulsars (those sur-
rounded by a red circle being in a binary system); purple sgpiare X-ray Dim Isolated NS
(XDINSs; e.g. [8]); yellow triangles are Central Compact&its (CCOs; e.qg. [9]); green asterisks
are Rotating Radio Transients (RRATS; the top smaller omesad have yet a measurél e.g.
[10]); blue stars are magnetars [11]. Dashed lines denaiel eljpolar magnetic field, calculated
as in equation 2, while dotted ones are equal spin-down age3jdines. The violet line is the
so-calleddeath line(in particular thedeath-line Cof [12]) for values ofP andP below which the
mechanism responsible for radio emission is not efficiegtraore and the pulsar switches off. We
point out that the use of a specific line is only for the sakempécity; a death valley [12], across
which the pulsars’ signal slowly fades out in time, shoulttdrereplace a single line. Data taken
[13] from [14] and [15].

portant physical parameters such as the dipolar surfacaetiagield B; and the
spin-down age of the pulsar. The basic equation is:

.21 .

—Inswio = 2 *B2RS ssir a (1)
wherelysis the moment of inertia of the neutron star (N&)= 271/P its angular
velocity, Rysits radius andx the angle between the rotation and the magnetic axes.
Expressing eq. 1 in terms of the spin period, assuming90°, and using the stan-
dard values fotys = 10*° g cn? andRys = 10° cm, we can derive an estimate of
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the surface dipolar magnetic field at the magnetic equator as
Bs=32x10°VPP G 2)

and, after integration of the differential equation in timee can calculate the so-
called spin-down age (or characteristic age) of the pulsar a

P P2 P
=25 (1 P2> ~ 2P ®)

wherePR, is the initial spin period of the pulsar, usually considenegjligible with
respect to the current one (whence the last approximatieqgumtion 3).

According to [14, 13] more than 2000 radio pulsars have béscodered in the
field of our Galaxy, in the Galactic globular clusters andhia Magellanic Clouds.
The most interesting of which are the so-calhailisecondor, better sayingecycled
pulsars (see later) located in the bottom-left corner oftheP diagram of Figure 1,
whose short pulse duration and particularly regular pidsatare very helpful to
study the many physical and astrophysical problems listédLi

2.1 Basics of evolution

According to the current paradigm, the recycled pulsarsylich the relativistic
binaries belong, are believed to be formed in binary systemghich the compan-
ion star, during its evolution, transfers matter and angolamentum, via wind or
Roche lobe overflow, onto the neutron star surfaeeycling model[16]. The NS is
hence spun-up to periods of the order of few or few tens ofiseilonds, depending
on the amount of matter accreted, which, in turn, dependi@imnitial mass of the
companion.

The initial mass of the companion star, as well as the orkgplaration at the
time of formation of the NS, leads to very different evoluzsy paths for the binary,
whose in-depth description goes beyond the scope of thigstehd-or a thorough
discussion of (some of) the different possible evolutigrzaths of binary pulsars
the reader can rely on the review [17], or on [18] for the cak#he evolution of
the increasing number of double neutron stars, as well dsf¢t9he case of the
evolution of binaries in globular clusters.

A sketch in theP — Bs diagram of the two evolutionary paths which are most
relevant for the relativistic binaries is displayed in F2g At birth, the NS spins fast
(tens of ms) and has a high magnetic field®33 G), hence a higt®. Therefore
the pulsar slows down in a relatively short time scale movefgin the diagram.
It is still debated whether a significant spontaneous deé&alyeosurface magnetic
field occurs [20] or does not [21] during this stage. When thatk-valley (a re-
gion surrounding the nominal model-dependent death-ime&yossed, the pulsar
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switches off. If the NS is isolated it ends its electromagnkfie in the so-called
pulsar graveyard.
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Fig. 2 Spin evolution of a neutron star in the period - magnetic failmgram (analogous to the
P — P diagram and obtained using eq. 2).

If the progenitor of the pulsar companion is a star more mass$ian 8-10 M,
and the orbital separation is suitable, a phase of massférainem the compan-
ion can establish, followed by a phase of common envelop&gwhich the two
stars are included in the material lost by the companion amithg which the orbit
shrinks. Since the evolution of a massive star is relatifedy, the amount of trans-
ferred matter, hence of angular momentum, is small. The ive@star ends its life
in a supernova explosion leaving behind, under favorabilunistances, a binary
system containing two neutron stars, i.e. a so-called Doildutron Star (DNS)
binary. Due to the effect of the second supernova, the binaguires a high ec-
centricity. The first born NS is a so-calledildly recycledpulsar, spun-up to tens
of milliseconds and typically brought back above the ddaté:- in fact the short
duration of the accretion phase also decreases the surfageatic field of a cou-
ple of orders of magnitude only, thus leaving a NS with-B10'° G. The second
born NS behaves as a young radio pulsar, slowing-down napidd reaching the
death-line much faster than the mildly recycled pulsarsTgdth is labeled as “HM
companion”in Fig. 2.
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Among the known pulsars with a high mass companion, 10 haveuon star
companion. Sorted according to Right Ascension (RA), they a07373039A
[22] and J07373039B [23], composing the first (and so far the only) knownlzeu
pulsar system (this will be described in details in sectidh2); J1518+4904 [24];
J1537+1151 (better known as B1534+12 and described iroset2.1) [25, 26], the
only other DNS besides the double pulsar for which all 5 g¢egplerian parameters
have been measured; J175851 [27]; J18111736 [28, 29]; J1829+2456 [30];
J1906+0746 [31], whose undetected companion is likely ¢éogaled pulsar in the
system; J1915+1606 (better known as B1913+16, see secfdk) Ahe first known
binary pulsar whose discoverers were awarded with the Npliz$ for physics in
1993 [32, 33] and J2129+1210C in the globular cluster M15 8.

If the progenitor of the pulsar companion has a small madsybe 8 M, its
evolution is slower. When the companion star expands dus tauiclear evolution,
it fills its Roche lobe starting to transfer mass through tiveer Lagrangian point.
The mass transfer phase lasts up~td.0® years, during which the mass accreted
onto the NS surface is able to accelerate the NS up to fewsadltinds, to ‘bury’
the NS surface magnetic field down 4010° = 10° G and to circularize the orbit.
Once the accretion stops, the NS is again above the deathrithis able to shine as
afully recycledmillisecond pulsar. The companion, not having an initiaksaigh
enough to ignite a supernova explosion, typically endsttpits life as a white
dwarf (WD) in an almost circular orbit. This evolutionarytpds labeled as “LM
companion”in Fig. 2.

The sample of the pulsars with a low mass companion (in mastsca NS—
WD system) is larger than the sample of DNS binaries. In aoZ¢hese systems
some relativistic effects has been already observed. Tmareable cases are that of
J1614-2230 and of J0348+0432. For the former, the determinatidotf the post-
Keplerian parameters related to the Shapiro delay led terohéte that the neutron
star has a mass very close to 2 solar mass€3 #10.04 M., with a companion mass
of 0.5 My, [5]). The masses of the two stars were separately measttkdigh
precision (201+ 0.04 M, for the pulsar and @724 0.003 M,, for the white dwarf
[6]) also in the second binary, by combining the determovatf the post-Keplerian
parameter related to the decay of the orbit of the neutramsta the phase-resolved
optical spectroscopy of its white-dwarf companion. Thesethe highest neutron
star masses measured with such accuracy to date. Thataiosdtie equation of
state for the nuclear matter, effectively ruling out thetsstf equations of state. In
the framework of the study of the gravity theories, anotreynteresting binary of
this class is J1738+0333, which is providing at the momeantlost stringent test
to the class of the scalar-tensor gravity theories [36, 8@ (section 4.2.3).

In effect, the masses of the companion star in NS-WD systep#s) a large
range from 0.02 M (typically Helium WDs) to~ 1 M, (typically Carbon-Oxygen
WDs). As we will show in section 4.2.3, the often comparablesses (but very
different radius) of the two stars in these systems can ntakm & better target than
the DNS binaries for constraining gravity theories altéerta general relativity.

Finally, we note that the pulsars’ zoo has been very recamttiched by a very
intriguing object, PSR J0337+1715, which is dudly recycledradio pulsar with



The role of binary pulsars in testing gravity theories 7

two white dwarf companions in a hierarchical triple syste38][ Besides raising
new questions about its formation and evolution [39], itrpiges to be an excellent
laboratory for studying the Strong Equivalence Princigle |t will be described in
section 4.1.

