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          Galaxy formation theory:                 
a physics-based model for the 

formation and evolution of galaxies   

Should aim to explain the entire galaxy 
population at all epochs 

Basic ingredients 
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Cosmological model 
(Ωm, ΩΛ, h); dark matter 

Primordial fluctuations 
ΛCDM à δρ/ρ(M, t) 

Formation and evolution of galaxies 

Gas processes 
(cooling, star formation, feedback) 

  Dark matter halos 
   (N-body simulations) 

z=0 
z=1000 



University of Durham 

Institute for Computational Cosmology 

Galaxy formation theory: 
what do we think we know? 

•  Cosmological parameters & expansion history of universe: ΛCDM 

•  Initial conditions for the formation of structure  
 

-  Gravity-driven hierarchical growth of dark matter halos 

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

-   Star formation 

-   Feedback from stellar processes: early reionization, SN 

-   Central supermassive black hole formation 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 identity of main astrophysical processes involved:  
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•  Infalling gas shock-heated to Tvir  

•  Gas cools radiatively onto central 
galaxy and forms disk, conserving J? 

à rdisk  ~ λh rcool 

•  Satellite sinks by dynamical friction 
and merges onto central galaxy 

•  Mergers à starbursts, BH growth 

•  Major mergers & disk instabilities: 
stellar disks à spheroids 

•  New disk may form by gas accretion 

Galaxy formation: the basics 

•  Stars form in disk  

•  And give rise to feedback effects 
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z = 0   Dark Matter 

Springel et al 05 

The Millennium Simulation 
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Pictures, movies and simulation data 

available at: 

 http://www.mpa-garching.mpg.de/Virgo 

www.durham.ac.uk/virgo 

 

UK, Germany, Netherlands, Canada, 
China collaboration 

Carlos Frenk 

Liang Gao  

Adrian Jenkins 

Julio Navarro 

Frazer Pearce 

Joop Schaye 

Volker Springel 

Peter Thomas  

Simon White  

+ many students 
and postdocs 
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Millennium-II 
(2008) 

Same cosmology 

Same N 

1/5 linear size  

Resolves halos 
of mass  
M>108Mo 

Boylan-Kolchin et al ‘10 
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The Aquarius simulations of galactic halos 

There are 
substructures 

embedded 
within other 
structures.  
We detect 4 
generations  

• 6 halos at 
varying 

resolution 

Best res: 
mp=103Mo 
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The 
Aquarius 
“Billenniu
m” halo 

simulation
. A dark 
matter 

halo with 
1 billion 
particles 

within the 
virial 
radius. 
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Play Movie 

Images of Aquarius galactic halos  
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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 

The Millennium/Aquarius simulation series 

Springel et al ‘05, ‘08 

Halo mass function 

ΛCDM z=0 
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Dark matter halo assembly   
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DM halo 
assembly   fra

ct
io

n 
fra

ct
io

n 

z>6 3<z<6 1<z<3 z<0.65 

Wang et al. ‘11  

•  DM halos form inside out; inner regions stable since early times 
•  Major mergers (m2/m1> 0.1) contribute < 20% to total mass growth 
 

Aquarius halos 



University of Durham 

Institute for Computational Cosmology 

Dark matter halo structure 



Play Movie 

Aquarius (galactic) & Phoenix (cluster) halos  

The structure and 
substructure of CDM 

halos are 
approximately self-

similar 

Self-similarity 
of CDM halos 

Galactic (M~1012 Mo)   

Cluster (M~1015 Mo)   



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 “NFW” profile 
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Dark matter density profile ρ(r)  

Phoenix de
ns

ity
 ×

 r2 
Density profile  

nearly universal, 
but there are 

small differences 
between galaxies 

& clusters  

Gao, Frenk, Jenkins, Springel & White ‘11 
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Deviations from NFW & Einasto forms  

NFW Einasto 

Aquarius 

Phoenix 

Galactic and cluster halos deviate from NFW by ~10-20% 
and from Einasto by <~ 7% 
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l   Halos are extended 

⎯  Extend to ~10 times the 'visible' radius of galaxies and 
contain ~10 times the mass in the visible regions 

l   Halos are triaxial ellipsoids (not spherical) 
⎯  more prolate than oblate  
⎯  axial ratios greater than 2 are common           

l  Halos have nearly universal “cuspy" density profiles   

⎯  dlnρ / dln r = γ  with  γ  <  -2.5 at large r 
                                          γ  ~ -1   at small r 

•  Halos are clumpy 

— Substantial numbers of self-bound subhalos containing               
~10% of the halo's mass 

Galactic halos (without the galaxies) 
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Cosmological model 
(Ωm, ΩΛ, h); dark matter 

Primordial fluctuations 
δρ/ρ(M, t) 

Formation and evolution of galaxies 

Semi-analytics  Gasdynamic simulations 

Gas processes 
(cooling, star formation, feedback) 

  Dark matter halos 
   (N-body simulations) 

Well understood 

z=0 
z=1000 



White & Rees ‘78 

White & Rees calculated how gas cools and condenses into a 
sequence of hierarchically clustering dark matter halos  
à  First cosmological theory of galaxy formation. 

Semi-analytic modelling 
of galaxy formation  

White & Frenk (1991) 

Galaxy formation in a 
CDM universe  

direct 
infall hot 

corona 

 If  tcool < tdyn gas infalls directly (“cold flows”) 

 If tcool > tdyn  gas forms a hot corona and cools slowly 
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White & Frenk ’91 
Kauffmann et al ‘93  
Cole et al ‘94, ‘00 

Evolution of baryons 
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Evolution of baryons 
Basic differential rate equations of Durham SA model: 

Galaxy Formation 11

Figure 3. A schematic diagram showing the transfer of mass and metals between stars and the hot and cold gas phases during a single
timestep. The solid lines indicate the routes and rates by which mass is transferred between the three reservoirs, while the dashed lines
refer only to the exchange of metals. The instantaneous rate of star formation is ψ and the cooling rate is Ṁcool. The metallicities of
the cold gas, stars and hot halo gas are Zcold, Z∗ and Zhot respectively. The yield of the assumed IMF is p and the parameters β and e
describe the effect of SN feedback and the direct ejection of SN metals into the hot halo gas.

