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From a few seconds of signals …
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Cosmology independent 
of distance ladder

Ruled out some proposed 
EOS of neutron stars

Confirmed Kilonova and R-process  

Confirmed BNS as origin 
for some GRBs

Found new class of heavy stellar mass BBH 

Start of GW multi-
messenger astronomy

Proved existence of intermediate-mass black holes 

… detected with LIGO and Virgo …

… we learned a lot!



From current detectors to ET 
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LIGO, Hanford, WA

LIGO, Livingston, LA

Virgo, Cascina, Italy

• Current detectors observe about one signal  per week.
• ET will observe about 100.000 to 1.000.000 binary black holes 

mergers per year! And many other new sources => discovery space!

Planned Einstein Telescope



Reaching for the full cosmos!
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Primordial 

black holes as 

dark matter?

Binary Coalescences Overview: 
• Census of stellar and 

intermediate-mass BBH 
population over full Universe, 
105-106 events per year;

• High SNR events will provide
excellent precision to do accurate
test of GR, nature of the BH, 
strong-field dynamics, black hole 
no-hair theorem etc;

• Extend the range of observed
BBH masses towards >1,000Msol

and <1Msol;

• Observe several 10,000 binary 
neutron star mergers per year.

• ET will determine NS EOS.



GW170817: Optical counterpart located ~6 hours 
after merger.

With ET we have a chance to observe the kilonova
right from the beginning, observe fast radio 
emission and pin down the engine of short GRBs.  

Seeing BNS with 
GWs before 
merger!
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More Science! 
• Supernovae
• Isolated rotating neutron stars
• Testing of a variety of dark matter

candidates
• Exploring the nature of dark 

energy
• Stochastic background of GWs, 

back to shortly after Big Bang
• What else might be out there what 

do not think/know about yet?

[S.Hild, Vista meeting, 21.10.2020] 7



From current detectors to ET 
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LIGO, Hanford, WA

LIGO, Livingston, LA

Virgo, Cascina, Italy

Planned Einstein Telescope

Current detectors started ~1990s  

ET will be an infrastructure to provide observing power for half of the 21st century, 
i.e. from about 2035-2085!

Why does ET look so different compared to current interferometers?



Key concepts of ET in a single slide
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Underground location for 
Reduction of seismic and 
atmospheric GGN 
+ long baseline

Triangular for full sky 
coverage and redundancy

Xylophone concept

Many new technologies, like 
for instance cryogenic  

silicon mirrors
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ET collaboration

11th ET symposium will take 
place 30th Nov-3rd Dec 2020

https://indico.in2p3.fr/event/20576/overview

https://indico.in2p3.fr/event/20576/overview


ET timeline
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• Idea for ET like-
observatory is from 2004

• CDR was finished in 2011

• Discovery of GWs in 
2015/16 brought ET really 
to life 



ESFRI application submitted
• ET is on Dutch National Roadmap for Large-Scale 

Scientific Infrastructure. ET is on European 
Astroparticle Roadmap.

• Next step is ESFRI roadmap. Application was 
submitted by governments of 5 EU countries last 
month. 

• 2 candidate sites: Sardinia (IT) & Euregio Meuse 
Rhine (NL, BE, G).

[S.Hild, Vista meeting, 21.10.2020] 13

2 coordinators:
INFN & Nikhef
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Netherlands provided strong support for ESFRI



From the ET-costbook and socio-economic studies
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Estimated budget in Mega-Euro (excl Personnel)

1 Euro invested in ET generates 3.6 
Euro of Total Output*  or between 1.4 
and 1.55 Euro of Value Added**. 
Estimated overall employment effect 
of about 34000 py during 
construction.

Note: Largest cost items have big overlap with CERN, i.e. 
underground and civil construction, vacuum systems, 
cryogenics etc. Also note there is an exciting MOU 
between CERN, INFN and Nikhef covering those items. 



Fostering Economic Impact
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Success Story of CERN ET as the seed for a high-tech and 
innovation area in Euregio Meuse-Rhine 
(location) / Eindhoven-Leuven-Aachen 
region (total impact) …
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Suitable Geology
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attenuation 10,000 (day) & 200 (night)

@ surface

250 m deep



TERZIET

VAALS

ongoing/next steps: seismic campaigns & bore holes

15 Meuro
2020-2023

E-TEST

[S.Hild, Vista meeting, 21.10.2020] 20



Many Interested partners  across 
Netherlands, Belgium and 
Germany

[S.Hild, Vista meeting, 21.10.2020] 21



ETpathfinder – testbed for future GW technologies
• Technology development 

for Einstein Telescope. 
Independent of ET siting 
decision. 

