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STAR FORMATION IN HIGH-Z GALAXIES

DIVERSITY OF SCALES

1456 Y. Dubois et al.

Figure 1. Projected maps of the Horizon-AGN simulation at z = 1.2 are shown. Gas density (green), gas temperature (red) and gas metallicity (blue) are
depicted. The top image is 100 h−1 Mpc across in comoving distance and covers the whole horizontal extent of the simulation and 25 h−1 Mpc comoving in
depth. The bottom image is a subregion where we see thin cosmic filaments as well as thicker filaments several Mpc long bridging shock-heated massive haloes
and surrounded by a metal-enriched intergalactic medium. Physical scales are indicated on the figures in proper units.

properties (mass, velocity dispersion) and BH density in our local
Universe (see Dubois et al. 2012a). At low accretion rates, the radio
mode deposits AGN feedback energy into a bipolar outflow with
a jet velocity of 104 km s−1. The outflow is modelled as a cylinder
with a cross-sectional radius !x and height 2 !x following Omma
et al. (2004) (more details are given in Dubois et al. 2010). The
efficiency of the radio mode is larger than the quasar mode with
ϵf = 1.

A projected map of half the simulation volume and a smaller
subregion is shown in Fig. 1. Gas density, gas temperature and gas
metallicity are depicted. One can discern the large-scale pattern
of the cosmic web, with filaments and walls surrounding voids
and connecting haloes. Massive haloes are filled with hot gas, and
feedback from SNe and AGN pours warm and metal-rich gas in
the diffuse intergalactic medium. As demonstrated in Dubois et al.
(2013), the modelling of AGN feedback is critical to create early-
type galaxies and provide the sought morphological diversity (see
Fig. 2 for a snippet of the galaxy sample of the simulation) in
hydrodynamical cosmological simulations (see e.g. Croton et al.
2006 for semi-analytical models).

2.2 Mock observations of galaxies

We describe how we produce various observables that can be com-
pared qualitatively with data from modern observational surveys.
In this paper, we focus on observables which are known to corre-
late with the Hubble type of galaxies, namely mass, V/σ , colour,
morphological parameters like Gini and M20, and age.

2.2.1 Identifying and segmenting galaxies

Galaxies are identified with the AdaptaHOP finder (Aubert et al.
2004, updated to its recent version by Tweed et al. 2009 for build-
ing merger trees) which directly operates on the distribution of star
particles. A total of 20 neighbours are used to compute the local
density of each particle, a local threshold of ρ t = 178 times the av-
erage total matter density is applied to select relevant densities, and
the force softening (minimum size below which substructures are
considered irrelevant) is ∼2 kpc. Only galactic structures identified
with more than 50 particles are considered. It allows for a clear
separation of galaxies (defined as sets of star particles segmented
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STAR FORMATION IN HIGH-Z GALAXIES

“CLASSICAL” STAR FORMATION CRITERION

▸ Local Schmidt law: 

▸ Density trigger              and efficiency are free 
parameters 

▸           are fine tuned to match the KS relation 

▸ In high resolution hydro simulations, common 
values are: 

▸ ε~1% 

▸ ρ0~100 cm-3 (resolution dependent)

tff / 1/
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Figure 2. SFR density as a function of the gas (atomic and molecular) surface
density. Red filled circles and triangles are the BzKs (D10; filled) and z ∼ 0.5
disks (F. Salmi et al. 2010, in preparation), brown crosses are z = 1–2.3 normal
galaxies (Tacconi et al. 2010). The empty squares are SMGs: Bouché et al.
(2007; blue) and Bothwell et al. (2009; light green). Crosses and filled triangles
are (U)LIRGs and spiral galaxies from the sample of K98. The shaded regions
are THINGS spirals from Bigiel et al. (2008). The lower solid line is a fit to
local spirals and z = 1.5 BzK galaxies (Equation (2), slope of 1.42), and the
upper dotted line is the same relation shifted up by 0.9 dex to fit local (U)LIRGs
and SMGs. SFRs are derived from IR luminosities for the case of a Chabrier
(2003) IMF.
(A color version of this figure is available in the online journal.)

measured at a higher signal-to-noise ratio. Again, we find that
the populations are split in this diagram and are not well fit by a
single sequence. Our fit to the local spirals and the BzK galaxies
is virtually identical to the original K98 relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.42 × log Σgas/[M⊙ pc−2] − 3.83. (2)

The slope of 1.42 is slightly larger than that of Equation (1),
with an uncertainty of 0.05. The scatter along the relation is
0.33 dex. Local (U)LIRG and SMGs/QSOs are consistent with
a relation having a similar slope and normalization higher by
0.9 dex, and a scatter of 0.39 dex.

Despite their high SFR ! 100 M⊙ yr−1 and ΣSFR ! 1 M⊙
yr−1 kpc−2, BzK galaxies are not starbursts, as their SFR can
be sustained over timescales comparable to those of local spiral
disks. On the other hand, M82 and the nucleus of NGC 253 are
prototypical starbursts, although they only reach an SFR of a
few M⊙ yr−1. Following Figures 1 and 2, and given the ∼1 dex
displacement of the disk and starburst sequences, a starburst
may be quantitatively defined as a galaxy with LIR (or ΣSFR)
exceeding the value derived from Equation (1) (or Equation (2))
by more than 0.5 dex.

