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Einstein Telescope



Einstein Telescope
Ø Underground, 10 km triangle
Ø Xylophone design:

§ 3 low laser power, cryogenic:                
low-frequency sensitivity

§ 3 high laser power, non-cryogenic:                
high-frequency sensitivity



Ø Detection of binary black holes at times there were no stars yet 
(hence primordial!)

Ø O(105) binary black hole and binary neutron star mergers 
detected per year

Einstein Telescope distance reach



Precision tests of general relativity
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FIG. 1. Posterior density functions on deviations of PN coefficients �'̂n obtained using two different waveform models
(PhenomPNRT and SEOBNRT); see the main text for details. The �1PN and 0.5PN corrections correspond to absolute devi-
ations, whereas all others represent fractional deviations from the PN coefficient in GR. The horizontal bars indicate 90%
credible regions.

�1
PN

0
PN

0.
5
PN

1
PN

1.
5
PN

2
PN

2.
5
PN

(

l)

3
PN

3
PN

(

l)

3.
5
PN

10�5

10�4

10�3

10�2

10�1

100

101

|��̂
n
|

PhenomPNRT

SEOBNRT

FIG. 2. 90% upper bounds on deviations |�'̂n| in the PN co-
efficients following from the posterior density functions shown
in Fig. 1.

evolution parameterized by �p̂n to any frequency domain
waveform model [39]. We conduct independent tests of
GR using inspiral-merger-ringdown models that incorpo-
rate deviations from GR using each of these two prescrip-
tions; by comparing these analyses, we are able to esti-
mate the magnitude of systematic modeling uncertainty
in our results.

The merger and ringdown regimes of binary neutron
stars differ from those of binary black holes, and tidal
effects not present in binary black holes need to be in-
cluded in the description of the inspiral. Significant work
has been done to understand and model the dynamics of
binary neutron stars analytically using the PN approxi-
mation to general relativity [40]. This includes modeling
the non-spinning [30, 31] and spinning radiative/inspiral
dynamics [32–37] as well as finite size effects [41–43] for
binary neutron star systems. Frequency domain wave-
forms based on the stationary phase approximation [44]
have been developed incorporating the abovementioned
effects [45–47] and have been successfully employed for

the data analysis of compact binaries. A combination of
these analytical results with the results from numerical
relativity simulations of binary neutron star mergers (see
[48] for a review) have led to the development of efficient
waveform models which account for tidal effects [49–51].

We employ the NRTidal models introduced in [51, 52]
as the basis of our binary neutron star waveforms: fre-
quency domain waveform models for binary black holes
are converted into waveforms for inspiraling neutron stars
that undergo tidal deformations by adding to the phase
an appropriate expression �T (f) and windowing the am-
plitude such that the merger and ringdown are smoothly
removed from the model; see [52] for details. The closed-
form expression for �T (f) is built by combining PN infor-
mation, the tidal effective-one-body (EOB) model of [49],
and input from numerical relativity (NR). The form of
�T (f) was originally obtained in a setting where the neu-
tron stars were irrotational or had their spins aligned
to the angular momentum. Nevertheless, a waveform
model that includes both tides and precessing spins can
be constructed by first applying �T (f) to an aligned-spin
waveform, and then performing the twisting-up proce-
dure that introduces spin precession [53]. We consider
two waveform models that use this description of tidal
effects.

The first binary neutron star model we consider is con-
structed by applying this procedure to IMRPhenomPv2
waveforms. Following the nomenclature of [19], we refer
to the resulting waveform model as PhenomPNRT. Param-
eterized deformations �p̂n are then introduced as shifts
in parameters describing the phase in precisely the same
way as was done for binary black holes. This will allow
us to naturally combine PDFs for the �p̂n from measure-
ments on binary black holes and binary neutron stars,
arriving at increasingly sharper results in the future. Be-
cause of the unknown merger-ringdown behavior in the
case of binary neutron stars, which in any case gets re-
moved from the waveform model, in practice only devia-
tions �'̂n in the PN parameters 'n can be bounded. The
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Orange, blue: GW170817 
Green: Einstein Telescope after ~1 year 
of operation (~105 detections)



What is the true nature of black holes?
Ø Black hole no-hair conjecture     

§ Stationary black holes only 
determined by mass and spin

§ “Ringdown” modes of newly formed 
black hole: 
o Frequencies, damping times only       

depend on mass and spin
o Einstein Telescope will test these 

dependences for individual 
modes with sub-percent 
accuracy

Ø Signatures of quantum gravity?
§ Prompted by Hawking’s information 

paradox:            
“Firewall” instead of horizon

§ Leads to gravitational wave “echoes”



Probing the interiors of neutron stars
Ø Widely differing theoretical predictions 

for equation of state
Ø LIGO, Virgo: exploit tidal effects to gain 

information on internal structure
Ø Einstein telescope:                                      

Also access to the post-merger regime
§ Detailed mapping of neutron star 

interiors  



Mapping the large-scale evolution of the 
Universe 

Ø With a network of detectors, can extract 
distance directly from gravitational wave 
signal of binary inspirals

Ø No need for a “cosmic distance” ladder 
with one type of object calibrating the 
other

