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A modern code for lattice simulations of scalar ~ —
and gauge field dynamics in an expending universe
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The Art of Simulating the Early Universe

A dissertation on lattice techniques for the simulation of
scelar and gouge frield dynamics in an ecpanding Universe

Monographic review: JCAP 04 (2021) 035
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Publicly released
in February 2021

CosmoJLattice:
» |t simulates scalars, U(1) and SU(2) gauge fields.
» |t also simulates gravitational waves sourced from scalar fields.

» Written in C++, with a modular structure separating physics and technical
details.

» Parallellized with MPI in multiple spatial dimensions.

» Includes several numerical symplectic evolution algorithms, with accuracy
ranging from 506(6%) - 50(5t'%)

C http://www.cosmolattice.net )
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» Fixed power-law background a(7) ~ P

[Baeza-Ballesteros, Figueroa, Florio, Loayza]
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which are solved with a Hamiltonian scheme:

Example: scalar field P
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CosmoLattice: Lattice formulation

» Equations are written as a set of coupled first-order differential equations,
which are solved with a Hamiltonian scheme:

Example: scalar field

3dadp oV =Y

3-e KICK:

Y DRIFT:

oV
(ﬂ(p)/ — _ a3+a£ + a1+av2¢
P = n¢a“_3

» Scalar fields and momenta are defined in the lattice sites:

OX
i,
/ N : number of points/dimension Minimum and maximum momenta:
2
L = N - 0x :length side ki = Tﬂ Koy = ?Nkmin
Of :time step
» Gauge fields introduced via links and plaquettes (like in lattice-QCD) U,
A
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Al CosmolLattice 2.0
Baeza, Figueroa, Florio,
° Loayza, F.T., & Urio

e AXion - gauge Interactions qu/wFW [Figueroa, Lizarraga, Urio, Urrestilla, (2023)]

e Non-minimal gravitational coupling E£p*R  [Figueroa, Florio, Opferkuch, Stefanek (2023)]
e Cosmic defects
e Simulations in d+1 dimensions

e New technical features (visualization, initial conditions...)

expected date: 2025

WORK IN PROGRESS
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» We have organized two editions of the
CosmoXLattice School:

e Valencia, 5-8 Sept 2022
¢ Online, 25-29 Sept 2023

3rd CosmoLattice School:

22th - 26th September 2025
IBS, Daejeon, Korea

Recorded lectures:

https://www.youtube.com/@Cosmolattice
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Domain wall networks

» We are studying the GW production from cosmic domain walls with lattice
simulations [Notari, Rompineve & F.T; arXiv: 2502.XXXXX].

A
Vig) = Z(@* v

I\

» The DW network soon achieves a “scaling regime” (~one DW per Hubble volume):

Energy density:

e Width: m =4/24v
Paw = 24 cH
e Tension: o0 = 2\/2/1\/3/3 dw

(energy/area)



Domain wall networks

» We are studying the GW production from cosmic domain walls with lattice
simulations [Notari, Rompineve & F.T; arXiv: 2502.XXXXX].

A
Vig) = Z(@* v

I\

» The DW network soon achieves a “scaling regime” (~one DW per Hubble volume):

o Width: m=1/24v Energy density: o = éV > 1H ~ const
— _ a
e Tension: o0 = 2\/2/1\/3/3 Paw = 250l

(energy/area) Area parameter



Domain wall networks
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Domain wall networks

Comoving width of DWs

100 . .
decreases with time

_— (loss of UV resolution)
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DW network evolution (scaling regime)
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DW network evolution (scaling regime)

Area parameter Energy density
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GW spectrum from DWs (scaling)
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Annihilating domain walls

» DWs eventually dominate the energy density of the universe (DW problem).

» Annihilation mechanism: biased potential

Annihilation starts when
—
cH(n,y) = AV

A 4
V= VZz + Viias = Z <¢2 - Vz) +q¢3
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