
Why should we (NOT) care 
 about the  

cosmic web?
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1- CW to constrain cosmological models  
2- CW to constrain cosmic re-ionisation history of the Universe 
3- CW dynamically impacts galactic resilience via gravity-driven top-down 
causation  (which loops to 1&2 via bias)

• Why? Because it reflects 
what the universe is on 
intermediate scales, which 
are informative, both in 
terms of cosmic evolution 
and quantity of data.  
 
The cosmic web also acts 
as a dynamically relevant 
intermediate-density 
boundary between 
cosmology and galaxy 
formation. 
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Critical point counts: Non-Gaussian predictions
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• Generate scale invariant ICs
• Evolve them with gravity
• identify critical sets
• compute differential counts
• estimate amplitude of NG distorsion via PT 
• deduce geometric critical set σ
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22 C. Gay, C. Pichon and D. Pogosyan
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(a) Minima
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(b) Pancake-type saddle points

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0.00

0.05

0.10

0.15

0.20

0.25

0.30

M
ea
su
re
d
�

(c) Filament-type saddle points
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(d) Maxima
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(e) Euler characteristic
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(f) Skeleton

Figure 9. Fitting � using the Gram-Charlier and the perturbation theory results, for the minima distribution (top left), the pancake-type
saddle points distribution (top middle), the filament-type saddle points distribution (top right), the maxima distribution (bottom left),
the Euler characteristic (bottom middle) and the skeleton length (bottom right), to a set of 2563, ns = �1 scale-invariant simulation
smoothed over R = 20 pixels (which corresponds to approximately 230 maxima) for the larger and lighter contours and R = 10 pixels
(1800 maxima) for the small and darker ones. The skeleton is smoothed only for R = 20 to ensure su⇥cient smoothness. The shaded area
corresponds to one standard deviation (computed from 25 simulations). Note that the critical sets which are most sensitive to the higher
thresholds tend to depart from the non-Gaussian linear correction earlier, which is expected in the context of gravitational clustering.

scale with redshift, R(z), in such a way as to ensure a level of non-linearity near ⇥(z) ⇥ 0.1 may help the reconstruction of
D(z). Note finally and importantly that the overall spread in the measured ⇥̂ reflects cosmic variance and could be reduced in
proportion to the square root of the volume of the survey, following equation (88). For instance, a naive extrapolation of the
cluster CFHTLS Wide counts10 (Durret et al. 2011) to a full sky experiment with 40 bins of redshift below z = 1.15 would
yield a noise-to-signal ratio of 1% per bin for D(z) using the Euler characteristic alone.

Let us now briefly discuss how these very idealized measurements can be extrapolated to anticipate the accuracy of a
dark energy experiment based on critical sets. A dark energy probe may directly attempt to estimate the so-called equation of
state parameters (wa, w0) from these critical sets while relying on the cosmic model for the growth rate (Blake & Glazebrook
2003),
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with �m, �� and H0 resp. the dark matter and dark energy densities and the Hubble constant at redshift z = 0, a � 1/(1+z)

the expansion factor, and with the equation of state w(z) = w0 + waz/(1 + z). Given equations (83) and (89), optimizing the
probability of observing all counts at all redshifts with respect to (wa, w0) yields a maximum likelihood estimate for the dark
energy equation of state parameters11:

(ŵ0, ŵa) = arg max
w0,wa
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10 http://www.astromatic.net/iip/w1.html
11 Here we assume for simplicity that the di�erent counts are uncorrelated; an improvement would be to use multinomial statistics.
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Agertz, Renaud et al. (2021) 
Renaud, Agertz et al. (2021a,b)

LSS drives secondary infall : 2 C. Pichon, D. Pogosyan, T. Kimm, A. Slyz, J. Devriendt and Y. Dubois

contrast, if this material comes in cold, star formation can be
fueled on a halo free-fall time. Cold-mode accretion should
also have an important impact on the properties (scale
length, scale height, rotational velocity) of galactic discs, if as
conjectured by Kereš et al. (2005), cold streams merge onto
disks “like streams of cars entering an expressway”, convert-
ing a significant fraction of their infall velocity to rotational
velocity. Dekel et al. (2009) argued along the same lines in
their analysis of the HORIZON-MareNostrum simulation: the
stream carrying the largest coherent flux with an impact pa-
rameter of a few kiloparsecs may determine the disc’s spin
and orientation. Powell et al. (2010) spectacularly confirmed
these conjectures by showing that indeed, the filaments con-
nect rather smoothly to the disc: they appear to join from dif-
ferent directions, coiling around one another and forming a
thin extended disc structure, their high velocities driving its
rotation.

