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❖ Compact binary coalescence 
❖ Binary Neutron Stars 
❖ Binary Black Holes 
❖ Black Hole - Neutron Stars

❖ Cosmic strings  

Source of GWs transient signals  

❖ Supernovae   

❖ Extreme CBC

❖ highly eccentric 

❖ highly precessing, high mass ratio etc

❖ exotic companions  

❖ Hyperbolic encounters 

❖ Non-linear memory effect

❖ Lensing

❖ …

For which we have precise models For which we don’t
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Time domain waveform
Phase and amplitude tells us the information of source

Eccentricity Precession

Hyperbolic Memory

Tidal effect

Image Credit: Tim Dietrich et al.

3



Gravitational wave strains (0.5s)  in LIGO Livingston (L1) and Hanford (H1)

Gravitational wave strains with noises (0.5s)  in LIGO Livingston (L1) and Hanford (H1)

Gravitational wave strains with noises in 20s in LIGO Livingston (L1) and Hanford (H1)
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From time to frequency

• Can see excess energy in frequencies 

• Normally used for match-filtering and 
parameter estimation 

• Loss the information of time-evolution



Gravitational wave strains (0.5s)  in LIGO Livingston (L1) and Hanford (H1)

Gravitational wave strains with noises (0.5s)  in LIGO Livingston (L1) and Hanford (H1)

Gravitational wave strains with noises in 20s in LIGO Livingston (L1) and Hanford (H1)
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Combining time and frequency

• Show the energy in time frequency pixels 

• Visualize the time-frequency evolution 

• Trade off in time / frequency uncertainty



6

Multi-resolution analysis

ΔfΔt ≥ 1/4π



The real data is more complicated 

DCC: G1401000

The noise is complicated and non-stationary 
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L1

H1

Find the coherence

The true signal should arrive in two detectors from the same sky location

8



L1

H1
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Find the coherence

This is not enough because of the glitches
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Background Statistics

… …

L1

H1

L1

H1

L1

H1

Find the coherence
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Background Statistics

⏟

Background

… …

Find the coherence
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Background Statistics

⏟

Background

… …

Find the coherence

multiple classes, this significance is decreased by a trials
factor equal to the number of classes [71].

A. Generic transient search

Designed to operate without a specific waveform model,
this search identifies coincident excess power in time-
frequency representations of the detector strain data
[43,72], for signal frequencies up to 1 kHz and durations
up to a few seconds.
The search reconstructs signal waveforms consistent

with a common gravitational-wave signal in both detectors
using a multidetector maximum likelihood method. Each
event is ranked according to the detection statistic
ηc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ec=ð1þ En=EcÞ

p
, where Ec is the dimensionless

coherent signal energy obtained by cross-correlating the
two reconstructed waveforms, and En is the dimensionless
residual noise energy after the reconstructed signal is
subtracted from the data. The statistic ηc thus quantifies
the SNR of the event and the consistency of the data
between the two detectors.
Based on their time-frequency morphology, the events

are divided into three mutually exclusive search classes, as
described in [41]: events with time-frequency morphology
of known populations of noise transients (class C1), events
with frequency that increases with time (class C3), and all
remaining events (class C2).

Detected with ηc ¼ 20.0, GW150914 is the strongest
event of the entire search. Consistent with its coalescence
signal signature, it is found in the search class C3 of events
with increasing time-frequency evolution. Measured on a
background equivalent to over 67 400 years of data and
including a trials factor of 3 to account for the search
classes, its false alarm rate is lower than 1 in 22 500 years.
This corresponds to a probability < 2 × 10−6 of observing
one or more noise events as strong as GW150914 during
the analysis time, equivalent to 4.6σ. The left panel of
Fig. 4 shows the C3 class results and background.
The selection criteria that define the search class C3

reduce the background by introducing a constraint on the
signal morphology. In order to illustrate the significance of
GW150914 against a background of events with arbitrary
shapes, we also show the results of a search that uses the
same set of events as the one described above but without
this constraint. Specifically, we use only two search classes:
the C1 class and the union of C2 and C3 classes (C2þ C3).
In this two-class search the GW150914 event is found in
the C2þ C3 class. The left panel of Fig. 4 shows the
C2þ C3 class results and background. In the background
of this class there are four events with ηc ≥ 32.1, yielding a
false alarm rate for GW150914 of 1 in 8 400 years. This
corresponds to a false alarm probability of 5 × 10−6

equivalent to 4.4σ.

FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show the
number of candidate events (orange markers) and the mean number of background events (black lines) in the search class where
GW150914 was found as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the
significance of an event in Gaussian standard deviations based on the corresponding noise background. The significance of GW150914
is greater than 5.1σ and 4.6σ for the binary coalescence and the generic transient searches, respectively. Left: Along with the primary
search (C3) we also show the results (blue markers) and background (green curve) for an alternative search that treats events
independently of their frequency evolution (C2þ C3). The classes C2 and C3 are defined in the text. Right: The tail in the black-line
background of the binary coalescence search is due to random coincidences of GW150914 in one detector with noise in the other
detector. (This type of event is practically absent in the generic transient search background because they do not pass the time-frequency
consistency requirements used in that search.) The purple curve is the background excluding those coincidences, which is used to assess
the significance of the second strongest event.
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multiple classes, this significance is decreased by a trials
factor equal to the number of classes [71].

A. Generic transient search

Designed to operate without a specific waveform model,
this search identifies coincident excess power in time-
frequency representations of the detector strain data
[43,72], for signal frequencies up to 1 kHz and durations
up to a few seconds.
The search reconstructs signal waveforms consistent

with a common gravitational-wave signal in both detectors
using a multidetector maximum likelihood method. Each
event is ranked according to the detection statistic
ηc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ec=ð1þ En=EcÞ

p
, where Ec is the dimensionless

coherent signal energy obtained by cross-correlating the
two reconstructed waveforms, and En is the dimensionless
residual noise energy after the reconstructed signal is
subtracted from the data. The statistic ηc thus quantifies
the SNR of the event and the consistency of the data
between the two detectors.
Based on their time-frequency morphology, the events

are divided into three mutually exclusive search classes, as
described in [41]: events with time-frequency morphology
of known populations of noise transients (class C1), events
with frequency that increases with time (class C3), and all
remaining events (class C2).

Detected with ηc ¼ 20.0, GW150914 is the strongest
event of the entire search. Consistent with its coalescence
signal signature, it is found in the search class C3 of events
with increasing time-frequency evolution. Measured on a
background equivalent to over 67 400 years of data and
including a trials factor of 3 to account for the search
classes, its false alarm rate is lower than 1 in 22 500 years.
This corresponds to a probability < 2 × 10−6 of observing
one or more noise events as strong as GW150914 during
the analysis time, equivalent to 4.6σ. The left panel of
Fig. 4 shows the C3 class results and background.
The selection criteria that define the search class C3

reduce the background by introducing a constraint on the
signal morphology. In order to illustrate the significance of
GW150914 against a background of events with arbitrary
shapes, we also show the results of a search that uses the
same set of events as the one described above but without
this constraint. Specifically, we use only two search classes:
the C1 class and the union of C2 and C3 classes (C2þ C3).
In this two-class search the GW150914 event is found in
the C2þ C3 class. The left panel of Fig. 4 shows the
C2þ C3 class results and background. In the background
of this class there are four events with ηc ≥ 32.1, yielding a
false alarm rate for GW150914 of 1 in 8 400 years. This
corresponds to a false alarm probability of 5 × 10−6

equivalent to 4.4σ.

FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show the
number of candidate events (orange markers) and the mean number of background events (black lines) in the search class where
GW150914 was found as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the
significance of an event in Gaussian standard deviations based on the corresponding noise background. The significance of GW150914
is greater than 5.1σ and 4.6σ for the binary coalescence and the generic transient searches, respectively. Left: Along with the primary
search (C3) we also show the results (blue markers) and background (green curve) for an alternative search that treats events
independently of their frequency evolution (C2þ C3). The classes C2 and C3 are defined in the text. Right: The tail in the black-line
background of the binary coalescence search is due to random coincidences of GW150914 in one detector with noise in the other
detector. (This type of event is practically absent in the generic transient search background because they do not pass the time-frequency
consistency requirements used in that search.) The purple curve is the background excluding those coincidences, which is used to assess
the significance of the second strongest event.
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GW Strain 
from detectors

