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Introduction

Current densities

• Barionic matter: Ωb ≃ 0.05

• Dark matter (DM): Ωc ≃ 0.24

• Dark energy (DE): ΩD ≃ 0.72

WMAP Collaboration, 2013

Equation of state of DE (pD = ωDρD): ωD = −1.006 ± 0.045
Planck Collaboration, 2015
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Introduction

Dark energy

Possible descriptions:

• Cosmological constant, Λ (ωΛ = −1)
ΛCDM description

• Modified gravity

• Scalar fields:

- Quintessence (ωφ > −1)
- Phantom fields (ωφ < −1)

• Dynamic vacuum
Evolving Λ, ωD(z)
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Introduction

Dark energy as a dynamic vacuum

• Friedmann’s equations take the known form:

3H2 = 8πG(a)(ρm + ρr + ρΛ(a)) (1)

3H2 + 2Ḣ = −8πG(a)(ρr
3
− ρΛ(a)) , (2)

with ρΛ(a) = Λ(a)
8πG(a) .

• Need to postulate the evolution of ρΛ(a)
• Possible coupling of ρΛ to ρm and G
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Approach

Approach

• Find evolution of densities, H and G

• Identify possible anomalous conservation laws

and also...

• Find an effective equation of state (EoS) for dark energy
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Approach

Studied models

ρΛ(H;ν,α) = 3

8πG
(c0 + νH2 + 2

3
αḢ) (3)

Solà et al, 2015 & 2016

• Type G: evolving G, ΛCDM evolution of ρm, ρr

• Type A: G = const., modified evolution of ρm, ρr

ρ̇Λ = −qVHρΛ (4)

Salvatelli et al, 2014

• Type S, S’ (different fits)
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Approach

Effective equation of state

• Comparison with scalar field EoS (not interacting with dark matter)

• Impose equality of the models’ Hubble functions,

E2(z) = Ω0
mfm(z, ri)(1 + z)αm +Ω0

ΛfΛ(z, ri) , (5)

with theoretical scalar field Hubble function:

E2
D(z) = Ω̃0

m(1 + z)αm + Ω̃0
Dζ(z) . (6)

• Obtain ωD(z)
Basilakos & Solà, 2013
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Results Conservation laws

Conservation laws

• Type G: Ġ(ρm + ρr + ρΛ) +Gρ̇Λ = 0

- ρm and ρr follow conventional conservation laws
- Coupling to G is essential for a dynamic vacuum

• Type A and S: ρ̇m + ρ̇r + 3H(ρm + ρr) = −ρ̇Λ

- Anomalous matter conservation laws
- Dynamic vacuum couples to matter
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Results Conservation laws

Normalized matter density
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- Evolution close to ΛCDM
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Results Conservation laws

Normalised vacuum density
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- Evolution differs from
ΛCDM (ΩΛ ≃ 0.7)
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Results Effective equation of state

Effective equation of state
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Effective behavior:

- Phantom field-like: G,
A (S’)

- Quintessence-like: S

Clara Hormigos (Universitat de Barcelona) Taller de Altas Enerǵıas 14th September 2016 12 / 20



Conclusions

Conclusions

• Dynamical vacuum models provide an alternative explanation of dark
energy with

- No need for external fields
- Significant improvement when fit to data

• Need to postulate an evolution of ρΛ

• Introducing a dynamical vacuum leads to anomalous conservation laws

• Effective EoS can differ from ΛCDM and explain possible ωD ≠ −1
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Thank you for your attention
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Backup

Normalised vacuum density

ΛCDM:
ΩΛ(z) = Ω0

Λ ≃ 0.7

Type G:

ΩΛ(z) = (1 + z)3((1 + z)−3ξ(1 − Ω0
m

ξ ) +Ω0
m(ξ−1 − 1))

Type A:
ΩΛ(z) = Ω0

Λ +Ω0
m(ξ−1 − 1)((1 + z)3ξ − 1)

Type S:
ΩΛ(z) = Ω0

Λ(1 + z)qV
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Backup

Akaike and Bayesian criteria with respect to ΛCDM

Model ∆AIC ∆BIC
RVM (G,A) 27.66 25.44
QΛ (S) 17.13 14.91

Solà, De Cruz Pérez, Gómez-Valent, Nunes (2016)

∆AIC, ∆BIC = 6 − 10→ ”strong evidence” against ΛCDM
∆AIC, ∆BIC > 10→ ”very strong evidence” against ΛCDM
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Backup

Evolution of ρΛ

• ”Running constant”, QFT

dρΛ

dlnµ2
= 1

4π
∑
i

[aiM2
i µ

2 + biµ4 + ciµ
6

M2
i

+ ...] (7)

µ ∼H
Solà, 2016. arXiv:1601.01668v2
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Backup

FLRW metric:

ds2 = −dt2 + a2(t)( dr2

1 −Kr2
+ r2dθ2 + r2 sin2 θdφ2) (8)

Field equations:

Rµν −
1

2
R = 8πGT̃µν , T̃µν ≡ Tµν + gµνρΛ (9)

Bianchi identities:
∇µ(GT̃µν) = 0 (10)
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Backup

Local conservation law:

d

dt
(Gρ) + 3GH(ρ + p) = 0 (11)
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Backup
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Evolution of the normalized non-relativistic matter density with the scale factor for
model S.
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