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Cosmology with black hole
binaries

dark sirens, anisotropies, & stochastic methods
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recap of LVK GW detection
history/plans: oot ORI

first BBH!
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first BNS: population studies!
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The future (on the ground): 3G

Extend the depth of ground surveysup to 7z & 20 — resolve all BBHs!

- ——=-aLIGO
AdV
KAGRA :
S egyagcr - cosmological
sighals
» primordial
. pop Il / high z BBHSs

BBHS

Frequency (Hz)
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https://git.ligo.org/evan.hall/gw-horizon-plot/-/tree/master/figures

Cosmological information in GWs from BBHs

measured gravitational wave: hGW (m19 Iy s 515 99, d ) 99 Cb . (P)

disktance

Llocation
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Cosmological information in GWs from BBHs

measured gravitational wave: hGW (m19 Iy s 515 99, d ) 99 Cb . (P)

', Myet = (1 + Z) Mgource diskance
inherent degeneracy . "

| 1
| =12 ds
| L ) 2 (Z)

H(z) = /o1 +2)7 + 8, (1 +2)7 + Q) R

other measurements

Llocation
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Cosmological information in BBHs: dark sirens

— break the degeneracy: independent information on Z:

. Galaxy catalog <> matched to BBH catalog

» Features in the BBH population mass
spectrum encoding cosmological

information

 (direct EM counterpart: e.g. GW170817 )

LVK. Nature 551 85-88 (201/)
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https://dcc.ligo.org/public/0145/P1700296/005/LIGO-P1700296.pdf

Cosmology in the BBH population : the merger rate

rate of mergers evolves with 7! 100
Redshift

P » S N
1 +z2 /o
1 + 1+ (P -
Z ), , ' ' ‘;_ ..‘ . .
peak = r M s~ 00

Madau-Dickinson p(z)
UICV p(z)

SFR-like evolution: R(Z) X

(Hall + Vitale, MIT)

In yellow: model parameters
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Dark siren cosmology: BBHs + galaxy catalogs

BBHs (probably) live in galaxies — & redshifts are correlated.

formally: use galaxy catalog as redshift |
prior

p(HO | dGW’ NObS’ A) — p(HO)p(Nobs | HO’ A) X
Y

~ localise BBH in a volume

correlate with galaxies in that volume

obs
H p(dgw | Dgw, Hys A) statistical z measurement
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Dark siren cosmology: BBHs + galaxy catalogs

BBHs (probably) live in galaxies — & redshifts are correlated.

formally: use galaxy catalog as redshift
prior in
pP(Hy | dgws Nops, N) = p(Hp) p(Nops | Hy, /A) X

N

obs

Hp(dGW ‘ DAGW? H()a A)

~ localise BBH in a volume

correlate with galaxies in that volume

statistical 7 measurement

Galactic south - log n [1/deg2

3.4

- however, galaxy catalogs are e @\ [ alee\ |-
incomplete: ey \Wsawe |

2.0

GLADE+ : an extended galaxy catalogue for multimessenger 1.8

searches with advanced gravitational-wave detectors, G. Dalya et al.,
MNRAS, Volume 514, Issue 1, July 2022, Pages 1403—1411
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Dark siren cosmology: BBHs + galaxy catalogs

Gray et al. ‘21 approach: pixelise the sky and keep track of incompleteness

pldgw | EGW» Hy, \) =

Arianna Renzini

1
N p1X

Z pldgw | ixs DGW9 Hy, A)
p1X
1

p(dGW ‘ Q X2 “o DAGW? H()? A)p( ‘ Q 1X° DAGW? H()? A)
N P p
pix

p1X
+p(dGW ‘ Qpix’ G’ l/jGW’ HO? A)p(G ‘ Qpixa l/jGW’ HO? A)

not in the catalogue
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Dark siren cosmology: population models

Infer cosmology together with population hyper-parameters A:

p(z| Hpy, 231, Wo)

pBBH(e‘Aa 5 9 ) cxp(mlamZ‘Am)p(Z‘AZ) 1 —|—Z

— many degeneracies...
... unless! we can leverage sharp features in the population distributions:

> Farr, Fishbach, Ye, & Holz, ApJL 883 [ 42 (2019)
»  Mastrogiovanni+, PRD 104 062009 (2021)
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Dark siren cosmology: LVK constraints

population
modelling

50 100 150
Holkms~1 Mpc~1]

Arianna Renzini

100 150

Mmax[Mo]

p(Ho|x)[km~!s Mpc]

mmm GW170817

Empty catalog
mesmm K-band with GW170817
== K-band

Planck

SHOES

30 100 120
Holkms~! Mpc~1]

BOTH will become more sensitive with 3G!

which will be the most sensitive?

quality of
catalogues?

