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GW-GRB: Multi-messenger Astronomy

New observational window for cosmology

o GWs from 11 mergers by 01402 LIGO/Virgo
@ GWs from 1 inspiralling BNS: GW170817
—> ~y-ray burst counterpart: GRB170817A by FERMI and INTEGRAL

>R 2HF, o+ G)RRe . =0, = |er(m) - cl/c ~ 10710
— Dramatic consequences for modified gravity theories
[Creminelli+, Sakstein+, Ezquiaga+, Baker+ (2017)]
@ BNS easily used as “standard sirens”
[Schutz (1986)]
> GW amplitude ~ d;*
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> Electromagnetic counterparts give z

— di(z) = Hubble diagram for GWs
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= Cosmological constraints [Belgacem+ (20i8)]



Cosmological Constraints from Standard Sirens
Forecast sensitivity of 2G and 3G detectors
@ Focus on forecast constraints given GW+GRB coincidences from BNS mergers
@ GW events:
> 2G: LIGO+aVIRGO+KAGRA+LIGO India (HLVKI)
> 3G: Einstein Telescope (ET) and ET+2x Cosmic Explorer (CE)
[ET+2xCE: GWIC 3G baseline configuration]

Frequency (Hz)

@ Electromagnetic (EM) counterpart

> 2G: Fermi-GBM specifications
> 3G: THESEUS specifications



Cosmological Constraints from Standard Sirens
Building up mock catalogues: GW events & EM counterpart

@ Redshift drawn from p(z) ~ SFR and formation-merger delay time dist. P(ty)

@ di(z) drawn from Gaussian dist. with observational error Ad;:

Ad(z)
dp

=1/SNR

> Assume a ACDM cosmology best-fitting CMB(P15)+SNIa(JLA)+BAO
» SNR ~ hy x,Fi x: sampled from 6 through Monte Carlo
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[Belgacem+ (2018)]



Cosmological Constraints from Standard Sirens
Number of GW and GW+GRB events

@ For 10 years, for 2G+Fermi, (ET and ET4+CE+CE) + full (1/3) THESEUS

Network GW events | Joint GW-GRB events
HLVKI 814 15
ET 688,426 511 (169)
ET+CE+CE | 7,077,131 907 (299)

@ Redshift reach: ET: z=2 -3, +CE: z~ 9, +THESEUS: z ~ 3.4

200] = (ET+2CE)_gaussian_real
= (ET+2CE)_fiat real

200 u (ET+2CE)_gaussian_opt
» (ET+2CE)_flat_opt

= (ET+2CE)_gaussian
= (ET+2CE) flat

GW detections
Joint GW-GRB detections
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redshift, z redshift, z redshift, z

@ Number of GW+GRB detections is orders of magnitude smaller than GW detections
— GRB detector sensitivity is limited to smaller redshifts that GW detector threshold
— GRB detection number “saturates”: insufficient dedicated GRB/optical/IR telescopes



Cosmological Constraints from Standard Sirens
Ho — Qp in standard ACDM given CMB+SNIla+BAO+GW

CMB+ | (CMB+)+HLVKI | ET+2CE | (CMB+)+ET+2CE
AHo/Ho | 0.72% 0.66% (1.09) | 0.23% (3.13) 0.11% (6.54)
AQy/Qy | 2.11% 1.96% (1.08) | 2.09% (1.01) 0.51% (4.14)

66.81 WEW (ET+2CE)_gaussian_real
N CMB+BAO+SNe
BN CMB-+BAO+SNe-+(ET+2CE)_gaussian_real
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— New (multi-messenger) cosmic complementarity




Cosmological Constraints from Standard Sirens
Dark Energy given 2G

@ Modified propagation for GWs: Bl o+ 2MH[L =6, + k2hy x =0
@ Modified luminosity distance for standard sirens w.r.t ACDM:
~ 1 . Z dZ!
g @ e~ [ 00)
d¥"(z) 1
@ Useful parametrisation: —L == —— (1 -=y), h =5/2
dem(2) o+ (1+z)"( 0), where n=5/

@ We use wpCDM and wp=¢oCDM parametrisation

HLVKI | CMB+BAO+SNe | combined
Awp 0.045 0.035 (1.29)

HLVKI | CMB+BAO+SNe | combined
Awo 0.045 0.042 (1.07)
AZ, - 0.125




Cosmological Constraints from Standard Sirens
Dark Energy given (ET+2CE)+THESEUS real.

