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The nature of dark matter (DM) is one of the greatest mysteries of modern astrophysics. While the
standard cold DM (CDM) model successfully explains observations on most astrophysical scales, DM
particles have not yet been detected, leaving room for a plethora of different models. In order to identify
their observable signatures, we use the AIDA-TNG cosmological simulation suite to predict the
distributions of gas and neutral hydrogen (HI) in the CDM, Self-interacting DM (SIDM), velocity-
dependent SIDM (vSIDM), and warm DM (WDM) models. We find that the DM models investigated have
very limited impact on the median gas and HI profiles of haloes. Nevertheless, for the most massive haloes
(Mvir ∼ 1014M⊙), we find that DM self-interactions can reduce the central potential, thereby lowering
gravitational heating and the central gas temperature. We find that, in all models, the halo-to-halo variation
in the HI profiles is explained by AGN feedback, and that the specific characteristics of the DM model are
largely subdominant. Nevertheless, we detect some systematic difference in the case of SIDM, with more
HI surviving close to the centre with respect to other models. We provide fitting functions for the gas and HI
profiles. We investigate the galaxy-Lyα cross-correlation function (GaLαCC) for different halo masses,
redshifts and observational strategies. We find that at z ¼ 0 vSIDM can be distinguished from CDM in
haloes with 1012 ≲Mvir ≲ 1013M⊙, while SIDM1 can be distinguished from CDM in haloes with
Mvir ≳ 1013M⊙. We estimate that statistically robust detection requires sampling ∼160 haloes with ∼20
sightlines each, a task that can be achieved with current and future facilities like WEAVE, 4MOST, PFS,
ELT and WST.

DOI: 10.1103/gssw-j3sv

I. INTRODUCTION

The nature of dark matter (DM) is a fundamental
problem in modern physics. The widely accepted Λ cold
dark matter (ΛCDM) model, which assumes that DM is
composed of nonrelativistic and collisionless particles,
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successfully explains various large-scale observations by
different tracers, including the cosmic microwave back-
ground [CMB, e.g., [1] ], the Lyman-α forest [e.g., [2,3] ],
weak gravitational lensing and galaxy clustering
[e.g., [4,5] ].
Despite the great success of the ΛCDM model, the

fundamental nature of DM remains elusive and many
candidates remain under intense debate, including, e.g.,
axions [6–8], weakly interacting massive particles
(WIMPs) [9–11] and primordial black holes [12,13].
Direct-detection (e.g., XENONnT [14], LZ [15,16],
PandaX [17,18]) and indirect-detection (e.g., Fermi-LAT
[19], DAMPE [20]) experiments did not find any significant
evidence for the nature of DM. This, together with the
existence of some problems of ΛCDM at small scales, has
powered the exploration of alternative (beyond CDM)
models. Among the most studied ones there are the warm
dark matter (WDM) and self-interacting dark matter (SIDM)
models.
In the WDM model, it is assumed that DM particles are

thermal relics with nonzero initial velocity [21,22]. Their
free-streaming length is inversely proportional to the DM
particle mass, suppressing fluctuations on scales smaller
than such length. The tightest constraints on the mass of
WDM particles (>5.7 keV) currently come from Lyman-α
observations in combination with accurate modeling of the
nonlinear evolution of structure formation in a WDM
cosmological model through hydrodynamical simulations
[23–26]. Independent constraints come from the number of
Milky-Way satellites [27–29], the properties of stellar
streams [30,31] and strong gravitational lensing of both
background galaxies and quasars [32–34].
The SIDM models, instead, postulate a new interaction

between cold DM particles in addition to gravity, which
induces scatterings and an exchange of energy and momen-
tum. This has the net effect of reshaping the matter
distributions within haloes through energy transfer from
the inner to the outer region [35,36]. It is sometimes
postulated that the cross section for such an interaction
is velocity dependent (vSIDM model). Multiple studies
have attempted to constrain the SIDM self-interaction cross
section [37–39] under specific conditions. For example,
Eckert et al. [39] find σ=m < 0.19 cm2 g−1 at 95% con-
fidence level for a collision velocity vDM−DM ∼ 103 km s−1.
These works typically focus on a specific mass scale (e.g.,
galaxy clusters), enabling more stringent constraints at the
cost of generality.
An alternative approach to direct detection to pinpoint

the nature of DM consists in identifying the astrophysical
impact of different models and contrasting such predictions
with observations. Since the vast majority of DM models
are built to comply with available cosmological constraints,
galactic and subgalactic scales are the most promising
for this goal. In order to produce reliable predictions on
such nonlinear scales, cosmological simulations are a

fundamental tool. In fact, over the years, several tensions
between numerical predictions and observations have been
reported at these scales. In addition to the classic “too big to
fail” [40], “core-cusp” [41,42], “missing satellite” [43,44]
and the plane of satellite problems [45], strong gravitational
lensing recently revealed a new potential inconsistency
between CDM predictions and the properties of galactic
and cluster satellites [46,47]. Thanks to the increased
understanding of baryonic physics, growth in simulation
resolution and improvement of observations, some of these
problems might be solved within the standard ΛCDM
model [e.g., [48–50] ].
Numerical simulations of beyond-ΛCDM models are

typically DM-only, because of the much leaner computa-
tional requirements compared to simulations including gas
physics, enabling a wider exploration of the parameter
space. Nevertheless, in the past few years a number of
hydrodynamical simulations of such models have been
published, including Robertson et al. [51–53], Oman et al.
[54], Correa et al. [55], and Shen et al. [56], which stops at
z ¼ 6. Recently, a new comprehensive set of simulations
named AIDA-TNG [57] was completed. Compared to
previous works, these simulations deliver the first high-
resolution, large-volume (51.7 and 110.7 Mpc) cosmologi-
cal runs with identical initial conditions for the ΛCDM,
WDM, SIDM and vSIDM models.
In this paper, we employ the new AIDA-TNG simulation

suite (briefly introduced in Sec. II) to provide a compre-
hensive study of the total gas and HI content of haloes in
the WDM, SIDM and vSIDM models (Sec. III). We also
forward-model observations of the Lyman-α forest and
investigate the galaxy-Lyman-α cross-correlation function
in Sec. IV. Finally, we discuss our results and future
perspectives in Sec. V.

