Pulsars Timing as a tool
for fundarnental physics
investigations
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... for some binary pulsars, the
accuracy of the ToA data is so high

that - by using only the keplerian
description - one cannot obtain

an acceptable timing solution !

Additional physics is needed!
... DUt... Which physics?



[ @ Burgay 2014 ]

The pulsars with at least one measured post Keplerian
parameter: 48 cases (12 in Globular Cluster)

PSR Py, Asini TO Ecc @ @ Pb 7 sing M2
(days) (It-s) (MID) (deg) (deg/yr) (sec) M)
JO024-7204H 2.35769683 2.152813 51602.18629 0.070560 110.603 0.066 - - - —
JO024-7204) 0.12066493779 0.0404021 - - - - -5.5E-13 - — -
JOO4£5-7319 51.169451 1742576 49169.21361 0.807949 115.2540 0.0259 -3.03E-17 - - -
JO£37-4715 5.74104646 3.36669708 52009.852429 1.9180E-5 1.2224 0.01600 3.73E-12 - 0.674 0.254
JO514-4002A I8. 78517915 36.296588 53623.1550879 0.8879773 82.266550 0.01289 - - - -
JO621+1002 B.318B6813 12.0320744 50944 75683 0.00245744 I88.816 0.0105 - - - -
JO737-3039A 0.10225156248 1.£15032 53155.9074280 0.0877775 87.0331 16.89947 -1.252E-12 0.0003856 0.99974 1.2489
JO737-3039B 0.10225156248 1.5161 53155.9074280 0.0877775 267.0331 16.89947 -1.252E-12 0.00038 - -
JO751+1807 0.263144266723 0.3966127 - 7.1E-7 45 - -3.1E-14 - 0.90 0.191
JOB23+0159 1232.404 162.14564 £4286.49 0.0118689 332.022 0.0008 - - - -
J1022+1001 7.8051302826 16.7654074 53587.3140 9. 700E-5 97.75 - - - 0.7 1.05
J1023+0038 0.1980962019 03433494 - - - - 2.5E-10 - - -
J1141-6545 0.1976509593 1.858922 51369.8545515 0.171884 42.4561 5.3096 -0.£03E-12 0.000773 - 1.02
J1300+1240 25.262 0.0000030 £9765.1 0.0 0.0 — - - - 0.060E-6
J1518+4904 8.634005096<4 20.0440029 S52857.71084163 0.24948451 342554394 0.0113725 24E-13 - - -
J1537+1155 0.420737299153 3.7294626 50300.89497411 0.2736767 27476928 1.755805 -0.138E-12 0.0020474 0.975 1.35
J1600-3053 14 3484577709 8.801652 53281.191 17.369E-5 I81.85 - — - 0.8 0.6
J1603-7202 6.3086296703 6.8806610 - 9.28E-6 168.8 - - - 0.89 0.14
J1623-2631 191.44281 64.809460 48728.26242 0.02531545 117.1291 -SE-5 4E-10 - - -
J16240+2224 175.46066194 55.3297198 51626.1785 0.000797262 50.7308 — - - 0.99 0.15
J1713+0747 67.8251298718 32.34242089 51997.5784 0.0000749406 176.1915 - - - 0.89 0.28
J1740-3052 231.02965 756.9087 51353.512333 0.5788720 178.64613 0.00021 - - - -
J1748-2021B 20.5500072 4.466994 54005.480292 0.5701606 31431935 0.00391 — - - -
J1750-3703A 17.3342759 24.39312 54003.127812 0.712431 131.3547 0.00548 - - - -
J1750-3703B 3.60511446 2.865858 54002.7705 0.004046 323.07 0.00391 - - - -
J1756-2251 0.319633898 2.7564 52812.919653 0.180567 322.571 2.585 - 0.0013 - -
J1802-2124 0.698889243381 3.7188533 - 247E-6 20.3 . - . - 0.78
J1804-0735 2.61676335 3.92055 48354.48538 0.21204 164.752 0.0595 - - - -
J1811-1736 18.7791691 347827 S0875.02452 0.828011 127.6577 0.00%0 - - - -
J1823-1115 357.76199 200.6720 47260.5438 0.794608 99.1719 T.LE-5 - . - -
J1829+2456 1.176027941 7.238 52B48.5379775 0.1391412 229.92 0.2919 - — - -
JI857+0943 12.32717115 9.230788 - 2.09192E-5 275.294 - — — 0.93 0.21
J1903+0327 95.1741176 105.60585 54063.8402308 0.436678411 141.65779 2.46E-4 - - - 1.051
J1906+0746 0.163993045 1.£420198 53553.9126685 0.085303 61.053 7.57 - - - -
J1909-3744 1.533449474590 1.89799106 - 1.302E-7 176 - 5.5E-13 - 0.9980 0.212
J1915+1606 0.322997462727 2341774 46443 99588317 0.6171338 226.57518 £.226607 -2.4211E-12 4.294E-3 - -
J1959+2048 0.3819666069 0.0892253 48196.0635242 0.00000 - - 1.47E-11 - - -
J2019+2425 76.51163479 38.7676297 50054.6439021 0.00011109 155.03 - -3E-11 - - -
J2051-0827 0.0991102506 0.045052 50999.9836017 0.0000 0.0 — -1.55E-11 - - -
J2129+1210C 0.33528204828 2.51845 S50000.0643452 0.681395 3453069 £.464< -3.96E-12 0.00478 - -
J2145-0750 6.83893 10.1641080 53042.431 1.930E-35 200.63 0.06 4E-13 - - -
J2305+4707 12.33954454 32.6878 47452560747 0.658369 35.0776 0.0099 - - - -