The situation changes substantially when introducing the dy-
namical timescale (τdyn) into the picture (Silk 1997; Elmegreen
2002; Krumholz et al. 2009; Kennicutt 1998). In Figure 3,
we compare Σgas/τdyn to ΣSFR. Measurements for spirals and
(U)LIRGs are from K98, where τdyn is defined to be the rota-

Figure 3. Same as Figure 2, but with the gas surface densities divided by the
dynamical time. The best-fitting relation is given in Equation (3) and has a slope
of 1.14.
(A color version of this figure is available in the online journal.)

tion timescale at the galaxies’ outer radius (although Krumholz
et al. 2009 use the free-fall time). For the near-IR/optically se-
lected z = 0.5–2.3 galaxies, we evaluate similar quantities at the
half-light radius. Extrapolating the measurements to the outer
radius would not affect our results substantially. Quite strikingly,
the location of normal high-z galaxies is hardly distinguishable
from that of local (U)LIRGs and SMGs. All observations are
well described by the following relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.14 × log Σgas/τdyn/[M⊙ yr−1 kpc−2] − 0.62, (3)

with a slope error of 0.03 and a scatter of 0.44 dex. The
remarkable difference with respect to Figures 1 and 2 is due
to the fact that the normal high-z disk galaxies have much
longer dynamical timescales (given their large sizes) than local
(U)LIRGs.

We can test if this holds also for integrated quantities by
dividing the gas masses in Figure 1 by the average (outer radius)
dynamical timescale in each population. Spirals and (U)LIRGs
(whose τdyn does not depend on luminosity) have average values
of τdyn = 370 Myr and τdyn = 45 Myr, respectively (K98). This
can be compared to τdyn = 33 Myr for SMGs (Tacconi et al.
2006; Bouché et al. 2007). For the QSOs, we use the SMG value.
Assuming a flat rotation curve for BzKs, we get an average
τdyn = 330 Myr at the outer radius, about three times longer
than at the half-light radius, given that for an exponential profile
90% of the mass is enclosed within ∼3 half-light radii. A similar
value is found for our z = 0.5 disk galaxies and the z = 1–2.3
objects from Tacconi et al. (2010). Despite this simple approach,
Figure 4 shows a remarkably tight trend:

log SFR/[M⊙ yr−1] = 1.42×log(MH2/τdyn)/[M⊙ yr−1]−0.86,
(4)

with an error in slope of 0.05 and a scatter of 0.25 dex. Figure 4
suggests that roughly 10%–50% of the gas is consumed during
each outer disk rotation for local spirals, and some 30%–100%

Daddi et al. 2010



STAR FORMATION IN HIGH-Z GALAXIES

“VIRIAL” STAR FORMATION CRITERION

▸ Local derivation of the virial theorem for any geometry and an arbitrary volume element 

▸ Benefit: this formulation does not depend on free parameters! 

▸ Only depends on the ability to resolve the turbulent cascade
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STAR FORMATION IN HIGH-Z GALAXIES

IMPLEMENTATION OF THE VIRIAL CRITERION

▸ Looping on each gas cell: 

▸ Density criterion                                                   
Check the density of the cell 

▸ Virial criterion                                                       
Gather velocity information of the 27 
neighbours

Density criterionVirial criterion

r.v r⇥ v



STAR FORMATION IN HIGH-Z GALAXIES

STAR_FORMATION.F90 (PULL REQUEST #200)

▸ sf_virial=.true. activates local Virial analysis 

▸ 5 turbulent SF models available sf_model= 

▸ 1 : Multi-ff KM (Krumholz & McKee 2005) 

▸ 2 : Multi-ff PN (Padoan & Nordlund 2011) 

▸ 3 : Classical Virial parameter (ε=cste) 

▸ 4 : Padoan 2012 simple law (ε~exp(-1.6tff/tdyn)) 

▸ 5 : Hopkins 2013 turbulent SF law (ε=cste) 

▸ sf_birth_properties=.true. saves star gas local 
properties at birth

The Astrophysical Journal, 761:156 (32pp), 2012 December 20 Federrath & Klessen

Figure 1. Comparison of the six analytic models for the star formation rate per freefall time, SFRff : KM, PN, HC (left panels) and multi-freefall KM, PN, HC (right
panels). See Table 1 and the derivations in Section 2.3 for details of the different analytic models and functions plotted (ϵ/φt = 1 in each panel). The dependence of
SFRff on the virial parameter αvir and the sonic Mach number M are shown in each panel for a turbulent forcing parameter b = 0.4, corresponding to a statistical
mixture of solenoidal and compressive modes in the turbulent forcing. All models are plotted without taking magnetic fields into account, i.e., plasma β → ∞.
(A color version of this figure is available in the online journal.)

