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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

e 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

e 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)

e 2L, 15km arms, parallel triangle-10km and 2L-15km

e 2L, 15km arms at 45 or
triangle-15km and 2L-20km

* triangle, 15km arms have comparable excavation volumes:

e 2L, 20km arms, parallel nested interferometers requires tunnels
o with larger diameter (~ 8m vs 6.5m
e 2L, 20km arms at 45 5 ( )
and more caverns
A detailed cost analysis need and well beyond
the scope of our work
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horizon distance for equal mass binaries
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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 (lacovelli, 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)

e 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

{M67 1, dL7 97 ¢7 L, ¢7 tca (I)ca X1,zs X2,z X1,y X2,yy X1,2y X2,z A17 A2}
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Cumulative number of events Cumulative number of events Cumulative number of events
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 the baseline 10km triangle has, by itself, fantastic performances,
improving by several orders of magnitudes on 2G detectors

e for BBH, the 2L-15km-45° improves significantly on the 10 km triangle for
d, 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

e 2L with parallel arms quite disfavored, because of a comparatively poor
angular localization capability
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The 2L-15km-45° improves on the 10-km

triangle
worse than triangle 10km full HFLF-cryo
again, LF especially important for BNS

but now, 2L-15km-45° -HFonly sensibly
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ET in a network with 1CE (40km) or 2CE (40km + 20km)

| Configuration | Adp/dp <03 | Adp/dp < 0.1 | AQggy < 100deg? | AQggy, < 10 deg® || BNS
A-10km-HFLF-Cryo+CE-40km 32053 4100 54994 2427
2L-15km-45°-HF LF-Cryo+CE-40km 45252 7949 75828 3838
2L-15km-0°-HFLF-Cryo+CE-40km 16999 2079 29821 1515
A-10km-HFLF-Cryo+2CE 72335 13630 112705 6570
2L-15km-45°-HFLF-Cryo+2CE 89877 19129 145 272 9841
2L-15km-0°-HFLF-Cryo+2CE 78798 14909 125 640 7592

differences are smaller but still significant, especially with 1 CE



Multi-messenger Astrophysics with ET
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ign-energy GRB EMISSION MECHANISMS,
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Credits: Ghirlanda
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ign-energy GRB EMISSION MECHANISMS,
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Key parameters:

« Abllity 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
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(e) 2L 20 km HFLF cryo

Full (HFLF cryo) sensitivity detectors

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

On-axis

/ events

AQgoo, (deg?) All orientation BNSs BNSs with viewing angle ©, < 15°
Al10 | Al5 | 2L 15 2L 20 | A10 | Al5 | 2L 15 2L 20
10 11 27 24 45 0 1 2 5)
40 78 - 162 350 8 22 20 33
100 280 | (64 644 1282 26 74 68 133
1000 2112 | 5441 | 7478 | 13482 | 272 | 632 | 1045 1725
Facte Factor 4 better



Without low-frequency

10t

Full (HFLF cryo) sensitivity detectors

10*

AQgoo, (deg?) All orientation BNSs BNSs with viewing angle ©, < 15° g
A0 | Al5 | 2L 15 | 2L 20| A10 | A15 | 2L 15 9L, 20

10 11 | 27 | 24 45 0 1 2 5

40 78 | 215 | 162 | 350 || 8 | 22 | 20 33

100 280 | 764 | 644 | 1282 || 26 | 74 | 68 133 R

1000 2112 | 5441 | 7478 | 13482 272 | 632 | 1045 1725 (b) A 15 km HFLF cryo

10

HF sensitivity

10!

AQgoo (deg?) All orientation BNSs BNSs with viewing angle ©, < 15° q
A10 | A15 | 2L 15 | 2L 20 || A10 | A15 | 2L 15 2L 20 =10
10 0 1 ) ) 0 0 2 2 10
40 4 [ 10| 20 | 47 |0 | 5 6 T
100 14 53 76 144 7 33 35 64 IR -+ P
1000 145 | 548 | 1662 | 3378 1302 (e) 2L 20 km HFLF cryo (f) 2L 20 km HF

significantly smaller number of well-localized events
decrease of well-localized events more severe for the A configurations

* alarge fraction of well-localized events already missed at small z

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



Without low-frequency

Full (HFLF cryo) sensitivity detectors

AQggo (deg?) All orientation BNSs BNSs with viewing angle ©, < 15°
A10 | Al5 | 2L 15 | 2L 20 | A10 | A15 | 2L 15 2L 20

10 11 27 24 45 0 1 2 )

40 78 | 215 | 162 350 8 22 20 33

100 280 | 764 | 644 | 1282 | 26 74 68 133

1000 2112 | 5441 | 7478 | 13482 | 272 | 632 | 1045 1725

HF sensitivity detectors

AQgqy, (deg?)

