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The early Universe
... numerically speaking
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Figueroa, Florio, Torrenti, Valkenburg

Lattice Theory: arXiv: 2006.15122
Code Manual: arXiv: 2102.01031



https://arxiv.org/abs/2102.01031
https://arxiv.org/abs/2006.15122

Figueroa, Florio, Torrenti, Valkenburg

Lattice Theory: arXiv: 2006.15122
Code Manual: arXiv: 2102.01031

» Simulates scalar-gauge field dynamics [w. self-consistent expanding background]


https://arxiv.org/abs/2102.01031
https://arxiv.org/abs/2006.15122

Figueroa, Florio, Torrenti, Valkenburg

Lattice Theory: arXiv: 2006.15122
Code Manual: arXiv: 2102.01031

» Written in C++, with modular structure separating
physics (Cosmolnterface library) and technical details (TempLat library).



https://arxiv.org/abs/2006.15122
https://arxiv.org/abs/2102.01031

Figueroa, Florio, Torrenti, Valkenburg

Lattice Theory: arXiv: 2006.15122
Code Manual: arXiv: 2102.01031

> Parallellized in multiple spatial dimensions (but you write in serial !)


https://arxiv.org/abs/2102.01031
https://arxiv.org/abs/2006.15122

Figueroa, Florio, Torrenti, Valkenburg

Lattice Theory: arXiv: 2006.15122
Code Manual: arXiv: 2102.01031

» Family of evolution algorithms, accuracy ranging from 5@(&2) — 5@(&10)


https://arxiv.org/abs/2102.01031
https://arxiv.org/abs/2006.15122

Figueroa, Florio, Torrenti, Valkenburg

Lattice Theory: arXiv: 2006.15122
Code Manual: arXiv: 2102.01031

http:/www.cosmolattice.net/

II . FEATURES DOWNLOAD DOCUMENTATION ¥ VERSIONS ¥ EVENTS ¥ PUBLICATIONS Q

Cosmolattice

A modern code for lattice simulations of scalar and gauge
field dynamics in an expanding universe



https://arxiv.org/abs/2102.01031
https://arxiv.org/abs/2006.15122
http://www.cosmolattice.net/

http://www.cosmolattice.net/

Physical Problem

* Init Conditions
* Eqgs. of Motion



http://www.cosmolattice.net/

http://www.cosmolattice.net/

ox (lattice spacing)

Physical Problem /'/

* Init Conditions
* Eqgs. of Motion

-



http://www.cosmolattice.net/

http://www.cosmolattice.net/

(Cosmolattice

Physical Problem * Choose Lattice: dt, N, dx

* Init Conditions * Choose Algorithm 60(6t")

* Eqgs. of Motion

* Choose Param: g, m, ...
* Choose Observables



http://www.cosmolattice.net/

Physical Problem * Choose Lattice: dt, N, dx

* Init Conditions * Choose Algorithm 60(6t")

* Eqgs. of Motion

* Choose Param: g, m, ...
* Choose Observables

1 | #0utput

2 |outputfile = ./
3

4 | #Evolution

5 |expansion = tru
6 |evolver = VV2

7

8 |#Lattice

9 |N =32

10 dt = 0.01

11 kIR = 0.75

12 nBinsSpectra = 55

14 | #Times

15 | tOutputFreq = 0.1
16 | tOutputInfreq = 1
17 | tMax = 300

18

19 | #IC

20 | kCutOff = 1.75

21 | initial_amplitudes = 7.42675e18 @ # homogeneous amplitudes in GeV
22 initial_momenta = -6.2969e30 @ # homogeneous amplitudes in GeV2

24 | #Model Parameters
25 lambda = 9e-14

26 | q = 100
—



http://www.cosmolattice.net/

Physical Problem

* Init Conditions
* Eqgs. of Motion

* Choose Lattice: dt, N, dx
* Choose Algorithm 60(6t")

* Choose Param: g, m, ...

* Choose Observables

NV A WN R

#0utput
outputfile = ./

#Evolution
expansion = tru
evolver = VW2
#lLattice

N = 32

dt = 0.01

kIR = 0.75
nBinsSpectra = 55

#Times
tOutputFreq = 0.1
tOutputInfreq = 1
tMax = 300

#IC
kCutoff = 1.75
initial_amplitudes = 7.42675e18 @ # homogeneous amplitudes

initial_momenta = -6.2969e30 0 # homogeneous amplitudes in GeV2

#Model Parameters
lambda = 9e-14
q = 100



http://www.cosmolattice.net/

Physical Problem

* Init Conditions
* Eqgs. of Motion

* New Physical Problem

* Choose Lattice: dt, N, dx
* Choose Algorithm 56(51")
* Choose Param: g, m, ...

* Choose Observables

NV A WN R

nBinsSpectra = 55

#Times
tOutputFreq = 0.1
tOutputInfreq = 1
tMax = 300

#IC
kCut0Off = 1.75

initial_amplitudes = 7.42675e18 0
initial_momenta = -6.2969e30 0

#Model Parameters
lambda = 9e-14
q = 100
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http://www.cosmolattice.net/

Physical Problem * New Physical Problem

* Choose Lattice: dt, N, dx
* Choose Algorithm 56(51")
* Choose Param: g, m, ...

* Init Conditions
* Eqgs. of Motion

* Choose Observables

CL is a platform for field theories
You choose the problem to solve !


http://www.cosmolattice.net/

http://www.cosmolattice.net/

» CL so far (v1.0, Public):
» Global scalar field dynamics
» U(1) scalar-gauge dynamics

» SU(2) scalar-gauge dynamics

\

J

—

&2

Canonical Kinetic Terms

Self-consistent Evolution

Hom. IC & Quantum Fluct.

Symplectic Integrators  60(5t*) - 50(5¢'°)


http://www.cosmolattice.net/

http://www.cosmolattice.net/

» CL so far (v1.0, Public):
r Canonical Kinetic Terms

< Self-consistent Evolution
:} :: Hom. IC & Quantum Fluct.

> SU(2) scalar-gauge dynamics ) \ Symplectic Integrators 50(5t%) - 60(5t'?)

» Global scalar field dynamics

—

» U(1) scalar-gauge dynamics

» CL update (v2.0, to be released by ~2023):

L _ ATTIT
‘/ Gravitational waves hyy = 211 \ f Non-Canonical Kinetic Terms
‘/ Axion-like couplings  ¢F, Non-symplectic integrators \/

\/ Non-minimal coupling £¢*R }<}:>{ Self-consistent Evolution \/

\/ Cosmic String Networks X Arbitrary IC: external PS or fld config. \/



http://www.cosmolattice.net/

http://www.cosmolattice.net/

» CL so far (v1.0, Public):

» Global scalar field dynamics r Canonical Kinetic Terms

Self-consistent Evolution
> U(1) scalar-gauge dynamics }<}:{>{
Hom. IC & Quantum Fluct.

