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* D = pressure,

« ut" = 4-velocity (normalized as u*u, = +1 in this signature),
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o g““’ = inverse metric tensor.

« T% = energy density, For Comomwa 6 brecyor~
« T = momentum density (where i = 1,2, 3), "
« T = stress tensor (pressure and shear forces). Ut= (<, 1)
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V. Thy = +Q"

(DM gains/loses energy-momentum )

V. Th; = —Q" (DE loses/gains energy-momentum)

> 0 Dark Energy — Dark Matter (iDEDM regime)
Q = { <0 Dark Matter — Dark Energy (iDMDE regime)

=( No interaction.

Table 1. Consequences of interacting dark energy models (relative to uncoupled models)
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Q>0

Q<0 |

Energy flow

DE — DM (iDEDM)

DM — DE (iDMDE)

Effective equations of state

W&ifn < Wdm W&g > Wde

ff s off
W:j‘m > Wdm 3 wﬁe < Wde

Coincidence problem

Alleviates ((ipp < Cacpm)

Worsens (Cpe > CacbM)

Hubble tension Worsens Alleviates
Sy discrepancy Alleviates Worsens
Age of universe Older Younger

Radiation-matter equality

Later (21pE < 2AcDM)

Earlier (zipg > zacpMm)

Cosmic jerk (¢ = 0)

Earlier (zipg > zacpm)

Later (21pg < 2AcpM)

Matter-dark energy equality

Earlier (zipE > zacpm)

Later (zipg < 2AcDM)
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Abstract. In this study, cosmological models are considered, where dark matter and dark
energy are coupled and may exchange energy through non-gravitational interactions with
one other. These interacting dark energy (IDE) models have previously been introduced to
address problems with the standard ACDM model of cosmology (which include the coincidence
problem, Hubble tension and Sg discrepancy). However, conditions ensuring positive energy
densities have often been overlooked. Assuming two different linear dark energy couplings, '
Q = dHpy, and Q = §H pyy,, we find that negative energy densities are inevitable if energy
flows from dark matter to dark energy (iDMDE regime) and that consequently, we should
only seriously consider models where energy flows from dark energy to dark matter (iDEDM
regime). To additionally ensure that these models are free from early time instabilities,
we need to require that dark energy is in the ‘phantom’ (w < —1) regime. This has the !
consequence that model @ = §H pyy, will end with a future big rip singularity, while Q =

0 H pge may avoid this fate with the right choice of cosmological parameters,
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In the more common (—, +, +, +) signature:

« The energy-momentum tensor is T = (p + p)utu” + pgh”.

« The orthogonal projector is L% = 4% + u"u, (since u”u, = —1).

(p+ p)u'V, u” + V'p + u"u"V,p = 0.

Define the orthogonal projector (in (+, —, —, —) signature):

1r=146] — u"u,.

Apply itto V, T = 0: UP“U s
1. VT = (p+ppuVu'— L V,p=0.

This yields the relativistic Euler equation:

(p+p)ut'V,u” =1" V,p.

T" = (p + p)u'u” — pg",

For v < ¢ and weak gravity:

e ut = (1,v),
V=0,
s p>Dp,

» The spatial components reduce to the classical Euler equation:

p(Ov+v-Vv)=—-Vp.
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