All orientation BNSs

BNSs with viewing angle ©, < 15°

A10

A15

2L 15

2L 20
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2L 15

2L 20
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While HF 2L 15km and 2L20km localize worse than HFLF cryo A10km for randomly oriented systems
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2L HF15 km is comparable the full A10km-cryo for on-axis events
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Pre-merger detections
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Credits: Banerjee et al. in prep
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)



Full (HFLF cryo) sensitivity detectors

AQgo All orientation BNSs BNSs with ©, < 15°
Configuration
[deg?] 30 min | 10 min | 1 min | 30 min | 10 min | 1 min
10 0 1 5 0 0 0
100 10 39 113 2 8 20
A10km
1000 85 293 819 10 34 10
All detected 905 4343 | 23597 81 393 | 2312
10 1 5 11 0 1 1
100 41 109 281 6 14 36
Al15km
1000 279 806 | 2007 33 102 295
All detected 2489 | 11303 | 48127 221 1009 | 4024
10 0 1 8 0 0 0
100 20 54 169 2 7 26
2L 15 km misaligned
1000 194 565 | 1399 23 73 199
All detected 2172 9598 | 39499 198 863 | 3432
10 2 4 15 1 1 2
2L 20 km misaligned | 100 39 118 | 288 7 19 47
1000 403 1040 | 2427 47 128 346
All detected 4125 | 17294 | 56611 363 1588 | 4377

Detections within z=1.5

A15km

perform better than
A10km and 2L15km
comparable to 2L20 km



Full (HFLF cryo) sensitivity detectors

AQgo All orientation BNSs BNSs with ©, < 15°
Configuration
[deg?] 30 min | 10 min | 1 min | 30 min | 10 min | 1 min
10 0 1 5 0 0 0
100 10 39 113 2 8 20
A10km
1000 85 293 819 10 34 10
All detected 905 4343 | 23597 81 393 | 2312
10 1 5 11 0 1 1
100 41 109 281 6 14 36
Al15km
1000 279 806 | 2007 33 102 295
All detected 2489 | 11303 | 48127 221 1009 | 4024
10 0 1 8 0 0 0
100 20 54 169 2 7 26
2L 15 km misaligned
1000 194 565 | 1399 23 73 199
All detected 2172 9598 | 39499 198 863 | 3432
10 2 4 15 1 1 2
2L 20 km misaligned | 100 39 118 | 288 7 19 47
1000 403 1040 | 2427 47 128 346
All detected 4125 | 17294 | 56611 363 1588 | 4377

Detections within z=1.5

On-axis similar

2L15km better than
A10km



Without low-frequency

~

% HF sensitivity detectors
Configuration AQqggo All orientation BNSs BNSs with 6, < 15°

[deg?] 30 min | 10 min | 1 min | 30 min | 10 min | 1 min

100 0 0 0 0 0 0

A10km 1000 0 0 el 0 1

All detected 0 2 Q‘g 0 26

100 0 ‘a'® 0 0 0

A15km 1000 6Q 06\‘ N 0 0 4

All detected &\19 0{)0 891 0 0| 84

100 \00 66\0 0 0 0 0 0

2L 15 km misaligned | - 60 J 0 7 0 0 3

0 7 743 0 1 69

1 0 0 3 0 0 0

9L 20 km misaligned | 1000 0 0 13 0 0 6

All detected 2 11 | 1535 0 1 146

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



HIGH-ENERGY

MNDINIOTIINR )L QL0 INNINONDILITIEND ALZYYAL L )

Following Ronchini et al. 2022, A&A



Prompt and afterglow emission from a structured jet
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Model calibration using the properties of
observed short GRB samples

