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Benefits of 3G detectors 
 

Ø Deeper*: observe more distant sources  
(population studies, cosmological effects,…)  
 
Ø Wider*: increase accessible parameter space  
 
(new sources, wider study of known sources,…) 
 
Ø Sharper*: detect more subtle effects  
(new sources, test of models,…) 
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§  For	some	science	goals	GWs	are	a	unique	probe.	
	
§  For	others	a	multi-messenger	approach	is	the	key. 

*: from the BBH chapter of the GWIC 3G white paper  



Science case topics (partially overlapped)  
 
§  Fundamental physics  
 

§  Physics and Astrophysics of compact 
objects  

 

§  Cosmology & cosmography   
	
Science	is	beautiful	but	you	need	appropriate	tools	
to	make	it		
	
à A parallel development in source modeling, 
data analysis techniques and computing is of 
paramount importance in order to exploit 
detector potentialities.	 4 



Fundamental physics 
 

ET will provide answers on:  
 

§  The nature of gravity (is GR the correct 
theory?)  

 
 

§  The nature of compact objects (BH 
“mimickers”) 

 
 

§  The nature of dark matter (primordial BHs, 
ultra-light boson interacting with BHs,…) 

Background	picture	from	https://www.darkgra.org/gw-echo-catalogue.html 5 
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FIG. 1. Posterior density functions on deviations of PN coefficients �'̂n obtained using two different waveform models
(PhenomPNRT and SEOBNRT); see the main text for details. The �1PN and 0.5PN corrections correspond to absolute devi-
ations, whereas all others represent fractional deviations from the PN coefficient in GR. The horizontal bars indicate 90%
credible regions.
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FIG. 2. 90% upper bounds on deviations |�'̂n| in the PN co-
efficients following from the posterior density functions shown
in Fig. 1.

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

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

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

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

The first binary neutron star model we consider is con-
structed by applying this procedure to IMRPhenomPv2

waveforms. Following the nomenclature of [19], we refer
to the resulting waveform model as PhenomPNRT. Param-
eterized deformations �p̂n are then introduced as shifts
in parameters describing the phase in precisely the same
way as was done for binary black holes. This will allow
us to naturally combine PDFs for the �p̂n from measure-
ments on binary black holes and binary neutron stars,
arriving at increasingly sharper results in the future. Be-
cause of the unknown merger-ringdown behavior in the
case of binary neutron stars, which in any case gets re-
moved from the waveform model, in practice only devia-
tions �'̂n in the PN parameters 'n can be bounded. The
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Ø  Deviations from GR show up in GW 
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Ø  Test the ‘no-hair’ conjecture by measuring 
frequency and decay times of at least two BH 
quasi-normal modes  

7 



Physics and Astrophysics of compact 
objects 

 
Ø Astrophysics of black holes and neutron 

stars 
 

Ø  The structure of neutron stars 
 

Ø Core collapse supernovae 

NASA/CXO/SAO 



Maximum distance of detectable binary systems  

9 



Compact	binaries	
formation	channels	 

Properties	of	
first	stars 

Ø ET will see all the BBH in the Universe and 
BNS systems up to z~2 

 
 à Accurate measure of spins, masses, natal 

kicks, orbital eccentricity,… 
à Merger rate vs redshift 

IMBH	existence	
and	connection	
with	SMBH 

10 



Low	frequency	is	crucial	for	light	seed	BHs	(100-1000	Msun)  

11 



Ø  In conjunction with EM observations (e.g. of 
kilonovae and GRBs) 

Nucleosynthesis	
(formation	of	

heavy	elements) 

Jet physics 
(GRB engine) 

12 

Host galaxy 
identification 

§  Identification of kilonovae beyond z~0.5 needs 
8-m class facilities (e.g. LSST) in absence of a 
GRB pointing toward us 

 
§  At z<0.5 thousand host galaxy will be identified 

through kilonova emission  
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Host galaxy 
identification 

