N

N

From inflation to dark matter halo profiles: the impact
of primordial non-Gaussianities on the central density
cusp
Clément Stahl, Nicolas Mai, Benoit Famaey, Yohan Dubois, Rodrigo Ibata

» To cite this version:

Clément Stahl, Nicolas Mai, Benoit Famaey, Yohan Dubois, Rodrigo Ibata. From inflation to dark
matter halo profiles: the impact of primordial non-Gaussianities on the central density cusp. Journal
of Cosmology and Astroparticle Physics, 2024, 05, pp.021. 10.1088/1475-7516/2024/05/021 . hal-
04455552

HAL Id: hal-04455552
https://hal.science/hal-04455552v1

Submitted on 21 Nov 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04455552v1
https://hal.archives-ouvertes.fr

arXiv:2401.09614v2 [astro-ph.CO] 7 Apr 2024

PREPARED FOR SUBMISSION TO JCAP

From inflation to dark matter halo
profiles: the impact of primordial
non-Gaussianities on the central
density cusp

Clément Stahl® Nicolas Mai® Benoit Famaey” Yohan Dubois’
Rodrigo Ibata®

@Université de Strasbourg, CNRS, Observatoire astronomique de Strasbourg, UMR 7550,
67000 Strasbourg, France

bInstitut d’Astrophysique de Paris, CNRS, Sorbonne Université, UMR 7095, 98bis bd Arago,
75014 Paris, France

E-mail: clement.stahlQunistra.fr

Abstract. It has recently been shown that local primordial non-Gaussianities (PNG) with
significant amplitude (|fx1| ~ 1000), at small (Mpc) scales, can help in forming simulated
galaxies with more disky baryonic kinematics than in the Gaussian case, while generating
matter power spectra that can differ by up to 20% from the Gaussian case at non-linear
scales. Here, we explore in detail the consequences of such small-scale PNG on the dark
matter halo profiles. We show in particular that, for negative fxr,, dark matter halos formed
in collisionless simulations are not always well described by the traditional Navarro-Frenk-
White (NFW) profiles, as supported by their sparsity distribution. We conclude that NFW
profiles are not as clear attractors for the density profiles of dark matter halos in the presence
of PNG than in the case of a Gaussian contrast density field. We show how alternatives to
the NFW profile can describe halos both in the Gaussian and non-Gaussian cases. From the
combination of our sparsity analysis and the quality of the adjustments of the density profiles
with a minimal extension to NFW, we conclude that z = 1 halos carry the most interesting
information about PNG.


mailto:clement.stahl@unistra.fr

Contents

1 Introduction 1
2 Simulations’ description 3
3 NFW density profiles 4
3.1 Direct fit 4
3.2 Using sparsity to evaluate the quality of the NFW description 5
4 Other profiles for non-zero fni, 7
4.1 Minimal extension to NF'W 7
4.2 Einasto profile 10
5 Conclusions and perspectives 11
A Hydrodynamical results 13

1 Introduction

The ACDM (A Cold Dark Matter) standard model of cosmology relies on different assump-
tions: (i) gravity is described by General Relativity; (ii) the universe is composed of particles
from the standard model of particles physics (including radiation and neutrinos) as well as
cold dark matter (CDM) and dark energy (described by a cosmological constant A); (iii) the
universe is statistically homogeneous and isotropic on large scales (the cosmological princi-
ple); (iv) the universe started out, after the inflationary phase, in a nearly scale invariant,
highly Gaussian state for the density fluctuations. These working hypotheses are supported
by a plethora of observational evidence including the Cosmic Microwave Background (CMB),
the multiple probes of large scale structure including its baryon acoustic oscillations, the
abundances of light elements. Observational campaigns are awaited for the next decade to
continue the quest for precision cosmology and to challenge these hypotheses.

