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Figueroa, Florio, Torrenti, Valkenburg

Lattice Theory: arXiv: 2006.15122 (+100 pages)
Code Manual: arXiv: 2102.01031 (+100 pages)



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

» Simulates scalar-gauge field dynamics [w. self-consistent expanding background]
[U(1) x SU@2) ]

Links & plaquettes
(~ lattice-QCD) HY


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

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 56(5t%) - 50(5t')

| LeapFrog, Verlet, Runge-Kutta, Yoshida, ... |


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/


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

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

éaama.émfl'cce — Default Field Content

» Matter content:

Jd%\/—{ —0,0"p + (D )*(D”m%zv F 4 (D <1>>T<D”<I>>+%Tr{6 G*} + V(g | 9], |<I>|>}




éaama.émfl'cce — Default Field Content

» Matter content:

Jd“x\/_ { =0,00"$ + (D p)*(Dlp) + %F,,UF“” + (D,@)'(D"®) + %Tr{GWG””} +V(g.lol, | @] )}

P € Re @ = L((po + i) ® = RS (% + lf’”) Scalar
Scal 2 V2 \P2 10 potential
calar A—_;7 _;inw = A _ g
coctor D, = dﬂ lQA gAAﬂ D,= 9D, —igg0y
F'W = aﬂAy — avA/,t GW = O”By — OUB” — i[BM,BU]

U(1) gauge sector SU(2) gauge sector




éaama.émfl'cce — Default Field Content

» Matter content:

Jd“x\/_ { =0,00"$ + (D p)*(Dlp) + %FMUF“” + (D,@)'(D"®) + %Tr{GWG””} +V(g.lol, | @] )}

P € Re @Y = L((ﬂo + ig,) D = 1 (% T l:¢1> Scalar
Scalar A V2 (@) vz \n s potential
—_ — A ;
F u = 0MA,/ — ayAﬂ G,=9,B,-0,B,—iB,B)]
U(1) gauge sector SU(2) gauge sector

» Background Metric:

. g% 2( V6. d 7 » Self-consistent expansion (Friedmann equations)
]

» Fixed power-law background a(f) ~ EIED




éaama.émfl'cce — Default Field Content

» Matter content:

Jd“x\/_ { =0,00"$ + (D p)*(Dlp) + %F,,UF“” + (D,@)'(D"®) + %Tr{GWG””} +V(g.lol, | @] )}

P € Re @Y = L((ﬂo + ig,) D = 1 (% T l.¢1> Scalar
Scalar A ’ (@) y2 \ s potential
— . — A . a
FMV = 0MAU — ayAM GMU = aﬂB,, — OUB” — i[BM,BU]

U(1) gauge sector SU(2) gauge sector

» Background Metric:

ds* = — dt* + a*(1) 5;dx'dx/

> F|xed pr-Iaw backgroAund>a(t) ~ (T




W@Z@Z&w — Equations of Motion

> Hamiltonian scheme: coupled first-order differential equations

» Scalar fld example

oV
=gt KICK: (1) = — a3t 0— 4 g1 T0V?
d_2¢ — —1 V2¢ -+ i—da —d¢ = — —aV ﬁﬂ(p ¢ i ( ¢) -3 a¢ ¢
dt? a drt dt a¢ DRIFT: ¢’ — 7Z'¢Cla
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WZW — Equations of Motion

> Hamiltonian scheme: coupled first-order differential equations

et et

» Scalar fld example

3dadp

adt dt 9

aV ]Z'¢ = ¢/a3—a

KICK:

' DRIFT:

» Scalar Fields and momenta are defined in the lattice sites

ox (lattice spacing)

s
ettt

N : number of points/dimension
L. = N - 0x :length side

Of : time step

-

Minimum and maximum momenta:
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WZW — Equations of Motion

> Hamiltonian scheme: coupled first-order differential equations

» Scalar fld example

3dadp

adt dt 9

ﬂ(,b — /a3—a

oV

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 - 0x :length side

Of : time step

-

Minimum and maximum momenta:

27 3
kmin - kmax = iNkmin
L 2
U W
A




Wzmce — Expansion Evolution

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

1/ a2a

2
a 3mp

Q

(@ —2)(Ky + Ky + Ko) + a(Gy + Gy + Go) + (a+ 1)V

+ (a —1)(Kya) + Gua) + Ksue) + Gsue))

(...) represents volume averaging




Wﬁm — Expansion Evolution

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

a// a2a
— — —2((a—2)(K¢+K¢—|—K<b)-I-Oz(Gqs-FG(p-l-GcI))+(05+1)V
p
+ (a —1)(Kya) + Gua) + Ksue) + Gsue))
(...) represents volume averaging
S Ky = _Tr;_{a"z;%%"":
Ko = s’ Co = 2 2i(00) Kv) - —rr zafaw :
E K, = aza (Dge)*(Dge) 5 Gy = a,% Zi(DfSO)*(DfSO) ; Gua) = s E
- Ko = z(Do®)'(Do®) Go = .2 :(Di®)(Di®) Gsue) = ; Z”i (’é 57
| a4 a,t,]<1 |

(Kinetic-Scalar) (Gradient-Scalar) (Electric & Magnetic)



Wﬁm — Expansion Evolution

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

GSU(2) = 2a4 2a21<z(G )2
(Kinetic-Scalar) (Gradient-Scalar) (Electric & Magnetic)

: Kya = zaovm 20K :
! K¢ - 2a2a ¢12 G¢ - # Zz(az¢)2 KSU(Q) = %T%*'QE Za z(ng)z :
! ch = a2a (D ©)* (Déq‘P) G‘P = a% Zz(Dfl‘P)*(D’fl‘P) : GU(l) _ 4 3 » !
Ko = 2(Do0)(De®)  Ga = & Y(Did)(Did) i Liges |



WZW — Output / Observables

Volume averages: variance, energies, etc

Output 1:025
Types ? 0:65—

p=2
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f t




Wﬁm — Output / Observables

Output
Types
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S |
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t
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5001000
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Wﬁm — Output / Observables

Output
Types

!

