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WHAT REGULATES STAR FORMATION?

Ṁoutflow
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CGM

Star formation & Feedback

Gas-regulator or “bathtub model” 
e.g. Finlator & Davé 2008, Bouché+ 2010, Lilly+ 
2013, Dekel+ 2013, Dekel & Mandelker+ 2014, 

Peng & Maiolino 2014, Belfiore+ 2019, 
Tachella+2020

Image credit: NASA (APOD)
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CGM

Star formation & Feedback

Gas-regulator or “bathtub model” 
e.g. Finlator & Davé 2008, Bouché+ 2010, Lilly+ 
2013, Dekel+ 2013, Dekel & Mandelker+ 2014, 

Peng & Maiolino 2014, Belfiore+ 2019, 
Tachella+2020
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Table 2. KS relation fits.

SF indicator Sample n c χ2
red

log (M! yr−1 kpc−2)
(1) (2) (3) (4) (5)

22 µm All 1.20 ± 0.04 −3.58 ± 0.09 6.74
22 µm All 1.40 −4.01 ± 0.02 7.12
22 µm PXVIII 1.14 ± 0.04 −3.57 ± 0.10 3.83
22 µm PXVIII 1.40 −4.15 ± 0.03 4.66
FUV + 22 µm All 1.51 ± 0.04 −4.20 ± 0.10 9.90
FUV + 22 µm All 1.40 −3.96 ± 0.02 10.02
FUV + 22 µm PXVIII 1.36 ± 0.05 −4.11 ± 0.11 4.23
FUV + 22 µm PXVIII 1.40 −4.19 ± 0.03 4.25

Notes. This table contains the fitted slope and intercept for the KS relations
presented in Fig. 4 (here parametrized as log10("SFR)=n log10("gas) + c).
Column 1 lists the SFR indicator used, and column 2 the sample of galaxies
included in the fit. PXVIII refers to the interferometrically mapped sample
of Paper XVIII. The slope (n) and intercept (c) of the best fits are given in
columns 3 and 4. Where the slope was fixed to n = 1.4 (the best-fitting value
of K98), this is indicated in column 3 and no error bar is reported on the
slope. Column 5 shows the reduced χ2 for each fit, indicating how well the
best-fitting values represent the observed data points.

3.5 Local volumetric SF relations

An alternative approach to unifying SF relations is to assume that
SFE is set by the local value of the gas free-fall time. As discussed in
depth in Krumholz, Dekel & McKee (2012, hereafter KDM12), such
a volumetric SF relation can reproduce observations of both Galactic
and extragalactic star-forming sources. The local free-fall time that
is relevant for SF can be calculated in several ways, depending on
whether the ISM of the object is assumed to be in small bound
units (such as giant molecular clouds; GMCs) or a continuous sheet
with local density variations. The former is thought to be a more
physical model of low-redshift galaxies, while the latter is thought
to be appropriate in high-redshift and starbursting sources.

Figure 6. As the top-right panel of Fig. 2, but with the gas surface densities
divided by the dynamical time (estimated at the outer edge of the molecular
gas disc). Only galaxies with interferometic CO maps available are included.
Molecular gas-rich ATLAS3D ETGs are the red circles, while the spiral and
starburst objects of K98 are shown in black and red, respectively. The best
fit reported in K98 is shown as a black line, and the best fit to our points,
assuming the same slope as K98, is shown as a dashed line. The intercept of
the best-fitting line corresponds to ETGs turning ≈2 per cent of their gas into
stars per dynamical time, a factor of ≈5 lower than spiral/starburst galaxies.
The mean error bar on the ETG data points is shown in the bottom-right
corner.

The fundamental parameters that vary in the GMC based free-fall
time (tff,GMC) estimates are the gas velocity dispersion and the ob-
served gas density (see equation 6 below). No study of the molecular
gas velocity dispersion in ETGs currently exist, but Davis et al., in
preparation, suggest that this dispersion is low, and likely similar to
local spirals which have σ gas ! 12 km s−1(Caldu-Primo et al. 2013).
Assuming this velocity dispersion does not strongly vary between
sources, the GMC based estimate of free-fall time just depends on

Figure 5. As the bottom-right panel of Fig. 4, but showing for reference the spiral and starburst objects of K98 (where the SFRs were calculated from Hα

emission, and have been corrected to a Kroupa IMF) and the spatially resolved SFRs (in radial bins) of six ETGs (presented in Paper XXII, where the SFR was
calculated from non-stellar 8 µm emission).