Despite providing an astonishingly good fit to the observational data, ACDM lacks
fundamental grounding for its dark sector (dark matter and dark energy). Furthermore dark
clouds may be gathering in the form of, e.g., tensions in the parameter inference from early and
late cosmological probes [1], or the existence of extreme objects which seem to be more often
observed than what ACDM predicts: very massive clusters [2], very early-formed galaxies
[3-5], very large voids [6]. At late times, when the evolution of matter perturbations becomes
highly non-linear and has to be mostly modeled with numerical methods, there is also a
handful of small scale problems [e.g., 7, 8]. These flies in the ointment may be hints that the
ingredients of ACDM need to be revisited. Much of the activities in this direction have been
to reconsider point (i) or (ii), in particular with the attractive hope to have a more complete
theory of gravity and/or a a deeper understanding of the dark sector. We have been arguing
[9, 10] that at least some of the above mentioned problems may perhaps find a natural solution
by amending hypothesis (iv). For instance, the presence of extremely massive objects [11],
the Sg tension [9], the presence of early-formed objects [12], some z = 0 small-scale problems
[9, 10] may be explained, though much work still needs to be carried out to obtain a full



answer to all the questions that a reconsideration of initial density fluctuations raises, and to
address whether they can fully, or partially, address the aforementioned problems of vanilla
ACDM.

Inflation [13] is a period of accelerated expansion of the universe leading to particles
production due to vacuum quantum fluctuations stretched to large scales. At leading order
in cosmological perturbation theory, inflationary scenarios engender a near scale invariant
Gaussian distribution. The predictions of inflation are in line with current measurements of
the CMB [14, 15|. One has not yet directly probed the primordial matter distribution at
smaller! scales. Furthermore the CMB is a cosmological probe which allows one to probe the
matter probability density function rather close to its mean, and is pretty uninformative about
the tail of the distribution function. As such, the CMB and large-scale structure observations
do not allow yet to set constraints on PNG at Mpc scales.

Beyond leading order in perturbation theory, one however expects to have non-Gaussian
tails, of varying intensity depending on the detail of the microphysics of inflation. As these
tails cannot be cast as an expansion around a Gaussian probability density function (PDF),
a proper modeling requires in principle non-perturbative techniques, see eg. Refs. [16-20]. As
such, these models can make more probable the extreme objects of our universe [11]. Further
observational prospects for these non-perturbative PNG include the search for primordial
black holes [21], that could also represent a fraction of dark matter [22, 23|, the gravitational
waves cosmological background [24], or ultracompact minihalos [25].

As that type of model also predicts large PNG on small scales, they could also leave
signatures on CMB spectral p-distortions [26], and on every probe going from the scale of
galaxy clusters down to galaxy scales, as also probed by local (perturbative) models on small
scales. These include, e.g., cluster number counts [27], a scale-dependent deviation from the
Gaussian case in the bispectrum and trispectrum [28|, weak lensing [29] or strong lensing
[30] signatures, the mass function or luminosity function of high redshift galaxies [12, 31, 32],
reionisation [33, 34|, or details of the internal kinematics of galaxies [9, 35]. In the present
paper, we will study the density profile of halos formed in simulations with and without large
(small scales) local PNG.

The inner structure (density profile) of dark matter halos is an important aspect of the
analysis of cosmological data, as it connects the observed galaxy distribution to theoretical
predictions of the underlying dark matter distribution [36]. It is also of primordial impor-
tance for direct and indirect search of dark matter [37]. Our current best fitting functions
are empirical laws calibrated on observations or on numerical experiments. In collisionless
simulations [38], halos that form in a cosmological context are typically well described by a
universal NFW profile |39, 40], regardless of the epoch or cosmological parameters. In ob-
servations, and in hydrodynamical simulations including baryons, the situation is much less
clear, but the profiles are rarely NFW on galaxy scales |e.g., 41, 42|, as they are thought to be
transformed through baryonic feedback (or because of ACDM shortcomings). In the case of
ACDM collisionless simulations, the universality of the NF'W profile has been tested over 20
orders of magnitude in masses of the host halos [43]. While it is generally admitted that the
very first halos display a steeper cusp than NFW [44—46], this initial power-law rather quickly
breaks down with the first mergers and always converges toward NFW. The physical origin
of this attractor behaviour remains however elusive. Various attempts in the literature have
discussed this question such as the mass accretion history and the role of mergers [47, 48],

'In this paper, we define small scale as scales smaller than CMB scales: O(10) Mpc.



adiabatic contraction [49], maximum entropy arguments in the context of violent relaxation
[50], mean field statistical approach [51], even numerical noise [52] and, of particular relevance
for our work, the initial conditions [53]. In Ref. [53], the authors showed that the universality
of the NFW profile may come from a choice of primordial power spectrum in a narrow range
compatible with the CMB. Most of these attempts relied on Gaussian initial conditions, see
however Ref. [45].