As found in a detailed comparison of the analytically derived
σs with numerical simulations of MHD turbulence in Molina
et al. (2012), the standard-deviation–Mach number relation,
Equation (4), breaks down for MA ! 2 because strongly
sub-Alfvénic flows become highly anisotropic (e.g., Mac Low
1999; Cho & Vishniac 2000; Cho & Lazarian 2003; Beresnyak

et al. 2005; Brunt et al. 2010; Esquivel & Lazarian 2011).
Since the magnetic-field dependence of SFRff was introduced
as an isotropic magnetic-pressure extension, the behavior of the
analytic models for MA ! 2 is likely invalid. Thus, we only
consider the trans- to super-Alfvénic regime with MA " 2. In
this regime, SFRff decreases with increasing magnetic energy,

9

Federrath & Klessen 2012



STAR FORMATION IN HIGH-Z GALAXIES

SIMULATION SETUP

▸ RAMSES main parameters: 

▸ AMR box size   = 150 kpc 

▸ Quasi-Lagrangian refinement scheme 

▸ Finest cells  = 18 pc 

▸ Supernovae thermal feedback:                                  
2×1051 ergs / 10M⊙                                                                         
→ Turbulence modelled with a cooling switch         
tdissip=20 Myr (Teyssier et al. 2013) 

▸ Metal cooling & metals advection 

▸ Isothermal temperature floor = 100 K (no polytrope)



STAR FORMATION IN HIGH-Z GALAXIES

HIGH REDSHIFT DISK SETUP

▸ Idealised initial conditions of a 
massive gas rich disk at z~3 

▸ Easier to resolve the turbulence 
injection scale (disk scale height) 

The Astrophysical Journal, 733:101 (30pp), 2011 June 1 Genzel et al.

+270 

v

+165 +90 

+3401”

A

B

C

D

+60 +30

+300 +200+230

+130BX482
z=2.26

A

C

-90

A

E

-160

D

E
1”

B

-200

D3a15504 
z=2.39 A

-130
F

+130 G

D

1”

E

ZC782941
z=2.18

-195

D
CB

-125

D

CC

-160

ED

+90 

A

-90

Figure 1. Maps of individual velocity “channels” of width ∼34 km s−1 in the Hα line of D3a15504 (top row), BX482 (middle two rows), and ZC782941 (bottom row).
The maps are resampled to 0.′′025 per pixel and have a resolution of FWHM ∼ –0.′′18–0.′′25. Velocities relative to the systemic redshift indicated are given in km s−1.
Circles/ovals and symbols denote the clumps identified in these galaxies. Crosses denote the kinematic centers of the galaxy rotation. The color scale is linear and
autoscaled to the brightest emission in each channel.
(A color version of this figure is available in the online journal.)
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Figure 2. FWHM ∼ 0.′′2 Hα and rest-frame UV/optical continuum images of four massive luminous z ∼ 2 SFGs. All maps have been re-binned to 0.′′025 pixels. Top
row: three-color composites of integrated Hα line emission (red), and continuum (blue–green) images, along with the most prominent clumps identified by labels A,
B,. . .. Middle: integrated SINFONI Hα emission. All four images are on the same angular scale, with the white vertical bar marking 1′′ (∼8.4 kpc). Bottom. HST NIC
H-band, ACS I-band, or NACO-VLT AO Ks-band images of the program galaxies, at about the same resolution as the SINFONI Hα maps. The color scale is linear
and autoscaled.
(A color version of this figure is available in the online journal.)
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Hα

σobs

D3a15504 z = 2.39

∆Q < 0.5

Figure 3. Hα Gaussian fit velocities (top left), Hα Gaussian fit dispersion (bottom left), and inferred Toomre Q-parameter (right, Equation (2)) for D3a15504. Shown
in the top center is also the map of Hα-integrated flux from Figure 2. The locations of the main clumps (Figure 1) found in the individual velocity channel maps are
denoted by circles/ellipses. The Hα, velocity, and velocity dispersion maps (resolution 0.′′18 FWHM) were re-binned to 0.′′025 pixels. For construction of the Q-map,
the data were smoothed to 0.′′25 FWHM. The typical uncertainties in the Q-values are ± 0.05 to ± 0.3 (1σ ) throughout most of the disk of D3a15504. Pixels with
∆Q ! 0.5 are masked out.
(A color version of this figure is available in the online journal.)

growing, Jeans-unstable mode not stabilized by rotation is the
“Toomre scale/mass,” given by (Elmegreen 2009; Genzel et al.
2008; Escala & Larson 2008; Dekel et al. 2009a)

RToomre ≈ 0.8Q−1a−2
!
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σ 4
0
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, (5)

where the numerical factors are for a flat rotation curve
(a = 1.4). Gas-rich, marginally stable disks thus should have
much larger and more massive star-forming complexes than
those in z ∼ 0 SFGs with (cold) gas fractions of less than 10%
and larger fractions of stabilizing old stellar disks and bulges.

For the four well-resolved disks/rings, we created maps of
the Toomre parameter Q(x, y). We combined the computed gas
surface density for each pixel (Equation (2)), with the best-
fitting model rotation curve to compute the epicyclic frequency
κ and the velocity dispersion map to calculate Q(x, y) from
Equation (3). We then used different Monte Carlo realizations
and standard error propagations to compute maps of the uncer-
tainties ∆Q.

3. RESULTS

Figures 1 and 2 show velocity channel maps and the integrated
Hα and continuum images for four of the five galaxies. The
integrated Hα image of the fifth galaxy (BX599) is shown in the

top center panel of Figure 8. In this case, we do not have access to
a high-resolution continuum image. The most prominent clumps
are labeled for each galaxy (see the more detailed discussion in
Section 2.2). Tables 2 and 3 summarize the derived physical
properties. A “typical” individual clump within the massive
(M∗ ∼ 1010–1111 M⊙) BX/BzK galaxies in the SINS survey,
such as an average clump in D3a15504, ZC782941, and BX482,
accounts for a few percent of the UV/optical light of the entire
galaxy, has a current star formation rate of a few solar masses
per year, and a stellar mass of one to a few times 109 M⊙
(Table 2; Förster Schreiber et al. 2011b and references therein).
The most extreme clumps in BX482 and ZC406690 make up
∼10%–20% of the integrated Hα fluxes, have star formation
rates of 10–40 solar masses per year and masses ∼1010 M⊙.