MNRAS 444, 3427–3445 (2014)Downloaded from https://academic.oup.com/mnras/article-abstract/444/4/3427/1031859
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> 20% of ETGs host molecular gas
e.g. Young+2011, Davis+2019
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of Paper XVIII. The slope (n) and intercept (c) of the best fits are given in
columns 3 and 4. Where the slope was fixed to n = 1.4 (the best-fitting value
of K98), this is indicated in column 3 and no error bar is reported on the
slope. Column 5 shows the reduced χ2 for each fit, indicating how well the
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An alternative approach to unifying SF relations is to assume that
SFE is set by the local value of the gas free-fall time. As discussed in
depth in Krumholz, Dekel & McKee (2012, hereafter KDM12), such
a volumetric SF relation can reproduce observations of both Galactic
and extragalactic star-forming sources. The local free-fall time that
is relevant for SF can be calculated in several ways, depending on
whether the ISM of the object is assumed to be in small bound
units (such as giant molecular clouds; GMCs) or a continuous sheet
with local density variations. The former is thought to be a more
physical model of low-redshift galaxies, while the latter is thought
to be appropriate in high-redshift and starbursting sources.

Figure 6. As the top-right panel of Fig. 2, but with the gas surface densities
divided by the dynamical time (estimated at the outer edge of the molecular
gas disc). Only galaxies with interferometic CO maps available are included.
Molecular gas-rich ATLAS3D ETGs are the red circles, while the spiral and
starburst objects of K98 are shown in black and red, respectively. The best
fit reported in K98 is shown as a black line, and the best fit to our points,
assuming the same slope as K98, is shown as a dashed line. The intercept of
the best-fitting line corresponds to ETGs turning ≈2 per cent of their gas into
stars per dynamical time, a factor of ≈5 lower than spiral/starburst galaxies.
The mean error bar on the ETG data points is shown in the bottom-right
corner.

The fundamental parameters that vary in the GMC based free-fall
time (tff,GMC) estimates are the gas velocity dispersion and the ob-
served gas density (see equation 6 below). No study of the molecular
gas velocity dispersion in ETGs currently exist, but Davis et al., in
preparation, suggest that this dispersion is low, and likely similar to
local spirals which have σ gas ! 12 km s−1(Caldu-Primo et al. 2013).
Assuming this velocity dispersion does not strongly vary between
sources, the GMC based estimate of free-fall time just depends on

Figure 5. As the bottom-right panel of Fig. 4, but showing for reference the spiral and starburst objects of K98 (where the SFRs were calculated from Hα

emission, and have been corrected to a Kroupa IMF) and the spatially resolved SFRs (in radial bins) of six ETGs (presented in Paper XXII, where the SFR was
calculated from non-stellar 8 µm emission).
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Figure 2. Observed SFR surface density as a function of the global star for-
mation relations from Kennicutt (1998b). Left: using the Schmidt–Kennicutt
relation from equation (1). Right: using the Silk–Elmegreen relation from
equation (2). The blue symbols span the sequence of nearby disc galaxies
from Kennicutt (1998b), the red symbols span the star-forming galaxies
from Daddi et al. (2010b), the open and closed, black symbols indicate the
1.◦3 complex and the 100-pc ring, respectively (see Table 1), and the grey
symbol denotes the spatially integrated CMZ. The solid lines indicate the
1:1 agreement. The dotted lines in the left panel are included for reference
and represent !SFR = Amol! (bottom, using Amol = 8 × 10−4 as in Bigiel
et al. 2008) and !SFR = ASK!2 (top).

in Kennicutt (1998b). The bottom rows span the high-SFR5 and
low-SFR sequences of Daddi et al. (2010b, also see Genzel et al.
2010b). At a given surface density, the typical epicyclic frequencies
of the Kennicutt (1998b) galaxies are obtained by combining equa-
tions (1) and (2), whereas for Daddi et al. (2010b) they follow from
their equations 2 and 3. The extragalactic velocity dispersions are
obtained by assuming Q = 1.5 and using the definition of Q (see
Section 3.1.1). The characteristic disc scaleheights are added to dis-
tinguish between the aforementioned ‘global’ and ‘local’ regimes,
and are calculated by assuming an equilibrium disc including a
factor-of-2 increase of the disc self-gravity due to the presence of
stars (cf. Elmegreen 1989; Martin & Kennicutt 2001). We compare
the data from Table 1 to the global star formation relations of equa-
tions (1) and (2) in Fig. 2. The spatially resolved elements of the
CMZ (open and closed, black symbols) are forming stars at a rate
that is a factor of 3–20 (i.e. typically an order of magnitude) below
either relation. By contrast, the Schmidt–Kennicutt relation does
describe the CMZ well when spatially smoothing it over a 230 pc
radius (the closed, grey symbol), whereas smoothing hardly affects
the agreement with the Silk–Elmegreen relation.