The density profiles of CDM halos formed from non-Gaussian initial statistics has been
previously studied with a combination of N-body simulations and theoretical works [10, 35,
54-57]. As changing the initial conditions changes the timing of structure formation and
thus the merging history, halos formed from different initial conditions may indeed have a
different inner structure. More precisely, an excess in the positive tail of the primeval matter
distribution would translate into more concentrated halos [35]. Ref. [54] used a generalized
NFW profile to model halos while Ref. [55] used a “log-linear model” to fit the ratio of the
non-Gaussian to the Gaussian profile. This model has been further improved in Ref. [56].
Finally Ref. [57], using analytical modelling, found that for small PNG, the density profiles
are not impacted by initial conditions. For larger, small scale PNG, we will show hereafter in
this short paper that this result does not apply.

In Section 2, we briefly describe our suites of simulations and how halos have been
identified. In Section 3, we present the measurements of the density profiles in the NFW
context, and perform for the first time an analysis of their sparsity. In Section 4, we consider
alternatives to the NF'W profiles that better match our simulations with PNG. In Section 5,
we wrap up and draw some perspectives.

2 Simulations’ description

In the following, we briefly describe our suites of simulations and halo samples. No new
simulations have been run for the present analysis, and more detailed information about
those simulations can thus be found in Refs. |9, 10].

In this paper, we will mainly study 3 x 21 collisionless (dark matter only) simulations
run with the GADGET4 code [9, 10, 58], which we will complement in Appendix A with results
from 3 hydrodynamical simulations run with the RAMSES code [59], closely following the
baryonic physics of HorizonAGN |9, 60, 61].

We have simulated boxes of “Gaussian” universes as benchmarks corresponding to the
standard ACDM models, with box-length L=30 Mpc/h. Our beyond-ACDM physics consists
of two PNG templates with skewness: fxr, ~ £1000 dubbed? NGF. While such high values
of fni, are ruled out [62] at CMB scales, at scales O(10) Mpc/h, the constraints on fyr, are
much looser [32]. We effectively restricted the perturbative expansion around a Gaussian to
such small scales since our box-length is only L = 30 Mpc/h. We leave the generalization to
a scale-dependent scenario, e.g. based on a fully-fledged inflationary model (eg. [63-67]), for
future works.

The initial conditions for our simulations were generated at z = 50 using MONOFONIC
[68] and we used the following cosmological parameters [9]: Q5 = 0.31, Qp = 0.69, Q) =
0.0455, Hy = 67.7kms™ ' Mpc™!, A, = 2.1 x 1072 and ng = 0.968. The mass resolution for
the collisionless simulations is 2.6 x107 Mg, for 5123 dark matter particles in the simulation
box. We have run our simulations down to z = 0 and saved three snapshots at z =3, 2 =1

2The sign of fnr is opposite to the sign of the quadratic correction to a Gaussian field for the potential,
hence our naming convention for the simulations.



and z = 0. We identified halos using SUBFIND [69] and ADAPTAHOP [70]. In order to have
enough resolution to investigate the inner part of each halo, we focus in the paper on the 1000
most massive halos of each simulation. Their mass range is [1 x 10! ; 2 x 10'] M. Unless
otherwise mentioned, we work with virial masses Msgg. and virial radii r99g., and we will
drop the superscript ¢ for the rest of the paper. The error bars are computed using standard
deviation on the mean.

3 NFW density profiles

3.1 Direct fit

We first aim at finding the best-fit NFW profiles describing our halos. We will later on test
whether they really are a satisfactory description of the mass profiles in all cases.
The universal NF'W density profile discussed in Section 1 is given by:

pr) = ps (3.1)

(5) (%)

where p(r) is the dark matter density, ps and rg are the scale density and radius. Instead of
these two parameters, one can also work with the virial mass and concentration, or alterna-
tively with the virial radius and concentration. The enclosed mass within a sphere of radius
r reads

M(r) = 4nrips <ln(1 +7r/rg) — %) . (3.2)

Defining the concentration parameter ¢ = r00/rg, and evaluating the enclosed mass at rag0:

ps _ 200 c?

== - 3.3
Pe 3 In(1+¢)— 15 (3:3)

where p, is the critical density. We then relate the enclosed mass to the concentration ¢ and

T200-
In(1+ X%) — — e
i(r) = 200, ke M ) ) (3.4
3 ln(l + C) ~ 1+¢

In our simulations, we first fit the logarithm of Eq. (3.4) against the logarithm of the enclosed
mass as measured directly from the simulations in concentric spheres. We use 30 logarithmi-
cally spaced radii, ranging from r =max[10 kpc/h , 7200/50] up to r = ra0p, closely following
the prescription of Ref. [71].