3.1. Giant Clumps are the Locations of
Gravitational Instability

As discussed in the Introduction and Section 2.4, a plausible
hypothesis is that the ∼1–2 kpc diameter giant star-forming
clumps in z > 1 SFGs represent the largest/most massive
gravitationally unstable entities in the high-z disks. If this is
indeed the case, an empirical determination of the Toomre
parameter (Equation (2)) as a function of position should show
that clumps and their surroundings have Q ! 1.

Following the methods discussed in the last section,
Figures 3–6 give the Q-maps at a resolution of ∼0.′′22–0.′′25
FWHM for D3a15504, BX482, ZC782941, and ZC406690,
where we have only retained pixels with an rms uncertainty
∆Q < 0.3–0.5. As inputs for our calculations we used the ve-
locity, velocity dispersion, and Hα-integrated flux maps shown
in the left and middle panels of Figures 3–6. The central re-
gions in all four galaxies should be neglected, for the following
reasons. The central few kpc of D3a15504 may be affected by
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σobs

BX482 z = 2.26

∆ < 0.5Q

Hα

Figure 4. Maps of Hα Gaussian fit velocities (top left), Hα Gaussian fit dispersion (bottom left), and the Toomre Q-parameter (right, Equation (2)) for BX482. Shown
in the center is also the map of Hα-integrated flux from Figure 2 The locations of the main clumps (Figure 2) are denoted by circles/ellipses. The Hα, velocity, and
velocity dispersion maps (resolution 0.′′18 FWHM) were re-binned to 0.′′025 pixels. For construction of the Q-map, the data were smoothed to 0.′′25 FWHM. The
typical uncertainties in the Q-values are ± 0.03 to ± 0.2 (1σ ) along the bright ring of BX482. All pixels with ∆Q > 0.5 were masked out.
(A color version of this figure is available in the online journal.)

Table 3
Abundance Measurements

Source [N ii]/Hα ∆ (N ii/Hα) µ = 12 + log (O/H)a ∆µ

(1) (2) (3) (4) (5)

BX599 all 0.19 0.08 8.49 0.18
BX482 clump A 0.14 0.017 8.41 0.05
BX482 clumps B + C 0.11 0.024 8.35 0.09
BX482 nucleus 0.22 0.027 8.53 0.05
D3a15504 clumps A–F 0.31 0.02 8.61 0.03
D3a15504 interclump 0.33 0.02 8.63 0.03
D3a15504 nucleus 0.43 0.04 [8.69]b 0.04
ZC782941 clump A 0.18 0.026 8.48 0.06
ZC782941 clumps B–E 0.28 0.021 8.58 0.03
ZC782941 interclump 0.205 0.021 8.51 0.04
ZC406690 all 0.097 0.017 8.32 0.08
ZC406690 clump A 0.073 0.015 8.25 0.09
ZC406690 clump B 0.22 0.017 8.53 0.03
ZC406690 clump C 0.14 0.019 8.41 0.06

Notes.
a µ = 8.90 + 0.57 log([N ii]/Hα) (Pettini & Pagel 2004), with µ⊙ = 8.66 (Asplund et al. 2004).
b Suspect because of possible influence of central AGN (Genzel et al. 2006).

a central AGN, as well as by large non-circular motions. Both
increase the velocity dispersion there (Figure 3, bottom left;
Genzel et al. 2006). The central regions of BX482, ZC782941,
and ZC406690 exhibit elevated velocity dispersions due to an
additional central mass (without much Hα emission) in the cases
of BX482 (Genzel et al. 2008) and ZC406690 (S. Newman et al.
2011, in preparation), and unresolved beam smearing of rotation
in ZC782941.

We find that throughout the extended outer disks and toward
the clumps of D3a15504, BX482, ZC782941, and ZC406690,
the empirically determined Q-parameter is at or even signifi-
cantly below unity. As postulated, these SFGs are indeed unsta-

ble to fragmentation throughout their disks. The clumps are thus
gravitationally bound or nearly so. Our analysis only considers
the gaseous component. As discussed in Section 2.4, taking into
account a stellar component with dispersion similar to that of
the gas will probably lower the Q-values still further. Given
the typical molecular gas fractions of ∼0.3–0.8 (Tacconi et al.
2010; Daddi et al. 2010a), this pushes Q to significantly below
unity in the prominent clumps. These clumps thus appear to
be in the highly unstable regime, where linear Toomre-stability
analysis is inappropriate. The fact that the Q-parameter is below
unity even in the more diffuse disk regions suggests that global
perturbations are significant in setting the Q-distribution. We
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Figure 5. Maps of Hα Gaussian fit velocities (top left), Hα Gaussian fit dispersion (bottom left), and the Toomre Q-parameter (right, Equation (2)) for ZC782941.
Shown in the center is also the map of Hα-integrated flux from Figure 2. The locations of the main clumps (Figure 2) are denoted by circles/ellipses. The Hα, velocity,
and velocity dispersion maps (resolution 0.′′18 FWHM) were re-binned to 0.′′025 pixels. For construction of the Q-map, the data were smoothed to 0.′′25 FWHM. The
typical uncertainties in the Q-values are ± 0.06 to ± 0.4 (1σ ) for most of the outer disk of ZC782941. Pixels with ∆Q > 0.5 were masked out.
(A color version of this figure is available in the online journal.)
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z = 2.19

