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“There is nothing to be discovered in physics now.
All that remains is more and more precise measurement.”

Kelvin (1900)



Constants aren’t Constants

• Higgs

• Λ

• G
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Fifth Forces
Adelberger++ (2009)
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Look harder!

“By pushing a theory to its extremes, we also find
 out where the cracks in its structure might be hiding”

Wheeler 1960
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Gravitational Screening

�G

G
! 0

m ! 1 in dense environments 
(chameleon)

close to very massive objects
 (Vainshtein)
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Planck 2015

CMB



Planck

large scales small scales
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Dramatic improvement in constraining power.

1992 (COBE)

2009 (WMAP5)

2001 (MaxiBoom)

2013 (Planck+)

ns = 1.03± 0.09
ns = 1± 0.6

ns = 0.963± 0.014
ns = 0.9603± 0.0073

CMB



Large Scale Structure



Vivien Bonvin 2019

Hubble Tension



“amplitude of 
clustering

at 8 h-1 Mpc”

“matter density”
Joudaki et al 2016

Weak Lensing S8 Tension



Joudaki et al 2019

Weak Lensing: S8 Tension

S8 = �8(⌦M/0.3)0.5



Weak Lensing of CMB: AL Tension



Weak Lensing of CMB:  AL Tension

Calabrese et al 2008



Weak Lensing of CMB: AL Tension

Reichardt et al (ACBAR) 2006AL = qlens



Planck 2018

Weak Lensing of CMB: AL Tension



Are the tensions all connected?

Planck 2018
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' 3000h�1MpcMost surveys very sub-horizon  

Newtonian potentials:

� = �

Fifth forces on large scales
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Planck 2015
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Construct gravitational maps of the Universe

Desmond, Ferreira, Lavaux, Jasche 2017



Galactic Offsets

Stars

Gas

aunscreened = aext +
�G

G
a5

ascreened = aext +G
M(r⇤)

r2⇤

M(r⇤)

r2⇤
= a5

�G

G2
if |�| < |�c|

r⇤ = 0 if |�| > |�c|

gas, dark matter

stars



Galactic Offsets

Desmond, Ferreira, Lavaux, Jasche 2018

Displacement between
 SDSS and ALFALFA galaxies

�C =
1

m
= 1.8Mpcat



Galactic warps



Galactic warps

Subsample from
Nasa Sloan Atlas

~ 4000

M > 109M�



offsets + warps

Desmond, Ferreira, Lavaux, Jasche 2018
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Gravitational Waves
Extra fields can function as a medium

g↵� = ⌘↵� + h↵�

Minkowski

Sh =
1

2

Z
d3xdtM2

⇤ [ḣ
2
⇥,+ � c2T (rh⇥,+)

2]

c2T = 1 + ↵T

↵T = 0

M⇤ = MPl

Speed of gravitational waves:

In General Relativity



Gravitational Waves



MTW 1973



Black Hole Hair
GW170817 takes an axe to black hole hair

for cosmologically relevant fields.

• Scalar-Tensor -“circumstantial” evidence BH are bald

• Vector-Tensor - BH hair allowed

• Tensor-Tensor - BH hair allowed

Tattersall, Ferreira & Lagos, 2018



Black Hole Hair
All is not lost … look at ring-down

Quasi-normal-mode spectra is hugely informative



Inspiral

“post-inspiral”

Black Hole Hair



even parity gravitational wave

scalar field perturbation

non-minimal coupling

Modified Zerilli Equation





Summary

• Large scale structure: next generation 
surveys!

• Galaxies: messy, difficult but lots of them!

• Black hole ringdown: clean probe, within 
reach!


