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Where have

we probed
gravity?

T. Baker

1B, Psaltis & Skordis (2015)
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Frameworks for
Testing Gravity

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



1604.01396

Parameterised frameworks

Constraining individual gravity theories beyond GR is hugely inefficient.

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

Parameterisation space Theory space

Patch selected
by data

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

T. Baker 5 MOND@40, St Andrews, 9/6/23



1404.3713
1604.01386

Horndeski gravity — a family beyond GR

EFT mindset: write down most general action for gravity + extra d.o.f., with symmetries.

Today: one scalar only @ Horndeski gravity.

S = /d4:13 v/ —( Messy function of ¢p and gy | 1 SMa,tter

Take linearised equations about a

smooth, expanding universe (FRW)

Horndeski ‘alpha’

parameters.

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



The Horndeski ‘Alpha’ Parameters

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

aT(z) speed of gravitational waves, c?r =14 ar

2
OzM(Z) = L dln M7(t) running of effective Planck mass.

H dt

B (Z) “braiding’ — mixing of scalar + metric kinetic terms.

OéK(Z) kinetic term of scalar field.

T. Baker 7 MOND@40, St Andrews, 9/6/23
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1710.06394
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1710.05834

GW propagation speed with GW170817

Counts per second

Frequency (Hz)
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Gamma rays, 50 to 300 keV GRB 170817A
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* Propagation speed of GWs was constrained by
GW170817 & GRB170817a.

o At=tegw-tgre=1.7s

e Recall: CQT =14+ ar

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

e Photons & GWs propagate on geodesics of the
same metric (Boran et al. 1710.06168).

T. Baker
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The Horndeski ‘Alpha’ Parameters

Quantitfy typical features of non-GR behaviour from scalar fields:

S
)

viitFatiAanal waraviace 2
1

)
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B (Z) “braiding’ — mixing of scalar + metric kinetic terms.

@K(Z) kinetic term of scalar field.

T. Baker 10 MOND@40, St Andrews, 9/6/23



GW Propagation

GW propagating on FRW background in GR:

h!: + 2Hhi;, —V2hi; = 0

\

Hubble factor Contains +, X polarisation modes.

T. Baker 11 MOND@40, St Andrews, 9/6/23



GW Propagation

GW propagating on FRW background in Horndeski gravity:

hY, +2(1+an) HA,;, — & V7hy = 0

l

Modified “friction’
— changes GW amplitude

T. Baker 12 MOND@40, St Andrews, 9/6/23



Luminosity distance-redshift relation

3
<
N
=
s

X (polarisation angles) X (inclination factor)

° dz
Luminosity distance dL(Z) — (1 + Z)/ =
o H(z

)

Standard sirens allow us to measure both d; and redshitt.

= Constrain (for example) the Hubble constant.

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



Luminosity distance-redshift relation

2
~ M 7
h+ < (f) X a2 (7T ,/\/lZ f) 6 X (polarisation angles) X (inclination factor)
7 daw
Lagos et al. (2018)
GW Luminosity distance dGW - [F &M(i) ~_ — Planck (2018)
=+ dxp = dz —— SHoES (2018)
Normal Luminosity distance  dr, Jo 1+ 2 )

Deviations from GR aftect the luminosity distance-redshitt relation.

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

— Constrain oy with GW1708177?

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



Results are poor because

daw

dr,

Dark Sirens to the rescue

— ] atlow redshift — so departures from GR are tiny/zero.

We need GWs that have travelled larger distances.

Legend

@ Detectiors
140 @ Margnal kvente
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Primary mass (M©)
3

Figure from
catalog.cardiffgravity.org
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Dark Sirens

https://chirp.sr.oham.ac.uk/alert/S200302c
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Dark Sirens = substitute EM counterpart with catalog of galaxies

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.

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



Dark Sirens

x many lines of sight
Galaxy distribution 4

Posterior for one line of sight X many events
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GW data

Anson Chen

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




Results with GWTC-3 BBHs

y 21.00%3

(preliminary)

m . =118.07%35%92

Parameters I"
describing black hole — i 233751
‘I Ho 7822 +36.18

mass distribution

UglM o ]

A different MG parameter e
e IWII _|l]|53\hl
It's GR value is 1. =150

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

Ho [km Mpc

Look out for our results In
the O4 observing run ofs




The Horndeski ‘Alpha’ Parameters

Quantitfy typical features of non-GR behaviour from scalar fields:

hl ~f mra\ll-l-a-l-lr\nal \AJAN/NC
- 1

v ¥V 1 O WA GIWwW Il "vagl

p 9 *

running of effective Planck mass.

