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Multi-messenger Astrophysics with Gravitational waves:
surprises so far



SN 1987A !" GW170817 GW" IC170922 !"

Multimessenger Frontier –
the last missing puzzle piece



Multimessenger astrophysics 

Gravitational waves:
• Compact object 

formation / evolution

Neutrinos:
• Stellar core / structure 

Particle acceleration

Cosmic rays:
• Particle acceleration
• Environment

EM radiation:
• Particle acceleration
• Environment

1. Learn more
2. Detect more

Goals:Powerful transients:
1.    compact binary merger
2.    stellar core collapse
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• Cosmic particle acceleration
• Black hole accretion
• Stellar core collapse
• Compact binary formation channels
• Intermediate mass black holes

• Origin of heavy elements
• Environment in galactic nuclei
• Relativistic outflows
• …



Bartos+ 2013

Compact binary mergers
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Stellar core collapse
Gravitational waves from 
rapidly rotating cores?

Differential rotation (e.g. Corvino+ 2010)

• Dynamical instabilities (shorter time scale)

• Secular instabilities (longer time scale)

• Magnetic distortion

Fallback accretion? (Piro & Thrane, 2012)



isolated stellar binaries 
(field binaries)

dense stellar systems 
(dynamical encounter)

primordial black holes

Binary black holes

LIGO+Virgo 2018

• Mass/spin distribution
• Orbital eccentricity
• Multi-messenger emission?



<1Myr

<10Myr

Dynamical friction

Bartos+ ApJ 2017



<1Myr

<10Myr

Dynamical friction

Black hole spin distribution consistent with 
“chance-encounter” origin.

Farr+ Nature 2017

Bartos+ ApJ 2017



Electromagnetic signature



Electromagnetic signature

• Beamed
• Good gamma-ray FoV
• Limited localization 

(difficult to follow-up)



• Good time frame (~week)
• ~Isotropic
• Limited IR FoV / sensitivity

à not for every telescope

Electromagnetic signature



• Isotropic
• Long-term  -- easy follow-up
• Flux may be small

accretion diskaccretion disk

merger ejecta

kilonova
(near-infrared;

~ 1 week)

radioactive decay
shocks within the 

interstellar medium
(radio; years)

following Metzger & Berger 2012

(seconds)

gamma raysgamma rays

high-energy neutrinos

gamma-ray burst

Electromagnetic signature



friends 80+



Image credit: LIGO
Abbott+ Living Reviews in Relativity, (2017)

• Annually improving detectors
• More detectors à better localization

KAGRA.
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Fig. 5. Model schematics considered in this paper. In each panel, the eye indicates 
the line of sight to the observer. (A) A classical, on-axis, ultra-relativistic, weak short 
gamma-ray burst (sGRB). (B) A classical, slightly off-axis, ultra-relativistic, strong 
sGRB. (C) A wide-angle, mildly-relativistic, strong cocoon with a choked jet. (D) A 
wide-angle, mildly-relativistic, weak cocoon with a successful off-axis jet. 
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GW170817

an off-axis GRB

• First GW+high-energy discovery

Ø Already very informative

• Afterglow observations point to structured jet. 

(Margutti, Ghirlanda, Lazzati, Mooley, … )

Ø ~30% of GWs from BNS will have GRB counterpart.

Ø Significant fraction (10%) of GRBs should be nearby.

(Gupte & Bartos 2018)

• How does TeV emission look like at large viewing angles?

Ø Fermi-LAT did not detect this event.

Ø Can help differentiate between emission mechanisms.

Ø This will be central to whether CTA will see 

LIGO/Virgo sources.

Margutti+ 2018

Kasliwal+ 2017



Ultra-high energy emission from neutron star mergers?

ANTARES, IceCube, Pierre Auger, LIGO, Virgo 2017

• High-energy neutrinos:
• Probe PeV+ particle acceleration
• All-sky detectors --- rapidly provide precise location
• n’s can escape environments g-rays cannot

• High-energy (TeV-PeV) neutrinos could have been 
detected for on-axis GW170817.

• Relativistic outflow will interact with slower ejecta 
à alter neutrino emission 
à can probe jet structure.

Kimura, Murase, Bartos, Ioka, Heng, Meszaros 2018

IceCube

Pierre Auger

ANTARES
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Hidden cosmic 
accelerators?

Murase & Waxman 2016



EM follow-up is difficult

Hosseinzadeh+ 2019

• First NS-NS candidate during O3 already 
detected (along with many new BH-BH 
mergers).

• Poor localization – Hanford was off.

• No GRB / high-energy neutrino counterpart.

• Dozens of observatories, 100s of observations 
(>230 GCN circulars).

• Extensive observation campaign only covered 
~50% of volume.

• Many false positives.

