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Nomenclature
Abbreviations
AIGO Australian International Gravitational Observatory
aLIGO The advanced LIGO observatory
ALS Arm Length Stabilisation
ALU Arithmetic and Logical Unit
APU Accelerated Processing Unit
ASE Amplified Spontaneous Emission
BBH Binary Black Hole
BBN Big Bang Nucleosynthesis
BH Black Hole
BHD Balanced Homodyne Detector
BNS Binary Neutron Star
BS (main) beam splitter
CARM Common Mode Arm Length
CCD Charge-Coupled Device
CCSN Core Collapse Supernova
CERN European Organization for Nuclear Research
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CLIO Cryogenic Laser Interferometer Observatory: A prototype gravitational wave detector
in Japan

CMB Cosmic Microwave Background radiation

CMP Chip-Level Multiprocessing

CP Compensation Plate

CPU Central Processing Unit

CTE Coeflicient of Thermal Expansion

cWB coherent Wave Burst

Cw Continuous Waves

(674 Czochralski

DARM Differential Arm Length

DE Dark Energy

DEG Digital Enterprise Group

DESY German Electron Synchrotron

DM Dark Matter

DNA Displacement Noise Amplitude spectral densitiy
DOF Degree(s) Of Freedom

EA Electrostatic Actuators

EC2 Amazon Elastic Compute Cloud

EDM Electric Discharge Machining

EM Electromagnetic

EMRI Extreme Mass Ratio Inspiral

EOM Electro-Optic Modulator

EoS Equation of State

ESFRI European Strategy Forum on Research Infrastructures
ET Einstein Telescope

ETM End Test Mass

FDT Fluctuation Dissipation Theorem

FEA Finite Element Analysis

FC Filter Cavity
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FFT
FI

Flops

FNA
FP7

FP
FPU
FS

FZ
GAE
GA
GAS
GIPC
GPU
GRB
GR
GWD
GW
GWIC
HADES

HF
HPC
HTT
IBS
IFO
ILC
IMBH

Fast Fourier Transform
Faraday Isolator

Floating point operations per second (a common measure of the computing system
speed)

Force Noise Amplitude spectral densitiy

Seventh Framework Programme: “Framework programmes (FPs) are the main financial
tools through which the European Union supports research and development activities
covering almost all scientific disciplines (http://cordis.europa.eu/fp7/home_
en.html).

Folded Pendulum

Floating Point Unit

Fused Silica

Float Zone

Google App Engine

Genetic Algorithm

Geometric Anti-Spring

Global Inverted-Pendulum Control
Graphic Processing Unit
Gamma-Ray Burst

General Relativity

Gravitational Wave Detector
Gravitational Wave

Gravitational Wave International Committee (https://gwic.ligo.org/)

High Activity Disposal Experimental Site, an underground research facility studying
geological disposal of radioactive waste

High Frequency

High Performance Computer
Hyper-Threading Technology, called also HT
Ion Beam Sputtering

Interferometer

International Linear Collider

Intermediate Mass Black Hole


http://cordis.europa.eu/fp7/home_en.html
http://cordis.europa.eu/fp7/home_en.html
https://gwic.ligo.org/
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IMC Input Mode Cleaner

IMRI Intermediate Mass Ratio Inspiral

(0] Input Optics

10 Input/Output

1P Inverted Pendulum

IT™M Input Test Mass

KNMI Royal Dutch Meteorological Institute

kpc Kiloparsec, 1 kpc = 10° pc

LF Low Frequency

LG Laguerre-Gauss

LHC Large Hadron Collider

LIGO Laser Interferometer Gravitational-Wave Observatory
LISA Laser Space Interferometer Antenna
LMA Large Mode Area (fibre)

LMXB Low Mass X-ray Binaries

LNGS Laboratori Nazionali del Gran Sasso
LSM Laboratory for Surface Modification
LSO Last Stable Orbit

LSS Last Stage Suspension

LVDT Linear Variable Differential Transformers
MBH Massive Black Hole

MCMC Markov Chain Monte Carlo method
MEMS Micro-Electric Mechanical Systems
MEFC Multifilament-Core (fibre)

MHMC Metropolis Hastings Monte Carlo method
MIC Many Integrated Core

MI Michelson Interferometer

Mpc Megaparsec, 1 Mpc = 10° pc

MRM Marionette Reference Mass

MWIR

Mid Infrared
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NHNM
NIR
NLNM
NSBH
NS
OMC
oM
OPA
OPL
ORFEUS
PCF
pc

PLL
PN
ppm
PRC
PRM
PR
PSD
PT
QCD
QND
QNM
R&D
RDF
RF
RIN
RM
RMS

New High Noise Model of Peterson

Near Infrared

New Low Noise Model of Peterson

Neutron Star — Black Hole

Neutron Star

Output Mode Cleaner

Output Mirror

Optical Parametric Amplification

Optical Path Length

Observatories and Research Facilities for EUropean Seismology
Photonic Crystal Fibre

Parsec, a unit of distance; 1 pc = 3.086 X 10 m
Phase Locked Loop

Post-Newtonian, an approximation to Einstein’s field equations
Parts per million

Power Recycling Cavity

Power Recycling Mirror

Power Recycling

Power Spectral Density

Pulse Tube cryogenic refrigerator

Quantum Chromodynamics

Quantum Non-Demolition

Quasi-normal mode

Research and Development

Reduced Density Function

Radio Frequency

Relative Intensity Noise

Recoil Mass or Reference Mass

Root Mean Squared

Root-mean-square
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ROC Radius Of Curvature

RPSD Root PSD

RSE Resonant Sideband Extraction

S3 Amazon Simple Storage Service

SAN Storage Attached Network

SA Super-Attenuator

SBS Stimulated Brillouin Scattering

SFR Star Formation Rate

SGR Soft Gamma Repeaters

SHG Second Harmonic Generation

SIMD Single Instruction, Multiple Data

SI Sagnac Interferometer

SLM Spatial-Light modulator

SMBH Super Massive Black Hole

SMT Simultaneous multithreading

SNR Signal to Noise Ratio

SN Supernova

SQL Standard Quantum Limit

SQUID Superconducting Quantum Interference Device, a magnetometer based on Josephson
effect

SRC Signal Recycling Cavity

SRM Signal Recycling Mirror

SR Signal Recycling

SRS Stimulated Raman Scattering

SSE4 Streaming SIMD Extensions version 4

SSE intel’s Streaming SIMD Extension

TBM Tunnel Boring Machine

TCS Thermal Compensation System

TEM Transverse Electromagnetic

TE Thermo-Elastic
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UHV Ultra-high vacuum
WLCG Worldwide LHC Computing Grid

Glossary

Top500 Top500 is a project which ranks and details twice a year the 500 (non-distributed) most
powerful known computer systems in the world.

Compact binary A compact binary is an astronomical binary consisting of a pair of compact stars
Compact star Throughout this document a compact star stands for a neutron star or a black hole

CMOS Complementary metal-oxide-semiconductor is a technology for constructing integrated
circuits like microprocessors, static RAM, ...

Dual Recycling Using Power- and Signal-Recycling at the same time

ET-HF The high frequency ET detector in the xylophone design
ET-LF The low frequency ET detector in the xylophone design
FLRW The Friedmann-Lemaitre-Robertson-Walker metric is an exact solution of Einstein’s

field equations of general relativity
Gl The GEO600 detector near Hannover in Germany
GEO600 The GEO600 detector located near Hannover in Germany
HI The LIGO 4-kilometre interferometer at Hanford, USA
H2 The LIGO 2-kilometre interferometer at Hanford, USA

Horizon Distance The distance at which a gravitational wave detector would measure a matched-filter
signal-to-noise ratio of 8 for an optimally oriented (i.e. face-on) compact binary source
located in a direction perpendicular to the plane of the detector

InfiniBand is a switched fabric communications link used in high-performance computing and
enterprise data centers. It is especially used in connections between processor nodes
and high performance I/O nodes such as storage device.

L1 The LIGO 4-kilometre interferometer at Livingston Parish, Louisiana, USA

Multi-Core Multi-core processors are single components with two or more independent actual
processors, called cores

Power Recycling Re-using the light reflected back to the interferometer input by placing a mirror
there and resonantly enhancing the circulating light power. Has the same effect as using
a more powerful laser.

QND Typically the term quantum nondemolition (QND) measurement is used to describe
a measurement of a quantum system which preserves the integrity of the system and
the value of the measured observable. In the literature on gravitational wave detectors
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this term is often used to describe a variety of interferometer schemes in which shot
noise and radiation pressure noise can be simultaneously suppressed. Such systems are
typically not performing a strict QND measurement, thus they may more appropriately
be referred to as Quantum Noise Reduction (QNR) systems.

Resonant Sideband Extraction The same technique as SR but operated anti-resonant, i.e. widening
and/or detuning the bandwidth by reducing the reflectivity of the compound mirror
formed by the inboard cavity mirror and the SR mirror.

shot-crete  a concrete spray-on lining of tunnel and cavern walls. Can either be done as a single
layer or with some water-tight foil between two layers. It typically results in a uneven,
rough surface.

Signal Recycling Resonantly enhancing the GW signals exiting the interferometer through the output
port by placing a mirror there. This increases the sensitivity at the cost of the bandwidth.
With a different (anti-resonant) tuning the same technique can be used for widening the
bandwidth at the expense of the sensitivity (RSE). SR can optimize the sensitivity for
an arbitrary frequency.

Vi The Virgo gravitational wave detector in Italy

Vacuum fluctuations Fluctuations that result from the quantum nature of an electromagnetic field
even at the lowest possible energy level (zero mean energy = vacuum).

Virgo Virgo is a 3-kilometre gravitational wave detector located near Pisa, Italy

Wigner function The Wigner function is a quasi-probability density distribution in phase space
describing the probability of an outcome of a measurement of phase and amplitude of a
quantized harmonic oscillator. For a light field in a quantum noise limited classical
state, i.e. a coherent state, the fluctuations are equally distributed between amplitude and
phase. Equi-probability lines of the Wigner function would be circles. In a squeezed
state fluctuations in one quadrature are decreased at the cost of increased fluctuations in
the other quadrature thereby obeying Heisenberg’s Uncertainty relation. For squeezed
states, the equi-probability lines of the Wigner function become ellipses.

Symbols
Please note that some symbols might stand for more than one quantity depending on the
context
c Speed of light
Dy Luminosity distance to the source
F' 7/ Fie
Frc Finesse of a filter cavity

Dy, Detuning of a filter cavity
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Jres
Fx

Resonance frequency

Detector response to X polarized GWs

Detector response to + polarized GWs
Half-bandwidth (pole-frequency) of a filter cavity
Gravitational wave amplitude, usually denoting the detector response
Imaginary unit

Frequency-dependent squeezing angle

Geometric length

Baseline length of a filter cavity

Optical amplitude round-trip loss in a filter cavity
Critical length of a filter cavity

Minimum possible length of a filter cavity that can be realised to match the target
bandwidth in presence of optical loss

Total mass of a binary or a black hole

Symmetric mass ratio: for a binary composed of compact stars of masses m; and m;
the symmetric mass ratio is v = mymy /(m; + m»)?.

Angular sideband frequency

Probability distribution

Amplitude reflectance factor of a filter cavity’s coupling mirror
Power reflectance factor (p2) of a filter cavity’s coupling mirror
Standard deviation

2 X 2-matrix describing the input-output relation of an optical device
Amplitude transmittance of a cavity’s coupling mirror
Variance

Variance in the anti-squeezed quadrature

Variance in the squeezed quadrature

Wigner function

Amplitude quadrature

Phase quadrature

Homodyning angle

Cosmological redshift to the source






1. Introduction

The sensitivity increase that resulted from the upgrade of the gravitational wave detectors (GWDs)
LIGO [17] and Virgo [18] from their first to the second (advanced) generation (2G) [19],[20] not
only led to the first direct detection of gravitational waves on September 14, 2015 [21], but it also
enabled the detection of a large number of coalescing binaries in the subsequent observation runs O1,
02 and O3, with ground-breaking scientific results and insights into astrophysical processes.

The impressive sensitivity achieved now results in weekly gravitational wave candidates from binary
black holes. And yet the signal-to-noise ratio (SNR) of all previous and the vast majority of the
expected detections does not begin to exploit the full potential of gravitational wave (GW) astronomy.
The observation rate and SNR of many highly interesting sources (e.g. neutron star mergers or
supernovae) is still too low at the current detection range.

Long before the first gravitational wave detection, the GW community started investigating a new
(third) generation of detectors. In particular, the European Commission supported the European
GW community to perform a conceptual design study within the Seventh Framework Programme
(FP7-Capacities) in the period 2008 - 2011.

With a considerably improved sensitivity, new detectors of the third-generation will open the era of
precision GW astronomy and with the Einstein Telescope (ET) project Europe will lead this scientific
revolution. The detection of gravitational waves had been the goal of the "advanced detectors", the
current generation. Now the focus is shifting to astrophysical observations.

To build a third-generation GW observatory with significantly improved sensitivity, it is necessary to
overcome the limitations of the technologies used in the current interferometers, which would limit
next-generation machines. The Einstein Telescope will use such new technologies, as outlined in
this report. As a target for the next, i.e. the third generation of gravitational wave detectors, we have
defined a sensitivity ten times better over a wide frequency range compared to the design sensitivities
of current detectors.
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The main objective of this document is the definition of the requirements and of the main characteristics
of the site hosting ET, and the design of the key elements of the research infrastructure.

The next generation of gravitational wave observatories will need new infrastructures for the following
reasons:

* The first and second generation GWDs use the same infrastructure, which is already over
25 years old and will have reached an age of 40 years by the time the Einstein Telescope is
expected to be operational. To continue to rely on this infrastructure, a complete overhaul of it
would be necessary, with the associated costs and long downtimes.

* The sensitivity that can be achieved in the existing infrastructures by implementing new
technologies will be limited by the constraints of the site and infrastructure (arm length, local
seismic noise, the lack of flexibility to accommodate cryogenic technology, vacuum pipe
size...).

* Incremental upgrades to the existing infrastructures can be done in a staged way, allowing for a
more or less continuous series of observation runs, with only moderately long interruptions.
Radical upgrades of the existing detectors (e.g. going to cryogenic operation at a different
wavelength) would require down-times of more than five years.

It is crucial that the infrastructure of the Einstein Telescope will last for many decades to host several
generations of detectors and to be versatile enough to host different configurations of detectors.
Several such configurations have been studied. The current most suitable configuration, detailed
in this document, is compatible with the opportunities and constraints presented by the planned
infrastructure and is able to reach the science goals presently envisaged. Upgrades of the detectors
over the lifetime of the facility will profit from progress in R&D and will allow the observatory to
remain well suited to address the evolving scientific goals

The feasibility of building a third-generation observatory is also being investigated in the United
States. Under the name "Cosmic Explorer" (CE), a design study is currently being carried out with
the aim of designing an above-ground detector that would exceed the sensitivity of Advanced LIGO
by about one order of magnitude. The current concept envisages a detector up to 40 km in length,
using conventional, i.e. 2G technologies, in the first phase of deployment planned for the mid thirties
and later, in the early forties, switching to cryogenic technologies and other wavelengths.

The basics of gravitational wave detectors 1

Gravitational waves induce tiny changes in separation between widely spaced ’test masses’ (see
Infobox 1.1). The instrumental challenge is to measure these tiny changes. Audio band detectors use
laser interferometry, where the interferometer mirrors are the test masses at the ends of long baselines
whose length changes are measured. The basis of all present and next generation gravitational wave
detectors is a dual recycled Fabry-Perot arm cavity Michelson interferometer as sketched in figure 1.1.
Being quadrupolar radiation, a passing GW alternately expands and then contracts one arm (e.g. Ly)
of the interferometer whilst it contracts and then expands the arm perpendicular to it (L, ) as indicated
in figure 1.2. The effect is extremely small: expressed as a relative length change, 6L /L, it is less

IThis section on the basics of gravitational wave detectors is taken from the GWIC 3G R&D report and has been
modified to suit the purposes of this report.
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Figure 1.1: Schematic representation of an interferometric gravitational wave detector. Subsystems are
indicated by the colored backgrounds. The borders between subsystems are not sharply defined and somewhat
arbitrary.

than 1072?! The arm cavities increase the phase change imposed on the light. Interfering the single
frequency light beams from the two arms at the beamsplitter (BS) cancels common noise whilst
the signal adds. Extra elements (PR and SR mirrors, squeezing, filter cavities etc) further increase
sensitivity and optimise the response. Especially the transmission and the microscopic positioning
of the Signal Recycling mirror can be used to either narrow the bandwidth of the detector and
increase its peak sensitivity (Signal Recycling mode) or to widen it at the expense of peak sensitivity
(Resonant Sideband Extraction (RSE) mode) [22, 23]. The core optics (test mass mirrors) are hung
from sophisticated suspensions systems as indicated in figure 1.1 (in the vacuum tank on the right) so
that, above resonance frequencies, they are effectively free to move [24]. The main optics can be
cooled to cryogenic temperatures to minimise thermal noise (see also Infobox 1.1). In addition to the
core optics there are a host of auxiliary optics to condition and match (in angle and size) the laser
beam into the interferometer and the signal field out of the interferometer and into the photodetection
system.

Once technical noises, such as laser frequency and intensity noise, acoustic noise and seismic noise,
have been reduced there are three basic processes limiting the interferometer sensitivity: thermal,
Newtonian (gravity gradient), and quantum noise. In Figure 1.5 we demonstrate the typical frequency
distributions of these processes using the advanced Virgo design curve [1].
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Infobox 1: Detecting Gravitational Waves

Gravitational waves change distances between objects, while the objects themselves locally remain
at rest, by changing the metric of space-time. These changes occur with opposing sign for
orthogonal directions, as illustrated in figure 1.2 for one polarisation of a gravitational wave
incident perpendicular to the paper (4,: see box 1.1 for more details).
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Figure 1.2: The effect of gravitational waves on the distances between objects. While the mirrors remain
locally at rest the metric gets changed by the gravitational wave. The figure shows the effect of a sinusoidal
gravitational wave with period 7, for different times t. The distances measured between the mirrors change
by +6¢.

A Michelson interferometer is ideally suited to measuring this effect. The measurement principle
is shown in figure 1.3. A laser beam is split into two partial beams, sent along the interferometer
arms, where it experiences a phase shift by the metric change of the gravitational wave, is reflected
at the end and returns to the beam splitter, where it is recombined. The interference condition at
the beam splitter, i.e. the phase relation of the two returning beams, determines the intensity on
the photo detector. Three different phase relations are shown in figure 1.3. The relative length
change of the interferometer arms can hence be detected by measuring the power at the output port.
Although the measurement principle is very simple, for getting the best possible sensitivity all
influences that change the geometrical or optical arm length or that cause a signal in the detected
photo-current mimicking a gravitational wave have to be minimised, resulting in very sophisticated
and complex instruments.

= Mirror == Mirror = Mimor
Beam- Beam- Beam-
Laser i i - 2 i
splitter Mirror Laser splitter Mirror Lse splitter Mirror
U Interference o Inler;emm:e Erference
Phetodetector Photodetector Photodetector

Figure 1.3: Michelson interferometer principle for gravitational wave detection, showing three different
interference conditions resulting in different brightness at the output port.
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Infobox 2: ET’s Response to Gravitational Waves

A single interferometric gravitational-wave detector cannot measure both polarizations of GW, but
only a linear combination of the two, called the response h(t), given by

h(t) = Fr(6, @, Y)hi(t) + Fx(6, ¢, ¥)hx(2). (1.1.1)

Here, F, and Fy are the detector antenna pattern functions, i is the polarization angle, and
(6, ¢) are angles describing the location of the source on the sky (see e.g. Ref. [25] for details).
The various angles can be treated as constants for transient sources, but must be taken to be
time-dependent for sources that last for more than about 30 min, after which Doppler modulation
of the signal due to the relative motion of the source and detector cannot be neglected.

It is expedient to write the response as

h(t) = F(t)(cos& hy +siné hy), F = ,/Ff + F2, tané& = Fy/F,. (1.1.2)

It turns out that F is independent of the polarization angle and so measures the sensitivity of
the detector to different locations on the sky. Figure 1.4 below plots F(6, ¢) for an L-shaped
interferometer such as Virgo (panel on the left) and for a triangular ET (panel on the right).
Since ET consists of a triangle of three detectors, it is a factor V3 more sensitive than a single
detector; but, since the opening angles of the arms are 7/3, the sensitivity is smaller by a factor
sin(r/3) = V3/2 compared to an L-shaped detector—an overall factor of 3/2, as can be seen in
Fig. 1.4.

Declination & (radians)

0 | 2 3 4 5 6 0 ] 2 3 4 5 6
RA ¢ (radians) RA ¢ (radians)

Figure 1.4: Antenna pattern of ET (right panel) compared to that of Virgo (left panel). ET is assumed
to be at the same location as Virgo. Note that Virgo is a single L-shaped detector while ET consists of
three V-shaped interferometers rotated relative to one other by 120 deg . The combined antenna pattern of
the three detectors in ET (defined as F? = 2?4:1 Fi, where Fi, F;, F3 are the individual antenna pattern
functions) makes the response the same for all sources whose sky location makes the same angle to the
plane formed by ET (see e.g. contours marked 0.6).
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Advanced Virgo Noise Curve: P =125.0 W
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Figure 1.5: Design noise budget for advanced Virgo for the next observation run O4. For details see e.g. [1]

Thermal noise (see also Infobox 1.1) [26] is produced by random displacements of the mirror surfaces
in response to thermally fluctuating stresses in the mirror coatings, substrates, and suspensions and
it typically dominates at mid-band frequencies (ca. 50-200 Hz). Quantum noise can be roughly
divided into quantum radiation pressure noise (QRPN) and quantum phase noise or shot noise
(SN)[27]. QRPN, or quantum back-action noise, arises from the random buffeting of the suspended
interferometer mirrors by the quantum mechanical amplitude fluctuations of the light field being
used to sense the arm-length. Shot noise results from quantum phase uncertainty: there is a limit
to how well the phase difference between two light fields returning from the interferometers arms
can be determined. Radiation pressure noise dominates at low frequencies (ca. 10Hz to 50 Hz)
while shot noise dominates at higher frequencies (above ca. 200 Hz). The standard quantum limit
is the noise floor for which the QRPN and shot noise are equal at a given power level (typically
around 100 Hz). Newtoinian Noise (NN) arises from the direct gravitational forces exerted on the
interferometer mirrors by nearby changing mass distributions primarily caused by density fluctuations
of the surrounding earth due to seismic waves as well as low frequency atmospheric density changes
[28]. The test masses cannot be shielded against these fluctuating forces. In addition to the noise
sources discussed above, another important issue is the suppression of instabilities that arise from
photon pressure at high optical power.

In reality there are a myriad of technical noise sources that need to suppressed in order to reveal
the *fundamental limitations’ (scattered light, electronic noise, various other control noises). This
is dramatically demonstrated in figure 1.6 which shows the noise anatomy for the advanced Virgo
(adVirgo) detector close to Pisa, Italy, circa March 2020. Much of the effort and focus when
commissioning a detector is devoted to suppressing such "technical" noise.

From Figure 1.5 it is clear that the impact on the sensitivity of reducing one noise source depends
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Figure 1.6: Example noise budget for the advanced Virgo detector in Italy, February 2020. Shown are
amplitude noise spectral densities of individual noise sources contributing to the overall noise of the detector
as a function of frequency. The noises are scaled to gravitational wave strain. The figure clearly shows that in
the low frequency region many different noise sources contribute at comparable levels and consequently at low
frequencies many different sources have to be considered and minimised.

on other noise contributions at relevant frequencies. For example, lowering quantum noise around
100 Hz will have little impact unless coating Brownian noise is similarly reduced. The low frequency
band below 20 Hz is far more complex. In this report we will review each noise source and the R&D
that needs to be done, independently of other constraints. It is beyond the scope of this report to
reflect on what may happen if progress on a particular subsystem is slower than expected. Such
impact on the science that can be done will be considered in trade studies that will be carried out in
the various detector collaborations.
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Infobox 2: Thermal Noise?

Thermal noise is one of the fundamental noise sources limiting 2G detectors over a considerable
frequency range. The main contributions come from Brownian noise of the mirror suspensions,
substrates and coatings and thermo-optic (thermo-elastic plus thermo-refractive) noise of substrates
and coatings. The relation between the dissipation and the power spectrum (single sided) of the
noise is described by Callen’s Fluctuation-Dissipation Theorem [29-31] and is given by:

4kpT
w?

Sy(w) = [Re[Y(w)]|- (1.1.3)

with k;, the Boltzmann constant, w the angular frequency, T the temperature and Y defined as

X(w)
F(w)’

Y(w)=iw (1.1.4)
where X(w) and F(w) are the Fourier components of the displacement of the system and force
applied leading to the displacement, respectively. The real part of the admittance is proportional
to mechanical losses, hence low noise requires low mechanical losses. Operating the mirrors and
suspensions at reduced temperature reduces thermal noise since the 1/Sy(w) scales with V. More
significantly, many material properties of mirror substrates and coatings depend on temperature, and
hence influence the temperature dependence of thermal noise. Fused silica, like most other glasses,
has increased mechanical losses at cryogenic temperatures, making it unsuitable as substrates
at cryogenic temperatures. Crystalline materials (Sapphire, Silicon) are therefore the prime
candidates for low temperature operation. Most amorphous oxide coatings show higher mechanical
losses at cryogenic temperatures while the losses of crystalline or semiconductor coatings
improve. However, the latter may suffer from other drawbacks, e.g. increased optical absorption.
Further dependence of coating thermal noise on coating parameters is shown in this equation:
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Coating parameters contributing to thermal noise in GWDs. Equation from [32]
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Scientific targets of the ET observatory

GW detection has literally opened a new window on the Universe. With new third-generation
observatories such as ET we will begin to look far out through this window. As with any scientific
enterprise of this scale, there will be certain questions for which, based on our current understanding,
we can say that ET is guaranteed to provide the answers, but ET will also be a discovery machine.
It will venture into unexplored territories where further surprises are expected. The following is a
summary of the key science capabilities:

(1) ET will detect BBH coalescences up to cosmological distances. For a total mass of the system
between a few tens and a few hundreds solar masses, as typical of the population of black hole (BH)
binaries revealed by 2G detectors, ET will be able to detect their coalescence up to redshift z ~ 20
and beyond, see Fig. 2.1 on page 52. The corresponding rates will be in the order of 10° — 10°
events per year. This will provide a census of the population of BHs across the whole epoch of star
formation and beyond, answering crucial questions on the progenitors, formation, binary evolution
and demographics of stellar BHs. The astrophysical potential in this direction is guaranteed. An
observatory network of two or more 3rd-generation observatories would of course be beneficial, in
particular for source localization, but even ET as a single observatory is adequate to uncover much of
this compelling science.

(2) ET will extend the region of BH masses compared to that explored by 2G detectors, including
sources of several hundreds of solar masses, that could be detected up to redshifts of order 10 or
more, and sources of several thousands solar masses, that could be detected upto z ~ 1 — 5 (see
Fig. 2.1). This would provide the first clear evidence for the existence of BHs in this mass range,
would allow us to study them as a population and to investigate the possibility that they are the seeds
of the supermassive BHs in the center of galaxies. On the low-mass side, ET would detect, up to
z ~ 0.5 — 1, the coalescence of hypothetical binary BHs with a total mass of order one solar mass;
any BH with such a mass would necessarily be of primordial, rather than stellar, origin.

(3) ET will detect the coalescence of BNS up to z ~ 2 — 3, with a rate of about 6 x 10* events per
year. This range reaches the peak of the star formation rate and therefore covers the vast majority of
neutron star (NS) binaries coalescing throughout the Universe. This will allow us to investigate their
formation mechanisms, evolution, and demographics. The sensitivity of ET in the high-frequency
regime will allow us to access the GW signal of the merger phase that is inaccessible to 2G detectors
and carries detailed information on the internal structure of neutron stars and on their equation of state.
This will have important implications also for fundamental physics, allowing us to study Quantum
Chromodynamics (QCD) at ultra-high density and the possibility of phase transitions in the NS core,
such as a transition to deconfined quarks or the formation of exotic states of matter. These detections,
and a rich science output coming from them, are guaranteed. Again, these goals can be obtained even
by ET as a single observatory. A network of three 3G observatories would bring, on top of this, the
possibility of accurate localization of the source, allowing to give information to electromagnetic
telescopes necessary to identify an electromagnetic counterpart and perform multi-messenger studies.

(4) ET could detect several new astrophysical sources of GWs, such as signals emitted during core
collapse supernovae, continuous signals from isolated rotating NSs, and possibly burst signals from
NSs. While not guaranteed, these signals would bring rich information. Detecting the GWs from
supernovae would elucidate the mechanisms of supernova explosions and its post-collapse phase.
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The detection of continuous GWs from NSs would allow us to explore the condition of formation
and evolution of isolated NS, providing information on their spin, thermal evolution and magnetic
field. ET will be able to detect ‘mountains’ on the surface of a NS as small as 103 mm, which in
turn would again give us information on the inner structure of NS and on the corresponding aspects
of nuclear and particle physics, such as the existence of exotic matter in the NS core.

(5) The waveform from the loudest BH-BH and NS-NS coalescences will be observed by ET with
exquisite precision. This will allow accurate tests of General Relativity (GR), both in the inspiral
phase, where one can test the validity of the post-Newtonian expansion of GR to sub-permille
accuracy, and in the merger and post-merger phase. The latter is particularly interesting since it
would allow us to test the nature of BHs and the dynamics of space-time close to the horizon of the
final BH, through the observation of the frequencies and lifetimes of its longest-lived quasi-normal
modes. This would allow us to perform new accurate quantitative tests of the predictions of GR in
this extreme domain. The possibility of performing such accurate tests is guaranteed, and can be
performed by ET as a single observatory, also thanks to the triangle configuration that will allow the
measurement of the individual polarization amplitudes and more stringent tests on the existence of
extra, non-GR, polarizations. These tests could also in principle lead to surprises, such as revealing
the existence of exotic compact objects, and could even carry observable imprints of quantum gravity
effects. While the latter goals are more speculative, their impact would be revolutionary.

(6) ET will test several dark matter candidates, such as primordial black holes, ultralight scalars
or vector fields, or dark matter particles accreting on compact objects. ET will be able to explore
these possibilities even as a single observatory.

(7) ET will explore the nature of dark energy and the possibility of modifications of GR at
cosmological distances. The crucial point here is again the ability to detect compact binary
coalescences up to cosmological distances, providing an absolute measurement of their distance.
The relation between luminosity distance and redshift, in the range of redshifts explored by ET,
carries very distinctive signature of the dark energy sector of a modified gravity theory, through
the dark energy equation of state and, especially, through an observable related to modified GW
propagation. The latter is a particularly powerful probe of dark energy, which is accessible only
by GW observations. From the point of view of cosmology, ET is guaranteed to obtain important
results (alternative precision measurements of Hy, significant limits on the equation of state of dark
energy), complementing measurements obtained with electromagnetic probes. The possibility of
detecting modifications of General Relativity at cosmological scales and understanding the origin of
dark energy is not guaranteed, but would be revolutionary.

(8) ET will search for stochastic backgrounds of GWs, which are relics of the earliest cosmological
epochs. Such abackground, if detected, would carry information of the earliest moment of the Universe
(much earlier than from the cosmic microwave background observations), and on physics at the
corresponding high-energy scales, that is inaccessible by electromagnetic (or neutrino) observations
or with particle accelerators. Stochastic backgrounds of cosmological origin in the ET frequency
window and sensitivity depend on physics beyond the Standard Model. Thus, the predictions are
unavoidably uncertain, and the gain from a successful detection would be correspondingly high,
allowing us to explore the earliest moments after the Big Bang.
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Design of the ET observatory

The sensitivity of gravitational wave
detectors improved considerably from
the bar detectors through the first gen-
eration (1G) of interferometric detec-
tors to the currently operating ad-
vanced, second generation (2G) de-
tectors. To achieve the scientific goals
stated above, the sensitivity in compar-
ison to the second generation of grav-
itational wave detectors must be im-
proved by about an order of magnitude
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Figure 1.7: Design sensitivities of the advanced and the third
generation gravitational wave detectors. The various colour shades

holes, additionally requires an exten- represent different sets of source locations and orientations.

sion of the detection range towards
lower frequencies.

The sensitivity goal for the Einstein Telescope is driven by the need to get frequent high SNR events
for routine precision gravitational wave astronomy. The high-frequency sensitivity is determined by
the maximum feasible laser power in the interferometer arms, the mid-frequency range is governed
by thermal noises and the low-frequency range by a variety of noise sources including thermal and

external noises, e.g. seismic noise.

The sensitivities of the second and third generation are shown in figure 1.7.

Size, shape and layout

In order to achieve the sensitivity that the Einstein Tele-
scope project aims for, it will be necessary to exploit all
state-of-the-art technologies and drive them to their tech-
nical limits.

The sensitivity goal can only be reached by significantly
increasing the size of the detector beyond the size of cur-
rently available instruments (i.e. 3 km for Virgo and 4 km
for LIGO) and going to an underground location (see chap-
ter 7, where the seismic noise and especially its coupling
via gravity gradients is lower than at the surface. Only by
increasing the arm length to 10 km can the influence of
unavoidable displacement noises be lowered to a tolerable
level.

In its final configuration the Einstein Telescope will consist
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Figure 1.8: The Einstein Telescope’s ge-
ometry will be a triangular arrangement fo
three nested detectors, each consisting of two
interferometers.
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of three nested detectors, which will be arranged in a triangular pattern as shown in figure 1.8 (see
also section 6.1).

In contrast to the traditional L-shaped geometry
of the first and second generation detectors this
arrangement is equally sensitive to both polari-
sations of the gravitational wave. Additionally,
it shows a more isotropic antenna pattern com-
pared to the L-shaped detectors, as shown in
figure 1.9. The overall frequency range covered
will reach from 3 Hz to several kHz.

1]

0.8
0.6 0E

0.4

Each individual detector in turn will comprise 0.2

two interferometers, one specialised for detect- ‘§ 0 .
ing low-frequency gravitational waves and the % 02
other one for the high-frequency part. The sen- 04 o€
sitivity goal for each interferometer is shown 08
in figure 1.10. Each individual interferometer 08

has a classical dual-recycled Michelson topology .
with Fabry-Perot arm cavities. This technique
is currently used in Advanced LIGO and about Yo ° ’ .@5“’0 IO-d
to be installed in Advanced Virgo. Alternative N
topologies are under study and they, or newer Figure 1.9: The normalised antenna pattern (ampli-
approaches may prove to be great "future" can- tude sensitivity) of the combined three detectors of
didates for implementation in this observatory. the Einstein Telescope for unpolarised waves, i.e. the
They are not qualified for "initial" detectors yet. dquadrature sum of "x" and "+" polarised waves.

The sensitivity curve shown in figure 1.10 gives

the sensitivity for a single detector with 10 km

arm length and an angle of 90° between the arms. This is done for better comparison with the
existing and planned detectors. ET will in fact have three 10 km detectors and the angles between the
arms will be 60°. The resulting sensitivity in comparison to a single 90° detector depends on the
source location in the sky and its orientation, as the angular antenna pattern (see figure 1.9) and the
polarization dependence (independent in the triangular case) influence the signal strength differently
for different detector layouts. On average the sensitivity of the triple 60° detector is slightly better
than a single, optimally oriented 90° one.

Quantum noise

In order to achieve a sufficient sensitivity at high frequencies the light power in the arms of the
interferometer needs to be increased to the megawatt range. Thermal noise considerations on the
other hand require cryogenic optics to reach the sensitivity goal at low frequencies.

Large and heavy mirrors will be used to keep radiation pressure effects low and also allow larger
sized beam spots on the mirror surfaces for lowering thermal noise effects.

Operating cryogenic optics at a level of several megawatt of light power presents a serious technological
challenge which cannot be mastered with technologies in reach. Even for the best mirrors that
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state-of-the-art coating technology can produce, the residual absorption in the order of one ppm leads
to an absorbed power of several Watt at a circulating light power level in the megawatt range. The
resulting thickness of the suspension fibres, which would be needed to remove the heat, would spoil
the thermal noise performance required of the ultra low loss suspension. The Einstein Telescope
will therefore be realised in what we call a ‘xylophone’ arrangement, where each single detector is
split into two complementary interferometers, leading to sensitivities as shown in figure 1.10. This
split detector arrangement also offers an elegant solution for the challenge that radiation pressure
noise and shot noise scale in opposite ways with light power and cannot individually be optimised
in a single interferometer. In an interferometer using classical states of light the so-called Standard
Quantum Limit (SQL) determines the lower limit for the quantum noise. For each frequency there
is a different optimal compromise between shot noise and radiation pressure noise, meaning that
in a single interferometer the SQL cannot be reached for all frequencies simultaneously. It can be
overcome if non-classical light with correlations between the phase and the amplitude quadratures
is used, so-called squeezed light. In the shot noise dominated frequency range squeezed light is
used, which shows lower phase fluctuations at the cost of the amplitude fluctuations in comparison to
classical laser light in the interferometer arms.

The interferometer dedicated for detecting high-frequency gravitational waves in the range from about
30 Hz to several kHz will be operated at room temperature, use fused silica optics with a diameter of
about 60 cm and a mass of about 200 kg each, have a light power of about 3 MW in the interferometer
arms, and run in the broadband Resonant Sideband Extraction mode.
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Figure 1.10: Sensitivity of the Einstein Telescope in the ‘xylophone’ configuration. The sensitivity of the
low-frequency cryogenic interferometer is shown in the dashed dark blue curve and the one of the high-frequency
room temperature one in a dashed blue-green tone. The sum of both is given by the solid bright red curve.
Shown here is the sensitivity for a single detector with 10 km arm length and an angle of 90. (In some of the
earlier documents this curve was labelled ET-D sensitivity curve.)
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The cryogenic, low-frequency interferometer, operated at a temperature of 10 - 20 K and aimed at
the frequency range from 3 Hz to 30 Hz, will use detuned signal recycling, have a light power of
18 kW in the interferometer arms, and silicon mirrors with a diameter of about 45 cm and a mass of
about 200 kg. The cryogenic optics will be made of silicon, necessitating to move to a longer laser
wavelength of 1550 nm, because silicon is not transparent at the wavelength of 1064 nm currently
used in all gravitational wave detectors with an angle of 90° between the arms.. The dimensions will
partly be determined by the maximum available bulk material size and otherwise be comparable to
the room temperature ones. A summary of the main parameters for the high and low temperature
interferometers is given in table 6.1.

In the low-frequency range, radiation pressure dominated range the fluctuations need to be lowered in
the amplitude quadrature. This goal can be achieved by reflecting squeezed light off a filter cavity
(see figure 6.3). Noise reduction with squeezed light is currently applied in the existing gravitational
wave detectors, resulting in a noise reduction in the shot noise limited regime of about 3dB in
advanced LIGO and advanced Virgo. Squeezing levels of up to 15 dB at the squeezing source have
been demonstrated [33] and long term stable noise reduction in the shot noise limited regime with a
maximum of 6 dB around 5 kHz has been demonstrated at GEO 600 [34]. For the Einstein Telescope
we assume an initial squeezing level at the squeezing source of 15 dB and an effective squeezing level
of 10 dB to be available (equivalent in shot noise reduction to a laser power increase of a factor of 10).

Thermal noise

Reaching the sensitivity
goal at low frequencies
requires a significant re-
duction of thermal noise
sources compared to the ad-
vanced gravitational-wave L
detectors, which can be
achieved by operating the
mirrors at cryogenic temper-
atures as low as 10 - 20K.
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also used in the Japanese
gravitational wave detector
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Figure 1.11: Scheme for cooling the mirrors. Front view of the mirror. For
details see section 6.11.1
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purity through the semiconductor industry makes silicon a promising candidate for the Einstein
Telescope cryogenic optics.

Removing the heat generated by laser light being absorbed at the mirror surfaces without introducing
excess vibration levels poses another technical challenge. As thermal radiation does not provide
sufficient coupling at cryogenic temperatures this heat removal has to be done by thermal conduction
of the suspension fibres. The resulting requirement for the thickness of the silicon suspension fibres
needs to be balanced against good seismic isolation properties of thin fibres. The vibration level of
cryo coolers, which could be placed close to the optics, threatens the low-frequency sensitivity (see
section 6.11.1). R&D in low vibration cryocoolers is still required to sufficiently cut the remaining
noise level down for use in the Einstein Telescope.

Cryogenic fluids which are cooled down above ground are available as a seismically more quiet
alternative (see section 6.11.1). The final operating temperature for ET remains to be fixed in a
technical design phase. The cooling capabilities foreseen so far will allow mirror temperatures as low
as 10K.

Seismic isolation

The main optics for the Einstein Telescope need to be very well isolated against seismic ground motion.
In this respect, the approach taken by LIGO and Virgo, in their advanced configurations, is similar,
with both observatories employing a combination of active and passive vibration isolation techniques
to reduce the contribution of the direct coupling to seismic noise well below the sensitivity of the
instruments at 10 Hz. Nonetheless, the details of the implementation are different: LIGO uses a more
aggressive active control while Virgo employs both gravitational and mechanical anti—spring systems
to achieve very low normal-mode frequencies that are the key to passive (or inertial) attenuation.
The strategy employed at the Virgo detector has demonstrated an excellent performance over the full
frequency range of the Einstein Telescope and has been chosen as the reference solution.

The baseline configuration consists in a longer Virgo—style Superattenuator (SA) (see figure 1.12) in
which horizontal seismic isolation is achieved by means of a six—stage pendulum system, whereas for
the vertical degree of freedom cantilever springs are used. The pendulum suspension chain itself is
supported by a platform resting on an inverted pendulum (IP), which provides additional horizontal
seismic attenuation at very low frequency. The IP stage is also instrumented with actuators and
position and inertial sensors for active damping of the chain modes and for augmented attenuation
performance via active vibration isolation. Inertial tilt control is handled at the level of the base ring
which is mounted on piezoelectric actuators. At the lower end of the chain the test mass suspension
system suspended has also to minimize thermal noise, while keeping the capability of precisely
controlling the mirror linear and angular position. There are two different test mass suspension
systems as one operates at room temperature and the other one in cryogenic conditions. The overall
height of the suspension system is about 17 m, requiring correspondingly tall vacuum chambers and
caverns.
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Figure 1.12: Schematic view of a Virgo Superattenuator, similar to the ones proposed for ET. See also
section 6.10.1
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Terrestrial gravitational noise

Newtonian gravitational interactions between the optics and the surrounding soil provide a direct
coupling mechanism of ground motion to the interferometer test masses (see also section 7.2.4). As
the resulting, so-called gravity gradient noise cannot be shielded from the mirrors, a location has to
be found where this seismic motion is minimal and the surrounding soil as homogeneous as possible.
This goal can be achieved in an underground location in a seismically quiet region. Preliminary
measurements show that a depth of 200 to 300 m in a remote location with low population density
provides sufficiently low seismic motion. The potential of measuring the ambient seismic motion,
feeding it into a gravity gradient noise model, and then subtracting the predicted effect from the
interferometer output signal has been investigated. Initial results are promising, and are interesting
also for the current generation of gravitational wave detectors, but investigations need to be continued
in an R&D programme.

Vacuum

The space between the mirrors in the interferometer arms has to be evacuated to very low residual
partial gas pressures to keep the apparent length changes caused by fluctuations of the refractive
index sufficiently low. The tolerable maximum total pressure is on the order of 1078 Pa (see
paragraph 6.12.1). The more detailed technical design of the vacuum system still needs to be defined
in the technical design phase.

Noise budget

The xylophone strategy, i.e. splitting each detector into a low-frequency and a high-frequency
interferometer, allows the pursuit of different strategies in optimising the noise for each frequency
range. The noise budget for the high-frequency interferometer is shown in the bottom part of
figure 1.13. In the frequency range from about 7 Hz to 30 Hz the sensitivity is limited by suspension
thermal noise, resulting from the interferometer being operated at room temperature. At frequencies
above 500 Hz the dominating noise source is photon shot noise. Between these two frequency ranges
mirror thermal noise is limiting the overall sensitivity.

In the noise budget for the low-frequency interferometer, shown in the upper part of figure 1.13,
quantum noise is limiting the sensitivity over the entire frequency range above 7 Hz. The operation at
cryogenic temperatures reduces the influence of suspension thermal noise in the frequency range
above 7 Hz to below the quantum noise. Below 7 Hz the sensitivity is limited by comparable amounts
of quantum noise, gravity gradient noise, and suspension thermal noise. Due to the good performance
of the multistage pendulum suspensions the influence of seismic noise can be limited to the frequency
range below 2 Hz. If the heat extraction by the suspension fibers can be increased, a higher tolerable
laser power would lead to a further reduction of the quantum noise in the frequency range above 7 Hz.
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Figure 1.13: Noise budget for the low-frequency (top) and high-frequency (bottom) interferometer for the
parameters stated in table 6.1. Shown in black is the amplitude spectral density of a gravitational wave
required to produce a signal with the same strength as the total noise of the interferometers. The total noise is
decomposed into the individual noise sources, which being statistically independent add up quadratically.
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Layout of the observatory

As a consequence of the extremely
demanding seismic requirements the
Einstein Telescope will be located un-
derground at a depth of about 200 m to
300 m. In the complete configuration
it will consist of three nested detectors,
each in turn composed of two interfer-
ometers. Selecting the geometry of an
equilateral triangle, where each side
of the triangle is simultaneously used
by two detector arms, allows the de-
termination of the polarisation of the
gravitational wave (for a given source
location) and optimises the usage of
the tunnels. The topology of each interferometer will be the dual-recycled Michelson layout with
Fabry-Perot arm cavities. An artist’s impression of the Einstein Telescope is shown in figure 1.14.
The final site selection will be based on geological surveys and other nonscientific factors of influence
(e.g. political, financial, interest of local parties, vicinity to research institutions).

Figure 1.14: Artistic view of the ET layout.

