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Big questions in galaxy evolution 

A subjective choice! 

•  Cosmic star formation history and growth of stellar mass? 

•  The first galaxies: how was the universe reionized? 

•  Galaxy assembly and origin of galaxy morphology? 

•  Gas and metals cycling in and out of galaxies? 

•  Growth of supermassive black holes? 

•  Role of feedback processes from supernovae and AGN? 

•  What is the IMF? Is it universal? 

The 7 questions of galaxy evolution 
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Big problems in galaxy evolution 

                                  The three little pigs 
•  What is the star formation history of the Universe and the 
associated growth of stellar mass? 

•  How and when were galaxies assembled and what is the origin 
of the Hubble sequence? 

•  How was the Universe reionized and what is the connection 
between the first galaxies and today’s galaxies? 

A subjective choice! 
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Big questions in galaxy evolution 

When and how has a big question been ‘answered’ ? 

When relevant data have been reliably (systematics-free) obtained 

AND 

   we have a physics-based model that explains the data in a 
compelling way 



Dark matter 

Cosmic inflation  
à initial conditions 

Two revolutionary ideas were 
proposed around 1980  
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What do we think we know about 
galaxy formation and evolution? 

•  The initial conditions 

•  Main growth mechanism 

•  The evolution and distribution of dark matter  

•  A list of the main processes likely to be important 
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The initial conditions for galaxy 
formation 

Quantum fluctuations from inflation 
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Planck temp anisotropies in CMB 

Planck collaboration ‘13 

Amplitude of fluctuations at z~ 1000 

ΛCDM  The data confirm  
the theoretical 
predictions     
(linear theory)  

Peebles ‘82; Bond & 
Efstathiou ‘80s 
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Planck Collaboration: Cosmological parameters

Planck+WP Planck+WP+highL Planck+lensing+WP+highL Planck+WP+highL+BAO

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits Best fit 68% limits

⇤bh2 . . . . . . . . . . 0.022032 0.02205 ± 0.00028 0.022069 0.02207 ± 0.00027 0.022199 0.02218 ± 0.00026 0.022161 0.02214 ± 0.00024

⇤ch2 . . . . . . . . . . 0.12038 0.1199 ± 0.0027 0.12025 0.1198 ± 0.0026 0.11847 0.1186 ± 0.0022 0.11889 0.1187 ± 0.0017

100⇥MC . . . . . . . . 1.04119 1.04131 ± 0.00063 1.04130 1.04132 ± 0.00063 1.04146 1.04144 ± 0.00061 1.04148 1.04147 ± 0.00056

⇧ . . . . . . . . . . . . 0.0925 0.089+0.012
�0.014 0.0927 0.091+0.013

�0.014 0.0943 0.090+0.013
�0.014 0.0952 0.092 ± 0.013

ns . . . . . . . . . . . 0.9619 0.9603 ± 0.0073 0.9582 0.9585 ± 0.0070 0.9624 0.9614 ± 0.0063 0.9611 0.9608 ± 0.0054

ln(1010As) . . . . . . . 3.0980 3.089+0.024
�0.027 3.0959 3.090 ± 0.025 3.0947 3.087 ± 0.024 3.0973 3.091 ± 0.025

APS
100 . . . . . . . . . . 152 171 ± 60 209 212 ± 50 204 213 ± 50 204 212 ± 50

APS
143 . . . . . . . . . . 63.3 54 ± 10 72.6 73 ± 8 72.2 72 ± 8 71.8 72.4 ± 8.0

APS
217 . . . . . . . . . . 117.0 107+20

�10 59.5 59 ± 10 60.2 58 ± 10 59.4 59 ± 10

ACIB
143 . . . . . . . . . . 0.0 < 10.7 3.57 3.24 ± 0.83 3.25 3.24 ± 0.83 3.30 3.25 ± 0.83

ACIB
217 . . . . . . . . . . 27.2 29+6

�9 53.9 49.6 ± 5.0 52.3 50.0 ± 4.9 53.0 49.7 ± 5.0

AtSZ
143 . . . . . . . . . . 6.80 . . . 5.17 2.54+1.1

�1.9 4.64 2.51+1.2
�1.8 4.86 2.54+1.2

�1.8

rPS
143⇥217 . . . . . . . . 0.916 > 0.850 0.825 0.823+0.069

�0.077 0.814 0.825 ± 0.071 0.824 0.823 ± 0.070

rCIB
143⇥217 . . . . . . . . 0.406 0.42 ± 0.22 1.0000 > 0.930 1.0000 > 0.928 1.0000 > 0.930

