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Macroscopic Star 
Formation Law

Compilation of local, high-z; normal 
galaxies and starbursts / SMGs



Mesoscopic Star 
Formation Law Compilation: Krumholz 2014 review



Microscopic Star 
Formation Law

Compilation: Krumholz, McKee, & 
Bland-Hawthorn 2018, ARAA, in 
prep
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Gas Velocity Dispersion 
vs. SFR Data compilation: Krumholz+ 2018
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Gravitational Stability
Left: local spirals, Martin & Kennicutt 
2002

Right: high-z galaxies, Genzel+ 2010
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tively. Such regions may allow cloud formation (and
subsequently star formation) even where the azimuthally
averaged gas density is subcritical. For example, in ° 3.3, the
spiral density waves in the subcritical disks of NGC 3031
and NGC 4548 are supported where the gas surface density
exceeds rather than The lower threshold is0.3kcrit 0.69kcrit.consistent with models of swing ampliÐcation. The more
isolated H II regions in the subcritical disks are generated by
a di†erent mechanism. We suggest that random density per-
turbations generate some supercritical regions in disks that
have surface densities close to the critical density for insta-
bility. Support for this viewpoint comes from the subcritical
disks. Isolated H II regions were found most frequently
when the gas surface density was only slightly subcritical,
and no H II regions were found where the gas surface
density was less than 10% of the critical density. As the
average gas surface density approaches the critical density,
the amount of star formation activity in isolated, star-
forming regions clearly increases. Could a combination of
local perturbations and spiral arms also explain the exis-
tence of H II regions at radii beyond the threshold radius? If
so, star formation activity should be more prevalent where
the ratio remains high (i.e., greater than 0.3) beyondkgas/kcritRH II

.
To test this hypothesis, we need to minimize the system-

atic errors caused by disk asymmetry at so weRH II
,

compare the 11 galaxies with the smallest azimuthal varia-
tions in threshold radius. Figure 8 shows the radial stability
proÐles for 10 members of our sample ; the proÐle for NGC
5236 was shown previously. The spread in the instability
parameter is only a factor of 2 at the threshold radius where
the proÐles converge. Beyond the threshold radius, the shal-
lowest gradient is found in the disk of NGC 2403, which
remains marginally stable. Not surprisingly, many H II

regions are seen beyond in NGC 2403. The gas surfaceRH IIdensity in NGC 6946 also remains close to the critical
density, i.e., out to and a large numberkgas º 0.4kcrit, 2RH II

,

of H II regions are seen beyond (see Ferguson et al.RH II1998). In contrast, the steepest gradients in the instability
parameter, K d(kgas/kcrit)

dR
K
[ 0.1 kpc~1 , (9)

are found in NGC 4402, NGC 4713, and NGC 5236. None
of these galaxies show much Ha emission beyond the
threshold radius. The instability parameter is also low
outside the threshold radius in NGC 2903, but the star
formation is conÐned to the spiral arms locally. The likeli-
hood of Ðnding isolated H II regions outside thereforeRH IIappears to scale with the value of the instability parameter.

It is interesting to examine why, beyond a(R)RH II
,

remains high in some disks and drops sharply in others.
Figure 9 shows the gas surface density proÐles for the same
10 galaxies. The H I disks of the Virgo Cluster galaxies
NGC 4394, NGC 4402, and NGC 4689 appear to have been
stripped at radii When the molecular gas densityR º RH II

.
is included, the di†erence in total gas surface density rela-
tive to the Ðeld galaxies is reduced, but the Virgo members
still tend to have lower values of the instability parameter
outside Inspection of Figure 3 shows that the VirgoRH II

.
galaxies show H II regions beyond less frequently thanRH IIthe Ðeld sample.

3.5.3. Variations in the T hreshold Stability Parameter
with Galaxy Type

Figure 10 shows our best estimates of at the outera(RH II
)

edges of 26 disks.3 The signiÐcance of the weak trend with
galaxy type is difficult to assess quantitatively. The error
bars represent limiting values and are set by the magnitude
of systematic errors associated with one-dimensional gas
proÐles in nonaxisymmetric disks, tidal disturbances, the

3 The six galaxies with subcritical disks are omitted. NGC 5194 and
NGC 5457 are not shown since the rotation curves are not well deÐned at
RH II

.

