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ABSTRACT
We present results from the ‘Ponos’ simulation suite on the early evolution of a massive,
Mvir(z = 0) = 1.2 × 1013 M� galaxy. At z � 6, before feedback from a central supermassive
black hole becomes dominant, the main galaxy has a stellar mass ∼2 × 109 M� and a star
formation rate ∼20 M� yr−1. The galaxy sits near the expected main sequence of star-forming
galaxies at those redshifts, and resembles moderately star-forming systems observed at z > 5.
The high specific star formation rate results in vigorous heating and stirring of the gas by
supernovae feedback, and the galaxy develops a thick and turbulent disc, with gas velocity
dispersion ∼40 km s−1, rotation to dispersion ratio ∼2, and with a significant amount of gas
at ∼105 K. The Toomre parameter always exceeds the critical value for gravito-turbulence,
Q ∼ 1.5–2, mainly due to the contribution of warm/hot gas inside the disc. Without feedback,
a nearly gravito-turbulent regime establishes with similar gas velocity dispersion and lower
Q. We propose that the ‘hot and turbulent’ disc regime seen in our simulations, unlike the
‘cold and turbulent’ gravito-turbulent regime of massive clumpy disc galaxies at z ∼ 1–2, is
a fundamental characterization of the main-sequence galaxies at z � 6, as they can sustain
star formation rates comparable to those of low-mass starbursts at z = 0. This results in
no sustained coherent gas inflows through the disc, and in fluctuating and anisotropic mass
transport, possibly postponing the assembly of the bulge and causing the initial feeding of the
central black hole to be highly intermittent.

Key words: turbulence – methods: numerical – galaxies: formation – galaxies: high-redshift –
galaxies: ISM.

1 IN T RO D U C T I O N

Since the early 1990s, the growing number of galaxy surveys ex-
ploring different wavelengths and cosmological volumes have pro-
vided an immense body of data to reconstruct the formation and
evolution of galaxies (e.g. York et al. 2000; Steidel et al. 2003;
Le Fèvre et al. 2005; Lilly et al. 2007; Walter et al. 2008; Baldry
et al. 2010; Grogin et al. 2011; Koekemoer et al. 2011; Kochanek
et al. 2012). At the same time, the � cold dark matter (�CDM) cos-
mological paradigm of structure formation has produced detailed
predictions on the statistical matter distribution in the Universe (e.g.
Percival et al. 2001; Springel et al. 2005; Reed et al. 2007; Viel,

�E-mail: fiacconi@ast.cam.ac.uk

Bolton & Haehnelt 2009; Percival et al. 2010; Reid et al. 2010;
Klypin, Trujillo-Gomez & Primack 2011), but the theory of galaxy
formation within this framework is still developing, through analyti-
cal work (e.g. White & Rees 1978; Blumenthal et al. 1984; Mo, Mao
& White 1998) and semi-analytic models (e.g. Kauffmann, White
& Guiderdoni 1993; Cole et al. 1994; Somerville & Primack 1999;
Springel et al. 2005; Bower et al. 2006; Croton et al. 2006; Guo
et al. 2011; Henriques et al. 2013), as well as cosmological numeri-
cal simulations (e.g. Diemand et al. 2008; Crain et al. 2009; Schaye
et al. 2010; Agertz, Teyssier & Moore 2011; Guedes et al. 2011;
Dubois et al. 2014; Hopkins et al. 2014; Vogelsberger et al. 2014;
Schaye et al. 2015; and references therein).

Most of the theoretical successes have been achieved at low to
moderate redshifts (z ∼ 0–1.5), where the majority and the high-
est quality data are available. The latter have been fundamental to
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gauge the characteristics and the parameters of phenomenological,
sub-resolution recipes introduced in numerical simulations (as well
as in semi-analytic models) in order to model physical processes on
scales that are currently inaccessible directly, such as gas radiative
cooling, gas chemistry evolution, star formation, stellar feedback,
black hole accretion and feedback (e.g. Stinson et al. 2006; Dalla
Vecchia & Schaye 2008; Gnedin, Tassis & Kravtsov 2009; Wiersma
et al. 2009; Vogelsberger et al. 2013; Keller et al. 2014). Large-box
cosmological simulations, despite suffering from relatively low res-
olution, have been able to statistically reproduce the main properties
of different galaxy populations, from small, star-forming irregular
galaxies to massive quiescent ellipticals (Vogelsberger et al. 2014;
Schaye et al. 2015). On the other hand, high-resolution zoom-in sim-
ulations focusing on the formation and growth of a limited number
of systems have also satisfactory modelled the formation and growth
of dwarf galaxies (e.g. Governato et al. 2010), Milky Way like hosts
(e.g. Agertz et al. 2011; Guedes et al. 2011), as well as massive
ellipticals at the centre of galaxy groups (e.g. Feldmann et al. 2010;
Feldmann & Mayer 2015; Fiacconi, Feldmann & Mayer 2015).

At higher redshifts z ∼ 2, recent observational campaigns have
boosted the interest in the population of massive star-forming galax-
ies that show peculiar properties when compared to local counter-
parts of similar size. Such systems are often characterized by mas-
sive discs with baryonic mass ∼1011 M� and star formation rates
as high as ∼100 M� yr−1, with a turbulent interstellar medium
that accounts for �30 per cent of the baryonic mass (e.g. Genzel
et al. 2006; Förster Schreiber et al. 2009; Daddi et al. 2010; Tacconi
et al. 2010; Wisnioski et al. 2015). The new observations have trig-
gered lively discussions in the theoretical community, also requiring
the development of new theoretical ideas to explain the observations
and to make new predictions (e.g. violent disc instability; Mandelker
et al. 2014; Inoue et al. 2016).

Pushing it forward, the very high redshifts (z � 4) still remain a
partially unexplored territory, clearly because of the larger techni-
cal difficulties involved in new, cutting-edge observations. None the
less, galaxies at z > 4 have been detected in a few different ways.
Optical and near infrared observations have targeted star-forming
galaxies by identifying them through the flux dropout in adjacent
bands around the Lyman break (e.g. Madau et al. 1996; Steidel
et al. 1999; Bouwens et al. 2003; Oesch et al. 2010a). Those have
permitted to constrain the evolution of the cosmic star formation rate
density as well as of the ultraviolet (UV) luminosity function of star-
forming galaxies out to z � 8–10, showing that the latter has a steep
low luminosity tail, when compared to local samples (e.g. Bouwens
et al. 2007, 2011; Oesch et al. 2012, 2014; Bouwens et al. 2015).
Moreover, other wavelengths have been effective in providing infor-
mation about the early galaxy population. Sub-millimetre galaxies
are an example of massive (stellar mass ∼1011 M�), highly star-
forming (star formation rates �500 M� yr−1), dusty galaxies that
have been detected mostly at z > 2.5–3 (e.g. Chapman et al. 2005;
Younger et al. 2009; Casey, Narayanan & Cooray 2014).

While those studies have been important to understand the global
properties of the first galaxies in the Universe, they have mostly
revealed the luminous tail of the galaxy population and they are still
not able to characterize their structure (but see Oesch et al. 2010b;
De Breuck et al. 2014). None the less, both available facilities, such
as the Hubble Space Telescope (HST) or the Very Large Telescope
(VLT), as well as new observatories that recently came online, such
as the Atacama Large Millimeter Array (ALMA), are starting to
discover smaller and possibly more typical galaxies at z ≥ 6. For
example, Bradley et al. (2012) have used HST imaging to iden-
tify a few Lyman break galaxy candidates at z ≈ 7, lensed by the

foreground galaxy cluster A1703. The most luminous likely has a
stellar mass ∼109 M� and a star formation rate ∼8 M� yr−1. Sim-
ilarly, Watson et al. (2015) have combined HST, VLT and ALMA
observations to constrain the stellar mass, star formation and gas
content of another highly magnified Lyman break galaxy beyond
the Bullet cluster. They also find a stellar mass ∼2 × 109 M�, a star
formation rate ∼10 M� yr−1 and a gas fraction ∼40–50 per cent,
all confined within a physical surface ∼1.5 kpc2. All these objects
typically have specific star formation rates ∼5–10 Gyr−1 (see also
e.g. Tasca et al. 2015).

These recent observations, combined with those from the next
generation of both space-based (James Webb Space Telescope;
JWST) and earth-based (e.g. European Extremely Large Telescope;
E-ELT) telescopes, require new interpretations and predictions
on the theoretical side, where less has been done compared to
low/medium redshifts, except regarding the most massive popu-
lation of galaxies at z > 6–8 (e.g. Choi & Nagamine 2012; O’Shea
et al. 2015; Paardekooper, Khochfar & Dalla Vecchia 2015; Ocvirk
et al. 2016; Waters et al. 2016). Motivated by this, we investigate the
early phases of the formation and the evolution of a galaxy that be-
come a massive elliptical at z = 0. We focus on the first burst of star
formation, prior to the assembly of the central supermassive black
hole and before active galactic nuclei feedback becomes dominant.
We use a new high-resolution hydrodynamic run that is part of the
recent Ponos programme of zoom-in cosmological simulations of
massive galaxies (Fiacconi et al. 2016). Our new simulation repro-
duces the main features of recently observed star-forming galaxies
at z ∼ 7, and allows us to study in details the properties of the early
interstellar medium that drive the star formation and may determine
the early feeding habits of the central black hole.

The paper is organized as follows. In Section 2, we describe our
numerical techniques and the features of the PonosHydro simula-
tion. We describe our main results in Section 3, focusing on the
properties of the interstellar medium and the early star formation
history of the simulated system at z ∼ 6. We present our conclusions
in Section 4, cautioning the reader about the limitations of our re-
sults and discussing the possible implications of our findings. In the
following, when not explicitly specified, all lengths and densities
are given in physical units.

2 M E T H O D S

2.1 Initial conditions

We perform and analyse a new simulation that complements the
suite of cosmological, zoom-in simulations presented by Fiacconi
et al. (2016) and named ‘Ponos’. This is a high-resolution version
of the run focusing on the halo originally dubbed as ‘PonosV’. This
new version includes hydrodynamics and self-consistent baryonic
physics, and we refer to it as ‘PH’ or ‘PonosHydro’ in the following.
The target halo evolves in a box of 85.5 comoving Mpc and it reaches
a mass ≈1.2 × 1013 M� at z = 0. We adopt a �CDM cosmol-
ogy consistent with the results of Wilkinson Microwave Anisotropy
Probe 7/9 yr, parametrized by �m,0 = 0.272, ��,0 = 0.728,
�b,0 = 0.0455, σ 8 = 0.807, ns = 0.961 and H0 = 70.2 km s−1 Mpc−1

(Komatsu et al. 2011; Hinshaw et al. 2013). The original initial
conditions (ICs) are part of the Assembling Galaxies of Resolved
Anatomy (AGORA)1 code-comparison project (Kim et al. 2014).

