
Challenges in Galaxy 
Formation: an exploration with 

numerical simulations
Christine M. Simpson 

Heidelberg Institute for Theoretical Studies (HITS) 

SMU Physics Seminar 
Dec. 12, 2017



Hubble Ultra Deep Field

Outline
I. Introduction to !CDM
II. Are the properties of galaxies consistent with LCDM?
III. Galactic winds
IV. Galaxy formation at the extreme: dwarf & satellite 

galaxies
V. Future Prospects: surveys, big data, and simulations
VI. Conclusions



‘!CDM’ 
! : cosmological constant, i.e. ‘dark energy’ 
CDM : ‘cold dark matter’ ‘light matter’ 

or 
‘baryonic matter’



Amazing observational progress has specified the initial conditions  
  
CMB CONSTRAINTS TODAY AS SEEN BY PLANCK (BUT ALSO WMAP & COBE)

Planck Collaboration (2013)

Minimal, 6-parameter ΛCDM model is a great fit

Simulations



The Millennium Simulation 
captured the non-linear 
growth of small density 
perturbations into dark 
matter halos  
  

COSMIC WEB IN MILLENNIUM

Includes over 10 billion particles



The Millennium Simulation 
found good agreement 
of the predicted 
large-scale galaxy 
distribution with 
observations  
 
  

VIRTUAL VS OBSERVED  
PIE DIAGRAMS

Springel et al. (2006)

public access to SQL-queryable 
database with simulation predictions 
led to more than 850 publications 
based on the Millennium simulation 
thus far
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M51 
Hubble Herritage Team (2005)



Abundance matching gives the expected halo mass – stellar mass 
relation in ΛCDM  
  
MODULATION OF GLOBAL STAR FORMATION EFFICIENCY AS A FUNCTION OF HALO MASS

Behroozi, Wechsler & Conroy (2013)

Primary suspects shaping the M*-Mhalo efficiency 

Black Hole 
Feedback?

Stellar 
Feedback?

Need to explain why globally:



Much of astrophysics is described through systems of 
Partial Differential Equations  (PDEs)  
  

WE ALSO NEED TO DISCRETIZE THE PROBLEM 

Euler’s Equations (Navier-Stokes, etc.)Discretize Gas on a Mesh

Discretize  
Dark Matter & Stars  

with Particles • Additional equations can describe 
• collisionless dynamics 
• magnetic fields 
• CRs 
• Radiation



What physics suppresses star formation in galaxies? 
  

● Supernova explosions (energy & momentum input)  
● Stellar winds  
● Black Hole activity  
● Radiation pressure on dust  
● Photoionizing UV background and Reionization  
● Modification of cooling through local UV/X-ray flux  
● Photoelectric heating 
● Cosmic ray pressure 
● Magnetic pressure and MHD turbulence  
● Exotic physics (decaying dark matter particles, etc.)

Kepler's  
Supernova

Bubble Nebula

Gneding & Hollon (2012)

Ciardi al. (2003)



galactic winds

Galactic winds are a manifestation of stellar feedback and necessary 
to explain galaxy properties  

EXAMPLE GALAXY M82

Galactic winds may 
impact global galaxy 
properties by: 
• removing gas 
• heating the gaseous 
halo 

• driving turbulence 
within the ISM/
CGM 

• dynamically heat 
the dark matter

What drives galactic winds?



Cosmic Rays

Image credit: NASA/CXC/SAO

~10% of SN energy goes into CRs 
(Morlino & Caprioli 2012) 
~ CR pressure in equipartition with thermal, 
magnetic & turbulent pressures in the ISM        
(Boulares & Cox 2000)

Gamma ray sky



Stratified-box simulations of SN 
feedback demonstrate the importance of 
CRs for driving outlows  
  
DIFFERENT MODES OF SUPERNOVA FEEDBACK

Simpson et al. (2016)