FIG. 8.ÈRadial variation in the instability parameter. The disks with the least azimuthal variation in threshold radius are shown. The galactocentric
radius is normalized to the threshold radius. Dotted lines mark the mean ratio of the gas surface density to the critical density at the threshold radius.
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Figure 24. Radial distributions of the Toomre Q-parameter for the 19 SFGs in this paper, separated as in Figure 23 by dynamical mass in the lowest five (blue: 10.36 !
log Mdyn ! 10.5), next five (green: 10.68 ! log Mdyn ! 10.93), next five (orange: 11.04 ! log Mdyn ! 11.28), and highest bins (red: 11.34 ! log Mdyn ! 11.41).
Typical statistical (red) and systematic (gray) uncertainties are indicated. The dashed horizontal line marks Qcrit = 1.3 for a thick gas-rich disk with fgas ∼ 0.5. The
gray shaded area on the left denotes the radius regime that is below the average HWHM instrumental resolution, and thus represents a somewhat uncertain inward
extrapolation.
(A color version of this figure is available in the online journal.)
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Figure 25. Distribution of Q-values for each pixel and all SFGs, separated in two mass bins (blue: 11 lowest mass; red: 8 highest mass). The left panel depicts the
same data as in Figure 24, with Σmol gas derived from the Hα data, and κ(R) and σ 0 derived from the dynamical modeling. The central panel again uses the same
molecular surface densities and velocity dispersions as the right bin but instead applies a constant average ⟨κ⟩ value for each galaxy. The right panel instead uses
κ(R) and a constant (median) value for the molecular surface densities. A comparison of the three panels shows that the strong dichotomy of strongly gravitationally
unstable (Q < 1) gas in the outer disks and stable (Q > 1.3) gas in the nuclear regions, especially for the more massive SFGs, is more driven by the radial variation
in κ than in Σmol gas. The red and gray error bars denote the typical statistical and systematic uncertainty of the data. The gray shaded area in each panel denotes the
radius regime that is below the average HWHM instrumental resolution, and thus represents a somewhat uncertain inward extrapolation.
(A color version of this figure is available in the online journal.)

of the high-mass half of the SFGs, but so does Qouter. If that
were the answer, one would have to doubt the relevance of the
stability theory, or our calibration of the Q-values, since obvi-
ously active star formation does occur throughout the outer ring
structures of these massive galaxies.

Finally, in the right panel we let κ vary with R, as in the left
panel, but now use a flat Σmol gas distribution for each galaxy, so
that there are no central depressions. While the outer Q-values
are now somewhat higher, the inner values and especially the

radial trends are pretty much the same as in the left panel.
Figure 25 thus shows that it is the radial variations in κ , and not
in Σmol gas, that largely drive the strong central Q-peaks in the
massive half of the population. The κ distributions in many of
our SFGs increase strongly toward the center, κ ∼ 1/R, because
of the fairly flat or even inward rising rotation curves to 2–3 kpc
(central upper panels in Figures 2–20).

We conclude that the centrally peaked Q-distributions are
influenced, but not dominated, by the Hα ring distributions and

21



Direct Detection of 
Radial Transport 

Schmidt+ 2016:

Left: NGC 2403 radial velocity w/ 
GALEX FUV overlaid

Right: radial velocity and mass flux

14 T. M. Schmidt et al.

Figure 7. Residuals of the fit for NGC 2403. No distinct pattern
of large-scale structure appears. A slight signature of spiral arms
might be visible in the inner part.
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Figure 9. Combination of a reconstructed radial velocity field
of NGC 2403 (orange shaded ellipses) and a GALEX FUV map
tracing recent star formation. The yellow, dashed ellipses mark
radii of 200” and 460”, where the maximum inflow velocities are
measured (compare to Figure 8). It can be seen that most of the
UV emission appears in the inner part of the disk, inside the
region of peak inflow. This at least allows the interpretation that
the gas moves inwards where it is transformed into stars.

tain model and could explain the additional mass flows. For
NGC 2403 some indication for this was discovered by Fra-
ternali et al. 2002. By taking position–velocity cuts parallel
to the major and minor axis, they find substantial amounts
of extraplanar H i gas that rotates more slowly than the
disk and is reported to show a net inward motion. The gas
they detect lies roughly in the same radial range (200” to
700”) as the main inflow found in our analysis. However,
our method has only limited sensitivity to extraplanar gas
because its presence will not substantially change the in-
tensity weighted mean used to compute the moment maps.
Another possible way to deviate from our stationary model
is time-variable accretion, for instance if accretion happens
via discrete events (e.g., large gas clouds).

