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4Depto. de F́ısica Teórica, Universidad Autónoma de Madrid, E-28049 Cantoblanco Madrid Spain
5INAF, Osservatorio Astronomico di Trieste, Via Tiepolo 11, I-34131 Trieste Italy

Accepted 2017 March 16. Received 2017 March 16; in original form 2016 December 15

ABSTRACT
Many massive star forming disc galaxies in the redshift range 3 to 0.5 are observed
to have a clumpy morphology showing giant clumps of size ∼1 kpc and masses of
about 107M� to 1010M�. The nature and fate of these giant clumps is still under
debate. In this work we use 19 high-resolution simulations of disc galaxies from the
NIHAO sample to study the formation and the evolution of clumps in the discs of
high redshift galaxies. We use mock HST - CANDELS observations created with the
radiative transfer code GRASIL-3D to carry out, for the first time, a quantitative
comparison of the observed fraction of clumpy galaxies and its evolution with redshift
with simulations. We find a good agreement between the observed clumpy fraction
and the one of the NIHAO galaxies. We find that dust attenuation can suppress
intrinsically bright clumps and enhance less luminous ones. In our galaxy sample we
only find clumps in light (u-band) from young stars but not in stellar mass surface
density maps. This means that the NIHAO sample does not show clumpy stellar
discs but rather a clumpy light distribution originating from clumpy star formation
events. The clumps found in the NIHAO sample match observed age/color gradients
as a function of distance from the galaxy center but they show no sign of inward
migration. Clumps in our simulations disperse on timescales of a about a hundred
Myr and their contribution to bulge growth is negligible.

Key words:
galaxies: - formation - galaxies: - high-redshift - galaxies: evolution - galaxies: bulges
- galaxies: ISM - methods: numerical

1 INTRODUCTION

The presence of bright clumps in the light distribution of
high redshift (z ∼ 0.5−3) star forming galaxies has attracted

? E-mail: buck@mpia.de
† E-mail: maccio@nyu.edu

a lot of attention both from an observational and a theoreti-
cal point of view. Observations have shown that disc galaxies
in the early universe have higher gas-fractions (Daddi et al.
2010; Tacconi et al. 2010, 2013; Genzel et al. 2015), star
formation rates (Genzel et al. 2006; Förster Schreiber et al.
2006; Genzel et al. 2008) velocity dispersions (Elmegreen &
Elmegreen 2005; Förster Schreiber et al. 2006) and a clumpy
morphology (Genzel et al. 2008; Förster Schreiber et al.
2011; Guo et al. 2015) compared to their counterparts at
z = 0.

Observationally these clumps are mostly identified in
the rest-frame UV, optical or Hα maps (Elmegreen et al.
2007, 2009; Genzel et al. 2011; Förster Schreiber et al. 2011;
Guo et al. 2012; Wuyts et al. 2012; Tadaki et al. 2014; Mu-
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2 T. Buck et al.

Table 1. Properties of the high mass end (Mstar > 109 M�) of NIHAO galaxies at z 1.5. The first column contains the name of the
galaxy, column 2 to 4 state the number of particles within R200 all species, dark matter and stars. Column 5 shows the total mass within

R200 of the galaxy, column 6 gives the stellar mass measure within 0.2R200, column 7 is the value of R200, column 8 states the gas mass

within 0.2R200 and column 9 shows the fraction of cold gas (< 30000 K) and the last column shows the SFR measured within 0.2R200.