Gas Density 
Evolution

CR transport

CR diffusion No CRs 
Just a low-

density 
placement 

of SNe

advection

diffusion



Outflow Properties

Mass loss rate ~equals 
star formation rate

CRs

CRs are a viable 
mechanism for driving 
outflows, yet give 
different predictions 
for temperature & 
velocity of outflows

100 Myr

Simpson et al. (2016)
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Inconsistencies between pure CDM predictions & observations 
especially acute at low masses 

Planes of satellites? 
(Ibata et al. 2013)

Dark matter profiles may be cored 
(Walker & Penarrubia 2011) 

https://webfiles.uci.edu/bullock/Public/Canary2008/

Theory: Observation: N~20N>1010

XX Canary Islands Winter School, LG Cosmology
J. S. Bullock

100,000 light years
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Milky Way

‘Missing’ Satellites 
(e.g. Moore et al. 1999)

Springel et al. 2008

‘Too big to fail’ 
(Boylan-Kolchin et al. 2012)



The Set-up & Physics
• Thirty cosmological zoom simulations of 1012 M⊙ halos 
• DM particle mass ~ 3 x 105 M⊙; baryon cell/particle mass ~ 5 x 104 M⊙ 
• Second-order hydrodynamics on a moving mesh (AREPO) 
• MHD, SF & stellar feedback, AGN feedback, UV background, atomic & metal line cooling

The Auriga Project
Grand et al. 2017

physical volume: 400 kpc
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Ram pressure is the dominant 
quenching mechanism  

EVIDENCE FROM THE AURIGA SIMULATIONS

Simpson et al. 1705.03018
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"90 is the time by which 90% of a system’s 
stellar mass formed 
• cyan points from ANGST sample 

(Weisz et al. 2015) 
• black and magenta points Auriga 

satellites (quenched & star forming)

Can we explain the observed 
quenching times of MW satellite 
galaxies?  

A COMPARISON TO THE ANGST SAMPLE

Simpson et al. 1705.03018
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An open question: what is the lowest mass galaxy?  
AN OPPORTUNITY FOR NEW SURVEYS

Is there a limit to galaxy formation?  Is this limit determined by 
dark matter or some other effect?



Reionization and MW dSphs

Data from Walker et al. 2009, 
Kirby et al. 2008 & Kirby et al. 2011

6 C. M. Simpson et al.

Table 2. Summary of Final Halo Properties.

R10 R10-earlyUV R43

Mtot/M� 1.55⇥ 109 1.55⇥ 109 1.54⇥ 109

M⇤/M� 1.43⇥ 106 1.16⇥ 105 6.82⇥ 106

r200 (kpc) 23.7 23.9 23.7

r1/2 (pc) 704 213 326

M1/2/M� 3.05⇥ 107 3.86⇥ 106 1.56⇥ 107

M300/M� 7.53⇥ 106 7.41⇥ 106 1.42⇥ 107

�1/2 (km/s) 7.83 8.30 8.56

hZ/Z�i (median) 0.51 0.06 0.80
hZ/Z�i (mean) 0.84 0.12 1.0

�Z/Z� 0.84 0.14 0.83

Note: The quantities presented in each row are (1) the total mass

within r200, (2) the total stellar mass within r200, (3) r200, the

radius within which the mean halo density is 200 times the criti-
cal density of the universe, (4) the radius enclosing half the stellar

mass, (5) the total mass within r1/2, (6) the total mass within
300 pc, (7) the velocity dispersion of star particles within r1/2,

(8) the mass-weighted median of the star particle metallicities,

(9) the mass-weighted mean of the star particle metallicities, (10)
the mass-weighted standard deviation of the star particle metal-

licities.

3.1 Canonical runs

In this section, we describe in detail the results of R10
and R10-earlyUV, which are the highest resolution simu-
lations to include all of the physics outlined in Section 2.
R10-earlyUV di↵ers from R10 in that the uniform UV back-
grounds were turned on in the same way as described in Sec-
tion 2 but between redshifts 8 and 8.9 instead of between
redshifts 6 and 7. The purpose of introducing the global
UV background at di↵erent times is to explore the e↵ect of
patchy reionization. More isolated regions of the universe
farther from major sources of ionizing photons may be af-
fected by the ionizing background later than less isolated
regions. In both R10 and R10-earlyUV, the ionizing back-
ground is at full strength by redshift six.