1.2F
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Volume averages: variance, energies, etc
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Q
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Snapshots: 2D/3D distribution
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arXiv: 2006.15122 arXiv: 2102.01031

In summary ...


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

allcce

Theory Review http://www.cosmolattice.net/ Code Manual
arXiv: 2006.15122 arXiv: 2102.01031

Field Th. Problem

* Init Conditions
* Eqgs. of Motion



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

Theory Review

arXiv: 2006.15122

allcce

Field Th. Problem

* Init Conditions
* Eqgs. of Motion

5

(Cosmolattice

* Choose Lattice: dt, N, dx
* Choose Algorithm O(61")

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

ox (lattice spacing)

e

H http://www.cosmolattice.net/ H

-

h
I

N - 6x

Code Manual
arXiv: 2102.01031



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

allcce

Theory Review H http://www.cosmolattice.net/H Code Manual

arXiv: 2006.15122 arXiv: 2102.01031
(Coomalattice

Field Th. Problem * Choose Lattice: dt, N, dx

* Choose Algorithm O(61")

* Init Conditions

* Egs. of Motion * Choose Param: g, m, ...

* Choose Observables

5

Algorithms

- Staggered LeapFrog (LF)

- Position-Verlet (PV2)

- Velocity-Verlet (VV2)

- Runge-Kutta (RK2, RK3, RK4)
- Yoshida (W4, V6, VV8, VV10)


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

Theory Review HNttp .//www.cosmolattice.net/ code manual
arXiv: 2006.15122 arXiv: 2102.01031

Field Th. Problem * Choose Lattice: dt, N, dx

* Choose Algorithm O(61")
* Choose Param: g, m, ...
* Choose Observables

* Init Conditions
* Eqgs. of Motion

1 | #0utput

2 utputfil /
3

4 | #Evolution

5 ex| sion = tri
6 |evolver = VV2

7

8 #lLatt

12 nBinsSpectra = 55

14 | #Times
15 tOutputFreq = 0.1

16 | tOutputInfreq = 1
2 2 2 @ 17 | tMax = 300
Ko

9 e o o e o o 19 | #IC
w 20 | kCutoff = 1.75

21 initial_amplitudes = 7.42675el18 0 # geneous am

homogen litudes in Ge'
22 | initial_momenta = -6.2969e30 0 # homogeneous ampl

tud
itudes in Ge

(2Nl
<<

P
P
24 | #Model Parameters

25 | lambda = 9e-14
26 | q = 100

» Parameters via input file
(no need to re-compile !)



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

allcce

Theory Review H http://www.cosmolattice.net/H Code Manual

arXiv: 2006.15122 arXiv: 2102.01031

Field Th. Problem * Choose Lattice: dt, N, dx

* Choose Algorithm O(61")

* Init Conditions

* Egs. of Motion * Choose Param: g, m, ...

* Choose Observables



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

Lattice

Theory Review HNttp .//www.cosmolattice.net/ code manual
arXiv: 2006.15122 arXiv: 2102.01031

Field Th. Problem * Choose Lattice: dt, N, dx

* Init Conditions * Choose Algorithm 0(61")

* Eqgs. of Motion

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

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


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

allcce

Theory Review HNttp .//www.cosmolattice.net/ code manual
arXiv: 2006.15122 arXiv: 2102.01031

Field Th. Problem .. | * Choose Lattice: dt, N, dx
* Init C~~ ‘b'\e“\“ * Choose Algorithm 0(61")
L="" ?(0 B * Choose Param: g, m, ...
L& \s\e\N L * Choose Observables

(

Field Objects
Field Algebra

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


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

alicee
Theory Review HNttp .//www.cosmolattice.net/ code manual
arXiv: 2006.15122 arXiv: 2102.01031

Field Th. Problem . | * Choose Lattice: dt, N, dx
" * Choose Algorithm O(61")

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

*InitC~-" e\,
\9*0“\.-—['*
I:‘ “ew_ - -

» CL so far (v1.0, Public):

» Global scalar field dynamics
» U(1) scalar-gauge dynamics

» SU(2) scalar-gauge dynamics


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

allcce

Theory Review H http://www.cosmolattice.net/H Code Manual

arXiv: 2006.15122 arXiv: 2102.01031

* Choose Lattice: dt, N, dx
* Choose Algorithm O(61")
* Choose Param: g, m, ...

