
Ilya Mandel
(NSF Astronomy and Astrophysics Postdoc Fellow,                   

Northwestern University / MIT)
July 14, 2010

University of Birmingham

GWastrophysics

(Image: MPI for Gravitational Physics / W.Benger-ZIB)

Tuesday, November 9, 2010



Birmingham: July 14, 2010

Gravitational-wave observatories
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LIGO Virgo

GEO-600

LISA

ET
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Types of GW sources
 Continuous sources [sources with a slowly 

evolving frequency]: e.g., non-axisymmetric 
neutron stars, slowly evolving binaries

 Coalescence sources [known waveforms, 
matched filtering]: compact object binaries 

 Burst events [unmodeled waveforms]: e.g., 
asymmetric SN collapse, cosmic string cusps

 Stochastic GW background [early universe]

 ??? [expect the unexpected]
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Outline
1. Compact-binary-coalescence rate predictions for ground-

based observatories

2. Constraining astrophysics with observed event rates, 
upper limits, and population parameter distributions

3. Testing general relativity with intermediate- and extreme-
mass-ratio inspirals

4
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Coalescence rate predictions 
 Based on [IM and OʼShaughnessy, 2010; Abadie et al., 2010]

 Ground-based interferometric detectors (LIGO, Virgo, 
GEO 600, AIGO, LCGT) are sensitive @ tens/hundreds 
Hz: ideal for detecting NS-NS, NS-BH, BH-BH binaries

 Coalescence rate predictions from:
» extrapolation from observed binary pulsars
» simulations of isolated binary evolution 
» dynamical-formation models
» intermediate-mass-black holes ?

 These estimates are still significantly uncertain at present
 “There are known knowns. There are things we know that we know. 

There are known unknowns. That is to say, there are things that we 
now know we donʼt know. But there are also unknown unknowns. 
There are things we do not know we donʼt know.” [Donald Rumsfeld]
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Extrapolation from BNS observations
 Best NS-NS merger-rate 

estimates come from 
observed Galactic binary 
pulsars

 Small-number statistics 
(~10 total, ~5 merging in 
15 Gyr)

 Selection effects (pulsar 
luminosity distribution)

 [Kim et al., 2003 ApJ 584 985, 
2006 astro-ph/0608280; 
Kalogera et al., 2004, ApJ 601 
L179]
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Population synthesis models
 No observed NS-BH or BH-BH binaries
 Predictions based on population-synthesis models for 

isolated binary evolution with StarTrack [Belczynski et al., 
2005, astro-ph/0511811] or similar codes

 Thirty poorly constrained parameters
 [OʼShaughnessy et al., 2005 ApJ 633 1076, 2008 ApJ 672 479] 

vary seven most important parameters: 
1. power-law index in binary mass ratio
2, 3, 4. supernovae kicks described by two independent Maxwellians and 
their relative contribution 
5. strength of massive stellar wind 
6. common-envelope efficiency
7. fractional mass retention during nonconservative mass transfer
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Constraining models

8

 Add constraints from observations; binary pulsars: NS-NS, 
NS-WD, supernovae, etc.

 Average over models that satisfy constraints

Tuesday, November 9, 2010
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Effect of adding constraints, 1

9

Single constraint satisfaction - no accounting for 
sampling uncertainties or model fitting errors
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Effect of adding constraints, 1
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Single constraint satisfaction - no accounting for 
sampling uncertainties or model fitting errors
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Effect of adding constraints, 2

[plots from OʼShaughnessy et al., 2008, ApJ 672 479]

Constraints from 
observed binary pulsars

BH-NS and NS-NS 
rate/MWEG predictions

10
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LIGO sensitivity

|h̃(f)| = 2/D ∗ (5µ/96)1/2(M/π2)1/3f−7/6

(merger rate) = 
(merger rate per L10) * 
(NG in L10's)