> SU(2) scalar-gauge dynamics ) \ Symplectic Integrators 50(5t%) - 60(5t'?)

Just released

CL vi.1:§ .
» CL updatef(v2 0,to ber eleased by ~ZV { in May 2022 !
GaV|tat|ona| waves y TN (

Non-Canonical Kinetic Terms

\/Axmn like couplings qu 2 Non-symplectic integrators v

\/ Non-minimal coupling £¢*R }<}:>{ Self-consistent Evolution \/

\/ Cosmic String Networks f’{r Arbitrary IC: external PS or fld config. \/



http://www.cosmolattice.net/

Applications

1) Preheating & Equation of State after inflation
2) GW production from non-linear dynamics

3) Non-linear inflation dynamics (e.g Axion-inflation)
4) Cosmic string networks (axions, AH, ...)

5) Single string loop dynamics

6) Non-minimal gravitational Interactions

7) Phase transitions

X) Your project!



Applications

2) GW production from non-linear dynamics

3) Non-linear inflation dynamics (e.g Axion-inflation)

5) Single string loop dynamics



Applications

) GW production from non-linear dynamics

Il) Non-linear inflation dynamics (e.g Axion-inflation)

Ill) Single string loop dynamics (i time

permits)



Example |

Particle coupling
reconstruction with
gravitational waves

with
A. Florio, N. Loayza and M. Pieroni

Phys. Rev. D 106 (2022) 6, 063522 ; 2202.05805



https://arxiv.org/abs/2202.05805
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SCALAR (P)REHEATING
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SCALAR (P)REHEATING




SCALAR (P)REHEATING

1+ [K2+mA(P)ly, =0 (Preheat fid excitation)

k3

P k) ==— {111 (Kofman, Linde, Starobinsky 1997)
27
—~
~— Parametric
s RESONANCE !
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10
1




SCALAR (P)REHEATING

Physics of (p)REHEATING: ¢y + w?(k,t)pr =0 (linear regime)



SCALAR (P)REHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr =0



SCALAR (P)REHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr =0

At ki: o, nE, ~ et Bt = Inhomogeneities: { dp/p = 1




SCALAR (P)REHEATING

Physics of (p)REHEATING: ¢ +w?(k,t)¢r =0 +mode-coupling

No}-i’Non-perturbative & Out-of-Equilibrium

[ Li ~1/k;

At ki: o, nE, ~ et Bt = Inhomogeneities: { dp/p = 1

\ UV~ C

|
g: Very effective GW generatof ]

Khlebnikov, Tkachev ’97

Easther, Giblin, Lim "06-°08
DGF, G2Bellido, et al 07-10
Kofman, Dufaux et al ’07-"09

[ Preheatin



INFLATIONARY PREHEATING

Non - linear dynamics

\

Lattice Simulations
which include GWs




GW Spectrum

Parameter Dependence (Peak amplitude)

Monomial Models: Single peak spectrum !

(single daughter fld) 1 dpaw

- pedlogk




GW Spectrum

Parameter Dependence (Peak amplitude)

Monomial Models: Single peak spectrum !
(single daughter fld)
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GW Spectrum

Parameter Dependence (Peak amplitude)

cu2 — V//((I)I)
Monomial Models: Single peak spectrum !
(single daughter fld) _ gAP?
q — 2
Resonance
Param.




GW Spectrum

Parameter Dependence (Peak amplitude)

w2 — VN((I)])
6 /

W
O 2 —1
Monomial Models: Qé\);v ~ A 2 q
/0 p \\ } 92(1)12
q = 2
Resonance
Param.

ST T e —=—F | (DGF Torrenti JCAP 2017)




GW Spectrum

Parameter Dependence (Peak amplitude)

w2 — VN((I)])
2 w6/1v
~ A q-
pmz

O
Monomial Models: Q( )

Resonance
Param.

1/2
k, x gq

Peak
Position

P e e —=—F | (DGF Torrenti JCAP 2017)




GW Spectrum

Parameter Dependence (Peak amplitude)

Khlebnikov, Tkachev 97

Monomial Models: Q(O) ~ 1()_9 Easther, Giblin, Lim '06-'08
GW ’ DGF. G&Bellido, et al '07-"10
Kofman, Dufaux et al '07-’09

Large amplitude ! Many others afterwards ...



GW Spectrum

Parameter Dependence (Peak amplitude)

Khlebnikov, Tkachev 97

Monomial Models: Q(O) ~ 1()_9 Easther, Giblin, Lim '06-'08
GW ’ DGF. G&Bellido, et al '07-"10
Kofman, Dufaux et al '07-’09

Large amplitude ! Many others afterwards ...

Qaw x ¢ ' 1/g?
(fpeak X q1/2 X g)

(DGF, Torrenti JCAP 2017)



GW Spectrum

Parameter Dependence (Peak amplitude)

Khlebnikov, Tkachev 97

Monomial Models: Q(O) ~ 1()_9 Easther, Giblin, Lim '06-'08
GW ’ DGF. G&Bellido, et al '07-"10
Kofman, Dufaux et al '07-’09

Large amplitude ! Many others afterwards ...

Qcw x ¢ 'x1/¢° —— What if multiple species with g;: # g; ?
(fpeak X q1/2 X g)

(DGF, Torrenti JCAP 2017)



GW Spectrum

Parameter Dependence (Peak amplitude)

Khlebnikov, Tkachev 97

Monomial Models: Q(O) ~ 1()_9 Easther, Giblin, Lim '06-'08
GW ’ DGF. G&Bellido, et al '07-'10
Kofman, Dufaux et al '07-’09

Large amplitude ! Many others afterwards ...

Qaw o ¢ ' 1/g°  — What if multiple species with g;: # g; ?
(fpeak o ¢'/% o g) Spectroscopy of particle couplings ?

(DGF, Torrenti JCAP 2017)



GW Spectrum

Parameter Dependence (Peak amplitude)

Khlebnikov, Tkachev 97

Monomial Models: Q(O) ~ 1()_9 Easther, Giblin, Lim '06-'08
GW ’ DGF. G&Bellido, et al '07-'10
Kofman, Dufaux et al '07-’09

Large amplitude ! Many others afterwards ...

Qcw x ¢ 'x1/¢° —— What if multiple species with g;: # g; ?

