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Star Formation is 
messy. 

Turbulence? Magnetic 
Fields? Feedback? 
 

Star Formation is   
Inefficient.  –  Why? 
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(Heiderman et al. 2010; Lada et al. 2010; Gutermuth et al. 2011; Kennicutt & Evans 2012) 

Universal star formation “law”? 
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Federrath (2013, MNRAS 436, 3167) 

→ Scatter/Non-Universality caused by variations of the Turbulence 
     (Mach number, Driving, Virial parameter)  
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A Multi-Freefall Star Formation Law 
Salim, Federrath, Kewley 2015, ApJL 806, L36 

St
ar

 F
or

m
at

io
n 

R
at

e 
Su

rf
ac

e 
D

en
si

ty
 

Multi-freefall Gas Consumption Rate 

Federrath – SFDE 2017 

a universal, turbulence-regulated star formation rate law 5

Figure 2. Bottom panels: ΣSFR versus Σgas (classical Kennicutt-Schmidt relation; left), ΣSFR versus (Σgas/t)single−ff (Krumholz et al.
2012, middle), and our new model, ΣSFR versus (Σgas/t)multi−ff (right) for the observational data in Table 1. Power-law fits are shown as
solid lines and the respective goodness-of-fit parameter R2 (where R2 = 1 corresponds to a perfect fit) is shown in each panel, as well as
the normalized scatter. We also apply a two-parameter robust line fit to these relations, shown as the dotted lines. We find that our new
multi-freefall SF law provides the best correlation with a reduced scatter by a factor of 3–4 compared to the previous SF laws. Top panels:
The residuals of each relation in log space versus each of the parameterizations being analyzed. The solid and dotted lines in each panel
are respectively the fits shown in the bottom panels.

line data and a temperature measurement. Such data
are hard to obtain for molecular clouds in external galax-
ies, as a complete census of the star-forming molecular
cloud population in a given galaxy is needed at suffi-
ciently high resolution to capture the cloud-scale Mach
number. There are only very few studies of nearby galax-
ies (such as M51) which start to resolve molecular clouds
in external galaxies (Hughes et al. 2013), but even those
do not necessarily yield a complete census of clouds and
it is not clear that all cloud properties are converged at
the telescope resolutions available to date.
We were hence unable to include extragalactic sources

that lack M estimates in the deduction of our new SF
law. They were similarly omitted in our analysis of pre-
vious laws in order to arrive at a fair comparison be-
tween the different parameterizations of ΣSFR in Figure 2
and Table 2. Instead, we invert our new model, Equa-
tion (10), in order to compute M estimates for these ex-
tragalactic sources; predictions to be tested by future ob-
servations of resolved CO maps in extragalactic sources.
Our M predictions are summarized in Table 3. Since the
presence of vigorous star formation in starburst galaxies

would result in more violent turbulence of gas compared
to disk galaxies, it is expected that the starburst galax-
ies have greaterM than their disk galaxy counterparts of
the same redshift range, which is indeed the systematic
trend we find in Table 3.

6. CONCLUSIONS

We derived a new SF law given by Equation (10), which
is based primarily on the sonic Mach number of turbu-
lence, as a result of the density PDF of molecular, star-
forming gas clouds. We find that the SFR is equal to
∼ 0.4% of the maximum (multi-freefall) gas consump-
tion rate (MGCR), which we derived in Section 2. We
compared our new model to previous parameterizations
of the SFR and determined quantitatively that our new
SF law provides a tight linear relation between ΣSFR and
MGCR, with a factor of 3–4 less scatter compared to any
previous SF law. By inverting Equation (10), we predict
the Mach numbers (M) of the star-forming molecular
clouds in extragalactic sources. Our predictions are sum-
marized in Table 3, which anticipate testing via future
submillimetre observations.

Single-freefall Gas Consumption Rate Gas Surface Density 



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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(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
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Once we had quantified the r-PDFs and as-
sessed their relation to star formation, we could
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Our sample includes three clouds on the verge
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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” 

mass 
fraction 

freefall 
time 

scrit 

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) 
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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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 

Federrath – SFDE 2017 



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 
Federrath – SFDE 2017 
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Table 1

Physical parameters of G0.253+0.016 in the CMZ.

Physical Parameter Symbol/Definition Mean (Standard Deviation) Comment (Reference)

Measured physical parameters:

Area A 17 (1) pc2 From Figs. 1, 4; (Refs. 1)

H2 column density N0 1.9 (1.0)⇥ 1023 cm�2 From Fig. 1; (Refs. 2)

Filament width Wfil 0.17 (0.09) pc From Figs. 1, 2

2D-to-3D density dispersion ratio R1/2 0.28 (0.11) From Fig. 1; Eq. (3); (Ref. 3)

1D turbulent+shear velocity dispersion �v,tot,1D 8.8 (0.2) km s�1 From Fig. 4, with gradient

1D turbulent velocity dispersion �v,1D 3.9 (0.1) km s�1 From Fig. 4, grad. subtracted

Derived from numerical simulations:

Turbulent magnetic field Bturb 130 (50)µG From Fig. 5; Sec. 3.3

Taken from the literature:

Log. column density dispersion �⌘ 0.34 (0.02) ⌘ = ln(N/N0); (Refs. 2)

Gas temperature T 100 (50)K (Refs. 4)

Dust temperature Tdust 20 (1)K (Refs. 2)

Total (ordered+turbulent) magnetic field Btot 2.2 (0.9)mG (Ref. 5)

Mean molecular weight per unit mH µmol 2.8 mH: mass of an H atom (Ref. 6)

Derived physical parameters:

E↵ective diameter L = 2 (A/⇡)1/2 4.7 (0.1) pc

Massa M = N0µmolmHA 7.2 (3.8)⇥ 104 M�
H2 volume number densityb n0 = N0/L 1.3 (0.7)⇥ 104 cm�3

Volume density ⇢0 = n0µmolmH 6.2 (3.3)⇥ 10�20 g cm�3

Column density dispersion �N/N0
= [exp(�2

⌘)� 1]1/2 0.35 (0.02) (Ref. 7)

Volume density dispersion �⇢/⇢0 = �N/N0
/R1/2 1.3 (0.5) Eq. (3); (Ref. 3)

Sound speed (isothermal) cs = [kBT/(µpmH)]1/2 0.60 (0.15) km s�1 µp = 2.33 (Ref. 6)

Turbulent Alfvén speed vA = Bturb/(4⇡⇢0)1/2 1.5 (0.7) km s�1

Turbulent plasma beta � = 2 c2s/v
2
A 0.34 (0.35)

3D turbulent+shear velocity dispersion �v,tot,3D = 31/2�v,tot,1D 15.2 (0.3) km s�1

3D turbulent velocity dispersion �v,3D = 31/2�v,1D 6.8 (0.2) km s�1

Virial parameter (turbulence+shear) ↵vir,tot = 5�2
v,tot,3D/(⇡GL2⇢0) 4.3 (2.3)

Virial parameter (turbulence only) ↵vir = 5�2
v,3D/(⇡GL2⇢0) 0.85 (0.45)

Freefall time t↵ = [3⇡/(32G⇢0)]1/2 0.27 (0.14)Myr

Turbulent crossing time tturb = L/�v,3D 0.67 (0.03)Myr

Turbulent energy dissipation rate ✏turb = M�2
v,3D/(2tturb) 1.5 (0.8)⇥ 1036 erg s�1

3D turbulent sonic Mach number M = �v,3D/cs 11 (3)

3D turbulent Alfvén Mach number MA = �v,3D/vA 4.6 (2.1)

Sonic scale �sonic = LM�2(1 + ��1) 0.15 (0.11) pc Eq. (5); (Refs. 8)

Turbulence driving parameter b = �⇢/⇢0M
�1(1 + ��1)1/2 0.22 (0.12) Eq. (7); (Refs. 9)

Derived star formation parameters:

Log-critical density scrit = Eq. (10) 2.3 (1.2) Eq. (10); (Ref. 10)

Critical number density ncrit = n0 exp(scrit) 1.0 (1.4)⇥ 105 cm�3 (Ref. 10)

Star formation rate per freefall time ✏↵ = Eq. (11) 0.042 (0.030) Eq. (11); (Ref. 10)

Star formation rate SFR = ✏↵ M/t↵ 1.1 (0.8)⇥ 10�2 M� yr�1 Eq. (13); (Ref. 10)

Notes. All physical parameters are derived for pixels that fall within the 5⇥1022 cm�2 (10� sensitivity) column density contour shown in
Figure 1 and where the HNCO intensity-weighted velocity has valid measurements (see Figure 4). This defines the fixed area A = 17 (1) pc2

within which we derive and report all physical parameters of G0.253+0.016. All uncertainties were propagated based on each independent
parameter. References: (1) assuming a distance of 8.3 (0.3) kpc (Malkin 2013; Zhu & Shen 2013; Reid et al. 2014), (2) Longmore et al.
(2012), Rathborne et al. (2014b), (3) Brunt et al. (2010b), (4) Lis et al. (2001), Mills & Morris (2013), Ao et al. (2013), Bally et al. (2014),
Ginsburg et al. (2016), (5) Pillai et al. (2015); note that the magnetic field measurement of 5.4 (0.5)mG in Pillai et al. (2015) was adjusted
to reflect the correct volume density n0 = 1.3 (0.7)⇥ 104 cm�3 of G0.253+0.016, because the volume density reported in Longmore et al.
(2012) is incorrect. We further propagated the uncertainty of n into the uncertainty of Btot. (6) Kau↵mann et al. (2008). (7) Price
et al. (2011). (8) Federrath & Klessen (2012), Federrath (2016). (9) Federrath et al. (2008b), Federrath et al. (2010), Padoan & Nordlund
(2011), Molina et al. (2012), Federrath & Banerjee (2015), Nolan et al. (2015). (10) Federrath & Klessen (2012). aNote that the mass
of 1.3 ⇥ 105 M� derived by Longmore et al. (2012) is a factor of 1.8 higher than our estimate, because Longmore et al. (2012) computed
the mass in an area of 1.3 ⇥ 105 M�/(1023 cm�2 µmolmH) = 58 pc2, which is significantly larger than what we define here for the area of
G0.253+0.016. Note that the e↵ective radius of 2.8 pc reported in Longmore et al. (2012) also corresponds to a significantly smaller area
(25 pc2) compared to the area used for their mass estimate. Here we derive all physical quantities consistently in a fixed area A = 17 (1) pc2

(see above). bThe average volume density of 8⇥ 104 cm�3 reported in Longmore et al. (2012) is incorrect because of an error in the script
from which that value was derived. The corrected value derived here is n0 = 1.3 (0.7)⇥ 104 cm�3.

Federrath et al. (2016) 
Federrath – SFDE 2017 
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Table 1

Physical parameters of G0.253+0.016 in the CMZ.

