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ABSTRACT

Cosmological models in which dark matter interacts with dark energy via pure momentum transfer and no energy exchange (i.e.
elastic) provide compelling scenarios for addressing the apparent lack of structures at low redshift. In particular, it has been shown
that measurements of S show a statistically significant preference for such elastic interactions. In this work we implement a specific
realisation of these scenarios in an N-body code to explore the non-linear regime. We include two populations of particles to describe
interacting dark matter and non-interacting baryons, respectively. On linear scales we recover the structure suppression obtained from
Boltzmann codes, while non-linear scales exhibit enhanced matter power. We find that fewer massive halos form at low redshift due to
elastic interactions and that dark matter halos are more compact than in the standard model. Furthermore, the dark-matter-to-baryon
density profile ratio is not constant. Finally, we corroborate that baryons efficiently cluster around dark matter halos and thus trace
the dark matter velocity field well despite the interaction. This shows that the interaction is insufficiently strong to disrupt virialised

structures.
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1. Introduction

Advances in observational cosmology over recent decades have
firmly established the A Cold Dark Matter model (ACDM) as the
standard paradigm. From cosmic microwave background (CMB)
data by experiments such as Planck Planck Collaboration VI
(2020) to large-scale structure (LSS) surveys such as SDSS
Alam et al. (2021) or DES DES Collaboration (2022), the estab-
lishment of a Universe dominated by the dark sector has consol-
idated the ACDM paradigm. Despite the successes of ACDM
in describing a wide range of cosmological observations, the
true nature of the dark sector remains elusive, and its funda-
mental constituents continue to challenge our theoretical under-
standing. Moreover, persistent tensions between different experi-
ments suggest that new physics may be required to fully account
for the formation of cosmic structures or the expansion of the
Universe. In particular, the Hy crisis and the og, or Sg, ten-
sion (see e.g. Perivolaropoulos & Skara (2022), Abdalla et al.
(2022) for a review) stand out as the most pressing discrepan-
cies in the current cosmic arena, while recently the new results
of the DESI experiment has raised the question on whether dark
energy has a dynamical nature (Abdul Karim et al. 2025). Alter-
natively, previous discrepancies can be explained by systematics
not yet accounted for in observations of cosmic standard candles
or rulers Di Valentino et al. (2025). Whether these tensions arise
from systematics or hint at new physics stands as a key question
in modern cosmology.

Among the plethora of possibilities, elastic interactions
within the dark sector — consisting of a momentum exchange
between dark energy and dark matter — have emerged as

* Corresponding author: david. figueruelo@ehu.eus

a promising avenue to alleviate the observed discrepancies
in the og tension Simpson (2010), Amendola & Tsujikawa
(2020), Pourtsidou & Tram (2016), Kumar & Nunes (2017),
Chamings et al. (2020), Vagnozzi et al. (2020), Linton et al.
(2022), Ferlito et al. (2022). In these scenarios, the cosmological
constant A is replaced by dynamical dark energy coupled to
a matter component of the Universe. The coupling consists
of a pure momentum exchange between dark energy and the
matter component, preventing the matter from clustering as it
would in the standard scenario. Essentially, dark energy exerts a
drag on dark matter, suppressing its ability to form structures.
As a consequence, the overall growth of cosmic structures
is reduced. While multiple models incorporate this type of
momentum transfer Simpson (2010), Pourtsidou et al. (2013),
Skordis et al. (2015), Koivisto et al. (2015), Kase & Tsujikawa
(2020), Chamingsetal. (2020), Amendola & Tsujikawa
(2020), Pourtsidou & Tram (2016), Kumar & Nunes (2017),
Nakamura et al. (2019), Vagnozzi et al. (2020), De Felice et al.

(2020), Lintonetal. (2022), Mancini Spurio & Pourtsidou
(2022),  Ferlito et al. (2022),  Cardona et al. (2024),
Palma & Candlish (2023), Pookkillath & Koyama (2024),

Aoki et al. (2025), Candlish & Jaffé (2025), here we exam-
ine the so-called covariantised dark Thomson-like scattering
as a proxy for understanding how elastic interaction modifies
non-linear clustering. This particular scenario features a straight-
forward and phenomenological formulation, with only one new
parameter governing both the strength of the interaction and the
time at which it becomes relevant. For this reason, it represents
a convenient proxy for studying the broad class of momentum
transfer models. It was first introduced in Asghari et al. (2019)
and later extensively analysed in Figueruelo etal. (2021),
Beltran Jiménez et al. (2021b), Cardona & Figueruelo (2022),
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Beltran Jiménez et al. (2023, 2024) (see Beltran Jiménez et al.
2024 for a review). Among the most remarkable features of
this scenario is its ability to alleviate the og tension with just
one extra parameter Asgharietal. (2019), Figueruelo et al.
(2021), a result later reproduced in Poulin et al. (2023). It also
produces a distinct signature in the matter power spectrum
dipole Beltrdn Jiménez et al. (2023), which could be detected
with future SKA-like surveys and, thus, serve as a smoking
gun for these models. The philosophy behind covariantised
dark Thomson-like scattering involves an interaction between
dark energy and a matter fluid analogous to Thomson scattering
before recombination. During that era, dark matter had already
decoupled, while the remaining components formed a plasma
where photons and electrons were coupled through Thom-
son scattering. As a result, baryons were unable to collapse,
since the radiation pressure from photons counteracted the
gravitational collapse of baryons, preventing the formation of
gravitationally bound structures. In this framework, the elastic
interaction between dark energy and a matter fluid operates
similarly. Here, the pressure from dark energy counterbalances
the gravitational collapse of the coupled matter component
while the interaction remains efficient — that is, while the fluid
with pressure remains relevant. Consequently, since the fluid
with pressure, dark energy, only appears in the cosmic arena
at late times, the covariantised dark Thomson-like scattering
belongs to the late Universe'. In this work, we focus on the
interaction between dark energy and dark matter, while baryons
remain uncoupled. This allows us to specifically study how
the momentum exchange between dark energy and dark matter
influences cosmic structure formation without introducing
additional complexities related to baryonic interactions. The
linear analysis of the same interaction, but with baryons,
was performed in Beltran Jiménez et al. (2020) and motivated
by the elastic dark energy-baryon interaction considered in
Vagnozzi et al. (2020).

