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What are NMC Scalars good for?

ℒ ⊃ ξRϕ2 ∝ ξ H2 ϕ2 Dominates only in the 
very early Universe 
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Inflation & reheating:

Ricci reheating

Geometric preheating

 inflation & reheatingf(ϕ)

Higgs inflation & reheating

 inflation & reheating f(R)
De Felice & Tsujikawa 1002.4928

Bezrukov & Shaposhnikov 0710.3755

Watanabe & Komatsu gr-qc/0612120 

Bezrukov et al 0812.3622
Garcia-Bellido et al 0812.4624

*This is by no means a exhaustive listing of the literature
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Figueroa & Byrnes 1604.03905

NMC reheating
Series of papers by DeCross et al  
1510.08553, 1610.08868 & 1610.08916
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Higgs inflation & reheating
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Example:
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In post-inflationary FRW universe* *For a single scalar dominating 
the energy density, recall also:

=

8
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>>>:

�12H2
, in�ation (w = �1)

�3H2
, ma�er domination (w = 0)

0 , radiation domination (w = 1/3)

6H2
, kination domination (w = 1)

R = �3(1� 3w)H2

The Ricci Curvature Scalar

ρ ∝ a−3(1+w)
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Two extremely interesting cases:
  Ricci reheating⟹

2. For an oscillatory post-inflationary inflaton potential

Vinf(χ) =
1
2

m2χ2 R = −
T

m2
p

≈
R0

4 ( a0

a )
3

[1 + 3 cos(2mt)]⟹

Geometric 
Preheating

⟹
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Geometric Preheating
[Bassett & Liberati  hep-ph/9709417]
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Opferkuch, Stefanek 2112.08388]

Vinf(χ) = Λ4 tanh4 ( cχ
mp )
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Initial Conditions

2. Solve mode equations initialising 
each mode in Bunch-Davies:

1. Solve inflationary EOS for background evolution:

··φk + H ·φk + [ k2

a2
+ (ξ −

1
6 ) R] φk = 0

φk(k /(aH ) ≫ 1) ≈
1

2k
e

ik
aH

with initial conditions

 log-spaced modesk = 512
Penetration factor k /(aH ) = β ∼ 103

Numerical implementation:

Implies  e-folds of inflationΔN ∼ log(103β) ∼ 14
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Linear analysis

Solved in cosmic time (α = 0)

··χ + 3H ·χ +
∂Vinf

∂χ
= 0 Vinf(χ) = Λ4 tanhp ( cχ

mp )where and p = 4,6
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a′ ′ 

a
+ (1 − α)( a′ 

a )
2

=
a2α

6
R

Cosmology on the Lattice

ϕ′ ′ + (3 − α)
a′ 

a
ϕ′ −

∇2ϕ
a2(1−α)

+ a2αξRϕ = − a2α ∂V
∂ϕ

χ′ ′ + (3 − α)
a′ 

a
χ′ −

∇2χ
a2(1−α)

= − a2α ∂Vinf

∂χ

R =
F(ϕ)
m2

p [(6ξ − 1) ( 1
a2α

⟨ϕ′ 2⟩ −
1
a2

⟨(∇ϕ)2⟩) − 6ξ⟨ϕV,ϕ⟩ + 4⟨V + Vinf⟩ −
1

a2α
⟨χ′ 2⟩ +

1
a2

⟨(∇χ)2⟩]

System of equations:

with the Ricci scalar:

NMC spectator field

Inflaton

FRW Background evolution

F(ϕ) ≡
1

1 + (6ξ − 1) ξ⟨ϕ2⟩/m2
p

BUT: R depends on all fields and their conjugate momenta

a2αξRϕ

a2α

6
R

6ξ 6ξ⟨ϕV,ϕ⟩F(ϕ)
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Cannot use symplectic integrators  Implicit Runge-Kutta⟹
Public Implementation  
in 𝒞osmoℒattice

[Figueroa, Florio, Torrenti, and Valkenburg: 2006.15122] 
[Figueroa, Florio, Opferkuch, Stefanek: 2112.08388] 

[Figueroa, Florio, Opferkuch, Stefanek: To appear]
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CosmoLattice NMC Inputs
Model file with NMC scalar (NMC_tan4.h):

1. Declare which scalars in 
the theory are minimally 
versus non-minimally coupled
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CosmoLattice NMC Inputs
Model file with NMC scalar (NMC_tan4.h):

1. Declare which scalars in 
the theory are minimally 
versus non-minimally coupled

Input file with NMC scalar (NMC_tan4.in):

2. Choose value of ξ

3. (Optional) specify input 
power spectrum at a = 1

*can be a list for multiple 
NMC scalar fields

http://nmc_tan4.in
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CosmoLattice NMC Outputs
1. Output file for scale factor & R 
(*_average_scale_factor.txt):

η̃, a, a′ ,
a′ 

a
, R

Prints columns:
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CosmoLattice NMC Outputs
1. Output file for scale factor & R 
(*_average_scale_factor.txt):

η̃, a, a′ ,
a′ 

a
, R

Prints columns:

2. Output file for NMC scalar power 
spectrum (*_spectra_scalar_*.txt):

Prints columns:
η̃, ⟨ϕ̃n⟩, ⟨ϕ̃′ n⟩, ⟨ϕ̃2

n⟩, ⟨ϕ̃′ 2
n ⟩, rms(ϕ̃n), rms(ϕ̃′ n)

*Same as public version of CosmoLattice
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CosmoLattice NMC Outputs
1. Output file for scale factor & R 
(*_average_scale_factor.txt):

η̃, a, a′ ,
a′ 

a
, R

Prints columns:

2. Output file for NMC scalar power 
spectrum (*_spectra_scalar_*.txt):

Prints columns:
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n⟩, ⟨ϕ̃′ 2
n ⟩, rms(ϕ̃n), rms(ϕ̃′ n)

*Same as public version of CosmoLattice

ρϕ(η) =
1

2a2α
⟨ϕ′ 2⟩ +

1
2a2

⟨(∇ϕ)2⟩ + ⟨V(ϕ)⟩ρχ(η) =
1

2a2α
⟨χ′ 2⟩ +

1
2a2

⟨(∇χ)2⟩ + ⟨V(χ)⟩

3. Output file for NMC scalar energy densities (*_average_energies.txt):

+
3ξ
a2α

ℋ2⟨ϕ2⟩ +
6ξ
a2α

ℋ⟨ϕϕ′ ⟩ −
ξ
a2

⟨∇2ϕ2⟩

NMC spectator field (scal1)
Inflaton field (scal0)

rhoNMC1 rhoNMC2 ⟨…⟩ = 0
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Power Spectrum
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Energy density
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e-folds post inflation

10°11

10°9

10°7

10°5

E
n
er

gy
d
en

si
ty

co
m

p
on

en
ts

Vinf = § tanh6
≥

Æ¬
mp

¥

ª = 50

K¬

V¬

G¬

K¡

G¡

V¡

6ª
a2 Hh¡¡0i

3ª
a2 H2h¡2i
total ¡

total ¬



12

Reheating Viability
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Back-reaction Results
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Current/Future Directions

•Extend  to include GWs in the 
presence of a dominant NMC background

𝒞osmoℒattice

Bounded range of allowed  for the operator ξ ξR |H |2

•Study constraints on NMC Higgs in the 
presence of an oscillating inflaton

•Simulate the full NMC Higgs scenario 
(including all relevant SM fields) 


