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A perfect fluid

I. INTRODUCTION

A basic hypothesis of standard cosmology is that pressureless matter, that forms clusters,

is conserved, which is mathematically expressed by the law ρm ∝ a−3 for the evolution of

its background density. This hypothesis is in fact a tautology if dark energy is formed by

a cosmological constant. However, if dark energy is a dynamical field, it can in principle

cluster. In this case, from an observational viewpoint, it is impossible to know which part of

the clustering energy is made by matter and which part is made by clustered dark energy.

This is a manifestation of the so called dark degeneracy [1, 2]. If we identify the clustered

energy as pressureless matter, the clustering of the dynamical dark energy will be interpreted

as matter production. At the same time, the smooth part of dark energy, responsible for

accelerating the expansion, will decrease. This is a scenario in which an interaction between

dark matter (defined as clustering energy) and dark energy (defined as the smooth compo-

nent responsible for the acceleration) would appear [3]. Another, more obvious, situation

is that dark particles are indeed created from the expanding vacuum, a process generally

present in expanding spacetimes. Since we know nothing definite about the properties of

dark particles (as their masses and couplings), their creation from vacuum cannot, a priori,

be ruled out.

In a FLRW spacetime the energy-momentum tensor has the general form

T µν = (ρ+ p)uµuν − pgµν , (1)

where ρ is the energy density, p = ω(ρ) ρ is the pressure, and u is the cosmic fluid 4-velocity.

We are free to decompose it as

T µν = ρmu
µuν + Λgµν , (2)

by defining Λ = −p = −ωρ and ρm = (1+ω)ρ. Such a decomposition resolves the degeneracy

discussed above, provided we can show that the vacuum-type component Λ does not cluster

if we identify ρm as the observed cold matter. For this purpose, let us express the covariant

conservation equation T µν
;ν = 0 in the form

T µν
m;ν = Qµ, (3)

T µν
Λ;ν = −Qµ, (4)
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with 

wherewhere T µν
m = ρmuµuν and T µν

Λ = Λgµν . Here, Qµ is the energy-momentum transfer between

the two components, which we decompose as Qµ = Quµ + Q̄µ, with Q̄µuµ = 0. For a

comoving observer, it is easy to see that Q represents the energy transfer. The second term,

Q̄µ, represents the momentum transfer, null in the isotropic background. From (4) we have

Q = −Λ,νu
ν , (5)

Q̄µ = Λ,ν(u
µuν − gµν). (6)

A linear perturbation of the latter leads to δQ̄0 = 0 and

δQ̄i = (δΛ+ Λ̇θ),i ≡ δΛc
,i, (7)

where θ is the dark fluid velocity potential. The last equation is the basis for the conclusion

we are going to take [1]. The left-hand side represents the momentum transfer between the

two components in the perturbed spacetime. If the matter component is non-relativistic,

the momentum transfer must be negligible, and matter will follow geodesics [4, 5]. We then

obtain δΛc ≈ 0. This quantity represents the covariant, comoving perturbation of the Λ com-

ponent [6], which is, therefore, smooth. If, in addition, there is no energy transfer between

the two components, Λ is constant and matter is conserved1. In this case, observational cos-

mology would be reduced to a precise determination of the ΛCDM free parameters. However,

there is no reason to assume such a prior, which demands for observational confirmation.

Some observational tensions in the recipe of the standard model in fact suggest the

presence of interaction. The present matter density derived from LSS observations are

systematically lower than the values obtained through SNe Ia observations. The ΛCDM

best-fit for the 2dFGRS data, for instance, gives Ωm0 ≈ 0.23 [7], while a value Ωm0 ≈ 0.24

was obtained with the linear-range data of the SDSS galaxy catalogue [8, 9]2. On the

other hand, with supernovae samples larger densities are obtained. For example, the JLA

compilation gives Ωm0 ≈ 0.3 [11] or even Ωm0 ≈ 0.4, depending on the light-curve calibration

method used [12]. Larger values are also derived from CMB observations [13]. This tension

can be understood as a signature of matter creation if we remember that the matter power

spectrum depends sensibly on the matter density at the time of matter-radiation equality,

1 The reverse is also true: If we assume that clustering cold matter is conserved, observations will favor a

cosmological constant among dark energy candidates.
2 When non-linear scales are included, the SDSS best-fit approaches Ωm0 ≈ 0.29 [9, 10].
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whereas cosmological distances determinations are more dependent on the present matter

density. Therefore, if matter is created in the late-time expansion, but we assume matter

conservation in LSS and distance tests, the former will lead to a lower present density as

compared to the latter.

II. PARAMETRISING THE INTERACTIONS

With the above decomposition of the cosmic fluid, the Friedmann and conservation equa-

tions assume the form

3H2 = ρm + Λ, (8)

ρ̇m + 3Hρm = Γρm = −Λ̇, (9)

where the unknown function Γ is the rate of matter creation. Note that the second equation

is quite general and can be seen as a definition of the creation rate. In the late-time universe

there are two natural possibilities for fixing Γ. The first is a constant creation rate [14], a

natural choice for the creation of non-relativistic particles in a low-energy expansion. The

second is a creation rate proportional to the expanding rate H (appropriate, by the way, to

describe the inflationary period [15]). The former (latter) is a particular (limiting) case of a

parametrisation given by the ansatz

Λ = σH−2α, (10)

with constants α > −1 and σ = 3(1− Ωm0)H
2(α+1)
0 . From (8) and (9) it is easy to derive

Γ = −ασH−(2α+1), (11)

as well as the Hubble function

H2(z) = H2
0

!
1− Ωm0 + Ωm0(z + 1)3(1+α)

" 1
1+α . (12)

In the above equations Ωm0 = ρm0/(3H2
0 ) is the present value of the matter relative density.

