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Standard sirens




Standard sirens

How do we extract cosmological
information from gravitational
wave observations?

-0.25 -0.20 -0.15 —0.10 -0.05 0.00
Time (s)



Standard sirens

The GW waveform (in time-domain at the lowest Newtonian order) used to detect
GWs and measure the parameters of the system is (for the X polarisation)
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Standard sirens

The GW waveform (in time-domain at the lowest Newtonian order) used to detect
GWs and measure the parameters of the system is (for the X polarisation)
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Most importantly for cosmology, one can measure the luminosity distance d; of the
source directly from the GW signal without relying on the cosmic distance ladder
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Standard sirens
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Note however that the waveform above does not depend explicitly on the redshift z,
which cannot thus be measured directly from GWs

One needs independent information on the redshift of the source to do cosmology: if
both d; and 7 are known one can fit the distance redshift relation
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This is very similar to standard candles
(supernovae type-la), from which the name
standard sirens (using the analogy between o
GWs and sound waves)
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[Schutz, Nature (1986)]



Standard sirens

How can we determine the redshift of a GW

source? Three main methods:

» By identifying an EM counterpart (bright
sirens)

» By cross-correlating sky-localisation with
galaxy catalogs (statistical dark sirens)

» By exploiting features in the source mass
distribution (spectral dark sirens)



Standard sirens

How can we determine the redshift of a GW
source? Three main methods:
» By identifying an EM counterpart (bright
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Standard sirens

How can we determine the redshift of a GW
source? Three main methods:
» By identifying an EM counterpart (bright
sirens) /
» By cross-correlating sky-localisation with ©
galaxy catalogs (statistical dark sirens)
» By exploiting features in the source mass
distribution (spectral dark sirens)
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Standard sirens

How can we determine the redshift of a GW

source? Three main methods:

» By identifying an EM counterpart (bright
sirens)

» By cross-correlating sky-localisation with
galaxy catalogs (statistical dark sirens)

» By exploiting features in the source mass
distribution (spectral dark sirens)

By stacking together the results
from many events, the values
given by the spurious galaxies

cancel out and the true
cosmological parameters emerge

0002035 nEvents =1
% 0.002020 |
PO [ [Schutz, Nature (1986)]
oorns| | n | \v | [Del Pozzo, PRD (2012)]
100 200 I 300 400 =00 [Gray‘h PRD (2020)

Credit: W. Del Pozzo [Gray+, JCAP (2023)]
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Standard sirens

How can we determine the redshift of a GW

source? Three main methods: _ By stacking together the results

» By identifying an EM counterpart (bright from many events, the values
sirens) _ o _ given by the spurious galaxies

» By cross-correlating sky-localisation with cancel out and the true
galaxy catalogs (statistical dark sirens) cosmological parameters emerge

» By exploiting features in the source mass
distribution (spectral dark sirens)
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Credit: W. Del Pozzo [Gray+, JCAP (2023)]
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Standard sirens

How can we determine the redshift of a GW

source? Three main methods:

» By identifying an EM counterpart (bright
sirens)

» By cross-correlating sky-localisation with
galaxy catalogs (statistical dark sirens)

» By exploiting features in the source mass
distribution (spectral dark sirens)

nEvents = 25
0.0025 +

0.0024 |

)

0,1

: 0.0023}

p(I_IU|Qr

0.0022

0.0021 | —
000207 ./LA»«/“WJ M%WW

100 200 300 400 500

Hy/km -s Mpe !