§  Identification of kilonovae beyond z~0.5 needs 
8-m class facilities (e.g. LSST) in absence of a 
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§  At z<0.5 thousand host galaxy will be identified 

through kilonova emission  



Neutron	star	structure 

13 



Neutron	star	structure 

-	Tidal	polarizability	(late	
inspiral) 
-	Oscillations,	dynamics	
(merger	and	post-merger)	
-	Continous	waves	
emission	(asymmetric	NSs)	 
 
 
 
 

	 

Magnetar	flares	and	
outbursts	(burst	
emission)	 
 

Pulsar	glitches 

Phase	transitions 

EOS,	mass-radius	relation,	
physics	of	NS	interior 

14 



Inspiral and merger signal amplitude spectrum 

15 



ET	constraints	on	NS	ellipticity	 

Some	indication	exists	that	millisecond	pulsars	could	
have	ellipticity	~10-9:	testable	by	ET 
 

16 

[Woan+, ApJ 863, L40 (2018)]  

à True astrophysics and nuclear physics  
 laboratory to study NS properties 

Max deformation for hadron-quark core 
EOS 

Max deformation for standard EOS 

Possible actual deformation  
for ms pulsars 



Cosmology	and	cosmography	 

SGWB	of	cosmological	
origin 

Inflation 
 

1st	order	phase	
transitions 
 

Cosmic	strings 

SGWB	of	astrophysicsal	
origin 

BBH	background	
noise 
 

Distorted	NS 

Core	collapses 
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Not guaranteed      Almost guaranteed 



SGWB	landscape	plot 

:	normalized	energy	spectrum	 
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Need to subtract all individual BBH mergers 
throughout the Universe  



Ø ET will measure cosmological parameters 
with high accuracy (~1% after few years) 

 
 à through standard candles 

Constraints on dark 
energy parameters with 
1000 standard sirens 

19 



The	present	and	the	future	of	GW	astronomy	 

20 

Saturn as viewed by 
G. Galilei in 1610 



Saturn as viewed by 
G. Galilei in 1610 Advanced detectors 

The	present	and	the	future	of	GW	astronomy	 
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Saturn as viewed by 
G. Galilei in 1610 

Saturn as viewed by G. 
Cassini in 1675 

arXiv:1309.1711 

Advanced detectors 
The	present	and	the	future	of	GW	astronomy	 
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Saturn as viewed by 
G. Galilei in 1610 

Saturn as viewed by G. 
Cassini in 1675 

Saturn as viewed by Hubble telescope in 2018 

Photo: NASA, ESA, STScI, M. Mutchler (STScI), A. Simon (GSFC) and 
the OPAL Team, J. DePasquale (STScI) 

arXiv:1309.1711 

Advanced detectors 

Einstein Telescope 

The	present	and	the	future	of	GW	astronomy	 

20 



Saturn as viewed by 
G. Galilei in 1610 

Saturn as viewed by G. 
Cassini in 1675 

Saturn as viewed by Hubble telescope in 2018 

Photo: NASA, ESA, STScI, M. Mutchler (STScI), A. Simon (GSFC) and 
the OPAL Team, J. DePasquale (STScI) 

arXiv:1309.1711 

Advanced detectors 

Einstein Telescope 

For	much	more	details,	please	look	at	the		
GWIC	3G	science	case	document:																							

https://gwic.ligo.org/3Gsubcomm/documents.shtml	

The	present	and	the	future	of	GW	astronomy	 

20 



BACKUP SLIDES 



Limitations of a single ET observatory 
 

Ø 	Reduced	sky	localization	capabilities	(for	transient	
sources),	with	an	impact	on	the	science	reach	and	
multi-messenger	astronomy.	

