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IN PART - 1

Explore the interplay between the cosmic web and halo/

galaxy properties.


Spin and shape

1. P. Ganeshaiah Veena, M. Cautun, R. van de Weygaert, E. Tempel, B.J.T 
Jones, S. Reider, C.S. Frenk; MNRAS, Volume 481, 2018.


2. P. Ganeshaiah Veena, M. Cautun, E. Tempel, R. van de Weygaert, C.S. 
Frenk; MNRAS, Volume 487, 2019.


3. P. Ganeshaiah Veena, M. Cautun, R. van de Weygaert, E. Tempel, C. S. 
Frenk; MNRAS, 2021.



Filament

Sheet or wall

TIDAL FIELDS AND COSMIC WEB - ANISOTROPIC COLLAPSE 4

𝑒̂1

𝑒̂2𝑒̂3

Filament Direction

Node or cluster

Ψij =
∂2Ψ

∂qi∂qj
Ψ(q) = −

2
3Ω0H2

0
Φ0

λ1 ≥ λ2 ≥ λ3



TIDAL TORQUING 5

Tidal Torque Theory: Hoyle 1949, Peebles 1969, Doroshkevich 1970, White 1984, Catalan & Theuns 1996, Porciani et al 2002, Schäfer 2009

Codis et al 2015

Ji(t) = a2 ·D(t)ϵijk Tjl Ilk

Tjl =
∂2ϕ(q)
∂qj∂ql

Angular momentum grows linearly until turn-around.

Ilk = ∫VL

d3qρ(q)qlqk



1. Does the cosmic web environment influence halo spin 
magnitude and orientation? How are spins aligned  
with the underlying geometry of the cosmic web?


2. How does the halo/galaxy spin alignments depend on 
the filament properties?


3. How do spin-alignments evolve with time?


4. Halo-galaxy connection: How does galaxy alignment 
compare to its halo spin alignment? How does it relate 
to galaxy morphology?

6IN THIS TALK - COSMIC WEB AND HALO/GALAXY SPIN



PLANCK-MILLENNIUM SIMULATION - MASS FUNCTION

~36 million haloes at 
z=0
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~2.8 million haloes 
chosen for this study
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COSMIC WEB AND HALO SPIN MAGNITUDE

PLANCK-MILLENNIUM SIMULATION - SPIN PARAMETER
8

λ = 0 ⟶ dispersion supported

λ = 1 ⟶ rotation supported

λ =
J

2MVR

λ = 0 ⟶ dispersion supported

λ = 1 ⟶ rotation supported
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▸ Velocity shear


▸ Dynamical signature


Morphology: eigenvalue conditions 


Multiscale detection


 Spine of fi

WEB DETECTION - DENSITY BASED AND VELOCITY BASED METHODS

NEXUS + NEXUS VELOCITY SHEAR

9

̂e3

▸ Input tracer field - density field


▸ Geometry of matter distribution


NEXUS  – Multiscale cosmic web detection formalism developed at Kapteyn Institute, Groningen [Aragon-Calvo et al 2007; 
Cautun et al 2013]



                           NEXUS+                                 NEXUS VELOCITY SHEAR 10
WEB FINDERS
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MMF/NEXUS  – Multiscale cosmic web detection formalism developed at Kapteyn Institute, Groningen [Aragon-Calvo et al 2007; Cautun et al 2013]



ALIGNMENT - ABSOLUTE OF THE COSINE

𝑒̂3

𝐽
𝜃

cos θJ,e3
=

J ⋅ e3

|J | |e3 |

cos(θ) = 1 ⟶ Parallel

cos(θ) = 0.5 ⟶ No preferential alignment

cos(θ) = 0 ⟶ Perpendicular
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HALO MASS DEPENDENT ALIGNMENT - PLANCK MILLENNIUM SIMULATION 12

Aragón-Calvo et al 2007; Hahn et al 2007; Codis et al 2012; Trowland et al 2013; Tempel et al 2013; Forero-
Romero et al 2014;  Welker et al 2014; Wang et al 2017, 2018; Ganeshaiah Veena et al 2018; Kraljic et al 
2019; Lee et al 2019.
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QUESTION: DO WEB FINDERS AFFECT ALIGNMENTS? 

NEXUS + VELOCITY SHEAR

Parallel

Perpendicular
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TRANSITION MASS AND WEB FINDERS

log10 Mspin−flip/(h−1M⊙) = mDf + c,

14

Table from: PGV thesis, table 1, page number 34



MASS FRACTION IN THE UNIVERSE - EAGLE SIMULATION 15

P. Ganeshaiah Veena, M. Cautun, E. Tempel, R. van de Weijgaert 
and C. Frenk, 2020. 

Nexus+ filaments, from Cautun et al 2014.