* Choose Observables

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

» SU(2) scalar-gauge dynamics

» GWs from Global/Abelian sectors


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

allcce

Theory Review H http://www.cosmolattice.net/H Code Manual

arXiv: 2006.15122 arXiv: 2102.01031

Field Th. Problen] - * Choose Lattice: dt, N, dx
* Choose Algorithm O(61")

* Inlt,C~ - ﬂ'\
?( b\e * Choose Param: g, m, ...
L \\\ \N f * Choose Observables

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

» SU(2) scalar-gauge dynamics

m = = = = = = =i
O
D
®
2829
¢ O
Q.
S
®
)

» GWs from Global/Abelian sectors


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

* Magneto Hydro-dynamics (MHD)



Magneto Hydro-dynamics (MHD)

" = (p + p)U*U* — pgh* + ...

1
D,T" = o, T" + " T% + T _TH® = = 0,(/=gT") =...

anTOO + azTOZ — SvO [¢7 Ak7 {T’lk}] )

0,T" + 0,7 = S'[¢, Ax, {Tux}]

Work in progress ... key to GWs from PhT’s !
(w/ K. Marschall, A. Midiri and A. Roper Pol)
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* Non-minimal Grav. coupling



Non-minimal Grav. coupling

1
SNMC = J'd4x\/7 < 5R¢2+28Wa o, + V(@, {Cﬂm}))

[Non —minimally coupled)] «

N 7
~
Q

|
p—

[Expanding background] [ 2+ &

~ 1 (ES - E¢ V) + (Pm — 3Pm)
Tt T |

(w/ B. Stefanek, T. Opferkuch, and A. Florio)
Used in arXiv:2112.08388; arXiv:2406.02689; arXiv:2404.17654




New
Modules

* Cosmic string networks



Cosmic Defect Networks

Particle & GW Emission

SRS

(String Networks)

(Isolated loops)

ng(lﬁ, T) (A)
i ' ) "~ Artificial
L =512 t
Ly =64 |

—1 X
10 ' 0z =0.25

10—2 L 3

002 005 010 020 050 1.00

(GW enission)

1073

(w/ J. Baeza-Ballesteros, E. Copeland, J. Lizarraga)

Used in arXiv:2308.08456 (Global) & arXiv:2408.02364 (Local)




New
Modules

* AXion-gauge interactions



1 1
Sy = — deﬂ /—g{adﬂgbd”gb + V(p) + ZFWF””+

v -

Axion-gauge interactions
ay ¢

4mp

FWF””}

6 = —BHO+ 5V —Vy+ S0 F B,
E = -HE- L1V xB 2 (gb§+7gb - f),
G = —gm (20x — pv + PEM)
E = _a%\pv¢ . B, (Gauss law]
H? = ﬁ (pK T PG T PV T PEM) , |Hubble law]

(w/ J. Lizarraga, N. Loayza, and A. Urio)

Used in Phys. Rev. Lett. 131 (2023) 15, 151003
and Phys.Rev.D 111 (2025) 6, 063545
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New
Physics

* Magneto Hydro-dynamics (MHD)
* AXion-gauge interactions
* Cosmic string networks

* Non-minimal Grav. coupling

* Grav. Pert. Th / Full GR
(w/ N. Loayza & R. Flauger)

i ‘“
o pe re\eds /
\ To _— =



Applications

1) Non-linear inflation dynamics

2) GW from non-linear dynamics

3) Preheating & Equation of State after inflation
4) Cosmic defect networks (axions, AH, domain walls)
5) Single string loop dynamics

6) Non-minimal gravitational Interactions

7) Phase transitions

X) Your project!
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Applications

* Non-linear inflation dynamics (Axion-inflation)



(Non-Linear)
Field Dynamics of
Axion Inflation



AXiOﬂ“ll’]ﬂaﬁOﬂ Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90: . ..

2 g
4A
(Shift Symm.)

¢ —> ¢+ const.

Gauge Sector



AXiOﬂ“ll’lﬂaﬁOﬂ Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90: . ..

Potential y b P
_|__
(@) Iy

(Shift Symm.)
¢ —> ¢+ const.

Inflation

Due to Gauge Sector
Non-Perturbative

effects



AXiOﬂ“ll’]ﬂaﬁOﬂ Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90: . ..

b . Lk e.g. Sorbo et al
Vig)+—FF = Ac+ (k ST )Ai =0 2006-2012
(Shift Symm.) Gauge field dynamics

¢ — ¢+ const. during inflaton



AXiOﬂ“ll’]ﬂaﬁOﬂ Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90: . ..

V(¢)+%FF > Ai+<k k¢)i_0

Chlral instability

Ay oxce™, JAL| < Ay
A+ exponentially amplified

(& x )

Ol N N O N g

) RIS,



AXiOﬂ“ll’]ﬂaﬁOﬂ Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90: . ..

Chlral instability

Ap xe™, |A_| < |AL]
A+ exponentially amplified

(& x )

Ol N N O N g
m E E E E .

Inflaton perturbations 6¢
through inverse decay
(highly non-Gaussian)

0A

> ————— 5¢
0A

Barnaby, Peloso ’10
Planck '15



AXiOﬂ“ll’]ﬂaﬁOﬂ Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90: . ..

¢ r- 7 2 k¢ _
V(p) +—FF =  Al+(k*t A, =0
4\ - AHt/ —

’_---------------~

Chiral instability

Ap xe™, |A_| < |AL]
A+ exponentially amplified

(& x )

Ol N N O N g
m E E E E .

