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Effective Description of Fluid in Cosmology
The Universe on large scales (d ≳ O(10 Mpc)) is homogeneous and
isotropic

ds2 =
[
−dt2 + a2(t)δijdxidxj

]
FLRW

Expansion determined by its constituent, described as barotropic fluids:

Energy density ρI(t)
Pressure pI(t)

} Equation of State

pI(t) = wI(t)ρI(t)

H2 ≡
(

ȧ(t)
a(t)

)2
= a2(t)

3M2
p

∑
I ρI(t)

ρ̇I(t) + 3H(1 + wI(t))ρI(t) = 0

 wI(t) determines the dynamics
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The Invisible Universe and ΛCDM:
What are dark matter and dark energy?

Dark Energy:
Cosmological Constant Λ
wΛ = −1 (pΛ = −ρΛ)

No additional degrees
of freedom!

Dark Matter:
Non-relativistic, collisionless perfect fluid CDM
wDM = 0 (pDM = 0) δpDM = 0

}
Structure formation
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Observations with BAO & Supernovae

DES+DESI+CMB
w0 wa σ

-0.803±0.054 -0.72±0.21 3.2σ

No canonical degrees of
freedom can propagate
in the phantom region!

CPL form
wDE(a) = w0 + wa(1 − a)
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Scalar Field Dynamics: Quintessence Dark Energy

Time dependent equation of state ⇒ New degrees of freedom

Lφ = −
√

−g
[1

2gµν∂µφ∂νφ + V (φ)
]

ρφ = φ̇2

2 + V

pφ = φ̇2

2 − V

 wφ = φ̇2 − 2V

φ̇2 + 2V
> −1

Phantom propagation only if:
φ̇ ∈ C

Suppose you know wφ(t)

ρ̇φ + 3H(1 + wφ)ρφ = 0 ⇒

φ̇ =
√

ρφ(1 + wφ)
V (φ(t)) = ρφ

2 (1 − wφ)
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So is there a consistent description of w0waCDM?

w0waCDM

Decoupled dark components
S = SDE + SDM !

ρ̇tot + 3H(1 + wtot)ρtot = 0

with:
ρtot = ρDM + ρDE

wtot = wCPL
ρDE
ρtot

> −1

ρ̇DE + 3H(1 + wCPL)ρDE = 0
ρ̇DM + 3HρDM = 0

Coupled Dark Sector

Interacting dark components
S = Sφ+χ

ρ̇tot + 3H(1 + wtot)ρtot = 0

with:
ρtot = ρχ + ρφ

wtot = wφ
ρφ

ρtot

ρ̇φ + 3H(1 + wφ)ρφ = −Q
ρ̇χ + 3Hρχ = Q

Same
Background,

Dark
Degeneracy
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Time Varying Dark Matter Mass

The mass of DM is sourced by the quintessence field

Sdark = −
∫

d4x
√

−g
[

1
2gµν∂µφ∂νφ + V (φ) − Lχ(χ, φ)

]
with DM being still non-relativistic:

World-line action
of massive particle

Sχ = −
∫

dτ m(φ)

√
−gµν

dxµ

dτ

dxν

dτ

= −
∫

dτ m⋆

√
−g̃µν

dxµ

dτ

dxν

dτ

g̃µν =
(

m(φ)
m⋆

)2
gµν

We do not need the
UV theory of DM

(i.e. Boson or Fermion)

We only need to assume
the time dependence

m(t) = m(φ(t))



Evolving Dark
Matter

Lorenzo La Penna

Introduction

Tension in Light of
New Data

Scalar Field
Dynamics

Dark Degeneracy

Time Varying DM
mass

Background
Cosmology

Linear Cosmology

Conclusion

Time Varying Dark Matter Mass

The mass of DM is sourced by the quintessence field

Sdark = −
∫

d4x
√

−g
[

1
2gµν∂µφ∂νφ + V (φ) − Lχ(χ, φ)

]
with DM being still non-relativistic:

World-line action
of massive particle

Sχ = −
∫

dτ m(φ)

√
−gµν

dxµ

dτ

dxν

dτ

= −
∫

dτ m⋆

√
−g̃µν

dxµ

dτ

dxν

dτ

g̃µν =
(

m(φ)
m⋆

)2
gµν

We do not need the
UV theory of DM

(i.e. Boson or Fermion)

We only need to assume
the time dependence

m(t) = m(φ(t))