For the desired sensitivity an overall length of arm cavities of about 10km is required. More
specifically, as depicted in figure 7.8, in this document we assume 10 km for the arm cavity length, a
separation between the end mirrors of the cavities of one interferometer and the inner cavity mirrors
of the other "tunnel-sharing" detector of approximately 300 m and some space for cryogenic baffles
and mode matching telescopes of about 100 m (matching the large beam size from the interferometer
arms to smaller beams in the beam splitter area). This gives a total triangle side length of about
10.5 km and an overall tunnel length for the Einstein Telescope Observatory of 31.5 km.

Another tunnel of almost 1 km in length serves for remote placing of water pumps and hosting filter
cavities for generating frequency dependent squeezed light.

The main, about 10km long
tunnels along the observatory
arms will have an inner diame-
ter of 6.5m (see section 7.3.1).
Access to the underground de-
tectors is foreseen via vertical
shafts (see figure 7.10, 7.9) or
inclined access ramp tunnels,
which will be determined in a
technical design phase after site
selection. Inclined tunnel ac-
cess may be favourable if local
regulations prevent the surface
entrance to be close to the vertex
stations.

Figure 1.15: Artistic impression of the underground arrangement of
tunnels and caverns. For details see section 7.3.1.
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The ET infrastructure will house the observatory for several decades, during which the interferometers
will be upgraded as technology advances. Some of these changes may mean that the positions of
mirrors and with it the vacuum tank positions will have to be shifted, as we have seen in the upgrades
from the ‘initial’ to the ‘advanced’ generation of detectors. Within the limits of feasibility the size
and shape of the caverns must grant this flexibility.

Above ground, at the entrances to the underground infrastructure, facilities housing workshops, offices,
apartments, technical facilities providing cryogenic fluids, air conditioning and venting, emergency
electricity generators, etc. will be set up. One major aspect of the design of the total infrastructure is
to provide an environment able to house not only the basic initial version of the Einstein Telescope
that we describe in this document but also be versatile enough to accommodate upgraded versions in
the decades to come.
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2. Science case introduction

The gravitational-wave (GW) detectors of second generation (2G), the Virgo and LIGO detectors,
have truly opened a new window on the Universe. The first direct detection of GWs from a binary
black hole (BH) coalescence, in September 2015 [21], was a historic moment, and the culmination
of decades of efforts from a large community. Another historic moment was the first detection of
a neutron star (NS) binary coalescence, together with the simultaneous detection of the associated
gamma-ray burst, and the subsequent observation of the electromagnetic counterpart in all bands of
the electromagnetic spectrum [35—-42]. A number of additional detections have taken place since, to
the extent that, at the current level of sensitivity of 2G detectors, BH-BH detections take place on
a weekly basis. Many remarkable results in astrophysics and in fundamental physics have already
been obtained thanks to these first detections. To mention only a few highlights, the observation
of the NS-NS binary coalescence GW170817 solved the long-standing problem of the origin of
(at least some) short gamma ray bursts [35, 43, 44]; the observations of the associated kilonova
revealed that NS-NS mergers are a major formation site of the heaviest elements through r-process
nucleosynthesis [45—48]; the observation of tens of BH-BH coalescences has revealed a previously
unknown population of stellar-mass BHs, much heavier than those detected through the observation
of X-ray binaries [49], and has shown that BH-BH binaries exist, and coalesce within a Hubble time
at a detectable rate. Concerning fundamental physics, cosmology and General Relativity (GR), the
observation of the GWs and the gamma-ray burst from the NS-NS binary GW170817 proved that the
speed of GWss is the same as the speed of light to about a part in 10! [38]; the GW signal, together
with the electromagnetic determination of the redshift of the source, provided the first measurement of
the Hubble constant with GWs [50]; the tail of the waveform of the first observed event, GW150914,
showed oscillations consistent with the prediction from General Relativity for the quasi-normal
modes of the final BH [51]; several possible deviations from GR (graviton mass, post-Newtonian
coeflicients, modified dispersion relations, etc.) could be tested and bounded [51-53].

Extraordinary as they are, these results can however be considered only as a first step toward our
exploration of the Universe with GWs. Third-generation (3G) GW detectors, like the Einstein
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Figure 2.1: Astrophysical reach for equal-mass, nonspinning binaries for Advanced LIGO, Einstein Telescope
and Cosmic Explorer (from ref. [2, 3]).

Telescope, will bring the gravitational wave astronomy revolution to a full realisation. Thanks to
an order of magnitude better sensitivity and a wider accessible frequency band with respect to 2G
detectors, 3G detectors will allow us to address a huge number of key issues related to astrophysics,
fundamental physics and cosmology.

An example of the extraordinary potential of 3G detectors is provided by Fig. 2.1, which shows the
detector reach, in term of cosmological redshift, as a function of the total mass of a coalescing binary.
We see that the coalescence of compact binaries with total mass (20 — 100) Mg, as typical of BH-BH
or BH-NS binaries, will be visible by ET up to redshift z ~ 20 and higher, probing the dark era of the
Universe preceding the birth of the first stars. (In particular, BH-BH mergers seen at such distances
would necessarily have a primordial origin.) By comparison, in the catalog of detections from the O1
and O2 Advanced LIGO/Virgo runs, the farthest BH-BH event is at z ~ 0.5, while, in the O3 run, the
recently announced detection GW190521 is at z ~ 0.8. At final target sensitivity, 2G detectors should
reach z =~ 1 for BH-BH with component mass of about 30 M. The range of BH masses accessible
will also greatly increase; as we see from Fig. 2.1, ET will be able to detect BHs with masses up to
several times 10° Mg, outto z ~ 1 — 5.

For NS-NS binaries, whose total mass is around 3 Mg, ET will reach z ~ 2 — 3; by comparison, the
NS-NS binary GW170817 was at z =~ 0.01 and, at final target sensitivity, 2G detectors should reach
z=~0.2.

The corresponding detection rates will be impressive, of order 10° — 10° BH-BH and 7 x 10*
NS-NS coalescences per year for a single detector such as ET [54-56]; depending on the network of
electromagnetic facilities operating at the time of 3G detectors, over a few years one might collect
0(10% — 10%) NS-NS GW events with observed electromagnetic counterpart [56]. The signal-to-noise
ratio of many of these events will be huge, which will allow us to determine the shape of the
gravitational wave with exquisite precision.

The combination of distances and masses explored, sheer number of detections, and detections with
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very high signal-to-noise ratio will provide a wealth of data that have the potential of triggering
revolutions in astrophysics, cosmology and fundamental physics.

Beside coalescing binary systems, ET will be able to detect several other kinds of signals, such as
stochastic backgrounds of GWs, signals from isolated pulsars, or supernovae, with a sensitivity that
improves by an order of magnitude compared to 2G detectors.

As we shall see, there are several spectacular goals that can only be achieved through the detection of
gravitational waves with a 3G detector like ET, and other planned 3G detectors like Cosmic Explorer
in the U.S. For other goals, GW detectors are complementary to facilities exploiting electromagnetic
radiation or other messengers, such as neutrinos and cosmic rays. Combined observations through
GWs, electromagnetic signals, neutrinos and/or cosmic rays, will give us a multi-messenger and more
comprehensive picture of many energetic phenomena of the Universe. Schematically, we can identify
the following main items as part of the ET science case:

* Astrophysics
Black hole properties: origin (stellar vs. primordial), evolution, demography.
Neutron star properties: interior structure (QCD at ultra-high densities, exotic states of
matter), demography.
Multi-messenger astronomy: nucleosynthesis, physics of jets, role of neutrinos.
Detection of new astrophysical sources of GWs: core collapse supernovae, isolated
neutron stars, stochastic background of astrophysical origin.
* Fundamental physics and cosmology
— The nature of compact objects: near-horizon physics, tests of no-hair theorem, exotic
compact objects.
— Dark matter: primordial BHs, axion clouds, dark matter accreting on compact objects.
— Dark energy and modifications of gravity on cosmological scales.
— Stochastic backgrounds of cosmological origin and connections with high-energy physics
(inflation, phase transitions, cosmic strings, ...)

It should be stressed, however, that many questions cross the borders between domains outlined above.
For instance, understanding whether the BHs observed by GW detectors are of stellar or primordial
origin obviously has an astrophysical interest, but a primordial origin would have deep consequences
on our understanding of early Universe physics, inflation, etc., subjects that belong to the domain of
cosmology and of fundamental physics. As another example, determining the equation of state in the
core of neutron stars is of great importance both in astrophysics and for understanding the theory of
strong interactions, QCD, in the regime of ultra-high density, where phase transitions can take place.

In the following sections we discuss some of the science that ET will be able to address, following
[57]. We will conclude with a summary of the Key Science Objectives in Section 5, underlying
in particular what science a single ET observatory can achieve. A more detailed discussion of the
science of 3G detectors will be presented in [3].






3.1

Black hole binaries

Observationally, BHs have been first identified through X-ray binaries - binary systems in which a
BH accretes matter from a companion star. The remarkable GW detections of LIGO and Virgo in the
O1 and O2 runs, and the first results that are being published from the O3 run, have then revealed a
whole new population of stellar-mass binary BHs with much higher masses, see Fig. 3.1.

With BH-BH and BH-NS coalescence, 3G detectors will explore the Universe to extraordinary depths,
providing an unobstructed view on the earliest Universe up to the dark ages, and generally with higher
SNR signals compared to current EM observations from these early times.! ET will uncover the full
population of coalescing stellar and intermediate mass BHs in the Universe, over the whole epoch
since the end of the cosmological dark ages. This will allow ET to answer several key questions about
the origin and evolution of BH-BH systems. In particular:

(1) The ET observations of BH-BH binaries across the whole epoch of star formation would contain
evidence, accessible in no other way, of the cosmic history of stellar evolution, including the earliest
populations of stars formed in the Universe. Since it is expected that compact-object formation is a
metallicity-dependent process, that information will be complementary to improving electromagnetic
constraints on the star-formation history of the Universe. The fact that ET will observe BH-BH
mergers beyond the reionization epoch, at z > 6, will enable the determination of features such as
the masses of the first metal-poor progenitor stars, and the relation between star metallicity and BH
masses.

(2) GW observations of BH-BH binaries probe the physics of BH formation in situations which lead

'To understand how this is possible, it is useful to recall that a BH-BH coalescence such as the first detected event,
GW150914, converted into GWs an energy of 3Mgc? in just the last few milliseconds of the coalescence. The peak
luminosity of the event, 3.6 X 10%6 erg/s, or 200 Moc? /s, was an order of magnitude larger than the estimated combined
electromagnetic luminosity of all star and galaxies in the observable Universe!
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Masses in the Stellar Graveyard

I

Figure 3.1: Black holes detected through electromagnetic observations (purple), black holes measured by
gravitational-wave observations (blue), neutron stars measured with electromagnetic observations (yellow),
and neutron stars detected through gravitational waves (orange). GW190521 is highlighted in the middle of the
graphic as the merger of two black holes that produced a remnant that is the most massive black hole observed
yet in gravitational waves. Image credit: LIGO-Virgo/ Northwestern U. / Frank Elavsky and Aaron Geller.
Image taken from https://www.ligo.caltech.edu/image/1igo20200902a.

to mergers. ET will provide some events with extraordinarily well-measured properties, alongside
large samples of mergers from which statistical population characteristics can be extracted. This will
allow us to understand how binary evolution results in BH-BH mergers, and will give information on
several aspects of the dynamics of binaries, such as the impact of the common envelope phase in the
progenitor binaries, or the role of the dynamics of star clusters and galactic nuclei in producing close
binaries of compact objects.

(3) Thanks to the fact that the reach of ET for BH-BH systems is well beyond the peak of the star
formation at z ~ 2, by comparing the redshift dependence of the BH-BH merger rate with the cosmic
star formation rate it will be possible to disentangle the contribution of BHs of stellar origin from
that of possible BHs of primordial origin (whose merger rate is not expected to be correlated with the
star formation density). Moreover, BH-BH systems of stellar origin are expected to form in galaxies,
while primordial systems should trace the distribution of dark matter rather than that of baryons.
The huge number of detections in ET will allow to perform cross-correlations between the detected
GW events and large-scale structures, providing another clue to the origin of the observed BHs.
Showing that at least a fraction of the observed BHs are of primordial origin would be a discovery
of fundamental importance not only in astrophysics but also from the point of view of fundamental
physics. Primordial BHs of mass around a solar mass could have formed at the QCD quark-hadron
transition via gravitational collapse of large curvature fluctuations generated during the last stages of
inflation [58]. This could explain not only the present abundance of dark matter but also the baryon
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Figure 3.2: Left: Conjectured interior structure of a neutron star. Right: Matter encountered in neutron
stars and binary mergers explores a large part of the QCD phase diagram in regimes that are inaccessible to
terrestrial collider experiments.

asymmetry of the Universe [59]. The large number of binary BH detections with ET, as a function
of mass and redshift, would also allow us to obtain detailed characterization of the population of
primordial BHs, their mass and spin distributions and their formation times as a function of mass, as
well as their clustering properties, as inferred from their merger rates and the induced stochastic GW
background [60-62].

(4) The discovery of luminous quasars at redshift as large as z ~ 7 suggests that, at z > 7, there
should be a population of ‘seed” BHs, with masses in the range (10> — 10°)Mg, from which these
supermassive BHs have grown through gas accretion. Furthermore, possible seed BHs that were in
an environment such that further growth by gas accretion was suppressed could be present at smaller
redshifts, with masses close to their initial values. As we see from the left panel of Fig. 2.1, ET has
the sensitivity necessary to detect BH binary systems containing a BH with mass between O(10%) Mg
and a few times 103 M, up to large redshifts. ET could therefore detect these seed BHs, providing
crucial missing links in the formation and evolution of structures in the early Universe, and unraveling
the possible connection between stellar-mass black holes and supermassive black-hole in the center
of the galaxies.

Neutron stars

Neutron stars (NSs) are extraordinary laboratories for studying the fundamental properties of
subatomic matter under conditions far from the realm accessible to experiments and first-principles
theoretical calculations. In NSs, intense gravity compresses matter to several times the density of an
atomic nucleus. Predicting the composition of such matter and the multi-body interactions providing
sufficient pressure to prevent utter collapse to a BH requires large extrapolations from known physics
and has been a longstanding scientific frontier. The left panel in Fig. 3.2 illustrates the conjectured
interior structure of NSs, spanning a vast range in density. Near the surface of a NS, neutron-rich
nuclei and free electrons dominate, while at higher densities towards the interior the nuclear structure
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dissolves into primarily a uniform liquid of neutrons. In the cores of NSs yet more exotic states of
matter may emerge, such as condensates of particles containing strange quarks. In addition, the quark
substructure of the hadrons is expected to become important at densities a few times nuclear density,
where states of matter comprising de-confined quarks may appear [63]. The properties and parameter
space of the transition between nuclear and quark matter and the states of quark matter encountered at
low temperature, in the interaction-dominated ground state of dense matter, have been key questions
in subatomic physics. Neutron stars thus provide a unique window onto the behavior of QCD, the
fundamental theory of strong interactions, in a regime complementary to the higher temperatures and
lower baryon densities accessible in collider experiments that probe the quark-gluon plasma.

A complete understanding of the entire QCD phase diagram requires a synergy of the complementary
insights gained from the terrestrial heavy-ion collision experiments and the astrophysical collisions
of two NSs at close to the speed of light driven by dynamical gravity. In such NS mergers, matter
encounters yet higher densities and temperatures than in individual NSs, thus providing a window
onto a completely unexplored regime of subatomic physics. The right panel in Fig. 3.2 shows the
regimes in the QCD phase diagram relevant to NS binaries, which occupy a large swath of unexplored
parameter space and a complex nonperturbative regime between our current understanding of matter
at low baryon densities from nuclear physics at low temperature and heavy-ion collisions at higher
temperatures, and the extremely high-densities where quark-matter calculations are valid.

The fundamental properties of NS matter give rise to characteristic imprints in the GW signals from
NS binaries or individual asymmetric NSs, making GWs unique probes of subatomic physics in
unexplored regimes. A 3G GW detector with a high sensitivity and large frequency bandwidth
such as ET will be critical to shed light on important fundamental physics questions, by precisely
determining the properties of cold, dense matter in NSs as well as the new physics encountered
during a binary NS merger.

Coalescing neutron star binaries

With 2G detectors, the first observed NS-NS coalescence GW 170817 demonstrated that useful limits
on the NS¢’ tidal deformability, a characteristic parameter that depends on the properties of matter in
their interiors, could be extracted from the inspiral part of the GW signal [35]. However, despite
the proximity of GW170817, the inferred constraints on the equation of state of NS matter [64]
are too weak to discriminate between realistic models, nor do they offer new insights about phase
transitions [65—-67].

To determine in detail the nature of matter and interactions in NS interiors requires measuring
tidal deformability with an order of magnitude higher accuracy. In addition, such high-fidelity
measurements must be obtained for a population of NSs spanning a wide range of masses to map
out the parameter dependencies and identify potential signatures of phase transitions. Both can be
achieved with ET, which, as discussed in sect. 2, will detect a huge number of NS-NS coalescences,
of order 7 x 10* per year, and will observe their signal with orders of magnitudes higher accuracy.
As an example, an event like the first observed coalescing NS-NS binary, GW170817, would be seen
at ET with a signal-to-noise ratio larger than the one of the event actually observed in LIGO/Virgo
by a factor O(50), resulting in an overall signal-to-noise ratio as large as ~ 1700. This sensitivity
could even allow us to access magnetic and rotational tidal Love numbers of the component neutron
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Figure 3.3: Gravitational wave signal from a NS-NS merger at a distance 100 Mpc, as it sweeps across the
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The high-accuracy measurements performed with a 3G detector will also enable us to discern
subdominant signatures of matter in GWs from binary inspirals that are inaccessible with 2G
instruments. Such effects encode key information on details of the fundamental physics in NS
interiors that are not probed directly with the tidal deformability. For instance, detecting GW
signatures from the tidal excitation of a NS’s internal oscillation modes during an inspiral, as will
likely be possible with ET, would provide an unprecedented spectroscopic view of NS interiors and
reveal exquisite details about the existence and nature of phase transitions to new states of matter.

A further unique capability of 3G detectors such as ET with a high sensitivity extending to frequencies
in the kHz range is to open the major new scientific discovery space of 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 effects 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 different 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 3.3 illustrates the potential of ET for detecting these effects, compared to current 2G
detectors, for a NS binary at a typical distance of 100 Mpc (see also [69]). The current 2G detectors

2The ‘Love numbers’ parametrize the axial and polar perturbations of the metric generated by a compact body, when
the body is perturbed by an external gravitational field, see sect. 14.4.1 of [4].
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are largely limited to observing the long inspiral, dominated by the center-of-mass dynamics of
the NSs, with glimpses of the tidal effects 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 effects 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 yields, and the extent to which different NS binary progenitors contribute to
the cosmic abundances over time.

In summary, the greater sensitivity and larger frequency bandwidth of a detector such as ET will
be critical to observe a diverse population of NS binaries, accurately measure GW signatures of
matter during the inspiral, and probe details of the merger and post-merger phenomena. These
measurements are essential to substantially advance frontiers of subatomic physics by determining
(1) the properties of cold, dense matter in NSs, (2) the new physics encountered during a binary NS
merger, at higher temperatures and more extreme densities, and (3) the formation of heavy elements
in the cosmos from synergies with electromagnetic observations.

Continuous waves from spinning neutron stars

A spinning NS, isolated or in a binary system, can also emit continuous semi-periodic GWs if
asymmetric with respect to its rotational axis [4]. Such asymmetry can derive from frozen deformations
produced right after its violent birth, from a strong enough inner magnetic field (provided it is not
aligned with the rotation axis), from non-axisymmetric motions or density perturbations due, for
instance, to Ekman flow or to the excitation of normal modes associated to the star rotation, such as
the so-called r-modes, or due to thermal or composition gradients induced by matter accretion from a
companion star [70].

No continuous gravitational wave signal has so far been observed by Advanced LIGO and Advanced
Virgo, see e.g. [71-76] for recently obtained upper limits. The maximum degree of deformation that
a NS can sustain depends on the equation of state: for standard equations of state the maximum value
of the ellipticity is €nqx ~ 107 [77], but for exotic objects, containing hyperons or quark matter,
is expected to be much higher, €,,4x ~ 1074 = 1073 [78]. In practice, it is difficult to predict the
actual deformation of a specific NS, that can depend on the star’s history and could be well below
the maximum sustainable value. A recent argument [79] suggests that the typical spin-down of
millisecond pulsars can be explained assuming a typically ellipticity of about 1072,

Figure 3.4 (which is an updated version of that shown in [80]) shows the minimum detectable
ellipticity (at 90% confidence level) for currently known NSs potentially emitting in the detector band,
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Figure 3.4: Minimum ellipticity detectable by ET at 90% confidence level in a full coherent search of continuous
waves from known pulsars, assuming an observation time Typs = 5 yr.

assuming two proposed ET configurations and that a full coherent matched filter analysis is done over
an observation time Typs = 5 yr; we see that ET will be sensitive to ellipticities of the order of few
times 107'° for the nearest millisecond pulsars, and of ~ 107% — 1077 for young pulsars. To produce
this plot we used the minimum detectable signal strain amplitude at 90% confidence level, Ay, which
is given -when matched filter is used- by Amin(f) = 10+/Sh(f)/Tobs, Where Sy(f) is the detector noise
spectral density (measured in 1/Hz) at the frequency f. Hence, by exploiting the relation between
the signal amplitude and the source ellipticity, at known distance and emission frequency (see eq. 5
of [81]), the minimum detectable ellipticity can be computed. It is quite impressive to realize that
detecting GWs due to an eccentricity of. say, € = 10719 in a NS means that we would detect the effect
due to a “mountain” on a NS, with a height of about 1071 x 10km = 107> mm. Given the expected
variety of ellipticities in NS (which depend also on their past history) the limits obtained from the
whole Galactic population will be much more significant than current upper limits from specific
pulsars.

Figure 3.5 shows the maximum distance at which a continuous wave source would be detected, by
making a full coherent search over an observation time Tops = 5 yr, as a function of its ellipticity
for different values of the signal frequency, assuming that the source spin-down is dominated by the
emission of GWs. In this case by equating the signal amplitude to the minimum detectable value
hmin, We can obtain the maximum distance as a function of the source ellipticity for any given initial
value of the signal frequency. It is worth to stress that a neutron star spinning at say 50 Hz (and then
emitting a continuous GW signal at 100 Hz) would be detectable in the whole Galaxy as long as its
ellipticity is larger than 107, Very fast spinning and highly distorted neutron stars, such as newborn
magnetars produced in core collapses or as post-merger remnants of coalescing binaries, could lead
to detectable emission at even higher frequencies. In this case the signal can only be observed for a
shorter time, since these objects are characterized by a very high spin-down and the signal frequency
eventually leaves the detector sensitivity band within a few days. However, at birth they could have
ellipticities as large as 1073 [82] so, even taking into account uncertainties in the data analysis due to
the very large initial parameter space (initial frequency, spin-down, braking index), these objects
could still could still be detected out to distances of tens of Mpc [83].
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Figure 3.5: Maximum distance at which a continuous wave source would be detected in a full coherent search
over Tops = 5 yr as a function of the source ellipticity, for three different values of the initial signal frequency,
for the ET detector. Here we make the assumption that source spin-down is dominated by the emission of GWs
and that matched filtering is used in the analysis.

The detection of continuous signals from spinning neutron stars will represent a complementary
tool to the merger and post-merger signal for the study of the NS interior, especially if concurrent
electromagnetic observations are available. It will also provide clues about NS formation and
demography, their spin, thermal and possibly magnetic field evolution.

It is also important to observe that, even for a single detector such as ET, the prolonged observation
of the continuous signals from a NS allows, over the time of months, to localize it with extremely
good accuracy, exploiting the movement of the Earth during the observation time. The angular
resolution, for a source emitting a signal at frequency fyw, and observed over a timescale Tops, is
about 3 x 107 (100 Hz/ faw) (1 yr/Tops) rad [84].

Low-Mass X-ray Binaries (LMXB) are another very interesting target for ET, under the assumption
that a balance among angular momentum accreted through matter infall and the emission of GWs
exists. In this scenario, by comparing the signal amplitude given in [85] to the planned ET sensitivity
curve, we see that at least one LMXB, namely Sco-X1, would be detectable by ET if the unknown
star rotation frequency lies in its observation band.

In summary, the detection of continuous GWs from NS by ET would be a fundamental breakthrough,
that would provide clues about the condition of formation of isolated NS, their spin, thermal evolution
and magnetic field. Furthermore, detecting such a signal would again give information on the
inner structure of NS and on the corresponding aspects of nuclear and particle physics, such as the
existence of exotic matter in the NS core.

Burst signals from neutron stars

Neutron stars can also emit transient bursts of GWs in association, for instance, with magnetar giant
flares and pulsar glitches. Magnetars are NSs endowed with a very strong magnetic field of 10'* G or
more, and are observed as anomalous X-ray pulsars (AXP) or soft gamma-ray repeaters (SGR) [86].
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SGRs are characterized by recurrent short-duration X-ray bursts and more energetic giant flares
(10* - 10*7ergs™! in ~ 0.1 s), due to global rearrangement of the inner magnetic field or of the
magnetosphere. These events can induce a significant structural changes in the NS, or excite polar
oscillations, like the f-modes, causing an emission of GWs. The strongest pulsar glitches, like those
of the Vela pulsar, are explained as due to the occasional “unpinning” of quantized superfluid vortices
in the interior of the spinning-down NS, which move outward and release their angular momentum.
The prediction on the emission of GWs are, however, still not robust due to the lack of a detailed
knowledge of the process. Moderately optimistic models predict that these signals can be detected by
ET.

Multi-band and multi-messenger astrophysics: synergies with other gravitational-wave
detectors and electromagnetic/neutrino observatories

ET, with its triangular configuration corresponding to three nested interferometers, is designed so to
have an extraordinary science output even when operated as a single GW detector. However, a further
enhancement of its capabilities will take place when it operates in synergies with other observatories.

Networks of ground-based gravitational-wave detectors

The first obvious synergy is with other GW detectors, either with a network of 2G GW detectors
(LIGO Livingston, Hanford and India, Virgo, and KAGRA), or with another third-generation detector
such as Cosmic Explorer (CE), currently under study in the US [87, 88] (possibly in a network
configuration with one ET and two CE detectors). A first important benefit from coincident detections
in multiple detectors will be the reduced impact of instrumental glitches on GW detections and
analyses.? These problems affect, in particular, short duration transients lasting a few milliseconds -
especially the unmodeled ones - while it will be less problematic for the signals associated to the
coalescence of BHs or NSs binary systems, thanks to the relatively long duration of the signals in the
sensitivity band of the detectors.

A network of detectors, compared to a single detector, will also improve significantly the accuracy
in the localization of the sources. As we already mentioned, for the continuous GWs emitted by
spinning NSs, a single ET detector already provides a very accurate parameter estimation - including
position - thanks to the very specific modulation of the signals due to Doppler effect induced by
the Earth motion. For coalescing NS-NS binaries, a single ET detector still has some localization
capability. Low-mass system, such as a binary NS, can be observed for up to a few days, and
also in this case, the modulation due to Earth’s rotation helps to localize the source. The average
sky-localization is around 150 deg? for a binary NS at z = 0.1, but it can become of order of just
a few deg2 for the best localized sources [89, 90]. Even for BH-NS binaries, in the best cases, ET
alone can provide a localization better than 10 deg?. Poor localization will in general be available
for massive BBHs; because of their higher total mass, they will stay in the detector bandwidth
for a much shorter time. A network of three 3G GW detectors, in contrast, will have quite good
localization accuracy for all types of binary coalescences; for example, a large fraction of NS-NS

3Actually, a single ET triangle might already provide a good enough background rejection through its null stream.
However, this is not 100% efficient due to possible correlations between instrument noise in different ET interferometers.
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Figure 3.6: 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.

binaries will have sky localization smaller than 1 deg” up to z = 0.5 [91]. In terms of science
output, this means that a 3G detector network will be able to provide good localization information
to electromagnetic observatories, making possible the detection of an electromagnetic counterpart.
However, the detection of a kilonova associated with a NS-NS binary merger will be limited by the
optical telescope capabilities, as we will discuss in more detail in Section 3.3.2. Even for the largest
telescopes operating in the optical or infrared, such as the 39-m E-ELT [92], it will be difficult to
observe the kilonova beyond z ~ 0.5 photometrically, and beyond z ~ 0.3 spectroscopically [93, 94]
(see for example http://www.mosaic-elt.eu/index.php). Furthermore, the direct detection
with these large telescopes will be possible only for arcmin-arcsec localized sources. For more
distant NS-NS mergers, the electromagnetic counterpart detection would be possible through the
associated emission of gamma-ray bursts. Accurate localization would be also important in order
to use statistical techniques, such as those based on the probabilistic determination of the redshift
of the associated galaxy [95, 96], as well as on cross-correlations between binary coalescences and
large-scale structures [97, 98]. These statistical techniques will be important for the cosmological
studies which will be discussed in Section 4.3.
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ET is also expected to operate with a network of five 2G GW detectors: LIGO Livingston, Hanford
and India, Virgo, and KAGRA. Assuming currently foreseen sensitivity increase of 2G detectors
from the implementation of technology upgrades [99], the improvement of the sky localization of
this network compared to ET alone is shown in Fig. 3.6. 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 effect 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 deg? in such a network, while ET alone
achieves for a similar fraction of BN'S mergers better than 1000 deg? 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.

The different sensitivity curves planned for ET and CE imply that, from other points of view, these
detectors will be complementary. For instance, as can be seen from Fig. 2.1, ET will be able
to detect heavier systems, with total masses higher than 10° Mg, (thanks to its sensitivity in the
low-frequency regime), while CE has a greater reach for light systems such as NS-NS binaries. The
different sensitivity curves also mean that, for a given astrophysical system, the signal-to-noise ratio
is accumulated differently in ET and in CE, providing complementary information.

In summary, if ET will be included in a network of 2G and 3G ground-based detectors, the science
outcome could benefit from the detector synergy and complementarity increasing the number of
detections, improving the sky-localization for the electromagnetic/neutrino follow-up, and increasing
the information to be extracted from the signal about source progenitors and remnant.

Joint gravitational-wave 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 observa-
tions combined with the results from the extensive multi-wavelength observational campaign (still
ongoing) had a huge impact on our knowledge of the physics of compact objects, relativistic jets,
nucleosynthesis, and cosmology (see e.g., [43, 44, 47, 50, 100—103]). Identifying the electromag-
netic signatures of the gravitational wave sources enables to maximize the science return from a
gravitational-wave detection by probing strong-field gravity, matter under extreme conditions together
with the interaction of the source with its environment.

ET will detect binary systems containing neutron stars up to redshifts corresponding to the peak of
the cosmic star-formation rate. This represents a step forward for studying the formation, evolution
and physics of neutron stars in connection with kilonovae and short gamma-ray bursts, along with
the star formation history and the chemical evolution of the Universe. Its better sensitivity and larger
sample of detections will make it possible to connect progenitor and merger remnant properties to the
multi-messenger emission mechanism, and to distinguish between geometric and intrinsic properties
of the source. ET will operate together with a new innovative generation of observatories covering
the electromagnetic spectrum from the radio to the high-energy bands. In the following we will not
discuss exhaustively all the instruments which could operate with ET, but we will consider some of
the main future observatories with a large involvement of the European community.
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Sensitivity (in terms of observable distances) and sky-localization capabilties of ET will determine
the observatories able to effectively operate in synergy with ET. Larger sky localization and larger
distance decrease the efficiency of the electromagnetic search, due to a major difficulty to find a
fainter counterpart among many contaminant transient signals and many possible host galaxies. As
we already mentioned, ET as single detector can localize the majority of detectable binary neutron
stars at a distance of < 200 Mpc to within a 90% credible region of 100 deg? [89, 90]. Operating
with a network of five 2G detectors, similar localization capabilities will be possible up to about 1
Gpc. Going to larger distances, the sky-localization of ET will be larger than 103 — 10* deg? for the
majority of the sources. These localizations require instruments able to monitor quickly large parts
of the sky, and follow-up observations to characterize the nature of the counterpart. The Square
Kilometre Array [SKA, 104], the ULtraviolet TRansient Astronomy SATellite [ULTRASAT, 105],the
Vera C. Rubin Observatory, previously named as the Large Synoptic Survey Telescope [LSST, 106],
THESEUS [mission concept, 107], the Cherenkov Telescope Array [CTA, 108] will be able to
observe large regions of the sky from the radio, ultraviolet, optical to the X-ray and very high energy
gamma-rays, going to deeper sensitivity than current observatories; 40-meters class telescope, such
as the European Extremely Large Telescope [E-ELT, 94] and satellite like the Advanced Telescope
for High ENergy Astrophysics [ATHENA, 109] will be able to characterize the source in the optical
and X-ray band. For specific emissions and science goals, there will be two regimes: close sources
(up to 400 Mpc), where we will strongly benefit of the higher sensitivity of ET and thus, with respect
to 2G detectors, we will be able to better evaluate the properties of the source progenitor, merger
remnant and environment interactions in single detections; and a second regime for distant sources
where we will benefit of larger samples of joint electromagnetic and gravitational wave detections.

The ET sensitivity at low frequencies enables enough signal-to-noise ratio to accumulate before the
merger, providing an early detection and warning for electromagnetic/neutrino follow-up. Requiring
a signal-to-noise ratio > 12 and a sky localization smaller than 100 deg?, ET can send an early
warning alert between 1 and 20 hours before the merger (with the mean of the distribution at about
5 hours) for signals at 40 Mpc [90]. At 200 Mpc, about 30% of the detectable signals will have
accumulated enough SNR for early warning between 1 to 6 hours prior to the merger. About 10%
of the detectable sources within 400 Mpc can still be announced with an early warning smaller
than 1 hour; this percentage drops to 3% for sources at 800 Mpc, and no detection of source at
1.6 Gpc can be announced 1 hour before from the merger. Releasing an early warning increases
the chance of successfully detecting the electromagnetic counterparts, by allowing astronomers to
point the telescope in the region of the signal or starting the monitoring to obtain pre-merger images,
which are extremely useful to discard contaminant transient objects. This enables to detect the early
electromagnetic emission, which is fundamental to understand the physics of the engine and the
merger remnant.

Nucleosynthesis, nuclear physics and kilonovae

The cosmic origin of elements heavier than iron has long been a mystery. GW17017 provided
the first observational test to theoretical models which predict the rapid neutron capture process
(r-process) nucleosynthesis during binary neutron star mergers [see e.g., 110, 47, 111]. The thermal
emission observed in the ultraviolet, optical, and near-infrared detected with GW17017 was found to
be consistent with kilonova emission powered by the radioactive decay of heavy nuclei (including
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lanthanides) synthesized in the merger ejected by the r-process [see e.g., 45, 46, 112]. On the basis of
the merger rate estimated using the LIGO and Virgo observations and the amount of ejected mass
estimated by the kilonova observations, binary neutron star mergers are now understood to be a major
channel of r-process production, able to explain the heavy elements abundances in the Milky Way
stellar population. However, the role of rare classes of supernovae, such as the collapsars associated
with long gamma ray bursts, which are expected to be an additional significant source of r-process
elements [113], is still uncertain. Also, the interpretation of the kilonova emission and spectral
evolution over many days is still incomplete; the contribution of the multiple ejecta (dynamical, wind,
viscous, etc.) and their properties are not fully understood, as well as what are the exact elements
formed and their abundance, and what the role of the merger remnant is. Only a larger sample of
kilonovae, possibly extending to larger distance, will enable us to probe the details of the kilonova
emission mechanism, and the role of binary neutron star mergers in the Universe enrichment of heavy
elements along the cosmic history.

When ET is expected to observe the sky, the Vera C. Rubin Observatory will operate as a wide field-
of-view survey able to detect kilonova emission up to 800 Mpc. Up to the same distance, photometric
and spectroscopic characterization will be possible using ground-based 30—40 m telescopes such as
the Thirty Meter Telescope [TMT, 114] and E-ELT, and the James Webb Space Telescope [JWST,
115]. The binary neutron star mergers detectable in this volume are of order 103 per year. Among
them, a few hundred are expected to be in the Rubin Observatory surveyed field. For the majority of
these sources, the gravitational-wave localization uncertainty by ET will make it difficult to identify
the optical counterpart among many optical transient contaminants. However, a significant number of
joint GW/kilonova detections (of order of several tens) becomes possible considering ET operating
with the second generation of detectors. For joint gravitational-wave/kilonova detection, the precision
of parameter estimation for the progenitor system (total mass, mass ratio, spin, and neutron star
tidal deformability) and the detection of the signal from the merger remnant made possible by ET,
represent an unprecedented opportunity to understand the physics governing the kilonova emission,
and the nature and equation of state of neutron stars.

Realativistic astrophysics and short GRBs

A single ET detector, even in the absence of good source localization, will still be able to perform
joint observations with gamma-ray burst (GRB) detectors, through the observation of a temporally
coincident GRB. In turn, this can allow for the measurement of the redshift of the source when
the high-energy satellite is capable to precisely localize the source. Indeed, GRB satellites such as
the Neil Gehrels Swift Observatory [116] regularly alert ground based spectrographs to obtain the
redshifts of the host galaxies of the detected GRBs. The study in [117, 56] indicates that a few tens
of short GRB per year will be detected by a GRB mission such as THESEUS in coincidence with a
gravitational signal in ET. Beside the collimated prompt GRB emission, more isotropic soft X-ray
emission is also expected from the GRB afterglow, and from a transient powered by the rotational
energy of the merger remnant when a long-lived neutron star forms. This could possibly lead to a few
hundred more coincident detections per year [117].

The discovery of the gamma-ray emission associated with GW 170817 and the following afterglow
observations significantly improved our knowledge of short GRB jets. Approximately two seconds
after GW170817, the Fermi space telescope [118] detected a weak short-duration gamma-ray burst,
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GRB170817A. Even if it showed the classical observational features that led to classify it as a short
GRB, its total gamma-ray energy of about 10*® erg was many orders of magnitude smaller than the
typical energy of any GRB observed before [36, 37]. Nine and sixteen days after the GW observation
of the merger, X-ray and radio emissions were also detected [41, 42]. Over longer timescale the
radio, optical, and X-ray observations showed a slow achromatic flux increase until about 150 days
before starting to decline [119-122]. High-resolution radio observations [44, 43] were able to
constrain the source size and to show a source displacement consistent with the launch of a jet which
successfully breaks through the ejecta developing an angular structure, i.e. a narrow ultra-relativistic
jet surrounded by less-collimated and slower material. The structured jet was observed off-axis (i.e.
the observer was misaligned with respect to the collimated ultra-relativistic jet). However, while
multi-wavelength observations over two years have built a broad consensus about the interpretation
of the non-thermal afterglow emission, the origin of the extremely faint prompt gamma-ray emission
observed far from the jet core is still under debate; a gamma-ray emission arising from the slower
part of the jet or a gamma-ray emission due to a cocoon shock breakout [see e.g., 123—-127].

These results have been extraordinary. Nevertheless, only a detector such as ET will have the
unprecedented capability to probe in depth short GRB jet properties, by exploring up to high redshift
a large population of neutron star mergers observed perpendicular to the orbital plane (on-axis) and
off-axis. Mission concepts such as THESEUS will enable the detection of about 20 on-axis short
GRB/year with a localization accuracy of 1-5 arcmin up to a redshift of 5 [107, 117]. After each
detection, the rapid alert system will enable to point ground-based spectrographs, such as the ones in
E-ELT, and satellites such as ATHENA (at least for the ones better localized). THESEUS will give
the precise position of the source, and ET and the multi-wavelength follow-up will allow us to connect
detailed information of the progenitors and merger remnant properties to the jet and environment
properties. It will be possible to build a statistical sample of binary neutron star mergers able to
probe the shape of the jet structure, if it is universal, and what is the typical opening angle for short
GRBs. It will be possible to constrain the luminosity function of short GRBs and its relation to the
Jet structure and the intrinsic luminosity evolution, and to understand what is the efficiency of the
Jet to break through the material surrounding the NS-NS mergers. ET will be crucial to identify the
nature of the binary neutron star merger remnant (black-hole, unstable or stable neutron star) and
how this is connected to the short GRB central engine and afterglow properties. Finally, large sample
of GW/GRB will clarify the role of NS-BH binaries as progenitor of short GRBs.

ET will guarantee that instruments such as THESEUS, the Neil Gehrels Swift Observatory, Fermi,
SVOM [128] will have a gravitational-wave detection for the majority of detected on-axis short
GRBs. Over a few years, it will be possible to build a sample of several tens of joint detections
with luminosity distance measured by gravitational-waves and redshift measured by ground-based
telescopes, such as VLT and ELT. These detections will provide precise measurements of the Hubble
constant, helping to break the degeneracies in determining other cosmological parameters obtained by
CMB, SNIa and BAO surveys, and to study the nature of dark energy [56]; see section 4.3 for details.

The detection of a faint off-axis gamma-ray signal, such as the one observed by Fermi and
INTEGRAL [129] for GW170817, will be difficult for present and the planned future detectors
at distances larger than 100 Mpc. However, a fraction of NS-NS merger are expected to produce
long-lived neutron stars. In this case, a soft X-ray transient can be powered by the new-born neutron
star spin-down emission. Even if never observed so far, this emission is expected to be powerful and
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nearly isotropic [130, 131]. Large field of view instruments, such as Einstein Probe [132] and the
soft X-ray instrument on board of THESEUS, will allow us to detect the brighter emissions up to 1
Gpc, thereby increasing the numbers of joint GW/electromagnetic detections in high-energy to a few
hundreds per year.

Core collapse supernovae

Despite the remarkable progress of the theory, the explosion mechanism of supernovae (SNe) is still
an open question, and being able to measure the dynamics of matter at the onset of the explosion would
bring invaluable information to the understanding of the physics of gravitational core collapse. What
is fairly known since the 1970’s is the role of the neutrinos in the explosion mechanism [133, 134].
During collapse, the stellar core becomes opaque to neutrinos, producing a degenerate sea of trapped
neutrinos within it, which subsequently diffuses out of the core on a timescale of order tens of
seconds as the nascent proto-neutron star cools and deleptonizes, eventually leading to a neutrino
burst of duration of a few seconds. The three-flavor neutrino flux emanating from the proto-neutron
star could power a core collapse supernova via neutrino heating on delayed timescales of order one
second [135-147]. This phenomenon is central to most models today, with the exception of models
of rare events involving significant rotation, which may be powered magneto-hydrodynamically and
where the dynamics proceeds on shorter timescales [148—157]. Besides, the Standing Accretion Shock
Instability (SASI) [158, 159] which is an instability of the supernova shock wave itself is expected,
in conjunction with turbulence, to modulate the accretion flow, to excite the proto-neutro star high
frequency oscillation modes as well as to generate low frequency (100 — 250 Hz) GWs [160, 156, 157].
This low frequency GW emission depends on the nuclear equation of state, with softer equations of
state leading to larger SASI amplitude [156].

A general consensus from all modern numerical simulations is that the expected GW signal is weak
(GW released energy of the order of 10~ Myc?) [161]. Furthermore, the likely diversity of the GW
emission mechanisms that are at play in SN explosion makes it quite difficult to use matched filtering
techniques for digging the signal out of the noise, contrary to what can be done with coalescing
binaries or spinning neutron stars. As a consequence, the detection of a core collapse supernova
GW signal is very challenging and the discovery horizon of the current 2G detectors is limited to
our galaxy [162]. The expected galactic rate of type II/Ib supernova is also rather small (~ 1 per
30 years) [163]. ET will extend the reach to our galactic neighborhood, so that the expected rate is
such that, while detection is not assured, still it is a realistic possibility. The ET detection horizon for
core collapse SN could be further extended using externally triggered searches which use the optical
or X-ray observations of nearby SNe. As reference, a few tens of core collapse SNe per century is
expected up to 5 Mpc. If the signal is likely to remain short (of the order of 1 s), it is expected to
be wide band (from few Hz up to several kHz), with very different mechanisms in each frequency
band. The low frequency and high frequency ET design is very well suited for detecting such kind of
GW signal using promising neural network algorithms which take advantages of peculiar features
of the signal [164]. Another promising signal for ET is the signal from the SN explosion remnant
which is expected to be detected from several tens of Mpc if a newborn magnetar with millisecond
spin and strong interior magnetic field is formed [165]. The detection of the GWs emitted in the core
collapse and post collapase would be a milestone, revealing the inner mechanisms of SN explosion
and opening remarkable perspectives in multi-messenger astronomy.
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Multi-messenger astrophysics with neutrinos and cosmic rays

Shock-accelerated particles (protons and nuclei) interacting with matter and photons produce neutrinos.
The astrophysical sources of gravitational-wave transient signals associated with short and long GRBs,
soft gamma-ray repeaters (SGRs), and core-collapse supernovae are expected to emit neutrinos. While
gravitational waves produced by the bulk motion of matter carry information on the astrophysical
source dynamics, neutrinos give direct information on interactions between accelerated particles with
matter and radiation surrounding the sources. GWs and neutrinos probe the innermost regions of the
source typically opaque to the electromagnetic emission.

GRBs and SGRs are expected to emit high energy cosmic neutrinos (HEN) from MeV to PeV. In
the GRBs, TeV-PeV HENSs are expected to be produced in the baryon-loaded jets during the prompt
gamma-ray emission, and PeV-EeV HENs during the afterglow phase. In SGRs, the HEN production
is expected from protons accelerated by the sudden magnetic reconfiguration.

When ET will be operational, the upcoming multi-cubic-kilometer neutrino detector KM3NET, and
the 10 km? facility in the Southern hemisphere IceCube-Gen2 are expected to observe the sky. The
sensitivity of the neutrino detectors will make the simultaneous detection of neutrinos and GWs
from on-axis short GRBs possible. The high-energy neutrinos would serve as a powerful probe of
cosmic-ray acceleration in GRBs and of the physics of relativistic jets associated with NS-NS and
NS-BH mergers. For long GRBs and SGRs, the joint detection is less likely and more uncertain.