3.1.1 Global properties

The halo we have chosen is fairly isolated at z = 0; however,
like all dark matter haloes in cosmological simulations, it
assembles hierarchically. Figure 1 shows the evolution of the
dark matter halo masses and virial temperatures (as defined
in Machacek, Bryan, & Abel 2001) of progenitor haloes in
R10 and R10-earlyUV. We present the dark matter evolu-
tion only for haloes in R10 since the dark matter evoultion
is virtually identical in R10-earlyUV. At z = 9, there are 30
progenitor haloes more massive than 106 M�. Two of these
haloes are more massive than 107 M�, and these two haloes
gradually build up their mass within two groups over the
course of the simulation. The two haloes merge at z = 1.8
in a merger that is about 2:1 in dark matter and nearly 1:1
in stellar mass in both R10 and R10-earlyUV.

The evolution of a variety of baryon quantities in pro-
genitor haloes is shown in Figures 2 and 3. We track gross
properties of progenitor haloes in Figure 2 such as the total
baryon fraction, gas fraction and stellar mass and quantities
associated with the densest cell in each halo in Figure 3 such
as its density and metallicity.

Figure 1. Top: Evolution of the dark matter mass within r200

(top) and virial temperature (bottom) of progenitor haloes in sim-

ulation R10. Coloured lines indicate haloes where star particles
formed, while gray lines indicate haloes that remain dark. A line

begins when a halo becomes massive enough to be detected by

our halo finder and ends when the halo merges into a more mas-
sive halo. We note that substructure can occasionally separate

far enough from its parent halo to be detected for a brief time as

a separate halo, and therefore appears as short lines. In particu-
lar, two star forming progenitors have a series of close encounters

during which our halo finder was unable to distinguish between

them – their evolution is shown in orange.

The evolution of the gas fraction in progenitor haloes
appears to be dominated by reionization. Figure 2 shows
sharp declines in the gas and baryon fractions in both R10
and R10-earlyUV at their respective times of reionization.
These declines are due to photo-evaporative outflows trig-
gered by reionization (Barkana & Loeb 1999; Gnedin &
Kravtsov 2006). We see that once the gas fraction declines
during reionization, it remains suppressed for the remainder
of the simulation. We see no evidence for re-accretion of gas
once the main halo has been assembled at z = 1.8.

There are also smaller, but still significant, declines in
the gas fraction prior to reionization in several luminous pro-
genitors (Figure 2). These declines appear to be correlated
with peaks in the star formation rate as shown in the bot-

c� 2012 RAS, MNRAS 000, 1–??

Reionization
z=6-7

Reionization
z=8-8.9

Simpson et al. 2012



New and upcoming observational facilities will expand our 
understanding of galaxy formation 
OBTAIN TESTABLE PREDICTIONS FOR NEW UND UPCOMING LARGE OBSERVATIONAL FACILITIES

James Webb Space Telescope

Square Kilometer Array

Atacama Large Millimeter Array

eLISA

LSST

Dark Energy 
Spectroscopic 
Instrument



Weisz et al. 2011

ANGST

Brown+ 2008

JWST and near field cosmology 
RESOLVED SFH IN A LARGER VOLUME



Schaye et al. (2014) and the Virgo Consortium



V. Conclusions

• One of the fundamental tests of !CDM is observations of 
galaxies and their properties

• Numerical simulations are necessary to make 
predictions for these data

• Modeling baryonic effects (e.g. stellar feedback) is an 
important component of predictive simulations

• As data become bigger, so too must simulations - leaps 
forward in computing speed and algorithm development 
will help us to develop next generation simulations


