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How do galaxies form in the 
Universe?

Large cosmological simulations: 
statistical questions/answers

Nature vs Nurture

Which physical process are “universal”, which depend on environment

! Star formation
! Gas accretion
! Chemical enrichment

! Mergers
! Tidal interactions
! Environment



How did the Milky Way Form? Need simulations that model the 
Milky Ways environment



Galaxy properties are 
effected by 
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How do we define or measure a 
galaxy’s environment?

Groups – Leo Triplet

2-100 galaxies 

Clusters: Coma

100– 1000 galaxies

Isolated – few neighbors

Fairly rare

Distance to Nth nearest neighbor above 
some Magnitude limit



How do we define or measure a 
galaxy’s environment?

Cautun et al 2020
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Point a telescope and take a picture

Problems: 

1. light doesnt trace mass -  the 
universe is full of  dark matter

2. Galaxy’s form in biased way –
not all dense parts of  the 
universe can form galaxies, so 
they aren’t “fair sample” of  the 
Universe

3. Any census of  the galaxy 
distribution depends on how 
sensitive your telescope is –
better telescopes see fainter 
things

Advantages: 

1. “Simple”

2. Traditional

3. Intuitive
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How do we define or measure a 
galaxy’s environment?

Find a way to reconstruct cosmic fields, like the density field

Problems: 

1. Complex

2. Data is poor: inhomogeneous 
and sparse

3. Data is full of  complex biases.

Advantages: 

1. The “truth”

2. Can be used to measure 
cosmological parameters



Distortions & Biases

6df  Jones et al 2004

cz is the full 
velocity, so we 
have all sorts 
of  red shift 
space 
distortions

Also: light 
doesn’t trace 
mass
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Bias – light does not trace density

Red – high mass to light

Green – low mass to light
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What does trace the density?

The gravitational velocity –
mistakenly called the peculiar 

velocity

!2! = 4!G"

One of  the best examples of  this is the so-called “backside in fall” of  the Virgo cluster

Karatchensev et al 2012
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TRGB, SBF, Cepheids, etc give distances 

This allows us to separate the peculiar 
velocity from the Hubble expansion

Method error distance Common?

Cepheids ~1% very local no
RR Lyrae ~1% very local no
TRGB ~5% local yes
SBF ~5% local yes
SN 1-5% far no
Scaling relations 10-30% far yes



cz   = vexp+ vpec

vexp= H0  d

vpec = cz – H0 d

Reconstructing the underlying matter distribution of  the 
Local universe 

Standard candles such as Super Novae, 
TRGB, SBF, Cepheids, etc give distances 

This allows us to separate the peculiar 
velocity from the Hubble expansion

JWST will increase the d where 
stellar populations are resolved by 
more than an order of  magnitude 
wrt Hubble.

Method error distance Common?

Cepheids ~1% very local no
RR Lyrae ~1% very local no
TRGB ~5% local yes
SBF ~5% local yes
SN 1-5% far no
Scaling relations 10-30% far yes
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Peculiar velocity at great distances

A typical distance estimate based on for example a Tully-Fisher measurement 
has ~20% error

At a distance of  100Mpc the Hubble flow is ~7000 km/s
And a peculiar velocity is ~300 km/s

So already Vpec= 0.05 Vhubble

A 20% error on the distance at 100Mpc translates into an error on the 
peculiar velocity of  ±1400 km/s so "Vpec ~20Vpec

Issue: errors can be way larger than the signal.
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Peculiar velocity at great distances

But all is not lost: we have a theoretical model for how these peculiar 
velocities must behave

Issue: errors can be way larger than the signal.