Physical Parameter Symbol/Definition Mean (Standard Deviation) Comment (Reference)

Measured physical parameters:

Area A 17 (1) pc2 From Figs. 1, 4; (Refs. 1)

H2 column density N0 1.9 (1.0)⇥ 1023 cm�2 From Fig. 1; (Refs. 2)

Filament width Wfil 0.17 (0.09) pc From Figs. 1, 2

2D-to-3D density dispersion ratio R1/2 0.28 (0.11) From Fig. 1; Eq. (3); (Ref. 3)

1D turbulent+shear velocity dispersion �v,tot,1D 8.8 (0.2) km s�1 From Fig. 4, with gradient

1D turbulent velocity dispersion �v,1D 3.9 (0.1) km s�1 From Fig. 4, grad. subtracted

Derived from numerical simulations:

Turbulent magnetic field Bturb 130 (50)µG From Fig. 5; Sec. 3.3

Taken from the literature:

Log. column density dispersion �⌘ 0.34 (0.02) ⌘ = ln(N/N0); (Refs. 2)

Gas temperature T 100 (50)K (Refs. 4)

Dust temperature Tdust 20 (1)K (Refs. 2)

Total (ordered+turbulent) magnetic field Btot 2.2 (0.9)mG (Ref. 5)

Mean molecular weight per unit mH µmol 2.8 mH: mass of an H atom (Ref. 6)

Derived physical parameters:

E↵ective diameter L = 2 (A/⇡)1/2 4.7 (0.1) pc

Massa M = N0µmolmHA 7.2 (3.8)⇥ 104 M�
H2 volume number densityb n0 = N0/L 1.3 (0.7)⇥ 104 cm�3

Volume density ⇢0 = n0µmolmH 6.2 (3.3)⇥ 10�20 g cm�3

Column density dispersion �N/N0
= [exp(�2

⌘)� 1]1/2 0.35 (0.02) (Ref. 7)

Volume density dispersion �⇢/⇢0 = �N/N0
/R1/2 1.3 (0.5) Eq. (3); (Ref. 3)

Sound speed (isothermal) cs = [kBT/(µpmH)]1/2 0.60 (0.15) km s�1 µp = 2.33 (Ref. 6)

Turbulent Alfvén speed vA = Bturb/(4⇡⇢0)1/2 1.5 (0.7) km s�1

Turbulent plasma beta � = 2 c2s/v
2
A 0.34 (0.35)

3D turbulent+shear velocity dispersion �v,tot,3D = 31/2�v,tot,1D 15.2 (0.3) km s�1

3D turbulent velocity dispersion �v,3D = 31/2�v,1D 6.8 (0.2) km s�1

Virial parameter (turbulence+shear) ↵vir,tot = 5�2
v,tot,3D/(⇡GL2⇢0) 4.3 (2.3)

Virial parameter (turbulence only) ↵vir = 5�2
v,3D/(⇡GL2⇢0) 0.85 (0.45)

Freefall time t↵ = [3⇡/(32G⇢0)]1/2 0.27 (0.14)Myr

Turbulent crossing time tturb = L/�v,3D 0.67 (0.03)Myr

Turbulent energy dissipation rate ✏turb = M�2
v,3D/(2tturb) 1.5 (0.8)⇥ 1036 erg s�1

3D turbulent sonic Mach number M = �v,3D/cs 11 (3)

3D turbulent Alfvén Mach number MA = �v,3D/vA 4.6 (2.1)

Sonic scale �sonic = LM�2(1 + ��1) 0.15 (0.11) pc Eq. (5); (Refs. 8)

Turbulence driving parameter b = �⇢/⇢0M
�1(1 + ��1)1/2 0.22 (0.12) Eq. (7); (Refs. 9)

Derived star formation parameters:

Log-critical density scrit = Eq. (10) 2.3 (1.2) Eq. (10); (Ref. 10)

Critical number density ncrit = n0 exp(scrit) 1.0 (1.4)⇥ 105 cm�3 (Ref. 10)

Star formation rate per freefall time ✏↵ = Eq. (11) 0.042 (0.030) Eq. (11); (Ref. 10)

Star formation rate SFR = ✏↵ M/t↵ 1.1 (0.8)⇥ 10�2 M� yr�1 Eq. (13); (Ref. 10)

Notes. All physical parameters are derived for pixels that fall within the 5⇥1022 cm�2 (10� sensitivity) column density contour shown in
Figure 1 and where the HNCO intensity-weighted velocity has valid measurements (see Figure 4). This defines the fixed area A = 17 (1) pc2

within which we derive and report all physical parameters of G0.253+0.016. All uncertainties were propagated based on each independent
parameter. References: (1) assuming a distance of 8.3 (0.3) kpc (Malkin 2013; Zhu & Shen 2013; Reid et al. 2014), (2) Longmore et al.
(2012), Rathborne et al. (2014b), (3) Brunt et al. (2010b), (4) Lis et al. (2001), Mills & Morris (2013), Ao et al. (2013), Bally et al. (2014),
Ginsburg et al. (2016), (5) Pillai et al. (2015); note that the magnetic field measurement of 5.4 (0.5)mG in Pillai et al. (2015) was adjusted
to reflect the correct volume density n0 = 1.3 (0.7)⇥ 104 cm�3 of G0.253+0.016, because the volume density reported in Longmore et al.
(2012) is incorrect. We further propagated the uncertainty of n into the uncertainty of Btot. (6) Kau↵mann et al. (2008). (7) Price
et al. (2011). (8) Federrath & Klessen (2012), Federrath (2016). (9) Federrath et al. (2008b), Federrath et al. (2010), Padoan & Nordlund
(2011), Molina et al. (2012), Federrath & Banerjee (2015), Nolan et al. (2015). (10) Federrath & Klessen (2012). aNote that the mass
of 1.3 ⇥ 105 M� derived by Longmore et al. (2012) is a factor of 1.8 higher than our estimate, because Longmore et al. (2012) computed
the mass in an area of 1.3 ⇥ 105 M�/(1023 cm�2 µmolmH) = 58 pc2, which is significantly larger than what we define here for the area of
G0.253+0.016. Note that the e↵ective radius of 2.8 pc reported in Longmore et al. (2012) also corresponds to a significantly smaller area
(25 pc2) compared to the area used for their mass estimate. Here we derive all physical quantities consistently in a fixed area A = 17 (1) pc2

(see above). bThe average volume density of 8⇥ 104 cm�3 reported in Longmore et al. (2012) is incorrect because of an error in the script
from which that value was derived. The corrected value derived here is n0 = 1.3 (0.7)⇥ 104 cm�3.

Federrath et al. (2016) 

(Rathborne et al. 2014) 

The Astrophysical Journal Letters, 795:L25 (6pp), 2014 November 10 Rathborne et al.

Figure 3. Normalized column density PDFs for G0.253+0.016 (histograms, left: derived using the ALMA-only image, right: derived using the combined image). The
error bars show the

√
number uncertainties. The solid curves are log-normal fits to the PDF: best-fit parameters are labeled. Vertical dashed lines show the fit range

(the limits mark the approximate point at which the distributions deviate from log-normal). Vertical dotted lines mark N(H2) = 1.4 × 1022 cm−2. The small deviation
at the highest column densities traces material that is self-gravitating and corresponds to the only location in the cloud where star formation is occurring.

5. DISCUSSION

5.1. Comparison to Solar Neighborhood Clouds

In this section, we show that both the similarities and
differences in the PDFs for solar neighborhood and CMZ
clouds agree with predictions of turbulent models given their
environments (for a summary, see Table 1 and references
therein).

The similarity in the measured dispersions of the N-PDFs
(σlog N = 0.28–0.59 in the solar neighborhood and 0.34 ± 0.03 in
G0.253+0.016) can be understood by considering their turbulent
Mach numbers. The gas temperatures in the solar neighborhood
and CMZ (∼10 K and ∼65 K) correspond to sound speeds
(cs) of ∼0.2 and 0.5 km s−1, respectively. Given the observed
velocity dispersions (σ ∼ 2 and ∼15 km s−1, respectively),
their M1D numbers are ∼10 and ∼30, which corresponds to
predictions of σlog ρ ∼ 2.08 and 2.55 for the solar neighborhood
and CMZ, respectively (assuming b = 0.5). Thus, while the
M1D for CMZ clouds compared to solar neighborhood clouds
is higher, the predicted values for σlog ρ differ by only a factor
of 1.2 due to the weak dependence of σlog ρ on M1D.

The difference in the mean column densities of the N-PDFs
(N0 = 0.5–3.0×1021 cm−2 in the solar neighborhood and 86 ±
20 ×1021 cm−2 in G0.253+0.016) is understood by considering
the relative gas pressures. The turbulent gas pressure is given
by Pturb = ρ σ 2. For typical values for solar neighborhood
(ρ ∼ 102 cm−3; σ ∼ 2 km s−1) and CMZ clouds (ρ ∼ 104 cm−3;
σ ∼ 15 km s−1), the turbulent gas pressures in units of P/k are

105 and 109 K cm−3, respectively. The hydrostatic pressure
from self gravity (Pgrav) is related to the gas surface density
(Σ) through Pgrav = (3/2)πGΣ2. Given the surface density
of solar neighborhood (Σ ∼ 102 M⊙ pc−2) and CMZ clouds
(Σ ∼ 5 × 103 M⊙ pc−2), the respective hydrostatic pressures in
units of P/k are also 105 and 109 K cm−3. As Pturb ≈ Pgrav, the
pressures are close to equilibrium on the cloud scale for both
environments. Because Pgrav ∼ Σ2, the condition of hydrostatic
equilibrium translates the factor of 104 difference in turbulent
pressure to a factor of ∼102 difference in column densities.
This explains the factor of 102 difference between the mean
column density for solar neighborhood clouds and the CMZ
cloud G0.253+0.016.

The conversion of an N-PDF to a ρ-PDF has not been con-
clusively solved. Theoretical work suggests that the conversion
is a multiplication by a factor ξ , where σlog ρ = ξ σlog N (Brunt
et al. 2010). The uncertainty on ξ is ∼15% for the values
of σlog N measured in solar neighborhood and CMZ clouds
(Brunt et al. 2010)—smaller than the observed spread of the
measured σlog N . The relative universality of ξ means that the
small relative change of the N-PDF dispersions ([σlog N ]CMZ ∼
[σlog N ]Solar) translates to the same relative change of the
ρ-PDF dispersions, thereby allowing a direct comparison of
the measurements to theory. Thus, within the uncertainties, the
N-PDF of G0.253+0.016 satisfies the theoretical prediction
that [σlog ρ]CMZ ∼ [σlog ρ]Solar, providing the first reliable test
of turbulence theory in a high-pressure environment. Because
we neglected magnetic fields, the similarity in the predicted
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Column density PDF 

→ 2D density dispersion σN/N0 = 0.35 ± 0.02 
 

  Using 2D-to-3D conversion method by Brunt et al. (2010): 
 

→ 3D density dispersion σρ/ρ0 = 1.3 ± 0.5 
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Table 1

Physical parameters of G0.253+0.016 in the CMZ.