3 Key-Noteson pulsar timing

When a new pulsar is discovered, the only known parametertharapproximate
rotational period® and dispersion measure (DM )as well as the very approximate
position of the source in celestial coordinates. The pd#gilof an accurate de-
termination ofP, DM, and position in the sky, as well as the measurement ofyman
other parameters of the targeted pulsar, results from takieg a procedure dubbed
timing. Although timing can be applied to any pulsar, the best tesarke obtained
for those pulsars which behave as very stable rotators andeviux density is large
enough for an accurate determination of the “Times of Alfij@As) of the radio
pulses. This is the case for some of the rapidly spinningalecypulsars.

Excellent references for a thorough discussion on the ptilséng procedures
are represented e.g. by Chapters 7 and 8 of [40], as well gst&isad and 5 of [41]
(and Chapter 6 of [42] for an historical view).

3.1 First step: determination of the ToAs

On a practical ground, timing a pulsar means performing gozagm of semi-regular
observations of the ToAs of some recognizable feature tleegpeak - in the radio
light curve (the so-called pulse profile) of the source. Tdtaltduration of the cam-
paign depends on the aims of the experiment and ranges froot dbyear up to

decades, when the pulsar is part of a Pulsar Timing Array (FB&& last section).
As to the cadence of repetition of the observations, a deagerage (up to few
observations a day for pulsars in a binary system) is reduatethe beginning of
the timing procedure. At later times it usually ranges frormvieekly to bi-monthly

observations.

The vast majority of radio pulsars are weak radio sourceth thieir single radio
pulses being well below the typical noise resulting fromd¢batribution of the sky
and that of the detector system. In view of that, a timing olz@n typically results
in an array of Nyp x N¢p integrated pulse profiles, related t@ ysubsequent inter-
vals of the observation time (sub-integrations) and tg fkequency intervals (sub-
bands), spanning the total available bandwidth. Each sktipeofiles is obtained by
de-dispersing the signal within each sub-band using thedvadlable value for the
DM of the source and folding the data in each sub-band andsdzintegration at

1 That represent the integrated column density of free edastalong the line of sight to the pulsar
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a constant period, corresponding to the expected appayenpsriod of the source.
Each pulse profile is also carefully time-tagged, using asueate clock which is
installed at the radio observatory and is in turn regulargnitored and compared
with the time distributed by the Global Positioning SysteaiPS).

Each of the pulse profiles is then compared with a very highaitp-noise (S/N)
standard profile, typically obtained from summing in phasarge number of ob-
servations of the given pulsar at the given frequency. Taiegarison produces a
set of so-calledopocentricToAs, which are calculated by adding at the reference
time of any pulse profile, the fraction of spin period by whitie pulse profile is
shifted with respect to the standard profile. Roughly spegkhe characteristic rms
uncertainty in the determination of a topocentric ToA ssale the ratio between the
width of the pulse in seconds and the signal-to-noise of thegprofile.

3.2 Second step: modeling the ToAs

The aim is to use the pulses from a pulsar as the ticks of a clackbeing able
to count all the pulses arrived from a reference epiggto the present time and
to predict the times of arrival of all next pulses. With nodasf generality, we can
assume that a pulse arrived exactlytegtand model the rotational evolution of the
neutron star with a power series:

1. 1.
N(t) = Vepx (t—tep)+§vep>< (t—tep)2+6vep>< (t—tep)3+ ... (4)

where vep, Vep, Vep, ... are the neutron star spin frequency and its first and second
and higher-order derivatives at the reference eggglwheread\(t) represents the
number of rotations occurred frotg, to t. The aim of the timing procedure is to
determinevep, Vep, Vep, ... With an accuracy high enough thisi{t,ex;) will be very
close to be an integer, for any future time of occurretygg of a pulse. In this
framework, it is useful to introduce the so-call@éuhing residualsgiven byR(t;) =
N(t) — n(t;), wheren(t;) is the nearest integer td(t;). We can state to have got a
satisfactorily coherent timing solution for a pulsar oveinae-spamtspanif R(ti) <
1 for all the observed ToAg in the time range frontep to tep + Atspan

Of courseR(tj) = R(tj; a1, az, ..., o), whereas, as, ..., am are them parameters
of the adopted timing model (i.@ep, Vep, Vep in the simple 3-parameter case dis-
cussed so far) and that naturally provides an operationaf@gramproving a timing
solution with a multi-parametric least squares fit, aimethtnimise the expression

- 2
X2 _ 5 (R(t.,al,az,...,am)> )

&

whereg; is the uncertainty on theth ToA in units of the pulsar spin period amnd
runs over all the available ToAs in the given time-span.
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At the end of the day, one ideally expects to have a set of ueleded timing
residuals, which should appear randomly scattered (ith.mag evident trend) about
a zero mean value when they are plotted versus the times iofcibléectiont;. A
useful figure of merit for evaluating the quality of the tirgisolution is the ratia)
between the root mean square (rms) of the residuals and thatorwal rate of the
pulsar, withn < 0.001 usually indicating a good solution.

What described above would be the whole story if the topotembAs were
collected in an inertial observing frame and when the neustar had no binary
companion. However, at least the first hypothesis is alwapngrand the first step
in the timing procedure is to convert the topocentric ToOAfht® so-calledarycen-
tric ToAs. For each topocentric To#\ this implies to calculate the corresponding
Time of Arrival tj hary, as it were detected at the Solar System Barycenter (SSB,
an acceptable approximation of an inertial frame) by a detewperating at an (in
principle) infinite frequency. In a formal way, the conversformula reads like:

D
ti.bary =1t +telock — ﬁ +AR: +AEs + ASE) (6)

The value ot ock results from the sum of various terms of correction (the albed
clock correction chaipand it is added retroactively, using tabulated values pub-
lished by theBureau International des Poids et Mesu(@&PM): the aim is to con-
vert the time obtained at the telescope to the TerrestmaETiT T) realization of the
Temps Atomique International (TAl)e. TT(TAI)], which differs (since 1971) from
the TAI by a constant offset.

The next term in Equation 6 takes into account the effecteflispersion of the
radio pulses in the interstellar medium ($d¢. In particular:

e

d
_ W:/o nedl = 2 x DM(t;) (7)

D(ti)
where2=(4.148808+0.000003 x 10° MHz? pclcm?® s is the dispersion constant,
d the distance to the pulsdf,is the Doppler-corrected observing frequency.

In general the fourth term in Equation 6 — also known as Roateky — gives
the dominant contribution to the barycentric correctidrtdn be written as

2 2
r-n r-n)=—|r
AR;;)Z——FM

c 2cd ®)

wheren is the unit vector on the line going from the SSB to the pulsat mis
the vector connecting the SSB and the Earth. Accountinghfigrterm requires the
knowledge of the location and motion of the major bodies m$olar System and
of the non-uniform Earth rotation. They are provided by theemeris published by
the Jet Propulsion Laboratory43] and by the bullettin regularly published by the
International Earth Rotation Servidd4].

Einstein’s delayAE., is a combination of the relativistic time delay and of the
gravitational red-shift due, respectively, to the motidribee Earth and to the mass
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of the other Solar System bodies. Its time derivative is igivg:

dAE. G V2
. o _ Z csz(O + 2—(“?“2 — constant (9)

whereG is the gravitational constanty are the masses of the other Solar System
bodiesdy ¢, their distances to the Earth amd the velocity of the Earth with respect
to the SSB.

Finally, the Shapiro dela$S; [45] measures the extra time required for an elec-
tromagnetic wave to move in the curved gravitational fieldaafelestial body. In
the framework of the pulsar timing, only the Sun and, somesimdupiter, cause
observable effects. In the case of the Sun, the formula thlesform:

2GM,,
C3

AS, = — In(1+ cosf) (20)
where 6 is formed by the vector from the pulsar to the telescope withtector
from the telescope to the third body.