1 https://sites.google.com/site/santacruzcomparisonproject/home
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We generate new ICs of the same halo using the MUSIC2 code (Hahn
& Abel 2011). Our ICs are optimized to follow the growth of the
halo until z = 6. They consist of a base cube of 1283 particles per
side starting at z = 100, with additional nested levels of refinement
to increase the resolution within the Lagrangian region that maps
the particles contained within 2.5Rvir at z = 6 on to the ICs. We
define the virial radius Rvir as the spherical radius that encompasses
a mean matter density �(z)ρc(z), where ρc(z) is the critical density
that the Universe needs to be flat, and �(z) is the z-dependent virial
overdensity defined by Bryan & Norman (1998). As a consequence,
the virial mass is defined as Mvir = 4π�(z)ρc(z)R3

vir/3. At z = 6,
the virial mass of the main galaxy is ≈1.5 × 1011 M�. In fact, we
use the following procedure to determine the high-resolution region
on the ICs (Fiacconi et al. 2016): (i) we run a 1283, dark matter
only, full-box simulation to identify the main halo at z = 6; (ii) we
trace the particles within 2.5Rvir back on to the ICs; (iii) we locally
increase the resolution of the ICs by adding one level of refinement
within a rectangular box that contains all the identified particles; (iv)
we evolve again the ICs until z = 6; (v) we repeat (ii) and we add
two additional levels of refinement within the convex hull that con-
tains all the identified particles. Every level of refinement increases
the spatial and mass resolution by a factor 2 and 8, respectively.
We iterate steps (iv) and (v) until we add seven additional levels of
refinement above the base cube, introducing gas particles in the last
level. We verified with dark matter only test runs and in the main
run that this procedure allows us to maintain the fraction of contam-
inating particles3 in both mass and number well below 0.1 per cent
within the virial volume at all z ≥ 6. Finally, the highest resolution
dark matter and gas particle have a mass mdm = 4397.6 M� and
mg = 883.4 M�, respectively. The force resolution is determined
by the softening length, which is set to 1/60 of the mean particle
separation at each level of refinement. This corresponds to a min-
imum dark matter softening εdm = 81.8 physical pc and to a gas
softening εg = 47.9 physical pc. The softening is kept constant in
physical units during evolution at z < 9, while it remains constant in
comoving coordinates at higher redshifts. The total number of par-
ticles in the ICs is 118 694 002, while the total number of particles
within the viral radius at z = 6.5 is 56 213 155.

2.2 Simulation code

We evolve the simulation using the GASOLINE code (Wadsley,
Stadel & Quinn 2004). The code computes gravitational interac-
tions using a fourth-order (i.e. hexadecapole) multipole expansion
of the gravitational force on a k-D binary tree, following the original
scheme adopted by the PKDGRAV code (Stadel 2001, 2013). GASOLINE

models the gas dynamics using the smoothed particle hydrodynam-
ics (SPH) algorithm (e.g. Gingold & Monaghan 1977; Lucy 1977;
Hernquist & Katz 1989). In addition to the standard SPH formu-
lation, the energy equation includes a term for thermal energy and
metal diffusion (with a coefficient C = 0.05) as introduced and
discussed by Wadsley, Veeravalli & Couchman (2008) and Shen,
Wadsley & Stinson (2010). This approach reduces the artificial
surface tension that arises close to strong density gradients where
Kelvin–Helmholtz instability may develop (e.g. Agertz et al. 2007;
Read & Hayfield 2012; Hopkins 2013; Keller et al. 2014).

2 http://www.phys.ethz.ch/hahn/MUSIC/
3 Here, the term ‘contaminating particles’ refers to dark matter particles
from coarser levels of refinement in the ICs.

GASOLINE includes several sub-resolution models to treat the ra-
diative cooling of the gas, the formation of stars and the impact
of their feedback in terms of supernovae-injected energy and mass
released by winds. The gas is allowed to cool radiatively in the op-
tically thin limit by solving the non-equilibrium reaction network
of H I, H II, He I, He II and He III. We take into account the con-
tribution from metal lines with a temperature floor Tfloor ≈ 100 K
following Shen et al. (2013). The simulation also includes a uni-
form, redshift-dependent UV radiation background due to stellar
and quasar reionization according to Haardt & Madau (2012). The
implementation of star formation and stellar feedback mostly fol-
lows the prescriptions from Stinson et al. (2006). Stars form when:
(i) the local density exceeds the threshold nSF = 10 H cm−3; (ii)
the local temperature goes below TSF = 104 K; (iii) the local gas
overdensity is >2.64; and (iv) the flow is convergent and locally
Jeans unstable. When the above criteria are fulfilled, stars form ac-
cording to a Schmidt-like low, ρ̇� = εSFρg/tdyn ∝ ρ3/2

g , where ρ� is
the mass density of formed stars, ρg is the local gas mass density
and tdyn = 1/

√
Gρg is the local dynamical time. The efficiency

εSF = 0.05 is a phenomenological parameter meant to capture the
average star formation efficiency. Each stellar particle has an initial
mass m� = 0.4mg = 353.4 M� and represents a stellar population
with a Kroupa (2001) initial mass function.

We choose nSF to be about the density reached when resolving the
local Jeans mass with at least one kernel at the lowest temperature
reached by the simulation, i.e. the temperature floor of the cooling
function, namely

nSF � 16.4

(
Tfloor

100 K

)3 (
N

32

)−2 (
mg

883.4 M�

)−2

H cm−3, (1)

where N is the number of gas particles per kernel. This choice en-
sures that, even in the most extreme case (i.e. gas at the lowest
temperature that has not formed stars yet), the local collapse is re-
solved. However, since TSF � Tfloor, the Jeans mass during collapses
that lead to star formation episodes is likely resolved with a number
of particles �N. Indeed, at nSF and TSF, the local Jeans mass is
resolved with ∼1220 kernel masses, which corresponds to ∼39 000
particles in the regions at the verge of the collapse that might form
stars.

During their lifetime, light stars with mass between 1 and 8 M�
release ∼40 per cent of the particle mass and metals to the sur-
rounding gas through winds following Weidemann (1987). On the
other hand, massive stars between 8 and 40 M� are responsible
for Type II supernovae, which inject energy, mass and metals to
the surrounding gas following the analytical blast wave solution of
McKee & Ostriker (1977). In particular, each Type II supernova
releases 1051 erg in thermal energy to the gas particles within the
maximum radius that the blast wave can reach. The cooling of those
gas particles is temporarily turned off for the time corresponding
to the snowplough phase of the blast wave. Type Ia supernovae
also contribute to the supernova feedback budget injecting the same
energy as Type II supernovae, but without the shut off of the cool-
ing. They releases a mass of 1.4 M�, where 0.63 and 0.13 M�
are constituted by iron and oxygen, respectively. Their frequency is
given by the binary fraction estimated by Raiteri, Villata & Navarro
(1996).

We also adopt the pressure floor described by e.g. Roškar et al.
(2015) in order to avoid spurious fragmentation. Specifically, the
minimum pressure of each gas particle (at a given density and
temperature) is Pmin = αmax (εg, h)2 Gρ2, where h is the local
SPH smoothing length, ρ is the gas mass density and α = 9 is a
safety factor. This choice of α is such that the local Jeans length
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Table 1. List of performed simulations and of their main features. From
left to right: label of the simulation, initial redshift of the simulation, final
redshift of the simulation, α parameter of the pressure floor (see the text),
initial mass of gas particles, mass of the lightest dark matter particles,
gravitational softening of the gas and smallest gravitational softening of the
dark matter.

Label zini zend α mg mdm εg εdm

(M�) (M�) (pc) (pc)

PH 100 6.5 9 883.4 4397.6 47.9 81.8
PH_PF1 8 6.5 1 883.4 4397.6 47.9 81.8
PH_NFa 8 7.1 9 883.4 4397.6 47.9 81.8
PH_LR 100 6.5 9 7067.2 35 180.8 95.8 163.6

Note. aThis run does not include either star formation or stellar feedback.

is always resolved with Nλ ≈ 6 (Nλ ≈ 3) resolution elements
max (εg, h), assuming that the Jeans length is defined as λJ =
cs

√
π/(Gρ) (λJ = √

15kBT /(4πGρμmp)). The local sound speed
of the gas is cs = √

γ kBT /(μmp), where γ = 5/3 is the adiabatic
index, kB is the Boltzmann constant, μ ≈ 0.6 is the mean molecular
weight (assuming that most of the gas is ionized) and mp is the
proton mass. The criterion on the Jeans length translates in the local
Jeans mass resolved with ≈(εg/h)3N3

λ/8 ≈ 15.6 N3
λ kernel masses,

where we substitute εg/h = 5 in the last equality after noting that
the distribution of the ratio h/εg within the main galaxy is peaked at
about 0.2. We note that we adopt a pressure floor to avoid numerical
fragmentation, while we leave the temperature of the gas free to
evolve according to the energy equation and the effect of radiative
cooling and heating (e.g. Richings & Schaye 2016). This means
that the equation of state of the gas does not effectively follow an
ideal gas law anymore when relating the pressure to the density and
the temperature. The usage of the pressure floor also imply that the
gravitational collapse is at least partially suppressed for structures
initially collapsing on scales below Nλεg ∼ 150–300 pc (Bate &
Burkert 1997). However, we have checked that the gas phase-space
region where the chosen pressure floor kicks in overlaps with the
conditions for forming stars only at high densities and low temper-
atures. This implies that the initial phases of gravitational collapses
that lead to star formation are physical and well resolved, while
the pressure floor ensures that spurious fragmentation on smaller
scales is avoided. None the less, this may have a dynamical role
in the evolution of the interstellar medium of the simulated galaxy;
therefore, we also run an additional run from z ≈ 8 (after that the
disc has re-formed; see Section 3) to z = 6.5 adopting a lower pres-
sure floor with α = 1. This additional run is dubbed ‘PH_PF1’. We
also restart an additional version of run PH from z ≈ 8 to z = 7.1,
including radiative cooling but without star formation and stellar
feedback, in order to test the impact of feedback on the properties
of the interstellar medium (see Section 3.4). We refer to this run as
‘PH_NF’.

In addition to run PH, we have also simulated a lower reso-
lution version, i.e. ‘PH_LR’, adopting the same parameters. This
run has a mass and force resolution eight times and two times
coarser than the main run, respectively. The initial total number
of particles is 17 952 072, while the main halo contains about
5974 677 particles within the virial radius at z = 6.5. We use this
run for resolution tests that we show in the Appendix. We sum-
marize the labelling and the main features of all the simulations in
Table 1.

2.3 Halo detection

We identify dark matter haloes (and then the contained galaxies)
using the AMIGA HALO FINDER (Gill, Knebe & Gibson 2004; Knoll-
mann & Knebe 2009). Every halo is defined as a gravitationally
bound group of at least 100 particles within a virial radius Rvir.
Then, we construct the merger tree of the main halo matching the
dark matter particle IDs among every two snapshots from z = 6.5
to z 
 30 (e.g. Fiacconi et al. 2015). The main progenitor branch
is determined as the progenitor halo that maximizes the number
fshared = Nshared/

√
NhNprog through each snapshot, where Nshared

is number of particles shared among the halo and its progenitor,
while Nh and Nprog are the particles of the halo and the progenitor,
respectively (Fiacconi et al. 2015).

