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[Kravtsov]

[HST]

For a review see e.g. Ferreira’19

[SDSS]

http://cosmicweb.uchicago.edu/filaments.html
https://www.annualreviews.org/doi/abs/10.1146/annurev-astro-091918-104423
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Cosmological GW propagation

• Expansion rate: changes GW amplitude

LISA will constrain expansion history at different redshifts, e.g. H0, EoS of 
DE, DM

<latexit sha1_base64="klh6K8g0/XpKN6OiG6XS4Ljmhqo="></latexit>
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For more details see: 
LISA Cosmology White Paper (arXiv 2204.05434)

https://arxiv.org/abs/2204.05434


 7LISA 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
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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>
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https://arxiv.org/abs/2009.12187
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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)]

https://arxiv.org/abs/1906.01593


 10Belgacem et al.; Testing modified gravity at cosmological distances with LISA (arXiv 1906.01593)

LISA forecasts: SMBBHs

https://arxiv.org/abs/1906.01593
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3G cosmo inference

Sub-percent within 1 month. High-redshift!
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Ezquiaga & Holz; Spectral sirens: cosmology from full mass distribution (arXiv 2202.08240)

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

https://arxiv.org/abs/2202.08240


 12Belgacem et al.; Testing modified gravity at cosmological distances with LISA (arXiv 1906.01593)

LISA forecasts: SMBBHs

dgwL
demL

= ⌅0 +
1� ⌅0

(1 + z)n
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https://arxiv.org/abs/1906.01593


Modified dispersion relation (MDR)

General relativity predicts: !(k) = c · k
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Massive graviton: !2 = c2k2 +m2c4
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[Will'98]
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!2 = c2k2 + A(ck)↵
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[Mirshekari et al.'11]



MDR with higher modes
Previously, only dominant quadrupole (l,m=2,2) mode included.  
Frequency-independent phase shifts are degenerate with coalescence phase

 14Ezquiaga, Hu, Lagos, Lin, Xu; Modified GW prop with higher modes (arXiv 2203.13252)

Each higher modes gets a different time delay and phase shift!

[GW190412]

We have now events with evidence of HMs, definitely more with LISA

https://arxiv.org/abs/2203.13252
https://www.ligo.org/detections/GW190412/


 15

�2

�1

0

1

2

S
tr

ai
n

[⇥
10

22
]

All modes m = 10�22.0eV/c2, z = 0.5

GR MDR

�2

�1

0

1

2

S
tr

ai
n

[⇥
10

22
]

22 mode

�2

�1

0

1

2

S
tr

ai
n

[⇥
10

22
]

33 mode

�0.6 �0.4 �0.2 0.0 0.2 0.4 0.6
T [sec]

�2

�1

0

1

2

S
tr

ai
n

[⇥
10

22
]

44 mode

�0.01 0.00 0.01 0.02

T [sec]

0

2

�0.01 0.00 0.01 0.02

T [sec]

�0.5

0.0

0.5

�0.01 0.00 0.01 0.02

T [sec]

�0.25

0.00

0.25

Ezquiaga, Hu, Lagos, Lin, Xu; Modified GW prop with higher modes (arXiv 2203.13252)

https://arxiv.org/abs/2203.13252


Solving the propagation equations using WKB allows for arbitrary initial 
conditions

This is different to the SPA with particle velocity

WKB approach is equivalent to the stationary phase approximation (SPA) 
with time delays computed with the group velocity

MDR with higher modes

 16Ezquiaga, Hu, Lagos, Lin, Xu; Modified GW prop with higher modes (arXiv 2203.13252)

[Ezquiaga et al.'21]
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particle velocity

