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November 1915 - the completion of general relativity

th
Nov. 4%, 1915 Zur allgemeinen Relativitétstheorie.

Von A. KixsteIx.

th
Nov. 11, 1915 Zur allgemeinen Relativititstheorie (Nachtrag).

Von A. EINSTEIN.

Nov. 18", 1915 Erklirung der Perihelbewegung des Merkur aus
der allgemeinen Relativititstheorie.

Nov. 25%, 1915 Die Feldgleichungen der Gravitation.

Von A. EKinsreiN.
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Damit ist endlich die allgemeine Relativitiitstheorie als logisches
Gebiude abgeschlossen. Das Relativititspostulat in seiner allgemein-

sten Fassung, welches die Raumzeitkoordinaten zu physikalisch be-
deutungslosen Parametern macht, fithrt mit zwingender Notwendigkeit
zu einer ganz bestimmten Theorie der Gravitation. welche die Perihel-
bewegung des Merkur erklirt. Dagegen vermag das allgemeine Re-



The first experimental verification - November 18, 1915

Gesamtsitzung vom 18. November 1915

Erkldrung der Perihelbewegung des Merkur aus
der allgemeinen Relativititstheorie.

Von A. KINSTEIN.

Anomalous precession of the Mercury orbit
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Die Rechnung liefert fiir den Planeten Merkur ein Vorschreiten des
Perihels um{43” in hundertJahren wiihrend die Astronomen 45" %= 5"
als unerklirten Rest zwischen Beobachtungen und Newronxscher Theorie
angeben. Dies bedeutet volle Ubereinstimmung.

Albert Einstein to Arnold Sommerfeld (Dec 9t", 1915):
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The first experimental verification - November 18, 1915

Gesamtsitzung vom 18. November 1915

Erklirung der Perihelbewegung des Merkur aus
der allgemeinen Relativititstheorie.

Von A. EINSTEIN.

Anomalous precession of the Mercury orbit
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Die Rechnung liefert fir den Planeten Merkur ein Vorschreiten des
Perihels um{43” in hundert Jahren,} wiihrend die Astronomen 45" %= 5"
als unerklirten Rest zwischen Beobachtungen und Newronxscher Theorie
angeben. Dies bedeutet volle Ubereinstimmung.

Deflection of light by the Sun, gravitational redshift

ergeben hatten. Ein an der Oberfliche der Sonne vorbeigehender
Lichtstrahl soll eine Ablenkung von 1.7” (statt 0.85") erleiden. Hin-
gegen bleibt das Resultat betreffend die Verschiebung der Spektral-
linien durch das Gravitationspotential, welches durch Herrn Freunpricn
an den Fixsternen der GroBenordnung nach bestiitigt wurde, ungeiin-
dert bestehen, da dieses nur von g,, abhingt.



The first light deflection experiment - May 29, 1919

558 | [ Dyson et al. 1920

Five Millennium Canon of Solar Eclipses Database (X.M. Jubier) o
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Some modern Solar system experiments

Solar system is slow-motion weak-field regime: (v/c)? ~ |®]/c? < 107°




Two questions about gravity beyond the Solar system

Do strongly self-gravitating bodies

Do gravitational waves exist?
move as predicted by GR? &




(1) Quasi-stationary
weak-field
regime

(2) Quasi-stationary
strong-field
regime

(3) Radiative
regime

(4) Highly dynamical
strong-field
regime

Gravity regimes relevant for this talk

—)

Solar system
experiments

Binary pulsar experiments




The discovery of pulsars - 1967
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The radio pulsar population

Period Derivative (s/s)
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~ 2500 radio pulsars
1.4 ms (PSR J1748-2446ad)
8.5s (PSR J2144-3933)

~ 10% in binary systems

Orbital period range

(PSR J0024-7204R)
(PSR J1024-0719)

95 min
>200 yr

Companions

ordinary stars,

white dwarfs,

neutron stars,

planets

Still missing: black hole

[ ATNF pulsar catalogue]



Pulsar timing — time of arrival (TOA)

PSR B1133+16

N\

g Effelsberg 100m—radictelescope  —  MPIfR Bonn

Timing precision for some millisecond pulsars < 100 ns -2

<30m




Pulsar timing - the timing model

Tpsr X 1", ¢:¢0—|—VT—|—%DT2

Solar system barycenter

.i'nterS_teIIar. méd_ium

(osr)=Gobo)— D/ 1 + Ano(A, B, i, 5. ) + Ao + Aso (A, §) + Ap(K, PK) |




Pulsar timing - the timing model

Tpsr X 1, ¢:¢O‘|‘VT—|—%I)T2

time

r system barycenter

space

(osr)=Gobo)— D/ 1 + Ano(A, B, i, 5. ) + Ao + Aso (A, §) + Ap(K, PK) |




Pulsar timing - parameter estimation

Phase-connected timing solution:

Session i Session j
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[ Zhu et al. 2015 ] -
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What do we mean by precision timing? Best of...