This paper is organised as follows. In Section 2 we
present the covariantised dark Thomson-like scattering theory.
In Section 3 we present the non-linear prescription and details of
the N-body analysis performed. In Section 4 we show the main
results obtained for the matter power spectrum, the halo forma-
tion process, and halo profiles, together with interaction effects
on the cosmic web. Lastly, in Section 5 we summarise the final
conclusions of this work.

2. The elastic interacting model

The covariantised dark Thomson-like scattering model is based
on a modification of the energy-momentum conservation equa-
tions of the dark sector expressed as

V. Ty =0, (1)
V. T =-0", @
where Q¥ encodes the interaction, defined as

0" = aluy, —uy,) 3

with u the four-velocity of the i-th component. The momentum
transfer and therefore the strength of the interaction is controlled
by the coupling parameter @, which also determine the time at

' For Thomson scattering, the timescale when the interaction was effi-

cient is in the early Universe, when the pressure-bearing component —
photons — was non-negligible.

A269, page 2 of 12

which the interaction becomes relevant. To work with dimen-
sionless couplings, we conveniently normalise @ as

8nG

=——a. 4
e @

a

Since the covariantised dark Thomson-like interaction is pro-
portional to the relative velocity of the fluids, the background
evolution remains unaffected. In the comoving rest-frame of an
isotropic and homogeneous Universe, the four-velocities of all
the fluid components are identical, so that we have

4 — 0
background

&)

v v
background * (ude B udm)
Thus, the background cosmology, Friedmann equations, con-
tinuity equations, and the Hubble function remain unchanged
from the standard model, and all the effects only appear in the
perturbations. The only caveat is that a pure ACDM model can-
not be used for the background because the interaction depends
on the peculiar velocities of dark energy — a cosmological con-
stant, being a constant, does not have perturbations. Thus, we
need to consider a dynamical dark energy model, which we take
as wCDM here for simplicity — i.e. dark energy in the form of a
perfect fluid with constant equation of state parameter w.

On small scales and at late times when peculiar velocities
between dark matter and dark energy are non-negligible, the
interaction begins to affect the evolution of the perturbations. To
see how this comes about, let us consider scalar perturbations in
the Newtonian gauge where the metric is described by the fol-
lowing line element:
ds? = a*(0) [-(1 + 20)d7” + (1 - 2%)dx?| . (6)
Since we do not consider anisotropic stresses here, the gravita-
tional potentials satisfy ¥ = ®. In this gauge, the velocity per-
turbation at first order takes the form
u' = 1(1 -0,v), @)

a
where v = g—f_ describes the peculiar velocities. We can now use
Equations (1) and (2) to obtain the equations governing the linear
evolution of the density contrast 6 = % and the velocity pertur-

bations in Fourier space, defined as 6§ = ik - v. Their explicit
expressions can be written as

&y = —Oam + 30", (®)
84 = =3H(c3, — w)dge + 3(1 + w)®’
A —w
—(1+w) (1 +9H? dek2 )Qde , ©)]
O = —HOum + K ® + T(0ge — Oam) , (10)
y 2 2 ke,
0\ = Bcge — DHOge + k70 + " wéde
—T'R(64e — Oam) » (11)
where w is the dark energy equation-of-state parameter, cfhe its

sound speed squared, and H = a’/a is the conformal Hubble
function. In the above equations, we define the quantities I and
R as follows:

a4

F=ao 12
agdm, (12)
Pdm
R=_Pam 13
1+ W (13
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These quantities represent the effective interaction rate and the
relative dark matter-to-dark energy density ratio, governing the
importance of the interaction in the evolution of the perturba-
tions. As seen from the above equations, the interaction simply
introduces an additional term in the perturbed Euler equations
for both dark matter and dark energy, which is driven by their rel-
ative perturbed velocity. This new term closely resembles stan-
dard Thomson scattering, hence the name “covariantised dark
Thomson-like interaction” — since Eq. (3) is the covariantiza-
tion of this interaction. However, the key distinction between
these interactions lies in the scales at which they operate. For
the covariantised dark Thomson-like scattering to be effective,
peculiar velocities between the interacting components must be
present. As a result, this interaction is efficient only on small
scales, where such peculiar velocities emerge. Whereas on large
scales, the interaction does not have any effect because all com-
ponents share the same rest frame. This is the same for standard
Thomson scattering. Regarding timescales, however, the inter-
action plays a relevant role whenever the condition I' > H is
satisfied. For the constant coupling @ considered in this work,
the interaction rate I' grows as a* with expansion, so the cos-
mological evolution naturally evolves from a weak to a strong
coupling epoch, which makes its effects relevant at late times.
For standard Thomson scattering, the effective interaction rate
decays with expansion. This leads to the opposite situation: the
cosmological evolution naturally exits a strong coupling phase,
so that the effects are less relevant at late times. This crucially
different evolution in both scenarios explains why the covari-
antised elastic model described by Equations (8), (9), (10) and
(11) outperforms pure Thomson scattering models. In particu-
lar, it is better suited for modifying the late time structure for-
mation while leaving the core growth structures at high redshift
unaffected. The covariantised elastic model has been extensively
studied in previous works Asghari et al. (2019), Figueruelo et al.
(2021), Beltrdn Jiménez et al. (2021b), Cardona & Figueruelo
(2022), Beltran Jiménez et al. (2023, 2024, 2025) but only on
linear cosmological scales. The goal of this work is to go beyond
the linear regime and explore the non-linear scales.

3. Non-linear regime prescription

To investigate the non-linear regime of the elastic interact-
ing model previously discussed, we implemented the corre-
sponding modifications into the N-body cosmological code
RAMSES Teyssier (2002), as explained in the following. Consider
a simulation with N particles, where the i-th particle — represent-
ing either dark matter or baryons — is subject to the gravitational
force exerted by the remaining (N — 1)-particles. In the Newto-
nian limit, within a cosmological background determined by the
Hubble function H, the governing equations for the dynamics of
the i-th particle can be expressed as
2
¥ o™ - v,
dt a2

7 (14)

s)

where x; represents the comoving coordinates of i-th particle, ®
is the gravitational potential, H(¢) is the Hubble function encod-
ing the cosmological model, and p and § denote the total energy
density and the density contrast, respectively. The first equation
computes the acceleration of the i-th particle, while the sec-
ond consists of the well-known Poisson equation. In the elas-
tic interacting model, the Poisson equation remains unmodified,
while the cosmological model encoded into the Hubble function

V20(1, x) = 4nGa*pé(t, x) ,
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follows the wCDM model, consistent with the model require-
ments explained above. However, particle acceleration is influ-
enced not only by the expansion of the Universe and gravita-
tional forces, but also by momentum transfer. Therefore, we
add a new term to equation (14) to account for the dark energy
drag. From equation (10), we derive the corresponding accelera-
tion equation for the covariantised dark Thomson-like scattering,
which now reads as

Hy
Qam(7)

We rewrite the equation here in terms of the velocities v; = ax;
rather than the comoving coordinates x;. To obtain this equa-
tion, we performed the approximation vy > vge and vy > vge,
implying that dark energy velocity is negligible compared to
matter on relevant scales. N-body simulations typically focus on
self-gravitating systems composed of a high number of parti-
cles and generally do not account for dark energy fluid, other
than through its contribution to the Hubble function H(z). How-
ever, we emphasise that the focus here is on very small scales.
In the standard scenario, on these non-linear scales, the dark
energy velocity is negligible, as gravitational forces dominate
the dynamics. Introducing coupling, however, this assumption
may no longer hold. Nevertheless, as shown in Figure 1, we
demonstrate that when interaction is efficient, the contribution
of dark energy velocity to the new term in the Euler equation
remains negligible, as long as reasonable values for the cou-
pling parameter @ are considered. By reasonable we mean the
values suggested by the data from our previous Markov Chain
Monte Carlo (MCMC) analyses, which yielded @ ~ O(1), as
seen in Figueruelo et al. (2021). In particular, in Figueruelo et al.
(2021), we found that a = l.OOngég when Planck
CMB Planck Collaboration V (2020), Planck Collaboration VI
(2020), JLA Supernovae Type Ia Betouleetal. (2014),
baryonic acoustic oscillations from SDSS and 6dF sur-
veys Anderson et al. (2013), Ross et al. (2015), Beutler et al.
(2011), CFHTLens lensing Heymans et al. (2013), and Planck
Sunyaev-Zeldovich Planck Collaboration XXIV (2016) data
were used. When the low-redshift datasets were removed, the
previous detection failed, but the constraints on the coupling
parameter @ remained compatible with @ ~ O(1), as displayed in
Figure 13 of Figueruelo et al. (2021). Newer results with updated
datasets can be found in Beltran Jiménez et al. (2024) with sim-
ilar outcomes. This approximation, however, produces inaccu-
rate results on larger scales, where it no longer holds since we
resort to the cosmological principle and all component veloci-
ties are of similar magnitude. Regarding the code implementa-
tion, we added the new parameter a to RAMSES and included the
new interaction term where velocities are updated. To include
it, the final step requires adapting the previous equation (16) to
the super-comoving coordinates (Martel & Shapiro 1998) (7, X)
internally used by RAMSES. Given that the interacting term is pro-
portional only to the dark matter particle velocity, rescaling the
velocity into super-comoving coordinates reads as
LH, _

