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In this talk: 

• Galaxy formation and the cosmological context 

• Galaxy formation simulations  
- Historical problems and solutions 

• Small scale challenges to the standard  model ΛCDM



• Physics behind galaxy formation: role of gravity, gas 
in-and outflows, radiative processes, stellar 
evolutionary processes etc. 

• Origins of galactic diversity, from tiny dwarf galaxies 
with little star formation, to large rapidly star 
forming discs, to dead ellipticals. 

• Origins of disc galaxies like the Milky Way.

Credit: 
ESA/Hubble & NASA 

Acknowledgement: Judy Schmidt

A few key problems

http://www.spacetelescope.org/
http://www.nasa.gov/


The galactic inventory - density of galaxies vs. stellar mass vs. galaxy types 
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The galactic inventory - density of galaxies vs. stellar mass vs. galaxy types 
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Star foming disc M101

(Hubble Image: NASA, ESA)

Elliptical NGC 2787

(NASA and The Hubble Heritage Team) 

Phoenix Dwarf 

(ESO)
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Galaxy formation 
Early stages and cosmological initial conditions

TCMB(z = 0) =
Tdec

1 + zdec
=

2925K

1071
⇡ 2.73K

COBE team. 1992
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The cosmic energy budget

Wayne Hu’s PhD thesis (1995)

• Decompose the signal into spherical harmonics 
and compute the power spectrum. 

• The baryonic acoustic oscillations depend on 
cosmological paramters (curvature, dark energy, 
total matter contents vs. baryon contents) 

(e.g. review by Hu & Dodelson 2002)



Planck 2015; Skordis et al. 2006; Dodelson et al. 2011  

Large scales Small scales



Growth of cosmological perturbations - the need for dark matter

Hubble drag 
Suppresses growth due to the 

expansion of the Universe

Gravity term 
Perturbation growth via 
gravitational instability 

Pressure term  
Due to the spatial 

variations in density. 

Δ = ρ − ρ0
ρ0

= δρ
ρ0

Density/temperature anisotropies 
on the order of Δ ∼ 10−5

a = expansion factor 
of the Universe Solution for an Einstein-de Sitter Universe:  
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Growth of cosmological perturbations - the need for dark matter
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Agertz (2018)

Gravity driven clustering of dark matter on large scales:  
The origin of the cosmic web



Simulations
The Millennium simulation 
Springel (Nature, 2006)

Observations
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Figure 5: Two-point correlation function of galaxies and dark matter at different epochs, in
the Millennium simulation of structure formation5. The panel on the left gives the I-band galaxy
correlation function ξ (selected according toMI−5logh<−20 in the rest-frame) at redshifts z= 8.55,
z = 5.72, z = 1.39 and z = 0 (corresponding to the epochs depicted in Fig. 4). The panel on the right
shows the dark matter correlation functions at the same epochs. For comparison, the present-day dark
matter correlation function is also drawn as a dashed line in the left panel. At z = 8.55, only data
for r > 200h−1kpc are shown because the finite numerical resolution of the simulation precludes an
accurate representation of the mass distribution on smaller scales than this at early times. The galaxy
correlation function has a near power-law behaviour over several orders of magnitude and has almost
equal strength at z= 8.55 and z= 0. By contrast, the dark matter correlation function grows by a large
factor over this time span, and has a different shape from the galaxy correlation function.

33

Large scale 
structure



J. Stadel 2017, University of Zürich

~ 4 billion parsecs  
2 trillion dark matter “particles”

Horizon-scale dark matter simulations



Image copyright J. Stadel 2017, University of Zürich

The observable Universe, as seen in dark matter 

~ 4 billion parsecs across 
2 trillion dark matter particles



Image copyright J. Stadel 2017, University of Zürich

The observable Universe, as seen in dark matter 

~ 4 billion parsecs across 
2 trillion dark matter particles

Milky Way mass halo

Dwarf 
galaxy halo



Formation of galactic discs - a simple model Mo, Mao & White (1998)

• Angular momentum conservation leads to 
spin-up and at the halo center and an 
angular momentum-supported disc forms 

• At high enough gas densities, stars form

Mhalo, Jhalo

Jd

JDM

• A dark matter halo forms and 
acquires angular momentum due 
to tidal torques 

Mhalo, Jhalo

JDM

• Gas with the same angular momentum 
accretes onto the halo  

• The gas shock heats but loses pressure 
support due to radiative cooling



Historical issues in simulations of galaxy formation:  

Angular momentum

Courteau (1997) 
Sb-Sc galaxies  

(i.e. `discy’ galaxies)
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Numerical simulations 
(Navarro & Steinmetz, 2000)

Not clear where angular 
momentum is lost (halo, 
disc-halo interface, disc?)