Starting with the BNS population

Comparison with statistical properties of Fermi GBM short GRB sample
Optimal parameters estimated via MCMC

175 7 T
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GRB data from Ghirlanda 2016



GW + y-ray joint detections per year

Survey mode

band Flim

INSTRUMENT M o _1 | FOV/4x loc. acc. Status
eV erg cm “ s
Fermi-GBM 0.01 - 25 0.5 0.75 5 deg Operating mission
GECAM 0.006 - 5 2 x 1078 1.0 1 deg ==\ mission
HERMES 0.05- 0.3 0.2(%) }
GRINTA-TED w—/
T
o percent
Alarg GW €O nterP
Instrumen\ ha\le a
’/1‘3’ 12 9 8 7
Fermi-GBM /—Jafr 4478 16172% [ 8379 % | 7975, % | 8971 %
GECAM | __—or—r [ 8973, | 8173 | 9673 | 51%.% [ 7473% | 7073% | 807;%
HERMES 86731 | 120747 | 117737 | 13273 | 5575% | 7875% | T470% | 857 0%
GRINTA-TED | 77755 | 107558 | 98%3L [ 114758 | 577 1°% | 7978% | 7479% | 8573%
THESEUS-XGIS | 1073 | 1375 | 1375 | 1575 |57 3,% | 7975% | 7373% | 857 %

Number of joint GW/GRB  percentage of detected GRB
detections per year with a GW signals



GW + y-ray joint detections per year

Survey mode

INSTRUMENT ]K?:\‘} rg Cﬁi’_nz 1 | FOV/4r | loc. acc. Status

Fermi-GBM 0.01 - 25 0.5 0.75 5 deg Operating mission

GECAM 0.006 - 5 2 x 1078 1.0 1 deg Operating mission

HERMES 0.05 - 0.3 0.2(*) 1.0 1 deg Mission concept

Pathfinder next few yrs

GRINTA-TED 0.02-10 0.45 0.64 5 deg(**) Mission concept
Launch 2031

THESEUS-XGIS | 0.002 - 10 3x1078 0.16 < 15 arcmin Mission concept
Launch 2037

Full (HFLF cryo) sensitivity detectors

Instrument A10 | A15 [ 2L15 | 2L 20 | A10 A15 [ 2L15 | 2L 20
Fermi-GBM 3175 | 42713 | 3975 | 447y | 6171% | 8375, % | 7971, % | 897 5%
GECAM 61752 | 89737 | 81735 | 96752 | 5173% | 7472% | 7075% | 8073%
HERMES 8675% | 120730 | 117737 | 132F3 | 5579% | 7878% | 7475% | 8573%
GRINTA-TED | 77731 [ 107731 | 98%3 | 1147358 | 57700% | 7978% | 7473% | 8573%
THESEUS-XGIS | 1073 | 1375 | 1373 | 1573 [5775,% | 7975% | 7371'% | 857 %

—

The percentage of GRBs with a GW counterpart significantly increases
going from A10km to 15 km and 20 km configurations




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

20 4 ___ —— delta-10-cryo
! —— delta-15-cryo
T _ — 2L-15-cryo
I === —— 2L-20-cryo
I
-==- HERMES tot
= '
I
—_——n
Q o — ——
<10 / __

0.0 0.5 1.0 1.5 2.0 2.5 3.0
redshift

e the most significant improvement is from A10km to a 15 km configuration

* 15 and 20 km configurations are able to increase the number of joint detectionsat z >0.9
with respect to A10km (cosmological parameter and test of modified gravity)