3 R ESULTS

3.1 Evolution of the main galaxy

The global evolution of the main halo of the run PH is summarized
in Fig. 1. Specifically, we show the merger tree of the main halo,
highlighting the major mergers with mass ratio q < 4 (where we
define q ≡ M1/M2 > 1), and the growth of the virial mass Mvir

with redshift. The early growth of the main halo is characterized
by a sequence of several major mergers with mass ratios between
q = 1 and q = 3 from z ≈ 18.5 to z ≈ 11.6. During this phase,
Mvir quickly grows from <108 M� to ∼4 × 109 M� through the
rapid accretion of both dark matter and gas, also triggered by the
major mergers. By z ≈ 11, the main halo has formed, i.e. it has
reached about 5 per cent of its final mass at z = 6.5, which is
Mvir 
 1.2 × 1011 M�. Slightly later, at z ≈ 10, the virial radius of
the main halo (Rvir ≈ 7.7 kpc in physical units) begins to overlap
with the virial volume of a nearby halo with mass 3.7 times smaller
than the main one. This is the last major merger of the main halo
during the time span that we have simulated. It completes by z ∼ 9,
though the two central galaxies merge slightly after at z ≈ 8, as
shown by Fig. 1. Such a time lag between the merger of the two
haloes and their central galaxies, ∼100 Myr from z = 9 to z = 8,
is consistent with the dynamical friction time-scale for the central
galaxies to sink at the centre of the remnant halo after a q = 4 merger,
namely ∼0.2 tH(z) ∼ 170 Myr, where tH(z) = H−1(z) is the Hubble
time at z and the last equality is obtained assuming z = 9 (Krivitsky
& Kontorovich 1997; Boylan-Kolchin, Ma & Quataert 2008; Jiang
et al. 2008; Hopkins et al. 2010).

After the last major merger, the galaxy quickly builds an extended
stellar and gaseous disc at z ≈ 7.5. This is visible e.g. in the mock
UVJ image at z = 7.1 in Fig. 1. Those images are obtained similarly
to Fiacconi et al. (2015): we consider each stellar particle as a stellar
population with a Kroupa (2001) initial mass function of age τ and
metallicity Z and we determine its total luminosity by interpolating a
table based on the synthetic stellar population models of the Padova
group (Marigo et al. 2008; Girardi et al. 2010; Bressan et al. 2012).
These tables4 span the stellar age interval from 4 Myr to 12.6 Gyr
and the metallicity interval from 5 × 10−3 to 1.6 Z�. We neglect
the effect of dust attenuation.

Then, the galaxy evolves nearly in isolation until z ≈ 6.5, when it
starts to interact with another galaxy in a mildly minor q ≈ 5 merger.
During this period, the total gas fraction fgas = Mgas/(M� + Mgas)
within 0.1Rvir oscillates around 50 per cent (only mildly increasing

4 Similar tables can be obtained at http://stev.oapd.inaf.it/cgi-bin/cmd.
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Figure 1. Upper row, from left to right: sequence of images at z = 6.5, 7.1, 8.1 and 9.1, respectively, of the stellar component of the main galaxy in the
rest-frame U, V and J bands. Middle row: merger tree of the main halo as a function of redshift. The size of each circle is proportional to the logarithm of
the virial mass. Green circles denote the main branch of the merger tree, while thick, red circles connected by thick, red lines mark the occurrence of a major
merger with mass ratio q < 4. Lower panel: evolution of the virial mass of the main halo as a function of redshift. Red dots and vertical dashed lines show
major mergers together with their mass ratio q. The main halo reaches about 1011 M� by z � 6.

with time), while the fraction of cold gas (T < 104 K) is lower and
about 37 per cent. The stellar mass, measured as the mass within
0.1Rvir, is M� ≈ 2.5 × 109 M�. By changing the filtering scale (e.g.
assuming a fixed volume of 3 physical kpc or 20 comoving kpc),
the difference on the determination of M� is less than 20 per cent.
During this phase, the global properties of the main galaxy, namely
stellar mass, gas fraction and star formation rate (see below), are
quantitatively similar5 to those observed in a few, strongly lensed
galaxies at z ∼ 7 by Bradley et al. (2012) and Watson et al. (2015).
Moreover, the stellar mass is a factor 2 higher than the halo mass–
stellar mass relations determined by Behroozi, Wechsler & Conroy
(2013), but yet consistent within the 2σ uncertainty.

Fig. 2 shows the evolution of the star formation rate of the main
galaxy as a function of time. This is continuously increasing with
time, with isolated peaks corresponding to the major mergers high-
lighted in Fig. 1. Around z ≈ 6.5–7, the main galaxy is forming
∼20 M� yr−1 in new stars. On the other hand, the specific star for-
mation rate decreases from �10 Gyr−1 to ∼5–6 Gyr−1 at z = 6.5.
These numbers are consistent with recent determinations of the typ-
ical star formation rate of galaxies in samples at z > 4. Smit et al.
(2012) have computed the star formation rate function (normalized
as the number of galaxies per unit volume and unit star formation

5 Watson et al. (2015) have observed a galaxy at z = 7.5 ± 0.2 with stellar
mass 1.7+0.7

−0.5 × 109 M�, star formation rate 9+4
−2 M� yr−1 (from infrared

light) and gas fraction 55 ± 25 per cent.

rate) starting from dust-corrected UV luminosity functions from
Bouwens et al. (2007, 2011). They have found that between red-
shift 6 and 8 the star formation rate corresponding to the knee L� of
a Schechter luminosity function is about 10 M� yr−1, suggesting
that our galaxy is probably slightly larger than L�. By correcting the
value of L� at z = 6.8 determined by Bouwens et al. (2011) as de-
scribed by Smit et al. (2012), we get a corresponding absolute mag-
nitude after dust correction M�

UV = −20.6, which is indeed slightly
larger (i.e. less bright) than the rest-frame magnitude MU = −20.8
of the stellar component within 0.1Rvir measured from run PH. We
caution however that the observational measurements have been
obtained at 1600 Å, while our estimate from the simulation comes
from U rest-frame. We also compare the specific star formation rate
as a function of mass with a population of slightly lower redshift
galaxies (4.5 < z < 5.5, with spectroscopic redshifts) observed
in the VIMOS Ultra-Deep Survey (VUDS) by Tasca et al. (2015).
At the mass of a few 109 M�, our galaxy sits slightly above the
bulk of the data at z ∼ 5 (thought there is large scattering), which in
turn are distributed around the relation inferred by Schreiber et al.
(2015) from Herschel data. This is also consistent with the slowly
growing trend of the average specific star formation rate with in-
creasing redshift derived by Tasca et al. (2015), ∝ (1 + z)1.2, which
would predict ∼6 Gyr−1 at z = 6.5, although most of the galaxies
used to get this determination have M� > 1010 M�. Overall, the
global properties of the main galaxy in run PH seems to be consis-
tent with typical star-forming galaxies recently observed at similar
redshifts (Iye et al. 2006; Bradley et al. 2012; Watson et al. 2015).
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Figure 2. Upper panel: time evolution of the star formation rate (Ṁ�, blue
continuous line, left y-axes) and of the specific star formation rate (Ṁ�/M�,
red dotted line, right y-axes). The latest two major mergers of the main halo
are highlighted with their mass ratio q. Lower panel: specific star formation
rate as a function of the stellar mass for our simulation at z = 6.5 (PH,
blue square) and for the data from the VUDS survey in the redshift range
4.5 < z < 5.5 (Tasca et al. 2015). The VUDS data are represented as red
filled and empty circles when the redshift determination is ∼100 per cent and
∼70–75 per cent reliable, respectively. The thin dotted line shows the VUDS
completeness limit in the determination of the star formation rates. The
dashed and dot–dashed lines show the determination of the main sequence
of star-forming galaxies at z ≈ 2 from Daddi et al. (2007) and the analytical
fit of the main sequence by Schreiber et al. (2015) extrapolated to z = 5,
respectively.

3.2 Structure of the galactic disc

Fig. 3 shows the evolution of the galactic disc in run PH between
6.5 < z < 7.6, after the last major merger is completed. The galaxy
is oriented face-on by determining the specific angular momen-
tum of the gas within a sphere of radius 0.1Rvir, after having
centred the galaxy on the minimum of the potential and having
removed the systemic velocity evaluated as the mass-weighted ve-
locity of the particles within 500 physical pc from the centre. During
this interval of time, the galaxy appears as a disc with tenuous nearly

axisymmetric structures in the stellar component. At z = 7.6, the
two cores originally at the centre of the merging galaxies are finally
coalescing at the centre of the remnant, forming a tiny bulge (also
visible as a redder component in Fig. 1).

The surface density map of the gas reveals that the gaseous disc
is highly inhomogeneous, with many overdense regions. This is
particularly evident at z = 6.5, when the disc is less axisymmet-
ric and more perturbed than at slightly larger redshifts, with more
extended regions of dense gas at and above ∼108 M� kpc−2, pos-
sibly because of the interaction with the companion galaxy visible
in Fig. 1. Indeed, the gas is highly multiphase, as also confirmed
by the temperature maps. Local fluctuations can vary from tem-
peratures <1000 K to ∼106 K on scales of �100 pc. Those high
temperatures are likely triggered by local injection of energy from
stellar feedback.

Such a structure of the interstellar medium is potentially a sig-
nature of turbulence, as expected from previous work on high-z
galaxies (e.g. Green et al. 2010; Bournaud et al. 2011; Hopkins
et al. 2012b), though the main driver of turbulence is still debated.
Indeed, we observe large fluctuations in the local velocity dispersion
of the gas, calculated as SPH kernel-weighted average of the local
standard deviation of the velocity, ranging from a few to almost
100 km s−1, with a typical, average value σ g ∼ 40 km s−1 across the
disc at different redshifts. We discuss the turbulence within the disc
in more detail in Section 3.3.

High-density regions are naturally associated with larger star for-
mation rates, following a large-scale Kennicutt–Schmidt relation
(Kennicutt 1998; Bigiel et al. 2008) with slope n ≈ 1–1.5 at (total)
surface densities >1 M� pc−2, consistent with the local volumetric
Schmidt law (Gnedin, Tasker & Fujimoto 2014). The star forma-
tion within the disc is mostly distributed along the major features
(i.e. spiral arms) in the stellar disc, with typical star formation rate
surface densities �1 M� yr−1 kpc−2, while overdensities are as-
sociated with isolated regions of intense star formation as high as
�25 M� yr−1 kpc−2.

Fig. 4 shows the rotation curve Vrot and the surface brightness
profiles of the main galaxy in run PH at z = 7.1. The rotation
curve is obtained as the mean over 50 random line of sights through
the disc mid-plane. We take into account only cold/warm gas with
temperature <50 000 K to mimic the rotation curve that could be
obtained through H I/H α observations. The galaxy has a flat rotation
curve up to a few kpc from the centre with a nearly constant value
about 100 km s−1. The circular velocity Vcirc = √

GM(<r)/r is
also flat, but with an asymptotic large velocity about 140 km s−1.
This mismatch witnesses the degree of non-radial motion in the
gas, also visible in the fluctuation of Vrot at R ≥ 2 kpc. The surface
brightness profiles of the stellar component in the rest-frame U,V
and K band show that the stellar disc is nearly exponential, with
a disc scale radius (half-light radius) about 460 physical pc (760
physical pc) in K band, which is grossly consistent with the size of
typical galaxies at z ∼ 7 (Oesch et al. 2010b). The stellar disc drops
slightly outside 2 kpc and it shows a tiny steepening for radii below
∼200–300 pc owing to the presence of a tiny bulge. We perform a
profile decomposition of the surface brightness in two exponential
profiles, one for the disc and on for the bulge, finding a similar value
of B/T ≈ 0.03 per cent (i.e. fraction of the total light in the bulge
component) across the three photometric bands.

