Cosmolattice School 2025 (IBS, Korea), Sept 22-26

Lecture 5

Non-minimally coupled scalar
fields

Nicolas Loayza Romero

Based on: Ben Stefanek’s lecture notes
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Most general action of scalar field in curved Space-time
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Why consider NMC?
R = Ricci Scalar Curvature - Consistent with all

symmetries from GR and SM
& = Non-minimal coupling (NMC) (and free of scale).



Most general action of scalar field in curved Space-time

M?> 1

Why consider NMC?

R = Ricci Scalar Curvature - In Conformal Field Theories,

5 = Non-minimal coupling (NMC) Scalar fields in curved Space-
time requires & # 0.



Most general action of scalar field in curved Space-time

M?> 1

Why consider NMC?

R = Ricci Scalar Curvature - f = () not guantum
mechanically stable.

- Non-zero & will be generated

via renormalization group In
curved space-time.

& = Non-minimal coupling (NMC)



Jordan Frame

Scalar-tensor theory of gravity
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Jordan Frame

Scalar-tensor theory of gravity

M; 1
§ = a8 | S0 R= 570,00, ~ V)

With

It Ls common to stud Y this tn Elnsteln frame



Einstein Frame

Conformal transformation
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Einstein Frame

Conformal transformation
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Einstein Frame

Conformal transformation
8w — 8. =Q°0g,
Rules of transformation in d-dimensions
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Einstein Frame

Conformal transformation
8w — 8. =Q°0g,
Rules of transformation in d-dimensions

g/,u/ — Q_zgﬂy g//ty —> QZg//tv g — det(g/’w) —> Q—Z

In 4-D tra wsformatiow of R s
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Einstein Frame

Action becomes

M2
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Einstein Frame

Action becomes

_ 1
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Einstein Frame

Action becomes

M2

. . 1
S = Jd‘*x \/—2 [Tp fOn) Q4R + 6[11nQ — 63"(0,In Q)(d, In Q)) — 5Q2—dgﬂvaﬂ 20 Y — Q‘dV()()]
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Einstein Frame

Action becomes

; M; L 1
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Einstein Frame

P 1 1
Jd4x V=38 [—R - 5% *()8"0,x0,x — f—zV()()

With
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Einstein Frame

M2

. 1 1
Sp Id“x \/—8 [—R — % (£)8" 0,10, — f—V()()

With
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We want a canonically normalized kinetic term A& dﬂ Y = 8ﬂ Y

F(f) =
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Einstein Frame

5 1 )
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Einstein Frame

1 .
CS>E — Jd“x V- [_R — _g/wa )(ay)( — V(y)

One scalar degree of freedom with Einstein gravity




Einstein Frame

i} M? §
Sp = Jd4x vV —8 [TPR — 55”” 00,7 — V(X)

One scalar degree of freedom with Einstein gravity

Y ) /A oV
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We can obtain y in terms of y
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Einstein Frame

~ /M _
+ L = \/6 e — ¢6§ : sinh™! \/
M V(W6 + (& = 116)521M3) :

E = 0: In this case y = ¥ frames are equivalent.




Einstein Frame

> /M _ _
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& = 0: In this case y = ¥ frames are equivalent.
¢ = 1/6: In this case we get conformally invariant theory:

7
%)

= V() = V(x(¥))cosh’

¥y = 6tanh[ A

Vo,



Einstein Frame

; /M ~ N
+ L = \/6 e — \/65 : sinh™! \/6Cf Lo
M, \/ (1/6 + (& — 1/6)E2/ M) ¢ & M,

» £ = 0:Inthis case y = ¥ frames are equivalent.

« & = 1/6: In this case we get conformally invariant theory:

~/

Tms /mean EoM for cow{ormaL amputuole n |
conformal time reduces to free field in ‘f'
FLRW. .



