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2 Modified GW propagation: why, how, where
2 Statistical method for dark sirens
2 Dealing with the catalogue: completeness and completion

2 Selection bias

2 Results

2 Role of counterparts

with A. Finke, S. Foffa, F. lacovelli, M. Maggiore
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MODIFIED GW PROPAGATION
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O General strategy to constrain the dark sector: parametrize deviations from GR

BASE PARAMETERS (HO, Ve ) CMB+BAO+SNe
BACKGROUND  Weird pressure (wo, wa) CMB+BAO+SNe
SCALAR 2 Effective Newton's constant Gegt (t, k) LSS
> Effective anisotropic stress U(t, k ) WL

1
GR 4 2HE 4+ *k*ha =0 ha o o
L
1
MG W4+ 2H[1 —6(n)h)y + c?k*ha =0 ha o pTeny
L

z d Z’
d$W(2) = d¥™(z) exp {— / -0 (z’)} Horndeski/DHOST
0 1+ 2z Higher dim
Non-local
Bigravity

Belgacem et al. (LISA cosmoWG), 1906.01593
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HOW: (o.n) PARAMETRIZATION
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O General strategy to constrain the dark sector: parametrize deviations from GR

BASE PARAMETERS (HO, Ve ) CMB+BAO+SNe
BACKGROUND  Weird pressure (wo, wa) CMB+BAO+SNe
> . .
SCALAR Effective Newton's constant Gegt (t, k) LSS

> Effective anisotropic stress U(t, k ) WL

MG W+ 2H[1 —6(n)h)y + c?k*ha =0 hoa o

V@) = aren |- [ 1560

1+ 2/

Belgacem, Dirian, Foffa, Maggiore

1712.08108 " (z)  _ 1 —=9
Belgacem et al. (LISA cosmoWG), = =0 +
1906.01593 df™(z) (14 2)"

GW-analogue of (wo, w,)
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WHERE:WHY (AND HOW) LOOKING IN THE LvC DATA!?
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O General strategy to constrain the dark sector: parametrize deviations from GR

BASE PARAMETERS (Ho, O, --.) CMB+BAO+SNe
BACKGROUND  Weird pressure (wo, wa) CMB+BAO+SNe
TENSOR Modified GW propagation (EO, n) GWs

O Relevant parameters!?

R dz
AV (z) = [EO—I— ] (14 2)
r (2) 1+ 2) \/QM L+ 2')3 + poe(=)/po

? Base parameters can be different
> d7,°™ : well constrained by CMB+BAO+SNe

2 DE EoS can evolve
2 Modified GW propagation >

dominant effect, constrained only by GWs,

no a priori constraints
Belgacem, Dirian, Foffa, Maggiore
1805.0873 1
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WHERE:WHY (AND HOW) LOOKING IN THE LvC DATA!?
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O General strategy to constrain the dark sector: parametrize deviations from GR

BASE PARAMETERS (Ho, QO -enn) CMB+BAO+SNe
BACKGROUND  Weird pressure (wo, wa) CMB+BAO+SNe
TENSOR Modified GW propagation (EO, n) GWs

O Relevant parameters!?

. _ 1-= dz'
d% (Z):[:Q—I— O] <

1+z
(14 2)" \/QM 1+ 2')3 + ppe(2')/po

—> Can start looking into current GW data
—> Fix other parameters, focus on =

—> Exercise: constrain Hoassuming GR
= 1 confirmed counterpart at z~0.01 , ~50 BBHs: use dark sirens and statistical method
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STATISTICAL METHODS FOR DARK SIRENS

WWM'M% ettt 04 2 STl L0 SRS aake l PV ,"ﬁ'mm
GW150914 Redshift

O Basic idea:  Schutz 1986

hA 0.¢ 1/d(L}W(z, HQ, EO)

? GWs from compact binaries are standard sirens

2 In absence of counterpart, take redshifts
from all galaxies within localization region

r002

» Compute =g for all of them

Z Doing so for many events you get a distribution
peaked at the true value. — 0% probabiity

50% probability

O Full bayesian formulation:  Del Pozzo ’I |, Chen et al *18, Gray et al. ' 19, ..

