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Where have 
we probed 
gravity?
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Outline
• A framework for testing deviations from GR.


• Bounds from gravitational waves (GWs).


• Simulating large-scale structure (LSS) beyond GR.
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Frameworks for 
Testing Gravity

`Horndeski Scalar Theory--Past, Present & Future’, G. Horndeski



Parameterised frameworks
Constraining individual gravity theories beyond GR is hugely inefficient.

⇒ Try to map multiple models onto a common set of parameters.

No 100% perfect solution, but can build parameterisations for new scalar, vector and tensor 
degrees of freedom.

Parameterisation space Theory space
theory A

theory B

theory C

Patch selected 
by data
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Horndeski gravity — a family beyond GR
1404.3713  

1604.01386
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Take linearised equations about a 
smooth, expanding universe (FRW)

Horndeski ‘alpha’ 
parameters.

↵K(z), ↵B(z),

↵M (z), ↵T (z)

EFT mindset: write down most general action for gravity + extra d.o.f., with symmetries. 
Today: one scalar only → Horndeski gravity.
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speed of gravitational waves,                          .  

The Horndeski ‘Alpha’ Parameters

c2T = 1 + ↵T

`braiding’ — mixing of scalar + metric kinetic terms.

kinetic term of scalar field.

↵M (t) =
1

H

d ln M
2(t)

dt
: running of effective Planck mass.

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

Quantify typical features of non-GR behaviour from scalar fields:
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Bounds from 
Gravitational 

Waves

scales, something that Dr Baker is exploring 
in her research. “I’m using this statistical-host 
identification technique to constrain parameters 
in dark energy models that can then tell us what 
gravity looks like,” she explains. “Does gravity 
look like our standard theory, as predicted by 
Einstein? Or does gravity look more exotic?”

There are a number of competing theories 
in this area, with the ^CDM (Lambda Cold 
Dark Matter) model - of a universe filled with 
cold dark matter and a constant vacuum 
energy - viewed as the default for constraining 
cosmological gravity. The ^CDM model seems 
to explain all the existing data very effectively, 
so any new, more sophisticated model is likely 
to take elements of it. “A new model would 
certainly have to at least reproduce a lot of 
the properties of the ^CDM model, at least in 
the regimes that we’ve probed experimentally 
to this point,” says Dr Baker. Gravitational 
waves are the ideal testing ground for new 
dark energy models, believes Dr Baker. “It’s a 
completely different regime and it hadn’t been 
accessed until seven years ago. So we can hope 
that in this new regime of actual gravitational 

physics, we might see something that 
hasn’t been seen by earlier electromagnetic 
telescopes,” she continues. “We’re waiting for 
LIGO, Virgo and KAGRA’s next observing run, 
which will probably find at least another 100 
gravitational wave events.”

The next generation of gravitational wave 
detectors are likely to detect even more of 
these events, which will help inform the 
development of more detailed models. At this 
stage however, the priority for Dr Baker and her 
team is to build their pipeline and code ready 
for the next LIGO-Virgo-KARGA observing 
run, currently expected to begin in March 
2023. “We’ll be at the forefront of analysing 
that new data as it comes in. We hope to use 
our techniques to provide the best constraints - 
to date - on some of these dark energy models. 
We can use all the available data, as opposed 
to just one standard siren event,” she outlines. 
This is an exciting period in gravitational wave 
research, with the detection of more events set 
to open up new possibilities. “There are a lot of 
first time discoveries to be made over the next 
5-10 years,” says Dr Baker.

www.euresearcher.com 00EU Research00

SHADE
Shedding light on  
the dark sector of the universe

Project Objectives
The SHADE project develops the 
theoretical and numerical tools to test 
the fundamental nature of gravity using 
gravitational wave data. It implements 
new statistical techniques to avoid reliance 
on rare electromagnetic counterparts to 
gravitational wave events. Thus, SHADE 
aims to unlock the full potential of 
gravitational wave observations as a new 
probe of cosmology.

Project Funding
Funded by an ERC Starting Grant SHADE 
Royal Society University Research 
Fellowship, grant number URF\R1\180009.

Project Partners
• LIGO-Virgo-KAGRA
• LISA
• LSST-DESC

Contact Details
Project Coordinator,  
Tessa Baker
G. O. Jones Building
Room 515
T: +44 0207 882 5867
E: t.baker@qmul.ac.uk
W: http://www.tessabaker.space
     : @Tessa_M_Baker

Tessa Baker is a Royal Society University 
Research Fellow and Reader in Cosmology 
at Queen Mary University of London. Her 
research centres on testing new ideas about 
gravity and dark energy, with gravitational 
waves and cosmological large-scale 
structure. She plays an active role in the 
LIGO-Virgo-KAGRA and LISA gravitational 
wave detectors, and the Vera C. Rubin 
Observatory.