The contrasting agreement of the spatially averaged and resolved
SFRs with the Schmidt–Kennicutt relation may simply illustrate
that global star formation relations fail at spatial scales smaller
than ∼500 pc (e.g. Bigiel et al. 2008; Leroy et al. 2013). We
have recently shown that this breakdown arises from the incom-
plete statistical sampling of the evolutionary time-sequence of star
formation on small spatial scales (Kruijssen & Longmore 2014).
In other words, a sufficiently large number of independent star-

5 This extra sequence of star-forming galaxies contains some galaxies from
the nearby starburst sample of Kennicutt (1998b), but has an elevated SFR
with respect to that paper because a different value of XCO is assumed
(Daddi et al. 2010b). We emphasize that inferring the H2 surface density
using CO emission is an indirect method and hence may introduce substantial
uncertainty. However, recent results from the KINGFISH survey of nearby
galaxies suggest that XCO weakly decreases with SFR surface density (e.g.
Sandstrom et al. 2013), which is at least qualitatively consistent with Daddi
et al. (2010b).

forming regions is required to retrieve the global star formation
relation. However, the critical size-scale for this breakdown is not
universal and depends on the characteristic size and time-scales in-
volved in the physics of cloud-scale star formation. In Kruijssen
& Longmore (2014), we find that for the conditions of the CMZ,
global star formation relations are expected to break down below
80 pc. Assuming that there is no additional physical process that
synchronizes the evolutionary stages of the star-forming regions in
the CMZ (see for instance Section 3.1.2), this implies that both the
100-pc ring and the 230-pc averaged CMZ should be consistent
with global star formation relations – but only the latter actually is.

Which representation of the CMZ is then physically appropriate?
Should we smoothen the structure in the CMZ to large scales as is
done for galaxy discs? The smoothing of surface densities is justi-
fied in galaxy discs, because the lifetime of sub-structure is typically
of the order of (or shorter than) an orbital time-scale (Dobbs et al.
2014), and accounting for sub-structure would therefore only intro-
duce spurious stochasticity (e.g. Schruba et al. 2010). However, the
nuclear rings that appear in numerical simulations of barred galax-
ies are persistent over many dynamical times (e.g. Piner, Stone &
Teuben 1995; Kim, Seo & Kim 2012), and hence, it seems physi-
cally incorrect to smear out the 100-pc ring and any other, possibly
persistent structure in the CMZ to a much larger scale when com-
paring to global star formation relations. These structures can be
present over sufficiently long time-scales to consistently affect the
star formation process and hence should be accounted for when de-
scribing the star formation (or lack thereof) in the CMZ. Therefore,
the physically appropriate representation of the CMZ in Fig. 2 is
given by the open and closed, black symbols.

Also visible in the left-hand panel of Fig. 2 is that the CMZ
(of which nearly all of the gas is molecular) agrees well with the
Bigiel et al. (2008) star formation relation between the SFR and
the molecular gas mass (shown as the lower dotted line), which
was derived for nearby disc galaxies with surface densities 3 <

!mol/M% pc−2 < 50. The CMZ extends this range by roughly two
orders of magnitude. Bigiel et al. (2008, 2011) show that the gas
depletion time of the galaxies in their sample is tdepl = 1–2 Gyr,
which is indeed similar to the time-scales listed for the CMZ in
Table 1. In the framework of this relation, the CMZ is somehow the
norm while both the Daddi et al. (2010b) samples of BzK (Tacconi
et al. 2010; Daddi et al. 2010a) and starburst/submillimetre galaxies
(Kennicutt 1998b; Bouché et al. 2007; Bothwell et al. 2010) are
the exception. The Bigiel relation is the only global star formation
relation that fits the CMZ – the region remains anomalous in the
context of equations (1) and (2), or the Lada et al. (2012) relation
(see Section 2.2). As will be shown in Section 3, there are several
possible reasons why the CMZ is peculiar.

2.2 Local constraints

Turning to local physics, in Longmore et al. (2013a, fig. 4) we have
shown that 70–90 per cent of the gas in the CMZ resides at surface
densities above the Lada surface density threshold, and hence should
be vigorously forming stars if the threshold is universal. Throughout
this paper, we use the corresponding volume density threshold of
nLada ∼ 104 cm−3 (Lada et al. 2010). While this threshold may
apply for the low (∼102 cm−3) densities of GMCs in the solar
neighbourhood, the mean volume density of the gas in the CMZ
is n0 ∼ 2 × 104 cm−3 (Longmore et al. 2013a), i.e. more than
two orders of magnitudes higher, and it hosts GMCs with typical
densities up to ∼105 cm−3. As mentioned in Section 1, the threshold
for star formation and depletion time-scale from Lada et al. (2012)

MNRAS 440, 3370–3391 (2014)Downloaded from https://academic.oup.com/mnras/article-abstract/440/4/3370/1113695
by UB Heidelberg user
on 06 March 2018
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■ Gas Fraction? 