Going beyond Kepler...

Even before publication of General Relativity, a
blossom of alternate Gravity Theories appeared

A very large class of these Theories (somehow the only
ones which have some chance to be “viable”) are the

METRIC THEORIES OF GRAVITY

- a symmetric metric exists
- all test bodies follow geodesic of the metric

- in local freely falling reference frames, all the NON-
gravitational laws of physics are those written in the
language of special relativity

In metric theories, gravitation must be a phenomenon
related with the occurrence of a curved “spacetime”



Going beyond Kepler...

In any metric theory, matter and NON-grav
fields respond only to the “metric”

Additional fields can exist, though, giving rise to
- Tensor/scalar theories
- Tensor/vectorial theories
- Bimetric theories ...

all of them incorporating their own parameters

These additional fields prescribe how matter and NON-
grav fields contribute to create the metric; once
deterrnined, the metric alone acts back on the matter



Going beyond Kepler...

The Parametrized Post Newtonian (PPN) approach

A suitable and successful framework for describing the results and
constraining a very large class of METRIC theories of gravity is that
of the so called Parametrized Post Newtonian formalism

It describes all metric theories of gravity in WEAK-FIELD
conditions, i.e. at order 1/c wrt Newtonian physics

Deviations from Newtonian physics are related to a set of 10 PPN-
paramters, each of them associated with a specific physical effect



Going beyond Kepler...

How much space
Y curvature produced by 1 (1+w)/(2+w) g
unit mass?
(14 : 99 3
8 How. nonlinear” is 1 [+L b
gravity?
13 Preferred-location effects? 0 0 X
oy 0 0 a,
oy Preferred-frame effects? 0 0 a,
O3 0 0 0
g Ci 0 0 0
5
— G 0 0 0
§ Is momentum conserved?
@ Cs 0 0 0
(o 0 0 0

The 10 PPN-parameters and their significance



Going bzyond Kzoler...

Tests of Gravity theories in the wealk-field lirmit

Weak in which sense?
In term of the compactness parameter &
E E
EEarth — grav _ GMEartziz = 10—10 8Sun — grav‘ _ GMSuzn = 10—6
E rest RE arthc E rest RS unc

All the Solar System tests fall in this category... since the
experiment about the light deflection by Sun [zddington 1919)
and the observation of the Mercury advance of perihelion

The Pararneirizad Post Neytonizan formalisen is well tailorad for
describing the outcornes of thaese te2sis [e.g Will 2006 |




Golng bzyond Kzplzr...

Tests of Gravity theories in the strong-field limit

Strong in which sense?
In term of the compactness parameter z the source should satisfy

SSSSSS
SSSSSS

Where to find a laboratory for testing GR in extreme conditions?