• ETpathfinder has multi-
decade timeline.

• About 20 institutions
contributing from
NL,B,G,FR,UK

• 15Meuro capital 
investment

• New Technologies:
Silicon optics, cryogenics,
new laser wavelength,
quantum noise reduction
techniques etc

[S.Hild, Vista meeting, 21.10.2020] 22



From ETpathfinder Advisory Board (STAC) report
• […] Overall, the ETPF-STAC was very impressed with the vision for the facility, the 

technical capability of the leader and team, and the scope of the effort. It will be 
transformative for the field to have a facility and a research program covering the 
foreseen capabilities of the installation, and it can become a very natural center for 
technical innovation and scientific breakthroughs in precision measurement, 
interferometry, cryogeny for gravitational-wave detectors, and for the formation of 
a next generation of gravitational-wave scientists (to handle the next generation of 
gravitational-wave detectors). The growth of the team (and of the institutions 
interested in participating) is an exciting development and speaks to the timeliness 
and centrality of this infrastructure. […]

• The ETPF-STAC is very excited to be part of the establishment and exploitation of 
this unique facility and this dynamic team. 

[S.Hild, Vista meeting, 21.10.2020] 23

Start Construction: April 2020 July: ~1000 t of concrete poured Oct : First cleanroom walls being installed.                                      Cleanroom in operation ~ March 2021Drilling 170 pillars



Support on German side is increasing 
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Third Generation Gravitational Wave Telescope
Antrag auf einen nationalen Forschungsverbund im Rahmenprogramm

Erforschung von Universum und Materie – ErUM

October 2019

With the detection of gravitational waves from merging pairs of black holes and the observation of
a merging event of two neutron stars by gravitational-wave detectors and a multitude of electromag-
netic telescopes (from the gamma to the radio wave range), gravitational-wave research has leaped into
observational astronomy. The interest in the further development of the detectors to increase their
range and improve their signal quality extends well beyond the current research community. With this
joint research proposal, we are establishing a German scientific community that is committed to the
rapidly growing field of gravitational-wave research. This proposal contains a large number of projects,
all related to technological developments for the next generation of gravitational-wave detectors, Cos-
mic Explorer and the Einstein Telescope. The Einstein Telescope (ET) [1] is a future third-generation
gravitational-wave observatory in Europe. Designed as a new underground facility with several in-
terferometers whose arms form an equilateral triangle, ET aims to achieve ten-times the sensitivity of
Advanced LIGO over a wide frequency band and thus an average detection rate that is more than a
thousand times higher. In addition, ET will be sensitive to GW frequencies down to ⇠2Hz. It repre-
sents an infrastructure capable of delivering novel and otherwise unachievable scientific insights for
many decades.



ET timeline
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• Idea for ET like-
observatory is from 2004

• CDR was finished in 2011

• Discovery of GWs in 
2015/16 brought ET really 
to life 

By 2024 the governments of host countries (N/B/G) 
need to have decided whether to support or not.
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GW + ANTARES/KM3Net + Pierre Auger
• Multi-messenger investigations of binary neutron star merger GW170817.
• Nikhef Scientist from all three programmes on one paper.

[S.Hild, Vista meeting, 21.10.2020] 27
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Figure 1. Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization
(red contour; Abbott et al. 2017c), direction of NGC 4993 (black plus symbol; Coulter et al. 2017a), directions of IceCube’s and ANTARES’s
neutrino candidates within 500 s of the merger (green crosses and blue diamonds, respectively), ANTARES’s horizon separating down-going
(north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and Auger’s fields of view for Earth-skimming (darker
blue) and down-going (lighter blue) directions. IceCube’s up-going and down-going directions are on the northern and southern hemispheres,
respectively. The zenith angle of the source at the detection time of the merger was 73.8� for ANTARES, 66.6� for IceCube, and 91.9� for
Auger.