U; —0;

1
i)i = —Hl)i - VO -a v; . (16)
a

7)

where L is the comoving size of the simulation box in Mpc/h
and H, is the Hubble constant. Therefore, since the time evo-
lution of the dark matter energy density remains unmodified,
we only need to rewrite the velocity into super-comoving coor-
dinates, as displayed above. However, not all particles should
have their velocities updated by the extra elastic interacting term.
Consequently, to properly distinguish particles subject to the
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Fig. 1. Velocity divergence 6 for dark energy (blue), dark matter (red),

and non-interacting baryons (black) for different values of the coupling

parameter . For the case analysed here, with @ = 1, we can corroborate that the velocity of dark energy is much lower than those of baryons

and dark matter, thereby justifying the approximation v4y >> vge and v,
simulations.

interaction (dark matter) from those that are not (baryons), we
introduced a ‘family’ category for the particles in the simulation.
Each particle is labelled either as dark matter — experiencing the
additional term in Equation (16) — or as baryons, which do not
experience the momentum transfer term. To ensure consistency,
the relative number of particles assigned to each family follows
the cosmology used, matching in particular the proportions given
by the values of {, and Qg,, provided below.

4. Results from the simulations

In this work, we consider a cosmology described by the follow-
ing parameters: the Hubble parameter Hy = 67.7 km/s/Mpc,
today’s density parameters Qp = 0.045, Qg = 0.269, scalar
perturbations A 2.1 x 107 and n 0.968, and dark
energy equation-of-state w = —0.98. The initial conditions were
obtained from the MUSIC2-monofonIC code Hahn et al. (2020,
2021) using its default settings and, in particular, the third-order
Lagrangian perturbation theory (3LPT) with the aforementioned
parameters, where the required transfer function was generated
by the Boltzmann solver CLASS Blas et al. (2011). The analyses
were performed for a box with L = 10°> Mpc/h, populated with
N = 5123 particles. We performed two simulations:

— one with the ACDM model using the aforementioned cos-
mological parameters.
another with the covariantised dark Thomson-like scattering
model using the same cosmological parameters as well as a
coupling parameter @ = 1. The initial conditions for this sim-
ulation were the same as those for the ACDM one, justified
by the interaction’s irrelevance at the initial condition time.
Additionally, only dark matter particles evolved according to
equation (16), while baryon particles followed the standard
evolution given by equation (14).
We now proceed to analyse the results from our simulations. In
particular, we compare them with the ACDM case in order to
assess the impact of the interaction on non-linear scales.

4.1. Matter power spectrum and check with linear results

In Figure 2, we present the evolution of the matter power spec-
trum at various redshifts, while in Figure 3 we show the same
redshift evolution but for the relative difference between the
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> vge, i.€. neglecting dark energy velocities on the scales relevant to our

matter power spectrum in the interacting case and the refer-
ence ACDM model. With the exception of very large scales
k < (aH)g, where our numerical implementation is expected to
produce unreliable results®, the primary effects of the interac-
tion are mostly observed on non-linear scales and only become
significant at relatively late cosmic times. This behaviour is con-
sistent with the results obtained from linear perturbation theory.

Atredshift z = 1, shown in the first panel, no noticeable devi-
ation is observed between the standard cosmological model and
the interacting scenario. Although already known from previous
studies (see Asghari et al. 2019; Beltran Jiménez et al. 2021b;
Cardona & Figueruelo 2022; Beltrdn Jiménez et al. 2024), this
supports our use of the same initial conditions for both ACDM
and the interacting model simulations. However, as the interac-
tion affects evolution when I' > 7, its influence first manifests
on smaller scales, as apparent in the second panel at redshift
z = 0.42. The effect reduces clustering since momentum transfer
prevents dark matter from efficiently falling into gravitational
potential wells. As cosmic evolution progresses and the inter-
action further intensifies, the range of affected scales expands
towards larger scales. This increasing drag impact suppresses
structure formation, reflected in reduced clustering amplitude on
a wider range of scales. Consequently, the matter power spec-
trum in the interacting scenario with @ = 1 exhibits a system-
atically lower amplitude than the standard cosmological model
on smaller scales. This trend is in full agreement with previ-
ous results derived from the linear regime, as seen by com-
paring the results from the CLASS Boltzmann solver using the
HALOFIT non-linear prescription Lesgourgues (2011), Blas et al.
(2011). We can, however, see that HALOFIT underestimates sup-
pression on small scales. This agrees with the expectation in
Lagué et al. (2024) where the authors developed a halo-model
approach to include quasi-linear scales in the elastic interacting
model (wI'CDM) considered in this work. The authors expect
HALOFIT to underestimate the impact of the interaction in the

2 On very large scales, dark energy velocity becomes comparable to
that of matter, so our approximation vgy, > vge and v, > vge breaks
down. Since we are interested in small (non-linear) scales, this is not
relevant for our purposes here. However, this should be refined for sim-
ulations that include relativistic effects and/or when effects of near hori-
zon scales are analysed.
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Fig. 2. Matter power spectrum at different redshifts, computed using the modified version of CLASS with HALOFIT and from RAMSES (upper
panels), and the ratio P(k)MALOFIT / P(k)RAISES _ 1 (Jower panels), illustrating the precision with which HALOFIT predicts non-linear scales .
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Fig. 3. Relative matter power spectra differences between the covari-
antised dark Thomson-like interacting model and the ACDM model at
different redshifts, computed from the simulation output using all parti-
cles (solid lines) and the linear solver CLASS (dash-dotted lines).

non-linear regime, and our full N-body simulations confirm this
expectation.