Fig. 5 shows the edge-on evolution of the disc that forms in run
PH. The disc mid-plane corresponds to y = 0, though it might look
difficult to identify a smooth structure because the disc is indeed
highly perturbed in the vertical direction, showing a clumpy and
discontinuous structure. We calculate the vertical density profile of
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Figure 3. Evolution of the galactic disc in run PH between z = 7.6 and z = 6.5 (from bottom to top). From left to right: gas surface density, local gas
temperature in the disc mid-plane, local gas velocity dispersion (computed locally as an SPH weighted average) in the disc mid-plane, stellar surface density,
and star formation rate surface density. All quantities are measured within a 200 pc thick slice centred on the disc plane. The star formation rate surface density
is determined from the surface density of stellar particles younger than 10 Myr. The circles in the lower-right corners of the first column have radii equal to the
gravitational softening of the gas, 47.9 physical pc.

the gas, azimuthally averaging the gas density in five linearly spaced
bins between 20 pc and 2 kpc from the centre of the disc. We find
that the gas density drops by almost an order of magnitude after a
typical distance from the disc mid-plane between 100 and 300 pc,
with the slight tendency to increase at larger cylindrical radii (i.e.
the disc flares at large radii), as it is mildly hinted by Fig. 5. Indeed,
we fitted the vertical profile of the gas density with an exponential
law, finding typical vertical scales ≈300 pc. A similar result (even
a slightly ticker disc, probably because of the different coupling
between feedback energy and dense gas) is obtained analysing the
PH_PF1 run with the reduced pressure floor, suggesting that the
latter does not play a major role in setting the vertical structure of
the disc. We repeat the same analysis for the stellar disc and we
find that the latter is somewhat thinner, with exponential vertical
scales typically ≈170–200 pc. This is consistent with stars forming
preferentially in the denser and thinner cold gas disc.

The vertical temperature structure shows interesting features.
The dense, clumpy gas that can be identified in the central disc
by comparing with the density map is typically cold, with temper-
atures between �100 and ∼8000 K owing to metal cooling, and
it is embedded in an atmosphere of hot gas �105 K. The hot gas
is typically outflowing vertically from the central disc, funnelled
through clumps of colder gas, likely suggesting that it originates
from episodes of supernova feedback. This gas is indeed polluted
to metallicity �Z� and is injected into the circumgalactic medium.

Fig. 6 shows the probability distribution of the outflow velocities
Vout (i.e. the radial velocity vr > 0 of outflowing gas) of the gas

particles within a spherical shell between 0.2 and 0.3Rvir from the
central galaxy (e.g. Muratov et al. 2015). The particles are selected
to have v · r̂ > 0, where v is the particle velocity (after removing the
systemic velocity of the halo) and r̂ is the versor along the direction
from the centre of the halo to the particle position. The distribution
is roughly exponential, i.e. ∝exp(−Vout/Ṽ ), where Ṽ ≈ 80 km s−1

at z = 7.1–6.5 (≈60 km s−1 at z = 7.6) is a typical scale value for the
positive radial velocity. In particular, Ṽ ≈ σr ≡

√
〈V 2

out〉 − 〈Vout〉2

(where 〈 · 〉 is intended as mass-weighted average), suggesting that
the genuinely outflowing material populates the extended tails up
to velocities as high as 200–300 km s−1. However, the fraction of
the outflowing mass at high velocity, more specifically with Vout

larger than the escape velocity Vesc, is typically low, oscillating
between 1 and 5 per cent, i.e. most of the gas expelled from the
disc will be recycled through the halo and will eventually join
the central galaxy. Here, we define the escape velocity Vesc at the
position x of a particle as Vesc = √

2|φ(x) − φ0|, where φ is the
local gravitational potential and φ0 is the reference potential at Rvir

calculated as the average gravitational potential of all particles in
a thin spherical shell between 0.95Rvir and Rvir. We have repeated
this analysis within two additional spherical shells, (i) with an outer
radius 0.2Rvir and a thickness of 1 physical kpc, and (ii) between 2
and 2.5 physical kpc, and we have found very similar results, within
a factor 2.

We have also computed the mass loading factor η ≡ Ṁout/Ṁ�,
where Ṁout = �r−1

∑
i mivi · r̂ i is the mass outflow rate, the sum

involves only gas particles mi within the considered shell with
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Figure 4. Upper panel: rotation curve Vrot at z = 7.1 from the cold gas
(T < 50 000 K). The blue solid line is the average over 50 random line
of sights through the galaxy mid-plane, while the shaded region marks
the 68 per cent of the measurements. The red dashed line is the circular
velocity Vcirc = √

GM(<r)/r shown for comparison. Lower panel: rest
frame surface brightness profiles of the stellar component in U (blue solid),
V (green dashed) and K (red dotted) bands at z = 7.1. The grey shaded region
at the centre marks two gravitational softenings. The surface brightness
profiles include cosmological dimming. The grey solid line shows the best
fit of the profile decomposition of μ� into two exponential profiles for the
K band as an example.

vi · r̂ i > 0, and �r is the radial thickness of the shell. The re-
sults between z = 7.6 and z = 6.5 are shown in the lower panel
of Fig. 6, where we compare with the observational determinations
of η by Schroetter et al. (2015) and references therein. They are
plotted against Vmax, i.e. the asymptotic maximum of the rotation
curve (Schroetter et al. 2015). We repeat the same analysis as for
Fig. 4 to calculate Vmax from the simulation data, whose ‘uncertainty
band’ in Fig. 6 is associated with the measurements within differ-
ent shells. We also show the recent determination of η ≈ 2 (where
we add a generous uncertainty of 50 per cent) by Gallerani et al.
(2016), which represents the average η estimated for the sample of
z ∼ 5 and M� ∼ 1010 M� galaxies presented in Capak et al. (2015).
In this case, we estimate Vmax by using the stellar mass–halo mass
relation by Behroozi et al. (2013) to determine the virial velocity
of the typical halo where such galaxies are supposed to live in at
z = 5, with an uncertainty of 50 km s−1. We find η ≈ 0.5–1 for PH,

in fair agreement with the observational estimates. We have also
repeated the analysis selecting particles with vi · r̂ i > σr and find-
ing slightly lower values for η by at most 40 per cent. We caution
though that the observational data from Schroetter et al. (2015) are
a collection of measurements at much lower redshift than our simu-
lation, namely between 0.1 and 0.8. However, it is noteworthy that
the observational estimate at z ∼ 5 by Gallerani et al. (2016) is yet
consistent with the lower redshift data and in particular with local
starbursts (Heckman et al. 2015). Moreover, the agreement at face
values is promising, given the scattering of order >10 in η among
different successful theoretical/empirical models (see e.g. fig. 10 of
Schroetter et al. 2015).

On the other hand, clumps and streams of cold gas are typically
raining down radially on the galactic disc. Some of that gas is
mildly polluted Z ∼ 0.2 Z� and typically lives in overdense regions,
compressed by the surrounding hot outflows, where the cooling time
is short, likely because of the metals already seeded by previous
stellar outflows (Costa, Sijacki & Haehnelt 2015). However, some
of the inflowing material has low metallicity, possibly coming from
direct feeding through cold flows. We select gas particles at z = 6.5
within a cubic box 6 physical kpc in size centred on the main galaxy
(removing a slab 400 pc thick centred on the disc mid-plane) with
temperature T < 5 × 104 K, i.e. the gas that is (or will be soon) able
to form stars. We trace them back among snapshots to z = 8, storing
the time-evolution of the density, temperature and metallicity. We
select the gas that is directly inflowing from cold flows as the gas
whose temperature never exceeds 105.5 K, finding that it represents
∼50–60 per cent of the mass of cold gas originally selected in the
trial volume. A fraction ∼5–10 per cent of that gas is also accreted
at nearly primordial composition as its metallicity always remains
below 0.1 Z�. We plan to devote a more detailed analysis to the
gas inflow form larger scales as well as to the recycling of the gas
within the halo in a forthcoming publication.

3.3 The properties of the disc turbulence

The gaseous disc of the main galaxy is turbulent and multiphase.
We show the mass-weighted probability density function of the gas
within the disc at the representative redshift z = 7.1 in Fig. 7. We
select the gas within a cylinder with a radius of 2 physical kpc and
500 pc thick, centred on the disc mid-plane. The density distribution
is not approximately a lognormal distribution, as generally found
in simulations of isothermal turbulence (e.g. Padoan, Nordlund &
Jones 1997; Price & Federrath 2010). Instead, it peaks at a few
M� pc−3 (∼100 H cm−3), with an extended tail at low densities
well below 10−2 M� pc−3 (∼0.2 H cm−3) and a fast decline around
∼10 M� pc−3 (∼250 H cm−3). This more complicated shape is a
natural consequence of the mixing different phases of gas temper-
atures (Robertson & Kravtsov 2008). We can identify three main,
nearly isothermal components6 characterized by an approximately
lognormal distribution: a ‘cold’ component at T < 103 K, a ‘warm’
component with 5 × 104 < T/K < 5 × 105 and a ‘hot’ compo-
nent at temperatures larger than 5 × 105 K. They are associated
with gas at average densities of 100, 10, and 1 H cm−3, respec-
tively. As a whole, they represent 65 per cent of the total gas in the

6 In the following, we dub the different components within quotes in order
to avoid confusion with the common phases of the interstellar medium
(Ferrière 2001). In fact, their names are just labels for the temperature
ranges used for the selection and, though similar to some of the phases of
the interstellar medium, they do not refer directly to them.
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Figure 5. From left to right: edge-on view of the main galactic disc in run PH between z = 7.6 and z = 6.5. First row: gas temperature map averaged within
a 200 pc thick slice perpendicular to the disc plane and centred on the disc centre. The arrows show the velocity field of the gas. Second row: the same of the
top row, but for the gas metallicity. Third row: gas density map averaged within a 200 pc thick slice as for the temperature and the metallicity. Fourth row:
stellar surface density projected within 4 kpc centred on the disc centre. The green lines mark equal surface density contours corresponding to 107, 108 and
109 M� kpc−2, from outside inward.

disc, sub-divided between ‘cold’, ‘warm’ and ‘hot’ as ≈60 per cent,
≈29 per cent and ≈11 per cent, respectively. The lognormal fits of
the ‘warm’ and ‘cold’ components do not agree very well with
the data at large densities. This is possibly due to the effect of the
pressure floor that limits the development of very high overdensi-
ties. Indeed, repeating the same analysis on the run PH_PF1 we
find a lower peak of the ‘cold’ component, which instead extends
up to densities a factor ∼2–3 larger, up to about 20 M� pc−3. In
this case, the high-density tail is nicely described by the lognormal
distribution and it does not show a power-law behaviour expected
for highly self-gravitating turbulent flows (e.g. Scalo et al. 1998;
Federrath et al. 2008; Kritsuk, Norman & Wagner 2011), at least at
the densities of a few hundreds H cm−3 that we are able to probe at
the resolution of our simulation.