Some models predict that GRBs produce Ultra-High Energy Cosmic Rays (UHECR). In the case
of cosmic rays, the astrophysical source identification is complicated by the cosmic ray deflection
and the time delay between the arrival of cosmic rays and photons, GW, and neutrinos imparted
by magnetic fields in the galaxy hosting the source, our Galaxy, and in the intergalactic medium.
In this context, ET together with gamma-ray observatories, such as Fermi [118, 166], HESS [167],
MAGIC [168, 169], VERITAS [170], CTA [171] and neutrino detectors will make it possible to
probe the GRB population, their progenitors, and the jet properties and composition. This will be
crucial to probe the role of GRBs as possible sources of UHECRs.

Core-collapse supernovae emit low-energy neutrinos, as proved on February 23, 1987, when neutrinos
with energies of a few tens of MeV emitted by the supernova SN1987A, which exploded in the
nearby Large Magellanic Cloud, were recorded simultaneously by the Kamiokande-1I, IMB, and
Baksan detectors a few hours before its optical counterpart was discovered [172—175]. Simultaneous
detection of GWs and neutrinos from the core collapse of massive stars would open remarkable
perspectives in multi-messenger astronomy. They are unique probes to reveal the inner mechanisms
of the explosion, the dynamics of the remnant (possibly a newborn neutron star) and the physics of
the post-shock region. The current and future low-energy neutrino detectors Super-K/Hyper-K [176],
DUNE [177], JUNO [178], IceCube [179], the LVD [180], SNO+ [181] and KamLAND [182] are
expected to detect neutrinos from the core-collapse SNe, whose GW signal will be detectable by
ET. The GW signals detected by ET from the core-collapse and its remnant (a BH or a new born
magnetar) are also expected to help searching for sub-threshold neutrino events. Furthermore, a strong
correlation between the GW and neutrino signals is expected as they are produced at the same interior
location and powered by the downward accretion plumes associated with hydrodynamic instabilities
present in the post-shock flow. These plumes and instabilities will modulate both signals [183—-185].
Detecting these modulations will enable to infer the supernova triggering dynamics (e.g., the SASI).
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Multi-band gravitational-wave observations with LISA

Another potentially very interesting synergy could take place with the space interferometer LISA [186],
should ET be operational by the time LISA will fly (launch scheduled in 2034 with observation
starting some 18 months later, for a nominal four year duration, with possible extensions), or even a
few years after the end of the mission. For most sources, ground-based 3G detectors and LISA are
highly complementary, because of the very different frequency range where they operate, so, both for
astrophysics and for cosmology, the scientific targets of ET and of LISA are in general independent.

However, for stellar-mass BH-BH binaries, interesting synergies are possible. In particular, from
the rate of BH coalescences inferred by the Advanced LIGO/Virgo O1 and O2 runs, one estimates
that LISA could detect O(100) stellar-mass BH-BH binaries during their inspiral phase [186], up
to z ~ 0.4. Several years later (typically, 5 to 10 yr), some of these events will cross into the ET
window, where they will coalesce. For instance, the first observed GW event, GW150914, would have
been in the LISA bandwidth from about 10 yr to less than 1 yr before coalescence, and could have
accumulated in the LISA bandwidth a signal-to-noise ratio between three and fifteen (depending on
the detector configuration), and therefore might have been detected, if at that time LISA had already
been in orbit [187]. This could allow for multi-band GW observations, i.e. the observation of GW
signals in widely different frequency bands.

The actual possibility of multi-band detections depends sensitively on a number of issues, in particular
on the sensitivity curve assumed for LISA, especially at high frequency, on the details of the data
analysis in LISA, and on the mass distribution of the component BHs in a BH-BH binary. The recent
analysis in [188] finds that LISA, in a 4 yr mission, will detect O(80 — 90) stellar-mass BH-BH
binaries, consistent with the earlier estimates in [187, 189].4

Multi-band observations would have many benefits: a joint LISA-ET detection would provide sky
localization of the source with an error of only a few square degrees, and would make it possible to
alert telescopes and look for an electromagnetic counterpart (which in principle is not expected for
BH-BH coalescences, but could be present in BH-NS binaries) both in the pre-merger and post-merger
phases; it would improve parameter estimation, reducing the error on the luminosity distance to the
source and on the initial spins and allowing to measure with extreme precision the sky position, mass
and spin of the final BH. LISA and ET observations of such events would be highly complementary;
for instance LISA, by observing the long inspiral phase, will measure very accurately the masses
of the initial BHs, while ET would detect the last few cycles and the merger, and would therefore
measure the final masses and spin from the ringdown of the final BH. Consistency tests between
the inspiral part of the waveform and the merger-ringdown part, of the type performed in [51] for
the first detection GW 150914, would then provide very stringent tests of General Relativity [191].
Furthermore, the early warning provided by LISA on particularly interesting events might allow real

4Smaller estimates have been obtained in [190], using a pessimistic LISA sensitivity curve at high frequencies, rather
than the official sensitivity curve of the LISA proposal used in [188]. This highlights the importance of the sensitivity
curve at high frequencies, as well as of the other assumptions entering the estimates. Note that the analysis of [190] is
restricted to binary BHs with merger times up to 100 yr. As discussed in [190], a numerous population with larger merger
times could also be present. For these wide and slowly inspiraling binaries, the signal is closer to monochromatic and data
analysis simplifies considerably, allowing for a lower SNR threshold. Furthermore, once detected the coalescence in ET,
one could go back to archival LISA data, using a lower signal-to-noise threshold. Except for the possibility of giving a
forewarning of the coalescences at ET and electromagnetic telescopes, such a search into archival LISA data would still
preserve all the other advantages of multi-band detection mentioned below.
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time optimization of ET to improve sensitivity to the ringdown signal [192].

The complementarity of ET and LISA observations to search for intermediate mass black-hole
binaries (10> — 10* My,,,,) at high-redshift is a powerful tool to unveil the possible seeds forming
supermassive black-hole at the center of the galaxies.

In summary, ET represents an enormous opportunity in multi-band and multi-messenger studies. The
synergies and coordination among ET, 2G and other 3G gravitational-wave detectors, and the new
generation of electromagnetic and neutrino observatories will maximize the science return of each
gravitational-wave detection.

The inclusion of ET in a network of gravitational-wave detectors will improve the sky localization
of the signal increasing the probability to detect electromagnetic counterparts;

Multi-band observations with LISA will ensure to follow gravitational-wave sources, such
as heavy binary black-hole systems, in different phases of their evolution, and to explore
complementary mass regions for the intermediate-mass black holes probing the formation of
massive and supermassive black holes;

Multi-messenger studies will strongly benefit from ET’s superior sensitivity, which will increase
the signal-to-noise ratio for close sources and the number of detections up to high redshifts;
The ET wide frequency band and sensitivity will provide unprecedented insight into the onset
of tidal effects during the final inspiral phase, and into the merger and post-merger phases for
close sources. This information together with the ones from the electromagnetic counterpart
signals will be crucial to understand the interior structure of neutron stars, the properties of
ejected mass, the physics behind kilonova emission, and in turn the NS-NS contribution to the
Universe nucleosynthesis;

Large samples of detections extending up to high redshift in connection with short GRBs will
probe the GRB central engine, the formation, structure and properties of relativistic jets and
their interaction with the environment along the cosmic history;

The ET distance estimates together with the electromagnetic redshift for a large sample of
GW sources will enable precise cosmology evaluating the expansion rate of the Universe and
probing its geometry.

ET operating together with electromagnetic and neutrino observatories will be a unique
instrument to probe the physics governing the explosion of massive stars and the multi-
messenger emission of nearby supernovae.



4. Fundamental Physics and Cosmology
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The direct detection of gravitational waves has started to give us access to the genuinely strong-field
dynamics of spacetime. This is illustrated in Fig. 4.1, which shows how different kinds of observations
(past, current, and future) will give us access to different regimes, in terms of spacetime curvature R
and gravitational potential ®.!

Observations of GWs from binary BH and binary NS coalescences with Virgo and LIGO have enabled
us to probe for the first time the regime where both R and ® are no longer small. By observing the
inspiral phase we could test the predictions of GR (as encoded in the post-Newtonian coefficients) to
a precision of about 10%. By observing the full inspiral-merger-ringdown process of binary black
holes, we could perform a first study of the dynamics of vacuum spacetime. The observation of the
binary neutron star inspiral GW 170817 also gave us empirical access to the interaction of spacetime
with high-density matter. Because of the large distances that GWs have to travel from source to
observer, we were able to strongly constrain possible dispersion that might occur; the latter led to a
bound on the mass of the graviton of m, < 5 X 10723 eV/c2.

A 3G detector such as ET will allow us to explore the top right edge of Fig. 4.1, corresponding to
strong-field dynamics at the source, with another leap in precision, compared to the current Virgo
and LIGO detectors. One reason is the much larger detection rate; especially for the purposes of
fundamental physics, information from multiple sources can often be combined, and the measurement
accuracy on common observables tends to improve with the square root of the number of detections.
For example, the post-Newtonian coefficients that govern binary inspiral will be determined with

Tn a binary system, the gravitational potential felt by a star because of the presence of the companion is of order
v2/c?, where v is the characteristic orbital velocity of the binary and ¢ the speed of light; therefore, it becomes strong
when the system is close to relativistic. However, for compact objects such as neutron stars, the gravitational potential
generated by the star itself in its interior and close to its surface is already of order one. This can induce strong-field effects
on the binary evolution even when the orbital velocity v < ¢. This can happen for instance in some scalar-tensor theories,
through the phenomenon of spontaneous and induced scalarization [193, 194], as well as dynamical scalarization [195].
These effects can indeed be constrained by GW observations, see [196] for a study with 2G detectors.
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Figure 4.1: Probing gravity at all scales: illustration of the reach in spacetime curvature versus potential energy
targeted by different kinds of observations. M and L are the characteristic mass and length involved in the
system or process being observed. The genuinely strong-field dynamics of spacetime manifests itself in the top
right of the diagram. The label EHT refers to the Event Horizon Telescope. From ref. [3, 6].

sub-percent to sub-permille accuracy. However, the fact that the same GW source will give a much
stronger signal in ET will also give us access to qualitatively new effects. Below we discuss in
turn the capabilities of ET in probing the properties of gravity, as well as unraveling the nature of
ultra-compact objects, with potentially game-changing implications for our understanding of black
holes, the make-up of dark matter, and maybe even quantum gravity itself.

At the same time, the fact that ET will be able to detect a large number of signals coming from
truly cosmological distances will allow us to investigate the nature of dark energy and the possibility
of modifications of GR at cosmological scales, in particular through signatures encoded in the
propagation of GWs across cosmological distances, while the possible detection of stochastic
backgrounds of cosmological origin would open a window on the primordial Universe at epochs
corresponding to energy scales unreachable with accelerators.

Physics near the black hole horizon: from tests of GR to quantum gravity

Testing the GR predictions for space-time dynamics near the horizon

Black holes are one of the most extraordinary predictions of General Relativity. They are identified
through their most striking property: in the case of stellar mass black holes, a mass O(10 — 100)M¢
is concentrated in an extremely small volume; for instance, the Schwarzschild radius of a non-rotating
BH with mass 10Mg, is about 30 km. However, how certain can we be that the massive compact
objects that we saw merge with 2G detectors are really the standard black holes of classical General
Relativity?

General Relativity gives detailed and specific predictions on the nature of BHs that a 3G detector such
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Figure 4.2: Testing the nature of black holes by using two quasi-normal modes and checking that the
characteristic frequencies f>» and f33 and the damping time 1, are consistent with each other, given that
for ordinary black holes these can only depend on two numbers, namely the final mass M and final spin j.
The estimates are for the “ringdown" of the remnant black hole arising from a binary similar to the source
of GW150914. The dashed curves marked HLV are the 95% confidence regions one would obtain from the
current Virgo and LIGO detectors, while the colored bands are for ET. The star indicates the true values of M
and j. Figure from ref. [3].

as ET will be able to test. The celebrated no-hair theorem of GR states that, in a stationary situation, a
BH is determined by just two numbers: its mass and its spin (plus the electric charge, which however
is not relevant in an astrophysical context, where it is quickly neutralized). However, when a BH is
perturbed, it reacts in a very specific manner, relaxing to its stationary configuration by oscillating
in a superpositions of quasi-normal modes (QNMs), which are damped by the emission of GWs.?2
The fact that an elastic body has normal modes is a familiar notion from elementary mechanics. It
is however quite fascinating to realize that a BH, which is a pure space-time configuration, also
has its quasi-normal modes. These represent pure space-time oscillations, in a regime of strong
gravity, and, in a sense, describe the elasticity of space-time in a most extreme situation, in the
region close to the BH horizon. The theory of BH quasi-normal modes is a classic chapter of
GR (see [197, 4] for reviews), and in particular predicts the spectrum of frequencies and damping
times of the quasi-normal modes as a function of the mass and spin of the BH. Highly perturbed
black holes arise as the remnants of binary BH or NS mergers, and relax to the final stationary BH
configuration through GW emission in the quasi-normal modes, in the so-called ‘ringdown’ phase of
the coalescence, where the waveform is given by a superposition of damped sinusoids. Indeed, for
the first observed BH-BH coalescence, GW 150914, the final ringdown phase was visible, and was
shown to be broadly consistent with the prediction of GR for the value of the parameters inferred
from the inspiral part of the waveform [51].

Since the whole spectrum of frequencies and damping times of the quasi-normal modes depends
only on two parameters (the mass M and the spin j of the final BH) a stringent test of GR can be

2The expression ‘quasi-normal modes’, in contrast to ‘normal modes’, emphasizes that the normal modes are unstable
to GW emission.
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performed if we can measure (at least) three independent quantities. Fig. 4.2 illustrates the difference
in the accuracy of such a test between 2G and 3G detectors, for a single source such as GW150914
(see [198] for the 2G result). Furthermore, the accuracy of the measurement scales as 1/ VN, where
N is the number of detections; as we saw, ET will detect N ~ O(10°> — 10°) BH binaries per year,
compared to a few hundreds per year expected for 2G detectors at target sensitivity. Out of these,
a large fraction will have a detectable ringdown signal. In [199], using three different population
synthesis models, it was found that ET, as a single instrument, will detect between 10* and a few
times 10> binary BH mergers per year in which the final ringdown phase has a signal-to-noise ratio
larger than 8. If one further requires a ringdown signal sufficiently strong to be able to disentangle the
fundamental / = m = 2 QNM from a QNM with different / (in general, the [ = m = 3 mode, except
in the comparable mass limit, where odd-m modes are suppressed, and it becomes easier to resolve
the / = m = 4 mode), one finds that ET will still detect 20 — 50 events per year, with redshifts up
to z =~ 2 (see Fig. 2 of [199]). For comparison, in 2G detectors the rate for resolving two different
QNMs would be of order 1072 events per year [199]. “Black hole spectroscopy” is therefore out of
reach for 2G detector, while it will be routinely performed with 3G detectors. In the comparable
mass limit, where the [ = m = 3 mode is suppressed, another option is to make use of the fact that,
for each (I, m), these is a family of ‘overtones’ caracterized by a further integer number, and it could
be possible to resolve some overtones of the / = m = 2 mode. As shown in [200], this requires a
ringdown signal-to-noise ratio larger than ~ 30, which will be routinely achieved by ET.

One can go beyond consistency tests of GR either by working out explicit predictions for the
quasi-normal mode frequencies and damping time as a function of (M, j) in specific extensions of
GR, or by introducing parametrizations of deviations from the Kerr predictions (in the same spirit as
the parametrization of deviations from the post-Newtonian predictions expressed by the parametrized
Post-Newtonian expansion). Using the parametrization developed in [201] it is found that O(10)
ringdown detections at a signal-to-noise ratio ~ 100, as can be obtained at ET, can provide significant
constraints on the first ‘beyond-Kerr’ parameters.

Exotic compact objects and signals from quantum gravity

The observation of quasi-normal modes, beside providing a spectacular test of GR in the strong-field,
near-horizon regime, could also potentially lead to the discovery of different types of compact objects.
Indeed, various exotic compact objects have been proposed that may act as “black hole mimickers",
such as boson stars, gravastars, stars composed of dark matter particles, etc. (see [202] for review).
When such objects are part of a binary system that undergoes coalescence, they can make their
presence known through various possible imprints on the GW signal emitted. Already during the
inspiral phase, these objects may get tidally deformed in a way that would be impossible for a
standard, classical black hole. Unlike 2G detectors, ET will for instance be able to distinguish neutron
stars from boson stars even for the most compact models of the latter [203]. Another possibility is
that an exotic object could be identified through an anomalous spin-induced quadrupole moment,
which would again not be accessible with current detectors, but measurable with ET to the percent
level [204].

If the outcome of a coalescence is different from a BH, this might leave an imprint on the ringdown
phase, and could be tested by measuring quasi-normal mode frequencies and life-times, as in Fig. 4.2.
For exotic compact objects where the modifications take place only at scales much shorter than the
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so-called light-ring (as in the case of quantum gravity effects discussed below), the ringdown signal
will be very similar to a BH, but after the ringdown has died down, exotic compact objects may
continue to emit bursts of gravitational waves at regular time intervals, called echoes [205, 206].
The detectability of echoes has been investigated in [207, 208], showing that excluding or detecting
echoes requires signal-to-noise ratios in the post-merger phase of O(100), achievable only with 3G
detectors such as ET and CE, or with LISA.

Prompted by Hawking’s information paradox, modifications of the structure of space-time at the
horizon scale have been proposed, such as firewalls [209] and fuzzballs [210], for which the classical
horizon is removed through macroscopic quantum effects. The absence of the horizon results in
an instability, that leads to a detectable stochastic background of gravitational waves [211]. From
a particle physics perspective, one is used to the fact that, at energies £ much below the Planck
energy scale Mpj, quantum gravity effects are suppressed by powers of E/Mpj, and therefore, given
that the Planck scale Mp is of order 10" GeV, they are totally inaccessible at accelerators, even
in any foreseeable future. Equivalently, at a macroscopic length-scale L, quantum gravity effects
are suppressed by powers of /p/L, where Ip; ~ 10733 cm is the Planck length. In contrast, near
the BH horizon, where the characteristic length-scale L is given by the Schwarzschild radius Rg,
effects due to quantum gravity are governed by a factor log(lp;/Rs), and can manifest themselves
through a series of echos after the initial ringdown signal [205, 212, 213], emitted with a time
delay Techo ~ (Rs/c)log(Rs/Ilp1). For instance, for a final object with mass M = 60M, one has
Techo = 16Ty, Where 7y ~ 3 ms is the fundamental damping time of a Schwarzschild BH with
this mass. Such signals are potentially within the reach of ET. The quantization of the area of BHs,
suggested by quantum gravity arguments [214, 215], might also leave an observable imprint on the
waveform of a BBH coalescence [216]. This raises the tantalizing possibility of accessing quantum
gravity effects at ET.

To summarize, the transition from second generation observatories to Einstein Telescope will lead to
a qualitative leap in our ability to probe both the nature of gravity in the strong field regime and the
structure of compact objects, and could even lead to exploring the quantum gravity regime.

The nature of dark matter

From cosmological observations we know that the elementary constituents that we observe everyday
in the lab (electrons, protons, atoms, etc.) are responsible for only about 5% of the energy density of
the Universe; about 25% is made of “dark matter", i.e. matter that does not have electromagnetic
interactions and whose existence is only inferred through its gravitational attraction, while the rest,
about 70%, is currently attributed to “dark energy", a form of energy that formally produces a negative
pressure and therefore cannot be identified with any known or unknown type of matter. Understanding
the nature of dark matter and of dark energy is one of the crucial problems in astrophysics, cosmology
and fundamental physics. ET may be able to shed light on both questions. In this section we discuss
the potential of ET for dark matter studies, while its potential for dark energy will be discussed in
Sect. 4.3.

Observations at ET will allow us to attack the problem of the origin of dark matter from several
different angles. Dark matter could be composed, at least in part, of primordial black holes in the
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mass range ~ 0.1 —100 M. As we already mentioned in Section 3.1, primordial BHs could be seeded
by fluctuations generated during the last stages of inflation, which then collapsed in later epochs
as a consequence of drops in the pressure of the cosmic fluid, e.g. during the QCD quark-hadron
transition. Their mass distribution depends on the precise model of inflation and on the epoch when
they collapsed. The large number of mergers that Einstein Telescope will see, together with its ability
to access a broad range of masses, would allow us to map the black hole mass distribution and identify
an excess of black holes in certain mass intervals. For black holes with masses well below a solar
mass, no plausible astrophysical formation mechanism is available, so that their detection would
point to the existence of primordial black holes. A unique advantage of Einstein Telescope is the
possibility of observing stellar-mass black hole mergers at redshifts of ~ 10 — 20, before any stars
had formed that could create black holes in the usual way; should such an event be observed then
(irrespective of masses) the objects involved are bound to be of primordial origin.

If most of the dark matter occurs in the form of particles beyond the Standard Model, then also in
that case gravitational wave observations can be used to search for them. Black holes could not only
accrete dark matter particles, but also be subject to gravitational drag, which in a binary system would
accumulate over the course of many orbits. If Einstein Telescope will be operational during the same
period as LISA, joint LISA-ET observations of the same source will be of great value. In fact, LISA
can constrain the parameters of the binary with great accuracy, from the long observation of the
inspiral phase, and predict when these systems should coalesce in the ET band. Any deviation from
GR that produces a cumulative effect over the orbits, such as gravitational drag, dipole radiation, etc.,
would then change the actual merger time in a potentially observable manner [217].

There is also the possibility that dark matter particles are captured in astrophysical objects and
thermalize with the star [218]. The presence of a dark matter core in a neutron star might again have
an imprint upon the GW signal during binary inspiral and merger. Dark matter accumulating in
neutron stars and interacting through Yukawa-like interactions in the dark sector could affect the
orbital dynamics of a neutron star binaries, and therefore the corresponding waveform, in a way
detectable by ET [219], whose low-frequency sensitivity makes it an especially sensitive probe to
dark matter mediated forces between neutron stars. In some models [220, 221], the accumulation of
dark matter may lead to the formation of a black hole inside a neutron star, which then accretes the
remaining neutron star matter, leading to black holes of (1 — 2) M, that could be observed by ET.

Finally, ultralight bosons have been proposed in various extensions of the Standard Model, and also
as dark matter candidates [222, 223]. If their Compton wavelength is comparable to the horizon size
of a stellar or supermassive rotating black hole (i.e. for particle masses of 102! — 10~!! V), they can
extract rotational kinetic energy from the black hole through “superradiance” to feed the formation
of a bosonic “cloud" with mass up to ~ 10% of the black hole [224-226]. These clouds annihilate
over a much longer timescale than their formation, through the emission of nearly monochromatic
gravitational waves which could be detected either directly or as a stochastic background from a large
number of such objects throughout the Universe [227, 228]. Additionally, measuring the distribution
of black hole masses and spins can yield an indication of the prevalence of superradiance through
light scalars. Moreover, the presence of such clouds will again have an effect on binary orbital
motion [229]. This way gravitational waves have the potential to provide a unique probe into an
ultralight, weakly coupled regime of particle physics that can not easily be accessed in accelerator
experiments.
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To summarize, ET has the potential of discovering, or ruling out, several dark-matter candidates that
will be inaccessible by any other means.

The nature of dark energy

ET will be an outstanding discovery machine for studying the nature of dark energy, using binary
NSs and binary BHs as cosmological probes. Indeed, a remarkable feature of the GWs emitted in
the coalescence of compact binaries is that their signal provides an absolute measurement of the
luminosity distance to the source. The relation between the luminosity distance dj, and redshift z of
the source carries crucial cosmological information and is among the main observables of modern
cosmology. Explicitly, it is given by

’

1+z

di.(2) / Z dz

1(z) = ,
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Po

(4.3.1)

where H is the Hubble parameter, py is the closure energy density, ppg is the dark energy density and
Q= pum(to)/ po is the density of matter at the present time 7o, normalized to pg (and we neglected
for simplicity the contribution of radiation, which is irrelevant at the redshifts of interest for GW
detectors, and a possible non-vanishing spatial curvature). In particular, in ACDM, which is the
model that constitutes the current cosmological paradigm, ppgr(z)/p0 = Q4 is a constant, related to
the cosmological constant.

Observations performed with electromagnetic waves can infer the redshift of a source, through
spectroscopic or photometric observations; however, obtaining the absolute distance to a source at
cosmological distances is much more difficult. Ideally, this requires the existence of a “standard
candle”, a class of sources whose intrinsic luminosity £ is known, so that, from a measurement
of the energy flux # received by the observer, we can reconstruct the luminosity distance dr.
from F = L/ (47rdi). A classic example of standard candle in cosmology is provided by type la
supernovae: these are bright enough to be visible at cosmological distances, and, after some empirical
corrections, their intrinsic luminosity can be considered as fixed; its value is then calibrated through
the construction of a “cosmic distance ladder”, in which classes of sources at shorter distances
are used to calibrate different sources at higher and higher distances. Indeed, type Ia Supernovae
provided the first conclusive evidence for the existence of dark energy [230, 231], a discovery that
was awarded with the 2011 Nobel Prize in Physics.

GW observations of compact binary coalescences completely bypass the need for empirical corrections
and the uncertainties in the calibration of the cosmic distance ladder, since the observed waveform
of the inspiral phase directly carries the information on the luminosity distance dy [95]. In this
context, coalescing binaries are called “standard sirens”, the GW analogue of standard candles.3
By contrast, the GW signal does not carry direct information on the redshift, so the situation is
reversed compared to electromagnetic observations. An ideal situation then takes place when one has
a joint GW-electromagnetic detection, as was the case for the NS-NS binary GW170817. In this

3The origin of the name is related to the fact that, from several points of view, GWs are more akin to sound than to
visible light. For instance, GWs are generated by bulk coherent motions of matter, and detectors do not need to point the
source to detect them.
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Figure 4.3: Left panel: an example of the ratio of the gravitational to electromagnetic luminosity distance
in a modified gravity model, for different values of a parameter of the model. In the upper curve, at large
redshift the deviations of dﬁw(z) from d{™(z) reaches 60% (from ref. [7]). Right panel: constraints on the
parameters (Eo, wp) that describe a non-trivial dark energy sector. Modified GW propagation is not accessible
by electromagnetic observations from CMB, Baryon Acoustic Oscillations, and Supernovae, whose contours
(red) are flat along the Z direction. Standard sirens at ET (gray), combined with these electromagnetic probes
allow a determination of Z¢ to better than 1% (blue). (From ref. [8]).

case the GW signal gives dy, and the electromagnetic observation the redshift z. Even in the absence
of a redshift determination from an electromagnetic counterpart, several statistical methods have
been discussed in the literature and published using actual measurements by Virgo and LIGO, to
extract cosmological information from purely GW observations. For instance, in a modern version
of a statistical method proposed already in [95], one constructs a Bayesian likelihood by assigning
probabilistically a host galaxy to the GW event, within the localization volume found by the GW
detectors (see [96] for a recent discussion). After collecting a sufficient number of events, the results
will converge to the actual dy, — z relation. This method has been successfully applied recently to the
LIGO/Virgo data to extract the Hubble constant from the binary neutron star coalescence GW 170817
without making use of its counterpart [232], and from several other coalescences [233-236]. Other
techniques, applicable to NSs, exploit the narrowness of their intrinsic mass distribution [237, 238]
or the effect of the equation of state in the inspiral phase [239].

In the low redshift limit z < 1 accessible to 2G detectors, eq. (4.3.1) reduces to the Hubble law
dr(z) = Hy Iz. Hence the observation of standard sirens at low redshifts can provide a measurement
of Hp, but is insensitive to the dark energy density ppg, or equivalently to the dark energy equation
of state wpg. The possibility of measuring Hy has already been demonstrated with GW170817,
from which a value Hy = 70.01%0 kms~! Mpc~! was obtained [50]. With O(100) standard sirens
with counterpart, or with statistical methods, a measurement of Hy at the 1% level could already
be possible with 2G detectors, so already with 2G detectors it could be possible to arbitrate the
current discrepancy between the value of the Hubble parameter Hy obtained from late-Universe
probes [240, 241], and the value inferred from early-Universe probes [242, 243], which has currently
reached the 5.30 level.

For a 3G detector such as ET, given the expected huge number of detections and the very high
signal-to-noise ratios of nearby events, a sub-percent level accuracy on Hy could be reached. However,
a much higher potential for discovery is provided by the fact that ET will have access to standard
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sirens at much larger redshifts, where effects genuinely induced by a non-trivial dark energy sector
and by modifications of General Relativity on cosmological scales become accessible. First of
all, away from the limit z < 1, the effect of the dark energy density ppg(z) becomes visible in
eq. (4.3.1), which would allow us to obtain a measurement of the dark energy equation of state from
GW observations [244, 245, 8]. In fact, the situation for 3G detectors is even more interesting due
to a phenomenon of modified GW propagation [246-250, 8, 251]. Indeed, a natural theoretical
framework for having a dark energy sector different from a simple cosmological constant is provided by
modifications of GR at the cosmological scale. In a generic modified gravity theory the cosmological
evolution of the background is different from that of ACDM, and this is encoded in a non-trivial
dark-energy density ppg(z) [or, equivalently, in the dark energy equation of state wpg(z))]. On top of
this, cosmological perturbations will also be different. The modification in the scalar perturbation
sector will affect the predictions for the growth of structures or lensing, and are among the targets of
future experiments such as Euclid, DESI or SKA. The modification in the tensor perturbation sector
will instead affect the propagation of GWs over cosmological distances. In GR the GW amplitude
scales as the inverse of the scale factor, & o 1/a, which eventually results in the fact that the signal
from coalescing binaries at cosmological distances is proportional to 1/dy.(z). In modified gravity
theories this behavior is changed (also in models where GW's propagate at the speed of light, and
which therefore survive the limit imposed by GW170817).# As a result, the GW amplitude becomes
inversely proportional to a “GW luminosity distance”, different from the standard electromagnetic
one. An example of the resulting ratio of GW luminosity distance to the standard ‘electromagnetic’
luminosity distance, in a specific model of modified gravity, is shown in the left panel of Fig. 4.3.
This behavior turns out to be completely generic to modified gravity models (scalar-tensor theories,
nonlocal modifications of gravity, bigravity, etc.) [251]. For most models, the deviations from GR
can be parametrized in terms of two parameters (Eg, n) as [8]

d]%W(Z) 1-E
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where dj™ is the standard electromagnetic luminosity distance. Measuring the modified GW
propagation through its effect on the GW luminosity distance is a very powerful probe for the dark
energy sector which cannot be accessed at all with electromagnetic observations. With a few hundreds
standard sirens with counterpart, ET will constrain Zg to below 1% (see the right panel in Fig. 4.3), a
level significantly smaller than the deviation from GR foreseen by various alternative gravity theories.
Indeed, the sector of tensor perturbations over a cosmological background can only be explored
with GW detectors, and can lead to significant surprises. For instance, one can have a cosmological
model that is observationally indistinguishable from ACDM in terms of current electromagnetic
observations, but still, as shown in the left panel of Fig. 4.3, predicts a value of Z¢ that can be as large
as Eg =~ 1.6, representing a 60% deviation from ACDM [7] (and in fact even up to 80% [252]). Such
a large effect could be detectable even with just a single standard siren at ET.

To perform precision cosmography with ET it is also important to investigate the effect of cosmological
perturbations on the propagation of gravitational waves. A detailed analysis of the effect of
cosmological perturbations and inhomogeneities on estimates of the luminosity distance of BH or

4In GR the equation of propagation of GWs over a FRW background is given by X +2H ljllA +k%hy = 0, where hy is
the GW amplitude, A = +, X labels the polarization, and H = a’/a is the Hubble parameter. In alternative theories this is
modified to hx +2H[1 - 6(77)]h:4 + k%R A = 0, where the function ¢ encodes the details of the modification.
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Figure 4.4: Total correction to luminosity distance estimates due to perturbations, as a function of z. The
dotted, dashed and dot-dashed lines show Doppler, lensing and ISW-like contributions, respectively, while
the solid line shows the total effect. The green points show the predicted precision in measurements of the
luminosity distance of ET. Adapted from [9].

NS binary mergers through gravitational waves has been performed in [9], where an expression
has been derived for the effect of large-scale structures on GW waveforms accounting for lensing,
Sachs-Wolfe, integrated Sachs-Wolfe, time delay and volume distortion effects. In Figure 4.4 we
show the correction 6Dy, /Dy to luminosity distance estimates due to perturbations, as a function
of z. The dotted, dashed and dot-dashed lines show velocity, lensing and ISW-like contributions,
respectively, while the solid line shows the total effect. The green points show the predicted precision
in measurements of the luminosity distance, at any redshift, for the Einstein Telescope. We see that
the additional uncertainty § Dy, /Dy, due to the inclusion of perturbations is below the error obtained
by the sensitivity curve of ET (except at very low z where it becomes comparable) and therefore does
not spoil the accuracy that can be obtained by ET.

In summary, the sector of cosmological tensor perturbations is an unknown territory which can only
be explored via GWs, and only with third-generation GW detectors such as ET, and which could offer
the most powerful window for understanding the nature of dark energy and modifications of General
Relativity at cosmological scales.

Toward the big bang: stochastic gravitational-wave backgrounds

The weakness of the gravitational interaction, which is responsible for the fact that GW detection is
such a challenging enterprise, also implies that the observed GW signals carry uncorrupted information
about their production mechanism. This is particularly significant for stochastic backgrounds of GWs
of cosmological origin. For comparison, in the early Universe photons were kept in equilibrium with
the primordial plasma by the electromagnetic interaction, and decoupled from it only at a redshift
z = 1090, when the Universe already had a rather low temperature 7 =~ 0.26 eV. The photons that we
observe today from the cosmic microwave background therefore give a snapshot of the Universe at this
decoupling epoch, while all information about earlier epochs was obliterated by the photon collisions
with the primordial plasma. Neutrinos, which interact through weak interactions, decoupled when
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the Universe had a temperature 7 =~ 1 MeV. By contrast, GWs were decoupled from the primordial
plasma at all temperatures below the Planck scale ~ 10! GeV,5 corresponding to a far earlier epoch,
and energies far exceeding those accessible to particle accelerators. The detection of a stochastic
background of GWs of cosmological origin would literally provide us with an uncorrupted snapshot
of the earliest moments after the big bang, much earlier than those provided by the CMB, and could
carry information inaccessible by any other probe.

Stochastic GW backgrounds are characterized by the energy spectrum Qgw(f), which measures the
GW energy density per logarithmic interval of frequency, normalized to the critical energy density
for closing the Universe; by the angular spectrum, measuring the energy density at different angular
scales in the sky; and by their polarization content. In order to detect a stochastic background one
has to perform cross-correlation among the outputs of pairs of independent detectors, as would be
possible with a single ET observatory, which is made of three non-parallel detectors.

Cosmological backgrounds

One of the targets of ET is the detection and characterization of the stochastic GW background from
astrophysical and cosmological sources. On the cosmological side, while the background generated
by the amplification of quantum vacuum fluctuations due to the inflationary expansion is expected
to be too low to be detected by 3G detectors, there are several other inflation-related mechanisms
that can produce detectable signals [253, 254, 4]. For example, large GW amplitudes are naturally
produced in inflationary models where there are secondary fields [255] (not responsible for the
inflationary period) with arbitrary spin, and coupled to the inflaton either directly or only through
a gravitational coupling, or in models where some symmetries are relaxed during the inflationary
period [256]. On the other hand, also scenarios alternative to inflation, like e.g. pre-big-bang models
inspired by string theory [257-259], predict a spectrum which grows with frequency, resulting in a
potentially detectable signal in the ET bandwidth.

Such cosmological backgrounds, beside having a large spectral energy spectrum Qgw(f), can be
characterized by peculiar features which ET will have the capability to characterize: for instance,
models where the inflaton is coupled to an axion field result in a spectrum which increases with
frequency (hence, is potentially visible at ET scales while still complying with CMB limits at very
low frequencies, see Fig. 4.5) and is chiral, with an overproduction of one circular GW polarization
with respect to the other. ET, using the dipolar modulation generated by the solar system motion,
will be sensitive to such a feature [260], which is a clear indication of the cosmological origin of the
signal. Another source of GWs is expected during the (p)reheating period of the Universe, following
closely the end of inflation [261-264]. In particular, when “preheat” fields are coupled to the inflaton,
these may undergo a non-perturbative excitation after inflation with the consequent generation of
GWs. The amplitude of these backgrounds can be very large, and there are scenarios that can peak at
frequencies in the ET range. 3G detectors will also have the ability to probe post-inflation expansion
scenarios where the equation state parameter is stiff, 1/3 <w < 1 [265].

Different cosmological sources are expected to have different spectral shapes; however, if one is faced
with a superposition of cosmological backgrounds, other observables need to be considered. With

5At least in standard four-dimensional Einstein-Hilbert gravity. The scale where gravity becomes strong can be
somewhat different in string theory, and could even be significantly lowered in theories with large extra dimensions.
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Figure 4.5: Spectrum of GWs today, #*Qgw , for a model of quadratic inflaton potential, with inflaton - gauge
field coupling f = Mp;/34 vs ET and LISA Power Law Sensitivity (PLS) curves.

a network of 3G detectors the resulting angular resolution, and the possibility of cross-correlating
them, would allow us to reach in the case of a detectable background the desired resolution to detect
angular anisotropies in the GW energy density. At the same time, the statistical properties (and,
particularly, its deviation from gaussianity) of the cosmological stochastic GW background will be
another possible target for 3G detectors that will allow to distinguish a cosmological background

from other stochastic signals [266].

The direct observation of a cosmological stochastic GW background with ET would also provide a
unique opportunity to test General Relativity during the early Universe, through the existence of extra
polarization modes of GWs. In GR, a GW has two polarization modes, while in a general metric
theory of gravitation, GWs can have up to six independent polarizations. If additional polarizations
would be found, it would show that the theory of gravity should be extended beyond GR, and would
help to discriminate among theoretical models, depending on which polarization modes are detected.

First-order phase transitions are another potential source of a stochastic background. As the Universe
expands, its temperature drops and it may undergo a series of phase transitions followed by spontaneous
breaking of symmetries. If a phase transition is of first order, a stochastic GW background may be
produced as true vacuum bubbles collide and convert the entire Universe to the symmetry-broken
phase. In the Standard Model of particle physics, the electroweak and the QCD transitions are just
cross-overs, hence any generated gravitational wave signal is not expected to be detectable. However,
there are many extensions of the Standard Model (e.g., with additional scalar singlet or doublet,
spontaneously broken conformal symmetry, or phase transitions in a hidden sector) which predict
strong first-order phase transitions, not necessarily tied to either the electroweak or the QCD phase
transition. In such models, the power of the generated gravitational wave signal depends on the
energy available for conversion to shear stress, which is determined by the underlying particle physics
model. Hence, a stochastic background of GWs will allow us to test particle physics models of the
very early Universe, at energy scales far above those that can be reached at the Large Hadron Collider.
First-order phase transitions can also lead to turbulence that may generate a stochastic background of

gravitational waves.
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Figure 4.6: The 95% confidence detection region of ET for stochastic backgrounds assuming one year of
observation time (shaded area), compared with the prediction for the stochastic GW background from cosmic
strings, for two different models of the loop distribution discussed in ref. [10] (left panel) and [11] (right panel).
(Figure provided by A.C. Jenkins).

Phase transitions followed by spontaneous breaking of symmetries may leave behind topological
defects as relics of the previous more symmetric phase of the Universe. In the context of Grand
Unified Theories, it has been shown [267] that one-dimensional defects, called cosmic strings are
generically formed. Cosmic string loops oscillate periodically in time, emitting GWs, which depend
on a single parameter, the string tension g, related to the energy scale n of the symmetry breaking
through

Gu ~ 10—6(L)2 44.1)
K 106Gev/ -

Cosmic strings may emits bursts of beamed gravitational radiation. The main sources of bursts
are kinks, discontinuities on the tangent vector of a string resulting from string inter-commutations
and exchange of partners, and cusps, points where the string instantaneously reaches the speed
of light. Gravitational back reaction is expected to smooth out the string microstructure which
implies that kinky loops become less wiggly and cusps may be the most important points for GW
emission. Another possible mechanism leading to bursts of gravitational waves is kink-kink collisions,
during which gravitational waves are emitted in all directions. The incoherent superposition of
these bursts would generate a stationary and almost Gaussian stochastic background of gravitational
waves. Occasionally there may also be sharp and high-amplitude bursts of GWs above this stochastic
background. A non-detection of a stochastic background of gravitational waves imposes bounds on
the cosmic string tension and therefore on particle physics models beyond the Standard Model. ET
will be able to improve on 2G bounds by up to 8 orders of magnitude. As we see from Fig. 4.6, with
just one year of data one can detect or exclude values of Gy down to 10717 — 1078, depending on the
loop distribution. Finally, within the Standard Model of particle physics, a stochastic background of
GWs may be generated from a period of turbulence in the early Universe, which might arise for the
evolution of primordial magnetic fields coupled to the highly conducting magnetic fields [268].

The detection of a weak cosmological background requires the removal of the astrophysical foreground,
which is a formidable challenge given the high expected number of signals from coalescing binaries.
A simple subtraction of estimated waveforms will be insufficient since estimated waveforms do
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not perfectly match the true waveforms leaving sensitivity-limiting residuals in the data [269].
Consequently, advanced data-processing techniques need to be applied. The first method that was
proposed makes it possible to project out the residuals [270]. A full Bayesian approach was suggested
recently to achieve a combined estimation of the astrophysical and cosmological signals [271]. Both
of these methods will push the limits of what will be computationally feasible. Therefore, the ultimate
sensitivity achieved in searches of cosmological stochastic backgrounds might not only be limited
by the instrument noise, but also by how effective data-analysis methods will be to understand the
astrophysical foreground (which, of course, will have their own intrinsic astrophysical interest).

Astrophysical backgrounds

In addition to the cosmological background, an astrophysical contribution will result from the
superposition of a large number of unresolved sources too faint to be detected individually. Examples
include short-lived burst sources, such as core collapses to neutron stars or black holes, oscillation
modes of (proto)-neutron stars, or the final stage of compact binary mergers; periodic long lived
sources, typically pulsars; or the early inspiral phase of compact binaries or captures by supermassive
black holes, whose frequency is expected to evolve very slowly compared to the observation time [272].
The strongest astrophysical background in the frequency region of terrestrial detectors is expected to
be due to the coalescence of binary black holes and binary neutron star systems. To separate the
cosmological and the astrophysical backgrounds the first step will be to use any distinct spectral
dependence of the average (monopole) amplitude Qgw [273]. However, the better angular resolution
of 3G detectors will most probably allow to spot the anisotropies (directionality dependence) of the
astrophysical background. Such anisotropies contain information about the angular distribution of
the sources and can be used as a tool for source separation as well as a tracer of astrophysical or
cosmological structure. In fact the effects imprinted in the angular power spectrum of the stochastic
background, due to the GW distorsion by the intervening Large Scale Structure distribution, like
Kaiser, Doppler and gravitational potentials effects, can be used to study the Large Scale Structure and
make precision cosmology with 3G detectors [274-281]. For resolved sources, 3G detectors can join
astronomy facilities to enable thousands of host galaxy identifications from BNS and NSBH mergers.
As discussed in sect. 3.3.1, for the best localized sources one could reach a localization accuracy
below 1 deg? up to z = 0.5, corresponding to multipoles £ ~ 100 — 1000. On the other hand, the
resolution of 3G detectors for the anisotropies of unresolved stochastic signals will be limited by the
combination of the detector response and the baseline over which the cross-correlation of individual
signals is being carried out (see [282] for a methodological study referring to 2G detectors).

Finally, thanks to the better sensitivity and angular resolution of 3G detectors, also alternative
scenarios of production of GWs will be tested: for instance, in U(1) extension of the Standard Model
a spin-1 gauge boson, the dark photon, is predicted. If this particle is sufficiently light, it can produce
an oscillating force on objects endowed with a dark charge which, on its turn, can bring to a stochastic
GW signal potentially detectable by 3G detectors. Ultra-light boson clouds around spinning BH,
that we already discussed in the context of continuous GW signals, can also produce a stochastic
background due to the superposition of the signals produced by several decaying clouds.
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-

We conclude with a summary of the key scientific questions that ET will be able to tackle, expanding
on the discussion in sect. 1.2. The Science Case of ET is broad, and addresses crucial problems in
astrophysics, in cosmology and in fundamental physics, as summarized below. Furthermore, we
should not forget that ET will be a discovery machine: GW detection has literally opened a new
window on the Universe. Thanks to third-generation detectors such as ET we will begin to look deeply
through this window. This means that we will also penetrate into uncharted territories, where further
surprises could (and, in fact, likely, will) await for us. A summary of the key science objectives
discussed above is as follows.

* ET will detect binary black hole coalescences up to redshift z ~ 20, with a rate of order
10° — 109 events per year. It will therefore provide a census of the population of BHs, uncovering
the full population of coalescing stellar and intermediate mass BHs in the Universe, over the
whole epoch since the end of the cosmological dark ages. This will allow us answering crucial
questions on the progenitors, formation, binary evolution and demographics of stellar BHs.
Among the millions of events detected by ET, some will have remarkably high signal-to-noise
ratio and will provide a sample of events with extraordinarily well-measured properties. This
will allow us to understand how binary evolution results in BH-BH mergers, and will give
information on several aspects of the dynamics of binaries. The huge number of detections
will allow us to cross-correlate the distribution of GW events with large-scale cosmological
structures, providing another clue to the origin of the observed BHs, and disentangling
astrophysical BHs from primordial BHs that could have been produced by fluctuations in the
early Universe. Showing that at least a fraction of the observed BHs are of primordial origin
would be a discovery of fundamental importance, which will open a window on the very first
moments of the Universe and on physics at correspondingly high energies. The astrophysical
discovery potential in this direction is guaranteed. A detector network would result in further
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benefits,! but even ET as a single detector is fully adequate to address these issues.

