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[Kravtsov]

[HST]

[SDSS]

[WMAP/Planck]

http://cosmicweb.uchicago.edu/filaments.html
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general relativity
cosmological principle
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We don’t understand the basics of our Universe

Dark Energy

Dark Matter

Ordinary Matter

Why the Universe 
expands ever faster?

What holds 
galaxies together?

Is Einstein gravity valid 
at cosmological scales?



Gravitational Wave horizons
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Standard Sirens 
• General relativity predicts the waveform of a 

compact binary coalescence 
• Gravitational waves do not interact with the 

medium 
• Compact binaries are detected at 

cosmological distances 
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ḟdet ⇠ M5/3
det f

11/3
det

For more details see: 
Gravitational Waves Vol. I, M. Maggiore 

<latexit sha1_base64="gaGA6lET0oleBvoD/0L1+8lHs3g=">AAACLnicjZDLSgMxFIYzXmu9VV26CRbBVW1rvSyLIrhQqGAv0BmHTCbThiYzQ5IRSpgncuOr6EJQEbc+hpm2Cy0K/hD4+c45nJPfixmVqlx+sWZm5+YXFnNL+eWV1bX1wsZmS0aJwKSJIxaJjockYTQkTUUVI51YEMQ9Rtre4Cyrt++IkDQKb9QwJg5HvZAGFCNlkFs470NbUg7tQCCsbY5UHyOmr1J35AXXPlHprT7cP0iDKVY1LNW+e5m6hWKlVB4J/m2KdTBWwy082X6EE05ChRmSslspx8rRSCiKGUnzdiJJjPAA9UjX2BBxIh09+m4Kdw3xYRAJ80IFR/T7hEZcyiH3TGd2r5yuZfC3WjdRwYmjaRgnioR4vChIGFQRzLKDPhUEKzY0BmFBza0Q95EJTpmE8/8LoVUtVY5KtetasX46iSMHtsEO2AMVcAzq4AI0QBNgcA8ewSt4sx6sZ+vd+hi3zliTmS3wQ9bnF0vBqpc=</latexit>

h ⇠
M5/3

det f
2/3
det

dL
°0.5

0.0

0.5

st
ra

in

£10°18

°0.8 °0.7 °0.6 °0.5 °0.4 °0.3 °0.2 °0.1 0.0 0.1

time (s)

0

100

200

f g
w

(H
z)



11

{dL(z),mdet = (1 + z)m}
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Gravitational waves give direct information of their 
distance, but to measure the expansion rate of the 

Universe we need some timing information



[Credit: D. Berry]
[Credit: LIGO+]

BRIGHT SIRENS
• Redshift from electromagnetic counterpart 

(e.g. identifying host galaxy) 
• E.g. GW170817 
• Need matter around merger: neutron 

stars!, AGN? 
• Bright counterpart at high-z?

https://arxiv.org/pdf/1710.05835.pdf


14[GraceDB]

https://gracedb.ligo.org/superevents/public/


DARK SIRENS

[Credit: DES]

• Statistically infer z from galaxies in localization volume 
• E.g. GW170814 
• Need good localization and complete galaxy catalogs!

[LIGO,DES; ApJ’19]

For more details see: 
Hitchhiker guide GW galaxy catalog cosmo 
(arXiv 2212.08694) 

https://arxiv.org/pdf/1901.01540.pdf
https://iopscience.iop.org/article/10.3847/2041-8213/ab14f1/pdf
https://arxiv.org/abs/2212.08694
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Gravitational waves alone can provide redshift 
information if studied as a population
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All compact binaries are standard sirens, no electromagnetic 
information is necessary 

“Far-side” binaries“Stellar-mass” binary black holesBinary neutron stars



Ezquiaga & Holz; Spectral sirens: Cosmology from full mass distribution of compact 
binaries (PRL’22, arXiv 2202.08240)

[Mastrogiovanni+’21][Farr+’19] [Ezquiaga&Holz’20]

[LVC Cosmo GWTC-3 ’21]

[Chernoff&Finn'93]

[Taylor+'11] [You+'20]

All compact binaries are standard sirens, no electromagnetic 
information is necessary 

“Far-side” binaries“Stellar-mass” binary black holesBinary neutron stars

https://arxiv.org/abs/2202.08240
https://arxiv.org/pdf/2103.14663.pdf
https://arxiv.org/pdf/1908.09084.pdf
https://arxiv.org/pdf/2006.02211.pdf
https://arxiv.org/abs/2111.03604
https://arxiv.org/abs/gr-qc/9304020
https://arxiv.org/abs/1108.5161
https://arxiv.org/abs/2004.00036
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Initial Conditions

Inflation
Primordial GWs?

