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Abstract:

Simulating non-linear scales of structure formation is essential to make use of frontier data from Stage IV galaxy surveys.
Performing these simulations in modified gravity theories introduces additional challenges, and further forces us to make
choices about which theories we deem ‘worth’ the computational investment. Horndeski Gravity is very helpful in this regard, as
it encompasses a large swathe of models of major interest.

I'll introduce Hi-COLA, a software suite which simulates large-scale structure formation in the class of luminal Horndeski theories.
Hi-COLA was designed to be:

i) flexible — it avoids hard-coded models and instead receives a user-specified Lagrangian;

ii) consistent — the background expansion history, linear growth and nonlinear screening are solved consistently with one
another;

iii) efficient — using the COLA method, large sets of simulations can be generated at low cost.

I'll explain how Hi-COLA can be used to make robust predictions for scalar-tensor theories on nonlinear scales. If time permits,
we’ll also dip a toe into constraining the Horndeski framework with gravitational waves.
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Outline

- A little history

« Simulating non-linear structure in
Horndeski gravity with Hi-COLA

- Selection of example results

« [If time permits: constraints from GWs]
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Back to 2013... S——

Erickwon _ rmm il A

Cosmological Tests of General
Relativity

I'd been building frameworks for unified modified gravity theories...

...mine had 22 (functional) coefficients!

Horndeski gravity seemed beautifully efficient.

3
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A decade later...

L Large-scale Structure (LSS)W

- Constraints in the linear regime:
(Noller & Nicola 2018, see also Bellini+ 2016)

Data used:
Planck + lensing
+ BAO +RSD

« Today we head into the non-linear regime.
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[Grovitotionol Waves (GWs)}

CONSORTIUM

« Strong constraints on GW propagation speed
« Constraints on GW *friction’ with dark sirens

- Preparing for future LVK, LISA & 3G events
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Simulating Structure Formation in
Horndeski Gravity




The (luminal) Horndeski Action . o)
e Ll Ll L

For now, we'll deal with luminal Horndeski gravity, i.e. where cow = 1.
Motivated by GW170817 results (see Alessandra’s talk).

These are not watertight...perhaps see Claudia’s talk(?)

S = / d'2v/=g[G4(#)R + K (¢, X) — Cs(¢, X)04] + Sas

where X = kinetic term of scalar field
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The (luminal) Horndeski Action

For now, we'll deal with luminal Horndeski gravity, i.e. where cow = 1.
Motivated by GW170817 results (see Alessandra’s talk).

These are not watertight...perhaps see Claudia’s talk(?)

S = / d'27/=g [Ca()R + K (¢, X) — Ga(¢, X)O4] + Sas

where X = kinetic term of scalar field
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The (luminal) Horndeski Action

For now, we'll deal with luminal Horndeski gravity, i.e. where cow = 1.
Motivated by GW170817 results (see Alessandra’s talk).

These are not watertight...perhaps see Claudia’s talk(?)

S = / d'2v/=g [Ca($)R + K (¢, X) — G3(¢, X)O4] + Sas

where X = kinetic term of scalar field
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The Hi-COLA Code + -

HI-COLA = Horndeski in COLA (thanks Hi-CLASS for the inspiration)

COLA = COmoving Lagrangian Acceleration (simulation technique, next slide) H'-co LA

[[ Sales pitch: Hi-COLA is flexible, efficient and consistent. J]

And yours for $0 from https://github.com/Hi-COLACode/Hi-COLA !!!

i) Flexible:
No more hard-coded models — Hi-COLA takes any user-specified form of K, Gz and G4*.

S = / d427/=g [Ga($) R+ K (6, X) — Ca(d, X)O] + Sas
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The COLA Method

ii) Efficient:

The COLA method hybridises Lagrangian Perturbation Theory (LPT) and a N-body code.

Eric Kwo

Hi-COLA

= Allows to trade no. of timesteps for small-scale accuracy without losing accuracy on large scales.

.

2LPT COLA’ Gadget - .

~ 3 timesteps 10 ti'mésteps -" ~ 2000 timesteps
o va . - o

(Tassev, Zaldariagga
i & Einsenstein, 2013)

Hi-COLA is built ontop of the COLA solver in the FML software library by Hans Winther.