In Figure 1, we display the average density profile for the models under study, without
any fitting. It is immediately apparent that halos have different concentration in the two non-
Gaussian models with positive and negative fnr,. After fitting NFW profiles, we display the
mass-concentration relation for our fitted halo samples in Figure 2, at three different redshifts
(z =3,z =1and z = 0). The theoretical line from Ref. [72| has been plotted with the
python package coLossus [73]. The fit of [72] is in reasonable agreement with our Gaussian
halos, while NG+ (negative fn1,) is systematically less concentrated and NG- (positive fnr,)
is more concentrated. This confirms well known results from, e.g., Refs. [35, 55, 56].
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Figure 1: Average over the 21 000 halos of the density profile (not fitted to any particular
parametrized profile) for the three models G, NG+ and NG- at redshift z = 1. The error
bars were calculated as the standard deviation on the mean. The NG+ halos (with negative
fnL) are clearly less concentrated than their Gaussian counterparts. The opposite holds for

NG- (with positive fnr.).
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Figure 2: NFW mass-concentration relation for the three models G, NG+ and NG- at z =0
(left panel), z = 1 (middle panel) and z = 3 (right panel). The shaded regions correspond to
standard deviation on the mean.

3.2 Using sparsity to evaluate the quality of the NFW description

The calculation of the concentration statistics depicted in Subsection 3.1 relied on a fit to
NFW profiles. However, it had nothing to say on whether the NF'W profile is indeed a correct
description of the halo density profiles in the non-Gaussian cases under consideration, which



— A =500
A = 1000
A = 2500

D 10

C

Figure 3: Three typical sparsities as a function of the concentration of the NFW profile
obtained using Eq. (3.6).

is a more profound question than the one relating to the mass-concentration relation.

The halo sparsity, namely the ratio between cumulative masses enclosing two different
overdensities, provides a non-parametric estimate of the halo mass distribution that encodes
information beyond the simple NFW description [74-80]. It is defined as:

sa = Ma00
- )
M

(3.5)

the ratio of the masses enclosed in spheres of radius rog9 and ra. For all A > 0,ra is the
radius within which the average density is equal to A times the critical density.

Typical values for A include 2500, 1000 and 500, with 7200 > 7500 > 71000 > 72500. Lhis
means that the sparsities give an image of the inner structure of the halo without relying on
any parametric density function. It has been shown to contain a wealth of cosmological [e.g.,
75| and astrophysical [e.g., 79, 80] information. Regarding observational prospects, it is also
simpler to measure than a full profile (see Ref. [81] for a full presentation of the sparsity).

For NFW profiles, using Equation (3.4) allows one to exhibit a one to one correspondence
between the sparsity and the NFW concentration:

NEW _ In(1+¢) — Tre
A ln(l + T‘AC) — TAC

7200 7’200(14»%)

(3.6)

A graphical representation can be obtained in Figure 3.2 of Ref. [81], that we reproduce
in Fig. 3.

In Figure 4, we compare the sparsity s = s509 measured directly from the enclosed mass
to the sparsity sV deduced from the NFW fit of Section 3.1, with Eq. (3.6). To have a
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Figure 4: Distributions of the relative difference between the sparsities s = s5g9 directly
measured in our Gaussian and non-Gaussian simulations and the sparsities sN' W = 35N0%W
inferred from a NFW fit as per Eq. (3.6). If the quantity plotted is positive/negative for a
given halo, it means that the halo is sparser/less sparse : namely, the halo has less/more mass
at rso0 that what is predicted by the NFW fit. Owing to its lower PDF at the mode and to

its larger tails, it appears that NG+ is less close to NFW than G and NG-.

deeper understanding of our halo sample, we do not only focus on the median of the halo but
plot the full probability density function of the relative ratios of the sparsities as in Figure 1
of Ref. [79]. At z = 0, there is no obvious deviation from NFW compared to the Gaussian
case, but the tails of the NG+ simulation indicate a possible deviation at high redshift. In
order to examine the merit of this impression, we then perform a second test, not relying on
the fitting procedure of Section 3.1:

1. We measure szo0 from the simulation using Eq. (3.5).
2. We use twice Eq. (3.6) to obtain ¢ and then sa500.
3. We then measure so500 from the simulation.