�CIB . . . . . . . . . . 0.601 0.53+0.13
�0.12 0.674 0.638 ± 0.081 0.656 0.643 ± 0.080 0.667 0.639 ± 0.081

⇤tSZ⇥CIB . . . . . . . . 0.03 . . . 0.000 < 0.409 0.000 < 0.389 0.000 < 0.410

AkSZ . . . . . . . . . . 0.9 . . . 0.89 5.34+2.8
�1.9 1.14 4.74+2.6

�2.1 1.58 5.34+2.8
�2.0

⇤⇥ . . . . . . . . . . . 0.6817 0.685+0.018
�0.016 0.6830 0.685+0.017

�0.016 0.6939 0.693 ± 0.013 0.6914 0.692 ± 0.010

⌅8 . . . . . . . . . . . 0.8347 0.829 ± 0.012 0.8322 0.828 ± 0.012 0.8271 0.8233 ± 0.0097 0.8288 0.826 ± 0.012

zre . . . . . . . . . . . 11.37 11.1 ± 1.1 11.38 11.1 ± 1.1 11.42 11.1 ± 1.1 11.52 11.3 ± 1.1

H0 . . . . . . . . . . . 67.04 67.3 ± 1.2 67.15 67.3 ± 1.2 67.94 67.9 ± 1.0 67.77 67.80 ± 0.77

Age/Gyr . . . . . . . 13.8242 13.817 ± 0.048 13.8170 13.813 ± 0.047 13.7914 13.794 ± 0.044 13.7965 13.798 ± 0.037

100⇥⇤ . . . . . . . . . 1.04136 1.04147 ± 0.00062 1.04146 1.04148 ± 0.00062 1.04161 1.04159 ± 0.00060 1.04163 1.04162 ± 0.00056

rdrag . . . . . . . . . . 147.36 147.49 ± 0.59 147.35 147.47 ± 0.59 147.68 147.67 ± 0.50 147.611 147.68 ± 0.45

Table 5. Best-fit values and 68% confidence limits for the base ⇥CDM model. Beam and calibration parameters, and addi-
tional nuisance parameters for “highL” data sets are not listed for brevity but may be found in the Explanatory Supplement
(Planck Collaboration ES 2013).

strongly degenerate with the Poisson point source ampli-
tude at 100 GHz. This degeneracy is broken when the high-
resolution CMB data are added to Planck.

The last two points are demonstrated clearly in Fig. 7, which
shows the residuals of the Planck spectra with respect to the
best-fit cosmology for the Planck+WP analysis compared to the
Planck+WP+highL fits. The addition of high-resolution CMB
data also strongly constrains the net contribution from the kSZ
and tSZ⇥CIB components (dotted lines), though these compo-
nents are degenerate with each other (and tend to cancel).

Although the foreground parameters for the Planck+WP fits
can di⌅er substantially from those for Planck+WP+highL, the
total foreground spectra are rather insensitive to the addition of
the high-resolution CMB data. For example, for the 217 ⇥ 217
spectrum, the di⌅erences in the total foreground solution are less
than 10 µK2 at ⌥ = 2500. The net residuals after subtracting both
the foregrounds and CMB spectrum (shown in the lower panels
of each sub-plot in Fig. 7) are similarly insensitive to the addi-
tion of the high-resolution CMB data. The foreground model is
su⇧ciently complex that it has a high “absorptive capacity” to
any smoothly-varying frequency-dependent di⌅erences between
spectra (including beam errors).

Table 6. Goodness-of-fit tests for the Planck spectra. The �⌃2 =
⌃2 � N⌥ is the di⌅erence from the mean assuming the model is
correct, and the last column expresses �⌃2 in units of the disper-
sion

⇧
2N⌥.

Spectrum ⌥min ⌥max ⌃2 ⌃2/N⌥ �⌃2/
⇧

2N⌥

100 ⇥ 100 50 1200 1158 1.01 0.14
143 ⇥ 143 50 2000 1883 0.97 �1.09
217 ⇥ 217 500 2500 2079 1.04 1.23
143 ⇥ 217 500 2500 1930 0.96 �1.13

All 50 2500 2564 1.05 1.62

To quantify the consistency of the model fits shown in Fig. 7
for Planck we compute the ⌃2 statistic

⌃2 =
�

⌥⌥⌅
(Cdata
⌥ �CCMB

⌥ �Cfg
⌥ )M�1

⌥⌥⌅ (C
data
⌥⌅ �CCMB

⌥⌅ �Cfg
⌥⌅ ), (33)

for each of the spectra, where the sums extend over the mul-
tipole ranges ⌥min and ⌥max used in the likelihood, M⌥⌥⌅ is
the covariance matrix for the spectrum Cdata

⌥ (including cor-
rections for beam eigenmodes and calibrations), CCMB

⌥ is the
best-fit primordial CMB spectrum and Cfg

⌥ is the best-fit fore-

22

Planck collaboration ‘13 

The six parameters of minimal ΛCDM model 
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Primordial fluctuations grow by 
gravitational instability driven by 

dark matter 

Growth mechanism 
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The formation of cosmic structure 
t=380,000 yrs  δρ/ρ ∼10-5

Supercomputer simulations are the 
best technique for calculating how 
small primordial perturbations grow 

into galaxies today 

Simulations 

“Cosmology machine” 

t=13.8 billion yrs  
δρ/ρ ∼1-106
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The internal structure of halos and the 
large-scale distribution of cold dark matter 

are known  

Dark matter  



University of Durham 

Institute for Computational Cosmology 

0.5 Mpc/h 

Simulations give a full 
characterization of the 

(hierarchical) 
clustering of cold dark 
matter on large and 

small scales.  