GW + y-ray joint detections per year

Survey mode

Full (HFLF cryo) sensitivity detectors

Instrument A10 | AI5 [ 2L15 | 2L 20 | AI0 | AIl5 | 2L 15 | 2L 20
o o€l 317 | 42FIL [ 3071 | 44T [61712% | 8379 % | 1975, % | 897 4%
GECAM 61750 | 89751 | 81732 [ 96752 | 5173% | 7472% | 7075% | 8073%
HERMES 86 5; | 12075) [ 117037 [ 182750 [ 5577% | 78%3% | T4T0% | 8572%
GRINTA-TED 77750 10775 | 98755 | 11475
THESEUS-XGIS = 107, | 137 | 13%5 | 157 20 St B —— delta-10-cryo
__ ! delta-10-HF
¢ HF sensitivity dete -——— — 2L-15-cryo
Instrument A10 | A15 [ 2L 15 [ 2L 20 I T — 2L-15-HF
Fermi-GBM 2077 | 3379 | 2075 | 8% 15 | === HERMES tot
GECAM 35720 | 62738 | 58738 | 774 I
HERMES 52775 | 91759 | 83%58 [ 107757 ===
GRINTA-TED | 467% | 80°0) 74700 | 94758 o e I,
THESEUS-XGIS | 672 | 10°] o7 [ 1275 <= 10y —
I
|
HF only: N =
* percentage of detected short GRBs v ] i -
significantly decreases for each configu
* the performance of A15km and 2L15 ° | | | | |
0.0 0.5 1.0 1.5 2.0 2.5 3.0

comparable to A10km full sensitivity redshift



Joint detection GW+X-ray afterglow per year

SURVEY MODE

Full (HFLF cryo) sensitivity detectors

Instrument

A10

Alb

2L 15

2L 20

THESEUS-SXI survey 1075 | 1375 | 1275 | 1273
THESEUS-(SXI+XGIS) survey | 2172 | 217% | 207, | 2177
HEF sensitivity detectors
Instrument A10 | A15 | 2L 15 | 2L 20
THESEUS-SXI survey 875 | 1175 | 1075 | 1175
THESEUS-(SXI+XGIS) survey | 1677 | 197 | 197¢ | 217

THESEUS

 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



Joint GW+afterglow detections per year

— all
~——— on-axis, 6, <5°

4 —— off-axis, 6, > 5" \

THESEUS
31 THESEUS-(SXI+XGIS) operating with
- 2L20km full sensitivity
3
<,
11
0{ — — =
0.0 0.5 1.0 1.5 2.0 2.5 3.0

redshift

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



THERMAL EMISSION - KILONOVAE

KILONOVA PHYSICS, NUCLEOSYNTHESIS,
NUCLEAR PHYISCS and COSMOLOGY



ET+Vera Rubin synergy

BNSs detected with a sky-localization < 40 deg?
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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)



ET+Vera Rubin synergy

Full (HFLF cryo) sensitivity detectors

Configuration Naw,vroO VRO Naw,vroO VRO Naw,vro VRO

Q < 20 deg? time Q) < 40 deg? time Q) < 100 deg? time
A10 14 (14) [ 11% (3.3%) | 36 (39) 5.1% (15%) 96 40%
A15 38 (42) | 3.3% (9.8%) | 84 (101) | 14.2% (42%) 163 > 100%
oL 15 28 (28) | 2.2% (6.5%) | 62 (77) | 10.6% (31%) 189 93%
2L 20 55 (64) | 5% (14.9%) | 115 (152) | 23.1% (68%) 324 > 100%

rY 4 >
600 s 1800 s Percentage of Increase number of detections but the percentage of time to
VRO time be used becomes prohibitive and more contaminants!

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

e A15km is slightly better than 2L15km giving a number of detection about 30% larger

 A15km is significantly better than A10km giving about a factor 2 larger number of detections



ET+Vera Rubin synergy

Full (HFLF cryo) sensitivity detectors

Configuration | Ngw,vro VRO Naw,vRO VRO Naew, vro VRO

Q < 20 deg? time Q) < 40 deg? time Q) < 100 deg? time
A10 14 (14) | 11% (3.3%) | 36 (39) 5.1% (15%) 96 40%
A15 38 (42) | 3.3% (9.8%) | 84 (101) | 14.2% (42%) 163 > 100%
2L 15 28 (28) [ 22% (6.5%) | 62 (77) | 1067 ~_\orQ€ 89 93%
5T, 20 55 (64) | 5% (14.9%) | 115 (1 f\“,“o de\ed a % > 100%

Without low-frequencv \S critic? arts
cy (\\Grp
ae Y

~..vy detectors

( Naw vrRO VRO New,vrRO VRO

he % Y\Um v ueg? time Q) < 40 deg? time ) < 100deg? | time
0 (0) 0% (0%) 2(2) | 0.3% (0.8%) 1 2%