If the pulsar is included in a binary system, fli@sarcentricToAs (i.e. the ToAs
expressed in pulsar proper time at the pulsar surface) niasba corrected calcu-
lating them at the Pulsar Binary System Barycenter, befarestating them to the
Solar System Barycenter. This involves the introductiod afiditional terms in the
Equation 6:

ti?t;gry = ti,bary+ARBin+AEBin+A33in+AABin (11)

Again, the Roemer terid Rgj, generates the largest effects: the ToAs anticipate
when the pulsar is in front of the companion and are delayeshiitiis behind it. In a
purely Newtonian framework, fitting for the orbital modutats of the ToAs allows
one to derive five Keplerian parameters describing the pisgstem: namely, the
orbital periodR,, the eccentricitye, the projection of the semi-major axis along the
line of sightx = asini, the longitude of the periastram (typically calculated with
respect to the ascending node) and the epoch of the passtue @riastronly.
Only in few favorable cases [46], the position angle on thg akthe ascending
node (i.e. a sixth Keplerian parameter) can also be measkreth the Keplerian
parameters one can derive timass function

(Mcsini)® 472 (asini)®

f(M) = (Mp+Mc)2 = GP&

(12)

whereM, is the pulsar mass arld is the companion mass. Assuming a value for
Mp and an edge-on orbit & 90°), it is possible to derive a lower limit fdvic.

The other terms in Equation 11 express the deviations frenptldictions of the
classical physics expected for a binary pulsar when it égpees strong gravita-
tional fields and/or an high orbital velocity. These effeatsd the related measurable
parameters, will be explained in next section 4. It is wortkimg thatAAgin incor-
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porates the effects of the changing aberration along thi¢ amd, strictly speaking,
it is a classical physics effect. However, since the twoteglaberration parameters
are almost degenerate with some post-Keplerian relatvistrameters (see later),
this term is usually also described in the context of thetidddic effects.

In practice, one typically starts with a model having the imimm number of
parameters, typicallyep and the celestial coordinates of the pulsar. A poor determi-
nation of the pulsar spin frequeney, imprints a linear trend in the timing residuals
plotted over the usually very short initial time-span. &, an error in the spin
derivative imprints a parabolic trend in the residuals dmel érrors in the celestial
coordinates leave a sinusoidal signature with a period oédr.yif the pulsar is
in a binary system, many additional trends in the residueéslap with the ones
mentioned abovesolvinga pulsar means removing all these trends over a year long
time-span. This is not only the result of a large series afgrand errors, but requires
a good deal of experience, perseverance and educatedjfesdinvell as a touch of
insight, in turn throwing a flash of artistic inspiration dretwhole procedure.

We conclude this key notes on the timing procedure notidiag, tunfortunately,
not all the about 2000 radio emitting neutron stars are dygjgalod time keepers:
e.g. there are many sources exhibiting glitches (i.e. suduaeases in the spin fre-
quency) and/or other timing irregularities. The former &éeen long thought to be
related to some event occurring in the neutron star integitrough the exact origin
of the process is still matter of debate (e.g. [47, 48, 49 Timing noise has been
only recently recognized to be most likely a phenomenonedlavith instabilities
occurring in the magnetosphere of the pulsars [50]. Obsensshow that the two
effects pertain mostly to the youngest and the ordinarygra)svhose timing resid-
uals display long term and unpredictable variations [51].t®e contrary they are
virtually absent (or present at a very low level, e.g. [52])}the population of the
recycled pulsars, at least within the present level of gieniin the measurements
of the ToAs [53].

The considerations above indicate that the recycled musarintrinsically better
clocks than the bulk of the ordinary pulsars. Moreover theusacy of the measure-
ment of the ToAs roughly scales with the width of the pulsestance, in turn, with
the rotational rate. As a consequence, the fast spin rakeaétycled pulsars allows
one to determine their ToAs with an higher accuracy thanterdrdinary pulsars.
However, at least three additional characteristics arg iraportant in evaluating
the quality and the potentialities of a recycled pulsar adsekc the flux density, the
shape of the pulse and the timing stability.

4 Pulsar tests of relativistic gravity

To first approximation, the amplitude of the deviations ofigl relativity with re-
spect to Newtonian gravity can be evaluated by comparingl#ssical gravitational
potential energyeg, ~ —GM?/R of a body of mas# and radiusR with the rest
mass energy of the same boy, = Mc? (c being the speed of light in vacuum and



12 Andrea Possenti and Marta Burgay

G the gravitational constant). For the Earth the dimens&miatios = |Egr/Em|
is tiny (~ 10719 and then most of the tests of general relativity have beetiecar
on in space, involving various bodies of the Solar System. (©4]). A detailed
description of some of these experiments (the earliestehttperformed by Ed-
dington on 1919, dates more than ninety years ago) is reportthe chapters by
lafolla, by Peron and by Turyshev in this book, whereas ttagtdr by Dell’Agnello
mostly deals with future experiments of this class. All tnegperiments fully ex-
ploit a unique feature of general relativity, i.e. the aliseaf tunable parameters in
the theory. As a consequence, even a single observatiosagmiement with the
predictions of the theory would unambiguously determire fdsification of the
theory, at least in the physical regime of validity of theegivobservation. It is well
known that to date general relativity passadn laudeall these potentially lethal
tests (e.g. [55] for a recent review). However, even for the Sis only ~ 10,
implying that all the experiments carried on in the Solart8gscan only explore
the so-calledveak-fieldimit of gravitational physics.

Despite the observational successes of general relatavityealth of alternate
gravity theories kept on being proposed. Some of these igetrave been al-
ready disproved by the observations, whereas many othesse only a historical
and/or academic relevance. However, few of them are stitiqudarly interesting,
since they emerged in the context of the studies aimed tal thé long sought
unified theory of the physical interactions, i.e. a theorpatale to include elec-
troweak and nuclear interactions in the same frameworkegtéwitational effects.
Nowadays, a major obstacle in this direction is to match tiedabilistic approach
involved in the treatment of the first two phenomena with tle¢éedministic pre-
dictions of general relativity. Following this reasonirgne may wonder whether
other theories of gravity may lead to solve the dichotomyilevproviding a better
description of the behaviour of Nature in the extreme plglsionditions of appli-
cation of the putative unified theories, e.g. in the first fi@mts of second after the
Big-Bang (some of these theories are described in deptivieése in this book, e.g.
in the chapter by Diaferio & Angus, the one by Liberati & Matjily as well as the
chapter by Antoniadis).

The considerations above emphasize the need of perforestg of general rel-
ativity and/or of alternate gravity theories under the sitecestrong-fieldlimit (cor-
responding to a value of close to unity), which is the regime associated to the
notion ofextreme physical conditions presence of gravitational effects alone. In
particular on one side it is very important the derive tigbhstraints to the falsifi-
ability of general relativity in the strong-field regime, effe the Einsteinian theory
could finally reveal the existence of limits to its appliceti On another side, it has
been shown [56] that there exist alternative theories whimlld pass all the tests
in the weak-field limit, but would be violated as soon as thersj-field regime is
approached; that makes the strong-field tests mandatorppegy test those theo-
ries.

In this context, two factors — described below — allow sonmahy recycled pul-
sars to become superb tools for investigating gravity tiesoi(l) It holdse ~ 0.2
at the pulsar surface, which reflects the large gravitatibmaling energy (i.eself-
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field energy of the neutron star. We here note that for all the known hjirmparsar
systems, the orbital separation is large with respect tmthgron star radius and
S0 any binary component moves in the weak gravitational fiélthe companion.
However, in most alternate theories of gravity (but not ingrl relativity), the or-
bital motion and the gravitational radiation damping depen theself-field energy
of the binary components. Therefore, wheis large (i.e. of order unity), signifi-
cant deviations — attributable to strong-field effects —expected with respect to
the orbital motion predicted by general relativity. (II) @ hadio signal behaves as an
accurate and stable clock, which leads to accurately maptaton and the orbit of
the pulsar by means of the timing procedure describ&@if-rom the combination
of the facts (I) and (l1) it results the intriguing possibjliof using some binary pul-
sars as unique laboratories for testing the strong-fieluthre@f the gravity theories.
In particular, the best binaries are those for which the priogs expounded in (1)
and () are particularly prominent.

General relativity and all the other in-principle-accdpés(i.e. with some chance
to beviable [57]) alternate gravity theories can be grouped under thg lzge
class of the so-callchetric theories of gravityThey satisfy the following three as-
sumptions[a] a symmetric metric exist$h] all test bodies follow geodesics of the
metric;[c] in local freely falling reference frames, all tm@n-gravitational laws of
physics are those written in the language of special réfgtin other words, in all
metric theories, gravitation must be a phenomenon relaiddthve occurrence of
a curved space-timélthough matter anehongravitational fields respond only to
the metric, additional fields can occur, giving rise to eegsior/scalar theories, ten-
sor/vectorial theories and so on... These additional fiptescribe how matter and
non-gravitational fields contribute to create the metric; odegermined, the metric
alone acts back on the matter. Of course, at variance witledke of general rela-
tivity, these theories include a set of tunable parametessciated to the additional
fields. A detailed review of various gravity theories apgebe.g. in the textbook
[54], which can be complemented with some recent updatesgb]/ as well as
with the chapter by Will in this book.