II. SIMULATIONS

In this section, we briefly introduce the alternative dark
matter in the TNG universe [AIDA-TNG for short, [57] ], a
suite of cosmological magnetohydrodynamical simulations
used in this work. All simulations were run with AREPO

[58]. They consist of three cosmological volumes of
different resolution and size simulated in CDM, three
WDM models (particle mass mWDM ¼ 1, 3, 5 keV, referred
to as WDM1, WDM3, and WDM51) and two SIDM
models, one (SIDM1) where the interaction cross section
is constant σ=mχ ¼ 1 cm2 g−1, and another (vSIDM) where
the cross section is velocity dependent [following [59] ]. In
this work, we use the two largest boxes (Lbox ¼ 110.7 and
51.7 Mpc). All simulations start at redshift z ¼ 127 and
adopt the cosmological model from Planck Collaboration

1Our main analysis only includes WDM3. WDM5 has no
hydrodynamical run yet, as its difference from CDM is expected
to be small, while WDM1 is used only as a test case at a different
resolution.
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et al. [60]: Ωm ¼ 0.3089, ΩΛ ¼ 0.6911, Ωb ¼ 0.0486,
H0 ¼ 0.6774 and σ8 ¼ 0.8159.
For each volume and model, both a DM-only (DMO)

and a full-physics (FP) run are available, which will allow
us to explore the interplay between alternative dark matter
(ADM) models and baryonic physics. The FP runs use the
IllustrisTNG galaxy formation model [61,62][TNG here-
after]. The TNG model has been shown to reproduce a
broad range of galaxy properties and scaling relations
across the galaxy population and as a function of the
cosmic epoch. The model updates on the previous Illustris
model [63,64], including a revised kinetic AGN feedback
model for the low accretion state [61] and an improved
parametrization of galactic winds [62]. The model includes
(i) a subresolution treatment of the interstellar medium
(ISM) as a two-phase gas where cold clumps are embedded
in a smooth, hot phase produced by supernova explosions
[65]; (ii) feedback from supernova explosions; (iii) the
production and evolution of nine elements (H, He, C, N, O,
Ne, Mg, Si, and Fe), as well as the tracking of the overall
gas metallicity; (iv) density-, redshift-, metallicity-, and
temperature-dependent cooling; and (v) supermassive
black hole (SMBH) formation, growth and feedback in
two different modes (quasar and radio, corresponding to
high and low accretion rates, respectively).
Table I summarizes the properties of the runs used in this

work. We refer the reader to Despali et al. [57] and follow-
up papers [66–68] for a thorough description of the
simulations and the models considered.

III. THE GAS CONTENT OF AIDA-TNG HALOES

We start by investigating the gas content of haloes in
different DM models. In order to provide a first visual
impression of the gas distribution in the simulations, Fig. 1
shows the projected density of DM (top panels), gas
(middle panels) and HI (bottom panels) for a single halo
with Mvir ∼ 4.3 × 1013M⊙ at z ¼ 0. The halo is extracted
from the 100/A full-physics run and is the same halo shown
in Fig. 5 of Despali et al. [57]. Columns from left to right
correspond to CDM, SIDM1, vSIDM and WDM3, respec-
tively. In all DM models, the gas generally follows the
underlying DM distribution but remains more diffuse, with
localized clumpy structures where cooling is efficient. In
turn, the HI distribution mainly follows the gas clumps,
with a highly clumpy structure.

We provide a more statistical view of the gas distribution
in Fig. 2, where we stack 100 randomly selected haloes
(the same for all DM models) within the mass range
Mvir ∈ ½1012.9; 1013.1ÞM⊙ at z ¼ 0. As expected, DM and
gas form smooth diffuse structures that embed small-scales
clumps. Conversely, HI is found only in the compact
clumps, approximately following the halo density distri-
bution and with surface densities spanning several orders of
magnitude. This is a consequence of complex ionization
(e.g., AGN feedback, star formation, UV background) and
self-shielding determining the gas ionization state [69–72].
We will quantify this clumping in detail in Sec. III C.
From this visual inspection, we find that both the central

gas and HI distributions in the SIDM1 model exhibit cores
that appear larger than in the other models. We therefore
proceed in the next section to a quantitative characterization
of the gas and HI distributions in order to confirm and
quantify these visual differences.

A. Halo gas profiles

In Fig. 3 we show the median gas overdensity (Δgas)
profiles normalized by the critical density at each redshift
(solid lines with different colors for different DM models).
We present overdensity profiles for the following reference

virial masses: Mvir ∈ f109; 1010; 1011; 1012; 1013; 1014gM⊙.
For each reference massM0, we restrict the sampled haloes to
a narrow bin defined by j log10Mvir − log10M0j ≤ 0.1. For
the top two rows (109; 1010M⊙), we use haloes from the 50/A
full-physics runs for better resolution and the rest use the
haloes from the 100/A full-physics runs for larger halo
samples. The exact number of haloes used to derive the
overdensity profiles canbe found inTable II. For eachhalo,we
first normalize the radial distance R to the halo center by its
virial radius as r̂≡ R=Rvir, then compute the overdensity
profile in 25 logarithmically equispaced bins spanning
r̂∈ ½5 × 10−3; 1Þ. Subsequently, we compute the median
overdensity in each radial bin over all sampled haloes. We
also estimate the 68% central scatter of data for each model,
but since they all yield very similar results, we only report the
average scatter using a gray-shaded area. The panels are
organized by halo mass (top to bottom) and redshift (left to
right). In the bottom part of each panel, we show the ratio of
ADM models to CDM. Additionally, since the spatial reso-
lution in the AREPO code is adaptive, we estimate the gas
resolution in each halo sample as the median gas cell size
within the central 10%of theRvir. This is shownby thevertical
hatched region in each panel.
First, we examine the redshift evolution of the profiles.

The shape of the profiles does not change significantly
with redshift and the underlying DM models, for each
halo mass below 1013M⊙. However, for more massive
haloes (Mvir ≥ 1013M⊙), a flat central region develops
within r̂≲ 0.02 to r̂≲ 0.04 as the halo evolves, consistent
with the action of a continuous baryonic feedback that

TABLE I. Summary of the AIDA-TNG simulations used in this
work and their main properties. From left to right: name of the
simulation, linear box size in Mpc, mass of DM and gas particles
in solar masses, gravitational softening in kpc.

