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Gravity

¥

Are the physical laws derived here on Earth the same as in the
rest of the Universe?

For instance, does the astronaut
fall in the same way everywhere in the universe?

Even near exotic matter in strong gravitational fields?



100+ years of General Relativity and Testing it

General relativity conceptually different than description of other forces
We expect that GR must eventually fail (incompatibility with quantum

theory, singularities), but we don’t know how and where

Will Einstein have the last word on (macroscopic) gravity or does GR fail

far below the Planck energy?
What is dark matter and dark energy?

Do we have to modify gravity on large scales?

How to test it?
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100+ years of General Relativity and Testing it

e General relativity conceptually different than description of other forces

GR has been tested precisely, e.g. in solar system

Classical tests:

- Mercury perihelion advance
- Light-deflection at Sun
- Gravitational redshift
e Modern tests in solar system,
- Lunar Laser Ranging (LLR)
- Radar reflection at planets, Cassini spacecraft signal (LR/ITP)
- LAGEOS & Gravity Probe B
still...
We need to test gravity in strong, non-linear conditions: NS+BH!
What are the properties of black holes & gravitational waves?

event horizon

Using techniqgues and methods not known to Einstein...
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Pulsars...

e ..almost black holes

e ...Objects of extreme matter:
— 10 x nuclear density
- B~B,=4.4x10°Tesla
— Electr. fields ~ 1012 Volt
— Fgy = 101F
— High-temperature superfluid superconductor!

gravitation

...born in (usually Type IlI) Supernova explosion:




Pulsars... rotate very fast!

11748-2446ad Crab pulsar J2144-3933
1.4 ms 33 ms 8.5s

— e
Vela-Pulsar 89 ms

42,960 Rotations per minute 7

Period

1,600

- o

e Speed at equator: 45,000,000 m/s = 162 Million km/h!
e Centrifugal acceleration: 20 Million g!

e Pulsars are massive, fast rotating fly wheels

e Pulsars are excellent clocks ‘



Most useful: Pulsars with companions

~ 2500 radio pulsars

1.40 ms (PSR J1748-2446ad)
8.50s (PSR J2144-3933)

~10% binary pulsars
Orbital period range

94 min (PSR J1311-3430)
5.3yr (PSR J1638-4725)

Companions
MSS, WD, NS, planets
Wanted: PSR-BH!

Simple experiment:

i.e. Measure (=time!) how a pulsar falls as a test mass in the gravitational potential of
a companion (and in the Galaxy) ... a clean experiment with extreme precision!

QR



A simple and clean experiment: Pulsar Timing

Pulsar timing measures arrival time (TOA):

Model

LA

TOA

Residual
Coherent timing solution about 1,000,000 more M



High precision measurements — What's possible today...

Spin parameters:

e Period:
Astrometry:

e Distance:

e  Proper motion:
Orbital parameters:
e Period:

e  Projected semi-major axis:
e Eccentricity:

Masses:

e  Masses of neutron stars:

e  Mass of WD companion:

e  Mass of millisecond pulsar:

e Main sequence star companion:

e  Mass of Jupiter and moons:
Relativistic effects:

e  Periastron advance:

e Einstein delay:

e  Orbital GW damping:
Fundamental constants:

e Changein (dG/dt)/G:
Gravitational wave detection:

e Change in relative distance:

157(1) pc
140.915(1) mas/yr

0.102251562479(8) day
31,656,123.76(15) km
3.5(1.1) x 107

1.33816(2) / 1.24891(2) M,
0.207(2) M,

1.667(7) M.,

1.029(3) M.,

9.547921(2) x 104 M.,

4.226598(5) deg/yr
4.2992(8) ms
7.152(1) mm/day

(<0.6 £ 1.1) x 10~2yr1

100m / 1 lightyear

5.757451924362137(2) ms (Verbiest et al. 2008) Note: 2 atto seconds uncertainty!

(Verbiest et al. 2008)
(Verbiest e t al. 2008)

(Kramer et al. in prep.)
(Freire et al. 2012)
(Freire et al. 2012)

(Kramer et al. in prep.)
(Hotan et al. 2006)
(Freire et al. 2012)
(Freire et al. 2012)
(Champion et a. 2010)

(Weisberg et al. 2010)
(Weisberg et al. 2010)
(Kramer et al. in prep)

(Zhu et al. 2015)

(EPTA, NANOG rav| _
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RADIAL VELOCITY (km s*)

The first binary pulsar — the first DNS: Hulse-Taylor pulsar
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Comparison Hulse-Taylor vs Double Pulsar

PSR B1913+16 PSR J0737-3039A/B

More compact...

