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•Simultaneous observation of the same phenomenon with several messengers:  
- still only a single event: BNS merger GW170817  
- with an incredible set of observations:  
 
GW:   BNS inspiral - still missing: post-merger GW emission 
EM:    kilonova (V,IR) - still missing? kilonova afterglow 
          short GRB (gamma-rays) - afterglow (radio to X-rays + radio VLBI) - host galaxy

Multi-Messenger Astrophysics with Gravitational Waves: 
Current Status



GW170817 electromagnetic counterparts
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GW170817 electromagnetic counterparts 
Late afterglow

TWO YEARS OF NON-THERMAL EMISSION FROM GW 170817 5

Figure 1. X-ray (upper panel) and radio (lower panel) emission from GW 170817 in the first ⇠ 743 days since merger as constrained by the CXO
(this work), XMM-Newton (D’Avanzo et al. 2018; Piro et al. 2019) and the most recent VLA observations (this work) merged with previous
VLA observations (Alexander et al. 2017b, Hallinan et al. 2017,Mooley et al. 2018b, Margutti et al. 2018,Alexander et al. 2018, Mooley et al.
2018c). We plot the VLA 6 GHz data (filled circles) and the 3 GHz data (empty circles) scaled at 6 GHz using an F⌫ / ⌫-0.6 spectrum.
The broad-band emission continues to be well modeled by a structured off-axis jet (solid blue line) with best fitting energy E0 ⇠ 2⇥ 1050

erg, ✓obs ⇠ 33�, ✓0 ⇠ 7� propagating into a medium with density n ⇠ 0.07 cm-3 (§4, Fig. 3). Dashed light-blue lines: best fitting structured
jet model for n < 9.6⇥ 10-3 cm-3 as derived in §2.3, which leads to E0 ⇠ 1.5⇥ 1049 erg, ✓obs ⇠ 30�, ✓0 ⇠ 6� (§4, Fig. 4). Thick red-to-
orange lines: expected emission originating from the deceleration of the KN ejecta into the environment (i.e. the KN afterglow). We adopt
the parametrization by Kathirgamaraju et al. (2019a) and show the expected KN afterglow emission for a set of representative values of the
stratification index ↵ = 3,4,5,6,7,8,9 of the KN ejecta kinetic energy E

KN

k (> ��) / (��)-↵, and for fiducial values of the microphysical
parameters ✏B = 10-3, ✏e = 0.1. We further adopt an environment density n = 0.01cm-3 (the largest value allowed by our modeling of the
diffuse X-ray emission, and a KN outflow with minimum velocity v0 ⇠ 0.3c and total energy ⇠ 1051 erg, as found from the modeling of the
UV-optical-NIR KN emission, which is sensitive to the slower moving ejecta that carries the bulk of the KN kinetic energy (e.g. Villar et al.
2017). Current observations constrain and disfavor the shallower ↵. 6 values. Future broad-band monitoring will probe a larger portion of the
parameter space of the KN fastest ejecta (§5).

wavdetect. Our goal was to detect faint point sources that would elude searches in individual exposures. We used a

Hajela et al. 2019

Update @ 3.3 yr (Hajela, GCN#29055) 
 

KN afterglow?



•Simultaneous observation of the same phenomenon with several messengers:  
- still only a single event: BNS merger GW170817  
- with an incredible set of observations:  
GW:   BNS inspiral - still missing: post-merger GW emission 
EM:    kilonova (V,IR) - still missing? kilonova afterglow 
          short GRB (gamma-rays) - afterglow (radio to X-rays + radio VLBI) - host galaxy 
 
- and an incredible list of major results:  
 
association of a short GRB with a BNS - first detection of a KN, evidence for r process 
- first off axis observation of a GRB relativistic jet, etc. 
 
New constraints on NS EOS - Hubble Constant - Test of GR - 
Constraints on new theories of gravity, etc. 
 