Zcold the metallicity of the cold gas, and β the efficiency of
stellar feedback. Each of the arrows in Fig. 3 gives rise to
a term in the following differential equations that describe
the evolution of the mass and metal content of the three
reservoirs:

Ṁ⋆ = (1 − R)ψ (4.6)

Ṁhot = −Ṁcool + βψ (4.7)

Ṁcold = Ṁcool − (1 − R + β)ψ (4.8)

ṀZ
⋆ = (1 − R)Zcoldψ (4.9)

ṀZ
hot = −ṀcoolZhot + (pe + βZcold)ψ (4.10)

ṀZ
cold = ṀcoolZhot

+ (p(1 − e) − (1 + β − R)Zcold)ψ, (4.11)

where Zcold = MZ
cold/Mcold and Zhot = MZ

hot/Mhot. The
values of R and p in these equations are related to the IMF,
as discussed in Section 5.2.

We assume that over one timestep the cooling rate,
Ṁcool, and the metallicity of the hot gas, Zhot, can be taken
to be constant. This set of first-order, coupled differential
equations can be straightforwardly solved to give the change
in mass and metal content of cold gas, hot gas and stars since
the start of the timestep (Appendix B). The model is quite
flexible: its behaviour is determined by specifying how the
functions τ⋆, β and e depend on the properties of the galaxy
and its surrounding halo. We note that compared to the
simple, “closed-box” chemical enrichment model, the yield
is modified by the metal ejection and feedback to produce
an effective yield peff = (1− e)p/(1−R + β) (equation B9),
which is therefore a function of the potential-well depth of

the galaxy. The evolution of the stellar metallicity differs
from the closed-box model because it is affected by both the
ejection of reheated gas and the accretion of cold gas and
associated metals.

4.2.2 Star Formation Law and Feedback Parameterization

In our previous work (e.g. Cole et al. 1994), we specified the
star formation timescale and feedback efficiency in terms of
the circular velocity of the halo in which each galaxy formed,
VH. T he relations we adopted were

τ⋆ = τ 0′
⋆ (VH/300 kms−1)α′

⋆ (4.12)

and

β = (VH/V ′
hot)

−α′

hot . (4.13)

The parameter τ 0′
⋆ , we treated as a free parameter, while the

other three parameters, α′
⋆, V ′

hot and α′
hot, we constrained

by comparing our models to the numerical simulations of
galaxy formation of Navarro & White (1993). These simula-
tions had only one free parameter, the fraction of SN energy
injected as kinetic energy into the interstellar medium. In
order to suppress the formation of low luminosity galaxies,
and thus produce a galaxy luminosity function with a rea-
sonably shallow faint end slope, as observed, we adopted
a fiducial model with very strong feedback for low circular
velocity halos, which we obtained by setting the parameter
values α′

⋆ = −1.5, V ′
hot = 140 km s−1 and α′

hot = 5.5.
The more detailed modelling that we now perform of the

structure of our model galaxies allows us to specify the star

c⃝ 0000 RAS, MNRAS 000, 000–000

R = recycled fraction 

ψ = star formation rate

β =  SN feedback parameter 

p = metal yield 

e = fraction of metals ejected 

Mass conservation 

Conservation of metals  

SFR & mass ejection 

SFR 

€ 

M
.
BH = fBHψburst +

Lcool
c 2ε SMBH

SN 
feedback 

AGN 
feedback 

White & Frenk ’91, 
Kauffmann et al ‘93  

Cole et al ‘00 
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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 

 

•  Star formation and SN feedback      

•  Production & mixing of metals 

•  Dust obscuration 

•  Galaxy mergers 

•  Reionization 

•  Evolution of stellar pops 

•  AGN feedback 

Astrophysical processes 
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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 

 

•  Star formation and SN feedback      

•  Production & mixing of metals 

•  Dust obscuration 

•  Galaxy mergers 

•  Reionization 

•  Evolution of stellar pops 

•  AGN feedback 

 “Subgrid physics”    Phenomenological model  
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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 

 “Subgrid physics”    Phenomenological model  

+ Gas dynamics in full 
generality 

-  Limited dynamic range  

-  Expensive: cannot explore  
range of subgrid models    

-  Approximate gas dynamics 

+ Unlimited dynamic range 

+ Can easily explore different 
subgrid models  
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  Model baryonic processes: 

Modelling galaxy formation 

Hydrodynamical simulations 

•  New generation à gas & gal. population in volume ~(100Mpc)3 

•  Ideal for asymmetric processes (e.g. gas accretion in filaments) 

•  Internal structure of galaxies & clusters 

Semi-analytic model 

•  Used for galaxy populations (luminosity fns., scaling relations…) 

•  Ideal for modelling complex processs (e.g. dust obsctn/emission) 

•  Can be applied in N-body simulations of very large volumes 
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Modelling galaxy formation: 
myth and reality 

Three myths about semi-analytic modelling: 

•  It has loads of parameters 

•  You can tune the parameters to fit any observation you want 

•  The results are uninformative (“you don’t learn anything new”) 

 Three myths about cosmological gas simulations: 

•  They have few or no free parameters 

•  They solve the correct physics equations 

•  They give the truth 
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Evolution of baryons 

Basic differential equations of Durham SA model: 

Galaxy Formation 11

Figure 3. A schematic diagram showing the transfer of mass and metals between stars and the hot and cold gas phases during a single
timestep. The solid lines indicate the routes and rates by which mass is transferred between the three reservoirs, while the dashed lines
refer only to the exchange of metals. The instantaneous rate of star formation is ψ and the cooling rate is Ṁcool. The metallicities of
the cold gas, stars and hot halo gas are Zcold, Z∗ and Zhot respectively. The yield of the assumed IMF is p and the parameters β and e
describe the effect of SN feedback and the direct ejection of SN metals into the hot halo gas.