The spatial correlation of inflow pattern and star for-
mation is visualised in Figure 9. It shows a composite of
the GALEX FUV image and the reconstructed radial veloc-
ity field. The inflow has a maximum at 460” and decreases
strongly at smaller radii. As described in Section 3.7, this
should lead to a pile-up of gas or enhanced star formation.
The GALEX image shows clear clustering of star formation
regions in this area. Most of the star formation takes place
inside of 200”, again a region where the magnitude of the
inflow decreases. This spatial correlation may provide sup-
port, at least qualitatively, for a scenario in which H i inflows
are a key parameter regulating star formation in this galaxy.
However, a quantitative comparison shows that the ampli-
tudes of SFR and inflow do not match, which may not be
surprising since a variety of other factors (time evolution,
stellar winds, gas phase changes, etc.) likely play an impor-
tant role as well.

Our observation for NGC 2403 clearly shows a qualita-
tive correlation between star formation and radial H i flows.
This gives support to the picture that star formation may
be regulated by inflows in NGC 2403. Meidt et al. (2013)
analyse gravity-induced torques in the spiral galaxy M51,
how they drive radial gas motions and how these are related
to the local star formation e�ciency. They find that radial
motions seem to counteract star formation in this galaxy so
that regions that experience higher torques show increased
gas depletion times. This is the opposite sense of our find-
ing here. M 51 and NGC 2403, however, have quite di↵erent
properties and are not immediately comparable. The spiral
arms in NGC 2403 are by far not as pronounced as in M 51
and the gravitational torques and dynamical driven inflows
they might induce should be much lower and probably neg-
ligible. Our residual map (Figure 7) indeed shows no signs of
spiral arm structure. It is therefore not necessarily expected
that the “dynamic pressure” Meidt et al. (2013) describe
suppresses star formation in NGC 2403 as it does in M 51.
Unfortunately, due to its low inclination, we cannot analyse
M 51 with the method presented in this study and directly
compare the results.

5.2 NGC 2841

NGC 2841 has a very extended H i envelope, several times
larger than the stellar disk and rotates counter-clockwise
which means the north-eastern part of the disk is the near
side. Our fits to this galaxy are very stable and show a flat
disk with very smoothly rising inclination and position angle
(Figure 10). The radial velocity (Fourier component s1) is
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NGC 2403

Figure 8. Disk geometry and Fourier parameters for NGC 2403. Horizontal error bars denote the ring width, vertical bars represent the
errors estimated according to the scheme described in Section 3.6. The dotted vertical line indicates the optical radius r25. The galaxy
shows a smooth and unperturbed disk. Position angle and inclination only vary within limited ranges (top left panel). The radial velocity
shows a very distinct signature between 400” and 900” (top right panel, red points) with a peak inflow velocity of 15 km s�1 which
corresponds to am H i mass flow of up to 3 M� yr�1 (bottom left panel). The inflow quickly ceases inside of 400” and shows a second
smaller feature at 200”. For very large radii we find inflows of about 0.5 M� yr�1. The bottom left panel also gives the cumulative star
formation rate. For NGC 2403 basically all star formation takes place within the central 7 kpc. The bottom right panel displays the
zeroth and second order terms which indicate the deviation from rotational symmetry.

importantly, it has a very flat and smooth H i disk and regu-
lar velocity field. Our fitting results are summarised in Fig-
ure 8.

Position angle PA and inclination i are plotted as func-
tion of radius in the top left part of the Figure. The galaxy
is rotating clockwise, and so the south-western part of the
disk is closer to Earth. The rotational velocity (Fourier com-
ponent c1) is between 120 and 140 km s�1. As already de-
scribed in Section 3.3, we find clear evidence for radial in-
flows. The derived radial velocity (Fourier component s1) is
always negative with values of at least a few km s�1. The
most significant radial motion is found at radii between 400”
and 900” (top right panel of Figure 8), and the strongest
H i mass flux of 3 M� yr�1 is observed at 450” (Figure 8,
bottom left panel). This mass flux linearly declines towards
larger radii.

