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Fig. 5.— 1-D and 2-D marginalized posterior PDFs for DL and
cos ι averaged over noise (as described in Sec. 3.4) for the “CF
binary.” Our goal is to reproduce, as closely as possible, the non-
Gaussian limit summarized in Fig. 10 of CF94. Top left panel
shows the 1-D marginalized posterior PDF in DL (the true value
D̂L = 432Mpc is marked with a solid black line); bottom left panel
illustrates the 1-D marginalized posterior PDF in cos ι (true value
cos ι̂ = 0.31 likewise marked). The right-hand panel shows the
2-D marginalized posterior PDF for DL and cos ι; the true val-
ues (D̂L = 432Mpc, cos ι̂ = 0.31) are marked with a cross. The
contours around the dark and light areas indicate the 68 and 95%
interval levels, respectively. The true values lie within the 68%
interval. The Bayes mean and rms measurement accuracies are
(694.4 Mpc, 0.70) and (162 Mpc, 0.229) for (DL, cos ι), respec-
tively.

comparison we use their advanced detector noise curve
and the Newtonian-quadrupole waveform. Finally, we in-
terpret the solid curve in Fig. 10 of CF94 as the marginal-
ized 1-D posterior PDF in DL for an average of posterior
PDFs of parameters (given an ensemble of many noisy
observations for a particular event). We compute the av-
erage PDF as described in Sec. 3.4, and then marginalize
over all parameters except DL, using Eq. (60).
The left-hand panels of Fig. 5 show the resulting 1-D

marginalized PDF in DL and cos ι. Its shape has a broad
structure not dissimilar to the solid curve shown in Fig.
10 of CF94: The distribution has a small bump near
DL ≈ 460Mpc, a main peak at DL ≈ 700Mpc, and ex-
tends out to roughly 1 Gigaparsec. Because of the broad
shape, the Bayes mean (D̃L,BAYES = 694Mpc) is signifi-
cantly different from both the true value (D̂L = 432Mpc
in our calculation) and from the maximum likelihood
(D̃L,ML = 495Mpc). Thanks to the marginalization, the
peak of this curve does not coincide with the maximum
likelihood.
We further determine the 2-D marginalized posterior

PDFs in DL and cos ι for the CF binary. Figure 5 illus-
trates directly the very strong degeneracy between these
parameters, as expected from the form of Eqs. (7) and
(8), as well as from earlier works (e.g., Marković 1993,
CF94). It’s worth noting that, as CF94 comment, this
binary is measured particularly poorly. This is largely
due to the fact that one polarization is measured far bet-
ter than the other, so that the DL–cos ι degeneracy is
essentially unbroken. This degeneracy is responsible for
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Fig. 6.— 1-D and 2-D marginalized PDFs for DL and cos ι,
averaged (as described in Sec. 3.4) over noise ensembles for the “CF
binary” at different values of true luminosity distance D̂L: [100
Mpc, 200 Mpc, 300 Mpc] (top to bottom). True parameter values
are marked with a solid black line or a black cross. The Bayes
means and rms errors on luminosity distance are [101.0 Mpc, 212.1
Mpc, 411.2 Mpc] and [3.6 Mpc, 21.4 Mpc, 110.0 Mpc], respectively.
The corresponding means and errors for cos ι are [0.317, 0.357,
0.562] and [0.033, 0.089, 0.247]. The dark and light contours in
the 2-D marginalized PDF plots indicate the 68 and 95% interval
levels, respectively. The true value always lies within the 68%
contour region of the 2-D marginalized area at these distances.

the characteristic tail to large DL we find in the 1-D
marginalized posterior PDF in DL, p(DL|s), which we
investigate further in the following section.

4.2. Test 1: Varying luminosity distance and number of
detectors

We now examine how well we measure DL as a func-
tion of distance to the CF binary and the properties of
the GW detector network. Figures 6 and 7 show the 1-
D and 2-D marginalized posterior PDFs in DL and cos ι
for the CF binary at D̂L = {100, 200, 300, 400, 500,
600} Mpc. For all these cases, we keep the binary’s sky
position, inclination, and polarization angle fixed as in
Sec. 4.1. The average network SNRs we find for these six
cases are (going from D̂L = 100Mpc to 600Mpc) 53.6,
26.8, 17.9, 13.4, 10.7, and 8.9 (scaling as 1/D̂L). Inter-
estingly, the marginalized PDFs for both distance and
cos ι shown in Figs. 6 and 7 have fairly Gaussian shapes
for D̂L = 100 and 200 Mpc, but have very non-Gaussian
shapes for D̂L ≥ 300Mpc. This can be considered “anec-
dotal” evidence that the Gaussian approximation for the
posterior PDF breaks down at SNR ! 25 or so, at least
for this case. For lower SNR, the degeneracy between
cos ι and DL becomes so severe that the 1-D errors on
these parameters become quite large.
Next, we examine measurement accuracy versus detec-