4. Asosoo represents the difference between the two values found in 2. and 3.

In Figure 5, we compare the distribution of Asas00/S2500, Where sa500 corresponds to the
sparsity directly measured as in the aforementioned point 3. This second test conclusively
confirms the deviation of NG+ from NFW at intermediate and high redshift. Moreover, as
could already be hinted from Fig. 4, the NG- simulation is even closer to NFW than the
Gaussian case as it has a more peaked distribution around 0.

This motivates us to relax the hypothesis of a NFW halo and explore whether it is
possible to find a more general family of profiles, in the spirit of [55, 56|, that adjust better
the halos in simulations with PNG, especially for the NG+ (negative fni,) data set.

4 Other profiles for non-zero fy,

4.1 Minimal extension to NFW

A large number of profiles able to describe the density distribution of spherical dark matter
halos exist in the literature [e.g., 41, 82-92]. Among these, a very general family of profiles
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Figure 5: Distributions of the relative ratios of sparsities at r9500: one directly measured
and the second inferred from a measure at r599 assuming the NFW relation of Eq. (3.6). See
points 1-4 after Eq. (3.6) for more details. Note that no fit to a family of profile were involved
to obtain this curve, though the results are in agreement with Fig. 4 which relied to a fit to
NFW. If the quantity plotted is positive/negative for a given halo, it means that the halo is
sparser /less sparse than expected from NFW. Again, the lower PDF at the mode and larger
tails of NG+ indicate that it is less well described by a NFW profile than the others.

extending the NFW profile is the following parametrization [93]:

p(r) = & — (4.1)

G+ (%)] "

where 7 represents the (logarithmic) inner slope, /3 represents the outer slope, and a controls
the transition between the two regions. The NFW profile is recovered for («,3,7y) = (1,3,1).
The enclosed mass function for this profile reads:

T
M(r) = 4777"%/ dr’r’2p—sﬁj
0 /’y(l + T/a) o
P\ R (R R ) (1)
= 4777‘5)’@,03 (>
3—7

= 4777‘%;)3(}&57(7”/7'5),

where 2Fy is the hypergeometric function, see eg. Ref. [94] for a definition and an application.

In the NFW limit, Gi31(r/rs) = In(1 4+ r/rg) — 11{%5

Still defining ¢ = 7900/, the enclosed mass can be rewritten as

47T7“g’00 Gapy(rc/r200)

3 Gapy(©) 3

M (r) = 200p,

In our case, rop9 can be measured directly from the simulation, hence this reduces the profile
to 4 parameters. However, as we only have a one-dimensional profile to fit, and as it is clear
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Figure 6: Resulting correction for the inner slope of the NFW profile, as a function of the
mass of the halo. m =1 — 1, see Eq. (4.2). The uncertainties on mean m are sometimes zero
at high mass when only one halo is present in the mass bin.

from the sparsity analysis that only a minimal extension to NFW is needed, we will fix some
of the parameters to break the degeneracies.

In Ref. [55] (see also Ref. [56]), the ratios of the NG profiles to the Gaussian ones have
been described by a log linear two-parameters model:

PNG _ 1+ mlog(r/rx), (4.4)

PG
with a length-scale rx and a shape transformation m. This model was found to encapsulate
the corrections due to a positive or negative fnr,, that were qualitatively equivalent to what
we found in Figure 8 of Ref. [10]. As a first exercise, we fitted with Eq. (4.4) the ratios of our
profiles and have found a qualitative agreement with Ref. [55].

m
Then, motivated by Eq. (4.4), which for small m can be rewritten (i) , We propose

to describe the halos in simulations with PNG with a minimal extension to NFW, given
by Eq. (4.2) with (o, 8,7) = (1,3,1 — m): they present the advantage of leaving the outer
slope equal to three but allowing the inner asymptotic slope to vary. Note also that rx and
ps are totally degenerate and therefore determined from Msgy and rogg. Following the same
procedure discussed in Section 3, we fit the halos with this minimal extension of NF'W profiles.
To have enough resolution to avoid numerical artefacts, we now restrict to halos with mass
larger than 3 x 10'*Ms. We display the fitted values of m in Figure 6. Halos naturally tend
to prefer a slightly more cuspy central slope than NFW at z = 0, but as we shall see below,
the improvement in the fit is marginal in the Gaussian and NG- cases.