The ΛCDM model corresponds to α = 0, while negative α means creation of matter. For

α = −1/2 we have a constant creation rate Γ = 3HdS/2, where H
−1
dS is the asymptotic future

de Sitter horizon. The reader may identify (12) with a generalised Chaplygin gas (GCG)

[16], that behaves like cold matter at early times and tends to a cosmological constant
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in the asymptotic future. This identification, however, is only valid in the background

level. Our ansatz (10) is, actually, equivalent to a decomposed, non-adiabatic GCG [17–19].

This parametrisation, of course, does not include all the possible forms for the interaction

term. Nevertheless, it is general enough for our purpose, namely to look for signatures of

interactions in current and future observations. From (12) it is easy to see that, for high

redshifts, the matter density scales as

ρm(z) = 3H2
0 Ω

1
1+α
m0 z3 (z ≫ 1). (13)

Therefore, owing to matter creation, we do not have the standard relation between the

matter density at high redshifts and at present. This difference affects some expressions

used in fitting formulae and numerical codes, as for example equations (18) and (24) below.

Furthermore, in order to have the correct density at high redshifts (preserving in this way

the CMB spectrum profile), we will have today a density higher or smaller than the standard

model value (depending on the sign of α).

In a previous joint analysis [20] of LSS (2dFGRS), SNe Ia (JLA) and the position of

the first peak of CMB, the 2σ bounds −0.39 < α < −0.04 were obtained, along with

0.24 < Ωm0 < 0.41, 0.66 < h < 0.74, and 0.81 < σ8 < 0.84. JLA alone has given α ≈ −0.5,

which means a constant Γ. The scalar spectral index ns was taken equal to 1 and baryons

were neglected for simplicity, which has shown to be a good approximation. We will see

below how these and other tests are performed, with particular attention to some subtleties

related to the matter creation effects. We shall also present the full CMB spectrum for

α = −1/2, showing that the presence of interactions solves the current ΛCDM tensions on

the Hubble parameter value.

III. PERFORMING OBSERVATIONAL TESTS

A. Linear matter power spectrum

Since the only clustering component is pressureless matter, for sub-horizon scales there

is no scale-dependence in the perturbation equations governing the evolution of the matter

linear contrast. Therefore, all the observed modes evolve in the same way, and the matter

power spectrum retains at present the profile it has at the beginning of the matter era. It
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T (x = k/keq) =
ln[1 + 0.171x]

(0.171x)

!

1 + 0.284x+ (1.18x)2 + (0.399x)3 + (0.490x)4
"−0.25

. (19)

TABLE I: 3σ intervals for α and Ωm0 (SNe Ia+CMB+LSS).

SNe Ia sample α Ωm0 χ2
min/ν

Constitution (MLCS2k2-17) −0.49+0.09
−0.05 0.46+0.04

−0.05 0.98

SDSS (MLCS2k2) −0.51+0.08
−0.07 0.48 ± 0.05 0.85

SDSS (SALT2) −0.36+0.16
−0.08 0.36+0.05

−0.08 0.88

Union2.1 (SALT2) −0.36+0.16
−0.11 0.36+0.06

−0.09 0.94

This transfer function was obtained by precisely fitting
the observed spectrum with the CDM model. It gives the
spectrum profile at the begining of the matter dominated
era and, therefore, is valid for any model that differs from
the CDM model only at late-times2. During the late-
time expansion the spectrum is just amplified, and for
its normalisation we use the observed spectrum at small
scales.
The observed position of the first acoustic peak in the

CMB anisotropy spectrum is given by [22] l1 = lA(1−δ1),
where lA is the acoustic scale and

δ1 ≈ 0.267
# r

0.3

$0.1
. (20)

Here, r ≡ ρR(zls)/ρm(zls) is evaluated at the redshift
of last scattering zls3. Using again (16) and ρR ≈

3H2
0ΩR0z4, we have

r = ΩR0Ω
− 1

1+α

m0 zls. (21)

For calculating the acoustic scale, we use 3H2 = ρ+ ρR.
The density parameters of baryons and photons, to be
used in the calculation of the sound speed in the baryon-
photon plasma, will be fixed at the same values of the
standard model, Ωb0h2 = 0.02 and Ωγ0h2 = 2.45× 10−5.
Finally, when testing the distance-redshift relation of

type Ia supernovae, the calibration method has special

2 It is instructive to compute the Hubble parameter and the mat-
ter density at the redshift of matter-radiation equality in the
standard model (α = 0) and in a case with matter creation (say,
α = −1/2). Taking in the first case Ωm0 ≈ 0.2 (the best-fit
given by LSS observations) and in the second case the best-fit
value Ωm0 ≈ 0.45, the redshift of equality is zeq ≈ 2, 400 in both
cases. At this redshift the matter densities differ by 1%, and the
Hubble parameter in the two models differ by 0.3%.

3 We have shown in [23] that, for the particular case α = −1/2,
zls differs only 1% from the standard value.
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FIG. 2: Power spectrum for α = −1/2 and Ωm0 = 0.45.
The blue line was obtained by integrating the perturbation
equations [12]. The dashed red line corresponds to the use of
the transfer function (19). For comparison, we also show the
power spectrum of the ΛCDM concordance model (solid red
line). Data are from the 2dFGRS catalogue.

relevance. The Union2 sample was calibrated with the
SALT2 fitter, and for it a fiducial ΛCDM model was
used [9], something that may lead to bias. A model-
independent calibration is provided by the MLCS2k2 fit-
ter, used in the calibration of the Constitution and SDSS
compilations to be considered here [8].