Ø LIGO/Virgo: independent measurement 
of Hubble constant

Ø ET: independent measurement of the 
nature and time evolution of dark energy

Figure 3. Measurement uncertainties for the possible time dependence in the dark energy
equation of state parameter w, modeled as w(a) ' w

0

+ (1 � a)wa, with a the scale factor.
The slightly larger, red error ellipse is for standard sirens as seen with ET, the blue one for
the possible future SNAP Type Ia supernova survey. In both cases, prior information from the
CMB is assumed for ⌦

M

, ⌦
DE

, and ⌦k. (Adapted from [42].)

component masses (m
1

,m
2

), and GR makes a specific prediction for this dependence. Li et
al. [23, 24] subsequently developed a test of GR in the context of Bayesian inference, which
computes an odds ratio based on the data d and whatever background information I one may
hold:

OmodGR

GR

=
P (H

modGR

|d, I)
P (H

GR

|d, I) . (5)

Here H
GR

is the hypothesis that GR is correct, while H
modGR

is the hypothesis that one or

more of the  j ,  
(l)
j do not have the functional dependence on component masses as welll as

spins that GR predicts, without specifying which ones. Computing the posterior probability
P (H

modGR

|d, I) amounts to testing a large number of independent sub-hypotheses, in each of
which a particular subset of the phase coe�cients are allowed to vary freely, while the others
have the dependences on masses and spins as in GR. This has been dubbed the TIGER method.
The framework is well suited to a situation where almost all sources have low SNR, as will be
the case with the advanced detectors. It also trivially allows for combining information from
multiple sources: for each source, the same ‘yes/no’ question is asked, whose correct answer is
the same for all sources, so that evidence for or against GR has a tendency to build up.

As an example, one can consider a possible violation of GR in the coe�cient  
3

, which is
of particular interest because 1.5PN is the lowest post-Newtonian order at which so-called ‘tail
e↵ects’ become apparent, which roughly speaking result from the interaction of gravitational
waves with the rest of spacetime [53, 54].1 As shown in [23], with O(10) BNS detections, the
Advanced LIGO and Virgo network will be able to pick up a 10% deviation in this coe�cient
with essentially zero false alarm probability, and constraining it will be possible at the ⇠ 1%

1 This is an example of an essentially field-theoretic e↵ect, rather than just pertaining to the behavior of test
masses in a given gravitational field. Such e↵ects cannot be probed with the currently observed binary neutron
stars, due to their low orbital velocity (v/c ⇠ 10�3) and orbital compactness (GM/c2R ⇠ 10�6) compared with
a binary on the verge of merger (which has v/c ⇠ 0.4 and GM/c2R ⇠ 0.2, respectively). More generally, terms in
Eq. (4) with j > 0 are only accessible with direct gravitational wave detection.



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
§ … 

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!



Plans in the United States: Cosmic Explorer

Ø 40 km arm length

Ø (Mostly) above ground

Ø Single L-shaped detector  
§ Or two, in different 

locations

Ø Partially cryogenic

Ø Recent idea                
(after first detection)

Ø Together with ET:           
sky localization



Plans in the United States: Cosmic Explorer

Cosmological 
reach of 3G
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Advantages in having Einstein Telescope, 
Cosmic Explorer running at the same time as 

LISA3G plus LISA

Stefan Hild LVC Maastricht, Sep 2018 Slide 9
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3G plus LISA
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Ø LISA has a planned launch in 2034
Ø Make sure ET and CE have consistent timelines



Joint science case for ET and CE
Ø Einstein Telescope Conceptual Design Study dates from 2011

§ How do we optimize a detector network that includes Cosmic Explorer?
§ Need to involve instrumentalists, data analysists, theorists:                          

community building/expansion
Ø New science case document to be produced in 2019

§ Under aegis of the Gravitational Waves International Committee (GWIC)
§ October 2018: meeting of the writers and editors in Potsdam, Germany
§ Significant Dutch presence/input



ETpathfinder in Maastricht
Ø R&D facility
Ø 20 meter interferometer
Ø Funded through Belgian-Dutch-German “Interreg” project
Ø Possible lab location found in Maastricht

25 m



Desirable timelines

Einstein
Telescope

ETpathfinder



Einstein Telescope in Europe 
and Belgium/Netherlands/Germany 

Ø April 2018: the ET Collaboration!
§ Letter of Intent:
http://www.et-
gw.eu/index.php/letter-of-intent
§ Now ~600 members

Ø Belgium/Netherlands/Germany, 
September 2018:
§ MoU between all Belgian 

universities, many Dutch, 
some German



Impact study for the 
Eindhoven-Leuven-Aachen triangle



Roadmaps

ET 1 out of 33 ET 1 out of 13 ET “game changer”



What next?

2020

Ø Technical design study needed
§ Detailed cost scrutiny
§ Realistic exploitation cost 

estimate

Ø Governance structure
§ Management structure of 

the ET Collaboration to be 
finalized early 2019

Ø ET proposal for 2020 update of 
ESFRI roadmap

Ø Decision in ~2021 whether to 
submit a joint Belgian-Dutch-
German bid for hosting 
Einstein Telescope in the 
Eindhoven-Leuven-Aachen 
region