At all three redshifts considered, it appears clearly that the NG+ simulations prefer
higher values of m than G and NG-, namely shallower inner slopes, especially so at high
redshifts, in qualitative agreement with our findings based on sparsity. The NG- simulations,
on the other hand, appear to be a bit more cuspy than the Gaussian case.

In summary, we have qualitatively found, both from the analysis of the sparsity in
Section 3 and from fits with a minimal extension to NFW, that halos in the NG+ simulations
seem to be at odds with the expectations from a universal NF'W profile, preferring shallower
inner slopes.
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Figure 7: Distribution of the difference of the Akaike Information Criterion fitted by our
minimal extension of NFW with that obtained with a NFW profile, for the Gaussian and
non-Gaussian models. A negative value indicates that the minimally extended NFW is a
better adjustment to the density profiles than NFW. Especially at z = 1, NG+ improves the
most compared to its NF'W value.

We now quantify this by checking if something has been gained with our fits based on a
minimal extension to the NF'W profile. For this, we consider the Akaike Information Criterion
(AIC) suited for nested fitting situations such as the one considered here: m = 0 recovers
the NFW profile. This criterion penalizes the goodness of the fit by taking into account the
number of degrees of freedom used to perform the fit.

We compute the difference AAIC between the minimal NFW extension’s AIC and the
NFW’s AIC, defined as AAIC. In order to check if something has been gained, we also restrict
to halos with |[AAIC| < 50. Doing so allows to keep halos which improve at maximum 3 times
the mean improvement in AIC of the Gaussian case. Indeed halos in the process of merging,
or generally out of equilibrium, could lead to an improvement even in the Gaussian case, but
are of no interest for our present investigation. We display the resulting PDF in Figure 7.

The minimally extended NFW model generally improves the fit of NG+ compared to
the NFW model® with a lot of halos with AAIC down to —40. Interestingly, this is most
visible at z = 1. We therefore conclude, from our sparsity analysis combined with our present
parametric analysis, that z = 1 halos carry the most interesting information about PNG.

4.2 Einasto profile

The analysis of the previous subsection focused on a minimal extension, which only changed
the inner slope of the NEFW profile. The NFW profile transitions gradually from p o< 2 at
large radii to 7~! at small radii, whereas the minimal extension considered in the previous
subsection transitions to 7~(1=™) _ where m is free. However, the simulations do not resolve
the inner cusp, especially at low masses, hence the values of m inferred from the previous
fits are essentially indicating a change of slope compared to NFW in the transition region,
rather than probing the inner cusp. To confirm this, we also consider as an alternative

3Some larger improvements are obtained, at larger |AAIC|, in the Gaussian case: these halos are typically
not at equilibrium.
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Figure 8: Value of the parameter n of the Einasto profile (4.5) fits as a function of the mass
of the halo.

parametrization the Einasto profile [82, 95]|:

p(r) = p_sexp [—2n ((7;) e 1)] , (4.5)

where r_o is the radius at which the density has a slope of -2, p_s is the density at that
radius and n describes how sharply the profile steepens at low r. The meaning of the index
n is closely related to the parameter « in our Eq. (4.2). The Einasto profile can describe
the subtle variations with respect to NFW for the CDM halo densities in the Gaussian case.
Its parameters vary with the mass of the halo, the redshift [96, 97] and the initial power
spectrum [98]. We performed a fit on the density profiles themselves for the three parameters
(n, p—2, r—2). The results for the index n are displayed on Figure 8. We recover the expected
dependence of n on the halo mass for the Gaussian case, and we qualitatively confirm the
results of the previous subsection, i.e. that the NG+ simulations generically transition to a
shallower central density (not well resolved in our simulations) with a lower value of n than
in the Gaussian case.

Finally, in Figure 9, to illustrate these results, we select the most massive halo of one
simulation and show its density profile, along with the fit to the minimal extension to NFW
and to Einasto, illustrating this shallower transition for the NG+ case.

5 Conclusions and perspectives

In this short paper, we studied in depth the impact of small (~ 30 Mpc) scale PNG on
the internal structure of dark matter halos formed in a suite of collisionless cosmological
simulations with fxi, = —1000,0,1000 (dubbed NG+, G, NG-) at three different redshifts
z =3,1,0. Since such PNG are known to change the timing of structure formation and the
merger trees, they can potentially affect the inner structure of halos. In particular, knowing
whether the NFW profile remains an attractor solution for the halo density profiles in the
presence of PNG is an important question, which can, in turn, shed light on the reasons
behind the universality of this profile in the ACDM context.