ET will detect BH binaries over a broad mass range from sub-solar masses up to a few times
10°M,, extending in particular the upper end of the region of BH masses explored by 2G
detectors, which is limited to O(100) M. ET will detect BHs of several hundreds solar masses
up to redshifts of order 10 or more and BHs of several thousands solar massesuptoz ~1—35
(see Fig. 2.1). This opens the possibility of detecting a whole population of these intermediate
mass BHs and studying the possibility that they are the seeds of the supermassive BHs in the
center of galaxies. The detections could be performed by a single 3G detectors such as ET, and
would complement in an ideal manner the observations expected from LISA: for masses M in
the range (10? — 10*)M LISA would observe the long inspiral phase, that could stay in its
bandwidth for months or even years, while a 3G detector could see the final and much louder
merger phase of the same events.

ET will detect the coalescence of binary neutron stars up to z ~ 2 — 3, with an estimated rate
of about 7 x 10* events per year. This range reaches the peak of the star formation rate and
therefore covers the vast majority of NS binaries coalescing throughout the Universe. This will
allow us to investigate their formation mechanisms, evolution and demographics, providing a
wealth of astrophysical information. Neutron star are also remarkable laboratory for studying
the physics of strong interactions in an extreme regime of high temperatures and densities.
The sensitivity of ET in the high-frequency regime will allow us to access the GW signal
of the merger phase, that is inaccessible to 2G detectors and carries detailed information on
the internal structure of neutron stars and on their equation of state. This will allow us to
study QCD at ultra-high density, including the possibility of phase transitions in the NS core
involving deconfined quarks or exotic states of matter. These detections, and a rich science
output coming from them, are guaranteed. Again, these goals can be obtained even by ET as a
single detector.

Depending on the network of electromagnetic observatories operating at the time, over the
years ET will collect a sample of O(100) binary neutron star coalescences with observed
electromagnetic counterpart. Multi-messenger observations of such a large sample of NS
binaries will provide unique opportunities. The precision of parameter estimation for the
progenitor system (such as masses, spins, and neutron star tidal deformability) and the merger
remnant, together with the information from the ultraviolet, optical, near infrared signals, will
allow us to obtain a detailed understanding of the physics governing the kilonova emission,
to unveil the nuclear physics of neutron stars, and to study heavy element formation at its
production site. Joint high-energy and gravitational-wave detections and their multi-wavelength
follow-up up to high redshift will probe the short GRBs physics unveiling the formation,
propagation and structure of relativistic jets and their interactions with the environment along
the cosmic history. Such a sample of joint GW/electromagnetic detections, with luminosity
distance measured by gravitational-waves and redshift measured by ground-based telescopes,
will provide precise measurements of the Hubble constant, and, even more importantly, to

I As we have discussed in sect. 3.3.1, apart from reducing the false alarm rate and increasing the overall signal-to-noise

ratio, a detector network is in general important for accurate source localization, which also gives the possibility of
identifying an electromagnetic counterpart. For BH-BH binaries the latter point is less relevant, since BH binaries are
not expected to have an electromagnetic counterpart. However, as we discussed, accurate localization could provide a
characterization of the anisotropies of the binary BH population, allowing for instance studies of correlation with large-scale
structure surveys.
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investigate the nature of dark energy.

ET could detect several new astrophysical sources of GWs, such as signals emitted during
core collapse supernovae, continuous signals from isolated rotating NSs, and possibly burst
signals from NSs. While not guaranteed, these signals would bring breakthrough information.
Detecting the GWs from supernovae would elucidate the mechanisms of supernova explosions
and its post-collapse phase. The detection of continuous GWs from NSs would allow us to
explore the condition of formation and evolutions of isolated NS, providing information on
their spin, thermal evolution and magnetic field. ET will be able to detect ‘mountains’ on the
surface of a NS as small as 10~3 mm, which in turn would again give us information on the
inner structure of NS and on the corresponding aspects of nuclear and particle physics, such as
the existence of exotic matter in the NS core. A single detector such as ET suffices to search
for and exploit these signals. Furthermore, in the case of rotating NSs, a single detector would
accurately localize the source, thanks to the Doppler effects from the Earth movement during
the observation of the signal which can be continuously observed over months or year time
scales.

Among the millions of observed BH-BH and NS-NS coalescences, those with an optimal
combination of masses, distance and orientation will have very high signal-to-noise ratio, and
their waveform will be reconstructed by ET with exquisite precision. This will allow accurate
tests of General Relativity, both in the inspiral phase, where one can test the validity of the
post-Newtonian expansion of GR to sub-permille accuracy (thereby testing the non-linearities
of GR), and in the merger and post-merger phase. The accurate observation of the ringdown
phase of the final BH will allow the extraction of the frequencies and damping times of
several of its longest-lived quasi-normal modes, allowing us to perform stringent tests of the
predictions of GR in this extreme regime, literally probing the elasticity of space-time close
to the BH horizon. The possibility of performing such accurate tests is guaranteed, and can
be performed by ET as a single detector. These tests could also lead to surprises, such as
revealing the existence of exotic compact objects, and could even carry observable imprints of
quantum gravity effects. While the latter perspective is more speculative, its impact would be
revolutionary.

ET will test several dark matter candidates. If dark matter is made, at least in part, by primordial
BHs in the mass range ~ 0.1 — 100 Mo, ET will be able to provide definite evidence for them.
Thanks to its extraordinary reach, ET could observe BH binaries at redshift z ~ 10 — 20,
before any stars had formed that could create black holes in the usual way; even a single event
observed at such redshift would have necessarily a non-stellar origin. Furthermore, thanks to
the extension of its frequency band toward both low and high frequencies, ET will detect BHs
across a large spectrum of masses. The detection of even a single BH of sub-solar mass would
again point clearly to a non-stellar origin. This topic belongs to those whose success is not
guaranteed (observed BHs could, after all, have just stellar origin) but certainly belongs to
the high-gain category. Showing that at least a fraction of the observed BHs are of primordial
origin would be a discovery of fundamental importance not only in astrophysics but also from
the point of view of fundamental physics and cosmology, providing unique information on
primordial inflation and on physics at correspondingly high energies. Another dark matter
candidate that will be tested by ET is an ultralight boson such as a light axion, that could form a
bosonic cloud near a BH, or more generally dark matter particles that are captured by compact
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objects and accumulate in the core of a NS, or that accumulate near compact objects and create
a drag in the dynamics of a compact binary. ET will be able to explore these possibilities even
as a single detector.

ET will explore the nature of dark energy and the possibility of modifications of General
Relativity at cosmological distances. The simultaneous measurement of the luminosity distance
to the source, through GW observations, and their redshift, from an electromagnetic counterpart,
provides a powerful tool of the expansion history of the Universe, and could carries very
distinctive signature of modifications from GR. In particular, the propagation of GWs across
cosmological distances, in theories where dark energy has a dynamical origin, is generally
different from that in GR. This will allow to test the sector of tensor perturbations over a
cosmological background, which is accessible only to GW experiments. Thanks to the large
number of detections, ET could probe the luminosity-distance relation even using sources
without electromagnetic counterpart, by using statistical techniques, but this topic would
significantly benefit from the presence of a network of GW detectors leading to accurate
localization of many sources (allowing for the measurement of the redshift from electromagnetic
follow-up observations, as with GW170817), or from synergies with gamma-ray burst detectors.
From the point of view of cosmology, ET is guaranteed to obtain important results (accurate
measurement of Hy, significant limits on the equation of state of dark energy), complementary to
measurements obtained with electromagnetic probes. The possibility of detecting modifications
of General Relativity at cosmological scales and understanding the origin of dark energy is not
guaranteed, but would be revolutionary.

ET will search for stochastic backgrounds of GWs, which are relics of the earliest cosmological
epochs. Such backgrounds, if detected, would carry information of the earliest moment of the
Universe, and on physics at the corresponding high-energy scales, that would be inaccessible
by electromagnetic (or neutrino) observations. ET, thanks to its design corresponding to three
independent interferometers, could obtain significant limits on stochastic backgrounds already
as a single detector, although a network of two well-separated 3G detectors would have a better
rejection of local background noise and would allow to resolve the angular anisotropies of
the background. In particular, ET can contribute to shedding light on early Universe models
of inflation and is also sensitive to features that will allow to disentangle a cosmological
background from an astrophysical one. It can test the post-inflationary period through GW
from a (p)reheating stage after inflation and from a stiff phase of evolution. It will have enough
angular resolution to distinguish galactic from extragalactic backgrounds of GW through
the characterization and mapping of the angular distribution of GW anisotropies both from
astrophysical and cosmological sources. Stochastic backgrounds of cosmological origin in the
ET frequency window depend on physics beyond the Standard Model. Thus, the predictions
are unavoidably uncertain, and the gain from a successful detection would be correspondingly
high, allowing us to explore the earliest moments after the big bang.
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6.1

This chapter will focus on the technical implementation of the detectors housed in the ET infrastructure.
The strategies, designs and techniques to meet the the unprecedented sensitivity of this new observatory

will be detailed.

Optical layout

The Einstein Telescope will consist of three nested de-
tectors, which will be arranged in a triangular pattern as
shown in figure 6.1. In contrast to the traditional L-shaped
geometry of the first gravitational wave observatories this
arrangement is equally sensitive for both polarisations
of the gravitational wave. Additionally it shows a more
isotropic antenna pattern compared to the L-shaped de-
tectors with sky localisation possibilities. The overall
frequency range covered will span from 3 Hz to several
kHz.

Each individual detector in turn will comprise two inter-
ferometers, one specialised for detecting low-frequency
gravitational waves and the other one for the high-frequency
part of the spectrum. The sensitivity goal for each inter-
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Figure 6.1: Three nested detectors in a tri-
angular arrangement will form the final Ein-
stein Telescope geometry.

ferometer is shown in figure 1.10. Each individual interferometer has a dual-recycled Michelson
topology with Fabry-Perot arm cavities. This is a mature and well tested configuration currently
employed in second-generation detectors, such as the current Virgo and LIGO detectors.

This section describes the details of the ET optical layout, such as the laser beam sizes, beam shapes
and distances between optical components inside the arm cavities and central interferometer including
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the power and signal recycling cavities. A schematic sketch of the optical layout of all core optics of
the interferometers is shown in figure 6.2.

The length of the main arm cavity is one of the most crucial parameters of the detector as it impacts
the achievable sensitivity but also the construction cost. The first driver of the arm length is the
science goal of ET as described in section 3.1. To detect the fusion of black holes all over the universe,
numerical simulations have shown that a 10 km long arm cavity is a minimum requirement. Longer
arm could always bring better sensitivity as the GW signal is accumulated over the arm length and has
to be compared with the mirror local displacement noise (independent of the arm length). However it
may come at the cost of a reduced bandwidth depending on the tuning of the recycling cavity.

A second, more practical argument points towards arm cavities with a maximum length of 12 km. It
is a direct consequence of the diffraction of the laser beam circulating in the arms. The longer the
arms, the larger the size of the laser beam on the mirror, with more light falling outside the finite size
of the optics. This increase of the cavity optical loss could have a dramatic effect as it is enhanced by
the cavity finesse and the recycling cavity and ultimately it is degrading the interferometer sensitivity.
More specifically, the constraint comes from ET-LF as a longer wavelength means larger beams for
the same cavity length and the size of the crystalline substrate is limited by industrial capabilities
(which are not driven by the GW community). Currently the maximum diameter for silicon substrates
is 45 cm, leading to a maximum arm length of 12 km at 1550 nm. If in the next decades, larger
crystals are available, ET would still benefit from these larger cryogenic optics by using wider laser
beams and hence reducing further the thermal noise level.

A xylophone design for ET

Spanning the detection band over more than three orders of magnitude in frequency, as it is expected
for ET, is technically extremely challenging: different noise types dominate the various frequency
bands and often show opposite responses to different tuning of the same design parameter.

In the following we provide fundamental issues of a broadband third-generation interferometer that
could be resolved by using a set of xylophone detectors [283]:

* Control Noises: Many noise sources limiting the second generation GW detectors at the
low frequency end seem to become more challenging with increased optical power: classical
radiation pressure forces and torques originating from residual misalignments and beam jitter
dominate the dynamics of the interferometer mirrors and hence the local and global control
loops. The xylophone concept will help ET to achieve its unprecedented low-frequency
sensitivity target by minimising the radiation pressure driven forces on the mirrors of the ET
LF detector.

* Shot Noise vs Radiation Pressure Noise: Due to the fact that the shot noise contribution
scales inversely with optical power, but the photon radiation pressure noise contribution on
the other hand scales proportionally to the optical power, it will be hard to obtain the desired
bandwidth with a single detector. Therefore, again it will be very benefitial to split ET into a
low-power low-frequency and a high-power high-frequency companion.

* High Power vs Cryogenic Temperature: In a single broadband ET observatory the simul-
taneous use of high optical power (a few megawatts) to achieve the required high frequency
sensitivity and test masses at cryogenic temperatures in the 10 to 20K range in order to
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Parameter ET-HF ET-LF
Arm length 10 km 10km
Input power (after IMC) 500 W 3W
Arm power 3IMW 18 kW
Temperature 290K 10-20K
Mirror material fused silica silicon
Mirror diameter / thickness ~ 62cm /30cm 45 cm/ 57 cm
Mirror masses 200kg 211kg
Laser wavelength 1064 nm 1550 nm
SR-phase (rad) tuned (0.0) detuned (0.6)
SR transmittance 10 % 20 %o
Quantum noise suppression  freq. dep. squeez. freq. dep. squeez.
Filter cavities 1x300 m 2x1.0km
Squeezing level 10dB (effective)  10dB (effective)
Beam shape TEMyg TEMg
Beam radius 12.0cm 9cm
Scatter loss per surface 37 ppm 37 ppm
Seismic isolation SA, 8 m tall mod SA, 17 m tall
Seismic (for f > 1Hz) 5-1071%m/ f2 5-1071%m/ f2
Gravity gradient subtraction none factor of a few

Table 6.1: Summary of the most important parameters of the ET high and low frequency interferometers.
SA = super attenuator, freq. dep. squeez. = squeezing with frequency dependent angle.

provide the required suppression of thermal noise to achieve the required low frequency
sensitivity would pose a strong challenge. Even though extremely small, the residual absorption
of the dielectric mirror coatings deposits heat in the mirrors which is difficult to extract,
without spoiling the performance of the seismic isolation systems. The preferred solution
for this problem is a xylophone design consisting of a high-frequency detector featuring high
power and high temperature, and a low-frequency detector featuring low power and cryogenic
temperatures.

The xylophone concept was first suggested for the Advanced LIGO project, proposing to complement
the standard broadband interferometers with an interferometer optimized for lower frequency, thus
enhancing the detection of high-mass binary systems [284, 285]. While A xylophone will increase
the required hardware and therefore cost, this concept provides a sensitivity that would otherwise not
be achievable in practice.

The baseline for ET is a 2-band xylophone detector configuration, composed of a low-frequency (ET-
LF) and a high-frequency (ET-HF) interferometer. Both interferometers are Michelson interferometers
featuring 10 km arm length with an opening angle of 60 degrees. Due to their similar geometry both
detectors will share common tunnels. Table 6.1 gives a brief overview of the main parameters of
the analysed low-frequency (ET-LF) and high-frequency (ET-HF) interferometers. Figure 6.3 shows
sketches of the corresponding core interferometers and the filter cavities. The full layout of the the
central part of the two interferometers of a single ET detector is depicted in Figure 6.2.
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Figure 6.2: Schematic overview of the corner caverns and central interferometers of one of the three ET
detectors. (Used acronyms: LF = low frequency; HF = high frequency; ITM = input mirror; ETM = end mirror;
BS = beam splitter; PRM = power recyling mirror); SRM = Signal recycling; FC = filter cavity; x/y = x/y-arm).
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Figure 6.3: Simplified sketch of the ET low and high frequency interferometers of a single ET-detector.
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Arm cavity design

The size and shape of the laser beam inside the interferometer is defined by the surface profile of
the cavity mirrors; the beam sizes at the arm cavity input mirrors (ITM) and arm cavity end mirrors
(ETM) as well as the position of the cavity waist are determined by only two parameters, the radii of
curvature (ROC) of ITM and ETM for a fixed cavity length. Since the GW interacts with the laser
light inside the two Fabry-Perot cavities of the Michelson interferometer, creating signal sidebands,
the two arm cavities can be seen as the heart of the ET interferometers. The characteristics of the arm
cavities have not only a high impact on the detector sensitivity and bandwidth, but also on the overall
detector performance.

The choice of the beam size on the arm cavity mirrors is a trade-off process taking the following
considerations into account:

* A large laser beam size on the cavity mirrors is advantageous to reduce the displacement noise
induced by the various thermal noises of the mirrors.

* The upper limit for the manageable beam size is given firstly by the maximum available mirror
substrate size and secondly by the closeness to the cavity instability.

A common criterion to define the beam size is to demand the optical power loss due to clipping (light
being lost outside the reflective surface area) to be less than 1 ppm. This results in a scaling factor
between beam and mirror radius of 2.63 (for TEMy modes), see [286].

Using the minimal beam sizes is obviously not optimal in terms of thermal noise. To reach the
thermal noise induced displacement compatible with the ET-HF sensitivity, the laser beam radius
on the mirror must be 12 cm which corresponds to about 62 cm substrate diameter for fused silica
mirrors to have negligible clipping optical loss. For ET-LF, the diameter of the substrate is set to
45 cm for the silicon mirrors. Assuming 10 km long arm cavities, we can derive the following arm
cavity characteristics.

IFO A mode | mirror @ Rc wo 20 w g—factor
ET-HF | 1064 nm | TEMg 62 cm 5070m | 1.42cm | 5000m | 12.0cm 0.95
ET-LF | 1550nm | TEMyg 45cm | 5580m | 2.9cm | 5000m | 9.0cm 0.63

Central interferometer design

The central interferometer consists of the two recycling cavities and the central Michelson in-
terferometer formed by the beam splitter and the arm cavity input mirrors. The design of the
central interferometer is mainly determined by two constraints. First of all it should allow for the
implementation of non-degenerate recycling cavities. Second, the central interferometer has to serve
as mode-matching and pointing telescope for the arm cavities.

The recycling cavity design used by the current detectors can probably not be directly adapted for ET,
because no beam splitter substrates of the required dimensions would be available. For example the
high frequency interferometer featuring an opening angle of 60 degree would require a beam splitter
with a diameter of more than 120 cm.

Therefore we plan to investigate design options making use of input mirror substrates including a
focusing lens and introducing a two telescope mirrors in a z-configuration between the ITMs and the
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central beam splitter, see Fig. 6.4. Please note that the arm cavity mirrors and possibly the telescope
mirrors are the only full sized optical elements and that the beam splitter and recycling mirrors can
be made significantly smaller.

=== HF vacuum system

HF input mode cleaner
=== LF vacuum system
mmmm cryo shields
"/\\ = filter cavity vacuum

HF filter cavity
0 fused silica optics
o silicon optics
=
HF telescope | EmG | ch lETM ] QE
LF input ] B} o HF ETM
mode clej
300 m 40m 40m 10 km
«— > >
g © 20m . 20m  20m

LF filter cavities

Side views of vacuum tubes in tunnels at different points, as seen from this central cavern

Figure 6.4: Sketch of the optical layout in one corner of the triangle of ET. One can notice in particular the
geometrical design of the recycling cavities featuring folded telescopes between the beam splitter and input
mirrors. The acronyms used are detailed in the text.

Core optics

This section focuses on the mirrors forming the arm cavities of the interferometer (ITM and ETM).
Those optics, also called test masses, are the largest by dimension (with the exception of the
beamsplitters) and the most critical ones whose displacement noise can directly degrade the sensitivity
of the detector to the gravitational wave signals.

To ensure the best optics, the three ingredients of a mirror: substrate, polishing and coating will have
to use state of the art technologies. An overview of current achievements and the core optics strategy
for ET is presented in the following sections. The temperature at which the mirror is operated has
a strong impact on the technological choices to be made so different materials will be used for the
mirrors of the room temperature and of the cryogenic interferometers.

The substrate materials

The substrate of the large ET main optics must meet considerable requirements in terms of optical
and mechanical properties, moreover it should be available in large sizes with surfaces polished to the
atomic level. Due to constraints of the thermomechanical properties, only two specific materials can
be considered: fused silica for room temperature interferometer and silicon for cryogenic temperatures.
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Fused silica

Fused silica is the substrate of choice for all the current room temperature interferometers. Due
to its extensive use for first and second generation gravitational wave detectors, this material has
been broadly characterised at room temperature. Moreover the polishing and coating are now well
mastered for this material [287].

The operating wavelength of room temperature will be 1064 nm, the same as current interferometers
and well within the transparency region of fused silica. At this wavelength fused silica exhibits very
low bulk optical absorption (below 1 ppm/cm) with high homogeneity of refractive index (relative
optical path length < 0.1 nm/cm over the central part) and very low birefringence (around 1 nm/cm
[288]). The material can be isotropic in 3 dimensions which is ideal for the central beamsplitter
where laser beams are crossing the substrate at different angles.

In addition to its outstanding optical properties, fused silica presents a very low Brownian thermal noise
at room temperature. Additionally, there exist techniques to fabricate quasi-monolithic suspensions
based on pulled fused silica fibres and silicate bonding to further reduce the suspension thermal noise.
These techniques have demonstrated their reliability and performances for years in the GEO600
detector [289] and in the LIGO and Virgo detectors [290, 291].

The upgrade of Advanced Virgo, called Advanced Virgo+, will use test masses in fused silica of
diameter 55 cm weighting 100 kg, an essential step towards the optics for ET-HF, which will be the
same material and with a diameter of 62 cm and mass of 200 kg.

Fused silica for large optical substrates presents the best optical and mechanical performances at
room temperature and with very limited risks.

Silicon

Silicon is the preferred material for the test masses for the cryogenic interferometer, ET-LF. Unlike
fused silica (and sapphire), silicon is not transparent at 1064 nm and so the operating wavelength of
the detector has to be shifted to 1550 nm.

Silicon has excellent mechanical and thermal properties and is easily available in relatively high
quality due to the large market of the semiconductor industry. The coefficient of thermal expansion is
zero at two special temperatures around 18 K and 125 K [292]. At these temperatures the contribution
of thermo-elastic noise will therefore vanish. The mechanical loss of silicon has been studied by
Q-factor measurements. It was experimentally shown that silicon bulk samples can reach mechanical
losses as low as 1 x 1072 at 10 K which is outstanding [293].

The maximum available diameter and purity of silicon depends on the fabrication process. The
two main growing processes for single crystal silicon used by the semiconductor industry are the
Czochralski (CZ) and the Float Zone (FZ) methods. CZ silicon is grown from a silicon melt in a silica
crucible. It results in relative large samples with a reasonable purity. The most dominant impurities
in undoped CZ-grown silicon are carbon (typically 10~!® cm~3) and oxygen (typically up to 10~
cm™3). In contrast, FZ silicon contains the same impurities but in much smaller concentrations (up to
10° times smaller). During the FZ growth process, single or poly-crystalline silicon is remelted by
means of inductive heating in vacuum or under an inert atmosphere. Impurities dissolve better in
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the melt than in the solid part. The re-crystallised material has therefore a higher purity than the
initial one. By slowly sweeping the melt from one end to the other it is possible to purify in steps.
The mechanism of inductive heating sets limits to the current production setups and leads to smaller
available samples.

Using the CZ growth technique, silicon ingots up to 45 cm of diameter can be produced however
30 cm is still the most comon wafer diameter in the semiconductor industry. For FZ silicon the
diameter is currently limited to 20 cm.

In the recent years, motivated by the possible use of silicon as test mass material, the optical properties
of silicon have been extensively characterised. A direct link between bulk absorption at 1550 nm and
the concentration of impurities was demonstrated [294]. For FZ silicon, absorption below 5 ppm/cm
has been measured which is compatible with the ET-LF requirement. During the absorption studies,
excess optical absorption at the surface of silicon was reported [295] which is likely linked to the
polishing techniques used and not intrinsic to the material [296]. According to the latest measurement,
magnetic Czochralski (mCz) growth technique would be the most suitable approach for ET as it
can combine large diameter ingot (45 cm) with very low impurities, with absorption ~ 20 ppm/cm
achieved.

Thanks to the limited intensity of the laser beam in ET-LF, non linear effects such as two photon
absorption [297] or Kerr effect are expected to be negligible in silicon.

Other characterisations done in the framework of the Einstein Telescope include the measurement of
thermo-optic coeflicient at low temperature [298] which is essential to derive the thermal lensing
magnitude and the substrate thermo-refractive noise and also the birefringence [299] which is in the
same order of magnitude as for sapphire.

To validate our choice of silicon substrates for ET-LF, we need to demonstrate optical absorption as
low as a few ppm on samples with sufficient size (diameter of 45 cm). Silicon ingots made with mCz
show evidence of meeting those specifications on some samples, however the repeatability has yet to
be appropriately demonstrated.

Surface polishing

The polishing capability will depend on the substrate material. Polishing of fused silica is well
mastered thanks to current generation of room temperature interferometers and hence presents little
risks. For the Einstein Telescope, the same flatness and roughness that was achieved! for the current
detectors will be enough, albeit on a larger area. Due to the heavier substrate, special handling tools
will have to be manufactured. The large end mirrors of Advanced Virgo+ with a diameter of 550 mm
and weighing 100 kg represent an important step towards the procurement of the ET mirrors.

Polishing of silicon does not carry any difficulties as this substrate material is commonly used for
X-ray mirrors. Experiences from polishing companies indicate that silicon could be polished the
same way as fused silica and similar performances on the flatness could be achieved (using also ion
beam figuring to reach sub-nanometer flatness). The very low roughness is more challenging but

flatness inferior to 0.5 nm RMS and roughness below 0.1 nm RMS on the central part [287].
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0.2 nm RMS could be achieved and is acceptable for ET. In short, the polishing of the large silicon
substrates of ET is within the reach of the current technology.

Sapphire - the backup choice for low temperature test mass - is one of the hardest known material
and has always been very difficult to polish. However, as demonstrated by the KAGRA detector, the
outstanding surface quality of fused silica could also be reproduced on sapphire [300] but at longer
time and higher cost.

The polishing of the large substrates of the Einstein Telescope is within the current polishing capability
and as such does not pose any significant challenges.

Other core optics

Central interferometer optics such as Power and Signal Recycling Mirrors (PRM and SRM) will be
smaller in size (diameter in the order of 10 cm) and at room temperature for both interferometers.
Fused silica is hence the preferred material for the substrates. The coating for 1064 nm and 1550
nm will use the same materials as for ET-HF to benefit from state of the art deposition process. The
procurement of those optics does not represent any challenges.

Coatings

Coating procurement

Thin optical coatings, a few microns in thickness, must be applied to the surfaces of the inteferometer
mirrors to make them highly reflective. Since the thermal noise from these coatings will already limit
the sensitivity of current room-temperature detectors at their most sensitive frequencies [301, 302], it
is essential to reduce coating thermal noise to achieve ET design sensitivity.

Highly-reflective coatings are usually composed of a stack of layers of alternating refractive index,
with each layer having an optical thickness of a quarter of a wavelength. Using more layers or materials
with a larger refractive index contrast results in higher reflectivity. Different layer thicknesses may
be used to reduce thermo-optic noise, to optimise the coating thermal noise [303] or to provide
reflectivity at more than one wavelength.

The amplitude spectral density (ASD) of coating thermal noise can be approximated by [304],

(6.3.1)

()= | 2KeT d (noat+ 1)

T 2f w2 Yg 121b Ycoat

where kg is the Boltzmann constant, 7 the mirror temperature, f the frequency, d the coating
thickness, w the radius of the laser beam on the coating and ¢ the mechanical loss of the coating. Yy,
and Yoy are the Young’s moduli of the substrate and coating materials. This formula assumes that
the bulk and shear mechanical loss angles of the coating are identical, that the mechanical loss is
frequency independent and that the Poisson ratios of the coating and the substrate are zero. Further
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discussion of the validity of some of these assumptions is given below. While Eqn 6.3.1 is often used
to estimate thermal noise, it should be noted that the result can be as much as 30% different from the
result given by the full formula which accounts for field penetration into the coating and does not
neglect the Poisson ratios.

The main approaches to reducing coating thermal noise can be identified from Eqn 6.3.1:

* Reducing the loss of the coating materials (lower ¢) e.g. by varying deposition parameters,
post-deposition treatments or by developing alternative coating materials

* Reducing the required thickness of the coating (lower d) - using materials with a large contrast
in refractive index results in fewer pairs of layers being required to provide the same reflectivity.

* Reducing the mirror temperature (lower 7). While this directly reduces the thermal energy in
the system, care is needed as the mechanical loss of many materials is strongly temperature
dependent.

* Increasing the interferometer laser beam radius on the mirrors (larger w). This averages thermal
motion of the coating over a larger area, reducing the noise. However, the laser spot size is
limited by the radius of the mirror to keep scattering / diffraction losses at the edge of the
mirror to an acceptable level.

Furthermore, the lowest coating thermal noise occurs when the coating Young’s modulus is matched
to that of the substrate [305, 306]. Current detectors use coatings formed from alternating layers of
silica (SiO,) and titanta-doped tantala (TiO,-Ta;Os) [307-310]. The loss of these coatings has been
observed to increase at cryogenic temperatures, to a peak at ~30K [311]. Similar loss peaks have
been observed in single layers of SiO, [312] and TiO;-Ta;Os [313], with the magnitude of the loss
and the temperature at which loss peaks occur being strongly dependent on post-deposition annealing
temperature [314, 315]. Current coatings are therefore not suitable for use at low temperatures 2.

Coating thermal noise - full treatment

Equation 6.3.1 is an useful and convenient approximation of the magnitude of coating thermal noise.
However, a material can have two independent loss angles, associated with shear deformations and
‘bulk’ (volume change) deformations. These loss angles are assumed to be identical in Eqn 6.3.1; for
many materials, this is unlikely to be a valid assumption. A more complete expression for coating
thermal noise in terms of bulk and shear loss is given by Hong [317]. This treatment also shows that
the thermal noise measured by an interferometer is more sensitive to the bulk loss angle than to the
shear loss angle. For detailed thermal noise calculations, it is therefore important to know both the
bulk and shear loss of the coating materials.

Equation 6.3.1 ignores also the effect of the penetration of the laser beam into the coating stack. In
reality, the sensitivity of the interferometer to thermal motion in a particular layer is dependent on
that layer’s position in the coating stack [317-320]. While this usually results in a small correction of
10% or less, this effect must be taken into account when making accurate thermal noise predictions.

20ne study of an ion-beam sputtered silica/tantala coating did not show evidence of a loss peak at low temperature:
however, the level of loss is still higher than required for ET-LF [316]
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Coating requirements

ET-LF

To meet the science goals, ET-LF requires a reduction in coating displacement thermal noise by at
least a factor of 10 with respect to current gravitational wave detectors. Some of this improvement
can be obtained from operating at low temperature and through the use of larger laser beam spots
on the mirrors. The remainder of the improvement will need to come form the coating materials
themselves. The most relevant material properties are the coating mechanical loss and the coating
thickness (which is determined by the combination of refractive indices of the materials used in
the coating stack). However, the elastic modulus of the coating (and of the mirror substrate) also
contributes to the magnitude of the coating thermal noise.

For operation at 10 K, after accounting for the effect of temperature and the use of larger beams in
ET-LF, areduction in the amplitude of coating thermal noise by a factor of 1.24 must be obtained from
improved coating materials. When taking account of the substrate modulus effects, and assuming all
coating properties except mechanical loss remain the same as in alLIGO, this translates to a factor of
3.8 reduction in coating loss compared to the loss of SiO,/Ti0;:Ta,O5 at 10 K.

ET-HF

The target for ET-HF is a factor of 3.2 reduction in coating thermal noise ASD at 100 Hz compared
to alLIGO design sensitivity. Accounting for the slightly larger laser beam in ET-HF, this sets a
requirement of a reduction in ASD by a factor of 2.7 from the coating materials. If we assume all
coating properties except the mechanical loss remain identical, then a reduction in mechanical loss by
a factor of 7.1 with respect to the alLIGO coatings is required.

Other requirements

In addition to meeting these thermal noise requirements, the coatings must have low optical absorption
and low scattering. Low absorption is essential to minimise the heat-load on the cryogenic mirror,
with a nominal target of 5 ppm absorption set. Significantly lower absorption — perhaps similar to the
sub-ppm absorption of the current aLIGO and Advanced Virgo coatings — may be required to enable
the design of suspension fibres which can successfully extract the laser power absorbed by the mirror
while also having acceptably low thermal noise [321]. Further studies in this area are likely to be
required as detailed suspension designs are developed. For ET-HF, the coating optical absorption is
also critical to limit the thermal expansion of the surface of the mirrors. The same absorption limit of
0.5 ppm similar to current detectors will still hold.

Low scattering is required to minimise the optical round trip loss from the arm cavities and to prevent
scattered light picking up additional phase noise (e.g. by reflection from the non-isolated beam tube)
and coupling back into the interferometer beam. The target for scattering as optical loss is in the order
of 10-20 ppm per mirror; point defects, for their absorption and scatter, must be strictly controlled.
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Figure 6.5: A multimaterial coatings design for (a) an ETM and (b) and ITM. This design uses an upper stack
of Si0,/Ta; 05 on top of a SiO,:HfO,/aSi lower stack [12]. The blue lines show the electric field intensity as a
function of depth in the coating.

Coating design solutions

Multimaterial coatings

The use of so-called multimaterial coating designs has been proposed to enable the use of coating
materials with higher optical absorption than can be tolerated in a traditional 2-material design [322,
323]. In a multimaterial coating, the top few coating layers are made from low-absorption materials
e.g. silica/tantala. These layers reflect the majority of the incident laser power, reducing the light
intensity in the coating to a level where higher-absorption materials (e.g. aSi, in combination with a
low-index material) can be tolerated in the lower part of the stack. This allows the low mechanical
loss of materials such as aSi to be exploited, without significantly increasing the total absorption of
the coating stack.

Several possible multi-material designs have been proposed to date [12, 324-327], including one
that, in principle, would meet the ET-LF coating thermal noise target for an optical absorption
of 3.4ppm [12]. This coating design relies on a level of absorption in aSi films which has been
observed [327], but has not yet been demonstrated reproducibly or on the scale required for ET.

Experimental verification of the performance of prototype multimaterial coatings has been re-
ported [328, 329] — although it should be noted that a coating meeting the thermal noise and optical
requirements of ET-LF has not been tested to date.
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Nanolayer coatings

Annealing at high temperatures is desirable to reduce the mechanical loss and optical absorption
of many coatings: however, the onset of crystallisation (which results in higher mechanical loss
and increased optical scattering) can limit the maximum tolerable annealing temperature. The
nanolayer approach involves composing a single coating layer out of a stack of thinner layers of two
materials [330, 331]. This substructure can inhibit crystallisation in the material, allowing higher
annealing temperatures and lower mechanical loss to be achieved. This has been demonstrated for a
high-index coating layer formed from a substructure of titania/silica nanolayers [330].

More recently, it has been shown that the cryogenic loss peaks observed in silica coatings can be
eliminated by using silica nanolayers separated with titania ’blocking’ layers [332]. Nanolayer
coatings may therefore provide an excellent way to gain better performance from amorphous oxide
materials at low temperatures. An important consideration for nanolayer coatings is to define the
precision and uniformity with which each nanolayer needs to be deposited, along with consideration
of diffusion between layers. Further investigations are required to validate full high-reflectivity stacks
based on nanolayer structures.

Coating structure and mechanical loss

Significant progress has been made in predicting the cryogenic mechanical loss of coating materials
computationally using molecular dynamics simulations [333-336] and to obtain agreement with
trends and magnitudes of experimental loss data.

Other structural work has shown the room-temperature loss may be correlated with medium-range order
in TapOs coatings, with more ordered structures and lower loss resulting from heat-treatment [337].
The evidence points towards the possibility that the same structural features responsible for low loss at
room-temperature may be responsible for higher loss at cryogenic temperature. Raman spectroscopy
studies have identified correlations between the ring structures and loss in silica coatings [338], with
further recent work showing that a correlation exists between optical properties and internal friction
in high-index oxide coatings [339].

Recently, evidence that specific structural units may correlate with lower loss has been found, in
particular glassy structures with a high degree of corner-sharing, rather than edge or face sharing,
between neighbouring tetrahedrons [340]. This allows the structures of potential coating materials -
many of which are well characterised - to be examined, and promising materials exhibiting a high
degree of corner sharing to be identified and further investigated.

This increased understanding of the links between atomic structure and coating loss is a highly useful
tool for developing lower-loss coatings.

Possible coating materials
Amorphous silicon

Amorphous silicon has low mechanical loss at cryogenic temperatures [341, 342], and has a relatively
high refractive index, allowing thinner coatings — with correspondingly lower thermal noise — to be
made. Mechanical loss as low as 2x107> has been observed in aSi coatings at room temperature
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and at cryogenic temperatures, and even lower loss is possible for coatings deposited at elevated
temperature [343]. Elevated temperature deposition allows the aSi to form an ‘ideal glass’ structure —
a low entropy amorphous state with very low loss.

While aSi is a very attractive material for thermal noise reasons, the optical absorption has historically
been too high for use in gravitational wave detectors. Commercially grown ion-beam sputtered aSi
coatings can have optical absorption of 1000 to 10000 ppm at 1550 nm (for a room-temperature
HR stack made of aSi and SiO;) [344, 345]. Significantly lower absorption can be achieved using
a commercially available ion plating technique [346], and even lower again via electron cyclotron
resonance (ECR) ion-beam sputtering [345]. The absorption of aSi tends to be significantly lower —
between a factor of 5 and 10 — at ~2000 nm than at 1550 nm [346]. Operating ET-LF at a wavelength
close to 2000 nm may therefore be desirable to enable the use of aSi coatings for thermal noise
reduction. While the absorption of the best aSi measured is still too high to allow a traditional
aSi-based coating to be used, the incorporation of aSi layers into a mutimaterial coating design can
allow significant thermal noise improvements while minimising the absorption contribution of the
aSi layers.

aSi may also be a candidate material for a room-temperature coating. However, without further
reductions in optical absorption, this is significantly more likely for a laser wavelength of 1550 nm
than for 1064 nm, due to the higher optical absorption of aSi at 1064 nm. However, it is interesting to
note that some thermal noise reductions may be possible using aSi in a multi-material design at 1064
nm.

Alternative cryogenic low-index layers

For room-temperature detectors, efforts have largely focused on improving or replacing the high-index
coating layers which currently dominate the thermal noise. The current low-index material, silica,
has a relatively low loss (as low as ~2 x1073) at room temperature. However, the loss of silica films
increases significantly at cryogenic temperatures [312] - with both the structure and the magnitude of
the loss being strongly dependent on post-deposition heat-treatment temperature [314]. Therefore
alternative low-index materials to silica will be required at for cryogenic coatings. A lower-loss
low-index material is also likely to be required to achieve the required reduction in coating thermal
noise at room temperature, although at the moment thermal noise remains dominated by the high
index Ta,Os layers. The room-temperature loss of silica can be further reduced by annealing at higher
temperatures up to 900°C [347]. In current coatings, crystallisation of the tantala layers prevents
annealing above ~ 600°C [347].

In order to replace SiO; layers with lower-index materials, the optical properties and the internal
friction of sputtered MgF, and AlF; coatings have been characterized at room temperature [310].
Lower refractive index, higher optical abosrption and internal friction have been observed. Work is
ongoing to characterize the impact of annealing on absorption and internal friction, at room and low
temperature, for possible implementation in future cryogenic detectors like ET-LF.

Silicon nitride

Silicon nitride films can have mechanical loss in the order of 1 x 107 around 10K [348] for a
film on a substrate, and less than 1 x 107 for substrate-free films [349]. The refractive index of
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SiN is relatively low, making it of interest as a low-index material for use alongside aSi [350, 346].
Studies have shown that the exact composition of SiN films can strongly affect the refractive index,
optical absorption and mechanical loss. Large enough refractive index variations can be obtained
by changing the composition to potentially allow SiN to be used for both the high and low index
coating layers. The optical absorption of SiN can be similar to the best aSi commercially available
aSi films [350, 351]. A multimaterial design has been proposed to further reduce this absorption to
below 5 ppm for an HR stack [326], although this design does not meet the ET-LF thermal noise
requirements.

Low mechanical loss has also been demonstrated in silicon nitride at room temperature and in
sputtered films [310]. Silicon nitride can withstand annealing at higher temperatures than tantala,
up to 900°C [310], allowing for the possibility of high-temperature annealing to produce low loss
Si3N4/SiO, based coatings.

Silica-doped hafnia

HfO; coatings have been shown to have lower cryogenic mechanical loss than SiO, and Ta;Os, but
the material partially crystallises on annealing, resulting in poor optical properties [352]. Doping
HfO, with SiO, prevents crystallisation due to annealing, without increasing the cryogenic loss. With
reasonably low optical absorption, SiO,-doped HfO, shows promise for use as a low-index coating
material in combination with high-index aSi layers at cryogenic temperatures [12]. This material is
not of interest for ET-HF due to a relatively high room-temperature loss [353].

Alumina

Al,Os3 coatings can have a lower mechanical loss than SiO; at cryogenic temperatures [314]. While
the refractive index is not as low as for SiO», this material may be of interest for use as a low-index
material alongside materials like aSi which has a particularly high index. There has been interesting
evidence that alumina coatings deposited at elevated temperatures can have significantly lower
cryogenic loss than coatings which are heat-treated after deposition.

Other amorphous coatings

Improved amorphous oxides, with improvements being targeted using improved knowledge of the links
between loss and structure, remain of interest for room-temperature coatings in particular. Options
under investigation [310] include studies of doping/mixing to increase crystallisation temperature
and enable high-temperature annealing, the formation of ideal glass states using elevated temperature
deposition and identifying materials with a high degree of corner-shared structural units.

Crystalline coatings

Multilayer single-crystalline coating materials can be grown epitaxially and can have very low
mechanical loss. GaAs/AlGaAs crystalline coatings have been studied extensively, with a loss of
5.4x107° demonstrated at 20 K for substrate-free resonator [354]. Thermal noise measurements in
small cavities are consistent with a coating loss of 4x107> at room temperature, and excellent optical
absorption and scattering have been observed at wavelengths around 1550 nm and 2000 nm [355].
AlGaAs coatings are grown on GaAs substrates, and would require to be transferred and bonded to a
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silica or silicon mirror - a process that needs further development for ET-sized optics. Currently the
maximum available diameter of GaAs wafers is 20 cm, which is not large enough for ET mirrors.
However, there is now industrial interest in the production of larger GaAs wafers, with progress
towards wafer diameters up to 40 cm [356].

Recent work suggested that the bulk loss of AlGaAs may be significantly higher than the shear
loss [356], however further investigation of the contribution from thermoelastic dissipation is required.
Since the total coating thermal noise is more sensitive to bulk than to shear loss, or large beam sizes,
further analysis and experimental results are required. It should be noted that low thermal noise
has been directly measured in AlGaAs coatings on relatively small mirrors with small laser spot
sizes [357]. Although further work is required, AlIGaAs crystalline mirror coatings continue to hold
significant promise for addressing the optical and thermal noise requirements for future gravitational
wave observatories.

GaP/AlGaP crystalline coatings have also been investigated [358], with mechanical loss as low as
2.5%107> measured at 20 K [359]. This material is of interest as it is lattice-matched to silicon and
can be grown directly onto silicon substrates, potentially removing the need for substrate transfer.
Measurements of an initial highly-reflective stack showed high optical absorption of 2.3% [360];
however there may be scope to reduce this absorption e.g. reducing impurities in the coating materials.
To date, the number of layers in a high-reflectivity coating is limited [359], resulting in a limited
reflectivity.

For both GaAs/AlGaAs and GaP/AlGaAs coatings, the difference in refractive index between the two
materials is relatively small, and so many layers are required to provide high reflectivity, reducing
some of the thermal noise improvements due to the low loss.

Coating deposition

The ET mirrors will be significantly larger than current gravitational detectors, thus coating uniformity
over larger diameters will require development of coating deposition facilities. This development is
already underway at the state-of-the-art coating facility at the Laboratoire des Matériaux Avancés
in Lyon, France. Problems with point absorbers have been observed in the coatings for Advanced
LIGO and Advanced Virgo: work to understand the origin of these defects and to eliminate them is a
priority. Also, the occurrence of bubble-like defects limiting the annealing temperature of different
coatings (high-index oxides) has been observed in multi-layer high-reflective stacks; work is currently
ongoing also to understand and solve this issue.

Coating strategy for ET

Significant progress has been made towards development of coatings suitable for use at low
temperatures in ET-LF. There are several highly-promising routes to meeting the coating thermal
noise and optical absorption requirements. However, further study is required of the potential trade-off
between coating absorption requirements, suspension thermal noise, ultimate mirror temperature and
substrate thermoelastic noise — and it seems likely that lower absorption than 5 ppm may be required.

Achieving significant reductions in coating thermal noise at room temperature may be more challenging
than at low temperature. Work in this area is ongoing, both for ET and for upgrades to the aLIGO
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and Advanced Virgo detectors, and there are several promising options. One limitation is that some
coatings which show promise for the low-temperature detector at 1550 nm have significantly higher
optical absorption at 1064 nm, the wavelength envisaged for the room-temperature detector. Detailed
studies of the benefits of operating the room-temperature detector at 1550 nm may be of interest, as
this may allow significant thermal noise reductions through the use of e.g. aSi-based coatings.

