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Stellar feedback in cosmological simulations
A stellar population/particle of mass m*, +IMF,  + Mstar-Z-age relation (e.g. Bertelli et al. 
1994), gives us a time resolved release of:

Energy:

Momentum: 

Mass loss: 

Metals: 

All rates are calibrated on the stellar evolution code  STARBURST99 (Leitherer et al. 
1999).  See also Hopkins et al. (2012, 2014), Brook et al. (2012), Ceverino et al. (2013).
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• Cosmic ray feedback (Booth et al. 2013) +ĖCR

• All simulations performed using the Adaptive-Mesh-Refinement 
(AMR) code RAMSES (Teyssier 2002)

Agertz et al. (2013)
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The initial momentum injection rates from SNe, stellar winds and radiation pressure are roughly equal

IR photon trapping? Warm/hot dust? Stability of feedback accelerated 
shells? (Krumholz & Thompson 2013) ṗrad = ⌧

L

c

Supernovae explosions undergoing a successful adiabatic Sedov-Taylor phase, 
will also boost momentum (e.g. Cioffi et al.1988, Blondin et al. 1998)

pST = MSTvST ⇡ 2.6⇥ 105 E16/17
51 n�2/17

0 M� km s�1 pST ⇠ 10 pSNII

The success of momentum generation depends on environment, e.g. cooling in unresolved 
shocks. Thornton et al. (1998), Cho & Kang (2008) and Krausse et al. (2013) found that only 10-20% 
of thermal energy is converted into kinetic energy.  A large number of studies just in the past year 
has studied momentum generation: Martizzi et al. (2015), Kim & Ostriker (2015), Vasiliev et al. 
(2015), Simpson et al. (2015), Gatto et al. (2015), Walch et al. (2015), Haid et al. (2016) etc.

Momentum generation



Thermal feedback is inefficient in galaxy formation simulations; the gas cooling 
time in dense gas is short.

Feedback energy injection/evolution

Successful implementations of thermal feedback usually assume an extended period of 
adiabatic evolution (Gerritsen 1997, Stinson et al. 2006, Governato et al. 2010, Agertz et al. 
2011, Guedes et al. 2011).  Alternatively, one may find ways of depositing the energy 
outside of star forming regions (runaway stars, Ceverino & Klypin 2010), by enforcing large 
temperature jumps via selective energy deposition (Dalla Vecchia & Schaye 2013) or 
explicitly modeling super bubbles. (Keller, Wadsley et al. 2014)

tdis = 10Myr

We evolve a fraction of the feedback energy using a second energy equation (Agertz et 
al. 2013, 2015).  This field provides extra pressure to the gas. See also Teyssier et al. (2013), 
Birnboim et al. (2015).

ffb = 10%� 50%



•Milky Way-like progenitor, 
M200=1012 Msun at z=0.

•Force/hydro resolution: 
50-100 pc.

•Accounts for energy and 
momentum feedback via 
radiation pressure, stellar 
winds and supernovae, as 
well as associated 
enrichment and mass loss 
processes.

•Star formation based on 
local abundance of H2 
(Krumholz et al. 2009, 
Gnedin et al. 2009, Kuhlen 
et al. 2012, Christensen et 
al. 2014).

Cosmological zoom-in simulations of galaxy formation 

Agertz & Kravtsov (2015 & 2016)
⇢̇? = fH2✏↵

⇢gas
t↵



Star formation in Milky 
Way-like galaxies is 
expected to be highly 
suppressed for the first 
3 billion years!

“Milky Way-like 
galaxies form ~90% of 
stellar mass after 
z~2.5”

Leitner (2012), Behroozi 
et al. (2013), van 
Dokkum et al. (2013)

Star formation histories
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Semi-empirical data for a 1012 Msun halo from Behroozi et al. (2013)

No feedback -> 
star formation rate ~ gas accretion rate



Internal properties differ significantly!

