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Searches for gravitational waves from Binaries Black-Holes 
(BBHs) 

❖ We now know that BBHs exists in nature and merge in Hubble time  

❖ Till now we have detected 3 confirmed BBHs mergers GW150914, 
GW151226 and GW170104 and one lower significance event LVT151012

❖ This provides motivation to search for BBHs from all possible formation 
channels, some of the formation channels predict binaries with 
eccentricities (e>0.1) in LIGO band (like dynamical capture in dense 
stellar environments, three body interaction etc) or binaries with 
intermediate mass (>100 M_sun) companion  

❖ The searches for BBHs can be divided into 

❖ Modelled search

❖ Un-Modelled search 



Modelled search for Binary Black holes 
❖ Modelled search  

❖ Uses matched-filtering to search  for BBH 
signals in the data 

❖ Looks for the correlation between the data 
and various waveforms models called 
templates

❖ The goal is to find the optimal template 
which would maximise the signal to 
noise ratio (SNR)

❖ The signal consistency check is performed 
by a chi-squared test 

❖ Search is optimal if the signal is within the 
parameter space of the templates used
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FIG. 10. Distribution of single detector SNRs for H1 triggers
found in coincidence with L1 triggers (in time shifts) in a
month of simulated Gaussian noise (blue) and representative
S5 data (red). These triggers have survived �2, r2, and H1–
H2 amplitude-consistency tests, as well as DQ vetoes.

a “quiet” signal with ⇢ ' 8 and �2 ' ndof will have
⇢e↵ ' ⇢.

Figure 6 shows contours of constant ⇢e↵ in the ⇢–�2

plane. While ⇢e↵ successfully separates background trig-
gers from simulated-GW triggers, it can artificially ele-
vate the SNR of triggers with unusually small �2. As
discussed in Ref. [61], these can sometimes become the
most significant triggers in a search. Thus, a di↵erent
statistic was adopted for the LIGO S6 run and Virgo’s
second and third science runs (VSR23). This new SNR

⇢new [14] was defined as
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Figure 6 also shows contours of constant ⇢new in the ⇢–
�2 plane. The new SNR was found to provide even bet-
ter background–signal separation, especially for low-mass
nonspinning inspirals [14], and it has the desirable fea-
ture that ⇢new does not take larger values than ⇢ when
the �2 is less than the expected value. Other ways of
defining a detection statistic as a function of ⇢ and �2

can be defined and optimized for analyses covering dif-
ferent regions of parameter space and di↵erent data sets.

For coincident triggers, the re-weighted SNRs mea-
sured in the coincident detectors are added in quadra-
ture to give a combined, re-weighted SNR, which is used
to rank the triggers and evaluate their statistical signif-
icance. Using this ranking statistic, we find that the
distribution of background triggers in real data is re-
markably close to their distribution in simulated Gaus-
sian noise. Thus, our consistency tests and DQ vetoes
have successfully eliminated the vast majority of high
SNR triggers due to non-Gaussian noise from the search.

FIG. 11. Distribution of single detector new SNR, ⇢new,
for H1 triggers found in coincidence with L1 triggers (in time
shifts) in a month of simulated Gaussian noise (blue) and
representative S5 data (red). The tail of high SNR triggers
due to non-Gaussian noise has been virtually eliminated—
a remarkable achievement given that the first stage of the
pipeline generated single-detector triggers with SNR > 1, 000.

While this comes at the inevitable cost of missing poten-
tial detections at times of poor data quality, it signifi-
cantly improves the detection capability of a search.

IV. INTERPRETATION OF THE RESULTS

At the end of the data processing described above,
the ihope pipeline produces a set of coincident triggers
ranked by their combined re-weighted SNR; these trig-
gers have passed the various signal-consistency and data-
quality tests outlined above. While at this stage the
majority of loud background triggers identified in real
data have been eliminated or downweighted, the distri-
bution of triggers is still di↵erent from the case of Gaus-
sian noise, and it depends on the quality of the detec-
tor data and the signal parameter space being searched
over. Therefore it is not possible to derive an analytical
mapping from combined re-weighted SNR to event signif-
icance, as characterized by the FAR. Instead, the FAR is
evaluated empirically by performing numerous time-shift