(fpeak o ¢'/% o g) Spectroscopy of particle couplings ?
(DGF, Torrenti JCAP 2017) -«
different couplings
... different peaks ?



GW Spectroscopy

Parameter Dependence (Peak amplitude)

V(g) + _g1¢2

5 10 50 100



GW Spectroscopy

Parameter Dependence (Peak amplitude)

1 1
V(g) + 53’12 s V) + 5g§¢2x§




GW Spectroscopy

Parameter Dependence (Peak amplitude)

1 1
V(g) + ngcﬁzxf + Egzzcb%z ?




GW Spectroscopy

Parameter Dependence (Peak amplitude)
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Three-peak signature
(three preheat flds)

1 1 1
V(g) + ng “xt o+ Egzz ‘X + 5832 3

ANIMATION
(by Nico Loayza)
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GW Spectroscopy

Parameter Dependence (Peak amplitude)
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DGF, Florio, Loayza, Pieroni, 2202.05805



https://arxiv.org/abs/2202.05805

GW Spectroscopy

Parameter Dependence (Peak amplitude)

1 1 1
V(g) + ngcbz)(f + Egzzcb%z + 5832¢2)(32
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DGF, Florio, Loayza, Pieroni, 2202.05805



https://arxiv.org/abs/2202.05805

GW Spectroscopy

Reconstruction (2-peak signal)

@ LISA



h? Qaw(f)

GW Spectroscopy

Reconstruction (2-peak signal)

@ LISA

PCA signal and noise reconstruction

1077 3
1078 3
1077 3 My data
] Input signal
i Input noise
10710 4 Rec data
] Signal linear fit
Noise linear fit
10711 3 PCA signal fit (20)
1 PCA noise fit (20)
10—12 E
10_13 v v LONL L L LB | v v v LENL L LI | v ' ' ”A"‘l ' v ' LINL L LA |

1074 1073 1072 10-1
Frequency [Hz]



GW Spectroscopy

Reconstruction (2-peak signal)

@ LISA

PCA signhal and noise reconstruction

1078 3

1077 ERR My data
= —— Input SIg.naI
= — Input noise
GO 10-10 Rec data
e Signal linear fit

+ Noise linear fit
e PCAsignal fit (20)
PCA noise fit (20)

1011 4

10712 5

10_13 T T rrry T LA L B BB L | T T ""‘\"l T T T T
10~4 1073 102 101 10°
Frequency [Hz]

Note: Shift by hand to LISA frequencies




GW Spectroscopy

Reconstruction (2-peak signal)
@ BB0

PCA signal and noise reconstruction

My data

1077 1 — Input signal

— Input noise
Rec data
Signal linear fit

1079 - PR + Noise linear fit
pameE ¢ PCAsignal fit (20)
PCA noise fit (20) ‘

1073 1072 1071 10°
Frequency [Hz]

Note: Shift by hand to BBO frequencies
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GW Spectroscopy

Reconstruction (2-peak signal)

logi10(h?Qf;) = —10.590+3 393
y e

¥

@ LISA E Peak

. positions
better than 1%:

" logyo(fy) = —3.439+5943 —— Fisher
n

—— MCMC covariance

— MCMC

@
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GW Spectroscopy

Reconstruction (2-peak signal)

@ LISA

log10(h?Qf) = —10.590+3 953

LISA BBO

log,o(f[Hz]) —3-331'8:83 —1-539t8:88§

g1 =3-10% [6.14739.86. 104 | 1.2872-25 . 104 | 2.83717:8% . 104

g1 =1.16-10"3|1.6677 2% -10730.7670-73 - 1073 1.1373-2¢ . 103

logyo(f3[Hz]) | —2.89700; | —0.4967 o) 10.4+9-4

g2 =1.5-108 | 0.4372%.106 | 1.377¢2. 106 | 1.97195,5% . 106

g2 =82-1073 [4.39771%5 . 1073 |7.6473%:5 - 1073 9.23725)7 . 103
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GW Spectroscopy

Reconstruction (2-peak signal)

@ LISA

log1o(h?Qy;) = - —10. 590+9 965

i aattar than 1%;

LISA BBO

log,o(ff[Hz]) | -3.33%335 | —1.53913:003

—3.104 16.14129:86. 104

0g10\J9

g2 = 1.5-10°

g2 =82-1073 439+}45§ 103 764+§16§ 103 923+§6§’29 103
2 N o i
g sss
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GW Spectroscopy

In reality ...

Monomial Models:  Q©) ~ 1077, f, ~ 10° — 10° Hz
Large amplitude ! ... at high Frequency !



GW Spectroscopy

In reality ...
Monomial Models:  Q©) ~ 1077, f, ~ 10° — 10° Hz
Large amplitude ! ... at high Frequency !

Very unfortunate... no detectors there !

&'b



GW Spectroscopy

In reality ...
Monomial Models:  Q©) ~ 1077, f, ~ 10° — 10° Hz
Large amplitude ! ... at high Frequency !

Our example serves as proof of principle
Very unfortunate... no detectors there !

eI



GW Spectroscopy

Hope for other scenarios ...

Our example serves as proof of principle



GW Spectroscopy

Hope for other scenarios ...

Multi-peak Stairway
signatures expected at:
low scale (p)reheating
phase transitions

Our example serves as proof of principle



GW Spectroscopy

Hope for other scenarios ...

Multi-peak Stairway
signatures expected at:
low scale (p)reheating
phase transitions

Our example serves as proof of principle




GW Spectroscopy
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Photon: 0? s 2k¢
2 helicities [ﬁ kT 7] Ay (7, k) =0,
Chiral

: . Ap xe™, |A_| <« |Ay| A+ _exponentially amplified,
instability
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Vig) inflaton ¢ = pseudo-scalar axion

[J. Cook, L. Sorbo (arXiv:1109.0022)] [N. Barnaby, E. Pajer, M. Peloso (arXiv:1110.3327)]

Non-Gaussian scalar perturbations

§A
The excited A, modes source inflaton perturbations ¢
through inverse decay. These modes are highly non-Gaussian o ~-——--- o¢p
_ 5A
. 16 ¢FF
Thisimposes f < 10°° GeV (reca” LS ‘T> Barnaby, Peloso ’10

Planck '15
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INFLATIONARY MODELS
AXiOH“I"ﬂaﬁOH Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90; ...