Spin parameters:
Period: 2.947108069160717(3) ms (Reardon et al. 2015)

(3 atto seconds uncertainty!)

Astrometry:

Position in the sky: 0.6 pas (Reardon et al. 2015)
Proper motion: 140.911(3) mas/yr (Reardon et al. 2015)
Distance: 156.79 £ 0.25 pc (Reardon et al. 2015)

e
Orbital parameters: 0.1us uncertamty.)

Orbital period: 0.102251562472(1) days (Kramer et al. in prep.)
Projected semi-major axis 31,656,123.76(15) km (Freire et al. 2011)
Eccentricity: 0.0000749402(6) (Zhu et al. 2015)
Masses:

Masses of neutron stars: 1.33816(2) / 1.24891(2) Mo (Kramer et al. in prep.)
Mass of low-mass WD: 0.207(2) Mo (Reardon et al. 2015)
Mass of millisecond pulsar: 1.667(7) Mo (Freire et al. 2011)
Main sequence star companion: 1.029(3) Mo (Freire et al. 2011)

GR effects:

Periastron advance: 4.226598(5) deg/yr (Weisberg et al. 2010)
Einstein delay: 4.2992(8) ms (Weisberg et al. 2010)
Orbital GW damping: -39.384(6) us/yr (Kramer et al. in prep.)



The first binary pulsar - 1974

PSR B1913+16
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Pulse period: 59.0 ms
Orbital period: 7.75 h
Eccentricity: 0.617
Companion: neutron star

[ Hulse & Taylor 1975 ]




Two post-Keplerian parameters

» Advance of periastron (GR)
W =3G*c(Py/2m) "3 (1 =€) (my + mg)*/?

Observed value:
4.226598 + 0.000005 deg/yr

> Time dilation (GR)
YE = G2/3C—2<Pb/27{'>1/36m2<m1 +2mo)(m + m2)—4/3

Observed value:
4.2992 + 0.0008 ms

» Calculated neutron star masses (GR)

[ml — 1.4398 +0.0002 Mo, my = 1.3886 & 0.0002 M@)

[ Weisberg et al. 2010 ]




Gravitational wave damping in the Hulse-Taylor pulsar
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The mass-mass diagram for the Hulse-Taylor pulsar

Parametrized post-Keplerian formalism L L o e A
[ Damour 1988, Damour & Taylor 1992 ] .
[ w Pb ]
For a wide range of gravity theories: 2o i
PK K. I ]
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The Double Pulsar PSR J0737-3039A/B
McLaughlin et al. 2004
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Spin periods: 23ms/2.8s
Orbital period:  2.45h
Eccentricity: 0.088

Animation: Rene Breton
[ Burgay et al. 2003, Lyne et al. 2004 ]




Relativistic effects in the Double Pulsar

» Binary parameters from timing

Timing parameter PSR J0737-3039A PSR ]J0737-3039B
Orbital period P, (day) 0.10225156248(5) —
Eccentricity e 0.0877775(9) —
Projected semimajor axis x = (a/c)sin i (s) 1.415032(1) 1.5161(16)
Longitude of periastron o (°) 87.0331(8) 87.0331 + 180.0
Epoch of periastron T, (M]D) 53,155.9074280(2) —
Advance of periastron ® (°/year) 16.89947(68) [16.96(5)]
Gravitational redshift parameter y;(ms) 0.3856(26) —
Shapiro delay parameter s 0.99974(—39,+16) —
Shapiro delay parameter r (us) 6.21(33) —
Orbital period derivative P, —1.252(17) x 10712 -

[ Kramer et al. 2006 ]

w mass ratio + 5 post-Keplerian parameters

» Spin precession of B (from eclipses)

Qp = 4.7770:82 ° /year

[ Breton et al. 2008 ]

w 6t post-Keplerian parameter




Observing the Double Pulsar

~ 1.3 x 10° TOAs from five different radio telescopes




The GR mass-mass diagram of the Double Pulsar

2.0 ;

7 - 2 =5 tests of GR
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Mass of Pulsar B (M)
-]

S
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0.0 0.0 0.5 1.0 1.5 2.0

Mass of Pulsar A (M)
Kramer et al. 2006, Breton et al. 2008

= New version by Kramer et al. with greatly improved precision should become available soon.
= GW damping in the Double Pulsar by now tested with a precision of order 0.02% (95% C.L.).