tor network. For the CF binary, adding detectors does
not substantially increase the total SNR. We increase the
average total SNR from 12.4 to 14.6 (adding only AIGO),
to 12.4 (adding only LCGT; its contribution is so small
that the change is insignificant to the stated precision),
or to 14.7 (adding both AIGO and LCGT). The average
SNR in our detectors is 8.23 for LIGO-Hanford, 8.84 for
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FIG. 5: Weighted Fourier transform 2f1/2|h̃(f)| of numer-
ical waveforms where h̃ = 1

2
(h̃+ + h̃×). Dot-dashed curves

are EOB waveforms with the same Q and MNS. The left axis
is scaled to a distance of 100 Mpc, and the noise S1/2

n (f)
for broadband aLIGO and ET-D are shown for compari-
son. In each plot the numerical waveform monotonically ap-
proaches the EOB waveform as the tidal parameter Λ de-
creases. Matching and splicing conventions are those of Fig. 2.
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FIG. 6: Cumulative phase difference Φ−ΦEOB of the Fourier
transform between BHNS waveform and EOB BBH wave-
form of the same mass and mass ratio. The phase is defined
by breaking up the Fourier transform h̃ = 1

2
(h̃+ + h̃×) of

each waveform into amplitude and cumulative phase h̃(f) =
A(f)e−iΦ(f). Matching and splicing conventions are those of
Fig. 2.

The hybrid waveform is then written

hhybrid(t) =






hEOB(t) t < SI

woff(t)hEOB(t) + won(t)hshift

NR
(t) SI < t < SF

hshift

NR
(t) t > SF

.

(17)
As shown in Fig. 2, we choose the start of the splicing

interval to be the same as the start of the matching win-
dow SI = TI and choose the end of the splicing window
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FIG. 1: UPPER PANEL:Bounds on α for different values of
a, found using two different aLIGO sources. The two sources
had different mass ratios, total masses, and sky locations,
but were scaled to have a network SNR of 20. The rough
estimate for the α bound from equation (20) is shown for
comparison. Also included is the bound on α derived from
the golden pulsar (PSR J0737-3039) data.
LOWER PANEL: Bounds on α for different values of a, found
using two LISA sources at redshift z = 1 and z = 3. The
pulsar bound is shown for comparison. The sources injected
had the same parameters as those from the lower panel in
Figure 2 .

Rough analytic estimates for the bounds on (α,β) can
be derived by considering how the the ppE terms affect
the overall amplitude A and phase Ψ of the signal:

∆ lnA ! α(ua
min − ua

max)

∆Ψ ! β(ub
min − ub

max). (19)

Here umin and umax are the minimum and maximum
values of the u parameter. For the aLIGO sources
umin ∼ 3 × 10−3, while for the LISA sources umin ∼
10−3. The ISCO cut-off in the frequency evolution sets
umax ∼ 3 × 10−2 for moderate mass ratios. Combin-
ing these estimates with a crude Fisher matrix estimate
for how well the amplitude and phase are constrained:
∆ lnA ∼ ∆Ψ ∼ 1/SNR yields the 3σ bounds

|α| ≤
3

SNR |ua
min − ua

max|

|β| ≤
3

SNR |ub
min − ub

max|
. (20)

These estimates reproduce the overall shape of the exclu-
sion plots in the (a,α) and (b,β) planes, but they tend
to over estimate the strength of the bounds as they do
not take into account covariances with other parameters.
The α bounds turn out to be a factor of ∼ 10 weaker due
to covariances between α and the distance and inclina-
tion, while the bounds on β come out a factor of ∼ 100
weaker due to covariances between β and the chirp mass
and mass ratio.