Figure 6. Maps of Hα Gaussian fit velocities (top left), Hα Gaussian fit dispersion (bottom left), and the Toomre Q-parameter (right, Equation (2)) for ZC406690.
Shown in the center is also the map of Hα-integrated flux from Figure 2. The locations of the main clumps (Figure 2) are denoted by circles/ellipses. The Hα, velocity,
and velocity dispersion maps (resolution 0.′′22 FWHM) were re-binned to 0.′′025 pixels. The typical uncertainties in the Q-values are ± 0.01 to ± 0.1 (1σ ) for most of
the outer disk of ZC782941. Pixels with ∆Q > 0.3 were masked out.
(A color version of this figure is available in the online journal.)

conclude that the Q-maps in Figures 3–6 are consistent with the
commonly held view that the clumps form by gravitational in-
stability. However, we cannot exclude the alternative possibility
that the instability is driven by a large-scale compression, such
as experienced in a galaxy interaction or (minor) merger (e.g.,
Di Matteo et al. 2007).

3.2. Evidence for Powerful Outflows on Clump Scales

UV spectroscopy of metal absorption lines and of Lyα
emission lines provide compelling evidence for ubiquitous mass
outflows in “normal” high-z (Pettini et al. 2000; Shapley et al.
2003; Steidel et al. 2004, 2010; Weiner et al. 2009). More
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Shown in the center is also the map of Hα-integrated flux from Figure 2. The locations of the main clumps (Figure 2) are denoted by circles/ellipses. The Hα, velocity,
and velocity dispersion maps (resolution 0.′′18 FWHM) were re-binned to 0.′′025 pixels. For construction of the Q-map, the data were smoothed to 0.′′25 FWHM. The
typical uncertainties in the Q-values are ± 0.06 to ± 0.4 (1σ ) for most of the outer disk of ZC782941. Pixels with ∆Q > 0.5 were masked out.
(A color version of this figure is available in the online journal.)
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conclude that the Q-maps in Figures 3–6 are consistent with the
commonly held view that the clumps form by gravitational in-
stability. However, we cannot exclude the alternative possibility
that the instability is driven by a large-scale compression, such
as experienced in a galaxy interaction or (minor) merger (e.g.,
Di Matteo et al. 2007).

3.2. Evidence for Powerful Outflows on Clump Scales

UV spectroscopy of metal absorption lines and of Lyα
emission lines provide compelling evidence for ubiquitous mass
outflows in “normal” high-z (Pettini et al. 2000; Shapley et al.
2003; Steidel et al. 2004, 2010; Weiner et al. 2009). More
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Figure 1. Maps of individual velocity “channels” of width ∼34 km s−1 in the Hα line of D3a15504 (top row), BX482 (middle two rows), and ZC782941 (bottom row).
The maps are resampled to 0.′′025 per pixel and have a resolution of FWHM ∼ –0.′′18–0.′′25. Velocities relative to the systemic redshift indicated are given in km s−1.
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(A color version of this figure is available in the online journal.)
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∆Q < 0.5

Figure 3. Hα Gaussian fit velocities (top left), Hα Gaussian fit dispersion (bottom left), and inferred Toomre Q-parameter (right, Equation (2)) for D3a15504. Shown
in the top center is also the map of Hα-integrated flux from Figure 2. The locations of the main clumps (Figure 1) found in the individual velocity channel maps are
denoted by circles/ellipses. The Hα, velocity, and velocity dispersion maps (resolution 0.′′18 FWHM) were re-binned to 0.′′025 pixels. For construction of the Q-map,
the data were smoothed to 0.′′25 FWHM. The typical uncertainties in the Q-values are ± 0.05 to ± 0.3 (1σ ) throughout most of the disk of D3a15504. Pixels with
∆Q ! 0.5 are masked out.
(A color version of this figure is available in the online journal.)

growing, Jeans-unstable mode not stabilized by rotation is the
“Toomre scale/mass,” given by (Elmegreen 2009; Genzel et al.
2008; Escala & Larson 2008; Dekel et al. 2009a)
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where the numerical factors are for a flat rotation curve
(a = 1.4). Gas-rich, marginally stable disks thus should have
much larger and more massive star-forming complexes than
those in z ∼ 0 SFGs with (cold) gas fractions of less than 10%
and larger fractions of stabilizing old stellar disks and bulges.

For the four well-resolved disks/rings, we created maps of
the Toomre parameter Q(x, y). We combined the computed gas
surface density for each pixel (Equation (2)), with the best-
fitting model rotation curve to compute the epicyclic frequency
κ and the velocity dispersion map to calculate Q(x, y) from
Equation (3). We then used different Monte Carlo realizations
and standard error propagations to compute maps of the uncer-
tainties ∆Q.