The Millennium/Aquarius simulation series 

Springel et al ‘05, ‘08 
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0.5 Mpc/h 

Springel et al ‘05, ‘08 

Halo mass function 

ΛCDM z=0 

The Millennium/Aquarius simulation series 



50
0 

kp
c 
Galactic (M~1012 Mo)   

Play Movie 

Cluster (M~1015 Mo)   

Aquarius (galactic) & Phoenix (cluster) halos  

The structure and 
substructure of CDM 

halos are 
approximately self-

similar 

Self-similarity 
of CDM halos 



The Density Profile of Cold Dark 
Matter Halos 

Shape of halo profiles 
~independent of halo mass & 

cosmological parameters 

  Density profiles are “cuspy” 
no  `core’ near the centre 

Fitted by simple formula:  

 

 

 

(Navarro, Frenk & White ’97) 

 

Dwarf galaxies 

Galaxy clusters 

More massive halos and 
halos that form earlier have 
higher densities (bigger δ)   
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The (relatively) “easy” part of the problem 

The Millennium/Aquarius simulation series 

Springel et al ‘05, ‘08 

Calculating the evolution of baryons is more 
complicated 

0.5 Mpc/h 
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The main processes likely to be 
important in galaxy formation 

 

-  Gravity-driven hierarchical growth of dark matter halos 

-   Cooling of (rotating gas) and condensation into DM halos 

-   Star formation 

-   Feedback from energy due to stellar evolution and SN 

-   Formation of supermassive black holes and AGN feedback 

-   Tidal and ram pressure stripping of gas 

-   Tidal stripping and mergers of galaxies as their halos merge 

-   Disk instabilities, secular evolution 

•  The main astrophysical processes involved:  
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Modelling galaxy formation 

 Flows -  shocks - radiative cooling - heating  

Hydrodynamical simulation Semi-analytic model 

Solve hydro equations 
numerically 

Assume spherical symmetry  
& solve analytically 

  Gas dynamical processes 

 “Sub-grid physics”    Phenomenological model  

+ Gas dynamics in full generality 

-  Limited dynamic range  

-  Expensive: cannot explore  
range of sub-grid models    

-  Approximate gas dynamics 

+ Unlimited dynamic range 

+ Can easily explore different 
sub-grid models  
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The goals of gal. population models 

•  Explore the statistics and interaction of the many processes 
affecting stars and gas within growing CDM structures  

•  Understand how the effects of these processes are reflected in 
the various observed population properties of galaxies and their 
evolution -- abundances, scaling relations, clustering 

•  Allow interpretation of large observational surveys in terms of 
the rates, efficiencies and significance of these processes 

•  NOT to make a definitive a priori physical model for the 
formation of everything from linear ΛCDM initial conditions 
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Abundance of gals & dark halos  

K-band 
2dFGRS 

Halo mass function 
ΛCDM 

Millennium run 

z=0 
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The halo mass function 
and the galaxy 

luminosity function have 
different shapes 

Complicated variation of 
M/L with halo mass 

Dark halos 
(const M/L) 

galaxies 

The galaxy luminosity function 

photoionization + SN feedback 

AGN feedback 

White & Frenk ‘91; Kauffmann et al ‘93; Benson 
et al ’03; Croton et al ‘05; Bower et al. ’06  

Galaxy luminosity not 
just        halo mass  

€ 

∝
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The galaxy luminosity function 

Lacey et al. ‘14 

Galform 

Not a “prediction” of the 
model – parameters 

adjusted to get this match!  
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The stellar mass function 

Results for MS and 
M-II converge 

Simulated mass function 
fits the data over 5 

decades in stellar mass!  
convergence at MS 

resolution 

Guo et al ‘11 

Guo et al. ‘11 
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Basic galaxy properties  

from Guo et al ‘11 



University of Durham 

Institute for Computational Cosmology 

Gas simulations of galaxy 
populations 

§  New generation of gasdynamic simulations of cosmologically 
representative volumes (~100 Mpc)3 produce realistic galaxies 

§  Slower, much less resolution/volume than semianalytics but do 
not assume spherical symmetry and follow evol. of gas in detail  
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The “Evolution and assembly of 
galaxies and their environment” (EAGLE)  

simulation project   



Sub-­‐grid	
  schemes	
  in	
  EAGLE	
  
(what’s	
  different	
  about	
  EAGLE?)	
  

Star	
  forma@on	
  

ISM	
  turbulence	
  

Supernova	
  
feedback	
  

AGN	
  accre@on	
  

AGN	
  feedback	
  

pheat =
ESN

kTheat
f (Z,ρ)

PISM ∝ ργ

τ* ∝ PnKS

pheat =
0.01 mc2

kTheat

mBH =max f (ρ,vφ ), mEdd( )

Cooling	
  and	
  
photo-­‐ionisa@on	
  

Metal	
  enrichment	
  
and	
  stellar	
  mass	
  loss	
  

Subgrid	
  physics	
  
with	
  fully	
  coupled	
  
hydrodynamics	
  

Dalla	
  Vecchia	
  &	
  Schaye	
  2009,	
  2012;	
  Roasas-­‐
Guevara	
  et	
  al	
  2014	
  





Trayford	
  et	
  al	
  ‘14	
  





Comparison	
  to	
  semi-­‐analy@c	
  models	
  

Galaxy stellar mass function 

EAGLE 

Comparison	
  to	
  other	
  Hydro	
  simula@ons	
  

EAGLE 

Not a prediction either – sub-grid model adjusted to give match  
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What is the star formation history of the 
Universe and the associated growth of 

stellar mass ? 

Big question 1 
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dark matter galaxies z=8.55 

z=5.72 

z=8.55 

z=1.39 z=1.39 

z=0 z=0 

z=5.72 

150 Mpc/h 150 Mpc/h 

At early times, the dark 
matter is smooth, but the 

galaxies are already 
strongly clustered 

Springel, Frenk & White 
Nature, May/06 

Millennium Simulation 
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Evolution of the luminosity  fn. 

GALFORM gives excellent 
match to the evolution of 

the K-band galaxy 
luminosity function to z=3  

GALFORM 

Lacey, Baugh, Frenk et al. ‘15 

This is a genuine prediction! 
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z=8 z=10 

Lacey, Baugh, 
Frenk, Benson ‘12 

unextincted 

w. dust 

z=3 
unextincted 

w. dust 

z=5 

Star forming galaxies  

Evolution of 
Lyman-break 
galaxy lum.  

function 

model  

data 

t=2.1 Gyr t=1.15 Gyr 

t=0.62 Gyr t=0.46 Gyr 

GALFORM 
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z=0.1 z=0.5 z=1.0 

z=2.0 z=3.0 z=4.0 

z=5.0 z=6.0 z=7.0 

z=0.1	
  

G
al

ax
y 

S
te

lla
r M

as
s 

Fu
nc

tio
n 

Evolution of the stellar mass fn. 
EAGLE 

This is a prediction of the simulation! 
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20% 

Evolution of stellar mass density 

EAGLE 

20% 
The model 

agrees with the 
data within 20% 

Stellar mass 
density formed by z 

Furlong et al. ‘15 
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  forma@on	
  rates	
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Evolution of the SFR density 

EAGLE 

The model lies 
below the data by 

> x2 at most z  

SFR density as a 
fn of z 

Furlong et al. ‘15 
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Evolution of the SFR density 

EAGLE 

The model lies 
below the data by 

> x2 at most z  

SFR density as a 
fn of z 

Furlong et al. ‘15 

But it matches (to 
20%) the “measured” 
stellar mass at all z! 

x4% 
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Evolution of stellar mass density 

EAGLE 

The model 
agrees with the 
data within 20% 

20% Stellar mass 
density formed by z 

Furlong et al. ‘15 
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Build-up of stellar populations 

There appears to be an inconsistency between 
“measured” SFR(z) and M* (z) in current data! 
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Build-up of stellar mass: 
challenges for multiobject spect.  

•  Inconsistency between SFR(z) and M*(z) in data? 

•  Determine stellar mass fn reliably to high z 

•  Survey star-forming galaxies to higher z and fainter limits 

•  Differentiate between quiescent and starburst SF modes 
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How and when were galaxies assembled and 
what is the origin of the Hubble Sequence? 

Big question 2 

Relative role of in situ star formation, minor and 
major galaxy mergers, disk instabilities and 

environmental effects? 



z=2.5 

z=1 

z=0 



University of Durham 

Institute for Computational Cosmology 

The formation of spheroids: 
ellipticals & bulges 

- - - MPA 
 — Durham 

Average fraction of 
spheroid stars form 

by each process 

Parry, Eke & Frenk ‘08 

3 processes for 
making spheroids: 

•  Major mergers 
•  Minor mergers 
•  Disk instabilities 
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The formation of spheroids: 
ellipticals & bulges 

- - - MPA 
 — Durham 

3 processes for 
making spheroids: 

•  Major mergers 
•  Minor mergers 
•  Disk instabilities 

Average fraction of 
spheroid stars form 

by each process 

Parry, Eke & Frenk ‘08 

 Major mergers only 
dominant for bright 

spheroids  

disk instabilities 
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The Size Evolution of Elliptical Galaxies 5

Table 1. A summary of the observational data we compare to the model. From left to right, columns are as follows: [1] observational data
source (as Fig. 1); [2] the survey or catalog from which the data orginates; [3,4,5,6] respectively mass, morphology, specific star formation
rate and redshift criteria that define each sample, in the observational data and the corresponding model selection; [7] the symbol/line
style and colour denoting the data and its model comparison in Fig. 1. Note that morphological criteria are most difficult ot match
with the model. When selecting ETGs’ morphology, Cassata et al. (2011); van der Wel et al. (2005, 2008) selected visually spheroidal
galaxies ; Cenarro & Trujillo (2009) selected galaxies with Sersic index n > 2.5; and di Serego Alighieri et al. (2005); van der Wel et al.
(2014) did not set limitations on morphology or sSFR, but instead selected galaxies by an early type spectral classification and color,
respectively.

former works surveys M⋆ [1011M⊙ ] morphology sSFR [10−11/yr] z symbol/line

Cassata et al. (2011) GOODS WFC3 M⋆ > 1 visually spheroidal sSFR < 1 0<z<2.5 yellow line
model Mstar > 1 Mb/M⋆ > 0.9 sSFR < 1 0<z<2.0 black line

Cenarro & Trujillo (2009) SDSS DR6 0.5 < M⋆ < 2 S0, E 0 < z < 0.1 Purple crosses
model 0.5 < M⋆ < 2 Mb/M⋆ > 0.9 z ∼ 0.12 Black cross

Cenarro & Trujillo (2009) GMASS 0.5 < M⋆ < 2 S0, E 1.4 < z < 2.0 blue diamond
model 0.5 < M⋆ < 2 Mb/M⋆ > 0.9 z ∼ 1.63 Black diamond

van der Wel et al. (2005) CDFS, RDCS 0.5 < M⋆ < 2 S0, E 0.9<z<1.2 green squares
model 0.5 < M⋆ < 2 Mb/M⋆ > 0.9 z ∼ 0.99 Black square
van der Wel et al. (2008) CDFS, RDCS 0.5 < M⋆ < 2 S0, E 0.6<z<0.8 green squares
model 0.5 < M⋆ < 2 Mb/M⋆ > 0.9 z ∼ 0.76 Black square

di Serego Alighieri et al. (2005) K20 0.5 < M⋆ < 2 early-type spectrum 0.88<z<1.3 red triangle
model 0.5 < M⋆ < 2 sSFR < 1 z ∼ 1.1 Black triangle

van der Wel et al. (2014) 3D-HST, CANDELS 0.3 < M⋆ < 1 U-V, V-J 0 < z < 2 cyan dashed curve
model 0.3 < M⋆ > 1 sSFR < 1 0<z<2 black dashed lines

additional uncertainties. The discrepency between the model
and these observations decreases at higher redshift. Samples
drawn from the model with the mass and morphology crite-
ria of Cenarro & Trujillo (2009)(yellow line) lie on the line
defined by our fiducial selection, because the morphology
cut is the same and the mass cut makes no practical differ-
ence. However, the data of Cenarro & Trujillo (2009) define
a significantly steeper relation, with a larger median size
compared to the model at low redshift and slightly smaller
median size compared to the model at z = 2.

Although there is some tension between the model and
data at high and low redshift, the trend of size evolution of
the model from z = 2 to the present day is in reasonable
agreement with observations. ETG samples have a smaller
median size at z ∼ 2 by a factor ∼ 1.8. We note that, since
the mass range defining ETGs is only bounded at low mass,
the fact that more high-mass ETGs enter the sample at low
redshift would cause some evolution in the ‘average’ size of
the ETG population even if the amplitude and slope of the
size – mass relation remained fixed. However, as the galaxy
mass function truncates exponentially at high masses, the
contribution of additional high mass galaxies to the average
size measure is only of the order of a few per cent. Hence, the
increase in average size must be driven by a change in the
overall amplitude of the size – mass relation with redshift.

In Fig. 2 we compare the evolution of the model size
vs. stellar mass relation with observations in three red-
shift intervals. Red circles in each panel show measurements
by Williams et al. (2010), who used SDSS data at z ≈ 0
and an updated version of the K-selected galaxy catalog of
Williams et al. (2009) for higher redshift galaxies. ETGs are
definde by sSFR< 0.3/tH, where tH is the age of the Universe
at the corresponding redshift. We select model ETGs with
the same criteria; the red solid curve with errors indicates
their median size and its 1σ deviation, respectively. Note
that instead of including all galaxies in the same redshift in-
tervals of Williams et al. (2010), we select only in a narrow
slice around the median redshift of each interval. For a given
stellar mass, the half mass radius of ETGs selected in this
way is predicted to increase by a factor of 1.6 across this
range of redshift – this change in amplitude is substantially