!2 = c2k2 + Ack
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E.g.                          :

group velocity

https://arxiv.org/abs/2203.13252
https://arxiv.org/abs/2108.10872
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Ezquiaga, Hu, Lagos, Lin, Xu; Modified GW prop with higher modes (arXiv 2203.13252)

https://arxiv.org/abs/2203.13252


Polarization 
General relativity predicts: 

h+ , h⇥
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Mixing cosmological tensor fields (similar to neutrino oscillations)
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Gravitational Wave Polarizations
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Beltrán, Ezquiaga, Heisenberg; Probing cosmo fields with GWs (arXiv 1912.06104)

https://arxiv.org/abs/1912.06104
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Ezquiaga, Hu, Lagos and Lin; GW propagation beyond GR (JCAP, arXiv 2108.10872)  19

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

modified phase evolution 
• zcoh: eigenstates decohere

https://arxiv.org/abs/2108.10872
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Open questions
What are we learning about dark energy with these parameterizations? 

Can we treat each effect separately? 
E.g. luminosity distance vs modified dispersion relation

Propagation effects will likely dominate, but can waveform distortions at 
emission bias these analyses? Screening! 
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Solving lensing
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• Each image type acquire a different phase shift

• A frequency independent phase shift is equivalent to a frequency 
dependent time delay
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Waveform distortions
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Ezquiaga et al.; Phase effects from strong lensing of GWs (PRD, arXiv 2008.12814)

https://arxiv.org/abs/2008.12814


Strong lensing

 29

�td · ! � 1
<latexit sha1_base64="OcmHjIC/pgVwKtDhFvqPEoLzi+k=">AAACBnicdVA9SwNBEN3z2/gVtRRhMQhWx17UaDpRC0sFo0IuhL29ybm4d3vszgkhWNn4V2wsFLH1N9j5b9zECCr6YODx3gwz86JcSYuMvXsjo2PjE5NT06WZ2bn5hfLi0pnVhRHQEFppcxFxC0pm0ECJCi5yAzyNFJxHVwd9//wajJU6O8VuDq2UJ5nsSMHRSe3yangICjnFdkxDEWukoU4h4TRMEhq0yxXm1+tsK6hR5m8zVq3VHWGb1d1ajQY+G6BChjhul9/CWIsihQyF4tY2A5Zjq8cNSqHgphQWFnIurngCTUcznoJt9QZv3NB1p8S0o42rDOlA/T7R46m13TRynSnHS/vb64t/ec0CO7utnszyAiETn4s6haKoaT8TGksDAlXXES6MdLdScckNF+iSK7kQvj6l/5Ozqh9s+tWTrcre/jCOKbJC1sgGCcgO2SNH5Jg0iCC35J48kifvznvwnr2Xz9YRbzizTH7Ae/0AsV+YAA==</latexit>

<latexit sha1_base64="eLIpDQzsRXdcjQwlCLdWmwTi5/s="></latexit>

F ⇡
X

j

|µj |1/2 exp (i!tj � i⇡nj)
Magnification 
Time delay 
Phase shift

<latexit sha1_base64="9pLeYJ/wQfD4/h0JNtFRzRymi0o=">AAAB/HicdZBNS8MwGMfT+TbnW3VHL8EheBi1HWNuB2HgxeME9wJbKWmWbXFpWpJUKGV+FS8eFPHqB/HmtzHrxlDRB0L+/P7PQ578/YhRqWz708itrW9sbuW3Czu7e/sH5uFRR4axwKSNQxaKno8kYZSTtqKKkV4kCAp8Rrr+9Grud++JkDTktyqJiBugMacjipHSyDOL3LuDl9AuD8rQOa9kl2eWbKvRaNTrNehYdlZwQar2ipTAslqe+TEYhjgOCFeYISn7jh0pN0VCUczIrDCIJYkQnqIx6WvJUUCkm2bLz+CpJkM4CoU+XMGMfp9IUSBlEvi6M0BqIn97c/iX14/VqO6mlEexIhwvHhrFDKoQzpOAQyoIVizRAmFB9a4QT5BAWOm8CjqE1d//F52K5dQs56ZaalaXceTBMTgBZ8ABF6AJrkELtAEGCXgEz+DFeDCejFfjbdGaM5YzRfCjjPcvdJ2SCQ==</latexit>

nj = 0, 1/2, 1

<latexit sha1_base64="vi5MEIgivyTY1xUT5DrOLC+1yIs="></latexit>
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• Each image type acquire a different phase shift