Physical Parameter Symbol/Definition Mean (Standard Deviation) Comment (Reference)

Measured physical parameters:

Area A 17 (1) pc2 From Figs. 1, 4; (Refs. 1)

H2 column density N0 1.9 (1.0)⇥ 1023 cm�2 From Fig. 1; (Refs. 2)

Filament width Wfil 0.17 (0.09) pc From Figs. 1, 2

2D-to-3D density dispersion ratio R1/2 0.28 (0.11) From Fig. 1; Eq. (3); (Ref. 3)

1D turbulent+shear velocity dispersion �v,tot,1D 8.8 (0.2) km s�1 From Fig. 4, with gradient

1D turbulent velocity dispersion �v,1D 3.9 (0.1) km s�1 From Fig. 4, grad. subtracted

Derived from numerical simulations:

Turbulent magnetic field Bturb 130 (50)µG From Fig. 5; Sec. 3.3

Taken from the literature:

Log. column density dispersion �⌘ 0.34 (0.02) ⌘ = ln(N/N0); (Refs. 2)

Gas temperature T 100 (50)K (Refs. 4)

Dust temperature Tdust 20 (1)K (Refs. 2)

Total (ordered+turbulent) magnetic field Btot 2.2 (0.9)mG (Ref. 5)

Mean molecular weight per unit mH µmol 2.8 mH: mass of an H atom (Ref. 6)

Derived physical parameters:

E↵ective diameter L = 2 (A/⇡)1/2 4.7 (0.1) pc

Massa M = N0µmolmHA 7.2 (3.8)⇥ 104 M�
H2 volume number densityb n0 = N0/L 1.3 (0.7)⇥ 104 cm�3

Volume density ⇢0 = n0µmolmH 6.2 (3.3)⇥ 10�20 g cm�3

Column density dispersion �N/N0
= [exp(�2

⌘)� 1]1/2 0.35 (0.02) (Ref. 7)

Volume density dispersion �⇢/⇢0 = �N/N0
/R1/2 1.3 (0.5) Eq. (3); (Ref. 3)

Sound speed (isothermal) cs = [kBT/(µpmH)]1/2 0.60 (0.15) km s�1 µp = 2.33 (Ref. 6)

Turbulent Alfvén speed vA = Bturb/(4⇡⇢0)1/2 1.5 (0.7) km s�1

Turbulent plasma beta � = 2 c2s/v
2
A 0.34 (0.35)

3D turbulent+shear velocity dispersion �v,tot,3D = 31/2�v,tot,1D 15.2 (0.3) km s�1

3D turbulent velocity dispersion �v,3D = 31/2�v,1D 6.8 (0.2) km s�1

Virial parameter (turbulence+shear) ↵vir,tot = 5�2
v,tot,3D/(⇡GL2⇢0) 4.3 (2.3)

Virial parameter (turbulence only) ↵vir = 5�2
v,3D/(⇡GL2⇢0) 0.85 (0.45)

Freefall time t↵ = [3⇡/(32G⇢0)]1/2 0.27 (0.14)Myr

Turbulent crossing time tturb = L/�v,3D 0.67 (0.03)Myr

Turbulent energy dissipation rate ✏turb = M�2
v,3D/(2tturb) 1.5 (0.8)⇥ 1036 erg s�1

3D turbulent sonic Mach number M = �v,3D/cs 11 (3)

3D turbulent Alfvén Mach number MA = �v,3D/vA 4.6 (2.1)

Sonic scale �sonic = LM�2(1 + ��1) 0.15 (0.11) pc Eq. (5); (Refs. 8)

Turbulence driving parameter b = �⇢/⇢0M
�1(1 + ��1)1/2 0.22 (0.12) Eq. (7); (Refs. 9)

Derived star formation parameters:

Log-critical density scrit = Eq. (10) 2.3 (1.2) Eq. (10); (Ref. 10)

Critical number density ncrit = n0 exp(scrit) 1.0 (1.4)⇥ 105 cm�3 (Ref. 10)

Star formation rate per freefall time ✏↵ = Eq. (11) 0.042 (0.030) Eq. (11); (Ref. 10)

Star formation rate SFR = ✏↵ M/t↵ 1.1 (0.8)⇥ 10�2 M� yr�1 Eq. (13); (Ref. 10)

Notes. All physical parameters are derived for pixels that fall within the 5⇥1022 cm�2 (10� sensitivity) column density contour shown in
Figure 1 and where the HNCO intensity-weighted velocity has valid measurements (see Figure 4). This defines the fixed area A = 17 (1) pc2

within which we derive and report all physical parameters of G0.253+0.016. All uncertainties were propagated based on each independent
parameter. References: (1) assuming a distance of 8.3 (0.3) kpc (Malkin 2013; Zhu & Shen 2013; Reid et al. 2014), (2) Longmore et al.
(2012), Rathborne et al. (2014b), (3) Brunt et al. (2010b), (4) Lis et al. (2001), Mills & Morris (2013), Ao et al. (2013), Bally et al. (2014),
Ginsburg et al. (2016), (5) Pillai et al. (2015); note that the magnetic field measurement of 5.4 (0.5)mG in Pillai et al. (2015) was adjusted
to reflect the correct volume density n0 = 1.3 (0.7)⇥ 104 cm�3 of G0.253+0.016, because the volume density reported in Longmore et al.
(2012) is incorrect. We further propagated the uncertainty of n into the uncertainty of Btot. (6) Kau↵mann et al. (2008). (7) Price
et al. (2011). (8) Federrath & Klessen (2012), Federrath (2016). (9) Federrath et al. (2008b), Federrath et al. (2010), Padoan & Nordlund
(2011), Molina et al. (2012), Federrath & Banerjee (2015), Nolan et al. (2015). (10) Federrath & Klessen (2012). aNote that the mass
of 1.3 ⇥ 105 M� derived by Longmore et al. (2012) is a factor of 1.8 higher than our estimate, because Longmore et al. (2012) computed
the mass in an area of 1.3 ⇥ 105 M�/(1023 cm�2 µmolmH) = 58 pc2, which is significantly larger than what we define here for the area of
G0.253+0.016. Note that the e↵ective radius of 2.8 pc reported in Longmore et al. (2012) also corresponds to a significantly smaller area
(25 pc2) compared to the area used for their mass estimate. Here we derive all physical quantities consistently in a fixed area A = 17 (1) pc2

(see above). bThe average volume density of 8⇥ 104 cm�3 reported in Longmore et al. (2012) is incorrect because of an error in the script
from which that value was derived. The corrected value derived here is n0 = 1.3 (0.7)⇥ 104 cm�3.
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Physical parameters of G0.253+0.016 in the CMZ.

Physical Parameter Symbol/Definition Mean (Standard Deviation) Comment (Reference)

Measured physical parameters:

Area A 17 (1) pc2 From Figs. 1, 4; (Refs. 1)

H2 column density N0 1.9 (1.0)⇥ 1023 cm�2 From Fig. 1; (Refs. 2)

Filament width Wfil 0.17 (0.09) pc From Figs. 1, 2

2D-to-3D density dispersion ratio R1/2 0.28 (0.11) From Fig. 1; Eq. (3); (Ref. 3)

1D turbulent+shear velocity dispersion �v,tot,1D 8.8 (0.2) km s�1 From Fig. 4, with gradient

1D turbulent velocity dispersion �v,1D 3.9 (0.1) km s�1 From Fig. 4, grad. subtracted

Derived from numerical simulations:

Turbulent magnetic field Bturb 130 (50)µG From Fig. 5; Sec. 3.3

Taken from the literature:

Log. column density dispersion �⌘ 0.34 (0.02) ⌘ = ln(N/N0); (Refs. 2)

Gas temperature T 100 (50)K (Refs. 4)

Dust temperature Tdust 20 (1)K (Refs. 2)

Total (ordered+turbulent) magnetic field Btot 2.2 (0.9)mG (Ref. 5)

Mean molecular weight per unit mH µmol 2.8 mH: mass of an H atom (Ref. 6)

Derived physical parameters:

E↵ective diameter L = 2 (A/⇡)1/2 4.7 (0.1) pc

Massa M = N0µmolmHA 7.2 (3.8)⇥ 104 M�
H2 volume number densityb n0 = N0/L 1.3 (0.7)⇥ 104 cm�3

Volume density ⇢0 = n0µmolmH 6.2 (3.3)⇥ 10�20 g cm�3

Column density dispersion �N/N0
= [exp(�2

⌘)� 1]1/2 0.35 (0.02) (Ref. 7)

Volume density dispersion �⇢/⇢0 = �N/N0
/R1/2 1.3 (0.5) Eq. (3); (Ref. 3)

Sound speed (isothermal) cs = [kBT/(µpmH)]1/2 0.60 (0.15) km s�1 µp = 2.33 (Ref. 6)

Turbulent Alfvén speed vA = Bturb/(4⇡⇢0)1/2 1.5 (0.7) km s�1

Turbulent plasma beta � = 2 c2s/v
2
A 0.34 (0.35)

3D turbulent+shear velocity dispersion �v,tot,3D = 31/2�v,tot,1D 15.2 (0.3) km s�1

3D turbulent velocity dispersion �v,3D = 31/2�v,1D 6.8 (0.2) km s�1

Virial parameter (turbulence+shear) ↵vir,tot = 5�2
v,tot,3D/(⇡GL2⇢0) 4.3 (2.3)

Virial parameter (turbulence only) ↵vir = 5�2
v,3D/(⇡GL2⇢0) 0.85 (0.45)

Freefall time t↵ = [3⇡/(32G⇢0)]1/2 0.27 (0.14)Myr

Turbulent crossing time tturb = L/�v,3D 0.67 (0.03)Myr

Turbulent energy dissipation rate ✏turb = M�2
v,3D/(2tturb) 1.5 (0.8)⇥ 1036 erg s�1

3D turbulent sonic Mach number M = �v,3D/cs 11 (3)

3D turbulent Alfvén Mach number MA = �v,3D/vA 4.6 (2.1)

Sonic scale �sonic = LM�2(1 + ��1) 0.15 (0.11) pc Eq. (5); (Refs. 8)

Turbulence driving parameter b = �⇢/⇢0M
�1(1 + ��1)1/2 0.22 (0.12) Eq. (7); (Refs. 9)

Derived star formation parameters:

Log-critical density scrit = Eq. (10) 2.3 (1.2) Eq. (10); (Ref. 10)

Critical number density ncrit = n0 exp(scrit) 1.0 (1.4)⇥ 105 cm�3 (Ref. 10)

Star formation rate per freefall time ✏↵ = Eq. (11) 0.042 (0.030) Eq. (11); (Ref. 10)

Star formation rate SFR = ✏↵ M/t↵ 1.1 (0.8)⇥ 10�2 M� yr�1 Eq. (13); (Ref. 10)