Name Box [Mpc] mDM [M⊙] mbar [M⊙] ϵz¼0
DM;� [kpc]

100=A 110.7 6.0 × 107 1.1 × 107 1.48
50=A 51.7 3.6 × 106 6.8 × 105 0.57
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reduces the central gas density and enriches the surround-
ing IGM [73]. In contrast, we do not observe such features
at high redshift, suggesting that the impact of feedback
process requires significant time to produce a core in the
gas distribution. Interestingly, the largest gas overdensities
occur in intermediate-mass haloes (Mvir ∼ 1012M⊙), and is
reduced in both lower- and higher-mass haloes. This is
likely a consequence of the competition between the
accretion of new gas and the ejection of material through
feedback mechanisms. Both processes increase in effec-
tiveness with the halo mass, the former thanks to deeper
potential wells and the latter as a consequence of more
vigorous star formation and black hole activity.
We now focus on the impact of different DM models

on the gas overdensity profiles. For haloes with
Mvir ∈ ½109; 1012�M⊙ (top four rows of the figure), the
four DM models do not exhibit significant differences.
However, in haloes with Mvir ∼ 1010M⊙, the gas over-
density is slightly higher in the vSIDM model than in the

others. This is because, in haloes of this mass, the typical
relative velocities between DM particles lie in a regime
where the velocity-dependent cross section is large.
Together with the relatively higher DM density compared
to Mvir ∼ 109M⊙ haloes, this can modestly strengthen the
impact of self-interactions on the gas.
For group-mass haloes (Mvir ∼ 1013M⊙, fifth row in the

figure) we find that, relative to CDM, SIDM1 and vSIDM
haloes have slightly lower overdensity at r̂≲ 0.06 at z ¼ 3,
with this offset reducing toward lower redshift. Given the
small number of simulated haloes of this mass and the large
scatter, such feature could be due to sample variance.
Larger simulation boxes are needed to conclusively
assess this.
Alternative models, such as WDM and SIDM, alter the

DM distribution in the inner regions of haloes. Despali
et al. [66] shows that the formation of cores due to self-
interactions is reduced in the presence of baryons.
However, non-negligible differences remain: a flattening

FIG. 1. The projected dark matter (top), total gas (middle), and HI (bottom) density for a halo with massMvir ≈ 4.3 × 1013M⊙ at z ¼ 0
in the 100/A full-physics runs. We show the same halo in the CDM, SIDM1, vSIDM, and WDM3 (from left to right, respectively). The
white dashed circle denotes the virial radius of the halo (Rvir ∼ 400 kpc=h). Some small-scale differences can be appreciated between the
DM models.
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is still present for masses Mvir < 1012M⊙ in both SIDM1
and vSIDM, while adiabatic contraction driven by the
stellar component dominates at the scales of massive
galaxies, keeping the profiles cuspy; finally, massive haloes
are also cored in SIDM1. It is thus interesting that the
changes in the central potential are not strong enough to
produce relevant changes in the gas distribution.
Finally, we aim at enabling the use of our results in

different modeling approaches [e.g., line intensity map-
ping, as done in [74] ]. To this end, we fit the gas
distribution with a cored profile of the form

Δgasðr̂Þ ¼
Δ0

½1þ ðr̂=rcÞ2�3β=2
; ð1Þ

where Δ0 is the normalization constant, rc is representing
the size of the central core, while β describes the slope
at r̂ ≫ rc. We fit each profile in Fig. 3 (i.e., for each
halo mass, redshift and DM model) using a least-square

fitting routine2 and summarize in Table III the value
obtained for each parameter.
To move beyond the qualitative comparison of the gas

profiles, we also quantify their evolution by examining how
the best-fitting parameters of gas profiles depend on red-
shift, halo mass and DM model. We present the redshift
evolution of rc for haloes with mass ∼1013M⊙ as solid lines
in the left panel of Fig. 4 and for haloes with mass
∼1011M⊙ as dashed lines. For the massive haloes
(∼1013M⊙), we find that the core radius rc of the total
gas profiles grows with time in all models, although at
different rates. CDM, vSIDM and WDM3 all show very
similar trends of growing gas core. SIDM1, instead, shows
a prominent core radius already at z ¼ 3, accompanied by a

FIG. 2. Same as Fig. 1, but stacking of 100 randomly selected haloes in mass range log10 Mvir ∈ ½12.9; 13.1ÞM⊙ at z ¼ 0, from the
100/A full-physics runs. We use the same haloes for each DM model. The white dashed circle denotes the mean virial radius of the
haloes in this bin (hRviri ∼ 273 kpc=h). There are no clear differences between DM models.

2Specifically, we use the scipy.optimize.least_
squares function in the SCIPY package [75]. The fit is
performed over the radial bins that have not been excluded,
with residuals λi ¼ log10 Δmodelðr̂iÞ − log10 Δsimðr̂iÞ. The mini-
mized quantity is therefore

P
i λ

2
i .
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much slower growth, so that by z ¼ 0 its gas core is only
slightly larger than for the other models. This suggests that
higher redshifts are more promising to differentiate
between SIDM1 and other models by looking at the gas
core. Consistently, SIDM1 introduces the broadest DM
core since redshift z ¼ 3 in massive haloes, due to efficient
self-scattering and the DM core grows slowly as the
redshift declines. In contrast, for intermediate-mass haloes
(Mvir ∼ 1011M⊙), the gas core radius decreases toward
lower redshift, indicating a progressively more centrally
concentrated gas distribution. In the context of the com-
petitive mechanisms discussed above, this behavior sug-
gests that, at this halo mass scale, the accretion of new gas

increasingly dominates the late-time evolution, resulting a
smaller fitted rc toward z ¼ 0.
In the right panel of Fig. 4, we show the mass

dependence of rc at z ¼ 0 (solid lines) and z ¼ 2 (dashed
lines). At z ¼ 0, rc increases with halo mass for all DM
models, and the model-to-model differences become more
significant for higher-mass haloes. At z ¼ 2, rc also
decreases toward lower halo masses, but exhibits a clear
“knee” around Mvir ∼ 1011M⊙, except in the vSIDM
model. Notably, vSIDM maintains relatively large core
radii even in low-mass haloes down to Mvir ∼ 1010M⊙,
because their high central densities at z ¼ 2 place them in a
regime of efficient self-scattering that promotes core

FIG. 3. The median gas overdensity profiles in different DM models, namely: CDM (black), SIDM1 (blue), vSIDM (green), and
WDM3 (orange). In the lower part of each panel, we show the ratio of each profile to the CDM case. Columns, from left to right,
correspond to increasing redshifts in the range z ¼ 0–5. Each row corresponds to a different halo-mass bins, increasing from top to
bottom. For the top two rows (109; 1010M⊙), we use haloes from the 50/A full-physics runs for better resolution while the rest use the
haloes from the 100/A full-physics runs for larger halo samples. For each panel, we limit the maximum number of haloes employed to
5000 for computational efficiency. The exact number of haloes used is reported in Table II. The gray band marks the average 68% scatter
about the mean profile, while the vertical hatched band shows the estimated resolution limit for the gas distribution in the simulation.
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formation, whereas by z ¼ 0 the lower central densities
move them out of this regime and the effect weakens.

