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Horndeski scalar-tensor action (implest mo)

@ Horndeski action:
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[Horndeski 1974; Deffayet, Gao, Steer, Zahariade 2011; Kobayashi, Yamaguchi, Yokoyama 2011]



Breaking the Dark Degeneracy with GWs

Self—Accelerated Modified Gravity

5 st
o0 21
= 5
S 1L 3 8
Qo - [ L
) C c% )
> Y &
_ i Large—Scale Structure :’.:‘5
= Y5 Q
) o
29
§ Yio :—
&) - GR GW Distances
1/20 B
[ R I R N NN NN I M A
10713 10°% 1073 100

Deviation in GW Speed (in %)

[L & Taylor (2015)]



Breaking the Dark Degeneracy with GWs

Self—Accelerated Modified Gravity

s O
= L
o 2
- >,
S 1F 3 g
e Fo )
o r t% g
A2 g
S - % Q
N I Large—Scale Structure ?:f
R VA = )
[P] f—
=)
g Yo
O - GR GW Distances
1/20_—
1 | I I I I | I | | | l
10°F 1078 1073 100

GW170817) Deviation in GW Speed (in %)

[L & Taylor (2015)]



GW170817

LIGO - Virgo

normalized E

400 600 1000 2000
wavelength (nm)

GW-

LIGO, Viego

y-ray

Formi, INTEGRAL, ASiosat IPN, Insight T, Swilt AGILE, CALET, H.E $.5. HAWC, Kons- Wind

X-ra

Swit, MAXIGSC, NuSTAR, Chandra, INTEGRAL

Switt, ST

Optical =
Swope. D(C--n DlYIaD REM-ROS2. MS5T, Las Cumbres, SkyMapper VIS A VAEYER M«u i, Pan- STAS

HCT, TZAC 117, Gemen-Soum, NTT, GROND, SOAR, ESO-VLT, KM £50-v$ lwu\&l(erM VO'%% 1
BOGTES S, Sathe Tolescope Nat, AAT, P4 of he Sky, AST3-2. ATUAS. Davieh 6t DFN, TH08. EABA l'" Il I | l I l I |

REM-AOS2, VISTA, Gemins South, 2MASS Spitzer, NTT, GROND, SOAR, NOT, ES0-VL3¥Grata Telescope, HST >

REE R nm wii
Radio ~ -

ATCA, VLA, ASKAP, VLBA, GMAT, MWA, LOFAR, LNA ATKIA, OVIRO, EVN, & MERLIN, MeerKAT. Parkes, SAT, Efelsbarg

-100 -50 050 102 10" 10° 10'
+(s) t-t. (days)

1M2H Swope DLT40 VISTA Chandra

10.86h i 11.08h hl/11.24h " vk od ey
MASTER DECam Las Cumbres | JVLA

" N

11.31h, win 40h iz)[11. 57h w/ 16.4d Radio

[Abbott et al.

2017]



Breaking the Dark Degeneracy with GWs

Self—Accelerated Modified Gravity

s O
= L
o 2
- >,
S 1F 3 g
e Fo )
o r t% g
A2 g
S - % Q
N I Large—Scale Structure ?:f
R VA = )
[P] f—
=)
g Yo
O - GR GW Distances
1/20_—
1 | I I I I | I | | | l
10°F 1078 1073 100

GW170817) Deviation in GW Speed (in %)

[L & Taylor (2015)]



Breaking the Dark Degeneracy with GWs

Self—Accelerated Modified Gravity

=
= 2B galaxy-ISW
- >
5 1- 3 g
o F & <
A - &
g f % Q
- - Large—Scale Structure 5
RN VA S Q
L
50
g 1/10:—
O - GR GW Distances

l/.7.0_

L AN I N AN N NN NN NN (N N A
10~ 1072 1073

GW170817 Deviation in GW Speed (in %)

[L & Taylor (2015)]

100

[L & Lima (2016)]



Breaking the Dark Degeneracy with GWs

Self—Accelerated Modified Gravity

w b alaxy-ISW
%D 2 g y ~ [L & Lima (2016)]
S 1- 3 g
- 5} Q,
o C g— 5
> Y £0
: “F s S
< ~ Large—Scale Structure -‘:f
R=R VA S Q
L -
an
5 Yof
@) - GR GW Distances
Yo N
[ N [T Y T I A NN TR NN M N ) . |
10-F 1078 1073 100
GW170817 Deviation in GW Speed (in %)

Standard Sirens
[L & Taylor (2015)]



Outlook — Standard Sirens

nature International weekly journal of science

| Audio & Video

Home | News & Comment | Research | Careers & Jobs ’ Current Issue |

Volume 551 Issue 7678 M

NATURE | LETTER «

BFEEY

A gravitational-wave standard siren measurement
of the Hubble constant

The LIGO Scientific Collaboration and The Virgo Collaboration, The 1M2H Collaboration,
The Dark Energy Camera GW-EM Collaboration and the DES Collaboration, The DLT40
Collaboration, The Las Cumbres Observatory Collaboration, The VINROUGE Collaboration

& The MASTER Collaboration

Affiliations | Contributions | Corresponding authors

Nature 551, 85-88 (02 November 2017) | doi:10.1038/nature24471
Received 26 September 2017 | Accepted 05 October 2017 | Published online 16 October 2017

=

~] PDF Article metrics

\t, Citation Q Rights & permissions
On 17 August 2017, the Advanced LIGO! and Virgo2 detectors observed the gravitational-

wave event GW170817—a strong signal from the merger of a binary neutron-star systems.