Figures 1 and 2 show these cheap constraints on the
ppE amplitude parameters as a function of the exponents
a and b for a variety of aLIGO/aVirgo and LISA detec-
tions. To generate these plots, we injected GR signals
and then searched on them with ppE templates. For each
search, either a or b was held fixed at a specific value,
while the other three ppE parameters (and all other sys-
tem parameters) were allowed to vary. We then calcu-
lated the standard deviation of the posterior distribution
of the relevant amplitude parameter α or β, and used
three times this value as the cheap bound shown on the
plots.
A natural course of action might seem to be the follow-

ing: marginalize over a and b as well, instead of keeping
them fixed, and calculate constraints on α and β this way.
Looking at Figures 2 and 1, however, show why this anal-
ysis would not be particularly helpful. The uncertainty
in α and β is so much higher at the positive ends of the
prior ranges on a and b than at the negative ends that the
Markov chains would spend almost all of their iterations
exploring this area of parameter space if a and b were al-
lowed to change. Thus, to get any knowledge about the
uncertainties in α and β for negative values of a and b,
we need to fix a and b.
The aLIGO systems were chosen to have network

SNR = 20, but different masses and sky locations. One
system had masses m1 = 6M", m2 = 18M" (η =
0.1875), DL = 258 Mpc, while the other had m1 = 6M",
m2 = 12M" (η = 0.2222), DL = 462 Mpc. The
LISA sources were at different redshifts and had differ-
ent masses and SNRs. The system at redshift z = 1
had m1 = 1 × 106M", m2 = 3 × 106M" (η = 0.1875)
and SNR = 879, while the system at redshift z = 3 had
m1 = 2 × 106M", m2 = 3 × 106M" (η = 0.24) and
SNR = 280.
Figures 1-2 are ‘exclusion’ plots, showing the region

(above the curves) which could be excluded with a
99.73% confidence. These figures also plot the bound
on the ppE parameters that have already been achieved
through analysis of the ‘golden pulsar’ system, PSR
J0737-3039 [41]. Observe that for the amplitude pa-
rameter α, the pulsar bounds beat the aLIGO bounds
through almost the entire range of a; LISA can improve
upon the pulsar bounds for a > 0. For the phase parame-
ter β, however, both aLIGO and LISA do better than the
pulsar analysis through a significant portion of the range.
As expected, gravitational wave observations tend to do
better in the strong field regime, corresponding to high
post-Newtonian terms (b > −5/3 and a > 0), while the
reverse is true for binary pulsar observations.
Vertical lines in Figs. 1 and 2 can be mapped to bounds

on specific alternative theories, which we can then com-
pare to current Solar System constraints. For example,
consider the following cases:

• Brans-Dicke [(α, b,βBD) = (0,−7/3,βBD)]: The
tracking of the Cassini spacecraft [64] has con-
strained ωBD > ω̄BD ≡ 4 × 103, which then forces
βBD < (5/3584)4−2/5(s1 − s2)2/ω̄BD, where s1,2 are
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Tests of GR

Constrain star formation
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6Image: Cornish et al, arXiv:1105.2088

GR
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Fig. 6.— A plot of the probability distribution for the BH-NS
(top) and NS-NS (bottom) merger rates per Milky Way-equivalent
galaxy, allowing for systematic errors in the BH-NS and NS-NS
fits. The solid curves result from smoothing a histogram of re-
sults from a random sample of population synthesis calculations
with systematic errors included. The dashed curve shows the same
results, assuming model parameters are restricted to those which
satisfy all four DCO constraints (both WD-NS and both NS-NS
constraints) described in Sections 2 and 3 and summarized in Ta-
ble 2. Compare with Figure 5 of O’Shaughnessy et al. (2005c),
which uses substantially different priors.
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Sensitivity to CBCs
Binary neutron star systems 
exist that will merge in < tH

Optimally oriented, we can 
observe out to (BNS / NSBH):

Initial LIGO: 33 / 70 Mpc

Adv. LIGO: 445 / 927 Mpc

Expected rates:

Initial LIGO: 0.02 / 0.004 yr -1

Adv. LIGO: 40 / 10 yr-1 

9Rates: Abadie et al, CQG 2010 | Image: R. Powell, atlasoftheuniverse.com



Unmodeled burst search

Expected (messy) source: 
Galactic SNae

Important to keep ears 
open for the unknown

Several pipelines tuned 
different ways

10Image: Ott, Dimmelmeier, Hawke, Schnetter, Kahler



GW detectors as telescopes



Ground-based interferometers 
as telescopes

Operating frequencies in 
human audible band 

Response maximum at 
zenith and nadir

Wide beam pattern
→ poor localization

Sensitivity modulated by 
cycles of human activity 
and weather

12

Sensitive
bandwidth



Ground-based interferometers 
as telescopes

Operating frequencies in 
human audible band 

Response maximum at 
zenith and nadir

Wide beam pattern
→ poor localization

Sensitivity modulated by 
cycles of human activity 
and weather

13
NS-NS sensitive volume (Mpc3)



Ground-based interferometers 
as telescopes

Operating frequencies in 
human audible band 

Response maximum at 
zenith and nadir

Wide beam pattern
→ poor localization

Sensitivity modulated by 
cycles of human activity 
and weather

14
NS-NS sensitive volume (Mpc3)



Ground-based interferometers 
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Advanced detector networks
Face-on NS-NS sensitivity volume (Mpc3) in a 
geocentric frame (SNR=8)
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4 Nissanke et al.

single detector to represent the network of LIGO–Virgo
detectors in order to achieve desired false alarm rates.
For comparison purposes, we apply the same argument
to our analysis: a five-detector network will have an ap-
proximate threshold per detector of (8.5×

√
3)/

√
5 ∼ 6.6,

and hence a geometric average (optimal) range of about
240Mpc (540Mpc) for NS–NS events. Abadie et al.
(2010) provide a simple prescription to compute the GW
NS–NS detection rate using NS–NS coalescence rates per
galaxy, and the number of galaxies accessible within a
given GW reach. The NS–NS coalescence rate per galaxy
is estimated either by extrapolating from the observed
sample of NS–NS binaries detected via pulsar measure-
ments, or by using population-synthesis methods. Using
Table II with the associated low–realistic–high–maximum
NS-NS coalescence rates per galaxy8 and Equations (1)
and (5) in Abadie et al. (2010), we define our realistic
detection rate of ∼ 65 NS–NS binaries per year. Cor-
responding low, high and maximum detection rates are,
respectively, 0.7, ∼ 660 and ∼ 2650 NS–NS binaries per
year seen by the LIGO+Virgo+LAu+LCGT network.
Turning to our results, we take a sample of 98 NS-NS

binaries detected by the full five detector network, cor-
responding to an observation time of ∼ 8 months based
on our realistic rate estimates. In Figure 3, we show
the normalized cumulative distribution of sky errors in
square degrees for our sample. We show distributions for
subsets of systems detected by different networks which
are normalized to the full sample illustrating the reduced
number of detections. Table 1 illustrates sky errors for
25%, 50% and 75% of NS-NS binaries from the sample
detected by a particular network. Among notable fea-
tures: (1) the addition of detectors to the network, in
particular LAu, significantly reduces sky localization er-
rors. We find that 50% of all detectable NS-NSs are
localized at 95% confidence region to within 10–20 deg2

with any four or five detector network including LAu,
and to within 110 deg2 with only the three LIGO+Virgo
network. (2) The number of detected binaries doubles
as the numbers of detectors in a network increases from
three to five.

3.2.2. Case II: triggering on Individual LIGO Detectors

For the Case II scenario we define detection using the
more stringent requirement of SNR > 6 at each LIGO
detector. Using an SNR of 10.4 (∼ 6 ×

√
3) in each

LIGO detector (where the factor of
√
3 follows from the

Abadie et al. (2010) correction for non-stationary and
non-Gaussian noise), we compute a weighted geometric
average (optimal) range of 150 Mpc (340 Mpc). Invoking
a similar argument as in Case I, we estimate a realistic
detection rate of ∼ 17 NS–NS binaries per year. Cor-
responding low, high and maximum detection rates are,
respectively, 0.2, ∼ 165, and ∼ 660 NS–NS binaries per
year.
Similar to Case I, we take a detected sample of 88

NS–NS binaries seen by the full LIGO-Virgo-LAu-LCGT
network. Figure 4 shows the normalized cumulative dis-

8 Abadie et al. (2010) assign rate estimates to one of four cate-
gories as detailed in their Section IV; when rate PDFs are available,
realistic refers to the mean of the PDF, low and high denote the
95% pessimistic and optimistic confidence intervals, and maximum
is the upper limit quoted in published literature.
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Fig. 3.— Normalized cumulative distributions as a function of
the sky-error area (square degrees) of a sample of NS-NS binaries in
Case I detection scenario. Key: Solid/dotted lines denote 68% and
95% c.r. respectively. Black: LIGO+Virgo+LAu+LCGT network,
green: LIGO+Virgo+LAu, red: LIGO+Virgo+LCGT, and blue:
LIGO+Virgo only.

