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Can we predict the morphology of 
galaxies on the cosmic web from first principles?

Is the cosmic web driving the Hubble sequence?
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Outline
• How discs build up from persistent cosmic web?

• How dark halo's spin flip relative to filament?

• Why are they initially aligned with filaments?
Why the transition mass?  Eulerian view

• What is the corresponding Lagrangian theory?
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• How discs build up from persistent cosmic web?

• How dark halo's spin flip relative to filament?

• Why are they initially aligned with filaments?
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• What is the corresponding Lagrangian theory?

Galactic morphology is driven by AM acquisition through anisotropic secondary infall,  
coming from larger scales, which are less dense, hence more steady;  

cold flows provide the link.
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Outline
• How discs build up from persistent cosmic web?

• How dark halo's spin flip relative to filament?

• Why are they initially aligned with filaments?
Why the transition mass?  Eulerian view

• What is the corresponding Lagrangian theory?

Galactic morphology is driven by AM acquisition through anisotropic secondary infall,  
coming from larger scales, which are less dense, hence more steady;  

cold flows provide the link.

Where  galaxies form does matter, and can be traced back to ICs
Flattened filaments generate point-reflection-symmetric AM/vorticity distribution:

they induce the  observed spin transition mass  & helicity of cold flows
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The Hubble diagram: a crude theorist's view

What drives coherent secondary infall?
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The Hubble diagram: a crude theorist's view

What drives coherent secondary infall?
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Context 

- It's the angular momentum "stupid"   
             Something beyond mass function
- @ z>>1 : nurture versus nurture

- warps 1991  ??
- thick disks 2001 ??
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Part I outline

4 trivial facts about galaxies in their web

the proposition

various proofs of various value?
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Part I Outline

4 trivial facts about galaxies in their web

• what's a disc?
• what's a void?
• what's a shock?
• what do numerical hydro suggest?
The proposition

Various proofs of various value?
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“theoretically”, a galactic disc:

An ensemble of ring made of gas, 
 

• turning around the same axis 
• whose outer parts rotate with

    more angular momentum  (flat rotation curve)

Fact number one
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Voids become more void

Filaments drifts...

... and get distorted

The Virtual (dark matter) universe

Fact number two

not much happens  on LS: which is good & expected

tdyn ⇠ 1/
p
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Log density 

!
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BUT$surrounding$void$repel$(contrast<0)$$&$contribute$to$secondary$infall.

Velocity flow in 
expanding universe

Fact number two
Peak$attract$

catastrophically
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BUT$surrounding$void$repel$(contrast<0)$$&$contribute$to$secondary$infall.

Velocity flow in 
expanding universe

Fact number two
Peak$attract$

catastrophically

void

wall

filament

Halo
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“theoretically”, a shock:

10

Gas, unlike dark matters, shocks (iso-T) and 
follows closely the cosmic web

Plane of shock

Normal to shock

Post shock !ow

Pre shock !ow

Fact number three 

cosmic web is important for galaxy morphology

SHARPER
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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.

0.0

0.2

0.4

0.6

w
(θ

)

1010 - 1011 Msun

0 20 40 60 80
θ

z=6.1→5.0

z=5.0→3.8

z=3.8→2.5

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

≠

cosmic web is important for galaxy morphology

SHARPER
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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

≠

cosmic web is important for galaxy morphology

SHARPER

10Thursday, June 26, 14



Paradigm
shift

MIG
« Interface » @ Virial Radius

Halo

Disk

IGM

shielding (?) 
hot corona

Cold
streams

 cf Binney 77 !!

Gas shocks 
isothermally

in LSS

Rees Ostriker 77
Katz 2002

@ high z / low mass

@ high redshift
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The Virtual (hydrodynamical) universe

we see cold flows + recurrent disk reformation
LSS drives secondary infall & SPIN ALIGNMENT

Fact number four
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

≠

Cosmic web SHARPER
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Context & clues

there%are%discs%on%the%sky%and%in%numerical%simulations

disc%must%have%a%coherent%stratified%angular%momentum

galaxies%form%and%evolve%on%the%cosmic%web%(anisotropic%PBS)

gas%shocks%isothermally%during%shell%crossing,%%follows%filaments%closely

surrounding%void/wall%repel%(contrast<0)%contribute%to%secondary%infall
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standard 
hierarchical 

clustering picture

completely
useless

(nautical) analogy
that probably only 

the author 
understands
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Part I Outline

4 trivial facts about galaxies in their web

the proposition
various proofs of various value?
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 The proposition in one sentence 

Disks 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 so as to (re)build discs

continuously.
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Part I Outline

4 trivial facts about galaxies in their web

The proposition

Various proofs of various value?
• smoking gun?

• robust statistics?

• lots of hand waving ??
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 Clues from LSS

"Proof by halo centric environment"

a.k.a

proof by hypnosis,
fishy analogy & 

mathematical jargon
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Time line of LSS
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Drift of  filaments
Time-line evolution 

of filaments

void induced
cosmic
drift

19
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Drift of  filaments
Time-line evolution 

of filaments

void induced
cosmic
drift
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Drift of  filaments
Time-line evolution 

of filaments

void induced
cosmic
drift
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Two pts correlation of critical pts defines cosmic cristal

Cosmic "crystal" is
homeomorphic to cubic 

face centered
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From first principles...
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Net torque ?