Not on Earth or on Solar System...
but in the Cosmo...very interesting targets are

“relativistic objects in compact binaries”

E

grav

E

= GM = (0.5

2
Ry, c

NSs and BHs are _| B _ Mys 02 g, =
“relativistic” objects Ryse
Gravitational radiation inspiral affects binary

“
comnpact” binaries evolution within an Hubble time

rest

rest



Golng bzyond Kzoler...

Tests of Gravity theories in the strong-field limit

Astrophysical contexts:

» during late stages of coalescence of a binary hosting relativistic
objects, the orbital velocity approaches ¢ and the orbital separation
approaches the size of the star(s), whence physical processes occur in
strong-field conditions: according to the BH mass, they are wonderful
targets for LIGO, VIRGO, for the Pulsar Timing Arrays (PTAs) and, in
future, LISA

° emission processes occurring in relativistic objects close to the event
horizon: e.g. spectral and timing features in the electromagnetic
emission (often X-ray) from the neighborhood of the last stable orbit
of accretion disks surrounding NS or BH hosted in a binary system:
some hints from XMM-Newton and Rossi-XTE but targeis for future
high energy (most X-ray) observatories: LOFT,...

o compact relativistic binary pulsars: targets for current TIMING
observations in the RADIO band



Golng bzyond Kzoler...

Tests of Gravity theories in the strong-field limit
Wait a minute! Orbits of known binary pulsars are never entering

the strong-field limit...
gb. _ Egrav‘ _ GMbin—psr ~ 10—5 _ 10—3 M = 10—5 _ 10—3
o Erest ‘ abin—psrc2 c

But in most alternative theories of gravity (e.g. in the tensor-
scalar ones) the orbital motion and the gravitational radiation
damping depend on the gravitational binding energy (i.e. self

gravity, e.g. £,:20.2, £,,=0.5) of the involved bodies

[e.g. Esposito-Farese 2005, Will 2006]

If enough accuracy in the measurerents is provided, significant
effects are expecied to be detectable even in the weak-field limit
for the orbits



Golng bzyond Kzplzr...

Tests of Gravity theories in the strong-field limit

A suitable and successful framework for testing and constraining
a very large class of gravity theories is that of the Post-Keplerian
(PK) formalisrm [Damour & Deruelle 1986]

1** — PK parameters are operationally defined:

i.e. they are phenomenological quantities, which there is a
prescription to measure for

2" —, In ANY specific gravity theory (picked in a large range of
metric theories), and for negligible spin contributions, the PK
parameters can be written only as a function of the masses of the

two stars and of the keplerian parameters of the binary system
[Damour & Deruelle 1986]



Tining mocdzl: vosi-kzolzrian vararms

> W

>r
> S
> Py

The easiest to observe post-keplerian parameters

: Periastron precession

: Time dilation and gravitational redshift

: Shapiro delay “range”

: Shapiro delay “shape”

: Orbit decay due to Gravitational Wave emission



What do we learn when observing also the
Post-keplerian parameters ?

—5/3
= 3 (ﬁ) (T@g‘/ 3 (1 —e )_1 Periastron precession

w
2/3
~ = e (2—) T@f @-4/3 M (@-\» ch) ,  Time dilation & gravitational redshift
- :
—5/3
: 1927 ¢ B 73 37 5
s ( ) (14502 + g ) (1= TP IS Eym Ay,
4] 2 24 96 ;

r = Tam,, Shapiro delay (amplitude) Orbital period decay

i) —1/303 r2f3 -1 Shapiro delay (sh
Pa— T@ m; apiro delay (shape)

2 -

o..Where...
° . _° . = o bl = =2 maladiviedi r! —— Aabape /2P}\
e orbital eccentricity Once more than 2 relativistic PK parameters
. . are known, one derives the masses of
P, orbital period P C
the 2 bodies and hence predicts the further

* X projected semimajor axis PK par on the basis of a given Gravity Theory
*m, pulsar mass ¢
® 11, cornpzrniorn star rrzss

M=m,+ . total systern lagrangian mass

A test for Gravity Theories



_A4n’ (ap sini) _ (m,sini)
f(m,,m,) = G P = (mp+mc)

Mass Function
constraint

sini =1

NOT ALLOWED

The pulsar and companion star masses are unconstrained



One PK-parameter: constraining mass



Two PK parameters: mass determined within a theory



Three PK parameters: in correct theory lines meet!



