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Motivation 

The exact nature of dark matter is still a pivotal question of astrophysics!

Need for a matter component weakly interacting with radiation to explain the rotation 
curve of galaxies or the rapid growth of high density fluctuations (missing mass)

—> Dark Matter  
s

(Zwicky 1933, Rubin & Ford 1970, Peebles 1982)

Image credit: Ferreira 2021

Fig. 1 Sketch (not to scale) of the huge range of possible DM models that have been conceived. They span
many orders of magnitude in mass, with DM represented by very distinct phenomena, ranging from new
elementary particles to black holes

amount to approximately 5% of the energy density of the universe, a small radiation
component, but in its majority is composed of two unknown ingredients. The energy
budget of the universe is dominated (∼ 70%) by a component responsible for the
current accelerated expansion of the universe called dark energy, and a clustering
component, the dark matter, making up to ∼ 25% of our universe. These large-scale
observations give a coarse-grained description of these non-baryonic components in
the hydrodynamical limit where dark matter is described as a perfect fluid with very
small pressure (w ≈ 0) and sound speed, cs ≈ 0, that does not interact, at least
strongly, with baryonic matter. Dark energy is parametrized by a cosmological con-
stant, the simplest model for the present accelerated expansion of our universe.

Therefore, within ΛCDM, the Cold Dark Matter (CDM) paradigm emerged from
the large-scale observations and describes the component responsible for the formation
of the structures of our universe through gravitational clustering. In the CDM model,
DM is described by a perfect fluid that must be massive, sufficiently cold, which
means non-relativistic at the time of structure formation, and collisionless to explain
the observational data on large linear scales. This coarse-grained description of a CDM
is very successful in fitting the linear, large-scales observations from the CMB, LSS,
to clusters, and general properties of galaxies.

However, even though we know the hydrodynamical properties of DM on large-
scales to a very high precision, the microphysics of the DM component remains
unknown. This allows for the creation of a plethora of possible models of DM. Those
models recover the large scale properties of CDM, but invoke very different objects
and phenomena to play the role of DM.

This incredible variety of viable models of DM can be seen in the huge range of
masses those models cover, as shown in Fig. 1. This figure showsmany different broad
classes ofDMmodels, and eachofwhichmight containmanydifferent specificmodels.
It spans more than 80 orders of magnitude and shows very different hypothesis for
DM, from new elementary particles, to composite objects (Jacobs et al. 2015; Khlopov
2019), up to astrophysical size primordial black holes (for a review on recent bounds,
see (Carr et al. 2020; Carr and Kuhnel 2020)). This shows us that although we have
gathered a lot of knowledge about the gravitational properties of DM, the nature of DM
is still elusive, with the current data still allowing a huge amount of highly different
models.

The possibility that dark matter could be a long lived particle is very appealing,
especially, if these candidates are expected candidates from extensions of the standard
model of particle physics. One class ofmodels that became the preferred candidates for
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CDMWDM

This work: cold vs warm dark matter (thermal relics)

Mass? Production mechanism? Self interactions? Decay modes?



Cold vs Warm Dark Matter

This work: new method to constrain the nature of dark matter using the 
morphology of IGM (diffuse gas) in emission

• Cold dark matter (CDM): currently preferred 
candidate, m ~ 100 GeV —> mean free path 
irrelevant for structure formation. 


• Warm dark matter (WDM): m ~ few keV —> larger 
velocity dispersion & mean free path suppressing 
structure formation on small scales (Bond & Szalay 
1983)
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• Lya forest: mmin ~ 3 - 6 keV (e.g. Villasenor+ 2023, Irsic+ 2023). However, degeneracy with 
thermal history of the Universe 

• (Ultra-)dwarf galaxies (e.g. Milky Way satellites): mmin ~ 2 - 4 keV (e.g. Newton+ 23) —> rely on 
unknown physics of galaxy formation on smallest scales, observational difficulties 

• Gravitational lensing: mmin ~ 0.3 - 2 keV (e.g. Birrer+ 2017, Vegetti+ 2018, Ritondale+ 2019) but 
degeneracies with the lens model, low statistics (for now)

Some existing astrophysical constraints:



Dark matter and the IGM

Image credit: Illustris collaboration

• IGM loosely defined as all gas outside Rvir


• Distribution of cold (emitting) gas in IGM dominated by gravitational potential of DM —> 
near optimal tracer of the underlying dark matter density field —> possible to study the 
properties of dark matter


• Usually studied in absorption (e.g. Lya forest) but modern IFUs have revolutionised this 
allowing to observe the IGM in emission around bright QSOs at z ~ 2 - 4.  
Brightest emission at hydrogen Ly-a frequency



Umehata+ 2019

Giant Lya nebulae

Cantalupo+ in prep.