the interaction of cosmic ray particles with the atmosphere
above the detectors. This discrimination is done by consid-
ering the observed direction and energy of the charged par-
ticles. Surface detectors focus on high-energy (& 1017eV)
showers created close to the detector by neutrinos from near-
horizontal directions. In-ice and in-water detectors can select
well-reconstructed track events from the up-going direction
where the Earth is used as a natural shield for the dominant
background of penetrating muons from cosmic ray showers.
By requiring the neutrino interaction vertex to be contained
inside the instrumented volume, or requiring its energy to
be sufficiently high to be incompatible with the down-going
muon background, even neutrino events originating above
the horizon are identifiable. Neutrinos originating from cos-
mic ray interactions in the atmosphere are also observed and
constitute the primary background for up-going and vertex-
contained event selections.

All three observatories, ANTARES, IceCube, and Auger,
performed searches for neutrino signals in coincidence with
the binary neutron star merger event GW170817, each us-
ing multiple event selections. Two different time windows
were used for the searches. First, we used a ±500 s time
window around the merger to search for neutrinos associated
with prompt and extended gamma-ray emission (Baret et al.
2011; Kimura et al. 2017). Second, we searched for neutrinos
over a longer 14-day time window following the GW detec-
tion, to cover predictions of longer-lived emission processes
(e.g., Gao et al. 2013; Fang & Metzger 2017).

2.1. ANTARES

The ANTARES neutrino telescope has been continuously
operating since 2008. Located deep (2500 m) in the Mediter-
ranean Sea, 40 km from Toulon (France), it is a 10 Mt-
scale array of photosensors, detecting neutrinos with energies
above O(100) GeV.

Based on the originally communicated locations of the
GW signal and the GRB detection, high-energy neutrino can-
didates were initially searched for in the ANTARES online
data stream, relying on a fast algorithm which selects only
up-going neutrino track candidates (Adrián-Martı́nez et al.
2016b). No up-going muon neutrino candidate events were
found in a ±500 s time window centered on the GW event
time – for an expected number of atmospheric background
events of ⇠ 10�2 during the coincident time window. An ex-
tended online search during ±1 h also resulted in no up-going
neutrino coincidences.

As it subsequently became clear, the precise direction of
origin of GW170817 in NGC 4993 was above the ANTARES
horizon at the detection time of the binary merger (see Fig. 1).
Thus, a dedicated analysis looking for down-going muon
neutrino candidates in the online ANTARES data stream was
also performed. No neutrino counterparts were found in this
analysis. The results of these low-latency searches were
shared with follow-up partners within a few hours for the
up-going search and a few days for the down-going search
(Ageron et al. 2017a,b).

Here, ANTARES used an updated high-energy neutrino fol-
low up of GW170817 that includes the shower channel. It

Search for High-energy Neutrinos from Binary Neutron Star Merger GW170817
with ANTARES, IceCube, and the Pierre Auger Observatory
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(See the end matter for the full list of authors.)
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Abstract

The Advanced LIGO and Advanced Virgo observatories recently discovered gravitational waves from a binary
neutron star inspiral. A short gamma-ray burst (GRB) that followed the merger of this binary was also recorded by
the Fermi Gamma-ray Burst Monitor (Fermi-GBM), and the Anti-Coincidence Shield for the Spectrometer for the
International Gamma-Ray Astrophysics Laboratory (INTEGRAL), indicating particle acceleration by the source.
The precise location of the event was determined by optical detections of emission following the merger. We
searched for high-energy neutrinos from the merger in the GeV–EeV energy range using the ANTARES, IceCube,
and Pierre Auger Observatories. No neutrinos directionally coincident with the source were detected within ±500 s
around the merger time. Additionally, no MeV neutrino burst signal was detected coincident with the merger. We
further carried out an extended search in the direction of the source for high-energy neutrinos within the 14 day
period following the merger, but found no evidence of emission. We used these results to probe dissipation
mechanisms in relativistic outflows driven by the binary neutron star merger. The non-detection is consistent with
model predictions of short GRBs observed at a large off-axis angle.