■ Bulges? 



I: GRAVITATIONAL POTENTIAL
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HOW COULD BULGES SUPPRESS STAR FORMATION?
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Figure 2. Gradient of angular velocity ⌦ (a measure of shear) as a function of radius (top) and mock colour images (using u,v,i filters) of the stars (bottom) for
four initial conditions of our parameter space. Namely, the stellar disc only, weakest (rb3kpc_30pmB), fiducial and most dominant (cB) bulge cases. For both,
the bulge-less case and run rb3kpc_30pmB, the dark matter halo is the dominant source of shear. Total shear increases in the presence of a bulge; the more
prominent the bulge component, the stronger the e�ect. The shear experienced by the fiducial run is dominated by the bulge component in the inner 3.5 kpc.
For the most compact bulge the shear induced by the bulge component sets the total shear within the inner ⇠ 2 kpc, dominating over the e�ect of the dark
matter potential out to 7 kpc.

Name Mb [1010 M�] Rb [kpc] Resolution [ M�] SFE model

rb1kpc_30pmB 1.41 1 1 ⇥ 104 ✏� = f( ↵vir)
rb2kpc_30pmB 1.41 2 1 ⇥ 104 ✏� = f( ↵vir)
rb3kpc_30pmB 1.41 3 1 ⇥ 104 ✏� = f( ↵vir)
rb1kpc_60pmB 2.83 1 1 ⇥ 104 ✏� = f( ↵vir)
fid_vSFE 2.83 2 1 ⇥ 104 ✏� = f( ↵vir)
fid_cSFE 2.83 2 1 ⇥ 104 ✏� = 1%
rb3kpc_60pmB 2.83 3 1 ⇥ 104 ✏� = f( ↵vir)
cB_vSFE 4.24 1 1 ⇥ 104 ✏� = f( ↵vir)
cB_cSFE 4.24 1 1 ⇥ 104 ✏� = 1%
rb2kpc_90pmB 4.24 2 1 ⇥ 104 ✏� = f( ↵vir)
rb3kpc_90pmB 4.24 3 1 ⇥ 104 ✏� = f( ↵vir)
noB_vSFE 0. 0. 1 ⇥ 104 ✏� = f( ↵vir)
noB_cSFE 0. 0. 1 ⇥ 104 ✏� = 1%

fid_hres 2.83 2 3 ⇥ 103 ✏� = f( ↵vir)
fid_lres 2.83 2 3 ⇥ 104 ✏� = f( ↵vir)

Table 1. Initial conditions of the simulations. Naming convention follows the pattern bulge scale radius and mass fraction. An exception are the runs titles fid,
to indicate the fiducial bulge, with scale radius Rb = 2 kpc and Mb = 0.6 M⇤, and cB, with scale radius Rb = 1 kpc and Mb = 0.9 M⇤, to denote the most
dominant bulge. Constant e�ciency runs have cSFE appended; similarly the postfix res indicates one of the resolution tests.

tween the best fit lines in the upper right panel of Figure 3. Con-
trasting with the dynamics dependent ✏� model in the panel below
shows that up to the inner 1.5 kpc both runs behave similarly. Al-
though star formation is somewhat suppressed in both of the fiducial
bulge simulations (compared to the disc-only counterparts), only the
fid_vSFE run shows a drop in SFR towards the galactic centre sim-
ilar to those observed by Méndez-Abreu et al. (2019). Di�erences
in star formation activity resulting from di�erent sub-grid models

are even starker for the cB runs. Run cB_cSFE e�ectively follows
the same star formation relation as run fid_cSFE. The SFR of run
cB_vSFE peaks at a radius of ⇠ 3.5 kpc before decreasing again,
despite increasing gas surface densities, showing a much stronger
suppression of star formation than the dynamics dependent fiducial
run.

