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Abstract: <span>The supermassive black hole in the centre of the Milky Way, Sgr A*, is an ideal target for testing the properties of black hc
number of experiments are being prepared or conducted, such as the monitoring of stellar orbits, the search for radio pulsars or the recordi
image of the shadow of a event horizon. The talk puts these efforts in context with other tests of general relativity and its alternatives. | w
compare the approaches in the Galactic centre, while concentrating in particular on the prospects of using pulsars as probes, also in con
with event horizon imaging.</span>
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Understanding Gravity

General relativity conceptually different than description of other forces

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

Classical tests: 3
S S : teir :
- Mercury perihelion advance Right? A

-

- Light-deflection at Sun

- Gravitational redshift
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Understanding Gravity

General relativity conceptually different than description of other forces

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

Classical tests: & TELESCOPE -
-_ instein ;
- Mercury perihelion advance Ri Ifn?_ *+N

Wﬁs he i i

Wrong?

- Light-deflection at Sun

- Gravitational redshift
Modern tests in solar system (see PPN formalism by Will & Nordvedt), e.g.

- Lunar Laser Ranging (LLR)

- Radar reflection at planets, Cassini spacecraft signal

- LAGEOS & Gravity Probe B
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Understanding Gravity

General relativity conceptually different than description of other forces
But GR has been tested precisely, e.g. in solar system
Classical tests:

- Mercury perihelion advance

Was he i i

Wrong?

- Light-deflection at Sun

- Gravitational redshift
Modern tests in solar system (see PPN formalism by Will & Nordvedt), e.g.

- Lunar Laser Ranging (LLR)

- Radar reflection at planets, Cassini spacecraft signal

- LAGEOS & Gravity Probe B Atoms

, g
But, is there a problem..? .

\
See recision cosmology: Inflation? m "

Dark Matter? S

Dark Energy?
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Understanding Gravity

General relativity conceptually different than description of other forces
But GR has been tested precisely, e.g. in solar system
Classical tests:

- Mercury perihelion advance

7\4’\.}55 he i i

Wrong?

- Light-deflection at Sun

- Gravitational redshift
Modern tests in solar system (see PPN formalism by Will & Nordvedt), e.g.

- Lunar Laser Ranging (LLR)

LR/ITP)
- Radar reflection at planets, Cassini spacecraft signal L
- LAGEOS & Gravity Probe B Atoms
But, is there a problem..? : Jark '\ Fx
See recision cosmology: Inflation? m -

Dark Matter? flask £

Dark Energy?
Better: Will Einstein have the last word on (macroscopic) gravity

or does GR fail far below the Planck energy?
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Understanding Gravity

General relativity conceptually different than description of other forces
But GR has been tested precisely, e.g. in solar system
Classical tests:

- Mercury perihelion advance

Was he i i

ENl Wrong?

- Light-deflection at Sun
- Gravitational redshift
Modern tests in solar system (see PPN formalism by Will & Nordvedt), e.g.

- Lunar Laser Ranging (LLR)

LR/ITP)
- Radar reflection at planets, Cassini spacecraft signal :
- LAGEOS & Gravity Probe B Atoms
But, is there a problem..? - \
See recision cosmology: Inflation? m

Dark Matter? sk foeriy

' Ptanm
Dark Energy?

Better: Will Einstein have the last word on (macroscopic) gravity

or does GR fail far below the Planck energy?
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Testing different regimes of gravity

e e — =

Quasi-stationary E==———---=
weak-field regime ===

Quasi-stationary
strong-field regime

Radiative
regime

Highly relativistic
regime

- We need clean tests where gravity is strong and non-linear.
- We must test the radiative properties of gravity.
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Testing different regimes of gravity

Quasi-stationary
weak-field regime

Quasi-stationary
strong-field regime

Radiative
regime

Highly relativistic
regime

- We need clean tests where gravity is strong and non-linear.
- We must test the radiative properties of gravity.
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Outline

Introduction:
Pulsar timing & examples

Pulsars in binary systems:

Testing theories of gravity

The current gold standard:

Tests of GR and alternative theories

Black Holes, Event Horizon & Pulsars:

Combining the knowledge

Fundamental Physics in Radio Astronomy
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A “simple” and clean experiment: Pulsar Timing

e Pulsars are...
...cosmic lighthouses
..almost Black Holes: ~¥1.4 M, within 20km