Fiducial, z=0

Strong feedback, z=0   
(5xESNII)

Weak feedback, z=1.5

15 kpc

 face-on, with dust  edge-on, w/o dust

SDSS mockups (g,r,i) 
Agertz & Kravtsov (2016)

+

- Cosmic star formation histories
- Stellar mass - halo mass relation
- Stellar mass - gas metallicity 

relation + evolution
- Kennicutt-Schmidt relation
- Flat rotation curves
- M-r1/2 relation
- Surface density of stars/gas vs 

local spirals



Thin and thick disks at z=0

v/�(r = 8kpc) ⇠ 10� 20

The Milky Way @ Rsun 
(Bovy et al. 2012)

Stellar rotational velocity/ 
vertical velocity dispersion Rotational velocity of young stars

Appears when dx <50-100 pc. In the current model, only 1/3 of the disk mass is in a kinematically thin disk.

Fiducial, z=0

Strong feedback, z=0   
(5xESNII)

Weak feedback, z=1.5

15 kpc

 face-on, with dust  edge-on, w/o dust

(Agertz & Kravtsov 2015)



Galactic winds as emergent phenomena (not put in by hand!)

(ṁwind/SFR)� vcircMass-loading:
Measured at r=20 kpc for v>0

Fiducial, z=0

Strong feedback, z=0   
(5xESNII)

Weak feedback, z=1.5

15 kpc

 face-on, with dust  edge-on, w/o dust

Fiducial, z=0

Strong feedback, z=0   
(5xESNII)

Weak feedback, z=1.5

15 kpc

 face-on, with dust  edge-on, w/o dust
vwind � vcirc

Observations:
- Schwartz & Martin (2004)
- Rupke et al. (2005)

Wind velocities:

vw / vvir



Galaxy sizes (Agertz & Kravtsov 2016)

Weak/no feedback

Observational data from Misgeld & Hilker (2011), Leroy et al. (2008), 
Zhang et al. (2012), Bernardi et al. (2012). Szomoru et al. (2013)

Lines = evolutionary 
tracks of simulations 
(z=7 to 0)

r / M0.3
?

Fiducial, z=0

Strong feedback, z=0   
(5xESNII)

Weak feedback, z=1.5

15 kpc

 face-on, with dust  edge-on, w/o dust

Fiducial, z=0

Strong feedback, z=0   
(5xESNII)

Weak feedback, z=1.5

15 kpc

 face-on, with dust  edge-on, w/o dust



Surface density profiles 
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• Exponential stellar 
surface density 
profiles are recovered, 
with a normalization 
in agreement with 
local spirals

• The bulge component  
is prominent! This 
galaxy is roughly of Sa 
type.

• What drives the disc 
Hubble sequence?

Fiducial, z=0

Strong feedback, z=0   
(5xESNII)

Weak feedback, z=1.5

15 kpc

 face-on, with dust  edge-on, w/o dust

Fiducial, z=0

Strong feedback, z=0   
(5xESNII)

Weak feedback, z=1.5

15 kpc

 face-on, with dust  edge-on, w/o dust

(Agertz & Kravtsov 2016)

(Agertz & Kravtsov 2016)

Leroy et al. (2008)
(McMillan 2011)



Disk instabilities/bars vs. feedback

• Angular momentum loss 
occurs inside the discs due 
to instabilities (fragmentation, 
spiral arms and bars). 

• The role of stellar feedback 
for the angular momentum 
content is two-fold:

1.expulsion of low-angular 
momentum gas from centers 
of galaxies (e.g. Brook et al 
2009) 

2.maintain of a low baryon 
fraction content via outflows 
in the disc to quench bar 
formation. This is ‘easier’ for 
low mass spirals.

Disc baryon fraction (gas + stars) vs time.

Bulge forms
Prone to bar 
formation

Overcooling model

Fiducial, z=0

Strong feedback, z=0   
(5xESNII)

Weak feedback, z=1.5

15 kpc

 face-on, with dust  edge-on, w/o dust

Fiducial, z=0

Strong feedback, z=0   
(5xESNII)

Weak feedback, z=1.5

15 kpc

 face-on, with dust  edge-on, w/o dust

Fiducial, z=0

Strong feedback, z=0   
(5xESNII)

Weak feedback, z=1.5

15 kpc

 face-on, with dust  edge-on, w/o dust

Efstathiou, Lake & Negroponte (1982), Christodoulou et al. (1995), Mo, Mao & White (1998) 



Coming back to the subgrid recipes…

tdis = 10Myr

• A bit unsatisfactory to have a 
free timescale and energy 
injection fraction to tune. A 
more proper subgrid model for 
these parameters would look 
like the Keller et al. (2014, 
2016) super bubble model.