M ~
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Einstein Frame
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& = 0: In this case y = ¥ frames are equivalent.
¢ = 1/6: In this case we get conformally invariant theory:
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M ~
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Einstein Frame
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lwvevtmg the fDVWLM.La -for )(/ )( LS v\,ov\,-l,w\,earl

E=1/6:1n thls case:

Vo,

Y = 6tanh[ A — V()"(’) — V()(()"(’))cosh4[ 24 ]
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Vo,
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. &} nwverting the formula for Y/ is non-linear!

s Filelds are quantum, so not clear the
meaning of the conformal mapping.
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Fields are gquantum, so not clear the
meantng of the conformal mappiwg.
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NMC fields in Jordan Frame
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FLRW universe with the “a-time” metric

ds* = — a(n)** + a(n)zéljdxidxj



NMC fields in Jordan Frame

M, 1 1
Sy=Spgg+,= [d4x,/—g l sz — Egﬂvaﬂ;@;{— 55)(213 — V(y) + gm]

FLRW universe with the “a-time” metric
ds* = — a(n)** + a(n)zéijdxidxj

With « /—g = a(n)>*t* and Ricci scalar:

6 la” (a')zl 6 [a” 2]
R=—|—-(0-a)— =—|—-(-a#
a<* | a a a<* | a




NMC fields in Jordan Frame

M, 1 1
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e LRW universe with the “a-time"_metric_____________
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Equation of motion for NMC fields in Jordan Frame

Variating &', w.r.t y we obtain
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Equation of motion for NMC fields in Jordan Frame

Variating &', w.r.t y we obtain

oV
[y — SRy ——=0
ox

Which in a -time and FLRW metric reads as

' oV
7+ B —a)—y —a -V 4 g2 (.»31@;( + —) =0
a 74



Friedmann Equations

To be consistent with FLRW metric we need

1" = diag{—p@),p(n), p(n), p(n)}

p(n) and p(n) depend on volume averages



Friedmann Equations

To be consistent with FLRW metric we need

1" = diag{—p@),p(n), p(n), p(n)}

p(n) and p(n) depend on volume averages

Friedmann equations take the following form

a’ 2 a2a
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H == (—) = p(1)

- )
a 3mp
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| — = ——— (1 = 2a)p(n) + 3p(n)]
a 6mp




Friedmann Equations
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p(n) and p(n) are given by
p(n) = p(n), + p(n),, = a=*(T%) + a=>(Ty)

I, 1,
— — __ 280/ TX = =2gij/m
pm) = pln), + pin, = Za=0UTy) + 2a==0(T)



Energy-momentum tensor for NMC scalar

Energy-momentum tensor for y is defined as
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Energy-momentum tensor for NMC scalar

Energy-momentum tensor for y is defined as
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We get for T%,

X —
17, =

1
I = 0,20,x — 8" (55’”%)(60% + V()()> +&8Gy, + 8, -V, V)1’



Energy-momentum tensor for NMC scalar

Energy-momentum tensor for y is defined as

) NEL) N
N N

We get for T%,

X —
17, =

2

\—\/-_/

MLALMALA Ly coupled

1
_ Y, o 2
T%, = 0,x0,x — g" (—g’) 0,)0,) + V()()> + &G, +8,0-V,V,)r



Energy-momentum tensor for NMC scalar

Energy-momentum tensor for y is defined as

2 0/=8Z)  _&Z)
J-g ogm T sgm

We get for T%,

X —
17, =

1
I = 0,20,x — 8" (55’”%%60% + V()()> +&8Gy, + 8, -V, V)1’

MLALMALA Ly coupled Non-minlma Ly coupled



Energy-momentum tensor for NMC scalar

Energy momentum tensor for )( IS defined as

| NOW-MLWLMQLLg aou.pLed part contains curvature |
' terms! ‘

We get for T)(

2

MLALMALA Ly coupled Non-minlma Ly coupled

1
— % o 2
I, = 0,x0,x — & (—gp 00, X + V()()> +¢(G + 8,1 -V, Vo



Energy-momentum tensor for NMC scalar
Energy density p, = — T(()) = — gOOTOO

1 3¢

6
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Energy-momentum tensor for NMC scalar

pi) = —— (x*) + —((V 02+ (V) + = 7/2< ;(2> + e
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Energy-momentum tensor for NMC scalar
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Equation of motion for a(y)

Acceleration equation

7 a 20

a = 6M2 (1 = 2a)p(n) + 3p(n)]