4.1 Gravity theory tests using the PPN parameters

A first class of tests of metric theories of gravity involvipglsar observations is
based on the parametrized post-Newtonian (PPN) formalisrthis framework,

the deviations of any given theory from Newtonian physiesraflected in the val-
ues assumed by 10 parameters (the so-called PPN paramseteesg. [55] and the
chapter by Will in this book), each of them connected withaegiphysical effect,
such as the existence of preferred frames, the occurrerpefered locations, the
non-conservation of the momentum, the non-linearity inghperposition of grav-
itational effects, the amount of space curvature produged bnit mass. On the
theoretical point of view, this formalism allows one to éagiterpret the physical
implications of the various proposed alternative gravitgdries in the weak-field
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limit. At the same time, on the experimental point of viewe tomparison between
the observed and the predicted values of the PPN parametsfisigs an observa-
tional tool for directly constraining the falsifiability ajeneral relativity and other
theories. In effect, the PPN formalism was originally cdued (e.g. [58]) and then
fruitfully used for performing a variety of tests in the wefigld environment of
the Solar System [54, 57, 55]. Its extension to the case ofdhgact objects (i.e.
including strong self-field effects) was elaborated in thedtles [56] at least for a
large class of tensor-multi-scalar gravitational theof&9]. That implied a partial
redefinition of the 10 original PPN parameters, with theddtrction of correction
factors which are approximately dependent on the valueefitmensionless ratio
€ introduced above. As a matter of fact, these factors canfleé/szeglected for the
Solar System tests (S 10-6), but not when dealing with neutron stais+ 0.2),
which highlights again the fact that the pulsar tests of ijyaare complementary to
the tests involving bodies of the Solar System.

A detailed reading about pulsar experiments using the PRNdlism is given
in the excellent online summary [60]. A particularly intstiag case is that of the
tests of theStrong Equivalence PrincipSEP). That is not only satisfied by general
relativity, but it is conjectured to imply general relatiyitself (e.g. [54]). It includes
both theWeak Equivalence Principl®/EP) and thétinstein Equivalence Principle
(EEP). WEP states that the trajectory of a free falling tesiytin a gravitational field
is independent of its composition and internal structure (vhat is often referred
to as the universality of free fall), whereas EEP adds thabtitcome of any local
non-gravitational experimentis independent (i) of whé@hof where in the universe
and (iii) of the velocity of the freely falling reference free in which it is performed
(Lorentz and positional invariance of the non-gravitatiblaws of physics, see the
chapter by Liberati & Mattingly in this book for details). Bextends WEP to self-
gravitating bodies (i.e. not only test bodies, but also bselith a significant amount
of internal gravitational energy, i.e. having a large vadfithe parameteg) and EEP
to experiments involving gravitational forces (like fostance the measurement of
the position of the axes of the orbit followed by two bodies).

Therefore a simple test of the SEP is to check for the occuerendifferences in
the trajectories of two massive bodies in a gravitation&d fie particular Nordtvedt
[61] first proposed to search for the occurrence of a “po&ran” in the direction of
the Sun of the orbit of the [Earth+Moon] system, caused bydifferent self-field
energyof the two bodies (a phenomenon often calleédrdtvedt effecor gravi-
tational Stark effegt Using Lunar Laser Ranging (LLR) experiments it has been
possible to set a strong limit to a linear combination of ¥as PPN parameters in
the typical conditions of the Solar System. In a similar vihg, study of the “polar-
ization” of the [pulsar+white dwarf] binaries in the Galaocgravitational potential
allows one to set a limit to the violation of the SEP also insprece of strong self-
field effects (in principle provided by the NS in the binanj}. variance with the
case of the [Earth+Moon] system, the geometrical and diéteameters of a given
[pulsar+white dwarf] binary are usually only partially kro, which prevents the
use of a single binary to perform the test. However, a stegisapproach can be
adopted: e.g. [62] used 21 [pulsar+white dwarf] binarieghong orbital periods
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(R, > 4 days) and very low eccentricity (185 e < 1073) in order to put a 95% con-
fidence upper limit om\ of 5.6 x 10~3, whereA = (Mgr/Min)ns — (Mgr/Min)wb,
with (Mgr/Min)i being the ratio between the gravitational and the inertiassnof
thei-th body (of course, if SEP holds tru@vlg: /Min )i = 1 for anyi-th body and so
A =0). More recently, using a extended sample of 27 [pulsarterdwarf] binaries,
[63] improved the constraint td < 4.6 x 10~3. The possibility for a direct (vs the
statisticalapproach presented above) determinatioA oélies on the measurement
of the derivative of the eccentricigin pulsar binaries [64]. Although the best limits
from this approach [65] are not yet as constraining as theselting from the sta-
tistical analyses above, the prospects are very promisingew of the continuous
improvement in the technology of the pulsar instrumenta#ind the availability of
decades-long data spans [65].

Besides the aforementionegavitational Stark effe¢tmany other phenomena
related to violations of the SEP manifest@asarizationof the orbit or asgpreces-
sion of the orbit or of the spin axis of the neutron star, as welllss @accurrence
of an additional acceleration applied to the neutron staiodhe centre of mass
of the binary, Accurate pulsar timing of one binary (or of arsemble of suitable
binaries) can unveil and measure those effects, thus guttnstraints to various
PPN parameters. These limits are often much better thae thatsined in the Solar
System: an illustrative case is that of the paramétgwhered; denotes the strong-
field generalization of the PPN parametg). A non-zero value ofr3 would imply
the occurrence of preferred reference frames, as well asdheconservation of the
momentum. By using the data from an ensemble of [pulsar-enditarf] binaries
one can get a limifiz < 4 x 10720 [62] (95% confidence level), which is 13 orders
of magnitude better than that derived from the measurenuédittee perihelion shift
of the Earth and of Mercury [54]. Similarly, strong-field lite on the other two
PPN parametersig = —0.4737 x 1075 [66] and|dz| < 1.6 x 10-° [67], 95% con-
fidence level) which involve, likéz, the existence of preferred frame effects (i.e.
a violation of the Lorentz invariance) have been obtainedifthe timing analysis
of the binary pulsar PSR J1738+0333 [36, 37] (in this casdithi¢ is about one
order of magnitude better that than derived éor from Lunar Laser ranging ex-
periments [68]), as well as exploiting the observationsaaf tsolated millisecond
pulsars, PSRs B1937+21 and J1744.34 (in this case the constraint is two orders
of magnitude stronger that than obtained ff@s| with the best test performed in a
weak field, i.e. the alignment of the Sun spin with the totajldar momentum of
the Solar system [69]). It is worth noting that the currersthignit on |&5| is not ob-
tained from the study of binary pulsars, but it results fréva &nalysis of the secular
stability of the pulse profile of the two aforementioned ol pulsars. In fact, a
non-vanishingly smalfr, would induce the precession of a pulsar spin (and hence a
secular variation in the observed pulse profile) around thegy direction of motion
with respect to the putative preferred frame. An analogoasgssional effect leads
to the possibility of using the same pulse profile data of e millisecond pulsars
above for deriving the strongest available limit on the pagter|&| < 3.9 x 10°°
(95% confidence level) [70] (the strong-field counterparthef Whitehead PPN pa-
rameteré), that turns out to be six orders of magnitude more constrgithan the
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previous best limit orf obtained in the weak gravitational field environment of the
superconducting gravimeter experiments [71].

On other cases, the pulsar timing tests are nominally lessteining than the
Solar System tests; however — as explained above — theyrexaMtifferent regime
of gravity with respect to the Solar System tests. For examgoh upper limit, <
4 x 10~ to the non-conservation of the momentum (embodied in the RAMeter
{») also resulted from the analysis of PSR B1913+16 [72]. Faurttore we note that
the occurrence of preferred positions and times in the usé/enay naturally lead
to variations in the fundamental constants, like e.g. travitational constanG.
Pulsar timing can put constraints also on this effect, asritesd in section 4.2.3,
when dealing with the case of the binary pulsar PSR J04F15. Interestingly, the
limit on |&| can also be converted into an upper limit 0k4016 on the spatial
anisotropy of the gravitational constant [70].

