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																																														Motivations	
	
The	reference	ET	configuration:		
•  triangle,	10km	arms		
•  3	nested	detectors	in	xylophone	configuration			(HF+LF	cryo)	

We	want	to	evaluate	the	effect	on	the	Science	Case	of		
•  changes	in	geometry:	triangle	vs	2L,	and	different	arm-lengths	
•  role	of	low-frequency	instrument	
	
	
	
	
	



why now and not 10 yr ago? 

when	the	basic	layout	of	ET	was	first	proposed	(<2011)	and	until	very	
recently,	there	were	not	even	the	elements	for	performing	such	a	study	
•  only	after	GWTC-3	(+	recent		theoretical	population	modeling)	we	have	enough	info	
on	the	coalescing	binaries	(redshift,	mass	distributions,...),	so	to	optimize	the	ET	
design	

•  many	of	the	most	interesting	specific	Sciences	Cases	for	3G	detectors	have	been	
developed	only	in	recent	years,	in	the	flurry	of	activities	after	the	first	detection	

•  thanks	to	the	OSB,	we	now	have	the	large	ET	theoretical	community	needed	to	
perform	such	a	study	(50+	people	involved)	

															now	this	study	becomes	possible	and,	therefore,	mandatory	



            configurations studied 
geometries:	
	
•  	triangle,	10km	arms	(the	current	baseline	ET	geometry)	
•  	2L,	15km	arms,		parallel		
•  	2L,	15km	arms	at	45°	

•  	triangle,	15km	arms		

•  	2L,	20km	arms,		parallel		
•  	2L,	20km	arms	at	45°	

	

					triangle-10km	and	2L-15km	
																													or		
					triangle-15km	and	2L-20km	
	
have	comparable	excavation	volumes:			
nested	interferometers	requires	tunnels		
with	larger	diameter	(∼	8m	vs	6.5m)	
and	more	caverns	
A	detailed	cost	analysis	need	and	well	beyond		
the	scope	of	our	work		



																										amplitude	spectral	density	(ASD)	
	
	
	
	
	
	
	
•  full	HFLF	cryo,	or	HF	instrument	only	
sensitivity	curves	provided	by	the	ISB	
the	HFLF	cryo	curve	used	updates	the	ET-D	curve.		
note:	actual	curves	still	evolving	
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horizon distance for equal mass binaries 

relative	differences	in		
horizon,	wrt	the	full	
(HFLF-cryo)	10km	triangle	

horizon	distances	



structure of the work 



    coalescence of compact binaries 
(BBH,BNS) 
we	study	detection	rates,	range	and	distribution	in	redshift,	accuracy	in	the	
reconstruction	of	the	source	parameters		
very	general	metrics	that	already	provide	a	first	solid	understanding	
	
first	step	(lasted	several	months):		
			development	and	comparison	of	Fisher	codes	

•  GWBENCH									(Borhanian	2021,	Borhanian	and	Sathyaprakash	2022)	
•  GWFISH														(Harms,	Dupletsa	et	al	2022,	Ronchini	et	al	2022,	GSSI	group)		
•  GWFAST														(Iacovelli,	Mancarella,	Foffa,	MM	2022,	Geneva	Group)	

•  TiDoFM											(Li,	Heng,	Chan	et	al	2022)	
•  																														(Pieroni,	Ricciardone,	Barausse	2022)	

	



other	technical	details:	
	
•  state-of-the	art	population	models				(Santoliquido	et	al	2021)	

•  state-of-the	art	waveform	models	
•  IMRPhenomXPHM	for	BBHs												(includes	precessing	spins	and	higher-order	modes)	
•  IMRPhenomD_NRTidalv2	for	BNS		(includes	tidal	effects)	

•  inference	on	a	large	parameter	space	
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•  the	baseline	10km	triangle	has,	by	itself,	fantastic	performances,	
improving	by	several	orders	of	magnitudes	on	2G	detectors	

