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1. GW and cosmology



Cosmology with GWs

GW from mergers give access to di:

signal amplitude: < h > M§/3 F2/3 p—1

time to coalescence: T X MC_5/3 F8/3

sothat: < < h >_1 7'_1 f_2 (independent of time)

measuring <h>, 1 (in seconds) and f gives the distance r to the CBC:

1 100 Hz \ *
— 780 M
' p01023<h>7( f )

INn an expanding universe, r is d. and masses are multiplied by (1+2z)
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Cosmology with GWs

In a flat LCDM model, d. is related to cosmology:

; _(1+z)c/z dz’ 2Kl C2
- Ho  Jo /Qum(1+2")3 +Qx Hy

(need large-z events to infer Qm and Q)

if ms is known! TN det if ms is known! C MTdet — Mg

Maet = (1 + 2)mg —> 2= ] —— Hy =
Mg dr

redshift-mass degeneracy:

any feature in the mass spectrum helps breaking the degeneracy: this
is the spectral analysis (GW data only)



p(mls')

Cosmology with GWs

there are features in the mass spectrum:

10" -
GWTC3, assuming
Planck15 cosmology
107! E
peaks at 10 and ~31 Mo
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Cosmology with GWs

We add another source of information
under the assumption: CBCs are hosted in galaxies

the measured GW signal depends on the sky position:
we compute a sky map of the possible source locations (3D: ra, dec, dv),
with correlations

GW190602_175927 contours
pMilkyWay:O'O56 (bE[—lOO,].OO])

5000 -
1000 -
72
Q@
Q. 3000 -
=
©
)
L
o

2000 -

1000 -

(-

2000 1000 6000 8000
luminosity distance [Mpc]



Cosmology with GWs

We add another source of information
under the assumption: CBCs are hosted in galaxies

the measured GW signal depends on the sky position:
we compute a sky map of the possible source locations (3D: ra, dec, dv),
with correlations

add a galaxy catalogue: galaxy-catalogue analysis
Schutz, B. Nature 323 (1986) 310

GLADE+ and GW190602_175927 contours
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2. The model



Cosmology with GWs

Goal of the analysis:

describe the rates and distributions of mass, distance, spins

For a single event:

0 = (miq, mag,dy,, t,ra, dec, x...)
For a set of events:

p(miq, mog,dr,, X, -..) detector frame

p(mls, Mag, Z, X, ) source frame (astrophysics)

p(mls)p(mgs |mls)pCBC (Z)p(z)p(x) simplification: separing variables
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Cosmology with GWs

p(mls)p(mZS ‘mls)pCBC (Z)P(Z)p(X)

X sz , TN2s
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GWTC3, assuming
Planck15 cosmology
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Cosmology with GWs

p(mls)p(mZS |mls)pCBC (Z)p(Z)p(X)

(1 | zl 74_,1) (1 T Z)’y
R (1+2zp)

~3 1
Ry f(z) = o\ Gpe  yr
2 . .
1+ (1+zp> | Madau-Dickinson
(.30 = /‘/5\\
Model for redshift distribution of CBCs: 0.25 1
the binary black holes distribution o / : \
follows the star formation rate — / i \

= 0.15 -

Y RN
- (1 #/Z)W \ (1+2)"

().00
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Cosmology with GWs

p(mls)p(mZS |mls)pCBC (Z)p(Z)p(X)

either uninformative prior:
uniform in comoving volume (spectral analysis)

dN oc dV. : dN X dVe

dz dz

or use a galaxy catalogue as an
iInformative prior for the host galaxies:

pcat(z‘{fzg} 1 25 Z—Z
ga,
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osmology with GWs .

2000 -

1500 -

PE samples

GLADE+ and GW190814 contours

PMilky Way =0.000 (be [—10° 5100]) 100 150 200 250 300 350
luminosity distance [Mpc]

& * vew

A AL VI - : by . .
‘ L g 0o ;) ':*\‘\ S ) ‘.;“\ : ' ey .u.:,'\\. X \‘\ .‘3 e ‘
b I o R B TR ¥ EN A N R N T *£§ i e
o AEI ST TS NS b R IO, RS RS N
Y 27 4y A ’ 4‘ by 4 ? y L R AL -~ W o P na O e, \
o bl Vil R FORTIE Y o ¥ LA T .‘n L iy ¢ \ s 3 N T M R TS .
: . % AVIESYRRES &y e el TN e VIR L * WL e e v
, SRR LR LR \‘ AR -a\'\ y R N
Y T gLy LY T L AL k-3 " KRS A 5 N o, S R
- . —— 'h—‘—--—-'—'- - — “---;-- ' —
A T R R T T R TR S e ATy
: '

