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The Global GW Observatory Network (2022)
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16

LIGO Hanford Observatory

+ LIGO-India (c2025+)

LIGO Hanford Observatory (USA)

LIGO Livingston Observatory (USA)

KAGRA Observatory (Japan)

Virgo Observatory (Italy)



GW Detectors: Interferometers
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sky coverage
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Abbott et al. 1304.0670 
average distance to which we can 

detect a NS-NS merger with SNR>8

10-23 Hz-1/2 x (1000 Hz)1/2 x 4 km ~ 0.001 fm



• Ideal source: BH & NS binaries

Binary Neutron Star
GW Sources

• Leading emission is due to time-
varying quadrupole moment:

• favour dense, fast-moving sources 
(“small and dark”)
– detectors only sensitive above seismic 

noise floor of ~10Hz

07 April 2022 Supernova Neutrinos in the Multi-messenger Era 6

<latexit sha1_base64="l+StRfYvLBfI+iCQo618Wekj+y4="></latexit>

h ⇠ ✏M ⌦2R2

d
⇠ ✏M2

Rd
non-sphericity

mass size

distance

frequency

GW150914 – A BH-BH merger
Abbott et al. PRL 116 061102 

Approximate Masses: 
36 M¤ + 29 M¤

Energy emitted: 
3 M¤ c2

Peak luminosity: 
200 M¤ c2/s 
(3.6 x 1056 erg/s) 
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CCSNe as GW Sources

• Recall the quadrupole moment 
formula:

– BH/NS binaries: e ~ 1 
– CCSNe: e << 1
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Mezzacappa et al., 1501.01688 



CCSNe as GW Sources
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LIGO H and L
noise spectra 
(2019)

SNR ~ height above 
noise background

GW signal 
amplitude 
at 10 kpc

E. Muller et al., Astron. Astrophys. 537, A63 (2012)
C. D. Ott et al., Astrophys. J. 768, 115 (2013)
K. N. Yakunin et al., Phys. Rev. D. 92 084040 (2015).
S. Scheidegger et al., Astron. Astrophys. 514, A51 (2010).
H. Dimmelmeier et al., Phys. Rev. D. 78, 064056 (2008). 

Muller et al. 3D simulations, neutrino-driven 
explosion, 15 / 20 M⊙ ZAMS progenitor stars.

Ott et al. 3D simulation, neutrino-driven 
explosion, 27 M⊙ ZAMS progenitor star.

Yakunin et al. 2D simulations, neutrino-driven 
explosion 12 / 15 / 20 / 25 M⊙ ZAMS progenitors. 

Scheidegger et al. 3D simulations, magneto-
hydrodynamically-driven explosion, 15 M⊙ ZAMS 
progenitors. Low to rapid rotation.

Dimmelmeier et al. 2D simulations, magneto-
hydrodynamically-driven explosion, 15 M⊙ ZAMS 
progenitor star. Moderate to rapid rotation.

Abbott et al. Phys. Rev. 
D 101, 084002 (2020)

http://link.aps.org/doi/10.1103/PhysRevD.101.084002


LIGO-Virgo Searches for CCSNe GWs
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An Optically Targeted Search for Gravitational Waves emitted by Core-Collapse

Supernovae during the First and Second Observing Runs of Advanced LIGO and

Advanced Virgo

LIGO Scientific Collaboration, Virgo Collaboration, ASAS-SN Collaboration, DLT40 Collaboration, and F. Salemi
(Dated: 22 August 2019)

We present the results from a search for gravitational-wave transients associated with core-collapse
supernovae observed within a source distance of approximately 20Mpc during the first and second
observing runs of Advanced LIGO and Advanced Virgo. No significant gravitational-wave candidate
was detected. We report the detection e�ciencies as a function of the distance for waveforms derived
from multidimensional numerical simulations and phenomenological extreme emission models. For
neutrino-driven explosions the distance at which we reach 50% detection e�ciency is approaching
5 kpc, and for magnetorotationally-driven explosions is up to 54 kpc. However, waveforms for ex-
treme emission models are detectable up to 28Mpc. For the first time, the gravitational-wave data
enabled us to exclude part of the parameter spaces of two extreme emission models with confidence
up to 83%, limited by coincident data coverage. Besides, using ad hoc harmonic signals windowed
with Gaussian envelopes we constrained the gravitational-wave energy emitted during core-collapse
at the levels of 4.27⇥ 10�4 M�c

2 and 1.28⇥ 10�1 M�c
2 for emissions at 235Hz and 1304Hz respec-

tively. These constraints are two orders of magnitude more stringent than previously derived in the
corresponding analysis using initial LIGO, initial Virgo and GEO 600 data.