analyses, in which artificial time shifts are introduced be-
tween the data from di↵erent detectors. (These are dis-
cussed in Sec. IVA.) Furthermore, the rate of triggers as
a function of combined re-weighted SNR varies over pa-
rameter space; to improve the FAR accuracy, we divide
triggers into groups with similar combined re-weighted
SNR distributions (see Sec. IVB). The sensitivity of a
search is evaluated by measuring the rate of recovery
of a large number of simulated signals, with parameters
drawn from astrophysically motivated distributions (see
Sec. IVC). The sensitivity is then used to estimate the
CBC event rates or upper limits as a function of signal
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FIG. 6. The �2 test plotted against SNR for triggers in a
month of representative S5 data after the �2 test has been ap-
plied, and the r2 cut has been applied for triggers with ⇢ < 12.
The blue crosses mark time shifted background triggers, the
red pluses mark simulated-GW triggers. The solid, colored
lines on the plots indicate lines of constant e↵ective SNR (top
panel) and new SNR (bottom panel), which are described in
section III E. Larger values of e↵ective/new SNR are at the
bottom and right end of the plots. The clearly visible notch
in the H1 and L1 plots is caused by the discontinuity in the r2

cut at an SNR of 12 (Section III B). Here background triggers
are represented by blue crosses and injections by red pluses.

in the upper left corner of the plot (large �2 value rela-
tive to the measured SNR), but these have been removed
by the cut. Even following the cut, a clear separation
between noise background and simulated signals can eas-
ily be observed. This will be used later in formulating
a detection statistic that combines the values of both ⇢
and �2.

FIG. 7. Value of SNR and �2 as a function of time, for a
simulated CBC signal with SNR=300 in a stretch of S5 data
from the H1 detector. The SNR shows a characteristic rise
and fall around the signal. The �2 value is small at the time of
the signal, but increases steeply to either side as the template
waveform is o↵set from the signal in the data.

B. The r2 signal-consistency test

We can also test the consistency of the data with a
postulated signal by examining the time series of SNRs
and �2s. For a true GW signal, this would show a single
sharp peak at the time of the signal, with the width of the
fallo↵ determined by the autocorrelation function of the
template [51, 52]. Thus, counting the number of time
samples around a trigger for which the SNR is above
a set threshold provides a useful consistency test [53].
Examining the behavior of the �2 time series provides a
more powerful diagnostic [54]. To wit, the r2 test sets an
upper threshold on the amount of time �T (in a window
T prior to the trigger2) for which

�2 � p r2, (13)

where p is the number of subtemplates used to compute
the �2. We found empirically that setting T = 6 s and
r2 = 15 produces a powerful test [54]. Figure 7 shows
the characteristic shape of the �2 time series for CBC
signals: close to zero when the template is aligned with
the signal, then increasing as the two are o↵set in time,
before falling o↵ again with larger time o↵sets.
An e↵ective �T threshold must be a function of SNR;

the �T commonly used for ihope searches is

�T <

⇢
2 ⇥ 10�4 s for ⇢ < 12,
⇢9/8 ⇥ 7.5 ⇥ 10�3 s for ⇢ � 12.

(14)

2 The nonsymmetric window was chosen because the merger–
ringdown phase of CBC signals, which is not modeled in inspiral-
only searches, may cause an elevation in the �2 time series after
the trigger.

Detection statistic

• Manually tuned “newSNR” detection statistic

• Can machine learning do better?
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Modelled search for Binary Black holes 
❖ The four-dimensional search parameter space 

(component masses and spins) covered by the 
template bank shown projected into the 
component-mass plane. 

❖ The colours indicate mass regions with different 
limits on the dimensionless spin parameters χ1 
and χ2.

