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(Heiderman et al. 2010; Lada et al. 2010; Gutermuth et al. 2011; Kennicutt & Evans 2012) 

Universal star formation “law”? 

Scatter? 
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Federrath (2013); Salim et al. (2015) 

Physical Variations in the Star Formation Law → Turbulence 

→ Scatter caused by variations in the TURBULENCE 
     (Mach number, driving, etc.)  
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Carina Nebula, NASA, ESA, N. Smith (University of California, Berkeley), and The Hubble Heritage Team (STScI/AURA), and NOAO/AURA/NSF 

Turbulence        Stars        Feedback 

Turbulence is key for Star Formation 

Dynamics 
(shear) 

(Federrath & Klessen 2012; Federrath et al. 2016) 

Turbulence driven by 
 
 

 - Shear 
 

 - Jets / Outflows 
 

- Cloud-cloud collisions 
 

 - Winds / Ionization fronts 
 

 - Spiral-arm compression 

 - Supernova explosions 
 
 

 - Gravity / Accretion 

Solenoidal 

 
Compressive 

Magnetic Fields 
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Turbulence driving – solenoidal versus compressive 

Solenoidal driving Compressive driving 

∇⋅f = 0 ∇x f = 0 

Star Formation depends on how turbulence is driven 
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Turbulence driving – solenoidal versus compressive 

(Federrath 2013, MNRAS 436, 1245: Supersonic turbulence @ 40963 grid cells) 

solenoidal driving compressive driving 

Compressive driving produces stronger shocks and density enhancements 

Movies available: http://www.mso.anu.edu.au/~chfeder/pubs/supersonic/supersonic.html 
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22 Federrath et al.: Turbulence forcing in simulations and observations

Fig. 4. Volume-weighted density PDFs p(s) of the logarithmic density s = ln(ρ/ ⟨ρ⟩) in linear scaling (top panel), which displays the peak best,
and in logarithmic scaling (bottom panel) to depict the low- and high-density wings. The PDF obtained from compressive forcing (10243 comp)
is significantly wider than the solenoidal one (10243 sol). The peak is shifted to lower values of the logarithmic density s, because of mass
conservation, defined in eq. (11). The density PDF from solenoidal forcing is compatible with a Gaussian distribution. However, there are also
non-Gaussian features present, which are associated with intermittency effects. These are more prominent in the density PDF obtained from
compressive forcing, exhibiting statistically significant deviations from a perfect log-normal (fit using eq. 10 shown as dashed lines). A skewed
log-normal fit (dash-dotted lines) given by eq. (14) provides a better representation, but still does not fit the high-density tail of the PDF obtained
for compressive forcing. Both the PDF data obtained from solenoidal and compressive forcing are best described as log-normal distributions with
higher-order corrections defined in eq. (17), which take into account both the non-Gaussian skewness and kurtosis of the distributions. These fits
are shown as solid lines (skew-kurt-log-normal fit). The first four standardised moments defined in equations (13) of the distributions in ρ and s
are summarised in Table 1 together with the fit parameters. The grey shaded regions indicate 1-σ error bars due to temporal fluctuations of the
distributions in the regime of fully developed, supersonic turbulence. A total number of 10243 × 81 ≈ 1011 data points contribute to each PDF.

The density PDF → Star Formation 

 
Density PDF 

comp 

sol 

Federrath et al. (2008, 2010);  
Price et al. (2011); Konstandin et al. (2012); 
Molina et al. (2012); Federrath & Banerjee 
(2015); Nolan et al. (2015) 

b = 1/3 (sol) 
b = 1  (comp) 

log-normal: 

Vazquez-Semadeni (1994); Padoan et al. (1997); 
Ostriker et al. (2001); Hopkins (2013) 

(Federrath et al. 2010) 
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The density PDF → Star Formation 

Kainulainen, Federrath, Henning (2014, Science) 

Active star formation No star formation 

The decisive density structure of molecular
clouds is encapsulated in the function p(s) de-
scribing the probability of a volume dV to have a
log density between [s, s + ds]—the r-PDF. In
current understanding, the r-PDF is determined
by supersonic turbulence that induces a log-normal
r-PDF (6–9):

pðsÞ ¼ 1

ss
ffiffiffiffiffi
2p

p e
ðs−mÞ2

2s2s ð2Þ

where m and ss are the mean and width, respec-
tively. The r-PDF width is linked to the turbulent

gas properties through s2s ¼ ln 1þ b2M 2
s

b
bþ1

" #

(10), whereMs (sonic Mach number) is a measure
of the turbulence energy, b is a parameter related
to the turbulence driving mechanism (9), and b
is the ratio of thermal to magnetic pressures.

Despite their decisive role for star forma-
tion, the r-PDF function and the critical density
are not observationally well-constrained. Instead,
studies have measured their two-dimensional
(2D) counterparts: the column density PDFs
(11, 12) and the column density threshold of
star formation (13, 14). We must, however, ac-
cept that these cannot be used in the theories
based on Eq. 1 because of the nontrivial trans-
formation between the volume and column den-
sities (15, 16). An analytic technique to estimate
r-PDFs from column densities exists (16) but is
not widely applied because of its stringent re-
quirements for the isotropy of the data. A tech-
nique exploiting molecular line observations also
exists (17), but it samples the r-PDF sparsely,
hampering the determination of its shape. To
overcome the problem, some studies have de-
rived SFRs using the mean densities of the clouds
instead (18). Even though reasonably successful
in predicting SFRs, the approach does not con-
nect the processes shaping the ISM to SFRs as
directly as do the theories using Eq. 1. Consequently,
exactly how those processes control star forma-
tion remains unknown.