Name N200 Ndark Nstar M200 Mstar R200 Mgas fcoldgas SFR

g2.04e11 1,122,554 635,540 110,861 1.53× 1011 9.01× 108 62.74 5.03× 109 0.77 0.61
g2.41e11 814,971 467,054 55,838 1.13× 1011 4.64× 108 57.18 3.35× 109 0.84 0.22

g2.42e11 1,282,787 663,987 219,824 1.61× 1011 1.92× 109 64.32 7.48× 109 0.75 1.08
g2.57e11 1,408,427 714,783 314,763 1.71× 1011 2.81× 109 64.89 6.16× 109 0.61 1.99

g3.06e11 1,077,199 556,033 139,713 1.36× 1011 1.22× 109 60.28 5.08× 109 0.73 0.56

g3.49e11 1,219,383 693,736 118,777 1.67× 1011 1.00× 109 64.48 4.12× 109 0.70 0.60
g3.71e11 591,465 334,290 58,670 8.06× 1010 4.99× 108 51.19 2.95× 109 0.80 0.21

g4.90e11 824,643 454,348 92,880 1.10× 1011 8.16× 108 56.47 4.39× 109 0.76 0.68

g5.02e11 1,478,107 793,862 56,186 1.97× 1011 4.13× 108 70.73 7.18× 109 0.89 0.23
g5.38e11 1,920,057 1,123,330 121,085 2.75× 1011 3.25× 109 76.13 0.98× 1010 0.72 2.24

g5.46e11 808,030 454,991 84,139 1.10× 1011 7.40× 108 56.17 4.08× 109 0.77 0.54

g5.55e11 814,019 446,562 81,263 1.08× 1011 6.81× 108 55.99 3.82× 109 0.74 0.74
g7.55e11 345,668 171,936 53,240 3.38× 1011 3.73× 109 81.78 1.71× 1010 0.76 2.09

g7.66e11 357,279 180,174 31,052 3.60× 1011 1.35× 109 83.61 1.17× 1010 0.78 1.93

g8.13e11 836,211 277,144 404,458 5.52× 1011 2.93× 1010 95.69 1.36× 1010 0.27 17.54
g8.26e11 662,237 226,691 307,793 4.49× 1011 2.20× 1010 89.60 1.47× 1010 0.35 10.22

g1.12e12 766,034 294,512 267,954 5.87× 1011 1.96× 1010 97.76 1.95× 1010 0.42 17.64

g1.92e12 2,081,091 752,770 906,338 1.49× 1012 6.46× 1010 133.25 2.24× 1010 0.22 38.21
g2.79e12 2,207,915 806,995 853,758 1.62× 1012 6.10× 1010 137.89 4.76× 1010 0.37 40.42

rata et al. 2014), although sometimes they are also found in
the CO line emission of lensed galaxies (Jones et al. 2010;
Swinbank et al. 2010). They have sizes of about ∼ 1kpc with
inferred masses between 107M� − 109M�. The overall frac-
tion of star-forming galaxies with observed clumps shows
significant evolution with redshift (Guo et al. 2015; Shibuya
et al. 2016) and increases up to ∼50%. However, the number
of galaxies with observed clumps shows a large uncertainty
among different measurements.

Wuyts et al. (2012) found that the clumpy fraction
depends sensitively on the selected wavelength to define
clumps. They find that the clumpy fraction decreases from
∼75% for clumps selected in 2800 Å images to ∼40% in the
V-band. This suggests a connection between the presence
of luminous clumps and recent star formation episodes, as
also indicated by the observation that some clumps are seen
to be the launching spots of outflows from the disc (Gen-
zel et al. 2011). However, carefully constructed stellar mass
maps of galaxies show no signs of prominent clumps (Wuyts
et al. 2012).

Several theoretical studies have focused on an explana-
tion for the formation of these giant star-forming clumps
either analytically (Dekel et al. 2009b), in isolated disc
galaxy simulations (Bournaud et al. 2007, 2008; Bournaud
& Elmegreen 2009; Inoue & Saitoh 2014; Bournaud et al.
2014; Tamburello et al. 2015; Mayer et al. 2016) or in cos-
mological simulations of galaxy formation (Ceverino et al.
2010, 2012; Genel et al. 2012; Hopkins et al. 2012; Mandelker
et al. 2014; Moody et al. 2014; Mandelker et al. 2017).