❖ Although this template bank covers a huge part 
of the parameter space and most likely BBHs 
signals , it assumes 
❖ circular orbits (no eccentricity) 
❖ no contribution from higher modes (can be 

important in high mass ratio systems) 
❖ only aligned spin (no precession)  

❖ Note : the template bank for BBHs search is an 
evolving process and it keep on expanding like 
our universe 
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tive to BBH mergers with total mass ⇠ 30M� or greater [60].
A bank of template waveforms is used to cover the parame-

ter space to be searched [53, 61–64]. The gravitational wave-
forms depend upon the masses m1,2 (using the convention that
m1 � m2), and angular momenta S1,2 of the binary compo-
nents. We characterise the angular momentum in terms of the
dimensionless spin magnitude

a1,2 =
c

Gm2
1,2

|S1,2| , (2)

and the component aligned with the direction of the orbital
angular momentum, L, of the binary [65, 66],

c1,2 =
c

Gm2
1,2

S1,2 · L̂ . (3)

We restrict this template bank to systems for which the spin
of the systems is aligned (or anti-aligned) with the orbital an-
gular momentum of the binary. Consequently, the waveforms
depends primarily upon the chirp mass [67–69]

M =
(m1m2)3/5

M1/5 , (4)

the mass ratio [18]

q =
m2

m1
 1, (5)

and the effective spin parameter [70–73]

ceff =
m1c1 +m2c2

M
, (6)

where M = m1 +m2 is the binary’s total mass. The chirp mass
and effective spin are combinations of masses and spin which
have significant impact on the evolution of the inspiral, and
are therefore accurately measured parameters for gravitational
waveforms [56, 74–77].

The minimum black hole mass is taken to be 2M�, con-
sistent with the largest known masses of neutron stars [78].
There is no known maximum black hole mass [79], however
we limit this template bank to binaries with a total mass less
than M  100M�. For higher mass binaries, the Advanced
LIGO detectors are sensitive to only the final few cycles of in-
spiral plus merger, making the analysis more susceptible to
noise transients. The results of searches for more massive
BBH mergers will be reported in future publications. In prin-
ciple, black hole spins can lie anywhere in the range from �1
(maximal and anti-aligned) to +1 (maximal and aligned). We
limit the spin magnitude to less than 0.99, which is the re-
gion over which we are able to generate valid template wave-
forms [8]. The bank of templates used for the analysis is
shown in Figure 2.

Both analyses separately correlate the data from each de-
tector with template waveforms that model the expected sig-
nal. The analyses identify candidate events that are detected
at both the Hanford and Livingston observatories consistent
with the 10 ms inter-site propagation time. Additional sig-
nal consistency tests are performed to mitigate the effects of
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LVT151012 (gstlal)
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FIG. 2. The four-dimensional search parameter space covered by
the template bank shown projected into the component-mass plane,
using the convention m1 > m2. The colours indicate mass regions
with different limits on the dimensionless spin parameters c1 and
c2. Symbols indicate the best matching templates for GW150914,
GW151226 and LVT151012. For GW150914, GW151226 the tem-
plate was the same in the PyCBC and GstLAL searches while for
LVT151012 they differed. The parameters of the best matching tem-
plates are not the same as the detector frame masses provided by the
detailed parameter estimation discussed in Section IV.

non-stationary transients in the data. Events are assigned a
detection-statistic value that ranks their likelihood of being a
gravitational-wave signal. For PyCBC, r̂c is the quadrature
sum of signal-consistency re-weighted SNRs in the two de-
tectors. For GstLAL, lnL is the log-likelihood ratio for the
signal and noise models. The detection statistics are compared
to the estimated detector noise background to determine, for
each candidate event, the probability that detector noise would
give rise to at least one equally significant event. Further de-
tails of the analysis methods are available in Appendix A.

The results for the two different analyses are presented
in Figure 3. The figure shows the observed distribution of
events, as well as the background distribution used to assess
significance. In both analyses, there are three events that
lie above the estimated background: GW150914, GW151226
and LVT151012. All three of these are consistent with being
BBH merger signals and are discussed in further detail be-
low. The templates producing the highest significance in the
two analyses are indicated in Figure 2, the gravitational wave-
forms are shown in Figure 1 and key parameters are summa-
rized in Table I. There were no other significant BBH trig-
gers in the first advanced LIGO observing run. All other ob-
served events are consistent with the noise background for the
search. Follow up of the coincident events r̂c ⇡ 9 in the Py-
CBC analysis suggests that they are likely due to noise fluctu-
ations or poor data quality, rather than a population of weaker
gravitational-wave signals.