But not in a wrong theory !!!



Now tne caidlog contalns = i2q)
Dounlz Neitrorn Stadr Bindrizs

PULSAR P, DM P
[ms] [cm-3pc] [day] [It-s] [ Msun ]

J0453+1559 45.7 - 4.07 145 M  4=1.2 0.11
J0737-3039 22.70 48.91 0.10 142 1.34+1.25 0.09
J1518+4904 40.93 11.62 8.63 20.04 2.72 0.25
B1534+12 37.90 11.62 0.42 3.72 1.33+1.33 0.27
J1756-2251 28.45 121.60 0.32 2.75 2.57 0.18
J1811-1736 104.18 477.00 18.78 34.78 2.57 0.82
J1829+2456 41.00 13.90 1.18 7.24 >1.22<1.38 0.14
B1913+16 59.03 168.77 0.32 2.34 1.387+1.441 0.62
J1906+0746 144.10 217.78 0.17 1.42 1.25+1.37 0.08

B2127+11C  30.53 67.13 0.34 2.52 1.36+1.34 0.68

o a,sin(i) Mc+Mp  ecc TimeSpDwn TimeMerg

[10%yr]  [10%yr]

NS+WD?
210 0.85
200 >T Hubble
2.5 27.0
tbd 11.0

970 >T Hubble
tbd >T Hubble

1.1 3.0
0.001 3.0
1.0 2.2



PULSAR

J0453+1559  45.7
J0737-3039

The most Interesting
for GR tesis dre:

DM P, a,sin(i) Mc+Mp  ecc TimeSpDwn TimeMerg

[ecm-3pc] [day] [lt-s] [ Msun ] [108yr] [108 yr]
4.07 145 M  4=1.2 0.11 - NS+WD?
22.70 48.91 0.10 142 1.34+1.25 0.09 210 0.85

J1518+4904 40.93 11.62 8.63 20.04 2.72 0.25 200 >T Hubble

B1534+12
J1756-2251
J1811-1736

11.62 0.42 3.72 1.33+1.33 0.27 2.5 27.0
121.60 0.32 2.75 2.57 0.18 tbd 11.0

104.18 477.00 18.78 34.78 2.57 0.82 970 >T Hubble
J1829+2456 41.00 13.90 118 7.24 >1.22<138 0.14 tbd >THubble
59.03 168.77 0.32 2.34 1.387+1.441 0.62 1.1 3.0
144.10 217.78 0.17 1.42 1.25+1.37 0.08 0.001 3.0
30.53 67.13 0.34 2.52 1.36+1.34 0.68 1.0 2.2

B1913+16
J1906+0746
B2127+11C



PSH 81913416

Discovered on 1974 | tuise & rayior 73]

Pulsar + Neutron Star
Spin period = 59 ms
Orbital period = 7.8 hrs
Eccentricity = 0.61

Measured 3 PK pars: w y P,
Most precise NS mass determination to date:
1.4414(2) M, + 1.3867(2) M., 1 weisvers 2 Tayior 2004)



ine e c{lgrr'i: ta_.of Russell Hulse
nstein s equa 6iis... The (in?)direct proof of

- GW existence:
PSR B19 13+16

of Zero Orbilal Decay

Line

1)

GR pravides an accurate

des@i\[o]:1dM V4l | .

1993 B S
Taylor & Hulse

Weisberg 2007 ]

1975 1980 1985 1 990 1995 2000 2005
Year




PSR B1534+12

Discovered on 1990 [ Wolszczan 90]

Pulsar + Neutron Star
Spin period = 38 ms
Orbital period = 10 hrs
Eccentricity = 0.27

..............

Measured 5 PK pars:w) y P, s r

Non-radiative predictions of GR tested at
better than ~1% level [ Stairs 2002]



PSR 81534+12

(M)

Companion mass

- P does not match!

