
W H I C H  S T E L L A R  F E E D B A C K  
M O D E L  I S  T H E  B E S T ?

G R E G  S T I N S O N  ( M P I A  H E I D E L B E R G )



T H E  G O A L

• We want to form beautiful 
galaxies with the right 
amount of stars

Behroozi+ (2013)



O U T L I N E

• Matching Stellar Mass Function 

• ISM Model basics 

• Cooling 

• Star formation 

• Feedback:  Kinetic vs. Thermal 

• Feedback Timing 

• Outstanding Issues 

• Hybrid Models



S T E L L A R  M A S S  F U N C T I O N

• luminosity translated 
to stellar mass 

• Different shape from 
halo mass function!

D R I V E R +  ( 2 0 0 9 )



A B U N D A N C E  M AT C H I N G

• Star formation is low 
efficiency at all masses 
(25-35% of baryons at peak: 
MW mass) 

• Efficiency drops to low and 
high masses

Guo+ (2010)K R AV T S O V +  ( 2 0 1 4 )

S TA R  
F O R M AT I O N  
E F F I C I E N C Y



O V E R C O O L I N G
M U G S  S T I N S O N  E T  A L ( 2 0 1 0 )

T O O  M A N Y  S TA R S  F O R M P R I M A R I LY  I N  T H E  C E N T E R



3  PA R T S  T O  I S M  M O D E L

• Gas Cooling 

• Star formation 

• Energetic Feedback



G A S  C O O L I N G

Dopita & Sutherland 
104 K minimum 

(Eris)

Low temperature cooling 
from Cloudy 

includes effects of radiation 
fields (e.g. Shen+ 2010)



S TA R  F O R M AT I O N  C R I T E R I A

• Density threshold 

• EAGLE: 0.1 cm-3 

• Governato: 100 cm-3 

• Hopkins: 104 cm-3 

• Gnedin & Kravtsov:  Molecular H2 

• Star formation efficiency 

• 2% - 100% (Hopkins);  see Agertz & Kravtsov (2015) 10%

ṀSF = c★ Mgas / tff



S TA R S  F O R M  F R O M   
C O O L ,  D E N S E  G A S
T M A X =  1 5 0 0 0  K ;  N M I N =  1 0  C M - 3  ( R E S O LV E D  D E N S I T Y )  
I N H E R I T  K I N E M A T I C S  A N D  C H E M I S T R Y  F R O M  PA R E N T  G A S

H O T  H A L O

D I S K  G A S

50x105 M☉
(310 pc)3

nth= 10 cm-3

nth=

highest
resolved
density



S TA R  F O R M AT I O N  R E C I P E  D O E S N ’ T  
M AT T E R :   H O P K I N S  ( 2 0 1 3 )



A M I L L I O N  
1 0 5 M ☉  

G A S  
PA R T I C L E S  

I N  R V I R

Z O O M  I N I T I A L  C O N D I T I O N S



H O W  D O  W E  M O D E L  S T E L L A R  
F E E D B A C K ?

• Ideally, stellar feedback should do 3 things 

• Limit star formation 

• Provide turbulence     for the disk 

• drive outflows

One of our
particles

100 pc

105 M☉



H O W  D O  W E  M O D E L  S T E L L A R  
F E E D B A C K ?

• Problems 

• Dense gas cools 
fast  (tcool < tdyn) 

• Small amount of 
hot gas has a large 
dynamical impact 

• How do you drive 
observed outflows?

One of our
particles

100 pc

105 M☉



K I N E T I C  F E E D B A C K
T U R N  O F F  H Y D R O D Y N A M I C S  F O R  A  S H O R T  T I M E  A F T E R  

PA R T I C L E  K I C K E D

Star 
forms

Gas
kicked
out

Gas may
cool back

to disk



K I N E T I C  F E E D B A C K
from Ben

Oppenheimer



T H E R M A L  F E E D B A C K

L I M I T  C O O L I N G  W H I L E  S N I I  E X P L O D E  
T H E R M A L  P R E S S U R E  C A U S E S  O U T F L O W S

Cooling
disabledStar 

forms



1522 M. Vogelsberger et al.

Figure 1. Simulated present-day dark and baryonic matter structures. Top panel: DM mass distribution in a slice (21.3 Mpc thickness, 106.5 Mpc width)
centred on the most massive halo. Lower panels: gas distribution shown in density, temperature, entropy, and velocity. On the right in the top panel we show
(from top to bottom): X-ray emission of hot intracluster gas; thermal SZ signal; and the distribution of metals in the gas (all within one virial radius). The
central circle shows the expected annihilation signal from self-annihilating DM particles within three virial radii. On the left in the top panel we present optical
images (g, r, i SDSS broad-band filter composites) of the central galaxy of the cluster (top) and a random disc field galaxy (bottom).
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528 J. Schaye et al.

Figure 1. A 100 × 100 × 20 cMpc slice through the Ref-L100N1504 simulation at z = 0. The intensity shows the gas density while the colour encodes the
gas temperature using different colour channels for gas with T < 104.5 K (blue), 104.5 K < T < 105.5 K (green), and T > 105.5 K (red). The insets show regions
of 10 cMpc and 60 ckpc on a side and zoom into an individual galaxy with a stellar mass of 3 × 1010 M⊙. The 60 ckpc image shows the stellar light based on
monochromatic u-, g- and r-band SDSS filter means and accounting for dust extinction. It was created using the radiative transfer code SKIRT (Baes et al. 2011).

the rates element by element, we account not only for variations
in the metallicity, but also for variations in the relative abundances
of the elements.