A summary of  the challenges faced when trying 
to map the Universe

Galaxy bias – light 
doesn’t trace 

matter

“Malmquist bias” –
you only see the 

brightest galaxies at 
any given distance, 

given your 
telescope sensitivity

Dynamic evolving 
matter field, changed 
by competing forces –
gravity and expansion

Selection bias and 
obstructions –
incomplete sky 

coverage, Zone of  
Avoidance, dust, etc

Red shift space 
distortions: ”fingers-

of-god” and the 
Kaiser effect
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c/a ~ 0.15
Nsat=27+ streams …

Drms=24kpc

Pawlowski et al 2012Pawlowski et al 2012



Pawlowski & Kroupa 2013

MW satellite velocities - corotating

“Rotationally stabilized”

Various measures of  
the plane normal

Metz, Kroupa & Libeskind 2007

~ 8 out of  11 orbit in the 
plane they define

Metz, Kroupa & Libeskind 2007



15 “aligned” satellites

12 “unaligned” satellites

Disk of  M31

Ibata et al 2013

Plane “2”

Half  the galaxies (13 
out of  27) on plane 
with c/a ~ 0.1 and
!rms=14kpc

8 out of  12 “left overs” 
on a plane with 
!rms=12kpc



Müller et al (2018) Tully +NL et al (2015)

Centaurus A satellites



Müller et al 2017

Müller et al 2018

M101 M83



Libeskind et al 2019
“Possibly the greatest open problem in galaxy formation”



The Local Group ~ 5x1012

M31/MW~ [0.5 - 2]
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The ~10 giant galaxies at around 5Mpc from the 
Milky Way constitute the so-called “council of  

giants” – an odd toroidal arrangements with the 
MW and Local Group at its center

Olex +NL et al 2023
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M101, “Pinwheel”





Sombrero



Virgo





Cosmicflows-1 Courtios et al 2013



Cosmicflows-1 Courtios et al 2013





Supergalactic plane: 
Lahav et al 2000

de Vaucouleurs 1953



Courtois et al 2013

radial peculiar velocity reconstructed 3D peculiar velocity Corresponding 3D density field

Zaroubi et al 1995

Reconstructing the underlying matter distribution of  the 
Local universe 

In the linear regime there is a very simple relationship between density and 
peculiar velocity



Reconstructing the underlying matter distribution of  the 
Local universe 

Doumler et al 2013

Its all based on the laminar flow, linear relationship between velocity and over-
density



The data: CF4

58,000 distances
38,000 groups

Mostly scaling 
relations but also 
better measures like 
SN, TRGB, SBF

Tully et al 2023



How good are these reconstruction?

BigMDPL

2.
5 

G
pc

/h

625 Mpc/h

Take a simulation, make a mock, apply and check! 

! The BigMultiDark Planck 
simulation
! Box size: (2.5 Gpc/h)^3
! N_particle: 3840^3
! Mass_res: 2.359*10^10 Msun/h
! N_halo: ~128M halos

Duangchan et al  in prep
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How good are these reconstruction?

Take a simulation, make a mock, apply and check! 

Duangchan et al  in prep



Valade, NL 2022
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Valade, NL + 2022

How good are these reconstruction?

CF2 (2008) CF3 (2012) CF4 (2022)
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The HAmiltonian Monte carlo reconstruction of  the 
Local EnvironmenT





Our starting point is the CF4 set of  50,000 data points, grouped into ~38,000 groups



Peculiar Velocity measurements done by standard candles



3D Flow lines



Density field and super clusters





NL & Tully 2016 
Scientific American





Dupuy + NL et al 2019

Identifying watershed basins in the peculiar velocity field



Dupuy + NL et al 2020

Can be used to study structures





Tully et al 2014

Laniakea
“Super-cluster”

L~100s Mpc





CF3

CF4



You are here
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Courtois + NL et al 2019 Kraan-Korteweeg 2017

Velo super cluster : in the ZOA









The Bulk Flow

The cosmic monopole The cosmic dipole (bulk flow)

Valade, NL + 2022



Measuring the cosmic velocity field

Duangchan, NL in prep

Fit spherical harmonics of  the velocity field to shells
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Measuring the cosmic velocity field

Duangchan, NL in prep



Noam Libeskind “Tracing the Cosmic Web”

The Cosmic Web
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The cosmic web is a vast network of  
interconnected filaments, nodes, and 

voids, composed of  dark matter, 
galaxies and gas. 



Velocity shear Tensor
(Hoffman et al et cetera)

Good for when the full 3D 
velocity field is available 

(simulations, reconstructions)

Bisous
(Tempel et al et cetera)

Good for identifying 1 
dimensional curvilinear 
features in the galaxy 

distribution



Velocity Shear Tensor

Looking at LSS from the point of  view of  
(peculiar) velocity.