It is clear from Figure 3 that at high significance, the
background distribution is dominated by the presence of
GW150914 in the data. Consequently, once an event has

LVC arXiv:1606.04856 (2016) O1 BBH   



Un-modelled searches for BBHs 
❖ Un-modelled search 

❖ Uses the estimation of excess energy in the 
detectors

❖ Exploits the presence of signal (energy) in 
multiple detectors to appear coherently i.e. 
consistent in time and sky location 

❖ Data is combined from the networks of 
detectors 

❖ No templates/waveforms models are 
required/used 

❖ Can be more affected by the non-gaussian 
glitches in the data than the modelled search, 
and hence are not the optimal searches  

❖ This search can be made more sensitive for 
BBHs by tuning the clustering and requiring 
some lose and generic condition on the signal 
model, and hence rejecting background 

Signal at Hanford

Signal at Livingston

Combined data Likelihood

Klimenko+ PhysRevD.93.042004 



Limitations of modelled searches for BBHs 
❖ As preluded before, the modelled searches don't (yet) cover the part parameter 

space such as 

❖ eccentricity in the sensitivity band  

❖ higher harmonics contributions 

❖ precession of the orbit 

❖ Also there can be more exotic scenarios like  

❖ third body interaction 

❖ BH mimickers etc 

❖ In these situations un-modelled searches for the BBHs will complement 
modelled searches  

❖ Next : we provide an example for the effect of eccentricity on circular templates 



Gravitational waves from eccentric BBH
• Binaries with orbital eccentricity will have periastron advance, this feature is translated as the phase 

modulation in the GWs waveform  

• The waveform are shorter in time, i.e. time to merge is smaller as the eccentricity increases  

• The relative power in the higher harmonics are proportional to the eccentricity

GRA VI TATIONAL RADIATION FROM POINT MASSES

In (15), P is, of course, the retarded position of the sys-
tem. The a~erage rate at which the system radiates
energy is obtained by averaging (15) over one period
of the elliptical motion; one obtains in this way

32 G' nt t'nss'(tnt+ tns) 73 37
(P)=—— 1+—e'+—e' ~. (16)

5 cs as(1 e')r—/s 24 96

Thus, the average power equals the power radiated
from a circular orbit of equal semimajor axis (or total
energy) times an enhancement factor

1+(73/24) e'+ (37/96) e4
(e) =

(1 es) 7/2
(17)

Figure 2 shows f(e) plotted against e. Note that
f(0.6)-10, f(0.8)~10', f(0.9) 10'. The power radi-
ated is a steeply rising function of the eccentricity e.
The same result follows from the method of Sec. II 8,

but the formalism is rather different. We must evaluate
the rnsM of Eq. (9). In terms of the Q;, defined by (4),

0
0 2 4 6 8 IO I2 I4 I6 I8 20 22 24

n

FIG. 3. g(n, e), the relative power radiated into the nth harmonic
for e=0.2, 0.5, and 0.7.

The Fourier analysis of Kepler motion is well
known (to astronomers at least!), so we simply give
the results. The components of frequency ~0, where
o/o= LG( rnt+m s) /a' ji/s is the average angular velocity,
are

zffoP 15 't' 2
rns~s(n) = pa-

1e8 32~

zIf~3
m2+2= (Q**—Q.'~»Q. s),

1043 32~

teggg= 0)

iso/s(—5
SS&0 g~ yy

1(h/3 (16m.

2
X J„s(ne) 2eJ—„ i(ne)+ J„(n—e)

n

+2eJ„+i(ne) J~+s(—ne)

W (1—e')' 'LJ„s(ne)—2J„(ne)+J„+s(ne)j
zKGO 5 4

nsss(n) = tea' J„(ne)—
1093 16m n'

(18)

32 G' rnPms'(nst+nss)I (n) = g(n, e),
5 c' a' (19)

where

The power radiated in the nth harmonic is, from (10)
and (18),

!0R

f(e}

g(n, e) =—J s(ne) —2eJ i(ne)
32

2
+—J„(ne)+2eJ„+i(ne)—J„+s(ne)

+(1—e')LJ s(ne) —2J (ne)+J„+s(ne)j'

IO + LJ„(ne)]' . (20)
3n2

I 0 .2 .6 .8
1+(73/24) e'+ (37/96) e'

Z g(n, e)=f(e)=
(1 es) 7/sn=l

In Fig. 3, we plot g(n, e) against n for e=0.2, 0.5, and
0.7.
If (16) and (19) are to agree, we must have

Fro. 2. "Enhancement factor" f(e) plotted against e. This is veri6ed in the Appendix.