Metric Ansatz

ds2 = �dt2+a(t)2d~x2

Maximal spatial

symmetry

Cosmic Structure

Dark Matter

Primordial BHs?

Standard Matter

Atoms/baryons,

photons,

massive neutrinos

Late acceleration

Dark Energy
Modified Gravity?

Theory of Gravity

Gµ⌫ = 8⇡GTµ⌫

Einstein’s GR

N
ew

P
hy

si
cs
?

S
ta
nd
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d

The standard model of cosmology - open questions

• What drives the late time cosmic 
acceleration?  

• Is GR valid at cosmological scales?  

• Is there new physics associated to 
the tension in H0?
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Cosmological GW propagation
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Cosmological GW propagation

• Expansion rate: changes GW amplitude

Gravitational wave detectors will constrain expansion history at different 
redshifts, measuring e.g. H0, EoS of Dark Energy, Dark Matter

<latexit sha1_base64="klh6K8g0/XpKN6OiG6XS4Ljmhqo="></latexit>

h00
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Now

Approx. 100 
events typically at 
z < 0.6
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O3 O4 O5 Voyager 3G/LISA
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2G: BNS constraints H0, enough to help with Hubble tension?
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2G: BNS constraints H0, enough to help with Hubble tension?

3G: BBHs spectral sirens H(z>2), new physics?



All compact binaries are standard sirens, no electromagnetic 
information is necessary 
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GW170817, first standard siren measurement of H0!

[Nature 551, 85 (2017)]

H0 = 70.0+12.0
�8.0 km s�1Mpc�1

Bright sirens

https://www.nature.com/nature/journal/v551/n7678/pdf/nature24471.pdf


Solve Hubble tension?

Predictions for O4:
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7.7+11.9
�5.7 yr�1 BNS

74% kilonova, 2% GRB[2204.07592]

https://arxiv.org/pdf/2204.07592.pdf


[Palmese et al., ApJ'23 ]

Dark 
sirens

https://arxiv.org/abs/2111.06445
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Spectral sirens: forecasts

2G: <10% within 1 year at approx. z=0.7

[BBHs between NSBH and PISN gap]
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3G: Sub-percent within 1 month. High-redshift!

Ezquiaga & Holz; Spectral sirens: cosmology from full mass distribution (PRL, arXiv 2202.08240)

[2025+] [2035+]

https://arxiv.org/abs/2202.08240
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Basic GW properties 
• Propagate speed of light 
• Amplitude scales with inverse of distance 
• No dispersion 
• Two tensor polarizations propagating 

equally
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For a review see: 
Ezquiaga & Zumalacárregui; Dark energy in light of GW astronomy (Frontiers, arXiv 1807.09241)

https://arxiv.org/abs/1807.09241
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Modified GW propagation

• Speed: changes arrival time

• Amplitude: modifies luminosity distance

• Phase: may produce waveform distortions
• Polarization: birefringence, additional tensor modes

For propagation effects beyond cosmological backgrounds: 
Ezquiaga & Zumalacárregui; GW lensing beyond GR (PRD, arXiv 2009.12187)

Small deviations accumulate over cosmological propagation times!

<latexit sha1_base64="xxUrvMtr/xnaRCO6aEXNt6x3sz0="></latexit>

h00
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A + (c2gk
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https://arxiv.org/abs/2009.12187


The speed of GWs

General relativity predicts: cg = c
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The speed of GWs

[Credit: Fermi] [Credit: LIGO]

�3 · 10�15  cg/c� 1  7 · 10�16
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General relativity predicts: cg = c
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GW170817: multi-messenger event

36

[LVC, Fermi, INTEGRAL’17]

https://arxiv.org/abs/1710.05834


Ezquiaga & Zumalacárregui; DE after GW170817 (PRL, arXiv 1710.05901) 37
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GW luminosity distance

dgwL = demL
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General relativity predicts: 
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General relativity predicts: 

Modified luminosity distance 
triggered by dark energy
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General relativity predicts: 

Modified luminosity distance 
triggered by dark energy

[Lagos+’19]

Bright sirens (GW170817) 

cM = �9+21
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https://arxiv.org/pdf/1901.03321.pdf
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Modified luminosity distance 
triggered by dark energy
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Spectral sirens

https://arxiv.org/pdf/1901.03321.pdf
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• More constraining than GW170817 
• Shifts           to lower values   
• GW data only!

Ezquiaga; Hearing gravity form the cosmos (Phy.Lett.B, arXiv 2104.05139) 39

See Mancarella et al.'21 and Leyde et 
al.’22 for GWTC-3 constraints!

GWTC-2 = O1+O2+O3a 
GWTC-3 = O1+O2+O3a+O3b

m99%
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https://arxiv.org/abs/2104.05139
https://arxiv.org/abs/2112.05728
https://arxiv.org/abs/2202.00025
https://arxiv.org/abs/2202.00025
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Join us!
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ezquiaga.github.io/joinus

http://ezquiaga.github.io/joinus
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“By using the full mass distribution, we demonstrate that degeneracies 
between mass evolution and cosmological evolution can be broken, unless 
an astrophysical conspiracy shifts all features of the full mass distribution 
simultaneously following the (non-trivial) Hubble diagram evolution.” 
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Example: 3G cosmo inference

Without evolution in the model: 
cosmology can be biased

[10,000 BBHs between NSBH and PISN gap (1 month)]

0.64 0.68 0.72 0.76

h0

0.24

0.32

0.40

0.48

≠
m

0

∞min = 0, ∞max = 0
∞min = 0, ∞max = 2

∞min = 0.1, ∞max = 2

Ezquiaga & Holz; Spectral sirens: cosmology from full mass distribution (arXiv 2202.08240)

https://arxiv.org/abs/2202.08240


Low-mass mass 
distribution

Multi-source
Bin. Gauss. Pr.

PL+dip+break
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GWTC-3

Break

Max?

Gap?

[LVC GWTC-3 ’21]

BBH mass distribution

Drop

Gap?

Power-law+spline
Flexible mixtures
Binned Gauss. Proc.

Power-law+peak

[latest LIGO-Virgo catalog]

https://arxiv.org/abs/2111.03634


[LISA]

LISA’s 
perspective

https://arxiv.org/abs/1702.00786
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LISA forecasts: SMBBHs
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Belgacem et al.; Testing modified gravity at cosmological distances with LISA (arXiv 1906.01593)

[approx. 10-30 bright sirens (4 yrs)]

hnd: heavy 
seeds no delay

hQ3: heavy 
seeds with delay

popIII: light 
seeds 

https://arxiv.org/abs/1906.01593


50Belgacem et al.; Testing modified gravity at cosmological distances with LISA (arXiv 1906.01593)

LISA forecasts: SMBBHs

https://arxiv.org/abs/1906.01593


51LISA Cosmo WG white paper (arXiv 2204.05434)  

Extrem Mass 
Ratio Inspirals

Stellar Origin 
Binary Black Holes

Super Massive 
Binary Black Holes

https://arxiv.org/pdf/2204.05434.pdf


Modified dispersion relation (MDR)

General relativity predicts: !(k) = c · k
<latexit sha1_base64="ylTukkq8tFjrq9gHo0w5LFZ2RjY=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wom5JUQUGEghuXFewDmlAmk0k7ZDITZiZCDcVfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGVXacb6tpeWV1bX10kZ5c2t7Z9fe228rkUlMWlgwIbsBUoRRTlqaaka6qSQoCRjpBPHNxO88EKmo4Pd6lBI/QQNOI4qRNlLfPvREQgaoGp/Ca4g9HAoN475dcWrOFHCRuAWpgALNvv3lhQJnCeEaM6RUz3VS7edIaooZGZe9TJEU4RgNSM9QjhKi/Hx6/RieGCWEkZCmuIZT9fdEjhKlRklgOhOkh2rem4j/eb1MR5d+TnmaacLxbFGUMagFnEQBQyoJ1mxkCMKSmlshHiKJsDaBlU0I7vzLi6Rdr7lntfrdeaVxVcRRAkfgGFSBCy5AA9yCJmgBDB7BM3gFb9aT9WK9Wx+z1iWrmDkAf2B9/gCblJQC</latexit>
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Massive graviton: !2 = c2k2 +m2c4
<latexit sha1_base64="V5Jrd+XTwSJlfH9Oh9Db+zr3iHU=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRZBEEoSCwoiFNy4rGAf0CZlMp20Q+cRZiZCiV34K25cKOLW33Dn3zhts9DWAxcO59zLvfdECSVKu+63tbS8srq2Xtgobm5t7+zae/sNJVKJcB0JKmQrggpTwnFdE01xK5EYsojiZjS8mfjNBywVEfxejxIcMNjnJCYIaiN17cOOYLgPQ/8ahf4w9M9Y6KOw0rVLbtmdwlkkXk5KIEeta391egKlDHONKFSq7bmJDjIoNUEUj4udVOEEoiHs47ahHDKsgmx6/9g5MUrPiYU0xbUzVX9PZJApNWKR6WRQD9S8NxH/89qpji+DjPAk1Zij2aI4pY4WziQMp0ckRpqODIFIEnOrgwZQQqRNZEUTgjf/8iJp+GXvvOzfVUrVqzyOAjgCx+AUeOACVMEtqIE6QOARPINX8GY9WS/Wu/Uxa12y8pkD8AfW5w/6Z5TB</latexit>