The way angular momentum is advected through the
virial sphere as a function of time is expected to play a key
role in re-arranging the gas and dark matter within dark mat-
ter halos. The pioneer works of Peebles (1969); Doroshkevich
(1970); White (1984) addressed the issue of the original spin
up of collapsed halos, explaining its linear growth up to the
time the initial overdensity decouples from the expansion of
the Universe through the re-alignment of the primordial per-
turbation’s inertial tensor with the shear tensor. However, lit-
tle theoretical work has been devoted to analysing the out-
skirts of the Lagrangian patches associated with virialised
dark matter halos, which account for the later infall of gas
and dark matter onto the already formed halos. In this pa-
per, we quantify how significant this issue is and present a
consistent picture of the time evolution of angular momen-
tum accretion at the virial sphere based on our current the-
oretical understanding of the large scale structure dynamics.
More specifically, the paper presents a possible answer to the
conundrum of why cold gas flows in Λ-CDM universes are
consistent with thin disk formation. Indeed, as far as galactic
disc formation is concerned, the heart of the matter lies in un-
derstanding how and when gas is accreted through the virial
sphere onto the disc. In other words, what are the geometry
and temporal evolution of the gas accretion?

In the ’standard’ paradigm of disc formation, this ques-
tion was split in two. The dark matter and gas present in the
virialised halo both acquired angular momentum through
tidal torques in the pre-virialisation stage, i.e. until turn-
around (e.g White 1984). The gas was later shock-heated as
it collapsed, and secularly cooled and condensed into a disk
(Fall & Efstathiou 1980) having lost most of the connection
with its anisotropic cosmic past. In the modern cold mode
accretion picture which now seems to dominate all but the
most massive halos, these questions need to be re-addressed.
This paper presents a new scenario in which the coherency
in the disk build-up stems from the orderly motion of the fil-
amentary inflow of cold gas coming from the outskirts of the
collapsing galactic patch. The outline is as follows: in section
2, using hydrodynamical simulations, we report evidence
that filamentary flows advect an ever increasing amount of
angular momentum through the halo virial sphere at redshift
higher than 1.5. We also demonstrate that the orientation of
these flows is consistent, i.e. maintained over long periods of
time. Section 3 presents results obtained through simplified
pure dark matter simulations of the collapse of a Lagrangian

Figure 1. A typical galaxy residing in a high mass halo (M ∼
2 × 1012 M# at z = 3.8). The radius of the circle in the both pan-
els corresponds to Rvir = 79 kpc. Gas (left panel), and dark matter
(right panel) projected densities are plotted. Gas filaments are signif-
icantly thinner than their dark matter counterpart. Note the extent
and the coherence of the large scale gaseous filaments surrounding
that galaxy.
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Figure 3. The covariances (thick line) between different redshifts
(as labeled) of the thresholded density maps on the virial sphere,
Rvir, together with the corresponding dispersion (inter-quartile, dot-
ted lines). The lower bound of the thresholded density is chosen
such that filamentary structures stand out, while the upper bound
is adopted to minimise the signal from the satellites (see the text,
Section 2). The orientation of filaments is temporally coherent, as is
qualitatively illustrated in Figure 2.

patch associated with a virialised halo as these have the merit
of better illustrating the dynamics of matter flows in the out-
skirts of the halo. Section 4 is devoted to the presentation of
the conjectured impact of this scenario on disk growth at var-
ious redshifts, conclusions and prospects.

2 HYDRODYNAMICAL EVIDENCE

Let us start by briefly reporting the relevant hydrody-
namical results we have obtained. We statistically anal-
ysed the advected specific angular momentum of both gas
and dark matter at the virial radius of dark haloes in the
HORIZON-MareNostrum cosmological simulation at redshift
6.1, 5.0, 3.8, 2.5 and 1.5 (see Figure 1, Details can be found in
Kimm et al. 2011).

The HORIZON-MareNostrum simulation (Ocvirk et al.
2008; Devriendt et al. 2010) was carried out using the Eule-
rian hydrodynamic code, RAMSES (Teyssier 2002), which uses
an Adaptive Mesh Refinement (AMR) technique. It followed
the evolution of a cubic cosmological volume of 50h−1 Mpc

≠

The impact of shocks in gaseous cosmic web
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Disks (re)form because LSS are large (dynamically young) 
 and (partially)  an-isotropic : 

they induce persistent angular momentum advection of cold gas along filaments which 
stratifies accordingly. 
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Angular Momentum 
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• point reflection symmetric
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Lagrangian theory capture 
spin flip  
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Conditional tidal torque theory



Alignement of vorticity  with cosmic web

Spin flip  imposed by caustic size 9
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Halos in nodes ... 

• form later, 
• are accreting more, 
• typically more massive, 

compared to those in filaments (and same from voids to filaments). 

The impact of CW of assembly bias: saddles bias excursion Musso+ 20’
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Critical events – 3+1D case
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12Impact of LSS on non-linear dynamics is top down
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Non-linear top-down mode coupling via cold flows

Wake driven 
self-regulation

On galactic scales, the Shape of initial Pk is such that galaxies inherit stability from LSS 
via cold flows, which, in turn, sets up CGM engine/reservoir. 

More power: important impact

Hierarchical clustering

hierarchical growth
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Synopsis of thin disc emergence induced by CW
Tighter coupling

• Three components system coupled by gravitation.

•  A CGM reservoir fed by the large scale structures  (top down causation) 

• Convergence towards marginal stability : acceleration of dynamical control-loop by wakes

• Tightening  of stellar disc by boosting of  torques, & increased dissipation.



Discussion
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 about the  

cosmic web?