ρ ≡

�

4
� fISCO

0

|h̃(f)|2
Sn(f)

df

1/2.26 -- sky and orientation 
averaging;  0.02 L10 per Mpc3

S4 S5 aLIGO

[plot from Kopparapu et al., 2008 ApJ 675 1459 ]
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IFO Source Ṅlow Ṅre Ṅhigh

yr−1 yr−1 yr−1

NS-NS 2× 10−4 0.02 0.2
Initial NS-BH 7× 10−5 0.004 0.1

BH-BH 2× 10−4 0.007 0.5
NS-NS 0.4 40 400

Advanced NS-BH 0.2 10 300
BH-BH 0.4 20 1000

Birmingham: July 14, 2010

Merger and Detection Rates

12

[IM & O’Shaughnessy, 
2010, CQG 27 114007;
Abadie et al., 2010, 
arXiv:1003.2480]

Source Rlow Rre Rhigh

NS-NS (MWEG
−1

Myr
−1

) 1 100 1000

NS-BH (MWEG
−1

Myr
−1

) 0.05 3 100

BH-BH (MWEG
−1

Myr
−1

) 0.01 0.4 30
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Dynamical Formation

13

 BH-BH mergers in dense black-hole subclusters of globular 
clusters 
» [OʼLeary, OʼShaughnessy, Rasio, 2007 PRD 76 061504] 
» Predicted rates 10-4 to 1 per Mpc3 per Myr
» Plausible optimistic values could yield 0.5 events/year for Initial LIGO

 BH-BH scattering in galactic nuclei with a density cusp 
caused by a massive black hole (MBH)
» [OʼLeary, Kocsis, Loeb, 2009 arXiv:0807.2638]
» Based on a number of optimistic assumptions 
» Predicted detection rates of 1 to 1000 per year for Advanced LIGO

 BH-BH mergers in nuclei of small galaxies without an MBH
» [Miller and Lauburg, 2009 ApJ 692 917] 
» Predicted rates of a few X 0.1 per Myr per galaxy 
» Tens of detections per year with Advanced LIGO

Tuesday, November 9, 2010
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Inspirals into IMBHs
 Intermediate-mass-ratio inspirals of compact objects 

(1.4 solar-mass NSs or 10 solar-mass BHs) into 
intermediate-mass black holes in globular clusters 

 Rate per globular cluster: few x 10-9 yr-1

 Predicted Advanced LIGO event rates between 1/few 
years and ~30/year 

14

 Dominant mechanism: 
IMBH swaps into binaries, 
3-body interactions tighten 
IMBH-CO binary, merger 
via GW radiation reaction 
[IM et al., 2008 ApJ 681 1431]
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Inspirals of two IMBHs
 Two very massive stars could form in globular clusters 

with sufficient binary fraction, then grow through run-
away collision to form two IMBHs in same GC

15

 Rates of order 1/year are 
possible for Advanced 
LIGO [Fregeau et al., 2006 
ApJ 646 L135]

 IMBH binaries could also 
form when two GCs merge 
[Amaro-Seoane and Freitag, 
2006, ApJ 653 L53]
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Astrophysics with GW searches
 Constraints on astrophysical 

parameters from existing 
electromagnetic observations 
[OʼShaughnessy et al., 2008 ApJ 672 479]:

16
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Astrophysics with GW searches
 Constraints on astrophysical 

parameters from existing 
electromagnetic observations 
[OʼShaughnessy et al., 2008 ApJ 672 479]:

 Observed GW event rates can be 
compared with models to determine 
important astrophysical parameters;

17
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Astrophysics with GW searches
 Constraints on astrophysical 

parameters from existing 
electromagnetic observations 
[OʼShaughnessy et al., 2008 ApJ 672 479]:

 Observed GW event rates can be 
compared with models to determine 
important astrophysical parameters;

 Could match measured mass 
distributions, etc. to models (requires 
accurate parameter determination)
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Markov Chain Monte Carlo

19

Animation by Marc van der Sluys

van der Sluys, IM, Raymond, et  al., 0905.1323
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Accurate Parameter Estimation

20

van der Sluys, IM, Raymond, et  al., 0905.1323
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Combining events into populations

21

Parameter estimation on multiple GW detections:
yield a set of individual marginalized posterior probability density functions

How do we combine these to make a statement about parameter distribution 
of the population being sampled?