... ahd much closer!




The Double Pulsar (Burgay et al. 2003, Lyne et al. 2004)

e Old 22-ms pulsar in a 147-min orbit with young 2.77-s pulsar

e Orbital velocities of 1 Mill. km/h

e Eclipsing binary in compact, slightly eccentric (e=0.088) and edge-on orbit
e |deal laboratory for gravitational and fundamental physics

e |n particular, exploitation for tests of general relativity

(Kramer et al. 2006, Breton et al. 2008, Kramer et al. in prep., Wex et al. in prep.)

Collaborators:

C. Bassa, R. Brenton, M. Burgay,
l. Cognard, N., G. Desvignes,

R. Ferdman, P. Freire, L. Guillemot,
G. Hobbs, G. Janssen, P. Lazarus, D.
Lorimer, A. Lyne, R. Manchester, M.
McLaughlin, B. Perera, A. Possenti,

J. Reynolds, J. Sarkissian, I. Stairs,
B. Stappers, G. Thereau, N. Wex
and more

McGill l




Double Pulsar: a unique relativistic double-line system

e \We can measure two orbits = mass ratio

A 10714+ 0.0011

Note: theory-independent to 1PN order!
(Damour & Deruelle 1986, Damour 2005)

e Huge orbital precession of 16.8991 + 0.0001 deg/yr! (4 x larger than Hulse-Taylor)

- 2/3
dw/dt=3T2/3(i) o (mA +mB)
2

Sun 2
l-e

m, + m,=(2.58706+0.00001) M,

Combined (GR):
Comparetd Mercury: m,=(1.3381+0.0007) Mg

DRI 2 m - (1.2489+0.0007) Mg

Newest measurement: dw/dt=16.89931(2) deg/yr - errM




Double Pulsar: five tests in one system!

e Huge orbital precession of 16.89931(2) deg/yr!
e Clock variation due to gravitational redshift: 385.6 + 2.6 us!
Latest measurement: 383.9 £ 0.5 us (improvement: x 5 — but not x 30!)

Obs.Val.
Exp.(GR)

= 1.000 £ 0.002

- As other clocks, pulsars run slower in deep gravitational potentials

- Changing distance to companion (and felt grav. potential) during elliptical orbit

I



Shapiro delay (ps)

Double Pulsar: five tests in one system!

e Huge orbital precession of 16.89931(2) deg/yr!

e Clock variation due to gravitational redshift: 383.9 + 0.5 ps !

e Shapiro delay in edge-on orbit: s =sin(i)=0.99974 (-0.00039,+0.00016)

_ s = sin(i)=0.999923 + 0.000012

=88.7(+0.5,0.8) deg |G NN

new: 89.29+0.05deg | [NIEGA(ERL
| Obs.Val(r)

Exp.(GR)

=0.984+0.02 g

F

_20 .................. | PR TS PP TS P | P TS FW e | P ‘
0 45 90 135 180 225 270 315 360

orbital phase A (deg)

- At superior conjunction, pulses from pulsar A pass B in <10,000km distance

- Space-time near companion is curved =»Additional path length
=» Delay in arrival time — depending on geometry and COTM



Double Pulsar: five tests in one system!

e Huge orbital precession of 16.89931(2) deg/yr!

e Clock variation due to gravitational redshift: 383.9 + 0.5 s !

e Shapiro delay in edge-on orbit: s =sin(i)=0.999923 + 0.000012

e Relativistic spin precession: Q,=4.8(7) deg yr*

e Shrinkage of orbit due to GW emission: AP,=107.79 + 0.11 ns/day!

- Pulsars approach each other by
7.152 + 0.001 mm/day

"Val
Obs-Val 1 1000 + 0.0002

Exp.(GR

- Merger in 85 Million years

Animation by NASA/Rezzolla/AEl

Precision will improve with time: superseding solar system tests soon

R



haw(?)/10721

Jow(®) (Hz)

How do pulsars compare to LIGO?