[ Stalrs 2002]

| Affected by relative
~ acceleration of CoM of binary

| pulsar system wrt Solar System

barycenter [ Damour & Taylor 1991]

' Three terms:

-vertical acc in Galactic potential
| -acc in the plane of the Galaxy
| -apparent acc due to tranverse

motion [ shklovskii 1970 ]

for B1913+16 at current 0.2% level | weisberg & Tayior 2004 ]
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Discovered on 2003 [,Jf'u/sr.uuw yne etal 2
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+ mass ratio =

+ geodetic precession rate 2 [srcionetalz008]




ounle pulsar PSR J0737-3039A/8

The origin of the double pulsar



Residuals (us)

(Ar).. - R, 1+ecos¢

¢ |l-sinisiny

Residuals (us)

120 180 240 300
Longitude from ascending node (deg)




ight to Earth "

orbital separation at conjunction

energy flux balance




The last published mass-meass diagrarm jor the
Yoesit” Einsizin thzory bencnmarl: J0737-30394/8

2.0

1.5

[Breton et al 2008]

Mass of Pulsar B

1.0f
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s 1249 F .-/
| \
SN
1.247 | B
1 '\.t
! 1.336 || 1.338  1.340
0.0 0.5 1.0 1.5
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1.5

1

Mass B (Mg,.)
Mass B (Mg,,)

0.5

[ Kramer et al 2006 ]

Mass A (Mg,.)

[ Kramer et al 2014 (in prep.)]

Precision measurements, e.g.

P(ms) =22.69937884809636 + 0. 00000000000003 (measured to 30 atto-seconds!)
P, (d) = 0.102251562465 + 0.000000000002 (i.e. 2.45h measured to 173 ns!)



— — Newtonian Gravity
—— Prediction of GR for gravitational quadrupole emission
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1
Parallax (mas)




Pobs — (-1.25240.017) x 1072

¢ ential and kinematic cor

2

B a.sinb (2 3 25
_ > ~ e [COSl+sinzl+,32]+Mc'

A "w:. d At tior ) IB — d/RO —cos !
Prot /P = (—4.340.7) x 1020 s‘lg ;‘ ;

| o AV ,
Py /Py = (3.8+0.8)x107's™! P — (1.3 £1.8) x 1071
. PP /R, = (531 1.8) x 107257 o
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Constraint on spin-oroit coupling

In ANY “fully conservative” xaxp n° op

Qp = . . _
theory = s2 1 —e2 @
77 — 27T/Pb
O = spin-orbit coupling constant

G = generalized grav constant
For the special case of the double pulsar only, we can measure

(5g=) = 338781

...and compare with the GR prediction

o 3 m _ S
(_B_) — 22 =] §—A = 3.60677 = 0.00035 §

eee tti e e C = §
getting ( c’op S/ ( = 0.944+0.13 ¥

GR “effacement” property of gravity holds also for SPINNING
bodies: i.e. NS structure does not prevent it to behave like a
spinning test particle in an external field



[Raspiietaii2000] es et al 2013; Lynch et al 2013]

Pulsar + “Hez v/’ WD | o “Heavy” Pulsar +“Light” WD
r) n J")'Jr J /I ms ; b 2 ] '. _3gﬁm I)if UCJ — J)CJJJ Ims
-0 | g r

|
bi

pital period = 2.5 hrs

P o + v 1 « - - Fricit A X 1 -6
ccentricity = 0.1 / <4 X1 ~ Eccentricity < 3 x10®

v

[ PK par Py

D

15

Companion Mass (Mg,
1
Companion Mass (M)

1 1.5
Pulsar Mass (Mg)

 Bhat et al 2008]  Antoniadis et al 2013

-




SIS S102 )L A IS o))

Tensor-scalar theories predicts the emission of a large
amount of DIPOLAR scalar waves (as opposed to the
dominant QUADRUPOLAR radiation predicted by GR) in
such very asymmetric systems

Masses of the two components and/or radii are very different...
My =(1.27£0.01) M, Mys=(1.460.06 )M_,, Mys=(2.01£0.04 )M,
Myp = (1.02 £ 0.01) M, Myp = (0.118 £ 0.008 ) M, Myp=(0.172 £ 0.003 ) M,

leading to a significant difference in the degree of compactness € (i.e. in the self-gravity )
of the two bodies in these binaries

