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Talk outline

Overview of cosmology with gravitational wave sources (counterparts,
galaxy catalogue, mass function).

Current results

Counterparts: GW170817, GW190521

Statistical / mass function: GW170817, GW170814, GWTC-1, GWTC-3
Prospects for the future: 2G and 3G detectors, plus LISA.

Sources of systematics in GW constraints on cosmology.
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Cosmological models

Standard cosmological model starts with homogeneous and isotropic
line element
2 2 7] ) [ P 2 2 (1?’.2 2 n P ) 2
ds‘ = c“d7* = di* — a“(¢)d X", fl2" = VR + T (cl(»’"’ + sin” Odg }
\ L l.}'F

and stress-energy tensor of perfect fluid
Ilw = (.‘9 -} P)'UHU,, i P

Einstein’s equations then yield the (Friedmann) equations
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a 3= 3
The expansion rate H = a/a is called the Hubble parameter and its value
today, the Hubble constant, is denoted Hy.
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Cosmological models

Standard cosmological model starts with homogeneous and isotropic
line element
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and stress-energy tensor of perfect fluid
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The expansion rate H = a/a is called the Hubble parameter and its value
today, the Hubble constant, is denoted Ho.
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The Hubble Constant
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FIGURE 1
Velocity-Distance Relation among Extra-Galactic Nebulae.
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Current Ho Tension
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Standard Sirens

Basic idea: gravitational wave strain
scales as

~ fl . ({‘,["]S ;}ﬁ 3 fl oo ({‘.t"]ﬂ;) (J. } Z)ﬂ,f

D Dp(z)

Phase evolution determines intrinsic
parameters (e.g., mass) to high
accuracy. Amplitude then
determines distance (Schutz 1986).

If redshift can be obtained, we get a
point on the D;-z relationship

Problem is to obtain redshift.
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Obtaining redshift information

Obtain a redshift either using EM information or assumptions about the
source population
Counterpart observations: direct measurement of z from EM
observation of the same source.

Galaxy catalogues (“statistical method”): use galaxy catalogues to
identify possible host redshifts.

Cross-correlation method: see next talk.

Mass-function assumptions: assume knowledge of source mass,
obtain redshift from measurement of M(1+z).

Tidal effects in BNS: obtain source mass from tidal coupling
parameter and universal relations (Messenger & Read 2011,

Chatterjee+ 2021) 00 (k) k
AM)=)" %‘l— (1 - ﬂ)

m
k=0 0
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(Counterpart measurements

If the source redshift, z, can be obtained electromagnetically then the
observed luminosity distance posterior, p(d;), can be converted to a
posterior on Hy, p(Hy) = (cz/H¢?) p(cz/Hy) (low-z illustration).

BNS are most likely CBC
source with counterparts,

e.g., kilonova for
GW170817.

Swope +109 h

Fermi/ |
GBM |

The optical counterpart i —
identified the host galaxy Ry Formi / .

as NGC 4993, a galaxy in " )
the constellation of Hydra i i
at sky location 4, 3

ra=13h09m48s, dec = . VAN

-23°22’53" . LVC+, Astrophys. |. Lett. 848 1.12 (2[117}‘
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Hubble constant measurement with counterparts

Redshift of NGC 4993, Vrec = 3327 & 72kms ™! and GW distance of
GW170817, d = 43.8125 Mpc, gives Hy=vyec/d = 76.0 km s1 Mpc-l.

There are two potential complications:

1) selection effects in gravitational wave and electromagnetic
measurements. Our detectors have finite sensitivity so the sample of
GW events with counterparts is incomplete. At the time of GW170817
we were GW-selection dominated and so the cosmology-dependence
of this selection was negligible.