Tomake progress, we developed an approach
to estimate the r-PDF functions and the critical
density from column density data (19). We rep-

resent the data as a set of hierarchical, 3D struc-
tures. First, we decompose the column density
maps with wavelet filtering so as to describe the
structure at different spatial scales. Then, sub-
stantial structures are identified at the different
scales, and their 3D geometries are modeled
with prolate spheroids. We chose this shape based
on tests against numerical simulations (19). It
allows modeling of both elongated, filament-like
structures that are common in molecular clouds,
and near-spherical shapes that represent small-
scale, clumpy structures. The inclination angles
of the spheroids are not known and are assumed
to be zero. This leads to a high uncertainty in the
densities of individual structures, but we show
that when averaged over numerous structures,
the r-PDF is reconstructed reasonably well (sup-
plementary text). The masses of the structures
are calculated from the column densities at their
respective scales. Last, the hierarchical cloud struc-
ture is modeled by placing the overlapping struc-
tures inside each other’s, allowing modeling of
complicated, asymmetric structures. The volumes
(dV) and masses—and hence densities (dr)—of
all structures are known, which yields the r-PDF.

We tested the technique with 14 numerical sim-
ulations ofmagneto-hydrodynamic, self-gravitating
turbulence (19, 20). The r-PDFs are reasonably
well recovered under various physical condi-
tions (figs. S5 to S10) (19). The important r-PDF
parameters, the mean and width, have about 10
and 20% uncertainty, respectively (supplemen-
tary text).

With this technique in hand, we derived r-
PDFs for molecular clouds. As observational
data, we used column density maps derived from
dust extinction mapping (11). We derived r-PDFs
for 16 molecular clouds closer than 260 pc
(Fig. 1 and figs. S1 to S3). The derived r-PDFs
probe the range of volume densities from 80 to
5 × 104 cm−3. The sensitivity of our technique
decreases above ~3 × 104 cm−3 because the ex-
tinction maps cover a limited dynamic range of
column densities (19). The r-PDFs closely fol-
low log-normal functions, as predicted with tur-
bulence theory (Eq. 2), and their widths vary
between ss = [1.2, 2.0] (table S1).

Having quantified the r-PDFs, we can estab-
lish the relationship between the clouds’ density
structure and their star-formation activity. As a
measure of this activity, we adopted the number
of young stellar objects,NYSO, in the clouds (19).
This number was used to estimate the mean star-

formation surface densities, SSFR ¼ NYSO <M>
A%2My ,

where A is the cloud area, 2 million years (My) is
the star-formation time scale (13, 14, 21), and
<M> = 0.5 M⊙ is the mean stellar mass. We
show that the r-PDF widths correlate with SSFR
(Fig. 2A). This correlation invokes two possi-
ble interpretations. One is that the clouds’ den-
sity structures evolve with time, characterized
by the widening of their r-PDFs and consequent
increase of SSFR. Another interpretation is that
the initial conditions of cloud formation set the
clouds’ density structures, which then control the
SSFR. Distinguishing between these scenarios
with the available observational data is difficult
(supplementary text).

Once we had quantified the r-PDFs and as-
sessed their relation to star formation, we could
estimate the critical density of star formation.
Our sample includes three clouds on the verge
of star formation; they have either formed only
one star, or no stars at all. Themean of the highest
log densities probed by the r-PDFs of these clouds
is s = 4.2 T 0.3, which corresponds to a volume
density of (5 T 2) × 103 cm−3 (19). This thresh-
old does not depend strongly on the spatial res-
olution of the data we used (19). We interpreted
these values as the critical densities in the clouds
of our sample, noting that cloud-to-cloud varia-
tions may exist (5). Previously, the critical volume
density based on analyses of observed column
densities has been suggested to be ~104 cm−3

(13) and (6.1 T 4.4) × 103 cm−3 (22) in nearby
clouds. The observational estimates of the crit-
ical density are generally smaller than analyt-
ical model predictions that indicate (2 to 5) ×
104 cm−3 (5). The reason for this discrepancy re-
mains unknown.

The r-PDFs and critical density allow us
to infer the SFE of star-forming gas. Following

Fig. 1. r-PDFs of two
molecular clouds. (A) The
star-formingSerpens South
cloud. (B) The non–star-
forming Chamaeleon III
cloud. The solid lines show
fits of log-normal mod-
els. Dark brown indicates
the star-forminggas. Light
brown indicates the ma-
jor structures enveloping
star-forming gas. Green
indicates the relatively
nonstructured gas.
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The decisive density structure of molecular
clouds is encapsulated in the function p(s) de-
scribing the probability of a volume dV to have a
log density between [s, s + ds]—the r-PDF. In
current understanding, the r-PDF is determined
by supersonic turbulence that induces a log-normal
r-PDF (6–9):
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where m and ss are the mean and width, respec-
tively. The r-PDF width is linked to the turbulent
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(10), whereMs (sonic Mach number) is a measure
of the turbulence energy, b is a parameter related
to the turbulence driving mechanism (9), and b
is the ratio of thermal to magnetic pressures.