Peter Mathews (1964 ) PRL  



Effect of eccentricity on the templated search for BBHs

• The circular template bank are not a good match for 
the binary neutron star (BNS) having eccentricity, e > 
0.05 Huerta, E. A. and Brown, Duncan A. PRD (2013)  
plot on the right shows the fitting factor (FF) as a 
function of eccentricity for BNS 

• Bottom right we do the same for the BBH, we can 
conclude for ~ e > 0.2 the FF falls below 0.9 (this is 
done with the inspiral only waveform and templates) 
Tiwari et al in preparation , full inspiral merger 
ringdown models are not available yet  

• Fitting factor is the measure of how much waveform 
accuracy contributes to the collection of optimal SNR 

• Hence, searching for eBBH with the circular template 
bank will be quite suboptimal  

• For such scenarios un-modelled search targeted for 
BBHs can complement the modelled searches 
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FIG. 1. The left panel is a cumulative histogram which indicates the fraction of points in the mass-space region where the bank of non-eccentric
waveforms has a value of FF less than the associated value on the x-axis. The right panel shows the FF as a function of the binary system’s
initial value of eccentricity.

FIG. 2. The left panel shows the FF as a function of the initial value of the eccentricity and the anomaly of the trajectory for binaries with
component masses 1M� < m < 3M�. The right panel shows the correlation of the FF with the initial orbital eccentricity and the total mass
of the binary.

eccentric binaries is the subject of future work.
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eccentric systems. The x-model used to simulate the eccen-
tric signals presents a similar behaviour: the phase difference
between the x-model and the simulation used to calibrate it
grows up to 0.7 radians around 5 cycles before merger. This
is a modeling issue that requires further improvement [22].

We compute the correlation or overlap between a simulated
eccentric GW signal (he) and the best fitting non-eccentric
template (hT

b ) by maximizing the overlap over the templates
in the bank. This is known as the Fitting Factor (FF) [30],
and is defined as

FF = max

b2bank
O(h

e
, h

T
b ) . (6)

III. RESULTS

The Monte Carlo simulation includes 40,000 points uni-
formly distributed in individual component mass 1M� <

m1, 2 < 3M�, and with a uniform distribution of eccentricity
in the range e 2 [0, 0.4]. The template waveforms are gener-
ated from an initial gravitational wave frequency of 15Hz. We
evolve the equations of motion (Eqs. (4)-(10) in [22]) of the
eccentric waveform from a Keplerian mean orbital frequency
of 7Hz (this Keplerian mean orbital frequency is one half the
dominant, quadrupole GW frequency. Hence, the equations
of motion of the x-model are evolved from a fiducial GW fre-
quency of 14Hz (see Eq. 3.2 in [40]) ).

The left panel of Figure 1 presents a cumulative histogram
of the injected eccentric signals with FF less than the value
associated on the x-axis. There are two intrinsic parameters
that determine the effectualness of the circular bank to recover
eccentric signals. The right panel of Figure 1 shows that the
FF decreases for increasing values of eccentricity, and sug-
gests that some systems can be recovered with FF ⇠> 0.95 in
an eccentricity range e 2 [0.02, 0.05].

Figure 2 shows that the FF depends primarily on the initial
value of the eccentricity and on the total mass of the system.
It does not depend on additional parameters that define the
dynamics of the orbit at early inspiral, i.e., the value of the
anomaly (left panel of Figure 2), and depends only weakly
on the mass ratio of the binary. The right panel of Figure 2
shows that the FF tends to be larger for systems with larger
total mass, since differences in GW phase evolution between
eccentric and circularized waveforms have less cycles to ac-
cumulate. In contrast, systems with low total mass live longer
and the discrepancies in the waveforms accumulate over time,
leading to larger phase discrepancies, and hence lower FFs.
Therefore, using a template bank of circularized waveforms,
and the placement bank algorithm described in Section II, is
sufficient to recover signals with MTotal ⇠ 2.4M� (6M�)
emitted by BNS systems whose eccentricity at a fiducial GW
frequency of 14Hz is e ⇠< 0.02 (0.05) with FF⇠> 0.95.