X 5 R o 5 W LR h 5 =
TOLAT I R R P Ve T RS YR N A 8t T T R A R
NN I Y » ‘ : hs ' V. 4 ¢ S\ v i 3
& \

&

£

4 P 8 A 1 _

, : s & AT O ’ gi ol A8 A

i v ek { ol (N )

F--—------J- ————— -‘j—g-f--'—-'—:-u:--a'-"’é’ ﬁ-‘ﬂ“ﬁ-"‘ — i—éﬁp'-

» " o ’ O - Ny v‘~'.‘ ! X . l' “.“ r e ‘\'_ .
! Ir/ X% M oH Lk $ v Q;r ¥ i _‘Jl ")r’:i"i ‘L'-_" Q '? '

Peis ot IR A L AR b S o
* Y, y o ¥ 3% ?

#

S
& o 4da

<

AR DR B0 N XY R o A L, \ ! b A % ;
) ) - ' '4 ;' o i A} e, fy 2 ~)l J ¥ et T ol N g ‘,& B A \ . - NN C \ \; ' o
’ -/ b r - . ' v » i £A T *a < Ao » oy (K ) » 3 ~ v s niY A
) ' . ¥ AL . £ % ¥ .% o P ‘.‘ \““ \‘0 s, .‘\ W O.Q » .
’ ’ s 11 SO il ) L T AR AT AR Ryt P AR AR W e G A T
¥ e e ANERRT . ol v OSBRI G S R e T P L
' _:{ . A s " ¥ b P’ TR L N [ )'».‘.- _'0 ST r' ¢ N ‘ e ¢ % ' Fon s
% ' ' ; : s .. . ‘ ‘. e bi } ' . (“\' 4 e 4t 43 ..;\
Ve HE ‘ 15 R oA . g KA DY 2h iS4 S ¥ RN, 3 5 el R
OO NPT Y _. . 43 Syt '." 5% ’_.‘,"' s Vo R e AR b 1y ¥, A g e .“. : 1 L SR AP T 183 I 5 A \ .' A Y IR LW
ﬂ‘-.b—-?‘.-- ‘-- -Aﬁ‘-—— —————— \--"rz--—"-- 'f-'-df.’\--':fyrt,-:;--' -'..‘ F* -——r—'ﬁ—\ir--'-———-r—/-q-——’-——1-1’-;-1f‘ﬁv R -
: A Y 4 y §* Vo ) W ORI ¢ P v Rt'D T DNLPC ¢ ’ v > ; S T g et
X 8 £V v ’ : NGRS Y . | ' -..'54- 5 ' 3 P ' Yo'y s /.,
. ‘ ' N RS g AL ; o Yy, N KRB At v ’
& L} ) Py ] SRR Y b

... , CR¥ . .e‘,>‘ _ }‘h y Wy h\ v 3 ’ vl 2 . 'h ¢ ‘~‘ ; s ¥ & o 5. : &1 L ) < ’ X e # h e " L. o y ll‘l . »":ﬁ’_’“: 5

T T e R S S G Lk BRI L a2 SR R R e L e

40 AN 9 B S WA ) Aps Al CPPRN S MR atyt RUAN AL s CUNS : » L S5 e Ve
g : 1) F < S Sk 2 *F W, fd * LY A . N

’ ' R S : £, # 4 l' 3 “ W ' P » : > AL

At LS Ve s ; ’ \ ¢ e ¢ ~ - : 00 " oy .

. : Nt any e , AN Y G 1 oy

Gl % & U RN ¢ { Ay A . \ IR CAY, 47 ’ ’
5 DRI R \\.‘ \‘ T \ s S SR R 1+ AN o ey ) R by e '/,

P, s W " y e \ haeah '~ ra . “ 3 Mt I y 4 g s Ay ' ' ¥ U ; - o g

\ o v % D A o LA \ 2 B te 'S ; 1 v IR | 1 / ' &4 : p

O TS W R A, \ M VAR S 43 \)"ﬂ“f X SRS ¥ Tt s, y A8 o NN S, /

R R RS ORTY | AU \ w VWP i G viaid G T A . e N 1 WTTIRN 5 A y P W A

\ N oy . g\\‘.,}\« ¥ N \ T ‘,.“ BT e N 5 Ql' N ) f’ I/ ‘.)v 'a,/ 7' &, /. A

3 :‘\, . _\\ P X : :“ . \ ‘v; ¢); % 33 % 24 v, 8 . ! : ' ‘ Ve ;;) SV 'w /7 'wf A i ’) ”,', ¥

3 8 “y ) 2 AN “'\.. ®? ARVRT 3 bon ? o 4 ’ 4 o >
<N LN = ;‘;\\\\ ‘I'* e SN \ ‘i" R ',“" N “ et - N N / 4 ")( ¢ , ] A 2l 5 Al .
o g . \ ot R N y & A L , ’ \ “’ f . o o

o4 .