Light sources

Each of the ET interferometers will use a high power laser system with low intrinsic noise called the
high power laser (HPL) in the following. Several nested stabilization control loops will be required
to reduce the fluctuations of the free-running laser before the light can be injected into the main
interferometer. Like in all currently operating GWDs a first ET laser stabilization layer will be
installed on a seismically isolated laser table outside the vacuum system. The combined system
of HPL and this stabilization layer is called the prestabilized laser (PSL) and is discussed in this
section. We will start with a discussion of the PSL requirements for ET-LF and ET-HF followed by a
description of the HPLs for both interferometers. The last subsection will discuss passive and active
noise reduction concepts that will prepare the light for injection into the suspended input modecleaner
(IMO).

Requirements

The ET-HF HPL has to operate in a single-frequency continuous-wave (cw) mode at a wavelength of
1064 nm and needs to deliver 700 W in a linear polarized fundamental spatial HGop mode. With
the assumption of roughly 30% loss between the laser and the IMC output this leaves 500 W at the
input of the main interferometer. The higher order mode content of this laser should be below 10%
and the polarization purity at least 1/10. The ET-LF HPL needs to operate in a single-frequency
continuous-wave (cw) mode at a wavelength of approximately 1550 nm with similar spatial and
polarization purities as the ET-HP HPL. A laser power of 5 W is required to allow for 3 W to be
injected into the main interferometer.

Both HPLs need to provide actuators with sufficient dynamic range and speed to allow for a
suppression of their free running laser frequency-, power- and pointing noise and to compensate for
noise introduced between the PSL interface on the laser table and the main interferometer’s reference
frame. The relative power noise (RPN) in the megahertz frequency range should be shot noise limited
for 100 mA photo current. In addition the HPLs need to operate reliable with small drifts and only
limited maintenance requirements.

A rough estimation of the ET PSL noise requirements is given here based on the present ET design.
The frequency noise of the light injected into the IMC will be subject to Doppler noise between the
laser table and the suspended reference frame. A frequency noise of about 10 mHz/VHz should be
well below this level and hence adequate as PSL requirement. Following the same line of thought
the beam pointing requirement of the ET PSLs will be similar to the one of present detectors with
relative lateral and angular beam fluctuations in the 10°/vHz range[361]. With a similar power
noise coupling and a 10 fold improved sensitivity compared to the advanced GWDs the ET detectors
would need a factor of ten better laser power stability of roughly RPN = 3x107'0/v/Hz.
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High power laser

It is likely that the 700 W laser power for ET-HF will be generated by a coherent combination
of several high-power laser-amplifier stages seeded by one or more low-power low-noise laser(s).
Two different concepts are currently under investigation for such master-oscillator power-amplifier
(MOPA) stages at the 250 W output power level. One concept is based on mode-selectively pumped
Nd:Vandate amplifiers which do not suffer from depolarizaton problems as Nd:YAG systems would
do. A power of roughly 200 W was lately generated with a commercial neoVAN-4S-HP amplifier
chain with low noise and high spatial purity [362, 363]. Investigations are underway to increase the
output power of such a solid state amplifier chain to 250-300 W. As solid-state MOPA chains are
more complex compared to fiber based MOPAs, solid-state MOPAs serve as fall back solutions for
ET-HF HPLs and will not be further discussed in this document.

Fiber amplifiers offer a highly-efficient and compact way to amplify laser light to the kW level. The
amplification of narrow linewidth single mode seed lasers is, however, limited by nonlinear effects
such as stimulated Brillouin scattering (SBS). Large mode-area (LMA) fibers in combination with
losses for high-order spatial modes introduced by bending of the fiber can lead to high SBS free
output powers in a single spatial mode operation. Sophisticated fiber designs (photonic crystal fibers
[364], photonic band gap fibers [365] and chirally-coupled-core fibers [366]) can guide a single mode
with a large mode field diameter even without such bending losses. The SBS threshold can be further
increased by a differential temperature induced shift of the SBS gain spectrum along the fiber and via
a counter-propagating pumping scheme. Several high power fiber amplifier systems that meet the
demanding ET-HF HPL noise requirements have been demonstrated up to power levels of 300 W
[367-370]. A 200 W fiber laser system [371] will be installed and tested in the Advanced Virgo+
gravitational wave detector in its 4th observation run. Higher power levels generated with fiber
based MOPAs were reported in literature but only limited information on spatial purity and noise
performance of these systems is available. Especially information on the RPN at radio frequencies is
missing which is prone to increase at pump power levels well below the onset of significant SBS
related power in the back-ward propagation direction [372]. Hence a conservative approach is taken
for ET-HF that assumes that several fiber based MOPA systems will be coherently combined to
form the ET-HF HPL. These fiber amplifier modules will each incorporate a mode-field adapter, a
pump-light stripper, an active fiber and a pump-light combiner that couples the light of the fiber based
pump diodes into the active LMA fiber. The amplified light will leave the fiber via a fused silica
end cap to reduce the light intensity at the glass air interface and with this the risk of contamination
induced damage.

Different options are under investigation for the seed laser design. A fiber-oscillator in combination
with a fiber-preamplifier allows for an monolithic all fiber design that includes fiber based components
such as Faraday isolators (FIs), electro-optical modulators (EOMs) and acousto-optical modulators
(AOMs). All these components including the high power LMA amplifier are spliced together and
form a monolithic HPL. module. One disadvantage of this concept is, that modulators can only
be used between the seed and the preamplifier due to limited power handling capabilities of fiber
modulators.

A second concept relies on the non-planar ring-oscillator (NPRO) seed as used in all currently
operating GWDs. Free space EOMs, AOMs and FIs can be used to condition the laser light before it
is coupled into either a solid-state or a fiber pre-amplifier. This amplifier is either spliced or free
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space coupled to the mode-field adapter of the LMA high power amplifier. A trade-off study between
these two concepts will lead to the final ET-HF seed laser concept. Both seed laser concepts can
provide actuators with enough range and speed for the PSL frequency stabilization. As the power
noise of a MOPA system is usually dominated by the high power amplifier and as the modulation of
the pump diodes of this stage offer a large actuation range, the pump current of the LMA amplifier’s
pump diodes will serve as the main PSL power actuator.

The coherent combination will be performed on a beam combiner (beam splitter) before the pre-
modecleaner cavity (PMC, see next subsection). Both of the to-be combined beams can separately be
aligned to the Eigenmode of the PMC which guarantees an optimal spatial overlap. The differential
phase between the beams will be sensed at the second beam combiner port. A phase-lock control
loop will feed back to either one of the seed lasers (in case different seed lasers are used) or to a
piezo-controlled mirror or a fiber stretcher in one amplifier’s beam path (in case of a single seed
laser). Long term tests will reveal if alignment control loops are required to keep a good interference
contrast at the beam combiner. First coherent combination experiments of two 40 W fiber amplifiers
[373] and two 200 W fiber amplifiers [374] show promising results.

Several commercial seed lasers operating at 1550 nm and Erbium based fiber amplifiers for the same
wavelength are available for use in ET-LF. The seed lasers are either based on fiber oscillators or
external-cavity diode lasers to generate low noise beams with several 10 mW power. Several MOPA
configurations with Er fiber amplifiers were tested at the 2 W level and show spatial purity and noise
levels consistent with ET-LF requirements [375]. The amplification to the required power level of
5 W by a second Er fiber amplifier is straight forward. (Low noise fiber amplifiers with output power
of more than 100 W have been demonstrated [376]). In the case of a laser diode based seed laser
the pump current can be used as a fast frequency actuator with 50 kHz actuation bandwidth. The
power noise can be reduced by feed-back to either the fiber amplifier’s pump diodes or via an external
electro-optical amplitude modulator (EOAM).

Prestabilization

Even though laser systems with very low free running power and frequency noise will be selected for ET,
sophisticated nested stabilization schemes are required to achieve stability levels in the interferometers
compatible with the GW sensitivity goal. A first stabilization layer, the so called prestabilization is
performed on the laser table outside the vacuum system. The goal of the prestabilization system is to
reduce the laser fluctuations well below the level of noise added by the Doppler and beam pointing
effects due to motion of the laser table with respect to the seismically isolated interferometer frame.
Power in higher order spatial modes as well as beam pointing fluctuations are reduced by passive
spatial filtering with stable optical ring resonators called pre mode cleaner (PMC). In the case of
ET-LF a fiber could be used as a spatial mode filter and as a transfer fiber to deliver the laser light via a
seismically isolated output coupler in the interferometer reference frame. This could strongly reduce
the noise introduced between the laser table and the suspended modecleaners. Further investigations
will reveal if non-linear effects or added phase noise in such a fiber would prevail the benefits. In the
case of ET-HF the power levels are too high for a solid-core-fiber based modecleaner such that a
PMC needs to be part of the PSL. A PMC has the additional benefit, that it filters power noise at
radio frequencies and that it can provide spatially stable pick-off ports for the frequency and power
stabilization and potentially for phase locked loops of the squeezing or length and alignment control
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subsystem.

The PSL frequency stabilization will use a rigid spacer high-finesse reference cavity which is
seismically isolated inside a vacuum system. A feedback control loop with a high unity gain frequency
of several hundred kHz is required to allow for high bandwidth second layer control loops. These
will use the suspended modecleaner and the main interferometer as frequency references and will
feed back either via a summation point into the error point of the PSL loop or to an AOM frequency
shifter placed between the main laser and the rigid reference cavity.

A high unity gain frequency is also required for the PSL power stabilization control loop. This needs
to reduce the RPN of the beam leaving the PMC to roughly 10~8/vHz. As the speed of the feedback
to the diode laser pump source of the HPL is limited to several 10 kHz a fast EOAM after the seed
laser or the pre-amplifier will be part of this control loop. The power noise sensor for the power
stabilization loop will be a high-power photodiode placed into one of the pick-off ports of the PMC.
Due to pointing-to-RPN or polarization-to-RPN coupling by the suspended input modecleaner a
sensor for the second layer power stabilization has to be placed after the input modecleaner close
to the power recycling mirror. The second layer power stabilization loop will either feed back into
the error point of the first loop or to an in-vacuum EOAM to achieve an RPN in the 10-'°/vVHz
range. Depending on the final RPN requirements sophisticated power noise sensing schemes based
on multi-photodiode arrays[377], the optical AC coupling technique [378] or squeezed light assisted
power noise sensing [379] might be required for this second loop.

The general PSL layout will be very similar for the ET-HF and ET-LF PSLs. Due to the two orders of
magnitude lower power level the stabilization of the ET-LF laser might be easier as more integrated
fiber components can be used. These have typically higher bandwidth and are less alignment sensitive.
This small advantage might, however, be compensated by the fact that the ET-LF interferometers
require stability at much lower frequencies. This is generally harder as scattered light and beam
pointing coupling to the control loop’s sensors is larger at low frequencies.

Prototypes for both the ET-HF and ET-LF PSLs will be set up in research labs in the near future
to test the ET laser designs, the stabilization concepts and to gain insight into the longterm drift
behavior of such systems.

Quantum noise reduction

In a laser-interferometric gravitational-wave detector, there are different types of noise sources, which
are usually categorized into quantum noise sources and classical noise sources (cf. Sec. 6.1). The main
difference in the detector sensitivity of different optical layout comes from the spectral distribution of
the quantum noise itself, even though there could also arise differences in the susceptibility to the
classical noise, due for example to different number of mirrors or geometries of the optical cavities.
The particular choice of an optical layout is also defined by the choice of targeted quantum noise and
the reduction techniques used.

Quantum noise in the interferometers originates from the fundamental quantum fluctuations of the
electric field that follow the Heisenberg uncertainty relation. While the Heisenberg’s uncertainty
principle is known to link the incertitude in the position and the momentum of a particle, a similar
relationship exists between the quantum fluctuations of the light phase and amplitude.
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Quantum phase fluctuations can be viewed as a manifestation of Poissonian statistics of the photons
emitted by an ideal laser and thus limit the measurement precision of any interferometric device. This
uncertainty of photons arrival time at the photodiode known also as shot noise scales down with the
increase of the number of photons used for the measurement and thus is inversely proportional to the
light power interacting with the test masses of the interferometer. Amplitude fluctuations of light
lead to the fluctuations of radiation pressure on the mirrors, resulting in the random displacement of
the mirrors and of the arm length change that mimics the gravitational wave signal. This second
component of quantum noise is known as quantum radiation-pressure or quantum back-action noise.
It naturally scales up with light power and is most prominent at the low frequencies, where massive
suspended mirrors have higher response to the driving force. The fact that quantum shot noise and
then quantum radiation-pressure noise have an inverse dependence on power and that the underlying
fluctuations of phase and amplitude are uncorrelated, gives rise to a so called standard quantum limit
(SQL) [380, 381] on continuous high-precision interferometric measurements.

However the SQL is not a fundamental limitation on the achievable sensitivity of the interferometer, but
rather a convenient benchmark for comparing different quantum noise mitigating schemes proposed
so far for advanced gravitational-wave interferometer (see [382] and references therein). It is also a
concrete example of the trade-off one has to make between high sensitivity at shot-noise-dominated
high frequencies vs. the reduced back-action-noise at low frequencies (below 10 Hz) which cannot be
simultaneously attained in a conventional displacement-sensitive interferometer. This obstacle can be
overcome by using 2 conventional interferometers instead of one, using our xylophone configuration
as described in section 6.1.1. As a short reminder, each detector in a xylophone configuration is split
into two interferometers, one optimized for low frequencies, operating at low light power and the other
optimized for high frequencies operating at high light power. Relevant to this section, the xylophone
configuration allows the simultaneous decrease of photon shot noise and radiation pressure noise.
The sensitivity of the radiation pressure noise-dominated low-frequency interferometer benefits from
low light power, while the sensitivity of the shot noise-dominated high-frequency interferometer
benefits from the high light power.

There is nevertheless a fundamental limit on sensitivity more stringent than the SQL [383, 384, 382].
It sets the ultimate limit on the precision attainable for a given configuration of the interferometer
and goes by the name of energetic quantum limit [385] in GW laser interferometer or by quantum
Cramér-Rao bound [386] in quantum metrology. In the context of laser interferometric gravitational-
wave detectors, it can be expressed in terms of a power spectral density (PSD) of the Fundamental
Quantum Limit (FQL) given in the interferometer noise in the units of GW strain A:
i h?c? 4n?

Srou() = SpP(QL?  Seg(Q) (63D
Here Spp is the single-sided PSD for the fluctuations of optical power P inside the arms and
Sge = 4SppL?/c? is the corresponding PSD of fluctuations of light energy stored in the arms. This
means that large uncertainty in the energy of intracavity photons is necessary to probe the spacetime
precisely, which is a direct upshot of the energy-time uncertainty relation.

Reaching this fundamental quantum limit in a given configuration is a non-trivial task that requires
using quantum noise reduction techniques. They have different, and often very special, requirements
on the optical topology. For ET, we will focus on engineering quantum correlations between the
components of quantum noise with the goal of quantum noise cancellation or reduction.
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Theses methods encompass a vast body of schemes, of which the most mature one is the injection of
squeezed vacuum into the readout port of the interferometer first proposed by Unruh [387]. It has
successfully improved the sensitivity of GEO600 [388], Virgo and LIGO [389] detectors and is now
considered as an integral part of any future GW detector design. Yet the injection of squeezed vacuum
alone cannot lead to the full broadband suppression of quantum noise because of the frequency
dependent quantum correlations between the phase and amplitude fluctuations of the intracavity light
as a result of the interaction between light and the mechanical motion of the mirrors [390]. The
solution is to use frequency dependent squeezed light injection [390], which was chosen as baseline
quantum noise reduction for the initial ET configuration and that is discussed in greater detail in
Section 6.5.2.

Despite its success, squeezing injection does not allow the interferometer to reach the FQL. This
calls for more sophisticated and yet experimentally unexplored quantum noise cancellation methods
that rely on engineering quantum correlations between the two components of quantum noise. These
techniques are known in the community as quantum non-demolition (QND) techniques and briefly
discussed below in section 6.5.13.

Review of quantum non-demolition topology options

The current Virgo and LIGO detectors [391, 392] are already limited by quantum noise in a major
part of their detection band. Science objectives of ET (see chapter I) and other next generation
instruments instruments make it an imperative to improve low and high-frequency sensitivity by at
least an order of magnitude as compared to the current detectors. This can only be achieved by using
QND techniques to suppress quantum noise below the SQL.

The impressive progress in mitigation of the technical noise sources in the current interferometers as
well as an extensive current R&D on reduction of thermal noise of the core optics (cf. section 6.2), on
advanced seismic isolation (section 6.10) and on Newtonian noise mitigation (section 7.2.4) allows to
expect that quantum noise will be the main obstacle towards reaching the design sensitivity of ET and
for further progress of GW laser interferometer in general. As there are physical limitations on the
mass of the mirrors and on the achievable level of light power in the arms, the significant modification
of interferometer topology, optical readout and use of non-classical light sources becomes an essential
for the next generation GW detectors.

There are different topology options available which can all be fitted into an L-shaped geometry [382].
A plethora of various schemes that promise significant improvement in terms of quantum noise
have been developed so far, which however require significant and sometimes drastic changes to
the conventional Fabry-Perot—Michelson optical scheme. Many of them have great potential in
reducing the quantum noise, but there is a big disparity in terms of readiness: some are far away
from being ready to be implemented into gravitational-wave detectors, others have been already
demonstrated experimentally as a proof of principle or have been even already implemented into
gravitational-wave detectors. The non-exhaustive list of QND options in the descending order of
experimental readiness/level of R&D completeness is presented below (more detailed description can

31t should be noted that only some of these techniques satisfy a strict definition of QND measurement, however all of
them allow to overcome the SQL in a broad frequency band.
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be found in [382]). Only the first scheme is in the Einstein Telescope baseline; depending on future
experimental validation and relevance, other schemes may be considered in future upgrades:

1. Injection of (frequency-dependent) squeezed vacuum in the readout port of the interferom-
eter (see more detail in section 6.5.2) uses inherent quantum correlations in non-classical states
of light to reduce quantum fluctuations in the readout quadrature of the interferometer in the
shot-noise-dominated frequency range [393, 394, 389, 395]. Additional filter cavities can be
used to rotate squeezing angle in an optimal frequency dependent way [390, 396, 397] to gain
a broadband suppression of quantum noise. Frequency dependent squeezing compatible with
current GW detectors was experimentally demonstrated in 2020 [398, 399]. This scheme will
be an integral part of the Einstein Telescope and is discussed in details in the next section.

2. Conditional frequency-dependent squeezing [400] is a recent proposal that allows to achieve
frequency dependent squeezing enhancement without filter cavities. It uses a nondegenerate two-
mode squeezer# that produces entangled beams with far detuned from each other frequencies,
of which one, signal, coincides with the pump laser frequency and another, idler, is shifted by
several MHz, and thereby passes through the interferometer gaining only optimal frequency-
dependent phase shift. Detection of the idler beam projects the signal one into an optimal
frequency dependent squeezed state that gives the desired sensitivity improvement. Recent
table-top experiments at ANU [401] and Hamburg [402] proved the viability of this technique,
yet confirmed the penalty of twice the decoherence caused by the injection loss and the loss at
the readout as compared to a single-mode squeezing-based schemes.

3. QND speed-meter interferometers [403—408] offer an alternative way to mitigate back-action
noise in an intracavity way. This is achieved by modifying the way light passes through the
interferometer so as to let it interact with the mechanical motion of the test masses two times
sequentially in a coherent way, thereby making the readout signal proportional to the velocity of
the mirrors and at the same time coherently subtracting a major fraction of back-action. Speed
meters can be realised in various ways, either using ring arm cavities[407, 409], polarisation
optics [410—414], or simply adding a long-base “sloshing” cavity to a Michelson interferometer
[405, 406, 415]. Apart from Michelson interferometers, speed meters are arguably the most
extensively studied and well understood interferometer topology, where the impact of real-world
imperfections and asymmetries is analysed in great detail [416—418].

4. Hybrid schemes that seek to enhance sensitivity by coupling the interferometer light mode
to a generally nonlinear quantum system. The first use of this approach was to create a so
called white-light cavity (WLC) [419] by introducing atomic gain medium prepared in such
a way to render negative dispersion for the signal sidebands in the optical cavity. In the case
of the signal-recycled interferometer, the negative dispersion medium could be placed in the
signal-recycling cavity, avoiding interaction of high-power carrier field with the atomic cloud.
This would cancel the positive dispersion of the arm cavities and would result in a broadening
of the bandwidth of the interferometer without sacrificing its peak sensitivity. The atomic
medium, however, has proven to be too noisy for the purpose of GW detection, but the two new
promising approaches were suggested. The first suggests to place a nonlinear (squeezer) crystal
in the signal-recycling cavity [420] and the other suggests to use an unstable optomechanical
filter instead [421, 422]. The main advantage of the WLC-schemes is their capacity to unlock

“Physically, it is the same squeezed light source that is used for frequency independent squeezing injection, but with
the pump frequency detuned from the double carrier frequency by several to tens of MHz.
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the kHz frequency band for detection, as it is there, where the binary neutron star merger
signals mainly reside, while the conventional GW detectors’ sensitivity there wanes due to
finite bandwidth of the arm cavities [423].

Other uses of hybrid schemes include the intracavity signal amplification [424, 425] and the
coherent quantum noise cancellation (CQNC) [426, 427] schemes. The former suggest to
put the parametric optical amplifier (based on squeezer crystal) in a detuned signal recycling
cavity to amplify the signal sidebands and the created optical spring, thereby enhancing
the response to the GW signal. The latter one uses Kerr nonlinear system and a tailored
optical coupling between the main mode and the ancilla to create a so called “negative mass”
mechanical oscillator. If the mechanical susceptibility of this virtual oscillator matches the one
of the test masses, the back-action noise of the two systems cancel each other completely due
to the opposite sign of the effective mass. A similar effect can be reached using a spin-based
negative mass oscillator as suggested in [428, 429].

Frequency dependent squeezing

Since the first implementation of the squeezing technique in a gravitational wave detector, which was
realized at the GEO 600 facility in 2010 [388, 394], numerous novel schemes regarding the long term
application of squeezed light have been tested and implemented. These include, for example, the
generation of the squeezing phase control signals [430] and the automatic alignment of the squeezed
light field with respect to the interferometer [431], as well as ultra-low noise detection electronics
[432]. This led to a constant improvement of measured non-classical sensitivity enhancement
[433, 434]. In 2019 an effective squeezing level of 6 dB could be measured at GEO 600, which was a
world’s first in a suspended gravitational wave interferometer. The Advanced Virgo and Advanced
LIGO detectors have undergone upgrades that also contained the implementation of squeezed light
leading to an average detected squeezing level between 2—-3 dB during the third joint LIGO-Virgo
observations run O3. The great potential of including the squeezed light technique in the baseline
design of ET becomes evident in Fig.6.6. In order to reach the goal of an effective 10 dB quantum
noise reduction, the overall optical loss for the squeezed field needs to be smaller than 10 % while the
phase noise does not exceed 10 mrad in total.

The current generation of detectors achieve their exquisite sensitivity due to their kilometre-scale
arm lengths, the enormous light powers circulating in the enhancement resonators (arm, power- and
signal-recycling cavities), and sophisticated pendulum suspensions that isolate the test mass mirrors
from the environment. When these techniques were developed, squeezing was not envisioned to
become an integral part of such a system. However, the sensitivity improvements achieved already
today via the injection of squeezed light (as an upgrade / add-on) are significant. For GEO 600 an
effective squeezing level of 6 dB has been detected in the shot noise limited frequency band. As shown
in Fig.6.6 this corresponds to 25 % optical loss with a phase jitter of the squeezing ellipse of around
30 mrad. A further reduction of optical loss and phase noise, the improvement in mode matching of
the squeezed field to the interferometer signal field and mitigation of polarization mismatches will
improve the effective quantum noise reduction even more in the future. During the O3 science run
both Advanced LIGO detectors and the Advanced VIRGO detector have not only been limited by
quantum shot noise at high frequencies but have also operated close to being limited by quantum
radiation pressure noise at lower detection frequencies. As a consequence, the injected squeezing
level can not be increased to improve the high frequency sensitivity without degrading the detector
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Figure 6.6: Maximum effective squeezing level as function of phase noise and optical loss. In order to reach
the goal of 10 dB detected squeezing, the optical loss needs to be smaller than 10 % while the phase noise must
not exceed 10 mrad.

sensitivity at lower frequencies and vice versa. It was revealed by Unruh [435] and others [436, 437]
that squeezed field injection with frequency dependent squeezing angle allows an overall quantum
noise reduction including the radiation pressure noise thereby beating the standard quantum limit
(SQL). The effect of a simultaneous suppression of quantum noise by means of a frequency dependent
orientation of the squeezing ellipse (i.e. the correct squeezing phase for all detection frequencies) is
illustrated in Fig. 6.7. For Advanced Virgo and Advanced LIGO, this can be realized with a detuned
filter cavity and the corresponding technology is now mature and planned to be implemented before
the science run O4. The ET detectors will be quantum noise limited over the entire detection band
and therefore suitable filter cavities have to be implemented. For the squeezed light injection into an
optical spring interferometer, an additional rotation of the squeezing ellipse is caused first by the
phase-space rotation of a detuned cavity and second due to the optical spring resonance. In this case
at least two filter cavities are necessary to achieve a broadband reduction of quantum noise with
squeezed states of light. This is what we propose for the low-frequency ET-LF interferometer (cf.
section 6.1.1). For the high-frequency ET-HF interferometer one filter cavity is enough (cf. Sec. 6.1.1
and [438]).

Filter cavity

The filter cavity assisted rotation of the squeezing ellipse has been experimentally demonstrated in
table top experiments both at MHz [439] and kHz [397] frequencies. Recently frequency dependent
squeezing with long filtering cavities has been demonstrated in the frequency band relevant to GW
detectors [399, 398]. That opens the way to its implementation in the current interferometers in the
coming years and both collaborations LIGO [440] and VIRGO [441] are presently working on the
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Figure 6.7: Illustration of frequency dependent and independent squeezed light injection.

development of cavities of hundreds of meter scale. The exact optimal cavity length and parameters
such as finesse depend on the interferometer configuration. In this section we summarize the methods
used for optimizing the filter cavities to be implemented in ET.

The use of filter cavities along the optical path of the squeezed light induces additional mechanisms
and sources of squeezed light degradation which are in general frequency dependent. In optimizing
the cavity design these detrimental effects must be taken into account to be mitigated:

Filter cavity round trip loss — The most relevant squeezing degradation mechanism comes from
the filter cavity round trip losses which induce two effects: first optical loss mixes non-squeezed
contributions into the squeezed vacuum state which leads to a degradation of the resulting squeezing
level. Second the presence of filter cavity losses combined with the frequency dependent reflectivity
mixes the two quadratures thereby corrupting squeezing with anti-squeezing. This effect cannot be
compensated by a rotation of the state and therefore definitively deteriorates the actual quantum noise
reduction [442]. To limit the impact of these effects the relevant parameter to be minimized is the
cavity round trip loss per unit length lrzt_ fe /Lg [443]. Therefore in order to keep the filter cavities
length to an acceptable value the round trip losses must be minimized. Round trip cavity losses
(IJ%C_r ,) are generally dominated by light scattering on the cavity mirror surfaces. For this reason
among the possible filter cavities configurations the linear cavity, which minimizes the number of
mirrors, is preferable [444]. Recent measurements show that 50-90 ppm can be achieved in 300 m
long linear cavities [445], a similar result (<60 ppm) has been obtained for the VIRGO long arm:s.
Moreover, in the near future a further decrease in the scattering losses is foreseen. Indeed a numerical
calculation shows that with the latest mirror quality and by optimizing their diameter and radius of
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Figure 6.8: Left: Ratio between the ET-LF sensitivity with and without frequency dependent squeezing
injection for 1 km length filter cavities. The round trip losses are assumed to range between 10 and 40 ppm
(pink belt). The blue line represents the case of losseless cavities which can be approached by using longer
cavities. Right: Expected cavity round trip losses as a function of the radius of curvature (RoC) of the mirrors
for a 300 m long linear cavity, equipped with Virgo-like mirrors (left plot) 200 mm in diameter. The background
value derives from the light scattered outside the cavity, while the peaks originate from scattered light that
couple to the high order modes of the cavity. The calculation is based on the method used in [13].
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Figure 6.9: Left: Ratio between the quantum noise with and without squeezed light injection for a 300 meter
long cavity. Several (colored curves) degradation mechanism contribute to the total squeezing degradation
budged (black curve). The FC assumed round trip losses range between 40 ppm to 10 ppm (yellow belt in the
plot) corresponding to different values of the total squeezing degradation budget (dark shadow in the plot).
Right: Ratio between the ET-HF sensitivity with and without frequency dependent squeezing injection. At low
frequencies the additional non-quantum noise sources make the overall sensitivity improvement lower than the
corresponding quantum noise suppression (left plot). The overall sensitivity is therefore less affected by the
change on the FC parameters (pink belt).
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curvature, scattering losses from low spatial frequency surface error for a 300 m long cavity can be
constrained to 5—10 ppm (see figure 6.8 right). Therefore for the early ET phase it is reasonable
to assume a cavity round trip loss value of about 40 ppm which could decrease up to 10 ppm in a
subsequent time.

Mode mismatch — A non-perfect spatial overlap (mode mismatch) between the squeezed beam and the
eigenmode of the filter cavity is a source of optical loss, which is independent from the filter cavity
length. The target mode matching value of ET is ~ 99%, similar to the expected LIGO and VIRGO
value once the filtering cavity is fully implemented.

Phase noise — The achievable sensitivity improvement by injecting squeezed light is deteriorated
due to phase noise between the interferometer carrier and the squeezed field. The suspended filter
cavity can produce phase noise due to residual changes of the cavity length 6Ly which generate
fluctuations in the detuning frequency Awy.:
SAwse = wo e (6.5.2)
Lf.

For this work we assume 6Ly = 0.1 pm. which is within the reach of current technologies.

Figure 6.9-/eft shows the level of quantum noise reduction as a function of frequency when squeezed
vacuum is injected in the dark port of ET-HF. The optimal cavity bandwidth y¢. (half-width at
half-maximum) and detuning Awy. are calculated analytically according to Ref. [442]. The plot
shows that any reduction in the FC round trip losses or equivalently an increase in the cavity length
would reduce the overall quantum noise as long as the length-independent degradation sources are
negligible. Once this condition fails, a further increase in the FC length does not lead to a significant
quantum noise reduction. Generally this optimization process can be stopped at shorter FC lengths
since other non-quantum noise sources contribute to the total sensitivity of the interferometer and
thus a strong quantum noise suppression is not required. Figure 6.9 right, shows how the global
ET-HF sensitivity depends the value of the round trip losses or equivalently to the FC length. The
dependence in the considered parameters range is quite weak and therefore for ET-HF a filter cavity
longer than 300 meters is not required.

A similar optimization procedure was used for the two filter cavities required for the detuned
configuration (ET-LF). In this case no analytical expression for the optimal cavities bandwidth and
detuning is available. Therefore a numerical optimization of the cavities parameters around the
approximated losseless solution [446] has been performed. Compared to the HF case, the optimal
cavities half maximum bandwidth was considerably lower and thus cavities of several km length
would be required (a narrow line cavity could also be obtained by raising the finesse but this would
enhance the intracavity losses effect). Long filter cavities would greatly increase the complexity and
cost of the infrastructure. Therefore for ET-LF we are considering sub-optimal 1 km long cavities as
a trade-off between the need to contain costs and maximize the sensitivity. Figure 6.8 left shows that
even in the sub-optimal case, the injection of frequency dependent squeezed vacuum in the ET-LF
anti-symmetric port produces a relevant sensitivity enhancement over the whole detection band.

Squeezed light sources

Any optical loss between squeezing generation and detection reduces the level of measurable
squeezing. Therefore, a prerequisite for the 10dB of effective squeezing envisaged for ET, is a
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Figure 6.10: Left: Schematic for the generation and coherent control of squeezed vacuum states of light.
Laser 1 provides the light field for homodyne detection and for frequency doubling in a second harmonic
generator (SHG). The SHG provides the pump field required for the generation of squeezed vacuum states in
an optical parametric amplifier (OPA) operated below threshold. The squeezed vacuum states are extracted via
a dichroic beam splitter (DBS) and send towards the interferometer. Alternatively, the squeezing level can be
characterized by means of a balanced homodyne detector (BHD). A Faraday isolator is implemented in the
squeezing path to protect the OPA from light scattered back from the interferometer.

Right: Quantum noise squeezing as reported in [14]. Trace (a) represents the shot noise reference (normalized
to 0 dB) measured with a homodyne detector. In reference to this trace the measured quantum noise powers
for squeezing (b) and the corresponding anti-squeezing (c) are shown. Up to 12 dB squeezing and 19.6 dB
anti-squeezing was observed, which is consistent with a theoretical model assuming a residual phase noise of
3.5 mrad rms and an overall optical loss of 5.3 % for the squeezed field. This includes 2.5 % optical loss due to
the homodyne detection which needs to be subtracted to deduce the squeezing level available for the injection
into a gravitational wave detector. This level is indicated by the blue area and corresponds to a squeezing factor
of 14dB.

squeezed light source design that can provide sufficiently strong squeezed vacuum states of light at
the expected gravitational wave signal frequencies ranging from 3 Hz to several kHz.

Significant progress has been made over the last 10 years in the generation of squeezed vacuum states
of light and squeeze factors beyond 10 dB are routinely produced at the two required wavelengths, 1064
nm and 1550 nm, respectively. In the same manner as today’s most efficient squeezed light sources,
the ET-squeezers will employ cavity-enhanced parametric down-conversion, also called optical
parametric amplification, where the interaction between the fundamental and second harmonic fields
viaa y®-process inside a non-linear crystal produces non-classical photon-pair correlations that yield
a reduced noise variance in a certain field quadrature. The strongest squeezing level demonstrated to
date is a squeeze factor of 15 dB below the classical shot-noise limit at the wavelength of 1064 nm,
but only measured at MHz frequencies [33]. The topology of the optical parametric amplifier (OPA)
used therein was a linear, standing-wave, doubly-resonant cavity with a non-linear crystal made
from periodically poled potassium titanyl phosphate (PPKTP). Up to 13 dB of non-classical noise
suppression was measured at a wavelength of 1550 nm [447] in a similar cavity design, but again only
at MHz frequencies. By the implementation of a coherent control scheme [448] and the mitigation
of parasitic interferences the frequency band of detectable squeezing can be extended from MHz
down to the required GW-frequencies [449]. This has been demonstrated in tabletop experiments
with various squeezed light source setups operated in-air or in-vacuum and with OPAs constructed as
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bow-tie or linear resonators [448, 450, 451]. Following these developments, similar schemes were
used to realize squeezing enhancement in the present large scale gravitational wave detectors.

The highest squeezing level at GW-frequencies so far was reported in 2018 [14]. Figure 6.10
summarizes the main result of this work, where squeezed light was generated in a linear, doubly-
resonant OPA at a wavelength of 1064 nm. A quantum noise reduction of up to 12 dB at Fourier
frequencies between 10 Hz and 100 kHz was directly measured with a diagnostic homodyne detector.
The analysis revealed that the measured squeezing level corresponds to an equivalent squeezing
factor of up to 14 dB available for the injection into a gravitational wave detector with only 3.5 mrad
rms of phase noise attributed to the squeezed light source operated in air. The recent progress in
the development of low-loss Faraday isolators [452] suggests that this squeezing factor can be even
further improved in the near future. The available squeezing level and the intrinsic low phase noise
are key parameters, since the obtainable effective squeezing level in the interferometer is limited by
the overall amount of optical loss and phase noise as illustrated in Fig.6.6. With the demonstrated
squeezing level and phase stability of the squeezed light source reported in [14] it seems feasible
to realize the envisaged squeezing enhancement of 10dB (effective) in ET-HF, which is listed as
baseline parameter in Table 6.1.

For ET-LF, which will be operated at the wavelength of 1550 nm, high squeezing levels at audio-band
frequencies still need to be demonstrated. The realization of a suitable squeezed light source will rely
on the same building blocks as developed and demonstrated for the ET-HF squeezer technology. First
experiments reporting squeezing down to kHz-frequencies at 1550 nm have already been conducted
[453, 454].

Two different squeezed light sources will need to be engineered for ET for the six systems: three
systems will generate squeezing at 1550 nm for the ET-LF detector and three systems operating at
1064 nm will be used for the ET-HF detectors.

Input and output optics
Input optics

The input optics of ET comprises the optics downstream of the lasers. The system must deliver a beam
with the required power, geometrical shape, frequency and angular stability to the interferometer
input.

Electro-Optic Modulators (EOM) should provide the needed RF phase or amplitude modulations (to
sense longitudinal and angular degrees of freedom, see section 6.9.2.3). Two in-vacuum suspended
input mode cleaners (IMC) in series will be used to geometrically clean the beam and reduce its
amplitude fluctuations as well as geometrical fluctuations. The resonant IMC can also serve in the
loop of laser frequency stabilization. After the IMC an intensity stabilization section will provide the
signal for stabilizing the laser’s relative intensity noise (RIN). An in-vacuum Faraday isolator (FI)
will prevent interaction of the light reflected by the interferometer with the IMC and laser system.
Finally, a mode matching telescope will provide a beam with the correct size and wave front curvature
for matching it into the interferometer. Optics with super-polished surfaces will be used to lower the
amplitude of scattered light. Moreover, acoustic and seismic noise can cause beam pointing noise via
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components in free-space propagation (mirrors, lenses, EOM, FI, etc.). Particular effort will be given
to isolate such optics from environmental noise.

The input mode cleaner provides active frequency stabilization through feedback to the laser and
passive frequency noise suppression above its cavity pole frequency. The input mode cleaner also
reduces the higher order modal content of the laser light, suppressing beam jitter by a factor depending
on the cavity finesse. Due to the high laser power that will be stored in the IMC cavity, radiation
pressure effects and absorption in the IMC cavity input and output mirrors will be the main limiting
factors. The radiation pressure effects will depend on the cavity finesse chosen and can be reduced
with heavy mirrors. In the linear regime, it has been shown that radiation pressure noise was not an
issue for Advanced Virgo [455]. In order to avoid beam distortion induced by photothermal effects,
a low-absorption fused silica grade with good homogeneity will be chosen as mirror substrate and
coating absorption lower than 1 ppm will be necessary.

In order to avoid unwanted cross-coupling, light back-reflected by the interferometer should be picked
up before being coupled back in the IMC cavities. The solution adopted in first and second generations
of gravitational wave detectors is to install a Faraday isolator in vacuum on the beam path between the
interferometer and the input mode cleaner cavity. The ET-HF Faraday isolator will have to withstand
high power (1kW), provide high isolation (> 30dB) and low residual thermal lensing (residual focal
lens < 100m), and allow high transmission (>95%). Developments for Advanced Virgo using TGG
as magneto-optic material show promising results [456] although further developments will have to
be done, in particular for withstanding the high power. For ET-LF the field of telecommunication
gives several possibilities for materials that can be used in Faraday isolators. These isolators will
have to be ultra-high vacuum compatible.

In ET radio-frequency (RF) modulation of the laser beam will be used in the control of the
interferometer, both for longitudinal and angular controls. The beam is modulated through the use of
an Electro Optical Modulator (EOM), Compared to the EOM used in 2G detectors the ET-HF EOM
will have to withstand higher laser power and thermal effects might become significant and drive the
choice of material. For ET-LF, as for the Faraday isolator, the experience of the telecommunication
field can be used.

Output optics

Traditionally the detection systems of first and second generation gravitational wave detectors includes
all optical elements downstream of the main interferometer, i.e. behind the signal recycling mirror,
such as for instance the high efficiency readout photodiodes and the output mode cleaner (OMC).
ET will also feature the injection of frequency dependent squeezed (FDS) light from the output port
of the interferometer. The injection of frequency independent squeezing was already successfully
implemented in Advanced Virgo and Advanced LIGO and FDS is planned for the upgrade phase of
these detectors. ET will benefit from the expertise gained with these detectors in this area.

The design of the detection system depends on the readout scheme chosen for the extraction of the
gravitational waves signal. The advanced detectors successfully use the DC readout scheme in which
the local oscillator is provided by setting a small offset from the dark fringe. This is one of the options
for ET. The drawback of this readout is the constraint it imposes on the laser amplitude noise as this
noise couples to the GW signal through the DC offset. Another option is the so-called Balanced
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Homodyne Readout (BHR) as proposed in [457]. In this scheme the interferometer is on the dark
fringe and the local oscillator is provided by a pickoff beam (which can be extracted inside the PR
cavity for example). The interference between this LO beam and the output beam is readout by a
system of 2 photodiodes in which the amplitude noise cancels out, which is an advantage compared to
the DC readout. This type of system is usually used in the characterisation of the squeezing sources
and has proven to work well [450]. Another advantage of the BHR with respect to the DC readout is
that it reduces the constraints on the photodiodes electronics as the amplitude of the constant voltage
(due to the offset from the dark fringe present in the case of DC readout)is much reduced. BHR is
one of the options for the upgrade phase of Advanced LIGO and ET could therefore benefit from the
experience gained with this detector.

The goal of the OMC is to filter the imperfections of the beam profile induced by beam mismatch,
misalignment or astigmatism in the interferometer. Such defects couple a fraction of the main beam
into spurious geometrical modes which do not carry information on differential arm motion and
increase the shot noise level. Modulation sidebands which are used for longitudinal and angular
sensing in the mirror control loops should also be suppressed by the OMC in order to minimize the
shot noise and also to prevent the side band power noise from spoiling the sensitivity. Two types
of cavities have been developed for the actual GW detectors: a monolithic cavity made of a few
centimetres long crystal as it has been designed for Advanced Virgo [458] or a ‘tombstone’ design as
for Advanced LIGO [459] or GEO600 [460]. One of the limitations of the monolithic design is the
risk of thermal effects which increases with the need to increase the finesse for improved filtering.
However the choice of the value of the finesse is limited by the diffraction losses on the OMC mirrors.
Development of a low loss and high finesse cavity are ongoing for Advanced Virgo+. One drawback
of the tombstone cavity is the presence of mechanical resonances in the detection bandwidth. In both
cases the cavity length noise directly affects the GW signal and will have to be carefully assessed.
The experience gained with the present detectors will be very valuable in order to select the design of
the ET OMCs. The readout choice will also impact the design of the OMC. In the case of BHD two
OMC:s (with eventually two different designs) will be needed: one to filter the main output beam
(dark fringe) and one to filter the LO.

The OMC needs to be associated with several other optical components. In order to limit the amount
of backscattered light a Faraday Isolator will be placed in front of the OMC. This component is
also used for the squeezing injection. A telescope will be designed in order to tune with sufficient
accuracy the beam matching and the beam alignment with respect to the OMC. The whole system
should be seismically isolated and placed under vacuum in order to meet specifications on beam
jitter. High quantum efficiency photodiodes are needed for the readout signal, including low noise
electronics such that the electronic noise is typically a factor 10 below the shot noise.

Scattered light mitigation

Stray light in gravitational-wave interferometers is the light coming from the laser source which does
not follow the intended path and recombines to the main beam. The reasons for that deviation could
be many, such as scattering off non-ideal surfaces of optical elements, clipping by finite apertures,
spurious reflections off anti-reflective surfaces and so on. Stray light related noise has been recognized
to be an issue since the very first investigation of technical limitations in the interferometers designed



6.7 Scattered light mitigation 125

for detection of gravitational waves [461]. A tiny amount of stray light coupling with the fundamental
mode after probing the vibrations of infrastructures can bury the gravitational signal. For illustration,
in the case of Advanced Virgo, stray light constitutes a limitation if it recombines to the main mode
with an efficiency greater than 107>* W/W equivalent to about five photons per second. The problem
of stray light can be broken down into three different factors:

« the fraction of the beam which is scattered;
* the amplitude and frequency of the motion of the scattering element;
* the transfer function of the stray field to the anti-symmetric port of the interferometer.

The stray light contributions are in general difficult to simulate and involve non-linear effects.
Nevertheless, understanding those three different factors is very usefull for the mitigation of stray
light.

Lessons learned

Early studies on the potential impact of stray light were performed by K. Thorne back in 1989 [462],
followed soon by J.Y. Vinet, S. Braccini and V. Brisson. The main goal was to assess the impact and
the possible mitigation of stray light bouncing in the long arm tubes [463, 464]. The outcomes of
the studies were both the design (geometry, position, materials) of a system of baffles to be installed
in the long tubes, and the adaptation of Monte Carlo methods to track photons. This latter method,
however, fell short of capturing the risks of the stray light, without taking into account the coherent
effects that were not easy to simulate.

This scenario changed with the development of simulation methods based on Fast-Fourier Transform
applied to laser field propagation [465]. Nowadays, a paraxial direction kernel is employed to evaluate
the propagation of the light in the cavities and surface maps are used to calculate the refection of
the fields on the test masses. This is combined with frequency domain simulation tools [466, 467],
with capability to estimate transfer functions taking into account radiation pressure and mechanical
responses in the interferometer. Low angle scatterings dominate and are originated by low spatial
frequency figure errors of the mirrors and scatter from hardware surfaces close to the beam path.
Wide angle contributions are due to micro-roughness and defect points in the mirrors leading to
light scattered towards the surrounding structures. Other contributions include the presence of ghost
beams from multiple reflections and stray light from optical benches which are difficult to simulate.
These can be split into two different sources: the first one from large amplitude and slow motion
(comparable or larger than the laser wavelength) of the optical benches, the second one from the small
amplitude motion of optical elements (mirror mounts, sensors,...) in the detector sensitive band (3 Hz
to several kHz). The first one shows up in the sensitivity as a broad band noise at low frequencies
(below few tens of Hz) while the second one gives rise to resonances in all the sensitive band.