Another di�erence between sub-grid models, in the presence
of a bulge, is the steeper drop o� in SFR in the low surface density

MNRAS 000, 1–21 (2019)
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prominent the bulge component, the stronger the e�ect. The shear experienced by the fiducial run is dominated by the bulge component in the inner 3.5 kpc.
For the most compact bulge the shear induced by the bulge component sets the total shear within the inner ⇠ 2 kpc, dominating over the e�ect of the dark
matter potential out to 7 kpc.
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to indicate the fiducial bulge, with scale radius Rb = 2 kpc and Mb = 0.6 M⇤, and cB, with scale radius Rb = 1 kpc and Mb = 0.9 M⇤, to denote the most
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tween the best fit lines in the upper right panel of Figure 3. Con-
trasting with the dynamics dependent ✏� model in the panel below
shows that up to the inner 1.5 kpc both runs behave similarly. Al-
though star formation is somewhat suppressed in both of the fiducial
bulge simulations (compared to the disc-only counterparts), only the
fid_vSFE run shows a drop in SFR towards the galactic centre sim-
ilar to those observed by Méndez-Abreu et al. (2019). Di�erences
in star formation activity resulting from di�erent sub-grid models

are even starker for the cB runs. Run cB_cSFE e�ectively follows
the same star formation relation as run fid_cSFE. The SFR of run
cB_vSFE peaks at a radius of ⇠ 3.5 kpc before decreasing again,
despite increasing gas surface densities, showing a much stronger
suppression of star formation than the dynamics dependent fiducial
run.
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(see also “morphological quenching” Martig+ 2009, 2013)
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STAR FORMATION IN GALAXY SIMULATIONS
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STAR FORMATION IN GALAXY SIMULATIONS
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HighLow

✏ff = ✏w exp(�1.6 · ↵0.5
vir)
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Padoan+ 2012, 2017
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ISOLATED GALAXY SIMULATIONS

■ All galaxies have 
same M★ (4.7x1010 
M⦿), fgas = 5%

■ Only difference in 
gravitational 
potential 

■ Viral parameter 
dependent star 
formation
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Gensior+ 2020a

■ Type II Supernova mechanical 
feedback; atomic line cooling; UV Background 

Kimm & Cen 2014, Hopkins+2014; Grackle - Smith+2017; Haardt & Madau 2012
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II: INFLUENCE ON THE GALAXY 
POPULATION

Based on Gensior & Kruijssen 2020b, MNRAS submitted
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Figure 2. Gradient of angular velocity ⌦ (a measure of shear) as a function of radius (top) and mock colour images (using u,v,i filters) of the stars (bottom) for
four initial conditions of our parameter space. Namely, the stellar disc only, weakest (rb3kpc_30pmB), fiducial and most dominant (cB) bulge cases. For both,
the bulge-less case and run rb3kpc_30pmB, the dark matter halo is the dominant source of shear. Total shear increases in the presence of a bulge; the more
prominent the bulge component, the stronger the e�ect. The shear experienced by the fiducial run is dominated by the bulge component in the inner 3.5 kpc.
For the most compact bulge the shear induced by the bulge component sets the total shear within the inner ⇠ 2 kpc, dominating over the e�ect of the dark
matter potential out to 7 kpc.

Name Mb [1010 M�] Rb [kpc] Resolution [ M�] SFE model

rb1kpc_30pmB 1.41 1 1 ⇥ 104 ✏� = f( ↵vir)
rb2kpc_30pmB 1.41 2 1 ⇥ 104 ✏� = f( ↵vir)
rb3kpc_30pmB 1.41 3 1 ⇥ 104 ✏� = f( ↵vir)
rb1kpc_60pmB 2.83 1 1 ⇥ 104 ✏� = f( ↵vir)
fid_vSFE 2.83 2 1 ⇥ 104 ✏� = f( ↵vir)
fid_cSFE 2.83 2 1 ⇥ 104 ✏� = 1%
rb3kpc_60pmB 2.83 3 1 ⇥ 104 ✏� = f( ↵vir)
cB_vSFE 4.24 1 1 ⇥ 104 ✏� = f( ↵vir)
cB_cSFE 4.24 1 1 ⇥ 104 ✏� = 1%
rb2kpc_90pmB 4.24 2 1 ⇥ 104 ✏� = f( ↵vir)
rb3kpc_90pmB 4.24 3 1 ⇥ 104 ✏� = f( ↵vir)
noB_vSFE 0. 0. 1 ⇥ 104 ✏� = f( ↵vir)
noB_cSFE 0. 0. 1 ⇥ 104 ✏� = 1%

fid_hres 2.83 2 3 ⇥ 103 ✏� = f( ↵vir)
fid_lres 2.83 2 3 ⇥ 104 ✏� = f( ↵vir)

Table 1. Initial conditions of the simulations. Naming convention follows the pattern bulge scale radius and mass fraction. An exception are the runs titles fid,
to indicate the fiducial bulge, with scale radius Rb = 2 kpc and Mb = 0.6 M⇤, and cB, with scale radius Rb = 1 kpc and Mb = 0.9 M⇤, to denote the most
dominant bulge. Constant e�ciency runs have cSFE appended; similarly the postfix res indicates one of the resolution tests.