Key words: gamma-ray burst: general – gravitational waves – neutrinos

1. Introduction

The observation of binary neutron star mergers with multiple
cosmic messengers is a unique opportunity that enables the
detailed study of the merger process and provides insight into
astrophysical particle acceleration and high-energy emission
(e.g., Faber & Rasio 2012; Bartos et al. 2013; Berger 2014;
Abbott et al. 2017a). Binary neutron star mergers are prime
sources of gravitational waves (GWs; e.g., Abadie et al. 2010),
which provide information on the neutron star masses and spins
(e.g., Veitch et al. 2015). Kilonova/macronova observations of
the mergers provide further information on the mass ejected by
the disruption of the neutron stars (e.g., B. Abbott et al. 2017,
in preparation; Metzger 2017).

Particle acceleration and high-energy emission by compact
objects are currently not well understood (e.g., Mészáros 2013;
Kumar & Zhang 2015) and could be deciphered by combined
information on the neutron star masses, ejecta mass, and
gamma-ray burst (GRB) properties, as expected from multi-
messenger observations. In particular, the observation of high-
energy neutrinos would reveal the hadronic content and
dissipation mechanism in relativistic outflows (Waxman &
Bahcall 1997). A quasi-diffuse flux of high-energy neutrinos of
cosmic origin has been identified by the IceCube observatory
(Aartsen et al. 2013a, 2013b). The source population producing
these neutrinos is currently not known.

On 2017 August 17, the Advanced LIGO (Aasi et al. 2015) and
Advanced Virgo (Acernese et al. 2015) observatories recorded a
GW signal, GW170817, from a binary neutron star inspiral (Abbott
et al. 2017b). Soon afterward, Fermi-GBM and INTEGRAL

detected a short GRB, GRB 170817A, from a consistent location
(Abbott et al. 2017a; Goldstein et al. 2017; Savchenko et al. 2017).
Subsequently, ultraviolet, optical, and infrared emission was
observed from the merger, consistent with kilonova/macronova
emission. Optical observations allowed the precise localization of
the merger in the galaxy NGC 4993, at equatorial coordinates

J2000.0 13 09 48. 085h m sa =( ) , J2000.0 23 22 53. 343d = - n ¢ ´( )
(Abbott et al. 2017c; Coulter et al. 2017a, 2017b), and at a
distance of ∼40Mpc. At later times, X-ray and radio emissions
were also observed (Abbott et al. 2017c), consistent with the
expected afterglow of a short GRB at high viewing angles (e.g.,
Abbott et al. 2017a).
High-energy neutrino observatories continuously monitor

the whole sky or a large fraction of it, making them well suited
for studying emission from GW sources, even for unknown
source locations or for emission prior to or after the GW
detection (Adrián-Martínez et al. 2016a; Albert et al. 2017a). It
is also possible to rapidly analyze the recorded data and inform
other observatories in the case of a coincident detection,
significantly reducing the source localization uncertainty
compared to that provided by GW information alone.
In this Letter, we present searches for high-energy neutrinos

in coincidence with GW170817/GRB 170817A by the three
most sensitive high-energy neutrino observatories: (1) the
ANTARES neutrino telescope (hereafter ANTARES; Ageron et al.
2011), a 10 megaton-scale underwater Cherenkov neutrino
detector located at a depth of 2500 m in the Mediterranean Sea;
(2) the IceCube Neutrino Observatory (hereafter IceCube;
Aartsen et al. 2017), a gigaton-scale neutrino detector installed
1500 m deep in the ice at the geographic South Pole,
Antarctica; and (3) the Pierre Auger Observatory (hereafter
Auger; Aab et al. 2015b), a cosmic-ray air-shower detector
consisting of 1660 water-Cherenkov stations spread over an
area of ∼3000 km2. All three detectors joined the low-latency
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GW + ALICE

E.g. recent PhD thesis connecting the two:
Govert Nijs, Holography in quark-gluon plasma and neutron stars (UU, 2020)
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Neutron stars as QCD labs
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What happened post-inspiral for GW170817?

SNR ~ 26.4

SNR ~ 18.8

SNR ~ 2.0

merger Postmerger
Collapse
To BH 

Binary neutron star signal

NR data: T. DietrichExample of a plausible scenario :

Couldn’t tell anything about their fate from GWs ……

…. but lots of information from spectacular electromagnetic counterparts

c.f.  Au+Au heavy ion collision:

From Hanauske+2019
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Complementary dark matter searches & beyond 
Standard Model physics
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Ø Sub-solar mass black holes as (contributors to) dark matter?

