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Feedback in the Milky Way 

more than 5000 IR bubbles identified in the ‘Milky Way project’ based on Spitzer imaging

Can we better understand how massive stars impact the ISM and 
regulate galaxy formation by heating, enrichment, outflows etc.?


Multi-scale and multi-physics problem: which algorithms should 

we use in large-scale simulations? 




HII regions in the Milky Way 

o  Ionization and winds from massive stars heat and shape the ISM 
– deposition of energy 



SN remnants in the Milky Way 

o  SN expel gas at 1000 – 3000 km/s and drive shocks into the ISM 

o  Particles are accelerated to relativistic energies (Krymsky 1977; Axford 
et al. 1977; Bell 1978a,b; Blandford & Ostriker 1978) – mostly protons

Ackermann et al. 2013 Nikolic et al. 2013  



Ionization from massive stars
Ionization theory is well 
developed with good 
simulations on small 
scales (e.g. Mellema et al. 
2006; Kessel—Deynet & Burkert 
2000, 2001, Gritschneder et al. 
2009; Walch et al. 2012)

Massive stars ionize, heat 
and shape the ISM – 
inefficient kinetic energy 
transfer   

Small clouds ≈104 solar 
masses are dispersed by 
ionizing radiation alone 
(Walch et al. 2012)

Walch et al. 2012, see T. Bisbas



Sedov-Taylor blast waves 

o  Sedov-Taylor blast waves (30% kinetic energy, 70% thermal energy) 
are well studied (e.g. Chevalier 1974, McKee & Ostriker 1977, Ostriker & McKee 
1988) 

o  Significant fraction of the SN energy is radiated early – rapid onset 
of the snow plough phase – inefficient feedback, but pre-ionisation 
and cloud structure matters (Walch & Naab 2013)



Feedback from massive stars 

Walch & Naab 2013
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Feedback from massive stars 
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Ionization might set the stage for an efficient
coupling of the SN explosion…
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rapid leakage and
heating of the cloud 
environment 



Feedback from massive stars 
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‘SN driven’ winds in other galaxies 

o  Strong bi-polar outflows (200 – 500 km/s) at rates similar to the 
star formation rate are detected in all star forming galaxies and 
mergers (up to z ≈ 2) starbursts (e.g. Heckmann et al. 1990; Martin 2005; 
Martin et al. 2012, Sturm et al. 2011 …)





Winds in high-redshift star forming galaxies 

o  Strong outflows in high redshift (z ≈ 2-3) galaxies and enrichment 
with metals expelled to large (100kpc) radii (Steidel et al. 1996; Pettini et 
al. 2000, 2001; Weiner et al. 2009; Steidel et al. 2010)

o   Outflow is spatially resolved at locations of high star formation 
(Newman et al. 2012)



Newman et al. 
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Kennicutt (1998)

Relation between gas and star formation

Universal ‘Schmidt law’ and a simple physical motivation

 Silk & Elmegreen (1997)

ΣSFR ~
Σgas
τ dyn,orb



Bigiel et al. 2008, 2011, Leroy et al. 2008, 2013, Daddi et al. 2010, Genzel et al. 2010
see however Saintonge et al. 2011 – shorter depletion time for low-mass galaxies

Relation between gas and star formation



Springel et al. 2003, Schaye & Dalla Vechia 2008 

The ‘golden rule’ for galaxy formation simulations

Springel et al. 2003

Schaye & Dalla Vechia 2008 

The implemented sub-resolution star formation module, applied to disk galaxy 
models has to agree with the Schmidt-Kennicutt relation - and there have to 
be winds…  



‘Kinetic’ wind models 

o  Galactic wind from SN explosions - either decoupled (e.g. Springel & Hernquist 

2003, Oppenheimer & Dave 2006, Vogelsberger et al. 2013) or coupled (e.g. Dalla Vechia & Schaye 2008, 
Hopkins  et al. 2011,2012,2013)

o  Decoupling leads to higher wind speeds and more extended hot 
atmospheres – depending on the implementation (see Dalla Vecchia & Schaye 2008)
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‘Thermal’ wind models 

o  Too much gas is heated to too low temperatures with too low cooling 
times – heat less gas to higher temperatures  (Dalla Vecchia & Schaye 2012)

o  Class of ‘delayed-cooling’ models (Stinson et al. 2006,2013) and multi-phase 
models (Scannapieco et al. 2006, Murante et al. 2010, Monaco et al. 2012, Aumer et al. 2013)  



Naab et al. in prep.