Finally, at highly non-linear scales, we observe an increase
in the power spectrum, indicating enhanced dark matter cluster-
ing from the elastic interaction. This effect opposes the expected
suppression of structures induced by the interaction by naively
extrapolating the results of the linear scales. One may be tempted
to ascribe this effect to a numerical issue related to the reso-

lution of the simulations, but Figure 4 clearly shows that it is
driven by dark matter and is, thus, physical. A similar effect
has also been observed in Baldi & Simpson (2015, 2017) for
the elastic scattering scenario between the dark energy and
dark matter introduced in Simpson (2010). These studies nicely
explain how enhanced clustering can be understood in terms of
non-linear virialisation. On non-linear scales where dark mat-
ter particles acquire angular momentum, the interaction cataly-
ses kinetic energy loss that modifies virialisation. Having less
kinetic energy, the virialised structure shrinks with respect to the
non-interacting case and causes a more clustered matter distri-
bution. This explanation is later confirmed in section 4.3, where
we study the dark matter halo profiles under the model and find
that structures indeed shrink due to the interaction. Analogous
results were also found in a similar scenario with pure momen-
tum exchange between dark matter and quintessence dark energy
in Palma & Candlish (2023), Candlish & Jaffé (2025).

The simulations in Baldi & Simpson (2015) consider dark
matter only, while we have also included a non-interacting com-
ponent as a proxy for baryons to study their response. This is
shown in Figure 4 where we can see how enhanced clustering
on non-linear scales is substantially more pronounced for inter-
acting DM, while baryons remain only mildly sensitive to the
effect because they feel it only through the modification to the
gravitational potential. In the halo-model based on the spher-
ical collapse of Lagué et al. (2024), an increase in the power
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spectrum likewise found on small scales was attributed to mode-
coupling to large-scale modes. While their results are expected
to be valid only on quasi-linear scales, our results show that this
trend extends to fully non-linear scales. Let us finally note that
the enhanced power spectrum on non-linear scales has also been
observed in Ferlito et al. (2022) simulations of elastic scattering
between dark energy and baryons. The effect found in that work
is however milder for two reasons: baryons are less abundant
than dark matter, and the interaction rate from elastic Thomson
scattering decreases with expansion.

4.2. Halos: Global picture

We now turn our attention to how different halos form and are
distributed. To analyse this, we used MatchMaker?, a friend-of-
friend halo finder, with standard parameters: a linking length of
bior = 0.2 in mean inter-particle distance units and a minimum
of nmin = 20 particles per halo. Since we focus on the over-
all behaviour, we do not distinguish between dark matter and
baryon particles when identifying halos, though it is important
to note that the interaction does differentiate the two, as later
analysed. With these considerations in mind, Figure 5 shows the
spatial distribution of the halos detected by MatchMaker. Each
dot represents an individual halo, and the colour and size of the
dots correspond to the halo mass, measured in units of Mg/h.
Comparing the result from the ACDM and the interacting model
simulations, we can already see how the interaction suppresses
the formation of very massive halos, while medium and small
mass halos seem insensitive in terms of their abundance. Since
halo formation is a hierarchical process in the CDM paradigm,
we know that those very massive halos form only at very late
times and from the merging of smaller halos. Therefore, as the
momentum transfer for « = 1 occurs only at low redshift, it
is natural that the most massive halos are those prevented from
forming. In other words, the most massive halos — those form-
ing when the interaction becomes efficient, I' > H — are affected
by the clustering deficit of the interacting model. On the other
hand, from our analyses we can finally infer that the momen-
tum transfer does not disrupt already formed structures but only
halts the accretion process, preventing further growth of density
perturbations.

To explore the formation of halos in more detail, we per-
form a halo number count analysis. In Figure 6, we present
the number of halos formed as a function of their mass. The
differences between the ACDM model and the interacting sce-
nario are not statistically significant for lower-mass halos. Again,
these halos typically form when the interaction becomes effec-
tive. Thus, we can now quantitatively conclude that the number
of smaller and medium-sized halos formed is insensitive to this
interaction. The mass scale where the halos are affected is fixed
by the same parameter that controls the strength of the interac-
tion, «, since it also controls the timescale at which the interac-
tion becomes efficient. For halos larger than that scale, signif-
icant differences emerge. At early times such as z = 1, when
the interaction has yet to take effect, no differences are observed.
This is expected, as both scenarios begin with the same initial
conditions and follow similar evolutionary histories, leading to
identical early structure formation in both simulated Universes.
Once the interaction becomes efficient, however, the formation
of very massive halos is suppressed in the momentum transfer
simulation. This trend aligns with the patterns observed in the

3 MatchMaker is available at https://github.com/damonge/
MatchMaker.
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spatial distribution of the halos. We can conclude that only the
most massive ones forming at the onset of the interaction are
significantly affected in terms of structure formation. Further-
more, this modification manifests as a reduced formation proba-
bility, ultimately resulting in a Universe with fewer very massive
structures.