The quality of the fit we obtain for this galaxy is excel-
lent. All parameters vary smoothly and adjacent rings show
only very limited scatter. The residual deviation between
data and our model (shown in Figure 7) are of the order of
±10 km s�1 and show no distinct pattern which would indi-
cate a mismatch between fit and data. The flocculent spiral
arms of NGC 2403 are just barely visible in the residual map.
The terms c0, c2 and s2, which indicate the deviation from a
rotational symmetric velocity field, are fairly small inwards

of 900” (Figure 8, bottom right part). In the outskirts of
the galaxy, there may be some lopsidedness. One can see
some correlations between the di↵erent parameters around
200”. We cannot completely exclude that at this small radii
a possible mismatch in e.g. the inclination induces artefacts
in all parameters but these e↵ects only appear in the inner
part of the galaxy.

The star formation rate given in Leroy et al. (2008) is
0.38 M� yr�1. This is of the same order as our minimum H i
inflow rate but nearly an order of magnitude lower than our
maximum inflow rate of 3.5 M� yr�1. If we follow our highly
simplified model described in Section 3.7, we would expect
the radial mass inflow rate all radii to equal the star forma-
tion rate within that radius according to Equation 14. The
bottom left panel of Figure 8 shows these two quantities and
it is obvious that at most radii both quantities do not add
up to zero. Also, we would expect the inflow to be mono-
tonic with radius and to be highest at the outer edge of the
H i disk. This is clearly not the case. Not surprisingly, there
are probably additional processes other than inflow and star
formation influencing the H i budget of NGC 2403.

One possible e↵ect could be the ejection of ionised ma-
terial from stellar winds perpendicular to the plane followed
by recondensation and settling of that gas onto the plane
at larger radii. This is often described as the galactic foun-
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Figure 8. Disk geometry and Fourier parameters for NGC 2403. Horizontal error bars denote the ring width, vertical bars represent the
errors estimated according to the scheme described in Section 3.6. The dotted vertical line indicates the optical radius r25. The galaxy
shows a smooth and unperturbed disk. Position angle and inclination only vary within limited ranges (top left panel). The radial velocity
shows a very distinct signature between 400” and 900” (top right panel, red points) with a peak inflow velocity of 15 km s�1 which
corresponds to am H i mass flow of up to 3 M� yr�1 (bottom left panel). The inflow quickly ceases inside of 400” and shows a second
smaller feature at 200”. For very large radii we find inflows of about 0.5 M� yr�1. The bottom left panel also gives the cumulative star
formation rate. For NGC 2403 basically all star formation takes place within the central 7 kpc. The bottom right panel displays the
zeroth and second order terms which indicate the deviation from rotational symmetry.

importantly, it has a very flat and smooth H i disk and regu-
lar velocity field. Our fitting results are summarised in Fig-
ure 8.

Position angle PA and inclination i are plotted as func-
tion of radius in the top left part of the Figure. The galaxy
is rotating clockwise, and so the south-western part of the
disk is closer to Earth. The rotational velocity (Fourier com-
ponent c1) is between 120 and 140 km s�1. As already de-
scribed in Section 3.3, we find clear evidence for radial in-
flows. The derived radial velocity (Fourier component s1) is
always negative with values of at least a few km s�1. The
most significant radial motion is found at radii between 400”
and 900” (top right panel of Figure 8), and the strongest
H i mass flux of 3 M� yr�1 is observed at 450” (Figure 8,
bottom left panel). This mass flux linearly declines towards
larger radii.

The quality of the fit we obtain for this galaxy is excel-
lent. All parameters vary smoothly and adjacent rings show
only very limited scatter. The residual deviation between
data and our model (shown in Figure 7) are of the order of
±10 km s�1 and show no distinct pattern which would indi-
cate a mismatch between fit and data. The flocculent spiral
arms of NGC 2403 are just barely visible in the residual map.
The terms c0, c2 and s2, which indicate the deviation from a
rotational symmetric velocity field, are fairly small inwards

of 900” (Figure 8, bottom right part). In the outskirts of
the galaxy, there may be some lopsidedness. One can see
some correlations between the di↵erent parameters around
200”. We cannot completely exclude that at this small radii
a possible mismatch in e.g. the inclination induces artefacts
in all parameters but these e↵ects only appear in the inner
part of the galaxy.