	
Ø 	Impact	especially	for	cosmological	sources	 		
	
	àproblem	of	the	measure	of	the	redshift	

	
	àLimited	accuracy	in	the	measure	of	the		
	luminosity	distance	

	
Ø 	Correlated	noise 

7 



Ø  M,	L	characteristic	mass	and	size	of	a	system 
Ø  In	the	case	of	binaries:	M/L	∝	v2/c2 
Ø  Accessing	strong-curvature	and	highly	dynamical	regime 
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Double Binary Pulsar

Lunar Laser Ranging

LISA

Perihelion Precession of Mercury

LAGEOS

Pulsar Timing Arrays

Cassini

2G/3G

(Orbital Decay)

EHT

Double Binary Pulsar
(Shapiro Delay)

GRAVITY

The	nature	of	gravity 

3G-GWIC Extreme Gravity Group  

9 



Ø Lovelock’s	theorem	implies	that	departures	from	
GR	that	preserve	locality	will	generically	require	
extra	degrees	of	freedom:	e.g.	new	fields	or	
higher	dimensions 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
6 



Ø New	fields,	for	example: 
§  Scalar-tensor	theories																																																																							 

•  Binary	components	get	“dressed”	with	scalar	charge	
(benefit	from	ET’s	high-frequency	sensitivity) 

§  Gravitational	parity	violation 

•  Modifications	in	binary	dynamics 
•  GW	birefringence,	building	up	over	distance	(benefit	from	

ET’S	large	distance	reach)	 
Ø Massive	graviton,	and	local	Lorentz	invariance	violations	 

§  Cause	dispersion	of	GWs:	accumulates	over	distance 
§  Current	bound	mg	<		5	x	10-23	eV/c2	will	be	improved	upon	by	2	

orders	of	magnitude 

Ø Variability	of	G,	and	local	position	invariance	violation 

§  Constraints	better	by	8	orders	of	magnitude	over	2G																																																				
(benefit	from	ET’s	large	distance	reach) 

Ø Additional	fields	often	lead	to	extra	polarizations 
11 



The	nature	of	compact	objects 

How	certain	are	we	that	the	massive	compact	objects	we	are	
observing	are	the	“standard”	black	holes	of	general	relativity? 

à	“Black	hole	mimickers” 
3G-GWIC Extreme Gravity Group  

13 



The	nature	of	compact	objects	(BH	“mimickers”) 

How	certain	are	we	that	the	massive	compact	objects	we	are	
observing	are	the	“standard”	black	holes	of	general	relativity? 

13 

Ø Spin-induced	quadrupole	moment	during	inspiral 
§  𝞳s	=	1	for	ordinary	BHs,	but	not	for	BH	mimickers 

§  Not	accessible	to	2G;	3G	measurements	to	few	percent 



Ø  Black	hole	“no	hair”	conjecture:																																																										
Stationary,	vacuum	black	hole	
completely	determined	by	mass	and	
spin 

 
§  Qualitative	advantage	of	ET:	able	

to	distinguish	the	various	QNM,	
perform	consistency	check 

 
Ø  GW	echoes 

§  If	horizon	modified:	periodic	
bursts	of	GW	after	ringdown	has	
ended 

§  Possibility	to	access	macroscopic	
quantum	effects:	firewalls,	
fuzzballs	 

 
 

ECO
BH

0 20 40 60 80 100 120 140

-0.5

0.0

0.5

1.0

time [ms]

G
W

st
ra

in

�echo~2 rg/c |log �|

100 200 300 400 500
-0.2
-0.1

0.0
0.1
0.2

p
ro

m
p

t
ri

n
gd

o
w

n

3G-GWIC Extreme Gravity Group  15 



Localization	accuracy	
&	post-merger	physics 

Number	of	
sources 

Mass	accuracy,	
high	mass/high	z 

ET	configuration	impact	for	mergers 

18 



Core	collapse	supernovae  
Ø Understanding	the	explosion	mechanism	

(neutrinos,	SASI,	rotation,	etc.) 
 
Ø  Time	frequency	evolution	of	PNS	oscillations 
 
Ø  Fate	of	the	collapse	(NS	or	BH?) 
 

24 

Dmax~100	kpc	
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g-mode	@	PNS	
surface 
PNS	evolution										 

SASI 

Prompt	
emission 

27 



Detectability	of	BBH	systems	by	ET	and	LISA 

Multi-band	detection	of	IMBH 
 

Complementarity	in	understanding	the	origin	of	SMBHs 