• Galaxy targeted searches --- < 1% covered.



Villar+ 2017



The r-process

• Rapid neutron capture
• The dominant process through which elements 

heavier than iron are formed (also s-process or 
slow neutron capture) 

• Production site is still uncertain. Requires high 
neutron density, high temperature. 

• Options: core collapse supernovae, neutron star 
mergers, collapsars.



The origin of elements



neutron-star merger accreting black hole

dynamical and wind 

ejecta

pre-Solar nebula

Solar System

Bartos & Marka, Nature 2019



Numerical simulations of abundances in the 
ISM near the pre-Solar nebula

Bartos & Marka, Nature 2019



Single nearby event?

• Neutron star mergers are rare ~ 20 Myr-1 in the Milky Way
• For short lived isotopes only the most recent, nearby 

events will be relevant
Ø Isotope will decay for older events
Ø Isotope will not make it to the pre-Solar nebula in time for 

more distant events
• Contribution of single event was likely significant

Ø Majority of isotopes with half lives <~ 15 Myr (e,g, Curium)
Ø Large fraction of isotopes with half lives <~ 100 Myr (e.g. 

Plutonium)
Ø Expected distance from pre-Solar nebula:  300 pc
Ø Expected time before formation of Solar System: 100 Myr

Bartos & Marka, Nature 2019



sensitivity timeline

KAGRA, LIGO, Virgo 2017, Barsotti+  2018

• Currently: ~1 BBH / week
~1 BNS / month
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Fig. 2 The planned sensitivity evolution and observing runs of the aLIGO, AdV and KAGRA detectors
over the coming years. The colored bars show the observing runs, with the expected sensitivities given by
the data in Figure 1 for future runs, and the achieved sensitivities in O1 and in O2. There is significant
uncertainty in the start and end times of planned the observing runs, especially for those further in the future,
and these could move forward or backwards relative to what is shown above. The plan is summarised in
Section 2.2.

2015 – 2016 (O1) A four-month run (12 September 2015 – 19 January 2016) with the
two-detector H1L1 network at early aLIGO sensitivity (60 – 80 Mpc BNS range).
This is now complete.

2016 – 2017 (O2) A nine-month run with H1L1, joined by V1 for the final month.
O2 began on 30 November 2016, with AdV joining 1 August 2017 and ended on
25 August 2017. The expected aLIGO range was 80 – 120 Mpc, and the achieved
range was in the region of 60 – 100 Mpc; the expected AdV range was 20 – 65 Mpc,
and the initial range was 25 – 30 Mpc

2018 – 2019 (O3) A year-long run with H1L1 at 120 – 170 Mpc and with V1 at 65 –
85 Mpc beginning about a year after the end of O2.

2020+ Three-detector network with H1L1 at full sensitivity of 190 Mpc and V1 at
65 – 115 Mpc, later increasing to design sensitivity of 125 Mpc.

2024+ H1L1V1K1I1 network at full sensitivity (aLIGO at 190 Mpc, AdV at 125 Mpc
and KAGRA at 140 Mpc). Including more detectors improves sky localization [61,
62,63,64] as well as the fraction of coincident observational time. 2024 is the
earliest time we imagine LIGO-India could be operational.

This timeline is summarized in Figure 2; we do not include observing runs with
LIGO-India yet, as these are still to be decided. Additionally, GEO 600 will continue
observing, with frequent commissioning breaks, during this period. The observational
implications of these scenarios are discussed in Section 4.
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Fig. 1 Regions of aLIGO (top left), AdV (top right) and KAGRA (bottom) target strain sensitivities as a
function of frequency. The binary neutron star (BNS) range, the average distance to which these signals
could be detected, is given in megaparsec. Current notions of the progression of sensitivity are given for early,
mid and late commissioning phases, as well as the final design sensitivity target and the BNS-optimized
sensitivity. While both dates and sensitivity curves are subject to change, the overall progression represents
our best current estimates.

60 – 80 Mpc range. Subsequent observing runs have increasing duration and sensitivity.
O2 began 30 November 2016, transitioning from the preceding engineering run which
began at the end of October, and ended 25 August 2017. The achieved sensitivity
across the run has been typically in the range 60 – 100 Mpc [19]. Assuming that no
unexpected obstacles are encountered, the aLIGO detectors are expected to achieve a
190 Mpc BNS range by 2020. After the first observing runs, it might be desirable to
optimize the detector sensitivity for a specific class of astrophysical signals, such as
BNSs. The BNS range may then become 210 Mpc. The sensitivity for each of these
stages is shown in Figure 1.

The H2 detector will be installed in India once the LIGO-India Observatory is
completed, and will be configured to be identical to the H1 and L1 detectors. We refer
to the detector in this state as I1 (rather than H2). Operation at the same level as the
H1 and L1 detectors is anticipated for no earlier than 2024.