...objects of extreme matter : 10x nuclear

...massive flywheels, hence very stable clocks

..pulsar timing measures arrival time (TOA):
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A "simple" and clean experiment: Pulsar Timing

Pulsar timing measures arrival time (TOA):

(adapted from D. Champion)

TOA

Coherent timing solution about 1,000,000 more precise than Doppler method
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A "simple"” and clean experiment: Pulsar Timing

Pulsar timing measures arrival time (TOA):
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TOA Residual

Coherent timing solution about 1,000,000 more precise than Doppler method
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Our (usual) laboratories: 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)
5.3 yr (PSR J1638-4725)

Companions

MSS, WD, NS, planets

See summary of V. Kaspi

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 very high precision!
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High precision measurements — “Best of” examples...

Spin parameters

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

Astrometry

* Distance:

*  Proper motion:

Orbital parameters:

* Period:

*  Projected semi-major axis:
*  Eccentricity:

Masses

e  Masses of neutron stars:

* Mass of WD companion:

*  Mass of millisecond pulsar:

*  Main sequence star companion:

¢  Mass of Jupiter and moons:
Relativistic effects:

*  Periastron advance:

. Einstein delay:

*  Orbital GW damping:
Gravitational wave detection

¢  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 10

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

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

1.33816(2) / 1.24891(2) M (Kramer et al. in prep.)

0.207(2) M
1.667(7) M
1.029(3) M
9.547921(2) x 10°M

J.z?.f(l:)‘)}t;(:_:] Lh';:f\’fr
4.2992(8) ms

7.152(8) mm/day

100m / 1 lightyear

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

(Weisberg et al. 2010)
(Weisherg et al. 2010)
(Kramer et al. in prep)
(EPTA, NANOGrav, PPTA)

Fundamental Physics in Radio Astronomy
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Correlation

Pulsars as Gravitational Wave Detectors

Pulse arrival times will be affected by low-frequency
gravitational waves — correlated across sky!

Ina “Pulsar Timing Array” (PTA) pulsars act as the arms
of a cosmic gravitational wave detector:

06 - - - - )

.0 3 |
04 [ Hellings & Downs 1983 ]

05 L : " "
0 20 40 60 80 100 120 140 160 180

Angle between pulsars (deqg)
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The European Pulsar Timing Array (EPTA)

An array of 100-m class telescopes to form a pulsar timing array

Effelsberg 100-m,‘Gern:1any

NRT, Nancay, France

...and forming the Large European Array for Pulsars (LEAP)
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The Large European Array for Pulsars (LEAP)

'The best and most sensitive pulsar instrument right now"

* Coherently adding ("phasing up") the 6 of the 5 biggest fully-
steerable telescopes in the world.

* Forming a telescope with an equivalent size of a 200 m dish.

e A LEAP in collecting area seeing most of the sky.

e LEAP can produce ToAs and images

* Funded by ERC Advanced Grant (Pl Kramer)

e Integreal part of EPTA observing monthly

‘erc
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Limits on theories of gravity from EPTA Effelsberg data

e Best test on existence of preferred frames, i.e. gravitational Lorentz
invariance, thanks to unique long-term Effelsberg data set:

i /
5 y ser2 ALY
S fo
i W : "o C@/-
/ 4 SEPO o J&y
L/ Z il @
// % (9/-&..
)5 i
: — WW"‘ | papererer TN eg gy o "I\WJ
V' observer 0 90 180 270 360
Pulse Longitude [deqg]
* |dea: Look for profile changes in isolated pulsars
* Inspected two pulsars in detail: no changes found over 18 years!
* Important: Longest, uninterrupted coherently dedispersed data existing!
O 0.4737 x 10™° (95% C.L.) || < 1.6 x 10 ® (95% C.L.)
1 3.1 / m
[ Shao & Wex 2012 ] [ Shao et al. 2013 ] 7
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Limits on theories of gravity from EPTA Effelsberg data

e Best test on existence of preferred frames, i.e. gravitational Lorentz
invariance, thanks to unique long-term Effelsberg data set:

K
& L . SEP2 //) {O-
.i W « SEP1 f&/
/ ) SEPO y ]8J/
/ r - G
_ y o Ul
e 3 Pe_
j @ 1997 Sep 2
g 2009 Jun 6
| - WW,' \ MMW "IW
V' observer 0 90 180 270 360

Pulse Longitude [deg]

* |dea: Look for profile changes in isolated pulsars
* Inspected two pulsars in detail: no changes found over 18 years!
Important: Longest, uninterrupted coherently dedispersed data existing!

ay 04137 x 10~ (95% C.L.) lda| < 1.6 x 1077 (95% C.L.)