2) NGC 4993 is sufficiently close that it has a significant peculiar
velocity. This can be corrected using measurements of the peculiar
velocity field. For GW170817, estimated v,, = 310 & 150km g,
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Hubble constant measurement

Final resultis Hp = 70.07¢%" kms ™' Mpc¢ ™"
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Statistical Ho measurements

General form of likelihood is

pr(Hop)
Ns(Hp)

If do not have EM data, prior on p.(z;) important. Inference requires

p(HuldGW,d"‘"M,det) X /p(d("””,dﬁM |2, Hy, )_\')p,;(zt)dztd)_(

cumbining multip]e observations, using
Nobe

r .(Hp)
p(HD‘{d(.deUL}}oc. ps u H U‘U 2)p(Npew (S |cz:/Ho, 2:, N dz

Can construct pz(Zt) from a galaxy catalogue, but need to handle
incompleteness of catalogue.

1 dV.
Pz\%) — Pca o(z “i 1 B
p”( ) Pcat Z ( ) | Vr*(zmn.x)( | U ) dz
f(z\H”)ff p(M|I)dM
ﬁ-‘.th[::.‘-,JJ‘O_-V”Lh}
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How does the statistical method work?

Assuming p(z) ~ z2, p(dL) ~
d;? for any cosmology ->
no information.

But the Universe is clumpy
- galaxies have discrete
redshifts.

In the absence of
measurement errors, one
event gives a set of
possible Hy = czi/d), values.
A second observation gives
another set. Exactly one
value will agree.
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How does the statistical method work?

Measurement errors smear things out, so individual events are not
informative. But, there will be a feature at the true HO, which will
accumulate as events are combined.
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How does the statistical method work?

Single 109 Combined

0.0200 0.10 '
]
0.0175 1 :
0.08 - :
00150 "
]
]
4 ]
0.0125 0.06 - :
£ 001004 A :
3 i :
0.0075 0.04 - ;
]

:ﬂ
0.0050 4 /
0.02 - /‘:

0.0025 ¢\

_f\_/ : L_-—-"
0.0000 +— : ~ 0.00 —L S—— _—
50 100 150 50 100 150
H. Haq

Pirsa: 22040016 Page 17/52



How does the statistical method work?

Single 410 Combined
0.0200 0.10 '
1
0.0175 :
0.08 - :\
0.0150 if |
1
0.0125 006 i
1_‘ 00100 - \
Q " / -.-\J/#Mi_.._._._,.-'
0.0075 - A |
0.0050 # |
002 1 : \
0.0025 - J/: \
1
0.0000 1— : A 0.00 L—rd by
50 100 150 50 100 150
Hj| HZI

Pirsa: 22040016 Page 18/52



How does the statistical method work?
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How does the statistical method work?

Various other effects help to accelerate convergence.

At higher redshift, deviations of cosmology from a simple power-law

become important.

Finite range in d; then provides a handle on cosmological parameters.

1.0 1

0.8

0.6 4

0.4 1

0.2

0.0 4

— Hy=67.7, Qp=10.31

Ho=75.0, Qp = 0.31
Ho=67.7, Qg = 0.41
Hy=60.0, Qy=0,31
Ho=67.7, Qo= 0.21

30000
dy (Mpc)

T —
10000 20000

40000

P(a VP )

—
50000

1.2 1

1.1 1

1.0

0.9

0.8 -

Hp=75.0, Qp=0.31
Hp=677, Qp=0.41
Hg=60.0, 0y = 0,31
Hy=67.7, Qu=0,21
=== Hy=67.7, (Qx=0.31

50000

40000

— —
20000 30000
d, (Mpc)

T T
0 10000

Page 20/52



How does the statistical method work?

Galaxies tend to cluster which makes features in redshift distribution
more distinct.

Line of sight 1
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Statistical Ho measurements

Need small uncertainties for maximum power - events after Adv. Virgo came online.

