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A flavour of how current simulations are set up, and the 
problems that can be addressed with them.



* Expectation management *

Two main options:

1) Attack the myriad problems relating to the evolving, 
coarse properties of galaxies in a cosmological context.

2) Try to model colder, denser gas (and the associated 
additional physics) in idealised cases or individual zooms. 

All models incorporate compromises. No single model will 
ever reproduce all observable properties of the population.

To model a representative galaxy population, we have to 
impose phenomenology when gas cools toT~104K, at 
densities of nH~0.1 cm-3, i.e. the photoionised ISM. 
The Jeans length of such gas is L~1kpc. Galaxy structure 
(esp. vertically) and kinematics will be unavoidably coarse.



Gas inflow 

Gas outflow 

Star formation

gas inflow = star formation + gas outflow

Whilst star-forming….



BH accretion = BH growth + rest mass-driven outflow

On the road to quenching…



Consequences of these eqns.
To predict the stellar mass of galaxies, we need to know the 
efficiency of the SF-driven feedback.

To predict the black hole mass of galaxies, we need to know 
the efficiency of AGN feedback.

The efficiencies are determined by ISM microphysics: ab initio 
calculation is way beyond the scope of current simulations. 

The only recourse is to calibrate the efficiencies, c.f. EAGLE, 
Horizon-AGN, IIlustris.



How well can we calibrate?





Schaye, RAC+ (2015)
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The numerical laboratory



Silk & Mamon (2012)





Varying SF-driven 
feedback efficiency 
by a factor of 2 has a 
dramatic influence 
on broad range of 
scaling relations.

RAC+ (2015)

Recall that this shifts 
the balance between 
star formation and 
gas ejection.

Relations have 
significant scatter:
Focussing on zooms 
alone precludes 
examination of the 
origin of scatter, and 
offers no guarantee 
the candidate galaxy 
is representative.



Matthee, RAC+ (2016)

Scatter in galaxy scaling relations

At fixed halo mass, galaxies form more stars 
if the halo collapses at higher redshift (and 
so has a higher concentration). 
More time for stars to form, and the potential 
is deeper, making feedback less efficient.

Halo mass is a relatively poor ‘predictor’ of 
stellar mass: the scatter in Mstar at fixed Mhalo 
is significantly reduced if predicted from a fit 
to the Mstar with some velocity-based 
quantity. 
This is because such quantities are a 
combination of both mass and 
concentration.



Changing faces



Trayford, RAC+ (2015)



Trayford, RAC+ (2016)

1) Disc galaxy remaining in the blue cloud (blue circles)
2) Quenching galaxy migrating onto the red sequence (red triangles);
3) Red sequence galaxy rejuvenating into the blue cloud (green squares).

The diverse pathways by which faces change



EAGLE enables the changing faces of galaxies to be traced over cosmic time

EAGLE’s red sequence 
emerges at z~1, characterised 
by galaxies of low sSFR.
The blue cloud evolves reward 
in response to falling sSFRs.

The red sequence builds up from both ends, indicating that low- 
and high-mass galaxies are quenching co-temporally. Why?

Trayford, RAC+ (2016)



Trayford, RAC+ (2016)

The high-mass passive 
galaxies host massive BHs. 
The reddest examples have 
the most massive BHs.

The low mass passive 
galaxies are predominantly 
satellites, implying 
environmental quenching.



Trayford, RAC+ (2016)

The low mass passive 
galaxies are predominantly 
satellites, implying 
environmental quenching.

The high-mass passive 
galaxies host massive BHs. 
The reddest examples have 
the most massive BHs.



When the Eddington rate of BH 
becomes sufficient1, it to regulate its 
own growth, and that of the entire 
galaxy,  by heating gas that cools out 
of the hot halo to high entropy.
c.f COSMOS growth timescale measurements by 
Ilbert+ (2016), shown as black contours.
1Ledd scales as mBH

BHs grow when feedback 
from star formation is no 
longer able to eject low-j 
gas from galaxy haloes.

A hot, diffuse corona of 
low-j gas builds in 
massive haloes, 
efficiently feeding the BH.

Bower, RAC+ (2016)

BHs are the nemesis of galaxy growth!



Trayford, RAC+ (2016)

The low mass passive 
galaxies are predominantly 
satellites, implying 
environmental quenching.

The high-mass passive 
galaxies host massive BHs. 
The reddest examples have 
the most massive BHs.



Marasco, RAC+ (2016)
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Environmental influences on atomic gas in present-day galaxies.
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Environmental influences on atomic gas in z~0 galaxies.

Bahe & McCarthy (2015) show that 
the mass of gas stripped from 
satellites galaxies in hydro 
simulations is ~twice the quantity 
expected from the classical Gunn 
& Gott calculation.

Winds driven by internal feedback 
processes puff up the gas 
distribution, drastically lowering its 
gravitational restoring force.
c.f. Nichols & Bland-Hawthorn (2011)



Marasco, RAC+ (2016)

A quantitative prediction for how today’s HI-poor galaxies lost their gas.
Most common cause (across all redshifts) is satellite-satellite encounters
Looking only at z=0 stripping, ram pressure dominates.



Mackereth, RAC+ (in prep)

The assembly of the Galaxy and its chemical structure.

High-alpha stars form early in the 
bulge, low-alpha stars form later 
and are mostly in the disc.

Find bimodality of [alpha/Fe] at fixed [Fe/H], 
as seen in APOGEE (Hayden+ 2015), in ~25% 
of EAGLE’s MW-mass galaxies.



Barber, RAC+ (2016)

EAGLE has a population of galaxies with BHs that 
are outliers from MBH-M* relation, as observed.

Two formation mechanisms: stripping of stellar mass 
in satellites (left, c.f M60-UCD1), and early formation 
and rapid growth of the BH (above, c.f NGC1277?).

The most dramatic outliers experience both processes.

Tidally-stripped galaxies

Early growers



Img: Adrien Thob (LJMU)

The circumgalactic medium



Tumlinson+ (2011)

COS-Halos reveals a striking correlation between galaxy’s 
sSFR and the collissionally-ionized oxygen in its CGM



Oppenheimer, RAC+ (2016)

Simulations highlight that the correlation is not causal!

Low-sSFR galaxies in COS-Halos occupy more massive haloes. 

The column density of all oxygen rises linearly with Mhalo, but the fraction 
in the form of OVI plummets above ~1012Msun: it becomes OVII!

EAGLE indicates that the oxygen was put into the CGM at z~1.





Thanks to the 
organisers for 
a great week!



Summary
Cosmological simulations are the premier tool with which to 
connect & interpret multi-epoch observations of galaxy evolution.

We are primarily limited by our limited understanding of the 
physics of feedback associated with stars, SNe and BHs.

Detailed studies of internal structure and kinematics await the 
development of cosmological simulations with a multiphase 
ISM. Nonetheless, for many applications this is not problematic.

We are getting to grips with making data public and accessible to 
the community (some better than others!), enabling the widest use 
these models - often in ways we didn’t envisage. 

However, calibrating feedback efficiencies enables the 
reproduction of wide range of observed galaxy and IGM scaling 
relations: a new era for the realism of cosmological models.


