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Dark sector in the late universe
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FIG. 1. Top left panel: Comparison between the selected phenomenological function Ffit(z; b, c, d, e) given in Eq. (12) (solid
red) with the Planck ΛCDM (dashed blue) described in the text. Grey dots and bars are distance modulus values and related
errors for SNe Union and Mayflower GRBs samples, and black ones are for our generated SNe mock data. Top right panel:
comparison between the H(z) function derived from Eq. (12) (solid red) with that corresponding to the Planck ΛCDM (dashed
blue) described in the text. Grey dots and bars are expansion rate values and related errors from cosmic chronometers and black
ones our generated mock data. Bottom left panel: comparison of the DA(z) function derived from Eq. (12) (solid red) with
that corresponding to the Planck ΛCDM (dashed blue) case described in the text. Grey dots and bars are angular diameter
distances values and related errors from BOSS and SDSS, and black ones our generated mock data. Bottom right panel: relative
residuals between our model and the Planck ΛCDM for the Hubble function (dashed blue), the distance modulus (solid black)
and the angular diameter distance (dotted red).

whether the cosmological redshift drift data have some degree of complementarity with them, thus providing eventual
tighter constraints. These auxiliary mock data sets are created from the same model independent function Eq. (8).

1. W-First SNe

The first mock data set we produce is a SNe catalogue based on the W-First forecast [25], which includes 2725
SNe randomly picked in redshift bins of δz = 0.1 spread through a redshift range of 0.1 < z < 1.5 according to the
distribution given by [25].

Given that in the SNe case what one measures is the distance modulus, we can make direct use of the fitted function
Eq. (8) to generate the mock data points. As in the SL case, we also introduce some Gaussian noise to disperse the
data points around the mean value.

To create the error bars for this catalogue and the dispersion for the Gaussian noise, we use the information given
in [25]. The statistical errors they account for are the following: the photometric measurement error, σmeas = 0.8;
the intrinsic luminosity dispersion σint = 0.08; and the gravitational lensing magnification σlens = 0.07. Besides, they
assume a systematic error σsys = 0.01(1 + z)/1.8. Thus the total error per SNe is:

σtot =
√
σ2
stat +NSNσ2

sys , (15)

where σstat =
√
σ2
meas + σ2

int + σ2
lens and NSN is the number of SNe in the bin. The data set generated for the

W-First SNe survey is shown on Fig. 1.

Energy budget of the late universe is
dominated by the dark energy and
dark matter (∼ 95%).

Interaction between the dark sector
and ordinary matter is purely
gravitational.

Current observations does not rule
out the interaction between dark
matter and dark energy.

Can interacting dark sector alleviate
H0 tension ?

Equivalent fluid and field theory descriptions of interacting dark
sector.

Potential observational signatures of interacting dark sector.
Fig.Source: ESA, arXiv:1712.07555
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f(R̃, χ̃) model → interacting scalar fields

[JPJ & SS-2020]

We consider the following action

SJ =

∫
d4x
√
−g̃
[

1

2κ2
f(R̃, χ̃)− 1

2
g̃µν∇̃µχ̃∇̃νχ̃− V (χ̃)

]

Do a conformal transformation

gµν = Ω2g̃µν , where Ω2 = F (R̃, χ̃) ≡ ∂f(R̃, χ̃)

∂R̃

Redefine the scalar fields

S =

∫
d4x
√−g

(
1

2κ2
R− 1

2
gµν∇µφ∇νφ− U(φ)

−1

2
e2α(φ)gµν∇µχ∇νχ− e4α(φ)V (χ)

)
.

more detailsFluid description of the interacting dark sector

Define the energy density ρm, pressure pm and four velocity uµ of
the dark matter fluid as

ρm = −1

2
e2α
[
gµν∇µχ∇νχ− e2αV (χ)

]

pm = −1

2
e2α
[
gµν∇µχ∇νχ+ e2αV (χ)

]

uµ = −
[
−gαβ∇αχ∇βχ

]− 1
2 ∇µχ

Energy momentus tensor T
(m)
µν = pmgµν + (ρm + pm)uµuν

Interaction term

Q(F)
ν = ∇µT (m)µ

ν = −e2α(φ)α,φ(φ)∇νφ
[
∇σχ∇σχ+ 4e2α(φ)V (χ)

]

= −α,φ(φ)∇νφ(ρm − 3pm) = T (m)∇να(φ)

Not all the models show this equivalence

[JPJ & SS-2020]

Background evolution and constraints

Matter energy density ρm = ρm0
a−3(1+ωm)e[α(φ)−α0](1−3ωm)

Need to look at perturbed evolution to detect the signatures of
interacting dark sector



Evolution of first order perturbations : Fluid description

Evolution of dark energy scalar field and dark matter fluid

˙δρm + 3H(δpm + δρm) + (pm + ρm)

[∇2δus

a2
− 3Ψ̇

]
= −δQ

φ̇

(
δ̈φ− ∇

2δφ

a2
− 2Φφ̈+ U,φφ(φ)δφ

)
+ ˙δφ

(
φ̈+ 6Hφ̇+ U,φ(φ)

)

− φ̇
2

2

(
3Ψ̇ + Φ̇ + 6HΦ

)
= δQ,

where

δQ(F) = −(δρm−3δpm)α,φ(φ)φ̇−(ρm−3pm)
[
α,φφ(φ)φ̇δφ+ α,φ(φ) ˙δφ

]

Evolution of observables

[JPJ.etal-2021]

Three perturbed quantities related to:

1 Structure formation: δm

2 Weak gravitational lensing: Φ + Ψ

3 Integrated Sachs Wolfe effect: Φ′ + Ψ′

Evolve the first order perturbations in the range 0 < z < 1500

Study the effect of DE-DM interaction on the evolution of
perturbed quantities at different length scales

∆δm = δmi − δmni , ∆Φ = Φi − Φni, ∆Φ′ = Φ′i − Φ′ni
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Key points

Interacting dark sector can be obtained from a classical field
theory action.

Field theory action can be obtained from f(R̃, χ̃) via conformal
transformation.

Energy-momentum of individual components of dark sector is not
conserved.

There is a one to one mapping between field theory description
and fluid description of interacting dark sector for a unique
interaction term Q(F ).

Analysis of background evolution alone is not sufficient to
constrain the interaction.

Cosmological observations related to the LSS, Lensing and ISW
effect can potentially detect the signatures of dark matter - dark
energy interaction.