+ * ?

[IM, 2010, PRD 81, 084029]
Tuesday, November 9, 2010
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Astrophysics with GW searches
 Constraints on astrophysical 

parameters from existing 
electromagnetic observations 
[OʼShaughnessy et al., 2008 ApJ 672 479]:

 Observed GW event rates can be 
compared with models to determine 
important astrophysical parameters;

 Could match measured mass 
distributions, etc. to models (requires 
accurate parameter determination)

 As detector sensitivity improves, 
even upper limits can be useful in 
constraining parameter space for 
birth kicks, common-envelope 
efficiency, winds, etc.

22
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Constraints from upper limits - example

Astrophysics with GW searches
 Observed GW event rates can be compared with models to determine 

important astrophysical parameters;
 Could match measured mass distributions, etc. to models (requires 

accurate parameter determination)

[IM & O’Shaughnessy, 2010, CQG 27 114007]
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Constraints from upper limits - example

Astrophysics with GW searches
 Observed GW event rates can be compared with models to determine 

important astrophysical parameters;
 Could match measured mass distributions, etc. to models (requires 

accurate parameter determination)

[IM & O’Shaughnessy, 2010, CQG 27 114007]
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The future: 3rd-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, ApJL 698 121]

» May detect thousands of 
IMBH-IMBH mergers and 
hundreds of IMRIs into IMBHs 
in globular clusters (see review 
[Gair, IM, Miller, Volonteri, 2010, 
arXiv:0907.5450])

24

[Gair, IM, Sesana, Vecchio, 2009, CQG 26, 204009]
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LISA Binary Sources: EMRIs
 LIGO sensitive @ a few 

hundred Hz
» NS-NS, NS-BH, BH-BH binaries  

 LISA sensitive @ a few mHz
» massive black-hole binaries
» galactic white dwarf (and compact 

object) binaries
» extreme-mass-ratio inspirals of  

WDs/NSs/BHs into SMBHs
– could see tens to hundreds to z~1 

[e.g., Amaro-Seoane et al., 2007, 
CQG 24 R113]

25
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Extreme Mass Ratio Inspirals

26
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Exploring the spacetime...

27
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... taking lots of pictures

28
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Testing the “no-hair” theorem

29
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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

Tuesday, November 9, 2010
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Do black holes have hair?

Ryan’s theorem [1995]: GWs from 
nearly circular, nearly equatorial 
orbits in stationary, axisymmetric 
spacetimes encode all of the spacetime 
multipole moments... in principle

Manko-Novikov spacetime, an exact solution of Einstein’s equations:

Search for observable imprints of a “bumpy” spacetime, such as 
deviations from the full set of isolating integrals (energy, angular 
momentum, Carter constant) in Kerr [Gair, Li, IM, 2009, PRD 77:024035] 
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The emergence of chaos

33

Solve the geodesic equation       
and study Poincare maps:

- Plot dρ/dt vs. ρ for z=z0 crossings
- Phase space plots should be closed 
curves for all z0 iff there is a third 
isolating integral [Carter constant]

Newtonian+hexadecapole:

M2=10 M0;  M4=400 M0

Tuesday, November 9, 2010
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All is regular in “bumpy” spacetimes

34

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

15

z

Poincare map for E=0.95, Lz=-3, a/M=0.9, q=0.95
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Or is it?...

35
z

Effective potential                                       defines allowed bound orbits

E=0.95, Lz=-3, a/M=0.9, q=0.95E=0.95, Lz=-3, a/M=0.9, q=0

ρρ

z z
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Itʼs a mad, mad, mad, mad geodesic

36

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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Itʼs a mad, mad, mad, mad geodesic
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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
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motion in the outer region can be represented as low order harmonics of two fundamental
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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
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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

16
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Order and Chaos, side by side

37
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FIG. 4: Effective potential for geodesic motion around a bumpy black hole with χ = 0.9, q = 0.95,

E = 0.95, and Lz = 3M . The thick dotted curves indicate zeros of the effective potential. The

trajectory of a typical geodesic in the outer region is shown by a thin curve. The regular pattern of

self-intersections of the geodesic projection onto the ρ−z plane indicates (nearly) regular dynamics.