Multi-Messenger Astrophysics with Gravitational Waves: 
Current Status



•Simultaneous observation of the same phenomenon with several messengers:  
- still only a single event: BNS merger GW170817  
- with an incredible set of observations:  
GW:   BNS inspiral - still missing: post-merger GW emission 
EM:    kilonova (V,IR) - still missing? kilonova afterglow 
          short GRB (gamma-rays) - afterglow (radio to X-rays + radio VLBI) - host galaxy 
 
- and an incredible list of major results  
 
- but also a long list of open questions:  
 
e.g. (focussing only on astrophysical questions):  
Origin of the short GRB, connection to the cosmic population?  
Post-merger evolution? 
Nature of the central source (intermediate state with a massive NS?)?  
Mechanisms for the various ejecta?  
Origin of the structure of the relativistic jet? etc.  
Contribution of BNS to the production of heavy elements? etc. 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•O3: at least two BNS, possible NSBH, no em counterparts
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•Simultaneous observation of the same phenomenon with several messengers:  
- still only a single event: BNS merger GW170817  
- with an incredible set of observations  
- and an incredible list of major results  
- but also a long list of open questions  

•O3: at least two BNS, possible NSBH, no em counterparts  

•Multi-Messenger Astrophysics is not limited to simultaneous observations:  
 
e.g.  
- evolution of massive stars in binary systems 
- origin of heavy elements in the Universe 
- constraints on the EOS of ultra-dense matter 
etc. 
 
GW merger detections complement very well standard em observations 
 
(see this morning’s presentations)
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•Better sensitivity: Einstein Telescope: about one order of magnitude better  
 
 
 
 
 
 
 
 
 
 
 
 
 
A better sensitivity offers the possibility to detect new classes of sources 
 
For know sources: a major challenge = connecting the local BNS merger population 
with the cosmic population of short GRBs. 
 
[on the em side: an adapted new generation of instruments with a better sensitivity 
should be available: e.g. ngVLA or SKA in radio; THESEUS in gamma-rays, etc.]

Multi-Messenger Astrophysics with Gravitational Waves: 
Requirements for the next generation of GW detectors

Executive Summary vii
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Figure 1: Gravitational-wave strain noise for current and future detectors (left) and astrophysical reach for
equal-mass, nonspinning binaries distributed isotropically in sky and inclination (right).

a unique window to earliest moments of the formation of structure in the Universe. In the next several
paragraphs we summarize the science targets of the 3G network.

Extreme Gravity and Fundamental Physics.
Gravitational waves emanate from regions of strong gravity and large curvature, carrying uncorrupted
information from their sources. Imprint in the signal is the nature of the gravitational field, characteristics of
the sources and the physical environment in which they reside. Their observation in 3G detectors can put
general relativity to the most stringent tests, help explore violations of the theory in strong fields such as the
dynamics of black hole horizons, and discover properties of dark matter.

The 3G network offers numerous opportunities to discover failure of general relativity that could be seen,
for example, in the form of new particles and fields that violate the strong equivalence principle, Lorentz
invariance violations or variation in Newton’s constant imprint in the propagation of gravitational waves,
presence of scalar fields around compact objects, and extra polarizations in addition to the two that occur in
general relativity. One might also see the signature of quantum gravity, e.g., pseudo-scalar configurations
that violate parity, whose signature would be seen in the dynamics of binary black holes, or birefringence of
the waves propagating over great distances. Ultra-light Bosonic fields proposed in certain extensions of the
Standard Model could be detected via their effect on the orbital dynamics of black hole binaries and spin
properties of black holes.

Black holes are the most compelling explanation for the companion stars in binary coalescences discovered
by LIGO and Virgo detectors. The tell tale signature of its presence would be seen in the quasi-normal
mode spectrum of the merger remnant, whose frequencies and damping times should depend only on two
parameters: the remnant’s mass and spin. Signature of additional degrees of freedom would be seen as
inconsistency in the remnant’s parameters determined by the different modes. Certain alternatives to black
holes could mimic the quasi-normal mode spectra, but they could emit additional signals in the form of
echoes of the ingoing radiation reflected from their surface, which could be observable in the 3G network.