— 11 —
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Figure 9: At z = 0, the density profile of the most massive halo of one simulation (left
panel), the fit to the minimal extension of NFW (middle panel) and the Einasto fit (right
panel).

We start by recovering a series of already known results, namely that halos formed in
simulations with negative fx1, (NG+) are less concentrated than in the Gaussian case, while
the opposite is true in the case of a positive fxi,. Then, for the first time, we perform a detailed
analysis of the sparsity of the halos formed in the different simulations. The distribution of
sparsities indicates qualitatively that the NFW profile remains a relatively good description
at z = 0, even though the NG+ distribution tends to be more skewed, indicating that the
NFW description might not be sufficient. This becomes more marked at z =1 and z = 3. To
confirm this qualitative finding based on sparisties, we then adjust the profiles with a minimal
extension to NFW by varying its asymptotic inner slope. While some halos that are out of
equilibrium can be better described by such a minimal extension than by NFW (based on the
Akaike Information Criterion) even in the Gaussian case, restricting to |AAIC| up to 50, it is
clear that the minimal extension leads to a significant improvement in the NG+ case at z =0
and z = 1. Combined with the sparsity analysis and a fit to the Einasto profile, we conclude
that the z = 1 halos are those carrying the most interesting information in cosmologies with
negative fnxr, (NG+). Since this internal structure of halos is set by the initial conditions,
PNG typically lead to a different redshift dependence than other extensions to ACDM, which
allows them to leave unique signatures. The same should be true for signatures of feedback.
We provide a preliminary analysis at z = 0 of hydrodynamical simulations in the Appendix,
but exploring a larger suite of simulations at higher redshifts will be needed to explore the
degeneracies (and non-degeneracies) with feedback.

In the future, we will need to extend our analysis to a large suite of hydrodynamical
simulations at various redshifts, as well as consider larger boxes with scale-dependent PNG
and/or with the full PDF. We will explore whether Machine Learning methods lead to the
same result concerning the non-universality of NFW in the presence of PNG [99-102]. Since
we have mostly concentrated here on the inner structure of halos, it will also be interesting
to consider the effect on the outer slope, splashback radius, and large-scale triaxility of the
halos.
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Carbon Footprint

In this work, we re-used existing simulation data. That severely limits its carbon footprint.
Following Ref. [108] to convert* the number of CPU hours required to postprocess the simu-
lations in order to obtain the data for this work, we have used 100 kgCO2eq.

A Hydrodynamical results

In this Appendix, we complement the study of the 3 x 21 dark matter only simulations with
the most salient corresponding results for the dark matter particles present in our hydro-
dynamical simulations, with baryonic sub-grid physics included. The resolution of the dark
matter particles in these hydrodynamical simulations is 2.2 x10” M. In that case, we have
only 1000 halos, so the statistics is poorer but the trends are similar. We only show the results
at z = 0. In Figs. 10, we present the mass-concentration relation. As in Figure 2, the NG+
model is less concentrated than the G model, itself less concentrated than the NG- model.

In Figure 11, we redo the test that we proposed in points 1-4 after Eq. (3.6). Recall that
this test did not rely on a fitting procedure, but just on enclosed mass measurements.

We confirm the results found in the main text, NG+ has more difficulty to account for
a NFW profile, as it presents larger tails.

Finally, following the main text, we let the inner slope of the density profile vary. The
mean values of the inner slope becomes in that case m ~ —1 that is v ~ 2 (instead of v = 1 for
NFW), because of the adiabatic contraction of the halos. No clear difference could however
be exhibited between the models with the statistics available to us: in Fig. 12, we display the
improvement of the AIC. Following the main text, we present only halos mildly improved by
the minimally extended NFW, that is |AAIC|<50. While every model gains by opening the
inner slope of the fit, NG+ does not improve over the Gaussian model in that case.

“Including the global utilisation of the cluster and the pollution due to the electrical source, the conversion
factor is 4.7 gCO2e/h core
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Figure 10: Mass-concentration relation for the three models G, NG+ and NG-. The uncer-
tainties are sometimes zero at high mass when only one halo is present in the mass bin.
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