4.3. Halos: Individual picture

In the previous section, we discussed how the momentum trans-
fer induced by the elastic interaction results in a noticeable sup-
pression of very massive halos compared to a non-interacting
scenario. However, the impact of the interaction on the forma-
tion of individual halos still requires a detailed assessment. This
issue is addressed below.

In Figure 7, we present the averaged radial density pro-
files of a representative sample of the same halos found in
both the ACDM scenario (black line) and the covariantised dark
Thomson-like interacting model (red line). Let us recall that
both simulations start from the same initial conditions, and that
the clustering process evolves identically up to the onset of the
strong elastic interaction epoch. Thus, a population of analogous
halos that form at similar positions in both simulations. These
are the halos we compare here in order to study the interac-
tion effects on the halo profile. The selected halos are divided
into two different mass scales from the reference non-interacting
case to facilitate visualization: My, ~ 10 Mg/h (left panel)
and My, ~ 10" My /h (right panel). These plots allow us to
directly compare the internal halo structures under both scenar-
ios. Furthermore, we used the critical density of the Universe
today p., to normalise the radial density of each halo.

From the resulting density profiles, the halos interestingly
appear more compact and smaller in the interacting case com-
pared to their counterparts in the standard ACDM scenario. The
halo cores formed in the interacting model feature significantly
higher central densities, suggesting more concentrated mass dis-
tributions due to the interaction. This picture is further sup-
ported by the fact that the radial density distribution declines
more steeply in the interacting model, resulting in less massive
and more diffuse outer regions of the halos. These results are in
agreement with the explanation given above for the power spec-
trum enhancement on non-linear scales, i.e. that the interaction
reduces the kinetic energy of dark matter particles in virialised
objects, making them more compact. We also see in Figure 7
how the baryon profile is slightly less compact. Although they
do not interact directly with dark energy, they feel a reduced
gravitational potential — an effect more prominent for more mas-
sive halos. We note that a distinctive signature of the interact-
ing model is precisely the different dark matter and baryon pro-
files shown in the lower panels. A consequence of having differ-
ent baryon and dark matter profiles is that the standard spheri-
cal collapse model — where the mass within each shell is con-
served — fails earlier than in the standard case. In other words,
shell-crossing occurs earlier than expected in a pure ACDM.
With this in mind, it may be interesting to revisit the halo-
model — based on spherical collapse for quasi-linear scales of
Lagué et al. (2024) — with a more complete spherical collapse
model that includes baryons (as an additional collisionless, non-
interacting component) and accounts for shell crossings from
both components. This setup with two matter components —
one of which features an interaction that modifies spherical col-
lapse — resembles the scenarios with charged dark matter studied
in Beltrdn Jiménez et al. (2021a). Hence, we may expect some
qualitative similarities.
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Fig. 4. Matter power spectrum for the ACDM model (left) and for the covariantised dark Thomson-like interacting model at z = 0.05, computed
from the simulation output using all particles (black dots), dark matter particles (blue line), and baryons particles (red line).

While in the non-interacting case both dark matter and
baryon profiles scale equally with distance, the interacting sce-
nario shows enhancement in the radial density of dark matter
in the innermost shells of the halos in comparison with baryons,
with lighter outskirts. This observation is consistent with our pre-
vious results. The interaction, which only couples to dark mat-
ter, inhibits the accretion of dark matter particles at late times.
During halo formation, this effect primarily impacts their outer
regions. Consequently, when the interaction becomes efficient at
late times, dark matter accretion nearly ceases, whereas baryons
continue to fall into weakened gravitational potential wells. It
is noteworthy that this particular effect extends to halos of all
scales, rather than being limited to the most massive ones, as
observed in previous effects. Therefore, the momentum transfer
interactions seem to sweep the outskirts of the halo of dark mat-
ter particles.

A final conclusion from these results is the following: in
momentum transfer scenarios of this type, using baryon profiles
as templates for the underlying dark matter field within individ-
ual halos introduces an additional radially dependent bias. How-
ever, the central question remains whether baryons can still serve
as reliable tracers of the overall density field — or, in other words,
whether galaxies will continue to reside at the bottom of dark
matter potential wells. This is confirmed in the following section
through an analysis of the cosmic web.

4.4. Cosmic web

We now turn our attention to how the elastic interaction alters
the cosmic web. Given that momentum transfer occurs exclu-
sively in the dark matter component and not in baryons, a key
issue is whether both matter components remain interconnected.
In particular, in relation to observations, it is important to assess
whether galaxies continue to serve as reliable tracers of the dark
matter velocity field and whether they remain located at the bot-
tom of dark matter potential wells.