[ Shao & Wex 2012 ] [ Shao et al. 2013 ]
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The first binary pulsar: Hulse-Taylor pulsar
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The Double Pulsar (surgay et al. 2003, Lyne et al. 2004)

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

* Orbital velocities of 1 Mill. km/h

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

e |n particular, exploitation for tests of general relativity

(Kramer et al. 2006, Breton et al. 2008)
MecLaughlin et al. {2004)
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Double Pulsar: a unique relativistic double-line system

e We can measure two orbits = mass ratio

ma

= 1.0714 + 0.0011

Note: theory-independent to 1PN order!
(Damour & Deruelle 1986, Damour 2005)
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Double Pulsar: a unique relativistic double-line system

e We can measure two orbits = mass ratio

ma

= 1.0714 + 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"‘_'_?8“-” fhﬁ‘lﬂl”“_"fe‘”‘f’o’

© = 0.00012 deg /yr
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Double Pulsar: a unique relativistic double-line system

e We can measure two orbits = mass ratio

= 1.0714 + 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"‘I'_ar_8;e' :‘_h?‘”lHU_'%e‘TaV’Of

) T !
dw/dt=3T." (I—’)
Sia { ny

—

“(my+m,)

|
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Double Pulsar: five tests in one system!

e Huge orbital precession of 16.8591 + 0.0001 deg/yr!

e Clock variation due to gravitational redshift: 383.9 + 0.6 microseconds!

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

- Changing distance to companion (and felt grav. potential) during elliptical orbit
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Double Pulsar: five tests in one system!

Huge orbital precession of 16.8991 + 0.0001 deg/yr!

L ]
e Clock variation due to gravitational redshift: 383.9 £ 0.6 microseconds!
e Shapiro delay in edge-on orbit: s =sin(i)=0.99975 + 0.00009

Kramer ol a ?00€ ()l]ﬁ\(ll(h) g =
' T 1.0000 + 0.0005

Fxp.(GR)

Obs. Val(r)
Exp.(GR)

0.98 + 0.02

i=88.7+0.2 deg

I e o g ARSIy

k"
\."fh"f“”“

60 0 180 240 ) W)

Longtiude (deg)

- At superior conjunction, pulses from pulsar A pass B in 20,000km distance
- Space-time near companion is curved =»Additional path length
=» Delay in arrival time — depending on geometry and companion mass
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Double Pulsar: five tests in one system!

e Huge orbital precession of 16.8991 + 0.0001 deg/yr!
e Clock variation due to gravitational redshift: 383.9 + 0.6 microseconds!
e Shapiro delay in edge-on orbit: s =sin(i)=0.99975 + 0.00009

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

Breton et al. (2008)

- TLK
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Double Pulsar: five tests in one system!

e Huge orbital precession of 16.8991 + 0.0001 deg/yr!
e Clock variation due to gravitational redshift: 383.9 £ 0.6 microseconds!
e Shapiro delay in edge-on orbit: s =sin(i)=0.99975 + 0.00009

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

get al. (2008)

September 2004 ¢=65

_.‘ﬂﬂ”mlxwlilll.

9 g3
..JI_/

1

JM’T
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Double Pulsar: five tests in one system!

* Huge orbital precession of 16.8991 + 0.0001 deg/yr!
e Clock variation due to gravitational redshift: 383.9 + 0.6 microseconds!
e Shapiro delay in edge-on orbit: s =sin(i)=0.99975 + 0.00009

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

September 2008

n

d=422°

il

LIUUUL

Jntf.\_lk._ﬂ,.M
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Double Pulsar: five tests in one system!