Peak
saddle%
pt

Large%void
Small
void

2D Cartoon of "ideal" cosmic 
environment : 

21

Mean local cosmic initial condition 
homeomorphic to such crystal
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wall type saddle

tube type saddle

minimum

maximum

Net torque ?

3D "ideal"cosmic crystal 
Cartoon:  

22

Mean local cosmic initial condition 
homeomorphic to such crystal

big void
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wall type saddle

tube type saddle

minimum

maximum

Net torque ?

3D "ideal"cosmic crystal 
Cartoon:  

22

Mean local cosmic initial condition 
homeomorphic to such crystal

 biased by assumed isotropy: generically one fil+wall

big void
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Do we see this?

"Proof" by visualisation of 
hydrodynamical simulation

a.k.a

proof by pretty pictures
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gas tracing 
particle:

follow shocks

typical setting: 
one wall one 

filament
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void

wall

filament

CGM

gas tracing 
particle:

follow shocks

typical setting: 
one wall one 

filament
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locus of 3rd 
shock

Note the high helicity of  inflow: 
 AM rich quasi-polar accretion Explain this !
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"Proof" by robust statistical analysis

Can it be made quantitative? 

a.k.a

lies, damn lies and statistics
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Anisotropic accretion: cold flows driven by LSS

MareNostrum z~2

Red: density
Blue: temperature

Green: metal

M =1012 Mo z=3

• Use LSS  dynamics to statistically analyse AM infall  @ Rvir

130 000 galaxies
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Filamentary Accretion:
coherent orientation

Coherent ang. moment 
orientation

PDF relative orientation @ ≠ z

Cross correlation 
of thresholded density  

@ Virial sphere
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"Proof" by tagging

Can we trace this back in time?

a.k.a "Proof" by looking at ONE object !
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Angular momentum rich filamentary 

cold flows: progenitor of thin discs?

30

Nut Simulation
0.5 pc resolution

"full physics"
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Angular momentum rich filamentary 

cold flows: progenitor of thin discs?

30

Nut Simulation
0.5 pc resolution

"full physics"
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The fate of
cold gas

Buddle of position of 
gas tracer particles at different 

epochs (high z)

void

wall

filament

CGM
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z=11.5 z=11.5

 

Stratified mass and momentum
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early time late time
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Mass in disc originate from filaments
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Angular momentum in disc originate 
from filaments

Smoking
 gun ?
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Disks 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 so as to (re)build discs

continuously.

This is the raison d’être of cosmic web :-)
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How discs build up from persistent cosmic web?

How dark halo's spin flip relative to filament?
Why are they initially aligned with filaments?
Why the transition mass?  

What is the corresponding Lagrangian theory?
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What’s happening on 
larger scales?

How is the cosmic web woven?
i.e Where do galaxies form in our Universe?

What are the dynamical implications?
Why?

PART II
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Part II Outline

Where do galaxies form? 

What is the spin orientation w.r.t. cosmic web  

What do low mass galaxies do?

What do high mass galaxies do?

The Eulerian view of spin/LSS connection

Nick+ anisotropy
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Peak background split in 1D

+

dark halos don't form anywhere
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with filamentary 
boost

without 
boost

collapse
threshold

Peak background split in 2D

41Thursday, June 26, 14



without 
boost with

 boost

Peak background split in 3D

Does this anisotropic biassing have 
a dynamical signature?  yes!
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without 
boost with

 boost

Peak background split in 3D

Does this anisotropic biassing have 
a dynamical signature?  yes!
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Orientation of the spins w.r.t the filaments

Horizon 4Pi: 
DM only

2 Gpc/h periodic box
40963 DM part.

43 million dark halos at 
z=0

(Teyssier et al, 2009)

skeleton
follow filaments
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Excess probability of alignment between the spins 
and their host filament

mass transition:

: aligned

: perpendicularM > Mcrit

M < Mcrit
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Excess probability of alignment between the spins 
and their host filament

mass transition:

Mcrit = 4 · 1012M�

: aligned

: perpendicularM > Mcrit

M < Mcrit
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aligned

- In agreement with other numerical studies e.g Bailin & Steinmetz (2005); Aragon-Calvo et al. (2007,2013); Hahn et al. (2007); Paz et al. (2008)
- Confirmed by observations e.g Tempel et al 2013 using the SDSS data
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Mcrit = 4 · 1012M�

Low-mass haloes: M < Mcrit

−0.5 0.0 0.5
0.85

0.90

0.95

1.00

1.05

1.10

1.15

cos(e)

1+
j

log M :11.50
log M :12.00
log M :12.50
log M :12.80
log M :13.30
log M :14.00

perpendicular

aligned

 0  1  2  3

0.0

0.2

0.4

0.6

0.8

1.0

redshift

co
s
e

0.100.10

0.400.40

0.700.70

1.001.00

mass transition:
: alignedM < Mcrit

mass %

45Thursday, June 26, 14



How does the formation of the filaments 
generate spin parallel to them?

winding of walls 

Voids/wall saddle
 repel...
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Winding of walls
onto filaments
generate spin

//
to filament 

->

Vorticity?
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Mcrit = 4 · 1012M�

High-mass haloes: 

formed at low z by mergers inside the filaments

M > Mcrit
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How do mergers along the filaments create 
spin perpendicular to them?

halos catch up with 
each other along 

the filaments
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Wall + filament boost

mergers along e�

L = r⇥ v
If pancake     filament 3
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How discs build up from persistent cosmic web?