If |q| is increased from the value shown in Figure 4, the two regions of bound motion
eventually merge. When this first occurs, the “neck” joining the regions is extremely narrow.
Geodesics exist which can pass through the neck, but this requires extreme fine tuning. As
|q| is further increased, the neck gradually widens and eventually disappears. At that stage,
the single allowed region for bound orbits has a similar shape to the outer region of Figure 4.

These general properties of the effective potential seem to be common to all spacetimes
with q > 0 and χ "= 0. More relevant for the EMRI problem is to fix q and χ and to vary
E and Lz . For E = 1 and sufficiently large Lz, there are two regions of allowed motion
bounded away from the origin, in addition to the plunging zone connected to the singularity
at ρ = 0, |z| ≤ 1. The outermost of the allowed regions stretches to infinity and contains
parabolic orbits. The inner region of bounded motion is the analogue of the inner bound
region described above and lies very close to the central object. If the angular momentum
is decreased, while keeping E = 1, the two non-plunging regions get closer together and
eventually merge to leave one allowed region that stretches to infinity. For fixed E < 1
the behavior is qualitatively the same, except that for Lz $ M there is no outer region
(there is a maximum allowed angular momentum for bound orbits of a given energy, as in
the Kerr spacetime). As Lz is decreased, the outer region for bound motion appears and
then eventually merges with the inner region. Decreasing Lz further eventually causes the

11
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Other signs of non-Kerr spacetimes
 Location and character of ISCO

 Periapsis and orbital-plane precession

38
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FIG. 11: Properties of the equatorial ISCO in spacetimes with χ = 0, as a function of q. We show

the ρ coordinate of the ISCO (left panel) and the dimensionless frequency of the orbit at the ISCO

(right panel). As described in the text, the ISCO radius has three branches, depending on whether

it is determined by one of the two branches of radial instability or the branch of vertical instability.

These branches are indicated separately in the diagram. For values of q where all three branches

are present, the dashed line denotes the “OSCO” and the dotted line denotes ρ̃ISCO as discussed

in the text. Allowed orbits lie above the curve in the left panel, and below the curve in the right

panel.

comparatively small deviations from Kerr.

V. PERIAPSIS AND ORBITAL-PLANE PRECESSIONS

In Section III we saw that astrophysically relevant orbits in the Manko-Novikov space-
time are multi-periodic to high precision. In such cases, there is no smoking-gun signature
that indicates the presence of “bumpiness” in the spacetime. Instead, the imprint of the
spacetime bumpiness will be observationally apparent in the location of the last stable orbit,
as discussed in the previous section, and in the following ways: (1) in the three fundamen-
tal frequencies of the gravitational waves generated while the inspiraling object is on an
instantaneous geodesic orbit; (2) in the harmonic structure of the gravitational-wave emis-
sion, i.e., the relative amplitudes and phases of the various harmonics of the fundamental
frequencies; and (3) in the evolution of these frequencies and amplitudes with time as the
object inspirals. A full analysis of the accuracies that could be achieved in observations
would involve computing gravitational waveforms in the bumpy spacetimes, performing a
Fisher-Matrix analysis to account for parameter correlations, and comparing to a similar
analysis for Kerr. That is beyond the scope of this paper. However, we can examine the
first of these observational consequences by comparing the fundamental frequencies between
the bumpy and Kerr spacetimes.