Run times ~ 100-1000 faster than full N-body. ST —

Pirsa: 24070031 Page 12/30



Hi-COLA Components

i) Consistent:

Background 2LPT growt Screening
., H., q'S, QM,Q¢ near growth factor, - Inter-particle forces
Fiot = FN + Fy
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Hi-COLA Components

ii) Consistent:

Background Screening
H ) H ) q'b, Q M Q¢ Inter-particle forces
Fiot = FN + Fy

Screening = F¢ must "hide’ on small
scales / dense or in dense environments

(See also Martin’s and Kazuya'’s talks on Wed.)
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Hi-COLA Components

Eric Kwon

Hi-COLA

i) Consistent:

Background Screening
H, H ) q'b, Qum, Q¢, Inter-particle forces
Fiot = FN + Fy

Currently Hi-COLA can do:

» Vainshtein screening

» K-mouflage screening

No Chameleon yet, send me your PhD applicants
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Hi-COLA Components

ii) Consistent:

Background
H,H,é,_QM,qu

+ Initial conditions

Back-scaled from z=0 with
appropriate growth factors
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Eric Kwon

Hi-COLA

Screening
Inter-particle forces

Fiot = FN + Fy

Currently Hi-COLA can do:

» Vainshtein screening

+ K-mouflage screening

No Chameleon yet, send me your PhD applicants
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Force Expression in Hi-COLA

e Start with: i) spherically symmetric mass distribution
ii) Quasi-static approximation (drop time derivatives of metric potentials and ¢)

* The force experienced outside the mass is of the form: (details in arXiv 2209.01666)

Effective G

Ga, -
Frot = Fr-gg* [1+ B(2) 5(2, 6m)]
N | Iq ]
1 |
Coupling Screening factor
Gives overall strength of Modulates fifth force between 0
fifth force (function of time)  and 1 depending on environment

Page 17/30
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Force Expression in HI-COLA A
Hi-COL/
* The force experienced outside the mass is of the form: (details in arXiv 2209.01666)

Effective G — NB: unscreened, modifies Newtonian force

Gy : I :

| |
Coupling Screening factor
Gives overall strength of Modulates fifth force between 0
fifth force (function of time)  and 1 depending on environment

Ftot:FN

* Full expressions for (z) and S(z,5m) are given in terms of K, G3, G4 evaluated at background level.

* [3(z) only depends on background solution, can pre-compute [[(z) gives the linear modification].

® 5(z,0m) also depends on density field in simulation; we pre-compute what we can.

14
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Force Expression in Hi-COLA

You can apply spherically symmetric force prescriptions in a N-body simulation.
First introduced in Winther & Ferreira (2015)

* Removes need to solve e.o.m. for ¢ everywhere = major speed-up (~same speed as LCDM).
* Introduces a well-characterised error on small scales (k = 1 h/Mpc)
® Recent improvements to push further (Brando, Koyama & Winther 2023)

Bose+, arXiv 2406.1364

Ko=1,pf=0.1atz=0.5

Ko=1,B8=0.1atz=0 Ke=1,8=0.1atz2=1

Recent comparison of
approximate simulation

methods with N-body results:

(this plot is for K-mouflage)

T A A T I T B T

k[h/Mpc] k[h/Mpc] k[h/Mpc]
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Code Diagram "0 O )

EricKWon' ’!!.'."

Hi-COLA front-end

= | gt —g[Ga(d)R+ K(9, X) — Gs(¢, X)O Sn
[ #av=31Gs(@R+ K(6,X) — Ga(6, X8| + Su (~ seconds)

User specifies forms E Symbolic algebra
for K, Gs, G4 " routines Dynamic
’ equations

Background solver

Background
solutions

Forces between ptis

Outputs, e.g. matter . COLA simulation in :
p:wer spgctrum : MG theory Density field Fifth force expression

O(1) hr on small cluster)
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Hi-COLA Results




Results — Cubic Galileon

® K xX, Gz =« X, G4=Mp2 (= no change to Newtonian forces).