While some clumpy galaxies might be the result of an
ongoing merger (Somerville et al. 2001), their overall high
fraction can not be explained by the expected merger rate at
these redshifts (Dekel et al. 2009a; Stewart et al. 2009; Hop-
kins et al. 2010, 2012). Another explanation for the origin
of clumps, given the high gas fractions and high gas surface

densities in z > 0 galaxies, is disc fragmentation via grav-
itational (disc) instabilities (Toomre 1964). Indeed, clumps
are mainly observed to reside in gravitationally unstable re-
gions (Genzel et al. 2011). The formation scenario invoked
for clumps is the same as for local giant molecular clouds:
local collapse and fragmentation happens in regions where
the self-gravity of gas and stars is stronger than the internal
support by pressure and turbulent motions.

As already mentioned, several groups have studied the
dynamics and stability of discs with the aid of high resolu-
tion numerical simulations (Noguchi 1998, 1999; Dekel et al.
2009b; Agertz et al. 2009; Cacciato et al. 2012; Ceverino
et al. 2015; Genel et al. 2012; Inoue & Saitoh 2012; Perez
et al. 2013; Tamburello et al. 2015). In most of these studies
discs do fragment and break up into large clumps, however
there are two different possible scenarios for the fate of the
clumps and their subsequent impact on the global evolution
of the host galaxy. If clump collapse is very efficient, it could
lead to the formation of gravitationally self-bound, long-
lived giant star clusters. These clusters will then lose angular
momentum within the disc via gravitational torques and dy-
namical friction and migrate inwards on timescales of about
108yr to build up the central bulge (e.g. Bournaud et al.
2014). This picture seems to be supported by observed color
gradients of the clumps within the disc. Clumps closer to
the center of a galaxy show redder colors (Förster Schreiber
et al. 2011; Guo et al. 2012; Shibuya et al. 2016) although
this trend appears to be weak and might be caused by under-
lying evolved structures like e.g. bulges (van Dokkum et al.
2010; Patel et al. 2013; Morishita et al. 2015; Nelson et al.
2016b).

Conversely if gas cooling is suppressed, as for example
in the presence of substantial stellar feedback, the resulting
stellar clumps will not be self-bound and will then be quickly

MNRAS 000, 1–20 (2016)
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Figure 1. Evolution of the Stellar mass vs. halo mass relation for the selection of hosts. Redshift z = 0 (top left), z = 1 (top right), z

= 2 (bottom left), and z = 4 (bottom right). For all redshifts shown the simulations agree well with constraints from halo abundance
matching (Moster et al. 2013; Behroozi et al. 2013; Kravtsov et al. 2014). Where the relations are extrapolated into mass scales without

observational constraints the lines are shown in dashed line style.

dispersed within the disc before experiencing any drag to the
center.

Recent numerical work (Mayer et al. 2016; Oklopčić
et al. 2017) has somehow suggested that when robust feed-
back (needed to reproduce observed galaxy properties at
redshift z = 0) is invoked, clumps are either short lived
transient features or do not form at all. Thus a treatment
of feedback, that is able to prevent overcooling seems to be
crucial to understand the origin of clumpy galaxies at high
redshift. On the other hand these studies were either based
on a single simulated galaxy (Oklopčić et al. 2017) or they
were lacking cosmological gas inflow (Mayer et al. 2016) and
hence more work on the simulation side is needed.

In this work we revise the issue of the formation and
evolution of luminous clumps in cosmological simulations of
disc galaxies at z = 1−3 using the NIHAO simulation suite.
The NIHAO (Numerical Investigations of Hundred Astro-
physical Objects)1 project is a suite of one hundred high res-

1 Nihao is the chinese word for hello.

olution hydrodynamical cosmological simulations. We first
compare the “clumpiness” of our galaxies with real galaxies
using an observational motivated clump selection procedure
based on the UV luminosity of our objects. For this purpose
we have post processed all our galaxies with the radiative
transfer code GRASIL-3D. (Domı́nguez-Tenreiro et al. 2014).
Subsequently we look at the evolution of these luminous
clumps and their relation with the underlying stellar mass
distribution to assess their final fate and their overall impact
on galaxy evolution.