Fig. 1: Optimally-extracted Ly↵ image of the extended nebulae surrounding the two
quasars (marked by yellow stars and the respective labels QSO1 and QSO2) and of the
filament connecting them along the diagonal direction (dashed black line, ⇠ 500 pkpc).
The contour levels are 0.02, 0.1, 0.4, 3.2, and 10⇥10�18 erg s�1 cm�2 arcsec�2 (black,
purple, red, orange, and gold). The last black contour is the detection limit at S/N = 2.
The color bar covers the same values of Fig. 4. The background, in grey, is a white-
light image of the region imaged by MUSE, with the dashed green contours defining
the exposure time map of the field according to the labeled values.

by noise, especially in regions of moderate depth due to the non-uniform sensitivity of
the map, the smaller filaments extending sideways from the central part of the main
structure and the nebula of the QSO2 are likely real features, as also demonstrated by
the spectra extracted in four di↵erent boxes positioned along the filament and near the
QSO2 (see in SOM the Fig. S1). The overall morphology of the system, composed of
galaxies, nebulae, and filaments, is remarkably similar to the configuration of galaxies
assembling inside the cosmic web predicted by modern cosmological simulations [16,
17].
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Tornotti+ 2024

Cantalupo+ 2014

Hennawi+ 2015 See also Borisova+ 2016
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Figure 1: The largest Cosmic Web filament structures discovered so far around a quasar,
detected through Ly↵ emission in deep MUSE observation (private communication).
Panel “a”: optimally extracted Ly↵ image after quasar PSF subtraction. Panel “b”: optical pseudo-
broad-band image with overlaid the Ly↵ SB contours from panel “a” (cyan lines), the bright quasar
position (star), and continuum-selected galaxies (squares and circles) at the same redshift of the
quasar and filaments (see redshift distribution in panel “f”). Among these, three galaxies (indicated
by red circles in the image) show emission lines compatible with AGN (panels “c-e”). Two AGN are
separated by only 2” (⇠15 kpc), and by 10” (⇠77 kpc) from the quasar making this system the only
known close-separation AGN triplet at z>2 . Through ALMA observations of dust-continuum, CO(4-
3) and CO(9-8) covering the whole field, we will obtain a complete census of massively star-forming
galaxies and constraints on their gas and dust masses. Additionally, we will obtain kinematics for
galaxies in the central regions through a high-resolution single pointing (dashed circle in panel “b”).

here as MQN01). This study re-observed the MQN01 field extending both the covered area and
the sensitivity limits performing 10h-deep MUSE mosaic integrations. The results, shown in Fig.1,
revealed multiple filaments extending over scales larger than 2’ (4 cMpc) and converging to a “node”
corresponding to the location of a concentration of galaxies, in proximity to the quasar position.
Three of the detected galaxies have spectra consistent with type-II AGN (indicated by red circles in
Fig. 1), all at the same redshift of the Ly↵ filaments and target quasar. The redshift distribution of
optical-continuum-selected galaxies (with high confidence redshifts using multiple tracers) shows a
clear overdensity at the redshift of the quasar and the nebula, suggesting that this structure traces
a massive proto-cluster at high redshift (see histogram in Fig.1). The structure discovered in
the MQN01 field represents the largest contiguous Cosmic Web filaments found so far
in Ly↵ emission converging to a “massive node”: a unique laboratory to improve our
knowledge of galaxy formation within the progenitors of today’s most massive haloes.
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Simulations

• Hydrodynamical zoom-in simulations with public code GIZMO (Hopkins 
2015), Planck 2018 cosmology.  
ICs: MUSIC (Hahn+ 2011)


• Final gas mass resolution mb = 6.7 (1.0) x 105         


• Simulate 2 protoclusters and their environment down to z ~ 3 to match 
MUSE observations, systems mass ~


• We run 3 dark matter models: CDM, WDM 3.5 keV, WDM 1.5 keV.  
WDM implemented as thermal relic with a cut-off power spectrum following 
Bode+ 2001, Viel+ 2005


• Each simulation requires 500k-1M cpu hours

Mh ≈ 1013 M⊙

M⊙

Objective: simulate massive nodes of the cosmic web corresponding to giant 
Lya nebulae systems in warm and cold dark matter.

