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Forecasts with GWFAST

Forecasting the detection capabilities of
third–generation gravitational–wave detectors

using GWFAST

Francesco Iacovelli
Based on arXiv:2207.02771 and arXiv:2207.06910, in collaboration with:

Michele Mancarella, Stefano Foffa, Michele Maggiore

University of Geneva (UNIGE) – Department of Theoretical Physics

Young researchers’ day – Geneva 2022
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Introduction: Physics with GWs

GWs opened a new window on our
Universe:

Cosmology, e.g. H0 and
modified GW propagation

Astrophysics, e.g. formation
and evolution of compact
objects

Nuclear Physics, e.g. NS EoS
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Finke et al. JCAP08(2021)026 (2021)

RESULTS FOR Ξ0

 GLADE+ catalog, K-band luminosity 
weights,  only events with position at 
100% completeness

 Population model as determined by 
step 1, uncertainty treated as systematic 
(grey band)

 Step 2: cosmology + galaxy catalog 

 Summary  (step 1 & step 2)
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Mancarella et al. PRD105,064030 (2022)
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Introduction: Physics with GWs

GWs opened a new window on our
Universe:

Cosmology, e.g. H0 and
modified GW propagation

Astrophysics, e.g. formation
and evolution of compact
objects

Nuclear Physics, e.g. NS EoS

30

FIG. 9. The empirical cumulative density function F̂ =
P

k Pk(x)/N of observed binary parameter distributions (derived
from the single-event cumulative distributions Pk(x) for each parameter x) are shown in blue for primary mass (left), e↵ective
inspiral spin (center), and redshift (right). All binaries used in this study with FAR< 1/4yr are included, and each is analyzed
using our fiducial noninformative prior. For comparison, the gray bands show the expected observed distributions, based on
our previous analysis of GWTC-2 BBH. Solid lines show the medians, while the shading indicates a 90% credible interval on
the empirical cumulative estimate and selection-weighted reconstructed population, respectively. GW190814 is excluded from
this analysis.
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FIG. 10. The astrophysical BBH primary mass (left) and mass ratio (right) distributions for the fiducial PP model, showing
the di↵erential merger rate as a function of primary mass or mass ratio. The solid blue curve shows the posterior population
distribution (PPD) with the shaded region showing the 90% credible interval. The black solid and dashed lines show the PPD
and 90% credible interval from analyzing GWTC-2 as reported in [11]. The vertical gray band in the primary mass plot shows
90% credible intervals on the location of the mean of the Gaussian peak for the fiducial model.

m1 2 [5, 20]M� m1 2 [20, 50]M� m1 2 [50, 100]M� All BBH

m2 2 [5, 20]M� m2 2 [5, 50]M� m2 2 [5, 100]M�

PP 23.6+13.7
�9.0 4.5+1.7

�1.3 0.2+0.1
�0.1 28.3+13.9

�9.1

BGP 20.0+11.0
�8.0 6.3+3.0

�2.2 0.75+1.1
�0.46 33.0+16.0

�10.0

FM 21.1+11.6
�7.8 4.3+2.0

�1.4 0.2+0.2
�0.1 26.5+11.7

�8.6

PS 27+12
�8.8 3.5+1.5

�1.1 0.19+0.16
�0.09 31+13

�9.2

Merged 13.3 – 39 2.5 – 6.3 0.099 – 0.4 17.9 – 44

TABLE IV. Merger rates in Gpc�3 yr�1 for BBH binaries, quoted at the 90% credible interval, for the PP model and for three
non-parametric models (Binned Gaussian process, Flexible mixtures, Power Law + Spline). Rates are given for three
ranges of primary mass, m1 as well as for the entire BBH population. Despite di↵erences in methods, the results are consistent
among the models. BGP assumes a non-evolving merger rate in redshift. The merger rate for PP, FM, and PS is quoted at a
redshift value of 0.2, the value where the relative error in merger rate is smallest.
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TABLE IV. Merger rates in Gpc�3 yr�1 for BBH binaries, quoted at the 90% credible interval, for the PP model and for three
non-parametric models (Binned Gaussian process, Flexible mixtures, Power Law + Spline). Rates are given for three
ranges of primary mass, m1 as well as for the entire BBH population. Despite di↵erences in methods, the results are consistent
among the models. BGP assumes a non-evolving merger rate in redshift. The merger rate for PP, FM, and PS is quoted at a
redshift value of 0.2, the value where the relative error in merger rate is smallest.
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Introduction: Physics with GWs

GWs opened a new window on our
Universe:

Cosmology, e.g. H0 and
modified GW propagation

Astrophysics, e.g. formation
and evolution of compact
objects

Nuclear Physics, e.g. NS EoS

low-spin case and (1.0, 0.7) in the high-spin case. Further
analysis is required to establish the uncertainties of these
tighter bounds, and a detailed studyof systematics is a subject
of ongoing work.
Preliminary comparisons with waveform models under

development [171,173–177] also suggest the post-
Newtonian model used will systematically overestimate
the value of the tidal deformabilities. Therefore, based on
our current understanding of the physics of neutron stars,
we consider the post-Newtonian results presented in this
Letter to be conservative upper limits on tidal deform-
ability. Refinements should be possible as our knowledge
and models improve.