\ 3 !
Inflaton perturbations §¢ Amplitude 6¢ must be bounded
through inverse decay Otherwise too many
(highly non-Gaussian) Primordial Black Holes (PBH) !
Power Linde, Mooij, Pajer '13
SA spectsum Ga-Bellido, Peloso, Unal '16
----- ’
SA 1077

1079 F

Barnaby, Peloso ’10
Planck '15 1070




AXiOﬂ“ll’]ﬂaﬁOﬂ Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90: . ..

¢ r- 7 2 k¢ _
V) +oFF = AL+ (R )a.=0

Ht

’_---------------~

Chiral instability

Ap xe™, |A_| < |AL]
A+ exponentially amplified

(& x )

Ol N N O N g
m E E E E .

N

$

A Em =E E B =E = = = = - OE e E m .

Only
Inflaton perturbations 5¢) Amplitude 5¢ must be bounded one chirality
through inverse decay Otherwise too many thOf gaughe_ flf'élw |
(highly non-Gaussian) Primordial Black Holes (PBH) ! en... chiral GIYs =
Power Linde, Mooij, Pajer '13
JA spectsum Ga-Bellido, Peloso, Unal '16 {EzE] + BiB-}TT
----- z
0A 1077 hL ’ X
IEIaa r::: le : eloso "10 10_116; Cook & Sorbo '11

Amber & Sorbo ‘12



AXiOﬂ“ll’]ﬂaﬁOﬂ Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90: . ..

Chlral instability

[
AL xe™, AL < AL (€ )

A+ exponentially amplified

) RIS,

Only
Inflaton perturbations 5¢) Amplitude 5¢») must be bounded one chirality
through inverse decay Otherwise too many thOf gaughe_ flf'élw |
(highly non-Gaussian) Primordial Black Holes (PBH) ! en... chiral s -

Can we trust current
pheno calculations ?



AXiOﬂ“ll’]ﬂaﬁOﬂ Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90: . ..

¢ r- /!
V(¢)+KFF > A++<k

Chlral instability

'
i
i
: A_|_O<€ 67 |A—‘<< ’A+‘
: A+ exponentially amplified

(& x )

) RIS,

Only
Inflaton perturbations 5¢) Amplitude ¢ must be bounded one chirality
through inverse decay Otherwise too many thOf gaughe_ flf'élw |
(highly non-Gaussian) Primordial Black Holes (PBH) ! en... chiral s -

It really depends how good
non-linearities are captured !
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PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)



Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

/ﬂ'qs = ¢ , E; = Az , B;= e’ijkajAk\

Let’s have a look to
the full problem !

|
(V(¢) = Engbz)



Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

/ﬂ'qs = ¢ , E; = Az , B;= e’ijkajAk\

=mmmsesmssesmssesmssessssesmsaenn ) -- : """"""""" EoM
E T = aV3¢p — a®m? | E-B ;

: Local ? ¢ al

! EoM

} [&0 S 1. . 01 - 1o o=

: a a,3A7T¢ al\ ?



Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

/7T¢ = Qb , B; = Az , B;= E’ijkajAk\

ettt ettt ST EoM

E 77' — CLV2 — a3m2 | E E 9 :

' | Local ® ¢ al :

| EoM :

S Al e so Lag L $ox B :

I —_— TC I I

; a a3 ? al :

Hom.| . a :
Ty = p_|_3p < 2K —|—V KA_GA> '

|(58M 6m12)l( ) 3mpl (Kn?) (Pot) (Elec) (Mag) E



Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

/7T¢ = qb , E; = Az , B;= E’ijkajAk\

\ 77'¢=CL7T¢, EZ&E,WGEQ /

~ 2 3 9, 1 = 2
. T =aVop—amo+ —E-B,—— 1}
' | Local \QA . :
: Eom| ¢ U |
Sl VB E Y Sy
: — T s | ' "
: a asA ¢ al =" - ' :
I-;om. : a _a :

Tq = (p+3p) = (—2K4, +V — Kz — Ga) ;
I(ESM 6mz2>l 3m129l (Kin) (Pot) (Elec) (Mag) :




Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

/ﬂ'qs = ¢ , E; = Az , B;= e’ijkajAk\

—

\ g =a’ny, E=aF, m,=a )

o = > —a’m’ ><
Local

EoM Interaction

X0 : 1. o 1
EFE=——VxB-— 7B+

a “QBA ¢ "'

~
''''''

Hom. . a B a
g = +3p) = (—2K4+V )
o 6m,, (Pt 30) 3m2," iny  (Poy




Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

/7T¢ = ¢ , E; = Az , B;= e’ijkajAk\

mmemsmssssessssssssssssssssesea- i L e i EO_M

: |EOCI€I| } Reaction
" o RO
e Fe Y 9xB- 2 7,8+ E

i e T i

, a a3\ ¢ :
] ey o) = g (2 4 K G
(8 6mpl Smpl (Kin) (Pot) {Elec Mag) .




Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

/7T¢ = ¢ , E; = Az , B;= e’ijkajAk\

\ 7’:("¢:a,7'('¢, EzaE,WaEa /
---------------------------------- ) msssss=sssss=======EoM
L 3,2 (F.B
—— Ty — >< —am | q A\E - B >\—\om- (Y) { Back- §
oca fOX. t Reaction §
EoM ApP ‘

fi (Homog. !
{ Approx.) |

(X, t)

3,
|
|
S|
<
X
wefl
2|
—
=1
<
wefl
_I_

a
Hom. Ty = a2 (p+3p) = 33 << 2K¢ -+ V>_<KA + GA))
(t) 6mpl moy (Kin) (Pot) (Elec) (Mag)




Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

dk 5 d
_/47rk dT‘A Tk

- |2
_ JE?*+B*\ 1 [dk ,[|dA_x(1,k)

fp = > —a’m’
Local

EoM
(X, t)

| Reaction ¢
¢ (Homog. ¢

F- Yo.B_- Labs
. a a,3A7T¢

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

2a
1— E2 1. E2 1 «— B2
Ka=gd @ =adig o Ga=32 4



Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

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

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

. 1,2 -

fo= > —a'me+ —HE-B) ;
Local al Hom- : .
EoM Appfox‘ : Reaction ¢

¢ (Homog. }

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

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

DallAgata et al 2019, Domcke et 2020 —— Elaborated Iterative scheme !



Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

dk - d :
./47Tk3dT‘A Tk‘ : ﬂzi/’lz+’1f¢>o

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

: 1,2 o
~ . 3.,2 | 4 E - B
Local 7T¢ >< a-m ¢ a A\ >H0m “)

5 lom % | Reaction|
: éogl .'; (Homog)- ;
: | 3 = ' Approx.) |
: d2A§7_(2T k) -+ [k2 + 2 \ékaH ] Ai(1,k) =0 >< SR
Hom. o a :
I(ESM 6m129l 3m22)l (Kin) (Pot) (Elec) (Mag) :

Gorbar et al 2021 — Gradient Expansion Formalism (GEF)



Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

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
m mo (Kin) (Pot) (Elec) (Mag)




Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

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
d AC:;_(;’ k) + [k* £ 2XékaH]| AL (T, k) =0 ><

Hom.| . a ¢
Tty = + 3p) = < 2K -|-V—KA_GA>
m? (p ) 3m12,l (Kir?) (Pot) (Elec) (Mag)




Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

Yes, we need a full lattice approach

I.--------------------------------:],-_a-ﬁ-.; """"""" EoM
I 7?¢=><—a3m2¢

' | Local

! EoM

[ (X t)

a 5
Hom. o a2(10-|-3p)— 2< 2K¢+V—KA—GA>:
(t) Mo SMyr " (ki) (Pot) (Elec) (Mag) -




Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

Yes, we need a full lattice approach

1
I
1
1
I
1
1
I
1
1
I
1
1
I
1
1
I

J
f
a

o |
1
I
1
1
I
1
1
I
1
1
I
1
1
I

Local
EoM
(X, t)

a 5
o | g = az (p+3p) = 377,2 ( 2K4s+V —(K4 + Ga)) :
(t) 6mpl mo (Kin) (Pot) (Elec) (Mag) :




Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

Need to "latticize" the EOM !

al\

¢ o TTTTTEEEEmmEEEEsmmEEEEEEEEEET LT EoM

: Fo= a¥% —a*m®p + BB ]
E IEOCIGI . I Reaction ¢
A= | (Fully
, L& = | — 1 . S 1 o = Local) |
: EF=—-—-VxB T B Vo x B . B
N a

a
Hom.| . _ a2 (p+ 3p) = 33 ( 2K +V —(Ka + Ga))
m mo (Kin) (Pot) (Elec) (Mag)
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PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

Lattice version of EOM

DGF Shaposhnikov 2017
. Canivete, DGF 2018 -




Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

Lattice version of EOM

! DGF, Shaposhnikov 2017
. Canivete, DGF 2018

1. Lattice Gauge Inv: A, — A, + Afa
2. Cont. Limit to 0(dx?)

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

1,40
4. Topological Term: (F, F*), = AfK" (CS current)
[FIWFW — 8MKM ] Exact Shift Sym. on the lattice !



Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

Lattice version of EOM

! DGF, Shaposhnikov 2017
. Canivete, DGF 2018

1. Lattice Gauge Inv: A, — A, + Afa
2. Cont. Limit to 0(dx?)

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

1,40

4. Topological Term: (F, F*), = AfK" (CS current)
[FuvFFY =8, K]

Exact Shift Sym. on the lattice !




Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

Lattice version of EOM

! DGF, Shaposhnikov 2017
. Canivete, DGF 2018

Now we show our recent work on inflation:
DGF, Lizarraga, Urio, Urrestilla (+Loayza)

() Phys.Rev.Lett. 131 (2023) 15, 151003 ArXiv:2303.17436 <=
Phys.Rev.D 111 (2025) 6, 063545 ArXiv: 2411.16368 nu


https://arxiv.org/abs/2411.16368

Axion-Inflation

PROBLEM: PNG, GW and PBH —» Approximations (e.g. Analytical)

Lattice version of EOM

! DGF, Shaposhnikov 2017
. Canivete, DGF 2018

Now we show our recent work on inflation:
DGF, Lizarraga, Urio, Urrestilla (+Loayza)

Phys.Rev.Lett. 131 (2023) 15, 151003 ArXiv:2303.17436 <=
Phys.Rev.D 111 (2025) 6, 063545 ArXiv: 2411.16368 nu

lop
[preheating: Giblin et al 1502.06506, 1606.08474, 1805.04550, 2311.01504 ]

[inflation: Caravano et al 2204.12874, Brandenburg et al 2411.04854, ...]
[spectator axion: Caravano & Peloso 2207.13405, ...]


https://arxiv.org/abs/2411.16368
https://arxiv.org/abs/2204.12874
https://arxiv.org/abs/2411.04854
https://arxiv.org/abs/1502.06506
https://arxiv.org/abs/2311.01504
https://arxiv.org/abs/2204.12874

Axion-Inflation(vi =2 : Lrr; o, =13)

4N\
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Axion-Inflation(vi = : 2rr: «, = 18)

m. .°°
P

A

v
7
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Axion-Inflation(v = 5m*: r; a,=15)
Linear regime (- - -)
L0 Breaking |
of Slow-Roll
Epsilon 0.8 II
Parameter !
_ H 0.6} A
€ = T /
0.4} K
0.2} -
0.0 1 1 . | |
—06 —4 —2 0 2 4



Axion-Inflation(vw =59 : Lrr: o= 15)

T 4N

Linear regime (- - -)

L0 Breaking |
of Slow-Roll
0.8 !
Epsilon |
Parameter /I
— i 0.6 B /
€H — Hz /
/
0.4} K
Back-reaction / /
starts affecting -
0.2} -7
0.0 1 y— . 1 1
—6 —4 —2 0 2 4



Axion-Inflation(vw =59 : Lrr: o= 15)

T 4N

Linear regime (- - -) Non-Linear regime (——)

1.0 B B . 9 ’,
of Sfow-Roll
0.8} l
Epsilon |
Parameter /I
— i 0.6 B /
€H - Hz /
/
0.4} K
Back-reaction / /
starts affecting -
0.2
< >
Extra ~4 efolds
0.0 1 y— . 1 1
—06 —4 —2 0 2 4



Axion-Inflation(vw =59 : Lrr: o= 15)

T 4A

Linear regime (- - -) Non-Linear regime (——)

1.0k Gauge field
' Breakifig " domination !
of Sfow-Roll
0.8} I
Epsilon
Parameter
€ = — i O°6 i
/
0.4} K
Back-reaction /
starts affecting -
0.2F
>
Extra ~4 efolds
0.0 | 1 . 1 1
—0 —4 —2 0 2 4




Axion-Inflation(vw =59 : Lrr: o= 15)

T 4A

Linear (- - -)

0 | ' ] ' .
100F - T T T :
i / )
i / _ P —
Energy 10_1 - o /,1 -~ _E
Densities L -7 - :
102
QL
I
1073} . ?
: . v/ tachyonic
— &n | ~.;/ instability
104} K _
| — Pot ,
| — E+B| 7/
10_5 / L L | |
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T 4N

Linear (- - -) Non-Linear (——)

Energy
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Axion-Inflation(vw =59 : Lrr: o= 15)

9
24N
Linear (- - -) Non-Linear (——)
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L ;e 2= " || Gauge field
Energy 10_1 3 - S~ /,4 domination !
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5 1072}
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< |
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Axion-Inflation(vw =59 : Lrr: o= 15)

9
4\
Linear (- - -) Non-Linear (——)
O T T | T T T
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5 1072}
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< |
1073}
: - 0.].
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Axion-Inflation(vw =59 : Lrr: o= 15)
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T 4N

H

€y = 77
(Epsilon Parameter)

ay = 10 (purple) ... a, =20 (red)

C(Aay=1)




Axion-Inflation(ve =
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Axion-Inflation(vw =3 : Zr s a,=x)

T 4A

H

€y = 72
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Axion-Inflation(vy =-»*: Lrr: a,=x)

€H

4\
_ H
n= "
(Epsilon Parameter)
ay = 10 (purple) ... a, =20 (red) a, = 13.1 (blue) ... aA = 14.31 (green)
| | C(Aay=1) ! - (Aay = 025) |
5| No back- o - A : 1.6 A
reaction [, : ! 1.4
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Lizarraga et al 2025, Arxiv 2025.19950
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! e  Homogeneous
15 16 17 18
A

a-attractor(2) A% 4 anh?2 %
a-attractor(4) AT‘I tanh4 %

Lizarraga et al 2025, Arxiv 2025.19950



___________________
___________________ S S S S
.......
___________________ L
o * Local
................... .| * Homogeneous |
13 14 15
Q\

Name V(®)
Monodromy 3 (1 /§2 + $2 — ¢C)
2
Starobinsky | Vj (1 — exp ( |</>I))
A\ 2
Hilltop Vi (1 - () )
Chaotic %m2¢2
Natural Vo (1 + cos ¢)
a-attractor(2) A% 4 anh?2 %
%4 tanh? %

Lizarraga et al 2025, Arxiv 2025.19950



Afend

(All potentials)

18

Monodromy
Starobinsky
Hilltop
Chaotic
Natural
a-attractor(2)

a-attractor(4) |-

Name V(®)
Monodromy | u? (\/m _ ¢C)
2
Starobinsky | Vj (1 — exp ( |</>I))
A\ 2
Hilltop Vo (1 _ (l;ﬂ) )
Chaotic %m2¢2
Natural Vo (1 1+ cos %)
a-attractor(2) A; tanh2 %
a-attractor(4) AT4 tanh4 %

Lizarraga et al 2025, Arxiv 2025.19950
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Axion-Inflation(vi = : Lrr; a="")

4A\
(X = 15,20,25)

Summary

* 'Locality' controls the Scalar/Gauge field excitation

1ol

* Linear change in ¢=—=:

: exponential response in A,

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

—

* Adding Schwinger pair production easy via j =oclk

* Other phenomena: BAU, Magnetogenesis, ...