PACS numbers: 04.80.Nn, 07.05.Kf, 95.85.Sz, 97.60.Bw

I. INTRODUCTION

The direct detection in September 2015 of a binary
black hole merger [1] initiated the field of gravitational-
wave astronomy. During the first and second observ-
ing runs (O1 and O2) of Advanced LIGO and Advanced
Virgo several more mergers were reported [2–7] and in
August 2017 a binary neutron star merger [8] was ob-
served in the gravitational-wave (GW) and electromag-
netic spectra. This event gave birth to multimessenger
astronomy with gravitational waves [9–13].

Core-collapse supernovae (CCSNe) are another impor-
tant target of multimessenger astronomy with GWs, as
all recorded supernovae were observed in the electromag-
netic spectrum and low energy neutrinos were observed
from SN 1987A [14–16]. GWs and neutrinos provide
unique information about the dynamics of the collapse
and the onset of the explosion, as opposed to electromag-
netic emission which is delayed and originates in regions
thousands of kilometers away from the central engine.
Their observation could provide hints to the shock revival
mechanism [17–23]. The most promising opportunity for
multimessenger GW astronomy with CCSNe would be a
Galactic CCSN, although the rate of such events is ex-
pected to be just one or two per century [24–30].

In contrast to all-sky, all-time unmodelled GW tran-
sient searches [31–34], targeted searches for CCSNe im-
pose the sky location, the source distance, and a time
window for the arrival time of the GW signal. In the
previous CCSN targeted search with first-generation GW
detector data [35] we developed the methodology, derived
distance ranges for various GW emission processes, pro-
vided null model exclusion statements, and established
GW energy constraints.

This paper describes a targeted search focusing on CC-

SNe recorded by astronomical observations at distances
up to approximately 20 Mpc during O1 and O2. We se-
lected five CCSNe, four of which are type-II supernovae
(SN 2015as, SN 2016B, SN 2016X, SN 2017eaw) and one
is type-Ib/c (SN 2017gax). We have not found any evi-
dence for a GW signal associated with them. Similarly
to [35], we obtain distance ranges for a selection of wave-
forms which were computed from numerical simulations
and that are representative of di↵erent emission mecha-
nisms and progenitors. We also use phenomenological
waveforms representing possible but extreme emission
models and we derive standard candle model exclusion
statements for them. Finally, we adopt ad hoc sine-
Gaussian waveforms to simulate GW emission in specific
time-frequency regions allowing us to derive upper limits
on the emitted GWs from a specific CCSN.

This paper is organized as follows: In Sec. II we list the
CCSNe that we study in this search. We also describe
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FIG. 1. Sky locations of core-collapse CCSNe analyzed in
this search. All were recorded within 20Mpc during the O1
and O2 observing runs.
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TABLE I. Core-collapse supernovae selected as targets for the gravitational-wave search described in this paper. The variables
t1 and t2 are the start and end of the on-source windows (OSWs), �t is the duration of the OSWs, and OSW Method indicates
how the OSW is calculated (see Sec. II A). The Run column indicates the LIGO and Virgo observing runs. The Active Detectors
column lists the interferometers taking data during the on-source window. We include data from the LIGO Hanford (H1), LIGO
Livingston (L1) and Virgo (V1) detectors. The last column presents coincident duty factors.

Supernova Type Host Distance t1 t2 �t OSW Run Active Coincident
Galaxy [Mpc] [UTC] [UTC] [days] Method Detectors Coverage

SN 2015as IIb UGC 5460 19.2 2015 Nov 14.77 2015 Nov 16.23 1.47 Early O1 H1,L1 34.2%
SN 2016B IIP PGC 037392 19.1 2015 Dec 23.51 2015 Dec 27.55 4.03 Early O1 H1,L1 34.3%
SN 2016X IIP UGC 08041 15.2 2016 Jan 17.72 2016 Jan 20.56 2.86 Early O1 H1,L1 14.4%
SN 2017eaw IIP NGC 6946 6.72 2017 Apr 26.56 2017 Apr 27.96 1.39 EPM O2 H1,L1 48.8%

SN 2017gax Ib/c NGC 1672 19.7 2017 Aug 14.28 2017 Aug 16.15 1.66 Early O2 H1,L1,V1
61.5% (H1L1)

60.8% (H1L1V1)

methods for calculating the time period when we expect
the moment of collapse. In Sec. III we describe the data
used in the search. Sec. IV describes the methodology,
the pipeline, simulated GW signals, and systematic un-
certainties. The results in Sec. V include distance reaches
for several models of emission, GW energy constraints,
and model exclusion statements. We draw conclusions in
Sec. VI.