Zcold the metallicity of the cold gas, and β the efficiency of
stellar feedback. Each of the arrows in Fig. 3 gives rise to
a term in the following differential equations that describe
the evolution of the mass and metal content of the three
reservoirs:

Ṁ⋆ = (1 − R)ψ (4.6)

Ṁhot = −Ṁcool + βψ (4.7)

Ṁcold = Ṁcool − (1 − R + β)ψ (4.8)

ṀZ
⋆ = (1 − R)Zcoldψ (4.9)

ṀZ
hot = −ṀcoolZhot + (pe + βZcold)ψ (4.10)

ṀZ
cold = ṀcoolZhot

+ (p(1 − e) − (1 + β − R)Zcold)ψ, (4.11)

where Zcold = MZ
cold/Mcold and Zhot = MZ

hot/Mhot. The
values of R and p in these equations are related to the IMF,
as discussed in Section 5.2.

We assume that over one timestep the cooling rate,
Ṁcool, and the metallicity of the hot gas, Zhot, can be taken
to be constant. This set of first-order, coupled differential
equations can be straightforwardly solved to give the change
in mass and metal content of cold gas, hot gas and stars since
the start of the timestep (Appendix B). The model is quite
flexible: its behaviour is determined by specifying how the
functions τ⋆, β and e depend on the properties of the galaxy
and its surrounding halo. We note that compared to the
simple, “closed-box” chemical enrichment model, the yield
is modified by the metal ejection and feedback to produce
an effective yield peff = (1− e)p/(1−R + β) (equation B9),
which is therefore a function of the potential-well depth of

the galaxy. The evolution of the stellar metallicity differs
from the closed-box model because it is affected by both the
ejection of reheated gas and the accretion of cold gas and
associated metals.

4.2.2 Star Formation Law and Feedback Parameterization

In our previous work (e.g. Cole et al. 1994), we specified the
star formation timescale and feedback efficiency in terms of
the circular velocity of the halo in which each galaxy formed,
VH. T he relations we adopted were

τ⋆ = τ 0′
⋆ (VH/300 kms−1)α′

⋆ (4.12)

and

β = (VH/V ′
hot)

−α′

hot . (4.13)

The parameter τ 0′
⋆ , we treated as a free parameter, while the

other three parameters, α′
⋆, V ′

hot and α′
hot, we constrained

by comparing our models to the numerical simulations of
galaxy formation of Navarro & White (1993). These simula-
tions had only one free parameter, the fraction of SN energy
injected as kinetic energy into the interstellar medium. In
order to suppress the formation of low luminosity galaxies,
and thus produce a galaxy luminosity function with a rea-
sonably shallow faint end slope, as observed, we adopted
a fiducial model with very strong feedback for low circular
velocity halos, which we obtained by setting the parameter
values α′

⋆ = −1.5, V ′
hot = 140 km s−1 and α′

hot = 5.5.
The more detailed modelling that we now perform of the

structure of our model galaxies allows us to specify the star

c⃝ 0000 RAS, MNRAS 000, 000–000

R = recycled fraction 

ψ = star formation rate

β =  SN feedback parameter 

p = metal yield 

e = fraction of metals ejected 

White & Frenk ’91, 
Kauffmann et al ‘93  

Cole et al ‘00 
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Free parameters in SA models 

To turn into observables, need extra modelling: dust, morpholgy… 

SFR: τ0, α*;  SN feedback: αhot, Vhot ; AGN feedback: fBH, εSMBH 

à gives mass in stars, gas and metals at all times 

Basic SA model has 6 free parameters (plus IMF):    

SFR & mass ejection 

SFR 

€ 

M
.
BH = fBHψburst +

Lcool
c 2ε SMBH

SN 
feedback 

AGN 
feedback 

Semi-analytics  
SFR timescale 

SN feedback efficiency 

AGN feedback efficiency 
fBH, εSMBH 

White & Frenk ’91; Kauffmann et al ’93; Cole et al. ‘00 
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Free parameters in simulations  

Subgrid physics requires many assumption and parameters 
and there are also numerical parameters   

“Subgrid physics” (i.e. rules for astrophysics below resolution) 

Star formation: ρ > ρth; T<Tth or P=kργ; εSF

                        - kinetic (Δt, εSN,Vwind, β) 

                        - thermal (Δt, εSN,Theat) 

AGN Feedback:         , EBH, Theat , εrad …                           

€ 

M
.
BH

Simulations  

SN feedback 
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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, etc 

•  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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Semi-analytical models 
(1991 - ) 
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SA galaxy formation models: 
successes and failures 

•  The galaxy luminosity fn. in visible/near-IR and stellar mass fn. 
•  Evolution of galaxy luminosity function  

•  Galaxy formation – AGN connection; AGN phenomenology  

•  Galaxy clustering on large scales, e. g.  BAO 

(Some) partial successes: 

•  Scaling relations (TF; sizes; metallicities) 
•  History of cosmic star formation 

•  The galaxy luminosity fn in other bands (inc submm) & its evolutn 

Major successes: 
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Main failures: 
 
•  Environmental dependence of galaxy properties (e.g. colour)  

•  Galaxy clustering on small scales 

•  Galaxy morphology and sizes  

•  Effect of galaxy on DM halo  

•  Chemical abundance ratios 

SA galaxy formation models: 
successes and failures 
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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 

Benson, Bower, Frenk, Lacey, Baugh & Cole ‘03 

Dark halos 
(const M/L) 

galaxies 

The galaxy luminosity function 
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darkh
alos 

Gas cooling only 

Dark halos Gas cools in small halos  
at early times (tcool << tdyn) 

 ⇒ 

Faint end – too many gals 
Bright end – two few gals 

Deconstructing the galaxy LF 

Gas cooling only 

Benson, Frenk, Bower, Lacey, Baugh & Cole ‘03 
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No energy injection, ie:  

     No SN feedback     

Photoionization flattens 
faint end, leaving enough 
gas to make bright gals. 
  (Main effect: gas pressure) 

Deconstructing the galaxy LF 

Benson, Frenk, Bower, Lacey, Baugh & Cole ‘03 

Need additional 
source(s) of feedback 

Cooling + photoionisation 
Gas cooling only  

Photoionization 
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à  Too many bright 
galaxies  

Bright end: 

Faint end: 
Can be explained by  
ü  Reionization 
ü  SNe feedback  

Cooling + photoionisation 
+energy feedback (reheat) 

