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GWs and Cosmology: general idea

⇒ dL
Complementary

information on z

dL(z) =
c(1 + z)

H0

∫ z
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dz′

E(z′)
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Modified GW propagation: overview

The propagation equation of tensor modes in all theories that mod-
ify GR on cosmological scales becomes

h̃′′A + 2Hh̃′A + c2k2h̃A = 0 =⇒ h̃′′A + 2H[1− δ(η)]h̃′A + c2k2h̃A = 0

The net effect is
dgwL (z)

demL (z)
= exp

{
−
∫ z

0

dz′

1 + z′
δ(z′)

}
At the background level and for scalar perturbations, deviations
from GR are bounded at the level of (5−10)%, so one would expect
similar deviations also in the tensor sector . . .
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Modified GW propagation: overview

. . . instead, in a viable model,
the deviations can reach
80%!
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E. Belgacem et al. (2020)

A useful parametrization in
most of the models is given by
E. Belgacem et al. (2019)

dgwL (z)

demL (z)
= Ξ0 +

1− Ξ0

(1 + z)n
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GWs and Modified Gravity

⇒ dL
Complementary

information on z

dgwL (z) =

[
Ξ0 +

1− Ξ0

(1 + z)n

]
c(1 + z)

H0

∫ z

0

dz′

E(z′)
aModified GW

propagation
Standard d

em
L (z)

Cosmology & Modified Gravity
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Which information on z?

The best option would be to have an electromagnetic counterpart,
but this is expected only for a small fraction of the BNS events. . .

values ↵ = �1.95, � = �3 and L⇤ = 2⇥1052 erg sec�1. Given a source at luminosity distance
dL one can convert 4⇡L(✓V) to an observed peak flux as a function of viewing angle, FP (✓V),
obtained from the value of the GW inclination angle. A Fermi-GBM detection is recorded
if the value of FP (✓V) is greater than the flux limit of 1.1 ph sec�1 cm�2 in the 50-300 keV
band for Fermi-GBM [66], noting that 95% of the bursts detected in the 64 ms timescale
are within this limit.7 We further assume the total time-averaged observable sky fraction
of the Fermi-GBM, which is 0.60 [68]. Using this procedure, among the events in the GW
BNS catalog generated as discussed in sect. 2.1, we select those that have an observed GRB
counterpart.

Table 1 shows the number of BNS sources along with the number of coincident GRB
detections determined using the procedure above, for the HLVKI network. We see that 10
years of observation would yield of order 14-15 joint detections. In Fig. 2 we show the redshift
distribution of the GW events (left panel) and of the GW-GRB coincidences (right panel),
for a realization of our catalog. In app. A we give, in Table 23, the explicit values of z, dL and
�dL for the events in the specific catalog corresponding to the right panel of Fig. 2, where dL

is the ‘measured’ luminosity distance reconstructed from z using our fiducial ⇤CDM model
and scattering randomly those fiducial values of dL(z) according to a Gaussian distribution
with a width equal to the error �dL(z) (as explained in Section 2.1).

To test the impact of changing our astrophysical assumptions, we have also generated a
catalog of GW events assuming a Madau-Dickinson star formation rate and an exponential
time delay between formation and merger with an e-fold time of 100 Myr, as in ref. [36]. In this
case, assuming again a duty cycle of 80% and a network SNR threshold level ⇢threshold = 12,
we find that the number of BNS detected at the HLVKI network, for the Gaussian mass
distribution, is 64/yr, to be compared with the value 48/yr reported in ref. [36].

Figure 2. Left panel: the redshift distribution of 10 yr of GW events from a realization of the
mock catalog at the HLVKI network, for the flat and the Gaussian mass distribution. Right panel:
the redshift distribution of 10-years of GW-GRB coincidences between the HLVKI network and the
current generation of GRB satellites.