tween the best fit lines in the upper right panel of Figure 3. Con-
trasting with the dynamics dependent ✏� model in the panel below
shows that up to the inner 1.5 kpc both runs behave similarly. Al-
though star formation is somewhat suppressed in both of the fiducial
bulge simulations (compared to the disc-only counterparts), only the
fid_vSFE run shows a drop in SFR towards the galactic centre sim-
ilar to those observed by Méndez-Abreu et al. (2019). Di�erences
in star formation activity resulting from di�erent sub-grid models

are even starker for the cB runs. Run cB_cSFE e�ectively follows
the same star formation relation as run fid_cSFE. The SFR of run
cB_vSFE peaks at a radius of ⇠ 3.5 kpc before decreasing again,
despite increasing gas surface densities, showing a much stronger
suppression of star formation than the dynamics dependent fiducial
run.

Another di�erence between sub-grid models, in the presence
of a bulge, is the steeper drop o� in SFR in the low surface density

MNRAS 000, 1–21 (2019)
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prominent the bulge component, the stronger the e�ect. The shear experienced by the fiducial run is dominated by the bulge component in the inner 3.5 kpc.
For the most compact bulge the shear induced by the bulge component sets the total shear within the inner ⇠ 2 kpc, dominating over the e�ect of the dark
matter potential out to 7 kpc.
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to indicate the fiducial bulge, with scale radius Rb = 2 kpc and Mb = 0.6 M⇤, and cB, with scale radius Rb = 1 kpc and Mb = 0.9 M⇤, to denote the most
dominant bulge. Constant e�ciency runs have cSFE appended; similarly the postfix res indicates one of the resolution tests.

tween the best fit lines in the upper right panel of Figure 3. Con-
trasting with the dynamics dependent ✏� model in the panel below
shows that up to the inner 1.5 kpc both runs behave similarly. Al-
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bulge simulations (compared to the disc-only counterparts), only the
fid_vSFE run shows a drop in SFR towards the galactic centre sim-
ilar to those observed by Méndez-Abreu et al. (2019). Di�erences
in star formation activity resulting from di�erent sub-grid models

are even starker for the cB runs. Run cB_cSFE e�ectively follows
the same star formation relation as run fid_cSFE. The SFR of run
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despite increasing gas surface densities, showing a much stronger
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four initial conditions of our parameter space. Namely, the stellar disc only, weakest (rb3kpc_30pmB), fiducial and most dominant (cB) bulge cases. For both,
the bulge-less case and run rb3kpc_30pmB, the dark matter halo is the dominant source of shear. Total shear increases in the presence of a bulge; the more
prominent the bulge component, the stronger the e�ect. The shear experienced by the fiducial run is dominated by the bulge component in the inner 3.5 kpc.
For the most compact bulge the shear induced by the bulge component sets the total shear within the inner ⇠ 2 kpc, dominating over the e�ect of the dark
matter potential out to 7 kpc.

Name Mb [1010 M�] Rb [kpc] Resolution [ M�] SFE model
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Table 1. Initial conditions of the simulations. Naming convention follows the pattern bulge scale radius and mass fraction. An exception are the runs titles fid,
to indicate the fiducial bulge, with scale radius Rb = 2 kpc and Mb = 0.6 M⇤, and cB, with scale radius Rb = 1 kpc and Mb = 0.9 M⇤, to denote the most
dominant bulge. Constant e�ciency runs have cSFE appended; similarly the postfix res indicates one of the resolution tests.

tween the best fit lines in the upper right panel of Figure 3. Con-
trasting with the dynamics dependent ✏� model in the panel below
shows that up to the inner 1.5 kpc both runs behave similarly. Al-
though star formation is somewhat suppressed in both of the fiducial
bulge simulations (compared to the disc-only counterparts), only the
fid_vSFE run shows a drop in SFR towards the galactic centre sim-
ilar to those observed by Méndez-Abreu et al. (2019). Di�erences
in star formation activity resulting from di�erent sub-grid models

are even starker for the cB runs. Run cB_cSFE e�ectively follows
the same star formation relation as run fid_cSFE. The SFR of run
cB_vSFE peaks at a radius of ⇠ 3.5 kpc before decreasing again,
despite increasing gas surface densities, showing a much stronger
suppression of star formation than the dynamics dependent fiducial
run.