Vig) inflaton ¢ = pseudo-scalar axion
[J. Cook, L. Sorbo (arXiv:1109.0022)] [N. Barnaby, E. Pajer, M. Peloso (arXiv:1110.3327)]
Amplitude must be bounded, preventing
__ overproduction of density perturbations
Power Otherwise you produce an excess
A spectium of Primordial Black Holes (PBH) !
>"" 0¢ Linde, Mooij, Pajer '13

10—5 L

107

10—9 L

lo—ll
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[J. Cook, L. Sorbo (arXiv:1109.0022)] [N. Barnaby, E. Pajer, M. Peloso (arXiv:1110.3327)]

Chiral GWs !

hl. 4+ 2Hh, — V2h; = 167GIIEY o< {EZE; + BB}

GW left-chirality only ! <l£| A, Chiral
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Freese, Frieman, Olinto '90; ...

Vig) inflaton ¢ = pseudo-scalar axion

[J. Cook, L. Sorbo (arXiv:1109.0022)] [N. Barnaby, E. Pajer, M. Peloso (arXiv:1110.3327)]

| As A, x ¢’ GW signal very sensitive to choice of V(¢)

e-folds before end inflation
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1
V(¢) = §m2¢2

2
V(o) =Vo (1 - eﬁ)

V() = Vo [1—(v

-~ (
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INFLATIONARY MODELS
AXiOl’l“l"ﬂaﬁOH Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90; ...

Vig) inflaton ¢ = pseudo-scalar axion
[J. Cook, L. Sorbo (arXiv:1109.0022)] [N. Barnaby, E. Pajer, M. Peloso (arXiv:1110.3327)]
NG + GW | GW production constrained by preventing

overproduction of density perturbations

For a monomial V (¢), PBH bounds prevent GW from being observable
at aLIGO and LISA Linde, Mooij, Pajer '13

P, Qgw h?

Ga-Bellido, Peloso, Unal '16

01l 1076 | aLIGO

0.001 |
PBH limit

1075 F

1079

N~15—In( / )

1077 F

écmp = 1.66 écmp =1.66

]0—15 b

1079 F

po-lt Ll v N 1071
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GW energy spectrum today

Gauge fields
source a
Blue-Tilted
+ Chiral
+ Non-G
GW background

1078

1D-14 =

Bartolo et al ’16, 1610.06481



INFLATIONARY MODELS
Axion-Intlation

GW energy spectrum today

Gauge fields

ool source a
Blue-Tilted

. + Chiral
g + Non-G

GW background

1D-14 =

. AmF —
| s

vacuum fluctuation

Bartolo et al ’16, 1610.06481
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

77'¢=CL7T¢, E:aﬁ,waza
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E 7:(" =aV2 —a3m2 | E E?
' | Local P ¢ al\
! EoM
: EFE=—-—-VxB 7o B Vo X B
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Axion-Inflation

PROBLEM: PNG, GW and PBH ——» Analytical approximations!

ﬁ¢:aﬂ¢, E:aﬁ,waza

ettt ettt ST EoM
E 77' — CLV2 — a3m2 | E E 9 :
' | Local P ¢ al :
| EoM :
== | g__le.5_Ll.3 L $ox B :
I —_— TC I I
; a a3 ? al :
I-;om. : a _ ¢ :

Ty = p-|—3p — < 2K +V_KA_GA> '
|(58M 6m12)l( ) 3m1291 (Kir?) (Pot) (Elec) (Mag) E




Axion-Inflation

PROBLEM: PNG, GW and PBH ——» Analytical approximations!

~ -
......
______
----------

o =a" Ty, E=ab, my=a
-'""""""""'"""""""':1.'-"*'-1; ----------- EoM
1 g ~ AR -
1 ~ . — 2 3 2 ’ — - “ ;.--.t-, ORI A 4
: Ty =aV ¢ —a"m _H\ — b B s ———> { Non-Linear{
' |Local Q Lo ]
" Eamtutctl [ [ Y i dynamics }
: Eom | < T
: (X’t) ]. — ,""]j— ]_ — ...\:ss/
:
|
|
1

a
Hom. 7:‘-0,: CL2 (p+3p):3 2< 2K¢+V_KA_GA>
(t) 6mpl moy (Kin) (Pot) (Elec) (Mag)
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

—

ﬁ¢:a37r¢, E=alb, m,=a

----------------------------------------------------- EoM

7~T¢:><—a3m2 ><
Local

E EoM Interaction |
RICE) S 1o oo 1Ty :
: E=—-VxB——7,B+ :
. . “a3A ¢ >< :
I-;om. : a __ ¢ [ :

o = p+3p) = ( 2K¢+V_KA_GA> :
|(58M 6m12,l( ) szl (Kin) (Pot) (Elec) (Mag) :
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

—

7"%¢=a37r¢, E=alF, m,=a

o = > —a’m’ ><
Local

EoM Interaction
( X, t) .Ei’ 1 6 B’ '¢'1 B B“_'_
= ——V X ' TopD':
a “QBA ¢ "'

~
''''''

Hom. . a B a
g = +3p) = (—2K4+V )
o 6, (Pt 30) 3m2," in)  (Poy
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

(g =¢, E;=A;, B;=e€;r0;A

P ~, R
.7 | 7"%¢=a,37r¢, E=alF, m,=aqa
.
e
T (he= < —amis >
¢! |Local
¢ ' | EoM Interaction
,' (XL -t 1. o 1 T
: E=—-VXxB—-—74B+
II : a ‘\CLBA ¢ ',' ><
1" : s )
YEomt | T = (p+3p) = 55 {—2Ks+V ><
W by My (kin) (o
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

o= < —atmis >
Local

E EoM Interaction
, LD O s B
: E=—-VXxB—-—74B+
: a “asA ? ><
Hom.| .. a __4a 3
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

mmemsmssssessssssssssssssssesea- i L e i EoM

: IEOCIGI } Reaction
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e E=- VxB-—~ #,B+ E

i — T 0
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(8 6mpl 3mpl (Kin)  (Pot) {Elec (Mag) .-




Axion-Inflation

PROBLEM: PNG, GW and PBH ——» Analytical approximations!