We caution that our assumption of ionization equilibrium and
the neglect of local sources of ionizing radiation may cause us to
overestimate the cooling rate in certain situations, e.g. in gas that
is cooling rapidly (e.g. Oppenheimer & Schaye 2013a) or that has
recently been exposed to radiation from a local AGN (Oppenheimer
& Schaye 2013b).

We have also chosen to ignore self-shielding, which may cause us
to underestimate the cooling rates in dense gas. While we could have
accounted for this effect, e.g. using the fitting formula of Rahmati
et al. (2013b), we opted against doing so because there are other
complicating factors. Self-shielding is only expected to play a role
for nH > 10−2 cm−3 and T ! 104 K (e.g. Rahmati et al. 2013b),

but at such high densities the radiation from local stellar sources,
which we neglect here, is expected to be at least as important as the
background radiation (e.g. Schaye 2001; Rahmati et al. 2013a).

4.2 Reionization

Hydrogen reionization is implemented by turning on the time-
dependent, spatially uniform ionizing background from Haardt &
Madau (2001). This is done at redshift z = 11.5, consistent with the
optical depth measurements from Planck Collaboration I (2013).
At higher redshifts we use net cooling rates for gas exposed to the
CMB and the photodissociating background obtained by cutting the
z = 9 Haardt & Madau (2001) spectrum above 1 Ryd.

To account for the boost in the photoheating rates during reion-
ization relative to the optically thin rates assumed here, we inject

MNRAS 446, 521–554 (2015)
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I L L U S T R I S  
K I N E T I C

E A G L E  
T H E R M A L



I L L U S T R I S  
K I N E T I C

E A G L E  
T H E R M A L



E A G L E  D E TA I L S need helping blowing  
up dense things



F E E D B A C K  G A S  I N  P H A S E  
S I M U L AT I O N  D I A G R A M

D E L A Y  C O O L I N G  B A S E D  O N  B L A S T W A V E  E Q U A T I O N S  ( S T I N S O N +  
2 0 0 6 )

Hot Halo

Disk gas



T H E R M A L  F E E D B A C K  I N  
P H A S E  D I A G R A M S T I N S O N +  ( 2 0 0 6 )

Blastwave 
Eris 

NIHAO

C O O L I N G   
O F F

C O O L I N G  
O N



T H E R M A L  F E E D B A C K  I N  
P H A S E  D I A G R A M

C O O L I N G   
O F F

C O O L I N G  
O N

D A L L A V E C C H I A 
&  S C H AY E  ( 2 0 1 2 )

All SN energy 
from 1 star  

particle 
input at the  
same time



G A S  P H A S E S

Blastwave
Dalla Vecchia & Schaye 

(EAGLE)



A B U N D A N C E  M AT C H I N G  E V O L U T I O N

• Observed Luminosity Function evolution

Behroozi+ (2013)



A B U N D A N C E  M AT C H I N G  E V O L U T I O N

• star formation histories are mass dependent: 

• little galaxies form stars late

M O S T E R +  ( 2 0 1 3 )

H I G H  M A S S L O W  M A S S

B I G  B A N G

star
formation

T O D AY

star
accretion



see also Guo, Qi+ (2011)
Behroozi+ (2012)



T U R N  U P  F E E D B A C K
1 0 0 %  S U P E R N O VA  E F F I C I E N C Y  ( 1 0 5 1  E R G )



S U P E R N O VA  F E E D B A C K
A  H O L E

Supernovae



E TA  C A R I N A E
<  3  M Y R  O L D ,  B U T  S TA R S  A L R E A D Y  T E A R I N G  G A S  A PA R T



from Agertz+ 
(2012)



P R E - S N  S T E L L A R  
F E E D B A C K
A  S O L U T I O N

Supernovae

Early Stellar
Feedback





SN + ESF: MaGICC Strong SN only

Low SN FB:  MUGS
Gas
Stars



NiHAO: 100galaxies



1 0 0 G A L A X I E S  P R O J E C T L .  WA N G +   
( 2 0 1 5 )



T H E  D I S C  T H I C K N E S S  P R O B L E M  
R O S K A R  ( 2 0 1 4 )



T H E  D I S C  T H I C K N E S S  P R O B L E M  
R O S K A R  ( 2 0 1 4 )



T H E  D I S C  T H I C K N E S S  P R O B L E M  
R O S K A R  ( 2 0 1 4 )



B O V Y +  
( 2 0 1 2 )

O B S E R V E D  M W  T H I C K  D I S K



S T I N S O N  E T  A L ( 2 0 1 3 )



B E T T E R  B E H AV E D  R A M S E S  F E E D B A C K

Agertz &  
Kravtsov 

(2014)

10 Myr 
Efb 

dissipation 
time scale



Q U E N C H I N G  C E N T R A L  S TA R  
F O R M AT I O N  AT  H I G H  M A S S E S



G A L A X Y  S I Z E S



“ T H E R M A L ”  I S  P R O B A B LY  W R O N G  K I N D  
O F  E N E R G Y

• Dissipates on the cooling timescale:  10,000 yr at SF 
densities 

• There are other forms of energy that decay more 
slowly: 

• cosmic rays 

• turbulence 

• magnetic fields



K E L L E R +  ( 2 0 1 4 )

• Energy reservoir dissipates according to resolution



H Y B R I D  M O D E L S

F I R E  
H O P K I N S +  

( 2 0 1 4 )

Small scale kinetic from 
radiation pressure 

Also thermal

A U M E R  
S C A N N A P I E C O  

2 0 1 3

Decoupled gas phases 
+ 

Radiation Pressure



C H A R A C T E R I S T I C S  O F  S U C C E S S F U L  
M O D E L S

• Use 100% of available SN energy 

• Distribute energy locally and immediately 

• Add an early contribution from stellar winds or 
radiation pressure