Trigger 
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significance 
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Astrophysics  

Fundamental physics 
(Test of GR etc )  
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cWB : Un-modelled search schematic  
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Read Data Data conditioning 
Time frequency 
transform and 

selection of pixels 

Clustering and 
Superclustering

Noise characterization related to GW150914 10
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Figure 1: The average measured strain-equivalent noise, or sensitivity, of the Advanced
LIGO detectors during the time analyzed to determine the significance of
GW150914 (Sept 12 - Oct 20, 2015). LIGO-Hanford (H1) is shown in
red, LIGO-Livingston (L1) in blue. The solid traces represent the median
sensitivity and the shaded regions indicate the 5th and 95th percentile over
the analysis period. The narrowband features in the spectra are due to known
mechanical resonances, mains power harmonics, and injected signals used for
calibration [4, 5, 6].

1. Introduction

A gravitational wave signal, denoted GW150914, has been detected by the Advanced
LIGO detectors [1]. The recovered waveform indicated the source was a binary black
hole system with component masses 36+5

�4 M� and 29+4
�4 M�, which coalesced at a

distance of 410+160
�180 Mpc away from Earth. The significance of the GW150914 event

was measured to be greater than 5.1 �, corresponding to a false-alarm rate of less
than 1 event per 203 000 years [1]. The event, lasting 0.2 seconds in Advanced LIGO’s
sensitive frequency range, was detected in independent searches for modeled compact
binary coalescences (CBCs) and for unmodeled gravitational wave bursts [2, 3].

The US-based detectors, in Hanford, Washington (H1) and in Livingston,
Louisiana (L1) jointly comprise the Laser Interferometer Gravitational-wave
Observatory (LIGO). The detectors are designed to measure spacetime strain induced
by passing gravitational waves using a modified Michelson interferometer with 4 km
length arms, as described in [4, 5, 6]. The detectors were operating in their nominal
configuration at the time of GW150914. The corresponding detector sensitivity is
shown in Figure 1; both detectors achieved a best sensitivity of ⇠ 10�23 Hz�1/2

between roughly 50 and 300 Hz. Peaks in the strain-equivalent noise amplitude
spectral density are due largely to mechanical resonances, mains power harmonics, and
injected signals used for calibration. Non-stationarity in the detector noise manifests
as variations in the level and shape of these sensitivity curves over time.

Even in their nominal state, the detectors’ data contain non-Gaussian noise
transients introduced by behavior of the instruments or complex interactions between

Pixel selection 
• A fraction of the most energetic pixel are considered: core 

pixels 
• For each core pixel cWB selects the neighbour in TF plane: 

halo 
• Core pixels are considered if the energy in the core and/or 

in the halo is above a certain threshold 
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Improve the sensitivity with machine learning

XGBoost Working | Source — https://www.geeksforgeeks.org/xgboost/

• The effective correlated SNR 

• Coherent energy  

• Signal duration 

• Signal bandwidth 

• Signal central frequency 

• The waveform shape parameter 

• …

High dimensional parameter space!

Summary parameters for trigger:
XGBoost as a classifier

https://www.geeksforgeeks.org/xgboost/


Potential for LISA

• Noise-agnostic and model-agnostic 

• Low latency search 

• Low computational cost 

• Solve the overlap partially



Monolith Modular

Modernization of the framework: PycWB
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SoftwareX, Volume 26, 101639, (05/2024) Yumeng Xu, Shubhanshu Tiwari, Marco Drago

https://pypi.org/project/PycWB/
https://pypi.org/project/PycWB/
https://pypi.org/project/PycWB/
https://pypi.org/project/PycWB/
https://pypi.org/project/PycWB/
https://pypi.org/project/PycWB/
https://pypi.org/project/PycWB/
https://pypi.org/project/PycWB/


Conclusion

• Time-frequency domain coherent search has performed very well in LIGO-Virgo search 

• It has potential to migrate to LISA 

• A lot of developments are needed for LISA
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