Big bang cosmology is largely consistent with general relativity but the accelerated expansion of the
Universe in its recent history cannot be explained by the theory, indicating either its failure or the presence of
exotic form of matter-energy density, of which we know very little. Observations on galactic to cosmological
scale provide unequivocal indirect evidence for the presence of weakly interacting dark matter, but none has
been directly detected in spite of concerted efforts over the past six decades. The 3G network might detect

GW international committee: 
3G observatory science case 
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Figure 1. Left panel: the sensitivity of the ET-B (red, dot-dashed) and ET-D (yellow, dashed)
configurations, compared to the o�cial target sensitivity of advanced Virgo (blue solid line). Right
panel: the separate contributions from the LF and HF instruments to the sensitivity of ET-D.

Figure 2. Left: astrophysical reach for equal-mass, nonspinning binaries for Advanced LIGO, Ein-
stein Telescope and Cosmic Explorer (from ref. [26, 27]). Right: lines of constant signal-to-noise ratio
in the (total mass, redshift) plane, for a network of one ET and two CE detectors. The curves shown
assume equal-mass binary components (figure courtesy by M. Colpi and A. Mangiagli).

in the mirror coatings, we still have several Watt of absorbed power in the coatings. This
requires to increase the thickness of the suspension fibers in order to remove the generated
heat which, in turn, would spoil the performance of the suspension system and therefore
the sensitivity at low-frequencies. These considerations have led to a ‘xylophone’ concept,
in which the detector is actually composed of two di↵erent instruments, one optimized for
low frequencies (LF) and one for high frequencies (HF); the LF interferometer has low power
(since laser power is only needed to beat down the shot noise in the high frequency range) and
cryogenic mirrors, while the HF instrument has high power and mirrors at room temperature.
This has lead to the ET-C sensitivity curve and, after some further refinement of some noise
models, to the ET-D sensitivity curve [25], again shown in the left panel Fig. 1, while the right
panel shows also the separate contributions from the LF and HF interferometers. The ET-D
sensitivity curve will be the baseline sensitivity that we will adopt in this paper. Occasionally,
in some plots we will also compare with the results for the ET-B sensitivity, to appreciate
the dependence of the results on the sensitivity curve.

An example of the extraordinary potential of 3G detectors is provided by Fig. 2. The

– 3 –

ET Science Case, Maggiore et al. (arXiv: 1912.02622)



•Better sensitivity: Einstein Telescope: about one order of magnitude better  

•Broader range of accessible frequency:  
 
Einstein Telescope: extends to lower frequency (LISA: even lower frequencies)  
 
A major challenge: detecting the post-merger GW signal of a BNS (then improved 
sensitivity at high frequency is also very important) 
 
[Interesting synergy ET-LISA not 
discussed here: multi-band GW  
observations of some sources?]

Multi-Messenger Astrophysics with Gravitational Waves: 
Requirements for the next generation of GW detectors

Figure 5. Gravitational wave signal from a NS-NS merger at a distance 100 Mpc, as it sweeps across
the detector-accessible frequency range. From [42] (figure courtesy of Jocelyn Read, based on results
presented in [43]).

matter phenomena beyond the inspiral. Witnessing the tidal disruption of a NS by a BH for a
variety of systems will yield further insights into the properties of NS matter under extremes
of gravity, and tracking the violent collision of two NSs and its aftermath will provide an
exceptional window onto fundamental properties of matter in a completely unexplored regime,
at higher temperatures and yet greater densities than encountered in individual NSs.

