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From data to the H, posterior
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Cosmology with gravitational waves

-lcaroGW |
' » Deduce redshift from joint fit of the source frame |

mass and cosmological parameters

*GWcosmo
|« Assumption: GW sources in galaxies
| o Statistical redshift association from galaxy
catalogs

'Redshift |
'l information |

(2) = (1 +2)c I’ dz’

o [L(1 +2)° + Q)]




Gravitational wave parameters

Source frame masses Detector frame masses
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 GW frequency is shifted to lower values by the
expansion

; \ Observer

* Redshift information is degenerate with other variables



Source frame population

 Assumption of mass model — statistical measurement

of redshift
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e Joint fit of cosmological parameters and mass L 12-
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The source mass population model
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GWcosmo (Gray et al. 1908.06050)

o Assumption: GW sources are found in galaxies
 Possible GW hosts from galaxy catalogs (Schutz 1986)
* @Give importance to galaxy according to luminosity

* Input from GW side:
 Sky position
 Luminosity distance
* Detector frame masses

* Input from galaxy catalog:

e Sky position

 Luminosity

0 10 100 1000

° Red Sh |f‘t Galaxy number (per pixel)

* Challenge: Galaxy catalogs incompleteness Gray etal, 211104629

* (Calculate selection effects:
 Host galaxy is observed (in catalog) or not



(Galaxy catalog used for GWcosmo

* All-sky catalog: Glade (Dalya et al. 2018)
* Partial coverage, but deeper in redshift: DES (Drlica-\Wagner et al. 2018)
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Results IcaroGW

| Position |
Gaussian |

e Strong correlation between
Hy and the maximum mass
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Results GWcosmo

* Fix the mass distribution to the values | —= K-band, 1y = 30Mo

obtained by Icarogw W 0-05 7 —.- K-band, y=2.59 ~
| ~.—. K-band, mpyax = 150M,

* Result is strongly dependent on 004 - K-band, ig = 35Mo v
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Conclusions

e |caroGW (no EM information) method allows to simultaneously constrain
cosmological and population parameters

» GWcosmo uses galaxy catalog information to constrain f{, — Better constraint on
H

e Main result from O3

H, = 67*2kms~1 Mpc™! with Glade+, K-band and GW170817

» Strong degeneracies between the rate evolution y, the overall rate of events R, the
Hubble constant H,,

« — Marginalize over population assumptions
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k the wave vector, A the GW polarisation, # the conformal time, # = — and
a

o the friction term

Appears in some modified gravity theories (e.g. beyond Horndeski 7404.6495,
DHOST, 1570.06930, 1703.03797, 1707.03625 )

Results in a modified gravitational wave distance (gravitational wave and
electromagnetic distance do not coincide)

Testable with gravitational wave observations
12
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Assumption on the modifications of GR

7 _
Y+ 29(1 —
x10°
12 7/ = =08
. 1.0 o /M Zo=1
* Phenomenological model 1906.071593 M E=1.2
‘O 0.8 -
E, characterises L= ,
early time behaviour GR: =y = 1 2 0.6 -
_ ~ 04 -
dSV — JEM [ = I —= S
L — L =0 ! n 0.2 -
(I +2) °
n characterises the
transition from early to 0.0 -
late times (') 2' él é é
 Assumptions: No modifications of the waveform during the Z

inspiral phase and cosmological background is unchanged
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Results with O3 data

* For all modified gravity models:
compatible with their GR values at

90% confidence level (for Multi
Peak)

-
=4

Multi peak mass
model, varying
SNR cut
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60 BBH events, SNR > 10, IFAR > 4 yr

Broken Power Law Multi Peak Power Law + Peak Truncated
b 6% 514 513 4573}
= 1.3 1.1 1.2 1.4
. : 7
cM 1.0153 0.5+22 0.1721 213
42 BBH events, SNR > 11, IFAR > 4 yr
Broken Power Law Multi Peak Power Law + Peak Truncated
2.9 2.6 2.7 3
D 47159 46759 4.7754 573
— 4 :
=0 213 277 hs 0.7 5%
4.1 4 4 5
C 0.5757 173 175 —375
35 BBH events, SNR > 12, IFAR > 4 yr
Broken Power Law Multi Peak Power Law + Peak Truncated
D 551 4615 48177 55,
— 1.4 1.8 1.8 2.0
=0 1.2%,7 14158 14159 URSI:
cM —0.17338 0.3752 0.4132 213