Notes. All physical parameters are derived for pixels that fall within the 5⇥1022 cm�2 (10� sensitivity) column density contour shown in
Figure 1 and where the HNCO intensity-weighted velocity has valid measurements (see Figure 4). This defines the fixed area A = 17 (1) pc2

within which we derive and report all physical parameters of G0.253+0.016. All uncertainties were propagated based on each independent
parameter. References: (1) assuming a distance of 8.3 (0.3) kpc (Malkin 2013; Zhu & Shen 2013; Reid et al. 2014), (2) Longmore et al.
(2012), Rathborne et al. (2014b), (3) Brunt et al. (2010b), (4) Lis et al. (2001), Mills & Morris (2013), Ao et al. (2013), Bally et al. (2014),
Ginsburg et al. (2016), (5) Pillai et al. (2015); note that the magnetic field measurement of 5.4 (0.5)mG in Pillai et al. (2015) was adjusted
to reflect the correct volume density n0 = 1.3 (0.7)⇥ 104 cm�3 of G0.253+0.016, because the volume density reported in Longmore et al.
(2012) is incorrect. We further propagated the uncertainty of n into the uncertainty of Btot. (6) Kau↵mann et al. (2008). (7) Price
et al. (2011). (8) Federrath & Klessen (2012), Federrath (2016). (9) Federrath et al. (2008b), Federrath et al. (2010), Padoan & Nordlund
(2011), Molina et al. (2012), Federrath & Banerjee (2015), Nolan et al. (2015). (10) Federrath & Klessen (2012). aNote that the mass
of 1.3 ⇥ 105 M� derived by Longmore et al. (2012) is a factor of 1.8 higher than our estimate, because Longmore et al. (2012) computed
the mass in an area of 1.3 ⇥ 105 M�/(1023 cm�2 µmolmH) = 58 pc2, which is significantly larger than what we define here for the area of
G0.253+0.016. Note that the e↵ective radius of 2.8 pc reported in Longmore et al. (2012) also corresponds to a significantly smaller area
(25 pc2) compared to the area used for their mass estimate. Here we derive all physical quantities consistently in a fixed area A = 17 (1) pc2

(see above). bThe average volume density of 8⇥ 104 cm�3 reported in Longmore et al. (2012) is incorrect because of an error in the script
from which that value was derived. The corrected value derived here is n0 = 1.3 (0.7)⇥ 104 cm�3.
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Figure 1. Polarization data for the G11.11−0.12 IRDC. The left panel presents an infrared overview image obtained using Spitzer Space Telescope data (at
3.6, 5.8, 8.0 µm). The box indicates the area highlighted in the right panel. The right panel shows magnetic field vectors obtained by rotating polarization vectors by
90◦. The green box outlines the region for which the magnetic field strength is determined. The background and contours show SCUBA 850 µm dust intensities.
Contours are drawn in steps of 0.05 Jy beam−1, starting at 0.1 Jy beam−1. Polarization data (Matthews et al. 2009) are only shown where (1) the ratio of the polarization
level to its uncertainty is !3, corresponding to an error in polarization angle "10◦, and (2) the SCUBA 850 µm dust intensity is greater than 0.1 Jy beam−1. The
hatched circle corresponds to the SCUBA 850 µm beam.

Figure 2. Polarization data for the G0.253+0.016 IRDC. The left panel presents an infrared overview image obtained using Spitzer Space Telescope data (at
3.6, 5.8, 8.0 µm). Selected Bolocam 1.1 mm dust intensity (Aguirre et al. 2011; Ginsburg et al. 2013) contours are overlaid. The right panel shows magnetic field
vectors obtained by rotating polarization vectors by 90◦. The background image and contours give the Bolocam 1.1 mm dust intensity distribution. Contours are drawn
in steps of 0.2 Jy beam−1, starting at 0.2 Jy beam−1. Polarization data (Dotson et al. 2010) is only shown where (1) the ratio of the polarization level to its uncertainty
is !3, corresponding to an error in polarization angle "10◦, and (2) the 1.1 mm dust intensity is greater than 0.2 Jy beam−1. The hatched circle corresponds to the
CSO 1.1 mm beam.

of the magnetic field on the plane of the sky at the location of the
polarization vector. The dust continuum emission is shown in
colorscale (right panel) with the plane-of-sky component of the
B-field (Bpos) overlaid. To study the initial conditions before the
onset of star formation, we limit our analysis of G11.11−0.12 to

a section of the filament enclosed by the box in Figure 1, which
is well detached from the 8 µm bright embedded young high-
mass star in the western part of the filament (Pillai et al. 2006b;
Gómez et al. 2011; Ragan et al. 2014; Wang et al. 2014), while
we study the full extent of G0.253+0.016. The mean position

2

Pillai, Kauffmann, et al. (2015) 

Ordered (large-scale) B0 Un-ordered (turbulent) Bturb 

→ Bturb ≈ 1/10 B0 ≈ 130 ± 50 µG 
 

→ turbulent plasma β ≈ 0.34 
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Table 1

Physical parameters of G0.253+0.016 in the CMZ.

Physical Parameter Symbol/Definition Mean (Standard Deviation) Comment (Reference)

Measured physical parameters:

Area A 17 (1) pc2 From Figs. 1, 4; (Refs. 1)

H2 column density N0 1.9 (1.0)⇥ 1023 cm�2 From Fig. 1; (Refs. 2)

Filament width Wfil 0.17 (0.09) pc From Figs. 1, 2

2D-to-3D density dispersion ratio R1/2 0.28 (0.11) From Fig. 1; Eq. (3); (Ref. 3)

1D turbulent+shear velocity dispersion �v,tot,1D 8.8 (0.2) km s�1 From Fig. 4, with gradient

1D turbulent velocity dispersion �v,1D 3.9 (0.1) km s�1 From Fig. 4, grad. subtracted

Derived from numerical simulations:

Turbulent magnetic field Bturb 130 (50)µG From Fig. 5; Sec. 3.3

Taken from the literature:

Log. column density dispersion �⌘ 0.34 (0.02) ⌘ = ln(N/N0); (Refs. 2)

Gas temperature T 100 (50)K (Refs. 4)

Dust temperature Tdust 20 (1)K (Refs. 2)

Total (ordered+turbulent) magnetic field Btot 2.2 (0.9)mG (Ref. 5)

Mean molecular weight per unit mH µmol 2.8 mH: mass of an H atom (Ref. 6)

Derived physical parameters:

E↵ective diameter L = 2 (A/⇡)1/2 4.7 (0.1) pc

Massa M = N0µmolmHA 7.2 (3.8)⇥ 104 M�
H2 volume number densityb n0 = N0/L 1.3 (0.7)⇥ 104 cm�3

Volume density ⇢0 = n0µmolmH 6.2 (3.3)⇥ 10�20 g cm�3

Column density dispersion �N/N0
= [exp(�2

⌘)� 1]1/2 0.35 (0.02) (Ref. 7)

Volume density dispersion �⇢/⇢0 = �N/N0
/R1/2 1.3 (0.5) Eq. (3); (Ref. 3)

Sound speed (isothermal) cs = [kBT/(µpmH)]1/2 0.60 (0.15) km s�1 µp = 2.33 (Ref. 6)

Turbulent Alfvén speed vA = Bturb/(4⇡⇢0)1/2 1.5 (0.7) km s�1

Turbulent plasma beta � = 2 c2s/v
2
A 0.34 (0.35)

3D turbulent+shear velocity dispersion �v,tot,3D = 31/2�v,tot,1D 15.2 (0.3) km s�1

3D turbulent velocity dispersion �v,3D = 31/2�v,1D 6.8 (0.2) km s�1

Virial parameter (turbulence+shear) ↵vir,tot = 5�2
v,tot,3D/(⇡GL2⇢0) 4.3 (2.3)

Virial parameter (turbulence only) ↵vir = 5�2
v,3D/(⇡GL2⇢0) 0.85 (0.45)

Freefall time t↵ = [3⇡/(32G⇢0)]1/2 0.27 (0.14)Myr

Turbulent crossing time tturb = L/�v,3D 0.67 (0.03)Myr

Turbulent energy dissipation rate ✏turb = M�2
v,3D/(2tturb) 1.5 (0.8)⇥ 1036 erg s�1

3D turbulent sonic Mach number M = �v,3D/cs 11 (3)

3D turbulent Alfvén Mach number MA = �v,3D/vA 4.6 (2.1)

Sonic scale �sonic = LM�2(1 + ��1) 0.15 (0.11) pc Eq. (5); (Refs. 8)

Turbulence driving parameter b = �⇢/⇢0M
�1(1 + ��1)1/2 0.22 (0.12) Eq. (7); (Refs. 9)

Derived star formation parameters:

Log-critical density scrit = Eq. (10) 2.3 (1.2) Eq. (10); (Ref. 10)

Critical number density ncrit = n0 exp(scrit) 1.0 (1.4)⇥ 105 cm�3 (Ref. 10)

Star formation rate per freefall time ✏↵ = Eq. (11) 0.042 (0.030) Eq. (11); (Ref. 10)

Star formation rate SFR = ✏↵ M/t↵ 1.1 (0.8)⇥ 10�2 M� yr�1 Eq. (13); (Ref. 10)

Notes. All physical parameters are derived for pixels that fall within the 5⇥1022 cm�2 (10� sensitivity) column density contour shown in
Figure 1 and where the HNCO intensity-weighted velocity has valid measurements (see Figure 4). This defines the fixed area A = 17 (1) pc2

within which we derive and report all physical parameters of G0.253+0.016. All uncertainties were propagated based on each independent
parameter. References: (1) assuming a distance of 8.3 (0.3) kpc (Malkin 2013; Zhu & Shen 2013; Reid et al. 2014), (2) Longmore et al.
(2012), Rathborne et al. (2014b), (3) Brunt et al. (2010b), (4) Lis et al. (2001), Mills & Morris (2013), Ao et al. (2013), Bally et al. (2014),
Ginsburg et al. (2016), (5) Pillai et al. (2015); note that the magnetic field measurement of 5.4 (0.5)mG in Pillai et al. (2015) was adjusted
to reflect the correct volume density n0 = 1.3 (0.7)⇥ 104 cm�3 of G0.253+0.016, because the volume density reported in Longmore et al.
(2012) is incorrect. We further propagated the uncertainty of n into the uncertainty of Btot. (6) Kau↵mann et al. (2008). (7) Price
et al. (2011). (8) Federrath & Klessen (2012), Federrath (2016). (9) Federrath et al. (2008b), Federrath et al. (2010), Padoan & Nordlund
(2011), Molina et al. (2012), Federrath & Banerjee (2015), Nolan et al. (2015). (10) Federrath & Klessen (2012). aNote that the mass
of 1.3 ⇥ 105 M� derived by Longmore et al. (2012) is a factor of 1.8 higher than our estimate, because Longmore et al. (2012) computed
the mass in an area of 1.3 ⇥ 105 M�/(1023 cm�2 µmolmH) = 58 pc2, which is significantly larger than what we define here for the area of
G0.253+0.016. Note that the e↵ective radius of 2.8 pc reported in Longmore et al. (2012) also corresponds to a significantly smaller area
(25 pc2) compared to the area used for their mass estimate. Here we derive all physical quantities consistently in a fixed area A = 17 (1) pc2

(see above). bThe average volume density of 8⇥ 104 cm�3 reported in Longmore et al. (2012) is incorrect because of an error in the script
from which that value was derived. The corrected value derived here is n0 = 1.3 (0.7)⇥ 104 cm�3.

