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GEO600, Germany

The study of gravitational waves has come a long
way since the first experimental searches began
nearly half a century ago to the current worldwide
network of kilometer-scale long-baseline interfero-
metric detectors. This research has evolved to the
situation today where detectors are starting to
probe astrophysical predictions and detections are
eagerly anticipated.

The first dedicated searches for gravitational
waves looked for the effects of the waves on the
resonant modes of massive objects, typically right
circular cylinders of metal, a few meters long and
of the order of 1000 kg, having a fundamental lon-
gitudinal resonant mode of ~1 kHz. A gravitational
wave of amplitude h ~ 10-21 will thus change the
length of a m-long bar by ~ 10-21 m. This is a very
small displacement, and while bar detector sensi-
tivity is today around a 1000 times better than the
initial detectors in terms of gravitational wave am-
plitude – largely due to the use of cryogenic tech-
niques – their current level of h~10-19 limits the
likelihood of a bar detection.

Detector designs of increased sensitivity, spanning
a broader frequency range than that accessible by
resonant mass detectors, are now in operation.

These are based on laser interferometric sensing
to detect the changes, induced by gravitational
waves, in the relative arm lengths of large-scale
variants of Michelson-type interferometers, where
the arms are formed between freely-hung mirrors.

After the study and construction in the 1970’s and
80’s of proof-of-principle interferometers of a few
tens of meters length, creation of a new class of
interferometer began in the 1990’s for the purpose
of  gravitational wave searches. These instruments
now form a worldwide network of detectors, and
the TAMA interferometer was the first of this class.
Operated at the Tokyo Astronomical Observatory,
the TAMA detector has arm lengths of 300 m and
was for a time the most sensitive interferometer.
The German/British detector, GEO600, has 600 m
long arms and operates on a site outside Hanno-
ver in Germany. It has the dual benefit of offering
an interesting sensitivity for certain search classes
and also offering a full scale test bed of innovative
technologies such as low-thermal noise monolithic
test-mass suspensions and advanced optical tech-
niques. The American LIGO Laboratory comprises
two detector systems with arms of 4 km length,
one in Hanford, Washington State, and one in Liv-
ingston, Louisiana. Another half-length, 2 km inter-
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3. Current state of the field

Fig. 3.1 – View of the German/British GEO600 detector site near Hannover, Germany. 

3.1 Introduction

• Prototype detector for testing next-generation technology 

• Currently using squeezed light in regular operation 

• Operates in "astrowatch" 
mode... 

• Provide as much coverage as 
possible incase of nearby 
core-collapse supernova



Virgo, Italy
• 3km detector with technological similarities and differences to LIGO. 

• Full data sharing between LIGO and Virgo collaborations





• Advanced LIGO's sensitivity was at the upper end of that predicted 
for the first observing run

Abbott, ..., DAB, et al. Living Reviews in Relativity 19, 1 (2016)



G. Losurdo 



Probable location of  
GW150914 

merger

Limited by two-detector network

Abbott, ..., DAB, et al. ApJ L 826 13 (2016)



L. Singer (2016)

• Adding a third detector with 
any reasonable sensitivity 
significantly improves sky 
localization. 

• If Virgo's range is 25% that of 
LIGO, then the LIGO-only sky 
localizations are reduced by  
~ 60 % 



KAGRA, Japan

http://atc.mtk.nao.ac.jp/E/Projects/KAGRA/images/KAGRA.png

• 3km detector underground 
in Kamioka mine 

• Similar optical layout to  
Advanced LIGO 

• Uses cryogenic cooling  
to reduce mirror thermal 
noise

http://atc.mtk.nao.ac.jp/E/Projects/KAGRA/images/KAGRA.png


3km x 3km arms 
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ü Connection and the leak tests of 3km X 3km 
beam tubes have been finished in March 
2015. Y arm tunnel and vacuum tubes

X arm tunnel and vacuum tubes

Takaaki Kajita

3km x 3km arms 

41

ü Connection and the leak tests of 3km X 3km 
beam tubes have been finished in March 
2015. Y arm tunnel and vacuum tubes

X arm tunnel and vacuum tubes

Takaaki Kajita

• Construction of Michelson interferometer is compete 

• KAGRA have operated a 3km Michelson at room temperature 

• Next stage is cryogenic operation of the 3km Michelson (early 2018)



Somiya, et al. CGQ 29 124007 (2012) 

• Sensitivity at design is ~ 140 Mpc to binary neutron stars (c.f. Virgo)



LIGO India
• A direct partnership between LIGO Laboratory and IndIGO collaboration to 

build an Indian interferometer  

• LIGO-India would be operated as part of LIGO Global Network to maximize 
scientific impact  

• Site selection has converged on a prime site. LIGO Lab has completed 
review and concurrence. Acquisition has begun.  