Need to prevent too 
much gas cooling in 

large halos 

Photoionization+SN feedback 

Deconstructing the galaxy LF 

(see White & Frenk ‘91) 

Benson, Bower,Frenk, Lacey, Baugh & Cole ‘03 
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Faint end: 
Photoionization + 
reheating of cold 
disk gas by SN  

SN feedback+photoionization 

AGN feedback 

Bright end: 
AGN feedback:  

energy transported 
by bubbles   

Croton et al ’06, Bower et al ‘06 

Deconstructing the galaxy LF 
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The galaxy luminosity function 

Lacey et al. ‘15 

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 

z=0 

SDSS 
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SA galaxy formation models: 
successes and failures 

•  The galaxy luminosity fn. in visible/near-IR and stellar mass fn. 
•  Evolution of galaxy luminosity function  

•  Galaxy formation – AGN connection; AGN phenomenology  

•  Galaxy clustering on large scales, e. g.  BAO 

(Some) partial successes: 

•  Scaling relations (TF; sizes; metallicities) 
•  History of cosmic star formation 

•  The galaxy luminosity fn in other bands (inc submm) & its evolutn 

Major successes: 
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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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SA galaxy formation models: 
successes and failures 

•  The galaxy luminosity fn. in visible/near-IR and stellar mass fn. 
•  Evolution of galaxy luminosity function  

•  Galaxy formation – AGN connection; AGN phenomenology  

•  Galaxy clustering on large scales, e. g.  BAO 

(Some) partial successes: 

•  Scaling relations (TF; sizes; metallicities) 
•  History of cosmic star formation 

•  The galaxy luminosity fn in other bands (inc submm) & its evolutn 

Major successes: 
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AGN feedback solves three major problems: 

•  Why is there a bright cutoff in the galaxy luminosity function? 

•  Why are there no cooling flows in clusters ?  

•  Why are the brightest galaxies old, red and elliptical ? 
                           (The “hierarchy” problem) 

AGN Feedback & gal formation 
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1' (z=0.054)Hydra A A2052 (z=0.0348) 

Chandra Gallery of Cluster Cores 

Cooling time of central gas << age of cluster 

⇒ Gas should be cooling radiatively and flowing to the centre 

No evidence for cooling flow -- “cluster cooling flow problem” 

⇒ Something must be heating the gas! 

Perseus (z=0.0183) 



Heinz, Brüggen, Young, Leveque ‚07 



 

Buoyantly rising  bubbles – temperature slice 

Brüggen, Ruszkowski & Hallman (2005) 
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No AGN heating 

AGN feedback and the properties of ellipticals  

The most massive 
galaxies are red, 

elliptical 

Croton et al 05 
log Mstars/Mo 

B
-V

 

Without AGN heating 
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With AGN heating 

No AGN heating 

AGN feedback and the properties of ellipticals  

The most massive 
galaxies are red, 

elliptical 

and old!! 

No AGN heating 

With AGN heating 

Croton et al 05 
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•  Why is there a bright cutoff in the galaxy luminosity function? 

•  Why are there no cooling flows in clusters ?  

•  Why are the brightest galaxies old, red and elliptical ? 
                           (The “hierarchy” problem) 

AGN Feedback & gal formation 

 … and as a bonus, automatically get the MBH – Mstellar relation!  

AGN feedback solves three major problems: 
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Black holes and 
galaxy formation 

B-H mass vs bulge mass 

lo
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log (Mbulge/h-1Mo) 

Data:Haering & Rix 

Colour: halo mass 

Bower et al 06 

BH growth during feeding phase 
steepens slope at large M 

Free parameter: fraction fBH 
of gas accreted by BH 

fBH fixes normalization; 
slope and scatter are free 
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 Semi-analytic modelling: the 
galaxy-QSO connection 

Fanidakis et al. ‘10, 12, 13a 13b 

è luminosity functions (LF) of 
AGN (optical, soft/hard X-rays, 
bolometric) for wide range of 

redshifts (0 < z < 6). 

With an extra layer of modelling, 
can calculate evolution of black 

hole mass, spin and mass 
accretion history  

QSO luminosity function   

QSO Bj LF z~0.5 
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 Semi-analytic modelling: the 
galaxy-QSO connection 

Fanidakis et al.12 

ADAF	
  

Thin	
  disk	
  

Evolution of bolometric 
luminosity of AGN 

Faint end:  mainly AGN 
powered by ADAFs (massive 

BHs accreting in hot halo mode) 

Bright end: mainly AGN 
powered by thin disk 

accretion in *-burst mode  
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 AGN evolution: downsizing 

comoving space density of AGN peaks at z~3 
Including obscuration à faint AGN peak at z<2; bright at z~2-3 

optical soft X-rays  

obscured 
unobscured 

obscured 
unobscured 

Fanidakis et al.12 
z z 
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z = 0   Dark Matter 

Springel et al 05 
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Croton et al 05 

z = 0   Galaxy light 



Springel, Frenk & White  
Nature, April ‘06 

2dFGRS 

SDSS 

CfA 

real 

simulated 



Springel et al 2005 

Power spectrum 
from MS divided by 

a baryon-free 
ΛCDM spectrum 

 
Galaxy samples 

matched to 
plausible large 
observational 

surveys at given z 
z=0 z=1 

z=3 z=7 

DM gals 

Millennium simulation Baryon 
wiggles in 
the galaxy 
distribution  
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ΛCDM model  

ΛCDM convolved 
with window 

Baryon oscillations 
conclusively detected 

in 2dFGRS!!! 