ET+CE+CE

CMB+BAO+SNe

ET-+CE+CE

combined
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— Constraints on =g are ~ 6 times stronger than on wy
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GW-GRB: Multi-messenger Astronomy

New observational window for cosmology

o GWs from 11 mergers by 0142 LIGO/Virgo (03:4-3BBH,+1BNS,+1BH-NS?)
@ GWs from 1 inspiralling BNS: GW170817
—> ~y-ray burst counterpart: GRB170817A by FERMI and INTEGRAL
> i+ 2HB, 4 B(KPha =0, = |cr(n0) — c|/c~ 10715
—— Dramatic consequences for modified gravity theories

[Creminelli+, Sakstein+, Ezquiaga+, Baker+ (2017)]

@ Restricted PN approximation gives

ha(t) = BEE ) (GM)SPrf ()PP cos d(t)

h(t) = ‘Lf?i)‘(GMc)5/3[7rf(t)]2/3 sin ®(¢)

[Belgacem et al. (2018)]
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Cosmological Constraints from Standard Sirens
Building up mock catalogues: GW events

@ Sample GW detector-specific parameters 6 from Monte Carlo method
= hy x, F+ x

@ Redshifts are drawn from:

R:(z2)

Ru(z) dV
1O R,(2)dz

1+z dz

p(z) =

, where R;(z)=

with Rm(z) = /tmax Re[t(z) — tg]P(tg)dty,

tmin
Ry¢: formation rate of massive binaries ~ cosmic SFR (Springel-Hernquist form)
— t4 is the NS formation-merging delay time, P(ty) ~ td_l, tmin = 20 Myr
— Normalisation chosen so that Rn(z = 0) = 662(flat)/920(gaussian) Gpc—3yr—1!
@ The Signal-to-Noise Ratio (SNR) is provided by

90 |Fy ahs + Fy ahy|?
,;5:4/ [Feahs + Proahl” 4
0

Sn,a(f)

— Detection are characterised by SNR > 12
—> 10 years of running with 80% of duty cycle
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Cosmological Constraints from Standard Sirens
Building up mock catalogues: EM counterpart

@ EM counterparts:
> Global detection strategy: obs. flux beyond the detector flux limit
— Gaussian structured jet profile model of GRB170817A:

o
L(Oy) ~ L,,exp( - @)
where L, drawn from ®(L,), broken power law.

— The flux is then obtained as: F(6y) = L(6y)/(4md?)

> 2G: Fermi-GBM = 1.1phs~'em™2 in 50 — 300keV for 0.6 time-av. sky fraction
> 3G: THESEUS = 0.2phs~'cm™2 in 50 — 300keV for 0.5 time-av. sky fraction
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Cosmological Constraints from Standard Sirens
Number of GW and GW-+GRB events

@ 2G: HLVKI+Fermi for 10 years, flat or gaussian BNS mass dist.
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Network GW events Joint GW-GRB events
Flat  Gaussian | Flat Gaussian
HLVKI 768 814 14 15

@ Number of GW+GRB detections is orders of magnitude smaller than GW detections
— GRB detector sensitivity is limited to smaller redshift than GW detector



Cosmological Constraints from Standard Sirens
Hy — Qp in standard ACDM given HLVKI
@ Hubble diagram for GW constrains Hy and Qp

14z [* dz
WD) = ", /o Vo +273 + (1 - Qum)

CMB+ BAO+SNe | combined 2G, flat | combined 2G, gaussian

AHo/Ho 0.72% 0.65% (1.11) 0.66% (1.00)
AQu/Qum 2.11% 1.91% (1.10) 1.96% (1.08)
N CMB+BAO+SNe W CMB+BAO+SNe
68.8 - CMB+BAO-+SNe-+HLVKI_flat 68.8 BN CMB+BAO+SNe+HLVKI_gaussian
68.4 \ 68.4




Cosmological Constraints from Standard Sirens
Ho — Qu in standard ACDM given ET4+THESEUS realistic

CMB+ ET, ET, combined, combined,
BAO+SNe flat gaussian flat gaussian
AHy/Ho 0.72% 0.42% (1.71) | 0.39% (1.85) | 0.26% (2.77) | 0.25% (2.88)
AQp/Qm 2.11% 6.17% (0.34) | 5.88% (0.36) | 0.82% (2.57) | 0.82% (2.57)
R
< <

— New kind of cosmic complementarity

N ET flat_real
N CMB+BAO+SNe
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