How dark halo's spin flip relative to filament?
Why are they initially aligned with filaments?
Why the transition mass?  Eulerian view
What is the corresponding Lagrangian theory?
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La nuit étoilée, Van Gogh, 1989

Vorticity of cosmic flow

Swirling around filaments:
Are large-scale structure spinning up low mass halos?

PART III

The Eulerian view of spin/LSS connection
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Part III Outline

Where is the vorticity/helicity ?

How is it distributed across a filament?

What does it do to the spin low mass galaxies ?

What is its relation to the transition mass ?

The Eulerian view of spin/LSS connection
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• Identify the geometric locus of vorticity & its 
alignment with cosmic web.

• Understand vorticity generation within cosmic web.
• Study alignment of vorticity & spin of halos.

Strategy

Problematic
Why is the spin of low mass halos preferentially 

aligned with cosmic web ?

• In the perfect fluid approximation, on large scales, flow is 
laminar without vorticity.
• Vorticity is generated when the stress tensor becomes non 
zero during shell crossing.

indeed
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✴ vorticity is confined to 
filaments.

✴ Vorticity is aligned with
filament 

✴ alignée avec les filaments.

✴ les caustiques sont 
quadripolaires.

✴ Dans le filament, la 
vitesse est dirigée selon le 

filament
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Figure 4. Geometry/kinematics of a typical multi-flow region across a filament. Left: density map of a section perpendicular to a given
filament in logarithmic scale. Middle: projected vorticity along the filament within that section (towards in red and away from the observer
in blue) in unit of h km s−1 Mpc−1 on which is plotted in dark a contour of the density. Circles are halos with their corresponding virial
radius. The colour of the circles match to the values of cos θ between the halos spins and the normal of the section, positively oriented
toward us. Vorticity is computed after smoothing of the velocity field with a Gaussian filter of 1.6 h−1 Mpc. Right: helicity along that
same section in unit of H2

0
Mpc. These maps are done with SHDM

100 . FOF halos are from SCDM
100 .

transverse component which, after shocking with the circum-
galactic medium, will eventually build up the galaxy’s spin.

3.3 Correlation between vorticity and spin

The alignment of vorticity with filaments on the one hand,
and previous results about alignment (or orthogonality) of
the low-mass (high-mass) halos spin with the filament and
the shear eigenvectors (Codis et al. 2012; Libeskind et al.
2012) on the other hand, suggest to revisit the align-
ment of spin with the vorticity (previously examined by
Libeskind et al. 2012) and to analyze in depth the corre-
lation between vorticity and angular momentum. The mea-
surement is done by computing the vorticity at the posi-
tions of the halos and the projection, cos θ, between both
normalized vectors. First note that halos typically stand
within one quadrant of the vorticity within filaments and
not at the intersection of these quadrants, which is why the
spin/vorticity alignment is strong.

The resulting PDF of cos θ is displayed in Fig. 7. Here
the set of simulations, SCDM

50 are used to compute error bars
on the correlation between spin and vorticity. A qualitative
account of this alignment is shown on Fig. 6 using SHDM

20 .
The measured correlations are noisier as only a finite num-
ber of dark halos are found within the simulation volume.
It was checked that the correlation is not dominated by the
intrinsic vorticity of the halos themselves by computing the
alignment between the spin and the vorticity of the field af-

ter extruding the FOF halos, which led to no significant dif-
ference in the amplitude of the correlation. We find an excess
probability of 25 per cent relative to random orientations to
have cos θ in [0.5, 1] for halos with 10 ! log(M/M") ! 11,
55 per cent for 11 ! log(M/M") ! 12 and 165 per cent for
12 ! log(M/M") ! 13. Note importantly that the intricate
geometry of the multi-flow region (see Fig. 13 and Fig. D1
below) strongly suggests retrospectively that the alignment
(including polarity) between the spin of dark matter halos
and the vorticity of the flow within that region cannot be
coincidental. Indeed, vanilla TTT cannot naively explain the

0. 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15.
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Figure 5. Top: Normalized histogram of the number of multi-
flow regions with different polarity around a filament measured
in the simulation SHDM

100
. The mean corresponds to 〈nmultiflow〉 =

4.6, the median is 4.25. On large scales, the multi-flow region is
therefore typically quadrupolar. Bottom: Normalized histogram
of the size of a region in SHDM

100
with a given polarity. The mean

size of such region is 〈R〉 = 1.6h−1 Mpc, somewhat below the
smoothing length of the initial conditions, Rs = 2.3h−1 Mpc. It
was checked on SHDM

20
that a similar scaling applies.
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✴ In the filament, velocity 
is along the filament 

(helicity).
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Figure 2. A thin slice (2 h−1 Mpc thickness) of the projected DM density (left panels) and the projected vorticity along the normal to the
slice in unit of h km s−1 Mpc−1 (right panels). DM density is plotted with a logarithmic scale. Vorticity is computed after smoothing of
the velocity field with a Gaussian filter of 160 h−1 kpc. The geometry of the vorticity closely follow the LSS, but switches polarity across
the walls/filaments (recalling that walls appear as filaments and filaments as peaks in such a cross section). Note also how the vorticity
is localized around filaments (the 2D peaks, as exemplified on Fig. 13 below). The two panels allow for a comparison between a section
of SCDM

20
(top) and SHDM

20
(bottom). In SHDM

20
, high-frequency modes are suppressed but the low-frequency vorticity is qualitatively

consistent with that found in the realistic SCDM
20

. On the bottom left panel, the density caustics are quite visible and correspond to the
outer edge of the multi-flow region on the bottom right panel.