T E obs X A
()?\f)obs /dZde Dawldr(z80), Q) po(z, Q)

p(Zo|Daw) x

m

B(

0

27 GW likelihood : LVC skymaps (direction-dependent gaussian approx.)
? Use a galaxy catalogue prior on redshift and position; marginalize

2 Correct for selection bias
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PRIOR

(2 )

Nobs
0) Z. o
ﬁ(EO)Nobs H /dZde(DGW|dL(Z7:0)7Q>pO(Z,Q)
1=1

p(Z0|Daw)
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GALAXY CATALOGUE PRIOR
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Nobs
p(Zo|Daw) :\_Joobs H /ddep awldr(2;Z0), Q) polz, Q)

http://glade.elte.hu

Ddalia et al.’1 8

O GLADE galaxy catalogue
l -B/K-band luminosity
; (actually gaussian on z + uniform-in-volume prior)

Q) Z We 0(2 — 22)0P (Q — Q)
(Za Q) — fpcat(za Q) T (1 o f) pmiss(za Q)

O ldeally:  pcat(z,
Chen, Fishbach, Holz ’1 8

O In practice we miss galaxies:
“COMPLETENESS”: Compute probability of missing galaxies in a region S around (z, Q)

Luminosity in the catalogue above some threshold Lcy:

»
>

Lcat (S, Lcut)
lgal(Leut ) Ve(S) — Expected luminosity in S
assuming Schechter function

Pcompl (87 Lcut )

* Include angular dependence
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COMPLETENESS
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0.05 <z < 0.2, equatorial coord

- GW150914
= GW170608
GW170823
Observed GW170814
angular —
dependence

Our computation with a ML clustering
algorithm, z~0.1 |

Previous approximations __—l

0.000842306 0.986941
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COMPLETENESS
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0.05 <z < 0.2, equatorial coord

- GW150914
= GW170608

GW170823
Observed GW170814
angular —
dependence

Our computation with a ML clustering
algorithm, z~0.1 |

Completness for GW150914

0.000842306 0.986941
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GALAXY CATALOGUE PRIOR
PO EIKE S s L Tt G o AT SN Tty = N ST AL I v b S st ek A AN P

_ T E Nobs ' _ R R
p(Zo|Daw) :(O)Oobs H /ddep awldr(z;20), Q) polz, )

O

GLADE galaxy catalogue Sk band luminosie
) X Z wa (2 — 20)0P(Q = Q)
(Za Q) — fpcat(za Q) + (1 T f) pmiss('z? Q)

(actually gaussian on z + uniform-in-volume prior)

O In practice we miss gaIaX|es:
“COMPLETENESS”: Compute probability of missing galaxies in a region S around (z, Q)
L

Luminosity in the catalogue

»
>

Lcat (87 Lcut)
lgal(Leut ) Ve(S) — Expected luminosity in S
assuming Schechter function

Pcompl (Sa Lcut )

* Include angular dependence

“COMPLETION?: Specify how missing galaxies are distributed within S
& “Homogeneous”: spread galaxies uniformly in § — -

* “Multiplicative”: add galaxies near those you have

»
>

* Interpolate between hom. and mult. completion:
use mult. in fairly complete regions, mult. otherwise
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BIAS
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p(Zo|Daw) x

SELECTION BIAS
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obs

m

B(Eo)™

T(Zp) ) A
( 0obs H /dZde DGW‘dL(Z ‘—‘0)7Q)p0( Q)

O Physical meaning: B(Ho) = fraction of events that would be detected at given Ho

B(Ho) :/

Mandel, Farr, Gair ‘1 9

dz dS2dmy dmo d... paet(dr(z, Hp), Q. mq, ms, ..)po(z, Q) po(my, msa)...

A

detection model : SNR(dL , mi, ma,...)>8

GW150914

0.04 1

0.03 1

0.02 1

0.01 A

0.00 1

likelihood, catalogue
likelihood, completion

== likelihood, cat+compl

peior

<

100 120 140

po(z) ~ 2

~ Hydj, @given du, increasing Ho moves the
GW event towards higher z

2 correlation increases! (even for events

that are totally uncorrelated with

galaxy position...)