Ewough to evoLve a (}7) bu.t Lt cowta LS wow—-LLwear j’
' derivatives of a (1) and surface terms. “

s there a better way? |



Equation of motion for a(»)

Acceleration equation

7 a 20

a 6M]§

[(1 = 2a)p(n) + 3p(n)]

| et us recall definition of R

7 PN\ 2 2a
da a A
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Equation of motion for a(»)

| et us recall definition of R

7 I\ 2 20
A a a
——(1—a)<—) -2 R

d d




Equation of motion for a(»)

| et us recall definition of R
Cl” Cl, 2 a20{
C aa() =
a a 6

and trace of Einstein equation

Re—— = 3
=T T M2('0 )



Equation of motion for a(»)

| et us recall definition of R
Cl” Cl, 2 a20{
C aa() =
a a 6

and trace of Einstein equation

R=—— - 3
=T T MZ('D p)
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Equation of motion for a(»)

| et us recall definition of R

7 PN\ 2 20
A a a
——(1—a)<—> - 2R
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and trace of Einstein equation




Equation of motion for a(»)




Equation of motion for a(y)

Trace of T)( (in 4-D) is given by

T, = (6& — 1)(0"x0,x + &x°R) — 4V(y) + 65xV



Equation of motion for a()

Trace of T)( (in 4-D) is given by

T, = (6& — 1)(0"x0,x + &x°R) — 4V(y) + 65xV

We can solve for R



Equation of motion for a(»)

g = L (09000 +4V) — 04V — (T, |

] E\/ergtmwg set to write f
Lattice formulation.




Lattice implementation for NMC scalars

a// a/ a2a OO WSp—— :
—-l-a{—) =—R tEoM for a(n)!

| o L (1-650%9,0) +KV) - 6GV,) — (T,

/
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Ly '+ G —a)—y — q 21— VZ)( + a?
A a




Lattice implementation for NMC scalars

Program variables
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Lattice implementation for NMC scalars

Program variables
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Lattice implementation for NMC scalars

We choose 77, = a>~ %y
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Lattice implementation for NMC scalars

We choose 7, = a>~ %y

‘()?/ — aa_Bﬁ')(
i = Iz%[d,)?, {&m},fé] * Kernel

X
> ~ 1 > l4+ax72 = 3+a Yy aV
Kla, 7 {¢,},Rl=a " V}y—a CRY +—
oy



Lattice implementation for NMC scalars

We choose 7, = a'~%a’
(Cl, _ Cla_lﬁ'a

, _ 5 a2+a
lﬂa = K_la, R] K la,R| = ” R

72 1 2(1-68)(F;—Fy) +4V) =67 V) + (P — 3Ppy)
I+ (66— 1) E(P2)2IM3



Lattice implementation for NMC scalars

2 12(1-68)(EL—FEy) +4(V) —6E(F Vo) + (P — 3Pm)

R =
Mp L+ (6¢ — 1) &(ZAf2M3
E* = L(7’%’2 Kinetic Energy of NMC field
K 9,6V % gy
E;; 7,2 2 <az)(az)(> Gradient Energy of NMC field



Non symplectic evolver
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R depends on all field amplitudes and conjugate momenta



Non symplectic evolver

- - a2+a -
K la,R]| = R
6
5 f3| 2(1 - 68) (EG — Ei) + (V) ~ 667 V5) + (P — 3Pw)
M3 I+ (6E — 1) E(P2)2IM3

R depends on all field amplitudes and conjugate momenta

K)?[R[ﬁ)?]] = kernel of NMC field depends on its conjugate momenta



Non symplectic evolver

- B a2+(x -
K [a,R] = R
6
.72 (1—65 FEX — F + V) = 6EC V )+ (P — 3P1)
= M3 we need non-s Y mpLectw ,;

evoLver Lukae Runge- Kutta' ;
R depends on aII fleld amplltudes and Conjugate momenta

K)?[R[it)?]] = kernel of NMC field depends on its conjugate momenta



working example

Based on: Toby Opferkuch’s presentation



What are NMC Scalars good for?