Additional relevant improvements in constraining the SE®expected from the
timing of the first known millisecond pulsar (PSR J0337+1)7it5a hierarchical
triple system with two other compact stars, both white dejeafrecently announced
(Jan 2014) milestone discovery [38] in pulsar science. Tasscal newtonian ef-
fects occurring in this 3-body system (complemented wighiiclusion in the model
of the special-relativistic transverse Doppler effecyydalready led to a precise de-
termination of the masses of the pulsar@78+ 0.0013 M.)) and of the two com-
panions (0197514 0.00015 M;, and 04101+ 0.0003 M,)), as well as to a measure-
ment of the inclinations of the orbits, surprisingly almostplanar (close te- 39.2
deg [38]). The pulsar and the inner white dwarf (orbitingtleenmon center of mass
in about 1.6 days) are two bodies having a very differentfseldl energy € ~ 0.2
for the neutron star, whereas- 10~ for the white dwarf, see section 4 and section
4.2.3) and both moving in the gravitational field providedtbyg outer white dwarf
(having an orbital period of about 327 days). Since the fdi#dd is 6-7 orders of
maghnitude larger than the gravitational field due to the Balany putative SEP vi-
olation occurring in the J0337+1715 inner binary would ersgly magnified with
respect to the case of all the previously described [puilghite dwarf] binaries,
thus making the new triple system the best laboratory foestigating the limits of
the SEP.

4.2 Gravity Theory testsusing the PK parameters

When a pulsar is orbiting another compact object (a seconttarestar or a white
dwarf) in a close enough orbit, the very high orbital velp@nd the large deforma-
tion of the space-time produced by the two massive starseisystem can lead to
stronger relativistic effects than those describefl #n1. This may open the possi-
bility of directly measuring these effects on the times ohvat of the pulses from
the pulsar(s) and, in turn, to carry on a direct comparisawéen the observations
and the predictions of the various theories of gravity.
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Fig. 3 Mass-vs-mass diagrams of a binary system for which threekogiglerian parameters have
been measured. The two panels refers to two alternate gtéaories. Each color-coded curve in
the panels describes the constraint on the masses of thetwiog bodies resulting from the same
observed value of a given PK parameter (and its uncertaiotyhbined with the adoption of the
gravity theory specific to that pandleft pane! Since a common area exists for the three curves,
this gravity theory survives the tefight panel:No overlap exists for the three curves, implying
the rejection of this gravitational theory.

In this context, Damour and Deruelle [73, 74] developed agréwvand success-
ful framework, tailored for constraining a very large claggravitational theories.
It relies on the introduction of the so-callpdst-KeplerianPK) parameters, which
satisfy the following two very useful propertie€) the PK parameters are phe-
nomenological quantities, which can be measured accotdirgwell established
operational prescription, independent on the adoptedtgrdneory; (i) in any spe-
cific gravity theory (chosen in a large range of metric thesyj the PK parameters
can be written as function of the pulsar and companion masssf the Keplerian
parameters of the binary system.

Since the Keplerian parameters are easily determined vate@sion much bet-
ter than any PK parameter, they can be regarded as well krems in the formulae
for the PK parameters, which leaves only two unknown quiastithe pulsar and
companion masses) in each formula. As a consequence, tiseirageent of two PK
parameters results in the determination of the masses ofvthstars in the system,
the values of which are expected to depend on the adopted/tbegravity. On the
other hand, the measurement\gk > 2 PK parameters yieldspk — 2 independent
self-consistency tests for the given theory. The methagiot@n be illustrated in a
simpler way in the mass-vs-mass plot for the two binary congmbs, where each
PK parameter (with its uncertainty) is associated to a gfdines (see Fig. 3). The
region in the plot located between a pair of lines is the ofiynaed by the theory
under investigation. If an area of overlap between the v&rigairs of lines exists,
that specific gravity theory passes the test (see left pdrtgfo3). Otherwise (e.g.
right panel of Fig. 3) the theory has to be unequivocallyctgd.
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In the specific case of general relativity, the equationsideisg the 5 most used
PK parameters assume the form [74, 75, 76]:

R, -5/3
W= 3(5> (ToM)Z3(1—€?)71 (13)
R\ Y3 2/3
y= e<§[> TS M2 mp (my + 2my) (14)
. 19w/ R, \ P/ 73, 37, 7/ MMy
__T<2nT@) <1+ﬂe2+9—6e)(1—e2) s (19)
r=Tom (16)
-2/3
s:x<%[> T.*M23m, 1 = sini (17)

wherem; andmp are the two star massel| = m; + mp, x = asini and T, =
GM, /c® =4.92549094is. The PK parameteénis phenomenologically associated
with the advance of the periastrgnis a parameter accounting for gravitational red-
shift and time dilationP, is the orbital damping and, in the framework of general
relativity, measures the rate at which the orbital periocrdases due to emission of
gravitational radiation. Finally, ands = sini represent respectively thate and the
shapeof the so-called Shapiro delay [45], a time delay of the ragigmal caused
by the space-time deformations around the companion ssagxpected, no tunable
parameter appears in the set of equations above, whereaw onere theory de-
pendent tunable parameters are contained in the arraysuafiegs resulting from
adopting alternate gravity theories (see e.qg. [54, 57] fevaexamples).

4.2.1 The case of the Double Neutron Star binaries

The first very famous case of application of this class oftestepresented by the
binary pulsar system B1913+16, discovered at Arecibo ind1[37]. It is a double
neutron star system whose pulsar is rotating with a 59-misge&vhile completing

a highly eccentric = 0.61) orbit in about 7.8 hr. Three PK parameters have been
measured for this system: from equations 13 and 14¢fandy respectively, the
most precise values ever for the masses of two pulsars haredstermined [78],
and an accurate prediction fB,ER resulted from inserting these masses in equation
15. It turned out that the observed intrinsic valiej,@t (see later) for the rate of the
orbital damping matched spectacularly wF?ﬁ’R (the agreement, after more than
3 decades of timing observations, is now at 0.2% level [78]).one hand, that
provided a spectacular proof of the occurrence of quadargghavitational waves
emission from the system, while, on another hand, that dleaed that the internal
structure (i.e. theself-gravity of the neutron stars does not affect — at least not at
more than the 0.2% level — the dynamics of the system, whintbealescribed as it
were composed by two point masses. This supports the sededfacemenof the
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interior of the bodies [79], which is a property peculiar engral relativity (in turn
arising from the Strong Equivalence Principle), while notding in other gravity
theories.

It is here important to note thﬁ"[f')”t is not directly the vaIué’JOA resulting from
the fitting of the observed ToAs to the timing formula, but aswcorrected for vari-
ous effects which can contaminei@pA. In fact in general it holds

(%)TOA B <%)int+ <%)z+ <%>rot+ <%)Shk+ <%>other (18)

P P P P P P

whereP" is the intrinsic rate of the orbital decay, whiig is the contribution to the
apparent orbital damping due to the vertical acceleratiotneé Galactic potential
[80], F'?got is the contribution due to differential rotation in the péaof the Galaxy
[80], (Py/Py)Sk= [v2 /(cd)] (with d the distance and, the transverse velocity of
the binary system with respect to the SSB) is the Shklovéldce arising from the
transverse component of the relative velocity of the biteamycenter with respect to
the SSB. FinaIIyPg‘hersummarizes other contributions which have been thoroughly
investigated in [80] and which, in most cases, are negkgiith respect to the other
terms. A relevant exception is for the binary pulsars hagdan a globular cluster,
whose gravitational potential well can impart a significiame-of-sight acceleration

to the pulsar; in this casﬁgthe'can overcome all the other contributiénk the case

of PSR B1913+16, the imperfect knowledge of the shape of dladdic potential,
and in turn oﬂig andP™!, emerges now as the limiting factor acting against further
large improvements of the accuracy of the test of generativly.