Brick (CMZ) – 3. Magnetic field 

Federrath et al. (2016) 
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Table 1

Physical parameters of G0.253+0.016 in the CMZ.

Physical Parameter Symbol/Definition Mean (Standard Deviation) Comment (Reference)

Measured physical parameters:

Area A 17 (1) pc2 From Figs. 1, 4; (Refs. 1)

H2 column density N0 1.9 (1.0)⇥ 1023 cm�2 From Fig. 1; (Refs. 2)

Filament width Wfil 0.17 (0.09) pc From Figs. 1, 2

2D-to-3D density dispersion ratio R1/2 0.28 (0.11) From Fig. 1; Eq. (3); (Ref. 3)

1D turbulent+shear velocity dispersion �v,tot,1D 8.8 (0.2) km s�1 From Fig. 4, with gradient

1D turbulent velocity dispersion �v,1D 3.9 (0.1) km s�1 From Fig. 4, grad. subtracted

Derived from numerical simulations:

Turbulent magnetic field Bturb 130 (50)µG From Fig. 5; Sec. 3.3

Taken from the literature:

Log. column density dispersion �⌘ 0.34 (0.02) ⌘ = ln(N/N0); (Refs. 2)

Gas temperature T 100 (50)K (Refs. 4)

Dust temperature Tdust 20 (1)K (Refs. 2)

Total (ordered+turbulent) magnetic field Btot 2.2 (0.9)mG (Ref. 5)

Mean molecular weight per unit mH µmol 2.8 mH: mass of an H atom (Ref. 6)

Derived physical parameters:

E↵ective diameter L = 2 (A/⇡)1/2 4.7 (0.1) pc

Massa M = N0µmolmHA 7.2 (3.8)⇥ 104 M�
H2 volume number densityb n0 = N0/L 1.3 (0.7)⇥ 104 cm�3

Volume density ⇢0 = n0µmolmH 6.2 (3.3)⇥ 10�20 g cm�3

Column density dispersion �N/N0
= [exp(�2

⌘)� 1]1/2 0.35 (0.02) (Ref. 7)

Volume density dispersion �⇢/⇢0 = �N/N0
/R1/2 1.3 (0.5) Eq. (3); (Ref. 3)

Sound speed (isothermal) cs = [kBT/(µpmH)]1/2 0.60 (0.15) km s�1 µp = 2.33 (Ref. 6)

Turbulent Alfvén speed vA = Bturb/(4⇡⇢0)1/2 1.5 (0.7) km s�1

Turbulent plasma beta � = 2 c2s/v
2
A 0.34 (0.35)

3D turbulent+shear velocity dispersion �v,tot,3D = 31/2�v,tot,1D 15.2 (0.3) km s�1

3D turbulent velocity dispersion �v,3D = 31/2�v,1D 6.8 (0.2) km s�1

Virial parameter (turbulence+shear) ↵vir,tot = 5�2
v,tot,3D/(⇡GL2⇢0) 4.3 (2.3)

Virial parameter (turbulence only) ↵vir = 5�2
v,3D/(⇡GL2⇢0) 0.85 (0.45)

Freefall time t↵ = [3⇡/(32G⇢0)]1/2 0.27 (0.14)Myr

Turbulent crossing time tturb = L/�v,3D 0.67 (0.03)Myr

Turbulent energy dissipation rate ✏turb = M�2
v,3D/(2tturb) 1.5 (0.8)⇥ 1036 erg s�1

3D turbulent sonic Mach number M = �v,3D/cs 11 (3)

3D turbulent Alfvén Mach number MA = �v,3D/vA 4.6 (2.1)

Sonic scale �sonic = LM�2(1 + ��1) 0.15 (0.11) pc Eq. (5); (Refs. 8)

Turbulence driving parameter b = �⇢/⇢0M
�1(1 + ��1)1/2 0.22 (0.12) Eq. (7); (Refs. 9)

Derived star formation parameters:

Log-critical density scrit = Eq. (10) 2.3 (1.2) Eq. (10); (Ref. 10)

Critical number density ncrit = n0 exp(scrit) 1.0 (1.4)⇥ 105 cm�3 (Ref. 10)

Star formation rate per freefall time ✏↵ = Eq. (11) 0.042 (0.030) Eq. (11); (Ref. 10)

Star formation rate SFR = ✏↵ M/t↵ 1.1 (0.8)⇥ 10�2 M� yr�1 Eq. (13); (Ref. 10)

Notes. All physical parameters are derived for pixels that fall within the 5⇥1022 cm�2 (10� sensitivity) column density contour shown in
Figure 1 and where the HNCO intensity-weighted velocity has valid measurements (see Figure 4). This defines the fixed area A = 17 (1) pc2

within which we derive and report all physical parameters of G0.253+0.016. All uncertainties were propagated based on each independent
parameter. References: (1) assuming a distance of 8.3 (0.3) kpc (Malkin 2013; Zhu & Shen 2013; Reid et al. 2014), (2) Longmore et al.
(2012), Rathborne et al. (2014b), (3) Brunt et al. (2010b), (4) Lis et al. (2001), Mills & Morris (2013), Ao et al. (2013), Bally et al. (2014),
Ginsburg et al. (2016), (5) Pillai et al. (2015); note that the magnetic field measurement of 5.4 (0.5)mG in Pillai et al. (2015) was adjusted
to reflect the correct volume density n0 = 1.3 (0.7)⇥ 104 cm�3 of G0.253+0.016, because the volume density reported in Longmore et al.
(2012) is incorrect. We further propagated the uncertainty of n into the uncertainty of Btot. (6) Kau↵mann et al. (2008). (7) Price
et al. (2011). (8) Federrath & Klessen (2012), Federrath (2016). (9) Federrath et al. (2008b), Federrath et al. (2010), Padoan & Nordlund
(2011), Molina et al. (2012), Federrath & Banerjee (2015), Nolan et al. (2015). (10) Federrath & Klessen (2012). aNote that the mass
of 1.3 ⇥ 105 M� derived by Longmore et al. (2012) is a factor of 1.8 higher than our estimate, because Longmore et al. (2012) computed
the mass in an area of 1.3 ⇥ 105 M�/(1023 cm�2 µmolmH) = 58 pc2, which is significantly larger than what we define here for the area of
G0.253+0.016. Note that the e↵ective radius of 2.8 pc reported in Longmore et al. (2012) also corresponds to a significantly smaller area
(25 pc2) compared to the area used for their mass estimate. Here we derive all physical quantities consistently in a fixed area A = 17 (1) pc2

(see above). bThe average volume density of 8⇥ 104 cm�3 reported in Longmore et al. (2012) is incorrect because of an error in the script
from which that value was derived. The corrected value derived here is n0 = 1.3 (0.7)⇥ 104 cm�3.
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ABSTRACT

Star formation is primarily controlled by the interplay between gravity, turbulence, and magnetic fields.
However, the turbulence and magnetic fields in molecular clouds near the Galactic Center may di↵er
substantially compared to spiral-arm clouds. Here we determine the physical parameters of the central
molecular zone (CMZ) cloud G0.253+0.016, its turbulence, magnetic field and filamentary structure.
Using column-density maps based on dust-continuum emission observations with ALMA+Herschel, we
identify filaments and show that at least one dense core is located along them. We measure the filament
width Wfil = 0.17±0.09 pc and the sonic scale �sonic = 0.15±0.11 pc of the turbulence, and find Wfil ⇡

�sonic. A strong velocity gradient is seen in the HNCO intensity-weighted velocity maps obtained with
ALMA+Mopra. The gradient is likely caused by large-scale shearing of G0.253+0.016, producing a
wide double-peaked velocity PDF. After subtracting the gradient to isolate the turbulent motions,
we find a nearly Gaussian velocity PDF typical for turbulence. We measure the total and turbulent
velocity dispersion, 8.8±0.2 km s�1 and 3.9±0.1 km s�1, respectively. Using magnetohydrodynamical
turbulence simulations, we find that G0.253+0.016’s turbulent magnetic field Bturb = 130 ± 50µG
is only . 1/10 of the ordered field component. Combining these measurements, we reconstruct the
dominant turbulence driving mode in G0.253+0.016 and find a driving parameter b = 0.22 ± 0.12,
indicating solenoidal (divergence-free) driving. We compare this to spiral-arm clouds, which typically
have a significant compressive (curl-free) driving component (b > 0.4). Motivated by previous reports
of strong shearing motions in the CMZ, we speculate that shear causes the solenoidal driving in
G0.253+0.016 and show that this reduces the star formation rate (SFR) by a factor of 6.9 compared
to typical nearby clouds.
Keywords:

Galaxy: center — galaxies: ISM — ISM: clouds — magnetic fields — stars: formation —
turbulence

1. INTRODUCTION

Star formation powers the evolution of galaxies. How-
ever, the processes that control the conversion of gas
into stars remain poorly understood. We now know

christoph.federrath@anu.edu.au
1 Research School of Astronomy and Astrophysics, Australian

National University, Canberra, ACT 2611, Australia
2 CSIRO Astronomy and Space Science, P.O. Box 76, Epping

NSW, 1710, Australia
3 Astrophysics Research Institute, Liverpool John Moores

University, IC2, Liverpool Science Park, 146 Brownlow Hill,
Liverpool L3 5RF, United Kingdom

4 Astronomisches Rechen-Institut, Zentrum für Astronomie
der Universität Heidelberg, Mönchhofstraße 12-14, 69120 Hei-
delberg, Germany

5 Max-Planck Institut für Astronomie, Königstuhl 17,
69117 Heidelberg, Germany

6 CASA, University of Colorado, 389-UCB, Boulder,
CO 80309, USA

7 Leiden Observatory, Leiden University, PO Box 9513,
NL-2300 RA Leiden, the Netherlands

8 Departamento de Astronomı́a, Universidad de Chile, Casilla
36-D, Santiago, Chile

9 Institute for Astrophysical Research, Boston University,
Boston, MA 02215, USA

10 European Southern Observatory, Karl-Schwarzschild-
Straße 2, D-85748 Garching bei München, Germany

11 INAF-Arcetri, Largo E. Fermi 5, I-50125 Firenze, Italy
12 Excellence Cluster Universe, Boltzmannstraße 2, D-85748,

Garching, Germany
13 International Centre for Radio Astronomy Research,

Curtin University, GPO Box U1987, Perth WA 6845, Australia

that turbulence, magnetic fields and feedback are essen-
tial for regulating star formation in the Galactic disk,
because gravity alone would produce stars at a ⇠ 100
times higher rate than observed (McKee & Ostriker 2007;
Padoan et al. 2014; Federrath 2015). However, it is not
so clear whether the same principles hold in the Cen-
tral Molecular Zone—a much more extreme environment.
For instance, despite the high gas densities and the large
amount of available gas, there is about an order of magni-
tude less active star formation in the CMZ than expected
(Longmore et al. 2013b; Kruijssen et al. 2014; Johnston
et al. 2014). In order to test theories of star formation,
our main aim here is to measure the amount and struc-
ture of the turbulence and to determine the magnetic
field. We do this for the CMZ cloud G0.253+0.016, also
known as the ‘Brick’.
Besides constraining fundamental parameters of

G0.253+0.016, such as the density and mass of the cloud,
we focus on determining the turbulent Mach number and
driving, as well as the turbulent magnetic field compo-
nent. We reconstruct the driving mode of the turbulence
in G0.253+0.016 and find that it is primarily solenoidal.
This is in stark contrast to spiral-arm clouds, where the
turbulence seems to be significantly more compressive
(Padoan et al. 1997a; Brunt 2010; Price et al. 2011; Gins-
burg et al. 2013). The solenoidal driving of turbulence in
G0.253+0.016 may provide a possible explanation for the
unusually low e�ciency of dense-core and star formation

→ Solenoidal driving of the turbulence in the Brick (most likely shear) 

Brick (Central Molecular Zone) – Turbulence driving 
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Table 1

Physical parameters of G0.253+0.016 in the CMZ.