In Figure 8, we show dark matter distribution as a density
field ranging from black (representing lower dark matter den-
sity) to blue (indicating high concentrations of dark matter) for
our cosmological parameters and fiducial coupling parameter
a = 1. Overlaid on this, we also illustrate iso-density regions
of high baryon concentration with yellow isogram lines, which
mark the contours of constant baryon density. Contours corre-
sponding to lower baryon densities are omitted for visualisa-
tion purposes. These contours effectively highlight the densest

clumps of baryons in our simulations, corresponding to the loca-
tions where galaxies will reside. A weakening of the cosmic web
is evident, as dark matter exhibits significantly reduced cluster-
ing in the interacting case than in the standard scenario. Fur-
thermore, we note that regions of very high density, both mas-
sive halo nodes and connecting filaments, appear more compact,
reinforcing our previous analyses of how the elastic interaction
clears dark matter particles from the surrounding areas of a halo,
where accretion occurs in the standard scenarios.

Regarding whether baryons remain tracers of dark matter,
Figure 8 shows that baryons — which we take as proxies for
galaxies in the simulations — remain gravitationally bound to
dark matter halos. Galaxies mainly form prior to the onset of
elastic interaction dominance. Once formed and virialised at the
bottom of the potential wells shaped by dark matter halos, they
remain attached to these structures, even though the interaction
inhibits further halo growth. Baryon halos, our galaxies prox-
ies, and their host halos constitute strongly bound systems. For
reasonable values of the coupling parameter, they show no dis-
assembly from elastic interaction as seen in the Figure 8. Taken
together with our previous results from the matter distribution,
we conclude that the overall distribution of baryons remains
largely unaffected and still serve as a proxy for where galaxies
will form. While the profile analyses suggest the baryon halos
will change due to the interaction, this implies galaxy forma-
tion will be modified. However, we must note that galaxies typ-
ically form and virialise before the onset of elastic interaction,
and that their formation process is more complicated in our sim-
ulation, where we simply assigned some particles as baryons.
Thus, we conclude that once formed they will inhabit shallower
dark matter potential wells due to the effect of the interaction
on the surrounding dark matter distribution. As a consequence,
their accretion process will be reduced, resulting in more com-
pact objects, although the effect is milder than in the case of dark
matter halos.

5. Discussion

In this work, we explored the non-linear regime of a particu-
lar example of pure momentum transfer interactions in the dark
sector, the so-called covariantised dark Thomson-like scatter-
ing between dark energy and dark matter. We studied a fiducial
model with the coupling parameter set to @ = 1, which corre-
sponds to the best-fit value obtained from cosmological probes in
previous studies. The main goal here was to explore small scales
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nes) simulations versus the reference ratio Qqp,, /Qp (dashed green line). We

show the results for two different halo masses with reference to the non-interacting case: My, ~ 10'> My /h (left panel) and My, ~ 10" My/h
(right panel). Since we started from the same initial conditions, we identify each halo by its formation at the same spatial position and similar mass
range, taking into account that the covariantised dark Thomson-like scattering produces less massive halos.

corresponding to the non-linear regime of structure formation.
To this aim, we implemented the model into the RAMSES code
and performed two simulations, one for the standard ACDM sce-
nario and the other for our interacting model. Furthermore, we
exploited the late onset of the interacting epoch to set identical
initial conditions for both simulations, since the interaction is
negligible at the initial redshift. This further means that notice-
able effects only emerge at low redshift. The simulations show
that the elastic interaction suppresses the matter power spectrum
at very late times and small scales compared to ACDM. Thus,
our results extend the clustering suppression observed in previ-
ous studies on linear scales to the non-linear regime and confirms
the expected behaviour.

We also analysed halo formation in the elastic interact-
ing scenario. We observe that very massive halos are signifi-
cantly less likely to form in the standard ACDM scenario, while
less massive halos remain essentially unaffected in the amount
formed. This feature was confirmed both by studying the halo
particle distribution and the total mass distribution of the halos
in the simulations. This reflects that the most massive halos are
the last to form in the hierarchical structure formation paradigm.
They are thus most affected by the interaction, which becomes

efficient only at late times. We must remember here that the
interaction’s only new parameter, «, sets the timescale for when
the interaction becomes efficient. Therefore, a also controls the
threshold mass above which the number of halos decreases.
For the case studied here (@ = 1), this corresponds to masses
around 2 x 10'*M/h at z = 0.05. Higher a values affect lighter
halos, and vice versa for lower values. Thus, once elastic inter-
action dominates, the most massive structures at that moment
will not merge or accrete, as is otherwise the case. Less mas-
sive halos, on the other hand, already formed prior to the inter-
acting epoch in accordance with the hierarchical formation pro-
cess of halo formation. Since the interaction is unable to disrupt
halos which already formed, their abundance is insensitive to the
interaction.