• Properties of ISM/CGM are 
sensitive to the implementation 
of thermal feedback.

ffb = 10%� 50%

noFB all all DCt40 all Eturbt10
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• A slew of studies just in the 
past year : Martizzi et al. 
(2015), Kim & Ostriker 
(2015), Vasiliev et al. (2015), 
Simpon et al. (2015), Gatto et 
al. (2015), Walch et al. (2015), 
Haid et al. (2016) etc.

• The total momentum that 
SNe inject into the 
interstellar medium depends 
on local density, turbulence 
properties etc, but doesn’t 
change by more than a 
factor of ~ a few.

Momentum generation from SNe

- Unresolved/embedded SNe are initialized in 
the momentum-conserving phase (<3 rcool)

- Resolved SNe (~98%) are initialized in the 
energy conserving phase

Test of Kim & Ostriker (2015) approach in a 106 Msun cloud

pST ⇡ 2.6⇥ 105 E16/17
51 n�2/17

0 M�km s�1

(Neglects CRs)

1 kpc



Star formation rates in cosmological simulations
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Agertz & Kravtsov (2015, 2016)

No feedback

SNII momentum
(a la Kim & Ostriker 2015)

see also Hopkins et al. (2014)

Semi-empirical data for a 1012 Msun halo from Behroozi et al. (2013)
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ABSTRACT

We present “The H i Nearby Galaxy Survey (THINGS),” a high spectral (!5.2 km s−1) and spatial (∼ 6′′)
resolution survey of H i emission in 34 nearby galaxies obtained using the NRAO Very Large Array (VLA). The
overarching scientific goal of THINGS is to investigate fundamental characteristics of the interstellar medium
(ISM) related to galaxy morphology, star formation, and mass distribution across the Hubble sequence. Unique
characteristics of the THINGS database are the homogeneous sensitivity as well as spatial and velocity resolution
of the H i data, which is at the limit of what can be achieved with the VLA for a significant number of
galaxies. A sample of 34 objects at distances 2 " D " 15 Mpc (resulting in linear resolutions of ∼100 to
500 pc) are targeted in THINGS, covering a wide range of star formation rates (∼10−3 to 6 M⊙ yr−1), total
H i masses MHI (0.01 to 14 × 109 M⊙), absolute luminosities MB (–11.5 to –21.7 mag), and metallicities (7.5 to
9.2 in units of 12+log[O/H]). We describe the setup of the VLA observations, the data reduction procedures,
and the creation of the final THINGS data products. We present an atlas of the integrated H i maps, the
velocity fields, the second moment (velocity dispersion) maps and individual channel maps of each THINGS
galaxy. The THINGS data products are made publicly available through a dedicated webpage. Accompanying
THINGS papers (in this issue of the Astronomical Journal) address issues such as the small-scale structure
of the ISM, the (dark) matter distribution in THINGS galaxies, and the processes leading to star formation.
Key words: galaxies: ISM – galaxies: structure – ISM: atoms – ISM: general – radio lines: galaxies – surveys

Online-only material: tarball tables

1. INTRODUCTION
For the past few decades studies of the atomic interstellar

medium (ISM), via observations of the 21 cm line of atomic
hydrogen (H i), have proven to be fundamental for our under-
standing of the processes leading to star formation, the dynam-
ics and structure of the ISM, and the (dark) matter distribution,
thereby touching on major issues related to galaxy evolution.
Since the detection of the H i line (whose forbidden hyperfine
structure line had been predicted by van de Hulst in 1945), this
line has been used as the “workhorse” for studies of the atomic
gas in our own and other galaxies. One of its benefits is that, in
contrast to optical or UV radiation, H i emission does not suf-
fer from extinction by interstellar dust. In addition, its Doppler
shift provides information about the velocity of the emitting gas.
This provides important information on the physical properties
of the interstellar gas and the associated kinematics of the ISM.
Furthermore, 21 cm emission is (under most circumstances) op-
tically thin; this means that the total amount of H i seen along
a particular line of sight (H i column density) can be converted
directly into an H i mass density and, integrated over an entire
galaxy, a total H i mass.