Rotational velocity



Dark matter halo mass function (theory)
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By matching abundances of galaxies and dark matter haloes, we can find a one-to-one 
mapping between galaxy and dark matter halo masses.  
(e.g. Kravtsov, Berlind, Wechsler, et al 2004; Conroy, Wechsler & Kravtsov 2006; Conroy & Wechsler 2008)
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Historical issues in simulations of galaxy formation:  

The low efficiency of galaxy formation



Feedback from 
massive stars?

Feedback from 
Active Galactic 
Nuclei (AGN)?

Milky Way 
mass, 

“the peak of 
galaxy 

formation”

⌦bar

⌦m
⇡ 17 %

-0.77

Dwarfs
Galaxy 
clusters

Moster et al. (2010)

log(Fraction of 
mass in stars)

log(Dark matter halo mass, in solar masses)

Historical issues in simulations of galaxy formation:  

The low efficiency of galaxy formation



Historical issues in simulations of galaxy formation:  

The low efficiency of galaxy formation

FIRE, Hopkins et al. (2014)

• Inefficient galaxy 
formation has been 
notoriously difficult for 
cosmological 
simulations to predict. 

• But, the field has 
developed quickly in 
the past 10 years!

log(Fraction of 
mass in stars)

Simulations



Numerical resolution Feedback physics 

• Star exploding as supernovae 

• Stellar winds from massive and low mass stars 

• Radiative transfer (multi-frequency, radiation 
pressure in dust etc) 

• Magnetohydrodynamics + cosmic ray physics 

• Black hole feedback 

• …



Feedback physics 

• Star exploding as supernovae 

• Stellar winds from massive and low mass stars 

• Radiative transfer (multi-frequency, radiation 
pressure in dust etc) 

• Magnetohydrodynamics + cosmic ray physics 

• Black hole feedback 

• …

Feedback regulates star formation and promotes high 
angular momentum systems.  

 Angular momentum problem: gone! 

 Overcooling/efficiency problem: gone! 

 Cosmological simulations may now be of high enough 
fidelity to study internal structures of galaxies. 

For a review, see Naab & Ostriker (2017)



Examples of recent progress: The VINTERGATAN project 

• Cosmological zoom simulations of galaxies forming in  dark 
matter halos (adaptive mesh refinement, RAMSES, Teyssier 2002). 

• Origins of stellar discs 

• Also, cosmic phases of star formation, role of environment/assembly 
history for disc formation, etc.

1012 M⊙

(Agertz et al. 2021, Renaud et al. 2021a,b, Segovia Otero et al. 2022…) 



z = 1.3, t = 8.8 Gyr

100 kpc

Inflows, the last major merger 
and rapid disc growth at z~1
(Agertz et al. 2021, Renaud et al. 2021a,b) 

Size of 
star 

forming 
disc

r1/2 [kpc]

Gas density



z = 1.3, t = 8.8 Gyr

100 kpc

(Agertz et al. 2021, Renaud et al. 2021a,b) 

Size of 
star 

forming 
disc

r1/2 [kpc]

• Physics: optimal conditions for gas accretion + rich 
in angular momentum + no more disc “spin flips” 
due to mergers.  
e.g. Dekel et al (2020) 

• Rapid disc formation from cosmic inflows has a 
distinct imprint on the chemistry of the stars. The 
simulation predict the same structure as the Milky 
Way, i.e. an old “thick” disc and a younger 
extended “thin” disc.

Gas density
Inflows, the last major merger 
and rapid disc growth at z~1



NASA & White House, press conference, Monday 11 July, 2022



James Webb Telescope (NASA)  
is already revolutionizing our 
understanding of galactic structure, 
star formation, and the most distant 
galaxies ever observed 
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Dwarf galaxies Milky Way neighbourhood

Credit: Ekta Patel



Digitial surveys have revolutionized the dwarf galaxy census

ARA&A (2019)



Ben Moore

• Dark matter substructure mass functions are almost universal 
• Substructure in galaxy clusters is accounted for 
• Most satellites appear to be missing in galactic haloes!

Moore  et al. (1999) 
Klypin et al. (1999)

M200 = 2⇥ 1012 M�

M200 = 5⇥ 1014 M�

Galaxy cluster halo

Galaxy halo

The missing satellites problem 



Cold Dark Matter (Mass of ~100 GeVs) Warm Dark Matter (Mass of ~2 keV)
Lovell et al. (2012 

Possible solution 1: Dark matter is not “cold”!