Figure 1: GW170817 measurement of H,,
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@ Horndeski action:
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@ Horndeski action:

where X
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Cosmological constant

@ Observations in good agreement with
A (Planck & DES: w = —1 4+ 0.05)

@ Kinetic self-acceleration from DE
always possible because of degeneracy
(but engineered with w = —17) Scalar Cherenkov radiation?

[Kennedy, L & Taylor (2019)]

@ Genuine MG self-acceleration
challenged by GW170817

[L & Taylor/Lima (2015/16)]



Cosmological constant

@ Observations in good agreement with
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@ Einstein-Hilbert action
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@ Einstein-Hilbert action
R
S = /d4x\/ —gﬁm(gm,, (Dm) — MF%I / d4x\/—g (5 — /\)
@ Field and constraint equations
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Planck mass variation (global version)

@ Einstein-Hilbert action
R
S = /d4x\/ —gﬁm(g’uy, Cbm) — Mfz)l / d4x\/—g (5 — /\)
@ Field and constraint equations

R
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@ Combined field equations
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Planck mass variation (global version)

@ Einstein-Hilbert action
R
S = /d4x\/ —gﬁm(g’uy, Cbm) -+ Mfz)l / d4x\/—g (5 — /\)

@ Field and constraint equations

R
G!Ll/ + /\glLl/ — I\/’l;l2 Tlu/a /dV4 (E — A) =0

@ Combined field equations

1

— . 1 [ dVsT 1
Gy + EMP12<T>gf"V — MP12 T, Mlg’l A — f

— = —(T
> Tdv, — 2\
Note: Just one example. For details see L (2019); Sobral Blanco & L (2020a,b).

The Planck mass variation can be realised in generic local scalar-tensor theories
with coupling to a three-form gauge field.




Planck mass variation (global version)

@ Einstein-Hilbert action
R
S = /d4x\/ —g[:m(gm/, Cbm) -+ Mfz)l / d4x\/—g (5 — /\)

@ Field and constraint equations

R
Guv + Nguw = Mp 2 T /dV4 (E — /\) =0
@ Combined field equations
1 B 1 [dV,T 1
G,uu + EMP12<T>g;u/ — Mpl2 _r,m/a Mlgl N = 5 f dV4 =

with coupling to a three-form gauge field.
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New cosmological constant problem

@ Value of the cosmological constant, m2, A= 1L2%" - 1,7,

2 Tdvy, — 2
assume spatially perfectly homogeneous matter-only universe with instantanious4collapse at tepnd
o collapse at a = 0.926 at age of 0.88H, * (1 Gyr in the past)
o collapse today instead accounts for 81% of observed value
@ Interesting proximity (but not exact and no imminent collapse predicted)

@ Universe is inhomogeneous on small scales

Important consequence: The future observable Universe will reduce to
the maximally gravitationally bound structure (Local Group). Everything
else will be redshifted away in finite time.
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New cosmological constant problem

@ Spherical collapse equation from energy-momentum
conservation in matter cell

H'’ 1
y' + (2 + ﬁ) '+ 5Qm(a)(y 7 1)y =0

where y = (pm/ﬁm)_l/?’ and primes denote derivatives wrt In a

@ Self-consistent

-2
%MPI <T> _ Qm tmax > tmax —1
Nobs 4(]- — Qm) fottum dt a3y3 2tiurn

@ Standard field equations (w/ non-gravitating vacuum)

1 _
R/,u/ - ERgLLV + /\obs — Mp12 T;u/
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New cosmological constant problem

L (2019)

@ Measure for likelihood for our location
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New cosmological constant problem

@ Measure for likelihood for our location
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@ Measure for likelihood for our location
in process: y € [0,1).

@ Uniform prior: (y) =1/2
@ Present time: y(ty) = 1/2

e Normalisation today: a(ty) =1
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New cosmological constant problem

@ Measure for likelihood for our location
in process: y € [0,1).

@ Uniform prior: (y) =1/2
@ Present time: y(ty) = 1/2

e Normalisation today: a(ty) =1

= Qp = 0.704

e lo & 30 agreement w/ DES & Planck



New cosmological constant problem

Measure for likelihood for our location
in process: y € [0,1).

Uniform prior: (y) = 1/2
Present time: y(tg) = 1/2
Normalisation today: a(tp) =1

= Qp = 0.704
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Planck mass variation (manifestly local version)

1
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Planck mass variation
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Planck mass variation (manifestly local version)
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Planck mass variation (manifestly local version)
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Planck mass variation (manifestly local version)
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Search for New Physics in the nonlinear Cosmos
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Search for New Physics in the nonlinear Cosmos
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* v, baryonic effects

Galaxy power spectrum
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Efficient detection of new physics
« BACON (Bayesian Neural Network)
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