* Huge orbital precession of 16.8991 + 0.0001 deg/yr!

e Clock variation due to gravitational redshift: 383.9 + 0.6 microseconds!
e Shapiro delay in edge-on orbit: s =sin(i)=0.99975 + 0.00009

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 + 0.008 mm/day

Obs.Val. : -
= 1.000 + 0.001

Exp.(GR)

- Merger in 85 Million years

Precision of all tests will improve with time: expect to supersede solar systen
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Double Pulsar: five tests in one system!

e Huge orbital precession of 16.8991 + 0.0001 deg/yr!

e Clock variation due to gravitational redshift: 383.9 + 0.6 microseconds!
e Shapiro delay in edge-on orbit: s =sin(i)=0.99975 + 0.00009

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

Obs.Val.
Exp.(GR)

= 1.000 4 0.001

- Merger in 85 Million years
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Gravitational wave emission: H-T vs D-PSR

0% e ™ -]
. Line of zero orbital decay
.‘ ’
-
-
5 -
- 1
O . '
» e ]
e - 1
- -
o
E
= .
= )
£ .
'
> _ag | General Relativity prediction
S %
= =38 8
40 |
Weisberg et al. (2010) \ ]
4 ]
1975 1980 1985 1980 1995 2000 2005
Year
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Gravitational wave emission: H-T vs D-PSR

A 0.5 ]
0 & ﬁk -1 . !
: e Line of zero orbital decay l i e _Kram.er eT G/.I. (fn pr‘ep) _j
| - | 0.0 {
| - | ]
5 | - ] {
[ - , -0.5 J
-~ . . . 1
- X . | ‘.
o ~10 I 4 1.0 |
= r - 1 |
P L - d :
g 5 l E -1.5 i
7 : & i
< l £ 20 1
£ _op | , 7] |
. i j £ 25 |
B 3
8 -25 X { o |
c . j @ 30 !
7 . a 1.
> _a0 General Relativity prediction l . !
5 \ . 3.5 |
.:: 15 | - | 4.0 ]
| | |
: : . I
| l 4.5 Newtontan Grawvity 1
40 | | Prediction of GR for gravitational guadrupole emission |
| | |
' Weisberg et al. (2010) \ ] 5.0 |

19 | | i 4 Y| 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

1975 1980 1985 1990 1995 2000 2005 Year

Year
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Gravitational wave emission: H-T vs D-PSR

1 0.5
0% . - .
- Line of zero orbital decay ] ook Kramer et al. (in prep.) 1
& l
. -
N | -
- 0.5
O .
) -
v o | -1.0
= -
S . ]
7 -
- £ 2.0
ke _on l wn \‘
g -20 ' e
| o
s 1 o 2.5 \
{ w0
= ) X 1 u \
- -
£ X | @ 30
: { o
> _10 General Relativity prediction , .
-1 - { -3.5
-:: 15 | \ | 4.0
! ' 4.5 Newtontan Grawvily \
40 | | Prediction of GR for gravitational guadrupole emission
Weisberg et al. (2010) \ ] 50f :
10 | | " ey Aw| 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
1975 1980 19856 1990 1995 2000 2005 Year

Best evidence for the existence of gravitational waves by far — to better than 0.03%!

Pirsa: 14110094 Page 36/80



Tensor-Scalar theories

A number of motivations for scalar partners (spin 0) to the graviton (spin 2):

e- Unified and extra-dimensional theories (superstrings)
e- Dark Energy (inflation, quintessence)

e- Dark Matter (modified Newtonian dynamics)
3 ‘-\\ﬂ—("-- " l vk % ¥ y
[1“,, = e (11”’ 51 .r/!”,) F 20,00,

4 2 = 17—1—(:', o
GVEVE = (a0 HBop) T

4
(
Damour & Esposito-Farese (1993, 1996)

Physical (Jordan) metric: .‘);m - .‘l,}:p exp(2app + -fn\,?")