... but eventually the event would not be detected anymore!
for given detector horizon, | have a max redshift
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SELECTION BIAS
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obs

p(Zo[Daw) “> H / 424 p(Dly | (2 Z0), ) po(z, )

f—
e
|_.|

O Physical meaning: B(Ho) = fraction of events that would be detected at given Ho

ﬁ(Ho) — /ddedml de d...pdet(dL(z,Ho),Q,ml,mg,...)po(z,fl)po(ml,mg)...
A

detection model : SNR(dL , m, my, ...)>8

GW150914 GW150914
0.040

=== likelihood, catalogue
0.04 + likelihood, completion
== likelihood, cat+compl

= likelihood, cat4+compl
0.035 1 -= bota

— likelihood/beta
N el 0.030 A === pror
0.03
0.025 -
0.02 A 0.020 A
0.015 1
0.01 A 0.010 A
0.005 A
0.00 1
T T T T T T 0.000 T T T Y T Y T
20 40 60 a0 100 120 140 20 40 60 80 100 120 140
H() H()
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SELECTION BIAS

S E e e e Dt b atianie . PRSP Vo eGP S
p— obs
. =0 A A
pEolDaw) x 2% I [ 429Dl (2:20).2) ol )

O Physical meaning: B(Ho) = fraction of events that would be detected at given Ho
B(Hy) = /dz dQdmy dma d... paet(dp (z, Hy), Q. mq, ms, ..)po(z, Q)po(ml, ms)...

O Lesson: the correct posterior comes from a delicate compensation between
likelihood and selection effects. Need to compute P accurately, especially for
large localization regions/low completeness/=o &)

GW150914 GW150914
=== likelihood, catalogue N \ = likelihood, cat+compl
0.8 - likelihood, completion 09 1 —mse Tuln
s likelthood, cat+compl \ = likelihood/beta
= prior 0.4 - \ == prior
0.6 1 .
0.3 1
0.4 1 é
0.2
0.2
0.1
0.0 T
0 2 1 6 8 10 0 2 1 G 8 10
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SELECTION BIAS
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obs

p(Eo0|Paw) “) H / dzdQ p(Déw |dr (2 20), Q) po(z, Q)

r—q
e
|._.|

O Physical meaning: B(Ho) = fraction of events that would be detected at given Ho

B(Hy) = /dz dQ) dmq dms d... pdet(dL(z,Ho),Q,ml,mg, ...)pO(z,Q)pO(ml,mg)...

O Lesson: the correct posterior comes from a delicate compensation between
likelihood and selection effects. Need to compute P accurately, especially for
large localization regions/low completeness/=o &)

O Full MC evaluation including:

* best-fit BBH mass function from O3a data
* O3 strain sensitivity
* inclusion of galaxy catalogue in the prior

O ; Even with this, 100% exact expression can never be computed ! Need to exclude

events in regions of very low completeness
* inclusion of extra selection effects arising from exclusion of events in low-

completeness regions
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le—2

WARM UP

Individual contributions in O3a,
completeness>0.2

Combined results in O3a with different completeness thresholds

Mask completeness, 9 masks, mult. completion
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le—2
] — GW190707_093326 —— P, =0.5, N. events: 3
2.00 —— GW190630 185205 2.00
—— GW190527 092055 —— P;=0.4, N. events: 6
1.75 —— GW190708 232457 1.75- —— P»=0.3, N. events: 6
— GW190412 — P;,=0.2, N. events: 8
1.50 1 — gwigggié};i;gﬁ 1.50 1 —_— B::O.l, N. events: 10
—~1.251 —— GW190814 | 1.5, o
S = Combined , S
& 1.00+ prior - ] & 1.00+
0.75 1 \_-\/ZL\;— 0.75 1
0.50 1 0.50 1
0.251 0.25 1
0.00 y y i y y y y T T T T 0.00 . . . ! ! ! ; ; ; ; ;
20 30 40 50 60 70 8 90 100 110 120 130 140 20 30 40 50 60 70 80 90 100 110 120 130 140
H() HO
K-band weights, L/Lg > 0.6, P, =0.5
le—2
— O3a
2.00 1 01-02
— 01-02+03a
_ Hy=75123(68.3% c.l.) _
mor Hy = 75725 kms™ ! Mpc ™!
0 —22 b
> 1.25 1 . o
(median & symm. 68% C.l.)
"X 1.00
0.75 1
050 tightest bound from dark sirens only
0.25 1
0.00 T T T T T T T T T T T
20 30 40 50 60 70 80 90 100 110 120 130 140
Hy
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RESULTS