The outcome of a binary NS merger strongly depends on the parameters. It is either a
short-lived hypermassive NS that is temporarily stabilized by rotational e↵ects yet ultimately
collapses to a BH, or a BH that forms immediately upon merger, or a temporary supra-
massive NS that settled to a NS remnant. The emitted GWs are distinct for the di↵erent
scenarios and contain copious information on the complex microphysics. To fully capitalize on
the enormous science potential with GWs from NS binaries systems will require accurately
measuring both the GWs from the inspiral that determine the progenitor properties (e.g.
masses, spins, cold NS matter, orbital eccentricity) and the GW signatures of the new physics
encountered at the merger and its aftermath, as 3G detectors such as ET will enable. Figure
5 illustrates the potential of ET for detecting these e↵ects, compared to current 2G detectors,
for a NS binary at a typical distance of 100 Mpc (see also [44]). The 2G detectors such as
Advanced LIGO/Virgo are largely limited to observing the long inspiral, dominated by the
center-of-mass dynamics of the NSs, with glimpses of the tidal e↵ects which become important
a higher frequencies, and are insensitive to the details of the merger and post-merger epochs.
By contrast, a detector such as ET, besides observing the inspiral phase and the onset of tidal
e↵ects with much higher signal-to-noise ratio, will also clearly observe the final merger and
post-merger signals and enable detailed insights into the fundamental properties of nuclear
matter in a large swath of unexplored regimes in the QCD phase diagram.

The coalescence events of NS-NS and NS-BH systems also have key significance as
the production site of elements heavier than iron in the cosmos. Heavy elements can be
synthesized from the neutron-rich material expelled during the merger or tidal disruption of
NSs or through winds from the remnant accretion disk. The subsequent radioactive decay
of the freshly synthesized elements powers leads to an electromagnetic transient known as
a kilonova. Multi-messenger observations of a large sample of NS binaries will provide the
unique opportunity to study heavy element formation at its production site, to determine
how the initial conditions of an astrophysical binary system map to the final nucleosynthetic

– 9 –

ET Science Case, Maggiore et al. (arXiv: 1912.02622)



•Better sensitivity: Einstein Telescope: about one order of magnitude better  

•Broader range of accessible frequency:  
 
Einstein Telescope: extends to lower frequency (LISA: even lower frequencies)  

•Better localization:  
 
BNS: Einstein Telescope alone: hundreds of deg2?  
ET + aLIGO/aVirgo/…: a few deg2/tens of deg2 (but for nearby events)?  
a network or three 3G-observatories: thousands of BNS within a few square deg2?  
 
Strong impact on the capacity to detect em counterparts. 
 
[on the em side: the efficiency of the follow-up can still be improved and new  
instruments are coming (LSST, SVOM, CTA, …]: let’s wait for the run O4.]

Multi-Messenger Astrophysics with Gravitational Waves: 
Requirements for the next generation of GW detectors
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Figure 8. Localization errors of BNSs and BBHs per redshift bin. Top: BNS. Bottom: BBH. Left:
ET alone. Right: ET together with currently foreseen future upgrades of Advanced LIGO Hanford,
Livingston, India, Advanced Virgo, and KAGRA. We impose a conservative ET detection threshold
SNR of 12, and for the plots in the right column that at least one 2G detector has SNR > 4 to include
2G data for the sky localization. Duty cycle is taken 100% for all detectors.

ET is also expected to operate with a network of five second-generation (2G) GW
detectors: Advanced LIGO Livingston, Hanford and India, Advanced Virgo, and KAGRA.
Assuming currently foreseen sensitivity increase of 2G detectors from the implementation of
technology upgrades [74], the improvement of the sky localization of this network compared
to ET alone is shown in Fig. 8. The top row is for binary NSs, while the bottom row is
for binary BHs. We obtained these results from a Fisher-matrix analysis based on a time-
domain simulation of the GW signals to incorporate the e↵ect of a rotating Earth, which is
fundamental to the sky-localization capability of a single ET detector. Accordingly, about
80% of BNS mergers in 0.05 < z < 0.1 will be localized within 10 deg2 in such a network, while
ET alone achieves for a similar fraction of BNS mergers better than 1000 deg2 localization
errors in the same redshift bin. Note that the 2G network has a significant impact on sky-
localization of BNSs up to redshifts of 0.3. It is also remarkable that a single ET detector is
able to provide good sky localization at least for a small fraction of the closest BBHs.