V. RESULTS AND DISCUSSION

Table I shows the joint analysis results after marginal-
ising over H0, with 3σ confidence level. The two first
lines correspond to the SNe Ia samples calibrated with
MLCS2k2, and in both cases we obtain α ≈ −1/2, which
corresponds to a constant-rate production of dark matter
and to a dark energy density decaying linearly with H .
The corresponding confidence regions are show in Fig.
1. The present matter density is in agreement with con-
cordance tests with α fixed as −1/2, which have given
Ωm0 ≈ 0.45 [11]. It is higher than the standard model
best-fit, as antecipated above for the case of a negative
α. The power spectrum for α = −1/2 and Ωm0 = 0.45 is
shown in Fig. 2, together with the 2dFGRS data. The
blue line was obtained by integrating the perturbation
equations from very high redshifts to the present, as in
Ref. [12]. The dashed red line corresponds to the use of
Eq. (19) and leads to an error of 4% at most. For com-
parison we show the spectrum of the ΛCDM concordance

FIG. 1: The linear power spectrum for α = −1/2 and Ωm0 = 0.45 [18]. The blue line was obtained

by a direct integration of the perturbation equations [25]. The dashed red line corresponds to the

use of (14) and (18). The solid red line corresponds to the concordance ΛCDM model. Data come

from the 2dFGRS catalogue [7].

can be written as [21]

P (k) = P0k
nsT 2(k/keq), (14)

where T (x ≡ k/keq) is the BBKS transfer function [22],

T (x) =
ln(1 + 0.171x)

0.171x

!
1 + 0.284x+ (1.18x)2 + (0.399x)3 + (0.490x)4

"−1/4
. (15)

The normalisation constant P0 is determined in the fitting and can be related to σ8 by [23]

σ2
8 =

1

2π2

# ∞

0
k2W 2(kR)P (k)dk, (16)

with a spherical top-hat filter defined as

W (kR) = 3

$
sin(kR)

(kR)3
− cos(kR)

(kR)2

%

, (17)

and R = 8 Mpc. The spectrum turnover occurs at keq, the mode which enter in the horizon at

the time of matter-radiation equality. By using (13) for the matter density at high redshifts

and ρR ≈ ρR0z4 for the radiation density, we obtain

keq =
H(zeq)

zeq
= 0.073Mpc−1h2 Ω

1
1+α
m0 , (18)
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TABLE I: 3σ intervals for α and Ωm0 (SNe Ia+CMB+LSS).

SNe Ia sample α Ωm0 χ2
min/ν

Constitution (MLCS2k2-17) −0.49+0.09
−0.05 0.46+0.04

−0.05 0.98

SDSS (MLCS2k2) −0.51+0.08
−0.07 0.48 ± 0.05 0.85

SDSS (SALT2) −0.36+0.16
−0.08 0.36+0.05

−0.08 0.88

Union2.1 (SALT2) −0.36+0.16
−0.11 0.36+0.06

−0.09 0.94

This transfer function was obtained by precisely fitting
the observed spectrum with the CDM model. It gives the
spectrum profile at the begining of the matter dominated
era and, therefore, is valid for any model that differs from
the CDM model only at late-times2. During the late-
time expansion the spectrum is just amplified, and for
its normalisation we use the observed spectrum at small
scales.
The observed position of the first acoustic peak in the

CMB anisotropy spectrum is given by [22] l1 = lA(1−δ1),
where lA is the acoustic scale and

δ1 ≈ 0.267
# r

0.3

$0.1
. (20)

Here, r ≡ ρR(zls)/ρm(zls) is evaluated at the redshift
of last scattering zls3. Using again (16) and ρR ≈

3H2
0ΩR0z4, we have

r = ΩR0Ω
− 1

1+α

m0 zls. (21)

For calculating the acoustic scale, we use 3H2 = ρ+ ρR.
The density parameters of baryons and photons, to be
used in the calculation of the sound speed in the baryon-
photon plasma, will be fixed at the same values of the
standard model, Ωb0h2 = 0.02 and Ωγ0h2 = 2.45× 10−5.
Finally, when testing the distance-redshift relation of

type Ia supernovae, the calibration method has special

2 It is instructive to compute the Hubble parameter and the mat-
ter density at the redshift of matter-radiation equality in the
standard model (α = 0) and in a case with matter creation (say,
α = −1/2). Taking in the first case Ωm0 ≈ 0.2 (the best-fit
given by LSS observations) and in the second case the best-fit
value Ωm0 ≈ 0.45, the redshift of equality is zeq ≈ 2, 400 in both
cases. At this redshift the matter densities differ by 1%, and the
Hubble parameter in the two models differ by 0.3%.

3 We have shown in [23] that, for the particular case α = −1/2,
zls differs only 1% from the standard value.
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FIG. 2: Power spectrum for α = −1/2 and Ωm0 = 0.45.
The blue line was obtained by integrating the perturbation
equations [12]. The dashed red line corresponds to the use of
the transfer function (19). For comparison, we also show the
power spectrum of the ΛCDM concordance model (solid red
line). Data are from the 2dFGRS catalogue.

relevance. The Union2 sample was calibrated with the
SALT2 fitter, and for it a fiducial ΛCDM model was
used [9], something that may lead to bias. A model-
independent calibration is provided by the MLCS2k2 fit-
ter, used in the calibration of the Constitution and SDSS
compilations to be considered here [8].

