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Current Tests of (Weak-Field) General Relativity
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Current Tests of (Weak-Field) General Relativity

Other planets: 531.63 (arcsec/century)
GR: 42.98

Total: 574.61
© MERCURY Observed: 57410+ 0.65

2y - f-1/<3x107

With Lunar Laser Ranging:
f-1=(1.2%1.1)x10"

Will 2006, LRR, 9, 3
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Current Tests of (Weak-Field) General Relativity
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Current Tests of (Weak-Field) General Relativity
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The Breakdown of GR

-

= » Classical theory

» Not renormalizable
» Singularities
» Cosmological constant problem

Vacuum fluctuations

GR, an effective theory of quantum gravity?
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Ways to Modify GR

g [d'xJ=g(R-2n)

167(7
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Ways to Modify GR
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Ways to Modify GR
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Ways to Modify GR
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Ways to Modify GR

-
z

“Bottom-up approach”:

» Require Einstein equivalence principle (WEP, LLI, LPI)

. : : Will 2006, LRR, 9, 3
» Require a Metric

: i ) Psaltis 2009, JPCS, 189, 012033
» Underlying field equations unknown
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Ways to Modify GR
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“Bottom-up approach”:

» Require Einstein equivalence principle (WEP, LLI, LPI)

: . : Will 2008, LRR, 9, 3
» Require a Metric

: : : Psaltis 2009, JPCS, 189, 012033
» Underlying field equations unknown
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The No-Hair Theorem

The Kerr solution is the only possible stationary, axisymmetric,
asymptotically flat, vacuum metric in GR that has no naked
singularities and no closed time-like loops.

» Black holes have only 2 parameters: mass and spin
» Any other signature radiated away by gravitational waves

» Expectation: All astrophysical black holes are Kerr black holes

However...

= Other types of black holes
Johannsen & Psaltis 2011, PRD, 83, 124015

.. = Kerr solution not unique to GR
Psaltis et al. 2008, PRL, 100, 091101
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- Testing the No-Hair Theorem Observationally

Z% BN

Kerr black hole? Something else?

» Expand spacetime in multipole moments (mass M, spin a, ...)

» Parameterize quadrupole moment: K (ZaEroy)

» Use observations to measure (at least) 3 moments

» Check whether: ie.

Ryan 1995, 1997a,b Li & Lovelace 2008

Barack & Cutler 2004, 2007 Will 2008

Collins & Hughes 2004 Vigeland & Hughes 2010
Glampedakis & Babak 2006 Johannsen & Psaltis 2010a, 2011b
Brink 2008, 2009 Vigeland et al. 2011

Gair et al. 2008
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The No-Hair Theorem

The Kerr solution is the only possible stationary, axisymmetric,
asymptotically flat, vacuum metric in GR that has no naked
singularities and no closed time-like loops.

v Stationary
v' Axisymmetric

v' Asymptotically flat, correct Newtonian limit

» Vacuum in GR?

» Pathologies?

Strong-field gravity: Cannot use PPN, need to model spacetime.
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Parametric Deviations from the Kerr Metric

-

» Gravitational waves: (approximately) integrable

» Accretion flows: regular outside event horizon
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Parametric Deviations from the Kerr Metric

Gravitational waves: (approximately) integrable

r
\

Accretion flows: regular outside event horizon
o LI B AR |

T '
—_—— | T a=03M, Hy=0.1
F‘.vpnl.-_“-“‘*-
Horizon _ .

\

Evant Horizon

Metric: Bumpy Kerr metric Johannsen, Vigeland, Yunes, Hughes, Psaltis 2012
(Vigeland & Hughes 2010)
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Parametric Deviations from the Kerr Metric

r
5_* » Gravitational waves: (approximately) integrable

Accretion flows: regular outside event horizon
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A New Metric for Rapidly Spinning Black Holes

v (, 2Mr) . 4aMrsin 0
ds* = | 1 f’ 1+ 7, 0))lt? “ /'\‘“” (1+ /(r, 0))drd ¢
z . 0)) ' .
| -('? il '(.”, dr- +Xdo-
A+ ah(r,@)sin- 0

2a Mrsin© 60 )
= - Fhir.0)

T ) z |

a* (£ +2Mr)sin' 0 l{_ 9

| sin'{f’| It +at

‘+acos h(r,6)

Johannsen & Psaltis 2011, PRD, 83, 124015
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A New Metric for Rapidly Spinning Black Holes

: (- 2Mr) .y daMrsin 0 ‘
ds* = |1 f’ 1+ i, 0))le* -4 /'\‘“” (1+ h(r,0))dtd p

S(1+h(r,60))

: 2 dr +3Xdo”
A+ ah(r,@)sin- 60

2a*Mprsin© 0
- 3 v h(r. )

5 z |

a* (% 4 2My)sin ‘o lmp-‘

| ﬁin'{f’| rC 4 a4

‘+a*cos O h(r, @)

Johannsen & Psaltis 2011, PRD, 83, 124015
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A New Metric for Rapidly Spinning Black Holes

: (- 2Mr) . 4aMysin 0
ds* = |1 f’ 1+ o))t -4 "\‘“” (14 h(r, 0))did d

S(1+h(r,0))

: 2 dr +Xdo”
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I ]
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Johannsen & Psaltis 2011, PRD, 83, 124015
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- New Metric Properties

a=0.85M

(M)
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spin (M) )
distance (M)
3. Lightbending

Johannsen 2012, Adv. Astron., 2012,

2. Location of the ISCO

Johannsen & Psaltis 2011, PRD, 83, 124015
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1. Testing the No-Hair Theorem with Sgr A*
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Shape of shadow depends uniquely on mass, spin, disk inclination
e.g., Falcke et al. 2000,ApJ, 528, L13

= ...as well as on quadrupole moment
: Johannsen & Psaltis 2010, ApJ, 718, 446
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_-Spin and Quadrupole Deviation
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eent Horizon Telescope
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Iron K- and L- Lines
in 1HO0707-495

Fabian et al. 2009, Nature, 459, 540
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0.4 0.6
Spin (M)

Inclination 30° Inclination 60°

Johannsen & Psaltis, arXiv:1202.6069
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- 3. Quasi-Periodic Variability
-

Johannsen & Psaltis, arXiv:1202.6069

Keplerian frequency

Diskoseismology model: K Q,, (ISCO)

Wagoner 2008, - 27
New Astron. Rev., 51, 828
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Lorpe Olisarvatory For X-ray Timin

LOFT, the Large Observetory For Xcay Timing, is one of
" the four ESA Cosmic vislon mission candidates competing
L for & Launch opportunity at thevstart of 20208, LOFT will
anvwer fundamental questions about the motion of
matter orbiting close to the event horizon of % black
hole, and the state of matter in neutron stars.

Following the successhl first sciendes mesting, phe LOFT
Comsortium & pleased to “wite the Astrophysics
community st Large to discover the progresses achieved

in the hwwm‘ design and provide an essential
contribution to ing the LOFT .
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Observational Tests of the No-Hair Theorem

.

1. VLBI-Imaging of Sgr A*

%" Event Horizon Telescope

2. Fluorescent Iron Lines
e.g., ASTRO-H, ATHENA

3. Quasi-Periodic Variability

ASTRO-H
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