Shear

Compression/exp
ansion

Rotation (vorticity)

Hoffman et al 2012
Libeskind et al 2012, 2013

Specifically the deformation of  the velocity 
field – shear, compression and rotation:



Symmetric part is the 
“Shear” tensor + 

Divergence
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Symmetric part is the 
“Shear” tensor + 

Divergence



e1 e2 e3

Full (3D) velocity & density field from Wiener filter reconstructions of  
the cosmic flows-2 survey

Axis of  fastest collapse
Sheet normal

Axis of  slowest 
collapse

"1 >  "2 > "3 are the eigenvalues and 
represent the magnitude of  

compression (+) or collapse (-) 





Libeskind et al 2015, 
Nature Physics

“Local” velocity field, from cosmic-flows-2The Local Cosmic Web



Libeskind et al 2015, 
Nature Physics

The Local Cosmic Web



“Local 
Filament”

stretched by 
Virgo

Libeskind et al 2015, 
Nature Physics

The Local Cosmic Web



Laterally 
squashed by a 

“mini-repeller”

“Local 
Filament”

stretched by 
Virgo

Laterally 
squashed by a 

-repeller”

Libeskind et al 2015, 
Nature Physics

The Local Cosmic Web
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“mini-repeller”

“Local 
Filament”

stretched by 
Virgo

Laterally 
squashed by a 

-repeller”

e1 sheet 
normal, 
points to 
the local 

void

Libeskind et al 2015, 
Nature Physics

The Local Cosmic Web



Laterally 
squashed by a 

“mini-repeller”

“Local 
Filament”

stretched by 
Virgo

Laterally 
squashed by a 

-repeller”
e3 filament 

axis, 
points to 

Virgo

e

points to 

e1 sheet 
normal, 
points to 
the local 

void

Libeskind et al 2015, 
Nature Physics

The Local Cosmic Web



Libeskind et al 2015

Planes of  Satellites



Libeskind 2014, Scientific American

Satellites and cosmic filaments



Libeskind 2014, Scientific American

Satellites and cosmic filaments

… watch this space



From Reconstructions to Initial Conditions



From Reconstructions to Initial Conditions

Initial conditions can be 
generated by the Reverse 

Zeldovich Approximation



From Reconstructions to Initial Conditions

Initial conditions can be 
generated by the Reverse 

Zeldovich Approximation



From Reconstructions to Initial Conditions

Initial conditions can be 
generated by the Reverse 

Zeldovich Approximation

z=0

zinit



From Reconstructions to Initial Conditions

Initial conditions can be 
generated by the Reverse 

Zeldovich Approximation

z=0

zinit



From Reconstructions to Initial Conditions

Initial conditions can be 
generated by the Reverse 

Zeldovich Approximation

z=0

zinit

Need random modes for 

Unobserved regions

ZoA

Beyond the data



From Reconstructions to Initial Conditions

Initial conditions can be 
generated by the Reverse 

Zeldovich Approximation

z=0

zinit

Need random modes for 

Unobserved regions

Unconstrained 
regions

ZoA

Beyond the data

Small scale
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Hestia: 
constrained initial conditions for hydrodynamic simulations of  the Local Group



Hestia: 
Small scales not constrained

Small scale 
selection for a 
LG is done in a 
“frequentist“ 
manner. Many 
low resolution 
simulations are 
searched



Halo growth seems a bit faster after z=2
When compared with similar mass haloes



What is a “GOOD” Constrained simulation

1. Virgo like cluster (> 2 x 1014Msol) within 5 Mpc of  where 
Virgo should be (in practice |dsim, virgo- dobs, virgo|< 3.5 Mpc)
1a. No other massive Virgo like cluster closer than the 

simulated Virgo
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Hyrdo criteria

