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The problem of binary pulsar timing

(Credit: N. Wex)
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Some classical tests of General Relativity

e Gravitational redshift of light
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(Credit: N. Wex) Different regimes of gravity
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Effacement of the internal structure
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Effacement of the internal structure

e Induced quadrupole moment: Q; ~ R®9;0;U ~ R®(Gm/D?3)
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Effacement of the internal structure

e Induced quadrupole moment: Q; ~ R®9;0;U ~ R®(Gm/D?3)
* Induced quadrupolar force: F} .4~ md;($§) ~ R®(Gm?/D")

e For a compact body with R ~ Gm/c?,

Fausd _ (G®/c')(m/D)" ( Gm > N <V>10 -
FNewt Gm?/D? c2D

IPTA 2017 Alexandre Le Tiec



Outline

@ The Newtonian two-body problem

@ Relativistic celestial mechanics
Periastron advance
Geodetic spin precession
Gravitational radiation reaction

© Light propagation in curved spacetime
Einstein delay
Shapiro delay

O Testing relativistic gravitation
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@ The Newtonian two-body problem
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Real two-body problem m,

p3 n p3 _ Gmimy

H =
(x37 pa) 2m1 2m2 r12
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Real two-body problem m,

2 2
Pi P> Gmimy
H - .
(xa,Pa) 2m + 2my o
®
m,
l p1+p2=0
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Real two-body problem m,

2 2
Pi P> Gmimy
H - .
(xa,Pa) 2m + 2my o
()
m,
l p1+p2=0

= m,m, /m
Effective one-body problem ¢

p>  Gmu ()

H = —
(r,p) % m=m,+m,
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Keplerian solution for bound orbits
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Keplerian solution for bound orbits

Keplerian elements

e eccentricity e

e semi-major axis a
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Keplerian solution for bound orbits

Keplerian elements Constants of motion
e eccentricity e o energy £ = —Gmyp/(2a)
e semi-major axis a e ang. mom. L = i\/Gma(l — €?)
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Keplerian solution for bound orbits

Keplerian elements Constants of motion
e eccentricity e o energy £ = —Gmyp/(2a)
e semi-major axis a e ang. mom. L = i\/Gma(l — €?)

Parametric solution

r(u) =a(l— ecosu)

146 u
= 2 —
o(u) arctan ( Tl 2)

v(u)=u—esinu=n(t—ty)
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Keplerian solution for bound orbits

Keplerian elements Constants of motion
e eccentricity e o energy £ = —Gmyp/(2a)
e semi-major axis a e ang. mom. L = i\/Gma(l — €?)

Parametric solution

r(u) =a(l— ecosu)

146 u
o(u) arc an( 1. an2>

v(u)=u—esinu=n(t—ty)

Kepler’s third law: n’a® = Gm
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@ Relativistic celestial mechanics
Periastron advance
Geodetic spin precession
Gravitational radiation reaction
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Outline

@ Relativistic celestial mechanics
Periastron advance
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Relativistic perihelion advance of Mercury

Leading-order relativistic angular
advance per orbit:

6w GM
Ad = _T2Mo
c?a(l—e?)
Origin Amplitude
(" /cent.)

Other planets 531.63 + 0.69
Sun oblateness 0.028 + 0.001
General relativity 42.98 £ 0.04
Total 574.64 £+ 0.69
Observed 574.10 + 0.65
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Two-body Hamiltonian at 1PN order

1
H = Hy + ?Hle + O(C74)

m,

1 (p%)2 1 G?mymom

Hipn(Xa, Pa) =

8 mf 4 r122

1 Gmimy p% P1- P2 (n12 - p1)(n12 - p2)
— -12—= +14 + 2

8 n» my mymo mymo
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Periastron advance in binary pulsars

e Generic eccentric orbit parametrized

by the two frequencies 4®
21 21 + Ad %
— =T m, e
n="7, (¢ 2

e Leading-order periastron advance:

A 3G(my+ my)

T 2 cta(l—e€?)
PSR Amplitude (°/year)
B1913+16  4.226598 + 0.000005 @ n

J0737-3039  16.89947 4+ 0.00068
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Outline

@ Relativistic celestial mechanics

Geodetic spin precession
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Geodetic spin precession
[de Sitter, MNRAS 1916]

e GR predicts that a test spin S with velocity v in a gravitational
potential ® = GM/(c?r) will precess according to

ds

3
T Qprec XS where Qe EV x Vo

e Precession of Earth-Moon spin
axis of ~ 1.9" /cent. confirmed
using Lunar Laser Ranging
[Shapiro et al., PRL 1988]
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Geodetic effect in Gravity Probe B

[Everitt et al., PRL 2011]

Frame-dragging Effect
-39 mas/year WE

GuideStar  \ T H
IM Pegasi i
(HR 8703)

Geodetic Effect
-6,606 mas/year NS

Measured Predicted

6602 £+ 18 6606
37.2+7.2 39.2

Geodetic precession (mas/yr)
Frame-dragging (mas/yr)
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Spin-orbit coupling at leading order
[Barker & O’Connell, PRD 1975]