Tessa Baker

The existence of gravitational waves 
was predicted by Albert Einstein soon after 
the publication of his general theory of 
relativity in 1915, but it wasn’t until 100 years 
later that they were first directly observed 
in practice. The fundamental object in the 
theory of relativity is spacetime, which isn’t 
static, but rather behaves more like a fluid or 
material. “You can stretch it, you can squeeze 
it. If you think of it as being like a fluid, it can 
carry oscillations, which is what gravitational 
waves are,” explains Dr Tessa Baker, a reader 
in Cosmology at Queen Mary University of 
London (QMUL). Modern day detectors are 
now capable of detecting these tiny vibrations 
in spacetime. “If a gravitational wave passes 
through the earth, and through a detector, it 
microscopically changes the effective length of 
one of the detector’s arms,” outlines Dr Baker. 
“The detectors are so sensitive they can detect 
that relative difference, and that’s a sign that a 
gravitational wave has passed through.”

SHADE project
As the Principal Investigator of the ERC-funded 
Shade project, Dr Baker is developing methods 
to interpret data on gravitational waves, which 
could lead to fresh insights into cosmology, the 
laws of gravity and the nature of dark energy. The 
key sources of observed data on gravitational 
waves are the LIGO, Virgo and KAGRA detectors. 
“These detectors typically have observing 
runs of about a year, then they’re turned off 
for engineering work. There have been three 
observing runs so far, so we’ve got three data 
sets,” says Dr Baker. So far 91 gravitational wave 
events have been detected, including the first 
collision of two neutron stars in 2017, an event 
which Dr Baker says provided some additional 
information. “We can detect gravitational wave 
events, while for some special events there is 
also basically an accompanying flash of light in 
the sky called an electromagnetic counterpart, 

in which case you get a kind of two-channel 
detection,” she outlines. “Those kinds of events 
are really special.”

The event detected in 2017 was one such 
example, providing cosmologists with two 
sources of information. With data on both 
gravitational waves and the electromagnetic 
counterpart, Dr Baker says it’s possible to both 
work out the properties of the source and also 
gain deeper cosmological insights. “That’s why 
those events are really important. However, 
they’re also really rare,” she acknowledges. 
This is an issue central to the Shade project, 
with Dr Baker and her colleagues developing 
techniques to get interesting science out of 
data on gravitational waves, even without the 
electromagnetic counterpart. “It had been 
thought that we could just use these special 
events, which are called standard sirens, and 
that there would be enough of them for our 
purposes. However, we also want to exploit 
the rest of our gravitational wave detections,” 

she says. “The bulk of our data relates to 
events with just a gravitational wave.”

A technique called dark sirens is being 
developed in the project to make better use of 
this data. When a gravitational wave is detected, 
researchers get a very loose idea of which part 
of the sky it’s come from. “Gravitational wave 
events originate inside galaxies. So you know 
that that gravitational wave you’ve detected 
must have happened in one of the thousands 
of galaxies that are in the right part of the 
sky, you just don’t know which one,” explains 
Dr Baker. “This uncertainty means the results 
from any single gravitational wave detection 
are very weak, but one can combine them for 
better results. Though the 91 events in hand at 
present is a relatively small number in statistical 
terms, this will change as more gravitational 
wave detections are made. This is the statistical 
dimension of the Shade project.”

Dark energy
The wider aim is to use this data from distant 
gravitational wave sources to learn more about 
dark energy, the nature of which is one of 
the most prominent unresolved questions in 
cosmology. The expansion rate of the universe 
is accelerating, and the underlying reason 
why is still not clear. “Dark energy is a kind of 
placeholder name given to whatever it is that is 
causing the expansion of the universe to speed 
up,” says Dr Baker. One of the most popular 
theories to explain this acceleration is that we 
might have misunderstood the laws of gravity, 
that describe the universe on the very largest 

Gravitational waves were directly detected for the first time in 2015, and since then nearly 
100 further events have been detected. Researchers in the Shade project are now developing 
statistical techniques to analyse how these waves have propagated, work which could 
lead to deeper insights into the nature of dark energy, as Dr Tessa Baker explains.

New light on gravitational waves

We can detect gravitational wave events, while for some 
special events there is also basically an accompanying flash of light in 
the sky called an electromagnetic counterpart,  
in which case you get a kind of two-channel detection.



GW propagation speed with GW170817
• Propagation speed of GWs was constrained by 

GW170817 & GRB170817a. 