Pichon & Bernardeau (1999)2. The orders of magnitude are
similar in SCDM

100 , SHDM
20 and SCDM

20 .
Finally, helicity is calculated as the projection of the

velocity along the vorticity, H = v · ∇ × v, on each point
of the grid. In high vorticity regions, the order of magnitude
of mean absolute helicity is 3 H2

0 Mpc.
To estimate the number of multi-flow regions within the

caustic and their size, for each segment of the skeleton, the
vorticity cube is cut with a plane perpendicular to the di-
rection of the filament. The number of multi-flow regions
is given by the number of regions of positive and negative

2 keeping in mind that the geometry in that paper was slightly
different.

projected vorticity along this direction (with a given thresh-
old), counted in a small window centred on the filament. To
obtain the size of the regions with a given polarity, the area
where the absolute projected vorticity along the normal is
greater than 10 per cent of the maximum vorticity is mea-
sured, and this area is divided by the number of quadrants.
Assuming that these regions are quarter of disks, it yields
the corresponding radius. This measure is done in SHDM

100 .

The cosmic network is identified with rSeX and
DisPerSE, the filament tracing algorithms based either on
watersheding (Sousbie et al. 2009), or persistence (Sousbie
2011; Sousbie et al. 2011) without significant difference for
the purpose of this investigation. The first method identi-
fies ridges as the boundaries of walls which are themselves
the boundaries of voids. The second one identifies them as

A Qualitative understanding

WDM

LCDM
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Focussing on main filament
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Generation of vorticity : wall winding
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Alignement of vorticity  with cosmic web
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Alignement of vorticity  with cosmic web

braids structure of vorticity.

63Thursday, June 26, 14



Cross section of vorticity in caustic

Swirling filaments: are large-scale structure vortices spinning up dark halos? 13
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Figure 15. Azimuthal average of the radial profile of the vor-
ticity. The profile is obtained by averaging on the sections of a
complete filament (each section is associated to a filament seg-
ment, to which the section is perpendicular). Vorticity is clearly
larger towards the caustic, and would theoretically become singu-
lar (as 1/

√

1− r/rmax) at the caustic for a Zel’dovich mapping,
as shown in Pichon & Bernardeau (1999). Here the profile is con-
volved by shape variations from one caustic to another and by
the azimuthal average. The indicative error bar was computed as
the average over a larger stack.

Definition Name Mean Median

Alignment between vorticity and Cosmic Web
DM: vorticity/filaments

| cosµ|
0.58 (0.5) 0.62

Hydro: vorticity/filaments 0.58 (0.5) 0.63
DM: vorticity/walls 0.34 (0.5) 0.27

Alignment between vorticity and halos spin
10 ! log(M/M!) ! 11

cos θ
0.09 (0.0) 0.14

10 ! log(M/M!) ! 12 0.19 (0.0) 0.29
12 ! log(M/M!) ! 13 0.53 (0.0) 0.72

Alignment between density walls and 0-vorticity walls
| cosψ| 0.54 (0.5) 0.56

Alignment between vorticity and tidal tensor eigenvectors
vorticity / e1

| cos γ|
0.62 (0.5) 0.69

vorticity / e2 0.48 (0.5) 0.47
vorticity / e3 0.31 (0.5) 0.23

Table 2. The median and mean cosine values for the set of stud-
ied alignments. In parenthesis, the expected values for random
distributions.

found in Sousbie et al. (2008). It should be of interest when
studying the geometry of the gas infall on the CGM.

• Adiabatic/cooling hydrodynamical simulations suggest
that within the dark matter caustics, the gas and the dark
matter share the same vorticity orientation on large scales.
High-resolution cooling runs show that the small scale struc-
ture of the velocity flow around forming galaxies does not
destroy this larger scale coherence.

• The mass transition for spin-filament alignment is set

by the size of sub-caustics with a given polarization. The
alignment is strongest for Lagrangian patch commensurable
with the sub-caustic as vorticity is strongest on the edge
of the multi-flow region. Once the collapsed halo has a size
larger than any such sub-caustic, it cancels out most of the
vorticity within the caustics.

The focus of this paper was in explaining the “where”:
pinning down the locus of vorticity and describing the geom-
etry of multi-flow infall towards filaments; and the “how”:
explaining its origin via shell crossing. It also provided an
explanation for the origin of the mass transition for spin
alignment. All measured alignments are summarized in Ta-
ble 2.

Improvements beyond the scope of this paper include
i) developing the sketched anisotropic (filamentary) peak-
background-split theory of spin acquisition; ii) quantifying
the curvilinear evolution of the vorticity (orientation and
amplitude) as a function of distance to the critical points of
the cosmic web and predicting the spin flip for high masses;
iii) quantifying the helicoidal nature of gas infall on galactic
scales; iv) connecting the findings of this paper to the actual
process of galactic alignment.

In turn, this should allow astronomers to shed light
on the following problems: how and when was the present
Hubble sequence of galaxies established? How much of the
dynamical evolution of galaxies is driven by environment?
What physical processes transforming galaxies dominates
morphology: galaxy interactions and mergers, external ac-
cretion and outflows, secular evolution? What is their re-
spective roles in shaping disks, bulges or spheroids? Is it the
same process at low and high redshift? These are addressed
in part in the companion paper, Welker (2014), which shows
in particular using state-of-the-art hydrodynamical simula-
tions with AGN/SN feedback, that at high redshifts, the
large vorticity of the gas flow is correlated with the direc-
tion of the spin of galaxies.
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Two sets of trajectories of particles reaching one caustic quad.