‘Sl m, dS, _ Q. xS,

? dt

m, S,

spin-orbit coupling

H(Xa, pa;sa) = Horb(xavpa) + Zﬂb(xaa pa) - Sp
b

G 3m
Ql(x37 pa) = < 2

= N X p1—2np X p2 ) oL
c r12 2my
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The double pulsar PSR J0737-3039

[Burgay et al., Nature 2003]
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Spin precession of pulsar B

[Breton et al., Science 2008]

projected orbital

o )
motion [ 4

pulsar B

X (to Earth)
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Qg = 4.77+£0.66°/yr

projected orbital
motion

pulsar B

X (to Earth)
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Spin precession of pulsar B

[Breton et al., Science 2008]
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Spin precession of pulsar B

[Breton et al., Science 2008]

2.0

Mass of Pulsar B (My)
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Outline

@ Relativistic celestial mechanics

Gravitational radiation reaction

IPTA 2017 Alexandre Le Tiec



IPTA 2017

Einstein quadrupole formula

—

Q; (1)
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Einstein quadrupole formula

. N

Gravitat. wave energy flux

F0) = o5 { Gy
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Einstein quadrupole formula

o8 l

Gravitat. wave energy flux Radiation reaction force
G /on e P G (5)
F(t) = > 5<QUQU-> — F'(t,x) = Ee 5Q X/
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Application to a binary pulsar
[Peters, Phys. Rev. 1964]

32G* m1m2 my + my) 73 5 37 4
S = 55 25 (1 e2)7/2 Toge T 76
32G7/2 1/2
m2m3 (my + mo) 1+ e
5¢5 a’/2 (1 — e2)?
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Application to a binary pulsar
[Peters, Phys. Rev. 1964]

P ZG ) () nezne) (a8

5c5 2% (1—e2)7/2 dt
32G7/2m 2m3 (my + my)Y/? 1+ e _/dL
5¢> a’/2 (1 — e2)? Co\dt
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Application to a binary pulsar

[Peters, Phys. Rev. 1964]

Lo )

m,

da> 64G3 m1m2(m1 + m2) ( 73 5 3l 4>

1 _
S Ba_eyr \" T2 Tt

304G3 m1m2(m1 + m2) ge3
15¢>  a* (1 — e2)5/2 304

(;
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Application to a binary pulsar

[Peters, Phys. Rev. 1964]

@ 9

(o).

m,

dP\ _  192rG®3 mymy (2m 31+ Be? 4 et
dt/ 5c¢5  ml/3 \ P (1— e2)7/2

IPTA 2017 Alexandre Le Tiec



IPTA 2017

Binary pulsar PSR B1913+16

[Hulse & Taylor, ApJ 1975]

Radio
Waves

Pulsar

Magnetic
Radio field lines
Waves

Binary Pulsar
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—35

Cumulative shift of periastron time (s)

Orbital decay of PSR B1913+16

[Weisberg & Huang, ApJ 2016]
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—35

Cumulative shift of periastron time (s)

Orbital decay of PSR B1913+16

[Weisberg & Huang, ApJ 2016]

PSS

General Relativity Prediction

Line of Zero Orbital Decay

-

P = —(2.398 & 0.004) x 10~ 2
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Binary pulsar tests of orbital decay

PSR I5int/I5GR Reference

B1913+16 0.9983 £0.0016  Weisberg & Huang (2016)
J0737-3039  1.003 +0.014 Kramer et al. (2006)
B2127+11C  1.00 £0.03 Jacoby et al. (2006)
J1756-2251  1.08 +0.03 Ferdman et al. (2014)
J1906+0746 1.01 4+ 0.05 van Leeuwen et al. (2015)
J1141-6545 1.04 +0.06 Bhat et al. (2008)
B1534+12 0.91+£0.06 Stairs et al. (2001)
J1738+0333 0.94+0.13 Freire et al. (2012)
J0348+0432 1.05+0.18 Antoniadis et al. (2013)
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Outline

© Light propagation in curved spacetime
Einstein delay
Shapiro delay
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© Light propagation in curved spacetime
Einstein delay
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Gravitational redshift of light

o Light frequency
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Gravitational redshift of light

o Light frequency

G Ms

Wemzl_l_

Wrec C2 R@

e Proper time
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Gravitational redshift of light

Light frequency

Proper time

A _ G My

At~ 7 2Ry

Confirmed by Gravity
Probe A at 0.007%
[Vessot et al., PRL 1980]
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Einstein delay

; 21 order
gravitat.
. Doppler
dshif
redashift S
dTP 1— U(XP) o lvi + O(C74)
dt c? 2c2?