L D ERP* ~ EHp*

Higgs inflation & reheating

Bezrukov & Shaposhnikov 0710.3755
Bezrukov et al 0812.3622 Garcia-Bellido et al 0812.4624

f(®) inflation & reheating

Watanabe & Komatsu gr-qc/0612120

f(R) inflation & reheating

De Felice & Tsujikawa 1002.4928

Inflation & reheating:

Dominates only in the
very early Universe

Geometric preheating
Bassett & Liberati hep-ph/9709417

Riccl reheating
Figueroa & Byrnes 1604.03905 Opferkuch et al 1905.06823

NMC reheating

Series of papers by DeCross et al 1510.08553, 16710.08868 & 1610.08916



What are NMC Scalars good for?

L D ERP* ~ EHp*

Higgs inflation & reheating

Bezrukov & Shaposhnikov 0710.3755
Bezrukov et al 0812.3622 Garcia-Bellido et al 0812.4624

f(®) inflation & reheating

Watanabe & Komatsu gr-qc/0612120

f(R) inflation & reheating

De Felice & Tsujikawa 1002.4928

Inflation & reheating.

Dominates only in the
very early Universe

i Geometric preheating |

Bassett & Liberati hep-ph/9709417

°O —r. LB e S iy
o=~ o T g 2 - g - .

Example

Riccl reheating
Figueroa & Byrnes 1604.03905 Opferkuch et al 1905.06823

NMC reheating

Series of papers by DeCross et al 15710.08553, 16710.08868 & 1610.08916



A? &
V(¢p) = — tanh? | —
P M
Inflation
b

Inflationary model: a-attractor  «aiosh, Linge 12
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CMB constrains for a-attractors

They look better in the Asymptotic limit /4 < 1

(M, p) 2 0.967
n — —
P77 30

(M/m,)? M\
r(M,p) — =5.56-107%[ —
m

18300

m 28300

: 1/4 :
| A(M, 247%pA M M}
| (M, p) X ( 1% s) = ~2.04-103p1 — ]
"’» P \ ", {

_For which we choose NV, = 60



Early Universe

 STANDARD
| BIG BANG
THEORY

(Thermal
Epoch)




Inflaton oscillations




Inflaton oscillations

- Indirect couplings

lsz
2)(

L,
V() = —u™P|@p|" for <M

p Non-minimal coupling to

gravity

)

Figueroa, Stefanek, Opferkuch ’23



Inflaton oscillations

- Indirect couplings

lsz
2)(

L,
V() = —u™P|@p|" for <M

p Non-minimal coupling to

gravity

? Geometric Reheating |

)

Ford ‘87
Figueroa, Florio, Opferkuch, Stefanek ’23



Inflaton oscillations

V() 4 Lets consider the metric |
| g,uv — diag(—d(ﬂ)za, a(;,])z, a(ﬂ)za a(;,])z) ;

, 6 |a” a’\’
(R = — — (o — 1)(—)

a2 | a a

' If is driven purely by the

homogeneous oscillations of |
the inflation |

m,

R =—(2V9) ~ (K@)



Brief description of Geometric (p)reheating

R>0 R <0

/.

Veff ()( )

1
Ven) = V() + &R \
Ny |\ P

: Whenever R < 0
| Effective mass of y becomes |

tachyonic |

..End offinflation

R/H?

T achyonicé growth

1

; Whenever R > ( |
{  yoscillates as free field |

0

efolds post inflation

Adapted from Figueroa, Florio, Opferkuch, Stefanek 23



Inflaton osclllations

ca,n rela,te Rc 01' osc31la,t1ons_ ,
| to the Equation of State (EoS) }
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5 For potentials of the kind ~ ¢@” '

p—2

_p+2 |

R
: — 3(1 — 3WOSC) —



Inflaton oscillations

[ We can relate Ricei oscillations to|
|_the Bquation of State (EoS) w_ |

e e e e “ ~e' . ul - ;
For potential a-attractors , J :

square is

p—2
_p+2

for M =>m

v P

OSC

4 _
26( P) for M= m

R
H? (p +2) P

: : , D —
. =~ (Increasing function) — for M < m.}

4 —

¢t R |
{ — ~ (decreasing function) — 6 for M<m}
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Inflaton oscillations