Axion-Inflation(vi = : Lrr; a="")

4A\
(X = 15,20,25)

Summary

PRL 131 (2023) 15, 151003; PRD 111 (2025) 6, 063545
* 'Locality' controls the Scalar/Gauge field excitation

* Linear change In ¢ = % : exponential response in A,

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

—

* Adding Schwinger pair production easy via f =oclk

* Other phenomena: BAU, Magnetogenesis, ...



Axion-Inflation(vi = : Lrr; a="")

4A\
(X = 15,20,25)

Summary

* 'Locality' controls the Scalar/Gauge field excitation

* Linear change in e=120 . ex onential response in A,
AH
Work in Progress ...

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

—

* Adding Schwinger pair production easy via f =oclk

* Other phenomena: BAU, Magnetogenesis, ...



Axion-Inflation(vi = : Lrr; a="")

T 4N
(X = 15,20,25)

Summary

* 'Locality' controls the Scalar/Gauge field excitation

* Linear change in ¢ s% : exponential response in A,
* Predictions/constraints (PNG, PBH and GWs) depend
crucially on £ : re-assessing real observablll‘sL
Future Work ‘

* Adding Schwinger pair production easy via J=0cE

' [
' [
' [
1 * Other phenomena: BAU, Magnetogenesis, ... :






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



Come to some of our CL Schools !

1st CL School 2022: Sept 5-8
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Come to some of our CL Schools !
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Come to some of our CL Schools !

2na CL School 2023: Sept 25-29

https://www.youtube.com
/@GCosmol attice/videos

Structure of HDFS files in Cosmolattice

Evolution of GWs modes

non-local operations are computationally expensive!

HDFS files are structured in Groups and

Solut ve define a set of unphwsical tensor r o5 U's
Example: The kinetic_energy.snapshot_scalar.hs file of a Solution: L \ Y L

simuiation with Lo real scalar fields is structured as foliows

1) Evolve equation of r n of u's

L 2
o. ‘ — @ .® ly + SHiy =y = s
.0 o 0 .
@ @ @ @ Bk, 1) = Ay (k. )

1:33:04

Cosmolattice School 2023, Day 4: Practice 3 Cosmolattice School 2023, Day 4: Lecture 8 Cosmolattice School 2023, Day 3: Lecture 7 Cosmolattice School 2023, Day 3: Lecture 6

(Simulating Gravitational Waves) (Plotting Features of CosmolLattice) [SU(2) Scalar-Gauge Theory Lattice... (Creation and Propagation of Grav. Waves)

17 views * 4 months ago 36 views * 4 months ago 10 views * 4 months ago 12 views * 4 months ago


https://www.youtube.com/@CosmoLattice/videos

Come to some of our CL Schools !

Details for next CL School at:

https:/cosmolattice.net
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Come to some of our CL Schools !
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https://cosmolattice.net

Thanks for your attention

Tack for din uppmarksamhet



Thanks for your attention

Tack for din uppmarksamhet

Constraints
Program Variables

Axion Inflation
Axion Inflation GWs

‘ . 5 7 & \ 45N
o, ok N 5B Ry
sk o e s ‘l{ :
IA v ..:_. '. - " : -
e .‘}.- e Y ~Y




AXiOﬂ“ll’]ﬂaﬁOﬂ Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90: . ..

y b o e (s ke , L.Sorbo et al
(¢) + AN = + T ( AHT> + = 2006-2012

Chlral instability

Ap xe™, |A_| < |AL]
A+ exponentially amplified

(& x )

Ol N N O N g

) RIS,

Only
one chirality

Example, GW prediction o e W



AXiOﬂ“II’]ﬂaﬁOﬂ Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90: . ..

b . k¢ L.Sorbo et al
V —FF Al k- + A, =0 -
(¢)+4A = _+< AHT> + 2006-2012

Chlral instability

A_|_O(€ 5, |A_‘<< |A_|_‘
A+ exponentially amplified

(& x )

- E O m m
) RIS,

Only
one chira!ity
Example, GW prediction hon e W 1

hl; + 2Hh.; — V?h;; = 167GIILT « {E;E; + B;B;}'"

\/

well calculated ?



INFLATIONARY MODELS
Axion-Intlation

GW energy spectrum today

Blue-Tilted
0ol + Chiral
+ Non-G
5 GW background
_______________________ vacuumﬂuctuatlons

Bartolo et al 16, 1610.06481



INFLATIONARY MODELS
Axion-Intlation

GW energy spectrum today

Blue-Tilted
+ Chiral
+ Non-G
GW background

1D-E_

1D-14 =

vacuum fluctuation

Bartolo et al 16, 1610.06481



INFLATIONARY MODELS

Axion-Inflation

GW energy spectrum today

Blue-Tilted
+ Chiral
+ Non-G
GW background

' As A, x e? , GWs :
| very senS|t|ve to
' choice of V(¢) and .

|
1 calculation details ,

Bartolo et al 16, 1610.06481



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!)

aiFOi — a2]64 \\

Gauge charges
(DG = a2, T I

<\/ (LHS — RHS)?)
(v/(LHS + RHS)?)