Credit: W. Del Pozzo
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By stacking together the results
from many events, the values
given by the spurious galaxies

cancel out and the true
cosmological parameters emerge

[Schutz, Nature (1986)]
[Del Pozzo, PRD (2012)]
[Gray+, PRD (2020)
[Gray+, JCAP (2023)]



Standard sirens

How can we determine the redshift of a GW Mg <

A >

source? Three main methods:

» By identifying an EM counterpart (bright ﬂ ﬂ
sirens)

» By cross-correlating sky-localisation with
galaxy catalogs (statistical dark sirens)

» By exploiting features in the source mass
distribution (spectral dark sirens)

W
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SIC Mg
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Redshifted chirp mass
M, = +2)M,

[Taylor+, PRD (2012)] [Mastrogiovanni+, PRD (2021)]
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Standard sirens

How can we determine the redshift of a GW

source? Three main methods:
» By identifying an EM counterpart (bright

1 Source frame
[1 Detector frame
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» By cross-correlating sky-localisation with 0 120 140

galaxy catalogs (statistical dark sirens) o —

> By exploiting features in the source mass , .. 1 Detector rame
distribution (spectral dark sirens) 8 ©
oy 40
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0 ?
120

Myhs = (1 + Z)Wlsrc 0

Phenomenological models for the LVK BBH population

POWER LAW + PEAK MuLTi PEAK

TRUNCATED BROKEN POWER LAW

Gaussian
peak 1

Gaussian
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Gaussian
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turn-on

Smooth
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[Taylor+, PRD (2012)] [Mastrogiovanni+, PRD (2021)]
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Method

EM counterpart

Galaxy catalogs

Clustering

Quadruple lensing

Source-frame mass

Rate evolution

Tidal deformation

Standard sirens

Accurate redshift estimation, golden sirens

Infrequent and rare events, tentative
associations

Available even for BBHs, several EM bands to
check consistency

Less and less incomplete, less
constraining for poorly localized events

No EM counterpart needed, more efficient for
poorly localized events

Needs to know the dark matter density
field. Incompleteness issue

Provides 4 bright golden sirens at the price of
one.

Could be rare events and lensing
follow-up could be difficult

No needs of EM counterparts, can fit
conjointly cosmology and astrophysics

Needs to be driven by some
astrophysical expectation

As above

As above

No need of EM counterpart, detectable from
the waveform.

Needs to obtain a Universal EOS from
few calibrators

Slide curtesy of S. Mastrogiovanni
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Current results from LVK

Status of Earth-based GW observations:
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e Current 2nd generation GW detector network
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Current results from LVK

Status of Earth-based GW observations:

O1: 2015 (completed), LIGO only, 4 months of data, 3 BBHs detected

02: 2017 (completed), LIGO(+VIRGO for GW1708xx only), 6 months of data, 7 BBHs +
1 BNS with EM counterpart (GW170817) [LVC, PRX (2019)]

0O3: 2019 (completed), LIGO+VIRGO, ~1 year of data, 79 events,
73 BBHs + 2 BNSs + 4 NSBHs [LVK, PRX (2020)] [LVK, ApJL (2021)] [LVK, arXiv (2021)]

O4: started May 2023 00— 01=3,02=6,03a =44, 03b =35, Total =90 __
LIGO+VIRGO(+KAGRA)

05: ~2027

8

~l
o
T

- O1 02

90 high-significance* GW
events in total so far

Cumulative Detections
8 8 8 8 8

“for additional lower-
significance events see o . . . : . : :
arXiv:2108.01045 0 100 200 300 400 500 600 700

LIGO-G2102395 Time (Days) Credit: LIGO-Virgo-KAGRA Collaborations

—
o
T
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Current results from LVK

Status of Earth-based GW observations:

O1: 2015 (completed), LIGO only, 4 months of data, 3 BBHs detected

02: 2017 (completed), LIGO(+VIRGO for GW1708xx only), 6 months of data, 7 BBHs +
1 BNS with EM counterpart (GW170817) [LVC, PRX (2019)]

0O3: 2019 (completed), LIGO+VIRGO, ~1 year of data, 79 events,
73 BBHs + 2 BNSs + 4 NSBHs [LVK, PRX (2020)] [LVK, ApJL (2021)] [LVK, arXiv (2021)]

O4: started May 2023

https://observing.docs.ligo.org/plan

LIGO+VIRGO(+KAGRA)

