Degeneracy between primordial non-Gaussianity and interaction in the dark sector
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If dark energy and dark matter interact via exchange of energy and momentum, then this may
affect the galaxy power spectrum on large scales. When this happens, it may be degenerate with the
signal from primordial non-Gaussianity via scale-dependent bias. We consider a class of interacting
dark energy models and show that the matter overdensity is scale-dependent on large scales. We
estimate the effective non-Gaussianity arising from the large-scale effects of interaction in the dark
sector. The signal of dark sector interaction can be disentangled from a primordial non-Gaussian
signal by measuring the power at two redshifts.
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I.

INTRODUCTION

Deviations from Gaussian initial conditions offer an
important window into the very early universe and a
powerful constraint for the mechanism which generated
the primordial perturbations. Large primordial NonGaussianity (PNG) could be produced within multifield inflation models, while standard single-field slow-roll
models lead to a small level of PNG [1].
PNG can be constrained by observations of the cosmic
microwave background [2] and the large-scale structure
[3]. In the presence of PNG, the formation of dark matter halos on small scales is modulated by the large-scale
overdensity, leading to a scale-dependent bias on very
large scales.
Forecasts for PNG constraints typically assume the
standard concordance model, i.e. with dark energy as
the cosmological constant. Dynamical dark energy models, i.e. with equation of state wx 6= −1, do not typically
introduce significant changes to the power spectrum on
large scales (see [4] and references therein). However, if
the dark energy interacts with dark matter, then there
can be significant effects on the matter overdensity on
large scales in some models [5–7]. This means that we
could misinterpret a large-scale signal as evidence of PNG
when in fact it might be a signature of interacting dark
energy (IDE). Here we investigate the large-scale effects
on the power spectrum from a class of IDE models, and
consider how to disentangle this signal from that of PNG.
The paper is organized as follows. In Sec. II we discuss
the perturbations in general IDE models and show the
scale-dependence of the matter overdensity for a class
of simple models. Section III considers the effects on
the power spectrum of IDE and of PNG, identifies the
degeneracy between these signals and illustrates how to
break the degeneracy. Conclusions are given in Sec.IV.
Our fiducial (non-interacting) model is a wCDM (i.e.
wx = const) model, with Ωm0 = 0.32, ΩΛ0 = 0.68 and
ns = 0.96. The IDE models have the same parameters.

II.

IDE DYNAMICS AND PERTURBATIONS

The transfer of energy density between dark energy
and dark matter is not ruled out by current observations
(for recent work, see e.g. [8–15]). Baryons, as standard
model particles, are excluded from non-gravitational interaction with the dark sector. For simplicity, and since
we are not producing observational constraints, we neglect baryonic matter in our analysis, but it is straightforward to include it via the transfer function.
Background dynamics

For interacting dark fluids with energy density ρm
(dark matter) and ρx (dark energy), the background continuity equations are (where A = m, x)
ρ0A + 3(1 + wA )ρA =

aQA
, Qx = −Qm .
H

(1)

Here a prime denotes d/d ln a. The equation of state
parameters are wA = pA /ρA and we assume a constant
equation of state for dark energy:
wm = 0, wx = const 6= −1.

(2)

In the non-interacting case, this dark energy model is
known as wCDM. The rate of energy density transfer
to fluid A is QA , and the conservation of total energy
enforces Qx + Qm = 0. We can rewrite (1) in terms of
an effective equation of state:
eff
eff
ρ0A + 3(1 + wA
)ρA = 0, wA
= wA −

aQA
.
3HρA

(3)

The Friedmann constraint and evolution equations do
not contain interaction terms since they govern the total
density and pressure:
8πGa2
(ρm + ρx ),
(4)
3
X
1
H0 = − (1 + 3wt )H, wt =
wA ΩA = wx Ωx , (5)
A
2

H2 =

where wt is the total equation of state.

2
Perturbations

Scalar perturbations of the flat background metric in
Newtonian gauge are given by


ds2 = a2 −(1 + 2Φ)dτ 2 + (1 − 2Φ)dx2 ,
(6)
where Φ is the gravitational potential (and equal to the
curvature perturbation). The A-fluid energy-momentum
tensor is
µ
µ
TAν
= (ρA + PA )uµA uA
ν + PA δ ν ,

(7)

where we assume each fluid is a perfect fluid. Here uµA is
the A-fluid four-velocity,

uµA = a−1 1 − Φ, ∂ i vA ,
(8)
where vA is the peculiar velocity potential.
The covariant form of energy-momentum transfer is
given by (we follow the approach of [5])
∇ν TAµν = QµA ,

QµA = QA uµ + FAµ .