Ag

Transparencies worked out together with Paco Torrenti



Gauge theories: Gauss constraint

» Preservation of U(1) & S

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

0;F; = a’J§ =

(@i)ab(GOi)b = a2(10)a -

> Gauge charges

1078
107°

10—10
o é
< 107!

<\/ (LHS — RHS)?)
(+/(LHS + RHS)?)

Ag

10712

10713

— U(1) — SU()

Gauss constraint

107 L

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

Transparencies worked out together with Paco Torrenti



Program
Variables



WZM — Program variables

» Equations solved in (dimensionless) program variables:

{

Choose:

foy

¢Z=

Scalar

fields



WZM — Program variables

» Equations solved in (dimensionless) program variables:

Choose:

{ o.f) —>

ax’ = w.dx’

¢Z=

Space and time

Scalar

fields



eaémaﬁmce — Program variables

» Equations solved in (dimensionless) program variables:

Choose:

{ o.f) —>

ax’ = w.dx’

Space and time

~ . @ . O
s "TE %7
a
Tl gl
# W H W

Scalar

fields

Gauge
fields



eaémaﬁmce — Program variables

» Equations solved in (dimensionless) program variables:

Choose:

{ot, s, fi} ey

dn = a “w.dt

ax’ = w.dx’

Space and time

~ . @ . O
s "TE %7
a
Tl gl
# W H W

Scalar

fields

Gauge
fields



WZM — Program variables

» Equations solved in (dimensionless) program variables:

: - ¢ .9 D
Choose: dil = a~“w.dt ¢ = ]T* G = ]7* b = f_*
{a’ a)*’f*} — d3 = w.dx
— A, — B
Space and time A, = - BZ — -

How do | choose them ?

Scalar

fields

Gauge
fields



¢(t) [GeV]

eaémaﬁmce — Program variables

» Equations solved in (dimensionless) program variables:

Choose:

{a, a)*,f*} —

df] = d _(Xa)*dt

ax’ = w.dx’

Space and time

Example: ¢(t) ~ &, X fosc(t)

~

10 15 20 25 30 35 40

= . _ Y . @
[
a
T,= B
# ()P H ()P

Scalar

fields

Gauge
fields



¢(t) [GeV]

WZM — Program variables

» Equations solved in (dimensionless) program variables:

Choose: dii = a~“w.dt

{0(, a)*’f*} — di' = w.dx’

7 ~ - O Scalar
= — - — O =—
¢ f+ ¢ )e fa fields

Space and time

Example: ¢(t) ~ &, X fosc(t)

~

10 15 20 25 30 35 40

A ~ B;l Gauge
fields

ff* — (I)*
wy = 1/T,

.

Y » Make period
\ constant in 7)



WZM — Program variables

» Equations solved in (dimensionless) program variables:

Choose:

{a, a)*,f*} —D

df] =d _“a)*dt

ax’ = w.dx’

Space and time

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

CAAREINE

232

V(i £l @1, fil @)

O _9 . ® | Scalar
b=— =7 ®=—|°
f. f £ | fields
a
~ Aﬂ —~ Bﬂ Gauge
A= BL= fields
W ()
oV oV oV 9’V 0V 0%V
=) op” olpl o1®l ap> dla 9|



&WZW — Program variables

» Equations solved in (dimensionless) program variables:

Choose:

{a, a)*,f*} —

df] =a “w.dt ¢Z -

4
£

S

D | Scalar

LAy fields

ax’ = w.dx’

Space and time

A =

U

A ~ B;l Gauge

fields

W ()2

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

CAAREINE

232

V(i £l @1, fil @)

o’V 0*V

» Parameters passed via one file (input.txt)

—)

(no need to re-compile !)

ov. oV v ¢V
=P 35 ol A W el T

=
PO OVWONOU A WNR

nBinsSpectra = 55

14 | #Times

tOutputFreq = 0.1
tOutputInfreq = 1
tMax = 300

#IC

kCutoff = 1.75

initial_amplitudes = 7.42675e18 0 #
initi

geneous amplitudes in GeV
nitial_momenta = -6.2969e30 0 # GeV.

en
en amplitudes in GeV2

homo
homogeneous

#Model Parameters

25 lambda = 9e-14

q = 100
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extra stuff



Axion-Inflation

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

Let's "latticize" the system of EOM !

£ Bi(4)
i / < o «
< o < o
/ / / < 0‘4/ /
< < o / / / |
° < o < N Lattice gauge

techniques



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

Inflaton
EoM

Gauge
Fid
EoM

AF (ane) = a,g S ATAT g~y mia, = > zEfj (B + B,)
A7 (a,9F, o) = —éj%:ez—jkA;Bk — o (meB® + 7y 1B,
81(2+dxA+ XS el a0+ (870B) 4}
;
g DA =~ 3 (Ao, (B4 BY) . (Gauss Law)

' 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

1,40

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

~ v
[FM"FM — alLK“ ] Exact Shift Sym. on the lattice !



LATTICE FORMULATION of ¢F F o

nriaton —_ ]. ].
AL (@¥7e) = 0,y DATALS g —ad s g 03 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
AL (a%76) = 0,5 SATATS o — a6+~ O LE® (B 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




LATTICE FORMULATION of ¢F F o

AT (a*ne) = 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),

a?

+0/2 o

+0/2




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