What is a “GOOD” Constrained simulation

1. Virgo like cluster (> 2 x 1014Msol) within 5 Mpc of  where 
Virgo should be (in practice |dsim, virgo- dobs, virgo|< 3.5 Mpc)
1a. No other massive Virgo like cluster closer than the 

simulated Virgo

2. LG within 5 Mpc of  box center
2a. LG: 2 halos of  mass 

8x1011 < MMW < M31 < 2.5x1012

2b. MMW/M31 > 1/2
2c. Separated by

500 kpc < dsep<1,000kpc
2d. Exclusion: nothing greater than M31 within dexcl <2.5Mpc 
of  LG c.o.m
2e. Vrad < 0 (infalling)

3. Mstar > 6x1010Msol

4. Disky galaxies



Hydro done with Arepo + Auriga
100Mpc/h box

Medium res: around two dozen simulations
N=23m hi res particles
Mdm=1.7e6Msol
eps = 350 pc
Resim = 5Mpc 



Hydro done with Arepo + Auriga
100Mpc/h box

Medium res: around two dozen simulations 
N=23m hi res particles
Mdm=1.7e6Msol
eps = 350 pc
Resim = 5Mpc 

High res: 3 runs 
N=187m hi res particles
Mdm=2.3e5Msol
eps = 170 pc
Resim = 2.5Mpc 

Everything with DMO and hydro
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Constrained simulations of  the Local Group:
An important laboratory for LG science
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Muru et al in prep

Tracking the Magellanic cloud











Hermean subhalos of  the Local Group

A new class of  dwarf  galaxy!

Newton, NL et al 2021



Dupuy, NL et al 2021

Preferred axes of  accretion of  LG satellites
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Preferred axes of  accretion of  LG satellites



Are such alignments generic consequences of  
the LCDM model?



e1

e2

e3

Are such alignments generic consequences of  
the LCDM model?



Eigenvectors are degenerate: Only one octant

For each accretion event onto each halo at all z, we compute 
the shear adaptively on 4, 8, 16rvir scales



Track all infall points of  subhaloes in the Shear eigenframe

Libeskind et al 2014



Infall points of  subhaloes in the Shear eigenframe

e1

e2

e3

Scale the mass of  each halo
Mvir

M!

M! - Mass scale of  collapsing objects at z.

Stack, all accretion events, all haloes, all z

Libeskind et al 2014



Infall points of  subhaloes in the Shear eigenframe

All mergers

e1

e2

e3

Libeskind et al 2014



Infall points of  subhaloes in the Shear eigenframe

Libeskind et al 2014, nearly submitted

Libeskind et al 2014



Infall points of  subhaloes in the Shear eigenframe

Libeskind et al 2014, nearly submitted

Libeskind et al 2014



MW Planes Constrained Simulations of  the LG

Cosmography Cosmography for cosmology



MW Planes Constrained Simulations of  the LG

Cosmography Cosmography for cosmology

Non-linear 
constrained 

simulations of  
the local universe

Aurelien Valade



Dolag et al 2023

From dwarfs to clusters



Local Universe Simulations

Looks good but how good?
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probability distribution for a 
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What is the probability that a 
sphere of  radius R contains a halo 
of  mass M?
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Local Universe Simulations

Looks good but how good?

What is the chance that a 
random simulation puts a 
cluster in the “correct” place?

What we need is the 
probability distribution for a 
halo of  mass M >1014 to be at 
a distance r from a random 
observer.

Pfeifer, NL et al 2022



Local Universe Simulations

This gives us a way to “grade” 
each simulated cluster 
counterpart depending on the 
target mass and the target 
position

A random simulations do not 
produce a halo of  mass of  1014

at a distance of  6 Mpc or closer 
from given spot 95%  of  the 
time.

Pfeifer, NL et al 2022



Non-linear Local Universe Simulations

Valade, NL et al in prep

Select the best halo counterpart based on target mass and position.
Then select the best simulation by minimizing p



The goal of  constrained simulations:

Simulate the entire local universe at observational 
resolution

observations



The goal of  constrained simulations:

Simulate the entire local universe at observational 
resolution

observations
Reconstructions of  density and 

velocity



The goal of  constrained simulations:

Simulate the entire local universe at observational 
resolution

observations
Reconstructions of  density and 

velocity Simulation of  all the named 
members of  the Local Universe 