II. TARGETED CORE-COLLAPSE
SUPERNOVAE

From all core-collapse supernovae recorded during the
O1 and O2 periods, we have selected those that con-
tribute to model exclusion statements and meet the fol-
lowing criteria: (i) the distance is less than approximately
20 Mpc, (ii) the period where we expect to find the GW
transient, the on-source window, (see Sec. IIA) is su�-
ciently well identified (order of days maximum), and (iii)
there is su�cient GW detector data within the supernova
on-source window to allow us to accumulate at least a few
years of background data (see Sec. IV B).

During O1 and O2, astronomers found and followed-up
numerous CCSNe in the nearby universe. Based on the
information from Astronomical Telegrams [36] and super-
nova catalogs (ASAS-SN [37–40], DLT40 [41], Gaia [42,
43], ASRAS [44], TNS [45], OSC [46], CBAT [47]), we
found 9 supernovae of interest.

Only five CCSNe meet the selection criteria and are
used for the astrophysical statements in this paper. They
are: SN 2015as, SN 2016B, SN 2016X, SN 2017eaw, and
SN 2017gax. They are reported in Table I and Figure 1
presents their sky locations. The majority of these are
type-II supernovae originating from red supergiant pro-
genitor stars and the host galaxy was identified for each.
The distance to each CCSNe is determined using the esti-
mated distance to its host galaxy. The on-source window
calculation methods are described Sec. II A.

SN 2015as, a type-IIb supernova, was discovered on
2015 November 15.78 UTC [48] during O1. The host
galaxy is UGC 5460 at a distance of 19.2 Mpc [49]. Al-
though the spectrum transitions to a type-Ib supernova

around 75 days after explosion, the spectrum evolution
closely relates to that of SN 2008ax, suggesting type-
IIb [49]. The progenitor star is either a main sequence
15M� star or 20M� Wolf-Rayet star [50]. CCSN ejecta
is estimated to be 1.1 � 2.2M�.
SN 2016B (ASASSN-16ab), a type-IIP supernova, was

discovered by ASAS-SN on 2016 January 03.62 UTC [51]
during O1. The host galaxy is PGC 037392 at a distance
of 18.6 Mpc [51]. The progenitor star is estimated to be
a red supergiant [52].
SN 2016X (ASASSN-16at), a type-IIP supernova, was

discovered by ASAS-SN on 2016 January 20.59 UTC [53].
It exploded in the spiral galaxy UGC 08041 at a distance
of 15.2 Mpc [54]. Optical observations in [54] indicate
that the progenitor star is a massive red supergiant with
an initial mass larger than 19�20M� and a radius larger
than 930 ± 70R�.
SN 2017eaw (Gaia17bmy), a type-IIP supernova, was

discovered by Gaia on 2017 May 14.24 UTC [55]. The
CCSN exploded in galaxy NGC 6946, the estimated dis-
tance to be 6.72±0.15 Mpc away [56]. This is the closest
CCSN considered in the search. The analyses in [57–59]
provide indication that the progenitor was a red super-
giant with an estimated initial mass of 13M� and radius
of 4000R�.
SN 2017gax (DLT17ch), a type-Ib/c supernova, was

discovered by the DLT40 on 2017 August 14.71 UTC [41].
This CCSN was found in NGC 1672, 19.7 Mpc away [60].
Unfortunately, little is known about the progenitor star.

Any CCSN, where the detection e�ciencies for the
extreme emission models are non-zero, and with su�-
cient on-source window coverage, helps the model ex-
clusion probabilities (see Sec. VC). In this regard we
also considered CCSNe at distances greater than 20 Mpc.
Four other such CCSNe have been recorded during the
O1 and O2 periods: not enough GW data was avail-
able for SN 2016C (type-IIP, 20.1 Mpc [61, 62]) and
SN 2017ein (type-Ic, 11.2 Mpc [63, 64]), and no on-source
window could be su�ciently constrained for SN 2017aym
(Gaia17aks) (type-IIP, 26.4 Mpc [65, 66]) and SN 2017bzb
(type-II, 13.9Mpc [67, 68]). All the other CCSN candi-
dates occured outside the O1 and O2 periods or were
located further than 20Mpc.