3 flows crossing in filaments generate vorticity.

Generation of vorticity : wall winding
back to WDM...
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fully consistent with  the winding wall scenario 

wall

vorticity cross section
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Figure 13. Vorticity field in the neighbourhood of the main filament of the idealized “HDM” simulation, SHDM
20

shown in Fig. 12 and
colour coded through its ‘z’ component. The vorticity is clearly aligned with the direction of the filament, strongest within its multi-flow
core region, while its polarity is twisted around it. The helicity measurements are consistent with the observed level of twisting.
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Figure 14. Left: the cross section of the vorticity perpendicular to the main filament shown in Fig. 13. The colour coding in the section
corresponds to the vorticity towards us (in blue) and away from us (in red) as shown by the corresponding arrows. The thin blue lines
correspond to velocity field lines. The brown surfaces represent the local walls. The field lines converge towards the local walls and are
in agreement with the vorticity field which is partitioned by these walls. Right: the probability distribution as a function of the cosine
angle between the normal to the zero vorticity walls and the normal to the density walls, cosψ, computed on the simulation SCDM

100
. The

simulation is divided into eight 50 h−1 Mpc sub-boxes. Density walls are computed using DisPerSE, and the smoothing coefficient of the
tessellation is S=4 (see Appendix E). The plotted signal corresponds to the average of the PDFs for the 8 sub-boxes. The displayed error
bars are 1-σ standard deviation on the mean.

to random orientations, and perpendicular to the normal of
the dominant walls at a similar level. This is consistent with
the corresponding direction of the eigenvectors of the tidal
field (and is expected given that the potential is a smoothed
version of the density field).

• At these scales, the cross sections of these filaments are
typically partitioned into multipolar caustics, with oppo-
site vorticity parallel to their filament, arising from mul-
tiple flows originating from neighbouring walls, as would
secondary shell crossing along these walls imply. The ra-
dial vorticity profile within the multi-flow region displays a

sharp rise near the caustic, a qualitatively expected feature
of catastrophe theory.

• The spins of embedded halos within these filaments are
consistently aligned with the vorticity of their host vorticity
quadrant at a level of 165 per cent. The progenitor of lighter
halos within the multi-flow region can be traced back to
three flows or more originating from the neighbouring walls,
and form within the filament, in agreement with the predic-
tions of Codis et al. (2012).

• The maximum helicity within these regions reaches a
few H2

0 Mpc and has the same parity as the vorticity, which
is expected given the mostly laminar flow within filaments

wall -zero vorticity 
alignment

consistent with  the winding wall 

velocity 
flow
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Figure 9. The probability distribution of the cosine of the angle
between the vorticity and the direction of the skeleton, measured
in Scool

20
(0.7) for various redshifts as labeled. The amplitude of

the correlation decreases with cosmic time.

of the main filament in the simulation SHDM
20 , where the

high-density regions, the local skeleton and the field lines
colour-coded by the vorticity are shown. The white lines
correspond to the local skeleton; the blue-red bundles cor-
respond to velocity field lines colour-coded by vorticity; the
yellowish shaded regions corresponds to high densities while
the dots correspond to dark halos in the ΛCDM counterpart
of this simulation; the white cross section colour codes the
vorticity of the velocity flow along that region. It appears
clearly that i) velocities acquire some vorticity as they reach
the main filament (see also Fig. 11, right panel); ii) the vor-
ticity section is consistent with the large-scale flow along
the x-direction, strongly suggesting that the main wall along
x − z is feeding transversally the filament and accounts for
the geometry of the multi-flow region (see also Fig. 14 below
which zooms in on the region of interest).

Fig. 13 displays the vorticity field in the neighbourhood
of the main filament of the idealized “HDM” simulation,
SHDM
20 , shown in Fig. 12. The vorticity bundle is clearly co-

herent on large scales, and aligned with the direction of the
filament, strongest within its multi-flow core region, while
its essentially quadrupolarity is twisted around it.

Fig. 14 displays the cross section of the vorticity per-
pendicular to the main filament shown in Fig. 13. The veloc-
ity field lines (in blue) converge towards the local walls (in
brown) and are visually in agreement with the vorticity field
which is partitioned by these walls. This picture is qualita-
tively consistent with the scenario presented in Codis et al.
(2012) as it shows that the filaments are fed via the embed-
ding walls, while the geometry of the flow generates vorticity
within their core. This vorticity defines the local environ-
ment in which DM halos form with a spin aligned with that
vorticity, as illustrated on Fig. 6. The alignment between the
contours of minimal vorticity and the density walls which is
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Figure 10. The probability distribution of the cosine of the an-
gle between the spin of dark halos and the direction of the clos-
est filament as a function of mass in the SCDM

2000
simulation. The

smoothing length over which filaments are defined is 5 h−1Mpc.
This figure extends the result first reported in Codis et al. (2012)
to the mass range logM/M" ∼ 11.5 - 12.0. In this mass range
one observes that the probability to have a small angle between
the halo’s spin and the filament’s direction first increases (in red)
as mass grows to logM/M" ∼ 12.1, in agreement with the in-
creased spin - vorticity alignment demonstrated in Fig. 7. At
larger masses (from orange to blue) the statistical spin-filament
alignment quickly decays, with a critical mass (in yellow) cor-
responding to a transition to predominately orthogonal orienta-
tions (in blue) at logMcrit/M" ≈ 12.7 as defined by Codis et al.
(2012).

visually observed on Fig. 14 (left panel) is then quantita-
tively examined. The probability distribution of the cosine
of the angle between the zero vorticity contour and the wall
within the caustic is plotted on the right panel of Fig. 14
(see Appendix E for the definition of the zero vorticity con-
tour). An excess of probability of 15 per cent is observed for
cosψ in [0.5, 1] relative to random distribution, that is for
the alignment of the walls with the minimal vorticity con-
tours. This alignment increases with the smoothing of the
tessellations, as expected.