2 SIMULATIONS

This work is based on the NIHAO simulation suite (Wang
et al. 2015) which contains nearly 100 zoomed cosmologi-
cal simulations of galaxy formation across a wide range in
stellar mass from 105 < M?/M� < 1011. One peculiarity of
the NIHAO suite is that the numerical resolution, i.e. the
number of elements (particles) representing each galaxy, is
kept roughly constant over the whole mass range with of

MNRAS 000, 1–20 (2016)



4 T. Buck et al.

the order of one million particles (gas+stars+dm) in each
simulated galaxy.

The NIHAO galaxies have been run using cosmologi-
cal parameters from the Planck Collaboration et al. (2014),
namely: Ωm =0.3175, ΩΛ=0.6825, Ωb =0.049, H0 = 67.1
km s−1 Mpc−1, σ8 = 0.8344. For the sub-set of simulations
used here the mass resolution is either mdark = 1.735 ×
106M� or mdark = 2.169 × 105M� for dark matter parti-
cles and mgas = 3.166 × 105M� or mgas = 3.958 × 104M�
for the gas particles. The corresponding force softenings are
εdark = 931.4 pc and εdark = 465.7 pc for the dark matter
particles and εgas = 397.9 pc and 199.0 pc for the gas and
star particles, which is the spatial scale more relevant for
this study. However, the smoothing length of the gas parti-
cles can be much smaller, e.g. as low as hsmooth ∼ 45 pc. See
Table 1 for a full list of the our galaxies parameters.

NIHAO galaxies have been proven to match remarkably
well many of the properties of observed galaxies, as for ex-
ample results from abundance matching (Wang et al. 2015),
metals distribution in the Circum Galactic Medium (Gutcke
et al. 2017), the local velocity function (Macciò et al. 2016)
and the properties of stellar and gaseous discs (Obreja et al.
2016; Dutton et al. 2016). Overall NIHAO simulated galaxies
are among the most realistic simulations run in a cosmologi-
cal context. This means that the NIHAO sample is a perfect
test bed to study the occurrence and properties of clumps
in high redshift galaxies.

2.1 Hydrodynamics

The NIHAO simulations were run with a modified ver-
sion of the smoothed particle hydrodynamics (SPH) solver
GASOLINE (Wadsley et al. 2004) with substantial updates
made to the hydrodynamics as described in (Keller et al.
2014). We will refer to this version of GASOLINE as
ESF-GASOLINE2 .

This modified version of hydrodynamics removes spu-
rious numerical surface tension and improves multi-phase
mixing by calculating P/ρ2 as a geometrical average over
the particles in the smoothing kernel as proposed by Ritchie
& Thomas (2001). The Saitoh & Makino (2009) timestep
limiter was implemented so that cool particles behave cor-
rectly when a hot blastwave hits them and ESF-GASOLINE2

uses the Wendland C2 smoothing kernel (Dehnen & Aly
2012) to avoid pairing instabilities. The treatment of artifi-
cial viscosity has been modified to use the signal velocity as
described in Price (2008) and the number of neighbor parti-
cles used in the calculation of the smoothed hydrodynamic
properties was increased from 32 to 50.