We compare our findings with those reported in [21].
Therein, it was found that Initial LIGO may be able to effi-
ciently detect BNS systems with MTotal ⇠ 2.4M� (6M�)
with residual eccentricity e ⇠< 0.05 (0.08) at 40Hz. The au-
thors in [21] also probed the effect of eccentricity in the con-

text of advanced LIGO assuming the PSD given in Eq. (29)
of [21] and using a low-frequency cut off of 10Hz. Given
the demanding computational cost of such an analysis, they
injected a few hundred signals to obtain a general, yet insuffi-
cient, picture of the efficacy with which aLIGO could recover
eccentric BNS signals. Thus, in order to provide useful input
to the ongoing planning of GW searches that will be carried
out in the advanced detector era, we have substantially im-
proved the analysis presented in [21] for aLIGO. The results
presented in this article, which are based on our up-to-date
understanding of the sensitivity that advanced detectors will
achieve, provide a complete picture of the efficacy with which
circular templates can recovered signals from BNS systems
with low to moderate eccentricity.

IV. CONCLUSIONS

BNSs formed in core-collapsed globular clusters [13] or
near supermassive black holes in galactic nuclei [19] may
have high residual eccentricities when emitting gravitational
radiation in aLIGO band. Still, the detection of eccen-
tric BNSs with the upcoming generation of GW detectors is
not yet certain due to the uncertainty on the rate of these
events [19]. Nonetheless, the detection of eccentric BNSs
is not implausible, and since the electromagnetic emission of
these events is distinguishable from quasi-circular mergers, it
is crucial to understand both types of events [15]. The study
presented in this paper is important to study the selection bias
introduced by neglecting eccentricity in advanced searches of
BNSs, and provides useful information when planning GW
searches in the advanced detector era in order to extract the
most from the observations.

The Monte Carlo analysis we have carried out shows that,
assuming aLIGO ZDHP PSD, BNS systems with total mass
⇠ 2.4M� (6M�) and initial eccentricity e ⇠< 0.02 (0.05) at
a fiducial GW frequency of 14Hz, could be recovered with
FF⇠> 0.95 using a template bank of circularized waveforms.
Our findings suggests that in order to detect and study the
rate of eccentric stellar-mass compact binaries in aLIGO, a
search specifically targeting these systems will need to be con-
structed.

Extending this study to higher-mass systems systems re-
quires input from NR simulations both to construct template
banks and to simulate the signals. Recent simulations of ec-
centric neutron star-black hole (NSBH) systems show that
GW emission is significantly larger than perturbative mod-
els suggests for periapsis distances close to effective inner-
most stable separations [41]. Modeling these events requires
higher resolution simulations, additional computational re-
sources, and a better method for creating initial data for ec-
centric binaries [41, 42]. Furthermore, PN approximants are
not suitable for detection purposes if the total mass of the sys-
tem M ⇠> 11.4M� [43, 44]. Hence, we have considered bi-
nary systems that are not affected by waveform uncertainties
in aLIGO band. The development of accurate waveform mod-
els to extend this analysis to higher-mass systems [45–47],
and the construction of a template matched filter search for



Search for BBH using un-templated analysis : eBBH  

❖ Search for eBBH is done using un-
modelled search, which requires no 
templates 

❖ the efficiency of this algorithm is 
invariant of the eccentricity 

❖ If detected such sources can enrich our 
understanding of the dense stellar 
environments and formation channels of 
BBH 

❖ The results for the early LIGO -VIRGO 
sensitivity have been published and 
upper limits were obtained 

❖ We are working on the results of the 
search for advanced LIGO first and 
second observing run
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of binary at orbital frequency of 48 Hz. E�ciency is de-
fined as the number of recovered injections divided by
the number of injections. The injections have a fixed sky
location. The e�ciency does not show a visible trend for
lower mass binaries. As expected, heavier binaries show
minor increase in e�ciency with increasing eccentricity
(increased contribution from higher order modes). The
search leaves the parameter space unconstrained in ec-
centricity, hence, the proposed eBBH search will also de-
tect circular binaries with approximately equal e�ciency.
The e↵ective radius for the example run is approximately
80% of the matched filtering search [12, 13] performed for
circular binaries. Hence, we expect the proposed search
to recover half of the events, which could have been oth-
erwise recovered by a matched filtering search using ac-
curate waveforms of binaries on eccentric orbits.