14

systematics?

BBH/NSBH/BNS
rates?

BBHS & cosmology



An alternative? Tracing LSS statistically

on the sky locations of the measured BBHs:

MO, ) = ) apYpn(0.0) —  Cps
‘m

observed angular power spectrum of the BBHs:

Power spectrum (C})

(fiducial: simulations that match observed population)
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A (stochastic?) gravitational-wave “background”

—> ——» stochastic variables

and... less model dependent! because we can use a sufficient statistic
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Gravitational-Wave Background Sources

fractional GW
energy density Q(}W(f )

- Planck —— SMBBHSs | / G
Cosmic strings \ |

. . : - FOPTs |
GWs from inflation : Stellar-mass CBCs M\ : stellar mass compact

Inflation A : ~ binary coalescences

asymmetric rotating
compact objects

first order phase
transitions

cosmic strings

primordial black
holes

core-collapse
supernovas

—binary white dwarfs

104

From AIR et al.
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https://www.mdpi.com/2075-4434/10/1/34

; resolved binary black hole
' ' and neutron star events

'
AN

FFR & SE s EYRSE RS B4 F LR R —— e T —

“stochastic” background of
binary black holes and neutron | B
stars ;. |

WWW.raps.org



Qsw: the GW history of the Universe

100

P

Redshift

from Phinney '01 :
number of events in unit comoving volume

Qow(f) J ds ————— f— |
Rl R et

(redshifted) energy radiated
per event per source-frame
frequency

(Hall + Vitale, MIT)
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https://arxiv.org/abs/astro-ph/0108028

QGW : the GW history of the Universe

target for stochastic searches
A 100

R (Z) f dEGW '

Redshift

o { w

Access to:

>~ GWB power spectrum shape — GW sources
Mandic et al. ‘12, LVK O2 ('19), O3 ('21), ...

> Merger rate amplitude and evolution
Callister et al. '20, LVK O3 ('21), ...

> Mass spectrum information and evolution
Bavera etal. '21, L. A. C. van Son et al. ‘22, ...

(Hall + Vitale, MIT)

> Spatial distribution of sources (anisotropic)
Cusin et al. '18, Jenkins et al. "18, LVK Anisotropic O1('17), LVK O2 ("19), O3 ("21), ...
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https://arxiv.org/pdf/1209.3847.pdf
https://arxiv.org/pdf/1209.3847.pdf
https://arxiv.org/abs/1903.02886
https://arxiv.org/abs/2101.12130
https://iopscience.iop.org/article/10.3847/2041-8213/ab9743
https://arxiv.org/abs/2101.12130
https://www.aanda.org/articles/aa/full_html/2022/04/aa42208-21/aa42208-21.html
http://www.apple.com/uk
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.231101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.063501
https://arxiv.org/pdf/1209.3847.pdf
https://arxiv.org/abs/1903.02886
https://arxiv.org/pdf/1209.3847.pdf
https://arxiv.org/abs/1903.02886
https://arxiv.org/abs/2101.12130

Population hyper-prior differences

107°;

Madau-Dickinson p(z)
UICV p(z2)

» shading: uncertainty
on PLPP mass model

i
frequency (Hz)

> shading: uncertainty
on local merger rate

I 102 L I samples from
frequency (Hz) VK '23 PRX 13 1 011048



https://iopscience.iop.org/article/10.3847/2041-8213/aad800

Inferring the merger rate evolution

Joint Analysis

combine resolved sources with the GWB to constrain R(z)

| Gw(f) 0<f[ Z (Z)(1+z)f dfs ,

| Ph|nney 01 —— Median Estimate
90% Credible Bounds

Vangioni+ SFR

Ry (1 + 2)° model for '
R(Z) €(a, p, z,) <> star formation from LVK '21 for BBHs

1 + 7 )a_l_ﬁ ’ I'ate

1+zp

1 +

Callister et al. '16, Callister et al. '20
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https://arxiv.org/abs/astro-ph/0108028
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.022004
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.6.031018
https://iopscience.iop.org/article/10.3847/2041-8213/ab9743

