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g rwroduction

WHY DO WE WANT TO SIMULATE GAUGE FIELDS IN THE
LATTICE?

» Realistic physics models must include gauge fields (e.g. the Standard Model).

» Gauge field fluctuations can be significantly amplified in the early universe (both
during and after inflation).

e Example 1: Broad parametric resonance of gauge fields coupled to oscillating
complex scalars [TODAY!]

e Example 2: Gauge field production during axion inflation

» When ng>>1, gauge fields become classical, and we can capture their non-

linear dynamics with lattice simulations.

CAVEAT: Gauge theories must be discretized with links and plaquettes in order to
preserve gauge invariance in the lattice (like in lattice QCD).
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Models with gauge fields

1
§=- Jd4x, /=2 {(Dﬂw*wﬂ(p) + L Fu P+ V(g

Model 1: Gauge fields coupled to charged scalars (SM-like)

D,=0,—ig 044,
F,=0,A,—-0A,

)

e.g. Figueroa, Garcia-Bellido & F.T., 1504.04600

|

THIS LECTURE

S=— [d“x\/—_g {%(%gb)z + :

4

+ self-consistent expansion

Model 2: Gauge fields coupled to axions (during inflation)

W+ % OF, P + V(gb)}

F,=0A,-0A,
F,= eMﬁF“ﬂ

Figueroa, Lizarraga, Urio, Urrestilla, 2303.17436

X

[2512.15627]
[COSMOLATTICE 2.0]



U(1) gauge-invariant action

» We are going to learn how to simulate in the lattice the following action:  pPOTENTIAL

1
[d4x\/7{(DA¢)*( ¢)+—F I+ V(o)

o Complex scalar: @ = (600 + iC”l)

1
P, P € Re \/5

. . . . 84 Gauge coupling
e Covariant derivative: D/f =0, —i8404A, —>

QA Abelian charge
e Field strength: [, , =0J,A —0JA,

E; = Fy, Electric field

1 .
B; = Eeiij]k Magnetic field

> Fields: {@y, @1, A, Ay, As} (we work in the temporal gauge A; =0)



Equations of motion (flat spacetime)

[d“x\/*{(DAcv)*( ¢)+—F F””+V(|<0I)}

1 oV
Complex scalar: D/“‘DA¢ — > ¢
» EOM (flat spacetime) ool o]
55 = 0 U(1) gauge field: o F"* = Ji o JE = 28,0, Imlgp*(Dle)]

U(1) current

» Action and EOM are invariant under the following gauge transformations:

4 R
(x) — e—igAQAa(x)(p(x) F/w(x) — F/w(x)
A (x) — A,(x) = d,a(x) field strengt.h is
gauge invariant
- Y




Equations of motion (with expansion)

> FLRW metric: ds’ = — a**(n)dn* + az(n)él-jdxidxj dn = a™%dt

» Dynamical EOM in an expanding background:

p a2av
I “2(1—a) 1y 2 a ., lol @
¢ —a Digp +(3 - “)Z(P =TT, 0] U(1) current:

/

00Fo; — a2"90,F; 4 (1 — a)—Fy; = a*J} > | 4 = 28,0, T mlg*(Dliop)]
a

A= a™20-OV2A 4+ 99.A + (1 — a)—A] = a®J
a

l

» Gauss’s constraint: it must be preserved at all times
V = Lattice

E -dS = a2J &% JAF) Y
V

0,Fy; = a’J) wep |V - E = a’Ji(X) | — [

S

= Q (electrlic charge)




Stress-energy tensor

» Stress-energy tensor:

o A4 p
T = _— 2 (\/E ) — »_9 0 = + 2Re{(DAg0)*(DAgo)} + g“ﬁF F
" g,m/ U v ua’t vf
\/§ 5g//t1/ 5g'm/

1
—gﬂy< o’ [(D @) (Dyep) + (0 cb)(dﬁqb)] + 4ga5ng sFs; + V>

_ 1 _
- -2 -
* p=aTlu P=352T;
J

/ )
e Energy density: p=K,+G,+ Ky +Gyg+V

: 1 1
o Pressure density: p = K, - EG(/) + E(KU(l) + Gy =V

1 1 )
K, = —D59)*(Dyo) Kvwy =5 3 Z Fo
1 1
= Z (D p)*(Dfp) Gua) = Eyn F;
i i,j<i
(Complex scalar) (Electric & Magnetic)

. /




<> . .
Friedmann equations

» Friedmann equations:

I\ 2 20
a a
<—> = (K, +G,+ Kyqy+ Gygy+V)

2
a 3mp

7 2a

2
a 3mp

((@a=2)K,+aG,+ (a+ 1)V + (a — D)(Kyq) + Gy))
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Discretization of gauge theories

» For scalar field theories, we just discretize the EOM of the scalar fields by
approximating the derivatives in the continuum by finite differences in

the discrete.

_ P @ 2
_ B = o = 0 oy T OOK)
Example: 6ﬂq0(n)
\ _ P — g”—//[ 0
Ayp = Sci 0,4 |n+/2(5xﬂ/2) + 0(6x7)

» CAN WE DO THE SAME FOR GAUGE FIELDS? No.

» WHY? This formulation does not preserve gauge invariance in the lattice

(and propagates spurious degrees of freedom).



Gauge invariance in the discrete

1
> = J x? 7 z@)*@Jr 7 Fwt™ + Viore) e = 8404

—iea(x)

px) — e p(x)

» Gauge transformation in the continuum:
A,x) = A, (x)—0,a(x)

D,p)=0

o —iea(x) . . —iea(x) _
@ —ieA,p —> O, e @(x)) —ie(A, — 0,a(x))pe =

— ,—lea(x) s 2 . _ ,—lea(x
=e (dMgo(x) /(aﬂa)qo(x) ieA, + i dﬂa(x)qa(x)) = ¢~ teal )Dﬂ(p

—iea(x)

px) — e P(x)
A(x) = A,x) — Afa(x)

» Gauge transformation in the discrete (naive discretization) {

(Dyp) = Afp —ieA,p — Af(e " Wp(x)) — ie(A, — Afa(x)pe W £ e~*OD ¢

7

[The Leibniz rule (fg)' =fg'+ f'g does not hold for finite difference operators]




a‘ﬂ Links and plaquettes

We must discretize the theory with links and plaquettes
in order to preserve GAUGE INVARIANCE in the lattice.

» Parallel transporter: Connects two points of spacetime dx* = (dn, dx)
y Gauge transformation:
— o U
V) = e ’eL P = | vy - Vi, y)er et

. .. [A,x) = A,(x) —0d,a()]
» Links: (minimal connectors)

( x(n+6) ) . x
V.0 = €xp 1 —ie[ dn'A, ¢ ~ e
x(n)
( x(n+f ) ) .
V.. =exp { —ie[ dx'A, % ~ e IeoxA;
T ) OX

Links (and gauge fields)
live in n + ji/2 points




a‘ﬂ Links and plaquettes

Notation for links

(and gauge field components)

1) We remove the lattice site label ('n’)

— 1 ~ V
Vn,,u = Vn,,u(n + Eﬂ) — U

2) It follows:
.
V,u,iz/ — V,u,niz/ — V,u(n + 5/4 = y)

3) We also define:

V=V = Vi)
TH H 2'”

—H H



a‘ﬂ Links and plaquettes

Notation for links

(and gauge field components)

1) We remove the lattice site label ('n’)

— 1 ~ V
Vn,,u = Vn,,u(n + Eﬂ) — U

2) It follows:
.
V,u,iz/ — V,u,niz/ — V,u(n + 5/4 = y)

3) We also define:

= "u

V=V = Vi)
- »—H H 2”

: : T : XG40
The conjugate operation sets up the “direction” of the link VﬂEexp{—ieJ dx”Aﬂ}




a‘ﬂ Links and plaquettes

Notation for links

(and gauge field components)

1) We remove the lattice site label ('n’)

— 1 ~ V
Vn,,u = Vn,,u(n + Eﬂ) — U

2) It follows:
.
V,u,iz/ — V,u,niz/ — V,u(n + 5/4 = y)

3) We also define:

= "u

V=V = Vi)
- »—H H 2”

: : Y T : XG40
The conjugate operation sets up the “direction” of the link VﬂEexp{—ieJ dx”Aﬂ}
x(n)




a‘ﬂ Links and plaquettes

» Gauge covariant derivative:

» —> eiea(x) 7 1 R 1
D)) =% —Vopp,—¢) | 1=0+f
A, — A - Ala =l 8 Sxu - UK 2
Viy — Vy,e' ™ o Expansion: (D o)1) = (D,p)D)+ O(5x°)
e Gauge transform.: ngg — eiea(D/;—ng)
> Plaquettes: Vi =V, YV, Ve VE = o 1€, 0% F, +0(dx)]

e Expansion:
1
KelV,} — 1 - Eéxjéxfeszz + O(6x°)

3 11,
Im{V,,} — —oxoxel, +0(6x7) l=n+—f+=0

e Gauge transform.: V,— V4




Compact and non-compact formulations

Two formulations @n-comp@olves the EOM for gauge fields A,

for U(1) gauge fields: Compact: solves the EOM of links V),

Links : V, = e 19AQATuAp — cos(gaQadz,A,) —isin(gaQadx, Ay): Vo, =V o VIV, =1;
. ) e v 7 — /7 1/ 7 F¥ A~y p q; (,_),- 0 ,'.'(y- v | Fpw O | . A g .
Plaquettes : V,,, = V,V,, 4, Vil V) o e 194Qadzudzy] Ve, =V
Covariant Derivs. : (D ¢)(1) = :m( Vit — @), 1=n=x S
¢ \ ¢ . \ 71" N7 e 2 1 -
(Die)(l) — (Dup)(1) + O(62°) 1=n=+ 5/
Expansions : ¢ Re{V,} — 1 %<5.r;2,(5.r3_(/?\(2;‘,)11‘ﬁ,, FO(6z%), 1=n+ %['{ { %i}
) - ) o 1 ~ 1 -
| Im{V,} — —02,0x,94QaF,, + O(0z%), 1=n+ 50+ 50
® F-----------------------------------.---- -----------------
U(1) toolkit: |, ( Lp2 o~ ] Re{Viw}  _ _ 1 VawtVie) 52 '
1 Z” 4 F}" o 2 Z“ 45.1"3"&1'5/1:71(2_“:'& - 4 n .U'ﬁd.r;),qf‘(;)f\ + C)(()I ) :
. - L (Compact) ,
'Expressions : ¢ Y 1F2 ~ v 1ImiVed 5 LUk lw ) 0(sy2) .
1 Expressions : ¢ n 4" pv n 45z28x2g5Q% n 4 8x2 3973 Q% Y '
: I
1
I L 72 1 A+ A+ A 2 L 82 :
. (| Y .3F = TZ“(A;L A, = AJAL + O(6z°) l (Non — Compact) I
( & y e ti9a Qa0 o N
D¢ — 94912 (Do)
Gauge Trans. : ¢ A, » A, A,; QO — ] o _
. Ol | Vi » Vi, (gauge inv.)
\ ‘ ™ N ‘ ; l‘(__x_r;.‘ Jalog , ~o) |

NOTE: SU(2) theories are formulated with a compact formulation
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<=

» Program variables:

Gauge EOM in program variables

Program potential:
dii = a “w.dt  d¥ = w.dx’ : N
{ ' Link: VoD = Vil
. ~ 1 = V. = pritxAl _ ,—ib% A s
@ = ]T¢ A” = A,u 70 —
) W FMU = Fﬂy/a)f
th = DM/G)* i
» Field equations (in the continuum): W = 28404 mlp* (D )]
S P Conjugate momenta:
— ~ I\ 1 N2~ X7 N o~/
((13 aga)_a+aD ¢:_aa+3vl¢|m ﬂquClB aqo

~—~—

~ l-a T _ . 1—a A
gl A (Ty); =Ea “Fg=a A
i

~

N — Lo~ —_— Q — B
(ﬂ¢) — z%/(p[a, @, Aj] *%qo[aa @, Aj] = —a"" V,|f7)| 2| (,bl + a'** D 2('0
(my)i = Hpla, p, A ] Hpla,p, Al = a'*J} +a* 0. F

qb/ — aa—37~z.(p

Al, = aa_l(ﬁ'A)i




Gauge EOM in program variables

» Second Friedmann equation (dynamical): b = daldij

b =%, la E0,E?, EY, B4, 'E’A]

2a+1 f2

K. [a EY. E’ E’ Ef, FA] = — [(a DEC+aE’+(a+DE,+(a—1)(Eq+ ’E‘g>]
14

» First Friedmann equation (constraint):

— 1 !
“th- _ ") 2
with: E% = — <7z¢> =53 F)7)
E _a2<zi:(D,-<o) (D 9)) G=2a4f2 Z( EV=<V(¢,,,,)>
1,j<i
(Complex scalar: Kinetic (Electric and magnetic) (Potential)

and gradient)



Discretization of gauge field equations

» We can discretize the field equations by using the U(1) toolkit (non-compact):

CONTINUOUS DISCRETE

e Kernels:

o~ —~ 7, —, .y V, N o
%¢[a, ?, AJ] — aa+3 V,|¢|—~ +a1+0{ D 2§0 — 7 [a’ @, Al] _ _aa+3 ol @ +a1+az D_D;,_qb

2| p| Y 2 @] l.
~ A1 _ I+a ~%(T ~ —_— 3 L
%Ai[d, Q, A]] = 2a + gAQAJm[(ﬂ*(D,CD)] '%/Ai[a’ @, A]] — a1+a<2g§~QA fsz[@*e_l(SXAle])
+a"0;F; o
_I_aa—l Z <~J_ ~;_Zjl — A_A;I_Z;>
o Energies: j
E? <Z (D2)y*(D¥)) — = —Z ((DFp)*(D; p))
E4 2 (F — Fao_Lo > {AFA - A7 AP
7 2a4f* i,j<i G 244 f2 fi A

And now we solve them with an appropriate evolution algorithm!

(Leapfrog, velocity-verlet..., see 2006.15122)



Initial conditions for complex scalars

» Initial condition for complex scalars:

Pu(X, 1) = | @ | + 0¢0,,(X)
7* X

Homogeneous

n=20,1

1
= —(@o + ip)
Q \/5 0 1 »

Fluctuations
mode

» For complex scalars we try to set the same spectrum of initial Gaussian fluctuations

as for scalar singlets (see Lecture 2):

0p,(n) = —( |6¢0(@) | e W+ | 5¢(R) | € ™)
V2

~ '~ 1 l@k7¢n v ~ ~ ~
6, (B) = —— [ 72 ( |63 () | eV~ | 5, (R) | €’ )] — H 5, (i)
| 545(1,1’)(11) | : Rayleigh distribution with expected (*) d)k’% = \/7{2 + az(an/agE,%) \
: Random phase in range [0,21] ~ (m pﬁl’lCiplE)

KA = a"Hlw 8 random functions



Initial conditions for gauge fields

Initially we have some
» For gauge fields we only set Afx, 1) =0 ~ electric field,
fluctuations to the time-derivative: A(X, 1) = 6A(X) but zero magnetic
field

» But the fluctuations must preserve the Gauss constraint:

0A(X) =Ji(x) = —ik'A[K) = J}(K) m—) | A (k)= i%fé(k)

Fourier

JAx) = 28,0 I m[g*¢'] transform Initial spectrum for

electric field

» |n the discrete:

kLat,i

(klet,z')2

Z ATAYA(D) = Ji(M)  m—fp  ATA(R) = i JA(#)

sin(2zi;/N) .1 —cos(Qznii;/N)
— 1

Lat,i -
: OX OX



Initial conditions for gauge fields

» We want zero electric charge in the lattice, so we require:

0=Jl(k=0) = Jd&fé‘(x) o Jd3k9§fe[(p6‘<(k)go{(k) — py(K)gF(K)] —0

1590) | = | 59 (K)|
16 "(k) | = [ 6¢" (k)|

3 constraints:
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Example: Abelian-Higgs model

1 A
S=— Jd“x\/—_g {(D;j‘qa)*(DX(P) + B P V(I(pl)} V(lg|)=2le|* = Z(% + 7))’

Source term
y a’ T
A —a "DV2A 4+ 00,A + (1 —a)—A] = a*J!
da

inx = 28,04 m|p* (0, — 18, Q1A )]

contams

Similar to the source term
: <— (849 | €0|
of the analogous scalar equation

Gauge fields coupled to charged scalars with a monomial potential experience

parametric resonance




Example: Abelian-Higgs model

10
107 Energy density:
= 109 (Fl<f;+ + E4+ +Fv>
107 l
107" l

............................... Conserved

up to machine

precision

Gauss law conservation:

10—10
“A+A — 27A o
Ai A()Ai =d ]0 —> <
LHS RHS
10—12,
<\/ (LHS — RHS)?)
B = (v/(LHS + RHS)?) 1071 bl
0O 20 40 60 80 100 120 140



Example: Abelian-Higgs model

< 107
1y L
<] ]
104,
10+
001 ‘ ‘ S E— ‘ ‘ S .7 ‘ ‘ P ‘ ‘ AR VY\\ W\ \\ Y
5 10 ~ 50 100 5 10 50 100
Electric K k :
Magnetic
spectra
spectra
1077
10710
<
l<‘1e’ 10-13
o Complex
scalar
1071 spectra

5 10 50 100
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SU(2) group and algebra

SU(2) group:  U'=U"Y;  det(U)=1

SU(2) algebra: M= M" Tr(M) =0

M = MT"

=% Iy = Ls
2 o

U=c¢ —10T,



SU(2) gauge-invariant action

1
§=— Jd“x\/fg [(Dﬂ(D)T(D”CD) + TG, G"] + V(| 9| )]

1 [+ i€01> .
e Scalar SU(2) doublet: & =— ( )y D, =0,1—igrOxB
V2 \P2t 13 S BB

e SU(2) gauge field: B, = B,T" € 3u(2)
Bﬂ —_ (Bo, Bl’BZ’ B3)
G, =d,B, - 9,B,— ilB,,B,]

e Electric & magnetic field: ESU(Z) = Gy, BSU(Z) = lg
l 2



SU(2): gauge invariance

S=— Jal“x1 /—g [(DM(D)T(D”CD) + %Tr[GﬂyG’”’] + V(| @)

Action is invariant under gauge SU(2) transformations: (L2(x) € SU(2))

P(x) = Qx)p(x)

B,(x) > Q0B X)Q (1) ——

[0,2(:)1Q7(x)
8BYB

this implies

G, (x) = Q)G,, (NQ (x)

DﬂCI)(x) — Q(x)Dﬂ(I)(x)

As for the U(1) theory, we work in the temporal gauge (B, = 0)
(44-9=13 degrees of freedom)



SU(2) EOM (in the continuum)

Equations of motion in the continuum are similar to the U(1) case:
" —2(1—a) a’ , a20{ oV ()
@' — a 219D DD + (3 — a)—D' = —
p 2 9|D| |D]
D4Goi — a2 YDG + (1 — ) =Gy = a**J
oYo; — d ]]l+( _a); 0i = 4 J;

Gauss's law: .G, = azJo

» Some new elements:

J¢ = 2g,0,Im[®'T (Dy®)] Current

[@,u ,uv]a = (9 )ab (5abapt _fabc ,u)



SU(2) theory discretization

We discretize using links and plaquettes (compact formulation):

Links: U, (n) = e7"**% € SU(2)
Plaquette: U, (n) = U (m)U,(n + DU (n + D)U](n) € SU2)

e Continuum limit:

A VY

1%

U, ~ 1 —iggOpéx*G +lg2Q25x4G G+ at n+5 + =
Ky B>B pr' n SB*B 77 7R RN > T

N gy _ 1 .
D’uq) ~ Dﬂ ) <n + 5) = 5—xﬂ [Uﬂ(n)q)(i’l + f) — (D(n)]

1 2 A A
DGy~ — [U,.j(n) — Ul = DU (n = HU(n - z)]

SU(2) toolkit and full lattice treatment in 2006.15122



Thank you!



Investigacion confinanciada por la Comunidad de Madrid en el marco de la

convocatoria correspondiente al afho 2025 de las ayudas a la atraccién de talento
investigador "César Nombela” (2025-T1/COM-36104).



Backup slides



Example: Abelian-Higgs model

» As an example, we are going to simulate an Abelian gauge model:

5= [axy=z { @or@s + r P e vaoD | V0D =2101 =205+
4
/
+ self-consistent expansion @ = L(% +ip)
V2
» We chose program variables analogously to scalar model:
¢ = @lf
Je = | @] : j
= /2| x| PROGRAM 71l = V(F. A
- — TENTIAL (1@ T (@D =1

» Initial conditions: We distribute the complex scalar amplitude equally between

its components: , ) .
P C”o=€01=¢*/\/5 ¢0=€01=€b*/\/§

\ _—

amplitude for the end of
inflation in A¢p# potential



Evolution algorithms for gauge theories

(Non-compact) Staggered leapfrog algorithm

oy 0 ) ~ (5,”
» Initial conditions: {a,«,:a, Ai} at 7, {b_ 120 (Tp) 1 j9+ (Fa); /2} at 1y — #
» Evolution: - ~ c ~ ~ 31
( ‘¢)+1/2 = (7 49)_1/-2 +(5"le[(1'1 ¥, Ai]a
(7;'1)1'.,+1/2 = (7.4)1,—1/2 + 01K a;la, ¢, Aj] .
birje = by + 00k, [a., EY. E%, B¢, EL, E(}]
a+o = a-+0nbyy
Ay1/2 = ((1-'+0 == (1)/2
-~ -~ cn —(3—ax) ,~
P+0 = @+ O’]("+1/2 ( ‘&9)-,-1/2
jv — ~ N _( ) —
Ai,+() = A;+ (57}(1.+1/2 (7 1), 1/2
: o L[ f) 20a+1) | ;e | e | 4 A | DA
» Hubble constraint: B =5 (=) et [ EY + B+ Ey + Ef + Ee;]
my




Evolution algorithms for gauge theories

(Non-compact) Velocity-Verlet algorithm

» [Initial conditions: {a, b, @, oy As (fr‘,,;)i} at 1.
> : . . . on .7
Evolution: (Fodire = Fot 5 Kola, ¢ A
_ _ (Sfl v A
(ﬂ-.“i)-j,ﬁ-l/Z - (”T.f‘l), + 7’C:‘1i [(1'3 ¥, ‘4/] s
577 e Y e A pA
b+1/2 — b+ 7K(l|:(lr,E]\',E(;,E‘___.',EI\’,E(;] )
ayo = a+0nbii,
_ a4 ta
a’+l/2 - 2 ?
_ ()
P10 = @+ 055 a/
ayy/2
~ ~ o (frx"l)—{—], 2
Ai,+() = Az + OTITQ/
i1/2
- - 517 -~ T
(W¢)+() = (77;,9)+1/2 + 7’Cm la40, P+0, Aj,+0] ;
- - on
(Ta)ivo = (Ta)iq12t IC; (a0, P+0, Aj+0]
on ~ —A A
bro = b+1/2 + 5 ’Ca [0+(%E1\ +0° E(t ,+0° ET +0° E1\’,+0a E’(‘;,+()] )

Generalization to VV4 - VV10

—> implemented in Cosmolattice

(and explained in the “Art")

» Hubble constraint:

[

m

bQ
5

P

) o) | BY + BG + By + Egt + B¢




Example: Abelian-Higgs model

struct ModelPars :

This model is implemented in the file 1phi4U1.h of Cosmolattice.

» In the model file (1phi4U1.h):

public TempLat::DefaultModelPars<{

static constexpr size_t NScalars = 0;
static constexpr size_t NCScalars = 1;
static constexpr size_t NU1lFlds = 1;
static constexpr size_t NSU2Doublet = 0;
static constexpr size_t NSU2Flds = 0;
static constexpr size_t NPotTerms = 1;

// Coupling managers:
// the gauge fields and complex scalars/SU2 doublets
// —-—> If a type of interaction is not present,

» Number of fields for each species

they deal with the different couplings between

// typedef TempLat::CouplingsManager<NSU2Doublet, NU1FLdS,

comme the corresponding Lline
typedef TempLat::CouplingsManager<NCScalars, NU1F1d CsU1lCouplings;

true> SU2DoubletUlCouplings;
// typedef TempLat::CouplingsManager<NSU2Doublet, NSU2Flds,true> SU2DoubletSU2Couplings;

\

Coupling managers (sets which complex scalars
are coupled to the U(1) gauge sector)




Example: Abelian-Higgs model

> In the parameter file (1phi4U1.in):

#IC

kCutOff = 6

initial_amplitudes = 0

initial_momenta = 0

cmplx_field_initial_norm = 5.25151el18 # homogeneous amplitudes in GeV .
cmplx_momentum_initial_norm = -4.45258e30 # homogeneous amplitudes in GeVZ'__"|¢h<|’|qo*|

#Gauge couplings and effectiveCharges

CSU1lCharges =1
gUls = 1.11037e-05 — * QA» gA

#Model Parameters
lambda = 9e-14 —> ﬂ

> In the model file (1phi4U1.h):

// COMPLEX SCALAR NORM: initial homogeneous amplitude and derivative
double normCmplx@ = parser.get<double>("cmplx_field_initial_norm"); —p
double normPiCmp1lx@ = parser.get<double>("cmplx_momentum_initial_norm");

Reads initial homogeneous
modes from input file

// We distribute the norm equally between the two components using the "Complexify" function
f1dCSO(0_c) = Complexify(normCmplx@ / sqrt(2.0), normCmplx@ / sqrt(2.0));
piCSO(0_c) = Complexify(normPiCmplx@ / sqrt(2.0), normPiCmp1lx® / sqrt(2.0));

N\

. e, 0 k k . |‘>k| |‘>l<|
Sets the initial values for complex scalars: ¢ = < VW Ul ) ¢ = < ? £

V2 W2 V22



Example: Abelian-Higgs model

» In the model file (1phi4U1.h):

alpha = 1;
fStar = normCmp1x@; —> f>x< — |§0>x< | 5 Wy = \/Z | QP+ | . a
omegaStar = sqrt(lambda) * normCmp1lx0;

|
ek

auto potentialTerms(Tag<@>) // Term 0: Qual
{ ~
return pow<4>(norm(fldCS(0_c))); —> V(|p|) = |§b|4
by

auto potDerivNormCS(Tag<0>) // Derivative '

{ ~

return 4 x pow<3>(norm(fldCS(0_c))); —p V|€b|(|gb|) = 4|§5|3
} 9

auto potDeriv2NormCS(Tag<0>) // 2nd derivati\
{

t 12 2 f1dCS (0 ; ¥, = 1) — ~ 12
} return *x pow<2>(norm(fldCS(0_c))); =——p V,|¢||¢|(|¢|) — 12|§0|