Stray light control

In LIGO and Virgo interferometers, a complex system of baffles and diaphragms are put in place
with the objective to maintain the noise induced by the presence of stray light at a level of at least
two orders of magnitude below the nominal sensivity of the experiment. The design of the baffles
and the materials employed to construct them are the result of detailed studies taking into account
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damage thresholds, apertures, roughness and reflectivity requirements, geometry at the edges and
vibrations, which vary in different parts of the interferometer. In the case of Virgo for the long arms,
this translates into the need for installing hundreds of baffles distributed along the vacuum tubes, made
of stainless steel with specially serrated edges to avoid coherent contributions from diffraction at the
edges. Other ground-based baffies are installed in different vacuum links between interferometer
towers. Most importantly, the suspension systems hosting the main test masses are equipped with
stainless steel mirror polished and AR-coated baffles with the aim to suppress the dominant low angle
scattering contributions. Other diaphragm baffles are installed on optical benches based on different
materials including silicon carbide or diamond-like carbon and the walls of the towers hosting the
large mirrors have been equipped with absorbing glass to damp stray light out of optical benches.

In the current detectors the benches are suspended to reduce the large motion coming from the ground,
and put in vacuum to reduce the optics motion that can be acoustically excited. The use of super
polished optics and reduced dust contamination from clean room installation and vacuum operations
has also reduced the fraction of back scattered light. However, scattered light remains a significant
limitation to the current detectors, and further development of techniques to reduce the scatter are a
critical element of R&D to realize ET.

New and future developments for stray light reduction

Several developments and ideas have been proposed for the future detectors. These concern the
monitoring of stray light, its reduction as well as the reduction of the motion of the scattering elements.
Several examples are given here.

In preparation for AdV+, the Virgo Collaboration is exploring the implementation of instrumented
baffles [468] surrounding the main test masses to monitor the development of the diffuse light
from scattering at low angles in the interferometer. Baffles will be initially equipped with O(100)
photodiodes capable to sample the scattered light at the rate of approximately 100 - 200 Hz. This opens
the possibility of an active tracking of stray light contributions in critical parts of the interferometers,
facilitating the alignment and commissioning tasks and providing a dynamic follow-up of mirror
defects and developing higher-order modes in the cavities. The data will permit tuning the current
simulations. If proven successful during AdV+ operations, instrumentation for stray light control
could be extended to other parts of the interferometer relevant to wide angle scattering contributions.
It is likely that active monitoring of stray light will become an integral part of ET final design in the
long term.

Proposed ideas for the reduction of stray light from the optical benches are:

* coating all the aluminum optical mounts with absorbing materials such as vantablack or
anoblack, in order to absorb the scattered light as soon as it leaves the optical path,

* investigate absorbing coating materials for the bench and vacuum chamber walls that are ultra
high vacuum compatible and resistant to abrasion,

* systematically install diaphragms and beam dumps to absorb first order ghost beams in
transmission of highly reflective optics, from reflections from anti-reflecting coatings and
reflections from active absorbing materials (photodiodes, cameras).

* maintaining the beam as large as possible on all optical surfaces,
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* use 3D opto-mechanical simulation to guide the placement of diaphragm and beam dumps,
and to optimize the bench optical layouts.

* develop sensors with smaller back reflection, in particular quadrant photodiodes with absorbing
material separating the four quadrants.

Additional design constraints will be implemented for the reduction of the motion of the scattering
elements, like:

* increasing the rigidity of all optical mounts to push mechanical resonances to higher frequencies
where the detectors are limited by quantum shot noise. This can be done through a combination
of more massive pedestal and lowering the optical beam height.

* design mechanical mount dampers to reduce the amplitude of the motion at resonance.

Some of those ideas will be implemented and characterized in the second phase of the Advanced
detectors and will serve as input for the ET design.

Interferometer control

To operate ET, many degrees of freedom (DOFs) need to be controlled. The most important DOFs
characterise the interferometer as a whole, and can be divided into the longitudinal DOFs, which
involve controlling the position of the main mirrors along the optical axis, and the angular DOFs
which refer to the orientation of the main mirrors with respect to the incident beam axis. There
are several more control loops, the auxiliary loops, which control e.g. the position or velocity of
some part of a suspension, or the power of the laser system, but we mostly focus on longitudinal and
alignment control here, since these are most critical for the overall performance of the interferometer.

Regardless of the split in longitudinal and alignment control, some links between them exist too, such
as the bi-linear coupling of alignment control noise with beam spot position on test masses into the
longitudinal signals. We will point these out where required.

Longitudinal control

In the steady-state operation of the interferometer, the longitudinal control maintains the longitudinal
DOFs of the interferometer and optical cavities at (or sufficiently close to) their nominal operating
points. Another distinctive task of longitudinal control is lock acquisition, which is the process of
bringing the interferometer reliably to its steady-state operating point.

For a single Fabry-Perot cavity, consisting of two or more mirrors, the standard way to obtain an error
signal for locking the cavity to resonance with the incoming laser light, is the Pound-Drever-Hall
technique [469]. The technique consists of adding RF sidebands to the optical frequency of the laser
using a phase modulator. Alternatively modulation can also be applied to the cavity itself, e.g. by
modulating the round-trip length of the cavity by displacing a mirror. The signal in reflection of
the cavity is then demodulated yielding a signal proportional to the deviation from resonance. This
error signal can be used to control the length of the cavity by e.g. actuating a mirror, or to control
the laser frequency. This is a very robust system while dealing with a single DOF and is applied for
input mode-cleaners and output mode-cleaners of current GW interferometers, with performance
compatible to the ET requirement.
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A GW interferometer is more complex than a single cavity, and has more longitudinal degrees of
freedom. The number of DOFs for the main interferometer is determined by the number of optical
resonators that form the interferometer (plus one for controlling the interference condition of the
Michelson interferometer). Typically there are more suspended mirrors than DOFs which leaves
some of them uncontrolled, as for example a global translation of all mirrors or the relative position
of folding mirrors within recycling cavities (the latter may be controlled for ET if required, to reduce
scattered light from moving fringe patterns on folding mirrors).

The first generation interferometers, such as initial LIGO and Virgo consisted of 4 DOFs: Differential
ARM length (DARM), consisting of the length difference of the two long arm cavities, Common
mode ARM length (CARM), the length sum of the two long arms, the Michelson DOF (MICH) and
the Power Recycling Cavity Length (PRCL). For the second generation detectors advanced LIGO,
advanced Virgo and KAGRA, a fifth DOF is added: Signal Recycling Cavity Length (SRCL), which
will also be the case for the ET interferometers.

Of these five DOFs, the DARM loop is of particular importance, since it directly contains the
information of gravitational wave signals. This means that greatest care is taken to bring the noise
performance of the corresponding readout to the most fundamental limits of the given configuration.
Since this DOF is also actively controlled, the effect of the corresponding feedback loop must be
taken into account to obtain a calibrated gravitational-wave signal that can be used for data analysis.

The operation of the Advanced LIGO and Advanced Virgo interferometers has demonstrated the
feasibility of longitudinal control techniques for second generation detectors. In particular advanced
LIGO, since operating with a signal recycling (extraction) mirror from the beginning, has demonstrated
the control scheme for five longitudinal degrees of freedom, including their lock acquisition. The basic
scheme is based on the Pound-Drever-Hall technique, but uses two sets of modulation frequencies
simultaneously, which are designed to yield signals for all five DOFs by sensing different combinations
of the sideband signals and the carrier light at different interferometer ports [470].

Ideally one would obtain one independent error signal per DOF, which is only sensitive to that DOF.
In practice most signals are sensitive to more than one DOF, but to varying degrees. The situation is
coped with by using multiple-input, multiple-output (MIMO) linear combinations of signals as well
as gain hierarchy. Feed-forward/noise subtraction for spurious couplings is also employed as outlined
below. The ET design will build on this scheme, using simulations to find optimal sets of modulation
frequencies and with the best sensing location.

The operation of Advanced LIGO has shown that coupling of residual motion of the signal recycling
cavity length to the main gravitational wave readout (DARM degree of freedom) is a limitation of the
sensitivity at low frequencies if DC readout is used. Since this coupling is proportional to the offset
chosen in the DARM DOF. In ET this limitation will be avoided with the use of balanced homodyne
readout (BHR) [457], as also foreseen for the LIGO upgrade A+ currently under development. The
employment of a BHR readout scheme for ET makes the optical layout a bit more complex, but the
requirements seem well understood at this time. Experience at LIGO will guide the BHR design for
ET.

All currently operating interferometers employ digital control loops wherever possible, for the benefit
of flexibility, stability and transient noise reduction of control transfer functions. Typical sample
frequencies are around 10-64 kHz, but even for faster loops digital control is now used (at Virgo the
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fastest digital loop is running at 500 kHz.)

Digital demodulation is a technique that has been implemented in advanced Virgo, where optical
signals are sampled with very high frequencies (several 100 MHz) in order to demodulate digitally,
rather than with analog mixers [391]. Recent advances in high-speed ADCs and FPGAs allows this
option. This technique maintains flexibility throughout this signal processing step, at the cost of
more complex hardware and need for careful dynamic range design. The benefits probably outweigh
the disadvantages, such that the application of this technology for ET seems likely. The experience
gained with advanced Virgo is a strong asset.

Lock acquisition

One challenge of operating a GW interferometer is that at the operation point (steady state), several
cavities need to be simultaneously resonant with picometer accuracy, while in the uncontrolled
interferometer the mirrors are freely swinging by up to a micrometer per second. This already assumes
that the payloads are pre-stabilized using the local controls, which are part of the suspension system.
Since the ET interferometers have 5 DOFs, the random phase space starting point is enormous.

For systems with 3 DOFs, this problem is still manageable as demonstrated by the GEO600 lock
acquisition. One can simply wait a short while until the various DOFs are close to resonance by
chance, and then switch on the control loops with appropriate triggers (e.g. on some cavity power).
However, already for GEO, auxiliary locking signals derived from modulation sideband power had to
be used. For 4 DOFs it gets harder, but was achieved with Initial LIGO [471], in which various loops
are switched on in short succession, while changing the sensing scheme on the fly. Instantaneously
locking 5 DOFs at about the same time is very hard due to the enormous phase space. It had
successfully been tried out at the Caltech 40 m prototype, but was ultimately judged too unreliable.

At the Virgo interferometer, the problem of locking 4 DOFs was tackled in a different way, by locking
individual DOFs sequentially at different working points, before transitioning in a deterministic way
to the final one in several steps. This technique is called Variable Finesse [472], since it initially locks
the Michelson DOF at half-fringe, thereby making it an effective mirror with low reflectively. In
the initial state the power recycling mirror is misaligned and gets slowly aligned during the locking
sequence. This technique has been perfected over the last 10 years at Virgo and works very reliably.
Research is on going to extend this technique to 5 DOFs, by initially misaligning PRM and SRM
mirrors, this approach could be suitable for ET, but still need to be validated by simulations.

For Advanced LIGO, as a result of the difficulty locking the 5 DOF configuration, an auxiliary laser
stabilization (ALS) was developed, which can lock the arm cavities independently with a different
laser [473, 474]. The technique used for aLLIGO is to use an independent green laser system, which
can lock the arm cavities and keep them out of resonance for the IR, while the remaining 3 central
DOFs are locked in a traditional, one-shot way. Green laser light is injected from the end, and then
extracted in central and interfered with the frequency doubled PSL.

Locking a dual-recycled, Fabry-Perot Michelson interferometer using arm-length stabilization has
been successfully demonstrated with the Advanced LIGO interferomter [475], which is now in daily
use. For the KAGRA detector a similar scheme was implemented, but with the green light injected
from the central area towards the end. If this works, this would be a nice simplification of the LIGO
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scheme [476]. It still employs additional hardware though, which also needs additional effort for
commissioning and maintenance. If a reliable locking system can be found without using an ALS it
would clearly be preferable in order to reduce the complexity of the detector.

Steady state control

Once all the degrees of freedom are controlled and moved to their final working point, all control
signals are derived from error signals with the lowest available noise (the highest signal-to-noise
ratio). Moreover, control loops get optimised and actuator dynamic ranges get reduced, to minimize
or eliminate digital-to-analog conversion (DAC) noise. When all the low noise control loops are
active, the steady state is reached, in which the most sensitive gravitational-wave measurements are
possible.

In the steady state, noise of control loops should be held below the noise floor of the DARM sensing
system. Noise is being introduced to the interferometer’s DARM DOF (which could spoil the GW
signal) by longitudinal and alignment control loops. Typically this ‘control noise’ is dominated by
the sensing noise of the contributing loops. Control noise is very relevant for ET, where one of the
biggest challenges is to move the lower frequency limit of the detection band from around 10-20 Hz
(as it is in current detectors) down to 3 Hz. This is a frequency region where control noise from
angular and auxiliary longitudinal DOFs typically dominates the sensitivity.

For the auxiliary longitudinal DOF’s (MICH, PRCL, and SRCL) noise subtraction schemes are
employed successfully for the second generation detectors, forming the model for ET. The methods can
be divided in online and offline methods. Online methods work in real-time while the interferometer
is operating, subtracting a sample of the auxiliary loop feedback from the DARM signal by applying
it to DARM actuators with appropriate filtering. Offline methods subtract properly filtered feedback
signals from auxiliary loops to DARM but only after the DARM signal has been recorded. More
complex non-linear noise subtraction methods are under development, and possibly can further
improve the noise subtraction performances for ET.

Alignment control

Alignment control is primarily concerned with keeping all optics aligned with respect to each other
and with respect to laser beams propagating between the optics. As such, it is global in the sense that
it uses interferometric information about the relative alignment of laser beam axes, predominantly
obtained with differential wavefront sensing (DWS). In addition to this, alignment control is also
concerned with keeping beam spots at dedicated positions (preferably close to the center) on the
interferometer mirrors. This is a secondary goal, referred to as spot position control, that uses local
information obtained from beam spot position sensors or from alignment (dither) modulation schemes.
In the following we will be only mentioning the strategy for DWS alignment.

As for longitudinal control, alignment control for ET will be based on the successful alignment
schemes existing for advanced LIGO and advanced Virgo. For differential wavefront sensing, these
are based on the extended Pound-Drever-Hall scheme as devised for longitudinal control, using at
least two optical modulation frequencies and several sensing ports.
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However, since alignment control noise is limiting sensitivity at low frequencies in advanced LIGO
and Virgo, (e.g. below about 20 Hz in LIGO during the O3 run in 2019 ), improvements will be
needed for ET.

A lower alignment control noise can be achieved in two major ways, namely by

* reducing the residual alignment-relevant motion of the optics, i.e. motion without the
engagement of global alignment control
* increasing the signal-to-noise ratio of the alignment (DWS) sensing signals

Advances in the sensing and control of the suspension for ET will lead to some reduction of the
alignment motion of the optics. Tilt-meters can be used to break the degeneracy of tilt and acceleration
sensing at low frequencies, or novel seismometer configurations (6-d seismometer) may be used to
this end [477, 478]. If lower suspension (and thus mirror alignment) motion is achieved, this can be
used for a reduction of alignment feedback bandwidth, thus lowering DWS control noise. For the
ET-HF interferometer such potential reduction of bandwidth may be limited by the optical alignment
springs (caused by radiation pressure, i.e., the Sigg-Sidles instability [479]), which may require
damping with DWS alignment control of sufficient bandwidth. Due to operating at lower laser power,
in the ET-LF interferometer the optical alignment springs will be at lower frequencies than for ET-HF,
such that a lower DWS control bandwidth may be necessary. What helps in case of ET-HF though
is that the problem of alignment feedback noise is less severe in the first place. Due to the higher
frequency band, the interferometer can tolerate more low-frequency control noise than the ET-LF
interferometer. Here the xylophone design of ET shows another strong advantage. Furthermore,
the increase of mirror masses to 200 kg for ET (about 5 times more than current detectors) helps
with decreasing the alignment optical spring frequencies. There may also be alternatives to damping
of alignment optical spring resonances with DWS feedback, which is to be investigated. It may be
possible to damp such modes with radiation pressure of the laser light itself, applying feedback forces
in a narrow frequency band. This may help to reduce control noise originating from the DWS sensors
if a bandwidth reduction is possible.

It is expected that the increase in beam size in ET will make the alignment requirements more severe
than for second generation interferometers. Ultimately, a detailed technical design study have to
account for this, and find a suitable compromise.

Improvements in the signal-to-noise ratio of alignment sensing signals are currently more uncertain.
As a benchmark, new systems would have to have sensing noise below 10~"> rad/vHz, to make
substantial improvements, which needs some more R&D. The planned BHD readout will help in
reducing contribution to sensing noise on wavefront-sensor signals, since it removes the first-order
coupling of beam position on the wavefront sensor into the alignment signal.

Another (additional) way to reduce alignment control noise coupling to DARM is to develop (possibly
non-linear) Wiener filtering, to subtract alignment feedback noise using known witness channels.
Some of these implementations have successfully reduced noise at operating interferometers.
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Calibration

Extracting new science from the observed gravitational waves recorded by the Einstein Telescope
requires accurate knowledge of the amplitude and timing of the signals. With the very high SNR, up
to 1000, extremely low calibration uncertainty will be mandatory for precision science.

Science-driven calibration requirements

The exact calibration requirements for the scientific objectives of 3G gravitational-wave observatories
can already be estimated. There are two aspects of calibration uncertainty, the absolute uncertainty
and the relative uncertainty. The first tells us how well we understand the total calibration in absolute
numbers, while the latter is a frequency-dependent calibration uncertainty with respect to some fixed
reference frequency. Looking for deviations from a modeled waveform template, we are mainly
concerned with relative calibration uncertainty. In order to estimate distances to the sources, we are
most interested in absolute calibration. In addition to the calibration error of the detector itself, the
waveform models have also an uncertainty. Studies are underway to determine the exact calibration
requirements integrating both detector and waveform uncertainties.

Several of the scientific targets for ET that will set our calibration requirements include BNS tidal
deformation, deviations from GR, and measurements of the Hubble constant. The first two look
for deviations from a modeled waveform template, while the latter is based on absolute distance
measurements. With O(1000) low-redshift binary neutron-star events, the Hubble constant may
be determined to a ~1% level with Einstein Telescope [480]. This would require a sub-percent
systematic absolute amplitude calibration. The signals with the tighest SNR give the narrowest limits
for GR. With a network of three 3G detectors we expect about one event per year with SNR ~ 1000.
To avoid being dominated by calibration errors, we need a calibration to an amplitude of <0.5% and
about 0.1 radian in phase integrated over 10 Hz to 400 Hz.

State of the art

Overall calibration relies on the ability to characterise the detector’s control systems. The development
of technologies important for calibration are discussed in the following subsections. The state of the
art in calibration methods involve the use of MCMC simulation to determine unknown systematic
uncertainties. The detector’s control systems (sensing and actuation) have a considerable influence
on the total calibration accuracy and therefore must be precisely characterized for the calibration of
each gravitational wave detector. Calibration lines are applied using the detector’s length actuators
and/or with photon calibrators (see below) in order to compute time dependent correction factors.
For Advanced LIGO, this process results in an absolute calibration uncertainty of a few percent in
amplitude and a few degrees in phase across the majority of the frequency band [481].

Photon calibrators

Photon calibrators provide a calibration reference starting from a traceable reference: an optical
power meter. They use an amplitude modulated laser to apply a radiation pressure force to the test
mass. For all interferometric gravitational-wave detectors with arm cavities, this is the current method
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of choice for absolute calibration. Ultimately, the current photon calibrator implementation in second
generation detectors has an absolute systematic uncertainty of 0.5%, set mainly by a combination of
uncertainty in the calibration of the NIST-traceable power standard and uncertainty in position where
the photon-calibrator beams and the interferometer beams impinge on the test masses [482]. The
national metrology institutes are improving the primary laser power calibration standards. On request
of LIGO, NIST has improved the laser power standard from 0.44% error to 0.31% and is envisioning
a level of 0.05% in the next few years.

Newtonian calibrators

Newtonian calibrators rely on the Newtonian gravitational interaction between an interferometer test
mass and a known arrangement of rapidly rotating calibration masses, with the arrangement often
approximating a dipole, hexapole, or other multipole distribution [483]. These devices have absolute
systematic uncertainties related to how well the geometry of the calibrator, and its distance and
orientation with respect to the test mass, can be characterized. A Virgo prototype [484] has already
been deployed, and an improved prototype may achieve a 1% systematic uncertainty. KAGRA is
designing a dual-mass-distribution calibrator that, when combined with a photon calibrator, may
achieve an absolute uncertainty of 0.17% [485]. A Newtonian calibrator prototype is also being
developed for Advanced LIGO. These Newtonian calibrator technologies are still in the very early
stages of development, but there is significant effort in this direction.

Other calibration methods

Laser frequency can also be used as a reference against which to calibrate an interferometer [486].
However further R&D is required to cut down uncertainties from current levels of about 10% (as in
Advanced LIGO) to the requirements of the Einstein Telescope. It is also possible to fix certain aspects
of the calibration using an astrophysical source whose properties are sufficiently well known [487];
But here also more work is needed to understand how this technique will improve the calibration for
3G detectors.

Seismic isolation and suspension

Seismic isolation systems

Seismic isolation systems constitute the mechanical interface between the environment and the
detector core optics; they fulfill three main functions:

* to reduce seismic and vibration noise below the sensitivity requirements in the detection band;

* to reduce the broadband RMS motion of the suspension systems, and in particular the
contributions from the suspension resonances and the micro-seismic peak(s);

* to provide slow large-scale position and angle control of each suspended optical element.

These functions have performance requirements that span a very large frequency range, from DC
positioning for initial alignment, to day—long actuation for tides, suspension-mode damping, and
isolation performance up to kHz frequencies. To meet these requirements, the seismic isolation is
divided into two major components:
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* a pre—isolation stage, the so—called seismic platform;
* a damped suspension chain.

The seismic platform allows large dynamic range actuation for initial alignment and compensation of
tidal drifts, and provides isolation from low frequency vibrations from approximately 10 mHz up to
10 Hz. The suspension chain provides the majority of the seismic attenuation performance in the
detection band, and provides mechanisms for ‘fast’ actuation for lock-acquisition and length and
angle control of the interferometer.

ET requirements

The extension of the detection bandwidth of the Einstein Telescope to the low-frequency region
starting from 3 Hz requires improved seismic attenuation chains compared to Advanced Detectors.
For this purpose, a detailed study was carried out in the framework of the 2011 ET Conceptual
Design. The conclusion was that a viable solution would be a longer (17 m) version of the current
Virgo SA with the same number of passive isolation stages but equally spaced.

Seismic platform

The Superattenuator seismic platform consists of a massive disk, called Filter 0, supported by three
legs forming an inverted pendulum with period of oscillation of tens of seconds. The inverted
pendulum legs rest on a ring supported by three piezoelectric actuators for inclination control using
tiltmeters laying on the ground. The platform holds several cantilever springs that isolate in the
vertical direction the attenuation chain.. The Filter O position and yaw angle are actively controlled
using accelerometers and electromagnetic actuators.

It is expected that this structure, conceived some decades ago, can be reduced in height by introducing
an improved seismic platform and removing two of the SA filters. A shorter suspension, maintaining
the same performance, will allow for a significant reduction in infrastructure costs. This can be
achieved through a R&D program that includes the improved sensors, actuators, and signal processing
power that are now available.

Super-Attenuator modifications for Low-Frequency ET

In order to extend the detection bandwidth of the Einstein Telescope in the low-frequency region
starting from 3 Hz, improved seismic attenuation chains are needed. For this purpose, a detailed
study was carried out in the framework of the 2011 ET Conceptual Design. The conclusion was that
the optimal configuration would have been a longer (17 m) equal-spaced version of the Virgo SA,
that kept the number of filters unchanged.

A series of simulations of the SA horizontal transmissibility (the open-loop transfer function between
mirror motion and ground motion) have been performed using the Octopus mechanical simulation
software (by P. Ruggi, described in [488]). In figure 6.12 a comparison between the current SA
transfer function (blue curve), based on validated mechanical parameters of the Advanced Virgo
North End tower, with various longer alternative configurations is reported. Assuming the input
seismic noise equals to the inertial platform sensing noise (flat 10~'*> m/vHz), a mirror displacement
compatible with ET-LF design sensitivity above 1 Hz can be obtained using a 12 m tall version of the
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Figure 6.11: A comparison between the performance of the LIGO and Virgo instruments during the 03
observing run and the ET design sensitivity. The coloured windows show the important frequency regions, and
the arrows show the regions where ET must have improved performance in order to reduce the corner-frequency
of the ‘seismic wall’.

SA that is installed on a seismic platform, as shown in figure 6.13. Similar results were also shown in
[489].

Inter-platform motion

Experience in the LIGO and Virgo observatories has shown that large, low-frequency motion of the
suspended optics relative to each other, and with respect to their environment, can result in a signal
that is up-converted in frequency. This happens through scattered light that recombines with the main
laser beams and interferes with a phase whose derivative depends on the relative speed. This can
be observed in the gravitational-wave band [490, 491]. The problem becomes significant when the
relative velocity is of the order of one radian per second of optical phase shift. Lower speeds do not
cause to up-conversion.

For ET it is important to control the distances between:

* primary seismic platforms, including the power- and signal-recycling cavities;
* the interferometer optics and any location reached by a pick-off beam or ‘ghost’ reflection; and
* the seismic platforms and critical scattered light baffles.

The interferometer should be optically ‘closed’ such that no beam can reach or return from a poorly
controlled surface.
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Figure 6.12: Simulation of the SA open-loop horizontal transfer function (Mirror Motion/Ground Motion),
along the beam axis, in different configurations. Advanced Virgo SA (blue curve) is compared with two longer
versions: 17 m (red curve) and 12 m (orange curve).

Several techniques have been applied to control relative velocities, the two most common ones are
auxiliary interferometers, such as a Suspension Platform Interferometer [492], and inter-platform
tracking using a combination of local sensors [493]. All current observatories use optical levers to
measure the DC alignment and low-frequency motion of core optics. If these devices are mounted on
seismically-isolated platforms, they will have lower noise. Comparable or improved performance can
be achieved with differential interferometric sensors using either quadrant photodiodes or multiple
beams.

Sensor development

The seismic isolation and suspension systems of ET will require the development of new sensors not
currently deployed in-vacuum at observatories. The most important classes of sensor required are:

* Inertial sensors in rotation. Actively controlling the tilt of the isolated platforms is crucial, and
a suitable sensor must have self-noise of < 10710 rad/ VHz at 10 mHz [494, 495].

» Advanced inertial sensors in translation. Reaching a sufficiently low vibration level will require
sensors with a resolution of ~ 10713 m/VHz at 1 Hz.

* Precision non-contact displacement sensors for suspension damping. To actively extract energy
from the suspension chain normal-modes without injecting noise, a non-contact sensor will
need better resolution than the input platform motion, i.e. < 1073 m/vHz at 1 Hz [496].

* Inter-platform sensors for displacement and rotation. There are numerous potential technologies,
but the key performance metric is to have RMS noise comparable to the linewidth of the
suspended cavities, i.e. ~ 1071 m/VHz at 10 mHz.
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Figure 6.13: The simulated mirror displacement obtained using a 17 m-SA and 12-m SA installed on ideal
sensor limited-inertial platform with different requirements (blue curve and red curve respectively) is compared
with ET-LF, ET-HF, and the combined ET sensitivities (orange, magenta, and black curves respectively).

Test mass suspension systems
Suspension thermal noise of the mirror

As seen before, the top level requirements of a gravitational wave mirror suspension are to reduce
seismic noise input from the ground and to provide a sufficiently low level of thermal noise arising
from the materials used to construct the suspension. At the same time, electromagnetic/electrostatic
actuators are required to steer the mirror to enable the interferometer to be aligned and locked.

The ET final stage payload will feature a design which has already been well proven in Advanced
Virgo: a marionette, which supports the reaction mass and the mirror. In Advanced Virgo, position
control is applied hierarchically by actuating from the super-attenuator on the marionette, and from
the reaction mass on the mirror. In case of the ET payload, which is suspended via a single wire, a
further reaction mass must be hosted into the cryostat to control the marionette. The benefit of this
design is that it is compatible with the cryostat design described in section 6.11.1. In this section
we discuss the requirements of the final stage suspension for both the Low Frequency and High
frequency ET design.

Suspension thermal noise arises from mechanical dissipation in the materials adopted for the mirror
suspension. This includes (i) Brownian noise which originates from surface loss in the suspension
fibres and bond loss due to the attachment of the fibres to the test mass or (ii) Thermoelastic noise,
which is the coupling of statistical temperature fluctuations through the thermo-mechanical properties
of the suspension materials such as the thermal expansion coefficient and the Young’s modulus. The
suspension thermal noise can be calculated via the Fluctuation-Dissipation theorem [497], which
states that above the pendulum resonance the frequency component of the displacement thermal noise
Xsusp(w) is given by
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where T is the temperature, m is the pendulum mass, ¢, is the mechanical loss of the pendulum
(o< 1/Q with Quality factor Q), wy is the resonant angular frequency, kp is Boltzmann’s constant
and w is the angular frequency. The dominant contributions arise from the horizontal pendulum
resonance (under 1 Hz) and the vertical bounce mode (typically 10 Hz). At higher frequencies, the
violin modes also produce narrow spikes in the detection band.

A pendulum mirror suspension stores energy both in the elastic deformation of of the fibres and
the gravitational potential energy. The energy stored in gravity is lossless and dominates in heavily
loaded suspension fibres. This implies that the pendulum loss is lower than that of the material used
for the suspension fibre which is termed dissipation dilution. The dilution allows the total mechanical
loss (¢) to be diluted to ¢/ D, with D being conveniently calculated from Finite Element Analysis
[498]. For aLIGO and Advanced VIRGO the dilution is typically 90, showing that only 2% of energy
is stored in the pendulum mode. For the vertical, or bounce, mode, the dilution is given by the cross
coupling of the suspension. This enters through a term due to the curvature of the Earth, and a
contribution from mechanical tolerances. This is typically at the 0.1% level.

From equation 6.10.1, it is clear that in order to provide low thermal displacement noise, a combination
of a heavy mirror, low mechanical losses and temperature can be used to achieve the desired result.
For the current ground-based room temperature interferometers, fused silica is the material of choice
as it displays ultra-low mechanical loss at room temperature, while for the ET-LF interferometers,
crystalline materials (e.g. sapphire or silicon) are favoured as they have low mechanical loss at
temperatures below 150 K. These design choices, and the R&D required will be discussed in more
detail in the sections below.

High-frequency suspension

The current room temperature interferometers (aLIGO, AdVIRGO, GEO) utilise fused silica as a
material to suspend the test masses. There is over 20 years of R&D devoted towards ultra-low noise
fused silica suspensions. They were initially pioneered in GEO around 1990-2000 (5.6 kg optics),
upscaled for use in aLIGO and AdVIRGO (both 40 kg optics) between 2000-2012, with installation
occurring from 2015 onwards. Fused silica is the material of choice as it can be pulled into long thin
fibres, can be welded to form monolithic structures, has extremely low internal friction, and has a
breaking strength in excess of 4 GPa.

The dominant contributions to the mechanical losses are from:

* surface losses, [499, 500] which originate from defects on the surface such as dislocations,
unterminated dangling bonds and surface cracks. This is a dominant term for fibres which
exhibit high surface to volume ratio;

* thermoelastic losses [501], which arise from the fact that bending a suspension fibre leads to
heating/cooling via the thermal expansion coefficient. When the fibre is under tension the
variation in Young’s modulus with temperature leads to an additional thermoelastic contribution.
For fused silica these two terms have opposite sign and the thermoelastic losses can be cancelled
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in the bending region by suitable choice of the fibre geometry, a technique utilised both in
aLLIGO and AdVIRGO [502];

* weld losses, which arise from material which has been heated with a CO, laser [503] to fuse
the silica suspension fibres to the attachment ears on the side of the test mass. This material
exhibits losses which is higher than the bulk losses [504] and likely correlated with the level of
thermal stress;

* bond losses, due to the attachment of fused silica ears silicate bonded to the side of the test
mass. The silicate bonding process produces a strongly cross linked structure which allows
glassy materials to be reproducibly attached in a mechanically and thermally stable way [505].
By careful suspension design this term can be minimised.

The ET-HF mirror mass will be increased to about 200 kg to provide lower suspension thermal noise
and also a reduced radiation pressure noise. The technology of room temperature suspensions is
mature, building on many years of heritage and proven technology in the field. It has already been
shown that fibres of suitable geometry can be pulled and welded, and a prototype 150 kg suspension
has already been demonstrated, albeit with a metal proof mass to simulate the payload.

While current ground based detectors utilise fibres stressed to 800 MPa in their thinnest section (to
push violin modes above 500 Hz and the vertical bounce mode below 10 Hz), meeting the baseline
thermal noise of ET-HF further requires the fibres to be lengthened to around 1 m - 1.5 m. This
has the effect of lowering the vertical bounce mode (good) and the violin modes (bad). In order to
push the violin modes back up above 250 Hz will require fibres to be operated at higher stress, up to
1.2 GPa. This is the baseline proposal for the US A+ upgrade to alLIGO, and thus the ET suspension
can benefit from this work also. There is R&D underway on the stress corrosion of fused silica fibres
which suggests that even at 1.2 GPa fibre stress, the lifetime of such fibres is greater than 1000 years
[506]. Additional work has been undertaken on laser stabilisation of the fibre pulling machine which
has been shown to improve the dimensional tolerance and median tensile stress of the fused silica
fibres. Figure 6.14 shows the strain noise performance of an ET-HF suspension with the parameters
shown in table 6.2. This comfortably meets the requirements in the high frequency range.

ET-HF Parameters
Parameter Value Parameter Value
Mass (kg) 200 Length 1.5m
Temperature (K) 300 Tends "'middle (1) 762,310
k Wm™ 'K~ 1.4 C (Jkg 'k~ 750
heg (m) 4x 10712 Pweld 6x107°

Table 6.2: Proposed design parameters for the High Frequency suspension: r.,4 and ry,;qq1 are the radii of the
fibre at end and mid sections; « and C are, respectively, thermal conductivity and specific heat of fused silica
at room temperature; h¢; is the product of the mechanical loss of the material surface, ¢, and the depth, A,
over which surface loss mechanisms are believed to occur; ¢,,.14 is the loss angle associated with the material
losses localized at the welding spots.

R&D required for High-Frequency suspension

While the fused silica solution is already well developed there needs to be work devoted towards the
demonstration of a full scale ET-HF prototype. Key areas of future R&D include the following items:
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* A full scale prototype suspension needs to be built and tested. It would be sensible to consider
a staged approach, where a full scale metal system is built first, using fused silica inserts to
enable the fibres to be interfaced, ultimately leading to a fully monolithic version to test the
assembly/integration required. The suspension scheme proposed uses fused silica fibres with
operating stresses of around 1 - 1.5 GPa, fabricated on the current fibre pulling machines
that have been developed for the aLIGO/AdVIRGO instruments. The fibre ends will be
thickened such that they operate at a stress of 200 MPa which is needed to null the thermoelastic
contribution [502]. The fibres will be welded onto "anchors/ear" using a CO; laser to form a
system that can be integrated into the main test mass/marionette. In alLIGO, such a monolithic
suspension has been shown to have extremely low mechanical losses, with quality factors for
the violin modes in excess of 1 billion (a ring down of >5 days at 500 Hz).

* Activities focused on further proving the long term strength of fused silica, and the techniques
required to Hydroxide Catalysis Bond the ear to the test mass, will naturally follow with the
development of these full scale systems. Further work to ensure that the laser stabilisation
techniques provide fibres of sufficient dimensional tolerance will also be useful to verify the
technology.

* The local control of test masses further plays a crucial role in gravitational wave detectors and
this is an R&D activity common to both the HF and LF suspensions. The local sensors are
used to damp the suspension modes to a point at which automatic error signals (e.g. wavefront
sensing for angles and locking for longitudinal position) can take over. There needs to be work
to ensure there are sufficiently sensitive inertial sensors available.

* Actuators also need to be developed which have sufficiently low electronic noise such that they
don’t spoil the noise performance of the suspension. As with aLIGO and Advanced VIRGO, a
combination of electromagnetic voice-coil actuators at the marionette stage will be necessary
to provide the control forces for local damping of the suspensions. For test mass actuation, an
electrostatic actuation scheme could be employed, utilising high voltage actuation across the
capacitance formed between the test mass and the reaction mass. R&D to ensure that excess
charging is not an issue needs to be an area of further research, and the current experience of
discharging schemes and measurements of charge build-up in aLIGO will be helpful.

Low-Frequency suspension

In addition to providing a low seismic/thermal noise platform, the ET Low Frequency suspension also
has to fulfill a second crucial duty - to extract the thermal load that is put into the optical component
by the laser beam and by the thermal radiation coupled via the residual view towards the room
temperature sections of the vacuum system. A 100 mW heat load on each test-mass is currently
estimated, which represents a challenge for operation at cryogenic temperature. In terms of material
choice fused silica is ruled out both due to its low thermal conductivity, but more seriously due to the
broad dissipation peak in its mechanical loss due to its amorphous nature [507]. The materials of
choice are crystalline materials which have a very high thermal conductivity at low temperatures
while displaying low mechanical losses. In particular, silicon and sapphire are excellent materials in
the temperature region of interest (typically below 20 K).

At low temperatures the mechanical loss of the suspension, which defines the thermal noise
performance, is a key driver for the suspension design. Again heavy test masses will be utilised, with
the addition of low temperature to provide enhanced thermal noise performance. At temperature
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Figure 6.14: Strain sensitivity due to suspension thermal noise for the room temperature and cryogenic
suspensions; red: room temperature silica, blue 120 K silicon, green 20 K silicon, black ET-D baseline

below 150 K thermoelastic noise drops away sharply, and indeed for silicon is zero around 120 K,
which leaves the dominant loss mechanisms as:

* Surface loss [508] which originates from defects on the surface such as dislocations, un-
terminated dangling bonds and surface cracks. Initial measurements suggest that the surface
loss at low temperature could be a factor of 10x below those of fused silica at room temperature.

* Bond loss due to the attachment of anchors/ears via metallic or silicate bonding to the side of
the test mass.

In common with the room temperature suspensions, techniques need to be developed to bond these
crystalline materials. Significant progress has already been made particularly for sapphire and silicon,
partly with the development of sapphire suspensions for KAGRA [509] [510]. There are a number of
groups which have performed hydroxide-catalysis bonding of materials by growing a native oxide
(e.g. wet or dry thermal oxide on silicon) or the naturally occurring oxide, and undertaking thermal
cycling and mechanical loss measurements. Refs [511] and [512] have shown that these bonds
can be sufficiently strong and can be cycled between room temperature and cryogenic temperature.
Another technique that has been explored for KAGRA is metallic bonding with low melting point
materials such as Indium and Gallium. This type of bonding has developed out of the need to replace
suspension elements. While Gallium has a much lower melting point (=30 °C), the corrosive nature
and the poisonousness of the material make handling a potential challenge. Indium on the other
hand has a higher melting point (=157 °C) but requires the entire suspension to be warmed to this
temperature to develop strong and reproducible bonds [513] [514]. KAGRA uses sapphire and has
gained significant experience in suspension design, construction and commissioning.
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The need for large and heavy test masses (200 kg) point to silicon as a preferred material. However,
given the experience noted above with KAGRA, it would be sensible to keep a lookout for R&D that
could lead to larger sapphire substrates. Silicon suspension elements are currently under investigation
in the form of fibres [515] and ribbon-like structures [516]. Further R&D is focused on techniques
to joint the suspension fibres to the test mass ears/anchors. For silicon and sapphire suspension
elements, the challenge is to fabricate suspension elements that have tapered ends at the attachment
points. This is essential to ensure that the bending energy of the suspension is maintained in the fibre
rather than the anchor point, which will include the metallic or hydroxide catalysis bond. If this
design is not carefully undertaken, the dissipation dilution of the suspension, and consequently the
thermal noise performance, can be compromised.

Currently, there are three possible techniques under investigation for the fabrication of silicon
suspension elements;

* The micro-pulling technique [515] where a thin fibre (diameter of up to a few millimetres) is
drawn from a silicon melt through an extrusion. The fabricated fibres are not perfectly single
crystalline - but recent work has improved the crystallinity of the fibres. Currently, these fibres
are produced with a length of 30 cm for the initial investigations. In principle there is no limit
for the maximum achievable length and thus this technique is promising to be used for the low
temperature suspensions of ET.

* Etching suspension structures out of single crystals or wafers. This technique provides
suspension elements with a rectangular cross section due to selective etching of the crystalline
silicon in different directions. A number of fabrication techniques are currently under
investigation including mechanical cutting, laser cutting, deep reactive ion etching and wet
etching. The selective etching technique is just limited by the wafer size and in principle it is
possible to create much longer elements. Current challenges are reduction in the strength of
the silicon fibres due to mechanical etching, and work is underway to etch/oxidise samples to
improve their strength [517].

* Similar to micro-pulling, an alternative technique is to grow a fibre from a pedestal melt; so
called Laser Heated Pedestal Growth. The benefit of this technique is that it can produce
extremely pure fibres with high strength, as there is no interaction with a crucible or extrusion.
The downside is that the production is slow (mm/min growth rate) and requires good control of
temperature and growth rate. Good quality results have previously been reported by [518] in
the growth of sapphire fibres, although challenges exist with silicon as the melt changes its
optical absorption strongly around the transition from solid to liquid.

Figure 6.14 shows the strain noise performance of the ET-LF suspension with the parameters shown
in table 6.3. Two temperatures have been modelled; 120 K and 20 K and the respective thermal
conductivity and specific heat at these temperatures are used. The code assumes a circular fibre
of equivalent cross-section to a ribbon and an idealistic dilution (this would need to be properly
determined for the final geometry using FEA). Since the thermal conductivity at 120 K is poor, heat
extraction would be via radiative coupling.

R&D required for Low-Frequency suspension

The R&D focussed on delivering a cryogenic suspension is less well developed than the room
temperature suspension, and activities are needed on several fronts;
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ET-LF Parameters
Parameter Value Parameter Value
Mass (kg) 200 Length 1.5m
T (K) 20,120 Tfibre (Jm) 2200
k (120 K), k (20 K) | 690, 4900 C(120K),C(20K) | 328,4
(Wm™ K1) (JkgT'K™1)
he (m) 5% 10713

Table 6.3: Proposed design parameters for the Low-Frequency suspension: 7¢;p, is the radius of the fibre; x and
C are, respectively, the thermal conductivity and specific heat quoted at two possible operating temperatures;
h¢; is the product of the mechanical loss of the material surface, ¢, and the depth, %, over which surface loss
mechanisms are believed to occur.

* Fibre fabrication techniques to develop long thin silicon or sapphire fibres, As noted above
promising fabrication strategies include micro-pulling, forming (etching or machining) from
a wafer and laser heated pedestal growth. For all of the techniques a study of the resultant
tensile strength, ease of fabrication, mechanical loss and thermomechanical properties needs to
be undertaken to choose the optimum techniques. Research into micro-mechanical systems
investigated surfaces losses in silicon (see e.g. [519-521]). However, a systematic and general
modelling of surface losses has not been made and their origin is still unclear and needs to be
investigated.

* The techniques necessary to joint suspension elements, while ensuring that dissipation
dilution is maintained as high as possible, need to be properly explored. This could include
hydroxide catalysis bonding of ears/anchors, metallic bonding and direct bonding techniques.
Measurements of the thermal conductivity suggest that bonded silicon components at low
temperature can be modelled as pure silicon with a thin (~ 700 nm) interfacing glass-like layer.
These results suggest that hydroxide catalysis bonding can facilitate the necessary extraction of
heat, deposited on the mirrors by the incident laser beam, through to the silicon suspensions
elements and towards the cooled upper-stage. A further technique worth studying is direct
welding of crystalline material. There has been some good success of welding sapphire,
although this needs to be verified for silicon, and further R&D is needed here. For example,
what is the thermal conductivity of a welded joint, and does the material exhibit good thermal
conductivity and low mechanical loss.

* A detailed FEA model of the final stage suspension needs to be undertaken in order to estimate
the effects of real fibre geometries on the dissipation dilution.

* R&D is needed in the development of elastic elements to soften the vertical bounce mode of
the thick silicon or sapphire rods, connecting the test mass to the marionette (e.g. the blade
springs in the case of KAGRA).

* As with the High Frequency suspension, the development of inertial sensors, with high
sensitivity and large measurement band is a key point for the inertial damping to perform on the
suspension system of third generation interferometric detectors. These sensors and associated
actuators need to be proved for low temperature operation. There has been work proposed
towards developing the monolithic folded accelerometer for cryogenic temperature [522] [523].

* Further suspension modelling needs to be undertaken to verify the operation temperature of
the Low Frequency suspension. In the previous design study an operation temperature of
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10 K-20 K was the operating point. As noted above this does result in challenges to extract
sufficient heat through the suspension fibres. An alternative that surfaced in the last couple
of years is the option of running close to 120 K where silicon exhibits a zero in its thermal
expansion coefficient, making the thermoelastic noise vanish, as mentioned above. The penalty
to pay is in the overall thermal noise performance which is roughly 2.4x worse.

* There is a need for prototype lower stage suspension systems similar to those developed during
the fused silica development era. This includes a mix of fast turnaround tabletop systems and
small scale prototypes of 10 m arm length with payload in the 1 kg to 10 kg range in the first
instance.

Cryogenics
The ET cryostats

In order to limit the thermal noise impact on the ET sensitivity curve, it is necessary to cool at
cryogenic temperature the four test masses of the LF-detector. The heat is extracted from the mirror
via the suspension fibres, which are attached at the other end to the marionette. Moreover, the
marionette is suspended from the super-attenuator, which attenuates the seismic noise up to a few
hertz. Thus, it is extremely important at the same time (i) to preserve the mechanical isolation
between the mirror and the cooling system, (ii) to guarantee an efficient thermal link between the
payload and the cooling system.

