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GW150914

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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Two main types of gravitational-
wave transient signal analysis

a) templated analysis (matched 
filters, Bayesian computation)

b) unmodeled analysis (wavelet 
decomposition in the time-
frequency map, likelihood 
maximization over sky location, 
coherence over different detectors)

Unmodeled analysis necessary for 
sources where templates are not 
available.  

Edoardo Milotti, kickoff meeting Spoke 2 CN HPC 2



Edoardo Milotti, kickoff meeting Spoke 2 CN HPC 3

The unmodeled data analysis in this WP is carried out in the framework of 
the LIGO-Virgo-KAGRA collaboration.

Several pipelines exist: 

main "burst" pipelines

• coherent WaveBurst (in Italy: Trento, Roma, Trieste)
• BayesWave

other pipelines in several stages of development, all of them are going to include ML 
either as an essential pipeline element or as a method to enhance efficiency.

Code is written in C++ and/or Python (currently, cWB is written in C++/Root, with 
Python elements for online processing).
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The hA(t)’s are determined by a nontrivial combination
of the source dynamics, the details of the matter-gravity
coupling, and the vacuum structure of the theory. How-
ever, the response (antenna pattern) of detector I to
polarization A,
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depends only on the local geometry of the gravitational
wave and the detector, irrespective of the properties of
the source. This decoupling makes the antenna patterns
a unique resource for studying GW polarizations directly.
The response functions, Eq. (11), encode the e↵ect of

a linearly A-polarized GW with unit amplitude, hA = 1.
Ground-based GW detectors, like LIGO and Virgo are
quadrupolar antennas that perform low-noise measure-
ments of the strain associated with the di↵erential motion
of two orthogonal arms. Their detector response functions
can thus be written as [31–34]:

F+ =
1

2

⇥
(wx · dx)

2
� (wx · dy)

2
� (wy · dx)

2 + (wy · dy)
2
⇤
,

(12)

F⇥ = (wx · dx)(wy · dx) � (wx · dy)(wy · dy), (13)

Fx = (wx · dx)(wz · dx) � (wx · dy)(wz · dy), (14)

Fy = (wy · dx)(wz · dx) � (wy · dy)(wz · dy), (15)

Fb =
1

2

⇥
(wx · dx)

2
� (wx · dy)

2 + (wy · dx)
2

� (wy · dy)
2
⇤
,

(16)

Fl =
1

2

⇥
(wz · dx)

2
� (wz · dy)

2
⇤
. (17)

Here, as before, the spatial vectors dx, dy have unit norm
and point along the detector arms such that dz = dx⇥dy

is the local zenith; the direction of propagation of the
wave from a source at known sky location (specified by
right ascension ↵, and declination �) is given by wz, and
wx, wy are such that wz = wx⇥wy. We choose wx to lie
along the intersection of the equatorial plane of the source
with the plane of the sky, and let the angle between wy

and the celestial north be  , the polarization angle.
Because of their symmetries, the breathing and longitu-

dinal modes are fully degenerate to networks of quadrupo-
lar antennas (see e.g. Sec. VI of [8]). This means that
no model-independent measurement with such a network
can possibly distinguish between the two, so it is enough
for us to consider just one of them explicitly; we will refer
to the scalar modes jointly by the subscript “s”. (This
degeneracy may not be present for detectors with di↵erent
geometries [35, 36].)
The response of a given di↵erential-arm detector to

signals of certain linear polarization and direction of prop-
agation can be written, in the local Lorentz frame of

(a) Plus (+) (b) Cross (⇥)

(c) Vector-x (x) (d) Vector-y (y)

(e) Scalar (s)

FIG. 2. Angular response of a quadrupolar detector to each GW

polarization. The radial distance represents the response of a
single quadrupolar antenna to a unit-amplitude gravitational
signal of a tensor (top), vector (middle), or scalar (bottom)
polarization, i.e. |FA| for each polarization A as given by Eqs.
(18–22) for  = 0. The polar and azimuthal coordinates
correspond to the source location with respect to the detector,
which is to be imagined as placed with its vertex at the center
of each plot and arms along the x and y-axes. The response
is plotted to scale, such that the black lines representing the
detector arms have unit length in all plots. The response
to breathing and longitudinal modes is identical, so we only
display it once and label it “scalar”. (Reproduced from [22].)

the detector itself, as [see e.g. Eqs. (13.98) in [34] with
 ! � � ⇡/2, to account for the di↵erent wave-frame
definition]:
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Each gravitational-wave signal is actually a 
linear combination between two 
polarizations.

Different polarizations have different 
spatial antenna responses (linear 
combinations have different coefficients for 
different sky locations)

Polarization disentangling becomes possible for n > 2 interferometers. Redundance needed (n > 3) to get rid of 
zeros that spoil the elegance of the general solution. 
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• Time-Frequency 
decomposition

• Cluster selection,
based on black 
pixel probability

• Constrained Likelihood
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cWB algorithm optimized for n = 2 interferometers. New developments for n > 3 are welcome. Application of 
GPUs to inner loop would increase efficiency (link to WP4), especially in the Production block.

HPC architectures can also help accelerating the calculation of statistical significance of each event with the 
technique of time slides. 