The AdV interferometer (V1) [4] officially joined O2 on 1 August 2017. We
aimed for an early step with sensitivity corresponding to a BNS range of 20 – 65 Mpc;

4 KAGRA Collaboration, LIGO Scientific Collaboration and Virgo Collaboration

In Section 2.1 we present the commissioning plans for the aLIGO, AdV and
KAGRA detectors. A summary of expected observing runs is in Section 2.2.

2.1 Commissioning and observing roadmap

The anticipated strain sensitivity evolution for aLIGO, AdV and KAGRA is shown
in Figure 1. As a standard figure of merit for detector sensitivity, we use the range,
the volume- and orientation-averaged distance at which a compact binary coalescence
consisting of a particular mass gives a matched filter signal-to-noise ratio (SNR)
of 8 in a single detector [33]. We define Vz as the orientation-averaged spacetime
volume surveyed per unit detector time; for a population with a constant comoving
source-frame rate density, Vz multiplied by the rate density gives the detection rate
of those sources by the particular detector. We define the range R as the distance
for which (4p/3)R3 = Vz. In Table 1 we present values of R for different detector
networks and binary sources. For further insight into the range, and a discussion of
additional quantities such as the median and average distances to sources, please see
[34]. The BNS ranges, assuming two 1.4M� neutron stars, for the various stages of
the expected evolution are provided in Figure 1, and the BNS and BBH ranges are
quoted in Table 1.

Table 1 Plausible target detector sensitivities. The different phases match those in Figure 1. We quote the
range, the average distance to which a signal could be detected, for a 1.4M�+1.4M� binary neutron star
(BNS) system and a 30M�+30M� binary black hole (BBH) system.

LIGO Virgo KAGRA
BNS BBH BNS BBH BNS BBH

range/Mpc range/Mpc range/Mpc range/Mpc range/Mpc range/Mpc
Early 40 – 80 415 – 775 20 – 65 220 – 615 8 – 25 80 – 250
Mid 80 – 120 775 – 1110 65 – 85 615 – 790 25 – 40 250 – 405
Late 120 – 170 1110 – 1490 65 – 115 610 – 1030 40 – 140 405 – 1270
Design 190 1640 125 1130 140 1270

There are currently two operational aLIGO detectors. The original plan called
for three identical 4-km interferometers, two at Hanford (H1 and H2) and one at
Livingston (L1). In 2011, the LIGO Lab and IndIGO consortium in India proposed
installing one of the aLIGO Hanford detectors (H2) at a new observatory in India
(LIGO-India) [35]. In early 2015, LIGO Laboratory placed the H2 interferometer
in long-term storage for use in India. The Government of India granted in-principle
approval to LIGO-India in February 2016.

The first observations with aLIGO have been made. O1 formally began 18 Septem-
ber 2015 and ended 12 January 2016; however, data from the surrounding engineering
periods were of sufficient quality to be included in the analysis, and hence the first
observations span 12 September 2015 to 19 January 2016. The run involved the H1
and L1 detectors; the detectors were not at full design sensitivity [36]. We aimed
for a BNS range of 40 – 80 Mpc for both instruments (see Figure 1), and achieved a
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Too many detections?!

LIGO A+ (325 Mpc range; Barsotti+ 2018), Virgo+
+ neglect LIGO/Virgo duty cycle
+ 100-4000 Gpc-3 yr-1 NS-NS detections (Abbott+ 2018)

10 – 600 NS-NS merger detections / year
à for beaming with !"#$ = 30(: 2  – 80     detections / year
à for beaming with !"#$ = 10(: 0.2  – 10  detections / year
à for beaming with !"#$ = 5(:   0 – 2        detections / year

(NS merger rate estimate will quickly improve with O3)

• Black hole – black hole
• Range: ~2.5 Gpc with LIGO A+ (Barsotti+ 2018)
• Rate: 10 – 100 Gpc-3 yr-1 (Abbott+ 2018)

à detection rate: 600 – 6000  /  year.
à 10x more time would be needed than NS-NS…

• Neutron star – black hole: ?

• Sub-threshold events: ?



Summary
ü Many new discoveries expected for O3

Ø We will need to prioritize interpretation / EM follow-up

Ø Statistics will be more difficult (large trial factor)

ü First discoveries: Can we build on previous results or have 
to rethink everything?

ü Incorporate astrophysical information in search and 
interpretation (e.g. GW waveforms)

ü Coming large-scale instruments will completely change 
what is possible (CTA, LSST, SKA, DESI, IceCube-Gen2, 
Km3NET…, also LISA, ET, LIGO-CE)

ü Need to prepare for this transformation now 
(both as a community and as individual groups)