The impact of the Galactic potential in the orbital periodizigive is even more
evident for the case of the 38-ms pulsar PSR B1534+12, disedwvat Arecibo on
1990 [81] and also hosted in a double neutron star binanth&lls PK parameters
listed in the equations 1317 have been measured. The 3 PK parametgerg,
ands provided the first accurate test (at better than 1% leveljHfernon-radiative
prediction of general relativity [82] and the rangeof the Shapiro delay is also
fully compatible with what expected from general relatividowever, the observed
vaIuePbTOA is not compatible (atd level) with the expectations of general relativity.
This is interpreted as due to the large uncertainty on theection tonT OA resulting
from the Shklovskii contributior{R,/P,)S™ = [v2 /(cd)], in turn arising from the
uncertain determination of the pulsar distamceAssuming that general relativity
is correct, one can invert the line of reasoning, obtainipgexise determination of
the distance of the binary, which should be locatedgat= 1.02+ 0.05 pc. This is
about a factor 30% farther away with respect to the distanfagried from the DM
of the pulsadpy ~ 0.7 kpc, in agreement with the typical uncertainty on the pulsa
distances inferred from the value of their dispersion measu

2 This is likely the case for for the double neutron star sysi@h29+1210C [35] associated with
the globular cluster M15
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4.2.2 The unique case of the Double Pulsar

The second and unique other binary for which 5 PK paramet®rs been deter-
mined is the spectacular J0733039 system, also known as Double Pulsar. In April
2003 the discovery at Parkes of this unprecedented syst2n2B represented a
breakthrough in the science of the compact objects andedtartnew era in the
study of relativistic gravity. The discovery occurred dugia search for pulsars at
High Galactic latitude (the so-calldeH-surve}{83]) performed at 1.4 GHz using
the multi-beam receiver of the Parkes radio telescope. T$mdery plot clearly
manifested the occurrence of a strong line-of-sight acati (about 100 m <)

on the pulsar, indicating that it was experiencing a relegaavitational pull from a
massive companion.

Three subsequent 5-hr long integrations provided the radial velocity curve
suggesting that it was a double-neutron-star binary systiman orbital period of
only 2.4 hours and an eccentriciéy~ 0.09. Subsequent observations also showed
that both the compact objects were observable as a radiapBISR J07373039A
(hereafter labelled as psrA) is a mildly recycled pulsatwvétrotational period of
about 22 ms, whereas PSR JO#3D39B (hereafter dubbed psrB) is an ordinary
pulsar with a spin period of about 2.7 s.

At least four features conjure in order to make this binaryiaprecedented lab-
oratory for studying general relativitya) the large velocity of the stars along their
orbit (more than 300 kms, i.e. about one thousandth of the speed of light in the
vacuum);(b) the small distance between the two stars (between about 2 tmes
the Earth-Moon distancej¢) the high orbital inclination (above 88 (d) the ob-
servability of the radio pulses from both the stars, allaywime to use them as two
clocksin the binary. In particular, the first two factors lead torsficant relativistic
effects, while the feature®) and(d) simplify the detectability of the effects with
the timing procedure.

As a result, only few timing observations (spanning no méw@ntabout one
week) were enough to measure the relativistic advance oagiesnw of psrA
[22]: about 16.9 yr~1, significantly larger than ever observed before. Six months
of additional ToAs led to determine three further PK parareti.e. the combined
time dilation and gravitational red-shift parameteras well as the range and
the shapes of the Shapiro delay. The observability of both the pulsaezlenalso
possible to independently determine the size of the twagnaihich in turn — using
the Kepler third law — led to the first direct measurement efrifass ratidrk [23] in
a double neutron star system. It is worth noting that theevaliR is not affected
by theself-fieldeffects (at least for a very large class of metric theoriegrafity),
in contrast with the PK parameters [74]. In terms of the masgass plot, that
implies that the location of the pair of straight lines — bp#ssing from the origin
of the plot — which are associated wi(and with the observational uncertainty on
R) is independent of the specific gravity theory.

The fifth PK parameter (i.e. the orbital deday was also detected with high sig-
nificance after another year of data taking. That confirmedl e system shrinks
at the pace of about 7 mm dayand it will end up into a merging of the two neu-
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tron stars in~ 85 million years, owing to emission of gravitational wavékis fact,
combined with the short distance of this system, makes thé@dPulsar the dom-
inant binary in the calculations for the merger rate of dedbéutron-star systems
in our Galaxy and in the rest of the Universe [22]. Despiterttay uncertainties
still affecting the prediction of the absolute rate for taavents, the discovery of
the Double Pulsar determined a significant relative in&@éap to about an order of
magnitude, e.g. [84]) in any model, triggering new hopestifiér ongoing ground-
based interferometric experiments (e.g. LIGO and VIRG@)eaal at the detection
of gravitational waves.

An additional relativistic effect — theelativistic precessiorof the spin axis of
psrB® — has been more recently measured in the Double Pulsar syskgioiting
the occurrence of short eclipses 80 s long) of the radio signal from psrA (at least
at frequencies smaller than 1.4 GHz) when it transits at the superior conjunction.
Four years of observations revealed a clear linear evoldtiahe azimuthal spin
axis angle, that is the angle which describes the precessination of the spin
vector of psrB around the total angular momentum vector.mbkasured rat@g =
(4.77758%)° yr=1 [86] is compatible, at the 13% level, with the prediction ehgral
relativity [87], QSR = (5.0734+0.0007)° yr 1.

Although this effect has been somehow observed in otherpmasars (e.g. see
[88] for PSR B1534+12 and [89, 90, 91] for PSR B1913+16, andemecently
see [92] for PSR J11416545), only in the case of the Double Pulsar it provides
a significant test both to general relativity and to alteengiavity theories. In fact,
when dealing with the class of the Lorentz-invariant gnatiteories based on a
Lagrangian [76] — general relativity of course belongs tat ttlass — one can write
the following general formula for the relativistic spin pession rate of the neutron
star labelled as B in the system:

% - [75] {u—&«gpg} [Ccifﬂ (19)

wherexa, xg are the projected semi-major axes of the orbits of the twdrpaistars
in the systemgg is a (theory dependensfrong-field spin-orbitoupling constant
andGpg is the gravitational constant — also theory dependent! hi@gravity inter-
action between the two pulsars, whereas the other quarditesthe usual Keplerian
and PK parameters and constants as defined in previousrsedtiocorder to solve
for the rightmost factor one needs a measurement of the spaepsion, a precise
determination ok, and, separately, ofy andxg, which means that the binary must
satisfy at least the three following properti€s:a high spin precession ratg@i) a
highly inclined orbital plane angii) the observability of both the neutron stars as
pulsars. These features simultaneously hold only for titeifi@ate and so far unique
case of the Double Pulsar, for which, inserting the measpasameters in equation

19, one obtain{cé—g:} = 3.387942. This provides an unprecedented strong-field

3 In many papers related with pulsars, this effect is refetceaisgeodetio(or asDe Sitte) preces-
sion For a brief description of the apparently discrepant teoiugy see e.g. [85].
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test for all the gravity theories belonging to the large afoentioned class: a theory

. - . 2 . .
can survive only if it predicts fov{%} a value in agreement with the one above.

ES}GR: 2+ 3, and
from the measured value &, it results%% + 2 = 3.606774+0.00035 As it in-
volves thestrong self-fieldf a neutron star, this test of general relativity has a wider
nature with respect to the tests of the relativistic spircpssion which have been
performed and/or are in progress in the weak-field regiménef3olar System. In
particular, it supports the extension to the rotating bsditthe already introduced
concept ofeffacemendf gravity in general relativity [79], which had been previ-
ously tested for the orbital motion only. Namely the intdisteucture of the neutron
stargoes not prevent the star to behave like a spinningaetitie in a weak external
field™.

With the measurement of the spin precession rate of psrB dyingpthe oc-
currence of a related pair of lines, labelled@g, in the mass-vs-mass diagram of
the binary — there are now seven relativistic constrainés §even pairs of lines in
Figure 4), for the values of the masses of the two neutros stathe J07373039
system: five from the PK parameters, one from the mass-Ratemd one arising
from Qg. On top of those, there are the additional classical coinssrderived from
the Newtonian mass function of the pulsars. Inspectingtisetiin Figure 4, one
can see the existence of a common, although tiny, regionerayfor all the pairs
of lines. As a consequence, after less than a decade fromgbevery of the sys-
tem, the observations of the Double Pulsar binary are ajrpaolviding 7—2=15
successful tests of self-consistency of general relgtinifpresence of strong-field
effects [95]. The most stringent published test to date —thadest so far among
all the gravitational experiments involviragrong-fieldeffects — is for the shapeof
the Shapiro delay, which matches with the observationg0&%6.level [96].

Since there is still a large room for future improvement @& timing solution for
the Double Puls&r a wealth of further intriguing results are expected to fléroan
keeping on observing this system and from the introductfonare sensitive obser-
vational apparatuses. E.g. a recent interferometric detetion of the parallax of
the system [98] indicated that over a decd@gmay be observed with an accuracy
of 2 0.01% paving the way to stringent tests of the theories that ptetiflar
gravitational radiation (contrary to the quadrupolar ooiytribution resulting from
general relativity, see $ 4.2.3).