GW150914.
90% credible regions for the waveform
and the GW frequency
3 ‘ ‘
2L
1k
0

100

-0.10 -0.05 0.00

Time (seconds)

-0.15

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

[ LSC/Virgo 2016 ]

Testing post-Newtonian corrections in the orbital
phase evolution due to GW damping

102 E ] T T T T T T 3
101 L v —;
: e
i N m 9
10° I v $ 4
n ' * [ |
g 101 E— ' v ‘ =
1072 & =
B GW150914 (v~0.4c)
® GW151226 (v~0.4c)
10-3 L @® combined )
- V¥ Double Pulsar (v~0.002c)
10—4 Y | | | | | | |
O 05 1 15 2 2.5 3 3.5
PN order

(v2/c? corrections)

Quadrupole formula

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



Combining all tests: a "mass-mass diagram"

Quasi-stationary strong field tests

7 - 2 =5 tests of GR plus 1 emerging one
Precession of periastron (17 deg/yr) — —— ‘

T T T ‘ 7T T T T ‘
AN A\

8 r N o\ |

G*% (am\** 1 \

c2 (ITb) 1—e2 (ma + me)*/* bt O

A

J
w=3

Time dilation / Einstein delay (380 ps)
= G*/3 (Pb) Y3 mp(ma + 2ms)

2 \2m (ma +mp)t/3
"5
Shapiro delay (130 us) =
r=Gms omgin(R) mEEEE |
c3 G1/3 B, mp é

Geodetic precession of B (5 deg/yr)

On — G2/3 2_7r i 1 ma(4mp + 3ma)
B= "2 B 1—e? 2(ma +mp)4/3

Radiative tests (gravitational wave damping)

Orbital period decay (-39 us/yr)

P — 1927 Gb/3 (2_1r 531 4 Be? 4 3Ted MAMB
5 c® B, (1- 62)7/2 (ma + mB)1/3 Mass A (Mg,,)
: ma = 1.33816 + 0.00002 Mg
Mass ratio (1.07)

mp = 1.24891 4+ 0.00002 M,
R= mB/xA = mA/mB + O(v4/c4)




Higher order light propagation: Effect of moving lens
1.5PN Shapiro Effect:

G

v
vvvvvvvvvvvvvvvvvvvvvvvvvvvv
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0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360

orbital phase of A (deg) orbital phase of A (deg)



Higher order light propagation: Effect of light bending

A A




Equation-of-State Dependence of Periastron Advance

S

G

Ry

Lense-Thirring

l

W = W1pN + WapN + WSO

[ Damour & Schafer (1988) ]

= Moment-of-inertia!

Sa>Sp, SalL

wipyn = 16.89... deg/yr
wopn = 0.00044 deg/yr
wso = —0.0003814/(10% gcm?) deg/yr
Soops =  0.00002 deg/yr

[ Kramer et al. (in prep.)]

1.2494

L R T S
WFF1 ]
MSO

1.2492
1.249

1.2488

mg (solar mass)

1.2486

12484 o+ o0 0000w
1.3376 1.3378 1.338 1.3382 1.3384
ma (solar mass)




A [deglyr]

Future Constrains on the EOS with the Double Pulsar

MOCK data simulations of future pulsar signals
(Kehl MSc thesis, 2015). 70

(@)
o

Simulation for Lense-Thirring precession with EOS AP3
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by measuring

will be qualitatively Lense-Thirring precession

measureable with with
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Constraining alternative theories — some examples...

Scalar-tensor gravity

Jordan-Fierz-Brans-Dicke

Quadratic scalar-tensor gravity
(see work by Damour & Esposito-Farese)

Massive Brans-Dicke

Vector-tensor gravity

Einstein-ZL£ther

Horava gravity

TeVeS & TeVeS-like theories

Bekenstein's TeVeS

TeVeS-like

PSR J1738+0338, PSR J0348+0432
(Freire et al. 2012, Antoniadis et al. '13)

PSR-WDs, PSR J1738+0338, PSR J0348+0432
(Freire et al. 2012, Antoniadis et al. '13)

PSR J1141-6545
(Alsing et al. 2012)

Various binary pulsars
(Yagi et al. 2014)

Double Pulsar
(Kramer et al. in prep, Wex et al., in prep)

PSR J1738+0338
(Freire et al. 2012)

Fundamental Physics in Radio Astronon
adioastronomie




Bekenstein’s TeVeS and the Double Pulsar

167

+ Svector [A,,; g,"w]

“o [V (B 27 G0u00.0))

+ Smatter [‘(,15, guu = g;,, exP(—2QO‘p) - 2-AuAu sinh (20050)

It doesn't pass.

=» Scalar-vector-tensor theory with
aquadratic kinetic term and
disformal coupling

Scalar coupling strength ag 2 0.05

Volocry

1.35 5o

f . R
, P

Mg (Msun)
o
N
w
‘B WA
hedbddibdb—b————

b end i

1.35 1.4 1.45

[ Kramer et al, in prep.; Wex, Esposito-Farése et al., in prep. |

ma (Mgyn) l



Dipolar Gravitational Radiation in Binary Systems?