P(k) / Pref(Ωbaryon=0)  

Cole, Percival, Peacock, 
Baugh, Frenk + 2dFGRS ‘05 

 Millennium sim 

Baryon acoustic oscillations in 2dFGRS 

220,000  redshifts 
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Basic galaxy properties  

from Guo et al ‘11 
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The cosmic star formation rate  

GIMIC 

Galform Munich  

data 

Sims &SA in rough 
agreement w data 

Sims tuned to SFR 

SA tuned to z=0 LF 
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z=8 z=10 

unextincted 

w. dust 

z=3 
unextincted 

w. dust 

z=5 

Star forming galaxies  

Evolution of 
Lyman-break 
galaxy lum.  

function 
model  

data 

•  Dust in diffuse medium and 
molecular clouds 

•  Phys. dust grain model +PAHs 

•  Radiative transfer of starlight 
through  clumpy dust medium 

•  Heating of dust grains à dust 
temp. distribution 

•  Grains with distri. of size/T  à 
IR/submm emission   

Absorp0on	
  and	
  emission	
  by	
  dust	
  

Granato, Lacey, Silva, Baugh, 
Bressan, Cole & Frenk ‘00  



University of Durham 

Institute for Computational Cosmology 

Lacey, Baugh, 
Frenk, Benson ‘12 

Evolution of 
Lyman-break 
galaxy lum.  

function 
z=8 z=10 

unextincted 

w. dust 

z=3 
unextincted 

w. dust 

z=5 

model  

data 

t=2.1 Gyr t=1.15 Gyr 

t=0.62 Gyr t=0.46 Gyr 

GALFORM 

Star forming galaxies  
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Normal IMF  

bursts 

quiescent 

total 

Sub-mm counts too low by 
factor ~30 for normal IMF 

Cole et al ‘00 
total 

bursts 

quiescent 

Baugh et al ‘05 

Top-heavy burst IMF  

Top heavy 
IMF in bursts 

Lacey et al 
‘12 

Top heavy IMF 
in bursts 

Sub-mm galaxies 
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Galaxy formation models: 
successes and failures 

Main failures: 
 
•  Environmental dependence of galaxy properties (e.g. colour)  

•  Galaxy clustering on small scales 

•  Galaxy morphology and sizes  

•  Effect of galaxy on DM halo  

•  Chemical abundance ratios 
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Environmental effects 

SDSS data 

M-II red & blue  
Satellites of Milky Way type galaxies  

•  Select MW-like primaries in SDSS 

•  Identify satellites (e.g. Fornax, LMC) 

•  Split sat sample into red/blue 

Models (Galform + Millennium-II) 
fail completely! 

è Important environmental effect(s) 
missing (tidal stripping of gas, induced 

star formation …)? 

Guo, Cole, Eke, Frenk ‘13  
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Galaxy formation models: 
successes and failures 

Main failures: 
 
•  Environmental dependence of galaxy properties (e.g. colour)  
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Mass-dependent galaxy clustering  
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Hydrodynamic simulations 
(2005 - ) 
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Hdyrodynamic  simulations 
• Numerical methods 

•  Smooth particle hydrodynamics (SPH; Gadget, Gasoline) 

•  Adaptive mesh refinement (Ramses, Enzo) 

•  Deformable mesh (Arepo) 

• Volumes   

•  Cosmological representative volumes (~100Mpc)  

•  Calibrated to reproduce the galaxy luminsity function 

• Zooms 

•  Typically one galaxy at a time  

•  Calibrated to reproduce disk morphology or SF efficiency 
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15 kpc 0.3 0.7

Fig. 2.— Left panel: The optical/UV stellar properties of Eris at z = 0. The images, created with the radiative transfer code Sunrise
(Jonsson 2006), show an i, V , and FUV stellar composite of the simulated galaxy seen face-on and edge-on. A Kroupa IMF was assumed.
Right panel: Projected face-on and edge-on surface density maps of Eris’s neutral gas at z = 0. The color bar shows the neutral gas
fraction.

respectively.4 Note that while there is an unsettled dis-
agreement among estimates of the Galaxy’s virial mass5,
Eris is likely 20% less massive than the Milky Way and
therefore the agreement between simulated and observed
kinematic data should be confirmed in future simula-
tions of slightly more massive halos and di�erent accre-
tion histories. Like the Milky Way, however, Eris is o�-
set relative to determinations using various dark halo
mass tracers for late-type disk galaxies by Dutton et al.
(2010), who predict for typical dark matter halos with
V2.2 = 220 km s�1 the ratio V2.2/V200 = 1.11+0.22

�0.20 (2�).

3.4. Gas Content

4 The V2.2/V200 ratios from Smith et al. (2007) and Xue et al.
(2008), were computed by Dutton et al. (2010) from these data sets
after converting di�erent virial mass definitions and for an assumed
Milky Way’s V2.2 = 220 km s�1.

5 Recent estimates of the virial mass of the Milky Way range
from Mvir = 1.0+0.3

�0.2 � 1012 M⇥ from blue horizontal branch kine-

matics (Xue et al. 2008) to 1.2+0.7
�0.4 � 1012 M⇥ from studies based

on the properties of the Large and Small Magellanic Clouds (Busha
et al. 2011).

Eris’ H I mass is MHI = 1.9 � 109 M⇥, comparable
to the H I mass estimated for the Milky Way disk by
Nakanishi & Sofue (2003), but smaller than the value of
⇥ 5�109 M⇥ given by Wolfire et al. (2003). The H I-to-
stellar mass ratio, 1.9� 109 M⇥/3.9� 1010 M⇥ = 0.049,
is equal to the median value observed in the GASS survey
(Catinella et al. 2010) for galaxies of comparable stellar
mass. Eris’ H I disk extends out to about 15 kpc (6 stel-
lar disk scale lengths), similar to the size of the H I disk
of the Milky Way (Nakanishi & Sofue 2003). Clustered
SN explosions create a large number of holes in the face-
on H I distribution of Eris (Fig. 2) due to bubbles of hot
gas expanding perpendicular to the disk. These holes are
mostly located within the bright optical disk and prefer-
entially in regions of high star formation: they are kpc
in size, as observed, e.g., in the nearby low-inclination
spiral galaxy NGC 6946 (Boomsma et al. 2008).
About 6.7 � 109 M⇥ are found in a cold phase below

T = 3 � 104 K. This is comparable to the total mass
of the atomic and warm ionized medium inferred for the
Milky Way (e.g. Ferriére 2001). The gas mass that is
hot (T > 3�105 K) and thus potentially X-ray luminous
is MX = 3.6 � 1010 M⇥, 63% of the total gas content.
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FORMING REALISTIC LATE-TYPE SPIRALS IN A �CDM UNIVERSE: THE ERIS SIMULATION