15 2(2) | 02% (05%) | 3(4) | 0.7% (1.9%) 8 75%
oL 15 3(4) | 04% (1.2%) |  7(7) 1.3% (3.9%) 2% 11%

0.6% (1.6%) | 15 (18) | 3.1% (9.3%) 32 20.8%

ONLY HF:
* small number (a few) of detections per year expected with the A—HF configurations
e this number increases to a few tens for the 2L—-HF configurations



stochastic backgrounds
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multipole decomposition of the stochastic background

1079
107151 —e— A-15km, odd
10-11 —e— A-10km, odd
—e— 2L-20km, aligned, odd
1071 _13| —*- 2L-20km, misaligned, odd
10 | —e— 2L-15km, aligned, odd
10-191 10-15 ] --o- 2L-15km, misaligned, odd .3
= 10-21] =107
10-23 ] A-15km, even 10749
_________ —o— A-10km, even
______ —e— 2L-20km, aligned, even 10721 -
10-25 1 --e- 2L-20km, misaligned, even
—e— 2L-15km, aligned, even 1023
-o- 2L-15km, misaligned, even
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correlated Netwonian, seismic and magnetic
noise.

A threat for the triangle?

= impacts stochastic
backgrounds searches
Ol 7 .
CrNow but possibly also CBC
CovNawu and unmodeled bursts
1/ 9 * CNNBW,LNM
Coh x CNNBW,LNM
E 1/ 9% C'oh x CNNBW,LNM
012 Qg See talk by
10_133 Design A+ Kamiel Janssens
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Impacts on specific science cases

(a selection of the examples worked out)

Physics near BH horizon

Afao 0.9% (ﬂ) ATy 2% ( 100 )

SNRawis0914 || HFLF-cryo | HF-only f220 SNR T990 SNR
A-10 km 141 141
A-15 km 190 190
2L-15 km-0° 196 196
2L-15 km—45o 192 192 T Naet(SNR > 12) | Naet(SNR > 50) | Naei(SNR > 100) | max(SNR)
2L-20 km-0 240 240 T
21-20 km-45° 235 235 ET
AZ10 km 5272 i 1 255
A-15 km 12916 139 15 312
Ringdown SNR of GW150914-like event gl e e o e
21,-20 km-0° 19081 248 22 309
91,20 km-45° 18695 252 21 376

Ringdown detections per year



ET (+1CE) || Naet(SNR > 12) | Naet(SNR > 50) | Ngeg(SNR > 100) | max(SNR)
A-10 km 17690 202 17 206
A-15 km 24495 335 32 346

2L-15 km-0° 23202 311 29 304

21-15 km-45° 23125 308 30 356

21-20 km-0° 29278 490 45 343

21-20 km-45° 29208 482 42 405
ET (+2CE)
A-10 km 22056 290 26 302
A-15 km 28498 424 40 351
2L-15 km-0° 27146 408 39 311
21-15 km-45° 27134 396 38 362
21-20 km-0° 32796 606 54 348
21-20 km-45° 33006 593 53 409

Differences remain significant also with 1 or 2 CE



distinguishing exotic compact objects from
BHs

: (— A-10km |
I = A\-15km
103\ — 2L-15km-0° \

F N\ = 2L-15km-45°
< [ 2L-20km-0°
(S o

102 3 \_ 21.-20km-45 |

- d, = 100Mpc Y 7
1015' HFLF-Cryo \\__f_/ HF

Mtot[MG)] Mtot [MG)]

10° 101 102 109 10! 102



Nuclear Physics

e see talk by Tim Dietrich

one example:

—— A 10km HFLF cryo —— 2L 45° 20km HFLF cryo
—— A 15km HFLF cryo —— 9L 0° 15km HFLF cryo — A 10km HFLF Cryo 2L 45° 15km HFLF Cryo
—— 2L 45° 15km HFLF cryo 2L 0° 20km HFLF cryo —— A 10km HFLF eryo —— A 10km HF only — 2L 45° 15km HF only
EoS DD-LZ1 BNS EoS DD-LZ1 BNS EoS DD-LZ1 BNS
104_ 104- 104
0w w 195}
= 10 = 103 2100
: s g
Sy Sy Gy
o o
o107 = 102 & 107
<5 (5 <5
Qo Q Q
: - :
Z. 104 Z 10 Z 10!
103 10% 100
103 102 10! 10° 103 102 10~ 10° 103 102 101 10°
AR/R AR/R AR/R

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



Population studies

injected .
b roconstructed, A 10km Merger rate reconstruction

¢ reconstructed, 2L 45° 15km

35000 -

30000 -

) 2L-15kboth 10km triangle and

25000 - " 2L-15km-45° reconstruct it correctly,

0 : but m-45° is better by a factor 2-3
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primordial BHs

Detections at z> 30 are a smoking-gun signature

Configuration | Nuet(z > 10) [1/yr] | Naee(z >30) [I/yr] | fegi™"'[x107°] | (based on a PBH population model fitted to
A-10km 1140.01 76.81 2.61 GWTC-3)
A-15km 1763.87 260.65 1.42
2L-15km-0° 1596.61 238.16 1.48 . .
21-15km-45° 1650.87 220.86 1.54 LF crucial: N(Z>3O) =0 otherwise !
2[-20km-0° 1983.97 433.82 1.10
2L-20km-45° 2080.13 415.80 1.12
Configuration Naet(z > 10) [1/yr] | Naet(z > 30) [1/yr] Sogtrained 151077
CE40km 1373.48 47.07 3.34
A-10km + CE40km 1940.35 180.08 1.71
A-15km + CE40km 2275.96 372.14 1.19
significant differences 2L-15km-45° + CE40km 2210.49 332.89 1.26
also in a network with 1CE 2L-20km-45° + CE40km 2476.43 522.32 1.00




Cosmology

Joint GW-GRB detections, ET+THESEUS Joint GW-kilonova detections, ET+VRO
— iigtﬁ EFLAFl oclfyo HFLF cryogenic
— 2 bk — 15;215}{ Configuration | AHy/Hy | AQ /o
It A-10km 0.009 0.832
A-15km 0.007 0.303
2L-15km-45° 0.006 0.370
o a ] Y 2L-20km-45° 0.004 0.243
SR
S HF only
o Configuration | AHy/Hy | AQp/Q
Ve s e o p e A-10km 0.065 1.23
H, Qo [ [ ut A-15km 0.057 1.86
RO 21-15km-45° 0.066 1.31
Configuration | AHo/Hy | AQu /Q Qu o 2L-20km-45° 0.031 1.22
A-10km 0.057 0.546 ’
A-15km 0.035 0.290
2T,-15km-45° 0.040 0.370 Note: the bounds becomes stronger using the Planck prior on Q,,
2L-20km-45° 0.029 0.276

See the paper for DE EoS and modified GW propagation



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

Configuration AHy/Hy AQnr /v
A-10km 9.63 x 1072 | 1.10 x 10!
A-15km 7.20 x 1072 | 6.62 x 1072
2L-15km-45° | 7.59 x 10=3 | 7.47 x 102
2L-20km-45° | 5.90 x 1072 | 5.04 x 102

1.00 -]
—— A10km
—— 2L45° 15km
T 0.50 | —— 2L45°20km
0.25
0.00 = |
66 68
0.40 -
20
035 - v
S N\
3 i
T |
0.25
O —]
I I I I I I I
66 67 68 69 0.2 0.3 0.4
Hy Qum




Summing up....



Comparison between geometries

* for BBH parameter estimation:

* the 2L-15km-45° improves significantly on the 10 km triangle for d, 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

Configuration Adr/dr, < 0.3 | Adr/dp < 0.1 | AQgoy, < 100deg® | AQgge, < 10 deg?
A-10km-HFLF-Cryo 748 52 184 8
A-15km-HFLF-Cryo 1756 153 479 23
2L-15km-45°-HFLF-Cryo 4328 479 559 25
2L-20km-45°-HFLF-Cryo 7821 919 1028 43
92L-15km-0°-HFLF-Cryo 774 48 293 12
2L-20km-0°-HFLF-Cryo 1499 104 565 23




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



e for stochastic backgrounds

10—12 -

10713 4,

== = 2| 20km (0 deg)
=== 2L 20km (45 deg)
== = 2| 15km (0 deg)
== 2L 15km (45 deg)
= A 10km

=== 15km

s TP T E g e
=
e 2

10° 10! 102 103

for the isotropic sensitivity:

2L at 45° the less good

2L parallel the best below 100 Hz
triangle the best above 100Hz

107°

10—11 J

10—13 J

10713+

2107V,

10—19 J

10721

10—23 J

—e— A-15km, odd

—e— A-10km, odd

—e— 2L-20km, aligned, odd
--o- 21-20km, misaligned, odd
—e— 2L-15km, aligned, odd
2L-15km, misaligned, odd

100 10!