• Δt = tGW - tGRB = 1.7s 

• Recall:

FE
R

M
I

1710.06394

1710.05832

1710.05834  

c2T = 1 + ↵T

) |↵T | . 10�15|↵T | . 10�15

• Rules out the most complicated parts of the 
Horndeski Lagrangian.  

• Photons & GWs propagate on geodesics of  the 
same metric (Boran et al. 1710.06168).
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The Horndeski ‘Alpha’ Parameters
Quantify typical features of non-GR behaviour from scalar fields:

speed of gravitational waves,                          .  

`braiding’ — mixing of scalar + metric kinetic terms.

kinetic term of scalar field.

↵M (t) =
1

H

d ln M
2(t)

dt
: running of effective Planck mass.

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z) c2T = 1 + ↵T
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GW Propagation
GW propagating on FRW background in GR:

0
<latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit><latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit><latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit><latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit>

h00
ij

<latexit sha1_base64="pwFRx9mLpPzdRdF10BKUFdxjzVU="></latexit><latexit sha1_base64="pwFRx9mLpPzdRdF10BKUFdxjzVU="></latexit><latexit sha1_base64="pwFRx9mLpPzdRdF10BKUFdxjzVU="></latexit><latexit sha1_base64="pwFRx9mLpPzdRdF10BKUFdxjzVU="></latexit>

+
<latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit>

2
<latexit sha1_base64="S1ySdLP996ZcatL4DA0B/iRI3JQ="></latexit><latexit sha1_base64="S1ySdLP996ZcatL4DA0B/iRI3JQ="></latexit><latexit sha1_base64="S1ySdLP996ZcatL4DA0B/iRI3JQ="></latexit><latexit sha1_base64="S1ySdLP996ZcatL4DA0B/iRI3JQ="></latexit>

H h0
ij+

<latexit sha1_base64="GZ1LlI07wKAJnHOoHz7endZowDg="></latexit><latexit sha1_base64="GZ1LlI07wKAJnHOoHz7endZowDg="></latexit><latexit sha1_base64="GZ1LlI07wKAJnHOoHz7endZowDg="></latexit><latexit sha1_base64="GZ1LlI07wKAJnHOoHz7endZowDg="></latexit>

hij =
<latexit sha1_base64="b7oy9H5yamSqOCip4nVyLGM9dCY="></latexit><latexit sha1_base64="b7oy9H5yamSqOCip4nVyLGM9dCY="></latexit><latexit sha1_base64="b7oy9H5yamSqOCip4nVyLGM9dCY="></latexit><latexit sha1_base64="b7oy9H5yamSqOCip4nVyLGM9dCY="></latexit>

Contains +, X polarisation modes.Hubble factor

<latexit sha1_base64="PzDplGt/q//5AEnCj2wQaEgKSNw=">AAAB9HicdVBNT8JAFNziF+IX6tHLRkLixaZFQIgXohePmAiY0Eq2yxY2bLd1d0tCGn6HFw8a49Uf481/4xYwQaOTvGQy817eZLyIUaks69PIrKyurW9kN3Nb2zu7e/n9g7YMY4FJC4csFHcekoRRTlqKKkbuIkFQ4DHS8UZXqd8ZEyFpyG/VJCJugAac+hQjpSX3FBadC4cjj6H7Ui9fsE1rBmiZ9UqtdFZPSb1q2WX4bRXAAs1e/sPphzgOCFeYISm7thUpN0FCUczINOfEkkQIj9CAdDXlKCDSTWahp7ColT70Q6GHKzhTly8SFEg5CTy9GSA1lL+9VPzL68bKr7kJ5VGsCMfzR37MoAph2gDsU0GwYhNNEBZUZ4V4iATCSveUWy7hf9IumXbVrNyUC43LRR1ZcASOwQmwwTlogGvQBC2AwQN4BM/gxRgbT8ar8TZfzRiLm0PwA8b7F18rkTs=</latexit>�
<latexit sha1_base64="dfyHwERNXxODVKl+0TGu4RFgabQ=">AAAB73icdVBNS8NAEN34WetX1aOXxSJ4Cklta3srevFYwX5AG8tku2mXbjZxdyOU0j/hxYMiXv073vw3btoKVfTBwOO9GWbm+TFnSjvOp7Wyura+sZnZym7v7O7t5w4OmypKJKENEvFItn1QlDNBG5ppTtuxpBD6nLb80VXqtx6oVCwSt3ocUy+EgWABI6CN1O4K8DncFXq5vGs7M2DHrpYqhfNqSqplxy3ibyuPFqj3ch/dfkSSkApNOCjVcZ1YexOQmhFOp9luomgMZAQD2jFUQEiVN5ndO8WnRunjIJKmhMYzdXliAqFS49A3nSHoofrtpeJfXifRQcWbMBEnmgoyXxQkHOsIp8/jPpOUaD42BIhk5lZMhiCBaBNRdjmE/0mzYLtlu3RTzNcuF3Fk0DE6QWfIRReohq5RHTUQQRw9omf0Yt1bT9ar9TZvXbEWM0foB6z3LwqZkAA=</latexit>