Evolving Dark
Matter

Lorenzo La Penna

Introduction

Tension in Light of
New Data

Scalar Field
Dynamics

Dark Degeneracy

Time Varying DM
mass

Background
Cosmology

Linear Cosmology

Conclusion

Construct the new dark sector from the isolated one (i.e. w0waCDM)

∇µT µ
ν, χ = 1

m

∂m

∂φ
∂νφ Tχ ∇µT µ

ν, φ = −∇µT µ
ν, χ

ρDM → ρχ = ρDM
m

mini

ρDE → ρφ = ρDE + ρDM

(
1 − m

mini

)
wDE → wφ = wDE

1 + ρDM
ρDE

(
1 − m

mini

)

m(φ(a)) =


mini(1 − αa) Linear
mini {1 − [αa (1 − S∆(a − as)) + αasS∆ (a − as)]} Smoothed

with: S∆(x) = 1
2

(
1 + tanh

(
x

∆

))



Evolving Dark
Matter

Lorenzo La Penna

Introduction

Tension in Light of
New Data

Scalar Field
Dynamics

Dark Degeneracy

Time Varying DM
mass

Background
Cosmology

Linear Cosmology

Conclusion

Coupled Background

CLASS stands for the isolated picture
obtained with the cosmological Boltzmann code CLASS

Stable
Quintessence

Strong energy injection
towards DE at early times,

but still a CDM dominated epoch.
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Coupled Background
The field is moving also at early times
differently from standard Thawing Quintessence

dφ

da
= 1

H

√
ρφ(1 + wφ)

V (φ) = 1
2ρφ(a(φ)) [1 − wφ(a(φ))]
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Linear Order Cosmology

Dark degeneracy broken at linear order

ds2 = a2
[
−(1 + 2Ψ)dη2 + δij(1 − 2Φ)dxidxj

]
Φ(η, x⃗) Gravitational Potential

δI = δρI/ρI θI = ∂iv
i
I dt = a dη Ψ ≈ Φ

δ′
I + (1 + wI)(θI − 3Φ′) − 3H

(
δpI

δρI
− wI

)
δI = Q1[m, δJ , θJ ]

θ′
I + H(1 − 3wI)θI + w′

I

1 + wI
θI − k2

1 + wI

δpI

δρI
δI − k2Ψ = Q2[m, δJ , θJ ]
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Sub-Horizon limit & Clustering of matter

k ≫ H


δ′′

φ + k2δφ ≈ 0 φ never clusters efficiently and can be neglected

δ′′
m + (H + M)δ′

m −
[

3H2

2ρtot
ρm + M2 ρχ

ρφ(1 + wφ)

]
δχ ≈ 0

M = log(m)′ < 0 less friction vs more/less gravitational collapse
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Total matter power spectrum
⟨δm(η, k⃗)δm(η, k⃗′)⟩ = (2π)3δ(3)(k⃗ + k⃗′)Pm(η, k)

non-relativstic matter (b+χ)

Both enhanced and reduced power

Possible to tune parameters
in order to reproduce the
isolated scenario
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Lensing power spectrum

Cϕϕ
ℓ = 16π

∫ ∞

0

dk

k
∆ζ(k)

[∫ η0

ηi

dη TΦjℓ(k(η0 − η))W (η)
]2

W (η) = η − ηi

(η0 − η)(η0 − ηi)
k2Φ ≈ − 3H2

2ρtot
ρmδm suppression
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Integrated Sachs-Wolfe Effect
(

∆T

T

)
ℓ

(k) ≡ Θℓ(k) = Θ(δ)
ℓ + Θ(SW )

ℓ + Θ(Dop)
ℓ + Θ(ISW )

ℓ

CT T
ℓ ⊃ CISW

ℓ = 16π

∫ ∞

0

dk

k
∆ζ(k)

[∫ η0

ηi

dη
dTΦ

dη
jℓ(k(η0 − η))W (η)

]2
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Conlcusion & Outlook

Isolated Dark Sectors
(also pathological)

Coupled Dark Sectors
(stability)

Same overall background
(Dark Degeneracy)

Differences in linear order
observables

¬ ≲ O(1%) difference in the matter power spectrum
¬ ∼ O(10% ÷ 15%) in lensing
¬ ∼ O(1) in ISW

{ Detailed analysis
of parameter space

{ Beyond
w0waCDM
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Thank you for your attention
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