The star formation rate given in Leroy et al. (2008) is
0.38 M� yr�1. This is of the same order as our minimum H i
inflow rate but nearly an order of magnitude lower than our
maximum inflow rate of 3.5 M� yr�1. If we follow our highly
simplified model described in Section 3.7, we would expect
the radial mass inflow rate all radii to equal the star forma-
tion rate within that radius according to Equation 14. The
bottom left panel of Figure 8 shows these two quantities and
it is obvious that at most radii both quantities do not add
up to zero. Also, we would expect the inflow to be mono-
tonic with radius and to be highest at the outer edge of the
H i disk. This is clearly not the case. Not surprisingly, there
are probably additional processes other than inflow and star
formation influencing the H i budget of NGC 2403.

One possible e↵ect could be the ejection of ionised ma-
terial from stellar winds perpendicular to the plane followed
by recondensation and settling of that gas onto the plane
at larger radii. This is often described as the galactic foun-

c� 2015 RAS, MNRAS 000, 1–25



Models

For no particular reason, here is a 
baby quokka



Model Ingredients

• SFR:  

• Vertical force balance: 

• Toomre stability:  

• Energy balance: 
• Turbulent dissipation:  
• Energy injection from SF: 
• Asymptotic SN momentum: 

• Gain and loss rates: 
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Model 1: Feedback + Microphysical SF Law

SFR

Vertical 
balance

Turbulence

Feedback

Determines amount of…

Sets injection rate and 
thus amount of…

Maintains…

Sets ρ, which for 
fixed εff 

determines…

Examples: 
Ostriker, McKee, & Leroy 2010 

Shetty & Ostriker 2011



Predictions of Feedback + Microphysical Model

• Recall: 

• If εff fixed, G ~ L, can solve: 

• Simulations confirm result  

• Problems: 
• Some galaxies have 

bigger σ 
• What happens if Q < 1?
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are presented only for the 1× and 512× Galactic SN rate models
at t ≈ 80 Myr, but we verified that the conclusions in this section
hold for all four models throughout their steady-state evolution.

The most striking feature of these plots is that, for low
and intermediate densities (n ! 10 cm−3) the mean velocity
dispersion, σ̄ ∝ ρ−1/2, showing isobaric behavior. This is true
at every scale for both thermal and total velocity dispersion,
and also at large scales for the turbulent velocity dispersion.
The idea of thermal pressure balance between phases is not
at all new (Field et al. 1969). Indeed, McKee & Ostriker’s
(1977) three-phase ISM model was also based on the premise
of “rough pressure balance” between phases, motivated in part
by Chandrasekhar & Fermi (1953) and Spitzer (1956). What is
new and remarkable is that the turbulent pressure is likewise
in approximate pressure equilibrium (Figure 4(b)) on large
scales where Pturb " Pther. In particular, at any given scale,
σtot ∝ ρ−1/2, indicating that the total pressure Ptot = ρ σ 2

tot is
nearly constant in the midplane. This implies that different gas
tracers, which often probe narrow ranges of gas densities, may
find discrepant kinematics (in particular, velocity dispersions)
but that there may be an underlying correlation between them.
The pressures are in approximate equilibrium, although the
gas density and temperature individually vary by ∼7 orders
of magnitude.

Furthermore, the thermal velocity dispersion is scale in-
dependent, as indicated by the lines in the top-left panel of
Figure 4, which lie almost on top of one another. In contrast, the
turbulent velocity dispersion increases with scale. As the box
size increases, larger eddies gradually contribute to the turbulent
velocity dispersion, and σturb increases just as the power spec-
trum of kinetic energy predicts (Section 4.4). As a result, the
thermal pressure dominates the total pressure on small scales,
while the turbulent pressure dominates on large scales. At any
particular scale, the scatter is about an order of magnitude in σ ,
leading to ∼2 orders of magnitude scatter in the pressure (see
Figure 7(c) of Paper I).