- Weak / no constraint from GW170817

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

B (Z) "braiding’ — mixing of scalar + metric kinetic terms.

CVK(Z) kinetic term of scalar field.

T. Baker 19 MOND@40, St Andrews, 9/6/23



Simulating Large-
Scale Structure (LSS)
Beyond GR




The matter power spectrum of LSS

Example: f(R) gravity.
Quasi-linear Non-linear

Horndeski ‘alpha’
parameters work here. | Frontier data from
’ B upcoming galaxy + lensing

— GR : surveys will be here
|[fr| =107° .

fr| =107°
| fr| = 107"
Lin

Amount of structure
I

1072 107
k [h Mpc_l]

Pratten et al. (2016).

—
Inverse distance scale

T. Baker 21 MOND@40, St Andrews, 9/6/23



Full (nonlinear) Horndeski

Imposing cr = 1 from GW170817, the Horndeski Lagrangian becomes:

Fancy scalar self-
Gravity, GR if G4 = Mp2/2 interactions

5 — / o5 [G1(0) R+ K(6.X) - Ga(6. X)06] + Siw

| . Standard
Fancy generalisation matter

of a kKinetic term

where X = Kinetic term of scalar field

G4, K and Gs are the real, ‘grown up’ versions of the alpha parameters.

T. Baker 22 MOND@40, St Andrews, 9/6/23



2209.01666

Simulating LSS in Horndeski gravity

Nonlinear scales require simulations.

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

Hi-COLA = Horndeski in COLA

COLA = COmoving

Lag ranglan Acceleratlon Bart Fiorini Ashim Sen Gupta

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

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



Inside Hi-COLA

“IllllllllllllIlIIlllllIlIIlllllIlIIlllllIlIIIIIIIIIIIIIIIIIIIIII..

*

: Hi-COLA front-end :
E ~ seconds) :
- equations .:

solutions

“IIlIIllIlIIlllllIlIIlllllIlIIlllllllllllllllllllllll lllllllllll..

.lllllllllIllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIII“
lBackground

E Forces between ptls ':'
: Density fleld . E
E Hi-COLA simulation 5
., (~ 1hr on small cluster) 5

..llIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII“
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LSS with Hi-COLA

Code is publicly available, incl. documentation, quick start guide,

OLACode

github.com/Hi-C

Dark

matter

2

" . . 5 :
1 PRI e’ B
» é«‘ 4 g B

LI

Halos & proto-halos

2209.01666 | |+ R

l
\

Hi-COLA

mathematical appendices.

Fig: B. Fiorini

T. Baker
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Reminder: dark matter
power spectrum

LSS with Hi-COLA e

|frl =10
|fr| =107*

2
1072

Example: power spectrum of dark matter in Cubic Galileon gravity.

* fp =0 (ACDM) Fig: B. Wright
—— f3=0.2,E45=0.874 Fraction of DE Scale-dependent growth here S S

—— f5=0.4, Eqs = 0.891 € made up by the
fs=0.6, Egs = 0.904 scalar field

fy=0.8, Egs = 0.913 _
—— f,=1.0,Eqs =0.921 Screening

icks in here
\/\

NB: as a ratio to
CDM predictions

N
X
s
&
O
<
Q.
=
o

Scale-independent
enhancement here

PcuGaI(k’ 7

scales scales

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



Horndeski ‘Alpha’ Parameters - Final Status

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

Weak / no constraint from GW170817 ~ Both could/should

improve in LVK O4 run

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

B (Z) Constraints ~O(1) from linear LSS - largely saturated

@k (2)] Unconstrained by linear LSS

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



Horndeski ‘Alpha’ Parameters - Final Status

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

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

To improve these, we really need to constrain the ‘full’ versions.

o (2) S = [ d'ay/=glGa(6) R+ K(6.X) - Ga(, X) 9] + S

Data from:

T. Baker 28 MOND@40, St Andrews, 9/6/23



Conclusio
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