Inferring the merger rate evolution

)

O3
O5 upper limit

O5 detection —— Median Estimate

SFR-like R(z) 90% Credible Bounds
Vangioni+ SFR

A
Q
4+
4
S
-
O
o0
S
)

=

Redshift 2

from LVK '21 for BBHs

O5 data run will be pivotal for binary merger

rate inference, with or without a detection. | |
Callister et al. '16, Callister et al. '20
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https://journals.aps.org/prx/abstract/10.1103/PhysRevX.6.031018
https://iopscience.iop.org/article/10.3847/2041-8213/ab9743
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.022004

Inferring the merger rate evolution

— GWTC-3 (Power Law + Peak)
-== Star formation (arbitrary norm.)
i i — Median Estimate

90% Credible Bounds
Vangioni+ SFR

0.00 0.25 0.50 0.75 1.00 1.25 1.50

~

from LVK '23 population paper
from LVK '21 for BBHs

... what about combining spectral sirens with

the stochastic background? | |
Callister et al. '16, Callister et al. '20
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https://journals.aps.org/prx/abstract/10.1103/PhysRevX.6.031018
https://iopscience.iop.org/article/10.3847/2041-8213/ab9743
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.022004
https://journals.aps.org/prx/pdf/10.1103/PhysRevX.13.011048

Qaw s the GW history of
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Access to:

\Veronesi et al. ‘23

> GWB power spectrum shape
— characterise the power spectrum, separate BH/NS

> Merger rate amplitude and evolution
— binary progenitors: time-to-merger delay, metallicity dependence, formation channels

AIR & Contaldi ‘19

> Mass spectrum information and evolution
— binary progenitors: high redshift mass distribution, SN pair instability, ...

> Spatial distribution of sources (anisotropic)
— cross-correlation with LSS; tracer of BBH accretors (AGNs) and BNS counterparts (GRBS)
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https://arxiv.org/pdf/2306.09415.pdf
https://arxiv.org/pdf/1907.10329.pdf

Stochastic sources: anisotropic spectra

|
Qew(f, 1) 1= — - Qew(f,n) = E ) QG(ﬁ)

spectral shape powerkon the
SKY

— Millennium catalogue
Analytical approximation
o] —— CMBQuIick + Halofit

Expected CBC GWBanguIar
power spectrum from
Cusin et al. & Jenkins et al.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.231101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.063501

Mapping €, estimating the angular spectrum

min 342 (“frequentist”)

———|

|
|

.~ N = F(h. )" 1AAN L] Ih)) = |
tgﬁ\_V_(Q - } (1) 2m)V2| C |2 ,
LVK anisotropic, AIR & Contaldi 18, 19, ‘20, + Banagiri et al. '21
iIssue: unresolved modes lead to ill- iIssue: too many parameters; usually
conditioned Fisher matrix. uses spherical harmonics and

regularisation efforts include Agarwal et al. '21, reduces to few modes.

Xiao & AIR In prep., +

Ultimate goals: have a map/angular spectrum, and/or cross-correlate with LSS:

Yang et al. 20, Alonso et al. ‘20
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.123018
https://arxiv.org/abs/2007.10456
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.023002
https://academic.oup.com/mnras/article/507/4/5451/6364369?login=false

Yang et al. ‘23

Arianna Renzini
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.123018
https://arxiv.org/abs/2007.10456
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.023002
https://academic.oup.com/mnras/article/507/4/5451/6364369?login=false
https://arxiv.org/pdf/2304.07621

LVK results: Pixel & Spherical Harmonic searches
a=72/3 o =3

' ASSUME NO CORRELATED (|
POWER BETWEEN PIXELS [

L only use diagonal of |

3.5 — 3.8 improvement w.r.t. O2

~ EXTRA CHALLENGE:
INVERSION OF FULL 7 | &

|

use SVD and Virgo

2.8 — 3.2 improvement w.r.t. O2 from Ariv 2103 ()8520

2 0 2
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lal shot noise: de-biasing approach