3,
|
|
Q |
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X
o]l
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—
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'
o]l
_I_
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: s 3m26 + —{E . B
: T = —a’m E-B |

" | Local ¢ >< ¢ | aA\ >\'\0“" ®) ¢ Baclf-
: E oM ApproX- } Reaction §
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. ’ 1 | Approx.) |

a
Hom. Ty = a2 (p+3p) = 33 << 2K¢ + V>_<KA + GA))
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

<KA+GA> = <

dk . . d
k3
A dt

-2

‘A Tk

E2+B2

EoM
(X, t)

Local

{ Reaction ¢
¢ (Homog. }

| Approx.)
AATeB T o

;Z? « 2Ky + V)— (K4 + C;A;)

(Kin) (Pot) (Elec) (Mag)

2a
1— E2 1. E2 1 «— B2
Ka=gd @ =adig o Ga=32 4
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

dk 4 d .
/47rk3dT‘A Tk‘ ; /1=i//1:+,1f¢>0

- |2
_JE24+ B2\ 1 [dk ,[|dA_x(r,k)
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---------------------------------- ) mmmmmEmmsmsmme=e====FoM
s 3.2, (T D
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

dk . . d
k3
A dt

-2

EB ———/

<KA+GA> = <

‘A Tk‘

E2+B2

EoM
(X, t)

Local

d2A:I: (7-7 E)

+ [k? £ 2X\¢kaH] Ax(1,k) =0 ><

a2 << 2K¢ + V)—(KA + GA>)
m i (Elec) (Mag)

Reaction §
t (Homog. |
{ Approx.) |

(S &

DallAgata et al 2019, Domcke et 2020 —— Elaborated Iterative scheme !
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

dk 5 d
_/47rk dT‘A Tk

- |2
_JE24+ B2\ 1 [dk ,[|dA_x(r,k)

: 1,2 o

= 3 2

7o = > —a’m*e- —HE-B) o | ]
Local ApPYoX- ! Reaction
EoM P ,

¢ (Homog. }

(X, t) , \
5 . ' Approx.) |
d AC:;T(; L) + [k2 + 2)\§kaH] Ai(1,k)=0 ><

a
m o (Kin) (Pot) (Elec) (Mag)

Gorbar et al 2021 — Correlator Gradient Expansion
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

Can we do better than homogeneous backreaction ?

---------------------------------- 1 EN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B EoM
L 3.2, (. B
Ty = —a°m E-B , .\
Local ® >< ¢ al >H°m' m ; RBactlf' .
X. ! Reaction ¢
EoM ApprO : 3

fi (Homog. !
| Approx.) |

(X, t) —.
2
d A;_(;—’ k) + [k* £ 2XékaH]| Ay(T,k) =0 ><

a
Hom. Mg = :;2 (p -+ 3p) — 52 << 2K¢ —+ V>—<KA + GA))
(t) pl pl (Kin) (Pot) (Elec) (Mag)
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

Yes, we need a full lattice approach

---------------------------------:]‘-—‘.ﬂ-:~: ------------ EOM
-~ 3 2 o — ~ “‘ e : s
\~a/ ,' ; u ",
Local Sl ‘ —» { Reaction

t (Source §
InHom.) |

(X, t) ,.
2
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Tty = + 3p) = < 2K -|-V—KA_GA>
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

Yes, we need a full lattice approach

I.--------------------------------:],-_a-ﬁ-.; """"""" EoM
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' | Local
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a 5
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

Yes, we need a full lattice approach
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PROBLEM: PNG, GW and PBH ——» Analytical approximations!

How to "latticize" this system of EOM ?

al\

g T TTETEEEEEESEEEEEEEmEEEEEEEEE” LT EoM

: fs = aV? —a'm?¢+ —E- B o ]
E IEOCIGI . I Reaction ¢
e { (Fully }
: (X,t) = ]_ — — ]_ _ — ]_ — = |nH0m.) "
: E=--VxB fgB+ — Vo x E . s
I a

a
Hom.| . _ a2 (p+ 3p) = 33 ( 2K +V —(Ka + Ga))
m mo (Kin) (Pot) (Elec) (Mag)




LATTICE FORMULATION of ¢F F o

nflaton 3 — 3 1 1
"Eom A(_)F (a 7T¢) — a,0 ZAz’ Afﬁﬁg —a am2¢+g +_Z_E-(2)Q ( -

I 2 < 2 ) 2 A i 2 i+g \ " i,+0
Gauge . ]_ _ 1 4 4
EFCI)(I:\III AO (a+gEi,+g) — —a Z EijkAj Bk — ﬂ (7T¢B§ ) + 7T¢,+iBi(,-|2i)

* DGF, Shaposhnikov 2017 |
Canivete, DGF 2018

E® B
l /o < o « ®
° < o « o/
/ / / ° < 0‘4/ 0/
° < ° <« e / / / |
o < o < o Lattice gauge

techniques



LATTICE FORMULATION of ¢F F o

EJad () o,y S ey e +h 38, (0045

I 2 i 2 ’&-I- i,+0
Gauge . B 1 B 1 ( ) (4)
o | 20 (a+2Ez',+%) T T a D €ijklj By — oA (7T¢Bq; T 7o, +iD; +z)
ik
1 + + (2) + (2)
. A(2+da:A ZZ{% (AFOED) o + (AFAE] o }

* DGF, Shaposhnikov 2017 |
Canivete, DGF 2018

1. Lattice Gauge Inv: A, — A, + Afa
2. Cont. Limit to 6(dx?

3. Lattice Bianchi Identities: A7(B® + B®) =0,

i,+0

4. Topological Term: (F,,F**), = AfK" (CS current)

~ v
[FM"FIL — aMKM ] Exact Shift Sym. on the lattice !
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nriaton —_ ]. ].
AL (@07e) = a g DATALS g — a6 g 103 E?, (B

I 2 < 2 ) 2 A i 2 i+g \ " i,+0
Gauge . ]_ _ 1 4 4
;:I]\III AO (a+gEi,+g) — —E Z EijkAj Bk — ﬂ (7T¢B§ ) + 7T¢,+iBi(,-|2i)

* DGF, Shaposhnikov 2017 |
Canivete, DGF 2018

¢:—3H7r¢—|— v2¢ m?¢ a3AE’.B’,
— — ]_ — —
V-E =—-—V¢-B(Gauss Law) EoM
al\ .
Continuum




LATTICE FORMULATION of ¢F F o

nflaton _ 1 1
BAL (a%76) = 0,5 SATATS, g — a6, 0+~ O LE® (B9 1 BY))

I © 2 AN4—~2 i+ v i,40
Gauge B . 1 _ 1 (4) (4)
;:I]\III AO (a+gEi,+g) = —E ZeijkAj Bk — ﬂ (7T¢Bz + 7T¢,+iBi,+i)
7k
+er @+ a2 Y {endAFOER) o +(AFOELL) o}
8A T €k (D5 @) By 151 0 GO EE 1] o

: DGF, Shaposhnikov 2017 '
Canivete, DGF 2018

1 =

1 = —_
al .
Continuum




LATTICE FORMULATION of ¢F F o

InIfEI::VIon A(—)I— (CL37T¢) — a'+Q ZA_A+¢+2 — aiam2¢+g 4+ Z EE(?)Q (3(4) —- B(’4)A)

Gauge
Fid
EoM

: DGF, Shaposhnikov 2017
Canivete, DGF 2018

_3H V& | E-B
3 7T¢+ V ¢ — m?e 37 ,
]_ — ]_ — —
]_ — —
——Vo¢- B (Gauss Law) EoM
al\ .
Continuum
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AT (a*1e) = a0 DOATATG o —adym®6 4o Z B2, (B +BY,)

I 2 i+

Gauge

B 1 _ 1 4
;:I:\III AO (a+QEi,+g) = —EzezjkAJ Bk - ﬂ (7T¢B,§ )+7T¢ ZB’L(-IEZ)

: DGF, Shaposhnikov 2017
Canivete, DGF 2018

1 .....................