See also: Mancarellaetal. 2112.05728



Degeneracies
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Conclusions

 Method allows to simultaneously constrain modified gravity, cosmological and population
parameters

* |Implication of O3 : bright sirens are rare

O3 data favours GR over all modified gravity models investigated

« Study impact of mass models on the measurement of =, and on H,,

» Strong degeneracies between the rate evolution y, the overall rate of events R,,, the Hubble
constant H and friction amplitude &,

 Assumptions on astrophysics can bias this measurement
« — Marginalize over population assumptions

» Constrain E, to 50 % with O4 and 20 % with O4+05
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Thank you!

Questions?



Forecast (with O4 + O5)



The effect of a prior on the cosmological values

Wide: Agnostic priors for the
cosmological parameters

: Priors from the Planck

estimate for the cosmological
parameters
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StatiSticaI frameWOrk Of ICarOGW (Mastrogiovanni et al. 2703.14663)

* Bayesian analysis with selection effects (Viandel et al. 1809.02063, Thrane and Talbot 1809.02293, Vitale

et al. 2007.05579)

No S | 1 )

ﬂ f p(x;10;) ppop(6;|A)do;
f Pdet ((93) Ppop (93 |A)d93

« Metaparameters A : population parameters, cosmological parameters, ...

p(Af{z}) oc p(A)

7=1

« GW data {x}

. Source parameters 0 = {m1(,dz)’ dLGW, .

« GW likelihood , obtained from posterior samples
» Population assumption p (6| A)

« Detection probability p;..(0)

22



StatiSticaI frameWOrk Of ICarOGW (Mastrogiovanni et al. 2703.14663)

Bayesian analysis with selection effects

* Only events passing threshold (on signal to noise ratio or false alarm rate) are
considered

» Numerical evaluation of p,..(): produce a set of events and label them either
“detected” or “undetected” (passing SNR threshold and IFAR threshold)

23



Statistical framework of GWcoSmMoO  cray et a. 1908.06050

Bayesian analysis with selection effects

obs |

One event |

‘Host galaxy i ;
| postenor

Posterior on Ho 1
lin catalog? |

R "

|

= — "‘l

H|dden here are the o
« Assumes a fixed mass and redshift distribution Eﬁiﬁm effects |

Vo

e d: “eventis detected”

« N, number of observed events
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Statistical framework of GWcosmo

{Host galaxy |
in catalog? |

o — —————

'Probability of |
being in catalog |

(Gray et al. 1908.06050)

Probability of not
being in catalog

| —————— ——__

D PGy | Hys Ay PG | Hos A,y o) = pGiyy i | Ho, A, GP(G | Hyy Ay n d) + pOiGy i | Hoo A, GP(G | Hos A, 0 d)

g€[G,G]

 Assumptions for selection effects
* Apparent magnitude threshold of the galaxy catalog
* Redshift distribution of galaxies
 Luminosity distribution of galaxies (e.g. Schechter function)

* Pixelated approach: Treat selection effects as non-uniform in
the sky

25

Redshift distribution

K-band, 90% CI GW area (m,r=13.72)
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60 BBH events, SNR > 10, IFAR > 4 yr

Resu ItS With 03 d ata Broken Power Law Multi Peak Power Law + Peak Truncated

GR —2.4 0.0 —~1.2 —6.3

D —2.0 —0.2 —1.7 —6.4

p(data| model,) ch 3.2 ~0.9 ~2.1 6.8

Bayes factor: cM ~3.0 ~1.0 2.1 6.5

p(data | model,)

42 BBH events, SNR > 11, IFAR > 4 yr

e B
° GR —i() — 1 Broken Power Law Multi Peak Power Law + Peak Truncated
GR —1.5 0.0 —0.8 —3.2
 Compare Bayes factors
_ D —1.5 —0.0 —0.9 —-34
—> 1S _
f d =0 —1.9 —0.6 —1.4 —3.9
pre erre CM —1.9 —0.9 —1.7 —34
 (Consistent results for all 3 SNR cuts 35 BBH events, SNR > 12, IFAR > 4 yr
Broken Power Law Multi Peak Power Law + Peak Truncated
GR —1.2 0.0 —1.1 —2.60
D —1.1 —0.4 —1.2 —2.8
R 2.1 ~1.0 ~1.9 3.3
CM —1.9 —1.2 —1.9 —3.1
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Two Iimits...