O5: ~2027 Updated
2024-06-14
LIGO
Virgo
KAGRA
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Current results from LVK

GW170817: the first ever (bright) standard siren

: / : Planck = GW170817
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Low-redshift event (z = 0.01): only H,
can be measured (Hubble law)
C

The identification of an EM counterpart
yielded the first cosmological

measurements with GW standard sirens dL(Z) ~—z7 for 71
17 1 1 ’
— (O+ — —
HO — 69_ kms MPC Results largely in agreement with EM
constraints (SNIa/CMB), but not yet
[LVC+, Nature (2017)] competitive with them

[LVC, PRX (2019)] .



Current results from LVK

Current dark and spectral standard siren

A joint analysis combining all dark
sirens methods (statistical+spectral) +
GW170817 provides the best
constraint so far (including
marginalisation over population
parameters)

o
o
w

0.02 1

p(Ho|x) (km~* s Mpc)

Hy = 6972*kms~! Mpc™!

e BBHS
we NSBHs + GW190814
m— GW170817
= 5|l events
Planck
SHOES

This represents a ~20% improvement
over GW170817 only results 00050

40

LVK O4 cosmological results will
combine all standard siren methods
(bright+spectral+statistical) for the
first time

22

60 80 100 120 140
Hg (km s Mpc™1)

[LVK, ApdJ (2023)]
[Gray+, JCAP (2023)]



Future prospects

FUTURE PROSPECTS WITH LVK: The current network of ground-based detectors

is not expected to measure f, at few % accuracy before ~2030.

140 | 140
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Events Events
Run Telescope BNS NSBH
Few % daccuracy on HO pOSSible Only EM annual number of detections
in the most optimistic O5 scenario 04 ZTF 043535 013571
Rubin 1.9712 58 0.0370:03
_ o5 ZTF 0.43193* 0.091%:08
[Kiendrebeogo+, ApJ (2023)] Rubin 5397630 .43+059
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LISA Standard Sirens

Laser Interferometer Space Antenna

Design:
107 \ ===« Near equilateral triangular formation in
o oy o | MBHBsatz=3 | heliocentric orbit
- . % Verification Binaries . . .
- 10 \A\ month == EMRI Harmonics * 6 Iaser ||nkS (3 aCtlve armS)
g bk 1 o — w1 e Arm-length: 2.5 million km
- ' . Gal. Bin. (SNR >7) * Mission duration: 4 to 10 yrs
£ 0™ \ 0 M '/_; « Adopted by ESA in 2024 !
3 # 1 e Launch: mid-2030s
® ~ 1
S 1020} X, T ;
[ Obooratory ISR Standard siren sources:
Characteristic Strain
102'F - Tota \ o Stellar-mass-BBHs-H10—100M)
10° 10" 107 10”2 107 10° e Intermediate-mass BBHs? ( =2 100 M)

Frequency (Hz) * Extreme mass ratio inspirals (EMRIs)

e MBHBs (10* — 10" M)
[LISA, ArXiv (2017)] *EM counterparts expected
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LISA Standard Sirens

-
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|\ day hour ] MBHBsat 2 =3
% Verification Binaries 4

= EMRI Harmonics o RedShIft range Z O 1
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7ML | — GW150914 ]
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S * No EM counterparts expected
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S
N
o
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el SONN [ ~few/yr
O Heequency (Ea / o e Useful as standard sirens:

Frequency (Hz)
500 : :
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h € [0.679,0.787) Q,, € [0. 1431V89¢>ir? "é‘*‘“’ ¢« =
s Ti o-standard-sirens- Y
. [ 7 ~0.1 standard sirens / yr
: R 7 ik o

W * Expected results:

200 ' v o Hytofew %

N

S
N
—_

—_
=
w

400

Dy./Mpc

H not measured

[Kyutoku & Seto, PRD (2017)]
[Del Pozzo+, MNRAS (2018)]
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LISA Standard Sirens