— H =2 |

3 7T¢+ V ®—m (/5 3\

1 o

]_ — —
——Vo¢- B(Gauss Law) EoM

al .

Continuum




LATTICE FORMULATION of ¢F F
Lattice Formulation

Expansion

+(03 N o “AFh B 2
Ag (a’mg) = a+%ZAi A ¢+% @’ gm ¢+g
1

1 1
A58 (ot 421,

1 - 1 (4) @)
- zk: €ijkAj By — oA (7T¢Bi + 7r¢,+iBi,+i>
Js

1
+5a@+dzn)) 3N {alAF OB o + (AT OB o}
+ gk

fo.0) (B +8Y;), . (Gauss Law)




LATTICE FORMULATION of ¢F F
Lattice Formulation

Expansion

Ag (a*mg) = a,q ZA;A;L¢+2 - aigm2¢+g
15 1Le @ |, p@)
A ; PR (Bi * Bi,+0) ’

Aa (a+gEi’+g) — —2 2}; €ijkAj_Bk - % (7!'4,354) + 7F¢’+1'Blg:1_*)_i)
J

)

1
+5a@+dzn)) 3N {alAF OB o + (AT OB o}
+ gk

_ 1
g2 AE L =m0 (aF¢,q) (B +8Y;), . (Gauss Law)

. 11 - _ 1, - _ 11,_- —
_ irkin el grad grad - pot pot L+ E E
pL=H""+ a2 Q(H-é/z T H+()/2) T Q(H—O/z T H+6/2) T a2 z(H—ﬁ/2 T H+0/2

rrkin rrkin rypot
(pL + 3PL)+()/2 =2(H™" + H+f)) - 2H-Il)-()/z T

_ 1 _ _
E B B
HY + 7—(H" + HY),
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+0/2 o
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LATTICE FORMULATION of ¢F F
Lattice Formulation

Expansion

A+(a7r¢ =a, ZA A+¢ —a m2¢>+

AZ E(z) (3(4) +BY) |

_ 1 @ @
]kA By 2A(7T¢B + e, B )

8A(2+da:A+ ;Z{ sl (AFOEP,) o +(AF)ERL) o}
i,k

“).. > (Gauss Law)

* Now | will show you our work in progress from
DGF, Lizarraga, Urio & Urrestilla 2022

* Alternative Lattice formulation (not shift-symmetric): Caravano et al 2022
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Axion-Inflation(vi = Lrr; a="")

Y\
(X = 15, 20 25)

Summary

* £ Controls the Gauge field excitation

* Linear change in £ : exponential response in AM

* Predictions/constraints (PNG, PBH and GWs) depend
crucially on £ : we will re-assess real observability !

—

* Adding Schwinger pair production easy via / = o E

* Other phenomena: BAU, Magnetogenesis, ...
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Summary

* £ Controls the Gauge field excitation
* Linear change in £ : exponential response in AM

* Predictions/constraints (PNG, PBH and GWs) depend

crucially on £ : we will re-assess real observability !
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* Adding Schwinger pair production easy via / = o E

* Other phenomena: BAU, Magnetogenesis, ...



Example Il

String Loop
Dynamics
(+ GW emission)
with

J. Baeza-Ballesteros, E. Copeland & J. Lizarraga

Work in progress
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Dynamics of an isolated

loop and its




String Loop Dynamics + GW emission

GOAL
Dynamics of an isolated
loop and its

Case | : Nielsen-Olesen Case Il : Network

L

( following Vachaspati et al 2020) (following Lizarraga et al 2020/21)



String Loop Dynamics + GW emission

GOAL
Dynamics of an isolated

loop and its

Case |
— Isolate the inner loop —



String Loop Dynamics + GW emission

GOAL
_Dynamics of an isolated
Ioop and its GW emission

Casel ll
— Only one loop remains eventually —




String Loop Dynamics + GW emission

GW energy density power spectrum (Case I)

Cutoff

Vvl = 192

1077 A i Ay
= 102 — | artifact!
S
£51073 5% = 0.375
0 =0.25
1074 5% = 0.1875
5% = 0.125 :
10_5;‘ 0Z = 0.09375 "'%Q;‘i | “' ¥
01 05 10 50 10.0 50.0

§% = VAvéx
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String Loop Dynamics + GW em

GW energy density power spectrum (Case Il)

: uv
| artifact !
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String Loop Dynamics + GW emission

Impact of our Study
Re-evaluation of GW emission
from cosmic string network

Implications for
DM Axion string network
AH local string network
Comparison with NG



To know more...

http://www.cosmolattice.net/
Lattice Theory: arXiv: 2006.15122

Code Manual: arXiv: 2102.01031

Thanks for your attention !


https://arxiv.org/abs/2102.01031
https://arxiv.org/abs/2006.15122
http://www.cosmolattice.net/
http://www.cosmolattice.net/

If you want to learn how to
"latticesize"” your problems ...

School 2022: Sept 5-8

@Valencia:




If you want to learn how to
"latticesize"” your problems ...

(osmolattice

School 2022: Sept 5-8

Keep an eye for CL School 2023:

https:/cosmolattice.net

‘J/ ‘ .
FE/ 0 YOWNLOAD DOCUMENTATION~  VERSIONS v § .
j:‘. /‘/1
A \::x R v .52 h,
'f'f e " e i ‘_w‘.’»vc,_}-xk I e . T
- N J . 3 a R "“;‘%2-":!'-"&? A":&‘ 4 'Q;a = I



https://cosmolattice.net

To know more...

http://www.cosmolattice.net/
Lattice Theory: arXiv: 2006.15122

Code Manual: arXiv: 2102.01031

Thanks for your attention !


https://arxiv.org/abs/2102.01031
https://arxiv.org/abs/2006.15122
http://www.cosmolattice.net/
http://www.cosmolattice.net/
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What Field theory ?