Cooling via hydrogen, helium, and various metal-lines
is included as described in Shen et al. (2010) and was cal-
culated using cloudy (version 07.02; Ferland et al. 1998).
These calculations include photo ionization and heating
from the Haardt & Madau (2005) UV background and
Compton cooling in a temperature range from 10 to 109

K. Finally we adopted a metal diffusion algorithm between
particles as described in Wadsley et al. (2008).

2.2 Star Formation and Feedback

In the fiducial NIHAO runs gas is eligible to form stars
according to the Kennicutt-Schmidt Law when it satisfies

a temperature and density threshold. The simulations em-
ploy the star formation recipe as described in Stinson et al.
(2006) which is summarized below. Stars form from cool (T
< 15, 000K), dense gas (nth > 10.3 cm−3). The threshold
number density nth is set to the maximum density at which
gravitational instabilities can be resolved in the simulation:
nth = 50mgas/ε

3
gas = 10.3 cm−3, where mgas denotes the gas

particle mass and εgas the gravitational softening of the gas.
The value of 50 denotes the number of neighboring particles.
The gas fulfilling these requirements will then be converted
into stars according to the following equation:

∆Mstar

∆t
= cstar

Mgas

tdyn
(1)

where ∆Mstar is the mass of the star particle formed, Mgas

the gas particle’s mass, ∆t is the timestep between star for-
mation events (here: 8×105 yr) and tdyn is the gas particles
dynamical time. cstar is the star formation efficiency, i.e. the
fraction of gas that will be converted into stars during the
time tdyn and is taken to be cstar = 0.1.

Stellar feedback is implemented in two modes as de-
scribed in Stinson et al. (2013). The first mode accounts
for the energy input from stellar winds and photo ioniza-
tion from luminous young stars. This pre-SN feedback, that
was dubbed Early Stellar Feedback (ESF) in Stinson et al.
(2013), happens before any supernovae explode and con-
sists of 10% of the total stellar flux, 2 × 1050 erg of thermal
energy per M� of the entire stellar population. The effi-
ciency parameter for the coupling of the energy input is set
to εESF = 13%. And for the pre-SN feedback, unlike the SN
feedback, the radiative cooling is left on.

The second mode accounts for the energy input via su-
pernovae and starts 4 Myr after the formation of the star
particle, and it is implemented using the blastwave formal-
ism described in Stinson et al. (2006). In this approach super
novae input energy (i.e. thermal feedback) into the interstel-
lar gas surrounding the region were they formed, but since
the gas receiving the energy is dense, it would quickly be
radiated away due to its efficient cooling. For this reason,
cooling is delayed for particles inside the blast region for
∼30 Myr. See Stinson et al. (2013) for an extended feedback
parameter search.

3 THE GALAXY SAMPLE

In order to match the stellar range of the observed galaxies
at high redshift we have selected from the NIHAO sample all
the galaxies with stellar masses larger than Mstar > 109M�
at redshift z = 1.5, obtaining a final sample of 19 galaxies.
From these galaxies we use all the snapshots in the redshift
range 3 > z > 0.25 where the stellar mass of the galaxy is
larger than the above threshold mass. This selection criteria
leaves us with 203 snapshots in the redshift range 3 > z > 1,
155 in the redshift range 1 > z > 0.5 and 130 in the redshift
range 0.5 > z > 0.25.

For this work the virial mass, M200, of each halo is de-
fined as the mass of all particles within a sphere contain-
ing ∆ = 200 times the cosmic critical matter density, ρcrit

. The virial radius, R200, is defined accordingly as the ra-
dius of this sphere. The haloes in the zoom-in simulations
were identified using the MPI+OpenMP hybrid halo finder

MNRAS 000, 1–20 (2016)
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Figure 2. The galaxy gas fraction as a function of stellar mass at redshift z = 0 (left panel) and z = 1 (right panel). The selected

NIHAO galaxies are shown with blue points and the relation from Dutton et al. (2011) for redshift 0 galaxies is shown with a cyan line
with a shaded region indicating the scatter. At redshift ∼ 1.5 the PHIBBS survey data (Tacconi et al. 2013) is shown as black dots. The

incompleteness corrected relation from the PHIBBS survey is shown as the grey shaded area.