Javiera Guedes1,3, Simone Callegari2, Piero Madau1, & Lucio Mayer2,3

accepted by the ApJ

ABSTRACT

Simulations of the formation of late-type spiral galaxies in a cold dark matter (�CDM) universe have
traditionally failed to yield realistic candidates. Here we report a new cosmological N -body/smooth
particle hydrodynamic (SPH) simulation of extreme dynamic range in which a close analog of a Milky
Way disk galaxy arises naturally. Termed “Eris”, the simulation follows the assembly of a galaxy halo
of mass Mvir = 7.9� 1011 M⇥ with a total of N = 18.6 million particles (gas + dark matter + stars)
within the final virial radius, and a force resolution of 120 pc. It includes radiative cooling, heating
from a cosmic UV field and supernova explosions (blastwave feedback), a star formation recipe based
on a high gas density threshold (nSF = 5 atoms cm�3 rather than the canonical nSF = 0.1 atoms
cm�3), and neglects any feedback from an active galactic nucleus. Artificial images are generated to
correctly compare simulations with observations. At the present epoch, the simulated galaxy has an
extended rotationally-supported disk with a radial scale length Rd = 2.5 kpc, a gently falling rotation
curve with circular velocity at 2.2 disk scale lengths of V2.2 = 214 km s�1, an i-band bulge-to-disk
ratio B/D = 0.35, and a baryonic mass fraction within the virial radius that is 30% below the cosmic
value. The disk is thin, has a typical H I-to-stellar mass ratio, is forming stars in the region of the
⇥SFR-⇥HI plane occupied by spiral galaxies, and falls on the photometric Tully-Fisher and the stellar
mass-halo virial mass relations. Hot (T > 3 � 105 K), X-ray luminous halo gas makes only 26% of
the universal baryon fraction and follows a “flattened” density profile ⇥ r�1.13 out to r = 100 kpc.
Eris appears then to be the first cosmological hydrodynamic simulation in which the galaxy structural
properties, the mass budget in the various components, and the scaling relations between mass and
luminosity are all consistent with a host of observational constraints. A twin simulation with a low
star formation density threshold results in a galaxy with a more massive bulge and a much steeper
rotation curve, as in previously published work. A high star formation threshold appears therefore key
in obtaining realistic late-type galaxies, as it enables the development of an inhomogeneous interstellar
medium where star formation and heating by supernovae occur in a clustered fashion. The resulting
outflows at high redshifts reduce the baryonic content of galaxies and preferentially remove low angular
momentum gas, decreasing the mass of the bulge component. Simulations of even higher resolution
that follow the assembly of galaxies with di⇤erent merger histories shall be used to verify our results.
Subject headings: galaxies: evolution – halos – kinematics and dynamics – method: numerical

1. INTRODUCTION

The formation of realistic late-type spirals has been a
long standing problem of galaxy formation in a �CDM
universe. Within this framework, baryons condense at
the center of dark matter halos and acquire angular mo-
mentum through tidal torques from nearby structures
(Fall & Efstathiou 1980). A centrifugally-supported
baryonic disk forms, with a size that depends on the
fraction of the original angular momentum that is re-
tained during the contraction. In numerical simulations
of this process, however, a fundamental “angular mo-
mentum problem” arises, as galaxies are produced with
a baryonic component that is quite deficient in angular
momentum compared to real spirals (Navarro & Benz
1991; Navarro & Steinmetz 2000). Aside from artificial
losses of angular momentum caused by insu⌅cient reso-
lution and other numerical e⇤ects (Okamoto et al. 2003;
Governato et al. 2004; Kaufmann et al. 2007), this failure

1 Department of Astronomy & Astrophysics, University of Cal-
ifornia, 1156 High Street, Santa Cruz, CA 95064

2 Institute for Theoretical Physics, University of Zürich, Win-
terthurerstrasse 190, CH-9057 Zürich, Switzerland

3 Institute for Astronomy, ETH Zürich, Wolgang-Pauli-Strasse
27, 8093 Zürich, Switzerland

has traditionally been traced back to the very nature of
the hierarchical buildup of structures: dynamical friction
transfers the orbital angular momentum of merging sub-
structures to the outer halo, and causes the associated
cold baryons to sink to the center of the proto-galaxy and
form a spheroid rather than a disk (e.g. Maller & Dekel
2002).
A popular solution to the angular momentum prob-

lem envisions energy injection from supernovae (SNe)
and evolving stars as a mechanism to prevent e⌅cient
gas cooling and condensation and to remove low angu-
lar momentum material from the central part of galax-
ies. Modern simulations with improved resolution and
more e⇤ective recipes for SN feedback (Robertson et al.
2004; Governato et al. 2007; Scannapieco et al. 2009;
Stinson et al. 2010; Piontek & Steinmetz 2011; Brooks
et al. 2011) have yielded rotationally-supported disks
with realistic exponential scale lengths, not only in galax-
ies formed in relative isolation but also in those that
are accreted by massive groups with a dominant cen-
tral elliptical (Feldmann et al. 2010a,b). They have also
modified the standard picture of gas accretion and cool-
ing onto galaxy disks: for galaxies up to Milky Way
masses, gas acquired through filamentary “cold flows”
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“… simulation in which a 
close analog of a Milky 
Way disk galaxy arises 

naturally”. 

“… first cosmological 
hydrodynamic simulation in 
which the galaxy structural 

properties, the mass budget 
in the various components, 
… are all consistent with a 

host of observational 
constraints.” 