B. HI content of haloes

Gas in haloes can be found in a variety of states. Broadly
speaking, hot diffuse gas is challenging to observe, while
dense neutral gas can be more easily detected (e.g., through
its 21 cm lime emission or through absorption of Lyman-α
photons). Thus, in order to move one step closer to
observable quantities, in this section we turn to the
investigation of the neutral hydrogen content of simulated
haloes.
To compute the HI profiles, we determine the neutral-

hydrogen mass in each gas cell as mHI ¼ mgasXHXHI,
where XH ≡ nH=ngas and XHI ≡ nHI=nH. Both quantities
are available directly from the simulation snapshots.
Following the same scheme of Fig. 3, we show the profiles
and associated scatter in Fig 5, for the same reference
masses and redshifts.
We begin by studying the redshift evolution of the HI

overdensity profiles. For haloes with Mvir ≤ 1012M⊙ (top
four rows), the profiles show a mild radial slope at high
redshift and virtually identical for the different DMmodels.
As redshift decreases, the central HI overdensity increases
while the outer overdensity declines. This indicates
stronger self-shielding in the high density central regions,
which preserves cold, neutral gas clumps, whereas gas in
the outskirts is more easily ionized by the increasing UV
background. For haloes with Mvir ∼ 1013M⊙ (fifth row),
the profiles also show a mild radial slope at high z. With

cosmic time, however, feedback processes at the center
(mainly AGN feedback, as we will show in Sec. III C)
increasingly ionize the hydrogen, creating HI-poor central
regions. The effect is even more evident for the most
massive haloes withMvir ∼ 1014M⊙ (bottom row). For both
haloes masses, the HI-poor region grows outward as
redshift decreases, highlighting the increasing impact of
AGN feedback. The role of AGN feedback is discussed
further in Sec. III C.
The HI profiles show more variety across dark matter

models compared to the gas profiles. For 109M⊙ haloes,
the differences among DM models in both the central and
outer HI overdensities are small compared to the halo-to-
halo scatter. For 1010M⊙ haloes, vSIDM shows a signifi-
cant HI overdensity enhancement at intermediate radii
(r̂ ≃ 0.03–0.2) relative to the other models. Haloes with
masses 1011M⊙ and 1012M⊙ are more strongly sensitive to
different DM models. We find clear differences for SIDM1
and vSIDM, which show differences up to a factor of 2
(at r̂≳ 0.1 and z ≤ 2) compared to CDM and WDM3,
although of opposite sign for the two mass ranges. While
similar differences can be found also for even larger haloes
(Mvir ≥ 1013M⊙), these objects have a much larger halo-to-
halo variation that prevent us from faithfully linking them
to the underlying DM model. The increased scatter is
driven by the size of this HI-poor region varying from halo-
to-halo. As we show in the next section, this is due to AGN
feedback.
As in the case of the total gas profile, we aim at modeling

the gas distribution with simple functions. In order to

FIG. 4. Left panel: gas core radius rc as a function of redshift z, for haloes with virial mass ∼1013M⊙ (solid lines) and ∼1011M⊙
(dashed lines) for different DM models, namely: CDM (black), SIDM1 (blue), vSIDM (green), and WDM3 (orange). Right panel: gas
core radius rc as a function of halo massMvir, at z ¼ 0 (solid lines) and z ¼ 2 (dashed lines) for different DM models. SIDM1 exhibits
the largest central gas core, and core sizes in all models increase as redshift decreases. The HI profiles steepen toward lower redshift
across all models, though SIDM1 and vSIDM remain slightly flatter.

GAS DISTRIBUTIONS INSIDE AND AROUND HALOES IN THE … PHYS. REV. D 114, 063020 (2026)

063020-7



account for the central HI poor region, we add a hyperbolic
tangent function as a multiplicative factor to the profile in
Eq. (1), i.e.,

ΔHIðr̂Þ ¼
Δ0

½1þ ðr̂=rcÞ2�3β=2
ηþ tanh½ðr̂ − rtrÞ=ω�

ηþ 1
; ð2Þ

where the extra parameter rtr is the radius where the inner
transition happens, ω is the width of the transition to the
halo center and η sets the inner floor and overall strength of
the suppression. We report the fitting parameters in
Table IV.

C. The impact of AGN feedback

The HI distribution in the AIDA-TNG simulations
shows very large “holes” at the center of haloes with mass

Mvir ≥ 1013M⊙ (see Fig. 5 and relative discussion). It is
now established that AGNs inject large amounts of energy
into their surroundings, the so-called AGN feedback, as a
byproduct of relativistic accretion of material [e.g., [70,76–
78] ]. The energy injected can be comparable, or even
exceed, the binding energy of gas [e.g., [79] ] and therefore
can remove part or even all the gas in a halo. Therefore, it is
natural to turn our attention to the role of AGN in producing
the diversity in HI profiles found in the AIDA-TNG
simulations.
In the IllustrisTNG galaxy formation model employed in

the AIDA-TNG simulations, AGNs can inject feedback in
two different “modes,” the so-called quasar and radio
modes, active at high and low accretion rates, respectively.
In the former, thermal energy is continuously injected in
the surrounding gas to simulate radiatively efficient black
hole accretion. In the latter, kinetic energy is injected in