(9)

We have split the energy-momentum transfer 4-vector
relative to the total four-velocity, where

uµ = a−1 1 − Φ, ∂ i vt ,
(10)
X
(1 + wt )vt =
(1 + wA )ΩA vA ,
(11)
A

QA = Q̄A + δQA , uµ FAµ = 0.

(12)

Here vt is the total velocity potential, the energy density
transfer rate is QA and FAµ is the momentum density
transfer rate, relative to uµ . For convenience, we drop
the overbar on the background Q̄A from now on.
Then it follows that
FAµ = a−1 (0, ∂ i fA ),

(13)

QA
0 = −a [QA (1 + Φ) + δQA ] ,
QA
i = a∂i [fA + QA vt ] ,

(14)
(15)

where fA is the momentum transfer potential. Total
energy-momentum conservation implies
X
X
X
0=
QA =
δQA =
fA .
(16)
A

A

A

The perturbed Einstein equations do not explicitly
contain interaction terms, since they govern the total
density and velocity perturbations. The gravitational potential evolves as
3 X
ΩA (1 + wA )vA ,
(17)
Φ0 + Φ = − H
A
2
and the relativistic Poisson equation is
h
i
3 X
∇2 Φ = H
ΩA δA − 3H(1 + wA )vA ,
A
2

(18)

where δA = δρA /ρA is the overdensity in Newtonian
gauge. Although there are no explicit interaction terms

in (17) and (18), the gravitational potential Φ and the
matter overdensity δm are affected by interaction – via
the perturbed conservation equations [(22), (23) below],
which do explicitly contain the interaction.
In the Newtonian gauge, the galaxy bias b is defined by
δg (k, a) = b(a)δm (k, a). However, this definition fails on
very large scales due to gauge-dependence, and we need
to identify the correct physical frame in which the bias is
scale-independent on all scales [16]. This is the comoving
frame, so that a gauge-independent definition of the bias
that applies on all (linear) scales is given by ∆g = b∆m ,
where ∆m = δm + (ρ0m /ρm )vm .
For this reason, it is convenient to use the comoving
overdensities
∆A = δ A +

ρ0A
vA .
ρA

(19)

In terms of the comoving overdensities, the Poisson equation becomes

3 X
(20)
ΩA ∆ A − Q Φ ,
∇2 Φ = H 2
A
2
X
a
a
QΦ =
(21)
QA vA = Qx (vx − vm ).
A
ρt
ρt
The interaction is now explicitly present through the velocity terms introduced via the comoving overdensities.
The perturbed conservation equations in [5] are given
in terms of δA . We re-express these in terms of ∆A to
obtain
c2sA
Φ
∆A +
= QvA ,
(1 + wA )H
H
k2
∆0A − 3wA ∆A − (1 + wA )vA
H
9
− H(1 + wA )(1 + wt )(vA − vt ) = Q∆
A,
2
0
vA
+ vA +

(22)

(23)

where csA is the sound-speed, i.e. the speed of propagation of fluctuations. For dark matter, csm = 0. For
dark energy, we choose the sound-speed of a quintessence
scalar field [5], so that csx = 1. The source terms on the
right encode the effect of interactions, and are given by
h
i
a
QvA =
QA (vt − vA ) + fA ,
(24)
(1 + wA )ρA H
 0

aQA QA
ρ0
Q∆
− A vA
A =
ρA QA
ρA


aQA
aQA
−
3+
(vt − vA )
ρA
(1 + wA )ρA H


a
aQA
−
3+
fA
ρA
(1 + wA )ρA H


aQA
aQA
a
+
3(1 + wA ) +
vA +
δQA
ρA
ρA H
ρA H


aQA
c2sA
aQA
−
+ 1 ∆A + 2
Φ.
(25)
ρA H (1 + wA )
ρA H

3

0.90

1.09

Γ = -0.01 H0
Γ = -0.02 H0
Γ = -0.03 H0

wxeff

wxeff

Γ = 0.01 H0
Γ = 0.02 H0
Γ = 0.03 H0

0.91

0.2

0.4

a

0.6

0.8

1.0

1.10

0.2

0.4

a

0.6

0.8

1.0

FIG. 1. Left: Evolution of effective dark energy equation of state, wxeff , with wx = −0.9 and for different Γ > 0, in the IDE
model (26). The Γ = 0 limit is wxeff = wx = −0.9. Right: The Γ < 0 case, with wx = −1.1.