Early studies, using single-dish telecopes (yielding resolu-
tions of ∼10′), naturally concentrated on performing detailed
studies of the Galaxy and obtaining some global measurements
of other nearby systems. Only after radio interferometers came
into operation, did it become feasible to obtain detailed, spa-
tially resolved H i images of external galaxies. However, given
the intrinsically low surface brightness of the H i emission, large
collecting areas are needed, in particular if high-resolution (<1′)
imaging is desired.

Ever since the first pioneering observations with large inter-
ferometers in the late 1970s, many galaxies have been mapped
with ever increasing resolution and sensitivity (see, e.g., Bosma
1981a, 1981b; Brinks & Bajaja 1986; Begeman 1987; Kamphuis
et al. 1991; Puche et al. 1992; Braun 1995; Staveley-Smith et al.
1997; Walter & Brinks 1999; Kim et al. 1999; de Blok & Walter
2000; Verheijen & Sancisi 2001; Walter & Brinks 2001; Ott
et al. 2001; Walter et al. 2002; Swaters et al. 2002). Although
remarkable progress has been achieved in these studies, the lack
of high-resolution H i observations in a significant sample of
nearby galaxies precludes a systematic study of the physical
characteristics and dynamics of the atomic ISM.

This paper describes The H i Nearby Galaxy Survey
(THINGS) which was obtained at the Very Large Array (VLA)
of the National Radio Astronomy Observatory.6 The goal of
THINGS was to obtain high quality observations of the atomic
ISM of a substantial sample of nearby galaxies, covering a wide
range of Hubble types, star formation rates, absolute luminosi-
ties, and metallicities to address key science questions regard-
ing the ISM in galaxies. A key characteristic of the THINGS
database is the homogeneous sensitivity, as well as spatial and
velocity resolution that is at the limit of what can be achieved
in studies of extragalactic H i with the VLA. Most of the galax-
ies in THINGS were drawn from the Spitzer Infrared Nearby
Galaxies Survey (SINGS; Kennicutt et al. 2003), a multiwave-
length project designed to study the properties of the dusty ISM

6 The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated
Universities, Inc.
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Table 1. Summary of our analysed sample of galaxies from THINGS

Galaxy Distance Inclination MHI MH
2

M
?

Global HI beam H2 beam
SFR width width

[Mpc] [�] [108M�] [108M�] [108M�] [M�yr�1] [pc] [pc]

NGC 628 7.3 7 38.0 8.3 37.15 1.21 240 389
NGC 3521 10.7 73 80.2 26.5 602.56 3.34 425 570
NGC 4736 4.7 41 4.0 4.1 218.78 0.43 136 250
NGC 5055 10.1 59 91.0 36.2 575.44 2.42 263 538
NGC 5457 7.4 18 141.7 19.8 107.15 1.49 269 394
NGC 6946 5.9 33 41.5 32.0 91.20 4.76 173 314

Column 2-4: Value taken from Walter et al. (2008), Column 5: Calculated from Column 3, Table 5 of Walter et al. (2008) and Table 3 Column 7 of Leroy et al. (2009), Column 6: Values taken from Table
1, Column 8 of Skibba et al. (2011), Column 7: Values taken from Table 1, Column 10 of Skibba et al. (2011), Column 8: calculated using information from Walter et al. (2008) Column 9: calculated using
information from Leroy et al. (2009)

rate using the following equation,

⇢̇

?