r2
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GW Propagation

h00
ij

<latexit sha1_base64="pwFRx9mLpPzdRdF10BKUFdxjzVU="></latexit><latexit sha1_base64="pwFRx9mLpPzdRdF10BKUFdxjzVU="></latexit><latexit sha1_base64="pwFRx9mLpPzdRdF10BKUFdxjzVU="></latexit><latexit sha1_base64="pwFRx9mLpPzdRdF10BKUFdxjzVU="></latexit>

+
<latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit>

(
<latexit sha1_base64="upw96pbZMAwPOHB64Irw/8BljNc="></latexit><latexit sha1_base64="upw96pbZMAwPOHB64Irw/8BljNc="></latexit><latexit sha1_base64="upw96pbZMAwPOHB64Irw/8BljNc="></latexit><latexit sha1_base64="upw96pbZMAwPOHB64Irw/8BljNc="></latexit>

2
<latexit sha1_base64="S1ySdLP996ZcatL4DA0B/iRI3JQ="></latexit><latexit sha1_base64="S1ySdLP996ZcatL4DA0B/iRI3JQ="></latexit><latexit sha1_base64="S1ySdLP996ZcatL4DA0B/iRI3JQ="></latexit><latexit sha1_base64="S1ySdLP996ZcatL4DA0B/iRI3JQ="></latexit>

+
<latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit>

H h0
ij+

<latexit sha1_base64="GZ1LlI07wKAJnHOoHz7endZowDg="></latexit><latexit sha1_base64="GZ1LlI07wKAJnHOoHz7endZowDg="></latexit><latexit sha1_base64="GZ1LlI07wKAJnHOoHz7endZowDg="></latexit><latexit sha1_base64="GZ1LlI07wKAJnHOoHz7endZowDg="></latexit>

c2T
<latexit sha1_base64="PEMxynz3YqTOmRPNJSSJvYnrdHE="></latexit><latexit sha1_base64="PEMxynz3YqTOmRPNJSSJvYnrdHE="></latexit><latexit sha1_base64="PEMxynz3YqTOmRPNJSSJvYnrdHE="></latexit><latexit sha1_base64="PEMxynz3YqTOmRPNJSSJvYnrdHE="></latexit>

hij =
<latexit sha1_base64="b7oy9H5yamSqOCip4nVyLGM9dCY="></latexit><latexit sha1_base64="b7oy9H5yamSqOCip4nVyLGM9dCY="></latexit><latexit sha1_base64="b7oy9H5yamSqOCip4nVyLGM9dCY="></latexit><latexit sha1_base64="b7oy9H5yamSqOCip4nVyLGM9dCY="></latexit>

GW propagating on FRW background in Horndeski gravity:

Modified `friction’                 
→ changes GW amplitude

1
<latexit sha1_base64="wAGuNgSdVJqBVadM9oLfpD1N08w=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadkxC5pb0IvHBMwDkiXMTmaTMbOzy8ysEEK+wIsHRbz6Sd78GycvUNGChqKqm+6uMBVcG8/7dHJr6xubW/ntws7u3v5B8fCoqZNMUdagiUhUOySaCS5Zw3AjWDtVjMShYK1wdDPzWw9MaZ7IOzNOWRCTgeQRp8RYqY57xZLnVipl3/fRguAVKWOEXW+OEixR6xU/uv2EZjGThgqidQd7qQkmRBlOBZsWuplmKaEjMmAdSyWJmQ4m80On6MwqfRQlypY0aK5+n5iQWOtxHNrOmJih/u3NxL+8Tmaiq2DCZZoZJuliUZQJZBI0+xr1uWLUiLElhCpub0V0SBShxmZTsCGsPkX/k+aFiz0X1/1S9XoZRx5O4BTOAcMlVOEWatAACgwe4RlenHvnyXl13hatOWc5cww/4Lx/AQA+jRE=</latexit><latexit sha1_base64="wAGuNgSdVJqBVadM9oLfpD1N08w=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadkxC5pb0IvHBMwDkiXMTmaTMbOzy8ysEEK+wIsHRbz6Sd78GycvUNGChqKqm+6uMBVcG8/7dHJr6xubW/ntws7u3v5B8fCoqZNMUdagiUhUOySaCS5Zw3AjWDtVjMShYK1wdDPzWw9MaZ7IOzNOWRCTgeQRp8RYqY57xZLnVipl3/fRguAVKWOEXW+OEixR6xU/uv2EZjGThgqidQd7qQkmRBlOBZsWuplmKaEjMmAdSyWJmQ4m80On6MwqfRQlypY0aK5+n5iQWOtxHNrOmJih/u3NxL+8Tmaiq2DCZZoZJuliUZQJZBI0+xr1uWLUiLElhCpub0V0SBShxmZTsCGsPkX/k+aFiz0X1/1S9XoZRx5O4BTOAcMlVOEWatAACgwe4RlenHvnyXl13hatOWc5cww/4Lx/AQA+jRE=</latexit><latexit sha1_base64="wAGuNgSdVJqBVadM9oLfpD1N08w=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadkxC5pb0IvHBMwDkiXMTmaTMbOzy8ysEEK+wIsHRbz6Sd78GycvUNGChqKqm+6uMBVcG8/7dHJr6xubW/ntws7u3v5B8fCoqZNMUdagiUhUOySaCS5Zw3AjWDtVjMShYK1wdDPzWw9MaZ7IOzNOWRCTgeQRp8RYqY57xZLnVipl3/fRguAVKWOEXW+OEixR6xU/uv2EZjGThgqidQd7qQkmRBlOBZsWuplmKaEjMmAdSyWJmQ4m80On6MwqfRQlypY0aK5+n5iQWOtxHNrOmJih/u3NxL+8Tmaiq2DCZZoZJuliUZQJZBI0+xr1uWLUiLElhCpub0V0SBShxmZTsCGsPkX/k+aFiz0X1/1S9XoZRx5O4BTOAcMlVOEWatAACgwe4RlenHvnyXl13hatOWc5cww/4Lx/AQA+jRE=</latexit><latexit sha1_base64="wAGuNgSdVJqBVadM9oLfpD1N08w=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadkxC5pb0IvHBMwDkiXMTmaTMbOzy8ysEEK+wIsHRbz6Sd78GycvUNGChqKqm+6uMBVcG8/7dHJr6xubW/ntws7u3v5B8fCoqZNMUdagiUhUOySaCS5Zw3AjWDtVjMShYK1wdDPzWw9MaZ7IOzNOWRCTgeQRp8RYqY57xZLnVipl3/fRguAVKWOEXW+OEixR6xU/uv2EZjGThgqidQd7qQkmRBlOBZsWuplmKaEjMmAdSyWJmQ4m80On6MwqfRQlypY0aK5+n5iQWOtxHNrOmJih/u3NxL+8Tmaiq2DCZZoZJuliUZQJZBI0+xr1uWLUiLElhCpub0V0SBShxmZTsCGsPkX/k+aFiz0X1/1S9XoZRx5O4BTOAcMlVOEWatAACgwe4RlenHvnyXl13hatOWc5cww/4Lx/AQA+jRE=</latexit>

↵M )
<latexit sha1_base64="U8eqBeatNvixOw0YU2tRKoFWnUU="></latexit><latexit sha1_base64="U8eqBeatNvixOw0YU2tRKoFWnUU="></latexit><latexit sha1_base64="U8eqBeatNvixOw0YU2tRKoFWnUU="></latexit><latexit sha1_base64="U8eqBeatNvixOw0YU2tRKoFWnUU="></latexit>

0
<latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit><latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit><latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit><latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit>

<latexit sha1_base64="PzDplGt/q//5AEnCj2wQaEgKSNw=">AAAB9HicdVBNT8JAFNziF+IX6tHLRkLixaZFQIgXohePmAiY0Eq2yxY2bLd1d0tCGn6HFw8a49Uf481/4xYwQaOTvGQy817eZLyIUaks69PIrKyurW9kN3Nb2zu7e/n9g7YMY4FJC4csFHcekoRRTlqKKkbuIkFQ4DHS8UZXqd8ZEyFpyG/VJCJugAac+hQjpSX3FBadC4cjj6H7Ui9fsE1rBmiZ9UqtdFZPSb1q2WX4bRXAAs1e/sPphzgOCFeYISm7thUpN0FCUczINOfEkkQIj9CAdDXlKCDSTWahp7ColT70Q6GHKzhTly8SFEg5CTy9GSA1lL+9VPzL68bKr7kJ5VGsCMfzR37MoAph2gDsU0GwYhNNEBZUZ4V4iATCSveUWy7hf9IumXbVrNyUC43LRR1ZcASOwQmwwTlogGvQBC2AwQN4BM/gxRgbT8ar8TZfzRiLm0PwA8b7F18rkTs=</latexit>�
<latexit sha1_base64="dfyHwERNXxODVKl+0TGu4RFgabQ=">AAAB73icdVBNS8NAEN34WetX1aOXxSJ4Cklta3srevFYwX5AG8tku2mXbjZxdyOU0j/hxYMiXv073vw3btoKVfTBwOO9GWbm+TFnSjvOp7Wyura+sZnZym7v7O7t5w4OmypKJKENEvFItn1QlDNBG5ppTtuxpBD6nLb80VXqtx6oVCwSt3ocUy+EgWABI6CN1O4K8DncFXq5vGs7M2DHrpYqhfNqSqplxy3ibyuPFqj3ch/dfkSSkApNOCjVcZ1YexOQmhFOp9luomgMZAQD2jFUQEiVN5ndO8WnRunjIJKmhMYzdXliAqFS49A3nSHoofrtpeJfXifRQcWbMBEnmgoyXxQkHOsIp8/jPpOUaD42BIhk5lZMhiCBaBNRdjmE/0mzYLtlu3RTzNcuF3Fk0DE6QWfIRReohq5RHTUQQRw9omf0Yt1bT9ar9TZvXbEWM0foB6z3LwqZkAA=</latexit>