A simple model of IDE

Dark sector interactions are not ruled out observationally and are theoretically plausible, given the unknown
nature of the physics of the dark sector. We do not have
guidance from fundamental physics for either the nature
of dark energy, or the form of a possible interaction between it and dark matter. Here we choose a simple model
of dark energy and a simple interaction model, each with
only a single parameter.
We adopt the interaction model of [17], defined covariantly by
Qµx = −Qµm = Γρx uµx ,

(26)

where Γ is a constant interaction rate. Since the dark
energy has wx = const, we call this model ΓwCDM.
In the background, (26) gives
Qx = Γρx = −Qm ,

(27)

and for the perturbations,
δQx = −δQm = Γρx δx , fx = −fm = Γρx (vx −vt ). (28)
Since QµA is parallel to uµx , there is no momentum transfer in the dark energy frame. This means there is momentum transfer in the dark matter frame, so that the
i
dark matter velocity vm
does not obey the same Euler
equation as the galaxies, and there is consequently a velocity bias [18]. The alternative model considered in [17]
has QµA parallel to uµm , without momentum transfer in
the dark matter frame and thus with no velocity bias.
We have checked that our results are not qualitatively
different for this alternative model.
There are two cases for the ΓwCDM model:

• Γ > 0 – which represents a transfer of energy density from dark matter to dark energy, with transfer
rate Γ.
Stability of this model requires [17] wx > −1.
• Γ < 0 – which represents the decay of dark energy
to dark matter, with decay rate |Γ|.
Stability of this model requires [17] wx < −1.
From (3) and (27), we see that wxeff = wx − aΓ/(3H).
Then it follows that wxeff < wx when Γ > 0 and wxeff > wx
when Γ < 0. This behaviour is illustrated in Fig. 1.
The effects of interaction grow with time, as dark energy
becomes significant and then dominant. It is clear that
|Γ|/H0 < 1 is required to avoid a background evolution
that will be ruled out by distance measurements. Here
are we are not concerned with precise limits on Γ (see
[17] for these).
Initial conditions

At decoupling, we assume that the dark fluids are adiabatic and have equal peculiar velocities:


δρm
δρx
Smx d ≡
−
= 0, vmd = vxd .
(29)
ρ0m
ρ0x d
By (19), this implies


 
ρm
ρx
∆
=
∆xd .
md
0
ρm d
ρ0x d
Using the Poisson equation (20), we get

2
k
(1 + µ)
2
Φd ,
∆md = −
3 Hd
Ωmd

2
2
k
µ
∆xd = −
Φd ,
3 Hd
Ωxd

(30)

(31)
(32)

4
where we have defined
 0  −1
 0  
ρx
ρx
1
−
 1.
µ=
ρ0m d
ρ0m d

(33)

We find that µ ∼ 10−9 for |Γ|/H0 . 0.03 and wx = −0.9.
For wx = −1.1, µ ∼ −10−11 .
The gravitational potential at decoupling is related to
the primordial potential as follows:
9
Φd (k) =
T (k)Φp (k),
10
(ns −4)/2

k
,
Φp (k) = A
H0

(34)
(35)

where T is the transfer function (→ 1 on very large
scales), ns is the spectral index of the primordial spectrum and A is an amplitude determined by the primordial
curvature perturbation.
We can neglect dark energy and the interaction at decoupling provided that µ  1 and |Γ|/H0 . 0.03. This is
equivalent to assuming that the universe at decoupling is
well described as matter-dominated, and it implies that
Φ0d = 0. Then from (17), (21) and (29), we find
vmd = −

2
Φd = vxd ,
3(1 + wx Ωxd )Hd

QΦ
d = 0.