	
•  for	BBH,	the	2L-15km-45°		improves	significantly	on	the	10	km	triangle	for	
dL	and	angular	localization,	and	is	slightly	better	(∼2)	for	the	other	
parameters	

	
				actually,	2L-15km-45°		equal	or	better	even	than	the	15	km	triangle		
	
•  2L	with	parallel	arms	quite	disfavored,	because	of	a	comparatively	poor	
angular	localization	capability	

	



triangle	10-km	well	superior	
to	LVK-O5	even	in	HF-only	
configuration	
(except	angular	localization)	



for	BBH,	the	2L-15km-45°	HF-only	is	
comparable	or	better	than	the	10km	
triangle	at	full	sensitivity	
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	a	single	L-shaped	detector,	not	
inserted	in	a	global	network,	is	
basically	useless	for	those	aspects	of	
the	Science	Case,	such	as	multi-
messenger	astronomy	or	cosmology,	
that	require	accurate	reconstruction	
of	sky	localization	and	distance	of	the	
sources	
	
it	is	competitive	on	other	parameters	
(assuming	that	glitches	can	be	
reliably	vetoed)	
	
	
	



BBH `golden’ events 

	
the	2L-45°	and	Δ-15km	give	the	
best	compromise	between	
detecting	many	of	them,		up	to	
large	redshift,	and	localizing	
them.	
	
	
	
2L-15km-45°,	even	with	HF-only,	
is	comparable	to	Δ-10km	with	
full	HFLF-cryo	sensitivity	
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																													BNS	
	
confirms	the	basic	message	from	BBHs	
	
the	baseline	10km	triangle	has	
remarkable	performances,	improving	
by	orders	of	magnitude	wrt	2G	
	
the	2L-15km-45°	improves	by	a	further	
factor	2-3	
	
2L-15km-0°	disfavored	
	



LF	sensitivity	particularly	important		
for	BNS	(long	time	in	bandwidth)	

Losing	the	LF	in	the	10km	triangle:		



The	2L-15km-45°	improves	on	the	10-km	
triangle	
	
but	now,	2L-15km-45°	-HFonly	sensibly	
worse	than	triangle	10km	full	HFLF-cryo	
	
again,	LF	especially	important	for	BNS	



BNS `golden’ events 



ET in a network with 1CE (40km) or 2CE (40km + 20km) 

differences	are	smaller	but	still	significant,	especially	with	1	CE	

BNS	



Multi-messenger	Astrophysics	with	ET 



RELATIVISTIC JET PHYSICS, 
GRB EMISSION MECHANISMS, 

COSMOLOGY and MODIFIED GRAVITY 

KILONOVA PHYSICS, 
NUCLEOSYNTHESIS, NUCLEAR 

PHYISCS and H0 ESTIMATE 

Credits:	Ghirlanda	



RELATIVISTIC JET PHYSICS, 
GRB EMISSION MECHANISMS, 

COSMOLOGY and MODIFIED GRAVITY 

KILONOVA PHYSICS, 
NUCLEOSYNTHESIS, NUCLEAR 

PHYISCS and H0 ESTIMATE 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

•  NUMBER OF JOINT DETECTIONS 

•  REACHED REDSHIFT 

•  PARAMETER ESTIMATION 

 



Key parameters:!
 !

•  Ability to localize the source!
•  Accessible Universe in terms of achieved z!
•  Pre-merger detection and PE!

For the MM studies we use an SNR detection threshold of 8!
We consider only 2L misaligned configurations!



2L with 15 km misaligned arms 
•  comparable  to 15 km triangle 
•  better than10 km triangle 

!
!
!

!
!
!

Factor 2 better 

à 
!
!
!

Factor 4 better 

On-axis 
events!