The whole payload is housed in the lower part of the vacuum tower, hosting the 17 m long super-
attenuator chain as shown in figure 6.15. The base of the vacuum tower is a cryostat with two thermal
screens: the inner blue line schematises a surface at ~ 4 K, while the outer one represents the shield
at intermediate temperature (~ 80 K). The upper part and lower part of the tower are separated by a
roof crossed by the Ti-6Al-4V thin rod, which holds the whole payload. The roof is robust enough
to hold the suspension wires of the cryostat thermal screens surrounding the payload. In particular,
the inner shield is designed to define a volume that, during the cool-down phase, may be kept at a
residual pressure different from that of the upper part of the tower hosting the super-attenuator in
order to improve its thermal coupling with the payload by gas conduction, if necessary. During the
cool-down phase, the large valves connecting the long ultra high vacuum tube will be closed. This
option would permit to faster cool down and warm up the whole payload by adding pure helium gas
in this confined volume. A few mbar of helium will provide an efficient heat transfer of the payload
from room to cryogenic temperature. Once the equilibrium temperature is achieved, the helium gas is
pumped out before the laser light injection. This option will only be necessary, if thermal simulations
yield insufficient cooling time constants for the payload due to its weak coupling with the marionette.
The temperature of the marionette itself can be controlled on short time scales by appropriate cooling
system design.

The base of the main tower hosting the mirror is connected to a couple of ancillary cryostats shown in
figure 6.15. In the present baseline design, the far one hosts a sufficient number of pairs of pulse tube
(PT) cryocoolers, which operate in phase opposition. They provide the refrigeration power to keep
the mirror and the inner shields of the cryostat at cryogenic temperature. In this way, the production
units of the refrigeration power are separated from the payload cryostat. A large fraction of the heat
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Figure 6.15: Scheme of the cryo-links and cryo-tank needed for cooling a test-mass of the LF-interferometer.
Upper image: mirror frontal view. Lower image: mirror side view.
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extraction path is through a pure aluminum bar, suspended in the middle of the super-attenuator
hosted in the intermediate cryostat shown in the upper part of figure 6.15. This solution, where the
cooling units are separated from the payload cryostat, has been adopted already in KAGRA, and has
several advantages. It permits

- to decouple the vibrations generated by the refrigeration unit from the payload,
- to perform the maintenance without accessing the payload cryostat,
- to implement future more efficient and silents cooling units, based on superfluid *He

The heat extraction path of ~ 20 m length connects the refrigeration units to the marionette. To
reduce vibration, the aluminum bar will be connected via braids of high purity material as, for
instance, electrolytic copper or grade 6 aluminum (99.9999 % purity). Both are characterized by
thermal conductivity values of 2 kW/m/K in the range of 1-10 K. A braid made of 8 wires with 1 mm
diameter and 20 m length can support an heat flow of 200 mW for a temperature difference of ~ 1
K. The attenuation of the residual vibrations transmitted along the heat extraction path and mainly
associated with the cooling system is provided by the auxiliary super-attenuator chain, hosted in the
innermost volume of the main tower (attenuator chain drawn in red - upper view of figure 6.15). The
soft braids are mechanically coupled to the super-attenuator filter, which has to be fully compliant
with the cryogenic environment.

In order to define the cryogenic requirements, one has to estimate the cryostat thermal inputs, which
depend on the cryostat dimension and the quality of the thermal insulation. Assuming that the inner
vacuum chamber has to host a mirror with half a meter diameter, we derived the order of magnitude
of the thermal input for a cylindrical cryostats.

Multi-layer insulation (MLI) is a standard technique used in the helium cryostats. The thermal shield
is formed by highly reflective thin layers, substantially decreasing radiation heat transfer. MLI is
based on layers of porous (self-vented) mylar sheets, which are aluminized on one side. The sheets
are wrapped around the surface to be insulated. Unfortunately, mylar is a hygroscopic material
incompatible with the UHV requirements of ET. As a consequence, one proposed solution implies to
develop superinsulation sheets on a hygrophobic support and to, as much as possible, separate the
chamber hosting the mirror from the insulation vacuum of the cryostat. Assuming 25 and 75 layers
of self-vented aluminized mylar around the two thermal shield, the thermal input can be limited to
1 W for the 4 K shield and to around 50 W for the intermediate one. In comparison, the thermal input
due to laser light absorbed by the mirror and the thermal radiation emitted by the long vacuum tube is
in the range of a few tens of milliwatt. These data will be evaluated in more detail as part of the ET
technical design study.

The LF-interferometer cryotraps

The main heat inputs into the cold mirror of the LF interferometer are the thermal radiation coming
from the warm surface of the vacuum tube, and the heat load due to the absorption of a small fraction
of the laser light into the mirror surface. The latter can be estimated considering that the laser power
circulating in the optical cavity is 18 kW, and that a reference value for the absorption coefficient of
the mirror optical coating at the working wavelength is around 1 ppm. This gives an approximate
value of 20 mW of absorbed laser power.
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In order to reduce the thermal radiation from the beam duct into the cold mirror, two strategies are
viable: the reduction of the emissivity factor and the reduction of the geometric view factor, i.e. the
reduction of the solid angle under which the warm surface is seen by the cold surface.

The emissivity factor is reduced by an appropriate choice of material for the wall of the tube, or
through the deposition on the warm surface of a low-emissivity coating. The reduction of the
geometric view factor is obtained by building in the region adjacent to the mirror cold sections of the
vacuum tube (thermal shields or cryotraps), that “move away” the warm section of the tube from
the mirror, and in this way reduce the solid angle, under which the warm surface is seen by the cold
mirror. At the same time, the cryotraps act as cryopumps, because the instruments hosted in the tower
are not compatible with the pipe arm vacuum requirements. The temperature(s) and length(s) of
these sections will be designed to fulfil both vacuum and thermal requirements. In particular, in the
region immediately adjacent to the mirror, a zone colder than the mirror itself is needed to avoid the
condensation of the residual gas on the surface of the mirror, that could lead to the growth of a layer
of contaminants and spoil its optical characteristics.

R&D on cryogenics: lowering the temperature with Helium Il

In order to increase the cooling capacity and to achieve the ultimate reduction of the thermal noise
contribution, cooling of the LF-payload with superfluid *He (He-II) is under investigation, which
is produced by pumping on a normal “He (He-I) bath. Other than in case of the cryocoolers, the
cooling power is a design parameter without intrinsic limits. The second order phase transition from
liquid He-1I to superfluid He-II can be described by Bose-Einstein condensation, whereby “He atoms
successively condense into their ground state. This means that any thermal noise is switched off in
the condensed phase.

The superfluid He-II is a quantum fluid with extremely large thermal conductivity, many orders of
magnitude beyond that of solids. It conducts heat fluxes with close-to-zero gradients, which prevents
any bubble formation in the liquid that otherwise might cause microphony. It is therefore possible
to cool the marionette by steady-state conduction with He-II in small capillaries, i.e. without the
circulation of helium, keeping the He-1/He-II-bath far away from the payload in one of the separate
cryostats shown in figure 6.15. For the cool-down process, forced He-1 flow can be arranged through
the same capillaries.

The He-II approach has the advantage to provide more refrigeration power and to reduce the
mechanical impact on the payload to the ultimate minimum. A detailed design study of this option is
in progress.

Vacuum system

Overview and requirements

In laser interferometers for GW detection the instrument has to be kept under High-Vacuum or
Ultra-High-Vacuum (HV, UHV) for several reasons:

* reduce the noise due to vacuum fluctuations along the beam path to an acceptable level,
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* isolate test masses and other optical elements from acoustic noise;

* reduce test mass motion excitation due to residual gas fluctuations;

* contribute to thermal isolation of test masses and of their support structures;
* contribute the preservation of the cleanliness of optical elements.

The power spectral density of gas-induced fluctuations in the optical path length was calculated
for different residual gas pressures, using conservative beam shape parameters. For the maximum
acceptable residual gas pressure, a safety factor of 10 was applied with regard to the pressure at which
the detector sensitivity would be limited by phase fluctuations of the residual gas at the frequency of
highest sensitivity (Fig. 6.16).

The residual gas composition will be dominated by hydrogen with presence of water and other gases;
we will keep the total residual pressure at about 10~!9 mbar, corresponding to a noise level below
1072 Hz"!/2. The vacuum system will be extremely clean from heavy organic molecules, both to
limit the phase noise and to prevent pollution of the optical components. The total partial pressure of
hydrocarbons (> 100 amu) shall be at the level of 10~ mbar.

To meet these requirements it will be necessary:

* to bake (one week in an air oven at 450 °C) the stainless steel vacuum enclosure elements (or the
raw material sheets) in order to reduce the H, outgassing rate to a level of 10! mbar lI/cm? s

* to bake the already assembled pipes for one week at 150 °C (or possibly for longer at a lower
temperature) under vacuum to remove the water molecule layers adhering to the inner pipe
wall.

The ET vacuum system (Fig. 6.17) will be composed of several UHV pipes with kilometric length
and several cylindrical vertical HV/UHYV tanks (towers) containing the optical elements and their
support structures (Fig. 6.18).

In general it is necessary to have the whole vacuum system of one interferometer constituting one
single volume, without physical separations (windows) in the laser beam path. HV volumes (the
towers) may contain equipment not fully compatible with UHV requirements in the long arm tubes,
which are the major part of the path along which the laser beam travels. The separation between
HV and UHV can be obtained by differential pumping or by cryogenic traps, stopping the migration
of water and other high vapor pressure components. Large gate valves (see 6.12.5) and cryotraps
(see 6.12.3) will be put at each end of the arm pipes, in order to preserve vacuum when venting
a tower. For the same reason each tower will be separable from the rest of the vacuum enclosure
by suitable gate valves. For baking, long term maintenance and repair work it might be useful to
separate the arm tubes into smaller sections, e.g. 1 km, requiring a larger number of big gate valves.
The optimal sectioning will be determined in a technical design phase. The filter cavities being less
sensitive to vacuum noise require a residual pressure at the level of 1077 mbar. Their pipes will
neither be air-baked at 450°C nor vacuum-baked at 150°C.

The arm pipes

Due to the multi interferometer/xylophone choice for ET, four beams (taking into account six
interferometers) will run along each side of the triangular tunnel. Separate vacuum systems
are implemented for each interferometer to avoid light scatter cross-contamination and to enable
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Figure 6.16: Phase noise given by the residual gases compared to the expected sensitivity, computed for the

appropriate beam profile for different gas compositions. (Goal gas composition: Hydrogen [1 107! mbar],

Water [5- 10~!! mbar], Nitrogen [1 10~!! mbar])
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Figure 6.17: One corner of the ET vacuum system: LF dectector (blue); HF detector (red); filter cavities
(yellow).

independent commissioning and maintenance, as shown in Fig. 6.19. The filter cavity beam tubes
will be hosted in the auxiliary tunnels for remote water drainage (see Fig. 6.20). The baseline
configuration includes four pipes, one for each main beam, each having a diameter of 1 m. Both the
two filter cavity beam tubes for each LF interferometer with a length of 1 km, and the single filter
cavity beam tube of 300 m length for each HF interferometer will have a diameter of 500 mm.

The pipes will have stainless steel thin walls (3—4 mm thick) with external stiffening rings, one every
1-2 meters, to prevent the tubes from buckling and collapsing. Two rings will be larger, serving as
attachment for the supports (see below).

20 m long pipe elements will be fabricated via industrial tools carefully calculated for large scale
economy, logistics optimization and quality assurance. At one end of each element a suitable bellows
will be added to accommodate thermal expansion, during bake-out (winter/summer temperature
excursion are negligible under ground). At both ends 2 mm thick lips will be added, to allow UHV
compatible welding of adjacent elements, without inert gas protection on the inner side of the weld.
Simple supports, using steel cables and adjustable stretching screws will be sufficient, coping with
the expected stability of the tunnel.

The pipes will be aligned in the tunnel using optical instruments and laser beams, since GPS will not
be applicable under ground. The requested straightness error for the arms is of the order of 10 mm.
Periodical surveys will be necessary every few years, in order to detect any pipe displacements due to
ground movements.

Each 10 km pipe will contain a few hundreds of metallic baffles for diffused light mitigation. They
shall be made out of stainless steel with a suitable conical shape and serrated inner edge (Fig. 6.21)
against diffraction. The radial width of the baffles, between 50 and 100 mm, and their position will
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Figure 6.18: As an example the cross-section of a Virgo a mirror tower is shown.
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Figure 6.19: Arrangement of the vacuum pipes in the tunnel cross-section.

Figure 6.20: Schematic layout of the LF interferometer filter cavity auxiliary beam tube.
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Figure 6.21: As an example the Virgo pipe conical baffles are shown.

be determined by a suitable simulation.

Pipe assembly

The 20 m pipe elements will be introduced into the caverns with the ends sealed by suitable end-caps
and equipped with thermal insulation; each element will weight about 1.5 t. The element will be put
on and bolted to a simple carriage made of two parallel 20 m long beams supported by small train
wheels. In this way pipe elements can be pushed to their position one after the other by an electric
tractor running on 5 km long rails reaching up to mid arm. The rails, two for each pipe, are supported
by frames extending to the whole tunnel cross-section. These same frames have the function, as said
before, of supporting the pipes.

Every 500 m, along the tunnel, there is an enlarged room (“pump room”, Fig. 6.22) foreseen to host
pumping, bake-out and control equipment; those rooms are used also to weld the pipe elements at
ease in a wide area, under a mobile clean tent. A pump room is an enlargement of the tunnel for
a width of 12 m and a length of 10 m, allowing the installation of the pumps, which are held in
their position by a metallic frame not shown in the figure. Three cabinets housing the electronics of
the vacuum equipment are included, together with an electrical power supply for baking (60 VDC,
300 kW). A bridge crane is needed, and the room will have controlled humidity and temperature, for
the longevity of the electronics.

The assembly sequence of a vacuum pipe is described below and is graphically shown in Fig. 6.23.

The first pipe element is stopped with the rear end under the tent prepared in the 9" pump room,
counting from the corner cavern; when the front end of the second element is close, the sealing
lids are removed, after starting appropriate clean air flows. The corresponding end lips of the
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Figure 6.22: 3D view of a pumping station: the blue objects represent the pumps and sensors, the yellow ones
the cabinets for pumps control and baking power supply (1 cabinet for all). A separate small room is reserved
for the high voltage electrical transformer.
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Figure 6.23: The assembly sequence of one vacuum pipe.
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adjacent elements are precisely adjusted and welded. The beams of the two carriages (under or
above the pipe, according to the chosen option) are rigidly bolted together, taking care of appropriate
compression/extension of the bellows.

The two modules are shifted forward until the rear end of the second module is at the welding position;
now the front end of the third module is adjusted and welded as before. This procedure is continued
until the 25 module is welded and the 500 m long section of pipe is completed.

The 500 m long section will be then shifted by 20 m to its final position.

Every pair of upper support cables are attached to the corresponding support ring, the cables are
tightened, the bolts of the pipe elements to the carriages are removed, the elements are lifted by
10 mm in 1 mm steps. The 500 m long train composed by 25 carriages is sent back to the end cavern,
to start the assembly of the second 500 m pipe section. The lower support cables are attached to the
pipe support rings and suitably tightened.

The ends of the assembled pipe section are closed with vacuum tight lids, the section is evacuated
and tightness tests are performed. The closing lids will be strongly fastened to the tunnel wall, in
order to keep the 6.4 t axial load due to atmospheric pressure.

The clean tent and the welding equipment are transferred to the next (8! from the corner cavern)
pump room and the assembly of the second 500 m pipe section is started. Once completed and
vacuum tested, taking advantage of the bellows and of the support cables, the front lip of the new 500
m section and the rear lip of the previous section are connected welding-in a 1 m long junction piece.
These final welds are the last to be performed in that particular pump room.

The procedure continues at the same time, extending the installed pipe from mid arm to both arm
ends.

Concerning the pipes arrangement in the tunnel, it is necessary to have the possibility to inspect and
repair the welds between pipe elements. This could be achieved leaving a minimum clearance of
about 0.5 m between the “nude” pipes and the tunnel wall (at least every 20 m). This will be just
sufficient also in the case of small maintenance interventions on the tunnel wall lining.

Pipe pumping system

The pipe pumping system has been conceived to be composed of standard modules, grouped together,
in order to limit the number of pumping stations along the arms.

The required total residual pressure (hydrogen and other gases) of 107!” mbar can be obtained, after
firing and bake-out, with one 5000 I/s pumping group, every 500 m, bothina 0.9 mandina 0.7 m
diameter pipe, the smaller gas load due to the smaller diameter being compensated by the reduced
conductance. Below the pumping system for one single pipe is described.

Each permanent pumping group will consist of three identical modules, each made of one 2500 1/s
Ti sublimation pump (TSP), connected to the pipe through a 250 mm gate valve (the Ti will be
sublimated not in the tube but in a separated chamber), coupled to a 300 I/s ion pump. The former to
pump active gases, the latter to pump inert gases. At such a low pressure TSPs are expected to require
not more than one yearly regeneration. NEG (Non Evaporable Getter) pumps are being considered as
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a possible alternative to TSPs. Some redundancy is necessary to cover the Ti pumps maintenance
periods.

Besides the permanent pumping group, every pumping station will include suitable vacuum gauges
and two 2000 1/s turbo, backed by a dry pump, for initial evacuation and bake-out.

The filter cavity pipes, requiring a 10~/ mbar residual pressure, will be equipped only with the
turbo/scroll groups, possibly reinforced with 77 K cryo-pumps. Ion pumps could also be taken into
consideration, for their ease of operation and low noise characteristics, eventually equipped with
proper shields to limit risks of charged particles emissions. To meet these specifications, a bake-out
will not be necessary, hence filter pipes will not be equipped with thermal insulation.

Every 10 km pipe will have three residual gas analysers (RGA), at each end and in the middle, to
monitor the vacuum quality and for easier diagnosis in case of problems.

Pipe bake-out system

In order to perform the 10-days bake-out under vacuum at 150°C, the pipe will be heated by electrical
current flowing in its walls, closing the circuit by a suitable Al bar or cable. The use of DC will
assure a uniform current and temperature distribution on the pipe walls and improve human safety.
Typical arrangement of the circuit could be a series of double ring circuits with one DC source every
500 m delivering 1000 A at 60 V along 250 m in each direction. This system will deliver 200 W per
meter of pipe, which has been experimentally demonstrated to be sufficient to reach 150°C, if the
pipe is wrapped in a suitable 10-20 cm thick thermal insulation layer. Each DC source will consist of
a transformer/rectifier supplied by medium voltage AC (15 kV). This choice is dictated to reduce
the cross section of cables to distribute 2 MW along 10 km. 15 kV equipment will be confined in
dedicated rooms.

In this configuration, delivering 300 W per meter of tunnel, in absence of ventilation, a very crude
estimate considering a 6 m aperture tunnel, drilled in isotropic rocks — assumed p = 2500 kg/m?,
k = 2.0 watt/(m K), C = 800 joule/(kg K) — gives an increase of room and wall temperature by about
+13°C after a 10 days bake-out.

These considerations, together with the specificities of the ET infrastructure (namely, underground
location) suggest to investigate alternative bake-out strategies, like baking at a lower temperature for
more days and improving the thermal insulation properties, in order to reduce the temperature increase
of the tunnel walls. A suitable air cooling system will be designed to reduce further the ambient
temperature (possibly renewing once per hour the tunnel air volume). The overall power release
inside the tunnel could be reduced also performing bake-out in sequence on shorter pipe sections,
separated by “pseudo-valves”, vacuum tight, but able to sustain merely null pressure difference.
Furthermore, methods to deal with humidity in the tunnels and the potential problems with vacuum
system lifetime will be studied in detail.

Cryotraps

HV volumes (e.g. the towers) will communicate with the UHV pipe through liquid nitrogen cryotraps,
to prevent migration of water and other high vapor pressure contaminants. In order to allow the
beam passage, the cryotraps will consist of a large hollow muff, containing liquid nitrogen, suspended
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Figure 6.24: A liquid nitrogen cryotrap.

inside an increased diameter pipe section, with a design very similar to the one adopted for LIGO,
Virgo and Advanced Virgo (Fig. 6.24).

The lateral surface will be thermally isolated by a few cylindrical metal screens; the heat exchange
at both ends will be limited by circular baffles, leaving passage for the beam. The propagation of
mechanical noise due to liquid nitrogen bubbling will be limited installing cryotraps at least 20 m
away from the mirror towers.

Cryotraps will have valves at each end, in order to be confined during warming-up for regeneration
(not more than once per year).

The traps will be 7-10 m long for pipes with diameters of 0.6—1.0 m. The liquid nitrogen consumption
has been evaluated to be about 10 liters per hour per trap.

In correspondence of the cryogenic towers for the 10 K mirrors of the LF interferometer, the cryotraps
will be much longer (50 m) and will include liquid helium sections to strongly limit the mirror heat
exchange as described in the following section. We refer to the same section for a description of the
supply plant for cryogenic liquids.

Towers

The upper part of the mirror towers will have a 2-3 m diameter to contain easily the pendulum chains
of superattenuators and the inverted pendulum legs; the structure will be an evolution of the Virgo
towers (Fig. 6.18). The lower chamber of the towers will have a diameter up to 3 m, to contain large
payloads.



6.12 Vacuum system 159

The HF interferometer towers will have a large bottom lid to allow installation of payloads from a
clean basement, under a filtered air shower. The height will be 10 m for the main mirrors of the warm
HF interferometer. Auxiliary mirrors or benches, requiring lower isolation, will be located in shorter
towers.

The towers containing the cryogenic mirrors of the LF interferometer, to achieve full seismic isolation
performance down to 2 Hz, will be up to 20 m tall. In these towers, sitting on top of the HF
interferometer, the payload will be installed through a lateral port. This order of superposition
has been chosen to have the low power LF beam passing through the HF mirror suspensions (at
room temperature) and not the high power HF beam passing through the low temperature LF mirror
suspensions. The lower part of the cryogenic towers will be described in the next section.

Each cryo-tower will be coupled to an ancillary tower to support the heat extraction chain preventing
seismic noise propagation.

Tower pumping system

The towers will be made of two or three vacuum compartments in order to separate by differential
vacuum the lower mirror chamber from the less clean suspension mechanics in the upper chamber.
The horizontal separating walls will have a low conductance hole for the passage of the pendulum
chain support wire.

The mirror chamber will be equipped with a permanent pumping group consisting of one 2500 1/s Ti
sublimation pump coupled to a 300 I/s ion pump. In addition one 2000 I/s turbo, backed by a scroll
pump, will be operated for initial evacuation.

The tower upper chamber(s) will be pumped by suitable turbo/scroll groups. An effort will be
performed to build the suspension mechanics and electronics with ultra clean and low outgassing
components, in order to pump permanently also the upper chamber with ion pumps.

The use of large cryo-pumps is being considered to increase pumping power and to eliminate moving
parts from the vicinity of mirrors.

Valves

More than 100 UHV gate valves with large aperture, from 0.5 m up to 1 m, will be necessary. They
will be all metal with only the gate gasket out of vacuum outgassed Viton.

Every tower will be separable from the rest of the vacuum system by such valves. Every cryotrap will
also be separable for regeneration; the HV side will be equipped with a Viton gasket valve, while the
UHYV side will be equipped with a totally metallic “pseudo valve”, vacuum tight, but tolerating only a
few mbar pressure difference.
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7. Site and Infrastructure

Infrastructure and site requirements

Infrastructure reference design

Interferometric gravitational-wave detectors are large and complex devices and the selection of
their site is an issue of great importance. The selected site should allow the highest possible
level of scientific productivity at reasonable cost of construction and operation, and making it
possible to operate the infrastructure over its foreseen lifetime. Selection criteria that impact the
scientific potential of the observatory have highest priority. These include natural and anthropogenic
environmental noise and site geological properties that affect construction cost.

Einstein Telescope will have excellent sensitivity over a wide frequency range starting at 3 Hz up to
several kHz. Within the infrasound observation bandwidth (up to 20 Hz) the scientific potential is
affected directly by site location and the observatory infrastructure. Therefore, it is of paramount
importance that the infrastructure reference design maximize the scientific potential of the observatory.

The local seismic activity is one of the most important site specific noise sources that can affect
or degrade the interferometer performance. Mitigation of seismic displacement noise is achieved
by combining careful siting with advanced suspension systems (outlined in section 6.10). A prime
example of a site that exhibits extremely low seismic background noise is the site selected for the
KAGRA detector in Japan. KAGRA is located in the Kamioka mine, which currently holds the
Super-Kamiokande experiment and the prototype cryogenic gravitational-wave detector, CLIO. The
Kamioka facility is a former zinc and gold mine and is situated 250 km west of Tokyo. Access to the
underground facilities is through a well maintained horizontal road tunnel, allowing for depths down
to 1000 m. The performance requirements for Einstein Telescope will surpass those of KAGRA and
require that the infrastructure reference design advocates for a subterranean observatory.
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Figure 7.1: Underground infrastructure near one of the three detector vertices. The main hall hosts the majority
of seismic-isolation towers, and is the cross-road between two detector arms (towards upper left and right), a
tunnel for the filter cavity (towards lower right), and an access tunnel (towards lower left).

Among all sites that were studied as part of the conceptual design study of the Einstein Telescope, two
candidate sites remain and are currently under investigation: a site at the Euregio Meuse-Rhine, and
another site at Sardinia near the former Sos Enattos mine. The main results of these investigations
will be on the site conditions such as geology, geohydrology, geothechnics, natural and man-made
environment, as well as on the characterization of environmental noise of natural and anthropogenic
origin.

7.1.2 Site conditions

In this section, we describe the site-evaluation parameters from an infrastructural and geological
point of view. The content is mostly taken from a more extensive presentation of site parameters
relevant to ET site selection [524]. This includes all parameters that have an impact on the excavation
costs and construction timeline, detector operation, underground facility access convenience, safety
of the workers in the underground environment and detector lifetime that we assume to be > 50 years.

The main goal of site selection, site characterization, facility layout, and identification of applied
construction methods is to find a location that allows for the construction of ET so that it can achieve
its science goals and operate effectively for its proposed lifetime. The technical and cost aspects,
nevertheless, can only be optimized together, as a result of a multi-component decision-making
procedure, balancing among sensitivity, cost and technical risks. The most reasonable solution for
the selected site, the basic design and the planned construction methods should ensure optimization
both for technical readiness and the overall costs (both for construction and operation phases) of the
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facility.

Surface

Even though ET’s main infrastructure will lie underground, surface conditions are very important to
the project. Parts of the infrastructure will be located at the surface, including operations buildings,
underground access, a visitor center and guest houses. Seismic disturbances created by local
infrastructures, e.g., traffic and industry, can interfere with the operation of the detector and produce
sensitivity limitations. Interference issues between the underground and surface facilities (including
the existing ones) will be carefully analysed to support the design stages. The environmental impact
and the re-use or waste disposal of the material excavated to built-up the caverns and the tunnels must
be carefully considered in the choice of sites and execution of the plan.

Surface site criteria that are considered most relevant for the detector construction are:

* Connection to the main and secondary road and transportation networks

 Existing utilities and technological networks in the area (power, gas, telecommunication, water
supply, sewage systems, etc.)

* Presence of wells and water uptake systems

* Surface interference and land use constrains at the corner and intermediate access areas to the
underground infrastructure

* Environmental policies for construction waste disposal (excavation rocks and contaminated
soils), water control, natural and landscape conservation and environmental impact

* Land property status and legal issues for authorization procedures in lights of the territorial
constraints.

Surface conditions for the operation of the infrastructures are identified as follows:

* Transportation and site accessibility

* Accommodation and facilities for resident staff (housing, schools, shopping, etc.)

* Accommodations for visiting staff (hotels, restaurants, etc.)

* Local technical support (qualified technicians and vendors, maintenance, fabrication, etc.)
* Existing utility networks (power, water, communication, etc.)

Additional conditions that should be considered for the sustainability of the infrastructure are:

* Natural hazards (earthquakes, floods, subsidence, landslides) and local weather trends (wind
speeds, average precipitation rates, lightning rate, etc.)

* Required power supplies and related costs

* Specification and requirements for additional heating, cooling and humidity control plants for
the underground caverns

* Maintenance operation requirements and related costs

 Travel time and living costs for personnel and visiting staff

Underground

The parameters related to the underground concern rock mechanics and groundwater. The general aim
of rock-mechanical data acquisition is understanding and forecasting the real behavior of host rock
mass, the variability of the parameters/processes/phenomena (as a function of rock types, weathering
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level, parting, lateral and vertical position, anisotropy, etc.) in order to reduce the uncertainties of
input data of static design and ensure the technical/economic optimization of the facility. Preliminary
geophysical studies (mainly 2D and 3D seismic methods) must determine the positions of dislocations
and faults and also the rock inhomogeneity. Some of the important geomechanical parameters and
features to consider include:

* Faults and fractures
* Rock mechanical data:
— Elastic parameters (static and dynamic Young’s modulus and Poisson’s ratio of the intact
rock, and the rock mass)
— Strength parameters (uniaxial and triaxial compressive strength, tensile strength, shear
strength of intact rocks and discontinuities)
* In-situ stresses
* Rock-mass characterization
* Geomechanical hazards, e.g., squeezing, wedge failure, unravelling, face stability, swelling,
subsidence, and other hazards related to the excavation method

For what concerns the Groundwater, hydrogeological data must be collected corresponding to
the different lithological faces (i.e. nature of the geological formations) that can be potentially
encountered. Hydraulic conductivity is the most important parameter to assess the quantity of
groundwater to be potentially drained by underground galleries and cavities. As hydraulic conductivity
in hardened rocks is highly dependent on the faulting, local degree of fractures, interconnectivity
and apertures must be considered. Another big issue is certainly the depth-dependent values for
hydraulic conductivity in a given lithology. It means that extrapolation of observed values is not
easy and in situ deep borehole hydraulic tests are needed. In karstic limestones, the hydrogeological
parameters are quite heterogeneous with local variation of several orders of magnitude in hydraulic
conductivity added to a lack of ‘representativity’ of most of the field and borehole in situ tests and
measurements. It means that the acquired values from future field tests would be processed with care
and that conservative assumptions would be needed for all future hydraulic and stability calculations.
The main hydrological variables and parameters to be considered are:

* Water quantity and quality variables:

— Water pressures / piezometric heads

— Solutes concentrations (hydrochemistry)
* Hydrogeological parameters:

— Hydraulic conductivity

— Porosity

— Storativity

— Effective drainage porosity

Seismicity

Seismicity plays a large role in the duty factor of large ground-based, gravitational-wave experiments
[525]. Specific aspects of geology in relation to seismicity are site effects, which can vary across
short distances due to local subsurface heterogeneities as identified in microzonations [526]. We can
have variations of seismic amplitude at small scales due to filtering, attenuation, and amplification
[527, 528]. Filtering is the frequency-dependent transmission of seismic waves, for example, through
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stratified geology. Amplification under “stable conditions” is the effect of the interference of
seismic waves trapped within geological bodies bounded by large seismic impedance contrasts (soft
soil/bedrock, soil/free surface, etc.). The dimension of geological bodies and discontinuities to be
analyzed for characterizing the relevant phenomena are of the order of the seismic wavelengths,
which can range from several tens of meters to several kilometers depending on frequency and ground
properties. The rate of attenuation, typically expressed as the attenuation factor Q, depends on a
variety of ground properties such as the elastic properties, degree of fracturing, presence of ground
water, fluid pressure and porosity.

Human safety

A parameter to be considered for the safety of the workers at the detector site is the radioactivity.
The primary radioactive elements in the Earth’s crust that lead to human exposure are potassium,
uranium, thorium, and their radioactive decay products (e.g. radium, radon). The majority of the
dose to the lung arises from exposure to the short-lived decay products of radon and its radioisotope
thoron. Radon and thoron are ubiquitous in the air at ground level and are significant contributors to
the average dose from natural background sources of radiation. In places with limited ventilation, the
levels of these radionuclides and their decay products can accumulate to unacceptably high levels.
Soils and rocks are often the main sources of radon. Certain materials can act as significant sources
of indoor radon. Such materials have a combination of elevated levels of 2°Ra (the radioactive parent
of radon) and a porosity that allows the radon gas to escape. Examples are lightweight concrete with
alum shale, phosphogypsum and Italian tuff. Increased demand of ventilation can interfere with the
goal to achieve a low-noise infrastructure, which is why a natural environment with low radon levels
is generally favorable.

Another risk element to be considered is the risk of water inrush during detector construction or
operation [529]. An evaluation of the water-table size and position and rock dislocations needs to be
considered in order to evaluate the risk of flooding of the underground detector facility.

Lifetime

The project should foresee for the ET infrastructure a lifetime longer than 50 years (as happens for all
the big infrastructures). Parameters to be considered in this respect are:

* Differential deformations within the rock mass including dislocation on active faults or
subsidence across each of the 10 km arms need to be sufficiently small. Requirements need to
be set across short distances (the extent of vacuum pipe modules) to limit stress on welding
lips (a few mm of differential motion per 15 m segment is the limit for Virgo), and across long
distances to constrain the position of the optical axis.

* Atmospheric corrosion is influenced by average and peak humidity in the caverns and tunnels,
the pH of ground and condensation water, and by the presence of chemical elements (in
particular chloride if stainless steel will be used for the pipes) [530]

* Microbiologically influenced corrosion [531]

* AC-induced corrosion due to nearby high voltage electric power lines [532].
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Environmental noise

Environmental noise can limit the sensitivity of GW detectors. A series of measures is planned to
mitigate the issue in ET: site selection, underground construction, noise cancellation, realization of
a low-noise infrastructure, and reducing coupling to environmental fields where possible. In the
following, we describe the three main environmental noises: seismic noise, magnetic noise, and
Newtonian noise.

Seismic noise

Noise studies [533-535] often categorize seismic noise sources according to frequency. For the
Einstein Telescope, critical frequency regions are in the range of 0.1 — 1 Hz, where the seismic
noise is variable mainly due to oceanic microseisms, and 1 Hz and 10 Hz, where seismic noise
is dominated by local sources including human activity. Oceanic microseisms are connected to
large-scale meteorological conditions at oceans, seas or large lakes. Significant anthropogenic noise
has been observed at the existing detector sites from trains, road traffic, planes, logging operations,
and above all, from the detector infrastructure including pumps and ventilation systems.

10 10 10 107 101 10° 10* 10
Frequency [Hz]

Figure 7.2: Overlay of network station spectra used in Peterson’s background noise study [15] together with
straight-line segments fitted to the high-noise and low-noise envelopes of the overlay.

Seismic spectra are represented as power spectral densities (PSDs) as shown in Fig. 7.2. The largest
PSD values are seen at low frequencies. Here, the surface of the Earth experiences large external
forces due to the gravitational attractions of the Moon and Sun. At very low frequencies this causes
the surface of the Earth to rise and fall with amplitudes of about 0.5 m with respect to the center of
the Earth. This tidal motion can be seen in Fig. 7.2 at a frequency of 2.3 x 107 Hz. Since the motion
occurs at very low frequency, the interferometer test masses will move coherently and differential
test-mass motion presents no problem. Large PSD values are also observed at frequency around
5 x 1072 Hz and 0.2 Hz, which correspond to oceanic microseisms, and these lead to non-coherent
motions which must be suppressed through active control.
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Peterson [15] catalogued acceleration noise power spectral density plots for frequencies up to 50 Hz
from 75 seismic stations distributed worldwide. Several years of data were collected (about 12,000
spectra in total). From the upper and lower bound of the combined data of both surface and borehole
sensors (100 - 340 m depth) Peterson derived, what is now known as, the new high/low noise model
(NHNM/NLNM). The data including the upper and lower bound fit are shown in Fig. 7.2.

As explained, the NLNM is a composite of many different stations and instruments with different
geology and in various geographic regions. Therefore, it is not possible to observe this spectrum
at one specific location. Lowest noise in the 10 mHz to 10 Hz band is typically obtained at remote
continental sites far from oceans and human activity, and with predominantly hard-rock geology.
Generally, low seismic noise is also observed in boreholes and inactive mines. Highest quality surface
sites as well as underground sites can have PSDs that lie only by a small factor above the NLNM.

Presently, the large interferometric detectors GEO600, LIGO, and Virgo with the exception of KAGRA
are placed on the surface of the Earth and, consequently, experience relatively strong perturbations
by seismic motion. Like KAGRA, ET will profit from a quieter underground environment, and its
seismic attenuation system as described in section 6.10.1 will be able to suppress ground motion by
many orders of magnitude down to about 2 Hz, thus opening the low-frequency window below 10 Hz
to GW observations.

Anthropogenic seismic noise

The influence of traffic induced seismicity on GW detectors has been studied by various authors. Road
noise depends on road structure and materials, traffic density and vehicle type and speed. Schofield
et al. [536] reported that local traffic from passenger vehicles to heavy trucks induced vibrations
at the LIGO Hanford, WA, site. Vibrations were measured for frequencies in the 1 — 50 Hz range,
with maxima around 4 - 12 Hz. At the Virgo site, road noise was analyzed by using recordings of
the seismic field at the Virgo site and correlating these recordings with measurements underneath a
major high way overpass, 4 km away from the Virgo North arm terminal building [537]. Seismic
noise originating from the nearby traffic was found in frequency ranges of 1 — 4 Hz, peaking at 3 Hz.
Coward et al. [538] recorded ground vibrations near Gingin in Australia for vehicles passing the
instrumentation as close as 24 m. Road noise was visible in the 5 — 30 Hz frequency band.

In addition, the infrastructure of current GW detectors is a major source of noise above about 10 Hz
[539, 540]. Excess noise due to infrastructure can in principle be avoided, for example, by placing fans
and pumps on dampers. Such measures are currently under investigation to lower infrastructure noise
at the Virgo site. Thorne et al. investigated how the interferometer is affected by noise originating
from humans, animals, airplanes, etc. [S41]. Within the subterranean environment this extends to
placement of electricity generators, pumps, and cryo-coolers to keep the facility operational. These
devices will be sources of seismic noise. Nonetheless, it is of great importance to avoid excess
anthropogenic noise for the 50-year lifetime of the observatory since one could otherwise spoil the
advantage of underground construction.

Wind generated seismic noise

Wind noise has been studied by a number of authors to quantify the conversion of wind energy into
ground motion [542, 543]. The presence of wind causes movement of surface objects, such as trees
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or structures. It can exert turbulent pressures on topographic irregularities, and also the transport
of an atmospheric pressure field with gradients by wind produces ground motion. Of particular
interest for ET are the frequency characteristics of the wind noise, the wind speed threshold for it to
become evident, and its persistence with depth. Most of the wind-driven sources of seismic noise
predominantly produce local surface displacement and tilt. Only a fraction of this perturbation is
associated with seismic waves, and the energy going into seismic waves is mostly associated with
surface Rayleigh waves. Only a small fraction of wind noise propagates to below the surface. The
reduction in wind noise is a prime example of seismic noise contributions that will decay with depth.

Magnetic noise

Magnetic noise would significantly limit ET’s low-frequency sensitivity if it were not reduced with
respect to noise levels in current GW detectors [524]. Noise cancellation might again be considered
to reduce magnetic noise, and it will be important to combine it with other methods including the
reduction of magnetic coupling of payloads and other relevant parts of the detector, and the reduction
of magnetic fluctuations.

Electromagnetic (EM) disturbances can be produced in many ways including natural sources and self-
inflicted noise from electronics [544]. The latter includes cross-coupling between electronic/magnetic
components of the detector like connectors, cables, coils, and permanent magnets, transients from
overhead power lines, and noise from the mains power supply (50 Hz in Europe). Natural sources
include transients from lightning, but also permanent fluctuations from Schumann resonances, which
are pumped by electric discharges all over the world [545, 546]. The EM fluctuations do not
necessarily need to occur in the GW detection band since they can also interfere with detector control
relying on signals at MHz, or non-linear couplings can produce up- and down-converted noise. Some
of the EM noise can also depend on the environment, e.g., especially underground it is possible that
magnetic properties of the surrounding rock lead to (de)amplification of natural field fluctuations
[547], which can also change with moisture content and temperature of the rock.

It is clear that due to the large variety of sources, fluctuations should be expected to vary significantly
over all time scales from very brief, strong transients, to yearly seasonal cycles of, for example,
Schumann resonances and local changes in rock properties. If field fluctuations in the environment
(natural or produced by the electronic infrastructure) of ET were as they are today at existing detectors,
and if these fluctuations coupled as strongly with the detector output as they do in existing detectors,
then ET’s main environmental noise would likely be of electromagnetic origin.

Two strategies can in principle greatly reduce problems arising from EM disturbances: (1) electronics
are designed to minimize EM coupling between its components and with the environment as much as
possible, (2) electronics are designed to produce the weakest possible EM disturbances. If this is
achieved successfully, probably as a result of a concerted effort to address the issues in the current
observatories and detectors, then the remaining problem is the unavoidable coupling to natural
fluctuations, for example, because of magnetic components of the actuation system. Among all
sources, the Schumann resonances play an important role since they can lead to correlated noise in
a global detector network [548]. It was proposed to apply noise-cancellation techniques to reduce
noise from Schumann resonances [549].

The natural background of magnetic fluctuations associated with Schumann resonances is about
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two orders of magnitude weaker than the actually measured magnetic fluctuations inside the Virgo
buildings [550]. The coupling of these fluctuations with the detector output was measured at the
Virgo [551] and LIGO [552] detectors focusing on the coupling at the payloads. Other coupling
mechanisms, less well understood, might be important.

Newtonian noise

Environmental disturbances are often associated with mass-density fluctuations, which can couple
through gravitational attraction with the test masses. Sources of terrestrial gravity noise, also known
as Newtonian noise (NN), include seismic and atmospheric fields as well as vibrating infrastructure
and moving objects [553]. As will be explained in Section 7.2.3.3, mitigation of NN is the strongest
argument to construct the Einstein Telescope underground. It would be an immense, potentially
impossible task to design a NN mitigation system (see Section 7.2.4) that would provide the same
noise reduction at the surface. It is most difficult to model NN from the ambient seismic and
atmospheric fields described in the following two sections, which have therefore enjoyed the greatest
attention so far. As potentially important sources of these fields, it is important to anticipate the effect
of noisy infrastructure and to present low-noise infrastructure designs. Acoustic and seismic fields at
the LIGO and Virgo sites are currently dominated by infrastructure noise.

Seismic gravity noise

Seismic NN is a complex composition of different effects, which means that a detailed understanding
of the seismic field is required to model the seismic NN, and to predict the performance of a
cancellation system if required. Seismic fields can change mass density in two ways: either they
cause (de)compression of the soil and rock, or they displace interfaces between materials of different
density or surfaces of materials. The two surfaces to be considered in all modeling problems are
Earth’s surface and the walls of underground caverns.

Seismic fields are generally a composition of several wave types including the Rayleigh waves, which
are surface waves, and compressional and shear waves, which are longitudinally and transversely
polarized body waves that can travel in any direction through a medium [554]. Since some of the
seismic sources can be part of the detector infrastructure, one also needs to understand the properties
of near fields of sources. Generally, a precise prediction of NN is only possible taking all properties
of the seismic field into account including propagation directions, polarizations, location of sources,
and scattering of seismic waves. Such detailed understanding can be obtained with extensive surface
and underground seismometer arrays, and potentially also with a combination of limited seismic
measurements and numerical simulations if detailed knowledge of geology, topography, and location
of seismic sources is available.

Past observations in underground environments demonstrated that seismic fields have a high level of
stationarity [555, 556], but there are only few published results to rely on, and it is conceivable that
average distributions of seismic sources change over long periods of time, and even rock properties
might change for example due to varying water content. Such details might become important for
the design of NN cancellation systems, which is why site-characterization studies should foresee a
long-term underground seismic measurement.
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Atmospheric gravity noise

Atmospheric perturbations can produce noise in GW detectors via two main coupling mechanisms.
Either they are the cause of vibrations of components of the detector, or they produce NN, which is a
consequence of direct gravitational coupling between test masses and environmental disturbances.
Acoustic NN can have contributions from the atmosphere, but also from the caverns that host the test
masses of the Einstein Telescope [557, 553]. In the last case, infrastructure sources become relevant.
Since a noise-cancellation system (see Section 7.2.3) is easier to design for cavern NN due to the
absence of wind, the main challenge is to understand the atmospheric NN and to be able to predict
how it is reduced by going underground.

The properties of the atmosphere give rise to many possible mechanisms to produce NN. Generally,
one can associate atmospheric gravity fluctuations with fields of pressure, temperature, or humidity. It
is often useful to categorize atmospheric processes according to a characteristic length scale describing
the phenomena: global scale, synoptic scale (several 100 km to several 1000 km), mesoscale (several
1 km to several 100 km), and the microscale (up to several 1 km). Mostly the microscale phenomena
are relevant to NN modeling in GW detectors. Mesoscale phenomena might become relevant at
frequencies below a few 10 mHz, i.e., below the Brunt-Viisdld frequency. One source of gravity
perturbations are microscale pressure fluctuations in the planetary or atmospheric boundary layer
[558, 559], which is the lowest part of the atmosphere directly influenced by the surface. They
can be divided into static and dynamic pressure fluctuations. Static pressure fluctuations, which
include sound, are present even in the absence of wind [560], while dynamic pressure fluctuations
are connected to anything that requires wind [561, 562]. There is also a connection between the
two, for example, through the Lighthill process, which describes the generation of sound waves by
turbulence [563, 564]. Additional structures emerge with the presence of wind such as vortices or
so-called coherent structures [565].

Atmospheric gravity perturbations have been known since long to produce noise in gravimeter data
[566], where they can be observed below a few mHz. Creighton published the first detailed analysis
of atmospheric NN in large-scale GW detectors [567]. It includes noise models for infrasound
waves, quasi-static temperature fields advected in various modes past test masses, and shockwaves.
Atmospheric gravity perturbations are expected to be the dominant contribution to ambient NN
below 1 Hz, and can still be significant at higher frequencies [557]. Generally, the Navier—Stokes
equations need to be used to calculate density perturbations and associated gravity fluctuations [568].
Quasi-static density perturbations associated with non-uniform temperature or humidity fields can be
transported past a gravity sensor and cause gravity fluctuations.