*- Note that the matter-scalar coupling constants a, and B, are related (non-linearly)
e tothe “PPN” parameters (Eddington 1923, Nordtvedt & Will 1972)
e- Hence, their values are very well constrained in the weak field of the solar system

e- We need to constrain them also in strong fields!
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Tensor-Scalar theories

A number of motivations for scalar partners (spin 0) to the graviton (spin 2):

e- Unified and extra-dimensional theories (superstrings)
e- Dark Energy (inflation, quintessence)

e- Dark Matter (modified Newtonian dynamics)
34 ‘-\\;T(" ¥ —" W sl "
[1“,, = : (lw, 51 ;/W) F 20,00,

-'/!-Wv/'zv;av: = - (g H Bow) T

Damour & Esposito-Farese (1993, 1996)

Physical (Jordan) metric: .‘);u» — (!,,,,(\[)( QP -t -))(175;)

*- Note that the matter-scalar coupling constants a, and B, are related (non-linearly)
e tothe “PPN” parameters (Eddington 1923, Nordtvedt & Will 1972)
e- Hence, their values are very well constrained in the weak field of the solar system

e- We need to constrain them also in strong fields!
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Tensor-Scalar theories

A number of motivations for scalar partners (spin 0) to the graviton (spin 2):

U

perihelion | (35
shift
5 0.030)

| 0.025

0.020)

VLBI \} 0015

NLOTO

Cassini 00050 e

PO S |

*
6 | 2 1

Figure by Esposito-Farese
General Relativity
»- Note that the matter-scalar coupling constants a, and B, are related (non-linearly)
e tothe “PPN” parameters (Eddington 1923, Nordtvedt & Will 1972)
e- Hence, their values are very well constrained in the weak field of the solar system

~ ¢ ~mrncts \ . \ 1ialdel
L vwe need 1o co rain them aiso !l'l:i'l_@jhl"\!._
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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

dynamics: \ Ouad .
Energy flux = e %

oc (O, —Ly)
Hence, visible in orbital decay: x5
1',|r'|n;ull'll|m|t' > (( )
c
Sdipole v ? 2
l’i.lm | X ( ) (@4 —ap)”
e
T ~ 0 in Double Pulsa
=0in GR :
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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

dynamics:

3

Sdipole v -
th' X ( ) ((}_l_—(u;)“’

P
* 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!
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The "next best thing": PSR-WD

* PSR J0348+0432: first massive NS in relativistic orbit (Lynch et al. 2013)
* Combining VLT, Effelsberg, Arecibo & GBT data, new record mass measured:
M=2.011+0.04 Mg, (Antoniadis et al., 2013)

-

39.122656G901 T80G( 5

2.45817750533(2) h

- —

10~
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The "next best thing": PSR-WD

* 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)

No vast improvement for EoS (though comforting!) but probing different fields!

Mass (solar)

3 8 9 10 11 12 13 14 15
Radius (km)
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Constraining tensor-scalar gravity

}(l“

¢ /
perihelion | () )33
shift

- 0.030
= 0.025
0,020
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2 i i i A AL Aol i i " i i A4 a3 A S »
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. -4 -2 n‘\: 4 6

General Relativity
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Constraining tensor-scalar gravity
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General Relativity
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Constraining tensor-scalar gravity

-1.5

-2.5]

lg|etol

PSR J0348+0432:
Freire et al. (priv. comm.)

-3.5
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-1.5

Ig| ool

-3.5

Constraining tensor-scalar gravity

-25FE

PSR J0348+0432

10

PSR J0348+0432:
Freire et al. (priv. comm.)

PSR J1738+0333:
see Freire et al. (2012)
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In the Future

WHITE

DWARF .

PULSAR
JO3IT+1TIE

Image: T. Tauris
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Implications for LIGO/VIRGO

* Merger of binaries with NS companion main source of expected LIGO population

"

IKANN

* Expected signal will differ for tensor-scalar theories

* Example: merger of 1.3M and 2M NS: GR
i ~\'IMHWHﬂmNWHWMMW

Al
il ‘””HMHI|I'|'I|H'\‘” (1A

VYRV UV VY IYYY JH'H'bI‘M‘HHM\””'W“

T

AR R "Hll“ll

1£5.0
t(s]

= _ i - )
I, M AR 06 sov\° _ [ 7, MmAmp 96 s\ ° v\9 (ap ap)-
2 . = ( ) Vo |-z , = |- ( ) KAB ( )
Iy, (Mg rmpgls 9 C i ny, \ma+rmpg)”® ) & C l +4 paQvp
From J0O348+0432 =» AN <0.5 -less than 2 a cycle!

It is sufficient to work with GR templates even for massive NSs!
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