4.2. Turbulent Velocity Dispersion versus SN Rate

4.2.1. Mass-weighted Velocity Dispersion

How does turbulent pressure scale with the SN rate? To
answer this question, we compare σturb of the second largest
boxes with 125 pc on a side in all models (purple circles in
Figure 4(b)) and obtain relevant physical quantities averaged
over 125 pc scales. (Hence, unless otherwise noted, σturb and
Pturb henceforth refer to the values computed in boxes with
125 pc sides.) Using these models, we can find how turbulent
pressure depends on the SN rate, or after conversion via an
appropriate initial mass function (IMF), the star formation rate.

Figure 5 displays the 1D mass-weighted turbulent velocity
dispersion against the SN rate for the four SN rates and gas
column densities employed in our models. The mean velocity
dispersions σturb (in the mass-weighted rms sense) and their
standard deviations are given in Table 2. The changes in the
mean values are minimal across the range of 512 in SN rates:
the best-fit line has the form

σturb = (5.6 ± 0.8) Σ̇−0.045±0.033
∗,1 km s−1. (6)

The variation of the mean total (i.e., thermal plus turbulent) 1D
velocity dispersions is shown by the solid line, bounded by 1σ
dispersions (dotted lines). For the mean values for this quantity
given in Table 2, the 3D velocity dispersions are 8–18 km s−1,

Figure 5. Turbulent 1D velocity dispersions in boxes with 125 pc sides near
the midplane (open circles), plotted against the SN rates in our four models.
The changes in the mean values (represented by the Xs and error bars) are
minimal across the range of 512 in SN rates. The points in thick gray lines
indicate turbulent velocity dispersions measured in the 512×L models with
spatial resolutions lower (3.9 pc cell−1; left) and higher (0.98 pc cell−1; right)
than the fiducial model (1.95 pc cell−1; middle), offset along the x-axis for
clear presentation. The variation of the mean total (thermal plus turbulent) 1D
velocity dispersions are shown in solid line, bounded by 1σ dispersions (dotted
lines). The gray dashed lines represent the line widths of H i emission, computed
with the entire line profiles (upper curve) and with only the line centers (lower
curve), as described in the text.

Table 2
Results from the ISM Simulations

Model σturb σtot σv,H ia Ld,eff
b fw

1× 6.1 ± 3.3 10.6 ± 5.9 12.5 137 0.460
8× 4.7 ± 1.5 7.3 ± 2.4 17.8 87 0.274
64× 4.0 ± 0.5 5.4 ± 0.9 12.4 57 0.431
512× 4.7 ± 0.4 5.2 ± 0.5 14.4 55 0.609

Notes. See the text for definitions of the variables.
a The first three columns are in units of km s−1.
b In pc.

comparable to the sound speed of the warm gas. The scatter in
the velocity dispersion decreases with increasing SN rate.

For a resolution study, we ran the 512×L model with spatial
resolutions half (3.91 pc cell−1; left) and double (0.98 pc
cell−1; right) that of the fiducial model (1.95 pc cell−1; middle).
The turbulent velocity dispersions measured in these models
are indicated by the error bars in thick gray lines without
open circles, offset along the x-axis for clear presentation. The
velocity dispersions are 3.3 ± 0.6, 3.8 ± 0.4, and 4.0 ± 0.3
km s−1 for the low-, intermediate-, and high-resolution models,
respectively. Therefore, although the 512×L models have not
fully converged, the velocity dispersion is likely converging to
a finite value at infinite resolution, since factor of 2 changes in
resolution led to only ∼24% and ∼5% increases in the velocity
dispersion, with rapidly declining fractional changes. Since the
512×L model is associated with the highest mean density and
hence most affected by resolution-dependent effects, we expect
better convergence in the other three models.

4.2.2. H i Line widths

High-resolution H i emission maps of nearby, almost face-on
galaxies are now available (e.g., Petric & Rupen 2007; Tamburro
et al. 2009). These observations show how the H i line widths

Joung+ 2009



Model 2: Feedback + Gravitational Instability

SFR

Vertical 
balance

Turbulence

Feedback

Determines amount of…

Determines amount of…
Maintains…

Sets ρ…

Examples: 
Thompson+ 2005 

Faucher-Giguère+ 2013 
Hayward & Hopkins 2017

Q = 1

Sets εff…



• Recall: 

• If Q ~ 1, G ~ L:

The SF Law From Feedback + GI
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Local Galaxies

GHASP (H↵)