E rav GM E T GM
Evs =0 =2—m50°2 Ewp == =2—W§10_4
E c R, E c 'Ry,

rest rest

These are the best available binary systems for constraining
the coupling constant a, in tensor-scalar theories

[Esposito-Farese 2005; Freire et al 2012; Verbiest et al 2012]



£ = merric

1
a((p) = 0P+ ) ﬁo(pz
@ scalar field
a(q)) coupling field-matter

o, 3, coupling
parameters

Branse-Dicke

The double pulsar put

constraints for the B<o

Whence the limits are: [freire et al 2012]

a2, o0 < 0.510°= 0.1 Cassini limit

a2, gp < 210°=1.7 Cassini limit

LLR

LIGO/VIRGO “‘
NS-NS ‘
[l

Cassini

matter

ag] ©O——

| 100

-
‘___
-

-
———
L -

[Freire et al 2012]

LIGO/VIRGO
NS-BH

-
-
-

| BI9I3+I

LLR 1072 LISA NS-BH
PSR-BH
.- == J0737-3039
S~ T1141-6545
7173840333
ALLOWED
THEORIES
ﬁ;
| f) matter
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
6 -4 2 b\b 2 4 6 ¢



(2006) |

B1534+12

SEP
JO737-3039

B1913+16

Inconsistent
TeVeS

ALLOWED
THEORIES

J173840333




.s. SOMe other tests on fundamental
physics with binary pulsars

Time derivative of G [dcldt]lc = (-5218) - 10™ yr

about 10 times weaker than lunar ranging

PSR J0437-4715  but much simpler and in strong-field)
[ Damour & Taylor 1991, Verbiest et al 2008 ]

Strong Equivalence Principle | A| = 5.6 - 103 (weaker than solar

21 high] circular WD-MSP  system tests, but in strong-field regime)
y [ Wex 1997, Stairs et al 2005 |

Momentum conservation | 8 | = 4.0+ 10 (105 better than garth
21 highly circular WD-MSP  or Mercury perhelion shifts)

[ Bell & Damour 1996, Stairs et al 2005 ]

Existence of preferred frame | § | = 1.4 - 10 (slighity wesker than

PSR J101245307  lunar laser ranging, but in strong-field
regime)
[ Wex 2000 ]



[ © Hessels 2014 ]

VStern oararmeters

(R

Parameter

Figr ascensior B owes Timing modeling b
Declinaticn - ]

Dispersion measure

Solar system ephemeris
Reference epoch S92 nne n

Observation span
Number of TOAs
Weighted root-mean-sguared residual

Fitted parameters

vy T Pulsar mass: 1.4378(13) Msun

Inner Keplerian parameters for pulsar orbit

Semimajor axis projected along line of sight i)
Orbital period
Eccantricity parameter |
Eccantricity paramete
Time of ascending node

Cuter Keplenan parameters
Semimajor axis projected along line of sig
Orbital pericd
Eccantricity parameter (««
Eccantricity paramete
Time of ascending ncde

Inner WD mass: 0.19751(15) Msun
g Outer WD mass: 0.4101(3) Msun

Semimajor axis projacted in plane of sky
Semimajor axis projected in plane of sky

ner companion mass over pulsar mass
Ditlerence in longs. of asc. nodes : 2.7(6

You are impressed by all the
high-precision numbers...

Infarred or derived values

Pulsar properties

pericd P ms
genod derivative

nferred surface dipole magnetic held

Spin-down power i

Characteristic age T

Orbital geaometry

Pulsar semimajor axis {inner)
Eccantricity (inner)
Longitude of periastron (inner) wy
Pulsar semimajor axis (outer) a
Eccantricity (outer)
Longitude of periastron (outer) w
nciination of invariant plane
nciination of inner ortet :
Angle between arbital planes 5 1.2

Angle between eccentricity w

sar mass m,
nner companion mass
Outer companion mas:

w




[ © Hessels 2014 ]

tne triple systerm: Gen Rel tests prospects
Also test the Strong
Equivalence Principle

JO337+1715 could be more constraining
than lunar laser ranging