GW170104

LVI151012
GW151226

GW170817

GW150914

\
GW170814

LIGOVirgo/WASA Leo Singer
(Milky Way image: Axel Mellinger)
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First statistical measurements: GW170817

Carried out proof of principle of this measurement using GW170817.
More informative than average since very close, but statistical
measurement weaker than counterpart measurement.
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Statistical measurements: GW170814

Also applied to GW170814 by DES collaboration + LVC., First
measurement using a dark siren.
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Statistical measurements: O1+02

Result from O1+02 was ~10% tighter than from GW170817 alone.
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Ho measurements: mass function

Another approach: assume mass function has sharp features. For
example, BNS component masses have narrow distribution (Taylor+ 2011)

m; ~ N(j,0°)
Then precisely measured M:=M(1+z) determines z.

Advantage - no completeness problem (posterior dies away to large Hy
values), no need for collection of expensive galaxy catalogues.

Disadvantage: relies on the NS mass function being narrow enough, and
on having a reliable model for it.

There are large uncertainties at low redshift

. All+2) AM, Am AM, ¢
M, =m(l +z) = Az = — =+ = = .
il [ s s SR
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o measurements: mass gap

Although the BNS mass function may not be narrow enough, the

existence of the pair instability mass gap provides a feature in the BBH
mass distribution that can be used in a similar way (Farr+ 2019).

—_— Model A
™ Model 13

Miewlel C

LVC BBH properties from GWTC-1 (2019)
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Mass function measurements: GWTC-1

Varying Meas
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Current results
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Counterpart (?) measurements: GW 190521

During O3 a high-mass BBH event,
GW190521, was observed at d.~ 6 Gpc.
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Counterpart (?) measurements: GW 190521

During O3 a high-mass BBH event,
GW190521, was observed at dL~ 6 Gpc.
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Statistical measurements: O3
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Mass function measurements: O3

The second LVK O3 analysis used an empty catalogue and
simultaneously fitted a power law + Gaussian population model.
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Other statistical measurements in O3

{) |]|'H:F =
Using DES observations for —0.0125 o
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Other statistical measurements in O3

without CGWI190521
Mancarella et al. combined — with CW190521

the GWTC-3 observations ., S

with Planck cosmological ‘M;mmrvﬂn et al. (2021)

measurements to place
constraints on modified GW
propagation.
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Future Ho measurements: counterparts

2% measurement achievable with ~60 events, 1% with ~240 events. Addition
of KAGRA and LIGO India improves precision per event by ~15%.
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Ho-inclination degeneracy

Uncertainty in measurement largely driven hy degeneracy between distance
and inclination of the source.
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Ho-inclination degeneracy

EM observations can break d;-i degeneracy, proving 2-3 times better
precision on individual events -> 1% measurement with ~50 events.
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Future Ho measurements: statistical

Assuming complete catalogues and nearby events, could reach a
precision of ~3km s Mpc! with 250 events. This would be achieved
with ~15 counterpart events.
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Future measurements: mass gap

Without catalogues, and assuming the BBH mass function is a power-
law + Gaussian, to achieve the same precision (a few percent) would
require several 1000 observations of BBHs at design sensitivity.
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Future measurements: mass gap

But, dark sirens observed at higher redshift are better at placing
constraints on other cosmological parameters. 3G detectors could
measure the dark energy EoS to 10% in 10 years of observations.
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Future measurements: mass gap
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Future Ho measurements: LLISA
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Prospects for the future: which method will “win™?

Clean measurement.
Counterpart Systematics well Event rate highly uncertain.
understood.

Can use all sirens - high  Lots of systematics need to be
event rate. controlled.

Do not rely on intrinsic ~ Limited by survey

properties of population. completeness.