Physical Parameter Symbol/Definition Mean (Standard Deviation) Comment (Reference)

Measured physical parameters:

Area A 17 (1) pc2 From Figs. 1, 4; (Refs. 1)

H2 column density N0 1.9 (1.0)⇥ 1023 cm�2 From Fig. 1; (Refs. 2)

Filament width Wfil 0.17 (0.09) pc From Figs. 1, 2

2D-to-3D density dispersion ratio R1/2 0.28 (0.11) From Fig. 1; Eq. (3); (Ref. 3)

1D turbulent+shear velocity dispersion �v,tot,1D 8.8 (0.2) km s�1 From Fig. 4, with gradient

1D turbulent velocity dispersion �v,1D 3.9 (0.1) km s�1 From Fig. 4, grad. subtracted

Derived from numerical simulations:

Turbulent magnetic field Bturb 130 (50)µG From Fig. 5; Sec. 3.3

Taken from the literature:

Log. column density dispersion �⌘ 0.34 (0.02) ⌘ = ln(N/N0); (Refs. 2)

Gas temperature T 100 (50)K (Refs. 4)

Dust temperature Tdust 20 (1)K (Refs. 2)

Total (ordered+turbulent) magnetic field Btot 2.2 (0.9)mG (Ref. 5)

Mean molecular weight per unit mH µmol 2.8 mH: mass of an H atom (Ref. 6)

Derived physical parameters:

E↵ective diameter L = 2 (A/⇡)1/2 4.7 (0.1) pc

Massa M = N0µmolmHA 7.2 (3.8)⇥ 104 M�
H2 volume number densityb n0 = N0/L 1.3 (0.7)⇥ 104 cm�3

Volume density ⇢0 = n0µmolmH 6.2 (3.3)⇥ 10�20 g cm�3

Column density dispersion �N/N0
= [exp(�2

⌘)� 1]1/2 0.35 (0.02) (Ref. 7)

Volume density dispersion �⇢/⇢0 = �N/N0
/R1/2 1.3 (0.5) Eq. (3); (Ref. 3)

Sound speed (isothermal) cs = [kBT/(µpmH)]1/2 0.60 (0.15) km s�1 µp = 2.33 (Ref. 6)

Turbulent Alfvén speed vA = Bturb/(4⇡⇢0)1/2 1.5 (0.7) km s�1

Turbulent plasma beta � = 2 c2s/v
2
A 0.34 (0.35)

3D turbulent+shear velocity dispersion �v,tot,3D = 31/2�v,tot,1D 15.2 (0.3) km s�1

3D turbulent velocity dispersion �v,3D = 31/2�v,1D 6.8 (0.2) km s�1

Virial parameter (turbulence+shear) ↵vir,tot = 5�2
v,tot,3D/(⇡GL2⇢0) 4.3 (2.3)

Virial parameter (turbulence only) ↵vir = 5�2
v,3D/(⇡GL2⇢0) 0.85 (0.45)

Freefall time t↵ = [3⇡/(32G⇢0)]1/2 0.27 (0.14)Myr

Turbulent crossing time tturb = L/�v,3D 0.67 (0.03)Myr

Turbulent energy dissipation rate ✏turb = M�2
v,3D/(2tturb) 1.5 (0.8)⇥ 1036 erg s�1

3D turbulent sonic Mach number M = �v,3D/cs 11 (3)

3D turbulent Alfvén Mach number MA = �v,3D/vA 4.6 (2.1)

Sonic scale �sonic = LM�2(1 + ��1) 0.15 (0.11) pc Eq. (5); (Refs. 8)

Turbulence driving parameter b = �⇢/⇢0M
�1(1 + ��1)1/2 0.22 (0.12) Eq. (7); (Refs. 9)

Derived star formation parameters:

Log-critical density scrit = Eq. (10) 2.3 (1.2) Eq. (10); (Ref. 10)

Critical number density ncrit = n0 exp(scrit) 1.0 (1.4)⇥ 105 cm�3 (Ref. 10)

Star formation rate per freefall time ✏↵ = Eq. (11) 0.042 (0.030) Eq. (11); (Ref. 10)

Star formation rate SFR = ✏↵ M/t↵ 1.1 (0.8)⇥ 10�2 M� yr�1 Eq. (13); (Ref. 10)

Notes. All physical parameters are derived for pixels that fall within the 5⇥1022 cm�2 (10� sensitivity) column density contour shown in
Figure 1 and where the HNCO intensity-weighted velocity has valid measurements (see Figure 4). This defines the fixed area A = 17 (1) pc2

within which we derive and report all physical parameters of G0.253+0.016. All uncertainties were propagated based on each independent
parameter. References: (1) assuming a distance of 8.3 (0.3) kpc (Malkin 2013; Zhu & Shen 2013; Reid et al. 2014), (2) Longmore et al.
(2012), Rathborne et al. (2014b), (3) Brunt et al. (2010b), (4) Lis et al. (2001), Mills & Morris (2013), Ao et al. (2013), Bally et al. (2014),
Ginsburg et al. (2016), (5) Pillai et al. (2015); note that the magnetic field measurement of 5.4 (0.5)mG in Pillai et al. (2015) was adjusted
to reflect the correct volume density n0 = 1.3 (0.7)⇥ 104 cm�3 of G0.253+0.016, because the volume density reported in Longmore et al.
(2012) is incorrect. We further propagated the uncertainty of n into the uncertainty of Btot. (6) Kau↵mann et al. (2008). (7) Price
et al. (2011). (8) Federrath & Klessen (2012), Federrath (2016). (9) Federrath et al. (2008b), Federrath et al. (2010), Padoan & Nordlund
(2011), Molina et al. (2012), Federrath & Banerjee (2015), Nolan et al. (2015). (10) Federrath & Klessen (2012). aNote that the mass
of 1.3 ⇥ 105 M� derived by Longmore et al. (2012) is a factor of 1.8 higher than our estimate, because Longmore et al. (2012) computed
the mass in an area of 1.3 ⇥ 105 M�/(1023 cm�2 µmolmH) = 58 pc2, which is significantly larger than what we define here for the area of
G0.253+0.016. Note that the e↵ective radius of 2.8 pc reported in Longmore et al. (2012) also corresponds to a significantly smaller area
(25 pc2) compared to the area used for their mass estimate. Here we derive all physical quantities consistently in a fixed area A = 17 (1) pc2

(see above). bThe average volume density of 8⇥ 104 cm�3 reported in Longmore et al. (2012) is incorrect because of an error in the script
from which that value was derived. The corrected value derived here is n0 = 1.3 (0.7)⇥ 104 cm�3.
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ABSTRACT

Star formation is primarily controlled by the interplay between gravity, turbulence, and magnetic fields.
However, the turbulence and magnetic fields in molecular clouds near the Galactic Center may di↵er
substantially compared to spiral-arm clouds. Here we determine the physical parameters of the central
molecular zone (CMZ) cloud G0.253+0.016, its turbulence, magnetic field and filamentary structure.
Using column-density maps based on dust-continuum emission observations with ALMA+Herschel, we
identify filaments and show that at least one dense core is located along them. We measure the filament
width Wfil = 0.17±0.09 pc and the sonic scale �sonic = 0.15±0.11 pc of the turbulence, and find Wfil ⇡

�sonic. A strong velocity gradient is seen in the HNCO intensity-weighted velocity maps obtained with
ALMA+Mopra. The gradient is likely caused by large-scale shearing of G0.253+0.016, producing a
wide double-peaked velocity PDF. After subtracting the gradient to isolate the turbulent motions,
we find a nearly Gaussian velocity PDF typical for turbulence. We measure the total and turbulent
velocity dispersion, 8.8±0.2 km s�1 and 3.9±0.1 km s�1, respectively. Using magnetohydrodynamical
turbulence simulations, we find that G0.253+0.016’s turbulent magnetic field Bturb = 130 ± 50µG
is only . 1/10 of the ordered field component. Combining these measurements, we reconstruct the
dominant turbulence driving mode in G0.253+0.016 and find a driving parameter b = 0.22 ± 0.12,
indicating solenoidal (divergence-free) driving. We compare this to spiral-arm clouds, which typically
have a significant compressive (curl-free) driving component (b > 0.4). Motivated by previous reports
of strong shearing motions in the CMZ, we speculate that shear causes the solenoidal driving in
G0.253+0.016 and show that this reduces the star formation rate (SFR) by a factor of 6.9 compared
to typical nearby clouds.
Keywords:

Galaxy: center — galaxies: ISM — ISM: clouds — magnetic fields — stars: formation —
turbulence

1. INTRODUCTION

Star formation powers the evolution of galaxies. How-
ever, the processes that control the conversion of gas
into stars remain poorly understood. We now know
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that turbulence, magnetic fields and feedback are essen-
tial for regulating star formation in the Galactic disk,
because gravity alone would produce stars at a ⇠ 100
times higher rate than observed (McKee & Ostriker 2007;
Padoan et al. 2014; Federrath 2015). However, it is not
so clear whether the same principles hold in the Cen-
tral Molecular Zone—a much more extreme environment.
For instance, despite the high gas densities and the large
amount of available gas, there is about an order of magni-
tude less active star formation in the CMZ than expected
(Longmore et al. 2013b; Kruijssen et al. 2014; Johnston
et al. 2014). In order to test theories of star formation,
our main aim here is to measure the amount and struc-
ture of the turbulence and to determine the magnetic
field. We do this for the CMZ cloud G0.253+0.016, also
known as the ‘Brick’.
Besides constraining fundamental parameters of

G0.253+0.016, such as the density and mass of the cloud,
we focus on determining the turbulent Mach number and
driving, as well as the turbulent magnetic field compo-
nent. We reconstruct the driving mode of the turbulence
in G0.253+0.016 and find that it is primarily solenoidal.
This is in stark contrast to spiral-arm clouds, where the
turbulence seems to be significantly more compressive
(Padoan et al. 1997a; Brunt 2010; Price et al. 2011; Gins-
burg et al. 2013). The solenoidal driving of turbulence in
G0.253+0.016 may provide a possible explanation for the
unusually low e�ciency of dense-core and star formation

Brick (Central Molecular Zone) – Turbulence driving 

→ Solenoidal driving of the turbulence in the Brick (most likely shear) 
Federrath et al. (2016) 
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Table 1

Physical parameters of G0.253+0.016 in the CMZ.