For angular resolution:
2L better than triangle




e correlated Newtonian and seismic noise

1076
10-7 ',""‘
1o 4 a potential treath for the triangle
3 CNNBW
1079 o CNNBW.LI\'M
. 1/9 * CNNB\V.LI\'M
10-10 . .
3 Coh * Cangw also, correlated magnetic noise
1/9 % Coh % Crxe « : : :
. /m* O ¥ NN and lightening strikes
10-12 QET
Design A+
10_13I ! ! L ! ! LA | ! ! LA L
100 10! 102 103

Frequency [Hz|



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

[ Naet(SNR > 12) [ Nger (SNR > 50) [ Naeo(SNR > 100) | max(SNR)

SNRGWl50914 ‘ ‘ HFLF-CI‘yO

LVKI-05 || 22 | 0 | 0 I
A-10 km 141 ET
° . A-15 km 190 A-10 km 5272 255
teStS Of G R . 2L-15 km-0° 196 A-15 km 12916 139 312
o 2L-15 km-0° 11602 109 265
2L-15 km-45 192 2L-15 km-45° 11277 110 10 323

* nuclear physics: minor differences (AR from 10.0m to 6.4m)

* merger rate reconstruction; improvement by a factor ~3

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

* PBH: improvement by a factor ~3 for events at z>30

* cosmology: improvements ~1.5 on H,, w,, &,



Conclusions on the geometries

1. All the triangular and 2L geometries that we have investigated can be the baseline
for a superb 3G detector, that will allow us to improve by orders of magnitudes
compared to 2G detectors, and allow us to penetrate deeply into unknown territories.

2a. The 2L-15km-45° configuration in general offers better scientific return with
respect to the 10 km triangle, improving on most figures of merits and scientific
cases, by factors typically of order 2-3 on the errors of the relevant parameters.

2b. The 2L-15km-45° configuration has a scientific output very similar to that of
the 15 km triangle




* asingle 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 d,
— total loss of MMO, cosmology, ...

ive number of even

Cumulative number of even

mber of
e e e e e e
(=} (=} [=} (=} o [=}
-2 > 2, 2, 2 2,

Cumulat.
[==) (=) fe=) o
H\

* no stochastic backgrounds

e difficult to distinguish short signals from glitches

3. A single L-shaped detector is not a viable alternative, independently of arm length.
If a single site solution should be preferred for ET, the detector must necessarily have
the triangular geometry.




The role of the LF instrument

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

\ Configuration H Adp/dp <0.3 | Adyp/dp <0.1 ] AQqgoy < 100 deg? ‘ AQggy, < 10 deg? H
A-10km-HFLF-Cryo 748 52 184 8
A-15km-HFLF-Cryo 1756 153 479 23
2L-15km-45°-HF LF-Cryo 4328 479 559 25
2L-20km-45°-HFLF-Cryo 7821 919 1028 43
2L-15km-0°-HFLF-Cryo 774 48 293 12
2L-20km-0°-HF LF-Cryo 1499 104 565 23
A-10km-HF 4 1 4 0
A-15km-HF 7 1 11 1
2L-15km-45°-HF 126 12 11 0
2L-20km-45°-HF 262 22 24 1
2L-15km-0°-HF 20 1 11 1
2L-20km-0°-HF 28 2 24 1