V. RESULTS AND DISCUSSION

Table I shows the joint analysis results after marginal-
ising over H0, with 3σ confidence level. The two first
lines correspond to the SNe Ia samples calibrated with
MLCS2k2, and in both cases we obtain α ≈ −1/2, which
corresponds to a constant-rate production of dark matter
and to a dark energy density decaying linearly with H .
The corresponding confidence regions are show in Fig.
1. The present matter density is in agreement with con-
cordance tests with α fixed as −1/2, which have given
Ωm0 ≈ 0.45 [11]. It is higher than the standard model
best-fit, as antecipated above for the case of a negative
α. The power spectrum for α = −1/2 and Ωm0 = 0.45 is
shown in Fig. 2, together with the 2dFGRS data. The
blue line was obtained by integrating the perturbation
equations from very high redshifts to the present, as in
Ref. [12]. The dashed red line corresponds to the use of
Eq. (19) and leads to an error of 4% at most. For com-
parison we show the spectrum of the ΛCDM concordance

FIG. 1: The linear power spectrum for α = −1/2 and Ωm0 = 0.45 [18]. The blue line was obtained

by a direct integration of the perturbation equations [25]. The dashed red line corresponds to the

use of (14) and (18). The solid red line corresponds to the concordance ΛCDM model. Data come

from the 2dFGRS catalogue [7].

can be written as [21]

P (k) = P0k
nsT 2(k/keq), (14)

where T (x ≡ k/keq) is the BBKS transfer function [22],

T (x) =
ln(1 + 0.171x)

0.171x

!
1 + 0.284x+ (1.18x)2 + (0.399x)3 + (0.490x)4

"−1/4
. (15)

The normalisation constant P0 is determined in the fitting and can be related to σ8 by [23]

σ2
8 =

1

2π2

# ∞

0
k2W 2(kR)P (k)dk, (16)

with a spherical top-hat filter defined as

W (kR) = 3

$
sin(kR)

(kR)3
− cos(kR)

(kR)2

%

, (17)

and R = 8 Mpc. The spectrum turnover occurs at keq, the mode which enter in the horizon at

the time of matter-radiation equality. By using (13) for the matter density at high redshifts

and ρR ≈ ρR0z4 for the radiation density, we obtain

keq =
H(zeq)

zeq
= 0.073Mpc−1h2 Ω

1
1+α
m0 , (18)
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TABLE I: 3σ intervals for α and Ωm0 (SNe Ia+CMB+LSS).

SNe Ia sample α Ωm0 χ2
min/ν

Constitution (MLCS2k2-17) −0.49+0.09
−0.05 0.46+0.04

−0.05 0.98

SDSS (MLCS2k2) −0.51+0.08
−0.07 0.48 ± 0.05 0.85

SDSS (SALT2) −0.36+0.16
−0.08 0.36+0.05

−0.08 0.88

Union2.1 (SALT2) −0.36+0.16
−0.11 0.36+0.06

−0.09 0.94

This transfer function was obtained by precisely fitting
the observed spectrum with the CDM model. It gives the
spectrum profile at the begining of the matter dominated
era and, therefore, is valid for any model that differs from
the CDM model only at late-times2. During the late-
time expansion the spectrum is just amplified, and for
its normalisation we use the observed spectrum at small
scales.
The observed position of the first acoustic peak in the

CMB anisotropy spectrum is given by [22] l1 = lA(1−δ1),
where lA is the acoustic scale and

δ1 ≈ 0.267
# r

0.3

$0.1
. (20)

Here, r ≡ ρR(zls)/ρm(zls) is evaluated at the redshift
of last scattering zls3. Using again (16) and ρR ≈

3H2
0ΩR0z4, we have

r = ΩR0Ω
− 1

1+α

m0 zls. (21)

For calculating the acoustic scale, we use 3H2 = ρ+ ρR.
The density parameters of baryons and photons, to be
used in the calculation of the sound speed in the baryon-
photon plasma, will be fixed at the same values of the
standard model, Ωb0h2 = 0.02 and Ωγ0h2 = 2.45× 10−5.
Finally, when testing the distance-redshift relation of

type Ia supernovae, the calibration method has special

2 It is instructive to compute the Hubble parameter and the mat-
ter density at the redshift of matter-radiation equality in the
standard model (α = 0) and in a case with matter creation (say,
α = −1/2). Taking in the first case Ωm0 ≈ 0.2 (the best-fit
given by LSS observations) and in the second case the best-fit
value Ωm0 ≈ 0.45, the redshift of equality is zeq ≈ 2, 400 in both
cases. At this redshift the matter densities differ by 1%, and the
Hubble parameter in the two models differ by 0.3%.

3 We have shown in [23] that, for the particular case α = −1/2,
zls differs only 1% from the standard value.
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FIG. 2: Power spectrum for α = −1/2 and Ωm0 = 0.45.
The blue line was obtained by integrating the perturbation
equations [12]. The dashed red line corresponds to the use of
the transfer function (19). For comparison, we also show the
power spectrum of the ΛCDM concordance model (solid red
line). Data are from the 2dFGRS catalogue.

relevance. The Union2 sample was calibrated with the
SALT2 fitter, and for it a fiducial ΛCDM model was
used [9], something that may lead to bias. A model-
independent calibration is provided by the MLCS2k2 fit-
ter, used in the calibration of the Constitution and SDSS
compilations to be considered here [8].