7See the Fermi-GBM burst catalogue https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.

html

– 8 –

E. Belgacem et al. (2019)

. . . and BBH events are expected to be much more numerous, thus
other methods are needed to exploit all the available information
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Developed methodology
Key ingredients

Methodology: hierarchical Bayesian framework

Detection model,
MC computation

Galaxy catalog:
completeness and

completion

LVC skymaps

p(λ′|{DGW}) ∝
Ndet∏
i=1

1

β(λ′)

∫
dθ p(Di

GW|θ, λ′) p0(θ|λ′)

λ′ = H0 or Ξ0

B. F. Schutz (1986); W. Del Pozzo (2012);
H. Y. Chen, M. Fishbach, and D. E. Holz (2018);
I. Mandel, W. M. Farr, J. R. Gair (2019); LVC (2021). . .
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Methodology: skymaps

For each GW event, LVC pro-
vides the so-called skymap, an
approximation of its 3D localiza-
tion: a Gaussian likelihood with
direction-dependent parameters.
L. P. Singer et al. (2016)

LIGO/Axel Mellinger

p(Di
GW|dL, Ω̂) = ρi(Ω̂)

N (Ω̂)√
2πσ(Ω̂)

exp

{
− [dL − µi(Ω̂)]

2

2σ2
i (Ω̂)

}
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Developed methodology
Key ingredients

Methodology: galaxy catalog (GLADE)

The crucial issue when dealing with a galaxy catalog is complete-
ness, which cannot be treated as a “global” notion
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Once this is estimated, one can complete the catalog making some
assumptions on the distribution of “missed” galaxies
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Developed methodology
Key ingredients

Ingredients: β(λ′)

The other key point of this
methodology is the estimation of
the normalisation factor, needed
to account for selection effects
that would bias the result
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Some analytical approximations
can be exploited, but to include
a realistic detection model and
all selection effects, a MC evalu-
ation is the only way to proceed
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Results for H0
Results for Ξ0
Results from the counterparts

Results: estimation of H0
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Results: estimation of Ξ0
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Results: counterpart case for H0
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Results: counterpart case for Ξ0
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Modified gravity and the BNS mass function

Further possibilities: BNS mass function

A GW detector measures dgwL and the redshifted masses of a binary:

mtrue =
mdet

1 + ztrue
=

(
1 + zGR

1 + ztrue

)
mGR

The mass function of neutron stars in GW binaries is expected to
be quite narrow, thus modified gravity can leave a clear signature
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S. R. Taylor, J. R. Gair, I. Mandel (2012), N. Farrow et al. (2019)
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Further possibilities: modified gravity signature

Future generation experiments will detect GWs emitted by BNS
systems up to very large redshift: z ∼ 2− 3 for ET and z ∼ 10 for
CE

At these distances, if Nature is
described by a modified grav-
ity theory with a large deviation
from GR, ET and CE will not
find a single BNS whose com-
ponent masses, interpreting the
data within GR, will be near the
typical values
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Conclusions

GWs opened a new window on our universe, offering
outstanding possibilities for Cosmology
they allow us to study modified GW propagation, which is a
smoking gun of modifications of gravity at cosmological scales
current data already start to provide some interesting
constraints using the galaxy catalog statistical method, but
particular attention must be used when handling its
“ingredients”
the large number of detections expected in the next years will
greatly improve the results, also allowing to use other
techniques, so

stay tuned and open up your parameter space to Ξ0
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Thanks for your attention

For any question or comment, contact me at
Francesco.Iacovelli@unige.ch
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Choice of the luminosity cut
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Completeness averaging region choice

The size of region is crucial
for completeness computation:
too small and one smooths out
structures, too large and the
‘quasi-local’ notion is lost
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Variation of the completeness threshold
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Results in B-band
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Variation of other parameters
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Extreme variation of the parameters

Even using extreme values of the parameters, and also a wrong mass
function, the peak is still there!
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Effect of Ξ0 ̸= 1 on redshift reconstruction

A value of Ξ0 bigger than 1 means that the “true” redhsift is smaller
than the one inferred in GR, i.e. without taking into account mod-
ified GW propagation. The opposite happens if Ξ0 < 1
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Error on the mass function measurement

Already for ET alone the error on the detector-frame chirp mass is
negligible, since ∆Mc/Mc ∼ 1/Nc. More important is the error on
z due to the observational error on dgwL
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Effect on the BNS merger rate

Another important signature of modified GW propagation will be
given by how the BNS population is distributed in redshift, even
though our prior information of it rate is not as stringent as on the
BNS mass function:

the difference between zGR and
ztrue will lead to a bias in the recon-
struction of R(z), e.g. the peak of
the BNS merger distribution could
appear to be at redshifts larger
than the peak of the SFR
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