Alexandre Le Tiec
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gravitat. 2Dnd ortlier
redshift ~~OPP'er
—
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Einstein delay
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; 2 order
gravitat.
redshift ~ DOPPler
2
dry _, Ule) 1% +O(c™Y)
dt c? 2 2

r=a(l— ecosu)
l t=(u—esinu)/n

IPTA 2017

Einstein delay
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Einstein delay

gravitat. 2Dnd ortlier
redshift ~~OPP'er
—

—4
dt c? 2 c? +0(c™)
Gm. m.Gm,
=l e T

l r=a(l—ecosu)

t=(u—esinu)/n

Ag(u) =1, —t =" sinu
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Einstein delay

gravitat. 2M order
redshife ~ DOPPler
— e —

P —4
dt c? 2 c? +0(c™)
Gm. m.Gm,
=l e T

l r=a(l—ecosu)

t=(u—esinu)/n

Ag(u) =1, —t =" sinu

~ Gme(mp +2mc)
= c2a(mp + mc)n

IPTA 2017
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; 2nd order
gravitat.
redshift ~ Doppler
2
dry _, Ule) 1% +O(c™Y)
dt c? 2 c?
Gm m. Gm
:1_76——" 2C—|—cst
c?r m ¢

| i

Ag(u) =1, —t =" sinu

~ Gme(mp +2mc) .
T c2a(mp + mc)n
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Einstein delay

PSR Amplitude (ms)

B1913+16  4.2992 £ 0.0008
J0737-3039 0.3856 + 0.0026
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© Light propagation in curved spacetime

Shapiro delay
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Gravitational time delay
[Shapiro, PRL 1964]
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Gravitational time delay
[Shapiro, PRL 1964]

2GM@ 4rErM
o= 26 [ ()
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Gravitational time delay
[Shapiro, PRL 1964]

c3 b2
~ 120 ps

At — 2GM@ [In (4!‘EI’M> 4 1:|
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Gravitational time delay
[Shapiro et al., PRL 1968]
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Shapiro delay in binary pulsars
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Double pulsar PSR J0737-3039

[Kramer et al., Science 2006]
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Binary pulsar PSR J1614-2230

[Demorest et al., Nature 2010]

iming residual (us)

* ot pmss
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Constraining the NS equation of state

[Demorest et al., Nature 2010]
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Outline

O Testing relativistic gravitation
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Three post-Keplerian parameters

e Periastron advance

. 3G (2n\% -
YT <F7’r> (1= €)™ (1 + mp)?/?
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Three post-Keplerian parameters
18—

PSR B1913+16 |

m, (Solar mass)

o)

1.2-||||I||||I||||I||||I|||I||||
1.2 1.3 1.4 1.5 1.6 1.7 1.8

m, (Solar mass)
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Three post-Keplerian parameters

e Periastron advance

2/3 /9 5/3 -
o=% <ﬂ> (1=€) " (m+m)?

c? P

e Einstein delay

. G3/2 ( P )1/36 my(my + 2my)

2 \2r (my + mp)4/3

IPTA 2017 Alexandre Le Tiec



IPTA 2017

Three post-Keplerian parameters

m, (Solar mass)

o)

PSR B1913+16 |

1.3

1.4 1.5
m, (Solar mass)

1.6 1.7 1.8
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Three post-Keplerian parameters

1.8 LUNL L AL R L L R DL A L LR AL N NN L BN NNNL BN NN L LN R NNL L RN B
I PSR B1913+16 |
17} .
my = 1.4398 + 0.0002M, ]
e my = 1.3886 £ 0.0002M,, |
Z2 | ]
g [
a |
g [
1‘2 IR TR TN T NN SN SN ST SN N T SN SO SN SN SN TR SO | I T N T S T
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m; (Solar mass)
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Three post-Keplerian parameters

e Periastron advance

. 3G2/3 213 1
YT <F7’r> (1—€) " (m+m)*?

e Einstein delay

ek ( P )1/36 mo(my + 2m;)

7 2 \2r (my + mp)4/3

e Orbital decay

p—

1927 G5/3 [ 21\ %/3 mymo
e (F) 1@

5¢° P my + m2)1/3
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Three post-Keplerian parameters
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Tests of relativistic gravity

[Esposito-Farese, Proc. MG10]

25] "o \p  PSRBIOIBHIO ofn | PSR B1534+12
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Tests of relativistic gravity

[Esposito-Farese, Proc. MG10]
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Mass measurements for neutron stars
[Antoniadis et al., ApJ 2016]

millisecond pulsars

J0348+0432 o

J1614-2230 . double neutron stars
J1946+3417 .
J1012+5307 ——
J1023+0038 ——— J0453+1559 °
J1903+0327 * B1913+16 *
J0751+1807 —— B1913+16(c) °
J1909-3744 » B2127+11C °
J1738+0333 et B2127+11C(c) °
J0437-4715 —— B1534+12(c) @
J0337+1715 * J0737-3039A *
1223440611 . B1534+12 °
J1807-2500B * J1906+0746 °
J1910-5959A e 11756-2251 o
J1713+0747 —— J1906+0746(c) *
B1855+09 i J1756-2251(c) o
J1802-2124 [ J0737-30398 °
J1918-0642 —— J0453+1559(c) *

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Mass (Solar Mass) Mass (Solar Mass)

IPTA 2017 Alexandre Le Tiec



	The Newtonian two-body problem
	Relativistic celestial mechanics
	Periastron advance
	Geodetic spin precession
	Gravitational radiation reaction

	Light propagation in curved spacetime
	Einstein delay
	Shapiro delay

	Testing relativistic gravitation