QUESTION: DO FILAMENT PROPERTIES AFFECT ALIGNMENTS?

FILAMENT THICKNESS

Parallel

Perpendicular

16

P. 
G

an
es

ha
ia

h 
Ve

en
a 

et
 a

l 2
01

8

co
sin

e 
of

 (h
al

o 
sp

in
 ; 

fil
am

en
t s

pi
ne

)



SPIN ALIGNMENT EVOLUTION 17
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P. Ganeshaiah Veena et al 2021



18QUESTION: PARALLEL AND PERPENDICULAR HALOES

𝑒̂3

𝐽

𝑒̂3

𝐽

cos(θ) ≥ 0.8 ⟶ Parallel to fila .

cos(θ) ≤ 0.2 ⟶ Perpendicular

θ ≤ 36∘

θ ≥ 80∘

PGV et al 2021



19QUESTION: HALOS IN DIFFERENT TIDAL ENVIRONMENTS

P. Ganeshaiah Veena et al 2021



THIN FILAMENTS 20
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z=0

z=2

Parallel

Perpendicular

THICK FILAMENTS

z=0

z=2

Parallel

Perpendicular



50%

ALIGNMENT - INNER HALO FRACTIONS

cos θJ,e3
=

J ⋅ e3

|J | |e3 |

21

J =
N

∑
k=1

mk (rk × vk)

100%

10%



INNER HALO FRACTIONS

Parallel

Perpendicular
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10%
50%

STALLED 

LATE TIME ACCRETION - Borzyszkowski, Porciani, Romano-Díaz, Garaldi 2017 

▸ Thin filaments


▸ Accretion - perpendicular spin


▸ Isotropic

23

Halo spin and shape alignments in the cosmic web 433

Figure 19. Flow pattern along a filament in the cosmic web. The image
shows the flow-lines in two mutually perpendicular planes centred on a
galaxy-sized halo in the COSMOGRID simulation (see e.g. Ishiyama et al.
2013). The planes are defined by the eigenvectors of the inertia tensor of
the mass distribution on a 2 Mpc scale. The first panel show the flow along
the filament in which the halo is embedded, while the second panel offers a
cross-section view, showing the accretion flow onto the filament.

group of stalled haloes are found in regions of strong external tidal
field, for example they are embedded in filaments much thicker than
the halo size, and mostly accrete from directions perpendicular on
their host filament orientation (see fig. 10 of Borzyszkowski et al.
for a visualization of the striking contrast between accreting and
stalled haloes). Thus, the stalled haloes have spins mostly parallel
to their host filament. The fraction of accreting versus stalled haloes
is mass dependent, with the fraction of accreting haloes increasing
rapidly with halo mass.

Figure 20. A schematic representation of the mass distribution around and
the infall patterns of accreting and stalled haloes. In each panel, the circle
represents the halo, the raster pattern indicates the position and extent of
filaments, and the red and blue arrows show the direction and magnitude
of the average velocity flow. Accreting haloes (top panel) are embedded
in filaments that are thin compared to their radius and accrete matter from
all directions. Due to the higher density of filaments, the majority of mass
growth is due to infall along filaments and leads to a net increase in halo
spin perpendicular to the filament. Stalled haloes typically reside in thick
filaments with large velocity gradients (centre panel), which are indicated by
longer arrows on the left-hand side of the panel than on the right-hand side.
When viewed in the reference frame of the stalled halo (bottom panel), the
surrounding matter flows away along the filament and infall can only take
place from directions perpendicular to the filament. The inhomogeneities in
the distribution of accreted mass impart a net spin that points preferentially
along the filament.

The dichotomy in terms of spin–filament alignment between ac-
creting and stalled haloes provides a natural explanation for the
trends we found in this work. While accreting haloes dominate the
population of high-mass haloes, the converse is true for low-mass
haloes. This suggests that the spin–filament alignment should vary

MNRAS 481, 414–438 (2018)
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▸ Thick filament


▸ Accretion - parallel spin


▸ Anisotropic

ACCRETING HALO

POSSIBLE CAUSE:
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Tidal anisotropy - preliminary results 24

Isotropic

Anisotropic Parallel

Perpendicular

Thanks to Pablo Lopez for sharing the data and Aseem Paranjape for the discussion.



QUESTION: HOW ARE GALAXIES ALIGNED COMPARED TO INNER HALOES? 25

Parallel

Perpendicular

Galaxy

Inner halo
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QUESTION: DO WEB FINDERS INFLUENCE GALAXY ALIGNMENTS? 