Physical Parameter Symbol/Definition Mean (Standard Deviation) Comment (Reference)

Measured physical parameters:

Area A 17 (1) pc2 From Figs. 1, 4; (Refs. 1)

H2 column density N0 1.9 (1.0)⇥ 1023 cm�2 From Fig. 1; (Refs. 2)

Filament width Wfil 0.17 (0.09) pc From Figs. 1, 2

2D-to-3D density dispersion ratio R1/2 0.28 (0.11) From Fig. 1; Eq. (3); (Ref. 3)

1D turbulent+shear velocity dispersion �v,tot,1D 8.8 (0.2) km s�1 From Fig. 4, with gradient

1D turbulent velocity dispersion �v,1D 3.9 (0.1) km s�1 From Fig. 4, grad. subtracted

Derived from numerical simulations:

Turbulent magnetic field Bturb 130 (50)µG From Fig. 5; Sec. 3.3

Taken from the literature:

Log. column density dispersion �⌘ 0.34 (0.02) ⌘ = ln(N/N0); (Refs. 2)

Gas temperature T 100 (50)K (Refs. 4)

Dust temperature Tdust 20 (1)K (Refs. 2)

Total (ordered+turbulent) magnetic field Btot 2.2 (0.9)mG (Ref. 5)

Mean molecular weight per unit mH µmol 2.8 mH: mass of an H atom (Ref. 6)

Derived physical parameters:

E↵ective diameter L = 2 (A/⇡)1/2 4.7 (0.1) pc

Massa M = N0µmolmHA 7.2 (3.8)⇥ 104 M�
H2 volume number densityb n0 = N0/L 1.3 (0.7)⇥ 104 cm�3

Volume density ⇢0 = n0µmolmH 6.2 (3.3)⇥ 10�20 g cm�3

Column density dispersion �N/N0
= [exp(�2

⌘)� 1]1/2 0.35 (0.02) (Ref. 7)

Volume density dispersion �⇢/⇢0 = �N/N0
/R1/2 1.3 (0.5) Eq. (3); (Ref. 3)

Sound speed (isothermal) cs = [kBT/(µpmH)]1/2 0.60 (0.15) km s�1 µp = 2.33 (Ref. 6)

Turbulent Alfvén speed vA = Bturb/(4⇡⇢0)1/2 1.5 (0.7) km s�1

Turbulent plasma beta � = 2 c2s/v
2
A 0.34 (0.35)

3D turbulent+shear velocity dispersion �v,tot,3D = 31/2�v,tot,1D 15.2 (0.3) km s�1

3D turbulent velocity dispersion �v,3D = 31/2�v,1D 6.8 (0.2) km s�1

Virial parameter (turbulence+shear) ↵vir,tot = 5�2
v,tot,3D/(⇡GL2⇢0) 4.3 (2.3)

Virial parameter (turbulence only) ↵vir = 5�2
v,3D/(⇡GL2⇢0) 0.85 (0.45)

Freefall time t↵ = [3⇡/(32G⇢0)]1/2 0.27 (0.14)Myr

Turbulent crossing time tturb = L/�v,3D 0.67 (0.03)Myr

Turbulent energy dissipation rate ✏turb = M�2
v,3D/(2tturb) 1.5 (0.8)⇥ 1036 erg s�1

3D turbulent sonic Mach number M = �v,3D/cs 11 (3)

3D turbulent Alfvén Mach number MA = �v,3D/vA 4.6 (2.1)

Sonic scale �sonic = LM�2(1 + ��1) 0.15 (0.11) pc Eq. (5); (Refs. 8)

Turbulence driving parameter b = �⇢/⇢0M
�1(1 + ��1)1/2 0.22 (0.12) Eq. (7); (Refs. 9)

Derived star formation parameters:

Log-critical density scrit = Eq. (10) 2.3 (1.2) Eq. (10); (Ref. 10)

Critical number density ncrit = n0 exp(scrit) 1.0 (1.4)⇥ 105 cm�3 (Ref. 10)

Star formation rate per freefall time ✏↵ = Eq. (11) 0.042 (0.030) Eq. (11); (Ref. 10)

Star formation rate SFR = ✏↵ M/t↵ 1.1 (0.8)⇥ 10�2 M� yr�1 Eq. (13); (Ref. 10)

Notes. All physical parameters are derived for pixels that fall within the 5⇥1022 cm�2 (10� sensitivity) column density contour shown in
Figure 1 and where the HNCO intensity-weighted velocity has valid measurements (see Figure 4). This defines the fixed area A = 17 (1) pc2

within which we derive and report all physical parameters of G0.253+0.016. All uncertainties were propagated based on each independent
parameter. References: (1) assuming a distance of 8.3 (0.3) kpc (Malkin 2013; Zhu & Shen 2013; Reid et al. 2014), (2) Longmore et al.
(2012), Rathborne et al. (2014b), (3) Brunt et al. (2010b), (4) Lis et al. (2001), Mills & Morris (2013), Ao et al. (2013), Bally et al. (2014),
Ginsburg et al. (2016), (5) Pillai et al. (2015); note that the magnetic field measurement of 5.4 (0.5)mG in Pillai et al. (2015) was adjusted
to reflect the correct volume density n0 = 1.3 (0.7)⇥ 104 cm�3 of G0.253+0.016, because the volume density reported in Longmore et al.
(2012) is incorrect. We further propagated the uncertainty of n into the uncertainty of Btot. (6) Kau↵mann et al. (2008). (7) Price
et al. (2011). (8) Federrath & Klessen (2012), Federrath (2016). (9) Federrath et al. (2008b), Federrath et al. (2010), Padoan & Nordlund
(2011), Molina et al. (2012), Federrath & Banerjee (2015), Nolan et al. (2015). (10) Federrath & Klessen (2012). aNote that the mass
of 1.3 ⇥ 105 M� derived by Longmore et al. (2012) is a factor of 1.8 higher than our estimate, because Longmore et al. (2012) computed
the mass in an area of 1.3 ⇥ 105 M�/(1023 cm�2 µmolmH) = 58 pc2, which is significantly larger than what we define here for the area of
G0.253+0.016. Note that the e↵ective radius of 2.8 pc reported in Longmore et al. (2012) also corresponds to a significantly smaller area
(25 pc2) compared to the area used for their mass estimate. Here we derive all physical quantities consistently in a fixed area A = 17 (1) pc2

(see above). bThe average volume density of 8⇥ 104 cm�3 reported in Longmore et al. (2012) is incorrect because of an error in the script
from which that value was derived. The corrected value derived here is n0 = 1.3 (0.7)⇥ 104 cm�3.

draft July 4, 2016

Preprint typeset using LATEX style emulateapj v. 01/23/15

TURBULENCE, MAGNETIC FIELDS, AND FILAMENTS IN THE CENTRAL MOLECULAR ZONE CLOUD
G0.253+0.016

C. Federrath

1

, J. M. Rathborne

2

, S. N. Longmore

3

, J. M. D. Kruijssen

4,5

, J. Bally

6

, Y. Contreras

7

,

R. M. Crocker

1

, G. Garay

8

, J. M. Jackson

9

, L. Testi

10,11,12

, A. J. Walsh

13

draft July 4, 2016

ABSTRACT

Star formation is primarily controlled by the interplay between gravity, turbulence, and magnetic fields.
However, the turbulence and magnetic fields in molecular clouds near the Galactic Center may di↵er
substantially compared to spiral-arm clouds. Here we determine the physical parameters of the central
molecular zone (CMZ) cloud G0.253+0.016, its turbulence, magnetic field and filamentary structure.
Using column-density maps based on dust-continuum emission observations with ALMA+Herschel, we
identify filaments and show that at least one dense core is located along them. We measure the filament
width Wfil = 0.17±0.09 pc and the sonic scale �sonic = 0.15±0.11 pc of the turbulence, and find Wfil ⇡

�sonic. A strong velocity gradient is seen in the HNCO intensity-weighted velocity maps obtained with
ALMA+Mopra. The gradient is likely caused by large-scale shearing of G0.253+0.016, producing a
wide double-peaked velocity PDF. After subtracting the gradient to isolate the turbulent motions,
we find a nearly Gaussian velocity PDF typical for turbulence. We measure the total and turbulent
velocity dispersion, 8.8±0.2 km s�1 and 3.9±0.1 km s�1, respectively. Using magnetohydrodynamical
turbulence simulations, we find that G0.253+0.016’s turbulent magnetic field Bturb = 130 ± 50µG
is only . 1/10 of the ordered field component. Combining these measurements, we reconstruct the
dominant turbulence driving mode in G0.253+0.016 and find a driving parameter b = 0.22 ± 0.12,
indicating solenoidal (divergence-free) driving. We compare this to spiral-arm clouds, which typically
have a significant compressive (curl-free) driving component (b > 0.4). Motivated by previous reports
of strong shearing motions in the CMZ, we speculate that shear causes the solenoidal driving in
G0.253+0.016 and show that this reduces the star formation rate (SFR) by a factor of 6.9 compared
to typical nearby clouds.
Keywords:
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turbulence

1. INTRODUCTION

Star formation powers the evolution of galaxies. How-
ever, the processes that control the conversion of gas
into stars remain poorly understood. We now know
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that turbulence, magnetic fields and feedback are essen-
tial for regulating star formation in the Galactic disk,
because gravity alone would produce stars at a ⇠ 100
times higher rate than observed (McKee & Ostriker 2007;
Padoan et al. 2014; Federrath 2015). However, it is not
so clear whether the same principles hold in the Cen-
tral Molecular Zone—a much more extreme environment.
For instance, despite the high gas densities and the large
amount of available gas, there is about an order of magni-
tude less active star formation in the CMZ than expected
(Longmore et al. 2013b; Kruijssen et al. 2014; Johnston
et al. 2014). In order to test theories of star formation,
our main aim here is to measure the amount and struc-
ture of the turbulence and to determine the magnetic
field. We do this for the CMZ cloud G0.253+0.016, also
known as the ‘Brick’.
Besides constraining fundamental parameters of

G0.253+0.016, such as the density and mass of the cloud,
we focus on determining the turbulent Mach number and
driving, as well as the turbulent magnetic field compo-
nent. We reconstruct the driving mode of the turbulence
in G0.253+0.016 and find that it is primarily solenoidal.
This is in stark contrast to spiral-arm clouds, where the
turbulence seems to be significantly more compressive
(Padoan et al. 1997a; Brunt 2010; Price et al. 2011; Gins-
burg et al. 2013). The solenoidal driving of turbulence in
G0.253+0.016 may provide a possible explanation for the
unusually low e�ciency of dense-core and star formation

Brick (Central Molecular Zone) – Turbulence driving 

→ Solenoidal driving of the turbulence in the Brick (most likely shear) 
Federrath et al. (2016) 
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Implications for Star Formation in Different Environments (SFDE) 

If driving parameter b were 0.5 (as in many nearby clouds), 
                                                      then SFR would be factor 7 higher! 