We use 2 sets of simulations: DaLya (TL+ in prep.), HELLO (Waterval+ 2024)

DaLya:



Hydrodynamics in DaLya
• Galactic star formation above threshold n = 10 atoms/cm3 

SFR ~ mg/tdyn 


• SN feedback with mechanical winds (FIRE-2 model with enhanced kinetic 
energy, Hopkins+ 2017).  
No blackholes, so no AGN feedback (implemented in HELLO) 


• Photoheating and photoionisation (reionization) from UV background from 
Faucher-Giguère 2020.  
Self-shielding in high density regions from Rahmati+ 2013 —> gas in 
regions dense enough to be observable in emission self-shielded 
from UVB —> no degeneracy with thermal history of Universe 

• Follow 11 species up to Fe, and cooling by species down to T = 104 K 
following Wiersma+ 2009.  
Under 104 K, effective cooling based on total metallicity



The DaLya simulations
DM All Gas [cm-2] Cold gas [cm-2] Lyα SB

Mh = 1.1 ⋅ 1013M⊙

Mh = 4.0 ⋅ 1012M⊙

z = 3 

2 cMpc

200 cMpc

TL+ in prep.

CDM



Lya emission in maximum fluorescence 
limit and mock observations

In the case of maximal florescence, only emission mechanism is recombination, the 
surface brightness SB ( = [lumnosity]/[unit area on sky]/ [unit area on detector]) is

SBion ∝
1
A ∫ α(T ) n2

H dV ∝ α(T ) ⋅ ⟨nH⟩2 ⋅ L ⋅ C

Dark matter properties impact the cold gas density and morphology in the IGM via 
gravitational interaction. This propagates to the observed Lya SB as nH2

Cantalupo+ 2014, 2019

From simulation outputs, assign particles on regular grid with correct kernel (cloud in cell 
problem) (P2C, Cantalupo+ in prep., de Beer+ 2023) and compute the Lya emissivity in 
maximum fluorescence limit (no radiative transfer). 


Impose a photoheating floor due to the QSO at 5x104 K and remove contribution from ISM


Create mock narrow band observations of Lya surface brightness by integrating along a 
line of sight, ev. adding seeing and noise (CubEx, MockOb, Cantalupo+ in prep., de Beer+ 
2023)

α(T ) → 0 for T > 105 KC = ⟨n2
H⟩/⟨nH⟩2  clumping factor, and



DaLya - CDM vs WDM

FB, TL+ in prep.



DaLya - CDM vs WDM

FB, TL+ in prep.



Comparison with HELLO

Mh = 9.2 ⋅ 1012 M⊙ at z = 3.6

FB, TL+ in prep.



• Measure size and connectivity of a subset ESB of Rd 
(Minkowski 1903)


• In our case, d=2 and ESB is the subset of all pixels above 
a SB threshold


• In that case, 3 MF that completely characterise the 
morphology of ESB


• F, U and X are the surface, perimeter, and Euler 
characteristic (connectivity) of ESB

F(SB) = ∫ESB

dS, U(SB) = ∫∂ESB

dl, χ(SB) =
1

2π ∫∂ESB

κdl

(we use the python package minkfncts2d to compute them efficiently)

Analysis: Minkowski functionals 



Compute the Minkowski functionals for the set of pixels above a varying SB threshold 

Minkowski functionals 

SB > 6.25 x 10-16SB > 6.25 x 10-18SB > 6.25 x 10-20

DaLya, CDM, z = 4



Minkowski functionals 

The connectivity displays clear differences between CDM and 
WDM at SB levels that are observables

DaLya HELLO

FB, TL+ in prep.

Compute the Minkowski functionals for the set of pixels above a varying SB threshold 



Conclusions
• Development of high-resolution simulations of the IGM in protoclusters in 

different dark matter scenarios (DaLya)


• Morphological analysis of mock Lya observations shows quantitative 
differences between CDM and WDM. 


• First steps towards using the IGM in emission to test dark matter models 
—> promising new way of constraining dark matter!

Future work:
• Systematic analysis of IGM with increased statistics. 


• Robustly isolate the impact of DM from astrophysical processes (feedback)


• Additional analysis techniques: correlation functions, image recognition 
with AI,…


• Other dark matter models (SIDM, Fuzzy DM, …)


• Apply analysis to observations


