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Gravitational-wave observatories
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Gravitational Waves

 Indirectly detected by Hulse & Taylor [binary pulsar]
 Huge amounts of energy released: 5% of mass-energy of a 

supermassive black hole binary is comparable to the 
electromagnetic radiation emitted from an entire galaxy over the 
age of the universe!

 GWs carry a lot of energy, but interact weakly: can pass through 
everything, including detectors!
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 Ripples in spacetime
 Caused by time-varying 

mass quadrupole 
moment; GW frequency is 
twice the orbital frequency 
for a circular, non-
spinning binary
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Opportunity and Challenge

Michelson-type interferometers
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LISA Binary Sources
 LIGO sensitive @ a few hundred Hz

» NS-NS, NS-BH, BH-BH binaries  

 LISA sensitive @ a few mHz
» massive black-hole binaries

– merger tree models to describe history of Galactic mergers
– could be detected anywhere in Universe, SNR up to thousands
– a few to tens of detections [e.g., Sesana et al., 2005]

» extreme-mass-ratio inspirals of  WDs/NSs/BHs into SMBHs
– complicated modeling of dynamics in Galactic centers: loss cone problem, 

resonant scattering, etc.
– could detect tens to hundreds to z~1 [e.g., Gair et al., 2004]

» galactic white dwarf (and compact object) binaries
– 30 million in Galaxy, create noise foreground [Farmer & Phinney, 2003]
– 20,000 resolvable 
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Embarrassment of riches

7[Arnaud et al., 2007, CQG 24 S551]
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LISA Data Analysis
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Mock LISA Data Challenges

Need innovative search 
techniques to separate many 
overlapping signals: Markov-
Chain Monte Carlo, 
MultiNest, genetic algorithms

[Gair, IM, Wen, 2008, CQG 25 184031]
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Markov Chain Monte Carlo
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Animation by Marc van der Sluys

van der Sluys, IM, Raymond, et  al., 0905.1323
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SMBH binaries
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from [Arun et al. (LISA Parameter Estimation 
Taskforce), 2008, CQG 26, 094027] 
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Mock LISA Data Challenge Results
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Extreme Mass Ratio Inspirals
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Animation 
from Jon Gair

Sound from 
Scott Hughes
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Exploring the spacetime...
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... taking lots of pictures
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Testing the no-hair theorem
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Testing the no-hair theorem?

Stationary, vacuum, asymptotically flat spacetimes in 
which the singularity is fully enclosed by a horizon 
with no closed timelike curves outside the horizon 
are described by the Kerr metric
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that traversed the neck more than once. Further adjustment of the orbital parameters causes
the neck to widen and eventually disappear. At that stage, most of the orbits appear to be
regular, but orbits that pass very close to the inner edge of the merged region (i.e., close to
the CTC zone) have not been fully investigated.

An alternative explanation of these results [19] is that the geodesic equations are nu-
merically unstable in the inner region, and therefore small numerical round-off errors in the
integration routines are driving the orbits away from their true values. Once again, this
distinction is not relevant observationally. An astrophysical system harboring an EMRI will
not be isolated. The gravitational perturbations from distant stars etc. will serve the same
role in perturbing the orbits as numerical errors might on a computer. The end result —
that the orbit is apparently ergodic — is the same.
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FIG. 6: Poincare map for a geodesic in the outer region of Fig. 4.

2. Frequency Component Analysis

The above conclusions are supported by a frequency-domain analysis of the ρ and z
motion in the two regions. The absolute values of Fourier transforms of ρ(t) and z(t) are
plotted in Figures 8 and 9. Fig. 9 shows an absence of clearly identifiable frequency peaks
for geodesics in the inner region, a result consistent with full-blown chaos. By contrast,
Fig. 8 shows discrete frequency peaks in the outer region. Generally such frequency peaks,
corresponding to harmonics of a few fundamental frequencies, occur in problems with a full
set of isolating integrals. We find that the frequency components measured for the ρ and z
motion in the outer region can be represented as low order harmonics of two fundamental
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FIG. 7: Poincare map for a geodesic in the inner region of Fig. 4.

frequencies at a high level of precision (1 part in 107 for the first ∼ 10 harmonics). This
multi-periodicity of the geodesics implies that the gravitational waveforms will also be multi-
periodic. Indeed, we find that an approximate gravitational waveform, constructed using
a semi-relativistic approximation for the gravitational-wave emission (as used to construct
Kerr EMRI waveforms in [20]), is also tri-periodic (the third frequency arises from the φ
motion since the observer is at a fixed sky location). The absolute value of the Fourier
transform of the h+(t) component of this gravitational waveform is also plotted in Fig. 8
and is clearly multi-periodic. This periodicity has important consequences for data analysis
and parameter extraction.

3. Comparison to Other Results

Our results are consistent with previous work by other authors who have found chaotic
geodesic motion in various spacetimes. Generally, chaotic motion only occurs in the strong-
field region close to the central object, and for a limited range of geodesic parameters. As
an example, Guéron and Letelier [12] found chaos in a prolate Erez-Rosen spacetime, which
represented a deformation of a Schwarzschild black hole. They demonstrated that, for a
particular value of the energy and angular momentum, when the deformation parameter had
a value k2 = −5, there was a single allowed region of bounded motion, but for k2 = −5.02
the region split into two separate regions. After the split, orbits in the inner region appeared
chaotic while those in the outer region appeared regular. For the merged region, orbits that
passed into the inner part also appeared ergodic while those that were purely in the outer
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 [Gair, Li, IM, 2009, PRD 77:024035]

Do black holes have hair?
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Third-generation detectors
 The Einstein Telescope: 

» Underground, sensitive to 1 Hz
» Exciting science example: mergers 

of light seeds of massive black 
holes at high redshifts [Sesana, 
Gair, IM, Vecchio, 2009]

 ALIA/DECIGO/BBO
» Space-based LISAs on steroids
» Exciting science example: using 

300,000 merging binaries as 
standard candles for precision 
cosmology: Hubble constant to 
0.1%, w to 0.01 [Cutler & Holz, 2009]

 Pulsar timing [see next talk!]
» Sensitive to SMBHBs @ 10-8 Hz 
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from [Gair, IM, Sesana, Vecchio, 2009]
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See IM, 2010, arXiv:0912.5531 for the answer. :-)

http://arxiv.org/abs/0912.5531
http://arxiv.org/abs/0912.5531