FIG. 5. Same as Fig. 3 but for the HI content of haloes. The HI profiles appear less homogeneous across DM models than the total gas
profiles.
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discrete events, simulating repeating jet episodes. We refer
to Weinberger et al. [61] for details of their implementation.
For each simulated black hole, the simulation provides the
total injected energy in each mode over the life of the black
hole (Etot;QM and Etot;RM for the quasar and radio mode,
respectively). We can then easily define the total injected
energy from a black hole as Etot;AGN ¼ Etot;QM þ Etot;RM.
We found that this is an overall better descriptor for the
variability of HI profiles, so we only quantitatively discuss
this quantity in the following. We note, however, that both
Etot;QM and Etot;RM individually correlate with variations at
different radii, as qualitatively discussed later.
In Fig. 6, we show the median HI density profiles at

z ¼ 0 of all haloes (full sample, left column), of the 20% of
haloes with the highest (middle column) and lowest (right
column) Etot;AGN. Profiles are shown for three reference
halo masses, namely 1012; 1013; 1014M⊙, from top to

bottom. For comparison, the CDM full-sample profiles
are also shown as gray dashed lines in each panel. The
shaded regions denote the resolution limit in each case,
as defined in Sec. III A. For haloes of 1012M⊙, the AGN
feedback is generally weak, so even the subset with
stronger injection of AGN energy does not show a
pronounced HI deficit. Still, haloes with higher AGN
feedback contain less HI than the overall population, while
those with weaker feedback contain more. Also, SIDM1
and vSIDM haloes preserve more HI over the radial range
than CDM and WDM3, while in the low-feedback subset
the different DM models do not significantly deviate from
each other.
We now turn to haloes of 1013M⊙. In such massive

haloes, AGN injects large amounts of energy into the
surrounding gas, resulting in a strong suppression of central
HI density across all DM models, providing clear evidence

FIG. 6. The median HI density profiles at z ¼ 0 for haloes with masses of 1011–1012M⊙ (top, ∼5000 haloes), 1012–1013M⊙ (middle,
∼2000 haloes), and 1013–1014M⊙ (bottom, ∼210 haloes). The columns report, from left to right, the profile for the full halo sample
(identical to Fig. 5), for the top 20% and for the bottom 20% of haloes ranked by cumulative AGN feedback injection. Colored curves
correspond to CDM (black), SIDM1 (blue), vSIDM (green), and WDM3 (orange). Gray dashed curves reproduce the CDM full-sample
profile of the corresponding mass bin to ease the comparison. DM microphysics affects the impact of AGN feedback, resulting in large
differences in central HI density.
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that AGN feedback efficiently ionises neutral gas at the
halo centre. In the high-feedback subset, we observe even
stronger suppression than the CDM full sample reference
for all DM models while the opposite happens in the low-
feedback subset. For haloes of this mass, the gas and HI
distributions are therefore largely shaped by AGN activity,
while the influence of the DM potential is secondary.
In the most massive haloes with Mvir ∼ 1014M⊙, the

number of haloes is low and, therefore, sample variance
plays an important role. Nevertheless, the HI distribution
seems to be affected by dark matter physics. This is
particularly evident in SIDM1, which preserves more HI
than other DM models in the central part of the halo.
This behavior is consistent across halo subsamples,
making it less likely to stem from sample variance. In
this case, we find large differences between SIDM1 and
vSIDM, originated from the fact that in massive haloes
the high DM velocity reduces the velocity-dependent
cross section, making it less efficient than in the constant
case. Despali et al. [66] finds that, for the same reason,

the most massive haloes form a dark matter cored
profile in the SIDM1 model, even in the presence of
baryons, while vSIDM profiles remain cuspy, providing a
physical pathway connecting DM physics to black hole
accretion and feedback. The HI distribution in haloes is
typically very clumpy, due to the fact that HI can only
survive in high-density self-shielded regions (see, e.g.,
Fig. 1). However, the AGN feedback can destroy such
self-shielded regions and, therefore, reduce the clumpi-
ness of gas. Moreover, the clumpiness of gas can be
important in modeling the neutral gas signal. Therefore,
we quantify clumpiness through the clumping factor,
defined as C ¼ hρ2i=hρi2, where ρ is the relevant density,
either total gas or HI in our case. In Fig. 7, we report
the radial profiles of the clumping factor for a broader
halo mass range, Mvir ∈ ½1013.5; 1014.5ÞM⊙, instead of
Mvir ∼ 1014M⊙, to obtain robust statistics (top and middle
rows show the total gas and HI results, respectively). In
the bottom row of the figure, we also show the gas
temperature profiles.

FIG. 7. The clumping profiles of gas (top row), HI (middle row) and gas temperature (bottom row) for haloes with mass ∼1014M⊙.
The columns report, from left to right, the profiles for the full halo sample (identical to Fig. 4), for the top 20% and for the bottom 20% of
haloes ranked by cumulative AGN feedback injection. For SIDM haloes with mass ∼1014M⊙, a relatively low temperature region occurs
and increases the clumpiness for total gas and HI.
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The gas clumping is very small for all models and only
increases significantly above Cgas ¼ 1 close to the virial
radius, implying a smooth distribution. Interestingly, in the
full samples, both SIDM1 and vSIDM haloes show slightly
stronger gas clumping than the other DM models within
0.01≲ r̂≲ 0.04 for SIDM1 and 0.02≲ r̂≲ 0.04 for
vSIDM. In the high-Etot;AGN sample, the gas distribution
is almost homogeneous in all four DMmodels due to larger
AGN energy injection, whereas the gas remains signifi-
cantly more clumpy in low-Etot;AGN sample in all models,
consistent with the physical picture above. When turning to
the HI, the overall picture holds, but now the clumping
factor rises sharply with radius. Finally, the temperature
profiles of SIDM1 haloes in the full sample show colder
central gas than the other models, consistent with their
higher clumping factors.

IV. CROSS-CORRELATION BETWEEN HALOES
AND LYMAN-α FOREST

A prime tool for observationally constraining DM
models is the Lyman-α forest [e.g., [23–26] ]. Typically,
this is done by comparing the observed Lyman-α forest flux
along (portions of) sightlines with the predicted distribution
for different ADMmodels. In this section, we move beyond
such global characterization and study the cross-correlation
between the Lyman-α forest flux and the location of haloes.
In order to build synthetic Lyman-α and Lyman-β

spectra from the simulations, we extract line-of-sight
information using the COLT

3 code [80]. COLT is able to
reconstruct the Voronoi tessellation used by AREPO and
therefore recover the simulated gas properties at the native
resolution of the simulations avoiding interpolations or
deposition on a grid. For each line of sight, we then
compute the Lyman-α and Lyman-β fluxes employing the
approximation of Harris [81] and Tepper-García [82] to
the full Voigt-Hjerting line profile [83]. We include
thermal line broadening and gas peculiar velocities.
The spectral resolution is Δν ¼ 1 km s−1.

A. The DM imprints on Lyman-α and Lyman-β spectra

We begin by building intuition on the imprints of DM
physics on the Lyman-α and Lyman-β spectra. The top
panels of Fig. 8 show the projected HI density fields in the
same slice of the 100/A simulation runs (each panel
corresponds to a different DM model). The slice extends
half the box length (37.5 cMpc=h), with a width of
4 cMpc=h and a thickness of 0.08 cMpc=h. We then
extract three lines of sight passing through the slice
(marked by horizontal gray lines in the figure) and show
the corresponding Lyman-α (solid) and Lyman-β (dashed)
spectra for each DM model in the lower panels, together
with their ratios relative to the CDM case. Along the

sightlines, the locations and virial radius of the haloes
responsible for the main absorption features are indicated
by gray shaded bands, with their virial masses labeled.
Notably, the positions of the absorption features do not
exactly coincide with the halo locations: due to peculiar
velocities, the absorption is shifted in the observed spectra.
Moreover, Lyman-β absorption is globally weaker than
Lyman-α because of its smaller oscillator strength.
The absorption features produced by the same structures

appear somewhat different in the different DM models,
most notably near 4100 km=s in LOS-2 and around
3200 km=s in LOS-3. The feature at 4100 km=s arises
from a Lyman-α forest absorber with HI column density
NHI ∼ 4.9 × 1014 cm−2, while the broader feature at
3200 km=s originates from an extended tail-like structure.
This appears more sensitive to the DM models, with, e.g.,
WDM3 displaying a more extended tail, consistent with the
findings of Mocz et al. [84] and Richardson et al. [85].
Unfortunately, the individual differences found in the

Lyman-α forest features are strongly affected by the under-
lying gas configuration (i.e., it is possible to reproduce the
signal found in one DM model by changing the gas
distribution in another DMmodel), and therefore dominated
by halo-to-halo scatter at fixed DM model. This motivates a
statistical analysis, which we perform next.

B. The galaxy-Lyman-α cross-correlation function

In order to statistically study the different ADM models,
we use the galaxy-Lyman-α cross-correlation function
[GaLαCC, [86,87] ], which is the cross-correlation between
the position of galaxies and the Lyman-α transmitted flux.
This has been fruitfully employed to study quasar envi-
ronments [e.g., [88–90] ], metal absorption systems [e.g.,
[91–93] ] and reionization [e.g., [94–101] ].
In order to compute the GaLαCC, we extract 30,000

lines of sight with random origins and aligned along the x, y
and z axis of the simulation box (10,000 for each axis).
Using this set of lines of sight and the halo catalogs from
the simulations, we computed the GaLαCC ξðrÞ as

ξðrÞ ¼ 1

hFðrÞi

P
i∈ pairðrÞFi

NpairðrÞ
; ð3Þ

where pair(r) represents all possible pairs of pixels in the
synthetic spectra and galaxies in the simulation that are at
distance r from each other, NpairðrÞ is their total number, Fi

is the (normalized) transmitted Lyman-α flux for the ith
pair, and hFðrÞi is the average flux transmitted throughout
the simulation box.
We compute the GaLαCC using only the haloes in

bins of virial mass defined by the following limits
½108.3; 109; 1010; 1011; 10121013; > 1013ÞM⊙, at the follow-
ing redshifts z ¼ 0, 0.5, 1, 2, 3, 5 and for all DM models
investigated. For the bin ½108.3; 109ÞM⊙ we employ the3https://colt.readthedocs.io/en/latest/index.html.
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50/A runs in order to resolve such small haloes, while for
other bins we use the 100/A simulations in order to probe
the largest volume available. We estimate the uncertainty on
theGaLαCCbyperforming a bootstrapping error estimation.

We show in Fig. 9 the GaLαCC for all DM models as a
function of increasing halo mass (from top to bottom) and
redshift (from left to right). The resulting curves are in most
cases indistinguishable for the different DM models, or

FIG. 8. Upper panels: The projected HI density fields for a slice through the simulation for CDM, SIDM, vSIDM, and WDM3 (from
top to bottom). The slice extends the half box length of the simulated universe (34.5 cMpc=h), has a width of ∼4 cMpc=h, and a
thickness of ∼0.08 cMpc=h. Numbered horizontal gray dashed lines mark the lines of sight for the Lyman-α spectra shown below.
Lower panels: The Lyman-α (solid) and Lyman-β (dashed) normalized spectra along each sight line, together with their ratios to the
CDM case, for each DMmodel (CDM: black; SIDM1: blue; vSIDM: green; WDM3: orange). The spectra span the full box length (100/
A) within the slice. From the top to the bottom panel we show the three lines of sight indicated in the upper panels; the shaded band
denotes the halo’s projection to the x-axis. The masses of the haloes intersected by each line of sight are also indicated. The DM physics
alters the IGM distribution and leaves imprints on the Lyman-α and Lyman-β spectra.
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with differences within the errors. There are nevertheless
some potentially interesting regimes where predictions
differ in the various models. For instance, the GaLαCC
computed from the WDM3 model is systematically lower
around haloes with mass ½108.3; 109ÞM⊙ at z > 2. However,
the error associated with the GaLαCC is larger than the
differences between different ADM models, especially at
small impact parameters. This originates from the fact that
small distances are not well probed because of the random
nature of sightlines, which are naturally unlikely to have
small impact parameters to haloes, especially larger and
rarer ones. This reflects the typical approach of using
quasar sightlines as background sources to measure the
Lyman-α forest. Technological advancements and new
facilities are quickly paving the way for the use of galaxies
as background sources for the Lyman-α forest [97,102,103]
[see e.g.,][for initial theoretical and observational studies],
thanks to their increased sensitivity and multiobject
spectroscopic capabilities. For instance, facilities including

WEAVE4, 4MOST5, DESI6, PFS7, and soon ELT8 could
enable this transformative step. In the more distant future,
new-generation instruments like Wide-Field Spectroscopic
Telescope (WST)9 could make this a routine task. Inspired
by this possibility, we investigate a different sampling
strategy.

1. Halo-centered sightline sampling

In order to overcome the aforementioned limitation, we
now assume that the background source density is suffi-
cient to allow us to freely choose the number and impact

FIG. 9. The GaLαCC for different halo-mass bins (rows) and redshifts (columns), as reported in the panels. Each curve shows results
for the different DM models, namely CDM (black), SIDM1 (blue), vSIDM (green), and WDM3 (orange). The error was estimated using
a bootstrap procedure. Results are computed from 100/A full-physics runs, except for the lowest-mass bin, that employed the 50/A runs
in order to resolve such small haloes. Apart fromWDM3 haloes with 108.3–109M⊙ at z > 2, although small differences are visible, they
are within the errors set by cosmic variance and are not statistically significant.