tribution of our NS-NS binary sample as a function of sky
error in square degrees. We find that 50% of NS–NSs are
detected at 95% confidence level to within 5 deg2 with
any network including LAu, and ∼ 15 deg2 with only
the LIGO–Virgo network. As before, Table 1 shows the
cumulative distribution of sky errors for NS-NS binaries
detected by different networks. Despite differences in our
analyses and astrophysical population models used, our
results are consistent with Fairhurst (2010) and Schutz
(2011). Once again, the inclusion of LAu substantially
improves localization errors and the binary detection rate
rises with more detectors. In contrast to Case I, however,
we find that the number of detected binaries increases
only by a factor of 1.3 going from a three- to five-detector
network, because both LIGOs must have SNRs > 6. Us-
ing all five detectors, the Case II scenario results in a
factor of ∼ 5 fewer binaries than in the Case I counter-
part. We also find that the addition of a fourth or a fifth
detector does not improve sky coverage as significantly
in Case II as in Case I.

4. CONCLUSIONS

This work examines sky localization for both individual
systems and populations of NS–NS binaries using differ-
ent networks of advanced GW detectors. For the major-
ity of optimally oriented NS–NS binaries examined, we
show good agreement of our MCMC derived errors with
the error ellipses obtained from analytical timing accu-
racy and Fisher matrix formulae. However, for a handful
of SNR signals at threshold (in particular with the stan-
dard geometrically degenerate LIGO–Virgo network), we
show that sky error regions can be non-ellipsoidal and
non-contiguous, show multimodal distributions, and the
best-fits can be shifted away from their true values. Of
particular relevance, our results show that the inclusion
of LIGO-Australia in a worldwide GW detector network
improves localization errors both for individual and pop-
ulations of binaries up to a factor of ∼ 5, reducing the
appearance of multimodal islands. Finally, the number
of detected binaries increases with the number of detec-

Advanced detector networks
Sky localization primarily from triangulation

17Image: Nissanke et al,  ApJ 2011
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Initial detector network
Face-on NS-NS sensitivity volume (Mpc3) in a 
geocentric frame (SNR=8)
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HLV



EM telescope network
Intentionally diverse team
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Used in Winter and Autumn runs

Used in Autumn run only



Alert generation and latency
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Observations made

Winter run Dec 2009 – Jan 2010 (S6/VSR2)

Earlier version of procedures with only 3 telescopes

8 triggers sent, 4 followed up

Autumn run Sep–Oct 2010 (S6/VSR3)

More mature version of analysis

6 triggers sent, 4 followed up
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Current status

Analysis of images underway by a number of LVC members

Addressing issues of EM background rate, etc.

Methods paper describing EM follow-up program is now 
available at arXiv:1109.3498

Results paper happening on longer timescale 
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Working toward the
advanced detector era



Advanced detector challenges

CBC search will have new computational challenges:

Lower seismic cutoff frequency → CBC waveforms will 
be in band for up to 30 minutes (40x as long)

Wider bandwidth → finer discrimination of signal models
                          → 10x more templates

Want lower latency

New algorithms have been developed: LLOID, SPIIR

25LLOID:  arXiv:1107.2665 | SPIIR: arXiv:1108.3186



Image analysis

Why GW people are analyzing telescope images:

Some telescope teams were unwilling

Require uniformity in quality of calibration and
reference-image subtraction

Require quantification of false-alarm probability

Going forward, we hope that telescope data reduction 
pipelines will be automated and characterized by the 
telescope teams.
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Data-sharing model

In S6/VSR2&3, the LIGO and Virgo collaborations used 
memoranda of understanding (MoUs) binding telescope 
partners to publication agreements.

The LIGO Astronomy and Astrophysics Advisory Panel 
(LAAAP) strongly recommended that most or all triggers be 
made public immediately in order to maximize the telescope 
availability.

Please share your thoughts with us.

27



Where you can join the 
conversation

LIGO Open Data Workshop
October 29–30, 2011 @ LIGO Livingston Observatory, 
Louisiana, USA

Gravitational-wave Physics and Astronomy Workshop
June 4–7 2012 @ Albert Einstein Institute, Hannover, Germany
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