•  significantly	smaller	number	of	well-localized	events	
•  decrease	of	well-localized	events	more	severe	for	the	Δ	configurations	
•  a	large	fraction	of	well-localized	events	already	missed	at	small	z		

•  on-axis	events,	decrease	of	well-localized	events	but	in	a	smaller	
percentage	than	events	randomly	oriented	

	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Without	low-frequency	



Without	low-frequency	

	

•  While	HF	2L	15km	and	2L20km	localize	worse	than	HFLF	cryo	Δ10km	for	randomly	oriented	systems	
	

•  2L	HF15	km		is	comparable	the	full	Δ10km-cryo	for	on-axis	events		

	
	

	
	

	
	

	
	



Pre-merger detections 

Critical	to	detect	the	prompt/early	multi-wavelength	emission		
	

•  to	probe	the	central	engine	of	GRBs,	particularly	to	understand	the	jet	composition,	the	particle	acceleration	
mechanism,	the	radiation	and	energy	dissipation	mechanisms	(e.g.	VHE	prompt	CTA/ET	synergy)	

	

•  to	probe	the	structure	of	the	outer	sub-relativistic	ejecta,	early	UV	emission	(e.g.	ULTRASAT/UVEX/DORADO	synergy)	

Credits:	Banerjee	et	al.	in	prep	



Detections	within	z=1.5	

Δ15km	
•  perform	better	than	

Δ10km	and	2L15km	
•  comparable	to	2L20	km	



Detections	within	z=1.5	

2L15km	better	than	
Δ10km		

On-axis	similar	



DRAMATIC	DECREASE	of	pre-merger	alerts!	
Detections	within	z=1.5	

Without	low-frequency	



HIGH-ENERGY 
RELATIVISTIC JET PHYSICS, 

GRB EMISSION MECHANISMS, 
COSMOLOGY and MODIFIED GRAVITY 

Following	Ronchini	et	al.	2022,	A&A	





•  Starting	with	the	BNS	population	
•  Comparison	with	statistical	properties	of	Fermi	GBM	short	GRB	sample		
•  Optimal	parameters	estimated	via	MCMC	

Model calibration using the properties of 
observed short GRB samples 

GRB	data	from	Ghirlanda	2016	

Rate	of	SGRB	
observed	by	Fermi	

From	population	
synthesis	



GW + 𝛾-ray joint detections per year 
Survey mode 

Number	of	joint	GW/GRB	
detections	per	year	

Percentage	of	detected	GRB	
with	a	GW	signals	

A large percentage of short GRB will 

have a GW counterpart detected by ET! 

 



GW + 𝛾-ray joint detections per year 
Survey mode 

The	percentage	of	GRBs	with	a	GW	counterpart	significantly	increases	
going	from	Δ10km	to	15	km	and	20	km	configurations	



GW + 𝛾-ray joint detections during one year for HERMES 

•  the	most	significant	improvement	is	from	Δ10km	to	a	15	km	configuration		
•  15	and	20	km	configurations	are	able	to	increase	the	number	of	joint	detections	at		z		>	0.9	
with	respect	to	Δ10km	(cosmological	parameter	and	test	of	modified	gravity)	



HF	only:		
•  percentage	of	detected	short	GRBs	with	an	associated	GW	signal	
significantly	decreases	for	each	configuration	

•  the	performance	of	Δ15km	and	2L15km	HF	detectors	is	
comparable	to	Δ10km	full	sensitivity	

	
	
	

	
	
	

GW + 𝛾-ray joint detections per year 
Survey mode 



SURVEY MODE  

Joint detection GW+X-ray afterglow per year 

•  number	of	joint	detections	is	around	10	for	SXI	(20	for	SXI+XGIS)	per	year	
independently	of	the	arms	lengths	and	the	geometries	

•  number	remains	almost	the	same	also	without	accessing	low-frequencies	

THESEUS	



•  The	majority	of	the	joint	detections	are	within	z	=	1	
•  The	majority	of	the	afterglows	are	detectable	up	to	a	redshift	where	there	
is	no	significant	difference	among	the	GW	detection	efficiency	

THESEUS-(SXI+XGIS)	operating	with	
2L20km	full	sensitivity		

Joint GW+afterglow detections per year 

THESEUS	



THERMAL EMISSION - KILONOVAE 
KILONOVA PHYSICS, NUCLEOSYNTHESIS, 

NUCLEAR PHYISCS and COSMOLOGY 



VERA RUBIN OBSERVATORY ToO:  
•  Follow-up of events localized better than 20, 40 and 100 sq. degrees 
•  600s (1800 s) observations the first and second nights after the merger in two filters (g and i) 
 

BNSs	detected	with	a	sky-localization	<	40	deg2	

ET+Vera Rubin synergy 



600 s 1800 s Increase	number	of	detections	but	the	percentage	of	time	to	
be	used	becomes	prohibitive	and	more	contaminants!	

