
Chapter 19
Multi-messenger Astronomy

Marica Branchesi

Abstract On 2015 September 14, the first observation of gravitational-waves by the
AdvancedLaser InterferometerGravitational-waveObservatory detectors concluded
a long scientific quest, which began 100 years before with Einstein’s prediction of
their existence. This detection opened a new exploration of the Universe making
it possible to access the properties of space-time at extreme regime, to probe the
properties of compact objects (binary systems of neutron stars and stellar-mass black
holes), and investigate their formation and evolution. On August 17, 2017, the first
observation of gravitational waves from the inspiral and merger of a binary neutron-
star system by the Advanced LIGO andVirgo network, followed 1.7 s later by a weak
short gamma-ray burst detected by the Fermi and INTEGRAL satellites initiated the
most extensive world-wide observing campaign which led to the detection of multi-
wavelength electromagnetic counterparts.Multi-messenger discoveries are unveiling
the rich physics of most energetic transient phenomena in the sky, probing relativistic
astrophysics, nuclear physics, nucleosynthesis, and cosmology. Here, we give an
overview of the recent gravitational-wave and multi-messenger discoveries, and the
perspectives for the future.

19.1 Introduction

The multimessenger astronomy is based on observations of astrophysical objects
through different cosmicmessengers (electromagnetic radiation, gravitationalwaves,
neutrinos and cosmic rays) which can provide a complementary and complete view
of astrophysical sources and their environment. Its onset resides in the discovery
of neutrinos from a supernova exploded in the Large Magellanic Cloud in 1987,
SN1987A [29, 44]; the neutrinos arrived a few hours before the optical emission and

M. Branchesi (B)
Gran Sasso Science Institute, INFN, 67100 L’Aquila, Italy
e-mail: marica.branchesi@gssi.it

Laboratori Nazionali del Gran Sasso, 67100 Assergi, Italy

© The Author(s) 2023
L. Bonolis et al. (eds.), Bruno Touschek 100 Years,
Springer Proceedings in Physics 287,
https://doi.org/10.1007/978-3-031-23042-4_19

255

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-23042-4_19&domain=pdf
mailto:marica.branchesi@gssi.it
https://doi.org/10.1007/978-3-031-23042-4_19


256 M. Branchesi

were detected by Kamiokande II, the Irvine-Michigan-Brookhaven detector, and the
Baksan Neutrino Observatory.

Another recent discovery marked the history of multi-messenger observations,
giving a huge boost to the field and showing the tremendous potential of combining
multi-messenger observations to probe the physics of the most energetic events of
the Universe: GW170817. On 2017 August 17, the merger of a binary neutron-star
system has been observed through gravitational waves (GW170817) [13], and multi-
wavelength photons from gamma rays (GRB 170817A), X-ray, ultraviolet-optical-
near infrared (AT2017gfo), to radio [7]. Themulti-messenger signals associated with
this spectacular event represent the first strong observational evidence that binary
neutron-star mergers power short gamma-ray bursts [6, 40, 62] and kilonovae [33],
unveiling properties of relativistic jets [38, 54] and showing that binary neutron-
star mergers are one of the major channels of the formation of heavy (r-process)
elements in theUniverse [56]. Neutron stars are unique laboratories to probematter in
extreme conditions, and themulti-messenger observations can constrain the neutron-
star equation of state [51, see e.g.]. The distance estimated from the gravitational-
wave signal combined with the recessional velocity of the host galaxies enable to
evaluate the Universe expansion rate, showing a new way to make cosmology [5].

This paper covers the major discoveries related to the gravitational-wave astron-
omy since 2015 (Sect. 19.2), the multi-messenger observations of GW170817 and
their scientific return (Sect. 19.3), the perspectives of the future multi-messenger
astronomy (Sect. 19.4).