0 5 10 15 20
o/m, x 107°



Inflaton oscillations

| loweringM

U U U U U

gb/mp « 1073 -0.01 O 0.015 0.03 0.045
N




Inflaton oscillations

(M =5x%x10"*m,; p = 6)

0. /\Am(\nnnnunnnun

cases that lead to NEGATIVE |
.. Ticcioscillations |




Geometric preheating: Linear regime

Let us congider the action :

| 1 1 1 |
P O 4 — L o uv PN 7 .
S = Jd X\/—8 (2 m R «fR)( zg” 0,X0, X zg” 0,0, V(qb,)())

Non-minimal coupled field EoM in a-time

)(”+(3—a)7/)( —a‘z(l “)V )(+a20‘ <§R)(+V ) 0



Geometric preheatlng Linear reglme

Let us consuier the a,otlon i

1 1 1 1 |
fQ — 4 — 2D 2 T uv 717 -
S — Jd X\/—8 ( 5 ;R 5 ERy 5 g0, x0, x 5 8" 0,40, V(¢,)()) ;

Non-minimal coupled field EoM in a-time
Y+ B —-a)Xy — a_z(l_“)Vz)( + a*° (ch)( -+ V)() = ()
In the linear regime we can focus on the y;, modes

Aoy, =0, with a)2:k2+a(§——)



Geometric preheating: Linear regime

Xt w:y, =0, with w? = k2+a2(c§—g)R

Whenever a),? < 0 modes grow exponentially

k.
65— 1
aH<\/5

k:« is a treshold momenta i



Gecmetrlc preheatlng Linear reglme

We can solve 11near equatlon for )(k modes |

025
0.5
0.75

125
1.5
- 1.75
2.

0.0 0.5 1.0 1.5 2. i 510 50
N k/(aH)



R/H?

We can solve linear equation for y; modes

10 -

(M =5m,; p=0) (§=950; M =5m,; p=56)

What happens if M is smaller?

________________________________________________________________________

10—9

1074
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Gecmetrlc preheatlng Linear reglme

We can solve 11near equatlon for )(k modes |

(£=50; M=5-10"%m,; p=06)

025
0.5
0.75

125
1.5
—1.75
1 2.

05 1 5 10 50 100



U ------------ U ------------------------------------------------- [ERERNER IR IRIEIEIEICIEICICIE IEITIEIEIEIPIPIPIP PIPIPIPIPIPIFIPIPIFIFPIF
U U U\ J U UUUVUUUUUUUUUTUUUUUUUUVUVUUVUUUUUL
0.25 0.50 0.75 1.00 1.25 1.50
N

0.25
0.5
0.75

1.25
1.5
- 1.75

1 |- 2.




We can solve linear equation for y;, modes

i p=6 shows to be the best candidateto
_achieve reheating for low energy scales.

—_—

N

10-12% 11 o
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’ 1 1.
1.25

1015 11 15
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k/(aH)



Geometric (p)reheating: Non-linear regime
|In linear regime y, modes grow unbounded

: ] ] ] ] '
O 4 — 2D 2 U o uv .
S = J'd Xy/—8 <2mpR sz)( zgﬂ 0,X0, zgﬂ 0,00, V(qb,%)) \'

and the NMC-field EolM

Y +B-a)Fy —a OV 4 g (fR)( + V)() =0

___can we get the effect of the y growth on R dynamics? |



Geometric (p)reheating: Non-linear reglme

We ha.ve now a, full system of equa.tlons tha.t cha,ra,otemze the
system

){N‘l‘ (3 . a)(i>%/_ a—2(1—a) VZ — aza <5R)(+ v){)
a
¢//_I_ (3 . a)(i) ¢/_ a—Z(l—a) V2¢ — a2a‘/,¢
4]

7/ I\ 2 200
da da da
—+(1—a)(—) S
a a 6

with

(65_1)<<ﬁ> (¢ x>2>> 65< >+4<V> (#7) | {97

a? a’e a?