V. IMPLICATIONS

A. Astrophysical rate

Our analyses identified GW170817 as the only BNS-
mass signal detected in O2 with a false alarm rate below
1=100 yr. Using a method derived from [27,178,179], and
assuming that the mass distribution of the components of
BNS systems is flat between 1 and 2 M⊙ and their
dimensionless spins are below 0.4, we are able to infer
the local coalescence rate density R of BNS systems.
Incorporating the upper limit of 12600 Gpc−3 yr−1 from O1
as a prior, R ¼ 1540þ3200

−1220 Gpc−3 yr−1. Our findings are

consistent with the rate inferred from observations of
galactic BNS systems [19,20,155,180].
From this inferred rate, the stochastic background of

gravitational wave s produced by unresolved BNS mergers
throughout the history of the Universe should be compa-
rable in magnitude to the stochastic background produced
by BBH mergers [181,182]. As the advanced detector
network improves in sensitivity in the coming years, the
total stochastic background from BNS and BBH mergers
should be detectable [183].

B. Remnant

Binary neutron star mergers may result in a short- or long-
lived neutron star remnant that could emit gravitational
waves following the merger [184–190]. The ringdown of
a black hole formed after the coalescence could also produce
gravitational waves, at frequencies around 6 kHz, but the
reduced interferometer response at high frequencies makes
their observation unfeasible. Consequently, searches have
been made for short (tens of ms) and intermediate duration
(≤ 500 s) gravitational-wave signals from a neutron star
remnant at frequencies up to 4 kHz [75,191,192]. For the
latter, the data examined start at the time of the coalescence
and extend to the end of the observing run on August 25,
2017. With the time scales and methods considered so far
[193], there is no evidence of a postmerger signal of

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the Λ1 ¼ Λ2 boundary. The Λ1 and Λ2 parameters characterize the size of the tidally induced mass
deformations of each star and are proportional to k2ðR=mÞ5. Constraints are shown for the high-spin scenario jχj ≤ 0.89 (left panel) and
for the low-spin jχj ≤ 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156–160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M⊙. Under the
assumption that both components are neutron stars, we apply the function ΛðmÞ prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict Λ values outside our 90% contour.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-7

LVC Collaboration, PRL119,161101 (2017)
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Forecasts with GWFAST
ET and CE

3G GW detectors: ET and CE
2G detectors offer outstanding possibilities. . . but the

potential of 3G detectors is unprecedented

100 101 102 103

f (Hz)

10−25
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10−23

10−22

10−21

S
1/

2
n

(f
)

(H
z−

1/
2
)

LIGO O4 Virgo O4 KAGRA O4 ET CE 40 km CE 20 km

100 101 102 103 104

Mtot (M�)

10−2

10−1

100

101
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z

BBH m1 = m2 ; χ1,z = χ2,z = 0

LVK O4

ET

2CE

Network BBH/yr BNS/yr NSBH/yr

LVK–O4 O
(
102) O(1 − 10) O(1 − 10)

ET O
(
104) O

(
103 − 105) O

(
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Assessing the scientific capabilities of 3G detectors is fundamental!
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Forecasts with GWFAST

Why and how
GWFAST for 3G detectors

Forecasts with GWFAST: why and how

Current GW Bayesian PE codes,
like bilby, need O(1 day/ev):
=⇒ computationally unfeasible to
use them on 105 events

GWFAST:
=⇒ use Fisher matrix approach to
approximate the likelihood
=⇒ compute derivatives using au-
tomatic differentiation with JAX
=⇒ write a pure Python vectorized
code to handle multiple events at
a time

{'Mc', 'eta', 'dL',

'theta', 'phi',

'iota', 'psi',

'tGPS', 'Phicoal',

'chi1z', 'chi2z',

'chi1x', 'chi2x',

'chi1y', 'chi2y',

'Lambda1', 'Lambda2',

'ecc'}

input events

TaylorF2 RestrictedPN

IMRPhenomD

IMRPhenomD NRTidalv2

IMRPhenomHM

IMRPhenomNSBH

LAL WF

waveforms.py

waveform model +

PatternFunction, DeltLoc,

GWPhase, GWAmplitudes,

GWstrain,

SNRInteg, FisherMatr,

SignalDerivatives

AnalyticalDerivatives

signal.py

lat, long, xax,
psd path, DutyFactor,
fmin, detector shape,
useEarthMotion

detector 1

lat, long, xax,
psd path, DutyFactor,
fmin, detector shape,
useEarthMotion

detector 2

...

SNR

FisherMatr

optimal location

network.py

detector network

SNRs

Fisher matrices

CheckFisher,

CovMatr,

compute inversion error,

check covariance,

fixParams, addPrior,

compute localization region

fisherTools.py

covariance

parameter errors

sky areas

GWFAST needs O(1 day) to run the PE on 105 events!
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Why and how
GWFAST for 3G detectors

Forecasts with GWFAST: GWFAST for 3G detectors
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Why and how
GWFAST for 3G detectors

Forecasts with GWFAST: GWFAST for 3G detectors
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Forecasts with GWFAST

Thanks for your attention, questions?

I am also available at Francesco.Iacovelli@unige.ch
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