4http://www.ing.iac.es/weave.
5https://www.eso.org/sci/facilities/develop/instruments/

4MOST.html.
6https://www.desi.lbl.gov/.
7https://subarutelescope.org/Instruments/PFS/.
8https://elt.eso.org/.
9https://www.wstelescope.com/.
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parameter of sightlines around a given halo. We quantify at
the end of this section whether this is feasible or not with
current and future instruments. This approach allows us to
better sample small halo-centric distances and maximise
the information contributed by haloes, the structure affected
by different DM models, to the total GaLαCC signal, and
beat cosmic variance. Practically, for each halo, we choose
sightline origins and directions in such a way to have their
impact parameters follow a Gaussian distribution with
standard deviation equal to a third of the median virial
radius of the haloes in the same mass bin. This choice
ensures that the inner halo region, where we expect the DM
model to have the largest impact, is well sampled. It should
be noted that, in the following, we make the assumption
that the intrinsic Lyman-α flux can be perfectly recon-
structed. While very optimistic, Garaldi et al. [97] showed
that errors in such reconstruction have surprisingly small
impact on the final GaLαCC signal. A full forward-
modeling including continuum reconstruction and instru-
mental effects is outside the scope of this first exploratory
study, given its dependence on details of the instrument
used and survey configuration. We refer the reader to
Garaldi et al. [97] for a thorough instrument-agnostic study
of the GaLαCC observability under different conditions.
We perform this alternative estimation of the GaLαCC for

the same combinations of halomasses and redshift discussed
above. For the sake of brevity, we report in Fig. 10 only the
most interesting combinations, namely: haloes with mass
109 ≤ Mvir=M⊙ < 1010 at z ¼ 1 (left panel), haloes with
mass 1012 ≤ Mvir=M⊙ < 1013 at z ¼ 0 (central panel) and
haloeswithmassMvir=M⊙ ≥ 1013 at z ¼ 0 (right panel).We
fix the total number of sightlines for each mass bin and DM
model to 40,000 and keep the spatial resolution of the
sightline sampling the same; therefore, larger haloes are
sampled by more sightlines, resulting in ∼1300, ∼500, and

∼230 sampled haloes permass bin (from left to right panels).
In each panel, the horizontal and vertical dotted lines
represent the average transmitted flux in the simulation
and the median virial radius of the haloes used to compute
the GaLαCC, respectively. The vertical gray band indicates
the distance of galaxy-pixel pairs close or below the
resolution limit of the simulations.
All three benchmarks show significant differences

between the DM models. For haloes in the bin
½109; 1010ÞM⊙ at z ¼ 1, SIDM1 and vSIDM exhibit lower
average Lyman-α flux within the median virial radius,
although they cannot be distinguished from each other. In
the bin ½1012; 1013ÞM⊙ at z ¼ 0, vSIDM and SIDM1 show
lower average Lyman-α flux than the other two models. For
the most massive haloes, only SIDM1 shows a different
behavior, suggesting a way to separate it from vSIDM. This
effect arises because the effective scattering cross section in
vSIDM is suppressed in more massive haloes, causing the
model to approach a CDM-like regime. We have carefully
checked that these differences are not spurious by:
(i) resampling the haloes and sightlines used for computing
the GaLαCC in order to exclude outliers driving such
difference, (ii) checking that the GaLαCC is converged
both with respect to the number of haloes and to the number
of sightlines per halo used, (iii) varying the number density
and distribution of sightlines (namely, changing the width
of the Gaussian distribution of impact parameter and by
replacing it with a top hat distribution). These differences
between models remain larger than the estimated uncer-
tainties in all cases.
The galaxy formation model employed in the simula-

tions can leave an imprint on the GaLαCC as large or larger
than the different dark matter models, e.g., by affecting the
HI distribution. We provide an estimate of this effect in
Appendix A.

FIG. 10. The GaLαCC computed with an optimized sightline placing (see text for details). We show the most promising combinations
of halo mass and redshift. From left to right: 109 ≤ Mvir=M⊙ < 1010 at z ¼ 1, 1012 ≤ Mvir=M⊙ < 1013 and Mvir=M⊙ > 1013at z ¼ 0.
The vertical red dotted lines indicate the median virial radii of the haloes, while the gray shaded regions denote the resolution limits.
Statistically significant differences can be found within haloes, for SIDM1 and vSIDM.
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We note that, if uncertainties in galaxy-formation phys-
ics can be sufficiently constrained, the GaLαCC has the
potential to distinguish different DM models given enough
sightlines. Should such a conclusion be corroborated by
complementary studies, it might represent a promising way
to put constraints on the nature of DM.
Finally, we estimate the feasibility of the proposed

approach by determining the minimum number of haloes
and sightlines per halo required to confidently tell apart
different DMmodels. In themost promising case, namely for
haloes withmassMvir=M⊙ ≥ 1013 at z ¼ 0, we first vary the
number of randomly selected haloes, starting from 30, while
using all available sightlines for each halo, typically about
180 per halo. This choice is motivated by the fact that the
uncertainty of sightline samples is subdominant compared to
the halo-to-halo variance. We find that the models become
distinguishable (at the 1σ level) once we include 160 haloes.
We then fix the halo sample size to this value and vary the
number of sightlines per halo, finding that models remain
distinguishable as long as we use at least 20 sightlines per
halo. Thus we conclude that at least 160 haloes with ≥ 20
sightlines per halo are required to differentiate the models at
1σ. While large, these requirements are realistic for an
instrument such as the WST.

V. CONCLUSIONS

The ΛCDM model faces some observational challenges
that have prompted the investigation of alternative DM
models. Understanding structure formation within these
alternative DM models is a promising way to test them
against observational data. In this work, we conducted a
comprehensive analysis of gas and HI properties across
different dark matter models (CDM, SIDM, vSIDM, and
WDM) using the AIDA-TNG simulation suite of cosmo-
logicalmagneto-hydrodynamical simulations. To connectHI
properties with observational data, we examined how dark
matter physics affects the gas distribution around haloes, the
Lyman-α spectra and the correlation between Lyman-α
spectral pixels and galaxies. Our main findings are as
follows:

(i) The gas distribution broadly follows the DM in all
models, especially in high-density regions. The HI
distribution is very clumpy: it correlates with gas in
dense regions but less in diffuse environments,
where gas is more extended than HI.

(ii) As shown in Fig. 2, when stacking 100 haloes with
masses in the range ½1012.9; 1013.1ÞM⊙ at z ¼ 0, we
find that DM and gas profiles form smooth halolike
profiles, while HI remains clumpy. Compared to the
other DM models, SIDM1 shows a larger core in
both gas and HI.