Considerations on detector depth

A vacuum system and sophisticated seismic isolation provide the bare minimum of decoupling between
a laser-interferometric GW detector and its environment. However, a few other coupling mechanisms
cannot be avoided in this way including direct gravitational coupling between environment and test
masses, and stray-light noise. Stray light coupling was discussed in detail in section 6.7. Important
here is that the problematic low-frequency vibrations (below a few Hz) causing most of the stray-light
noise are associated with several-kilometer-long seismic waves, whose amplitudes are not significantly
suppressed by going 200 m — 300 m underground as planned for the Einstein Telescope.
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Figure 7.3: Suppression of Rayleigh-wave NN with depth. In this model, it is assumed that wave speed falls
from 1.8 km/s at 1 Hz to 500 m/s at 10 Hz. These suppression curves are used in the right plot of Figure 7.4.

Going underground is beneficial for seismic isolation. Specifically, ground tilts are known to be
much stronger at the surface due to the direct impact of the atmosphere [543]. The reduced tilt can
make an important difference in active seismic isolation, where tilt-to-horizontal coupling in seismic
sensors poses performance limitations [569, 477]. However, the implementation of tiltmeters in the
active isolation systems [494] or more substantial redesigns of active seismic isolation platforms
[477] are possible to mitigate the problem. Therefore, while reduced ground motion in underground
environments is clearly beneficial for seismic isolation systems, it is not the most important aspect.

The most important gain of going underground is to reduce terrestrial gravity noise. Atmospheric and
seismic NN can both be reduced. Predicting the reduction of surface seismic NN with depth requires
the dispersion curves of surface Rayleigh waves. The slower the medium, the shorter the waves, the
stronger the suppression with depth. An example of the suppression factors as a function of frequency
for various depths is shown in Figure 7.3. Seismic speed is assumed to be 1.8 km/s at 1 Hz falling
smoothly to 500 m/s at 10 Hz. Since the Einstein Telescope targets GW measurements down to 3 Hz,
it is clear if NN needs to be reduced by an order of magnitude and more (see Figure 7.4), then a depth
of 100 m would not be sufficient in this example. Also relevant, but not shown here, is the reduction
of atmospheric NN. Results presented in [557] showed that atmospheric, acoustic NN is expected to
be sufficiently reduced already at 100 m depth, and it is to be expected that all forms of atmospheric
NN are sufficiently suppressed at such depth since the corresponding fields vary over much smaller
distances compared to seismic fields, which is essential for the suppression of NN with depth.

In conclusion, the most important gain of underground construction is the reduction of NN, and
seismic NN is most relevant as it requires greater depths for strong reduction. Other important criteria
affected by detector depth include the detector construction cost, safety regulations, and the required
performance of a NN mitigation system. To choose the optimal detector depth, one needs to weigh
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Figure 7.4: Estimates of seismic NN for ET. Left: ET constructed at the surface. Right: ET constructed
underground.

the different aspects, which will generally depend on the site properties.

Newtonian-noise cancellation

Newtonian-noise cancellation comprises techniques where auxiliary sensors are deployed to monitor
sources of density perturbations, and their data are then used to produce a NN estimate that is being
subtracted from the GW detector data.

As described in Section 7.1, the first step of any NN mitigation strategy is to reduce environmental
disturbances. For ET, this includes site selection, underground construction, and realizing a low-noise
detector infrastructure. However, only if the natural environment is among the quietest in the world,
and excess anthropogenic noise can be avoided, then it might be possible to achieve the ET sensitivity
target without NN cancellation. Nonetheless, without a detailed understanding of the seismic field,
which is hard to obtain even with an extensive site-characterization study, NN modeling uncertainties
are significant. It is therefore necessary to include NN cancellation in the R&D plans.

As shown in Figure 7.4, NN from surface waves will be strongly suppressed if the detector is
constructed a few 100 m underground. However, the NN from seismic body waves cannot be avoided
at any depth, and it becomes a sensitivity-limiting noise contribution below 10 Hz. Depending on
the quality of the underground site, one still needs to mitigate body-wave NN by up to a factor 10.
The range of body-wave NN shown in the two plots assumes that underground seismic spectra are a
factor 3 to 12 above the global low-noise model [570], and an isotropic field is composed entirely of
compressional waves. If it were composed entirely of shear waves, then the NN would be a factor 2
smaller. The prediction of Rayleigh NN (denoted Surface in the two plots) in underground detectors
requires an assumption about the seismic surface spectrum, which is a factor 50 to 1000 above the
global low-noise models in the two plots, but also an assumption about the dispersion curve. The
slower (and therefore shorter) Rayleigh waves, the stronger is the suppression of associated NN with
depth [553]. The dispersion model used for the two plots (Rayleigh wavelength plays a negligible
role for NN in surface detectors) yields a Rayleigh-wave speed of 1.8 km/s at 1 Hz falling to 500 m/s
at 10 Hz. There can be significant regional variations, but these values are typical. For the body-wave
and Rayleigh-wave field, anisotropy can increase or decrease NN relative to the isotropic level shown
in Figure 7.4.
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Coherent noise cancellation

The basic idea for noise cancellation is to exploit correlations between NN and data from a set of
auxiliary sensors. An effective technique is to use Wiener filters [571]. They are the optimal linear
filters for this purpose provided that all time series are stationary, and they are effective even in the
presence of non-stationary features in the data. Wiener filters can be estimated from data. It requires
the calculation of correlations between all auxiliary sensors monitoring the environment, which form
a correlation matrix Cgg, and between auxiliary sensors and GW detector, which form a vector C_:SN.
Since one is mostly interested in the frequency-domain representation of detector noise, correlations
are expressed as cross-spectral densities depending on frequency w. The Wiener filter can then be
written

W(w) = Css(w)™" - Con(w) (7.2.1)

This filter is applied to discrete Fourier transforms of data from auxiliary sensors, dl (w;), to produce
an estimate 7(w;) = w(w;)" - d(w;) of NN, which is then subtracted from the GW detector data. In
average, the relative suppression of NN by a Wiener filter is given by

— —
o = \/I_CSNM Css(w) - Con(w) .

Cnn(w) ’

where Cnn(w) is the spectral density of NN in the GW detector. This expression tells us that to
achieve a good subtraction efficiency, the following conditions are to be met:

* All the sensors should be coupled as much as possible to NN. In other words, the correlation
55N between sensor outputs and GW detector must be large.

* The correlations between sensors, described by the matrix Csg, which also include sensor
noise on its diagonal, must be small.

Designing a NN cancellation system for a GW detector that is yet to be built, only the correlations
among auxiliary sensors Cgg can be measured during a site-characterization campaign. A model is
required using the correlations Cggs to obtain Csy and Cnn [539].

The theory of Wiener filtering does not directly address a major challenge of NN cancellation, which
is the optimal placement of auxiliary sensors. This aspect is very important for the cancellation of
NN from seismic and atmospheric fields. Analyses of optimal array configurations are important
since, even when lacking an accurate understanding of environmental fields, optimization results
provide useful estimates of the required number of auxiliary sensors, the required sensitivity of
sensors, and an approximate idea of how far from the test masses sensors need to be placed. This
aspect is discussed in Section 7.2.4.3.

Site properties relevant to Newtonian-noise cancellation

Since the Wiener filter is based on correlations in environmental fields, anything that influences
these correlations affects NN cancellation. In the following, site properties relevant to seismic and
atmospheric NN are briefly described.

Seismic fields
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* Seismic speed Seismic correlations and correlations of seismic NN between test masses

decrease with increasing distance. In frequency domain, this can be quantified in terms of a
spatial correlation function ¥ that assumes its maximal value 1 when the two seismometers
or test masses are sharing the same location. As a function of the separation L, one finds for
isotropic Rayleigh-wave fields

ﬁN = Jo(ZFL//l) - J2(27TL//1), ﬁeis = J0(27TL//1). (7.2.3)

As is intuitively clear, how quickly correlation decreases with increasing distance L depends on
the length A of a Rayleigh wave. The first zero of the seismic correlation is at a distance of about
0.41. Correlations of NN between two test masses of one arm separated by several kilometers
can be neglected. Due to equation (7.2.2), seismometer arrays used for NN cancellation ideally
have diameters similar to the length of a Rayleigh wave.

Wave polarizations Seismic-wave polarizations play a major role in NN cancellation. The
two main polarizations are shear and compressional waves, and Rayleigh surface waves are
a so-called inhomogeneous (amplitude decreasing exponentially with depth) extension of a
superposition between these two polarizations. The composition of the seismic field in terms
of wave polarizations varies between sites, and depends on local geology as well as on the type
and location of seismic sources. All polarizations produce NN either through compression of
the medium or by displacement of surfaces and interfaces.

If only one wave polarization is present at a time, then it is almost trivial to cancel associated
NN [553, 572]. A mix of wave polarizations can however make it very difficult to cancel a
significant amount of NN [572, 16]. The issue is that correlations between seismometers and
test mass decrease more quickly with distance when multiple polarizations are present, which
hampers efficient noise cancellation as pointed out in Section 7.2.4.1. As a consequence, a
larger number of seismometers is required to be able to be distinguish between polarizations
and be susceptible to the correlations of each wave type.

Seismic sources The distribution and type of seismic sources both influence the composition
of a seismic field. Most important to know is whether seismic sources are local or distant, and
whether they are underground or at the surface. Some sources might not even fall into a clear
category if it is for example a surface structure anchored to a deeper part of the ground. With
respect to environmental noise, it is one of the most important tasks of a site-characterization
campaign to identify as many seismic sources as possible. A NN cancellation scheme can be
greatly simplified or be made significantly more effective if understanding about the seismic
sources is used. Furthermore, excess noise produced by the infrastructure of the Einstein
Telescope will also pose additional challenges for the design of a NN cancellation system.
Local topography and geology Two-point correlations of the seismic field can be affected
by topography and geology. Generally, seismic-wave reflections from surfaces and interfaces
cause conversions between wave polarizations. Scattering from non-planar structures can also
give rise to local field components that strongly decay with distance. These local components
are very similar in nature to the near-field of seismic sources. In the presence of significant
geological heterogeneities or rough surface topography, it is therefore more challenging to
collect all information required to design seismometer arrays for efficient NN cancellation
[573]. Especially in relatively noisy environments with elevated NN where more efficient
cancellation of NN might be required, site characterization should therefore assess geological
properties and topography also in the context of NN cancellation.
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Atmospheric fields

Avoiding NN from the atmosphere is an important reason to construct the Einstein Telescope
underground. In Section 7.2.3.2, some of the complexity of atmospheric fields and how they
produce NN are described. There are serious practical challenges to design a cancellation system for
atmospheric NN.

* Wind noise The variety of phenomena makes the monitoring of the atmosphere a challenging
task. One strategy for NN cancellation would be to monitor sound, wind speed, temperature and
humidity fields. Sound is typically measured with microphones. However, pressure fluctuations
produced by turbulent flow in the vicinity of a microphone can mask an underlying sound
signal [574]. This contribution is often called wind noise. Clever sensor design, averaging
pressure signals over some baseline, or constructing wind shields can prove effective [575-577].
However, when it comes to an order of magnitude suppression of NN from sound, then even a
small incoherent contribution to signals from wind noise can be detrimental. For this reason,
entirely new approaches need to be considered.

* LIDAR LIDAR (derived from light and radar) technology has been applied to investigate
microscale physics in the atmospheric boundary layer. It consists of a laser beam that scatters
back from the atmosphere carrying information about the presence of certain molecules,
or wind speed [578], temperature [579], etc. Volumetric observations can be performed to
characterize the evolution of entire fields. It is conceivable that a LIDAR system can be
developed in the foreseeable future to cancel at least modest amounts of wind-driven NN
associated with temperature and humidity fields. However, atmospheric density perturbations
due to sound are orders of magnitude weaker in the ET observation band, which makes it
extremely challenging to develop a LIDAR to monitor sound fields.

» Cavity atmosphere Potentially significant NN contributions can come from the sound field
inside the cavities hosting the test masses of the Einstein Telescope [557]. Due to the absence of
fast air currents, wind noise in microphones located inside the cavity will be strongly reduced,
and high-precision sound monitoring would be possible. At the same time, absence of fast air
currents also means that all forms of cavity atmospheric NN driven by wind, i.e., associated
with temperature and humidity fields, will be negligible. This means that cancellation from
cavity atmospheric NN should be possible using an array of microphones.

Optimized sensor arrays for seismic Newtonian-noise cancellation

Another important point to understand is how the subtraction procedure improves with the number of
sensors, and how much it is sensitive to a non optimal placement of the sensors. This is important
because in a practical implementation, the possibility of optimizing the placement of underground
sensors will be limited.

Optimized seismometer arrays were initially studied for the cancellation of NN from Rayleigh
waves [580, 553, 539], and more recently from body waves [16]. Array optimization was based on
simplified models of the seismic field in all these publications, which means that the calculated array
configurations are not of direct use for NN cancellation in real environments. However, the total
number of seismometers and the seismometer sensitivity required to achieve a certain cancellation
performance are less dependent on the model of the seismic field [539].

Accordingly, Fig. 7.5 gives an estimate of the required number of seismometers to cancel a certain
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Figure 7.5: Suppression of body-wave NN as a function of number of seismometers with optimal placement.
The seismometers measure seismic signals with an SNR of 15. The black curve shows the lowest possible
residual determined by the seismometer SNR without considering properties of the seismic field. Plot from
[16].

amount of body-wave NN provided that they assume their optimal positions. About 15 seismometers
are required to achieve a factor 10 suppression. It should be emphasized that this result depends to
some extent on the relative contributions of compressional waves and shear waves to the seismic field.
For these results, it is assumed that compressional waves constitute 30% of the seismic power-spectral
density. Fewer seismometers are required if one polarization greatly dominates over the other. These
instruments need to be deployed in boreholes, and the number 15 is per test mass.

In this context, one can now address the question how accurately the seismometers need to be placed
with respect to their optimal locations. While direction and vertical drilling technology has become
increasingly accurate [581], significant deviations from optimal drilling are to be expected, which
results in sub-optimal seismometer placements. Figure 7.6 shows the residuals that can be achieved
with sub-optimal seismometer placement. To produce this plot, seismometer coordinates were
shifted by a random number drawn from a Gaussian distribution of width o specified in the legend
relative to the length A of compression waves. Assuming a compressional-wave speed of 4 km/s,
o =0.074 = 28 m at 10 Hz. The corresponding arrays with three-axis sensors (ch3) still achieve a
body-wave NN suppression by a factor 3 and better. For boreholes of a few 100 m, and drill deviation
of less than 1 degree, such sensor-placement accuracy is achievable.

The remaining challenge is to have sufficient observations of the seismic field to be able to accurately
calculate the optimal array configurations. In fact, incomplete knowledge of seismic correlations will
likely lead to the dominant error in the seismometer placements. This error needs to be minimized
by studying in detail the seismic field at the site of the Einstein Telescope also using borehole
seismometer installations.
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Figure 7.6: Suppression of NN from body waves with 15 single-axis (ch1) and three-axis (ch3) seismometers.
Sensor locations of 500 arrays for each histogram are derived from the optimal array by adding random
numbers to all optimal coordinates drawn from Gaussian distributions of width o~. Vertical lines mark the
residual of the optimal arrays. Plot from [16].

Underground construction

Tunnels and caverns

The chosen detector topology for the ET wide-band gravitational wave observatory is a xylophone
detection scheme containing six interferometers housed in triangular configuration. Fig. 7.1 shows a
scaled impression of the underground observatory. Each xylophone detector will be centered around
one of the corner stations and is composed of a high and low frequency interferometer pair.

Figure 7.7 gives a (not to scale) overview of the geometry of the infrastructure, with access tunnels
and de-watering tunnels. The tunnels excavated with tunnel boring machines (TBM) have a length of
ca. 9.5km. At the corners of the triangle there is a complex of caverns and connecting tunnels as
exemplified in figure 7.7 with the lengths of the various sections indicated. Figure 7.8 gives an idea
of the 3D arrangement of caverns, long arm tunnels and options for access tunnels.

Access to the underground infrastructure

Presently, it is not clear whether the observatory will have horizontal, inclined, or vertical access
or a combination thereof. When considering sites, the manner in which access to the underground
facilities is established, requires careful consideration which include in particular the geological
and hydrogeological situation, environmental impact and socio-economic factors. In traditional
mining, access to the underground is via a decline (ramp) or inclined vertical shaft, or adit. Shafts
are considered as vertical excavations while adits are horizontal excavations into the side of a hill or
mountain.

Depending on the topographic situation ramps and shafts need to be constructed with conventional
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methods from the earth surface downwards. Thus, water ingress during construction poses a major
risk for construction costs and time and adequate measures (e.g. systematic grouting) to counteract
large inflow rates must be foreseen. An optimized design of the access tunnel alignment and measures
is thus dependent on detailed hydogeological and geological information at the corner points and can
only be decided upon a robust result of the site selection procedure and detailed site investigations.

Figure 7.9 shows an impression of the observatory in case inclined ramps are employed. An inclined
tunnel with a slope of ca. 10% connects a vertex cavern with the surface installations. The flexibility
in the direction of the access tunnel gives flexibility of the location of the tunnel entrance within a
radius of ca. 2.5 km for a depth of 250 m and an inclination of 10%. Additional shafts are foreseen
at the centre of the arms (not shown). In addition, and depending on the hydrogeological and
geotechnical properties of the rock mass, alternative solutions such as a combination of a vertical
shaft and a horizontal access tunnel provide additional flexibility. An optimized design in terms
of costs and construction time requires a detailed sub-surface site investigations program and will
include existing surface infrastructure, social-ecomomic aspects, and natural reserve areas.

Figure 7.10 sketches the scenario of a vertical access shaft close to the corner station. Vertical shafts
with the potential of lowering TBMs need a diameter of >12 m.

Caverns

Around each corner of the ET triangle an assembly of caverns is needed to host the various vacuum
tanks containing the optics and suspensions. A perspective close-up view of those caverns and
tunnels is shown in figure 7.11. For each vertex of the triangle layout, Cavern A indicates the main
cavern structure of the underground laboratory and is formed by an intersection of two caverns with
an identical layout at an angle of 60°, with lengths of about 190 m and 160 m. The smaller cavern
branch (Cross-Cavern A) includes a prolongation tunnel about 1 km long, hosting the ET-LF Filter
Cavity. Two identical connecting tunnels run in the prolongation of the branches of Cavern A (see
figure 7.11). Each connecting tunnel in the x- and y-direction contains a series of three caverns
(Cavern C,D,E) at the transition to the TBM tunnel. The three caverns have a spacing of 35m in
between them. The distance between the caverns is mainly required from an operational point of
view but will be also deemed to be adequate from a geo-mechanical perspective. The Cavern B (see
figure 7.14, contains the beam splitter and readout part of ET-HF and is located within the bisection
line of the two branches of the “connecting tunnels”. This makes it possible to separate the vertex
optics and associated vacuum tanks of ET-LF and ET-HF. Cavern B is linked to the two branches of
the Cavern A (see figure 6.2) and carries an additional connection tunnel to the Cavern C.

The Cavern C (see figure 7.19) is situated about 300 m offside the Cavern B and the connection
tunnel will host the filter cavity of the high frequency interferometer. The sizes and shapes of
the various other caverns and the connecting tunnel are shown in figures 7.15, 7.16 and 7.22 and
will be excavated by drill and blast. The current design foresees a horseshoe-shaped design of all
cavern, tunnels and galleries. The shape of these caverns and tunnels might be redesigned to fit the
geo-mechanical requirements (i.e. weak rock mass conditions may require a more rounded geometry
of the excavations to minimize support measures).

The curved tunnels in figure 7.11 are just for construction purposes and can later also serve as safety
escape routes. To the right an inclined access tunnel can be seen. The tunnel leading to the upper left
of the image will have a slight downward slope, and contains vacuum tubes for the filter cavities for
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creating frequency dependent squeezed light and serves for de-watering purposes. At the end of it a
borehole of ca. 40 cm in diameter is considered for the actual design status for pumping out the water
collected in the tunneling system.

A CAD rendering of a large vertex cavern with the tall suspension vacuum tanks, connecting vacuum
tubes etc. is shown in figure 7.17. The vacuum vessels belonging to ET-LF, the cryogenic low
frequency interferometer, are depicted in blue, while the room-temperature part is shown in red.
Cavern heights vary between 12 m and 30 m depending on the size and height of vacuum tanks they
contain. Connection tunnel sizes vary between 6x6 m and 12x12 m, depending on the number and
size of vacuum tubes they contain and required space for maintenance and later upgrades.

Each of the vacuum towers is accessible from underneath such that the payload can be a accessed
from the bottom of the vacuum vessel, as shown in figure 7.19 and 7.14.

In the infrastructure costing in this design stage the cavern support is considered to be provided solely
by a shotcrete lining. For cleanliness and dryness reasons a "house-in-house" solution is preferred for
the caverns. The inner "house" is separated from the cavern walls by a gap, where water coming
from the rock is collected and removed. The house in house solution would be part of subsequent
laboratory installation. The required caverns to host the technical infrastructure are considered
major underground excavations. Thus, one of the major objectives of the site selections procedure is
identifying geological regions at the corner points with stable ground conditions to enable a cost
effective construction (e.g. cavern shape) with minimal support measures and maintenance costs.
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Figure 7.9: Sketch of a layout with inclined tunnels for access to the vertex stations. "TBM Tunnel" indicates
the arm tunnels of the triangle, produced with a Tunnel Boring Machine.
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Figure 7.11: Perspective view of the underground infrastructure at the corners of the triangle. The curved

tunnels connecting the caverns are for construction purposes.
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Figure 7.12: CAD rendering of a birds view of cavern A. The cut-off view shows the access basement

underneath the vacuum towers and a few people for comparison in size.
\%} ;

Figure 7.13: Example layout of the basement level of Cavern A with entrance rooms and reinforcement walls
giving a solid support for the vacuum tank bases.
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Figure 7.14: CAD rendering of a birds view of cavern B. The entrances to the basement underneath the vacuum
towers and a few people for comparison in size are shown.
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Figure 7.18: CAD rendering of the cavern assembly C-E.

Figure 7.19: CAD rendering of the caverns C and D. The cut-off view shows the access basement underneath
the vacuum towers. Cavern C also contains the vacuum tank of the ET-HF filter cavity (grey).
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Tunnels

The corner stations of the ET triangle will be connected by tunnels of ca. 9.5 km length, see figure
7.7 accommodating four vacuum beam pipes: two for the high- and two for the low frequency
interferometers (see figure 6.19). Due to the length of the tunnels, a mechanised excavation method
utilising Tunnel Boring Machines (TBMs) is considered for the design stage. It is envisaged to
excavate the whole length of the tunnel in one stretch without further points of intermediate access.
The inner diameter will be 6.5 m, needed to host 4 vacuum pipes, which must be straight to several cm
(and not follow Earth’s curvature). The outer diameter could vary in a range between 7.3 m and
8.4 m depending on the type of TBM excavation (shielded or open TBM) and consequently by the
lining type of the excavated tunnel (segmental pre-cast or shotcrete lining). The concept of the
shielded TBM (see figure 7.20) type considers a continuous process with parallel installation of a
segmental lining, which takes over the support of the rock mass. A single-layer segmental lining with
all-rounded preformed elastomer gaskets would be used to control water inflow to the tunnel. The
thickness of the reinforced concrete segments depends on the geotechnical conditions and may be up
to 30 cm.

Figure 7.20: Single-shielded tunnel boring machine.
Source: https://www.herrenknecht.com/en/products/productdetail/single-shield-tbm/, 12.08.2020

Contrary to a shielded TBM, the open TBM (see figure 7.21) is based on applying shotcrete, steel ribs
(if required) and rock bolts. As part of the excavation concept, local rock mass grouting is considered,
to decrease the overall inflow of groundwater to the tunnel, since the shotcrete support is more prone
to water inflow. The overall thickness of the shotcrete support layers is also of the order of 30 cm
thick consisting of two layers.
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Figure 7.21: Open (Gripper) tunnel boring machine.
Source: https://www.herrenknecht.com/en/products/productdetail/gripper-tbm/, 12.08.2020

Regardless of the straight direction demanded for the subsequent installation of the vacuum pipes in
the tunnels, the TBM excavation implies an inherent meandering of the tunnel axis as a reaction to
heterogeneous geological conditions while driving. In the open TBM case part of the unavoidable
meandering of the TBM can be corrected with a small excavator drum cutter (down to 10 cm) before
applying the shotcrete. With segmental lining directly applied by the TBM in the boring process this
is not possible and the undulation width has to be added as a margin to the tunnel radius to achieve a
free inner diameter of 6.5 m around a straight line for accomodating the vacuum tubes. Furthermore
the segmented lining requires an annulus gap of another 15 cm.

Tunnel construction can be done with two TBMs (one of them being refurbished after having
drilled 10 km of tunnel) or with three TBMs from the beginning, resulting in an earlier completion.
Depending on the number of TBMs, the lining option and vertical access shaft vs. inclined access
tunnel, the construction time for tunneling varies between 5.4 years and 8.6 years and between the
cheapest and the most expensive option costs vary by +/- 5% around the mean.

For removing water collected a minimal slope of the tunnels of 1/1000 is considered necessary.
In a triangle with two tunnels having a slope of 1 %o this means that the third tunnel has to have
a slope of 2 %o. In order to minimise contributions to seismic noise the pumps needed to bring
the collected water to the surface will be placed about 1 km away from the detectors at the end of
de-watering tunnels, as indicated in figures 7.8 and 7.7. The anticipated cumulative inflow to the
tunnel complex will be based on hydrogeological site investigations and will determine the need
of local grouting operations, the capacity and dimensions of the pumps, and the dimensions of the
de-watering borehole. Further, long-term drainage of the rock mass may cause surface subsidence,
permanent water table changes (depending on the recharge and permeability of the overlaying rock
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types) and the need for an environmental friendly disposal or use. The latter issues will be addressed
after the site selection procedure as part of the environmental impact report.

The main tunnels will have an inner diameter of 6.5 m. Depending on the lining concept, shotcrete vs.
segmental lining, an outer tunnel diameter of 7.3 m or 8.4 m is needed. In the shotcrete lining case
unavoidable undulations (assumed to be 50 cm) of the TBM around the intended straight line can be
corrected

Connection tunnel sizes are given in figure 7.22. All tunnel diameters will be large enough to allow
transporting equipment through them for future upgrades.

Revision Dewatering Connection Connection Access
Tunnel /Construction Tunnel BA / BA Tunnel BC Tunnel -
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Figure 7.22: Sizes of connection tunnels. Image source Implenia.

In its final form the observatory will have more than 35 km of total tunnel length (disregarding
inclined access ramps). The estimated excavation volume depends on the excavation and support
methodology and ranges between 2,6 to 3,6 million m?. Detailed analysis of the usability of the
excavation material as, for example, concrete aggregates are currently ongoing. It is anticipated that
a part of the excavation material can be reused for construction purposes (i.e. in form of concrete
aggregates). The remaining part needs to be disposed of. Disposal and transport of excavation
material from the corner points to a potential disposal may pose an environmental perturbation,
requires temporary infrastructure, the acceptance of the local population and has to follow regional
environmental specifications and standards. Currently a variety of options are considered which
include, for example, a disposal in abandoned mines using temporary railways or existing roads.
Whether the excavated rock need further treatments due to chemical contamination depends on the
excavation methods (i.e. explosives used for drill and blast excavations). The above topics will be
addressed in the environmental impact report and require close collaboration with the local population
and authorities. We anticipate that we need vacuum pumping stations along the 10 km arms spaced at
intervals of ca. 500 m and gate valves at intervals of several kilometres (see section 6.12.1. Small
pumping station caverns will be needed as sketched in figure 6.22. In addition, the tunnel houses the
services for electricity, water, compressed air, cryogenics, safety systems and air conditioning.

During the construction of ET, the tunnel will be equipped with a system to transport sections of
vacuum beam pipes to the welding and installation area. Later, this system can be converted to a
personnel transport system. For safety reasons the tunnel is divided into 500 m sections that are
equipped with fire retarding doors, and safety shelters. The tunnel is equipped with a safety system
that allows control of the airflow in order to direct smoke in case of a fire.

During construction and operation the whole infrastructure has to be equipped with clean, conditioned
air (see also section 7.1.2.4). Ventilation demands are clearly much higher during construction. A
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preliminary analysis for this phase suggest a ventilation system with ca. 20 m3/s at 35 hPa with a
single 1.6 m diameter ventilation tube.

During operation environmental condition will be continuously monitored and maintained at safe levels
by the ventilation system. Combining the need for a minimum air exchange rate and simultaneously
maintaining the quiet underground infrastructure conditions is a challenge.

Safety and health will have the highest priority during every stage of the planning, design, construction,
and operation of the observatory following international safety requirements and rules. Particular
attention has to be paid to key areas such as underground communication, ventilation, access,
emergency egress and refuge design. During the construction of the subterranean infrastructure, the
safety of both engineering and scientific personnel has to be ensured.

Surface facilities

The construction of the ET observatory will include a surface infrastructure formed by technical and
general buildings needed for the control, maintenance and operation of the research facility.

The surface buildings will be located mainly in correspondence of the access points to the underground
infrastructure and may include also intermediate stations located along the alignments of the tunnels
according to the needs agreed during the final design stage for supporting safety and operational
issues.

The buildings identified at this stage of the project include sheds and laboratories necessary during
the construction and for the installation of instruments that is warehouses, clean rooms, mechanical
and electrical workshops, control rooms, technical buildings for plants, visitor centre and access
buildings to the underground labs.

A relevant issue is represented by the interference of the surface facilities with the existing trans-
portation and technology networks. This aspect is strongly dependent on the location of the site in
proximity of urbanized areas or in extra-urban areas and will be thoroughly addressed during the site
proposition phase after the requirements for construction approach, power supply and water supply
and drainage will be established.

Road network

A dedicated analysis will be conducted to assess the characteristics of the existing transportation
network in terms of loads and geometry in order to estimate the feasibility and the required efforts for
its integration or upgrading.

In relation to the needs of connecting the different surface facilities a road network will be designed
within the internal area. Connection links with the existing road network will be initially setup for
the construction stage (material and instrument transportation, ground movement, etc.) and then to
guarantee accessibility to the site during operation.
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Visitor centre

Similarly to large research infrastructures such as CERN and EGO, a visitor center is considered
essential to illustrate the technological advancements setup for the built-up of the ET infrastructure
and to promote the scientific innovation foreseen with the GW research field.

The center will be preferably located in proximity of one of the tunnel entrances to welcome the
general public as well as groups of students and teachers. Experts and trained personnel will provide
descriptive and scientific contents through a mix of multimedia tools, simulators and mockups.

The historical background leading to ET, including a focus on the way science can rapidly progress
through it, will be presented adopting a modern museum approach.

In addition to exhibition halls, the center will also host an auditorium for conferences (in person or
remote), rooms for workshops and training sessions.

Environmental impact

During the preliminary design stage of the facility, major attention will be devoted to the assessment of
the environmental impact in the area of interest and to the definition of mitigation actions considering
the existence of landscape and urban constraints. These analyses will be supported by a team of
environmental engineers and landscape architects that will share the approach with the local and
national authorities.

A relevant issue for the environmental impact that also has a major impact on the feasibility and costs
of the construction is the disposal of the waste and/or re-location of the excavation materials.

Different scenarios can be defined in consideration of the material typology that include, re-using,
deposition or selling. It should be mentioned that a large part of the excavated material will be
classified as contaminated and should be treated following the environmental regulations.
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As with most large experiments, the scale of ET computational challenges is such that the computing
infrastructure cannot be solely based on local resources. The physics community at large has a long
experience in designing, building and managing global-scale computing infrastructures that can
be exploited to cater to these needs. This section deals with the design of such an infrastructure
dedicated to the search for GW sources with the ET, and the generation and distribution of triggers
for multi-messenger astronomy. An in-depth discussion of the upcoming computing challenges for
the 3G era has been done by the GWIC 3G Computing Subcommittee [582]; in the following we
will focus mostly on the design of the ET computing infrastructure. As will be clear, the exact
size of the computing power for ET data analysis cannot be trivially extrapolated from those of
second-generation infrastructures; it is however already possible to delineate what the needs will be
in terms of services.

Computing challenges and strategies

Even with its 6-interferometers design ET will not, even by today’s standards, generate a huge data
volume with respect to the 1PB of data per year produced by a 2G interferometer. For comparison, in
2018 (the final year of Run 2) the Large Hadron Collider at CERN produced 110 PB of scientific
data, and is scheduled to double that figure (on average) during Run 3 (2021-2023). Even taking into
account a much larger number of control channels (which however may just be stored in a circular
buffer on-site and not necessarily exported for safekeeping) we should be well within the technical
and funding capabilities in the ET timescale. It is the quantity of valuable scientific information
hidden in the data that will grow, and with it the amount of computational power needed to extract
it. Factoring in the expected technological developments in computing hardware (Moore’s law is
starting to fail for CPU performance, whereas its network capacity equivalent is not, see below), it
turns out that data management will most likely not be an outstanding issue; computing power itself,
however, will be challenging.
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Data analysis challenges

As an example of the expected computational challenges, we will briefly discuss the first and possibly
major one (at least with respect to the Advanced Detector era): the detection of Compact Binary
Coalescences.

CBC events are currently detected by template-based matched-filtering (see, for example, the PyCBC
analysis pipeline [583]. With this technique, the data time series is superimposed with templates
generated by Numerical Relativity simulations, until a satisfactory match is found. Matched filtering
technique essentially obtains the maximal value of the SNR corresponding to the template that best
matches the signal buried in the data. It represents a grid of theoretical waveforms (templates) placed
on the space of parameters, each point on the grid being associated with a specific set of parameters.
The density of templates is chosen so that one loses no more than a tiny fraction of signals as a result
of working with a discrete grid. The lower frequency cutoff implies a larger parameter space to
explore, and the possibility to detect longer signals, possibly up to whole days. As a consequence,
the template libraries to be generated and used will grow both in number (the number of templates
required grows as a strong power of the lower frequency cutoff) and length of the templates. Thus,
the computing power needed grows dramatically with the detector sensitivity, even if the workload
is easily parallelisable!. It is unclear whether this technique will still be adequate for ET data; to
mention just two examples, the longer templates are very expensive in terms of memory, and there is
no experience in working with overlapping signals, which will be a distinct possibility.

After the candidate event is detected, the binary system’s parameters are today extracted using
Bayesian inference. This techniques relies on much less parallelisable algorithms and the computing
power scales linearly with the detection rate, that is expected to grow by 3 orders of magnitude
with respect to 2G detectors: as a more precise example, a recent study [584] has predicted that the
Einstein Telescope will detect on the order of 60,000 binary neutron star mergers per year (assuming
an 80% duty cycle). If ET were to operate in coincidence with the proposed 3G GW detector Cosmic
Explorer in USA the detection rate would increase by about a factor of 10, thereby meaning a binary
neutron star merger observed every minute. On top of that, the run time for an event’s parameter
estimation varies from algorithm to algorithm and from source to source, generating latencies that
may be unacceptable for the ET science goals.

Both unmodeled burst source and continuous wave searches scale essentially with the amount of
data collected (i.e. with the number of interferometers and their observing time) and not with the
sensitivity, so their computing requirements for 3G will not explode like the ones for CBC events.
However, all-sky searches for continuous wave signals will still be limited by the available computing
power.

To sum it up: even not taking into account complications such as the analysis of day-long signal
candidates, for which the detector moves with respect to the source, or the more ambitious continuous
wave searches, a naive extrapolation from current activities gives an increase of at least three orders
of magnitude in computing power from 2G to 3G data.

This is out of reach, but a number of mitigation actions will be planned, exactly like what is being

'In computing jargon, workloads that can be trivially split into smaller tasks that are completely independent are
referred to as being “embarrassingly parallel”.
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done today in the HEP community for High-Luminosity LHC. These will include the exploitation of
available hardware and software technologies, such as hardware accelerators or Artificial Intelligence
algorithms, and intense R&D activities in the fields of search and analysis pipelines.

Low-latency infrastructure

As described in sec. 3, multi-messenger astronomy is one of the major science goals of the ET.

The cooperation between GW interferometers, land- and satellite-based EM and neutrino observatories
relies on the timely and reliable distribution of candidate triggers, event information and data segments.

Triggers are generated by running search pipelines on data as they are taken; as soon as a candidate is
detected, the alert needs to be distributed and the relevant information stored in a public database.
With 2G infrastructures, these searches are run on-site on dedicated facilities, but this might not be
possible with ET data, given both the expected data rate and the challenges described above; also the
system will need to be completely automated. Thus, also low-latency searches might run on external
shared facilities, as the alert generation and distribution services.

Another challenge will be to cope with so-called “negative latency alerts”. It will often be possible for
the ET to identify the signal from merging binary systems, and possibly complete a rapid parameter
estimation, before the objects merge, to allow EM observatories to point the telescopes to the right sky
location on time to observe the merger, clearly a great breakthrough for multi-messenger astronomy.

The large event rate and such new challenges will call for a complex set of services: to distribute
data to computing centres reliably and with very low latency, to manage the search jobs, to collect
result and generate alerts, with next to null need for human supervision. Also, an integrated reliable
database service will serve as a repository that contains and describes the events detected by ET and
by the other GW partners.

Computing strategies

The challenges described above will call for intense R&D activities during the design and implemen-
tation phases.

Simple technological progress on CPUs will not help much, with an estimated price/performance
ratio reduction of less than 15% per year [585]. In order to reconcile the huge computing power
needed and the available resources, even in the long ET timescale, the community will need to work
on several research lines:

* the development of novel signal detection algorithms, and the optimisation of existing ones.
In-depth discussion of this topic is outside the scope of this chapter, but most of the existing
code (mostly the pipelines used for offline analyses) is not optimised for performance, having
been developed in an environment with little resource contention;

* the exploitation of modern hardware accelerator technologies, such as GPUs, FPGAs or
whatever will be introduced on the market in the next years. Already some analysis pipelines
successfully run on GPUs, but the performance improvements that are being delivered by
both increased CPU parallelism and co-processors are becoming more complicated to exploit
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in software, and much effort will be needed to usefully parallelise the code. Non-trivial
parallelisation will also be a prerequisite for successfully exploit High-Performance Computing
facilities, which will be the backbone of future Exascale infrastructures.

* the exploitation of modern software technologies, such as Artificial Intelligence, Deep Learning
and more. Already several projects are exploring the use of Machine Learning algorithms for
different aspects of GW data processing (see for example [586] or [587]), but much research is
needed both to successfully use such technologies and to gain confidence in their application;

* finally, given the ET timescale, novel technologies such as Quantum Computing or dedicated
ML processors such as the Google Tensor Processing Unit may play some role, but also this
will need intense R& activities.

This will both require the planning of a series of Mock Data Challenges[582], using the version of the
software, tools and e-infrastructure available at any time, and the building of a community of experts
that are neither pipeline developers nor IT experts, but scientific computing professionals [588].

On-site computing infrastructure

As mentioned above, in this model most of the computing, both in terms of data processing and
services, might run off-site on shared infrastructures. There are however at least three tasks that need
to be performed on-site:

e detector and environmental control;

* data acquisition, reduction and pre-processing, to reduce the data to the size and format suitable
for transfer;

* data buffering to allow for inefficiencies in shipping the data to off-site storage and processing
facilities.

Except for computing power located very close to the instrumentation, acting as front-end for detector
control and data acquisition, most of the needs can be catered to by a conventional Computing Centre
on-site, providing storage (a size of several tens of PBs should not be an issue given the timescale)
and different levels of service for computing. For example, a private Cloud infrastructure can be
used to flexibly provision computing servers, probably with a Platform-as-a-Service deployment
model [589].

Of course different needs may emerge in the design phase. For example, Machine Learning
technologies may be used for some aspects of data preparation. ML algorithms are currently being
explored for example for glitch detection; if such technologies will be used for detector control,
specific computing resources such as GPU-powered farms for algorithm retraining may be needed.

Global computing infrastructure

Before and during the current 2G era, distributed computing activities have been mostly driven
by LHC requirements, that ultimately led to the design and deployment of the Worldwide LHC
Computing Grid (WLCG) infrastructure. Within the time frame of the ET initial phases, several other
collaborations will reach LHC-like sizes both in data sample size and computing power requirements:
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SKA and CTA, for example, but also outside of physics with, for example, the Human Brain project.
Furthermore, planned High Luminosity LHC runs will increase both its data volume and computing
requirements by large factors.

We therefore expect that a large scale shared European computing infrastructure will be available
to meet the needs of all these collaborations; indeed, several R&D projects already exist or are
being proposed to develop the tools to build such an infrastructure. We plan to use the services
offered by the European Open Science Cloud as much as possible, since the ET requirements will
represent only a fraction of the computing activities that will be undertaken in Europe. Given the
current plans, we expect such an infrastructure to have a “Data Lake” architecture, in which storage
sites with high-bandwidth connectivity feed data to large High Performance Computing (HPC) and
High Throughput Computing (HTC) facilities that will provide the computing power. Also, Cloud
Computing facilities should be available to deploy complex networks of interconnected services on
a Platform-as-a-Service model [589], with higher-level orchestration tools to provide, for example,
high-availability or scalability to deployed services.

A bird’s view of a very preliminary ET Global Computing Infrastructure is given in fig. 8.1. It is
based on the current model adopted by the Virgo and LIGO collaborations, adapted to the different
scale and and complexity of the ET.
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Figure 8.1: A simplified view of a preliminary Global Computing Infrastructure for the Einstein Telescope.

1. Data are collected at the ET site and stored in a local circular data buffer. The local computing
infrastructure is used to pre-process and reduce the data to the format that will be used for
low-latency and offline analyses;

2. Processed data to be used for low-latency searches are transferred to the low-latency search
facilities, where search pipelines are automatically run;

3. in parallel, pre-processed data are shipped to the Data Lake for subsequent offline analyses.
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Depending upon the performance of the Data Lake, it may be possible also for the low-latency
processing sites to exploit it, thus reducing the complexity of the system and the amount of
data to be transferred;

4. again in parallel, a (somewhat reduced) version of raw data are transferred to archival sites
for safekeeping; again, custodial-grade storage may be a feature of the Data Lake, further
simplifying the picture;

5. all data (raw, processed, public) is registered in a general catalogue database that functions as a
single front-end both for data discovery and access;

6. low-latency processing facilities run search pipelines and send triggers and candidate event
information to the low-latency alert generation and distribution services.

7. candidate event alerts are generated and distributed by the relevant services. Many, if not all,
such services can run on Cloud facilities, for flexibility and reliability. Data segments to be
distributed with the alert are not copied again but tagged in the database as “public”;

8. offline analyses (parameter estimation, deep searches etc.) and all scientific computing
(numerical relativity simulation, Machine Learning model training, etc.) are run on available
HTC, HPC or even “Big Data” facilities optimised for Machine Learning, depending upon the
optimal type of technology;

9. publicly released data are not copied again, but tagged in the database and made available
through public discovery and access services.

Most of the GW computing workloads are embarrassingly parallel, and so well suited to be run on
conventional high-throughput distributed infrastructures, with the notable exception of the numerical
relativity simulations used to prepare the template libraries. Several currently used analysis pipelines,
and Deep Learning algorithm training, can profit from the use of GPUs and hardware accelerators.
The exact mix of architectures needed will depend upon what will be available in ten years from now
both in terms of computing technology and GW data analysis techniques.

Some of the services that will form the framework for the ET Distributed Computing Infrastructure
will come from the EOSC (or its heir), or will be an evolution of existing services; anything that does
not need to be run close to the experiment can and probably will be deployed on shared resources
for flexibility and reliability. The level of abstraction that will be used to deploy the ET services
will depend upon the maturity of the shared services provided by the shared infrastructure. For
example, the Public Data distribution system may just be a part of a more general Virtual Observatory
environment run by an external entity, a federated instance of a common service provided by the
shared infrastructure or a separate service built by the ET community from building blocks provided
by the infrastructure as microservices.

Thus, the services that will be needed to build the ET global e-Infrastructure will include:

* archival storage services, managing the storage of non-reproducible data duplicated over several
data centres offering custodial-level storage facilities and providing interfaces for easy retrieval
of missing data;

* data management services to timely and reliably transfer raw data from the ET local storage
buffer to the relevant external data centres: custodial storage facilities, Data Lake centres,
low-latency processing facilities etc. They need to provide functionalities for automatic issue
detection and data loss recovery;

* network services, provided by National Research and Education Networks (NREN), and Géant,
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possibly with dedicated links between the ET site and the core data centres, for stability and
performance. It will be interesting to explore the possibility of having a network environment
similar to the LHC Open Network Environment (LHC-ONE) [590]. This would simplify
security management, performance monitoring and streamline the interfacing to the General
Public Network;

* a Data Distribution infrastructure based on the concept of Data Lake (a federated set of high-
performance dedicated storage sites) and a cache-based Content Delivery Network (CDN). This
will probably be the architecture of choice for the future WLCG data distribution infrastructure,
and is being prototyped in the context of the ESCAPE project [591]. StashCache [592], a
similar existing infrastructure deployed and managed by the Open Science Grid in the US, is
already being used to distribute LVC data to computing centres world-wide;

* heterogeneous, distributed HTC and HPC resources and services in a set of core data centres
and a network of other resource providers, with cloud-like access and linked to the data
distribution network;

* a common Authentication and Authorisation Infrastructure, based on trusted Identity Providers
(IdPs) and an ET authorisation service, federated with the equivalent for existing 2G and other
3G collaborations;

* cloud resources, with Platform-as-a-Service orchestration tools, to deploy the experiment’s
specific services (such as the ones comprising the public alert generation system, but also higher-
level ones, such as databases, data catalogues or software repositories) with high-availability
and scalability features provided by the infrastructure;

* an Open Data platform for general release of public data, compliant with FAIR? principles,
evolution of the existing GWOSC [594] and integrated with the Virtual Observatory platforms
that will be available, such as the one being developed by the ESCAPE project.

2Findable, Accessible, Interoperable, Reusable. See [593]
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