Attempts to include more physics 
o  High-resolution (pc) 

numerical simulations 
with model to 
including HII regions, 
stellar winds, 
radiation pressure and 
SN explosions (Hopkins 
et al. 2011,12,13) 

o  Radiation pressure 
has a stronger impact 
on massive galaxies – 
significant mass-
loading 

o  Intermediate mass 
galaxies are most 
affected by SN 
explosionsHopkins et al. 2011 



Attempts to include more physics 

Hopkins et al. 2011 

Simple gravitational collapse model 
in 104 K ISM using sink particles 
(Li, MacLow & Klessen  2006) 



Attempts to include more physics 

o  Numerical model to include momentum from stellar winds, 
radiation pressure and SN explosions 

o  “Detailed impact depends sensitively on the implementation and 
the choice of parameters”

o  Overall similar to adiabatic models…  Agertz et al. 2013 



‘SN driven’ winds - models 

o  Cosmic ray driven winds  naturally drive bi-polar outflows with 
outflow rates similar to the star formation rate – even in the absence 
of thermal/kinetic input (e.g. Hanasz et al. 2009, Dorfi & Breitschwerdt 2012, 
Uhlig et al. 2012) 

Hanasz, Lesch & Naab 2013



Cosmic ray driven winds 

Hanasz, Lesch & Naab et al. 2013



o Spectacular events observed across the Universe – most prominently gas can be 
transported efficiently to galactic centers to trigger starbursts or feed nuclear 
black holes (Barnes & Hernquist 1991, Barnes & Hernquist 1996, Mihos & 
Hernquist 1996, Springel et al. 2005)

Galaxy mergers 



Mergers of disks embedded in hot halos

o Most galaxy merger simulations 
exclude gas accretion from a hot 
gaseous halo 

o Continuous accretion can support 
a constant star formation rate over 
long time-scales 

o More realistic setup makes star 
formation during the burst less 
important 

o Complicated interactions between 
SN-driven winds and halo 

Moster et al. 2013



How efficient is star formation in mergers? 

o The amount of ‘extra’ stars made during a merger depends strongly on 
the feedback physics – in some cases a merger can reduce the amount of 
stars formed during coalescence (Moster et al. 2011)



How efficient is star formation in mergers? 

o Hopkins et al. star formation model 
applied to galaxy mergers

o Multi-phase super-winds with outflow 
rates up to 1000 M/yr  and high 
mass-loading set mostly by the 
properties of the initial disks

o Wind speeds up to 1000 km/s 

Hopkins et al. 2013, see also Teyssier et al. 2011 



Springel, et al. 2005, Hopkins et al. 2005, 2006, 2007, 2008, 2009

•  Rapid BH growth and starburst at final merger

•  Post merger star formation and BH accretion  
quenched by AGN feedback


•  Red and dead on a short timescale (Springel et al., 2005)

•  Amplitude of starburst is reduced by AGN feedback


Black hole formation and feedback



Black hole growth in mergers

More unequal-mass mergers do not make a big difference to the SFR  
Choi et al.  2012, 2013, see deBuhr et al. 2010, 2011, 2012 for an alternative momentum implementation  

Johansson et al. 2009



Merging is not the main driver for star formation?!

o  Galaxies actively forming stars live on a well defined, tight, relation at least 
since z = 2-3 and account for almost all the star formation in the Universe 
(Daddi et al. 2007; Elbaz et al. 2007; Noeske et al. 2007) 

o  Mergers – with extremely high star formation rates – are outliers and not 
the main driver for star formation

Wuyts et al. 2011



o Mergers influence galaxy evolution

o At low redshift (z ≈ 0 - 1) 5% to10% of 
the galaxies undergo mergers (e.g. Lin 
et al. 2004, Cassata et al. 2005, Lotz et al. 2008)

o At high redshift (z > 1) the fraction is 
higher at 10% to  30%  (e.g. Lotz et al. 
2008, Conselice et al. 2008) 

o Antennae galaxies are the best-
studied local major merger system

o   …and are an ideal laboratory to 
study galaxy properties ISM 
evolution, and star & cluster 
formation in galactic mergers.

The Antennae galaxies: A key to galactic evolution 



The Antennae galaxies: A key to galactic evolution 
o RAMSES simulation of an 

interacting system looking like the 
Antennae galaxies 

o Higher resolution leads to an 
increase of the star formation 
efficiency (Teyssier et al. 2010, talk by F. 
Renaud) 



(Whitmore et al. 2010)

Central morphology after second encounter   

Karl et al. 2010/2013



The IR starburst in the Antennae galaxies 
o Detection of an off-nuclear star-

burst in mid-IR (e.g. Mirabel et al. 
1998, Wang et al. 2004, Brandl et 
al. 2005) and FIR (Klaas et al. 
2010)

o Antennae are a special – and 
notoriously difficult to model - 
system where the overlap 
starburst is outshining the nuclei

o Other candidates: Arp 140 (Cullen 
et al. 2007), II Zw 096 (Inami et al. 
2010), NGC 6240 (Tacconi et al. 
1999, Engel et al. 2010)

o Simulations can be used to 
constrain model implementations 
for star formation 

Karl et al. 2013