Ø Fermionic dark matter accumulations (“spikes”)                 
around black holes (ET and LISA):
o Effect on binary orbital motion, imprint on GW signal
o Probing particle masses  1 keV ≲ mDM≲ 1 MeV

Ø Condensates of ultralight bosons around rotating black 
holes (ET and LISA):
o 10-19 eV ≲ mboson ≲ 10-12 eV
o Recent PhD thesis:

§ Horng Sheng Chia, 
• Probing particle physics with gravitational waves (UvA ,2020)

Hannuksela+, 2019
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and limit their contribution in the 0.1–1 solar-mass range to 5-10% of the overall dark-matter 
content in the Universe [25,26]. Hence, it is possible that they constitute by themselves a non-
negligible dark-matter component. 

Searches for sub-solar-mass compact binaries have already been conducted with gravitational-wave 
detectors [29,30], but the sensitivity was limited. A rescaling of the accessible spatial volumes and 
observation times to those of LIGO and Virgo at design sensitivity [31] indicates that over the next 
several years, upper limits on the abundance of such objects will improve by a factor of 25 on those 
implied by microlensing observations (see Figure 4). Alternatively, positive detections of sub-solar 
mass binary coalescences could be made. 

 

The existing gravitational-wave data analysis techniques for sub-solar mass searches are still in a 
preliminary stage, in that they only search for binary systems with component masses in the range 
of 0.2–1 solar masses (in principle one can go down to 10-4 solar-mass objects in the Milky Way), 
and they assume that the component objects are non-spinning [32]. In reality primordial black-
holes (or other exotic objects) may be fast-spinning [33] and the spins of the two objects in a binary 
could be misaligned, leading to precession of the orbital plane due to spin-orbit interactions. Even 
aligned-spin searches are known to miss about 20% of gravitational-wave signals for asymmetric 
systems involving high spins [34]. If spins are neglected altogether then losses will be even greater. 
Over the duration of this proposal, we will first of all develop a data-analysis pipeline that removes 
these deficiencies. Secondly, we will investigate what consequences both the detection and non-
detection of sub-solar-mass compact objects will have, in terms of what fraction of dark matter 
might be made up of black holes, and regarding primordial black-hole formation mechanisms in the 
early Universe. 

 

Black holes and accumulation of dark matter: Evolutionary scenarios for primordial and 
astrophysical black-holes can lead to an over-density of dark-matter particles around these objects, 
e.g. by accretion [35,36], or by the development of a significant bosonic condensate through the 
tapping of rotational kinetic energy of black holes (`superradiance’) in the case of ultra-light bosons 
[37-39]. `Environmental’ effects resulting from this may be detectable in the gravitational-wave 

Figure 4. Left: Advanced LIGO and Virgo will be able to observe mergers of primordial black holes and other 
compact objects with masses between 10-4 and 1 solar masses at distances up to about 140 Mpc, i.e. beyond 
the Coma cluster of galaxies at the higher-mass end. Right: Bounds on the fractional contribution, f, of primordial 
black holes to dark matter [25-28]. EROS is the most stringent constraint on sub-solar-mass objects coming 
from microlensing. The existing LIGO-Virgo data sets (O1+O2) are projected to already have the capability to 
significantly beat this for objects between 0.3 and 1 solar masses. As LIGO-Virgo design sensitivities are reached 
(i.e. towards the end of the proposal duration), we will be able to improve on microlensing bounds by up to a 
factor of 25. (Plots based on conservative extrapolations regarding detector sensitivities and plausible durations 
of the Observing Runs [31].) 
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LISA + 3G Interplay
• Note that many cosmological models cross both LISA and 3G 

frequency bands.
– Different frequency and angular spectra, even polarization! 

• Offers the possibility of distinguishing among different models.
– Estimate the SGWB energy budget!

Primordial Gravitational Waves
Ø Range of scenarios for primordial gravitational waves originating from immediately after Big Bang:

§ Phase transitions 
§ Axion inflation
§ Resonant pre-heating
§ Cosmic strings
§ … 
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HPC for ET?
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ET = Huge Opportunity for Science, 
Nikhef and the Netherlands. 

What will we make of it?



Thank you for
your attention. 
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Questions?
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EXTRA SLIDES
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