3. RESULTS

Figures 1 and 2 show velocity channel maps and the integrated
Hα and continuum images for four of the five galaxies. The
integrated Hα image of the fifth galaxy (BX599) is shown in the

top center panel of Figure 8. In this case, we do not have access to
a high-resolution continuum image. The most prominent clumps
are labeled for each galaxy (see the more detailed discussion in
Section 2.2). Tables 2 and 3 summarize the derived physical
properties. A “typical” individual clump within the massive
(M∗ ∼ 1010–1111 M⊙) BX/BzK galaxies in the SINS survey,
such as an average clump in D3a15504, ZC782941, and BX482,
accounts for a few percent of the UV/optical light of the entire
galaxy, has a current star formation rate of a few solar masses
per year, and a stellar mass of one to a few times 109 M⊙
(Table 2; Förster Schreiber et al. 2011b and references therein).
The most extreme clumps in BX482 and ZC406690 make up
∼10%–20% of the integrated Hα fluxes, have star formation
rates of 10–40 solar masses per year and masses ∼1010 M⊙.

3.1. Giant Clumps are the Locations of
Gravitational Instability

As discussed in the Introduction and Section 2.4, a plausible
hypothesis is that the ∼1–2 kpc diameter giant star-forming
clumps in z > 1 SFGs represent the largest/most massive
gravitationally unstable entities in the high-z disks. If this is
indeed the case, an empirical determination of the Toomre
parameter (Equation (2)) as a function of position should show
that clumps and their surroundings have Q ! 1.

Following the methods discussed in the last section,
Figures 3–6 give the Q-maps at a resolution of ∼0.′′22–0.′′25
FWHM for D3a15504, BX482, ZC782941, and ZC406690,
where we have only retained pixels with an rms uncertainty
∆Q < 0.3–0.5. As inputs for our calculations we used the ve-
locity, velocity dispersion, and Hα-integrated flux maps shown
in the left and middle panels of Figures 3–6. The central re-
gions in all four galaxies should be neglected, for the following
reasons. The central few kpc of D3a15504 may be affected by
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Figure 4. Maps of Hα Gaussian fit velocities (top left), Hα Gaussian fit dispersion (bottom left), and the Toomre Q-parameter (right, Equation (2)) for BX482. Shown
in the center is also the map of Hα-integrated flux from Figure 2 The locations of the main clumps (Figure 2) are denoted by circles/ellipses. The Hα, velocity, and
velocity dispersion maps (resolution 0.′′18 FWHM) were re-binned to 0.′′025 pixels. For construction of the Q-map, the data were smoothed to 0.′′25 FWHM. The
typical uncertainties in the Q-values are ± 0.03 to ± 0.2 (1σ ) along the bright ring of BX482. All pixels with ∆Q > 0.5 were masked out.
(A color version of this figure is available in the online journal.)

Table 3
Abundance Measurements

Source [N ii]/Hα ∆ (N ii/Hα) µ = 12 + log (O/H)a ∆µ

(1) (2) (3) (4) (5)

BX599 all 0.19 0.08 8.49 0.18
BX482 clump A 0.14 0.017 8.41 0.05
BX482 clumps B + C 0.11 0.024 8.35 0.09
BX482 nucleus 0.22 0.027 8.53 0.05
D3a15504 clumps A–F 0.31 0.02 8.61 0.03
D3a15504 interclump 0.33 0.02 8.63 0.03
D3a15504 nucleus 0.43 0.04 [8.69]b 0.04
ZC782941 clump A 0.18 0.026 8.48 0.06
ZC782941 clumps B–E 0.28 0.021 8.58 0.03
ZC782941 interclump 0.205 0.021 8.51 0.04
ZC406690 all 0.097 0.017 8.32 0.08
ZC406690 clump A 0.073 0.015 8.25 0.09
ZC406690 clump B 0.22 0.017 8.53 0.03
ZC406690 clump C 0.14 0.019 8.41 0.06

Notes.
a µ = 8.90 + 0.57 log([N ii]/Hα) (Pettini & Pagel 2004), with µ⊙ = 8.66 (Asplund et al. 2004).
b Suspect because of possible influence of central AGN (Genzel et al. 2006).

a central AGN, as well as by large non-circular motions. Both
increase the velocity dispersion there (Figure 3, bottom left;
Genzel et al. 2006). The central regions of BX482, ZC782941,
and ZC406690 exhibit elevated velocity dispersions due to an
additional central mass (without much Hα emission) in the cases
of BX482 (Genzel et al. 2008) and ZC406690 (S. Newman et al.
2011, in preparation), and unresolved beam smearing of rotation
in ZC782941.

We find that throughout the extended outer disks and toward
the clumps of D3a15504, BX482, ZC782941, and ZC406690,
the empirically determined Q-parameter is at or even signifi-
cantly below unity. As postulated, these SFGs are indeed unsta-