Geometric (p)reheating: Non-linear regime

" Full non-linear system V
1mpossﬂole to solve analytlcally

\ 4

Lattice simulations
tosmoLattice

Figueroa, Florio, Torrenti, Valkenburg 21, ’23



‘G osmo L attice input

struct ModelPars : public TemplLat::DefaultModelPars <
static constexpr NScalars = 2;

static constexpr NPotTerms = 2; #IC

#kCutOff = 1

ext_PS = none xi 50 _Nafter_ 1 Nbefore 14 N256 M _5_tp6.dat
initial_amplitudes = 3.58973el6 @ # homogeneous amplitudes in GeV

initial_momenta = -2.0602e29 0 # homogeneous amplitudes in (GeV)"2

#Model Parameters

M=5#Mscale in mp units
xis = 0

typedef CouplingsManager<NScalars, 1, false, true> NonMinimalCouplings;


http://Tanh4NMC.in

‘G osmo L attice input

struct ModelPars : public TemplLat::DefaultModelPars <
static constexpr NScalars = 2;

static constexpr NPotTerms = 2; #IC

#kCutOff = 1

ext_PS = none xi 50 _Nafter_ 1 Nbefore 14 N256 M _5_tp6.dat
initial_amplitudes = 3.58973el6 @ # homogeneous amplitudes in GeV

initial_momenta = -2.0602e29 0 # homogeneous amplitudes in (GeV)"2

#Model Parameters

M=5#Mscale in mp units
xis = 0

typedef CouplingsManager<NScalars, 1, false, true> NonMinimalCouplings;




‘G osmo L attice input

Parameter file:

struct ModelPars : public TempLat::DefaultModelPars {
static constexpr NScalars = 2;

static constexpr NPotTerms = 2; W
B #kCutOoff = 1
ext_PS = none x1_50 Nafter 1 Nbefore 14 N256 M > _tp6.dat

¥ initial amnlitudes = 3.58972e1A A # haomnoeneoniis_amnlitudes .n GeV
initial_momenta = -2.0602e29 0 # homogeneous amplitudes in (GeV)"2

#Model Parameters
M=5#Mscale in mp units
xis = 0

typedef CouplingsManager<NScalars, 1, false, true> NonMinimalCouplings;

f.

External Power spectrum as
nput

g ame O D 1 i g el D T a4 YL B D 1 i e o ’ _ooana



‘G osmo L attice input

struct ModelPars : public TemplLat::DefaultModelPars <
static constexpr NScalars = 2;

static constexpr NPotTerms = 2;

#IC
#kCutOff = 1

ext_PS = none xi 50 _Nafter_ 1 Nbefore 14 N256 M _5_tp6.dat
initial_amplitudes = 3.58973el6 @ # homogeneous amplitudes in GeV

initial_momenta = -2.0602e29 0 # homogeneous amplitudes in (GeV)"2

. #Model Parameters

M =5 #M scale in mp units
. xis = 0

typedef CouplingsManager<NScalars, 1, false, true> NonMinimalCouplings;



‘6 osmo. Z attice output

a,a’a'la, R



‘G osmo L attice output

|__average scale factortxt | a',ad'la, .

_BEI TP, 660> P). Ey

t()t |

average_energy_densities.txt | [7.K. -



‘G osmo L attice output

i average_scale_factor.txt | ,a’, : |

| .. 3§/a2a<¢2> 65/2a<¢¢ > E ]

t()t |

average_energy_densities.txt | [i. Ky,

. spectra_scalar_l.txt |
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Geometric (p)reheating: Lattice results p=6

et
-
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(6 =500; M =5m,; p=06)

FExpectation values
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Ezxpectation values

F_l
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Geometric (p)reheating: Lattice results p=6

(6 =500; M =5m,; p=0>6)

n (§=2500; M =my; p=6) 0 £ =500 M =10"'m, p = 6
10

—9 o
10 10—0

R/H? —4
/ 2 10 _6

| Reheating is achieved for any valueof M | .