[Will'98]

General MDR:
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GWTC-3 (41 events)
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[LVK TGR GWTC-3]

!2 = c2k2 + A(ck)↵
<latexit sha1_base64="ca8Y4a4HtQwvVu4N2KsG8HnZwPA=">AAACDnicbVDLSgNBEJz1GeNr1aOXwRCICGF3FRREiHjxGME8IJuE3skkGXb2wcysEJZ8gRd/xYsHRbx69ubfOEn2oIkFDUVVN91dXsyZVJb1bSwtr6yurec28ptb2zu75t5+XUaJILRGIh6JpgeSchbSmmKK02YsKAQepw3Pv5n4jQcqJIvCezWKaTuAQcj6jIDSUtcsulFAB9BxrkjH8TvOiRuAGnpeej0uEf+44wKPh9A1C1bZmgIvEjsjBZSh2jW/3F5EkoCGinCQsmVbsWqnIBQjnI7zbiJpDMSHAW1pGkJAZTudvjPGRa30cD8SukKFp+rviRQCKUeBpzsnx8p5byL+57US1b9opyyME0VDMlvUTzhWEZ5kg3tMUKL4SBMggulbMRmCAKJ0gnkdgj3/8iKpO2X7tOzcnRUql1kcOXSIjlAJ2egcVdAtqqIaIugRPaNX9GY8GS/Gu/Exa10yspkD9AfG5w/DBZtH</latexit>

[Mirshekari et al.'11]

https://arxiv.org/abs/gr-qc/9709011
https://arxiv.org/abs/2112.06861
https://arxiv.org/abs/1110.2720


Tensor polarizations 

General relativity predicts: 

h+ , h⇥
<latexit sha1_base64="dzv565h/tH1Piu8x5N0hmHDg/Jo=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCYClJFRTcFNy4rGAf0IQwmUyaoZNJnJkINRR/xY0LRdz6H+78G6dtFtp64MLhnHu59x4/ZVQqy/o2SkvLK6tr5fXKxubW9o65u9eRSSYwaeOEJaLnI0kY5aStqGKklwqCYp+Rrj+8nvjdByIkTfidGqXEjdGA05BipLTkmQeRd+rUas59hgIYeY6iMZGeWbXq1hRwkdgFqYICLc/8coIEZzHhCjMkZd+2UuXmSCiKGRlXnEySFOEhGpC+phzpJW4+vX4Mj7USwDARuriCU/X3RI5iKUexrztjpCI5703E/7x+psJLN6c8zRTheLYozBhUCZxEAQMqCFZspAnCgupbIY6QQFjpwCo6BHv+5UXSadTts3rj9rzavCriKINDcAROgA0uQBPcgBZoAwwewTN4BW/Gk/FivBsfs9aSUczsgz8wPn8AXKqUgg==</latexit>

Mixing cosmological tensor fields (similar to neutrino oscillations)
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Gravitational Wave Polarizations
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<latexit sha1_base64="G7FcO4rC+FuYNrA/5S88A0ZyD0k="></latexit>
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⇤h+,⇥ = 0
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1) zbroad < z < zmix, zcoh GR Modified propagation
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Ezquiaga, Hu, Lagos and Lin; GW propagation beyond GR (JCAP, arXiv 2108.10872) 54

Time scales 
• zmix: interference eigenstates 
• zbroad: eigenstate distorted 

modified phase evolution 
• zcoh: eigenstates decohere

https://arxiv.org/abs/2108.10872
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Gravitational Wave Polarizations

! t = 0, ⇡ ! t = ⇡/2 ! t = 3⇡/2

x

y

Tensor +

x

y

Tensor ⇥

x

y

Scalar T

z

y

Scalar L

z

x

Vector 1

z

y

Vector 2



r?
rE

Eigenstates
Scrambling

Echoes

?

GWs can mix with the additional fields. The propagation  eigenstates 
may have different speeds, splitting or distorting each image

• Beyond GR the background of the additional fields         modify 
propagation (besides the change in gravitational potential)

�(r)
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Ezquiaga & Zumalacárregui; GW lensing beyond GR (PRD, arXiv 2009.12187) 56

GW lensing beyond GR

https://arxiv.org/abs/2009.12187


Ezquiaga & Zumalacárregui; GW lensing beyond GR (PRD, arXiv 2009.12187) 57

GW lensing beyond GR
Modified effective metric for each eigenstate and polarization mixing 

Time delays Birefringence 

• No need of EM counterpart! Extend cosmological test GW propagation!
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https://arxiv.org/abs/2009.12187