» Matter content:

Jd4x\/_ { =0,00"¢ + (D} p)*(Diep) + %FMUF”” + (D,@)'(D"®) + %Tr{GWG””} +V(g.lol, | P )}

Transparencies worked out together with Paco Torrenti



What Field theory ?

» Matter content:

Jd4x\/_ { =0,00"¢ + (D} p)*(Diep) + %FMUF”” + (D,@)'(D"®) + %Tr{GWG””} +V(g.lol, | P )}

— e T
—

1 _ 1 (o +ig,
O € Re =—(¢py + i) O =— ( . >
@ > (gﬂo P1 \/5 @, + L3
Scalar DA=0d —iQWe A D = .¥D? —ig,0.B*T
sector W= T S P
FMV = dﬂAy — aUA’u G,=9,B,-0,B,—-ilB,B)]
U(1) gauge sector SU(2) gauge sector

Transparencies worked out together with Paco Torrenti



What Field theory ?

» Matter content:

Jd4x\/_ { =0,00"¢ + (D} p)*(Diep) + %FMUF”” + (D,@)'(D"®) + %Tr{GWG””} +Vig.lol, | P )}

N — e B
. e

P € Re N L(% +ip)) ® = L (% : lf”l) Scalar
Scalar 2 » V2 \P2t19s potential
A — . — A . a
F o dﬂAy — dyAﬂ GW = aﬂB,/ — OUBM — i[Bﬂ, B ]
U(1) gauge sector SU(2) gauge sector

Transparencies worked out together with Paco Torrenti



What Field theory ?

» Matter content:

Jd4x\/_ { =0,00"¢ + (D} p)*(Diep) + %FMUF”” + (D,@)'(D"®) + %Tr{GWG””} +Vig.lol, | P )}

N — -, ——

P € Re N L(% +ip)) ® = L (% : lf”l) Scalar
Scalar V2 o V2 \P2 7t 193 potential
A — . — A . a
F o dﬂAy — dyAﬂ GW = aﬂB,/ — OUBM — i[Bﬂ, B ]
U(1) gauge sector SU(2) gauge sector

» Background Metric:

P 772 2( V6. d i1 » Self-consistent expansion (Friedmann equations)
]

2
> Fixed power-law background a(?) ~ 130+w

Transparencies worked out together with Paco Torrenti



m Lattice Equations

> Hamiltonian scheme: coupled first-order differential equations

et et

» Scalar fld example

oV

T, = /a3—a KICK: (]Z' )/ — — a3+a_ + al-l-(x V2¢
oLy 2dadd OV ¢ o0
a2 a dt dt o DRIFT: ¢’ = 70"

Transparencies worked out together with Paco Torrenti



m Lattice Equations

> Hamiltonian scheme: coupled first-order differential equations

et et

» Scalar fld example

oV

T, = /a3—a KICK: (]Z' )/ — — a3+a_ + al-l-(x V2¢
oLy 2dadd OV ¢ o0
a2 a dt dt o DRIFT: ¢’ = 70"

» Scalar Fields and momenta are defined in the lattice sites

ox (lattice spacing)

/,// Minimum and maximum momenta:
( N : number of points/dimension
L = N - 6x :length side » >z \/5
L { 5l‘ : time step kmin — T kmax — _Nkmin
| -

Transparencies worked out together with Paco Torrenti
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Lattice Equations

> Hamiltonian scheme: coupled first-order differential equations

et et

» Scalar fld example

//__2v2¢+
a

1 3dadp

a dt dt

ﬂd) — /a3—a

KICK:

DRIFT:

» Scalar Fields and momenta are defined in the lattice sites

ox (lattice spacing)

s
ettt

» Gauge fields introduced via links and plaquettes (like in lattice-QCD)

N : number of points/dimension
L. = N - 6x :length side

Of : time step

-

Minimum and maximum momenta:

Transparencies worked out together with Paco Torrenti




Writing a model

» Equations solved in (dimensionless) program variables:

Choose:

)

d77] =a a)*dt

d)?’ — a)*dxl

Space and time

~ . @Y . D
f Js IE
A B¢
el H Ha M
Aﬂ:&)* B”_a)*

Scalar
fields

Gauge
fields

Transparencies worked out together with Paco Torrenti



Writing a model

» Equations solved in (dimensionless) program variables:

Choose: y j=? =L $_2| Scalar
dif = a”"w.dt = i v £ ®= fi | fields
{ ’ a)*’f*} ) d¥ = w.dx'
: T Aﬂ Fa— Bﬁ Gauge
Space and time = L fields

Example: ¢(t) ~ &, X fosc(t)

¢(t) [GeV]

Transparencies worked out together with Paco Torrenti



Writing a model

» Equations solved in (dimensionless) program variables:

Choose: y j=? =L $_2| Scalar
dif = a”"w.dt = i v £ ®= fi | fields
{ ’ a)*’f*} ) d¥ = w.dx'
: T Aﬂ Fa— Bﬁ Gauge
Space and time = L fields

Example: ¢(t) ~ &, X fosc(t)

S
|
ek
~
3

¢(t) [GeV]

Y » Make period
constant in ﬁ

ol < > > \

Transparencies worked out together with Paco Torrenti



Writing a model

» Equations solved in (dimensionless) program variables:

Choose: . ¢ - _ @ . @ scalar
di/] =a a)*dt ¢ — ﬁ P ﬁ< ® = f* fields
{ ’a)*’f*} I d¥ = w.dx'
| A~ B | Gauge
Space and time A, = B = - fiolds
(()F *

» Write scalar potential and first and second derivatives in one file (model.h)

ov 0%V 0%V

o L
Vg, 1011 @) = o=V, el 1, fe P 1) _}aqs 6I(p| 11" a2 3Gl 9B

Transparencies worked out together with Paco Torrenti



Writing a model

» Equations solved in (dimensionless) program variables:

Choose:

)

d77] =a a)*dt

d)?’ — a)*dxl

¢Z=

4
fi J fi

S

@ | Scalar

Ly fields

Space and time

Aﬂ

A, —

1 Gauge

fields

()2 ()2

» Write scalar potential and first and second derivatives in one file (model.h)

CAAREINE

V(i £l @1, fil @)

» Parameters passed via one file (input.txt)
(no need to re-compile !)

oV

oV oV 0’V 0%V 0%V

~ 9

o¢p

—)

ol@l" oI®|" ag2” a4 9|®>

#0utput
outputfile = ./

#Evolution

expansion = true
evolver = VV2

CONO U A WN R

#Lattice

9 [N =32

10 |dt = 0.01

11 | kIR = 0.75

12 nBinsSpectra = 55

14 | #Times

15 tOutputFreq = 0.1
16 | tOutputInfreq = 1
17 tMax = 300

19 #IC

20 | kCutOff = 1.75

21 initial_amplitudes = 7.42675e18 @ # homogeneous amplitudes in GeV
22 initial_momenta = -6.2969e30 0 # homogeneous amplitudes in GeV2

24 | #Model Parameters
25 lambda = 9e-14
26 | q = 100

Transparencies worked out together with Paco Torrenti



Self-consistent Expansion

> Algorithms use second Friedmann equation to evolve the scale factor.

