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Figure 2. These are scatter plots of the combined and coherent SNRs of injection triggers,
represented by red plus symbols, and background (or ÔslideÕ) triggers, represented by the black
crosses. The coherent SNR was used to cluster the triggers, from both injections and slides.
The coherent SNR performs noticeably better than the combined effective SNR in discriminating
signals from background. In the left plot, at a detection threshold of a little above 6 in the coherent
SNR, all the injections found in the coincident stage are recovered with a vanishing false-alarm
probability. For the same false-alarm probability, the combined effective SNR detects a lesser
number of injected signals.

be somewhat different in the preceding coincident stage of the search pipeline. In summary,
this step outputs a C-data time-series and the corresponding signal parameters, such as the
template normalization factor, for every trigger listed in thecoherent-bank output Þle.

The Þnal step of the coherent stage is thecoherent-statistics step, which matches the
parameters of each triple-coincident trigger to the C-data time-series output by the matched-
Þltering step and uses them and the corresponding template-norms, chi-square values for the
respective detectors to compute a variety of multi-detector statistics, such as the coherent SNR,
null-stream, the chi-square-weighted coherent SNR, and other alternative statistics.

4. Results

To study the performance gain arising from using the coherent stage, we ran the CBC search
pipeline with and without that stage on simulated Gaussian noise, with LIGO-I noise PSD [21]
in the 4 km LIGO detectors in Hanford (H1), Livingston (L1), and in the Virgo detector (V1),
for the duration of approximately a month. (A similar study is being conducted for networks
where the advanced-LIGO and advanced-Virgo design sensitivities will be used for the LIGO
and Virgo detectors, respectively, including a possible LIGO detector in Australia [34].)
SpeciÞcally, this search pipeline was run once with signal injections and again (parallelly)
without injections but with time-slid data so that the background could be estimated. The
left plot in Þgure2 compares the performance of the coherent statistics and the combined
effective SNR. The right plot there compares the coherent SNR and null-stream statistics. For
these simulations, 1051 signals were injected in software in all three detectors. The source
distances of all injections were between 100 and 500 Mpc. The total masses of these sources
were chosen to be in the range 25Ð100M�, and component masses between 1 and 99M�. A
total of 55 of those injections were found above the single-interferometer detection thresholds
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of 5.0 and coherent SNR threshold of 3.75.1 The latter threshold was intentionally chosen to
be lower since we anticipated that some coincident background triggers will have negative
cross-terms owing to incoherent phases, thereby, yielding lower coherent SNRs.

All injections recovered by the coincident stage were also found by the coherent stage,
and are symbolized by red pluses. The black crosses depict the background triggers that are
found by the coincident stage and survive the coherent stage. The blue circles, on the other
hand, denote background triggers in the coincident stage that got vetoed by the choice of the
threshold on the coherent SNR in the coherent stage. To include them in the left plot, we
arbitrarily assign all of them	 coh = 3.0. Comparing the sets of black crosses and blue circles
reveals that the coherent stage not only reduces the number of background triggers but, in this
case, also vetoes some of the loudest ones (in combined-effective SNR). Furthermore, whereas
all found injections have the coherent SNR greater than that of the loudest background trigger,
13 of them have the combined-effective SNR weaker than that of the loudest background
trigger (shown in blue circles). When compared to the loudest black cross, that number drops
to 7. It drops further when some of the background triggers with the loudest null-stream (as
shown in the right plot) are vetoed. The resulting performance improvement is depicted in the
blue dash-dotted ROC curve in Þgure3; its performance is better than that of the coincident
stage (shown in red), without the null-stream vetoes. The former rises to match the ROC curve
of the coherent stage (shown in black dashes) for higher false-alarm probabilities.

Finally, Þgure2 reveals the existence of a gap between the loudest background and the
weakest injection	 coh values. One might argue that this is owing to the lack of a sufÞcient
number of weak signal injections made into the data. We have veriÞed that, indeed, one can
get some injection triggers to show up in that gap by making multiple weak injections (say,
with source distances between 500 and 750 Mpc) in the data. Those studies also reveal that
the detection efÞciency in that region is very low (i.e. less than 1 in 250). We believe that this
low efÞciency is partly caused by the coincident stage, in the way it has been designed and
tuned, acting as a bottleneck for the coherent stage.

5. Discussion

The main advantage of implementing a blind coherent search in the hierarchical manner
explained above is that it has a lower computational cost compared to that of a fully coherent
search pipeline. This is primarily because it reduces the number of time-of-arrival values for
the coherent code to search for, and because recognizing coincidences is relatively cheaper
computationally. There are additional reasons, such as the inherent detector-bound nature of
data-quality cuts, which are best implemented in the matched-Þltering stage. This in turn can
reduce an otherwise triple-coincident trigger into a double-coincident one if the third IFO data
points around the concurrent time get vetoed. Since the coincident and coherent statistics are
the same for two-site CBC searches, it makes sense to not follow them up with the coherent
stage.

There are, however, some demerits of searching hierarchically. The Þrst one came to
the fore in the results presented above, where the coincident stage is potentially affecting the
efÞciency of the coherent stage in Þnding injections. Indeed, it may be possible to improve the
injection Þnding efÞciency by reducing the SNR thresholds in the matched-Þltering step of
the coherent stage. While that may happen, it is also likely that the overall performance of the

1 The detection probabilities are small because, Þrst, all injections made were weak and, second, here we focused
only on triggers that are coincident in all three detectors. Owing to sensitivity disparities, it is more likely to Þnd
injection trigger coincidences in two of the three detectors [34]. Only weak injections were made since that is where
the coherent code can help improve the performance of current searches.
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