• A project schedule has been developed by the project coordinators and 
the LIGO Laboratory coordinator.  

• Consistent with LIGO-India observations beginning in Jan 2024 
F Raab / LIGO/ IndIGO



Status of EM Follow-up

• "As of February 23, 2017, 3 event candidates, identified by online 
analysis using a loose false-alarm-rate threshold of one per month, 
have been identified and shared with astronomers." 

http://www.ligo.org/news/index.php#O2Mar2017update

http://www.ligo.org/news/index.php#O2Mar2017update


  

Efficiencies of a hexagonal template bank placement Efficiencies of a hexagonal template bank placement 
to search for gravitational  waves from inspiralling to search for gravitational  waves from inspiralling 

compact binaries in ground-based detectors. compact binaries in ground-based detectors. 

Previous work (square bank)

Conclusion and perspectives

Thomas Cokelaer 
Cardiff University, U.K 

G070410-01-Z

Potential of the proposed template bank
The proposed hexagonal template bank was designed and tested to search for inspiralling compact binaries in the context of  
stationary phase approximant model at 2PN (the metric is based on this partcular model).
 
There are other template families such as Pade resummation, Effective One Body. Therefore, we tested the template bank 
with those models as well (where both injections and templates are based on the same model). As we can see in Fig. 6,  the 
proposed bank has also a remarkable good efficiency for the different models that have been used in this test.

The search for gravitational waves emitted by inspiralling compact binaries in the data from ground based 
detectors such as LIGO is based on matched filtering, which makes use of accurate theoretical waveforms (i.e., 
templates) that are available. 

The signals we are searching for can be emitted by a wide variety of 
binary systems such as binary neutron stars (BNS), binary black
hole (BBH), primordial  black holes (PBH) and/or binary black hole
neutron star (BHNS). Therefore, signals can be very different from
each other, both in amplitude and duration (e.g., see  Figure 1).

Because the parameters of the signals (i.e., component masses) are unknown, we filter the data with a discrete 
set of templates, known as template banktemplate bank. We present an original template bank placementtemplate bank placement for the search of 
non-spinning compact binaries that is currently used to search for inspiralling compact binaries in LIGO data 
(S5). This template bank is shown to be efficientefficient  for any type of binary systems belonging to the list above 
(BBH, BNS... ).

We present the template bank placement that was developed to optimally cover the parameter space. We 
performed exhaustive simulations so as to test and validate the proposed bank. We also show that the same 
template bank  can be used with various physical template families such as EOB, or Pade at 2PN order. 

Figure 1

Introduction

In a previous work [1], we developed and tested a template bank (square bank) which is based on a metricmetric defined 
on the signal manifold, where we consider both signal and template as part of the same physical template family 
that is the Stationary Phase Approximation (SPA)Stationary Phase Approximation (SPA)  model. Using this metric, we can estimate the distance 
between two infinitesimally separated normalized templates :

The templates are  chosen such that any signal filtered with the template bank has a match larger than a minimal minimal 
match, MMmatch, MM, given by  

We intensively tested the  square bank in the context of BNS, BBH, BHNS, and PBH signals, and for various design 
sensitivity curves as LIGO, advanced  LIGO, VIRGO and GEO. The drawback of the square bank, as expected, is 
that it is over-efficientover-efficient (i.e., matches are systematically greater than MM, as shown in Fig.2 and 3). See [1] for more 
details on the placement itself or interpretation of the simulations that were made. The square template bank was 
used to search for PBH and BNS in S1, S2, S3 and S4 LIGO searches [2,3,4,5].

In Fig. 2 and 3, we show two figures of merit that show the efficiency of the square template bank to filter BNS 
signals. Both signals and templates are based on SPA model. We used 4 design sensitivity curves and 10,000 
injections for each of them. Figure 2 shows the cumulative distribution of matches (left) and matches versus  total 
mass (right).