Figure 1. Projected half mass radius as a function of redshift.
Black curves and symbols are the model predictions, while colored
curves and symbols with error bars are the measurements in the
literature. Different observations use somehow different selection
criteria for ETGs. Detailed selection criteria can be found in Ta-
ble 1. Solid, dashed curves and symbols denote the median values
of the corresponding size distribution. Errors along the y-axis and
the shaded region represent 16 per cent to 84 per cent ranges.

greater than the increase in the ‘typical’ mass of ETGs due
to the inclusion of a larger fraction of very massive galax-
ies at low redshift. Model predictions are broadly consistent
with the Williams et al. (2010) data at all redshifts, par-
ticularly for high mass ETGs. The agreement for low mass
ETGs is somewhat better at higher redshift.

Most recently, Cassata et al. (2013) used the Cosmic
Assembly Near-infrared Deep Extragalactic Legacy Survey
(CANDLES) to study the size vs. stellar mass relation for
ETGs between 1 < z < 3. They selected spheroidal galaxies
with 1010 < M⊙ < 1011.5M⊙ and sSFR < 10−11yr−1. In-

Size evolution of early-type 
galaxies 

Xie et al. ‘15 

Early-type galaxies appear 
to grow in size by about x5 

from z=1.5 to z=0! 

Model predicts very large 
scatter and strong selection 

effects 

At hi-z gals small because 
halos are small; size 

growth in ETGs driven by 
minor mergers 

Model: median 

Model 
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Galaxy assembly & morphology: 
challenges for multiobject spect.  

•  Measure galaxy sizes & structure to high-z  à large imaging/
spectroscopic surveys with well-defined selection criteria  

•  Dynamical studies of galaxies at high-z 

•  Estimates of merger rates  
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How was the Universe reionized and 
what is the connection between the first 

and today’s galaxies?  

Big question 3 
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Supernova feedback  

Supernova feedback plays a major role in:  

•  The faint end of the galaxy luminosity function (MW satellites) 

•  The metallicity-luminosity relation 

•  Reionization of hydrogen at early times 

•  Galaxy sizes  

•  … and more  
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The “missing satellites” problem 
in CDM 

The	
  satellites	
  of	
  the	
  MW	
   Dark	
  ma8ter	
  subhalos	
  in	
  CDM	
  

• Why are most suhbhalos 
dark? 
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LG data 

ΛCDM 

Luminosity Function of Local 
Group Satellites 

dark halos 
(const M/L)  

Benson, Frenk, Lacey, Baugh & Cole ’02 
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Luminosity Function of Local 
Group Satellites 

SN feedback 
No photo-i 

Photo-I +   
SN feedback LG data 

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman etal ’93, Bullock etal ’01) 

ΛCDM •  Photoionization inhibits 
the formation of satellites  
•  Abundance of satellies 
reduced by large factor!  

•  Median model gives correct 
abundance of sats brighter 
than  MV=-9,  Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint  satellites 

dark halos 
(const M/L)  

Benson, Frenk, Lacey, Baugh & Cole ’02 
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Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint  satellites 

•  LMC/SMC should be rare 
(~2% of cases) 

dark halos 
(const M/L)  

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman etal ’93, Bullock etal ’01) 



University of Durham 

Institute for Computational Cosmology 

Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint  satellites 

•  LMC/SMC should be rare 
(~2% of cases) 

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman etal ’93, Bullock etal ’01) 

★ 
★ 

★ 

★ 
★ 

Koposov et al 08 
(SDSS) 
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Supernova feedback 

In GALFORM 

Satellite	
  luminosity	
  fn.	
  	
  

Obs  

model 

Hou, Frenk, Lacey et al. ‘15 
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Supernova feedback 

In GALFORM 

Satellite	
  luminosity	
  fn.	
  	
  
Metallicity-­‐luminosity	
  rela@on	
  	
  

Obs  

model Obs  

model 

Standard feeback galform model à 
correct satellite LF  
wrong metallicity-lum reln! 

Hou, Frenk, Lacey et al. ‘15 
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Supernova feedback 

R(z) =  no. of ionization photons emitted by redshift z  

No. of H atoms 

R(z) =  
1+Nrec 

fesc 
2 
fesc 

≈

No of ionizing 
photons 

Planck  

In GALFORM 

fesc= 0.1 
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Supernova feedback 

•  To match the Milky Way satellite luminosty fn 

•  For galaxies to reionize the Universe at z~10  

•  To get the [Fe/H] vs L relation for MW satellites 

SN feedback 
must be:  

STRONG 

WEAK 

WEAK 
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Supernova feedback  

SFR & mass ejection 

SFR 

SN 
feedback 

SN feedback efficiency 

Vdisk = disk circ vel. 
Vhot, α hot free parameters 

In GALFORM 

✗ 
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note that we indirectly assume that photoionisation takes place due
to our assumption of SNe driving bubbles which expand against the
warm medium instead of the dense gas from which stars form.