Despite their decisive role for star forma-
tion, the r-PDF function and the critical density
are not observationally well-constrained. Instead,
studies have measured their two-dimensional
(2D) counterparts: the column density PDFs
(11, 12) and the column density threshold of
star formation (13, 14). We must, however, ac-
cept that these cannot be used in the theories
based on Eq. 1 because of the nontrivial trans-
formation between the volume and column den-
sities (15, 16). An analytic technique to estimate
r-PDFs from column densities exists (16) but is
not widely applied because of its stringent re-
quirements for the isotropy of the data. A tech-
nique exploiting molecular line observations also
exists (17), but it samples the r-PDF sparsely,
hampering the determination of its shape. To
overcome the problem, some studies have de-
rived SFRs using the mean densities of the clouds
instead (18). Even though reasonably successful
in predicting SFRs, the approach does not con-
nect the processes shaping the ISM to SFRs as
directly as do the theories using Eq. 1. Consequently,
exactly how those processes control star forma-
tion remains unknown.

Tomake progress, we developed an approach
to estimate the r-PDF functions and the critical
density from column density data (19). We rep-

resent the data as a set of hierarchical, 3D struc-
tures. First, we decompose the column density
maps with wavelet filtering so as to describe the
structure at different spatial scales. Then, sub-
stantial structures are identified at the different
scales, and their 3D geometries are modeled
with prolate spheroids. We chose this shape based
on tests against numerical simulations (19). It
allows modeling of both elongated, filament-like
structures that are common in molecular clouds,
and near-spherical shapes that represent small-
scale, clumpy structures. The inclination angles
of the spheroids are not known and are assumed
to be zero. This leads to a high uncertainty in the
densities of individual structures, but we show
that when averaged over numerous structures,
the r-PDF is reconstructed reasonably well (sup-
plementary text). The masses of the structures
are calculated from the column densities at their
respective scales. Last, the hierarchical cloud struc-
ture is modeled by placing the overlapping struc-
tures inside each other’s, allowing modeling of
complicated, asymmetric structures. The volumes
(dV) and masses—and hence densities (dr)—of
all structures are known, which yields the r-PDF.

We tested the technique with 14 numerical sim-
ulations ofmagneto-hydrodynamic, self-gravitating
turbulence (19, 20). The r-PDFs are reasonably
well recovered under various physical condi-
tions (figs. S5 to S10) (19). The important r-PDF
parameters, the mean and width, have about 10
and 20% uncertainty, respectively (supplemen-
tary text).

With this technique in hand, we derived r-
PDFs for molecular clouds. As observational
data, we used column density maps derived from
dust extinction mapping (11). We derived r-PDFs
for 16 molecular clouds closer than 260 pc
(Fig. 1 and figs. S1 to S3). The derived r-PDFs
probe the range of volume densities from 80 to
5 × 104 cm−3. The sensitivity of our technique
decreases above ~3 × 104 cm−3 because the ex-
tinction maps cover a limited dynamic range of
column densities (19). The r-PDFs closely fol-
low log-normal functions, as predicted with tur-
bulence theory (Eq. 2), and their widths vary
between ss = [1.2, 2.0] (table S1).

Having quantified the r-PDFs, we can estab-
lish the relationship between the clouds’ density
structure and their star-formation activity. As a
measure of this activity, we adopted the number
of young stellar objects,NYSO, in the clouds (19).
This number was used to estimate the mean star-

formation surface densities, SSFR ¼ NYSO <M>
A%2My ,

where A is the cloud area, 2 million years (My) is
the star-formation time scale (13, 14, 21), and
<M> = 0.5 M⊙ is the mean stellar mass. We
show that the r-PDF widths correlate with SSFR
(Fig. 2A). This correlation invokes two possi-
ble interpretations. One is that the clouds’ den-
sity structures evolve with time, characterized
by the widening of their r-PDFs and consequent
increase of SSFR. Another interpretation is that
the initial conditions of cloud formation set the
clouds’ density structures, which then control the
SSFR. Distinguishing between these scenarios
with the available observational data is difficult
(supplementary text).

Once we had quantified the r-PDFs and as-
sessed their relation to star formation, we could
estimate the critical density of star formation.
Our sample includes three clouds on the verge
of star formation; they have either formed only
one star, or no stars at all. Themean of the highest
log densities probed by the r-PDFs of these clouds
is s = 4.2 T 0.3, which corresponds to a volume
density of (5 T 2) × 103 cm−3 (19). This thresh-
old does not depend strongly on the spatial res-
olution of the data we used (19). We interpreted
these values as the critical densities in the clouds
of our sample, noting that cloud-to-cloud varia-
tions may exist (5). Previously, the critical volume
density based on analyses of observed column
densities has been suggested to be ~104 cm−3

(13) and (6.1 T 4.4) × 103 cm−3 (22) in nearby
clouds. The observational estimates of the crit-
ical density are generally smaller than analyt-
ical model predictions that indicate (2 to 5) ×
104 cm−3 (5). The reason for this discrepancy re-
mains unknown.