Unlike GR, most alternative theories of gravity — including tensor-scalar theories —
predict dipole radiation that dominates the energy loss of the orbital dynamics:

[

Energy flux = Quudr:qmlc + ()(—.-) spin 2
o &
- Monopole (0 " _]_ )-+ l,)lp:)lc - Quaclr:lpolc + 0 (_L_) spin 0
C e C C C
x (uA-ct.B)2

Hence, visible in orbital decay: -
Pguadrupole o (B)
C

Pt()iipole ¢ (

[ ——

. =0in GR ~ 0 in Double Pulsar

since vy =~ ap .




Dipolar Gravitational Radiation in Binary Systems?

Unlike GR, most alternative theories of gravity — including tensor-scalar theories —predict
other radiation multipoles that dominate the energy loss of the orbital dynamcis (1.5 pN):

o>

For different bodies, measurable as orbital decay fro ipolar radiatipn:

472 G 1+ e2/2 3
i dheSlle: te/ (OéA—OéB)2

Pdipole _
2 Py, c3(ma +mp) (1 — e2)5/2

PSR-BH system would be best as BH would have zero scalar charge

But PSR — WD system also effective lab — in particular if PSR is massive!

R
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Next best thing: a PSR-WD system

PSR J0348+0432: first massive NS in relativistic orbit (Lynch et al. 2013)
Combining VLT, Effelsberg, Arecibo & GBT data, new record mass measured:
M=2.01+0.04 Mg (Antoniadis et al., 2013)

39.1226
2.45817750533(2) h
106

5) ms (8

v (km s

R=11.70£0.13

P.A. (deg.)
—-60 0 60

T
[ J0348+0432

4x1073

Flux
2x10™

0

T
1347.5 MHz |

Effelsberg

Pulse Phase

1
0.8

0.172 4 0.003 M,




Testing a new gravity regime

PSR J0348+0432: first massive NS in relativistic orbit (Lynch et al. 2013)
Combining VLT, Effelsberg, Arecibo & GBT data, new record mass measured:

M=2.01+0.04 Mg (Antoniadis et al., 2013)
* |Important for probing different grav fields but also for EoS of super-dense matter

Combine with 255
moment-of-inertia
from Double Pulsar. > -
o T\ W\ e N\
E"' PPSR 190340327 e \PCLZ‘ A A \ —
Are they born ol cs1 e G52 Ps
. s GM3
massive? ;
0 1+
See earlier... L somt SQM2
L SQM3
0.5+
0- |||||||||||||||||||||||||||||||||||
7 8 9 10 11 12 13

Radius (km)



Next best thing: a PSR-WD system

PSR J0348+0432: first massive NS in relativistic orbit (Lynch et al. 2013)
 Combining VLT, Effelsberg, Arecibo & GBT data, new record mass measured:
M=2.01+0.04 Mg (Antoniadis et al., 2013)

:9) fS S_1:7.9: 1

Py = (—250 =

- 0.3 us yr—

. gic ap = 1 —  P,= —110000 ps/yr
NO in _
GR — P, = —8.2 ,us/yrI



Limits on Tensor-scalar theories

Limits better than solar system limits for most of the parameter space,
e.g. in framework by Damour & Esposito-Farese:

matter

g O——
Note:
LLR
0 —
;10 *InGR, ayand B,=0
LIGO/VIRGO ¢ Jordan-Fierz-Brans-Dicke:
___________ NS-BH
_\——:1"— B1534+12 on axis of [30=0
M SEP
- B1913+16
- " Double Pulsar closes the “gap”
________ LISANS-BH left by PSR-WD systems.
: iy PSR-BH
} [~ T~ __--== == J0737-3039
T n J1141-6545
Cassini , "'\
! r J1738+0333
: ALLOWED
THEORIES
: 7 GR (ap=p(=0) e

o,



Constraining tensor-scalar gravity

Kramer (2016) . O
- .5 T T T T T T T T T T ihelion
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The new "most relativistic binary"...

e New discovery from HTRU-S Low-lat (Cameron, Ng et al. in prep.)

e Anew 4.4-h binary at about 6 kpc distance: sf

21.53
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MD

e dw/dt=10.38 deg/yr
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The new "most relativistic binary"...

e Largest orbital precession/orbit & largest GW luminosity
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