How to avoid biasing the ¢, measurement:
* cross-correlate over multiple time chunks

Jenkins et al. ‘19, Kouvatsos et al. (AIR) 2

injected true C's

cosmological random draw
injected shot noise W
standard estimator

new estimator

cross-correlate with LSS and/or other maps
Alonso et al. ‘20, Yang et al. ‘20, ...
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.083501
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.023002
https://arxiv.org/abs/2007.10456
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.083501

Angular resolution: LVK and beyond
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baseline: distance between simultaneous measurements ~ aperture

(similar to radio interferometry)

... Need to go to space for high resolution
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Angular resolution: LISA and beyond
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0 50 100 150 200 250 300 ESA Voyage 2050
Angular multipole / Whlte Paper
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Spatial shot noise: de-biasing approach

* cross-correlate over multiple time chunks, i and j, ignoring auto-correlations which
are shot-noise dominated:

. ] | A |
(eurr | Qz Qz* COPt Q
’ in—ln(n—l)“—-z‘ 4 21/”+1n(n—1)ZZ

cenr O3 ¢ OO (4 ¢« CO Q5 C™ 03 . CPO4

g

( | " (

— already relevant in O4; crucial for O5 searches! —
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3G: no more “backgrounds’?

Extend the depth of ground surveysupto z~ 10 — resolve all BBHs!

T T R —
separation|

BBH channels
+ SFH ‘

subtraction of high

. pop Il / high z S N ol matgers SNR signals

I 5 yXresidual) - Regimbau et al. "17/
BBH background I -

. S B - Cutler & Harms '06

 cosmological B

M. A simultaneous
backgrounds ... | v i

--==- Triangle 15km eStimatiOn Of

o 2L 45° 15km

R
\‘\‘"-t‘_"-\ """" . ,...,.»,',’.'.;,,/ 2L 45° 20km | o | . |
R N el \Ultiple signals

-
........
-------

O ~==- 2L 0° 20km

ST - Biscoveanu et al. '20 O

- Martinovic et al. ‘2
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.241101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.043023
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.151105
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.042001
https://iopscience.iop.org/article/10.1088/1475-7516/2023/07/068/pdf

The future: LISA

Y o - F- Yo { [oJumun

bina ries \ Galactic Background
any - | MBHBs at 2 =3 ... but, LISA won't

- ' ": oM % Verification Binaries
dlund et al. 05 . EMRI Harmonics really see high 7

~t Cornish & -\ dm . LIGO-type BHBs

GW150914

{ QObSOﬂ ”‘7 f —— Gal. Bin. (SNR > 7)
I Einch et al. 23 |§

WL VS IS0 <l W TS Ash A Lo b2

' 3 Observatory
: Ba ba k et a ‘ /‘ 7 'j | Characteristis=Strain
| : - maOlal

O ‘ |ver et a ‘ . /23 memes  Phase transition
{ - / 10~ ' 10~ 10"
§ Pozzoli et al. 233 -

= B 4 el 1 SOy aIT ol e Ace B La b
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https://arxiv.org/abs/gr-qc/0504112
https://iopscience.iop.org/article/10.1088/1742-6596/840/1/012024/pdf
https://iopscience.iop.org/article/10.1088/1742-6596/840/1/012024/pdf
https://iopscience.iop.org/article/10.1088/1742-6596/840/1/012024/pdf
https://academic.oup.com/mnras/article/522/4/5358/7146841
https://arxiv.org/abs/1809.10360
https://iopscience.iop.org/article/10.1088/1475-7516/2023/08/034/pdf
https://arxiv.org/abs/2308.01056
https://arxiv.org/abs/1703.09722
https://arxiv.org/abs/2305.05793
https://arxiv.org/pdf/2302.07043.pdf
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Data analysis: the cross-correlation statistic

GW detectors collect timestream data:

If noise is uncorrelated between detectors, search for GWB with
cross correlation: C,(f) = d (f) d5(f) = 5,(f) 55(f)

eg: Qaw(f) = (fi)
ref

. . 2
logg(ﬁc}w(f) 10) l Z (M)

2 4 R
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