AHF2 (Knollmann & Knebe 2009; Gill et al. 2004). The stel-
lar Mstar and the gas, Mgas masses are measured within a
sphere of radius, rgal ≡ 0.2R200. The star formation rate,
SFR, is measured as the mass of stars formed inside rgal

over the preceding Gyr and the gas fraction fgas is defined
as the fraction of cold gas (T < 3 × 104 K) over the total
baryonic mass within rgal. The main parameters of the 19
NIHAO galaxies are listed in Table 1.

As already mentioned before the strength of the (stellar)
feedback has a strong impact in promoting or suppressing
the formation of stellar clumps. The efficiency of the feed-
back can be tested by looking at how realistic the properties
of simulated galaxies are w.r.t. observed ones.

3.1 Stellar mass-halo mass relation

Fig. 1 shows the evolution of the stellar mass vs. halo mass
relation since redshift z = 4 (a look back time of ∼12 Gyr);
NIHAO simulations (blue circles) show a very good agree-
ment with the abundance matching relations from Behroozi
et al. (2013) and Moster et al. (2013). At redshift 2 and
1 some of the higher mass galaxies show about a factor of
2 to many stars but this is consistent with e.g. the FIRE
simulation Hopkins et al. (2014). Some of this discrepancy
w.r.t abundance matching results might be due to system-
atic uncertainties in the form of the stellar Initial Mass Func-
tion (IMF, e.g. Conroy & van Dokkum (2012); Dutton et al.
(2013a,b)). Thus for massive galaxies (M?

>∼ 1011M�) the
stellar masses may be underestimated by a factor of 2 when
assuming a Milky Way IMF.

Comparison to the VELA galaxies (Ceverino et al. 2015;
Inoue et al. 2016; Moody et al. 2014) (colored triangles in
Fig. 1) shows these galaxies tend to substantially overpro-
duce stellar masses at redshift 2. Inclusion of radiation pres-
sure as an additional source of feedback in these galaxies
(VELARP) brings them in better agreement with the abun-

dance matching relation. This in comparison to the results
from the FIRE simulation and from NIHAO indicates that
inclusion of some sort of feedback prior to supernova (Cev-
erino: radiation pressure; Hopkins: radiation pressure, stellar
winds, and photoionization; NIHAO: strong photoionization
included as thermal energy) is needed to reproduce the stel-
lar mass-halo mass relation at high redshifts.

It is worth noticing that the VELA galaxies were not
run down to redshift 0 so there is no information whether
these simulations do or do not provide realistic present day
galaxies. For reference we also include the isolated simula-
tions by Perret et al. (2014) taken from the MIRAGE sam-
ple.

3.2 Gas fractions

Together with the total stellar mass, another important
quantity in determining the stability of a disc in a galaxy is
the fraction of cold gas.

In Fig. 2 we show the gas fraction defined as fgas =
Mgas/(M? + Mgas) as a function of stellar mass compared
to observations at redshift 0 from Dutton et al. (2011) (left
panel) and observations from the PHIBBS survey (Tacconi
et al. 2013) for galaxies at redshift 1-1.5 (right panel). The
selected NIHAO galaxies follow nicely the trend observed by
Dutton et al. (2011).

The discrepancy at these lower masses might be due to
different measurement methods in the simulations and the
observations. In the simulations we use all the gas with a
temperature smaller than 3 × 104 K in a sphere of radius
rgal = 0.2R200 while the observations measure atomic and
molecular gas with a correction factor for helium (Dutton
et al. 2011).

As was shown in Stinson et al. (2015) a simple tem-
perature cut overestimates the amount of neutral gas, es-
pecially at lower masses. The galaxies are also broadly in

MNRAS 000, 1–20 (2016)



6 T. Buck et al.

agreement with the incompleteness corrected measurements
from the PHIBBS survey (gray band) for galaxies in the red-
shift range z = 1 − 1.5. For reference we also show the gas
fractions of the VELA galaxies (Ceverino et al. 2015; Inoue
et al. 2016; