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The cosmic web

The simple initial fluctuations are close This collapses into an intricate cosmic
to Gaussian. web with voids, walls, filaments, and
clusters, inheriting this information
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Caustics

In non-linear gravitational
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formation of multi-stream

regions

cosmic we

Caustics
Dark matter forms the
geometric structure of the

* The caustics bound the
multi-stream regions



Caustics
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Lagrangian fluid dynamics

x:(q) = q + s¢(q)

where the displacement map
solves the Euler equation and
the Poisson equation while
Implementing the conservation
of mass. The density follows as
the reciprocal of the Jacobian

I IO p— p
P = D Tave@l = 2 Trm@iEm@I T @)

qut_l(x’) qut_l(x’)

with the eigenvalues of the deformation tensor Vs, (q)v;(q) = 1i(q)vi(q)
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Caustic conditions - NN
Ay D, < D/

Iterative application of the shell-crossing condition AN | R
J e AT AT  AJ

(1 + pie(as) 0 (gs) - T = 0 R R R

leads to the caustic conditions on both the eigenvalue and eigenvector fields:

Fold: A(t)={qe L| 1+ puir(q) =0}

Cusp: AL(t)={qe L|qe Ay(t),v;- Vui = 0}

Swallowtail:  Aj(t) = {q e L | qe As(t),v;-V(v;- Vi) =0}
Butterfly: AL(t)={qe L| qe Ay(t),v; - V(v; V(vi-Vui)) =0}

Umbilic: DY(t)={a € L|1+pue(q) =1+ pue(q) =0}
Parabolic: ~ Dg(t)={qe L | qe Dj(t),vi-Vu;=v;-Vu; =0}

Morse-Smale theory of full deformation tensor field. No free parameters!
Feldbrugge et al (2019)



Caustic conditions

Singularity Singularity Feature in the Feature in the
class name 2D cosmic web 3D cosmic web
Ao fold collapsed region collapsed region
Ajs Cusp filament wall or membrane
Ay swallowtail cluster or knot  filament

As butterfly not stable cluster or knot
Dy hyperbolic/elliptic  cluster or knot  filament

Ds parabolic not stable cluster or knot

The 1dentification of the different caustics in the 2- and 3-dimensional cosmic web

Feldbrugge et al (2019)



The geometry of the cosmic web



Caustic conditions

Note that:

 The eigenvalue and eigenvector
fields are non-linear
transformations of the density
perturbations

« The web-like nature is embedded in (8) The density perturbation 9
the distribution of the eigenvalue
and eigenvector fields

(b) The displacement potential ¥
: | r/, % A‘t‘. >

(c) The first eigenvalue and eigenvector fields A;, (d) The second eigenvalue and eigenvector fields
and U1 AQ; and V2
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Caustic conditions

X{(q) =q— b, (1) VY¥(Q)
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Caustic conditions

X{(q) =q—b,.(r) V¥(Q)




What makes a filament in 2D?

JF and van de Weygaert 2024



Cusp filament (2D)
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Ay =1/b,(t.) vi-Vi =0 &
Nn=V(v- V/ll)
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Cusp filament (2D)

Require that the cusp line is maximally
expanding along the direction of the
filament

2 =1/b(t) A <O
VI'V/IIZO VzVAQ:O
Nn=V(v- V/ll) Vz[%/lz]VQ > 0

Note the symmetry between the first and
second eigenvalue fields!

W

/Y
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Wy




Cusp filament realizations

Specifying:

e formation time,

X2
B e -

* length scale,

e and orientation

Dark matter
512 x 512 N-body
simulations

X2




Median field

Cusp filaments

We run 1000 dark
matter 512 x 512
N-body simulations,
evaluate the density
fleld and compute
the median for every
pixel

Lengt scale

Formation time




mordial

Saddle point in p

T T T T T T T

Saddle points in the
primordial density .
and gravitational field
specifying:

X2

* length scale,

Figure 11. Realizations of saddle points in the smoothed primordial density perturbation at the scale o~ = 0.5. We plot the N -body particles and the initial mesh
on the corresponding density field log(p + 1).

L T T T T T T Y T - R T T Ty

e and orientation

= T HEFRAFIAN LGV B Y RS

X2
X2

Dark matter
512 x 512 N-body
simulations

Figure 14. Realizations of saddle points in the smoothed primordial gravitational potential at the scale oo = 0.5. We plot the N-body particles and the initial
mesh on the corresponding density field log(p + 1).



Median field

Saddle point filaments

We run 1000 dark |
matter 512 x 512 Density

N-body simulations, ~ Perturbation .
evaluate the density
fleld and compute the
median for every pixel
Gravitational

potential
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What makes a wall/filament In
3D?

JF and van de Weygaert 2024



Cosmic web in 3D

Cusp Wall Swallowtail Filament Umbilic Filament
2 = 1/b,(t) A= 1/b,(z,) =4, =1/b.(t.)
VI'V/IIZO V1°V/11=() and
and Vl . V(Vl . V/’tl) — () }’3 < O
0> 4> A and v3: Vi =0

V2 ‘ V(lz +A3) —_ O
V3 y V(/lz +/13) — O
H (/12 + /13) positive definite

A3/A1

-
| -
- )
; | _ - ™
-— - e o -~ \
" Y= e = e B - -
N, - | o -
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s ® \~‘~,‘_‘.
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Cusp




Swallowtalil




Umbilic




By generating customized initial
conditions, using non-linear
constrained Gaussian random field
theory, we can systematically study the
different elements of the cosmic web




Constrained Gaussian Random field theory

By generating customized initial
conditions, using non-linear
constrained Gaussian random field
theory, we can systematically study the
different elements of the cosmic web




Constrained Gaussian Random field theory

Vs , LN /
h - ' L :
4 - ' ’-
4 Ly \ - : ——
i a3 . “‘:wl' ) e .

By generating customized initial
conditions, using non-linear
constrained Gaussian random field
theory, we can systematically study the
different elements of the cosmic web




Wall: saddle point of the density




Filament: saddle point of the density




Wall: saddle point of the gravitational potential
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Filament: saddle point of the gravitational potential



Conclusion

The caustic skeleton of the cosmic web depends on the
eigenvalue and eigenvector fields

We construct a classification of the cosmic web based on the
formation history rather than the morphology of the cosmic web

We generate constrained initial conditions tied to the dynamics
of structure formation o B LS

New condition to identify proto-walls and filaments

| am hopeful that this will improve our understanding of for
example galaxy alignments




X2

Feldbrugge (2024)

Phase-Space DTFE

 Phase-Space generalisation of Delaunay Tesselation Field Estimator

* Python and Julia code is publicly available at github.com/jfeldbrugge/PS-DTFE

PS-DTFE
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