Another di�erence between sub-grid models, in the presence
of a bulge, is the steeper drop o� in SFR in the low surface density
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Figure 2. Gradient of angular velocity ⌦ (a measure of shear) as a function of radius (top) and mock colour images (using u,v,i filters) of the stars (bottom) for
four initial conditions of our parameter space. Namely, the stellar disc only, weakest (rb3kpc_30pmB), fiducial and most dominant (cB) bulge cases. For both,
the bulge-less case and run rb3kpc_30pmB, the dark matter halo is the dominant source of shear. Total shear increases in the presence of a bulge; the more
prominent the bulge component, the stronger the e�ect. The shear experienced by the fiducial run is dominated by the bulge component in the inner 3.5 kpc.
For the most compact bulge the shear induced by the bulge component sets the total shear within the inner ⇠ 2 kpc, dominating over the e�ect of the dark
matter potential out to 7 kpc.
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Table 1. Initial conditions of the simulations. Naming convention follows the pattern bulge scale radius and mass fraction. An exception are the runs titles fid,
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shows that up to the inner 1.5 kpc both runs behave similarly. Al-
though star formation is somewhat suppressed in both of the fiducial
bulge simulations (compared to the disc-only counterparts), only the
fid_vSFE run shows a drop in SFR towards the galactic centre sim-
ilar to those observed by Méndez-Abreu et al. (2019). Di�erences
in star formation activity resulting from di�erent sub-grid models

are even starker for the cB runs. Run cB_cSFE e�ectively follows
the same star formation relation as run fid_cSFE. The SFR of run
cB_vSFE peaks at a radius of ⇠ 3.5 kpc before decreasing again,
despite increasing gas surface densities, showing a much stronger
suppression of star formation than the dynamics dependent fiducial
run.

Another di�erence between sub-grid models, in the presence
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bulge simulations (compared to the disc-only counterparts), only the
fid_vSFE run shows a drop in SFR towards the galactic centre sim-
ilar to those observed by Méndez-Abreu et al. (2019). Di�erences
in star formation activity resulting from di�erent sub-grid models

are even starker for the cB runs. Run cB_cSFE e�ectively follows
the same star formation relation as run fid_cSFE. The SFR of run
cB_vSFE peaks at a radius of ⇠ 3.5 kpc before decreasing again,
despite increasing gas surface densities, showing a much stronger
suppression of star formation than the dynamics dependent fiducial
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bulge simulations (compared to the disc-only counterparts), only the
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cB_vSFE peaks at a radius of ⇠ 3.5 kpc before decreasing again,
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the bulge-less case and run rb3kpc_30pmB, the dark matter halo is the dominant source of shear. Total shear increases in the presence of a bulge; the more
prominent the bulge component, the stronger the e�ect. The shear experienced by the fiducial run is dominated by the bulge component in the inner 3.5 kpc.
For the most compact bulge the shear induced by the bulge component sets the total shear within the inner ⇠ 2 kpc, dominating over the e�ect of the dark
matter potential out to 7 kpc.
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trasting with the dynamics dependent ✏� model in the panel below
shows that up to the inner 1.5 kpc both runs behave similarly. Al-
though star formation is somewhat suppressed in both of the fiducial
bulge simulations (compared to the disc-only counterparts), only the
fid_vSFE run shows a drop in SFR towards the galactic centre sim-
ilar to those observed by Méndez-Abreu et al. (2019). Di�erences
in star formation activity resulting from di�erent sub-grid models

are even starker for the cB runs. Run cB_cSFE e�ectively follows
the same star formation relation as run fid_cSFE. The SFR of run
cB_vSFE peaks at a radius of ⇠ 3.5 kpc before decreasing again,
despite increasing gas surface densities, showing a much stronger
suppression of star formation than the dynamics dependent fiducial
run.