5 TOWARDS A NEW PARAMETRISATION OF THE
OUTFLOW RATE

One of the main aims of this paper is to establish if the results of
our dynamical model of SNe feedback can be reproduced using a
simple parametrisation cast in terms of global galaxy properties. In
this section we use our dynamical model of SNe feedback embed-
ded in GALFORM to assess parametrisations of the mass loading
used in the literature (§ 5.1) and search for an improved way of
reproducing the mass loading factor (§ 5.2).

5.1 Dependence of the outflow rate on circular velocity

As discussed in the Introduction, a widely used approach in galaxy
formation models is to parametrise the mass loading of the outflow
solely in terms of the circular velocity, vcirc, which is considered as
a proxy for the depth of the potential well of the galaxy. Scalings of
β with circular velocity can be motivated by invoking momentum-
conserving (β ∝ v−1

circ) or energy-conserving (β ∝ v−2
circ) winds,

or the power-law index can be treated as a free parameter, as in
GALFORM and most other semi-analytic models. Our model has the
power to test such assumptions by directly comparing the β calcu-
lated for a given timestep with the circular velocity of the galaxy.

Parametrisations of SNe feedback that include a direct scaling
with the circular velocity of the galaxy can be grouped into two:
those assuming a single scaling relation for both the outflow rate
from the galaxy and from the halo, and those which separate them
into two different mass loading factors, βISM for the mass loading
of the galaxy and βhalo for that of the halo. GALFORM is an example
of the first type (see also Lagos et al. 2008 and Cook et al. 2010).
In the second type, we find the models of e.g. Croton et al. (2006),
Monaco et al. (2007), Macciò et al. (2010) and Guo et al. (2011).
For instance, Croton et al. (2006) assume that the outflow rate from
the galaxy scales linearly with the instantaneous SFR, and adopt
βISM = 3.5. Macciò et al. (2010) and Guo et al. (2011) modified
the form of βISM so that it makes a transition from a constant value
in high circular velocity galaxies to a form in which βISM increases
as the circular velocity of the galaxies decreases, in order to better
reproduce the number density of low-mass galaxies (see (iv) is the
list below). In our model we calculate βISM and compare it with
the parametrisation from 4 of the previous models.

Fig.15 shows the β predicted by the dynamical SNe feedback
model after implementing it in the full galaxy formation simulation,
plotted as a function of circular velocity for quiescent (top panel)
and starburst galaxies (bottom panel). The model shown in Fig.15
corresponds to the standard choice of model parameters (see Ta-
ble 1). We overplot for comparison the following parametrisations
for the mass loading from the literature:
(i) β = (vcirc/300 km s−1)−2 from Baugh et al. (2005) (dotted
line in Fig. 15).
(ii) β = (vcirc/300 kms−1)−1 from Dutton et al. (2010) (dot-
dashed line in Fig. 15). In the Dutton et al. model, the normalisation
velocity is calculated from the momentum injected by a single SN
that ends up in the outflow, which is 3.2 × 104 M⊙ km s−1 for a
Kennicutt IMF.
(iii) β = (vcirc/485 kms−1)−3.2 from Bower et al. (2006) (solid
line in Fig. 15).

1.5 2.0 2.5 3.0
log(vcirc/km s-1)

-3

-2

-1

0

1

2

3

4

lo
g(
β)

Standard model
Quiescent

0<z<1
1<z<2
2<z<4
4<z<6
z>6

1.5 2.0 2.5 3.0
log(vcirc/km s-1)

-3

-2

-1

0

1

2

3

4

lo
g(
β)

Standard model
Starbursts

Figure 15. Top panel: The mass loading factor, β = Ṁeject/ψ, as a
function of the circular velocity of the disk for quiescent galaxies with
M⋆ > 108 h−1M⊙ in the model with the standard choice of parameters
(see Table 1). The relation is shown for different redshift ranges, as labelled.
Solid lines and errorbars indicate the median and 10 and 90 percentile
ranges of the relations. We also show the parametrizations used in a range of
semi-analytic models, corresponding to (i) Baugh et al. (2005; dotted line),
(ii) Dutton et al. (2010; dot-dashed line), (iii) Bower et al. (2006; solid line)
and (iv) Guo et al. (2011; dashed line) (see text for details of the models).
Bottom panel: The β− vcirc relation in the model with the standard choice
of ISM parameters for starburst galaxies with M⋆ > 108 h−1M⊙ at dif-
ferent redshifts. In this case the circular velocity corresponds to that of the
bulge. Lines and colours have the same meaning as in the top panel.

(iv) β = 6.5 [0.5 + (vcirc/70 kms−1)−3.5] from Guo et al. (2011)
(dashed line in in Fig. 15), which gives a SNe driven wind with a
high mass loading even in galaxies with very high circular veloci-
ties, e.g. corresponding to those at the centre of clusters.