We analyse the properties of the turbulence by computing the
power spectrum of velocity and density fluctuations at different
scales. Given any quantity w, its two-points correlation function
within a volume V is defined as

ξw(l) = 1

V

∫
V

w(x + l)w(x)d3x, (2)

which can be generalized for a vectorial quantity by means of the
inner product w(x) · w(x + l). The power spectrum of w is the
Fourier transform of ξw, which can be rearranged as

pw(k) = 1

(2π)3/2V

∣∣∣∣
∫

V

w(x)e−ik·xd3x

∣∣∣∣
2

. (3)

We further assume that each mode is isotropic and it depends only on
the module of the wavenumber k = |k|. Then, the power spectrum
becomes

Pw(k) = k2
∫

4π

pw(k, θ, φ) sin θdθdφ, (4)

where (θ , φ) are the spherical coordinates in k-space.
We perform this calculation for the gas surface density and for the

velocity. In the first case, we build a two-dimensional surface density
map �i, j by projecting the SPH gas density field within a cube of
Lbox = 4 physical kpc per side centred on the main galaxy (oriented
face-on as described in Section 3.2) on a grid of 512 × 512 square
grids �x ≈ 7.8 pc per side, similar to the typical smoothing length
within the disc, i.e. ∼10 pc. Then, we use the fast Fourier transform
to numerically calculate the two-dimensional power spectrum P� ,
after having padded with zeros the boundaries of the grid in order to
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Figure 6. Upper panel: mass-weighted probability distribution of the out-
flow velocity Vout at z = 6.5 (blue solid line), z = 7.1 (red dashed line)
and z = 7.6 (green dotted line). The arrows show the escape velocities
at each z. The black dotted lines shows dP/dVout ∝ exp(−Vout/Ṽ ), with
Ṽ = 80 km s−1. Lower panel: mass loading factor η as a function of the
asymptotic maximum rotation velocity. The red circles are the observational
data from Schroetter et al. (2015) and references therein, the green square
is the average determination of Gallerani et al. (2016) from the catalogue of
z ∼ 5 galaxies by Capak et al. (2015), and the blue line shows the results
for run PH between z = 7.6 and z = 6.5. The blue shaded area spans the
results associated with different shells used to measure Ṁout (see the text
for details).

reduce the aliasing in Fourier space produced by the non-periodic
and finitely sampled content of the grid.

In the second case, we analyse the velocity fluctuations of the
interstellar medium in the disc. First, we selected three boxes within
the disc with side Lbox = 512 physical pc at 1.5 kpc from the centre
and at 120◦ angular separation from each other, in order to avoid any
correlation among them and to minimize the effect of differential
rotation since the rotation curve is roughly flat outside the central
kpc (see Fig. 4). Each box typically contains from at least a few
tens of thousands to a few hundreds of thousands gas particles. We
subtract the systemic velocity of each cube as the mass-weighted gas
velocity and we then interpolate the SPH-averaged gas velocity on
a cubic grid of 128 × 128 × 128 using the TIPGRID code.7 Then, we
finally proceed as described above to calculate the velocity power
spectrum Pv. The velocity power spectrum Pv is normalized such

7 TIPGRID was written by Joachim Stadel and it is available at
http://astrosim.net/code/doku.php?id=home:code:analysistools:misctools.

Figure 7. Mass-weighted probability density function of the gas density
within the galactic disc at z = 7.1. The black solid line shows the total
distribution, while the blue, green and red solid lines show the distribution
of the ‘cold’ (T < 103 K), ‘warm’ (5 × 104 K < T < 5 × 105 K) and ‘hot’
(T > 105 K) gas, respectively. The dashed lines of the same colour show
the lognormal best fit of each component. The thin grey line shows the
compositions of the lognormal best fits, renormalized by the fractional mass
occupied by the three selected components (Robertson & Kravtsov 2008).
The fits describe fairly accurately the total density distribution.

as its integral over k gives the total velocity dispersion σ 2
g of the

gas in each box, while P� is normalized such as its integral over
k gives 1. In both cases, we compute the power spectrum between
kbox = 2π/Lbox and the Nyquist wavenumber kNyq = π/�x.

The results of these calculations are shown in Fig. 8. The power
spectrum of the surface density grossly shows a two power laws
behaviour, with a break at k ∼ 30 kpc−1, which corresponds to a
scalelength ∼200 pc. This is roughly consistent with our previous
estimate of the disc scaleheight, as generally found in simulations
(Bournaud et al. 2010) as well as observations (Elmegreen, Kim
& Staveley-Smith 2001). This suggests a transition between more
two- and three-dimensional like turbulence at low and high k (or
large and small length-scales), respectively. The power-law expo-
nents oscillate significantly with redshift, ranging roughly between
−1.0 and −1.6 for low k and between −2.3 and −2.7 for high
k, which in both cases is slightly less than what Bournaud et al.
(2010) found. Comparing the results with the run PH_PF1, we find
similar scatterings, but marginally different exponents (note how-
ever that the power spectra at z = 7.1 are fairly similar among the
two runs). Typically, the large-scale modes have slightly shallower
slopes between −0.6 and −1.2, while the power at small scales
decays faster with k, typically having steeper slopes around −3.
Moreover, the transition between the low- and high-k branch and
the latter as well are at somewhat higher normalization compared
with the reference run. This different behaviours imply that there
is slightly more power in large-scale modes and at the transition
between two- and three-dimensional modes at smaller scales than
in the reference simulation, likely because the lower pressure sup-
port promotes slightly larger overdensities to develop under the
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Figure 8. Upper panel: two-dimensional surface density power spectra of
the gas in the galactic disc in a box Lbox = 4 kpc. Blue solid, red dashed and
green dotted lines refer to z = 6.5, 7.1 and 7.6, respectively. Thick and thin
lines are associated with run PH and PH_PF1, respectively. Lower panel:
three-dimensional velocity power spectra, obtained as average between three
boxes Lbox = 512 pc (see the text for details). The grey bands show the
minimum–maximum range between the boxes at each redshift for run PH.
The line style is the same as above. The dashed lines show Pv ∝ k−5/3 and
∝ k−2 for visual guidance. In both panels, the vertical dotted lines mark the
k associated with the gravitational softening, while the grey shaded regions
refers to k < kbox and k > kNyq.

influence of self-gravity, though the gross structure of the disc (i.e.
the disc thickness) roughly remains the same.

At globally smaller scales, the velocity power spectra (lower
panel of Fig. 8) show much less differences in shape among the runs
with different pressure floors, i.e. runs PH and PH_PF1, though there
are fluctuations of factors ∼2–3 in the normalizations at different
redshifts. This suggests that the development of turbulence is only
mildly influenced by the presence of the pressure floor at any scale
larger than the gravitational softening. The typical power-law slope
measured between kbox and k = 100 kpc−1 (i.e. at scales larger than
the gravitational softening) is about 1.6 with little variations among
runs and redshifts. This looks consistent with a Kolmogorov-like

turbulence spectrum, i.e. for incompressible, subsonic turbulence;
however, when we remove from the fits the first two modes, which
are poorly sampled due to the box size, we obtain a slope close
to −2, again with little scattering among runs and redshifts. Such
a slope matches the Burgers law expected for compressible super-
sonic turbulence (e.g. Federrath 2013). However, it is difficult to
unequivocally discriminate between the two descriptions; in fact,
the gas is a mixture of phases characterized by different tempera-
tures and Mach numbers since the density distribution of each box
is similar to what shown in Fig. 7. We typically find a transonic
or mildly supersonic turbulence with Mach number σ g/〈cs〉 � 1,
where 〈cs〉 is the mean sound speed determined from the mass-
weighted average temperature of the gas (i.e. averaged over the
different phases) about 105 K. None the less, we argue that the gas
within the disc might be slightly better described by a Burgers-like
law because of its compressible nature and the larger mass fraction
in cold and supersonic gas.

3.4 What shapes the interstellar medium at high redshift?

Several physical processes may contribute to fostering turbulence
in the interstellar medium. Among them, gravity and stellar feed-
back are often considered to be the dominant ones (e.g. Gómez &
Cox 2002; Joung & Mac Low 2006; Brunt, Heyer & Mac Low 2009;
Pan et al. 2016). Gravity can trigger turbulent motions in a disc –
gravito-turbulence – when the local cooling time is factor of few
to several the local orbital time. Despite that the exact transition is
still matter of debate (Gammie 2001; Lodato & Clarke 2011; Meru
& Bate 2011a,b; Paardekooper, Baruteau & Meru 2011), a gravito-
turbulent state is typically characterized by a Toomre parameter
Q ≈ 1.5–2. Fig. 9 shows the Toomre parameter of the disc in run
PH at different redshifts. We measure the Toomre parameter within
a disc 2.5 physical kpc in radius and 500 physical pc thick. The
general definition of the Toomre parameter is

Q = κV

AG�
, (5)

where κ = √
2(Vφ/R)2(1 + d log Vφ/d log R) is the epicyclic fre-

quency defined through the azimuthal velocity Vφ and the polar
radius R, and � is the surface density (either of the gas or the stars).
The factor A is Ag = π and A� = 3.36 for gas and stars, respectively.
The velocity V is the radial velocity dispersion V = σ R for stars,
and the sound speed V = cs for gas. If the gas is turbulent with a ra-
dial velocity dispersion σ g,R, the ‘turbulent’ gas Toomre parameter

Qg,turb adopts the corrected velocity V =
√

c2
s + σ 2

g,R .

We correct the Toomre parameter given by equation (5) for fi-
nite disc thickness effects following Romeo & Wiegert (2011, see
also Romeo 1994; Romeo & Falstad 2013; Inoue et al. 2016); we
multiply Q by

T =
{

1 + 0.6(σz/σR)2 σz/σR < 1/2

0.8 + 0.7(σz/σR) σz/σR ≥ 1/2
, (6)

where σ z and σ R are, respectively, the vertical and (polar) radial
velocity dispersion, either of gas or stars. We generally measure the
velocity dispersions as σ =

√
〈v2〉 − 〈v〉2, where 〈 · 〉 is the SPH

average on the smoothing kernel of the appropriate velocity v.
The Toomre parameter describes the stability of rotating discs.

However, the stellar component has a tiny bulge at the centre,
which is dispersion dominated. Therefore, we calculate the ratio
ε = jz/jcirc, where jz is the z component of the specific angular
momentum of a particle computed in a reference frame centred
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Figure 9. Radial profiles of Toomre parameter Q at z = 6.5, 7.1 and 7.6. Solid, dashed, dot–dashed and dotted lines refer to the total Qtot (according to Romeo
& Wiegert 2011), the gas Qg without the contribution of the gas velocity dispersion, the gas Qg,turb including the gas velocity dispersion, and the stellar Q�

for stars in the disc with jz/jcirc > 0.5 (see the text for additional details). The vertical grey region marks the gravitational softening, while the horizontal ones
show the regions of instability and marginal stability.

on the galaxy, after having aligned the xy plane with the galac-
tic mid-plane. The maximum angular momentum of a particle at
distance r from the centre is the angular momentum on a circular
orbit, namely jcirc = rVcirc(r), where we estimate the circular veloc-
ity Vcirc ≈ √

GM(<r)/r . In order to identify the stars that belong
to the rotating disc, we select those with ε > 0.5, i.e. the stars
whose angular momentum perpendicular to the disc plane is close
to maximal. Finally, we calculate the total Toomre parameter as

Q−1
tot =

{
WQ−1

� + Q−1
g Q� ≥ Qg

Q−1
� + WQ−1

g Q� < Qg
, (7)

where W = 2V�Vg/(V 2
� + V 2

g ), where Vg and V� stand for the ve-
locity adopted in equation (5) for the gas and the stars, respectively
(Romeo & Wiegert 2011).