ble to fragmentation throughout their disks. The clumps are thus
gravitationally bound or nearly so. Our analysis only considers
the gaseous component. As discussed in Section 2.4, taking into
account a stellar component with dispersion similar to that of
the gas will probably lower the Q-values still further. Given
the typical molecular gas fractions of ∼0.3–0.8 (Tacconi et al.
2010; Daddi et al. 2010a), this pushes Q to significantly below
unity in the prominent clumps. These clumps thus appear to
be in the highly unstable regime, where linear Toomre-stability
analysis is inappropriate. The fact that the Q-parameter is below
unity even in the more diffuse disk regions suggests that global
perturbations are significant in setting the Q-distribution. We
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Figure 5. Maps of Hα Gaussian fit velocities (top left), Hα Gaussian fit dispersion (bottom left), and the Toomre Q-parameter (right, Equation (2)) for ZC782941.
Shown in the center is also the map of Hα-integrated flux from Figure 2. The locations of the main clumps (Figure 2) are denoted by circles/ellipses. The Hα, velocity,
and velocity dispersion maps (resolution 0.′′18 FWHM) were re-binned to 0.′′025 pixels. For construction of the Q-map, the data were smoothed to 0.′′25 FWHM. The
typical uncertainties in the Q-values are ± 0.06 to ± 0.4 (1σ ) for most of the outer disk of ZC782941. Pixels with ∆Q > 0.5 were masked out.
(A color version of this figure is available in the online journal.)
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Figure 6. Maps of Hα Gaussian fit velocities (top left), Hα Gaussian fit dispersion (bottom left), and the Toomre Q-parameter (right, Equation (2)) for ZC406690.
Shown in the center is also the map of Hα-integrated flux from Figure 2. The locations of the main clumps (Figure 2) are denoted by circles/ellipses. The Hα, velocity,
and velocity dispersion maps (resolution 0.′′22 FWHM) were re-binned to 0.′′025 pixels. The typical uncertainties in the Q-values are ± 0.01 to ± 0.1 (1σ ) for most of
the outer disk of ZC782941. Pixels with ∆Q > 0.3 were masked out.
(A color version of this figure is available in the online journal.)

conclude that the Q-maps in Figures 3–6 are consistent with the
commonly held view that the clumps form by gravitational in-
stability. However, we cannot exclude the alternative possibility
that the instability is driven by a large-scale compression, such
as experienced in a galaxy interaction or (minor) merger (e.g.,
Di Matteo et al. 2007).

3.2. Evidence for Powerful Outflows on Clump Scales

UV spectroscopy of metal absorption lines and of Lyα
emission lines provide compelling evidence for ubiquitous mass
outflows in “normal” high-z (Pettini et al. 2000; Shapley et al.
2003; Steidel et al. 2004, 2010; Weiner et al. 2009). More
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Figure 5. Maps of Hα Gaussian fit velocities (top left), Hα Gaussian fit dispersion (bottom left), and the Toomre Q-parameter (right, Equation (2)) for ZC782941.
Shown in the center is also the map of Hα-integrated flux from Figure 2. The locations of the main clumps (Figure 2) are denoted by circles/ellipses. The Hα, velocity,
and velocity dispersion maps (resolution 0.′′18 FWHM) were re-binned to 0.′′025 pixels. For construction of the Q-map, the data were smoothed to 0.′′25 FWHM. The
typical uncertainties in the Q-values are ± 0.06 to ± 0.4 (1σ ) for most of the outer disk of ZC782941. Pixels with ∆Q > 0.5 were masked out.
(A color version of this figure is available in the online journal.)
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Shown in the center is also the map of Hα-integrated flux from Figure 2. The locations of the main clumps (Figure 2) are denoted by circles/ellipses. The Hα, velocity,
and velocity dispersion maps (resolution 0.′′22 FWHM) were re-binned to 0.′′025 pixels. The typical uncertainties in the Q-values are ± 0.01 to ± 0.1 (1σ ) for most of
the outer disk of ZC782941. Pixels with ∆Q > 0.3 were masked out.
(A color version of this figure is available in the online journal.)

conclude that the Q-maps in Figures 3–6 are consistent with the
commonly held view that the clumps form by gravitational in-
stability. However, we cannot exclude the alternative possibility
that the instability is driven by a large-scale compression, such
as experienced in a galaxy interaction or (minor) merger (e.g.,
Di Matteo et al. 2007).

3.2. Evidence for Powerful Outflows on Clump Scales

UV spectroscopy of metal absorption lines and of Lyα
emission lines provide compelling evidence for ubiquitous mass
outflows in “normal” high-z (Pettini et al. 2000; Shapley et al.
2003; Steidel et al. 2004, 2010; Weiner et al. 2009). More
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Figure 4. Maps of Hα Gaussian fit velocities (top left), Hα Gaussian fit dispersion (bottom left), and the Toomre Q-parameter (right, Equation (2)) for BX482. Shown
in the center is also the map of Hα-integrated flux from Figure 2 The locations of the main clumps (Figure 2) are denoted by circles/ellipses. The Hα, velocity, and
velocity dispersion maps (resolution 0.′′18 FWHM) were re-binned to 0.′′025 pixels. For construction of the Q-map, the data were smoothed to 0.′′25 FWHM. The
typical uncertainties in the Q-values are ± 0.03 to ± 0.2 (1σ ) along the bright ring of BX482. All pixels with ∆Q > 0.5 were masked out.
(A color version of this figure is available in the online journal.)