To-4] 0

1078 107

Expectation |

10—12. | | | 10—14.
0 3 0



Geometric (p)reheating: Lattice results p=6

— E, —— E, (§=1500; M =m,; p=6) (£=500; M =10"'m,; p=6)
1073 (£ =500; M =5m,: p=6) 107! 10~
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Geometric (p)reheating: Lattice results p=6

(§=1500; M =my,; p=6) (6 =500; M =10"'m,; p = 6)

\ —— E, E, | * |
102 (& =500; M =5m,; p=06) 1071 \ 101

T
£ —9 —3 NN
< 10 10~

AN 10~ ~
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10" For any M eventually E, > E 2

Reheating is achieved in any case. |
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Geometric (p)reheating: Lattice results p=6

(£ =500; M =m,; p=06)

(§:500;M=5mp;p:6) 1.0
k 0.5 L
0.0
0.5
| ' —1.0 |
1 9 3 :

(6 =500; M =10"2m,; p=6)

(£ =500; M =10"'m,; p=16)
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Geometric (p)reheating: Lattice results p=6

(£ =0500; M =5m,; p=>6)

(£ =500; M =m,; p=06) 1\ ﬂ (£ =500; M =10"'m,; p=6)
o.aL

_____________________ LN e eee e e ee e eses s sesessenes
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For any M eventually w — 1/3 |

| Reheating is achieved in any case.

|
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Geometric (p)reheating: Lattice results p=6

{ Nir = when w (EoS) envelope falls bellow 90% its Max
' value

o0& =50a& =100 & = 200

Fragmented Region
4 5 5 £ =300 5 & = 500

Backreaction Region

1| N —

1073 102 101 1 10




Geometric (p)reheating: Lattice results p=6

& =300 + & =500
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Thanks!



Inflaton fragmentation

| perturbations 8¢ (X, f) couple to

V(@) 4

Sepy + [K2+ (P — 1)\¢\p_2] o =0

Lozanov, Amin ‘17
Antusch, Figueroa, Marschall, Torrenti ’20



Inflaton fragmentation

| Inflaton inhomogeneous
{ perturbations d¢)(X, ) couple to}
the background ‘

S+ |2+ (0= DIGI? | =0

For M 2 m, _,
! Inhomogeneities grow due to {
{ parametric resonance ;

("Teading i the fragimentation
’ of the homogeneous




Inflaton fragmentation

| perturbations d¢ (X, f) couple to

V(@) 4

S+ |2+ (0= DIGI? | =0

For M 2 m, _
! Inhomogeneities grow due to
{ parametric resonance ;

j Fragmentation time scale very §
long Ny, ~ O(1 — 10) :




Inflaton fragmentation

| perturbations d¢ (X, f) couple to

V(@) 4

For M < m, initial effective mass |

of n;odes is negative
oV
(@) <0

0 j




Inflaton fragmentation

| perturbations d¢ (X, f) couple to

V(@) 4

5$k + K2 +

0* V()
220) e

¢end
| Avery large range of modes |
| K< (M/ mp)_1 ‘

grow exponentially (tachyonic 1}

j Fragmentation time scale very §
short Ny, ~ O(1072) 1




Inflaton fragmentation

0.50 -

0.25

I3 M =10""m,, M =5 x10"*m,,
M =10"*m,, — M =6 x10"*m,
0.00 M=2x10%m,  —— M=8x10"m,
M=25x10"*m, =—— M =10"'m,
M =3.5x10"*m
—0.25 ’
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0.50 -

0.25

0.00 -

—0.25

Inflaton fragmentation

—_— M = 10_3mp
M =10"*m,,
— M =2x10"%m,
—— M =25x10"%m,
M = 3.5 x 107?m,,

) 4
N

For M > 1()_2mp competition

between tachyonic and
parametric resonance

Long Ny, |

i For M < lO_zmp dominated |
| tachyonic resonance ;



0.00 -
0.25
0.00 -

—0.25

Inflaton fragmentation

| Fragmentation kills homogeneous -

'mula,tlons for p 6

oscillations! D

$en tachyonic and
Inetric resonance

§ Long N frag

102m oompetltlon

Frustrates geometric geometric
(p)rehea,tmg

M 35><10 mp

10_2mp dominated

2 4 6

tachyonic resonance ,
 Short Vg |

N