r2

↵K(z), ↵B(z),

↵M (z), ↵T (z)
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Luminosity distance-redshift relation
<latexit sha1_base64="PhvdcyRSvVVZxYhIwiIx/FIUP/c="></latexit>

h̃+,⇥(f) / M2
z

dL
(⇡Mz f)

� 7
6 (polarisation angles)⇥

<latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit>

⇥
<latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit>

⇥
<latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit>

(inclination factor)

Luminosity distance

<latexit sha1_base64="RcFZT/0BEyEDBNM2P3VGZvwHWQE="></latexit>

dL(z) = (1 + z)

Z z

0

dz̃

H(z̃)

Standard sirens allow us to measure both dL and redshift.

⇒ Constrain (for example) the Hubble constant.

13T. Baker MOND@40, St Andrews, 9/6/23



14T. Baker MOND@40, St Andrews, 9/6/23

Luminosity distance-redshift relation
<latexit sha1_base64="PhvdcyRSvVVZxYhIwiIx/FIUP/c="></latexit>

h̃+,⇥(f) / M2
z

dL
(⇡Mz f)

� 7
6 (polarisation angles)⇥

<latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit>

⇥
<latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit>

⇥
<latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit>

(inclination factor)

<latexit sha1_base64="oeD3pgNimRtVA1y4nkbNUzFrftg="></latexit>

dGW

dL

<latexit sha1_base64="fwZKymCXbuMbffj5ihNr3jd9hFg="></latexit>

6= 1

<latexit sha1_base64="gNL3XWRrzutMuFIFCD+o5EadasA=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiSlWN0VXeiygn1gG8pkMmmHTiZhZiKU0L9w40IRt/6NO//GSVuKih4Y5nDOvdx7j59wprTjfFqFldW19Y3iZmlre2d3r7x/0FZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP77K/c4DlYrF4k5PEupFeChYyAjWRroPBllfRui6Mx2UK459kaOOXNuZATl2Lf/dpVKBBZqD8kc/iEkaUaEJx0r1XCfRXoalZoTTaamfKppgMsZD2jNU4IgqL5ttPEUnRglQGEvzhEYz9XtHhiOlJpFvKiOsR+q3l4t/eb1Uh+dexkSSairIfFCYcqRjlJ+PAiYp0XxiCCaSmV0RGWGJiTYhlUwIy9v/J+2q7Z7Z1dtapXG5iKMIR3AMp+BCHRpwA01oAQEBj/AML5aynqxX621eWrAWPYfwA9b7F4MFkNM=</latexit>

dGW

<latexit sha1_base64="wB0tO50w90GwmPg6tgZ5rdhXxyo="></latexit>

= exp

Z z

0

↵M (z̃)

1 + z̃
dz̃

�

Deviations from GR affect the luminosity distance-redshift relation.

Now we get dGW  from the GW, still redshift from EM counterpart.

→ Constrain ⍺M with GW170817?