The complication in such an analysis is to identify orbits between different spacetimes.
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FIG. 17: Difference between periapsis precessions in a bumpy spacetime with χ = 0 and the

Schwarzschild spacetime, ∆pρ(Ωφ, q) = pρ(Ωφ, q) − pρ(Ωφ, q = 0).

the precession (see Eq. (B15) in the Appendix) then gives
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In this kind of expansion the multipole moments again contribute at all orders. However,
provided the initial frequency Ω0 " 1, the dominant piece of the constant term, b0, is
(MΩ0)

2

3 , so this term can be used to estimate M . Similarly, the dominant piece of 2b0 − 3b1

is 4χ (MΩ0), so this can be used to estimate χ, and that estimate of χ can be used to improve

the estimate of M from b0. The dominant piece of b0 − b1 + 3b2 is (9 + χ2 + q) /2 (MΩ0)
4

3 ,
so this can be used to estimate the excess quadrupole moment q and so on. In the same
way, if an eccentric inspiral is observed in a regime where the initial frequency is small (and
hence the frequency at capture was also small), we can use the same type of expansion and
use combinations of the coefficients to successively extract each multipole moment and the
initial eccentricity. To do this requires an expansion of e2 − e2

0 as a function of Ωφ/Ω0 − 1.
The necessary derivatives de2/d(MΩφ) are known in the weak-field, and to lowest order
in the multipoles (see, for example, reference [22]). However, this calculation is somewhat
involved, so we leave it for a future paper.
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FIG. 19: Difference between orbital-plane precessions in a bumpy spacetime with χ = 0.9 and the

Kerr spacetime with χ = 0.9, ∆pz(Ωφ, q) = pz(Ωφ, q) − pz(Ωφ, q = 0).

from large distances. Most astrophysically relevant orbits are regular and appear to possess
an approximate fourth integral of the motion, and the orbits are tri-periodic to high accu-
racy. The deviations of the central body from Kerr then manifest themselves only in the
changes in the three fundamental frequencies of the motion and the relative amplitude of
the different harmonics of these frequencies present in the gravitational waves. For nearly
circular, nearly equatorial orbits, the dependence of the precession frequencies on the orbital
frequency is well fit by a combination of a weak field expansion that encodes the multipole
moments at different orders, plus a term that diverges as the innermost stable circular orbit
is approached. The frequency of the ISCO and its nature (whether it is defined by a radial
or vertical instability) is another observable signature of a non-Kerr central object.

To derive these results, we have focussed on a particular family of spacetimes due to
Manko and Novikov [8]. However, we expect the generic features of the results in the weak
field and as the ISCO is approached to be true for a wide range of spacetimes. Chaos has been
found for geodesic motion in several different metrics by various authors [9, 10, 11, 12, 13].
In all cases, however, the onset of chaos was qualitatively similar to what we found here
— it occurred only very close to the central object, and for a very limited range of orbital
parameters. The conclusion that gravitational waves from ergodic EMRIs are unlikely to be
observed is thus probably quite robust.

Precessions for spacetimes that deviate from the Kerr metric have also been considered
by several authors [2, 6, 7]. Our results agree with this previous work in the weak-field as it
should. However, the results in the present paper are the first that are valid in the strong-
field since previous work was either based on a weak-field expansion [2] or a perturbative
spacetime [6, 7]. The main feature of the precessions in the strong-field — the divergence of
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LISA Data: An embarrassment of riches
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[Arnaud et al., 2007, CQG 24 S551]
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EMRI detection and analysis
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[Gair, IM, Wen, 2008, CQG 25 184031]

Need innovative search techniques to separate many overlapping 
signals: Markov-Chain Monte Carlo, MultiNest, time-frequency searches

h(t) = h(M1, M2, �S1, �S2, θ, φ, DL, e, ...; t) 17 parameters
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Intermediate-mass-ratio Inspirals
Can measure mass 
quadrupole moment to 
around 20% of Kerr value 
with Advanced LIGO [Brown 
et al., PRL 99, 201102]
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Waveforms are a problem: 
both post-Newtonian and self-
force waveforms currently fail 
in the intermediate regime [IM 
and Gair, 2005, PRD 72 084025]
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Summary
 Advanced LIGO is likely to see NS-NS, NS-BH, BH-BH 

coalescences; tens or more coalescences may be seen 
according to some models, including dynamical formation

 GW detections and upper limits for compact-object 
coalescences will allow us to constrain astrophysical 
parameters through comparisons with model predictions

 Extreme- or intermediate- mass-ratio inspirals can serve 
as precise tests of General Relativity
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