Another di�erence between sub-grid models, in the presence
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For the most compact bulge the shear induced by the bulge component sets the total shear within the inner ⇠ 2 kpc, dominating over the e�ect of the dark
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though star formation is somewhat suppressed in both of the fiducial
bulge simulations (compared to the disc-only counterparts), only the
fid_vSFE run shows a drop in SFR towards the galactic centre sim-
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are even starker for the cB runs. Run cB_cSFE e�ectively follows
the same star formation relation as run fid_cSFE. The SFR of run
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suppression of star formation than the dynamics dependent fiducial
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For the most compact bulge the shear induced by the bulge component sets the total shear within the inner ⇠ 2 kpc, dominating over the e�ect of the dark
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Table 1. Initial conditions of the simulations. Naming convention follows the pattern bulge scale radius and mass fraction. An exception are the runs titles fid,
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bulge simulations (compared to the disc-only counterparts), only the
fid_vSFE run shows a drop in SFR towards the galactic centre sim-
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are even starker for the cB runs. Run cB_cSFE e�ectively follows
the same star formation relation as run fid_cSFE. The SFR of run
cB_vSFE peaks at a radius of ⇠ 3.5 kpc before decreasing again,
despite increasing gas surface densities, showing a much stronger
suppression of star formation than the dynamics dependent fiducial
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the bulge-less case and run rb3kpc_30pmB, the dark matter halo is the dominant source of shear. Total shear increases in the presence of a bulge; the more
prominent the bulge component, the stronger the e�ect. The shear experienced by the fiducial run is dominated by the bulge component in the inner 3.5 kpc.
For the most compact bulge the shear induced by the bulge component sets the total shear within the inner ⇠ 2 kpc, dominating over the e�ect of the dark
matter potential out to 7 kpc.
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though star formation is somewhat suppressed in both of the fiducial
bulge simulations (compared to the disc-only counterparts), only the
fid_vSFE run shows a drop in SFR towards the galactic centre sim-
ilar to those observed by Méndez-Abreu et al. (2019). Di�erences
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are even starker for the cB runs. Run cB_cSFE e�ectively follows
the same star formation relation as run fid_cSFE. The SFR of run
cB_vSFE peaks at a radius of ⇠ 3.5 kpc before decreasing again,
despite increasing gas surface densities, showing a much stronger
suppression of star formation than the dynamics dependent fiducial
run.

Another di�erence between sub-grid models, in the presence
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Figure 2. Gradient of angular velocity ⌦ (a measure of shear) as a function of radius (top) and mock colour images (using u,v,i filters) of the stars (bottom) for
four initial conditions of our parameter space. Namely, the stellar disc only, weakest (rb3kpc_30pmB), fiducial and most dominant (cB) bulge cases. For both,
the bulge-less case and run rb3kpc_30pmB, the dark matter halo is the dominant source of shear. Total shear increases in the presence of a bulge; the more
prominent the bulge component, the stronger the e�ect. The shear experienced by the fiducial run is dominated by the bulge component in the inner 3.5 kpc.
For the most compact bulge the shear induced by the bulge component sets the total shear within the inner ⇠ 2 kpc, dominating over the e�ect of the dark
matter potential out to 7 kpc.

Name Mb [1010 M�] Rb [kpc] Resolution [ M�] SFE model

rb1kpc_30pmB 1.41 1 1 ⇥ 104 ✏� = f( ↵vir)
rb2kpc_30pmB 1.41 2 1 ⇥ 104 ✏� = f( ↵vir)
rb3kpc_30pmB 1.41 3 1 ⇥ 104 ✏� = f( ↵vir)
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Table 1. Initial conditions of the simulations. Naming convention follows the pattern bulge scale radius and mass fraction. An exception are the runs titles fid,
to indicate the fiducial bulge, with scale radius Rb = 2 kpc and Mb = 0.6 M⇤, and cB, with scale radius Rb = 1 kpc and Mb = 0.9 M⇤, to denote the most
dominant bulge. Constant e�ciency runs have cSFE appended; similarly the postfix res indicates one of the resolution tests.
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trasting with the dynamics dependent ✏� model in the panel below
shows that up to the inner 1.5 kpc both runs behave similarly. Al-
though star formation is somewhat suppressed in both of the fiducial
bulge simulations (compared to the disc-only counterparts), only the
fid_vSFE run shows a drop in SFR towards the galactic centre sim-
ilar to those observed by Méndez-Abreu et al. (2019). Di�erences
in star formation activity resulting from di�erent sub-grid models

are even starker for the cB runs. Run cB_cSFE e�ectively follows
the same star formation relation as run fid_cSFE. The SFR of run
cB_vSFE peaks at a radius of ⇠ 3.5 kpc before decreasing again,
despite increasing gas surface densities, showing a much stronger
suppression of star formation than the dynamics dependent fiducial
run.

Another di�erence between sub-grid models, in the presence
of a bulge, is the steeper drop o� in SFR in the low surface density
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SFMS OFFSET MORE STRONGLY AFFECTED BY GAS FRACTION 
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PREDICTING THE ONSET OF DYNAMICAL SUPPRESSION
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■ Galactic dynamics matter:
■ High shear creates smooth gas discs at the centres of 

spheroids 
■ SFR suppressed in centre 

➡ Higher bulge (surface) density = stronger effect

■ Dynamical suppression only dominant at low fgas 

■ Physics of star formation may dominate baryon cycle at 
low redshifts (z<1.4) and high galaxy masses (> 1010.5M⦿) 
contrary to the standard picture of gas-regulator models

■ To come: Cosmological zoom-ins to make self consistent predictions and 
further populate the ∆MS, µ★, fgas parameter space & more disc structure 
analysis 

SUMMARY
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