GW Luminosity distance

Normal Luminosity distance
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Planck (2018)

SHoES (2018)

Lagos et al. (2018)

<latexit sha1_base64="JR/bt8/s2miP4r85Z94rLoVg2Ec=">AAAB9HicbVDLSgNBEOyNrxhfUY9eFoMQL2FXfF2EoBcvQgTzgGQJvZNJMmR2dp2ZDcQl3+HFgyJe/Rhv/o2TZA+aWNBQVHXT3eVHnCntON9WZml5ZXUtu57b2Nza3snv7tVUGEtCqyTkoWz4qChnglY105w2Ikkx8Dmt+4ObiV8fUqlYKB70KKJegD3BuoygNpLXQh71sX1XfLpyjtv5glNyprAXiZuSAqSotPNfrU5I4oAKTTgq1XSdSHsJSs0Ip+NcK1Y0QjLAHm0aKjCgykumR4/tI6N07G4oTQltT9XfEwkGSo0C33QGqPtq3puI/3nNWHcvvYSJKNZUkNmibsxtHdqTBOwOk5RoPjIEiWTmVpv0USLRJqecCcGdf3mR1E5K7nnp7P60UL5O48jCARxCEVy4gDLcQgWqQOARnuEV3qyh9WK9Wx+z1oyVzuzDH1ifP4ZakUw=</latexit>

↵M (z = 0)

<latexit sha1_base64="JR/bt8/s2miP4r85Z94rLoVg2Ec=">AAAB9HicbVDLSgNBEOyNrxhfUY9eFoMQL2FXfF2EoBcvQgTzgGQJvZNJMmR2dp2ZDcQl3+HFgyJe/Rhv/o2TZA+aWNBQVHXT3eVHnCntON9WZml5ZXUtu57b2Nza3snv7tVUGEtCqyTkoWz4qChnglY105w2Ikkx8Dmt+4ObiV8fUqlYKB70KKJegD3BuoygNpLXQh71sX1XfLpyjtv5glNyprAXiZuSAqSotPNfrU5I4oAKTTgq1XSdSHsJSs0Ip+NcK1Y0QjLAHm0aKjCgykumR4/tI6N07G4oTQltT9XfEwkGSo0C33QGqPtq3puI/3nNWHcvvYSJKNZUkNmibsxtHdqTBOwOk5RoPjIEiWTmVpv0USLRJqecCcGdf3mR1E5K7nnp7P60UL5O48jCARxCEVy4gDLcQgWqQOARnuEV3qyh9WK9Wx+z1oyVzuzDH1ifP4ZakUw=</latexit> ↵
M
(z

=
0)



Dark Sirens to the rescue
Results are poor because                           at low redshift — so departures from GR are tiny/zero.

<latexit sha1_base64="oeD3pgNimRtVA1y4nkbNUzFrftg="></latexit>

dGW

dL

<latexit sha1_base64="n6ADTOr/tTS1/TkTqG/spX1V59Q=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GmZqW9td0Y3LCvYB7VAyaaYNzSRjkqmUod/hxoUibv0Yd/6NmbZCFT1w4XDOvdzD8SNGlXacTyuztr6xuZXdzu3s7u0f5A+PWkrEEpMmFkzIjo8UYZSTpqaakU4kCQp9Rtr++Dr12xMiFRX8Tk8j4oVoyGlAMdJG8nqSDkcaSSkeoNvPF1zbmQM6dq1cLV7UUlKrOG4JflsFsESjn//oDQSOQ8I1ZkiprutE2kuQ1BQzMsv1YkUihMdoSLqGchQS5SXz0DN4ZpQBDIQ0wzWcq6sXCQqVmoa+2QyRHqnfXir+5XVjHVS9hPIo1oTjxaMgZlALmDYAB1QSrNnUEIQlNVkhHiGJsDY95VZL+J+0irZbscu3pUL9allHFpyAU3AOXHAJ6uAGNEATYHAPHsEzeLEm1pP1ar0tVjPW8uYY/ID1/gXy2ZI+</latexit>! 1

We need GWs that have travelled larger distances.

Figure from 
catalog.cardiffgravity.org
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Dark Sirens
https://chirp.sr.bham.ac.uk/alert/S200302c

N
AS

A 
H

ub
bl

e

• Con: more costly analysis . 

• Pro: use all GW data, no waiting for special events. 

• Pro: GW data from higher redshifts → better suited to GR tests.

Dark Sirens = substitute EM counterpart with catalog of galaxies

16T. Baker MOND@40, St Andrews, 9/6/23



Dark Sirens

Fantastic work by Anson Chen & Rachel Gray to develop gwcosmo to handle departures from GR.

Galaxy distribution

GW data

Posterior for one line of sight

x many lines of sight 
+ 

x many events

Anson Chen
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Results with GWTC-3 BBHs
(preliminary)

Figure: Anson Chen

A different MG parameter 
~ equivalent to ⍺M  
It’s GR value is 1.

Look out for our results in 
the O4 observing run 👍

Parameters 
describing black hole 

mass distribution



The Horndeski ‘Alpha’ Parameters
Quantify typical features of non-GR behaviour from scalar fields:

 - Weak / no constraint from GW170817

 - Constraints from Dark Sirens method ~O(1-10)

`braiding’ — mixing of scalar + metric kinetic terms.

kinetic term of scalar field.↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

c2T = 1 + ↵T

speed of gravitational waves,                          .  

running of effective Planck mass.