• No SNEWs alerts … (yet)
• LIGO & Virgo collaborations have searched for 

GW signals consistent with the time and sky 
position of nearby CCSNe observed optically 
(2015-2017).
Abbott et al. Phys. Rev. D 101, 084002 (2020)

http://link.aps.org/doi/10.1103/PhysRevD.101.084002
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FIG. 5. Panels (a), (b), and (c) show the e�ciency as a function of distance using 3 families of waveforms for a source located
at the position and time of SN 2017eaw. Panel (d) provides the detection e�ciency for ad hoc sine-Gaussian waveforms as a
function of hrss, which we use to constrain GW energy and discuss in Sec. VB. The numbers in parentheses for the models
plotted in (a), (b), and (c) are the distances at which the detection e�ciency equals 50%. For (d), the numbers in parentheses
are the hrss values resulting in 50% detection e�ciencies. The detection reach for neutrino-driven explosions is limited to a
few kpc while for magnetorotationally-driven (MHD-driven) explosions it covers the Milky Way and the detection e�ciency at
the distance of the Large Magellanic Cloud (LMC), that hosted SN 1987A, is non-zero. Further discussion can be found in
Sec. VA. The distance reaches for extreme emission models in (c) exceed the distance of SN 2017eaw. Given that there was
no GW detection, we are able to exclude some of the parameter spaces for these models, which we discuss in Sec. VC. The
dashed lines show 50% and 90% detection e�ciencies.

In Table VIII, we report GW energy constraints for
each CCSN. For the ad hoc waveforms with peak fre-
quency at 235 Hz (sg1 and sg3), the GW energy con-
straints are consistently on the order of 10�3 M�c2 or
less. The lowest achieved energy constraints are ob-
tained for SN 2017eaw at low frequency, 4.27⇥10�4 M�c2

(7.63 ⇥ 1050 erg), and high frequency, 1.28 ⇥ 10�1 M�c2

(2.30 ⇥ 1053 erg). For both low and high frequency emis-
sion, the energy constraints are two orders of magni-
tude stronger than in the search with the initial inter-
ferometer data [35]. This improvement is due to the im-
proved sensitivity of the detectors and the closer distance
of SN 2017eaw (6.72 Mpc) in comparison to SN 2007gr
(10.55 Mpc). However, these energy constraints are still
a few orders of magnitude larger than the energies pre-

dicted from multidimensional simulations (Table III),
that lie between around 10�11 M�c2 and 10�7 M�c2.

The GW energy constraints obtained in this search can
be compared to the energy budget of a CCSN. The energy
available during collapse is approximately the gravita-
tional binding energy of the final neutron star remnant,
which is typically 1.5 ⇥ 10�1 M�c2 (3 ⇥ 1053 erg, [120–
122]). Around 99% of that energy is radiated via neu-
trinos during the cooling of the proto-neutron star [123]
and the remaining ⇠ 1% is mainly transferred into ki-
netic energy. In a realistic scenario, only a small fraction
of the explosion’s energy is radiated in the GW spectrum
(Sec. IV C).

In Sec. IV C we describe several processes emitting
GWs. Some of them (e.g., SASI and convection) are
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Abbott et al. Phys. Rev. D 101, 084002 (2020)

http://link.aps.org/doi/10.1103/PhysRevD.101.084002


Looking Ahead
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O3 (2019-20) 
Public Alerts
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https://gracedb.ligo.org/superevents/public/O3/

Highest-probability 
classifications:
BBH:          37
NS-BH:        5
BNS:            6
Mass gap:   4    [3-5] Mo
Other:         4
Total rate:  ~1/week
false rate: ~1/month

Main focus is binaries 
but also have searches 
for “generic” GW bursts 
(including CCSNe).

Also listen for SNEWS, 
GCNs (GRBs).



Alert Latency
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What can SNEWS do for us?
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Prospects for Observing and Localizing GW Transients with aLIGO, AdV and KAGRA 19

Fig. 5 Sky locations of GW events confidently detected in O1 and O2. Top panel: initial sky location
released in low-latency to the astronomers (Abbott et al. 2016i; LIGO Scientific Collaboration and Virgo
Collaboration 2015; Abbott et al. 2019d). Bottom panel: refined sky location including updated calibration
and final choice of waveform models (Abbott et al. 2018d). Three events (GW151012, GW170729,
GW170818) among the 11 confidetent detections were identified offline, and were not shared in low-latency.
The shaded areas enclose the 90% credible regions of the posterior probability sky areas in a Mollweide
projection. The inner lines enclose regions starting from the 10% credible area with the color scheme
changing with every 10% increase in confidence level. The localization is shown in equatorial coordinates
(right ascension in hours, and declination in degrees). The HLV label indicates events for which both the
LIGO and Virgo data were used to estimate the sky location