2.3.2 Joint gravitational and electromagnetic observations

The discovery and electromagnetic follow-up of GW170817 showed the enormous potential
of gravitational-wave observations for multi-messenger astrophysics. The gravitational-wave

– 14 –

Localization of BNS: 

ET alone ET + 2G network

ET Science Case, Maggiore et al. (arXiv: 1912.02622)



•Better sensitivity: Einstein Telescope: about one order of magnitude better  

•Broader range of accessible frequency:  
 
Einstein Telescope: extends to lower frequency (LISA: even lower frequencies)  

•Better localization:  
 
BNS: Einstein Telescope alone: hundreds of deg2?  
ET + aLIGO/aVirgo/…: a few deg2/tens of deg2 (but for nearby events)?  
a network or three 3G-observatories: thousands of BNS within a few square deg2?  

•Better duty cycle: 
 
Einstein Telescope: ?  
 
It is a major challenge for rare events such as short GRBs,  
or the Holy Grail: the next Galactic core-collapse supernova

Multi-Messenger Astrophysics with Gravitational Waves: 
Requirements for the next generation of GW detectors



•Much more BNS/NSBH! 
7x104 BNS/yr ? 

•Maximum redshift for BNS ~2-3  
(170817: 40 Mpc; aLIGO/aVirgo: 0.2) 
 
Rates, evolution,  
distribution of merger times, … 
 
Impact  
on stellar evolution in binaries,  
on chemical evolution,  
etc

Multi-Messenger Astrophysics with the Einstein Telescope 
Mergers
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Figure 1. Left panel: the sensitivity of the ET-B (red, dot-dashed) and ET-D (yellow, dashed)
configurations, compared to the o�cial target sensitivity of advanced Virgo (blue solid line). Right
panel: the separate contributions from the LF and HF instruments to the sensitivity of ET-D.
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Figure 2. Left: astrophysical reach for equal-mass, nonspinning binaries for Advanced LIGO, Ein-
stein Telescope and Cosmic Explorer (from ref. [26, 27]). Right: lines of constant signal-to-noise ratio
in the (total mass, redshift) plane, for a network of one ET and two CE detectors. The curves shown
assume equal-mass binary components (figure courtesy by M. Colpi and A. Mangiagli).

in the mirror coatings, we still have several Watt of absorbed power in the coatings. This
requires to increase the thickness of the suspension fibers in order to remove the generated
heat which, in turn, would spoil the performance of the suspension system and therefore
the sensitivity at low-frequencies. These considerations have led to a ‘xylophone’ concept,
in which the detector is actually composed of two di↵erent instruments, one optimized for
low frequencies (LF) and one for high frequencies (HF); the LF interferometer has low power
(since laser power is only needed to beat down the shot noise in the high frequency range) and
cryogenic mirrors, while the HF instrument has high power and mirrors at room temperature.
This has lead to the ET-C sensitivity curve and, after some further refinement of some noise
models, to the ET-D sensitivity curve [25], again shown in the left panel Fig. 1, while the right
panel shows also the separate contributions from the LF and HF interferometers. The ET-D
sensitivity curve will be the baseline sensitivity that we will adopt in this paper. Occasionally,
in some plots we will also compare with the results for the ET-B sensitivity, to appreciate
the dependence of the results on the sensitivity curve.

An example of the extraordinary potential of 3G detectors is provided by Fig. 2. The

– 3 –

BNS



•Much more BNS/NSBH! 
7x104 BNS/yr ? 

•Maximum redshift for BNS ~2-3  
(170817: 40 Mpc; aLIGO/aVirgo: 0.2) 
 
Rates, evolution, distribution of merger times, … 
Impact on stellar evolution in binaries, on 
chemical evolution, etc. 

•Major challenge: electromagnetic counterparts  
 
(1) short GRB: a major goal = connecting the BNS population revealed by GW 
with the standard population of short GRBs 
 
No follow-up/Needs gamma-ray satellites with large field of view alla Swift/Fermi/SVOM 
(e.g. THESEUS proposed to ESA)  
 
Except at very low distance (e.g. 170817): on-axis events  
 
Before ET: very difficult (mean short GRB redshift ~0.5)