19.2 Gravitational-Wave Astronomy

The LIGO-Hanford, LIGO-Livingstone [1] andVirgo [25] interferometers observing
the sky as a network made it possible to observe gravitational-waves. They have per-
formed three run of observations; the first observational run lasted from September
2015 to January 2016, the second run from November 2016 to the end of August
2017, the third run from April 2019 to the end of March 2020. During the intervals
between runs, technological upgrades increased the sensitivity of the detectors, mak-
ing larger and larger volumes of the Universe accessible through gravitational wave
observations. Rare events such as the coalescences of binary systems of neutron stars,
neutron stars and black holes, and black holes have begun to be observed, and the
frequency of their observations has increased significantly from the first run to the
following ones. The first run led to the detection by the LIGO interferometers of three
gravitational-wave signals from the coalescence of a binary system of stellar-mass
black holes [11, 12]. These events showed us that black-holes exist in binary sys-
tems, that they canmergewithin theHubble time, and that stellar-mass black-hole can
be more massive (> 30Msun) than expected before [10]. The second run increased
the detected events to eleven, including binary black-hole coalescences and a binary
neutron star coalescence, GW170817 [16]. During the third gravitational waves have
been detected with a rate of about 1.5 detections per week. Seventy-nine candidate
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gravitational-wave events have been added to the 11 confident detections of the first
and second observation runs. The majority of the signals are classified as binary
black hole coalescences, but they also include another binary-neutron-star and two
confident binary neutron-star black-hole coalescences [4, 18]. In a few years from a
fewmerging binary black-holes, a significant number of detections was accumulated
making possible population studies [2, 15, 19].We have now direct measurements of
binary black-hole properties, such usmass and spin distributions, and their frequency
of merging. This had a huge impact on our knowledge of formation and evolution
of these astrophysical systems, and indirectly also on their progenitors, the death
of massive stars [10]. These events also provide unique access to the properties of
space-time at extreme conditions under the strong-field and high-velocity regime.
They enable us to define stringent constraints on testing general relativity [3, 17,
20]. Among the detections, some events were particularly interesting. GW190412 is
a signal from a highly asymmetricmass binary black-hole system, componentmasses
of 30Msun and 8Msun. This signal made it possible to find for the first time strong
evidence for gravitational radiation beyond the leading quadrupolar order, in com-
plete consistency with the Einstein’s general theory of relativity [21]. GW190814 is
a signal from the coalescence of a black hole of 23Msun with a compact object of
mass 2.6Msun. Its unequal mass ratio and its secondary component consistent either
with the lightest black hole or the heaviest neutron star ever discovered in a binary
compact-object system are unprecedented, and challenges all current models of the
formation of compact-object binaries [23]. GW190425 is the second detected signal
from a binary neutron-star merger after GW170817. The total mass of the system,
3.4Msun, is significantly larger than those of any other known binary neutron-star
system [8]. GW190521 is a signal from the coalescence of a highest mass binary
black-hole system (66 − 85Msun) forming a final black hole of 142Msun. This is the
firm evidence of the existence of intermediate-mass black holes (100 − 1000Msun)
[22, 24].

19.3 Multi-messenger Astronomy Including
Gravitational-Waves

The first detection of gravitational waves from a binary system of neutron stars by
the Virgo and LIGO network, GW170817 is an epochal discovery which represents a
landmark for multi-messenger astrophysics including gravitational waves [13]. The
relatively small sky-localization of the signal enabled themost extensive electromag-
netic observational campaign in human history, which led to the observation of the
gravitational-wave source in all electromagnetic wavelengths (X-rays, ultraviolet,
optical, infrared, and radio) [7]. In the following we summarize the different obser-
vations (see Fig. 19.1) and the implications of the revealed signals in the astrophysical
knowledge of the source.
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Fig. 19.1 Timeline of the discovery of the gravitational-wave signal (GW170817), the gamma-
ray burst (GRB 170817A), the release of the gravitational-wave sky localization, the discovery of
the optical emission from the kilonova (AT 2017gfo), and the discoveries of the X-ray and radio
emission from the GRB relativistic jet

The gravitational wave signal enabled to infer the component masses of the binary
system in the range 0.86 − 2.26Msun which is consistent with the masses of known
neutron stars in our Galaxy [13]. It also enabled to constrain the neutron star tidal
deformability (each neutron star in the binary system is tidally deformed when under
the influence of tidal field of the other). This macroscopic observable can be used to
study neutron star interiors, in particular to infer the neutron star equation of state
(EoS). The measurement obtained for GW170817 favors larger tidal deformability
values, and thus softer EoSs are preferred with respect to stiffer ones [14]. The
amount of tidally ejected mass which gives origin to the baryon mass powering the
electromagnetic emission depends on the EoSs with stiffer EoSs producing larger
amount of tidally ejectedmass than the softer ones (see also below for EoS constraints
from the electromagnetic observations).