-
~

¥
v
4
F957
P
-,

e S Lo

13



p(z)/p(z|lempty catalogue)

Cosmology with GWs

3.0

2.5 -

ratio > 1: overdensities

spectral analysis corresponds to an
VM ratio<1: underdensities "empty" catalogue, i.e. with unobserved
galaxies following a uniform-in-
comoving volume distribution

OO - T T T T T T T
0.02 0.04 0.00 0.08 0.10 0.12 0.14

Z
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Cosmology with GWs

p(mls)p(mZS ‘mls)pCBC (Z)p(Z)p(X)

all hyper-parameters
(common to all GW events)
are In a random vector:

A = ()P 7y g Mo M) 7).

cosmology mass distributionr rates
Madau-Dickinson

POWER LAW 4 PEAK




Cosmological Analysis Pipelines in LVK
A = (H07 v, 67 Mg, Og; )‘ga Mminy Mmaxa “ps Y I{)

Two (public) independent codes are available for cosmology:

1) Icarogw: S.Mastrogiovanni et al (Astron.Astrophys. 682 (2024) A16, Phys. Rev. D, 104, 062009 (2021), Phys. Rev. D,
108, 042002 (2023)

2) gWCOSMO: R. Gray et al (JCAP 12 (2023) 023, MNRAS 512 (2022) 1127, Phys. Rev. D 101 (2020) 122001)
Historically:

icarogw = spectral analysis
gwcosmo = galaxy catalogue analysis

since ~ 1 year, both codes can infer jointly all hyper-parameters
with/without a galaxy catalogue

16



3. Bayesian analysis
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Mandel et al. 1809.02063,

Thrane and Talbot 1809.02293 Statistical framework
Vitale et al. 2007.05579 astrophysical hyper-

single event distributions ~ Parameters
GW likelihood

Nobs\

_ L(x;10, \)m(0|A)dO
L(z|A,N) = e Ny Nobs H J £ ‘Nexp) O14)
/ i=1 ~ N (A)

selection bias correction
e.g. SNR>11

gives the events rate

f: individual event parameters 6 = (m4, mas, dr,, ¢, Ta, dec, x...)

7'('(9 | A) proba for a CBC to have individual parameters 0 given A

L(O|z;, Mp(x;|A)  L(0|x;, A
single event likelihood: L(x;|0,A) = ( ‘; (gig A) X p( |:(E(9‘A))
PE PE

18



4. Results
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tg[Mo]

Mmax[Mo]

GWTCS3 results: BBHs only, spectral

LVK, Astrophys.d. 949 (2023) 2, 76
but results in 2021
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tg[Mo]

Mmax[Mo]
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GWTCS3 results: BBHs only, spectral

LVK, Astrophys.d. 949 (2023) 2, 76
but results in 2021
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position of the gaussian peak

Gray et al JCAP12(2023)023
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tg[Mo]

Mmax[Mo]
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GWTCS3 results: BBHs only, spectral

LVK, Astrophys.d. 949 (2023) 2, 76
but results in 2021
Gray et al JCAP12(2023)023
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GWTCS3 results: BBHs only, spectral

LVK, Astrophys.d. 949 (2023) 2, 76
but results in 2021
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Hg[Mo]

Mmax[Mo]

GWTCS3 results: BBHs only, spectral

LVK, Astrophys.J. 949 (2023) 2, 76

but results in 2021
Gray et al JCAP12(2023)023

p(Ho, ttg) .

p(HO, Mmax)
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GWTCS3 - BBHs, NSBHs, BNS - Ho

m—— BBHS
wees. NSBHs + GW190814
0.04 - w— G\W170817
— || events
Planck
SHOES
g
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(Vp)
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Ho (km s~ Mpc™1)
current result: Gray et al JCAP12(2023)023) previous result: (LK, Astrophys.J. 949 (2023) 2, 76)

Hy = 697:%2 km s™! Mpc™* Hy = 68J_r2 km s} Mpc_1
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Conclusion

e cosmology results with the O4a events are currently being produced

e other mass models are available + use a single mass model for all
CBCs (done in icarogw)

e probably the most important: use a deeper galaxy catalogue
o currently GLADE+ (palya et al, MNRAS 514, 1403-1411 (2022)), 22 million of galaxies
e upcoming: UpGLADE, 2 billion of galaxies, much more complete

¢ allow mass models evolving with redshift

e Mock Data Challenge: study of systematics, for instance using a Mock
catalogue with mass-z dependence
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