Multi-Messenger Astrophysics with the Einstein Telescope 
Mergers
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Figure 1. Left panel: the sensitivity of the ET-B (red, dot-dashed) and ET-D (yellow, dashed)
configurations, compared to the o�cial target sensitivity of advanced Virgo (blue solid line). Right
panel: the separate contributions from the LF and HF instruments to the sensitivity of ET-D.
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Figure 2. Left: astrophysical reach for equal-mass, nonspinning binaries for Advanced LIGO, Ein-
stein Telescope and Cosmic Explorer (from ref. [26, 27]). Right: lines of constant signal-to-noise ratio
in the (total mass, redshift) plane, for a network of one ET and two CE detectors. The curves shown
assume equal-mass binary components (figure courtesy by M. Colpi and A. Mangiagli).

in the mirror coatings, we still have several Watt of absorbed power in the coatings. This
requires to increase the thickness of the suspension fibers in order to remove the generated
heat which, in turn, would spoil the performance of the suspension system and therefore
the sensitivity at low-frequencies. These considerations have led to a ‘xylophone’ concept,
in which the detector is actually composed of two di↵erent instruments, one optimized for
low frequencies (LF) and one for high frequencies (HF); the LF interferometer has low power
(since laser power is only needed to beat down the shot noise in the high frequency range) and
cryogenic mirrors, while the HF instrument has high power and mirrors at room temperature.
This has lead to the ET-C sensitivity curve and, after some further refinement of some noise
models, to the ET-D sensitivity curve [25], again shown in the left panel Fig. 1, while the right
panel shows also the separate contributions from the LF and HF interferometers. The ET-D
sensitivity curve will be the baseline sensitivity that we will adopt in this paper. Occasionally,
in some plots we will also compare with the results for the ET-B sensitivity, to appreciate
the dependence of the results on the sensitivity curve.

An example of the extraordinary potential of 3G detectors is provided by Fig. 2. The
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•Much more BNS/NSBH! 
7x104 BNS/yr ? 

•Maximum redshift for BNS ~2-3  
(170817: 40 Mpc; aLIGO/aVirgo: 0.2) 
 
Rates, evolution, distribution of merger times, … 
Impact on stellar evolution in binaries, on 
chemical evolution, etc. 

•Major challenge: electromagnetic counterparts  
 
(2) other counterparts: kilonova+host galaxy, afterglow  
 
Kilonova (V,IR): in principle the easiest to catch (~isotropic emission) 
Afterglow (X,radio): strong dependency on the viewing angle 
(VLBI: only a low distance) 
 
Depends strongly on localization+efficiency of the follow-up

Multi-Messenger Astrophysics with the Einstein Telescope 
Mergers

10
0

10
1

10
2

10
3

10
4

10
−25

10
−24

10
−23

10
−22

S
tr

a
in

 [
1
/s

q
rt

(H
z)

]

Frequency [Hz]

 

 
ET−D−LF
ET−D−HF
ET−D sum

Figure 1. Left panel: the sensitivity of the ET-B (red, dot-dashed) and ET-D (yellow, dashed)
configurations, compared to the o�cial target sensitivity of advanced Virgo (blue solid line). Right
panel: the separate contributions from the LF and HF instruments to the sensitivity of ET-D.
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Figure 2. Left: astrophysical reach for equal-mass, nonspinning binaries for Advanced LIGO, Ein-
stein Telescope and Cosmic Explorer (from ref. [26, 27]). Right: lines of constant signal-to-noise ratio
in the (total mass, redshift) plane, for a network of one ET and two CE detectors. The curves shown
assume equal-mass binary components (figure courtesy by M. Colpi and A. Mangiagli).

in the mirror coatings, we still have several Watt of absorbed power in the coatings. This
requires to increase the thickness of the suspension fibers in order to remove the generated
heat which, in turn, would spoil the performance of the suspension system and therefore
the sensitivity at low-frequencies. These considerations have led to a ‘xylophone’ concept,
in which the detector is actually composed of two di↵erent instruments, one optimized for
low frequencies (LF) and one for high frequencies (HF); the LF interferometer has low power
(since laser power is only needed to beat down the shot noise in the high frequency range) and
cryogenic mirrors, while the HF instrument has high power and mirrors at room temperature.
This has lead to the ET-C sensitivity curve and, after some further refinement of some noise
models, to the ET-D sensitivity curve [25], again shown in the left panel Fig. 1, while the right
panel shows also the separate contributions from the LF and HF interferometers. The ET-D
sensitivity curve will be the baseline sensitivity that we will adopt in this paper. Occasionally,
in some plots we will also compare with the results for the ET-B sensitivity, to appreciate
the dependence of the results on the sensitivity curve.