V. RESULTS AND DISCUSSION

Table I shows the joint analysis results after marginal-
ising over H0, with 3σ confidence level. The two first
lines correspond to the SNe Ia samples calibrated with
MLCS2k2, and in both cases we obtain α ≈ −1/2, which
corresponds to a constant-rate production of dark matter
and to a dark energy density decaying linearly with H .
The corresponding confidence regions are show in Fig.
1. The present matter density is in agreement with con-
cordance tests with α fixed as −1/2, which have given
Ωm0 ≈ 0.45 [11]. It is higher than the standard model
best-fit, as antecipated above for the case of a negative
α. The power spectrum for α = −1/2 and Ωm0 = 0.45 is
shown in Fig. 2, together with the 2dFGRS data. The
blue line was obtained by integrating the perturbation
equations from very high redshifts to the present, as in
Ref. [12]. The dashed red line corresponds to the use of
Eq. (19) and leads to an error of 4% at most. For com-
parison we show the spectrum of the ΛCDM concordance

FIG. 1: The linear power spectrum for α = −1/2 and Ωm0 = 0.45 [18]. The blue line was obtained

by a direct integration of the perturbation equations [25]. The dashed red line corresponds to the

use of (14) and (18). The solid red line corresponds to the concordance ΛCDM model. Data come

from the 2dFGRS catalogue [7].

can be written as [21]

P (k) = P0k
nsT 2(k/keq), (14)

where T (x ≡ k/keq) is the BBKS transfer function [22],

T (x) =
ln(1 + 0.171x)

0.171x
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The normalisation constant P0 is determined in the fitting and can be related to σ8 by [23]

σ2
8 =
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k2W 2(kR)P (k)dk, (16)

with a spherical top-hat filter defined as

W (kR) = 3
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sin(kR)

(kR)3
− cos(kR)

(kR)2
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, (17)

and R = 8 Mpc. The spectrum turnover occurs at keq, the mode which enter in the horizon at

the time of matter-radiation equality. By using (13) for the matter density at high redshifts

and ρR ≈ ρR0z4 for the radiation density, we obtain

keq =
H(zeq)

zeq
= 0.073Mpc−1h2 Ω

1
1+α
m0 , (18)
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TABLE I: 3σ intervals for α and Ωm0 (SNe Ia+CMB+LSS).

SNe Ia sample α Ωm0 χ2
min/ν

Constitution (MLCS2k2-17) −0.49+0.09
−0.05 0.46+0.04

−0.05 0.98

SDSS (MLCS2k2) −0.51+0.08
−0.07 0.48 ± 0.05 0.85

SDSS (SALT2) −0.36+0.16
−0.08 0.36+0.05

−0.08 0.88

Union2.1 (SALT2) −0.36+0.16
−0.11 0.36+0.06

−0.09 0.94

This transfer function was obtained by precisely fitting
the observed spectrum with the CDM model. It gives the
spectrum profile at the begining of the matter dominated
era and, therefore, is valid for any model that differs from
the CDM model only at late-times2. During the late-
time expansion the spectrum is just amplified, and for
its normalisation we use the observed spectrum at small
scales.
The observed position of the first acoustic peak in the

CMB anisotropy spectrum is given by [22] l1 = lA(1−δ1),
where lA is the acoustic scale and

δ1 ≈ 0.267
# r

0.3

$0.1
. (20)

Here, r ≡ ρR(zls)/ρm(zls) is evaluated at the redshift
of last scattering zls3. Using again (16) and ρR ≈

3H2
0ΩR0z4, we have

r = ΩR0Ω
− 1

1+α

m0 zls. (21)

For calculating the acoustic scale, we use 3H2 = ρ+ ρR.
The density parameters of baryons and photons, to be
used in the calculation of the sound speed in the baryon-
photon plasma, will be fixed at the same values of the
standard model, Ωb0h2 = 0.02 and Ωγ0h2 = 2.45× 10−5.
Finally, when testing the distance-redshift relation of

type Ia supernovae, the calibration method has special

2 It is instructive to compute the Hubble parameter and the mat-
ter density at the redshift of matter-radiation equality in the
standard model (α = 0) and in a case with matter creation (say,
α = −1/2). Taking in the first case Ωm0 ≈ 0.2 (the best-fit
given by LSS observations) and in the second case the best-fit
value Ωm0 ≈ 0.45, the redshift of equality is zeq ≈ 2, 400 in both
cases. At this redshift the matter densities differ by 1%, and the
Hubble parameter in the two models differ by 0.3%.

3 We have shown in [23] that, for the particular case α = −1/2,
zls differs only 1% from the standard value.
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FIG. 2: Power spectrum for α = −1/2 and Ωm0 = 0.45.
The blue line was obtained by integrating the perturbation
equations [12]. The dashed red line corresponds to the use of
the transfer function (19). For comparison, we also show the
power spectrum of the ΛCDM concordance model (solid red
line). Data are from the 2dFGRS catalogue.

relevance. The Union2 sample was calibrated with the
SALT2 fitter, and for it a fiducial ΛCDM model was
used [9], something that may lead to bias. A model-
independent calibration is provided by the MLCS2k2 fit-
ter, used in the calibration of the Constitution and SDSS
compilations to be considered here [8].