Galaxy catalogue

Relies on intrinsic population
having sharp mass features,
Mass function No external data needed. and correctly modelling them.
Need to make assumptions

about population evolution.
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General staustcal framework

Considering all EM and GW observations together, general framework
can be written

p(n‘l{dﬁf:’,u_.l_m { li'_-'l"l.".r:h.'n} {d J'-.'.-‘Lf.r:hn}‘J

Ngal
xp(0) E [{ {[ (Z p(d;’ W'”"lf\.,._r;;,r'))p[:dl::M""lmlﬂ{Hg,,l’}ﬁpf"{;,!},l{_;‘:},{ﬁ},{}\'},ﬂa) df":"]

I |

xN“--"-exp[ pae (420} (11 45) ] x ( rml)mf\fmw

X l[ p(d, """z, Xy, 631, 0) l[ {(1 P (2, }cp{{ . {sz {:\}‘ﬁj;.}
=1 "”_-:\'T.I.Jnl'.rf ol

p(N|0) ANd{z}d{(}d{X}.

Prior on galaxy

locations / properties
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General staustical framework

Considering all EM and GW observations together, general framework
can be written

GW observations
p(ﬁl {dE-“-UbS}! {dCH’.ohﬂ}? {dr'i'.:‘rf.nhﬂ})

hist
Nobe Neal - - _ 2 5 T o
xp(0) ) f { I1 U (Zd K, g, Bp(d Ry, i, 0)p(Ri, gil {2}, {2}, {)\},5)) dﬁé]

N pal 7 =1
: - S0t i N, .
X Nh”lh exp [_prlr‘t (m{z'} {ﬂl }! {‘)"}) hr} X ( N alijblL ) P(Nr;ﬁlm)

rhiat '
NG Ngal

v
e 1 }
=1

m=Nhist 11
/ p(_{\”@’) dg\rd{z}d{ﬁ}d{x}-
Historical observations

3 y L yal:
Catalogue incompleteness Frior on galaxy
locations / properties
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General staustcal framework

Considering all EM and GW observations lnyulhur general framework
can be written
Counterpart observations

GW observations GW source population

I"(Jl{dﬁffll-llm} {d(_'-'l"[".nhﬂ}* {dﬁ'M.nhn}‘J 1 \

f\

"‘\p 6) E /{ |:/ ( TW, uly,“\ j; % [’dLM"Ihl'ﬁ” gi, WFL'}H'} H -—-_{_- } {_&E’) df‘:;]

q_l

x NV oxp | paes (81}, {1}, (X)) V| ( N ) P(Nyu6)

obs

.'\-" ' Ngal
bd ll@r—, sy Zly )\I !‘T v]\_} l[ {(I- P|.$L ~TTL Y ||| Eu:w -i {-}\ _Téjj)}
— Trim= '\-'3 AR | g S
“D(N|0) ANA{z}d{F}a{X}.
Historical observations J,,-*"

Y ana 2 p
-~ . ) 4 ;
( ﬂl.’llnﬂll(‘ lI]l."Illl"lI')]E‘|E‘II(‘HH Prior on galaxy

locations / properties
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(General staustical framework

Systematic errors can potentially enter all of these terms.

IJ(H-H(IE-?_H'Obn}, {(lf'}'”.-',nh.'\-i}? {(l ."-.‘Af,r:hﬁ}]

hist
N’obc P\fe_al
x p(6) > [ 11 [ > p(dFV | Aq, g, O)p(A] | Ay, g1, O)p(As, gil {2}, {2}, (A}, 0) | dAq

N i=1 gi=1
N,
x ( hr}gm;:,lt )P(Nuul@

obs

f
gal

x NNevs gy (| —Pdet (m{zi}! {ﬁ"}’ {X‘} B"

GW selection effects — * = S o
x H pl:dF‘w‘Ubs |31_- AI y ﬂh 8) H {(1 pg::'r [:--m. }\ms Qm y g) } p{{ {ﬂ.}, {)\Hﬂ)

=1 m=Hin_]

=
"

p(N|0) ANA{z}d{}d{N)}.

Can mitigate these uncertainties in the analysis, but must be aware of
them, and mitigation will reduce precision of cosmological measurements.
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General staustical framework

Systematic errors can potentially enter all of these terms.