distance measurement is dominated by the degeneracy with the inclination of the
binary, which also determines the signal amplitude (Cutler and Flanagan 1994; Röver
et al. 2007a; Nissanke et al. 2010; Aasi et al. 2013b). The degeneracy could be broken
by observing with more non-co-aligned detectors (Veitch et al. 2012; Rodriguez et al.
2014), or if precession of the orbital plane is observed (Vecchio 2004; van der Sluys
et al. 2008; Vitale et al. 2014), but this is not expected for slowly spinning BNS (Farr
et al. 2016). Distance information can further aid the hunt for counterparts, particularly
if the localization can be used together with galaxy catalogs (Abadie et al. 2012c;
Nissanke et al. 2013; Hanna et al. 2014; Fan et al. 2014; Blackburn et al. 2015; Singer
et al. 2016a; Del Pozzo et al. 2018). Table 3 reports the low-latency and refined

Abbott et al. 1304.0670 

LIGO-Virgo 90% sky localization regions for sample 
binary merger events: 16 sq deg – 1666 sq deg.

Pointing accuracy:
• More precise is better: faster 

to scan, lower false rate. But 
we don’t need much 
compared to EM telescopes.

Timing:
• O(1) s accuracy increases 

confidence / sensitive 
distance
• rule of thumb: x2 

Latency:
• Expect GW alerts on 10 s –

100 s scales.



What can GWs tell us about CCSNe?

• GW burst detection algorithms search 
for excess power that is correlated 
between detectors.
– No need for precise signal models.

07 April 2022

• Interpretation requires signal models.
• Recent examples:

Supernova Neutrinos in the Multi-messenger Era 16

e.g., S. Klimenko et al., Phys. Rev. D 93, 042004 (2016).
P. Sutton et al., NJP 12 053034 (2010) 15

Figure 2. A simulated 1.4M⌃–10.0M⌃ neutron star black hole inspiral at an
effective distance of 37 Mpc, added to simulated noise from the two LIGO-
Hanford detectors. (Top) Time–frequency map of the E+ energy. (Bottom) The
highest 1% of pixels highlighted. The inspiral ‘chirp’ is clearly visible.

4. a set of sky positions; and

5. a list of parameters (such as FFT lengths) for the analysis.

In standard usage, X-Pipeline processes the data and produces lists of candidate gravitational-
wave signals for each of the specified sky positions. It does this by first constructing
time–frequency maps of the various energies in the reconstructed h+, h⇤ and null streams.
X-Pipeline then identifies clusters of pixels with large values of one of the coherent energies,
such as ESL or E+.

3.2. Time–frequency maps

X-Pipeline typically processes data in 256 s blocks. First, it loads the requested data. It
constructs a zero-phase linear predictor error filter to whiten the data and estimate the
power spectrum [14, 40]. For each sky position, X-Pipeline time-shifts the data from
each detector according to equations (2.1) and (2.2). The data are divided into overlapping
segments and Fourier-transformed, producing time–frequency maps for each detector. Given the
time–frequency maps for the individual detector data streams d̃, X-Pipeline coherently sums
and squares these maps in each pixel to produce time–frequency maps of the desired coherent
energies; see figure 2. This representation gives easy access to the temporal evolution of the

New Journal of Physics 12 (2010) 053034 (http://www.njp.org/)

M. L. Chan et al., Phys. Rev. D 102, 043022 (2020)
A. Iess et al., arXiv:2001.00279
P. Astone et al., Phys. Rev. D 98, 122002 (2018).
M. Lopez et al., Phys. Rev. D 103, 063011 (2021).



Example: Model Identification with Machine Learning

• Train 1D and 2D convolutional neural networks 
(CNNs) with examples of CCSN GW signals, plus 
simulated detector noise artefacts.

07 April 2022 Supernova Neutrinos in the Multi-messenger Era 17

A. Iess et al., arXiv:2001.00279

• Able to distinguish models with ~90% accuracy 
at ~1 kpc.

noise 
arefacts



Concluding Remarks

• GWs could provide a valuable multi-messenger probe of CCSNe:
– GW observatory network provides approx. all-sky coverage at some fractional duty cycle (~70-

80% during observing runs)
– GW-CCSN detection is challenging, but we should be sensitive to the entire Milky Way for most 

cases.
– GW sensitivity would be improved by dedicated SNEWS-GW searches.
– Beginning to develop methods to distinguish CCSN explosion mechanism from the GW signal.

• Full exploitation of these rare events requires coordination between the GW/EM/n
communities 
– esp. strategies & partnerships for follow-up of candidate events
– coordinated GW/EM/n emission models (for detection & interpretation).
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