Individual contributions in O3a,
completeness>0.2

Mask completeness, 9 masks, mult. completion
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Combined results in O3a with different completeness thresholds

[ <"

10

le—1
51 —— GW190630 185205 le—1
—— GW190527 092055 51 —— P,=0.5, N. events: 3
— GW190412 —— P, =0.4, N. events: 3
n —— GW190707 093326 P —03 N events: 5
—— GW190708 232457 4- A ey ’
— GW190814 — P, =0.2, N. events: 8
GW190924 021846 - P, =0.1, N. events: 8
3 —— GW190930 133541 prior
[ﬁ> = Combined 3
E prior [I?
2 =
2-
C——
1 —_— =
1 A ‘//———\
0 . , | —
1 2 3 4 5 6 7 8 9 10
= 0 T T T T T
=0 1 2 4 5 6 7 8 9
=0
B-band weights, L/L}% > 0.6, P, =0.2
7 le—1
— 0O3a
01-02
0 - — ()1-02+03a
E0=1.973%(68.3% c.1.)
5 i — +3.83
=0 = 1.88
0 ' 1.10
—~4
o
[1]
N—" . o
=3 (median & symm. 68% C.l.)
2 4
14 i \ — first bound from dark sirens
S — ———
O T T T
1 2 3 4 6 7 8 9 10
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BONUS:
COUNTERPARTS
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GWI70817
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GWI170817+DARK SIRENS

K-band weights, L/Lf > 0.6, P, =0.5
le—2

51 — 0L-02¥D3a GW170817 ONLY:
--- GW170817
— 01-02+03a+GW170817 o 124 _1 1
Hy=74"1%(68.3% c.l.) HO — 79—12 km s MpC

prior

GW170817 + DARK SIRENS:
Hy = 7475 kms™! Mpc™!

LVC 1908.06060:
Hy = 78%3% kms™ Mpc™*
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PLAYING WITH GW 190521

e T = . ' - 1 4R Tty 5 I IS 3 MR S U 7p o S WL e £ S T I — - - . » Ly T e
e posterior samples
Parameter ;TF19 . hp
* abanrhr

Primary mass 85° 13 Mg

Secondary mass 66

£ 2424 e
)-3 ‘V-()

Luminosity Distance

Redshift

+ ZTFI9abanrhr @ z=0.438 ?

GW190521+ dark sirens with K-band weights, L/Lf > 0.6, P, =0.2

le—1
—— CO01-IMRPhenomPv3HM, =, =2.5%0J (68.3% c.1.) ~— 5
: | —— CO1-NRSur7dq4, =, — 2814 (68.3% c.1.) T _-.:\\\\\\
—— CO01-SEOBNRv4PHM, =, =1.6+10(68.3% c.1.) Colam T . A
PrecessingSpinIMRHM, =, =2.0"}3 (68.3% c.l.) od (‘/“') s 7 : < ‘
41 prior - e

0 3
=
2_
—_ +1.0
0l (median & symm. 68% C.l.)
2 a 6 8 10
=)

O Association is debated, population not clear, lies in the PISN mass gap, including eccentricity
and informative mass prior can change the result....

O BUT this shows the potential of standard sirens to constrain modified GVV propagation

Michele Mancarella, 28/01/2021 - GdR GWs, Cosmology
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SUMMARY/OUTLOOK
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O In modified gravity there is a GW luminosity distance. Modified GVV propagation
can only be probed by GW observations, and in a more stringent way than wo

O This method is also interesting for Hubble tension (and population models...)

O Dark sirens>>bright sirens, but statistics is still low (and localization large...):
start setting up a methodology that can be applied to larger datasets

O Catalogue incompleteness is a limiting factor:

* Completeness: include angular dependence
* Completion: homogeneous+multiplicative

O Accurate computation of selection bias needed.

* Use best-fit mass function, galaxy catalogue, additional selection effects
* (Semi-analytical fast approximations available)

O First bounds on =o from dark sirens alone, improved bounds on Ho

O Publicly available code+paper tomorrow (+-few days @90%C.L.)
O Inclusion of DES Y3 ready when the data will be released (+GWENY)

* The method of angular dependent completion allows to include also events with
partial overlap with surveys with limited footprint
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