Continuous accumulation of ToAs will also lead to measurg R& parameters
(such as the aberration ones), and to derive constrainteeexistence of a pre-
ferred frame and thus on the violation of the local Lorentaiiance of gravity in
the strong internal fields of the neutron stars [99]. Moreae availability of a (de-
cennial) series of high quality ToAs may lead to unveil tigmsiture of the second

General relativity passes also this test, since in thisrih

4 Note that, contrary to common expectations, no precesdittespin axis of psrA in the Double
Pulsar has been detected so far [93], which may suggest therence of a small misalignment
angle between the orbital angular momentum and the spiroépisrA, likely less than- 15° [94].

5 The recent (but supposedly temporary) disappearance oéthe signal from psrB [97] will not
hamper the improvement of the timing accuracy of the sofufw psrA.
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Fig. 4 Mass-vs-Mass diagram for the Double Pulsar system J03039. The shaded regions are
those that are excluded by the Newtonian mass functionsdfib pulsars. Further constraints are
shown as pairs of lines enclosing permitted regions as giedliby general relativity and related
to the observation of the mass raipthe PK parameters and the precession geof the spin
axis of psrB. Inset is an enlarged view of the small quadsitencompassing the intersection of
all these constraints. (Courtesy of René Breton 2009).

order post-Newtonian corrections to the orbital periastidvanceo of the system.
This would be of paramount importance, since these coaestwill include the
value of the spin angular momentum of psrA, opening theduatrig perspective
to measure that and therefore to determine the moment didnefr psrA [100].
As a matter of fact, this measurement may finally reveal totiieeborderline of
the possibilities of the current instrumentation [7], bught be attained when new
more powerful radio-telescopes will enter in play. The stifec pay-back from that
would be enormous, since the simultaneous determinatitimeafass and the mo-
ment of inertia of a neutron star would significantly conistridie equation of state
for the nuclear matter [101], shedding light on a long stagdind still unanswered
fundamental question of the nuclear physics.
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4.2.3 Other interesting cases and constraintson tensor-scalar theories

As discussed in previous sections there are few binary musah a white dwarf
companion for which one or more PK parameters have been meshdn most
cases, they are only the shapand range of the Shapiro delay, which allow one
to infer with good accuracy the mass of the companion, butnateenough for
constraining the gravitational theories.

However, at the time of writing these notes there are at lieastnotable excep-
tions, the binary pulsars PSR J043%715, PSR J11416545, PSR J1738+0333,
and PSR J0348+0432 (sorted in chronological order of degdythe cases of
which we briefly illustrate here, since their continuousitignis producing results
which are complementary to those of the Double Pulsar andttier two relativis-
tic double neutron stars (PSR B1913+16 and PSR B1534+12)wiwe previously
described.

The former was discovered in 1993 during a survey at 400 MHhatParkes
radio telescope [102]. Two factors make PSR JO48715 a primary target for high
precision timing: its proximity to the Earth (it is indeecetblosest known recycled
pulsar,d = 1563+ 1.3 pc [103]) and its brightness (flux density of 142 mJy at 1.4
GHz, a factor~ 14 larger than the second most luminous recycled pulsafadt
the closeness to us produce significant geometrical effeath ugi) the so-called
annual-orbital parallax[104] (i.e. the apparent variation of the inclination angle
of the binary system) due to the orbital motion of our planad @i) the apparent
secular change in the projected semi-major axis of the puolkét due to the pulsar
proper motion [105]. Accounting in the timing model for tleetsvo apparent phe-
nomena, and exploiting the exceptionally accurate ToAseaeble for this system,
it was possible [106] to infer both the inclination angland the longitude of the
ascending node (a Keplerian parameter which is usually matserable via pulsar
timing) of the system. The derived valueiof thus determined in a completely in-
dependent way — was then compared with the expected effedtseoloAs of the
Shapiro delay, finding a nice agreement of the data with teeiption of general
relativity, for which the PK parameteatis simply equal to sin The best pulsar test
on the time variation of the Newtonian constant of gra@tis also so far provided
by this system|G/G| < 23x 10~ 12yr~1 (see [107]).

PSR J11416545 (discovered on 1999 at Parkes [108]) is a rare example of
a binary pulsar, the white dwarf companfoaf which is older than the neutron
star, due to a reversal in the mass ranking of the two starisdrsystem — i.e. the
originally less massive object became the most massive fieethe first stages
of mass transfer during the binary evolution [110]. Whertbe, originally more
massive star ended its evolution as a massive2(t 0.01 M) white dwarf [111],
whereas the originally less massive star later exploded sigparnova leaving a
relatively young ¢ 1.4 Myr [108]) and not recycled (spin period of 394 ms) pulsar
with a mass of 274+ 0.01 M, [111], which is now orbiting the white dwarf in
an elliptical and short orbite(~ 0.17, B, ~ 4.74 hr) [108]. Despite the relatively

6 The recent optical detection of the companion supportseitsgha white dwarf [109]
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long rotational period, the latter two properties (as wallthe brightness of the
source) led to clearly detect three PK parameters (namely, B,), allowing [111]
to infer the masses of the two bodies (as reported above) aftercorrection
for the spurious effects of equation 18 — to test the raddagivediction (i.e. the
damping of the orbit due to gravitational waves emissiony@feral relativity at
better than 10% level [111]. Also, it has been very recengfiedted the occurrence
of therelativistic precessiof92] of the spin axis of the pulsar.
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Fig. 5 Experimental contraints on tHerp| (logarithmic scale) ang, (linear scale) constants of
the coupling functiora(y) = aog + 0.560y? of the matter with a scalar fielgr. The point in
the diagram at coordinatefg| — 0; o = 0) corresponds to general relativity. The vertical axis
corresponds to Brans-Dicke theory, whereas the horizentalis the locus of the theories which
are indistinguishable from general relativity in the wedaltel conditions of the Solar System ex-
periments. The allowed regions are below the various salies| related to the observations of
various binary pulsar systems (B1534+12, J073039, B1913+16, J11446545, J1738+0333)
and to the outcomes of several experiments performed in dakiield limit of the Solar System,
including the Lunar Laser Ranging (LLR) and the Cassini speaft’s results. The shaded area is
the one allowed so far by all the tests. Itis evident the prymale of PSR J17380333 in setting
some of the current limits (courtesy of Paulo Freire 2017)[37

Although the aforementioned test of general relativityhWtSR J1141 6545 is
far from approaching the accuracy of those obtained withJ®i&37-3039 or the
B1913+16 systems, it is more useful than the other tests mstcaining a partic-
ularly important class of alternate gravity theories, ittee so-calledensor-scalar
theories, in which the usual tensor field is complementet wite scalar fieldp.
Besides many other additional advantages (see e.g. [59), ii@se gravity theo-
ries are a natural outcome of many unified theories (i.e. sy, Kaluza-Klein,
etc. [59, 112]) invoking a scalar counterpart for the grawiand they often ap-
pear as a key ingredient in cosmology for explaining the pasite current phases
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of accelerated expansion (i.e. inflation, quintessencah®funiverse. In particu-
lar, thetensor-mono-scalatheories can be grouped in a family, parametrized by
two constantspp and By, which describe the linear and the quadratic coupling
between the matter and the additional scalar field, accgrtbnthe expression
a(y) = ao + 0.5Boy?, wherea() is the coupling function, and eiga(y)]guv
replaces the role of the ordinary spin-2 metric tenggy of general relativity. Of
course, the Einsteinian theory is fully recovered toy = By = 0, whereas e.qg.
the Jordan-Fierz-Brans-Dicke gravitational theory [1is8Jaccounted for by as-
sumingfo = 0 anda3 = 1/(2wsp + 3), Wherewsp is the Brans-Dicke parameter
(e.g. [114]). In this context, the experimental tests ainpuid constraints in the 2-
dimensional space ¢fxg, 3y), where the origin coincides with the theory of general
relativity, the vertical axis with the Brans-Dicke theoand so on [115]: one such
plotis reported in Figure 5.

The orbital damping ratB, is the most affected PK parameter by the occurrence
of a scalar field. In particular the value Bf should be enhanced by the emission of
dipolar gravitational radiation (due to emission of scalar spina¥@s) with a power
of order&(1/c3), superimposed to the quadrupolar component (associagmr-2
gravitons) of general relativity having a much smaller powfeorder&/(1/c®). How-
ever, for two perfectly identical neutron stars in a binaing dipolar term obviously
vanishes and it almost cancels out also for two neutron efaisiilar masses, since
their compactness parameters (related to the dimensgraée¢) are supposed to
be similar. This is not the case for a white dwarf, whose cartygss parameter (and
hence the coupling of matter with the scalar field) is expgtdebe much smaller
than for a neutron star. Therefore the binary pulsars onpiéi white dwarf in clean
binary systems (i.e. with no uncontrolled effects affegfy, like tidal interactions
or mass loss or magnetic braking...) are primary targetgf@stigating the occur-
rence of scalar waves and in turn for constraining the sptteeqarameters of the
tensor-scalatheories.