•  2L20km	misaligned	configuration	is	the	best	enabling	to	detect	between	several	tens		
				and	a	few	hundreds	of	kilonova	counterparts	

ET+Vera Rubin synergy 

Percentage of 
VRO time 

•  Δ15km	is	slightly	better	than	2L15km	giving	a	number	of	detection	about	30%	larger	

•  Δ15km	is	significantly	better	than	Δ10km	giving	about	a	factor	2	larger	number	of	detections	



ET+Vera Rubin synergy 

Without	low-frequency	

ONLY	HF:	
•  small	number	(a	few)	of	detections	per	year	expected	with	the	Δ–HF	configurations		
•  this	number	increases	to	a	few	tens	for	the	2L–HF	configurations	

The presence of low-frequency is critical to detect a large 

number of kilonovae counterparts 



stochastic backgrounds 
triangle	10	km	
full	vs	HF	only	

2L	15	km	
full	vs	HF	only	



multipole decomposition of the stochastic background 



astrophysical signatures in stochastic 
bkgd 

signatures	inprinted	in	deviations	from	f2/3	



correlated Netwonian, seismic and magnetic 
noise. 
                       A threat for the triangle? 

impacts	stochastic		
backgrounds	searches		
but	possibly	also	CBC	
and	unmodeled	bursts	
	
	
See	talk	by	
Kamiel	Janssens	



          Impacts on specific science cases  
              (a selection of the examples worked out) 

	
Physics	near	BH	horizon	

Ringdown	SNR	of	GW150914-like	event	

Ringdown	detections	per	year	



Differences	remain	significant	also	with	1	or	2	CE	



distinguishing exotic compact objects from 
BHs 



                        Nuclear Physics 
• see	talk	by	Tim	Dietrich	
one	example:	

2L-15	HF	only	as	good	as	full	10km	triangle	



Population studies 
Merger	rate	reconstruction	
	
2L-15kboth	10km	triangle	and		
2L-15km-45°	reconstruct	it	correctly,		
but	m-45°	is	better	by	a	factor	2-3	



      primordial BHs 
Detections	at	z>	30	are	a	smoking-gun	signature	

(based	on	a	PBH	population	model	fitted	to	
GWTC-3)	

significant	differences		
also	in	a	network	with	1CE	

LF	crucial:	N(z>30)	=0	otherwise	!	



                 Cosmology 
Joint	GW-GRB	detections,	ET+THESEUS	

Note:	the	bounds	becomes	stronger	using	the	Planck	prior	on	ΩM	

Joint	GW-kilonova	detections,	ET+VRO	

See	the	paper	for	DE	EoS	and	modified	GW	propagation	



NS	source-frame	mass	(and	then	z)	determined		from	tidal	
deformability	of	NS	



Summing up.... 



         Comparison between geometries 
•  for	BBH	parameter	estimation:	

•  the	2L-15km-45°		improves	significantly	on	the	10	km	triangle	for	dL	and	
angular	localization,	and	is	slightly	better	(∼2)	for	the	other	parameters,							

•  	is		equal	or	better	even	than	the	15	km	triangle		
•  in	a	network	with	1	or	2CE	the	differences	are	still	significant	

•  for	BNS,	the	effect	is	even	larger	

	



For	multi-messenger	astronomy:	

	
•  2L-15km-45°  better	than	10	km	triangle	(and	comparable	to	15	km	triangle)	enabling	

observation	of	a	larger	number	of	well-localized	events	up	to	a	larger	redshift	

•  number	of	short	GRBs	with	an	associated	GW	signal	increases	by	about	30%,	and	the	
number	of	expected	kilonovae	counterparts	increases	by	a	factor	of	2	

•  for	pre-merger	alerts,	the	15	km	triangle	is	performing	better	than	the	10	km	triangle	
and	the	2L-15km-45° ,	reaching	almost	the	capability	of	the	2L	20	km		configuration	