Guedes et al ‘12  



Cold	
  gas	
  distribu0on	
  in	
  two	
  Eris	
  simula0ons	
  from	
  iden0cal	
  ini0al	
  condi0ons	
  
(Guedes	
  et	
  al.	
  2012;	
  also	
  Governato	
  et	
  al.	
  2011,	
  Nature)	
  

This	
  simula0on	
  forms	
  stars	
  at	
  densi0es	
  
n>5	
  cm-­‐3	
  è	
  realis0c	
  gas	
  disk	
  

This	
  simula0on	
  forms	
  stars	
  at	
  
densi0es	
  n>0.1	
  cm-­‐3	
  è	
  small	
  disk,	
  

liMle	
  gas	
  

gas	
  surface	
  density	
  

Galaxy structure & morphology 
Results	
  highly	
  sensi0ve	
  to	
  adopted	
  density	
  threshold	
  for	
  star	
  forma0on	
  

• Density	
  of	
  molecular	
  clouds	
  ~105	
  -­‐	
  06	
  cm-­‐3	
  • Need	
  a	
  beMer	
  physical	
  model	
  for	
  star	
  forma0on	
  in	
  galaxy	
  forma0on	
  simula0ons!	
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What is the purpose of galaxy 
formation simulations?  
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It is NOT to produce a realisitic 
looking galaxy in a computer 
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But to understand physical processes 
responsible for galaxy properties 



 
 

Code name type Feedback (SN) other 

 
Gadget3  

(Springel & Hernquist '02,'03) 

G3 SPH thermal 

G3-BH SPH thermal Black holes (BH) 

G3-CR SPH thermal BH + cosmic rays 

Gadget3 
(Scannapieco et al. '05, '06) G3-CS SPH thermal 

Gadget3 
(Okamoto et al. '10) 

G3-TO SPH thermal+kinetic 

Gadget3 
(Crain et al. '09) 

G3-GIMIC SPH thermal+kinetic 

Gadget3 
(Murante, Monaco et al. '10) 

G3-MM SPH thermal 

Chiaki Kobayashi G3-CK SPH thermal 

GASOLINE GAS SPH thermal 

 
RAMSES 

(Romain Teyssier) 

R AMR thermal 
R-LSFE AMR thermal Low SF efficiency 
R-AGN AMR thermal BH 

Arepo Arepo Moving mesh thermal 

Aquila comparison project: hydro simulation of an Aquarius halo 

Single MW-size halo; different codes; different feedback schemes 
Scannapieco et al. ‘12 



l  Most galaxies are multi-component: 
bulges, disks, bars. 

l  Strength of components varies from 
model to model. 
l  Most (all?) fail to match observations 

 Individual galaxies 

face on 

edge on 
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 The Aquila project:  M* - Mhalo 

•  Aquila galaxies are typically 
too massive, too 
concentrated, and form stars 
much earlier than expected 
for a “Milky Way-like” galaxy. 

•  Simulated galaxies that 
curtailed the early onset of 
star formation did best. 
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•  Aquila galaxies are typically 
too massive, too 
concentrated, and form stars 
much earlier than expected 
for a “Milky Way-like” galaxy. 

•  Simulated galaxies that 
curtailed the early onset of 
star formation did best. 

 The Aquila project: SF rates 
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•  Aquila galaxies are typically 
too massive, too 
concentrated, and form stars 
much earlier than expected 
for a “Milky Way-like” galaxy. 

•  Simulated galaxies that 
curtailed the early onset of 
star formation did best. 

 The Aquila project: rotation curves  
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•  Aquila galaxies are typically 
too massive, too 
concentrated, and form stars 
much earlier than expected 
for a “Milky Way-like” galaxy. 

•  Simulated galaxies that 
curtailed the early onset of 
star formation did best. 

 The Aquila project:  Tully-Fisher reln  
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Hydro simulations of galaxy 
formation 

•  Need a better understanding of “subgrid” models and their effects 

•  Ultimately, replace “subgrid” models by resolved calculations 
(higher resolution)   

è Goal of new generation of hydro simulations 



Millennium Simulation 
L = 500 Mpc/h 

GIMIC region (1 of 5) 
r ~ 20 Mpc/h  

GIMIC galaxy  
  ε = 500 pc/h  

Galaxies-Intergalactic Medium Interaction Calculation




‣  ``Resimulation” of 5 regions from the Millennium simulation including baryons

‣  Covering whole range of environments (voids --> clusters)

‣  OWLS code: SPH, cooling, SF, feedback, chemodynamics

‣  mgas ~106 Msun/h, L* galaxies resolved with 105 particles

‣  Runs to z=0
 Crain et al. (2009)
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The galaxy stellar mass function 

SPH hi res resimulations 
of 5 regions from the 

Millennium run with full 
baryonic physics  

GIMIC project 
No AGN 

Wind launched 
at 600 km/s 

Not enough 
SN feedback 

SDSS 

Hydrodynamics 
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The next generation of galaxy 
formation simulations  

•  “Illustris” −  Arepo (moving mesh)  (Springel, Vogelsberger, …) 

•  “Evolution and Assembly of GaLaxies and their Environments 
(EAGLE)”  − Anarchy (pressure-entropy SPH) (Virgo) 
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The goals of gal. population models 

•  Explore the statistics and interaction of the many processes 
affecting star 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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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  



Galaxy Population Simulations 

• VIA LACTEA 
• COSMOGRID • HACC 

• Three large simulation suites of cosmologically representative volumes 
(~100 Mpc box) have recently been completed 
• Resolution (per galaxy) is worse than individual galaxy simulations, but 
agreement with observation is quite good 

• Massive Black II 
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The “Evolution and assembly of 
galaxies and their environment” (EAGLE)  

simulation project   



Sub-­‐grid	
  schemes	
  in	
  EAGLE	
  
	
  

Star	
  forma0on	
  

ISM	
  turbulence	
  

Supernova	
  
feedback	
  

AGN	
  accre0on	
  

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-­‐ionisa0on	
  

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-­‐analy0c	
  models	
  

Galaxy stellar mass function 

EAGLE 

Comparison	
  to	
  other	
  Hydro	
  simula0ons	
  

EAGLE 

Not a prediction either – sub-grid model adjusted to give match  
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The size vs stellar mass relation 
in EAGLE 

SN feedback model 
adjusted to give 
acceptable sizes 



•  Bondi	
  accre0on	
   •  Realis0c	
  accre0on	
  

Bondi	
  radius	
  (BH	
  
gravity	
  equals	
  gas	
  

pressure)	
  

Material	
  crossing	
  the	
  Bondi	
  radius	
  free-­‐
falls	
  into	
  the	
  black	
  hole	
  

Vθ	
  

Accre0ng	
  material	
  forms	
  a	
  disk	
  at	
  rcirc.	
  	