The r-PDFs and critical density allow us
to infer the SFE of star-forming gas. Following

Fig. 1. r-PDFs of two
molecular clouds. (A) The
star-formingSerpens South
cloud. (B) The non–star-
forming Chamaeleon III
cloud. The solid lines show
fits of log-normal mod-
els. Dark brown indicates
the star-forminggas. Light
brown indicates the ma-
jor structures enveloping
star-forming gas. Green
indicates the relatively
nonstructured gas.
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Statistical Theory for the 
Star Formation Rate: 

Unfolding the Laws of Star Formation:
The Density Distribution of
Molecular Clouds
Jouni Kainulainen,1* Christoph Federrath,2 Thomas Henning1

The formation of stars shapes the structure and evolution of entire galaxies. The rate and efficiency
of this process are affected substantially by the density structure of the individual molecular
clouds in which stars form. The most fundamental measure of this structure is the probability
density function of volume densities (r-PDF), which determines the star formation rates predicted
with analytical models. This function has remained unconstrained by observations. We have
developed an approach to quantify r-PDFs and establish their relation to star formation.
The r-PDFs instigate a density threshold of star formation and allow us to quantify the star
formation efficiency above it. The r-PDFs provide new constraints for star formation theories
and correctly predict several key properties of the star-forming interstellar medium.

The formation of stars is an indivisible com-
ponent of our current picture of galaxy
evolution. It also represents the first step

in defining where new planetary systems can
form. The physics of how the interstellar me-
dium (ISM) is converted into stars is strongly
affected by the density structure of individual
molecular clouds (1). This structure directly af-
fects the star-formation rates (SFRs) and efficien-
cies (SFEs) predicted by analytic models (2–5).
Inferring this structure observationally is chal-
lenging because observations only probe pro-
jected column densities. Hence, the key parameters
of star-formation models remain unconstrained.
Here, we present a technique that allows us to
quantify the grounding measure of the molec-
ular cloud density structure: the probability den-
sity function of their volume density (r-PDF).

The SFRs of molecular clouds are estimated
in analytic theories from the amount of gas in
the clouds above a critical density, rcrit (2–5)

SFR ¼ ecore
f

∫
∞

scrit

tff ðr0Þ
tff ðrÞ

r
r0

pðsÞds ð1Þ

where s = ln(r/r0) is the logarithmic, mean-
normalized density, and scrit = ln(rcrit/r0). We
use the number density, n ¼ r=mmp, where m is
the mean molecular mass and mp is the proton
mass, as the measure of density. The parameter
ecore in Eq. 1 is the core-to-star efficiency, giving
the fraction of gas above scrit that collapses into a
star. The tff (r) is the free-fall time of pressure-less
gas that approximates the star-formation time
scale, and f is the ratio of the free-fall time to the
actual star-formation time scale. The critical
density, commonly referred to as the (volume)
density threshold of star formation, indicates
that stars form only above that density. General-
ly, the critical density depends on gas properties
(2–5), but theoretical considerations suggest that

it could be relatively constant under typical
molecular cloud conditions (5).

The decisive density structure of molecular
clouds is encapsulated in the function p(s) de-
scribing the probability of a volume dV to have a
log density between [s, s + ds]—the r-PDF. In
current understanding, the r-PDF is determined
by supersonic turbulence that induces a log-normal
r-PDF (6–9):

pðsÞ ¼ 1

ss
ffiffiffiffiffi
2p

p e
ðs−mÞ2

2s2s ð2Þ

where m and ss are the mean and width, respec-
tively. The r-PDF width is linked to the turbulent

gas properties through s2s ¼ ln 1þ b2M2
s

b
bþ1

" #

(10), where Ms (sonic Mach number) is a mea-
sure of the turbulence energy, b is a parameter
related to the turbulence driving mechanism
(9), and b is the ratio of thermal to magnetic
pressures.

Despite their decisive role for star forma-
tion, the r-PDF function and the critical density
are not observationally well-constrained. Instead,
studies have measured their two-dimensional
(2D) counterparts: the column density PDFs
(11, 12) and the column density threshold of
star formation (13, 14). We must, however, ac-
cept that these cannot be used in the theories
based on Eq. 1 because of the nontrivial trans-
formation between the volume and column den-
sities (15, 16). An analytic technique to estimate
r-PDFs from column densities exists (16) but is
not widely applied because of its stringent re-
quirements for the isotropy of the data. A tech-
nique exploiting molecular line observations also
exists (17), but it samples the r-PDF sparsely,
hampering the determination of its shape. To
overcome the problem, some studies have de-
rived SFRs using the mean densities of the clouds
instead (18). Even though reasonably successful
in predicting SFRs, the approach does not con-
nect the processes shaping the ISM to SFRs as
directly as do the theories usingEq. 1. Consequently,
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Fig. 1. r-PDFs of two
molecular clouds. (A) The
star-formingSerpens South
cloud. (B) The non–star-
forming Chamaeleon III
cloud. The solid lines show
fits of log-normal mod-
els. Dark brown indicates
the star-forminggas. Light
brown indicates the ma-
jor structures enveloping
star-forming gas. Green
indicates the relatively
nonstructured gas.
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Hennebelle & Chabrier (2011) : “multi-freefall model” 
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SFR ~ Mass / time 