Schneider et al. (2016)

Number 
density of 
dark 
matter 
haloes

Peak circular velocity —> mass

Possible solution 1: Dark matter is not “cold”!



Dark matter Stars Wetzel et al. (2016)

• Substructure mass functions seem compatible with observations (Milky Way and Andromeda)

Possible solution 2: supernova explosions and “baryon physics” make 
star formation inefficient in small dark matter halos

Wetzel et al. 
(2016)

Dark matter (CDM) Stars

??

??



2022



Problem:  predicts a close to isotropic 
distribution of dwarf galaxy-hosting sub-halos. 
In the Milky Way, dwarf galaxies are 
disitrbuted in a plane. This is a very rare 
constellation in !

ΛCDM

ΛCDM

2018

ΛCDM
Springel (2008)

Observations



Analysis of Resolved Remnants of Accreted 
galaxies as a Key Instrument for Halo Surveys  

To make progress, we need a census of dwarf galaxies around 
MANY more hosts than just the Milky Way (and Andromeda)! 

NASA Astrophysics Pioneers

Industrial Heritage (to guarantee feasibility and affordability)

(Canada)
Satellite bus - Satellite Integration

Dark matter Unveiled with a New Explorer SmallSat (DUNES)

“Discovery” Mission

National Science Foundation

Science 
Consortium

(USA & Spain)
Optical Payload

Public Agencies (to guarantee financial support):

Astrophysics Missions for Dark Matter Research

Science 
Consortiu
m

Industrial Heritage (to guarantee feasibility and affordability)

Public Agencies (to guarantee financial support):

ESA/F-Mission
Analysis of Resolved Remnants of Accreted galaxies as a Key 
Instrument for Halo Surveys (ARRAKIHS)

“Discovery & Exploration” Mission         
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(N-body and hydrodynamical runs) as well as idealized models to quantify the statistical presence of these 
planes once projection effects and limited number of tracers are taken into account. 

3.2.2 Science Case B: Measuring the statistics and shapes of the stellar streams. 

ΛCDM predicts that galactic halos should contain a wide variety of stellar structures: satellites, stellar 
streams, debris flow, and fully phase mixed structures (see, e.g., Helmi, 2020, for a review). Streams are 
elongated stellar structures, with or without a progenitor present, that are currently being disrupted due 
to the gradient of the gravitational potential. These structures can be the remnants of disrupted accreted 
satellites, which are large and contain multiple stellar populations, or those of globular clusters (GC), which 
are thin and cold. 
 
The detection and characterization of these faint tidal remnants – including measurements of their 
abundance, width, and shapes/morphology – probe the recent merger activity, abundance of substructure, 
shape of the potential, the interaction of the streams with dark substructure (Johnston et al., 1999; 
Sanderson et al., 2015; Bovy et al., 2016), and even the nature of dark matter, as WDM models predict 
fewer such structures than CDM models (Viel et al., 2013). At present, leading theoretical models (e.g., the 
FIRE simulations) develop a population of stellar streams that are at odds with those observed in the MW 
(see, e.g., Li et al., 2021; Panithanpaisal et al., 2021). The question that arises is then: are the discrepancies 
between observed streams and ΛCDM models the result of incompleteness in observing the faint end of the 
luminosity function due to their very low (>28 mag / arcsec2) or a real tension in the CDM model? 

 
Although observational examples of the abundance and variety of accreted substructure (Fig. 2) have been 
discovered around external galaxies (e.g. Cen A: Crnojević et al. 2016, the Stellar Stream Legacy Survey: 
Martínez-Delgado et al. 2010, 2012, 2015), very-deep ground-based imaging, limited by the atmosphere 
airglow brightness, have only allowed the detection of the brightest streams (if any) in a handful of galaxy 
halos after 15 years of observations. The vast majority of large-scale tidal structures predicted in the 
simulations are fainter, with typical SB > 29 mag/arcsec2 (Figure 3). A large, unbiased sample of tidal 
structures observed down to SB =31.0 mag/arcsec2 is essential to make robust statistical inferences that 

 
Figure 2: Luminance filter images of nearby galaxies from the Stellar Tidal Stream Survey showing large, diffuse light structures in their 
outskirts (Martínez-Delgado et al., 2010, 2012, 2015) 

ARRAKIHS will observe 3-4 magnitudes deeper than this in close to 100 massive galaxies!



The Nature of dark matter can be probed by: 

- Abundance and masses of the faintest 
satellite galaxies. What is the “edge” of 
galaxy formation? (caveats: baryonic physics) 

- Perturbations to stellar streams. Dark matter 
halos are lumpy, with the level of ‘lumpiness’ 
depending on the dark matter particles 
mass/energy.

?
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