Federrath et al. (2016) 

Later measured for Brick: SFR = 0.7 x 10-2 M¤ yr 
-1 (Barnes et al. (2017) 
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Figure 6. Relation between the turbulent density fluctuations (�⇢/⇢0 ) and the combination of sonic Mach number (M) and plasma �.
This relation given by Equation (7), defines the turbulence driving parameter b (Federrath et al. 2008b, 2010). The three dotted lines
show Eq. (7) for three representative driving cases: purely solenoidal driving (b = 1/3, gold), naturally-mixed driving (b ⇠ 0.4, blue), and
purely compressive driving (b = 1, purple); see Eq. (8). Numerical simulations are shown as symbols (with the color indicating the applied
driving mode: sol, mix or comp): from Federrath et al. (2008b, 2010) (diamonds), Price et al. (2011) (pentagon), Molina et al. (2012)
(squares), Konstandin et al. (2012) (stars), Nolan et al. (2015) (triangles), and Federrath & Banerjee (2015) (upside-down triangle). The
black crosses are measurements in the Milky Way spiral-arm clouds Taurus (Brunt 2010), GRSMC43.30-0.33 (Ginsburg et al. 2013), and
IC5146 (Padoan et al. 1997a). Our measurement for G0.253+0.016 is shown as the red circle with 1� uncertainties drawn from the PDFs in
the top and right panels. This indicates solenoidal driving of the turbulence in G0.253+0.016, i.e., b < 0.4. In contrast, all three spiral-arm
clouds show a significant compressive driving component, b > 0.4.
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Note that in this Equation for the critical density of star
formation, we used the total (turbulence+shear) virial
parameter instead of the purely turbulent one, because
shear contributes to reducing the star formation poten-
tial of the cloud.
Equation (10) leads to a critical volume density thresh-

old of ncrit = n0 exp(scrit) = 1.0 ⇥ 105 cm�3, about
1–2 orders of magnitude higher than in nearby clouds.
However, this alone does not explain the low SFR in
G0.253+0.016, because the gas densities are equally ele-
vated by 1–2 orders of magnitude. Relevant for the pre-
dicted SFR based on models of supersonic MHD turbu-
lence is not ncrit, but the log-normalized critical density
(scrit) given by Equation (10), which does not depend
on the average density n0 (Federrath & Klessen 2012;
Padoan et al. 2014). Indeed, the theory is fully deter-
mined by four dimensionless physical parameters of the
cloud, namely the virial parameter, the sonic Mach num-
ber, the turbulence driving parameter, and the plasma
beta (Federrath & Klessen 2012). These four parameters
define the multi-freefall model (Hennebelle & Chabrier
2011) for the dimensionless SFR per freefall time given
by (Eq. 41 in Federrath & Klessen 2012),
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with the log-normalized density variance (Eq. 4 in Fed-
errath & Klessen 2012),
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Using our derived parameters ↵vir,tot, M, b, and � for
G0.253+0.016 from Table 1, and combined with the best-
fit theory parameter 1/�

t

= 0.46 ± 0.06 (from Tab. 3 in
Federrath & Klessen 2012) and the core-to-star e�ciency
✏ = 0.5 (Federrath et al. 2014), we find an SFR per
freefall time of ✏↵ = 0.042± 0.030 or an absolute SFR,

SFR = ✏↵ M/t↵ = (1.1± 0.8)⇥ 10�2 M� yr�1. (13)

The key point is that the same theoretical model pre-
dicts SFR = 7.6 ⇥ 10�2 M� yr�1 if a turbulence driving
parameter b = 0.5 is used, which is typical for clouds
in the solar neighborhood (see Fig. 6). We see that this
is a factor of 6.9 higher than what we derived in Equa-
tion (13) based on our measured b = 0.22. This demon-
strates that the driving of the turbulence is a critical
parameter for the SFR of G0.253+0.016.

7.3. Turbulent versus ordered magnetic field

We emphasize that the turbulent plasma � (not the to-
tal plasma �), enters the theoretical models for the sonic
scale, turbulence driving parameter, critical density for
star formation, and turbulent density dispersion, given
by Equations (5), (7), (10), and (12), respectively. As
explained in Federrath & Klessen (2012), these equations
are not valid if one inserts the total (turbulent+ordered)
plasma � in the presence of a strong ordered magnetic
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Figure 6. Relation between the turbulent density fluctuations (�⇢/⇢0
) and the combination of sonic Mach number (M) and plasma �.

This relation given by Equation (7), defines the turbulence driving parameter b (Federrath et al. 2008b, 2010). The three dotted lines
show Eq. (7) for three representative driving cases: purely solenoidal driving (b = 1/3, gold), naturally-mixed driving (b ⇠ 0.4, blue), and
purely compressive driving (b = 1, purple); see Eq. (8). Numerical simulations are shown as symbols (with the color indicating the applied
driving mode: sol, mix or comp): from Federrath et al. (2008b, 2010) (diamonds), Price et al. (2011) (pentagon), Molina et al. (2012)
(squares), Konstandin et al. (2012) (stars), Nolan et al. (2015) (triangles), and Federrath & Banerjee (2015) (upside-down triangle). The
black crosses are measurements in the Milky Way spiral-arm clouds Taurus (Brunt 2010), GRSMC43.30-0.33 (Ginsburg et al. 2013), and
IC5146 (Padoan et al. 1997a). Our measurement for G0.253+0.016 is shown as the red circle with 1� uncertainties drawn from the PDFs in
the top and right panels. This indicates solenoidal driving of the turbulence in G0.253+0.016, i.e., b < 0.4. In contrast, all three spiral-arm
clouds show a significant compressive driving component, b > 0.4.
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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 

...but, IMF also needs stellar heating feedback! 
Federrath – SFDE 2017 



Radiation feedback 

Proto-/stellar evolution → accretion/stellar luminosity → heating 

Offner et al. (2009) 
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A simple radiation feedback model 

Increasing resolution → convergence (Federrath, Krumholz, Hopkins 2017) 
Federrath – SFDE 2017 



Radiation feedback → Converging on the IMF 

(Federrath et al., in prep.) 

Isothermal Equation of State 
A simple model for stellar heating 9

Figure 4.

Hopkins, P. F. 2013, MNRAS, 430, 1653
Hosokawa, T., & Omukai, K. 2009, ApJ, 691, 823
Kainulainen, J., Federrath, C., & Henning, T. 2013, A&A,
553, L8

Kau↵mann, J., Pillai, T., & Goldsmith, P. F. 2013, ApJ,
779, 185

Konstandin, L., Federrath, C., Klessen, R. S., & Schmidt,
W. 2012, JFM, 692, 183

Kritsuk, A. G., Norman, M. L., Padoan, P., & Wagner, R.
2007, ApJ, 665, 416

Kroupa, P. 2001, MNRAS, 322, 231
Krumholz, M. R. 2014, Physics Reports, 539, 49
Krumholz, M. R., Klein, R. I., & McKee, C. F. 2007, ApJ,
656, 959

—. 2012, ApJ, 754, 71
Krumholz, M. R., & McKee, C. F. 2005, ApJ, 630, 250
Kuiper, R., Klahr, H., Beuther, H., & Henning, T. 2010,
ApJ, 722, 1556

Larson, R. B. 1969, MNRAS, 145, 271
—. 1981, MNRAS, 194, 809
Liptai, D., Price, D. J., Wurster, J., & Bate, M. R. 2016,
MNRAS, accepted (arXiv:1610.07619)

Mac Low, M.-M., & Klessen, R. S. 2004, RvMP, 76, 125
Mac Low, M.-M., Klessen, R. S., Burkert, A., & Smith,
M. D. 1998, PhRvL, 80, 2754

Masunaga, H., & Inutsuka, S.-i. 2000, ApJ, 531, 350
McKee, C. F., & Ostriker, E. C. 2007, ARAA, 45, 565
Molina, F. Z., Glover, S. C. O., Federrath, C., & Klessen,

c
� 0000 RAS, MNRAS 000, 000–000

Stellar Heating Feedback 

A simple model for stellar heating 9

Figure 4.

Hopkins, P. F. 2013, MNRAS, 430, 1653
Hosokawa, T., & Omukai, K. 2009, ApJ, 691, 823
Kainulainen, J., Federrath, C., & Henning, T. 2013, A&A,
553, L8

Kau↵mann, J., Pillai, T., & Goldsmith, P. F. 2013, ApJ,
779, 185

Konstandin, L., Federrath, C., Klessen, R. S., & Schmidt,
W. 2012, JFM, 692, 183

Kritsuk, A. G., Norman, M. L., Padoan, P., & Wagner, R.
2007, ApJ, 665, 416

Kroupa, P. 2001, MNRAS, 322, 231
Krumholz, M. R. 2014, Physics Reports, 539, 49
Krumholz, M. R., Klein, R. I., & McKee, C. F. 2007, ApJ,
656, 959

—. 2012, ApJ, 754, 71
Krumholz, M. R., & McKee, C. F. 2005, ApJ, 630, 250
Kuiper, R., Klahr, H., Beuther, H., & Henning, T. 2010,
ApJ, 722, 1556

Larson, R. B. 1969, MNRAS, 145, 271
—. 1981, MNRAS, 194, 809
Liptai, D., Price, D. J., Wurster, J., & Bate, M. R. 2016,
MNRAS, accepted (arXiv:1610.07619)

Mac Low, M.-M., & Klessen, R. S. 2004, RvMP, 76, 125
Mac Low, M.-M., Klessen, R. S., Burkert, A., & Smith,
M. D. 1998, PhRvL, 80, 2754

Masunaga, H., & Inutsuka, S.-i. 2000, ApJ, 531, 350
McKee, C. F., & Ostriker, E. C. 2007, ARAA, 45, 565
Molina, F. Z., Glover, S. C. O., Federrath, C., & Klessen,

c
� 0000 RAS, MNRAS 000, 000–000

Federrath – SFDE 2017 



A new calibrated radiation feedback model → IMF 

Theoretical prediction: 

→ We can determine the IMF 

Hennebelle & Chabrier (2009; 2013) 
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Primordial Star Formation (IMF of Population III Stars) 
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Important physics missing: no magnetic fields, no jet feedback 
→ Our simulation methods allow us to predict the Pop III IMF 
→ Indirect constraints on Pop III IMF: e.g., Norris et al. (2013) 
              and near future observations with LSST, JWST, GMT, E-ELT 
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Conclusions and new challenges 

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, jet feedback and radiation feedback 

 

…probably relevant also for Population III IMF 
   

2)  Measured turbulence driving parameter in The Brick (CMZ) 
→ Solenoidal driving (probably caused by shear) may explain low SFR 
 

             (predicted SFR ≈ 0.01 M¤/yr ≈ 4% per freefall time) 

The End. 
Federrath – SFDE 2017 