4.2 Progenitors of multi-flow region

In a dark matter (Lagrangian) simulation, it is straightfor-
ward to identify the origin of particles within the multi-flow
region. Fig. 11 traces back in time DM particles ending up
within a quadrant of the multi-flow region. The quadrant is
fed by three flows of particles. The flow is irrotational in the
initial phase of structure formation until the crossing of three
flows in the vicinity of the filaments generates shear and vor-
ticity close to the caustic. Note that the sharp rise near the
edge of the multi-flow region at the caustic is qualitatively
consistent with catastrophe theory (Arnold 1992), and is
directly related to the prediction of Pichon & Bernardeau
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correspond to the local skeleton; the blue-red bundles cor-
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the x-direction, strongly suggesting that the main wall along
x − z is feeding transversally the filament and accounts for
the geometry of the multi-flow region (see also Fig. 14 below
which zooms in on the region of interest).

Fig. 13 displays the vorticity field in the neighbourhood
of the main filament of the idealized “HDM” simulation,
SHDM
20 , shown in Fig. 12. The vorticity bundle is clearly co-

herent on large scales, and aligned with the direction of the
filament, strongest within its multi-flow core region, while
its essentially quadrupolarity is twisted around it.

Fig. 14 displays the cross section of the vorticity per-
pendicular to the main filament shown in Fig. 13. The veloc-
ity field lines (in blue) converge towards the local walls (in
brown) and are visually in agreement with the vorticity field
which is partitioned by these walls. This picture is qualita-
tively consistent with the scenario presented in Codis et al.
(2012) as it shows that the filaments are fed via the embed-
ding walls, while the geometry of the flow generates vorticity
within their core. This vorticity defines the local environ-
ment in which DM halos form with a spin aligned with that
vorticity, as illustrated on Fig. 6. The alignment between the
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smoothing length over which filaments are defined is 5 h−1Mpc.
This figure extends the result first reported in Codis et al. (2012)
to the mass range logM/M" ∼ 11.5 - 12.0. In this mass range
one observes that the probability to have a small angle between
the halo’s spin and the filament’s direction first increases (in red)
as mass grows to logM/M" ∼ 12.1, in agreement with the in-
creased spin - vorticity alignment demonstrated in Fig. 7. At
larger masses (from orange to blue) the statistical spin-filament
alignment quickly decays, with a critical mass (in yellow) cor-
responding to a transition to predominately orthogonal orienta-
tions (in blue) at logMcrit/M" ≈ 12.7 as defined by Codis et al.
(2012).

visually observed on Fig. 14 (left panel) is then quantita-
tively examined. The probability distribution of the cosine
of the angle between the zero vorticity contour and the wall
within the caustic is plotted on the right panel of Fig. 14
(see Appendix E for the definition of the zero vorticity con-
tour). An excess of probability of 15 per cent is observed for
cosψ in [0.5, 1] relative to random distribution, that is for
the alignment of the walls with the minimal vorticity con-
tours. This alignment increases with the smoothing of the
tessellations, as expected.

4.2 Progenitors of multi-flow region

In a dark matter (Lagrangian) simulation, it is straightfor-
ward to identify the origin of particles within the multi-flow
region. Fig. 11 traces back in time DM particles ending up
within a quadrant of the multi-flow region. The quadrant is
fed by three flows of particles. The flow is irrotational in the
initial phase of structure formation until the crossing of three
flows in the vicinity of the filaments generates shear and vor-
ticity close to the caustic. Note that the sharp rise near the
edge of the multi-flow region at the caustic is qualitatively
consistent with catastrophe theory (Arnold 1992), and is
directly related to the prediction of Pichon & Bernardeau
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Figure 4. Geometry/kinematics of a typical multi-flow region across a filament. Left: density map of a section perpendicular to a given
filament in logarithmic scale. Middle: projected vorticity along the filament within that section (towards in red and away from the observer
in blue) in unit of h km s−1 Mpc−1 on which is plotted in dark a contour of the density. Circles are halos with their corresponding virial
radius. The colour of the circles match to the values of cos θ between the halos spins and the normal of the section, positively oriented
toward us. Vorticity is computed after smoothing of the velocity field with a Gaussian filter of 1.6 h−1 Mpc. Right: helicity along that
same section in unit of H2

0
Mpc. These maps are done with SHDM

100 . FOF halos are from SCDM
100 .

transverse component which, after shocking with the circum-
galactic medium, will eventually build up the galaxy’s spin.

3.3 Correlation between vorticity and spin

The alignment of vorticity with filaments on the one hand,
and previous results about alignment (or orthogonality) of
the low-mass (high-mass) halos spin with the filament and
the shear eigenvectors (Codis et al. 2012; Libeskind et al.
2012) on the other hand, suggest to revisit the align-
ment of spin with the vorticity (previously examined by
Libeskind et al. 2012) and to analyze in depth the corre-
lation between vorticity and angular momentum. The mea-
surement is done by computing the vorticity at the posi-
tions of the halos and the projection, cos θ, between both
normalized vectors. First note that halos typically stand
within one quadrant of the vorticity within filaments and
not at the intersection of these quadrants, which is why the
spin/vorticity alignment is strong.