V. RESULTS AND DISCUSSION

Table I shows the joint analysis results after marginal-
ising over H0, with 3σ confidence level. The two first
lines correspond to the SNe Ia samples calibrated with
MLCS2k2, and in both cases we obtain α ≈ −1/2, which
corresponds to a constant-rate production of dark matter
and to a dark energy density decaying linearly with H .
The corresponding confidence regions are show in Fig.
1. The present matter density is in agreement with con-
cordance tests with α fixed as −1/2, which have given
Ωm0 ≈ 0.45 [11]. It is higher than the standard model
best-fit, as antecipated above for the case of a negative
α. The power spectrum for α = −1/2 and Ωm0 = 0.45 is
shown in Fig. 2, together with the 2dFGRS data. The
blue line was obtained by integrating the perturbation
equations from very high redshifts to the present, as in
Ref. [12]. The dashed red line corresponds to the use of
Eq. (19) and leads to an error of 4% at most. For com-
parison we show the spectrum of the ΛCDM concordance

FIG. 1: The linear power spectrum for α = −1/2 and Ωm0 = 0.45 [18]. The blue line was obtained

by a direct integration of the perturbation equations [25]. The dashed red line corresponds to the

use of (14) and (18). The solid red line corresponds to the concordance ΛCDM model. Data come

from the 2dFGRS catalogue [7].

can be written as [21]

P (k) = P0k
nsT 2(k/keq), (14)

where T (x ≡ k/keq) is the BBKS transfer function [22],
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0.171x
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The normalisation constant P0 is determined in the fitting and can be related to σ8 by [23]

σ2
8 =
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2π2
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0
k2W 2(kR)P (k)dk, (16)

with a spherical top-hat filter defined as

W (kR) = 3
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, (17)

and R = 8 Mpc. The spectrum turnover occurs at keq, the mode which enter in the horizon at

the time of matter-radiation equality. By using (13) for the matter density at high redshifts

and ρR ≈ ρR0z4 for the radiation density, we obtain

keq =
H(zeq)

zeq
= 0.073Mpc−1h2 Ω

1
1+α
m0 , (18)
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FIG. 4: Left panel: Evolution of the density contrast with the scale factor for the ΛCDM model (black curve) and for model
(I) with α = −0.5: for dark matter (blue) and for baryons (red). Right panel: Evolution of the baryonic frsdσ8 versus z for
the ΛCDM model (black) and for model (I) with α = −0.5 (red).

Hence, for baryonic matter we have, instead of (59),

frsd(z)σ8(z) = f b
1(z)σ8(0)D

N
b+(z). (61)

This does not mean that the baryonic velocity field does not coincide with the dark matter one. Indeed, since
we are assuming that vacuum is not perturbed (i.e. δQ = 0), there is no momentum transfer to dark matter, and
then it follows geodesics like baryons. This can be verified by taking the perturbed Euler equation for a pressureless
interacting component i, which expresses its momentum conservation. In the Newtonian gauge it is written as

(ρiϑi)
′ + 4Hρiϑi + ρiΦ = aQiϑi, (62)

where Qi is the interaction term, and Φ is the gravitational potential. Making use of the background conservation
equation

ρ′i + 3Hρi = −aQi, (63)

we can obtain, for both baryonic and dark matter components,

ϑ′i +Hϑi = −Φ. (64)

Therefore, given the same initial conditions, dark matter and baryons follow the same geodesics. Note also that, as
(64) is valid for any Qi, it is also valid for total matter, as should be.
Relations (55) and (60) can be re-derived in the Newtonian gauge, in the limit of sub-horizon scales k ≫ H. In this

gauge, the energy conservation equation for a pressureless interacting component is given by

δρ′i + 3Hδρi − 3ρiΦ
′ + ρiϑi = −aQiΦ. (65)

Using the background conservation equation (63), we obtain

δ′i −
aQi

ρi
δi + ϑi = −aQi

ρi
Φ+ 3Φ′. (66)

For the gravitational potential one can obtain, from the perturbed Einstein equations,

k2Φ = −a2

2
δρm − 3Ha2ρm

2k2
ϑm, (67)

where ϑm and ρm are, respectively, the velocity potential and density of total matter. Taking the limit k ≫ H, we
have the Poisson’s equation

k2Φ = −a2

2
δρm (k ≫ H). (68)
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of the baryonic frsdσ8 for ΛCDM (black) and for α = −1/2 (red).

can be obtained by a numerical integration of the perturbation equations5 [27]

a2H2δ′′m + aH (aH ′ + 3H + Γ) δ′m + 2ΓHδm =
ρmδm
2

, (19)

a2H2δ′′b + aH (aH ′ + 3H) δ′b =
ρmδm
2

, (20)

where a prime means derivative w.r.t. the scale factor a, and the index m stands for total

matter. It is straightforward to generalise them to any α. The corresponding growing rate

is given by

fb(z) =
δ
′
b(z)

Haδb(z)
, (21)

and RSD can be tested by using the bias-independent combination

frsd(z)σ8(z) = fb(z)σ8D
N
b+(z), (22)

where DN
b+(z) = δb(z)/δb(0) and σ8 = σ8(0) ≈ 0.83 [13]. The results are shown in Fig. 2.

In the left panel we can see the evolution of the dark matter contrast in both standard and

interacting models, together with the baryonic contrast evolution in the latter, with same

initial conditions [27]. In the right panel we plot frsdσ8 for the standard and interacting

models, which differ at most 12%. For the interacting model we have used Ωm0 = 0.45,

while for the standard model we have taken Ωm0 = 0.23, the best-fit values for the 2dFGRS

data in each case [7, 14].

5 The constant Γ in (19) is the creation rate of total matter, not dark matter. The resulting difference in

the background solution is negligible, because baryons are subdominant [27].
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This does not mean that the baryonic velocity field does not coincide with the dark matter one. Indeed, since
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we can obtain, for both baryonic and dark matter components,
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Therefore, given the same initial conditions, dark matter and baryons follow the same geodesics. Note also that, as
(64) is valid for any Qi, it is also valid for total matter, as should be.
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can be obtained by a numerical integration of the perturbation equations5 [27]

a2H2δ′′m + aH (aH ′ + 3H + Γ) δ′m + 2ΓHδm =
ρmδm
2

, (19)

a2H2δ′′b + aH (aH ′ + 3H) δ′b =
ρmδm
2

, (20)

where a prime means derivative w.r.t. the scale factor a, and the index m stands for total

matter. It is straightforward to generalise them to any α. The corresponding growing rate

is given by

fb(z) =
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′
b(z)

Haδb(z)
, (21)

and RSD can be tested by using the bias-independent combination

frsd(z)σ8(z) = fb(z)σ8D
N
b+(z), (22)

where DN
b+(z) = δb(z)/δb(0) and σ8 = σ8(0) ≈ 0.83 [13]. The results are shown in Fig. 2.

In the left panel we can see the evolution of the dark matter contrast in both standard and

interacting models, together with the baryonic contrast evolution in the latter, with same

initial conditions [27]. In the right panel we plot frsdσ8 for the standard and interacting

models, which differ at most 12%. For the interacting model we have used Ωm0 = 0.45,

while for the standard model we have taken Ωm0 = 0.23, the best-fit values for the 2dFGRS

data in each case [7, 14].

5 The constant Γ in (19) is the creation rate of total matter, not dark matter. The resulting difference in

the background solution is negligible, because baryons are subdominant [27].
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FIG. 1: Probability distribution functions for α and Ωm0

from the joint analysis of SNe Ia + LSS + CMB (red). The
black lines are PDFs for JLA supernovae only. The confidence
regions in the α× Ωm0 plane are also shown.

where T and TΛ stands for the energy-momentum tensors
of matter and vacuum, respectively. Qµ = Quµ + Q̄µ is
the energy-momentum transfer associated to the particle
creation, decomposed here in components colinear and
ortogonal to the cosmic fluid 4-velocity uµ. Using T µν

Λ =
Λgµν , one obtains from (6)

Q = −Λ,νu
ν , (7)

Q̄µ = Λ,ν (u
µuν

− gµν) . (8)

In the fluid rest frame, the energy transfer is given by
Q = −Λ̇, as in (1), whereas Q̄µ = 0, which means that
there is no momentum transfer in the isotropic back-
ground. A linear perturbation of equation (8) leads to
δQ̄0 = 0 and δQ̄i = (δΛ + Λ̇θ),i = δΛc

,i, where θ is the

velocity potential (∇⃗θ = δu⃗) and the second equality de-
fines the gauge-invariant comoving perturbation of the
vacuum component [12–14]. Since the created dark mat-
ter is non-relativistic, the momentum transfer δQ̄i is neg-
ligible compared to the energy transfer or, equivalently,
δΛc ≈ 0. In other words, this means that the vacuum
energy does not cluster and all we observe in the large-
scale clustering is pressureless matter. This means, on
the other hand, that there is no pressure term in the
perturbed equations, which guarantees the absence of
instabilities in the matter power spectrum. For a de-
tailed analysis of the perturbed equations, see [15] (for
the particular case α = −1/2 see also [16], where con-
served baryons are explicitly included).
Since there is no pressure term in the perturbed equa-

tions, all observed modes in the matter power spectrum
evolve in the same way after the time of matter-radiation
equality. Therefore, the present spectrum can be writ-

ten as P (k) = P0knsT 2(k/keq), where keq ≈ H(zeq)/zeq
is the comoving horizon scale at the time of matter-
radiation equality, and T (k/keq) is a transfer function
that gives the spectrum profile. Without loss of gen-
erality, we adopt ns = 1 for the scalar spectral index
and use the BBKS transfer function [17]. From (4), the
redshift of matter-radiation equality can be written as

zeq = Ω1/1+α
m0 /ΩR0, where ΩR0 = 4.15 × 10−5h−2 is the

present relative density of radiation (h = H0/100km/s-
Mpc). We then obtain

keq = 0.073Mpc−1 h2Ω
1

1+α

m0 . (9)

The normalisation constant P0 is a free parameter to be
determined together with Ωm0, h and α.
We test our hypothesis of cosmological particle cre-

ation from a joint analysis of the linear matter power
spectrum, the position of the first peak in the anisotropy
spectrum of the cosmic microwave background, and the
Hubble diagram of type Ia supernovae. For the matter
power spectrum analysis we use data from the 2dFGRG
survey [2]. Compared to more recent surveys (see for
example [21]), the 2dFGRG data present here the ad-
vantage of being weakly dependent on the fiducial model
used in their calibration. Updated surveys include data
from lower scales and higher redshifts (up to z ≈ 1) and
then are more contaminated by the standard model, used
in their calibration and in the treatment of non-linear ef-
fects. We also use the latest supernovae data, named
Joint Light-Curve Analysis (JLA) compilation [4], re-
calibrated with the present model using the SALT2 fitter
[22]. The position of the first peak in the CMB spec-
trum is given by l1 = lA(1 − δ1), where lA is the acous-
tic scale and δ1 = 0.267(r/0.3)0.1. In the latter expres-
sion, r = ρR(zls)/ρ(zls) is the ratio between the radia-
tion and matter densities at the redshift of last scattering
zls ≈ 1090 [23], written as

r = ΩR0Ω
−

1
1+α

m0 zls. (10)

In our analysis we use l1 = 220.8± 0.75 [24]. It is worth
mentioning that the generalisations given by Eqs. (3),
(9) and (10) as well as the SNe Ia calibration mentioned
earlier are essential for a proper analysis of the cosmo-
logical scenario here investigated.
Using MultiNest [25] we built chains with eight free

parameters (four cosmological and four SNe Ia nuisanse
parameters) and 5000 live points. The chains were anal-
ysed with GetDist1. In Fig. 1 we show the probabil-
ity distribution functions for α and Ωm0 after marginal-
isation over the remaining parameters. Negative values
of α are clearly favoured by the joint analysis, with the
2σ marginalised bounds on the model parameters given
by −0.39 < α < −0.04, 0.24 < Ωm0 < 0.41, and

1 http://cosmologist.info/cosmomc.