There are three key conclusions that can be drawn from
Fig.15: (i) a single power-law fit cannot describe the dependence
of β on vcirc, (ii) there are large variations in the normalisation,
but also in the slope of the β-vcirc relation with redshift, and (iii)
starbursts and quiescent galaxies follow different relations.

Regarding the shape of the β-vcirc relation, the top panel
of Fig.15 shows that our dynamical calculations display a trend
of β decreasing with increasing vcirc for galaxies with vcirc !
80 km s−1. Below vcirc ≈ 80 km s−1, the predicted mass load-
ing shows a flattening or even a turnover followed by a positive
β-vcirc relation. The parametrisations used in the literature for the

Dynamical model of SN feedback: 
evolution of pressurised bubbles 

in multiphase ISM  

GALFORM 

à  Efficiency β depends on  redshift, 
is different for quiescent and burst 
SF  and saturates for V<80km/s   

Lo
g 
β 

 
Lo

g 
β 

 

Log Vcirc (km/s) 
Lagos et al ‘13 
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Reionization in GALFORM 

Modify SN feedback in 
GALFORM to mimic 
Lagos et al ‘13 model 

Can reionize 
Universe at z=9! 

Planck  

fesc= 0.1 

R(z) =  no. of ionization photons emitted by redshift z  

No. of H atoms 
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SN feedback in GALFORM 

Satellite	
  luminosity	
  fn.	
  	
  
Metallicity-­‐luminosity	
  rela@on	
  	
  

Complex z-dependent feeback à 
galform model 

correct satellite LF  
correct metallicity-lum reln! 
 correct reionization z 

Need SN feedback efficiency to be low at high-z and high at low-z  
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Supernova feedback  

Centre of curve now a function of density

Star forms at low-nH

Star forms at high-nHGreater losses

Lower losses

In EAGLE 

Feedback depends on 
metallicity and scales 

with gas density 

Needed to account for 
galaxy stellar mass fn 

and galaxy sizes at z=0  



EAGLE full 
hydro 

simulations 

Local Group 

Sawala et al ‘14 



• Sawala et al ‘14 

EAGLE full 
hydro 

simulations 

Local Group 

Far fewer satellite galaxies than CDM halos 
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EAGLE Local Group simulation 

Subhalo mass functions 

Sawala et al ‘14 

Dark matter 
subhalos 
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EAGLE Local Group simulation 

Milky Way 
satelliites 

M31 
sats 

Local 
volume 

Dark matter 
subhalos 

Stellar mass functions 

Sawala et al ‘14 
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EAGLE Local Group simulation 

Stellar mass functions 

Sawala et al ‘14 

Excellent agreement 
with stellar mass fns of 
MW and M31 satellites 

and field dwarfs ! 

Milky Way 
satelliites 

M31 
sats 

Local 
volume 

Dark matter 
subhalos 
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Reionization in Eagle 

Need: fesc> 0.2 
fesc=0.1 

Sharma et al ‘15 

R(z) =  no. of ionization photons emitted by redshift z  

No. of H atoms 
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Reionization in Eagle 

At high-z, galaxies 
are bursty and have 

large SFR density 

Sharma et al ‘15 

z=10 

z=0 

à  
high escape fraction? 
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Reionization in Eagle 

Reionization at    
z~8 by galaxies of 

M* < 108 Mo or  
Vc~100 km/s 

These would have 
MAB(1500A)  ~ −14    

or  mAB ~32 

z 

Planck  

M* < 108Mo 

fesc=0.1 

Furlong et al. ‘15 

R(z) =  no. of ionization photons emitted by redshift z  

No. of H atoms 
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SN Feedback in EAGLE 

Metallicity-stellar 
mass relation 

EAGLE 

MW satellite data 

Not quite right! 

Eagle: metal and 
density-dependent 

feeback à 

correct satellite LF  

 wrong metallicity-lum reln! 
correct reionization 
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SN feedback: challenges for 
multiobject spectroscopy  

-   At low z: 

•  Field galaxy luminosity function to fainter limits  

•  Satellite luminosity functions for external galaxies 

•  Metallicities of faint galaxies 

•  Escape fraction of ionizing photons 

-   At high z: 

•  Luminosity function of star-forming galaxies 

•  Escape fraction of ionizing photons 
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Big questions in galaxy evolution 
A subjective choice! 

Together with physics-based modelling, the next 
generation of multiobject spectrographs should answer at 

least some of the questions 

 

•  Cosmic star formation history and growth of stellar mass? 

•  The first galaxies: how was the universe reionized? 

•  Galaxy assembly and origin of galaxy morphology? 

•  Gas and metals cycling in and out of galaxies? 

•  Growth of supermassive black holes? 

•  Role of feedback processes from supernovae and AGN? 

•  What is the IMF? Is it universal? 

The 7 questions of galaxy evolution 