(36)
(37)

Growth functions

DΦ (k, a)
Φd (k),
a

(38)

so that DΦd = ad .
We define dark matter and dark energy growth functions
∆m (k, a)
Dm (k, a) =
ad ,
∆md (k)
∆x (k, a)
Dx (k, a) =
ad ,
∆xd (k)

(39)
(40)

where we normalize at decoupling. Then it follows from
the Poisson equation (20) that
"
Ωmd
ad Hd2
Dm =
DΦ
Ωm (1 + µ) aH2
#
Ωx
ad Hd2
Φ
−µ
Dx − B
Q ,
(41)
Ωxd
T (k)k ns /2
QΦ = aΓΩx (vx − vm ) .
(4−n )/2

III.

LARGE-SCALE POWER IN IDE

We show below that dark sector interactions in our
model do lead to a growth or decrease of matter power
on large scales – which is similar to the effect of PNG
on the galaxy power spectrum. This illustrates the point
that if we are unaware of the possibility of IDE, then a
detection of PNG from the galaxy power spectrum could
in fact be a signal of dark sector interaction with Gaussian primordial perturbations. We need to be able to distinguish the two possibilities, i.e. to break the potential
degeneracy between the signals of IDE and PNG in the
large-scale galaxy power. First we need to characterize
the galaxy power in the two scenarios.
Galaxy overdensity in IDE and PNG

In the absence of PNG, the galaxy overdensity in
ΓwCDM is related to the matter overdensity on linear
scales by
∆Γg (k, a) = b(a)∆m (k, a),

The potential growth function DΦ is defined by
Φ(k, a) =

Thus (41) recovers the ΛCDM relation Dm = DΦ . In
ΛCDM, the matter growth function is scale-independent,
Dm = Dm (a). This also holds approximately for the noninteracting wx = const models, wCDM. The effect of dark
sector interactions on the growth of the comoving matter
overdensity is encoded in the QΦ term (42).

(42)

s
Here B = 5H0
/(3A) is a constant. In the limiting case of the concordance model ΛCDM (Γ = 0, wx =
−1), we have µ = 0 = Dx and H2 Ωm = a−1 H02 Ωm0 .

(43)

where b is the scale-independent bias. We have introduced a Γ superscript to distinguish this galaxy overdensity from the non-interacting PNG case.
In the presence of PNG, the bias becomes scaledependent on large scales [19]:
b(a) → b(a) + ∆b(k, a),
δc H 2 Ωm0
∆b = 3fNL (b − 1) 2 0
,
k T Dm

(44)
(45)

where fNL is the local PNG parameter and δc is the critical overdensity for halo collapse. On very large scales,
where T → 1, we have ∆b ∝ fNL k −2 . Equation (45) is
derived in ΛCDM but can also be applied to wCDM with
the replacement
Dm (a) → (1 + µ)Dm (k, a),

(46)

where µ is given by (33) and Dm (k, a) is the growth function for non-interacting dark energy (i.e., Γ = 0). This
replacement makes only a small change provided wx is
close to −1 and csx = 1. Thus for non-interacting wCDM
with PNG
h
∆b(k, a) i 0
∆fgNL (k, a) = b(a) 1 +
∆m (k, a),
(47)
b(a)
where ∆0m is the matter overdensity in wCDM. We will
call this model fNL wCDM.
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FIG. 2. Left: Relative galaxy overdensity [see (48)] at a = 1 with dark sector interactions, for different Γ > 0 and with
wx = −0.9. The vertical dashed line is the Hubble scale, k = H0 . The Γ = 0 limit is the horizontal line through 0. We used
b(1) = 2. Right: The Γ < 0 case, with wx = −1.1.
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Comparing the galaxy power

IDE mimics PNG

Now we investigate whether the large-scale behaviour
is qualitatively similar in the two cases, i.e. the ΓwCDM
and fNL wCDM models. In order to do this, we define for
each model the galaxy overdensity relative to wCDM,
i.e.,

Figures 2 and 3 confirm that the effects of Γ and of fNL
are qualitatively similar, giving a growth (Γ < 0, fNL >
0) or suppression (Γ > 0, fNL < 0) on super-Hubble
scales. The effect is stronger as |Γ| or |fNL | are increased.
By comparing the galaxy power spectra, we find numerically the effective PNG parameters that correspond most
closely to |Γ|/H0 = 0.03. The correspondence is confined
to scales that are not too far beyond the Hubble radius,
since this regime is well outside the reach of observations.
In Fig. 4, we compare the resulting galaxy power spectra, where Pg (k, a) = h|∆g (k, a)|2 i.
Figure 4 indicates that we can successfully extract an
effective PNG parameter when |Γ|/H0 = 0.03. We ex-