The Star Formation Rate 

Federrath & Klessen (2012) 
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Statistical Theory for the 
Star Formation Rate: 

Hennebelle & Chabrier (2011) : “multi-freefall model” 

mass 
fraction 

freefall 
time SFR ~ Mass / time 

The Star Formation Rate 

Federrath & Klessen (2012) 
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Statistical Theory for the 
Star Formation Rate: 

Hennebelle & Chabrier (2011) : “multi-freefall model” 

mass 
fraction 

freefall 
time 

(Krumholz+McKee 2005; Padoan+Nordlund 2011) 

(Federrath+2008; Molina+2012) 
2 Ekin / Egrav forcing Mach number 

SFR ~ Mass / time 

From sonic and Jeans scales: 

The Star Formation Rate 

Federrath & Klessen (2012) 
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2 Ekin / Egrav forcing Mach number 

(solenoidal forcing) 

Federrath & Klessen (2012) 

Density PDF → Star Formation Rate 
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2 Ekin / Egrav forcing Mach number 

(compressive forcing) 

Federrath & Klessen (2012) 

Density PDF → Star Formation Rate 
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Solenoidal Forcing (b=1/3) Compressive Forcing (b=1) 

Numerical Test for Mach 10 and αvir ~ 1 

SFRff (simulation) = 0.14 
SFRff (theory)        = 0.15  

SFRff (simulation) = 2.8 
SFRff (theory)        = 2.3  

x 20 
x 15 

Federrath & Klessen (2012) 

Density PDF → Star Formation Rate 

Movies available: http://www.mso.anu.edu.au/~chfeder/pubs/sfr/sfr.html 

Turbulence driving is a key parameter for star formation 
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Driving of turbulence in different galactic environments 
584 P. F. Hopkins et al.

Figure 2. Stars in the m12i simulation at z ∼ 0, in a box 50 kpc on a side near
present-time. Image is a mock u/g/r composite. The disc is approximately
face-on, and the spiral structure is visible. (The image uses STARBURST99 to
determine the SED of each star particle given its known age and metallicity,
then ray-traces the line-of-sight flux following Hopkins et al. (2005), atten-
uating with a MW-like reddening curve with constant dust-to-metals ratio
for the abundances at each point.)

2014), which will enable future comparisons with a wide range of
different codes. These are chosen to be somewhat quiescent merger
histories, but lie well within the typical scatter in such histories
at each mass (and each has several major mergers). Simulation
m12v, for contrast, is chosen to have a relatively violent merger
history (several major mergers since z ∼ 2), and is based on the
initial conditions studied in Kereš & Hernquist (2009) and Faucher-
Giguère & Kereš (2011).

In each case, the resolution is scaled with the simulated mass, so
as to achieve the optimal possible force and mass resolution. It is
correspondingly possible to resolve much smaller structures in the
low-mass galaxies. The critical point is that in all our simulations
with mass <1013 M⊙, we resolve the Jeans mass/length of gas in the
galaxies, corresponding to the size/mass of massive molecular cloud
complexes. This is necessary to resolve a genuine multiphase ISM
and for our ISM feedback physics to be meaningful. Fortunately,
because most of the mass and star formation in GMCs in both
observations (Evans 1999; Blitz & Rosolowsky 2005) and simulated
systems (Paper II) is concentrated in the most massive GMCs, the
resolution studies in Paper I and Paper II confirm that resolving
small molecular clouds makes little difference. We refer interested
readers to Paper II for a detailed discussion of the scales that must
be resolved for feedback to operate appropriately, but note here that
all our simulations are designed to be approximately comparable to
the ‘high-resolution’ simulations of isolated galaxies and the ISM
in Paper I and Paper II, within the range of resolution where the
results in those studies (SFRs, wind outflow rates, GMC lifetimes,
etc.) were numerically converged (unfortunately, it is not possible
to evolve cosmological simulations to z = 0 with the ‘ultrahigh’
sub-pc resolution therein).

In terms of the Jeans mass/length of the galaxies, our resolution
is broadly comparable between different simulations. Our worst

Figure 3. Gas, as Fig. 1, for a dwarf galaxy (m10 in Table 1). Top: 40 kpc
(physical) box, at high redshift. Bottom: 20 kpc box at intermediate redshift.
Strong outflows are still present, though they are more spherical, because
the galaxy halo is itself small and embedded within a much larger filament.

resolution in units of the Jeans length/mass occurs in the more
massive galaxies at late times, when they are relatively gas poor, and
so (despite the large total galaxy mass) the Jeans length can become
relatively small.4 Every galaxy identified in this paper contains at
least ≫105 bound particles.

4 The approximate Jeans (GMC) mass/length for the z = 0 discs, assuming
Toomre Q ∼ 1, increases from ∼104 M⊙ (∼10–30 pc) in the !1010 M⊙
haloes to ∼107 M⊙ (∼100–200 pc) in the "1012 M⊙ haloes. If Q > 1, or
if the gas fractions are higher (at higher redshifts), the Jeans masses/lengths
are larger as well.