(iii) As shown in Fig. 3, the median radial gas profiles are
only weakly sensitive to DM physics. For haloes
with Mvir ∼ 1013M⊙, strong feedback redistributes
central gas to larger radii, producing a core that

becomes more prominent toward low redshift. We fit
these profiles with a parametric model, with best-fit
parameters listed in Appendix III.

(iv) As shown in Fig. 5, the median radial HI profiles
become globally steeper toward low redshift, and are
more feedback-sensitive than the gas. Differences
between DM models are therefore clear, strongest
for 1014M⊙ haloes at z ¼ 0, where SIDM1 preserves
more HI by lowering the gas temperature and
enhancing clumpiness.

(v) We examine AGN feedback in each DM model by
splitting the z ¼ 0 haloes in each mass bin into the
top and bottom 20% in feedback strength. This split
yields large HI-profile differences in all models,
strongest at Mvir ∼ 1014M⊙, where AGN feedback
efficiently ionises central HI. For the most massive
haloes, feedback variations within a model produce
a range of HI-depleted core sizes.

(vi) For haloes in the mass range 1013.5–1014.5M⊙, we
measure the profiles for the clumpiness and for the
gas temperature. In all models, clumpiness increases
with radius, while a central homogeneous region
grows with AGN feedback strength. SIDM is asso-
ciated with lower gas temperatures, stronger clump-
iness, and preserves more neutral gas.

(vii) In Fig. 8, we show projected HI density in a thin
slice and three Lyman-α /Lyman-β sightlines
through the slice for each DM model. The spectra
differ clearly between models, e.g., the strong
absorption near 4100 kms−1 in LOS-2 and the
weaker but broader feature near 3200 kms−1 in
LOS-3, highlighting the potential of Lyman-α /
Lyman-β spectroscopy to probe DM physics.

(viii) We compute the GaLαCC across halo masses, red-
shifts, and four DM models (Fig. 9). Differences are
negligible in most cases, but WDM3 shows a
potentially distinct signal for ½108.3; 109ÞM⊙ haloes
at z≳ 3, consistent with the suppressed halo abun-
dance in WDM3 relative to CDM.

(ix) We further probe the inner regions by sampling the
environment around haloes, rather than using ran-
dom lines of sight across the full box (Fig. 10).
SIDM1 yields a lower average Lyman-α flux in
GaLαCC, most notably for ½109; 1010ÞM⊙ haloes at
z ¼ 1 and ≳1013M⊙ haloes at z ¼ 0. For vSIDM,
differences appear for ½109; 1010ÞM⊙ at z ¼ 1 and
½1012; 1013ÞM⊙ at z ¼ 0.

Our study shows that the impact of DM models on
gas, HI, and Lyman-α properties could be sizeable in
specific mass/redshift regimes. This opens the possibil-
ity of measuring the effect of DM through gas properties
observationally. Furthermore, metal absorption lines are
also sensitive to gas properties and could be essential
for testing these predictions. We leave these to a future
work.
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APPENDIX A: A COMPARISON WITH
ILLUSTRIS SIMULATION

To estimate the impact of different galaxy formation
models, we further compare our predictions to the previous
Illustris simulation [63,64]. In particular, we employ the
Illustris-2 run, whose resolution is comparable to that of the
AIDA-TNG 100/A. As shown in Fig. 11, we find that
the Illustris predicts a much stronger HI absorption on the
GaLαCC than the CDM run of AIDA-TNG, which is
qualitatively consistent with previous studies of the HI
distribution in haloes [104]. In particular, Kauffmann et al.
[104] showed that the neutral gas at large radii is prefer-
entially aligned with the disk plane in TNG, whereas it is
much more isotropically distributed in Illustris. This differ-
ence in HI distribution provides a natural explanation for
the stronger absorption we found in Illustris. Nevertheless,
such comparison should not be considered as representative
of the intrinsic uncertainty of simulation-based predictions.
Illustris itself shows many discrepancies with observations,
that over the years have constrained its feedback model.
Thus, the large difference between Illustris and AIDA-TNG
does not by itself imply that the GaLαCC cannot distin-
guish DM models. Rather, it exemplifies the importance of
constraining the feedback processes shaping the evolution
of galaxies.

FIG. 11. Same as Fig. 10, with an additional (GaLαCC) prediction computed from Illustris-2, shown by the gray dashed curve.
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APPENDIX B: GAS AND HI PROFILES FITS

Here, we list the average number of haloes for the four DM models used for computing the profiles in Table II. We also
present the full set of fitted parameters for the gas profiles (Table III) and the HI profiles (Table IV). For each DM model,
rows correspond to halo mass bins and columns to different redshift. Because of the limited number of haloes at the highest
masses, we do not provide fits for the bin (½1014;∞ÞM⊙).

TABLE II. The number of haloes used for computing the density profiles. Rows list halo mass for each DMmodel
and columns are redshifts.

DM models Halo mass ½M⊙� z ¼ 0 z ¼ 0.5 z ¼ 1 z ¼ 2 z ¼ 3 z ¼ 5

CDM ∼109 786 1762 2707 8363 4665 4905
∼1010 4853 4961 4985 4984 4998 3998
∼1011 4909 4979 4987 5000 5000 2352
∼1012 971 993 1009 716 480 54
∼1013 112 115 114 37 8 � � �
∼1014 15 7 6 � � � � � � � � �

WDM3 ∼109 420 1075 1806 6208 4566 4834
∼1010 4574 4954 4982 4989 4999 3792
∼1011 4915 4978 4995 4999 4999 2348
∼1012 970 993 1024 717 473 49
∼1013 110 117 104 34 8 � � �
∼1014 16 7 6 � � � � � � � � �

SIDM1 ∼109 � � � 1823 2832 8577 4705 4923
∼1010 � � � 4966 4986 4994 4998 4046
∼1011 4908 4980 4996 4998 5000 2383
∼1012 985 985 992 722 467 44
∼1013 109 116 110 36 7 � � �
∼1014 15 7 6 � � � � � � � � �

vSIDM ∼109 806 1848 2892 8488 4711 4926
∼1010 4898 4968 4986 4987 4999 4007
∼1011 4918 4976 4987 4999 4999 2375
∼1012 982 985 991 709 462 50
∼1013 114 116 111 39 10 � � �
∼1014 15 6 6 � � � � � � � � �
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