= fH
2

⇢g

tSF
, (1)

where fH
2

is the local mass fraction of molecular hydrogen (H2),
⇢g is the gas density in a cell, and tSF is the star formation time
scale of molecular gas. The fraction of molecular hydrogen in a
cell is a function of the gas density and metallicity and is computed
using the KMT09 model (Krumholz et al. 2008; Krumholz et al.
2009). The star formation time scale is related to the local effi-
ciency of star formation in a computational cell of a given density;
following Krumholz & Tan (2007), we can write this time scale
as tSF = t↵,SF/✏↵,SF, where t↵,SF =

p
3⇡/32G⇢g is the local

free-fall time of the star forming gas and ✏↵,SF is the local star for-
mation efficiency per free-fall time. We adopt ✏↵,SF = 1%� 10%

in this work, see § 2.3. In every cell, Eq. 1 is sampled using a Pois-
son process (see e.g. Dubois & Teyssier 2008), where resulting star
particles are assumed to have an internal stellar mass distribution
according to a Chabrier (2003) initial mass function (IMF). At the
time of formation star particles have an initial mass of 300M�,
and can lose up to ⇠ 40% of their mass over a Hubble time due to
stellar evolution processes.

Several processes contribute to the stellar feedback budget, as
stars inject energy, momentum, mass and heavy elements over time
via SNII and SNIa explosions, stellar winds and radiation pres-
sure into the surrounding gas. Metals injected by supernovae and
stellar winds are advected as a passive scalar and are incorporated
self-consistently in the cooling and heating routine. Furthermore,
we adopt the SN momentum injection model recently suggested by
Kim & Ostriker (2015) (see also Martizzi et al. 2014; Gatto et al.
2014; Simpson et al. 2014). Here we consider a SN explosion to be
resolved when the cooling radius1 is resolved by at least three grid
cells (rcool � 3�x). In this case the explosion is initialized in the
energy conserving phase by injecting the relevant energy (1051 erg
per SN) into the nearest grid cell. If this criterion is not fulfilled, the
SN is initialized in its momentum conserving phase, i.e. the total
momentum generated during the energy conserving Sedov-Taylor
phase is injected into to the 26 cells surrounding a star particle. It
can be shown (e.g. Blondin et al. 1998; Kim & Ostriker 2015) that
at this time, the momentum of the expanding shell is approximately
pST ⇡ 2.6⇥ 10

5
E

16/17
51 n

�2/17
0 M� km s

�1.

1 the cooling radius scales as rcool ⇡ 30n�0.43
0 (Z/Z� +0.01)�0.18 pc

for a supernova explosion with energy ESN = 10

51 erg (e.g. Cioffi et al.
1988; Thornton et al. 1998; Kim & Ostriker 2014)

2.3 Simulation suite

We carry out numerical simulations of Milky Way (MW), Large
Magellanic Cloud (LMC) and Small Magellanic Cloud (SMC)-like
galaxies. The initial conditions (ICs) feature a stellar disk, stellar
bulge, gaseous disk and dark matter halo. We set up the particle dis-
tributions following the approach by Hernquist (1993) and Springel
(2000) (see also Springel et al. 2005), assuming an exponential sur-
face density profile for the disk, a Hernquist bulge density profile
Hernquist (1990), and an NFW dark matter halo profile (Navarro
et al. 1997). The characteristics of these galaxies are presented in
Table 2, and we use 106 particles for both the NFW halo and stellar
discs, with the same mass resolution in the bulge component as in
the disc. We initialize the gaseous disc on the AMR grid assuming
an exponential profile, and assume the galaxies to be embedded in
a hot (T = 10

6
K), tenuous (n = 10

�5
cm

�3) corona enriched to
Z = 10

�2
Z�, while the discs have the abundances given in Table

2. The galaxies are simulated in box of size Lbox = 600 kpc, and
run with 17 levels of adaptive mesh refinement (see § 2.2), allowing
for a finest grid cell size of �x ⇠ 4.6pc.

The MW models use the initial conditions (ICs) from Agertz
et al. (2013), see also Kim et al. (2014), and the LMC and SMC
were modelled using the characteristics presented in Table 1 of
Besla et al. (2010). We note that the MW analogue was designed to
have characteristics of a typical Sb-Sbc galaxy in order to facilitate
a comparison with the THINGS spiral galaxy sample. The LMC and
SMC models allows us to study how the ISM is influence by stelar
feedback in low mass galaxies, and will be compared both to previ-
ous numerical studies (e.g. Bournaud et al. 2010) and observations
(e.g. Stanimirovic et al. 1999).