Edoardo Milotti, kickoff meeting Spoke 2 CN HPC 7

3

The hA(t)’s are determined by a nontrivial combination
of the source dynamics, the details of the matter-gravity
coupling, and the vacuum structure of the theory. How-
ever, the response (antenna pattern) of detector I to
polarization A,

F
A

⌘ D
ab

I
e
A

ab
, (11)

depends only on the local geometry of the gravitational
wave and the detector, irrespective of the properties of
the source. This decoupling makes the antenna patterns
a unique resource for studying GW polarizations directly.
The response functions, Eq. (11), encode the e↵ect of

a linearly A-polarized GW with unit amplitude, hA = 1.
Ground-based GW detectors, like LIGO and Virgo are
quadrupolar antennas that perform low-noise measure-
ments of the strain associated with the di↵erential motion
of two orthogonal arms. Their detector response functions
can thus be written as [31–34]:

F+ =
1

2

⇥
(wx · dx)

2
� (wx · dy)

2
� (wy · dx)

2 + (wy · dy)
2
⇤
,

(12)

F⇥ = (wx · dx)(wy · dx) � (wx · dy)(wy · dy), (13)

Fx = (wx · dx)(wz · dx) � (wx · dy)(wz · dy), (14)

Fy = (wy · dx)(wz · dx) � (wy · dy)(wz · dy), (15)

Fb =
1

2

⇥
(wx · dx)

2
� (wx · dy)

2 + (wy · dx)
2

� (wy · dy)
2
⇤
,

(16)

Fl =
1

2

⇥
(wz · dx)

2
� (wz · dy)

2
⇤
. (17)

Here, as before, the spatial vectors dx, dy have unit norm
and point along the detector arms such that dz = dx⇥dy

is the local zenith; the direction of propagation of the
wave from a source at known sky location (specified by
right ascension ↵, and declination �) is given by wz, and
wx, wy are such that wz = wx⇥wy. We choose wx to lie
along the intersection of the equatorial plane of the source
with the plane of the sky, and let the angle between wy

and the celestial north be  , the polarization angle.
Because of their symmetries, the breathing and longitu-

dinal modes are fully degenerate to networks of quadrupo-
lar antennas (see e.g. Sec. VI of [8]). This means that
no model-independent measurement with such a network
can possibly distinguish between the two, so it is enough
for us to consider just one of them explicitly; we will refer
to the scalar modes jointly by the subscript “s”. (This
degeneracy may not be present for detectors with di↵erent
geometries [35, 36].)
The response of a given di↵erential-arm detector to

signals of certain linear polarization and direction of prop-
agation can be written, in the local Lorentz frame of

(a) Plus (+) (b) Cross (⇥)

(c) Vector-x (x) (d) Vector-y (y)

(e) Scalar (s)

FIG. 2. Angular response of a quadrupolar detector to each GW

polarization. The radial distance represents the response of a
single quadrupolar antenna to a unit-amplitude gravitational
signal of a tensor (top), vector (middle), or scalar (bottom)
polarization, i.e. |FA| for each polarization A as given by Eqs.
(18–22) for  = 0. The polar and azimuthal coordinates
correspond to the source location with respect to the detector,
which is to be imagined as placed with its vertex at the center
of each plot and arms along the x and y-axes. The response
is plotted to scale, such that the black lines representing the
detector arms have unit length in all plots. The response
to breathing and longitudinal modes is identical, so we only
display it once and label it “scalar”. (Reproduced from [22].)

the detector itself, as [see e.g. Eqs. (13.98) in [34] with
 ! � � ⇡/2, to account for the di↵erent wave-frame
definition]:

F+(#,', ) = �
1

2

�
1 + cos2 #

�
cos 2' cos 2 

� cos# sin 2' sin 2 , (18)

F⇥(#,', ) =
1

2

�
1 + cos2 #

�
cos 2' sin 2 

� cos# sin 2' cos 2 , (19)

Fx(#,', ) = � sin# sin 2' cos 

+ sin# cos# cos 2' sin , (20)

10

FIG. 6. Distribution, across the overlap regions, of the fractional di↵erence between the recovered and injected chirp
masses for PyCBC triggers in the PAIRS injection set. Also shown, in grey, is the same distribution for recovered and
injected in the SINGLES injection set. A perfect pipeline, with an infinitely finely gridded template bank, would find
injections with a delta spike on zero in this plot.

FIG. 7. A plot of whitened strain, in the LIGO-Hanford
detector, for a single BBH injection. The blue lines
shows the matched template found by PyCBC in the
SINGLESA injection set. The red lines is the cWB re-
constructed waveform from the same injection set. The
green, dashed, vertical line indicates the injected merger
time.

tion, regardless of the number of present astrophys-633

ical signals. In the standard case of a single signal634

trigger; the pipeline maximises the likelihood with635

respect to that signal, and so almost all its energy636

FIG. 8. A plot of whitened strain, in the LIGO-Hanford
detector, for a BBH+BBH injection. The blue line shows
the matched templates found by PyCBC in the PAIRS
injection set. The red line is the cWB reconstructed
waveform from the PAIRS injection set. The green,
dashed, vertical lines indicates the injected merger times.

is placed in the likelihood, while the null is almost637

entirely noise, as shown in Figure 9.638

For the case of two overlapping signals, the like-639

lihood is then maximised considering both signals,640

generally with one favoured over the other. Con-641

Challenges

non-GR polarizations overlaps