10-16 \
\;umh Galactic Background
1\ l hour, - ] MBHBsat 2 =3
10'17 \ % Verification Binaries
o \n}l\ 2 == EMRI Harmonics
-3 AN = LIGO-type BHBs
;}; 10°18 \ ML — GW150914 |
O year Gal. Bin. (SNR > 7)
“E * ]
‘o 19 \ M /
£10 " SR
g * % i
S 20 N ~
S 102} S e— ‘
()l)svr\'mu.r.\" . \ / b
21 Characteristic Strain 2
10 - = Total \ /
10 10 10 10

Frequency (Hz)

IMBHSs can be used in multi-band
analyses since their merger can be
observed by ground-based detectors and
their inspiral by LISA

 Expected results:
e H,tofew % with O(10) IMBHs
(rates yet unknown)

27

Multi-band IMBHSs ?

[ LISA
[ ET+LISA

LIGO/Virgo
L1 ET

10¢
Ady /d),
600 -
2 4001
=
e
200 +
0 L . L4 T Ll v N
107 100 10° 10* 10°
AR [deg?]

[Muttoni+, PRD (2022)]



LISA Standard Sirens

1 0-16 ‘\, Galactic Background E M R I S
R gy, BB s =5 .
N X D o | e Redshift range: 0.1 <z <4
= AN Il"““' | | = 11G0-type BHBS
c‘}? 10'18 \ = = E\l\lll);l):“(S\R >17) ;
E X  No EM counterparts expected
—Cg -20 \
i RS e LISA detections: from 1 to 1000/yr
1 0_2 1 _ ’(l:(l:::;wu-ris(ic Strair
05 10° T (H;—' R e Useful as standard sirens:
requency (Hz
0.9 0.8 0.7 0.6 credi%lg level 0.4 03 0.2 0.1 . ().1 5 Z S 1
0 v Il'0 o |f AdL/dL < O.l
I o If AQ < 2 deg?
S e e = ~ 11to 100 standard sirens / yr
| e Expected results:
o Hybetween 1 and 10 %
o e W, between 5 and 10 %
jz: 01 02 03 04 05 06 07 08 09 [MaCLeOd & Hogan’ PRD (2008)]

N [Laghi+, MNRAS (2021)]



LISA Standard Sirens

EMRIs

M1 (fiducial) .
P e Redshift range: 0.1 <z <4
4 il 10
Y fd v * No EM counterparts expected
o o \ | e LISA detections: from 1 to 1000/yr
TR m $ rEgE e Qm + e Useful as standard sirens:
, « 0.15z51
7 . O
W Sy, tAdd <O
LT D N s e IfAQ <2 deg?
0.74 1 1 1 I =
I s e EREE EE e t - e = ~ 1 to 100 standard sirens / yr
0.7214
o0l |e™ : ) ]  Expected results:
o o H,between 1and 10 %
0.681 [0
| N | = | N e W, between 5 and 10 %
&b‘ &’\. @V @’» &V @‘O\’

Laghi et al., MNRAS (2021)
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LISA Standard Sirens

S
\\S
2" Strongly lensed EMRIs
&
Q:‘ leea2 Multiple images
1.0
0.51
< 0.0
é ~0.5
-1.01 —— first image
_15{ —— delayed second image
200 400 600 800 1000 1200 1400
time t [days]
4 le—-23
< ﬂ / i |
A 01 NI NN
; M / “WWM W“ “h
Y 05 1.0 15 2.0

time t [hours] +3.48ed

[Toscani+, PRD (2024)]

e Redshift range source: 0.5 <z <2

* |Lensed host galaxy may be identified

e LISA detections: 0 to 10/yr

 Expected results with one LEMRI:
e H,at 1% or better (assuming €2 )