DYNAMO (H↵)

Moiseev+ 2015 (H↵)

Varidel+ 2016 (H↵)

THINGS (H i)

Stilp+ 2013 (H i)

ULIRGs (CO, HCN)

High-z Galaxies (all H↵)

KROSS

SINS

Di Teodoro+ 2016

WiggleZ

Jones+ 2010

Law+ 2009

Epinat+ 2009

Model

Local dwarf

Local spiral

ULIRG

High-z

SF vs. Velocity Dispersion from Feedback + GI

• Combine SF law with Q = 1:  

• Poor fit 

• Can’t fix by  
    appealing to  
    changes in XCO
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Is There Evidence for GI Affecting SFR at All?

• Not really — at least not at the level that seems to be 
required in a model where it is the main regulator of SF

2800 LEROY ET AL. Vol. 136

Figure 12. SFE as a function of Qstars+gas (Rafikov 2001), which measures instability in a gas disk in the presence of a collisionless stellar disk. Symbols and
conventions follow Figure 1. The gray region indicates where gas is unstable. Compared to Qgas, including stars renders the disk more nearly unstable and yields a
much narrower range of values.

may be a common path to star formation and offers a way to
form stars in our otherwise stable disks.

5. DISCUSSION

In Sections 4.1–4.3, we examined the SFE as a function of
basic physical parameters, laws, and thresholds, respectively.
Here we collect these results into general conclusions regarding
the SFE in galaxies and identify key elements of a successful
theory of star formation in galaxies.

5.1. Fixed SFE of H2

Using a data set that overlaps the one presented here, Bigiel
et al. (2008) found a linear relationship between ΣSFR and ΣH2 .
Here we extend that finding: where the ISM is mostly H2 in
spiral galaxies, the SFE does not vary strongly with any of the
quantities that we consider, including radius, Σgas, Σ∗, Ph, τorb,
and β. We plot SFE (H2) as a function of each of these quantities
in Figure 15. The median value for tilted rings from our spiral
subsample is log10 SFE(H2) = − 9.28 ± 0.17, that is,

SFE(H2) = (5.25 ± 2.5) × 10− 10 yr− 1. (27)

Constant SFE (H2) might be expected if (1) conditions within
a GMC, rather than the larger-scale properties of the ISM, drive

star formation (e.g., Krumholz & McKee 2005) and (2) GMC
properties are relatively universal rather than, for example, a
sensitive function of formation mechanism or environment. This
appears to be the case in the inner Milky Way (excluding the
Galactic center) and in M31 and M33, where GMC properties
are largely a function of cloud mass alone (Solomon et al. 1987;
Rosolowsky et al. 2003; Rosolowsky 2007; Blitz et al. 2007;
Bolatto et al. 2008). The constancy of SFE (H2) hints that a
similar case holds in our spiral subsample.

Figure 6 illustrates why (relatively) universal GMC properties
may be plausible in our sample. From Equation (9), the internal
pressure of a starless GMC with Σgas ≈ 170 M⊙ pc− 2 (Solomon
et al. 1987) is Ph/kB ∼ 106 K cm− 3. This is the highest value
we plot in Figures 6 and 15, and only a small fraction of our data
have higher Ph so that even where the ISM is mostly H2, Ph is
usually well below the typical internal pressure of a GMC. Thus,
GMCs are not necessarily pressure-confined, which allows the
possibility of bound, isolated GMCs out of pressure equilibrium
with the rest of the ISM. In this case, the environmental factors
that we consider may never be communicated to GMCs (though
some mechanism may still be needed to damp out any imprint
left by environment during GMC formation).

The range of Ph in our sample also underscores that one
should not expect a constant SFE (H2) to extend to starburst
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Figure C1. Left: Fraction of the disc gas mass in a turbulent disc that is unstable to gravitational collapse as a function of the disc-
averaged Toomre Q parameter. The (overlapping) dashed curves show the heuristic approximation derived in Appendix C (eq. C6) and
the solid curves show more accurate results obtained using the excursion set model of Hopkins (2012a) (our eq. C7). These curves assume
dimensionless parameters a = 1.5 and b = 0.5 in equation C7. Right: Power-law approximations used for the analytic estimate in §3.3.
These reproduce the more detailed curves in the left panel reasonably well.

gas mass fraction in the disc. Since ✏gal↵ depends on ⌃g, a

potential concern is that the observed trend between ✏gal↵

and fg could be an artifact of scatter in the observational
estimates. We show here that the observed trend is in fact
physical by considering an equivalent relationship between
quantities that are measured independently.