The Fermi and INTEGRAL satellites independently detected a short gamma-ray
burst (GRB) with a time delay of 1.7 s from the merger time. The time delay and the
source distance made it possible to measure the propagation speed of gravitational
waves; gravitational waves propagate at the speed of light to within 1:1015 [6]. This
ruled out several classes of modified gravity models. Nine and sixteen days after the
merger an X-ray signal [64] and a radio signal [42] were discovered. The following
observations showed a slow non-thermal emission flux-rise in the radio, optical,
and X-rays for about 150 days [49, 52] and then a slow decay [27, 34, 36, 41].
These multi-wavelength observations are consistent with both a slightly relativistic
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isotropic outflow (choked jet) and a successful structured jet (with energy andvelocity
decreasingwith angular distance from the jet axis) observed off-axis. Themagnificent
resolution of Very Long Baseline Interferometry observations enabled to measure a
superluminal propermotion of the radio counterpart [54] and to constrain the apparent
size of the source [38], demonstrating that the later scenario, i.e. a relativistic jet
successfully emerged from the neutron star merger, has occurred. GW170817 and
observations from the gamma to the radio, have provided the first firm observational
evidence that binary neutron-star mergers power short GRBs.

Neutron star mergers represent the perfect event for producing heavy elements,
the temperature (T > 109K) and high neutron start density (1022 cm−3) of themerger
dynamical ejecta make neutron capture much faster than the β-decay. The formed
heavy nuclei radioactively decay heating the material around and powering an ultra-
violet (UV), optical and infrared (IR) transient, known as kilonova. While in the
tidal tail ejecta the nucleosynthesis produce heavy elements up to lanthanides and
actinides, whose opacity makes the spectral peak of the emission in the near-infrared
and the peak of the light curve on one week timescale, in other components of the
ejecta, such as the shock-heated ejecta and the accretion disc wind outflow, weak
interactions (neutrino absorption, electron/positron capture) prevent the production
of the heavier elements. This gives rise to smaller opacity and a bluer kilonova com-
ponent peaking on day timescale (for a complete review see [53]). Eleven hours after
the merger, optical transient emission was discovered from a galaxy, NGC 4993, at
the same distance as the one evaluated from the gravitational-wave signal, pinpoint-
ing the location of the merger [33]. The observations from the near infrared to the
ultraviolet taken for about ten days showed a transient thermal emission with a blue
component fading within two days and a red component evolving in one week [65,
e.g.]. The spectra revealed signatures of the radioactive decay of r-process nucle-
osynthesis [56, 63, 66], showing that binary neutron star mergers are one of the
major channels of formation of heavy elements in the Universe. The brightness and
evolution of the UV/optical/infrared data enabled to constrain the ejected masses
providing a lower bound on the tidal deformability, and ruling out extremely soft
equations of state. Joint kilonova and gravitational-wave observations are thus com-
plementary, and rule out EoS in different directions [58]. The identification of the
host galaxy through the kilonova detection enabled to use the recessional velocity of
the host galaxies together with distance estimated from the gravitational-wave sig-
nal to evaluate the Hubble constant [5]. Figure 19.2 shows a summary of the major
implications in astrophysics of the multi-messenger discovery of GW170817.

In the next run of observations of the current gravitational-wave detectors, cur-
rently planned to start at the end of 2022/early 2023, a few to ten binary neutron star
mergers are expected to be detected [9]. The search of the electromagnetic counter-
parts will be more difficult due to the larger distances accessible by the upgrades
of the LIGO, Virgo and KAGRA detectors. However, improved sensitivity observa-
tories are expected to operate in synergy with the gravitational-wave detectors, for
example the James Webb Space Telescope [46, JWST], the Vera C. Rubin Observa-
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Fig. 19.2 Summary of the major astrophysical fields impacted by the multi-messenger discovery
of GW170817

tory [45], GECAM [47], the Space-based multi-band astronomical Variable Objects
Monitor ECLAIRs [67, SVOM-ECLAIRs], and Einstein Probe [68] to mention a
few.

19.4 The Future of Gravitational-Wave and
Multi-messenger Astronomy

Despite the enormous impact of LIGO-Virgo discoveries on many research fields,
from fundamental physics and astrophysics to nuclear physics and cosmology, we
are only at the dawn of this new exploration of the Universe. A new generation of
more sensitive detectors is needed to address fundamental questions of gravitational-
wave astro(physics) and cosmology which require to make precise measurements of
the source parameters, to observe the evolution of the sources along the cosmic
history, and to reach and explore the early Universe. The Einstein Telescope is the
European ground-based gravitational-wave detector, evolution of second-generation
detectors, which was recently included in the European Strategy Forum on Research
Infrastructures (ESFRI) roadmap.

