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Axion-Inflation

Freese, Frieman, Olinto '90; ...

Shift symmetry ¢ — ¢ + C on couplings to other fields
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shif t-symm (derivative couplings)

With shift symmetry, AV oc Vepfrt l:{> Protected against radiative corrections !




LATTICE FORMULATION of ¢F F
Axion-Inflation

Freese, Frieman, Olinto '90; ...

Shift symmetry ¢ — ¢ + C on couplings to other fields

o % (au¢)2 + Vaurrt (@) + %’b &ﬂ/ﬂz’y“ Y5 W <+ » g
o gauge fields _\‘3 KH
(derivative couplings) o
opological
term

00, K = K"0,,¢]



LATTICE FORMULATION of ¢F F
Axion-Inflation

Freese, Frieman, Olinto '90; ...
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Axion-Inflation snift symmetry ¢ — ¢+ C
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Axion-Inflation snift symmetry ¢ — ¢+ C

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

V(go) @ inflaton ¢ = pseudo-scalar axion

v = LawoB R,

The rolling inflaton excites the gauge field(s)

F,=0,A —0,A,

A+ exponentially amplified,

LS
Apr xe™, [A_| <Ay A- has no amplification

Gauge field excitation is chiral !

Then ... Primordial non-Gaussianities, primordial black holes, y distortions,
primordial magnetic fields, baryon asymmetry and Gravitational waves (GW)
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Gauge field excitation creates chiral GWs !
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Axion-Intlation shift symmetry ¢ » ¢+ C

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

V(QD) inflaton ¢ = pseudo-scalar axion

py — 1 opvap
Fr = SetP g The rolling inflaton excites the gauge field(s)

F,=0,A, —-0A,

Gauge field excitation creates chiral GWs !

hl. 4+ 2Hh, — V2hy; = 167GIILY o {EZE; + BB}

GW one-chirality only ¢ V

~J A, Chiral
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GW energy spectrum today
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Axion-Inflation

GW energy spectrum today
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Continuum
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Continuum
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'‘Latticesizing’
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'‘Latticesizing’
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'‘Latticesizing’
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'‘Latticesizing’
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'‘Latticesizing’
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'Latticesizing’ «
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Finite difference Operator
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(Abelian only!)
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sk
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Viis
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Viis
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k
n-+ o VuHrﬁ n-+ 440
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'Latticesizing’
e 1 4 s
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' [ | [ | [ | '
Latticesizing
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'Latticesizing’
e 1 4 s
= Sac_4n2/d xa EB
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'Latticesizing’
e 1 4 s
= Sac_4n2/d xa EB

(") Sé,c(Z) .. ﬁ%a Zl: Ei(4) Bi(4) .:/- ./. < ./
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'Latticesizing’
¢ 1 4 22
&IK;SaC: /dxaEB

EOM: «

\

O(EC!

472

lterative scheme
IS Inconsistent !

(

One cannot advance one variable
as a function of previous ones

)
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'Latticesizing’
e 1 4 s
= Sac_4n2/d xa EB

° <« o <«
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lterative scheme
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One cannot advance one variable
as a function of previous ones
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'Latticesizing’
e 1 4 s
= Sac_4n2/d xa EB

L LS
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'Latticesizing’
e 1 4 s
= Sac_4n2/d xa EB

L LS
m s£® «y ay EPBY » . :
e ,Z/ \ L LS
< LS

@ semi- @ .
Integer times  integer times

It won’t work !
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'Latticesizing’
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'Latticesizing’
1 - -
az%;SaC:4n2/d4xaEB » /
/ /
(V) S5 oy ' EP(BY + B
- LT
integer times .:/ /.4.‘:/ s 4// .
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'Latticesizing’
e 1 4 s
= Sac_4n2/d xaEB

L LS

4

2 4 4
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n.n i

_— g

——

'./ S S S
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integer times .:/ /0 <.</ /o 4.// /
Bianchi " < .
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¢~ Lpo (p@ . .
+ {20557 (80 +5%) |, Lattice action
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1 N2 1] > 1
St = AW”;{ 30 (800,9) — 0,9 (AF6,y) - galym™els
1 1
50,0 Y (AF A — A Ag)® - " 3 (A;.*Aj _ A;."Az-)

1 1,7

1 m m
i %25352) (57 +B) } Lattice action

1. Lattice Gauge Inv: A, — A, + At a
2. Cont. Limit to O(dz?)
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Sp = AtA:c3Z{ %a3 (A6¢+%)2 — %a+g (Af¢+%)2 — %aigmzﬁbig
t.n
1 1
-+ §a+g ; (A(-){-Az = A:’AO)Z _ E ; (A;I-A] = A;-Aq)

]‘ m m
" %ZQE?) (57 +B) } Lattice action

1. Lattice Gauge Inv: A, — A, + At a
2. Cont. Limit to O(dz?) (S AT (BP+BW ) =0

. _ _ o i,+1
3. Lattice Bianchi Identities: (AF+85)(BP +BY,) =

_ 4 4
\ = Yrein&f + A7) B + B

>
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1 2 1 2 1
3 3 (A— 3 , 242
S, = AtAx E { 5@ (A0¢+%) —3%,0 (A;’¢+%) —§a+gm ¢+g
t,n

1 1
DA st L s a)

(2 t,]

1 - g
+ 23580 (59 +89) b, Lattice action

1. Lattice Gauge Inv: A, — A, + At a
2. Cont. Limit to (9(da:2) fz:. A_(B(4) +B-(4) ) =0

. _ _ o 1,41
3. Lattice Bianchi Identities: (AF+45)(BY+BY,) =

_ 4 4
\ = ¥ran(BF +07)ED + B

>

: ~ 1
4. Topological Term: (Fu ), =)y 5E2 (B +B{,) = AZK H

2 l
~ i CS current
[ Fuw FWY =, KM ] ( )

Exact Shift Sym. on the lattice !
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- L @ (@, p@
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- L @ (@, p@
Ag (a’ 7T¢) _ a+2 ;A Ai ¢+3 a+0m ¢+(2) N ZZE?,+2 (Bz +Bi’+6)

- 1 - 1 (4) (4)
AO (&+QEi,+g) = _EZGZ]kAJ Bk — ﬂ (7T¢Bz +7T¢ ZBZ +Z)

+ax@+ A XY {enl AFOELL + (AFOBZL) o]
7,k

a0 Y ATE, 5= ZZ(A% ) (B +BY;) . (Gauss Law)

EoM
Continuum
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A (a*mg) = a0 ) ATALG o —alym? o o > 15(2)@ (Bfl) + B-@)A)

_ 1 _ 1 (4) (4)
AO (&+QEi,+g) = _EZGZ]kAJ Bk — ﬂ (7T¢Bz +7T¢ ZBZ +Z)

+ax@+ A XY {enl AFOELL + (AFOBZL) o]
7,k

a0 Y ATE, 5= ZZ(A% ) (B +BY;) . (Gauss Law)

EoM
Continuum
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Af (a’mg) = a0 Y ATATS 5 - aiam2¢+g o > 15(2)@ (Bfl) + B-@)A)
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a0 Y ATE, 5= ZZ(A% ) (B +BY;) . (Gauss Law)

EoM
Continuum
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- L @ (@, p@
Ag (a’ 7T¢) _ a+2 ;A Ai ¢+3 a+0m ¢+(2) N ZZE?,+2 (Bz +Bi’+6)

- 1 - 1 (4) (4)
AO (&+QEi,+g) = _EZGZ]kAJ Bk — ﬂ (7T¢Bz +7T¢ ZBZ +Z)

7,k
1
(2 + doA]) ZE;{% (AFOBL) + (ATOEL) 4}
9,k Toe— P —T ’:‘".Ml’f‘\" e e e
_ 1 4 4
g SOy = A (3t (594 5Y) . (Gauss Law
— 3Hr,+ —V26—m26+ ——F - B
o = o™ 42 TPT BA ’
., . 1l 2 1 =2 15 -
E=-HE- VxB-—nyB+—-V¢xE
a2V>< al " ? aAV¢
o o 1 = = .
V-E=-—V¢-B (Gauss Constraint) EoM
Continuum
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Continuum
3y + -9 L 5. 5 oM
T = 7I'¢+ b — mgb BAY D
-4 1 ]. ]. - —
F = —HE —QVXB—a—Aﬂqu-I-—AquXE
.E = —iﬁcp.é (Gauss Constraint)

al\
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Continuum
o 1 q’2 2 I 1 S e EOM
7I'¢=—3H7T¢+§V d)—mcﬁ. GBAE-B,
; . 12 - 1 = 1= .
E——HE—FVXB—Q—AMB—FQ—AV(;SXE
V-E = —iAW»B' (Gauss Constraint)
a

(Hubble law)
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Lattice Formulation

+(03 N o “AFh B 2
Ag (a’mg) = a+gZAi A ¢+% @’ gm ¢+%
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1
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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 - _ 1
_ 1rkin Rl grad grad + pot pot Lt E
pr =H"" + a2 Q(H—O/z T H+()/2) T Z(H—O/z T H+0/2) T a2 z(H—0/2 N H+0/2) +

N _ 2
(PL +3pPL)1o/2 = 2(H"™ + Hf(f)‘) —2HP% 4+ p H” +

7B |, B
+0/2 A (H™ +H),

+0/2 +0/2
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Axion-Inflation Preheating

Initial Condition: 1-2 efolds before end Inflation

Preparation: Much before, Bunch-Davies Vacuum @ sub-Hubble
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Ay (ki ty) ~ — C‘;zk —iwiti — _ ot )\/7[sm (w;t;) + i cos(w;t;)]
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Axion-Inflation Preheating

Initial Condition: 1-2 efolds before end Inflation

Preparation: Much before, Bunch-Davies Vacuum @ sub-Hubble

—zw s

Ay (ki t;) \/2a(t \/7 [cos(w;t

— i sin(w;t;)]

Ay (ki b)) ~ — C‘;zk —twiti — _ o )\/ [sm(wz + i cos(w;t;)]
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Axion-Inflation Preheating

Initial Condition: 1-2 efolds before end Inflation

Preparation: Much before, Bunch-Davies Vacuum @ sub-Hubble

- Total :l('/l'l'l. —0950.10°

—
f”
-

-

Real part

10790 — Imaginary part

-k B R & N _ B &R _ N _E R N _BE N _J

1079 | L»/m, — 2.5 . 0—5

—20 —15 —10 —D N



Axion-Inflation Preheating

Initial Condition: 1-2 efolds before end Inflation

Preparation: Much before, Bunch-Davies Vacuum @ sub-Hubble

Ai(t,k) + (g> Ai(t,k) + s—z T (:_ji) Ai(t,k) =0

A

It dominates: It dominates:
Deep inside Tachyonic IR

Hubble radius Instability
(Oscillations Both at Inflation

@ inflation ) and preheating !



Axion-Inflation Preheating

Initial Condition: 1-2 efolds before end Inflation

Preparation: Much before, Bunch-Davies Vacuum @ sub-Hubble

AC3 N
— A+ (F)|7

-

10"} .
Backreaction-less

/‘ Solutions

101}




Axion-Inflation Preheating

Initial Condition: 1-2 efolds before end Inflation

Preparation: Much before, Bunch-Davies Vacuum @ sub-Hubble

Backreaction-less

/‘ Solutions

Random Numbers: Create 3d random realization of A, (k)



Axion-Inflation Preheating

Initial Condition: 1-2 efolds before end Inflation
Preparation: Much before, Bunch-Davies Vacuum @ sub-Hubble

Random Numbers: Create 3d random realization of 4,, (k)



Axion-Inflation Preheating

Initial Condition: 1-2 efolds before end Inflation
Preparation: Much before, Bunch-Davies Vacuum @ sub-Hubble

Random Numbers: Create 3d random realization of 4,,(k)
Sub-dominance: Gauge fields must be completely negligible

p [m'] (m?]

10°
10 R T
10— 5(5)‘ + 5‘771"(;)" 4
o 100 | P
108 L 1 [(E* B?
0 LE LB
2 \ a a T
2 .
100 | O — [3H|
Im?o|
10* £ o L g
—F -
|(1,‘51’\
10% } 1072}

-2.0 —~1.5 —~1.0 —0.5 N 2.0 15 —1.0 —0.5



Axion-Inflation Preheating

Initial Cut-off Problem: Separate IR from UV modes
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Axion-Inflation Preheating

Initial Cut-off Problem: Separate IR from UV modes

A
A
,‘Ala A
:A'A A
(A AT
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!A-fA A,
A A,
AR
N/ \
A
‘ﬁ’}\ A.A ;‘ .
\\fA A | v
VAT EERY o
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!'ﬁ' ) 4 |
: 77 % i
1 \ |
1 |
1 1 lI 1 I 2
|
0.1 0.5 1, 51 10 k/m
\ 4

Physical cut-offt  Physical cut-off
N = - 2 efolds end of inflation



Axion-Inflation Preheating

Initial Cut-off Problem: Separate IR from UV modes

_.- Artificial

) (lattice)
’ cut-off

203333

e e e e e e e
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- - ===

- — — ——

&
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D
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Physical cut-offt  Physical cut-off
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Axion-Inflation Preheating

Trajectories should overlap: Starting at different times

P

mh| .. With lattice cutoft

106 | — With “end of inflation” cutoft

--- With adaptative cutoft

10° b =,

1041 —N; = 0.0
—N; = —=0.5

10° | N, =—-1.0

N; =-1.5
10% | —N; = =20

—2 —1.5 -1 —0.5 0 N

Lattice cut-off: Trajectories don't overlap x



Axion-Inflation Preheating

Trajectories should overlap: Starting at different times

P

mh| .. With lattice cutoft

106 | — With “end of inflation” cutoft

--- With adaptative cutoft

10° F =

1041 —_— N, = 0.0
—N; = —=0.5

10° | N, =—-1.0

N; = —1.5
10} — N, = —-20

Lattice cut-off: Trajectories don't overlap x
End inflation cut-off: Trajectories overlap, excess energy in the UV

X<



Axion-Inflation Preheating

Trajectories should overlap: Starting at different times

P

mh| .. With lattice cutoft

106 | — With “end of inflation” cutoft

--- With adaptative cutoft

10° F =

1041 —_— N, = 0.0
—N; = —=0.5

10° N, = —1.0

N; = —1.5
10} — N, = —-20

Lattice cut-off: Trajectories don't overlap x &)
End inflation cut-off: Trajectories overlap, excess energy in the UV
Adaptative cut-off: Trajectories overlap, excess UV energy removed ! /




Axion-Inflation Preheating

Choice of initial moment: how many efolds before inflation ends ?

— N, = 0.0
—N; = —0.5
e N; = —1.0
— “end of inflation” cutoft __N.=-15
---adaptative cutoft — N, = —2.0
10% ¢

—1 —0.5 0 0.5 1 N



Axion-Inflation Preheating

Choice of initial moment: how many efolds before inflation ends ?

0.0
—0.5
—1.0
—1.5

—2.0




Axion-Inflation Preheating

Choice of initial moment: how many efolds before inflation ends ?

3
=Bk
1012 — N, = 0.0
— N, =-0.5
110 N, =-1.0
N, =—1.5
W —N;=-20
10% | \
10° \
0.5 1 5 10 k/m



Axion-Inflation Preheating

Choice of initial moment: how many efolds before inflation ends ?

k/m




Axion-Inflation Preheating

Overlapping trajectories

Gauge energy negligible

IR-UV flnlte range (N — 256) --------------------- :

Choice of Couplings:

/A ~ 6my' —15m !

Let’s see the dynamics !



Axion-Inflation Preheating
Energy densities

P 0 1 5 10 50 mt
Ptot.,0 | | | |
T e
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Axion-Inflation Preheating
Energy densities

—kin
pot
grad

—F

B

_ —1 (Intermediate
(b) 1/A=9.5 m_ coupling)



Axion-Inflation Preheating
Energy densities
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pot
grad

—F

B

_ —1 (Intermediate
(b) 1/A=9.5 m_ coupling)



Axion-Inflation Preheating
Energy densities

P 0 1 D 10 50  mi

Ptot.0

—kin

pot

grad
—
B

—1 0 | 2 3 N

(C) ]./A = 15 m;ll (Strong
coupling)



Axion-Inflation Preheating
Energy densities

pE 0 1 5 10 50 mt /)-‘7"”"" 0 1 5 10 50 mt
p(o!.()'---------------' ------ e | _—— Ploto [-- -~~~ TTTTTTTTTTTTTTTTTTTTTTTTTTTTTS
10721 107}

1077} /\N\/‘\/\f\-\

I@M

10~ ~ -
—1 () 1 2 N

Electric gauge fld energy Axion gradient energy

1/A=15m ' (strong)
—1/A=95m " (mild)
— /A =6 'yn_l (Weak)

pl




Axion-Inflation Preheating
Energy Spectra

k/m

(b) 1/A=9.5m

(mild)




Axion-Inflation Preheating
Energy Transfer (reheating efficiency)
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EM-energy
To total




Axion-Inflation Preheating
Energy Transfer (reheating efficiency)

PEM 0 1 3 5 10 30 50 mt
YV ARy Ry ) Sy e Y B
0.8+
Ratio
EM-energy "
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Axion-Inflation Preheating
Energy Transfer (reheating efficiency)

Ratio

EM-energy

To total

PEM

Ptot
0.5+

1

0.1}
()
0.01 | 0.9
0.005 | 0gl
0.7}
0.001

6 7 8 9 10 11 12 13 14 My /A
1/A 2 9.5my;": Supercritical couplings

More than ~50% energy in Gauge fields



Axion-Inflation Preheating
Energy Transfer (reheating efficiency)

Ratio
EM-energy
To total

PEM

Ptot
0.5+

1

0.1}
()
0.01 | 0.9
0.005 | 0gl
0.7}
0.001

6 7 3 o 10 11 12 13 14 M/ A
We reproduce very similar behaviour
to Adshead et al 2015 (1502.06506)


https://arxiv.org/abs/1502.06506
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Conclusions

* LATTICE FORMULATION of ¢ F'F’ \/
- Gauge inv,
- O(dxA72),
- Bianchi ID,
- Topological (CS num, Shift Symm.)

* AXION-INFLATION V() + ¢F F

- Extremely interesting: GW, BAU, MagGen, ...
- Preheating in lattice (full Non-Lin): Super efficient
- Inflation on the lattice ... hard, but doable ...

* RELATED TOPICS
- axion-inflation and GWs (Dimastrogiovanni / Fujita talks)
- GW from preheating (Pieroni’s talk)



Lart &

Muchas gracias
or vuestra atencion !
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