Table 3
Abundance Measurements

Source [N ii]/Hα ∆ (N ii/Hα) µ = 12 + log (O/H)a ∆µ

(1) (2) (3) (4) (5)

BX599 all 0.19 0.08 8.49 0.18
BX482 clump A 0.14 0.017 8.41 0.05
BX482 clumps B + C 0.11 0.024 8.35 0.09
BX482 nucleus 0.22 0.027 8.53 0.05
D3a15504 clumps A–F 0.31 0.02 8.61 0.03
D3a15504 interclump 0.33 0.02 8.63 0.03
D3a15504 nucleus 0.43 0.04 [8.69]b 0.04
ZC782941 clump A 0.18 0.026 8.48 0.06
ZC782941 clumps B–E 0.28 0.021 8.58 0.03
ZC782941 interclump 0.205 0.021 8.51 0.04
ZC406690 all 0.097 0.017 8.32 0.08
ZC406690 clump A 0.073 0.015 8.25 0.09
ZC406690 clump B 0.22 0.017 8.53 0.03
ZC406690 clump C 0.14 0.019 8.41 0.06

Notes.
a µ = 8.90 + 0.57 log([N ii]/Hα) (Pettini & Pagel 2004), with µ⊙ = 8.66 (Asplund et al. 2004).
b Suspect because of possible influence of central AGN (Genzel et al. 2006).

a central AGN, as well as by large non-circular motions. Both
increase the velocity dispersion there (Figure 3, bottom left;
Genzel et al. 2006). The central regions of BX482, ZC782941,
and ZC406690 exhibit elevated velocity dispersions due to an
additional central mass (without much Hα emission) in the cases
of BX482 (Genzel et al. 2008) and ZC406690 (S. Newman et al.
2011, in preparation), and unresolved beam smearing of rotation
in ZC782941.

We find that throughout the extended outer disks and toward
the clumps of D3a15504, BX482, ZC782941, and ZC406690,
the empirically determined Q-parameter is at or even signifi-
cantly below unity. As postulated, these SFGs are indeed unsta-

ble to fragmentation throughout their disks. The clumps are thus
gravitationally bound or nearly so. Our analysis only considers
the gaseous component. As discussed in Section 2.4, taking into
account a stellar component with dispersion similar to that of
the gas will probably lower the Q-values still further. Given
the typical molecular gas fractions of ∼0.3–0.8 (Tacconi et al.
2010; Daddi et al. 2010a), this pushes Q to significantly below
unity in the prominent clumps. These clumps thus appear to
be in the highly unstable regime, where linear Toomre-stability
analysis is inappropriate. The fact that the Q-parameter is below
unity even in the more diffuse disk regions suggests that global
perturbations are significant in setting the Q-distribution. We

9

km/s

SINFONI AO

V200 M200,z=3 R200,z=3 CNFW fgas B/D mpart,DM mpart,star mtot,star
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Isolated Merger SF criterion 𝜀
SNe 

feedback

iso_vir ✓ α<1 100%

iso_vir_fb ✓ α<1 100% ✓

iso_rho ✓ 𝜌0>100 cm-3 1%

iso_rho_fb ✓ 𝜌0>100 cm-3 1% ✓

mer_vir ✓ α<1 100%

mer_vir_fb ✓ α<1 100% ✓

mer_rho ✓ 𝜌0>100 cm-3 1%

mer_rho_fb ✓ 𝜌0>100 cm-3 1% ✓

8 simulations
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MERGER STELLAR FEEDBACK SIMULATION
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See the talk of Jeremy Fensch later!
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Average gas PDF 400<t<500 Myr
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STAR CLUSTERS POPULATION

differential cluster mass distribution
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CONSEQUENCES FOR OUTFLOWS - ISOLATED

<Mout>=9.9 Msol/yr
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outflow rate @ r=0.2*rvirial
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CONSEQUENCES FOR OUTFLOWS - MERGER
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outflow rate @ r=0.2*rvirial
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TAKE HOME MESSAGES - CONSEQUENCES OF A TURBULENT SF CRITERION
▸ Reproduces the KS without any tuning 

▸ Increased SFH dispersion by a factor 5 

▸ Creates a population of bound star clusters 

▸ SF events are more rare hence more energetic 

▸ Outflows mass loading 0.5 times higher in isolated disks 

▸ Outflows mass loading 10  times higher in mergers 

▸ CGM metal enrichment is ~2 times more efficient in isolated disks
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MOVIE.F90

▸ Some advanced camera parameters in Ramses! 

▸ What’s new: 

▸ Camera rotation 

▸ Perspective projection 

▸ Cubic shader 

▸ Focal plane
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SIMULATION SETUP

▸ DICE 4.0 : multi-component/multi-galaxy approach 

▸ Complex & stable galaxy models 

▸ Merger / Galaxy group /Cluster 

▸ Rotating thermalised gas halos (cooling haloes) 

▸ Cold free falling streams

Dark matter halo

Stellar disk

Gas

Stellar bulge

▸ Why using an idealised environment? 

▸ Controlled experiments 

▸ High numerical resolution 

▸ Parameter space exploration

Satellite 1

Satellite 2

Satellite 3

Central 
galaxy

Keplerian 
orbit B

Keplerian 
orbit A

Keplerian 
orbit C
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DICE - KEY FEATURES
▸ ~100 parameters (to tweak) per component to reach physical & numerical stability 

▸ Solve numerically Jeans equations in either 1D, 2D, 3D on an adaptive grid 

▸ Spherical/Vertical hydrostatic equilibrium for a polytropic gas P=K(r)*ρΓ with any potential 
shape 

▸ Thermal equilibrium for any rotating gas distribution 

▸ Initial turbulent velocity field in the gas 

▸ Multiple galaxies on relative Keplerian orbits 

▸ Warped/spiral/inclined disks 

▸ Magnetised toroidal/constant disks (dice patch thanks to M. Rieder)
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SO WHAT IS POSSIBLE?
merger

GMCgroup

decoupled disk