> The first Friedmann equation is used to check the accuracy of the simulation.

a a2a
T T 3 (@ —2)(Ky+ K, + Ko) + a(Gy + Gy + Go) + (a+ 1)V

4+ (a — 1)(KU(1) + GU(l) + KSU(Q) + GSU(2))>

a’ 2 a2a
(E) = 32 <K¢+K¢+K<p +G¢+G¢+G<I> +KU(1) +GU(1) +KSU(2) +GSU(2) +V>
p

(...) represents volume averaging

Transparencies worked out together with Paco Torrenti



Self-consistent Expansion

> Algorithms use second Friedmann equation to evolve the scale factor.

> The first Frledmanne, uation is used to check the accuracy of the simulation.

a a2
— = 35 ((@=2)(Ky+ Ky + Ko) + (G + G + Ga) + (a + 1)V
p
+ (a —1)(Kya) + Gua) + Ksue) + Gsue))
a’ 2 a2a
(E) = 32 <K¢+K¢+K<p +G¢+G¢+G<I> +KU(1) +GU(1) +KSU(2) +GSU(2) +V>
p
(...) represents volume averaging
e Kooy = pimSiF2
: K¢ — 2alza ¢/2 G(;‘) = # Zz(az¢)2 K.(S']((Jl()2) - zT%*QE Za z(Ong)z :
: K, = %(D()q‘/)) (D64‘P) G, = aL2 Zz‘(DzASO)*(Df‘P) ; Gua) = 2a e > :
| _ 1 _ 1 . . a7 2ij<i by :
E o = _(DO(I)) (DOCI)) o = aTZz(DZ(I))T(DZ(I)) GSU(2) = 2a4 Za,z,]<z(Ga )2:
i (Kinetic-Scalar) (Gradient-Scalar) (Electric & Magnetic) i

Transparencies worked out together with Paco Torrenti



Al Output from your Run
p y

Volume averages: variance, energies, etc
120 a p . p=2 nl
1.0; ;
Output i
q A 08 |
Y r
Types Toe
“© 0.4} P2
[ — Ko —Gur — Ky Vint
0.2} 107°+ Go —Ksup— G,— P
\ — Ky1— Gsyz —
oo, ' it ] . | ‘ ‘ ‘
5 10 50 100 5001000 70 100 200 300 400
i t

Transparencies worked out together with Paco Torrenti



Al Output from your Run
p y

Output
Types

!

Volume averages: variance, energies, etc

128 5o a

A 0.8;

t -

3/2

1.0¢

v 0.6
®© 0.4;
0.2;
0.0

; wp=‘2§

50 100

5001000

0.01"
“© 1074+
10_6 L

10785 ‘
0 100

p=2

Ko — Gy —F
Go —Ksuz — Gy—P
— Ky1— Gsyz — V

Vint

200
f

300

400

Fld Spectra: Raw/Binned

Transparencies worked out together with Paco Torrenti




m Output from your Run

Volume averages: variance, energies, etc
1'2; Yy p=2 1,‘
Output 10, |
A 0.8; 0.01+
Types ) Toe
o 0.4}
0.2 107§
0.0; ‘ ‘ ‘ - ‘ ‘ 1 sl ‘ ‘ ‘ ‘
5 10 50 100 5001000 10 0 100 200 300 400
i t
Fld Spectra: Raw/Binned Snapshots: 2D/3D distribution

Transparencies worked out together with Paco Torrenti
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Constraints



< :
Energy conservation

» The first Friedmann equation is used to check the accuracy of the simulation.

_ (LHS - RHS)
"~ (LHS + RHS)

Transparencies worked out together with Paco Torrenti



<> :
Energy conservation

» The first Friedmann equation is used to check the accuracy of the simulation.

o 10_8

_ (LHS - RHS)
"~ (LHS + RHS)

1012
* — VW2 — VW6 — VV10
— VW4 — VW8 — LF2

10—16 o , , . . . . . ! . . . . ! ' ' : : !
0 100 200 300 400
t

Evolution algorithms:
» VVn: Velocity-verlet of accuracy order O(dtn)
» LF2: Staggered leapfrog, accuracy order O(dt2)

Transparencies worked out together with Paco Torrenti



< :
Energy conservation

» The first Friedmann equation is used to check the accuracy of the simulation.

1074

o 10_8

_ (LHS - RHS)
"~ (LHS + RHS)

10—12
| — VV2 VV6 VV10
— VW4 — VV8 — LF2

10—16 ! , e, ey,
0 100 200 300
t

Energy conserved
up to machine
precision for VV10!

Evolution algorithms:
» VVn: Velocity-verlet of accuracy order O(dtn)
» LF2: Staggered leapfrog, accuracy order O(dt2)

Transparencies worked out together with Paco Torrenti



Gauge theories: Gauss constraint

» Preservation of U(1) & SU(2) Gauss constraints (for all integrators!)

0;Foi = a’Jy I
_ > Gauge charges
(2)ar(Gp)” = a“(Jy),

<\/ (LHS — RHS)%)
(v/(LHS + RHS)?)

A

Transparencies worked out together with Paco Torrenti



Gauge theories: Gauss constraint

» Preservation of U(1) & S

U(2) Gauss constraints (for all integrators!)

0;Fy; = a’Jy —

(@i)ab(GOi)b = az(Jo)a -

> Gauge charges

1078
107°

10—10
o é
< 107!

<\/ (LHS — RHS)%)
(v/(LHS + RHS)?)

A

10712

10713

107 L

— U(1) — SU()

Gauss constraint

""""""""""""""""" preserved up to
machine precision

Transparencies worked out together with Paco Torrenti



Axion-inflation
Constraints



Gauss Constraint

Back-reaction
terms added




Hubble Constraint

2
a .
To = 37772 (Kg+Gp+V +EKs+Ga) ;3 Ta=a
pl
101
1073

1077} o

Illlllll |||| |"“| | Back-reaction
B terms added