The resulting PDF of cos θ is displayed in Fig. 7. Here
the set of simulations, SCDM

50 are used to compute error bars
on the correlation between spin and vorticity. A qualitative
account of this alignment is shown on Fig. 6 using SHDM

20 .
The measured correlations are noisier as only a finite num-
ber of dark halos are found within the simulation volume.
It was checked that the correlation is not dominated by the
intrinsic vorticity of the halos themselves by computing the
alignment between the spin and the vorticity of the field af-

ter extruding the FOF halos, which led to no significant dif-
ference in the amplitude of the correlation. We find an excess
probability of 25 per cent relative to random orientations to
have cos θ in [0.5, 1] for halos with 10 ! log(M/M") ! 11,
55 per cent for 11 ! log(M/M") ! 12 and 165 per cent for
12 ! log(M/M") ! 13. Note importantly that the intricate
geometry of the multi-flow region (see Fig. 13 and Fig. D1
below) strongly suggests retrospectively that the alignment
(including polarity) between the spin of dark matter halos
and the vorticity of the flow within that region cannot be
coincidental. Indeed, vanilla TTT cannot naively explain the
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Figure 5. Top: Normalized histogram of the number of multi-
flow regions with different polarity around a filament measured
in the simulation SHDM

100
. The mean corresponds to 〈nmultiflow〉 =

4.6, the median is 4.25. On large scales, the multi-flow region is
therefore typically quadrupolar. Bottom: Normalized histogram
of the size of a region in SHDM

100
with a given polarity. The mean

size of such region is 〈R〉 = 1.6h−1 Mpc, somewhat below the
smoothing length of the initial conditions, Rs = 2.3h−1 Mpc. It
was checked on SHDM

20
that a similar scaling applies.
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Figure 15. Azimuthal average of the radial profile of the vor-
ticity. The profile is obtained by averaging on the sections of a
complete filament (each section is associated to a filament seg-
ment, to which the section is perpendicular). Vorticity is clearly
larger towards the caustic, and would theoretically become singu-
lar (as 1/

√

1− r/rmax) at the caustic for a Zel’dovich mapping,
as shown in Pichon & Bernardeau (1999). Here the profile is con-
volved by shape variations from one caustic to another and by
the azimuthal average. The indicative error bar was computed as
the average over a larger stack.

Definition Name Mean Median

Alignment between vorticity and Cosmic Web
DM: vorticity/filaments

| cosµ|
0.58 (0.5) 0.62

Hydro: vorticity/filaments 0.58 (0.5) 0.63
DM: vorticity/walls 0.34 (0.5) 0.27

Alignment between vorticity and halos spin
10 ! log(M/M!) ! 11

cos θ
0.09 (0.0) 0.14

10 ! log(M/M!) ! 12 0.19 (0.0) 0.29
12 ! log(M/M!) ! 13 0.53 (0.0) 0.72

Alignment between density walls and 0-vorticity walls
| cosψ| 0.54 (0.5) 0.56

Alignment between vorticity and tidal tensor eigenvectors
vorticity / e1

| cos γ|
0.62 (0.5) 0.69

vorticity / e2 0.48 (0.5) 0.47
vorticity / e3 0.31 (0.5) 0.23

Table 2. The median and mean cosine values for the set of stud-
ied alignments. In parenthesis, the expected values for random
distributions.

found in Sousbie et al. (2008). It should be of interest when
studying the geometry of the gas infall on the CGM.

• Adiabatic/cooling hydrodynamical simulations suggest
that within the dark matter caustics, the gas and the dark
matter share the same vorticity orientation on large scales.
High-resolution cooling runs show that the small scale struc-
ture of the velocity flow around forming galaxies does not
destroy this larger scale coherence.

• The mass transition for spin-filament alignment is set

by the size of sub-caustics with a given polarization. The
alignment is strongest for Lagrangian patch commensurable
with the sub-caustic as vorticity is strongest on the edge
of the multi-flow region. Once the collapsed halo has a size
larger than any such sub-caustic, it cancels out most of the
vorticity within the caustics.

The focus of this paper was in explaining the “where”:
pinning down the locus of vorticity and describing the geom-
etry of multi-flow infall towards filaments; and the “how”:
explaining its origin via shell crossing. It also provided an
explanation for the origin of the mass transition for spin
alignment. All measured alignments are summarized in Ta-
ble 2.

Improvements beyond the scope of this paper include
i) developing the sketched anisotropic (filamentary) peak-
background-split theory of spin acquisition; ii) quantifying
the curvilinear evolution of the vorticity (orientation and
amplitude) as a function of distance to the critical points of
the cosmic web and predicting the spin flip for high masses;
iii) quantifying the helicoidal nature of gas infall on galactic
scales; iv) connecting the findings of this paper to the actual
process of galactic alignment.

In turn, this should allow astronomers to shed light
on the following problems: how and when was the present
Hubble sequence of galaxies established? How much of the
dynamical evolution of galaxies is driven by environment?
What physical processes transforming galaxies dominates
morphology: galaxy interactions and mergers, external ac-
cretion and outflows, secular evolution? What is their re-
spective roles in shaping disks, bulges or spheroids? Is it the
same process at low and high redshift? These are addressed
in part in the companion paper, Welker (2014), which shows
in particular using state-of-the-art hydrodynamical simula-
tions with AGN/SN feedback, that at high redshifts, the
large vorticity of the gas flow is correlated with the direc-
tion of the spin of galaxies.
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Vorticity map
Velocity flow

A toy model for vorticity section & spin flip 
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How discs build up from persistent cosmic web?

How dark halo's spin flip relative to filament?
Why are they initially aligned with filaments?
Why the transition mass?  Eulerian view
What is the corresponding Lagrangian theory?
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Part IV

Tidal torque theory with a
peak background split near a 

saddle 
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Part IV Outline
The Idea

walls/filament/peak locally bias differentially 
tidal and inertia tensor: spin alignment reflect this

The picture
Geometry of spin near saddle: point reflection 
symmetric distribution 

The Maths

Very simple ab initio prediction for mass transition + 
helicity

The Lagrangian view of spin/LSS connection
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Point reflection symmetry
follows from 

‘spin one’ property of
spin !
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TTT@ saddle?

subject to the  saddle constraints (2D)

3D

height zero gradient

parametrized curvature
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e.g. for n=-2

Define

(2D)

Incredibly simple prediction ! 

asymmetry

ν
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2D Theory of Tidal Torque @ saddle?
Lz / r4 sin 2✓ at small radius

Lz / sin 2✓ exp(�r2) at large radius
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Link with Eulerian vorticity?
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Figure 16. Sketch of the dynamics of a low mass halo formation and spin-up within a wall near a filament, which are perpendicular
to the plane of the image (in yellow). The tidal sphere of influence of this structure is represented by the pale yellow ellipse. The three
bundles of large dots (in green, red, and blue) represent Lagrangian points (at high redshift) which image, after shell crossing, will end
up sampling regularly the lower right quadrant of the Eulerian multi-flow region; the three progenitor bundles are computed here in
the Zel’dovich approximation (see Pichon & Bernardeau 1999, for details; note that this Eulerian quadrant is not up to scale). Each
pair of dots (one large, one small) represents the same dark matter particle in the initial condition and final condition. In black, 3/4 of
the Eulerian caustic. In light, resp. dark pink, the locus of the Lagrangian and Eulerian position of the halo, which has moved by an
amount displayed by the red arrow, and spun up following the purple arrows while entering the quadrant. The blue and green arrows
represent the path of fly-by dark matter particles originating from the other two bundles, which will contribute to torquing up the halo
(following Codis et al. 2012). Given the geometry of the flow imposed by the wall and swirling filament, the spin of the dark matter
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field imposed onto the Lagrangian patch of the halo (very light pink, corresponding to secondary infall) should be evaluated subject
to the constraint that the halo will move into the anisotropic multi-flow region (each emphasis imposing a constraint of it own); these
constraints will in turn impose that the corresponding spin-up will be aligned with the vortex.
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Eulerian  versus Lagrangian theory?

TTT can be reconciled with quadrant dependent vorticity spin alignment if it is extended 
to account for the tides of the filament.

Then spin-filament alignment can be interpreted both ways.

Yet another completely
useless diagram

that only (?)
the author understands
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3D TTT@ saddle?

• point reflection symmetric
• vanish if no asymmetry

AM
vectors

filament

Zeldovitch flow
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Lagrangian theory 
capture spin flip ! 

3D Transition mass ?

Transition mass
associated 
with size 
of quadrant
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Lagrangian theory 
capture spin flip ! 

Low mass patch

L / ez

3D Transition mass ?

Transition mass
associated 
with size 
of quadrant
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Lagrangian theory 
capture spin flip ! 

High mass patch

L / e�

Low mass patch

L / ez

3D Transition mass ?

Transition mass
associated 
with size 
of quadrant
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Geometry of AM
 @ saddle

Contours of |Lz| and |Lphi|
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Transition mass versus redshift 

horizon 4πExplain transition mass?

Only 2 ingredients: a) spin is spin one b) filaments flattened

Codis et al 12’
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point reflection symmetry
for realistic sets of saddles

from log GRF

Does it work with 
log-Gaussian

Random Fields?

spin flips!

2D
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Horizon 4Pi: 
DM only

2 Gpc/h periodic box
40963 DM part.

43 million dark halos at 
z=0

(Teyssier et al, 2009)

... and with DM simulation @z=0?
Along e phi

lo
g 

M
o

As predicted,
the physical flip occurs along ephi !
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Back to galaxies...
Filaments 

= 
metric for spin build up

of galaxies

AM built up via cold flows
occurs near extrema of 

helicity (v.L) either side of 
saddles!

predicted Lagrangian
extrema of ‘helicity’

+

+

+

+

-

-

-

in fact helicity gradient is key
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Take home message...
• Morphology (= AM stratification) driven by LSS via cold flows in 

cosmic web: it explains Es & Sps where, how & why from ICs 

• Signature in correlation between morphology and internal 
kinematical structure of cosmic web. 

• Process driven by simple dynamics:

-  requires updating TTT to saddles:  simple theory
-  Forget about voids: saddles is hype!  :-)

• Cosmic web is important because it produces beautiful galaxies
  See Also CODIS + WELKER’s talk for implications after coffee
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For more details: Pichon et al. 2011 Codis et al 2012, Tillson et al 2012, 
Laigle et al 2013  Dubois et al 2014 Welker et al 2014, Codis et al. 2014
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