— no MMO, no standard sirens cosmology



e premerger alerts impossible without the LF instrument

Full (HFLF cryo) sensitivity detectors

Confrat AQouy, All orientation BNSs BNSs with ©, < 15° HE sensitivity detectors
onfiguration . . . . °
(deg?] 30 min | 10 min | 1 min | 30 min | 10 min | 1 min Configuration AQgoy, All orientation BNSs BNSs with ©, < 15
10 0 ) 5 0 0 0 [deg?] 30 min | 10 min | 1 min | 30 min | 10 min | 1 min
100 10 39| 113 2 8 20 100 0 0 0 0 0 0
A10km

1000 85 203 | 819 10 34 10 A10km 1000 0 0 4 0 0 1
All detected 905 | 4343 | 23597 81 393 | 2312 All detected 0 3| 317 0 0 26
10 0 ! 8 0 0 0 100 0 0 0 0 0 0
100 20 54 169 2 7 26 L

2L 15 km misaligned 2L 15 km misaligned | 1000 0 0 7 0 0 3
1000 194 565 1399 23 73 199
All detected | 2172 | 9598 | 30409 | 198 | 863 | 3432 All detected 0 T 143 0 1 69

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)



HFLF cryogenic HF only

* HF only has a significantly smaller .
reach in distance

— AET-D e 2L45°15km' — AET-D —— 2L45°15km
—— A10km — 2L45°20km A10km 2L.45° 20 km
—— A15km —— Al5km
107110“ 10! 10? 10° 10* 1071100 10! 10% 10° 10
Mtot (MO) Mtot (MG)
- 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
| Configuration | Nuew(z > 10) [1/yr] | Naei(z > 30) [1/y1] | fagi=med[x1077] | | Configuration | Naet(z > 10) [1/y1] | Naet(z > 30) [1/y1] | foga™ ™ [x1077] |
A-10km 1140.01 76.81 2.61 A-10km-HF 15.47 0.00
A-15km 1763.87 260.65 1.42 A-15km-HF 84.91 0.00
2L-15km-0° 1596.61 238.16 1.48 21-15km-0°-HF 75.08 0.00
21.-15km-45° 1650.87 220.86 1.54 2L-15km-45°-HF 69.48 0.00
21.-20km-0° 1983.97 433.82 1.10 2L-20km-0°-HF 177.84 0.00
2L-20km-45° 2080.13 415.80 1.12 2L-20km-45°-HF 169.81 0.00

- 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:

4. The low-frequency sensitivity s crucial for exploiting the full scientific potential
of ET. In the HF-only configuration, independently of the geometry chosen, several
crucial scientific targets of the science case would be lost or significantly diminished.




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

e post-merger signal of BNS

* search for sub-solar mass PBHs

5. There are some very interesting targets of the Science Case that depend only on
the HF' sensitivity, and that could be fully reached with an HF-only instrument.




In certain cases, the 2L-15km-45° HF-only is
comparable to the 10km triangle with full
HFLF-cryo sensitivity T T

* parameter estimation of BBHs (but not BNS!) B

Cumulative number of event;

* nuclear physics

e all items where the LF instrument is not il

important, see above

10 102 10 100
Af;y (rad)




Summary of the summary....

1. All the triangular and 2L geometries that we have investigated can be the baseline
for a superb 3G detector, that will allow us to improve by orders of magnitudes
compared to 2G detectors, and allow us to penetrate deeply into unknown territories.

2a. The 2L-15km-45° configuration in general offers better scientific return with
respect to the 10 km triangle, improving on most figures of merits and scientific
cases, by factors typically of order 2-3 on the errors of the relevant parameters.

2b. The 2L-15km-45° configuration has a scientific output very similar to that of
the 15 km triangle

3. A single L-shaped detector is not a viable alternative, independently of arm length.
If a single site solution should be preferred for ET, the detector must necessarily have
the triangular geometry.




4. The low-frequency sensitivity is crucial for exploiting the full scientific potential
of ET. In the HF-only configuration, independently of the geometry chosen, several
crucial scientific targets of the science case would be lost or significantly diminished.

5. There are some very interesting targets of the Science Case that depend only on
the HF' sensitivity, and that could be fully reached with an HF-only instrument.

6. For several important aspects of the Science Case, the 2L with 15 km arms at

45°, already in the HF-only configuration, is comparable the 10 km triangle in a full
HFLF-cryo configuration.




Inputs for further studies

* The 2L-15km-45° 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

e start a detailed analysis of the costs of different configurations