“GWcosmo”

. Close by S|gnals well- Iocallsed (very few ,
- compatible galaxies) |

« H, posterior is independent of the |
mass distribution assumed ;
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“lcaroGW”

Far signals, not well-localised

e Redshift information from source
frame mass distribution
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— \ \ Table 1 of
The =y paramatrization 1906.01593

Model =0 — 1 n Refs.
HS f(R) gravity L fro Nl [68)
Designer f(R) gravity —0.240%:° B, 3.10%:24  [69]
Jordan—Brans—Dicke 2860 3(5:,,1822”" 70]
Galileon cosmology 2%; }%)qs [71]
ay = aproa” =40 n 67]
ay = MOQ?Z—E:L) e In Qi lg%ﬁn 67, 72]
Q=1+Qa" 10y 7 6]
Minimal self-acceleration )\ (ln Ggec gxacc) = agf fﬁ)(;;acc 66]

Table 1. Mapping of the parametrisation in Eq. (2.31) to a number of frequently studied, rep-
resentative modified gravity models embedded in the Horndeski action (3.1) with luminal speed of
gravitational waves. For simplicity, we have employed the approximations aj;g < 1 (and n ~ 1).
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DHOST Lagrangian 1810.12070

_ : _
519> :/d4$\/—_9 Fy(¢, X) + Fi(¢, X)0¢ + Fa(¢, X)R+ > Ar(¢, X)L
I=1

An example:

F() = CQX,

L§2) — ¢,UJ/¢MV’
LY = ¢" 60" ¢y,
where ¢, =V, V,0, and ¢, = V0.

Fi =0, Fy = F ey X2, As

|

|
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|
™

LY = (¢,7)?, LY =6,/¢°¢p09”
LY = (¢P$ped”)?,
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Spectral Sirens: Cosmology from the Full Mass Distribution
of Compact Binaries

Future prospects  2202.08240

Jose Maria Ezquiaga''* and Daniel E. Holz! ?
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The University of Chicago, Chicago, IL 60637, USA
2 Department of Physics, Department of Astronomy & Astrophysics,
The University of Chicago, Chicago, IL 60637, USA
(Dated: August 15, 2022)

We explore the use of the mass spectrum of neutron stars and black holes in gravitational-wave
compact binary sources as a cosmological probe. These standard siren sources provide direct mea-
surements of luminosity distance. In addition, features in the mass distribution, such as mass gaps
or peaks, will redshift, and thus provide independent constraints on their redshift distribution. We
argue that the entire mass spectrum should be utilized to provide cosmological constraints. For
example, we find that the mass spectrum of LIGO-Virgo-KAGRA events introduces at least five
independent mass “features”: the upper and lower edges of the pair instability supernova (PISN)
gap, the upper and lower edges of the neutron star—black hole gap, and the minimum neutron star
mass. We find that although the PISN gap dominates the cosmological inference with current de-
tectors (2G), as shown in previous work, it is the lower mass gap that will provide the most powerful
constraints in the era of Cosmic Explorer and Einstein Telescope (3G). By using the full mass dis-
tribution, we demonstrate that degeneracies between mass evolution and cosmological evolution can
be broken, unless an astrophvsical conspiracy shifts all features of the full mass distribution simul-

" taneously following the (non-trivial) Hubble diagram evolution. We find that this self-calibrating ||

“spectral siren” method has the potential to provide precision constraints of both cosmology and

the evolution of the mass distribution, with 2G achieving better than 10% precision on H(z) at || 0.2r - 002
z < 1 within a year, and 3G reaching < 1% at z 2 2 within one month. : R mmmmIIIIEeT '
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FIG. 10. 1lo relative errors in the Hubble parameter with 1,000 2G (left) and 10,000 3G (right) detections when the fitting
model does account for a possible evolution of the mass distribution. 2G in 1 year could achieve < 10% at z ~ 0.7, while
sub-percent precision is possible with 1 month of observations.



Future prospects: evolving mass distribution
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