MNRAS 445, 581–603 (2014)
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Galaxies on FIRE: feedback and star formation 583

Figure 1. Gas in a representative simulation of a Milky Way-mass halo (m12i in Table ). Image shows the projected gas density, log-weighted (∼4 dex stretch).
Magenta shows cold molecular/atomic gas (T < 1000 K). Green shows warm ionized gas (104 ! T ! 105 K). Red shows hot gas (T " 106 K).2 Each image
shows a box centred on the main galaxy. Left: box 200 kpc (physical) on a side at high redshift. The galaxy has undergone a violent starburst, leading to strong
outflows of hot and warm gas that have blown away much of the surrounding IGM (even outside the galaxy). Note that the ‘filamentary’ structure of cool gas
in the IGM is clearly affected by the outflows. Right: near present-day, with a ∼50 kpc box. A more relaxed, well-ordered disc has formed, with molecular gas
tracing spiral structure, and a halo enriched by diffuse hot outflows.

to z = 0. Our simulations utilize a significantly improved numerical
implementation of SPH (which has resolved historical discrepancies
with grid codes), as well as the full physical models for feedback
and ISM physics introduced and tested in Paper I–Paper III. Here,
we explore the consequences of stellar feedback for the inefficiency
of star formation, perhaps the most basic consequence of stellar
feedback for galaxy formation. In companion papers, we will in-
vestigate the properties of outflows and their interactions with the
IGM, the effect of those outflows on dark matter structure, the dif-
ferences between numerical methods in treating feedback, the role
of feedback in determining galaxy structure, and many other open
questions.

In Sections 2–4, we describe our methodology. Section 2 de-
scribes the initial conditions for the simulations; Section 3 out-
lines the implementation of the key baryonic physics of cooling,
star formation, and feedback (a much more detailed description
is given in Appendix A); Section 4 briefly describes the improve-
ments in the numerical method compared to past work (again, more
details are in Appendix B). And in Appendix C, we test and com-
pare these algorithms with higher resolution simulations of isolated
(non-cosmological) galaxies.

We describe our results in Section 5. We examine the pre-
dicted galaxy stellar masses (Section 5.1), and how this depends
on both numerical algorithms (Section 5.3) and feedback physics
(Section 5.4), as well as how it compares to previous theoretical
work (Section 5.5). We show that the treatment of feedback physics
overwhelmingly dominates these results, and discuss the distinct
roles of multiple independent feedback mechanisms. We also ex-
plore the predictions for the KS relation (Section 5.6), the shape
of galaxy SFHs (Section 5.7), the star formation ‘main sequence’
(Section 5.8), and the ‘burstiness’ of star formation (Section 5.9).
We summarize our important conclusions and discuss future work in
Section 6.

2 IN I T I A L C O N D I T I O N S A N D G A L A X Y
PROPERTIES

The simulations presented here are a series of fully cosmological
‘zoom-in’ simulations of galaxy formation; some images of the
gas and stars in representative stages are shown in Figs 1–3.2 The
technique is well studied; briefly, a large cosmological box is sim-
ulated at low resolution to z = 0, and then the mass within and
around haloes of interest at that time is identified, traced back to the
starting redshift, and the Lagrangian region containing this mass
is re-initialized at much higher resolution (with gas added) for the
ultimate simulation (Porter 1985; Katz & White 1993).

We consider a series of systems with different masses.
Table 1 describes the initial conditions. All simulations begin at
redshifts ∼100–125, with fluctuations evolved using perturbation
theory up to that point.3

The specific haloes we re-simulate are chosen to represent a broad
mass range and be ‘typical’ in most properties (e.g. sizes, formation
times, and merger histories) relative to other haloes of the same
z = 0 mass. The simulations m09 and m10 are constructed using
the methods from Onorbe et al. (2014); they are isolated dwarfs.
Simulations m11, m12q, m12i, and m13 are chosen to match a
subset of initial conditions from the AGORA project (Kim et al.

2 Both gas and stellar images are true three-colour volume renderings gen-
erated by ray-tracing lines of sight through the simulation (with every gas or
star particle a source, respectively). For the stars, the physical luminosities
and dust opacities in each band are used to generate the observed intensity
map. For the gas, we construct synthetic ‘bands’ where the particle emis-
sivity is uniform if it falls within the temperature range specified, and zero
otherwise, and the particle opacity is uniform across bands.
3 Initial conditions were generated with the MUSIC code (Hahn & Abel 2011),
using second-order Lagrangian perturbation theory.
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Figure 2. Same as Figure 1, but for compressive forcing of the turbulence.
(A color version of this figure is available in the online journal.)

(divergence-free) forcing, and b ∼ 1 for purely compressive
(curly free) forcing of the turbulence (see Section 2.1; Federrath
et al. 2008b, 2010b; Schmidt et al. 2009; Seifried et al. 2011;
Micic et al. 2012; Konstandin et al. 2012a). A stochastic mixture
of forcing modes in 3D space leads to b ∼ 0.4 (see Figure 8 in
Federrath et al. 2010b).