FIG. 3. E�ciency vs eccentricity, for eccentricity values are
at an orbital frequency of 48 Hz. Injection were made for
three di↵erent masses. Heavier binaries show minor increase
in e�ciency with increasing eccentricity (e�ciency values de-
pend on the chosen injection distance)). There is no visible
trend for lower mass binaries.

VI. DISCUSSION

We have introduced a novel search focused at the de-
tection of GWs from eccentric binary black hole merg-

ers. The search uses cWB algorithm to identify the
events. A time-shift analysis is performed to estimate
the background and simulation are performed to esti-
mate sensitivity of the search. The search can use model
based constraints, such as, polarization constraint and re-
constructed chirp mass constraint to suppress the back-
ground. We show that these constraints suppress the
background by three orders of magnitude. We describe
FAD statistic which can be used to rank the events ac-
cording to their significance.

We performed an example run and based on the ob-
tained results we conclude that advanced detectors will
detect multiple eBBH signals if the proposed astrophys-
ical models hold true. The search will detect approxi-
mately half of the events a matched filter search would
have detected. The search employs astrophysical model
to populate the parameters space providing the opportu-
nity to gauge the sensitivity of the search in terms of the
parameters defining the astrophysical model. Hence, in
the event of null observation it will become possible to
reject some of the optimistic models.
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Search for BBH using un-templated analysis : IMBHB  
❖ Search for Intermediate mass BBH is done using 

both the methods 

❖ Modelled search : using inspiral merger 
ringdown template bank with aligned spins 
till total mass between 50-600 M_sun and 
effective spins -0.99 and 0.99 and mass ratio 
less extreme than 1:10

❖ Un-modelled search tuned in the parameter 
space of IMBHB (lower frequency, requires 
signal to be chirping up etc)

❖ The results for this search for the first observing 
run of the LIGO detectors is now published, the 
highlights are

❖ There were no GWs found from IMBHB 

❖ The rate upper limit at 90% confidence was 
found to be 0.93 for 100-100 M_sun at 0.8 
aligned effective spin 
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the IMBHB merger-rate estimation and provide relevant692

constraints on the merger rate in the local Universe. A693

single GW detection of an IMBHB merger could provide694

the first conclusive proof of the existence of IMBHs in the695

Universe [90–92]. Multiple detections, where astrophys-696

ically important parameters, such as mass and spin, are697

measured, would allow us to make statements not only698

on the formation and evolutionary channels of IMBHs,699

but also on their link with other observed phenomena.700

V. CONCLUSION701

This paper describes a search for intermediate mass702

black hole binaries during the first observing run of the703

Advanced LIGO detectors. Due to improvement in de-704

tector sensitivity, this run had an increase in search hori-705

zon of a factor of ⇡ 6 compared to the previous science706

run. The search uses the combined information from a707

modeled matched-filter pipeline and an unmodeled tran-708

sient burst pipeline. While no IMBHBs were found, 90%709

confidence limits were placed on the merger rates of IMB-710

HBs in the local universe. The minimum merger rate of711

⇡ 0.3 GC�1 Gyr
�1

constitutes an improvement of almost712

two orders of magnitude over the previous search results.713

The results presented here are based on nonprecessing714

and, in most cases, nonspinning waveforms, that also715

omit higher modes. It is believed that these higher-order716

physical e↵ects may be important for IMBHBs, but they717

should be less important for the near equal-mass sys-718

tems where we can set best upper limits. We plan to719

include these e↵ects in future analyses. It is also be-720

lieved that continued improvements in the detector per-721

formance during future observing runs [93] will allow us722

to further tighten these bounds and may lead to the first723

detections of IMBHs.724
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Conclusion 
❖ Un-modelled searches are complementary to the modelled 

searches for BBHs and can potentially help to extend the 
search parameter space

❖ Un-modelled searches found BBH like GW150914 and 
GW170104 with high significance (although lower than the 
modelled search)

❖ Some of the interesting formation channels can predict 
binaries with parameters such eccentricity, extreme 
precession etc where where un-modelled searches play an 
important role 