•  for	stochastic	backgrounds	

for	the	isotropic	sensitivity:	
2L	at	45o	the	less	good	
2L	parallel	the	best	below	100	Hz	
triangle	the	best	above	100Hz	

For	angular		resolution:	
2L	better	than	triangle	



•  correlated	Newtonian	and	seismic	noise	

a	potential	treath	for	the	triangle	
	
	
also,	correlated	magnetic	noise		
and	lightening	strikes	



individual	science	case	typically	show	an	improvement	by	a	factor	2-3	from	
the	10km	triangle	to	2L-15km-45°		
	
•  tests	of	GR:	

• nuclear	physics:			minor	differences	(ΔR	from	10.0m	to	6.4m)	

• merger	rate	reconstruction;	improvement	by	a	factor	∼3	

• PBH:	improvement	by	a	factor	∼3	for	events	at	z>30	

•  cosmology:		improvements	∼1.5	on	H0,	w0,	Ξ0	

In	general,	results	for	
2L-15km-45°		quite	
comparable	to	15-km	
triangle	



           Conclusions on the geometries 



•  a	single	L	shaped	detectors,	even	if	20km	or	more,	not	inserted	in	a	3G	
network,	is	not	a	viable	solution	

•  (comparatively)	very	poor	angular		
			localization	and	measurement	of	dL	
⟹	total	loss	of	MMO,	cosmology,	...	
	
•  no	stochastic	backgrounds	

•  difficult	to	distinguish	short	signals	from	glitches	
	
	



           The role of the LF instrument 

⟹	no	MMO,		no	standard	sirens	cosmology	

For	BNS,	catastrophic	degradation	on	sky	localization	and	luminosity	distance	
(LF	allows	BNS	to	stay	a	longtime	in	the	bandwidth)	
	



• premerger	alerts	impossible	without	the	LF	instrument	

dramatic	impact	on	the	possibility	of	detecting	precursor	and	probe	prompt/early	
counterpart	⟹	miss	the	info	on	GRB	engine,	jet	launch,	kilonova	ejecta	

•  	joint	GW-GRB	detections	decrease	by	40%	(10km	triangle)	or	30%	(2L-15km)	

	



• HF	only	has	a	significantly	smaller	
			reach	in	distance	

	
-	for	BNS:		from	z≃4	to	z≃4	(triangle	10km)	or	from	z≃6	to	z≃3	(2L-15km)	
																				misses	the	peak	of	the	star	formation	rate		
-	for	PBH:	impossible	to	identify	them	on	the	basis	of	z>30	
	
	
	
	
-	IMBH:	reduction	by	a	factor	~	5	in	comoving	volume	explored	

	



•  for	many	other	aspects	of	the	science	case,	the	loss	of	the	LF	instrument	is	
not	as	disruptive,	but	still	means	a	reduction	by	by	a	factor	2-3	in	accuracy	
on	relevant	parameters	

Therefore:	



There are, however, very interesting specific targets 
insensitive to LF and can be fully reached with HF-only 

•  in	MMO,	joint	GW+X-ray	afterglow(THESEUS)		detections	and	(partly)	
GW+GRB	

•  cosmological	stochastic	backgrounds	with	a	`blue’	spectrum	
•  tests	of	physics	near	the	BH	horizon	
• post-merger	signal	of	BNS	
•  search	for	sub-solar	mass	PBHs	

	



In certain cases, the 2L-15km-45o HF-only is 
comparable to the 10km triangle with full 
HFLF-cryo sensitivity 
• parameter	estimation	of	BBHs	(but	not	BNS!)	

• nuclear	physics	

•  all	items	where	the	LF	instrument	is	not		
			important,	see	above	



           Summary of the summary.... 





Inputs for further studies 

•  The	2L-15km-45o	appears	to	give	a	better	possibility	of	going	through	
staging:		

		-	commission	first	HF	(already	important	results	will	be	obtained)	
			-	move	toward	full	HFLF-cryo	sensitivity,	maybe	through	intermediate	
					HFLF-room	sensitivity					⟹	input	to	the	ISB	
	
•  start	a	detailed	analysis	of	the	costs	of	different	configurations	
				