When gravity is included and significant collapse sets in, the
density PDF develops a power-law tail at high densities (Klessen
2000), which we concentrate on in the following.

4.2. The Density PDF of Self-gravitating Turbulence

4.2.1. Volumetric Density PDFs

Figure 3 shows the volumetric density PDFs of s = ln(ρ/ρ0)
for hydrodynamic runs with different forcing (from left to right:
solenoidal, mixed, and compressive forcing), and different Mach
number (from top to bottom: M ∼ 3, 5, 10, 20, and 50) at a
fixed resolution of 2563 grid cells. Each panel shows the time
evolution, with the initial turbulent state t = 0, with SFE = 0,

6
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Figure 1. Time evolution of column density (normalized to the mean column density Σ0) for simulations with solenoidal forcing at 5123 resolution and M ∼ 3 (left),
M ∼ 10 (middle), and M ∼ 50 (right), when t = 0 (state of fully developed turbulence; top row), and when SFE = 0% (right before the first sink particle forms;
second row), SFE = 5% (third row), and SFE = 20% (bottom row). Sink particles are shown as circles with radius rsink. Simulation parameters and variables are
indicated in each panel and in Table 1.
(A color version of this figure is available in the online journal.)

mechanism, (2) the sonic Mach number, and (3) the magnetic
pressure. Molina et al. (2012) provide a rigorous derivation of
the variance of the PDF,

σ 2
s = ln

(
1 + b2M2 β

β + 1

)
, (5)

with the forcing parameter b, the sonic rms Mach number
M, and the ratio of thermal to magnetic pressure, which can
be expressed as the ratio of sound to Alfvén speed or as
the ratio of Alfvén to sonic Mach number, β = 2c2

s /v
2
A =

2M2
A/M2. The forcing parameter b in Equation (5) was shown

to vary smoothly between b ∼ 1/3 for purely solenoidal

5

1	pc	 1	pc	

Figure 3: Top panels: stars and gas in a Milky Way type galaxy formed in the FIRE simulations (Hopkins et al.,
2014). Bottom panels: two high-resolution idealised molecular cloud simulations focussing on small scales
(Federrath & Klessen, 2012, 2013). Currently the galaxy-scale (top) and cloud-scale (bottom) simulations are
completely decoupled from one another. That traditional approach has serious limitations: the galaxy simula-
tions cannot resolve clouds properly, while the cloud-scale simulations have unrealistic boundary conditions,
because they are isolated and they do not take into account the galaxy’s gravitational potential and matter inflow
from large scales. In this project, we will combine the best of both approaches in order to self-consistently form
molecular clouds within the galaxy and with su�cient resolution to determine the density PDF and turbulence
driving mode as a function of galactic environment. This will be achieved by an innovative zoom-in technique,
combined with the molecular chemistry package KROME (Grassi et al., 2014) and our powerful sink particle
technique (Federrath et al., 2010a, 2014) to model star-cluster formation.

RESEARCH PROJECT

Innovations

The following key innovations – to be implemented and used in this project – will allow us to perform the most
realistic molecular cloud formation simulations and comparisons to observations possible to date:

1. Most realistic boundary, initial and feedback conditions for molecular cloud formation.
2. Atomic and molecular chemistry and cooling with KROME (Grassi et al., 2014).
3. Star formation modelled with the sink particle technique (Federrath et al., 2010a).
4. Inclusion of magnetic fields in FIRE-DRIVE compared to pure FIRE (Hopkins & Raives, 2016).
5. Implementation of a new observational technique for anisotropic 2D-to-3D density PDF reconstruction.

Basic approach

Figure 3 sketches our basic approach to answer the three main research questions (! AIMS AND BACK-
GROUND). It shows a Milky Way type galaxy formed in the FIRE simulations (Hopkins et al., 2014). The top
panels show the distribution of stars and gas, respectively. Spiral arms can be seen as dark lanes in the stellar
image (the dust in the spiral arms blocks star light), which correspond to regions of high gas density and ac-
tive star formation (right-hand panel). The bottom panels show two high-resolution idealised molecular cloud
simulations focussing on small scales (Federrath & Klessen, 2012, 2013). The left-hand panel shows the gas
distribution and stars formed if the cloud turbulence is driven by solenoidal driving, while the right-hand panel

FIRE galaxies: 
Hopkins et al. (2013) 

Determine the driving in Galactic Centre (Federrath et al. 2016) vs. Galactic Disc 

→  Recently applied to the SAMI galaxy survey (Federrath et al. 2017, MNRAS 468, 3965; Zhou et al. 2017) 

FIRE-DRIVE: 
DP170100603 
CI Federrath 
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Statistical Theory for the 
Star Formation Rate: 

Hennebelle & Chabrier (2011) : “multi-freefall model” 

mass 
fraction 

freefall 
time 

(Krumholz+McKee 2005; Padoan+Nordlund 2011) 

(Federrath+2008; Molina+2012) 
2 Ekin / Egrav forcing Mach number 

SFR ~ Mass / time 

From sonic and Jeans scales: 

The Star Formation Rate – Magnetic Fields 

Federrath & Klessen (2012) 
MAGNETIC FIELD: 

plasma β= Pth / Pmag 
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The Star Formation Rate – Magnetic fields 

SFRff (simulation) = 0.46 
SFRff (theory)        = 0.45  

SFRff (simulation) = 0.29 
SFRff (theory)        = 0.18  

x 0.63 
x 0.40 

Magnetic field reduces SFR and fragmentation (by factor ~2).  