Canpranoon and

p(B1{dgia o™}, {d9WoP"), {d¥M°™})  model uncertainties

hist
Nobo Ngar E e 5L
x p(d) Y [ 11 [ > @A™ | Ky, gi, OYp(d " As, i, O)p(As, il {2}, {€2}, (A}, 6) | dAs

Ngal ° i=1 =1

= e Ny,
x N exp [—paoe ({21}, {6}, {}) V] ( N )p(mmm

obs
Nl Nea
X p(dF‘w‘UbﬂzhAhﬂhﬁj H {(1 —Pg::»r [:3::4.7 Amsﬂ'm;g))}p{{z}s {ﬂ}, {)\Hﬂ)}
=1 M= h—lllwl-_l.:r. L1

p(N|0) ANA{z}d{}d{N}.

Can mitigate these uncertainties in the analysis, but must be aware of
them, and mitigation will reduce precision of cosmological measurements.
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(General staustical framework

Systematic errors can potentially enter all of these terms.

IJ(H'H(IE.H.OPJ:I}, {(lfv'il.-',nh.“'i}? {(l ."-.‘M,r:hﬁ})

hist
'r\robf: ;'Vaal
x p(6) Y [ 11 [ > p(dFV ) Aq, g, O)p(A] ™| Ay, g1, O)p(As, gil {2}, {0}, (A}, 0) | dAs
Ngar * i=1 |° §i=1
r None A = N s Ny,
x NN exp [—paoe ({21}, {6}, {}) V] ( N )ppwm
oDe

Nh2 Nya
EMobs;. 7 & a
X p(d;” |21, Aty S, )

=1 m=NRn_]

p(N|0) ANA{z}d{}d{ ).

{(1 o Pﬂ::'tl:znn j‘.ms ﬁms‘q):’} p({z}, {ﬁ}, {)_\.Hé‘)}

Can mitigate these uncertainties in the analysis, but must be aware of
them, and mitigation will reduce precision of cosmological measurements.
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(General staustical framework

Systematic errors can potentially enter all of these terms.

P(H-l{(ls_“_ﬁﬂbﬂ}, {d(v'i'l,-,nl'm}? {'d n"'.'.l‘lf,r:hﬁ})

hist
'r\robc ;“lfe_al
# p{f?)Z[ 11 [ > p(dFV A, g, O)p(aA] | Ay, g1, O)p(As, gil {2}, {0}, (A}, 0) | dAs

Ngal ° i=1 9;=1

; T T G AT
x NN exp [ —paos (04}, {6}, {A.;}) n} x ( N )p(wm

ob B
J\.ll =14
X H pl:dE‘w Ubs|~i Alsﬂf! th{:-—m Am,ﬂ.m,l‘? :l P‘({ } {ﬂ} {)\Hﬂ)}
=1 m=Nhi '|1
e —~p 1"9|n9}(11'\-’d{z}d{ﬂ}:l{)u}.
Catalogue
incompleteness

Can mitigate these uncertainties in the analysis, but must be aware of
them, and mitigation will reduce precision of cosmological measurements.
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Summary

Gravitational waves are beginning to be used as standard sirens to probe the expansion
of the Universe

First measurement of Hy made possible by GW170817, since host galaxy redshift
determined. Measured Hy=70"1? 3 kin s-' Mpc.

Can obtain additional constraints from dark sirens using galaxy catalogues to
provide potential host redshifts, or by exploiting characteristic features in the mass
spectrum. These methods have provided a few tens of percent improvement in the
constraints,

In the future, ~60-130 counterpart events would allow us to reach 2% precision,
enough to resolve the current tension. After ~250-500 events we could obtain a 1%
measurement.

With the thousands of BBH systems expected to be observed by 2G and 3G
detectors, we should be able to place competitive constraints on H(z) at the level of
a few percent.

Systematics will affect, and potentially limit, all these measurements. But, these can be
mitigated and are different to those from EM observations and will provide a
complementary probe with comparable sensitivity.
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