In order to avoid the over-efficiency effect of the square lattice, we developed a 
hexagonal placement that reduces the size of the previous bank by 40% while keeping 
matches above the requested minimal match. The main difficulty of the placement is 
that distances between templates, which are defined by the metric components, are 
not constant over the parameter space. The orientation of the ambiguity function, is 
not constant either. 
The placement, in a nut-shell, works as follows. We represent each template by an 
ellipse, for which any signal within its boundary is guarantee to have a match higher 
than MM. We use a hexagonal placement, so each template has 6 neighbors. 
Because the metric is not constant in the parameter space, we cannot place templates 
on a constant lattice.  We start to lay a single template (Fig 3.a), and we assume local 
flatness around it. Therefore, 6 new templates are placed at the same distance in 6 
directions (hexagonal lattice) as in Fig.3.b. Then, we loop over the 6 new templates so 
as to compute the metric for each of them. Each new template extend in at most 6 
directions, however, template have already been placed, therefore, in general, the 
number of new templates is restricted to 3, as in Fig3.e. The placement evolves until 
the parameter space is filled. The tricky part of the placement is that connections are 
set (fig3.c) between templates so that 2 templates can not be placed at the same 
location. The placement evolves like a snail shell until the whole parameter space is 
covered. See [6] for more details on the placement. 

EOB, BBH TaylorT1 BNSPadeT1, BHNS

Therefore, we can use the proposed template bank to search for various physical template families. We will test it for 
various PN order, and for amplitude corrected waveforms. 

Adaptive Hexagonal Placement (2/2)

Simulations

Figure 5 d,  BBH injections, SPA model

We tested the bank by performing 100,000 SPA injections 
for 5 different design sensitivity curves,  and using the 
same template family for the template bank.

The Fig.5.a shows the BNS results. Injections are found 
with matches above the requested minimal match. We can 
compare the results with the one obtained in  Fig 2. The 
hexagonal placement is not over-efficient, as required. 

The Fig. 5.b  shows the results for PBH injections. The 
difficulty here is that the number of templates is rather 
large (>100,000). 

The BHNS injections shows also that matches are found 
above MM (Fig 5 c). 

In the case of BBH, some injections are below the 
requested MM, when total mass is rather high (Fig 5.d.).  
This corresponds to short template duration, where the 
metric computation is not a good approximation anymore. 
Most of the BBHs are still recovered with match above MM. 

Table II summarizes the template bank sizes needed for 
different parameter space and design sensitivity curves. 

In Fig. 4, we plot an instance of the square and hexagonal 
placement for the same part of the parameter space. For 
convenience, we modified the metric components so that 
ellipses have small eccentricities. We can see that the 
hexagonal placement requires less templates to cover the same 
area. 

The square placement aligns templates along the axis of the 
two chirp times parameters whereas the hexagonal placement 
aligns templates along the eigen-directions.

Table I gives the reduction of template bank size between the 
square and hexagonal placements, which is about 40% 
(expectation was about 30%).

The computational cost is of the order of a few seconds, which 
is negligible as compared to time spent in reading the data. 
Table II includes the time needed to write the bank which is 
about 6 seconds in the BBH case. 
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Figure 2. Efficiency of the square bank. BNS templates and injections based on 
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Figure 5 a,  BNS injections, SPA model
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Figure 5 c,  BHNS injections, SPA model

Table III. Bank sizes

Figure 4

Table I. Bank 
size gain by 
using the 
hexagonal 
bank 

Table II.
Computation
al cost. 

Figure 6

We developed a hexagonal template placement that is currently used to search for inspiralling compact binaries into LIGO S5 data. 

The placement is close to optimality and fast. It uses an hexagonal placement that reduces by 40% the number of templates required to 
cover the astrophysically pertinent parameter space with respect to the previous template bank that was used in S1, S2, S3 and S4 LIGO 
data. The proposed template bank  can be used to search for BNS, BBH, BHNS, and PBH binary searches.

We performed exhaustive simulations to show that  efficiency of the template bank lies between unity and the requested minimal match. We 
also emphasizes the fact that many theoretical waveforms can be used with this template bank: we can search for signals based on EOB, 
Pade or Taylor models (time domain) in addition to the usual stationary phase approximation model. 
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Signals are well modeled, so 
construct a bank of templates 
and matched filter for signals, 
with additional techniques to 
mitigate detector noise
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Binary coalescence searches 
target binary neutron stars,  

binary black hole, and  
neutron star-black hole binaries

Searches assume aligned-
spin waveforms which 

have good sensitivity to 
precessing signals for 

binary black holes









• We can use the observers 
BBH mergers to measure the 
event rate 

• This rate can be used to 
estimate the probability that a 
given trigger is of 
astrophysical origin 

• p(astro; LVT151012) = 0.87

Abbott, ..., DAB, et al. PRX 6 041015 (2016)



Abbott, ..., DAB, et al. ApJ L 832 21 (2016)

No significant BNS or NSBH candidates in O1





• Measured BBH coalescence 
rate is 9 - 240 Gpc-3 yr-1. 

• The projected detection  
rate assumes two-detector 
coincidence. 

• The network range is set by 
the second most sensitive 
detector (currently Hanford).

Abbott, ..., DAB, et al. PRX 6 041015 (2016)