B = 0 (MA = ∞, β = ∞) B = 3 µG (MA = 2.7, β = 0.2) 

Numerical Test for Mach 10 with mixed forcing 

Padoan & Nordlund (2011); Padoan et al. (2012); Federrath & Klessen (2012) 

Movies available: http://www.mso.anu.edu.au/~chfeder/pubs/sfr/sfr.html 
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Turbulent	dynamo	in	compressible	gases	

Compression	of	field	lines	during	collapse	(flux-freezing):	

Dynamo:	
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Gravity-driven	dynamo	

Can	dynamo	work	in	a	collapsing	cloud?		
Magnetohydrodynamic	simulaBons	by	
Sur	et	al.	(2010,	2012);	Federrath	et	al.	(2011):	

- 	gravita7onally	unstable	Bonnor-Ebert	sphere	
- 	ini7al	large-scale	turbulence		
- 	weak	in7al	B	=	1	nano	Gauss	
- Deep	adap7ve	mesh	refinement	

Dynamo:	

time 

B
 / 
ρ 2/

3 

Movies available: http://www.mso.anu.edu.au/~chfeder/pubs/dynamo_grav/dynamo_grav.html 
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Stretch-Twist-Fold	Dynamo	(„turbulent	dynamo“):	

Brandenburg & Subramanian (2005);   Federrath (2016, Journal of Plasma Physics 82, 6) 

Turbulent	dynamo	in	compressible	gases	
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InducBon	equaBon:	
non-linear	 diffusive	

ExponenBal	amplificaBon	of	B:	

(Schekochihin et al. 2004) 

SaturaBon	

Turbulent	dynamo	in	compressible	gases	

ExponenBal	growth	with	

(Schober et al. 2011) 
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Gravity-driven	dynamo	

Federrath et al. (2011) 

Movies available: http://www.mso.anu.edu.au/~chfeder/pubs/dynamo_grav/dynamo_grav.html 
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Dependence	of	dynamo	on	magne7c	Prandtl	number	

Federrath et al. (2014, ApJ 797, L19) 

Prandtl number 0.1 Prandtl number 10 

Movies available: http://www.mso.anu.edu.au/~chfeder/pubs/dynamo_pm/dynamo_pm.html 
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Dependence	of	supersonic	dynamo	on	Pm	and	Re	

Federrath et al. (2014, ApJ 797, L19) 

As a function of Prandtl number As a function of Reynolds number 
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Supersonic	dynamo	power	spectrum	

Dynamo works; Magnetic Field important even in Early Universe! 
Main conclusion: 

Federrath et al. (2014, ApJ 797, L19); see also Schober et al. (2012) 

Ti
m

e 
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Jet/Outflow Feedback 

Federrath et al. 2014, ApJ 790, 128 
Movies available: https://www.mso.anu.edu.au/~chfeder/pubs/outflow_model/outflow_model.html 
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Outflow mass: 

Outflow velocity: 

Outflow angular momentum: 

Federrath et al. 2014, ApJ 790, 128 

Jet Feedback Subgrid Model 
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Why is Star Formation is so Inefficient? 

Turb+ 
Mag+ 
Jets 

Turb 

Turb+ 
Mag 

Gravity 
only 

Movies available: http://www.mso.anu.edu.au/~chfeder/pubs/ineff_sf/ineff_sf.html  
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Federrath 2015, MNRAS 450, 4035 

Star Formation is Inefficient 

Only the combination of turbulence, magnetic fields and feedback gives realistic SFR 
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Alves et al. (2007); 
Andre et al (2010) 

Implications for the stellar initial mass function (IMF) 

Efficiency 
~ 1/3 

Outflow/Jet feedback reduces average star mass by factor ~ 3 → IMF! 

Federrath et al. 2014, ApJ 790, 128 

1/3 
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Jet Feedback in Binary Star Formation 

Kuruwita, Federrath, Ireland (2017, MNRAS 470, 1626) 

 Jet structure and power depend on binary separation → different star mass 
→ Challenge for understanding and modelling the IMF! 

Movies available: https://www.mso.anu.edu.au/~chfeder/pubs/binary_jets/binary_jets.html 
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Conclusions 

1)  Star Formation is complex and inefficient →  
Only the combination of  
 

                 Turbulence + Magnetic Fields + Feedback  
 

                                                     gives realistic (observed) SFRs 

3)  Importance of magnetic fields and feedback for the IMF: 
 

Determine the Initial Mass Function (IMF) of Stars 
 

   → Necessary physics: 
 

           turbulence, magnetic fields, and jet feedback (+ radiation feedback) 

The End. 

2)  Determined dynamo amplification in compressible, supersonic turbulence 
 

→ Dynamo works in supersonic plasmas → B important in early Universe 
 
 

        Dependence on Prandtl and Reynolds number 
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