Fig. 9 shows that the galactic disc is overall stable to gravitational
perturbations, with the Toomre parameter typically ranging from ∼4
to �10 across the redshift interval z = 6.5–7.6, i.e. after the disc
rebuilt. This is true for both the stellar and the gas components
alone, and also when they are combined in Qtot, though the latter
is slightly lower than the singular components. Such a high value
for Qg,turb likely indicates that the gaseous disc is not in a gravito-
turbulent state. The only exception is at z = 6.5, when the Toomre
parameter of the gas component approaches 1.5–2 close to the
centre, which in fact corresponds with a clumpy region in the gas,
where overdensities might have been tidally enhanced by the close
passage of the satellite galaxy that will eventually merge with the
main one. We have checked that Q� goes to �1 within the inner
100–200 physical pc if we do not select particles with ε > 0.5, that
is kinematically consistent with the presence of a central tiny bulge.

Fig. 9 also compares the Toomre parameter of the gas with and
without the contribution of turbulence (i.e. Qg,turb and Qg, respec-
tively). When the effect of turbulent motions is included, the Toomre
parameter is naturally larger. None the less, such effect accounts for
an increase in Q up to a factor ∼2. This implies that the pres-
sure support alone would be enough to prevent widespread frag-
mentation in the disc, because the average temperature ∼105 K
within the disc is such that the average sound speed of the gas
is 〈cs〉 ∼ σ g ∼ 50 km s−1, i.e. pressure support and non-thermal
turbulence contributes similarly to the stability of the gaseous disc.

The high value of the gas Toomre parameter and the mild sensi-
tivity of the latter to turbulence suggest that (i) feedback may have a
major role in regulating the stability of the disc, and (ii) disc might
not be in a gravito-turbulent state, i.e. feedback is also the main
energy source for the gas turbulence. However, the latter point is
hard to demonstrate because gravity can still contribute by acceler-
ating free falling cold clouds from the surroundings that eventually
dissipate their kinetic energy by mixing with the denser gas of the
disc. In order to test the impact of feedback on the structure of
the interstellar medium, we have restarted the run PH without star
formation and feedback from z ≈ 8, i.e. run PH_NF. Fig. 10 shows
the comparison between the gaseous disc at z = 7.1 in runs PH
and PH_NF. The two discs are visibly different. Under the effect of
feedback, the disc in run PH is overall slightly more extended in ra-
dius and it has a lower surface density on average. The gas in run PH
has larger density contrasts on small scales and a more flocculent
structure than in run PH_NF, which on the other hand shows a clear
two-armed spiral, initially triggered by the quasi-resonant tidal in-
teraction with a flying-by satellite (e.g. D’Onghia et al. 2010). The
disc in run PH_NF is also thinner than in run PH and it presents a
central bulge-like structure that is not dispersed by star formation
and feedback and that is also mildly elongated in a bar-like fashion.

Fig. 11 tries to quantify the morphological differences between
the results of runs PH and PH_NF (comparing also run PH_PF1) at
z = 7.1. We compare the radial velocity dispersion of the gas σ R, the
ratio Vφ/σ g between the gas azimuthal velocity Vφ and the three-
dimensional velocity dispersion σ g (Vφ/σ g quantifies the rotational
support of the gaseous disc), and Qg,turb. We note that the gas in
run PH_NF tends to have a slightly lower σ R ∼ 25 km s−1 than in
both runs PH and PH_PF1, except for a ‘bump’ at ∼300–500 pc
where the rotating disc joins the central spheroid. Below this radius,
σ R drops to a few km s−1 in run PH_NF, while it remains almost
constant in the other cases, likely because the central gaseous bulge
in run PH_NF is mostly pressure supported. This suggests an overall
similar amount of turbulence with and without stellar feedback;8

8 The similarity of gas velocity dispersion achieved with and without feed-
back in presence of gravito-turbulence was pointed out in Agertz et al.
(2009).
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Figure 10. Gas surface density maps of the gaseous disc of the main galaxy at z = 7.1 in runs PH (left column) and PH_NF (right column). The projections
are face-on (upper row) and edge-on (lower row); sizes are in physical units.

Figure 11. Comparison between the disc properties in runs PH (blue solid
line), PH_PF1 (red dashed line) and PH_NF (green dotted line). From top
to bottom: radial velocity dispersion of the gas, Vφ/σ g ratio of the gas,
and turbulent Toomre parameter Qg,turb of the gas. The vertical grey region
common to all panels marks the gravitational softening of the gas.

however, other dynamical properties of the disc are very different
among the runs. Without stellar feedback, the disc is thinner and
denser, and consistently more rotationally supported than in the runs
including feedback, as shown by Vφ/σ g ∼ 3, almost a factor of 2
larger than in the other cases. Moreover, while Qg,turb ∼ 10 is almost
constant across the disc in run PH, it drops to �2 within R ∼ 1.5 kpc
when the feedback is absent. This is due to the combined effect of
the larger surface density of the disc and of the lower local support
provided by both turbulence and thermal pressure, since the gas
temperature across the disc typically corresponds to cs ∼ 10 km s−1

or lower when feedback is not included. Within the central 500 pc
(i.e. the gaseous bulge), Qg,turb drops well below unity in run PH_NF,
but it loses its physical significance because the central region is not
rotationally supported.

The gas velocity dispersions are similar in the case with and
without feedback but the stability properties of the discs are not. This
suggests that a turbulent state with similar amplitude of turbulent
motions can be achieved in different ways. When feedback is active,
the disc settles in a ‘hot and turbulent’ configuration with a high
Toomre parameter that results from efficient gas heating inside and
beyond the disc. Alternatively, when radiative cooling effectively
counterbalances heating, the disc remains in a marginally unstable
‘cold and turbulent’ state. While all these pieces of evidence do not
unambiguously disentangle the relevance of stellar feedback and
gravity as sources of turbulence, they do show that stellar feedback
has a major impact in shaping the interstellar medium of such high-
redshift galaxies. We argue that stellar feedback is possibly the
main source of turbulent energy in this case. Indeed, only when
we turn off stellar feedback the galaxy quickly readjusts to a new
state that looks very similar to gravito-turbulence in terms of both
morphology and structure of the disc, whereas when the feedback
is active, the gaseous disc remains globally Toomre stable on a
longer time-scale. This implies that supernova feedback affects the
interstellar medium enough to prevent gravito-turbulence to take
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place and in turn it suggests indirectly that feedback mainly powers
the turbulent cascade in the gaseous disc.

However, we caution that the interpretation of the differences be-
tween the runs with and without feedback is complicated by other
aspects: (i) the PH_NF run is restarted when the gas has already a
notable amount of turbulent motions, hence its new dynamical state
does not necessarily reflect only the onset of gravito-turbulence; (ii)
the galaxy is still accreting both fresh material from larger scales and
material recycled through the gaseous halo that likely contributes to
additional turbulent motions when it joins the galactic disc (Klessen
& Hennebelle 2010). Regarding (i), though, it is noteworthy that the
gas cools on time-scales shorter than the orbital times when feed-
back is not active, which suggests that gravito-turbulence is needed
to sustain the velocity dispersion in this new ‘cold’ state of the
disc. In addition to that, the lack of stellar feedback makes PH_NF
grows more than PH owing to the lower ‘resistance’ to gas inflows.
As a consequence, the baryonic mass (in particular the gas compo-
nent) within 0.1Rvir of PH_NF is ∼2 times larger than in PH, which
leads to a steepening of the circular velocity curve within ∼1.5 kpc;
the latter peaks at ∼190 km s−1 and then asymptotically declines
to ∼160 km s−1. This possibly stabilizes the disc as it increases κ

in the numerator of equation (5). At the same time, however, the
lack of feedback increases the gas disc surface density through the
enhancement of inflows and lowers the value of V, potentially de-
creasing Q. Since we observe a lower value of Q in PH_NF, this
suggests that feedback mostly influences the structure of the disc
by means of both internal and external effects, namely the contri-
bution to local turbulence and the indirect redistribution of mass
through the enhancement of inflows, respectively. All these pieces
of evidence are consistent with the possibility that feedback has a
prominent role in shaping the disc turbulence in our simulations;
none the less, this complex interplay between feedback and gravity
prevents a clear identification of the ultimate cause of the turbulent
cascade in the interstellar medium.

Finally, we mention that, as described in Section 3.3, we have
also computed the power spectrum of the density-weighted velocity
w = ρ1/3v in run PH in order to distinguish between a solenoidal or
compressive mode of energy injection in turbulence. We find slopes
typically ∼−1.8 that would favour a dominant solenoidal mode,
according to the results of Federrath (2013). This looks consistent
with recent work showing that supernova-driven turbulence is only
mildly compressive, at least on the molecular cloud scale (Pan
et al. 2016), and it would support the interpretation that stellar
feedback may be the main responsible for turbulence, though it
is not clear whether and how this estimate is degenerate with and
sensitive to the multiphase structure of the gas.

3.5 Mass flow through the disc

The turbulence within the disc can cause motions and mass transfer
through the galactic disc. The upper panel of Fig. 12 shows the
radial mass flow through the galactic disc. This is measured within
a disc of 2 kpc radius and 400 pc thickness centred on the disc
mid-plane. For each radial bin of width �R in polar coordinates,
we measure the mass flow as Ṁ = �R−1

∑
j mjvj,R , where mj and

vj, R are the mass and the radial mid-plane velocity of the j-th gas
particle, respectively, and the sum extends over the particles within
each radial bin. Negative values of Ṁ are associated with inflows
of gas through the galactic disc.

The figure shows that the gas is not steady inflowing towards the
central region over the time span of ∼160 Myr between z = 7.6
and z = 6.5. Instead, Ṁ fluctuates from negative to positive values

Figure 12. Upper panel: radial mass flow through the gaseous disc. Blue
solid, red dashed and green dotted lines refer to z = 6.5, 7.1 and 7.6, re-
spectively. The shaded regions with the same colours mark the symmetric
inflow-outflow estimated by equation (8). Negative values of Ṁ are associ-
ated with inflows. Lower panel: radial profile of Vφ/σ g at different redshifts.

(i.e. from inflow to outflow) at different locations in the disc with
typical absolute values within ∼10 M� yr−1. However, the gas
flows in more strongly at z = 6.5, up to about 30 M� yr−1 between
R ≈ 300 pc and ≈2 kpc, possibly because of the disturbance of the
satellite galaxy visible in Fig. 1. We can fairly estimate the absolute
value of Ṁ over the disc as

Ṁ ∼ M(<R)/tturb ∼ M(<R)σR/R, (8)

where M(<R) is the enclosed mass and tturb ∼ R/σ R is the turbu-
lence crossing time, which also approximates the dissipation time
of the turbulent kinetic energy if not continuously replenished (Mac
Low 1999; Elmegreen 2000). However, it does not constrain the
sign of Ṁ , i.e. whether gas would preferentially inflow or outflow.