* Validated against the N-body simulations of

« f3=0(ACDM)
fe=0.2.Ess=0.874 Fraction of DE
fo=0.4,Eq4s=0.891 4= made up by the

* fo=0.6,Ey5=0.904 scalar field
":9 = 08. Erjs =0.913

fo=1.0,E4s = 0.921

=0)

B: matter power
pectrum as a ratio
to LCDM
predictions, called
the BOOST (B)

PEuGal(k, 7= O)IPACDMU(, Zz

k [h/Mpc]
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Eric Kwon

Hi-coL

This plateau +
bump shape is
classic Vainshtein
behaviour.
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Results — Cubic Galileon

"!MHQ-‘T | r

Eric Kwon

Hi-COL

o K xX, Gy x X Gs=Mp2 (=no change to Newtonian forces).

* Validated against the N-body simulations of

- fp=0 (ACDM)
fa=0.2, E4s = 0.874 Fraction of DE
fo=0.4,E4=0.891 €— made up by the

fy=0.6,E45=0.904 scalar field
fg, = 08. EdS =0.913

fo=1.0,E45 =0.921

Scale-dependent growth here

0)

Screening
kicks in here

B: matter power This plateau +

pectrum as a ratio
to LCDM
bredictions, called
the BOOST (B)

Scale-independent - bump shape is
1 I, classic Vainshtein
behaviour.

PcuGal(k' 7= O)IPACDM(k', z

k [h/Mpc]
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Results — Extended Shift Symmetric (ESS)

o K =kiX + ko X2
b G3=g1x I 42 X2
g G4= Mp2




m

Eric Kwon

o K =kiX + kp X2
® Ga=g1x + Q2 X2
b G4= Mp2
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Field Visualisation

Re SUltS LCDM Hi-COLA normalised-Densit ) I -
. Eric Kwon

o K =kiX + kp X2
® G3=g1X + g X?
b G4= Mp2
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_ ' ~% O N
K-moutlage screening ) =+

* Hi-COLA's force law works ‘out the box' for Vainshtein screening, but K-mouflage requires more thought.

® We will study the example model: (Brax & Valageas 2014)

In the Einstein frame: KE(X) =—-14+X+ Ky X" Bart Fiorini
(Conformal
transformation hero)!

e But...Hi-COLA is a Jordan-frame code.

Einstein frame > Jordan frame
whole lotta conformal transformations
Kg(X) ; . K(¢,X) Gai(¢) Gs(¢,X)

arXiv 240700855

* This potentially mixes K-mouflage & Vainshtein behaviour! In the example theory we study here, this

doesn’t happen.
Fxe ni=sly

If present, Vainshtein terms dominate, as ry>> r.

22 K-mouflage terms Vainshtein terms
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Results — K-moutlage

* We can tease out the contributions from background and forces.

}%unou zJak
B(k) = Pamou(27, k)
Prcom(2E, k)

Suppression below LCDM
due to modified Ge

Pirsa: 24070031

K-mouflage

T L LN A B B |

a2 1 aal

Full k-mouflage
Modified background

15

10°
k [h/Mpc]

- Modified forces —

ZE=0

—
| 9

-E’ic-l(fhfé"h’]'l!.'-“,! -

Hi-COLA

Most of the small-scale
“drop off comes from the
background

K-mouflage screening is
weak on cosmological scal
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Next steps

® Lots of fun throwing in random forms for Duncan Bowden [

0.6 1
K, G3, G4 to explore Horndeski space. (summer student) &2

(See also Matteo Cataneo’s talk?)

* For ‘'serious’ models, we can generate lots of simulation
boxes and train an emulator for the boost.

Cubic Galileon emulator under construction by Carola Zanoletti
(Newcastle), Nesar Ramachandra (Argonne) & the Hi-COLA team —

* |dea is to develop tools useable for clustering/lensing
surveys, e.g. Rubin/LSST-DESC.

* Plenty more development work to: chameleon

screening, interface with Hi_Class, study haloes... —

24
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Conclusions

Eric Kweny & ‘

e [f you don’t run LSS simulations:
work in progress
» Horndeski Lagrangian ———— Nonlinear dark matter structure » Observations
It does not require mega resources.

» Tell us what Horndeski models are interesting for you.

» What motivations/bounds can guide us through the large space of Horndeski models?

® |f you do run LSS simulations:

https://github.com/Hi-COLACode/Hi-COLA

Email team.hicola@gmail.com

- Main publications: arXiv 2209.01666, arXiv 2407.00855
L]
H'-COLA Comparison/validation exercise: 2406.13667

25
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