∆Γg (k, a) − ∆0g (k, a)
∆fgNL (k, a) − ∆0g (k, a)
and
, (48)
∆0g (k, a)
∆0g (k, a)
where ∆0g (k, a) = b(a)∆0m (k, a) denotes the wCDM
galaxy overdensity (Γ = 0 = fNL ). These relative overdensities are shown in Figs. 2 and 3.
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wx = −0.9. Right: For Γ < 0 and wx = −1.1.

tend this over the range |Γ|/H0 < 0.03 to produce a
curve of the effective PNG parameter against Γ. We do
this for a range of redshifts, and the results are shown
in Fig. 5. To account for the redshift evolution of the
(Gaussian)
bias on linear scales, we adopt the ansatz
√
b = b0 1 + z = b0 a−1/2 with b0 = 2.
Breaking the degeneracy between IDE and PNG

Figure 5, shows a key feature:
eff
• As redshift increases, the value of |fNL
| decreases,
approaching zero at redshifts z & 1. This follows
since the dark sector interaction only begins to have

an effect on galaxy power at late times. By contrast, the PNG signal is ‘frozen’ into the power
spectrum at primordial times so that fNL is independent of redshift.
This feature should be generic for IDE models that
cause large-scale deviations in the power spectrum. It is
exactly what allows us to break the degeneracy between
PNG and IDE using the galaxy power spectrum. If we eseff
tablish a value of fNL
at redshift z = 0, then we can compare the observed power at another redshift, e.g. z = 0.5,
eff
with that predicted by PNG with fNL = fNL
. Significant
disagreement indicates that the large-scale signal is not
due to PNG, but could be a smoking gun for dark sector
interaction.

7
eff
For our IDE model, the relationship between fNL
and
Γ can be estimated analytically as follows. We take the
limit k  H, so that (47) implies ∆fgNL → ∆b∆0m . In the
Poisson equation (20), we neglect k 2 Φ to obtain ∆m →
QΦ /Ωm . Thus by (43), ∆Γg → bQΦ /Ωm . Then we can
write (for k  H)

eff
two effective parameters fNL
are not equal, then this is
a strong indication of IDE.
There are serious obstacles to the observability of any
effect that arises only on very large scales – including
IDE effects and PNG. The fundamental problem is cosmic variance, which grows on large scales and typically
swamps any small signal. The current state of the art
in constraining PNG via galaxy surveys [3] is unable to
Φ
Q
f eff
detect |fNL | . 20, and Planck has already placed the
∆gNL ≈ ∆Γg ⇒ ∆b∆0m ≈ b
.
(49)
Ωm
constraint |fNL | . 10. In the IDE model that we inveseff
tigate here, fNL
is in the range compatible with Planck,
0
From (39) we have ∆0m = Dm
∆0md /ad . Then (31), (34)
and therefore not currently detectable. In order to overand (45) (with T = 1) imply
come the problem of cosmic variance in galaxy surveys,
"
# we need either three-dimensional data (i.e., the power
 (4−ns )/2
2
spectrum measured over a significant range of redshifts)
b
5ad aΩmd Hd
Ωx k
eff
(vx −vm ) Γ or the application of the multi-tracer method [20, 21], or
fNL
≈
2
9A Ωm0 H0 (b − 1)δc Ωm H0
both. (The multi-tracer method requires that we have
two or more different tracers of the underlying dark matter overdensity.) Future surveys such as Euclid and the
SKA will be needed in order to detect PNG or large-scale
(50)
eff
IDE effects at the level |fNL
| . 10 considered here.
There
is
an
important
further
point about observabileff
Clearly fNL is in general redshift dependent, and this is
ity
on
very
large
scales:
on
these
scales,
there are general
confirmed by Fig. 5.
relativistic corrections to the standard power spectrum,
which are also potentially degenerate with PNG [16, 22–
24]. Therefore one needs to include the relativistic effects in any analysis of PNG, as in [16, 22–24]. The same
IV. CONCLUSION
applies to an anlysis of IDE on very large scales. The
relativistic effects for our IDE model and others are inWe have shown that for a simple class of models, investigated in [7].
teraction in the dark sector causes a growth or suppression of matter power on very large scales, relative to the
non-interacting case. Furthermore, these large-scale deviations can be approximately mimicked by PNG in a
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