The overall behaviour seems qualitatively consistent with mass
transport due to turbulence induced by feedback and not gravito-
turbulence, as discussed above. Indeed, Goldbaum, Krumholz &
Forbes (2015) have used controlled simulations of gravitationally
unstable disc galaxies to show that gravito-turbulence would be
able to sustain a net mass inflow over time through the disc plane
because of the coherent torquing of the gas from persistent spiral
arms. Specifically, they use models of Milky Way like galaxies and
they find inflows ∼1–2 M� yr−1. The latter have lower absolute
values than in our case, owing to the different conditions of the gas,
i.e. different surface density, surface star formation rates, velocity
dispersion, etc., but the main difference remains the steady inflows
found by Goldbaum et al. (2015) in gravito-turbulent disc models.
When we average Ṁ(R) over time between z = 8.1 and z = 6.5,
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Figure 13. Mollweide projections of the radial mass flow rate per unit steradian (negative and positive values represent inflow and outflow, respectively) at
different scales and times. From top to bottom: redshift 6.5, 7.1 and 7.6, respectively. From left to right: mass flow rate in a spherical shell between 100 and
120 physical pc, between 500 and 550 physical pc, and between 1 and 1.2 physical kpc. The equator of the map corresponds with the disc mid-plane.

we find large positive and negative fluctuations around zero, hinting
against a net and continuous mass inflow due to gravito-turbulence,
consistently with the previous arguments. However, we note that
we do not have enough time resolution in the dumped snapshots to
firmly assess the convergence of the timely averaged Ṁ(R) around
zero across the entire disc.

Close to the centre, the gaseous disc becomes proportionally
thicker, with an increasing aspect ratio H/R ∼ σ g/Vφ � 1 at radii
R � 300–500 pc, as shown in the lower panel of Fig. 12. Therefore,
the impact of three-dimensional turbulence in the mass flow close
to the centre may also affect the angular distribution of moving
matter and the direction of streaming gas that might eventually reach
the galactic nucleus. We show that in Fig. 13 through Mollweide
angular projections of the mass flow rate per unit of steradian,
dṀ/d�, at different redshifts and at different radial distances from
the centre. Specifically, we select gas particles within spherical test
shells with radius r and thickness �r. Then, we tessellate the sphere
by means of the HEALPIX algorithm9 and we calculate the mass flow
through each angular tassel as dṀ/d� = ��−1�r−1

∑
j mjvj,r ,

where �� = 4π/N is the solid angle of the N equal tassels, and
the sum extends to the particles within each tassel.

9 For further information, see http://healpix.sourceforge.net/. We use the
PYTHON implementation HEALPY, freely available at https://github.com/
healpy/healpy.

The (instantaneous) mass flow is largely anisotropic on several
scales. Most of the mass flow occurs through the disc plane, in-
cluding both inflows and outflows at �5 M� yr−1. On large scales
∼1 kpc (the same order as the disc size), significant inflows and
outflows proceed through ‘pockets’ of gas localized in solid angle
from medium (∼30◦) to high (�60◦) latitudes both above and below
the disc plane. This is consistent with the large-scale behaviour of
the gas triggered by the interplay of stellar feedback and gravity
discussed in Section 3.2; indeed, most of the inflowing gas at lati-
tudes far from the disc plane typically has low mass-weighted mean
temperature �104 K, while the contrary is true for the outflowing
gas, likely pushed away by supernova blast waves. At intermediate
scales ∼500 pc, the inflow-outflow episodes are mostly confined
around the disc plane up to latitudes as high as ∼30◦–40◦, consis-
tently with the typical thickness of the gaseous disc ∼100–300 pc as
seen on the scale of the test shell, while fewer streams of gas cross
the test shell at higher latitudes. On even smaller scales ∼100 pc,
the test shell is almost entirely embedded in the thick gaseous disc.
At this scale, the dynamics of the gas within the galactic disc is
dominated by turbulent motion and not by rotation, as hinted by
the lower panel of Fig. 12. As therefore expected, the mass flow on
small scales is highly anisotropic, with well-defined inflow-outflow
regions representing cross-sections through the test shell of moving
overdense gas clouds at every latitude. Consistently with Fig. 12,
the integrated dṀ/d�’s shown in Fig. 13 effectively decrease from
larger to smaller scales; however, the value of the net mass flow is
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different because the former is integrated over a cylindrical shell
selecting the flow along the disc plane, while the latter represents
the radial flow through a spherical shell.

4 D I S C U S S I O N A N D C O N C L U S I O N S

In this paper, we present the results from PonosHydro, a high-
resolution, zoom-in cosmological simulation meant to model the
early evolution of a present-day massive galaxy down to z ∼ 6,
whose global properties appear to be consistent with the available
data for galaxies of similar stellar masses at those redshifts (Iye
et al. 2006; Bradley et al. 2012; Watson et al. 2015). Specifically,
we study the assembly of the galaxy during its first starburst phase,
before the supermassive black hole can exert significant feedback
and quench star formation. We focus on the properties of the inter-
stellar medium and the transport of mass across the galactic disc
and study the conditions that determine the early evolution of the
central regions of present day massive galaxies.

Before we discuss the potential implications of our findings, we
briefly comment on the possible shortcomings of our calculations.
Our results may be subject to the feedback model that we have used
and this could in principle quantitatively affect our conclusions, at
least to some extent. Various feedback schemes differently change
the temperature of the gas locally after supernovae explosions. The
delayed-cooling blast wave feedback produces gas at ∼105 K and at
densities ∼10–100 H cm−3 by injecting energy in the surrounding of
the star-forming regions and preventing them from cooling. Before
this gas expands adiabatically and gets blown away, it significantly
contributes to the global stability of the galaxy against the onset
of gravito-turbulence and fragmentation. While the contribution of
this phase might be artificially enhanced by the feedback scheme,
we argue that the physical conditions of run PH (in particular, the
high specific star formation rate and the relatively small mass) are
more prone to form a warm and dense gas phase than in local disc
galaxies. Fig. 14 shows the density–temperature diagram of the gas
within 3 and 10 physical kpc around the main galaxy in run PH
at z = 7.1 and ErisMC10 at z = 3, respectively. Despite that both
simulations show some amount of gas around 10–100 H cm−3 and
∼105 K, this accounts for an order of magnitude less mass fraction
in the more quiescent ErisMC, that has almost 10 times smaller
specific star formation rate (Shen et al. 2012). Similar results have
been obtained with different feedback models (see e.g. fig. 11 of
Hopkins, Quataert & Murray 2012a, where the warm phase is more
sub-dominant compared to the cold phase at ∼100 H cm−3 in a
Milky Way like galaxy than in a high-z-like galaxy). Moreover, the
latest generation of stronger feedback models, designed to capture
well the run between stellar mass and halo mass across cosmic
scales and epochs, tend to produce lower density, thicker discs by
driving more powerful and hot (T � 107 K) gas outflow (Hopkins
et al. 2014; Keller et al. 2014). Such galactic discs would likely be
less gravitationally unstable and yet turbulent in the gas component
(e.g. Hopkins et al. 2012a,b; Mayer et al. 2016). Therefore, we con-
clude that a different and stronger feedback model would likely lead

10 ErisMC is a simulation of a Milky Way-like galaxy that adopts a sub-
grid model very similar to ours and therefore it allows us to compare the
thermodynamics of the gas in different physical conditions, though with the
same feedback scheme. For further details about ErisMC, see Shen et al.
(2012). Unfortunately, a snapshot at redshift lower than 3, which might have
strengthened our considerations providing a more quiescent galaxy, is not
available.

Figure 14. Comparison of the phase diagram of run PH at z = 7.1 (upper
panel) and ErisMC at z = 3 (lower panel). The colour bar shows the logarithm
of the mass fraction per bin in the density–temperature plane. The red dotted
line in the upper panel marks the density and star formation thresholds
adopted in run PH.

to qualitatively similar conclusions, namely that the gaseous discs
of typical star-forming z ∼ 6 galaxies would be maintained turbulent
and stable against gravitational fragmentation by feedback, albeit
future tests with different feedback schemes could better assess
potential differences.

Two main processes have been often advocated in the literature to
shape the global dynamics of the interstellar medium: gravitational
instability and supernova feedback. In Section 3, we discussed the
features of the gaseous disc of run PH in terms of star formation, out-
flows, turbulence, mass transport and gravitational stability, arguing
that feedback likely plays a dominant role in the early evolution of
a typical z ∼ 6–7 galaxy. This seems to be somewhat different
from what is usually expected both at low (z ∼ 0) and intermediate
(z ∼ 2) redshift. Recently, Goldbaum et al. (2015) and Goldbaum,
Krumholz & Forbes (2016) have thoroughly explored the relative
role of gravity and stellar feedback with controlled simulations of
present-day Milky Way like galaxies. Consistently with previous re-
sults (e.g. Agertz et al. 2009; Bournaud et al. 2010; Agertz, Romeo
& Grisdale 2015), they find that stellar feedback is important to
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locally regulate star formation and to create a multiphase interstel-
lar medium, but the galaxy none the less settles to a gravito-turbulent
state with a Toomre parameter Q ∼ 1 that mostly controls the ve-
locity dispersion and the mass transport through the disc.

Those results match the observations of nearby spiral galaxies
with low star formation rates (e.g. Tamburro et al. 2009; Bagetakos
et al. 2011). They are conceptually similar to what has been often
argued for massive ∼1011 M�, gas-rich galaxies at z ≈ 2, i.e. star-
forming galaxies that have not been quenched yet and are likely the
progenitors of the most massive quiescent galaxies at z = 0, under-
going so-called violent disc instability, i.e. gravitational instability
that leads to the formation of massive star-forming clumps (e.g.
Dekel, Sari & Ceverino 2009; Ceverino, Dekel & Bournaud 2010;
Mandelker et al. 2014; Inoue et al. 2016; but see also Hopkins
et al. 2012b; Tamburello et al. 2015). In this respect, massive discs
at z ≈ 2 would be the most extreme manifestation of the ‘cold and
turbulent’ regime that eventually leads to gravitational instability
and fragmentation in the gas, since they are already as massive
as the most massive discs in the local Universe but proportionally
more gas rich, perhaps because they appear near the peak of the
cosmic star formation history (Madau & Dickinson 2014). Moti-
vated by this analogy, Goldbaum et al. (2016) have proposed that
gravitational instability is the dominant process setting mass trans-
port and fuelling star formation over cosmic time. However, our
results suggest that this might not be the case for typical z ∼ 6–7
galaxies with stellar and gas mass �109 M�, where the disc dy-
namics and mass transport seems to be significantly influenced by
stellar feedback. Indeed, even in the favourable conditions of mas-
sive gaseous discs at z ≈ 2, a phase of violent disc instability with
its associated gravito-turbulent can or cannot occur depending on
how effective is the feedback model at heating the gas and gener-
ating mass-loaded outflows. Recent work has shown that modern
strong feedback models tend to suppress gravitational instability
and fragmentation, and at the same time that blast wave feedback
cannot suppress disc instability when conditions are favourable for
its emergence (Mayer et al. 2016), corroborating at least the qualita-
tive distinction between the two cases. Interestingly, Ceverino et al.
(2017) recently reach analogous conclusions on the role of stellar
feedback by looking at a galaxy with stellar mass M� ∼ 109 M�
comparable to ours but at z ∼ 1. They find a qualitatively similar
evolution over time of the Toomre parameter and the Vφ/σ g ratio
despite they use a different approach to model stellar feedback, i.e.
through non-thermal radiation pressure in addition to thermal dump
without shut-off cooling.