NEXUS + FILAMENTS BISOUS FILAMENTS

26

P. Ganeshaiah Veena et al 2019



BISOUS AND NEXUS + 27

Bisous

NEXUS+

P. Ganeshaiah Veena, M. Cautun, R. van de Weygaert, E. Tempel et al 2019.



KEY CONCLUSIONS

▸ Cosmic web environment influences halo/galaxy spin magnitude 
and orientation.


▸ Definition of filament or filament detection method is crucial when 
dealing with weak signals. 


▸ Transition mass is influenced by several factors such as host 
filament properties, cosmic time and anisotropy of the web 
environment. 


▸ Galaxies are more perpendicular to filaments than their host haloes 
and their spin alignments depends on their mass and morphology. 


▸ Host haloes of parallel and perpendicular galaxies show different 
degree of alignments with their galaxies.   

28
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Mapping the Universe

3D positions of galaxies - trace 
the underlying dark matter 
distribution.

Infer the matter density and 
3D flows - constraints on the 
cosmological parameters.  

 

2MRS

galaxy distribution underlying density field−
1
H

⃗∇r . ⃗vlin = f σ8 δ f ≈ Ω0.55
m



Noisy, missing and incomplete data 

Discrete sampling.

Redshift  space distortions - structures 
are elongated along the line-of-sight. 

Gaps in the data - eg.  galaxies in the 
ZoA are obscured by star, dust and 
gas.

In optical wavelengths, this covers 
almost 20% of the sky. 



Other methods used so far for reconstructing LSS? 

Wiener filter - linear reconstruction - e.g Zaurobi et al 
1994, Lilow et al 2021

Other reconstruction methods - e. g. Bertschinger & Dekel 
1989; Yahil et al. 1991; Nusser & Davis 1994; Fisher et al. 1995; Bistolas 
& Hoffman 1998; Zaroubi et al. 1999; Kitaura et al. 2010; Jasche et al. 
2010; Courtois et al. 2011; Kitaura 2013; Jasche & Wandelt 2013; Wang et 
al. 2013; Carrick et al. 2015; Lavaux 2016; Jasche & Lavaux 2019; 
Graziani et al. 2019; Kitaura et al. 2020; Zhu et al. 2020



What did we do in this paper?

Reconstruct underlying density and velocity fields from galaxy distributions 
using neural networks. 

In the process, demystify machine learning:

understand the black-box 

can we recreate what the machine does using known statistical 
techniques?

What are the advantages and caveats of using neural nets over the traditional 
techniques for such reconstructions? And why so?

Can we recover Wiener Filter from neural network methods? 



A simple network (3Blue1Brown - youtube channel) 

δobs
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δtrue

δrecon

w1a1 + w2a2 + w3a3 + . . wnan
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 MSE( ̂δ) =
1
N
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(δrecon
j − δtrue
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Non-linear network + MSE loss = Mean posterior 
estimate

Minimising MSE gives the mean posterior estimate! 

Input field : Ij Target field : Ti

LMSE(T̂[λ]) =
1

MN

M

∑
α=1

N

∑
j=1

(Tα
j − ̂Tj[λ](Iα))2

T̂MSE
i (I) = ∑

T

P(T |I) Ti = ⟨Ti |I⟩,



Wiener filtering for galaxy distributions 
[Zaroubi et al 1994] 

Observed density field —-> True density field

Assume a prior for the true fields

Reconstructed field is a linear combination of 
the observed field.

Minimum variance estimator: minimise MSE. 

̂TWF(I)
i = ∑

j

wWF
ij Ij + bWF

i ,

TWF = ⟨TI⟩⟨II⟩−1I



Wiener filtering for galaxy distributions 
[Zaroubi et al 1994] 

Observed density field —-> True density field

Assume a prior for the true fields

Reconstructed field is a linear combination of 
the observed field.

Minimum variance estimator: minimise MSE. 

̂TWF(I)
i = ∑

j

wWF
ij Ij + bWF

i ,

1. A neural network with an input and output 
layer and linear activation is equivalent to a 
WF.

2. When the field is Gaussian, WF and NN 
estimates should both be the mean posterior 
estimates. 

TWF = ⟨TI⟩⟨II⟩−1I



Gaussian fields

WF and AE are minimum variance solutions and give the same result for Gaussian 
fields. 



Gaussian fields



For 3D data, use convolutions: Autoencoder



Density field reconstructions.

δ(x) =
ρ(x) − ρ̄

ρ̄



Density field reconstructions.

Floor -  is a result of the choice of our loss function 
and Poisson sampling.

Towards the tails, NN is better. 



Density field reconstructions - with RSD



Density field reconstructions - with gap
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Velocity field reconstructions.



Velocity field reconstructions.



Reconstruction for different galaxy number 
densities



Thank you!