It will feature a system of triangular shape nested detectors, where the arm length
is increased to 10 km (compared to 3 km for Virgo and 4 km for LIGO). The larger
size and the implementation of new technologies will enable to achieve an improved
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sensitivity by at least a factor of ten compared to the second generation instruments.
ET will be built a few hundred meters underground, reducing terrestrial gravity noise
and seismic noise and thus extending the sensitivity toward low frequencies. The ET
extraordinary sensitivity and wide frequency band will make it possible to access
the entire population of stellar mass black-holes up to the early Universe, to detect
primordial black holes, and to unveil intermediatemass black-holes (up to 1000Msun)
enabling us to understand their origin, evolution, and demography. It will probe the
physics near the black-hole horizon enabling unprecedented general-relativity test.
It will help understanding the nature of dark energy and possible modifications of
general relativity at cosmological scales. ET will make gravitational waves power-
ful tools for comprehending fundamental forces in extreme regimes such as in the
interiors of neutron stars, revealing the nature of compact objects and the properties
of nuclear matter [50]. New gravitational-wave sources are expected to be detected
including core-collapse supernovae, isolated neutron stars, stochastic backgrounds
of astrophysical and cosmological origin, and cosmic strings. ET will operate in syn-
ergy with a new generation of innovative electromagnetic observatories, such as the
CherenkovTelescopeArray [26, CTA], Athena [55, 57], theVeraRubinObservatory,
JWST, the European Southern Observatory Extremely Large Telescope [39, ELT],
the Square Kilometre Array [35, SKA] and the mission concepts THESEUS [28,
32] and TAP [31]. Multi-messenger observations will probe the population of binary
systems of compact objects in connection with kilonovae and short GRBs along with
the star formation history and chemical evolution of the Universe.

ET is expected to detect 104 − 105 binary neutron star coalescences per year.
Thanks to the access at low frequencies, ET will detect binary neutron star mergers
before the merger (minutes but also several hours before in the case of close events),
and the Earth rotation imprint on the signal will be used to determine the sky local-
isation. Thus ET, also operating as a single detector will be able to localize a few
hundreds detections per year with sky-localization (90%c.r.) <100 square degrees.
For these events, it will be possible to send early warning alerts. The detection and
localization capabilities significantly improve, observing in a network of next gener-
ation gravitational-wave observatories (see Fig. 19.3). Thousands of detections per
year will have a sky-localization (90%c.r.) <10 square degrees, and thousands of
detections sky-localization (90%c.r.)<1 square degrees for ET observing with Cos-
mic Explorer [37, 59], and two Cosmic Explorer (one in USA and one in Australia).
For recentworks onET andCEdetection and localization capabilities see [30, 43, 48,
60]. Since the kilonovae optical emission is intrinsically faint and difficult to detect
at redshift larger 0.3, the counterparts at larger redshift will be mainly detected in the
high-energy band.A recent comprehensive study [60], starting from simulated binary
neutron star population and GRB modelling calibrated and normalized to reproduce
properties of observed short GRB samples, has analyzed the joint gravitational wave
and gamma and X-ray detections modelling the prompt and afterglow emissions
and considering different observational strategies. Almost all detected short GRB
will have a gravitational-wave counterparts. Depending on the specific gamma-ray
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Sky-localization capabilities: number of detections per years

Fig. 19.3 Sky-localization capabilities. The figures (from [61]) show the population of injected
binary neutron stars in blue, the number of detections per year localized better than 1000, 100, 10, 1
square degrees in orange, green, red and purple, respectively. Top plot Einstein telescope operating
as a single observatory, bottom plots ET in the network of ET and Cosmic Explorer in USA, and
ET and two Cosmic Explorer (left plot), one in USA and one in Australia (right plot)

satellites (operating in survey mode), we will have tens to hundreds of gravitational-
wave and prompt gamma-ray detections per year. Instead, wide field of view X-ray
satellites, such as Einstein Probe, THESEUS, and TAP, are expected to give tens
of X-ray afterglow counterparts per year when operating in survey mode. Pointing
relatively well localized events (<100 square degrees) by the network given by ET
and CE, could increase the detections to hundreds. However, it will be challenging
the prioritization of the triggers (based on distance, sky-localization, and viewing
angles) to select the ones with a higher chance to be detectable. In summary, ET will
make a revolution in our knowledge of the Early Universe, fundamental physics, and
transient astrophysics.
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The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

http://creativecommons.org/licenses/by/4.0/

	19 Multi-messenger Astronomy
	19.1 Introduction
	19.2 Gravitational-Wave Astronomy
	19.3 Multi-messenger Astronomy Including Gravitational-Waves
	19.4 The Future of Gravitational-Wave and Multi-messenger Astronomy
	References