We thus argue that the dominant role of stellar feedback in the
early evolutionary phase of massive galaxy progenitors is likely
controlled by the combination of the high specific star formation
rate (�5 Gyr−1) and of the relatively low mass at z > 5 (∼109 M�).
The first favours the impact of stellar feedback on the interstellar
medium, while the latter proportionally weakens the dynamical
role of gravity to lead to instabilities and eventually fragmentation.
Those specific star formation rates are expected for galaxies on the
main star-forming sequence at z > 5 (Fig. 2; Schreiber et al. 2015;
Tasca et al. 2015); as our galaxy is consistent with the main se-
quence, this suggests that the ‘hot and turbulent’ regime that we
characterize here could be typical of star-forming galaxies at z > 5
with baryonic/stellar masses comparable to ours. These should be
fairly typical galaxies, as recent surveys begin to find (Bradley
et al. 2012; Capak et al. 2015; Watson et al. 2015). In particular,
recent ALMA observations by Maiolino et al. (2015) tend to quali-
tatively support the idea that stellar feedback has a dominant role in
the early assembly of normal star-forming galaxies at z ∼ 6–7. This

has immediate observational implications, as we would predict a
significant amount of warm/hot gas with temperature 5 × 104 �
T/K � 5 × 105 inside and around the disc, possibly ∼0.1 of the
gas mass. Note that these are temperatures more akin to the circum-
galactic medium distributed in the virial volume around galaxies at
low redshift (Werk et al. 2013), but in our case it would be inside
or surrounding the galactic disc.

Possible analogues in the local Universe may serve as prelimi-
nary test bed for our predictions. Those might be low-mass starburst
galaxies, such as the prototypical M82, that have stellar mass and
star formation rate rather similar to the main galaxy of run PH (with
a factor 3–4 lower specific star formation rate due to the higher
stellar mass; e.g. Förster Schreiber et al. 2003; Greco, Martini &
Thompson 2012). While gas densities are expected to be lower at
z = 0, M82 might also host a significant fraction of warm/hot, tur-
bulent gas in its disc, at least in the central kpc where the starburst is
ongoing. This seems to be confirmed by observations (e.g. Griffiths
et al. 2000) and at least in qualitative agreement with our results
since gas temperature and phases found in our simulations would
be somewhat dependent on the specific feedback model. Detailed
characterization of the warm/hot interstellar medium in low-mass
starburst galaxies could thus provide useful constraints to test our
scenario.

In this ‘hot and turbulent’ regime, the mass transport is influenced
by intense and clustered stellar feedback episodes. As a result, the
gas flow through the disc is fluctuating and anisotropic, with no
sustained coherent gas inflow within the disc. A coherent circum-
nuclear disc, which can be a way to funnel accretion towards the
ultimate stage of the accretion disc, is not clearly seen to form at
∼100 pc scales (though this would be barely resolved at our resolu-
tion). This might have some implications for the feeding of a central
massive black hole (Gabor & Bournaud 2013; Dubois et al. 2015).
On one hand, mean inflow rates could be small; however, episodic
accretion events at high rates could occur through the infall of mas-
sive gas clouds, as we observe inflow rates that can occasionally
peak at �5 M� yr−1. None the less, if super-Eddington accretion is
assumed, recent models show that even episodic accretion is enough
for the rapid growth of central black holes (e.g. Lupi et al. 2016;
Pezzulli, Valiante & Schneider 2016). Accretion may also occur in
an anisotropic way, with large fluctuations in the angular momen-
tum of the accreting matter, which would have implications for the
nature of the accretion disc itself, if any, and for the evolution of the
spin of the central black hole. However, we defer additional specula-
tions on the evolution of a massive black hole in such environments
to a forthcoming investigation.

As steady central gas inflows are not sustained, bulge/spheroid
formation from dynamical and/or secular disc instabilities are un-
likely to take place (e.g. Guedes et al. 2013). Indeed, the disc of
PonosHydro remains nearly bulgeless for the whole simulation (see
Fig. 4). However, we know from lower resolution runs going to z = 0
that the galaxy will develop a dominant spheroid at lower redshifts
as it grows to become a massive early-type galaxy (Fiacconi et al.,
in preparation). Since it has several mergers occurring at later times
(2 < z < 4; Fiacconi et al. 2016), it is likely that such mergers will
be the dominant driver of spheroid growth (Fiacconi et al. 2015).
However, if the ‘hot and turbulent’ regimes characterizes main-
sequence galaxies at z > 5, this would imply that bulge formation
may occur after the first billion year of evolution, possibly post-
dating the growth of the massive black hole at the centre (see also
Dubois et al. 2015; Habouzit, Volonteri & Dubois 2016). Therefore,
we predict that gas-rich star-forming discs at z > 5 should not host
a significant bulge.
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The exploration described in this paper leads to interesting pre-
dictions about the early assembly of massive galaxies. However, our
interpretations remain rather speculative, both from the theoretical
and the observational point of view. On one hand, future simulations
including different sub-grid models are necessary to quantitatively
assess the different nature of galaxies at low and high redshifts, also
comparing the results from codes with intrinsically different treat-
ments of hydrodynamics (e.g. Kim et al. 2016). On the other hand,
more detailed characterization of high-redshift galaxies are starting
to be available from current observational facilities (e.g. ALMA).
However, it is going to be in the next future that forthcoming ob-
servatories (e.g. JWST, E-ELT) will provide deep enough data to
definitely test our predictions and at the same time to better guide
the theoretical study of galaxies at the cosmic dawn.

AC K N OW L E D G E M E N T S

We thank the anonymous referee for constructive comments that
helped us to improve the quality of the paper. We acknowl-
edge useful discussions with Arif Babul, Rychard Bouwens, Nick
Gnedin, Raffaella Schneider, Sijing Shen and Debora Sijacki. We
thank Oliver Hahn and the AGORA collaboration for help with
the ICs of the simulations. The simulations have been run on
the ZBOX4 cluster at the University of Zurich and on the Pitz
Dora cluster at CSCS, Lugano. We acknowledge the use of the
PYTHON package PYNBODY (Pontzen et al. 2013, publicly available at
https://github.com/pynbody/pynbody) in our analysis for this paper.
DF is supported by the Swiss National Science Foundation under
grant #No. 200021_140645. DF also acknowledges support by Eu-
ropean Research Council (ERC) Starting Grant 638707 ‘Black holes
and their host galaxies: coevolution across cosmic time’. Support for
this work was provided to PM by the National Science Foundation
(NSF) through grant AST-1229745, and by National Aeronautics
and Space Administration (NASA) through grant NNX12AF87G.
PM also acknowledges a NASA contract supporting the WFIRST-
EXPO Science Investigation Team (15-WFIRST15-0004), admin-
istered by Goddard Space Flight Center (GSFC), and thanks the
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APPENDIX A : R ESOLUTION TESTS

We run a twin simulation at lower resolution dubbed ‘PH_LR’,
as described in Section 2.2. Fig. A1 shows a comparison of the
surface densities of the galactic disc in runs PH and PH_LR at
z = 7.6, 7.1 and 6.5. The two runs produce galaxies that look qual-
itatively similar, at least between z = 7.6 and z = 7.1. However,
we systematically observe that the gas in run PH_LR is slightly
more compact and concentrated at the centre, in qualitative agree-
ment with previous results from controlled simulations to study the
angular momentum transport in cooling haloes as a function of res-
olution (Kaufmann et al. 2007). Moreover, the interstellar medium
shows overall smoother features than in PH, as expected given the
lower resolution. The major differences are at z = 6.5, when the two
galaxies also react slightly differently to the perturbation induced
by a nearby companion that is going to merge with the main galaxy.

More quantitatively, Fig. A2 shows the evolution with redshift of
both the virial mass, Mvir, and the total stellar mass (main galaxy and
satellites) within the virial radius, M�(<Rvir). The growth of Mvir

with time is almost indistinguishable between the two runs, while
the stellar mass shows mild differences at z > 9, with M�(<Rvir) in
run PH_LR being roughly a factor �2 smaller than in run PH, but
this is also possibly related to the evolution of the satellites. Simi-
larly, Fig. A3 shows the comparison of the (specific) star formation

Figure A2. Comparison of the redshift evolution of the virial mass Mvir

and of the total stellar mass M� within Rvir (i.e. main galaxy and sub-haloes)
for runs PH (blue solid line) and PH_LR (red dashed line).

rate as a function of time for the main galaxy. The two runs show
little differences at the two resolutions, suggesting that the com-
bination of the sub-grid models with the evolution of the galaxies
might have reached reasonable convergence.

Finally, Fig. A4 compares the surface density power spectra of
run PH_LR with the fiducial one (see Section 3.3 for further de-
tails). The power spectra of the low-resolution case also shows a
similar behaviour with two nearly power law for k smaller and
larger than ∼20–30 kpc−1; however, the exponents tend to be

Figure A1. Comparison of the surface density of the gas within the galactic disc between runs PH (upper row) and PH_LR (bottom row). From left to right,
we show the data at z = 6.5, 7.1 and 7.6, respectively. The white circle at the bottom-right corner of each panel shows the size of the softening in physical units.
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Figure A3. Comparison of the evolution of the star formation rate (thin
lines, left y-axes) and of the specific star formation rate (thick lines, right
y-axes) between runs PH (blue solid line) and PH_LR (red dashed line).

systematically slightly lower (i.e. steeper power law) for PH_LR.
This difference is more significant for large k modes, where the
low-resolution run shows less power than the fiducial run. This is
likely related to the lower mass and spatial resolution that tends to
suppress overdensities at small scales. On the other hand, the largest
scales (k < 10 kpc−1) seem to reach reasonable convergence, at least
at z = 7.1 and 7.6, while at z = 6.5 the difference is larger, possibly
because of the different response of the main galaxy in the two runs
to the perturbing satellite visible in Fig. 1. Despite these differences,
the qualitative agreement in the shape of P� for the high- and low-
resolution simulations suggests that the interstellar medium reaches

Figure A4. Comparison of the normalized surface density power spectra
for runs PH (thick lines) and PH_LR (thin lines). Blue solid, red dashed
and green dotted lines refer to z = 6.5, 7.1 and 7.6, respectively. The left
and right grey shaded regions mark the scale k associated with the box size
(Lbox = 4 kpc) and to the Nyquist frequency associated with the grid spacing
(see Section 3.3 for additional details).

a similar configuration in the two cases. In addition, also the typical
value of the gas velocity dispersion σ gas ∼ 40 km s−1 is compara-
ble among the two runs. However, due to the lower resolution (i.e.
the lower number of gas particles in the galactic disc), we cannot
compare the velocity power spectra in 512 pc cubic boxes directly.
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