  
It	
  then	
  flows	
  into	
  the	
  black	
  hole	
  on	
  the	
  

viscous	
  0mescale	
  of	
  the	
  disk	
  

M = MBondi
tBondi
tvisc

⎛
⎝⎜

⎞
⎠⎟
= MBondi

1
Cdisk

cs
vθ

⎛
⎝⎜

⎞
⎠⎟

3

The black hole growth in EAGLE 



Implemen0ng	
  AGN	
  feedback	
  

•  Outline	
  of	
  stochas0c	
  
hea0ng	
  model	
  
–  Avoids	
  spurious	
  cooling	
  
due	
  to	
  lack	
  of	
  resolu0on	
  

–  Always	
  heat	
  gas	
  to	
  a	
  fixed	
  
temperature,	
  but	
  with	
  a	
  
probability	
  that	
  is	
  
dependent	
  accre0on	
  rate	
  

–  NO	
  MODE	
  –	
  hea0ng	
  rate	
  is	
  
the	
  same	
  whether	
  
accre0on	
  is	
  close	
  to	
  
Eddington	
  limit	
  or	
  not.	
  



The	
  life	
  of	
  one	
  black	
  hole…	
  

Long	
  periods	
  without	
  
significant	
  accre0on	
  

Frequent	
  
moderate	
  
accre0on	
  events	
  
•  But	
  not	
  olen	
  

reaching	
  
Eddington	
  

•  Ideal	
  
accre0on	
  
rates	
  for	
  
genera0ng	
  
radio	
  jets	
  

Eddington-­‐limited	
  (quasar-­‐
like)	
  accre0on	
  events	
  

redshil	
  

Ac
cr
e0
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  R
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Eddington	
  accre0on	
  rate	
  

Only	
  one	
  	
  “mode”	
  of	
  accre0on	
  
and	
  feedback.	
  Trends	
  emerge	
  

as	
  a	
  consequence	
  
hydrodynamics!!	
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The colour-mag reln in EAGLE 

Trayford et al ‘15 

Good agreement 
with GAMA data 
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The black hole mass vs stellar 
mass relation in EAGLE 

Normalization fixed 
by assumed 

efficiency of AGN 
feedback  

Schaye et al. ‘15 



University of Durham 

Institute for Computational Cosmology 

The build up of stellar populations over 
cosmic time  
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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=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! 



Galaxy	
  Forma0on	
  	
  
in	
  the	
  Eagle	
  Universe	
  

•  Specific	
  star	
  forma0on	
  rates	
  

z=0.1	
   z=1.0	
   z=2.0	
  

log(M*/Mo)	
   log(M*/Mo)	
  log(M*/Mo)	
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R	
  
[G
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-­‐1
]	
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ifi
c	
  
SF
R	
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-­‐1
]	
  

Furlong	
  et	
  al.	
  arXiv:1410.3485	
  



University of Durham 

Institute for Computational Cosmology 

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 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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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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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! 
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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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Galaxy assemby and the origin of the 
Hubble Sequence? 

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



z=2.5 

z=1 

z=0 
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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 



Trayford	
  et	
  al	
  ‘14	
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Conclusions  

Observational data  
Snapshots of subsets of galaxy 
population at selected epochs 

Theory and modelling 

Description of phenomena 

Understanding in context 
of physics and cosmology   

Prediction of new phenomena 
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•  Plausible explanation of  evolution of dark matter distribution à 
constributed to widespread acceptance of ΛCDM  

•  Identification of main physical processes that determine galaxy 
luminosity function à how DM halos are populated by galaxies 

•  Plausible explanation for build-up and assembly of galaxies  

Conclusions  

Main successes in galaxy formation theory over past 30 yrs: 

These have come mostly from a combination of N-body 
simulations and theory realized through semi-analytic models 
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Modelling massive 
galaxies: prospects  

Semi-anaytic modelling  

-  Star formation – IMF   

-  Interstellar medium: molecular clouds, coupling of SN energy 

-  Metal  production and diffusion 

-  Black hole formation & AGN 
o  accretion disks 
o  BH spin 
o  Jet generation 
o  Magnetic fields 
o  BH-BH mergers, gravity waves 

Keep improving astrophysics modelling  
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Conclusions  

Hydrodynamic simulations have now achieved comparable 
sophistication to semi-analytic models 

Results so far generally confirm earlier conclusions from 
SA models, but open up new theoretical possibilities: 

•  Gaseous phenomena: outflows, inflows, CGM, ICM 

•  Internal structure (morphology?) of galaxies and clusters 
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Hydro simulations of galaxy 
formation: prospects  

Hydrodynamics simulations 

                       Main goals for next few years: 

•  improve hydrodynamics  

•  convert today’s  “sub-grid physics”  à resolved physics   
 

-  Multiphase ISM 

-  Star formation 

-  Feedback: reionization, SN, AGN ... 

-  Tidal and ram pressure stripping of gas 

-  Disk instabilities, secular evolution 

-  Magnetic fields, cosmic rays  



Galaxy formation 
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Hydrodynamics simulations 

•  Better resolution  

-  purely a technological issue 

-  as resolution increases “new physics” are uncovered 

-  is numerical “convergence” achievable or (desirable)? 

•   Better physics   

-  Hydrodyn.: turbulence, fluid instabilities  – Arepo (Springel) 

-  Gas cooling – HI (Kravtsov)  

-  Radiative transfer – (several groups)  

-  Magnetic fields, cosmic rays  – (Pfrommer, Springel)   

n  already exists 

n in progress 

n don’t hold your breath 

Hydro simulations of galaxy 
formation: prospects  
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•  Better astrophysics  

-  Star formation – IMF   

-  Interstellar medium: molecular clouds, coupling of SN energy 

-   Metal  production and diffusion 

-  Black hole formation & AGN 

n  already exists 

n in progress  

n don’t hold your breath 

o  accretion disks 
o  BH spin 
o  Jet generation 
o  Magnetic fields 
o  BH-BH mergers, gravity waves 

Hydrodynamics simulations 

? 

Hydro simulations of galaxy 
formation: prospects  