The Shapiro delay in the Double Pulsar
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Relativistic spin-orbit coupling in the Double Pulsar
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Lense-Thirring effect / moment of inertia of pulsar A

W = wle + w2pN + wSO

PSR J0737-3039

wipny = 16.89... deg/yr
wepn = 0.00044 deg/yr
wso = —0.0003814/(10% gcm?) deg/yr
OWobs = 0.00002 deg/yr

[ Kramer et al., in prep.; Kehl et al., in prep. ]



Bekenstein’s TeVeS and the Double Pulsar
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PSR J0348+0432
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High-resolution optical spectroscopy of the PSR J0348+0432 companion

VLT/ESO

400}

300

2001

100

g Mass of pulsar: 6
g ° 5
= 2.01 £ 0.04 M4 )
—-100f T
—200f B
g R=my/m.=11.70+0.13 me = 0.172 = 0.003 M,

¢
[ Antoniadis et al. 2013 ]



Constraining equations of state at supranuclear densities
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Testing a new gravity regime

PSR J0348+0432
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Spontaneous scalarization of neutron stars in scalar-tensor gravity

[ Damour & Esposito-Farése ]




Limits on scalar-tensor gravity from pulsars
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[ Damour & Esposito-Farése 1996 ]
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Triple system pulsar PSR J0337+1715 and the violation of SEP

PSR J0337+1715: P=2.7ms, Mpsr = 1.44 Mo
Inner orbit: 1.63d, Mwp =0.20 Mo
Outer orbit: 327 d, Mwp = 0.41 Mo

WHITE

DWARF 1llll’

PULSAR
JO337+1715

© T. Tauris

[ Ransom et al., 2014 ]



Triple system pulsar PSR J0337+1715 and the violation of SEP

PSR J0337+1715: P=2.7ms, Mpsr = 1.44 Mo 100
Inner orbit: 1.63d, Mwp =0.20 Mo
Outer orbit: 327 d, Mwp =0.41 Mo
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[ Ransom et al., 2014 ]
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Expected limits on scalar-tensor gravity from PSR J0337+1715
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In search of a pulsar-black hole system

© MPEJESO




Probing the spacetime of Sgr A*

lllustration: R. Eatough / MPIfR

Residuals caused by frame dragging

R (pus)
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[ Psaltis et al. 2016 ]

Event Horizon Telescope
[ e.g. Doeleman, Proceedings of Science, 2010 ]

Simulation:
Dexter et al. 2010

MPIfR participation, including ;€




The first direct observations of gravitational waves

LIGO Hanford LIGO Livingston

m talk by Gabriela Gonzalez
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How do pulsars compare to LIGO? - |

GW150914

90% credible regions for the waveform
and the GW frequency

haw(t)/ 10721

Jaw(®) (Hz)

—-0.15 —-0.10 -0.05 0.00
Time (seconds)

GR violations are limited to less than 4%
(for effects that cannot be reabsorbed in a
redefinition parameters)

Testing post-Newtonian corrections in the orbital

phase evolution due to GW damping
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- V¥ Double Pulsar (v~0.002c)
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PN order
(v2/c? corrections)

Quadrupole formula

[ LSC/Virgo 2016 ]

[ LSC/Virgo 2016, Kramer et al. in prep. ]




How do pulsars compare to LIGO? - ||

BH-BH mergers cannot test deviations from GR
that appear only in the presence of matter,
e.g. JFBD-type scalar-tensor gravity

Certain alternatives to GR predict (significant)
deviations only for BHs, e.g. decoupled dynamical
Gauss-Bonnet (D?GB) gravity (see Yagi et al. 2016).

logio| ol

For certain alternatives to GR, pulsars already provide
better constraints than expected from LIGO/Virgo
observations of NS-NS or NS-BH mergers.

LIGO/Virgo observations of NS-NS mergers are essential
to test short range phenomena, like dynamical scalarization
(Barausse et al. 2013).
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The gravitational wave spectrum

Hubble time years hours sec msec

10 - 100 aHz 1-100 nHz 0.1 -100 mHz 20 - 2000 Hz

m parallel session C1
Pulsar Timing Arrays



Pulsar Timing Array (PTA)

[ Verbiest et al. 2016 ]

D. Champion / MPIfR

Nanograv.org

www.nfs gov

NANOGrav

www.commons.wikimedia.org [ Figure: C. Tiburzi ]




The nano-Hertz stochastic gravitational wave background

Millennium Simulation

[ Springel.et al. 2005 ]

characteristic amplitude
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Stochastic gravitational wave background / (evolving) single source
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Testing the properties of nano-Hertz gravitational waves
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Breathing ;

— Sheara=-2/3 |\

''''' Shear a= -1
"""" Shear a=0

— Longitudinal o= - 2/3
----- Longitudinal o= -1 |
------- Longitudinal a= 0

[ Lee et al. 2008, Lee et al. 2010 ]



The Five hundred meter Aperture Spherical Telescope (FAST)
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The Square Kilometre Array (SKA)
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Solar system tests: 0.001%
Binary pulsar tests (quasi-stationary and radiative): 0.02%

Merging (stellar-mass) black holes: 4%
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