As we aim to understand the effect of stellar feedback in shap-
ing the ISM, we run simulations of each galaxy type with and
without stellar feedback. For the no feedback models (denoted
‘noFB’) we adopt a local star formation efficiency per free-fall
time of ✏↵ = 1%, motivated by the results of Krumholz & Tan
(2007). This low efficiency leads to a galaxy matching the em-
pirical ⌃SFR � ⌃gas (Kennicutt-Schmidt, KS) relation (Kennicutt
1998; Bigiel et al. 2008), as shown by Agertz et al. (2013), and im-
plicitly assumes regulated star formation, albeit without the explicit
action of stellar feedback. In contrast, in the stellar feedback reg-
ulated galaxy models (denoted ‘FB’) we adopt a larger efficiency,
✏↵ = 10%, allowing for feedback to regulate star formation back to
the observed low efficiencies, while shaping the ISM in the process.

c� 0000 RAS, MNRAS 000, 000–000

Integrated HI map

Walter et al. (2008)
+

Leroy et al. (2009)

Can current feedback models reproduce the 
density and velocity structure of the cold ISM?



 Spatial resolution of a few parsec (tests with 2, 4 and 16 pc) (gas/star mass resolution 
~1000/500 Msun)

 The galaxies are evolved with and without stellar feedback for 0.5 Gyr

 We compute surface density and kinetic energy power spectra (simulated data 
convolved with Gaussian, data is padded by 3x the domain etc) 

 Molecular hydrogen model based on Krumholz, Mckee & Tomlinson (2009)

Galaxy simulations



Gas temperature

Gas density

Grisdale, Agertz et al. (in prep)

Galaxy simulations



Galaxy simulations



Observed surface density power spectra
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see also e.g .Begum et al. 2006; Block et al. 2010; Bournaud et al. 2010; Pilkington et al. 2011, Combes et al. 2012; Dutta & Bharadwaj 
2013; Dutta et al. 2008, 2009a,b, 2010, 2013; Elmegreen et al. 2001; Stanimirovic et al. 1999; Zhang et al. 2012, Walker et al. 2014 



• Small scales (< 1kpc) are 
feedback regulated.

• Large scales are sensitive 
to the initial conditions. 
Adding an extended 
diffuse HI distribution 
brings large scale P(K) 
closer to observations.

• However, galaxies such as 
NGC 6946 have a higher 
fraction of dense HI gas 
and may fit the no 
feedback case better.

⌃HI = 10M� pc�2

Simulated surface density power spectra



• Turning on/off feedback 
shifts feedback driven 
result closer to non-
driven result on small 
scales (cloud formation)

Simulated surface density power spectra



Kinetic energy spectra of HI field

E(k) = ⇡(2k)(D�1)hPw(~k)i

w =
p
⌃vlos,HI

E(k) /
k �

2

• Feedback driven simulation in 
good agreement with local 
spirals

• Weak/no feedback models 
underestimates large scale 
power

• In progress: sensitivity to star 
formation recipes, variations 
in feedback models (incl. RT,  
cosmic rays) etc.
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3D energy spectra
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• Burgers like turbulence on scales 
< disc thickness. 

• Stellar feedback is necessary to 
sustain this. Large scale driving 
only fails as gas is trapped in 
dense clouds. 

Ekin = 4⇡k2hPw(~k)i E(k) / k�2

w =
p
⇢v



Effective driving scale of turbulence

Feedback

No feedback

e.g. Joung, Mac Low & Bryan (2009)

• Stellar feedback yields 
large effective driving 
scales (~1 kpc)

• Without feedback, Ld~ 
few 100 pc (cloud-cloud 
interactions?)

[pc]



Vortical vs. solenoidal modes



Next step: zooming in on star formation Rey-Raposo, Agertz et al. (in prep)



 Modern feedback models are able/designed to reproduce global properties of 
galaxies vs. redshift (stellar mass, disc sizes, metal content etc), but should also be 
tested against internal (ISM) properties

 Feedback (here a la Kim & Ostriker 2015) is necessary to match the observed 
density and energy structure of the ISM. 

 Large scale (kpc) galactic driving of turbulence might dominate (large driving 
scale), but is sustained by stellar feedback via GMC dissolution/gas recycling.

Conclusions

NGC 6946
THINGS (Walter et al. 2008)

vs.

Integrated HI


