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The Cosmological Model

The rate of cosmological expansion in a flat ACDM Universe model is

characterized by the Hubble-Lemaitre parameter as a function of redshift
z:

Hubble
constant

fractional fractional
matter dark energy
density density

Observational problem
Why the current state-of-the-art measurements of the Hubble constant
disagree?

Planck (CMB): Type IA SNe:

[Planck collaboration, 2016] [Riess, 2021]



Cosmology with Gravitational Waves

We have a total of 15 parameters: Using the TaylorF2 approximant:

» 2 masses (in detector frame)

» 6 spin components by o o (%)5/6 L (1 + cos? L) v
» polarization dr, c? f7/6 2

» inclination angle ¢ . GMNS/6 1 .

» luminosity distance di, hx o< | ( 3 ) F776 oS re’Vx

> sky position (RA, DEC) B

» phase and reference time

Gravitational waves are self-calibrated luminosity distance indicators:
cosmic rulers

[Schutz,1986]



How do we measure the redshift?

Astrophysical Models:

Complementary methods:

BRIGHT SIRENS DARK SIRENS




Dark Sirens

» Given a GW event and a galaxy catalogue, each galaxy in the GW
localization volume is a potential host

P The redshift is assigned probabilistically: each galaxy has an associated z, so
Hy can be determined

PROS: CONS:

[Schutz,1986], [Gray et al., 2020]



aaaaaaa

3G Detectors:
Fisher Matrix Approach



GWFISH: a new Fisher Matrix Software

J. Harms, U. Dupletsa, B. Banerjee, M. Branchesi, B. Goncharov,
A. Maselli, A. C. S. Oliveira, S. Ronchini, J. Tissino
[Arxiv:2205.02499]
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Modeling of different types of detectors: L-shape, A-shape, space (LISA) and lunar
detectors (LGWA)

Focus on the next generation interferometers:

» Upgrades to currents infrastructures (LIGO-H, LIGO-L, LIGO-India, Virgo, KAGRA)
» 3G detectors: Einstein Telescope (ET) and Cosmic Explorer (CE) (2035s)

» The approved space-borne detector LISA (2035s)

» Lunar detector concept LGWA

Multi-band observations
Integrates all LALSimulation approximants
Incorporates the motion of detectors (amplitude and phase modulation of GW signals)

Takes care of numerical errors in Fisher matrix inversion (normalization and SVD)


https://arxiv.org/pdf/2205.02499.pdf

Parameter Estimation with Fisher Matrix

The Fisher matrix approach is based on the Gaussian approximation of
the likelihood, which is valid in the high SNR limit:

L o exp (—%aiﬂ-ef)

The covariance matrix is the inverse of the Fisher matrix, calculated from

—

the signal model h(0):




Comparison with Bilby, a Bayesian PE software

To validate Fisher matrix analysis we did a comparison with a full
Bayesian estimation software, Bilby, for a few signals:

» In the high SNR limit, Bilby and GWFish show a good match: a Fisher
matrix approach can produce useful estimates of PE errors

» Using GWFish allows to process a large amount of data in a relatively
short time, which would be impossible with full Bayesian PE given the
practical constraints on the viable computational resources

» OQur goal is to have high statistics to investigate detection capabilities of the
next generation detectors (ET, in primis) and Fisher-matrix softwares, as
GWFish, are the best option at the current state



Comparison with Bilby: PE results

Signal 1 Signal 2 Signal 3
Parameter | GWFish Bilby GWFish Bilby GWFish Bilby
RA [rad] | 0.377%7, 2.2135, 3.079,%%8 1.2 %00 41743 4.27928
DEC [rad] | —0.367%%,  —0.317h%. | —0.28f%G00%  —0.821%%, | —0.97L3  —1.0793%,
Vlrad] | 17155 2215% 451501 LaT%he | 21005 200557
e [ ol et | urgls gy [o%im onw
di, Mpc] | 4537459 5761770, 453743 47773 45378 45374 L
m oMol | 107555 0.815% 30:5% 30155 6051 6025 0oz
masclMol | 5-00G%, 49t | 15700 1555 0050 30N

[J. Harms, U. Dupletsa, et al.]
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Bilby vs GWFish: corner plot for Signal 3

injected
value

59.99+008

RA [rad]

2

—

dec [rad]

W [rad]

J

\

30.004392

J

\

1.26439%

—— GWFish
— Bilby

4.20%038

453.16:4%3 ) «——— Value recovered by Bilby

(median=std)

B

gl

—1.00+34¢

La

X

J

L

2.04%0:9¢

LALARCA
b

N

5%
S

LAt AT LN
&

)
&

&
&

my [Mo]

&
)|
&
&

S >
e 3]
mz [Mo

S S
e

Dy [Mpc]

S IR B
2© 49 » X
(rad] RA [rad]

e

)

dec [rad]

K3 K3

W [rad] 1



Detector Capabilities Studies
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3G Detector Network
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» These are sky-localization results for BNSs at 90% confidence interval

» BNSs are considered at various fixed luminosity distances

» Each curve contains 1000 equal mass, 1.4Mg, BNS systems

» ET has unique localization capabilities (multi-messenger studies)

»> An ET-+2CE network manages to localize almost all the injected signals within 10 deg?

[J. Harms, U. Dupletsa, et al.]

13



Einstein Telescope

» Analysis of GWTC-3 catalogue with ET alone: merger time, masses and
distance are taken from the catalogue (angular parameters are drawn
randomly, the spins are zero).

» For each signal 10 realizations of angular parameters were simulated

» The table summarizes the median SNR and sky-localization for each signal
that showed less that 1000 deg? of localization

» ET could have observed these signal for much longer allowing a much better

localization

[J. Harms, U. Dupletsa, et al.]

GWI170817|GW190425 | GW190707
Median SNR 710 190 230
Median sky-location |4.0 67 34
error  [deg?] (90%
conf.)
Masses [Mg] 1.46,1.27 2,14 12, 8.4
Luminesity distance|40 160 800
[Mpc]
Time until merger|2.6-10° [1.8-10" |930
starting from 3Hz [s]
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Focus on ET alone as a network
and study ET detection capabilities
for BBH systems:

>

>

Impact of spin and higher order
modes

Best waveform approximants

Search for "lucky” signals at
high z with precise df,
measurements

Study of low z signals for
galaxy catalog searches
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ET Preliminary (1)

» Analysis of 1000 BBH signals
» Using ET alone, from 2Hz to 1024Hz

» Studying the impact of precession in reducing errors on ¢ and df,
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ET Preliminary (I1)

IMRPhenomHM IMRPhenomXPHM
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Thank you for your time!
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Bilby vs GWFish: a low SNR case
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GWFish: a multi-band study

LISA ET ET + LISA
SNR 70.5 250 260
ml [Mg] | 4000 + 0.024 4000 £ 0.24 4000 £ 0.017
m2 [Me] | 2000+£0.011  20004+0.97 2000 =+ 0.008
di, [Mpc] 1200 £ 20 1200 £ 90 1200 £ 17
RA [rad] 0.37 £ 0.02 0.37 £ 0.02 0.37 £ 0.005
DEC [rad] | —0.36 £0.01 —0.36+£0.01 —0.36 & 0.003
¢ [rad] 1.6 £ 0.08 1.6 £ 0.015 1.6 +£0.003
Y [rad] 1.7 +£0.012 1.7 +0.005 1.7 +£0.002
sky-location [deg?] 7.1 8.2 0.65
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