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)
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Simulating Large-
Scale Structure (LSS) 

Beyond GR



The matter power spectrum of LSS

Frontier data from 
upcoming galaxy + lensing 
surveys will be here

(X = kinetic term of scalar field)

��-� ��-� ��-� ���
���

���

���

��� Linear Quasi-Linear Nonlinear
Quasi-linear Non-linearLinear

Pratten et al. (2016).

Horndeski ‘alpha’ 
parameters work here.

Example: f(R) gravity.

Am
ou

nt
 o

f s
tru

ct
ur

e

Inverse distance scale

Small 
scales

Large 
scales
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Full (nonlinear) Horndeski
Imposing cT = 1 from GW170817, the Horndeski Lagrangian becomes:

<latexit sha1_base64="F/9VvTRFHwETs1G6Ptu97tIl44E="></latexit>

S =

Z
d4x

p
�g [G4(�)R+K(�, X)�G3(�, X)⇤�] + SM

where X = kinetic term of scalar field

Gravity, GR if G4 = MP2/2

Fancy generalisation 
of a kinetic term

Fancy scalar self-
interactions

Standard 
matter

G4, K and G3 are the real, ‘grown up’ versions of the alpha parameters.
22T. Baker MOND@40, St Andrews, 9/6/23



Simulating LSS in Horndeski gravity
Nonlinear scales require simulations.

Hi-COLA is the first LSS simulation code that is fully flexible with respect to gravitational laws. 

How do you build a simulation for a general family of gravity models?

2209.01666

Hi-COLA = Horndeski in COLA

COLA = COmoving 
Lagrangian Acceleration Bart Fiorini Ashim Sen Gupta
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Inside Hi-COLA

User specifies forms 
for K, G3, G4

Symbolic algebra 
routines Background solver

Screening factor COLA simulation in 
MG theory

Outputs, e.g. matter 
power spectrum

Hi-COLA front-end 

(~ seconds)

Hi-COLA simulation 

(~ 1hr on small cluster)

Dynamic 
equations

Background 
solutions

Density field

Forces between ptls

24T. Baker MOND@40, St Andrews, 9/6/23



LSS with Hi-COLA
Code is publicly available, incl. documentation, quick start guide, mathematical appendices. 

Fig: B. Fiorini

2209.01666

github.com/Hi-COLACode

Dark matter Halos & proto-halos
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LSS with Hi-COLA
Example: power spectrum of dark matter in Cubic Galileon gravity.

Fig: B. Wright

Scale-independent 
enhancement here

Screening 
kicks in here 

Scale-dependent growth here

NB: as a ratio to 
LCDM predictions

Fraction of DE 
made up by the 

scalar field

��-� ��-� ��-� ���
���

���

���

��� Linear Quasi-Linear NonlinearReminder: dark matter 
power spectrum

+ thousands (more?) gravity models, each generated in ~1 hr → analysis with upcoming stage IV surveys.

Small 
scales

Large 
scales



Strongly constrained by GW speed bounds (but! Loopholes exist)

Horndeski ‘Alpha’ Parameters - Final Status

Constraints ~O(1) from linear LSS — largely saturated

Weak / no constraint from GW170817

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

Constraints from Dark Sirens method ~O(1-10)

Both could/should 
improve in LVK O4 run

Unconstrained by linear LSS

27T. Baker MOND@40, St Andrews, 9/6/23



Horndeski ‘Alpha’ Parameters - Final Status

To improve these, we really need to constrain the ‘full’ versions.
<latexit sha1_base64="F/9VvTRFHwETs1G6Ptu97tIl44E="></latexit>

S =

Z
d4x

p
�g [G4(�)R+K(�, X)�G3(�, X)⇤�] + SM

Data from:

Vera Rubin Observatory
DESI Euclid

Strongly constrained by GW speed bounds (but! Loopholes exist)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

Constraints from Dark Sirens method ~O(1-10)
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Conclusions
@Tessa_M_Baker
t.baker@qmul.ac.uk

2.

4.
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Quasi
-linear

Non-
linear

Linear
5.

1. Parameterisation 
space

Theory space
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↵K(z), ↵B(z),

↵M (z), ↵T (z)
↵K(z), ↵B(z),

↵M (z), ↵T (z)

3.

↵K(z), ↵B(z),

↵M (z), ↵T (z)

,  → G4, K, G3↵K(z), ↵B(z),

↵M (z), ↵T (z)

mailto:t.baker@qmul.ac.uk