An example of the extraordinary potential of 3G detectors is provided by Fig. 2. The
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•Much more BNS/NSBH! 
7x104 BNS/yr ? 

•Maximum redshift for BNS ~2-3  
(170817: 40 Mpc; aLIGO/aVirgo: 0.2) 
 
Rates, evolution, distribution of merger times, … 
Impact on stellar evolution in binaries, on 
chemical evolution, etc. 

•Major challenge: electromagnetic counterparts  
 
What is expected? GW+EM observations of BNS/NSBH can address several 
fundamental questions in astrophysics (and also in cosmology: see D. Steer’s talk) 
 
- better understanding of the post-merger evolution from GW in association with 
the electromagnetic signal associated to various ejecta 
- exploring diversity: intrinsic (NSBH vs BNS, …) and extrinsic (viewing angle) 
- understanding the physics of the kilonova and the origin of heavy elements 
- constraints on stellar evolution in binaries (via host galaxy + rate + mass distrib. + …) 
- understanding the physics of extreme relativistic jets (sampling the viewing angle 
  is important) 
- etc.
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Figure 1. Left panel: the sensitivity of the ET-B (red, dot-dashed) and ET-D (yellow, dashed)
configurations, compared to the o�cial target sensitivity of advanced Virgo (blue solid line). Right
panel: the separate contributions from the LF and HF instruments to the sensitivity of ET-D.
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Figure 2. Left: astrophysical reach for equal-mass, nonspinning binaries for Advanced LIGO, Ein-
stein Telescope and Cosmic Explorer (from ref. [26, 27]). Right: lines of constant signal-to-noise ratio
in the (total mass, redshift) plane, for a network of one ET and two CE detectors. The curves shown
assume equal-mass binary components (figure courtesy by M. Colpi and A. Mangiagli).

in the mirror coatings, we still have several Watt of absorbed power in the coatings. This
requires to increase the thickness of the suspension fibers in order to remove the generated
heat which, in turn, would spoil the performance of the suspension system and therefore
the sensitivity at low-frequencies. These considerations have led to a ‘xylophone’ concept,
in which the detector is actually composed of two di↵erent instruments, one optimized for
low frequencies (LF) and one for high frequencies (HF); the LF interferometer has low power
(since laser power is only needed to beat down the shot noise in the high frequency range) and
cryogenic mirrors, while the HF instrument has high power and mirrors at room temperature.
This has lead to the ET-C sensitivity curve and, after some further refinement of some noise
models, to the ET-D sensitivity curve [25], again shown in the left panel Fig. 1, while the right
panel shows also the separate contributions from the LF and HF interferometers. The ET-D
sensitivity curve will be the baseline sensitivity that we will adopt in this paper. Occasionally,
in some plots we will also compare with the results for the ET-B sensitivity, to appreciate
the dependence of the results on the sensitivity curve.

An example of the extraordinary potential of 3G detectors is provided by Fig. 2. The
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•2G: our Galaxy 
low rate o(1/century) 

•ET: ~100 kpc (a new SN1987A?) 
 
A three-messenger detection?  
 
GW+neutrinos: a direct probe 
of the core collapse and formation 
of a compact object 
 
GW: proto-NS, rotation, asymetry, … 
 
EM: the explosion of the enveloppe 
 
 
 
Be ready for the next Galactic SN 
(warning: duty cycle)