FIG. 3: Likelyhoods for the interaction parameter and the matter density parameter from the joint

analysis of SNe Ia (JLA) + LSS (2dFGRS) + l1 (red) [20]. The black lines are PDFs for just JLA

supernovae. The confidence regions in the α× Ωm0 plane are also shown.

C. Joint analysis

For SNe Ia tests we only need the generalisation of H(z) given in (12). However, the

supernovae light curves should be re-calibrated with the interacting model, as done in [20].

For the position of the first peak of CMB we use [28]

l1 = lA(1− δ1), (23)

where lA is the acoustic scale and δ1 = 0.267 (r/0.3)0.1. For interacting models we have [20]

r ≡ ρR(zls)

ρm(zls)
= ΩR0 Ω

− 1
1+α

m0 zls, (24)

where ΩR0 is the radiation density parameter and zls ≈ 1090 is the redshift of last scattering.

MCMC codes for the joint analysis involving LSS + SNe Ia + l1 [20] and for the non-linear

collapse [23] are available. For the ISW effect, see [27]. The results of the joint analysis of

Ref. [20] are shown in Fig. 3.
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IV. THE CMB ANISOTROPY SPECTRUM

A. Background

As discussed above, the particular case α = −1/2 corresponds to a constant matter-

creation rate, for which we have obtained a maximum likelihood from SNe Ia JLA observa-

tions. The background solution for the matter era is obtained from (12),

H(z) = H0

!
1− Ωm0 + Ωm0(z + 1)3/2

"
. (25)

By using Λ = σH and ρm = 3H2 − Λ, we have for the total matter density

ρm = 3H2
0

!
Ω2

m0(z + 1)3 + Ωm0(1− Ωm0)(z + 1)3/2
"
. (26)

In the limit of high redshifts we re-obtain Eq. (13) with α = −1/2. The dark matter density,

on the other hand, will be simply given by ρdm = ρm − ρb, where, for conserved baryons, we

have as usually

ρb = 3H2
0Ωb0(z + 1)3. (27)

After including a conserved radiation component

ρR = 3H2
0ΩR0(z + 1)4, (28)

the Hubble function for any time is given by [29]

H(z) = H0

#!
1− Ωm0 + Ωm0(z + 1)3/2

"2
+ ΩR0(z + 1)4

$1/2

. (29)

B. Perturbations

In the Newtonian gauge, the perturbation equations for dark matter are given by6 [30]

θ′dm = −aHθdm + k2φ, (30)

δ′dm = −θdm + 3φ′ + Γa

%
ρm
ρdm

&

(φ− δdm), (31)

where a prime means derivative with respect to conformal time, the indices m and dm stand

respectively for total matter and dark matter, Γ = (3/2)H0(1− Ωm0) is, as before, the rate

6 We adopt here the signature (−,+,+,+), with φ = ψ.
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In the limit of high redshifts we re-obtain Eq. (13) with α = −1/2. The dark matter density,

on the other hand, will be simply given by ρdm = ρm − ρb, where, for conserved baryons, we

have as usually

ρb = 3H2
0Ωb0(z + 1)3. (27)

After including a conserved radiation component

ρR = 3H2
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B. Perturbations
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%
ρm
ρdm

&

(φ− δdm), (31)
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6 We adopt here the signature (−,+,+,+), with φ = ψ.
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FIG. 4: The CMB anisotropy spectra for the ΛCDM model (α = 0, black) and for the model with

constante matter-creation rate (α = −1/2, red), superposed to the unbinned (left) and binned

(right) Planck data. For the standard model we have adopted Ωm = 0.31 and h = 0.67, while for

the interacting model we have used Ωm = 0.45 and h = 0.75.

of total matter creation, θdm is the dark matter potential velocity, and φ is the gravitational

potential. The Boltzmann equations for conserved baryons and radiation are the same as

in the standard model, as well as the Poisson’s equation. The above sets of background

and perturbation equations can be used in a numerical code like CLASS to generate the full

CMB spectrum. The best-fit cosmological parameters can be found with the help of Monte

Carlo and Bayesian inference codes like Monte Python and Multinest.

C. Results and discussion

The resulting CMB anisotropy spectrum is shown in Fig. 4, together with the ΛCDM

spectrum and the Planck unbinned (left) and binned (right) data, for comparison. For the

standard model we have adopted Ωm = 0.31 and h = 0.67. For the interacting model we

have used Ωm = 0.45 and h = 0.75, the 1σ upper limit for the Hubble parameter obtained

from distance measurements [31]. All the other CMB parameters were maintained in their

best-fit ΛCDM values. For baryons we have fixed Ωbh2 = 0.022, and for the scalar spectral

index we have adopted ns = 0.97. The only exception was the normalisation constant, fixed

in the interacting model 10% below the standard model value, a difference easily absorbed

in the galactic biases when fitting the matter power spectrum. With these parameters, we

have a relative difference between the two models smaller than 20% for l < 800, that is, up

to the third peak. For the tail of the spectrum the relative difference may reach up to 40%,

and an adjustment of the other CMB parameters is needed.
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