Figure 5 illustrates the important role played by PSR JH@845 in this frame-
work. However, another binary pulsar, PSR J1738+0333 da@d during 2001
at Parkes [116] and orbiting a low mass white dwarf companion 0.18 M, in a
~ 8.5 hr orbit of low eccentricitye ~ 3 x 10~7), recently gained the pole-position in
the ranking of the most useful binary pulsars in testing (@mstraining the param-
eters of) the tensor-scalar theories [37]. A decade-langtj campaign at Arecibo
provided a determination d#,, as well as an extremely accurate determination of
the proper motion and the parallax of the system, allowingfprecise subtraction
of the kinematic contribution to the observed orbital deddys led to a determina-
tion of the intrinsicR™ = —25.94 3.2 x 10715, to be compared with the prediction
of general relativityPeR = —27.7713 x 1071 (the latter prediction relies on the
values of the mass of the WD and of the pulsar, obtained froticalgpphotometry
and spectroscopy [36]). The nice agreement between the &vuey introduces a
very strong upper limit omipolar gravitational wave emission, which is reflected
on the diagram of Figure 5.

Finally, it is worth noting also the rejection of any modelthwB, < —5 which
is imposed by J11416545, J1738+0333, as well as by B1534+12, JO73739,
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and B1913+16 systems. This is a pure strong-field effect[{&.g]), which can be
exploited only using the radio pulsars, while the invedtmaof such low negative
values off3 is escaping all the Solar System experiments.

Additional constraints on deviations from GR due to stroelf-8eld effects de-
rive from the discovery at the Green Bank radio telescopgofted by [118, 119]
during 2013), and the subsequent radio timing and opticakofations, of the
J0348+0432 system [6]. It includes a white dwarf and a magmiNsar (2014 0.04
M) in a 2.46 hr almost circular orbit. Given its large mass, IBB48+0432 has a
gravitational binding energy 60% larger than that of all the other known pulsars
with a measured orbital decay (the highest mass of whictdig §0s M., for PSR
J1738+0333), and the self-field effects (scaling nonlityagith the binding energy)
are expected to be much more prominent in this binary thaherohes described
above. Therefore, the consistency (at the 18% level at the being [6]) of the
observed orbital decay with the predictions of GR can be (B pose stringent
limits to the occurrence of strong-field deviations from Eiasteinian theory in the
form of a long-range field

5 Per spectives

As anticipated in the previous sections, a wealth of impddvew tests of grav-
ity theories is expected to emerge from keeping on obserheglready known
systems, both with the current generation or with new timimgfruments, like
MeerKAT (in South-Africa) and/or the Large European Array Pulsars (LEAP),
which combines the five largest European radio telescopgeterate the equivalent
of a ~ 200-m dish [120]. Other relativistic [pulsar+neutron $tar [pulsar+white
dwarf] binaries should also be discovered by the ongoirgglaearch experiments,
at Parkes [121], Green Bank [122], Arecibo [123] and Effelgjradio telescopes,
all of them having better sensitivity than all previous syy. Targeted searches to-
wards gamma-ray point sources [124] have also already dstmraded to be a new
promising channel for unveiling recycled pulsars, somehef likely included in
relativistic binaries.

Looking on a longer decennial time-scale, the perspectivahis field of re-
search will undergo a new gigantic step forward when novgdanstruments, like
the Square Kilometer Array (SKA) [125] or the Five-hundreétar A-spherical
Single-aperture radio Telescope (FAST) [126] will enteoperation. In particular,
they will almost certainly lead to the discovery of some Faulblack hole] bina-
ries, the long-dreamt and still unsatisfied objective oftladl current pulsar search
collaborations. These binaries are expected to be very lbaite besides the most
obvious case of a pulsar orbiting the super-massive blakkihdhe Galactic centre
([227] and references therein), at least some pulsars glieufound with a stellar-
mass black hole companion (e.g. [128]) and, even more stiagdy, some recycled

7 Obviously, short range fields, not affecting the binary dyies, cannot be constrained with this
kind of tests.
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pulsars could be discovered in a globular cluster orbitimgiéermediate mass black
hole [129].

Timing a natural clock orbiting a spinning black hole willgithe unprecedented
possibility of a direct measurement not only of the mass eftitack holeMgy, but
also of its angular momentui®sy and its quadrupole momefgy, thus in turn
allowing one to experimentally test [130, 131] the so-a@hl&smic Censorship
Conjecturd132], and theNo-Hair TheoremThe first states that no-naked singular-
ity (i.e. a singularity not hidden behind an event horizoxises, while the second
affirms that any black hole can be described only on the bdshMgp, SgH, and
its electric charge, the latter not being usually relevardan astrophysical context.
Since the event horizon tends to shrink as a black hole sginthe Cosmic Cen-
sorship Conjecturémplies that there is a maximum spin for a black hole of a given
mass; on the other hand thi-Hair Theorenrequires thaQgy must be expressed
in terms ofMgy and Sgy. Introducing the dimensionless spin and quadrupole pa-
rametersy andgq,

C SsH c* Qs
= = — = = — 20
X=Gwg ' 9° c@wm, (20)
one then expects a black hole to satisfy in general relgtikig equations
XxX<1;aq=-x° (21)

which can be experimentally checked with the timing of a §autblack hole] bi-
nary.

Although itis not within the scope of this review, it is wortbncluding by briefly
recalling the very promising expectations of the so-caRedtsar Timing Arraygor
tests of gravitational theories [133]. They are based ocdimsideration of the Earth
and a pulsar as a pair of test masses in the space-time ntle¢rigassage of a grav-
itational wave perturbs the metric and is then expecteddede signature on the
observed timing residuals of the pulsar. The size of thecefba the residuals is
very small and is proportional to the amplitude of the cheeastic strain (see the
chapter by Braccini & Fidecaro in this book for an introdoctito the gravitational
waves and a description of their basic parameters). Theledion between the data
of many Earth-pulsar pairs [134] distributed throughowg 8ky (thus forming a
PTA) is required to remove spurious effects on the timingdusls and lead to a
significant detection of gravitational waves. In particuthe PTAs are most sen-
sitive to gravitational waves with periods1 year (i.e. frequency 10 nHz), and
therefore probe the nanoHertz gravitational wave sky, theisag nicely comple-
mentary to the other experiments aimed at a direct deteofignavitational waves
(like LIGO/VIRGO, Advanced LIGO/VIRGO, eLISA and CMB-POLall operat-
ing in other frequency bands. The most suitable target ferdiwrrent PTAs [the
Australian one (PPTA; [135]), the European one (EPTA, endbegithe aforemen-
tioned LEAP experiment; [136]), and the US-Canadian onedtaav; [137])], as
well as for the international joined effort, labelled IPTA38], is the stochastic back-
ground — or better saying the stocagticeground- of gravitational waves produced
by coalescing super-massive black hole binaries in they etalge of assembling
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of the galaxies (red-shift- 1) in the universe. Although no claim for a detection
has been announced so far by the various involved groupsrtst updated upper
limits are reported in [139, 140, 141]), the present trenthimmtiming accuracy of
the experiments and the calculation of the cosmologicaletsleénd support to the
possibility of a clear detection within a few years [142, 1439]. Since most met-
ric gravitational theories (e.g. all of those which are Ldeinvariant) unavoidably
predict emission of waves from coalescing binaries [144yyould be very sur-
prising (and would determine a revolution in physics or ismology) if not only
the current instruments, but also SKA and FAST will fail taetd the aforemen-
tioned foreground. What seems more likely is that the sugersitivity of SKA
and FAST will not only lead to a simple detection, but will githe chance of us-
ing the properties of the observed gravitational waves @mrstraining the alternate
gravity theories (e.g. by studying the mass and the spinefjtavitons [145]), as
well as for characterizing the parameters of the massiveklitale binary systems
(e.g.[146, 147]).

With all these exciting perspectives, pulsar science isenvital than ever and
promises to give additional fundamental contributionsuo understanding of fun-
damental physics and relativistic gravity just on the evasofirst half-century.
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