• A frequency independent phase shift is equivalent to a frequency 
dependent time delay

• Lensed GWs can differ from (unlensed) GR wave-forms       
• Identify strong lensing with single image

Ezquiaga et al.; Phase effects from strong lensing of GWs (PRD, arXiv 2008.12814)

[see also Schneider et al.’92, Dai&Venumadhav’17]

https://arxiv.org/abs/2008.12814
https://arxiv.org/pdf/1702.04724.pdf
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Effect on the SNR

Ezquiaga et al.; Phase effects from strong lensing of GWs (PRD, arXiv 2008.12814)
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 31Ezquiaga, Hu, Lagos, Lin, Xu; Modified GW prop with higher modes (arXiv 2203.13252)
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 33LISA Cosmo WG white paper (arXiv 2204.05434)  

Wave effects

10�3 10�2

Frequency [Hz]

10�19

G
W

am
pl

it
ud

e

magnification
onset (w ⇠ 1)

di↵raction pattern

Unlensed signal 105M�, q = 1

lensed signal ML = 2·108M�, b = 2RE

LISA sensitivity

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


 34

Probing matter distribution
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Open questions
What are we learning about dark energy with these parameterizations? 

Can we treat each effect separately? 
E.g. luminosity distance vs modified dispersion relation

Propagation effects will likely dominate, but can waveform distortions at 
emission bias these analyses? Screening! 

Type II image identification with LISA

What types of dark matter halos can be probed?

Sereno et al. (arXiv 1011.5238) strong lensing forecasts < 5 events, wave 
optics negligible

Gao et al. (arXiv 2102.10295) wave optics forecasts: 0.1-1.6% of events

https://arxiv.org/abs/1011.5238
https://arxiv.org/abs/2102.10295
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Eigenstates
Scrambling

Echoes
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GW lensing beyond GR

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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• The relevant scale for the modifications      might be different from the 
Einstein radius

r?
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Ezquiaga & Zumalacárregui; GW lensing beyond GR (arXiv 2009.12187)

https://arxiv.org/abs/2009.12187
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Main effects
Modified effective metric for each eigenstate and polarization mixing 

Time delays Birefringence 
• For each lensed image there could be scrambling or echoes 

• No need of EM counterpart! Extend cosmological test GW propagation!
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Ezquiaga & Zumalacárregui; GW lensing beyond GR (PRD, arXiv 2009.12187)
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Screening in Horndeski
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• Let us consider the effect of screening in the GW propagation for a 
quartic Horndeski theory
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• Relevant scales: quartic term length scale and Vainshtein radius
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Screening in Horndeski
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GW lensing beyond GR can probe regions of the parameter space 
unconstrained by GW170817
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We need to anticipate the interesting science in 2034+ 
Likely not the same as today, e.g. current H0 tension

We need to anticipate what LISA will do uniquely 
Build synergies, not repetition 
Competition both with EM surveys and 3G GW detectors

Many tools can be borrowed from current ground-based GW pipelines 
Let’s not duplicate efforts and create flexible, public codes!

… but LISA is different 
Overlapping signals, high SNR…

Connecting theories modifying emission and propagation…

mailto:ezquiaga@uchicago.edu
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What are we learning about dark energy with these parameterizations? 

Can we treat each effect separately? 
E.g. luminosity distance vs modified dispersion relation

Propagation effects will likely dominate, but can waveform distortions at 
emission bias these analyses? Screening! 

Type II image identification with LISA

What types of dark matter halos can be probed?

Sereno et al. (arXiv 1011.5238) strong lensing forecasts < 5 events, wave 
optics negligible

Gao et al. (arXiv 2102.10295) wave optics forecasts: 0.1-1.6% of events
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