On the other hand, when analysing the internal dynamics of
individual halos, we find that they undergo a noticeable increase
in the steepness of their profiles. This implies that halos are
more compact objects with shorter radial extension. This effect
is particularly prominent in the coupled component, dark matter,
which becomes increasingly concentrated in the inner regions
of the halos, while the outskirts are emptied as the interaction
suppresses further accretion. Driven by this effect, baryons also
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Fig. 8. Matter distribution for the ACDM (top) and the interacting «CDM (bottom) models. Dark matter is represented by the black-blue-green
gradient density map, while high-density baryon regions are represented by yellow contours. We confirm that the interaction gives rise to a less
clustered universe and that the baryons remain locked inside the dark matter halos.

suffer a similar but milder compactification of their profiles. Fur-
thermore, inner layers of the halos show a significant enrichment
of dark matter, while the outer layers contain a larger propor-
tion of baryons than in ACDM. This occurs because the inter-
action prevents dark matter accretion into the potential wells but
does not affect baryons. We note here that this effect, although
more prominent in larger halos, affects all halos, unlike the
reduction in halo formation, which affects only the most mas-
sive halos forming when the interaction becomes efficient. As
a consequence, when tracing the underlying matter distribu-
tion with baryons, we must account for an additional bias on
halo scales.

Finally, we analysed how faithfully baryons trace the dark
matter distribution. Although the interaction weakens the growth
of structures in both filaments and nodes, we find that high
baryon density regions, which we assume to be a proxy for the
location of galaxies, show a significant overlap with dark mat-
ter overdensities. This result suggests that baryons remain good
tracers of the dark matter density field in the presence of the
elastic interaction.

Recently, the interacting model considered in this work was
tested against the latest ACT data in Calabrese et al. (2025)
using a model of the non-linear regime developed in Lagué et al.
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(2024)*. This non-linear modelling is based on a modified spher-
ical collapse model on quasi-linear scales to obtain the critical
overdensity for the elastic interacting model, plus implementa-
tion in HMCode Mead et al. (2021). The N-body code developed
in this paper will allow to test the validity of the method devel-
oped in Lagué et al. (2024) and used in Calabrese et al. (2025).
Moreover, it will allow us to go beyond quasi-linear scales.
Incorporating other datasets in a fully consistent way requires
good modelling of the non-linear scales lacking in the litera-
ture. Our developed N-body code and our set of simulations fill
this gap. These will enable more appropriate confrontation with
data and assessment of the extent to which current data favor
elastic interaction. In this respect, Doux & Karwal (2026) have
explored a scale-dependent modification of the power spectrum.
It showed that galaxy-lensing data from DESY3 Doux et al.
(2022), KiDS-1000 Asgari et al. (2021), HSC Y3 Dalal et al.

4 In Calabrese et al. (2025) and Lagué et al. (2024), the elastic scat-
tering model of Simpson (2010) is considered, although these studies
actually employ the covariantised model used here. As explained above,
while both scenarios formally give identical linear perturbation equa-
tions, proper Thomson scattering dominates at high redshift, whereas
the covariantised interacting model becomes more relevant at low red-
shift.
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(2023), and ACT DR6 Madhavacheril et al. (2024), Qu et al.
(2024) prefer a 15-30% suppression in the power spectrum
compared to Planck results. Since ACT lensing is consistent
with Planck under ACDM and its sensitivity peaks at around
z =~ 2, this further supports the idea that the effects may come
from intermediate and/or small scales at low redshift (see dis-
cussion in e.g. Beltrdn Jiménez et al. (2025)). The results of
Doux & Karwal (2026) rely on HALOFIT which, in principle,
may not be justified, but our results show that it indeed gives
a reasonably good description of the non-linear regime. On the
other hand, it is interesting to note that the method developed
in Doux & Karwal (2026) assumes a fixed background cosmol-
ogy. This makes elastic scenarios such as the one considered here
particularly well-suited since the background remains unaltered
by construction. On the other hand, the scale-dependent mod-
ification of the power spectrum of the elastic model depends
on redshift and would need to be included in Doux & Karwal
(2026)’s method. Given the simplicity of the elastic interaction
effects, we expect their inclusion to be straightforward.

In conclusion, with these results we tested the momen-
tum transfer scenarios by checking the differences and assump-
tions in structure formation in the Universe, particularly for
upcoming weak lensing and galaxy-clustering data probes.
Despite the extreme simplicity of this scenario with the addi-
tion of only one new parameter, these results also show
that effects appear from halo formation to global cluster-
ing; therefore, forthcoming experiments will be able to con-
strain momentum transfer models. An exhaustive exploita-
tion of data from surveys such as Euclid Laureijs et al.
(2011), DES The Dark Energy Survey Collaboration (2005),
DESI DESI Collaboration (2016), and J-PAS Benitez et al.
(2014) requires comprehensive knowledge of non-linear clus-
tering to reliably extract information from the data’. This will
become even more important for the next generation of stage-
five experiments (see e.g. Besuner et al. 2025). This work rep-
resents a first step in this direction. Future work will refine
our results with higher resolution and complete simulations as
well as analyse other promising observables to test the elastic
interacting model. In this respect, it will be interesting to anal-
yse velocity correlations since the interaction precisely depends
on the peculiar velocities of dark matter. Another interesting
observable would be void properties. It Schuster et al. (2025)
recently pointed out that the evolution of voids in ACDM sta-
bilises at z =~ 1 — the redshift at which the elastic interaction
becomes relevant according to the obtained constraints in previ-
ous studies Figueruelo et al. (2021). Thus, we may expect elastic
interaction to generate further evolution of voids below z = 1,
which could provide another distinctive signature of these sce-
narios.
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