Constraint on the Hubble Constant
|

Zs = 1.26
] ZS=O.5
=== True value

70000 -
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50000 -

40000
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LISA Standard Sirens

(In 4 yr) Standard | w Obsc./Colli. radio
Light 6.4 1.6
Heavy 14.8 3.3
Heavy-no-delays | 20.7 3.5
Pop3
5,
i
E 100- - 171
g i : r
R I
() [ . I
& L I,
o 10~ i
< 1]
o 2 4 6 8 10
Z
Q3d
[——1 Rubin __._ Athena+ELT
L ‘"5 SKA+ELT
i=
:
&
(]
&
[Mangiagli+, z
PRD (2022)]

MBHBs
e Redshift range: 7 < 20

* EM counterparts expected

e LISA detections: 1 to 100/yr

* Useful as standard sirens:
e 7577
e If Ad;/d; < 0.1 (include lensing)
e If AQ < 10 deg?

e = 1 to 5 standard sirens / yr
(with EM counterpart)

 Expected results:
o Hjytofew %
* “Precise” high-z cosmography

[Tamanini+, JCAP (2016)]
[Mangiagli+, ArXiv (2023)]




LISA Standard Sirens

Fraction of realisations
o - o
(\®) ()] ~J
)] () )]
1 1 1

0.00

090 / -Q'm

1.00

e Expected results:
o Hjytofew %
* “Precise” high-z cosmography
e H(z=3)at ~20%

Fraction of realisations

o o o o
(e} [\ (9,1 ]
) W ) N

| 1 1 1

10-1 100 102  10°}
090/h(z, = 3.0) 090/dc(z, =3.0)

[Mangiagli+, ArXiv (2023)]
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LISA Standard Sirens

:: SA MBHB data will be very useful to probe ACDM at high-redshift

Tes

10
| — ACDM

Dark sector interaction

Redshift(z)

t alternative cosmological models

[Caprini & Tamanini,
JCAP (2016)]
[Cai+, JCAP (2017)]

Test quasars Hubble diagram
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Future prospects

The combination of different standard sirens will allow LISA to
measure the expansion of the universe from z ~ 0.01 toz ~ 10

Expected results for ACDM: 100 ¢
0-5110 years 5 —— EMRI -
s —— MBHB
& —— combined
0.4]
AH,/H, < 0.01 — 10
& N
0.3]
& EMRIs
g ruth value ~— : : .
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0.2 | NPeP ~ 6(40)
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[Tamanini, J. Phys. Conf. Ser. (2017)]
[Laghi, Tamanini+, in prep.]
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LISA Standard Sirens

Redshift Detection Redshift Measure Well Localised
Range Rates (Bright Sirens) (Dark Sirens)

LISA Source

SOBHBs < 0.1 < 1/yr None S 0.1/yr None
IMBHs <01 S10/yr(?) None S 2/yr(?7) ~2%  Multiband
< 100/yr
EMRIs <4 < 1000/yr None @z <1 1-10% Aw, S 0.1
S 1/yr < 10/yr ()
< < ~ . ~40
LEMRIs <S4 < 10/yr @z<2 @z<1 1%

< 3/yr < 10/yr (2) -
MBHBs <20 < 100/yr . i : ©.<o  2-10% A':;?;‘SZS
S 0.17yr (7) S 0.17yr (7) High-z
LMBHBs < 20 < 1/yr @7<2 @z7<2 ~10% Analyses
: High-z and
Combined < 3/yr < 100/yr < 1% dark energy

Analyses
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Conclusions

» Standard sirens are excellent distance indicators:

> They do not require calibration and are not affected by

systematics

> Can be used with or without an EM counterpart

> Bright and Dark Sirens

> New cosmological tests complementary to EM observations

> Current observations with ground-based detectors:

> First standard siren discovered: GW170817

> First GW measurement of H),

> Dark sirens results currently not competitive, but significant

improvement on top of GW170817

> Future prospects:

>

>

-uture observations useful to solve tension on H|,
_ISA will bring precise GW cosmology and will test LCDM at

nigh-redshift
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