We focus on the case Q = � = 1. Then, tdisc↵ =
1.14R1/2/vc. Using Mtot = 2�2R1/2/G, we find that the

prediction ✏gal↵ / fg� in equation (37) is equivalent to
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where Ṁ?, Mg, and R1/2 are all measured independently.
Figure D1 compiles the same observations as in §4.3 but for
Ṁ? as a function of the parameter on the right-hand side of
equation (D1). The Figure assumes P?/m? = 3, 000 km s�1,
as appropriate for supernova feedback, and a CO conversion
factor varying continuously with ⌃g as before. The Figure
also shows the model prediction in equation (D1) for F = 2,
the normalization determined by the observed ⌃̇?�⌃g rela-
tion (Fig. 4). The agreement between the data and this pre-
diction of our feedback-regulated theory confirms that the
trend of increasing ✏gal↵ with increasing fg is not an artifact
of common parameter dependencies.
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Model 3: GI + Transport + Microphysical Law

Transport 
rate

Grav. 
Inst.

Turbulence

Gravit. 
energy 
release

Determines amount of…

Balances dissipation 
to set…Maintains marginal…

Sets…

Examples: 
Agertz+ 2009, Dekel+ 2009, 

Bournaud+ 2009, 
Krumholz+ 2010, Forbes+ 2012



Goldbaum+ 2015, 2016

Inflow rate

Cumulative SF rate
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Velocity Dispersion From Transport

• Energy release by transport: 

• If Gtrans ~ L, can solve: 

• SFR from microphysical SF 
law applied to surface 
density profile set by GI 

• Gets SF law right by 
construction, but doesn’t  
get right σ in low redshift 
galaxies

Gtrans ⇠ Ṁ⌦2/2⇡

L ⇠ ⌦2�3

GQ2
=) Ṁ ⇠ �3/G



Model 4: Feedback + GI + Transport + Micro SF

Transport 
rate

SFR

Gravit. 
energy 
release

Feedback

Turbulence
GI and 
vertical 
balance

Sets…

Sets…

Sets…

Sets…

Together set…

Maintains…

Example: 
Krumholz+ 2018 



Transport Plus Feedback Model

• Energy balance w/transport: 

• Solution: 

• Physical interpretation: SF produces σ = σsf ~10 km s−1 
because εff ~ 0.01; if σ needed for Q ~ 1 is larger, mass 
transport provides energy to make up the deficit 

• Fraction of energy provided by SF is σsf / σ

G + Gtrans � L = 0

Ṁtrans ⇠
�3

GQ2

⇣
1� �sf

�

⌘

�sf ⇠ ✏↵

⌧
p⇤
m⇤

�
⇠ 10 km s�1
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Transport Plus Feedback Model: SF Law
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• Predicted SF law in good agreement with observations; 
transport rate agrees too, although data much more limited 

• However, no independent prediction of εff; need to get that from 
other models (e.g., Federrath & Klessen 2012, Federrath 2015)



Velocity Dispersion from 
Unified Model

Left: Krumholz+ 2018

Right: Burkhart+ 2018 in prep
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Future Prospects

For no particular reason, here is a 
baby Tasmanian devil



Progress

• It seems possible to link star formation, feedback, 
velocity dispersion, and transport into a single framework 
where everything hangs together consistently. 

• Relationship between velocity dispersion and other 
quantities is a powerful, XCO-independent diagnostic. 

• There are clear predictions about how this relation 
depends on other quantities— gas fraction, HI / H2 ratio, 
rotation curve, etc. — than can be tested in both 
observations and simulations.



Problems

• What is the relationship between the microscopic, 
mesoscopic, and macroscopic star formation laws? 
Simulations with strong feedback seem to suggest no 
relationship, but this seems hard to reconcile with 
observed low value of εff and the SFR-σ relation. 

• What is the role of stellar perturbations — bars, stellar 
spirals, etc. — in this story? 

• Can we get better constraints on the inflow rate, and 
correlate it with star formation properties?