Multi-Messenger Astrophysics with the Einstein Telescope 
Core-collapse supernovae
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are best obtained from the proto-neutron star modes and the SASI signals at ⇠ 100 to 250 Hz [330, 352].
Time evolution of the GW frequency may allow us to probe the mass accretion history before and after shock
revival, unless the process is purely stochastic. Bounce and explosion times are much harder to pin point,
and if at all, require neutrino detections. A fundamental question is whether the core collapse SN explosion
mechanism is neutrino- or MHD-driven but until MHD models are further developed, we are limited in our
efforts If black hole formation takes place in a rapidly spinning progenitor, it will be accompanied by an
intense spike-like burst of GW emission at the point of relativistic collapse, followed by a fast ringdown as
the newly formed black hole settles down to a Kerr spacetime [365]. By contrast, black hole formation during
the first seconds after collapse in non-rotating or slowly rotating progenitors is likely to manifest itself only
as an abrupt cutoff of GW emission after a long period of moderate-amplitude GW emission. Prior to black
hole formation, the characteristic frequencies of proto-neutron star oscillation modes in the spectrum will
increase to several kHz [366, 367].

No core collapse SN GW signals have been detected so far. Even at design sensitivity, 2nd-generation
detectors are not expected to reach outside our own Milky Way [368].
Typical predicted 3D core collapse SN
GW signals shown in Fig. 4.1 for a
source placed at 100 kpc have SNRs
for Advanced LIGO at design in the
range 0.5–6, i.e., below reliable de-
tectability levels. In contrast, they
reach values in the range of 12–130
for example designs of the 3G net-
work. Therefore a range of ⇠ 100 kpc
is a reasonable order-of-magnitude for
the maximal detection distance of core
collapse SN events. The goal of the
3G network is not only to detect the
signal (most likely aided by multimes-
senger observations), not only to re-
construct the GW signal waveform
and the location of the source, but
more importantly to determine with
precision its intrinsic physical progen-
itor and explosion parameters (e.g.,
[369, 370]).
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Figure 4.1: Characteristic strain vs. frequency of three typical
3D core collapse SN simulations: C15 [371], W15-4 [342], and
TM1 [352]. The Einstein Telescope in xylophone D (ET-D)
configuration [372], the Cosmic Explorer (CE) [373], and the
Advanced LIGO design [213] also shown.

4.2 Sources of Continuous Gravitational Waves

The emission of continuous high-frequency GWs at detectable amplitudes requires a time-varying mass
quadrupole in a fast rotating compact object. They are expected whenever there is a sustained non-
axisymmetric distribution of matter in a rotating compact object [374]. This can happen due to a variety of
mechanisms. Most prominent examples include elastic stresses building up in the crust and giving rise to
local deformations, deformations due to magnetic fields, which can occur in isolated neutron stars, and the
growth of r-modes in accreting neutron stars (a fluid mode of oscillation for which the restoring force is the
Coriolis force) [375, 376]. Whereas the amplitude of a GW signal depends on the details of the emission
mechanism and on the source, the possible signal morphologies do not differ much. Typical continuous
GWs are sinusoidal signals with a small spin-down or spin-up (| ḟ | no larger than 10�7 Hzs�1 and most often
smaller than 10�9 Hzs�1) and a duration of at least a few weeks and most typically years. As the loss rate
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•New generation of neutrino detectors (e.g. HyperKamiokande) should detect  
the neutrino background of stellar origin (main source: SNae)  

•The detection of the GW background of stellar origin (main source: binaries) would 
complement nicely this observation 

A new look on the formation of large structures, on the star formation history, on stellar  
evolution, etc.

Multi-Messenger Astrophysics with the Einstein Telescope 
Backgrounds



•Continuous emission from spinning NS 

•Bursts from magnetars 

•etc. 
 
 
Not discussed here

Multi-Messenger Astrophysics with the Einstein Telescope 
Other sources



•ET: an impressive scientific potential for astrophysics+cosmology+physics  
(mergers, new sources?)  

•ET alone can already bring a lot of progress thanks to a better sensitivity/  
frequency range  
(rates, evolution, post-merger physics, connection to short GRBs, etc.)  

•To exploit the full potential for multi-messenger astrophysics: two additional  
strong requirements  
 
- localisation (ET + 2G network is already much better)  
- duty cycle  
(but I don't know when the next Galactic core-collapse supernova will explode)  
 

Multi-Messenger Astrophysics with the Einstein Telescope 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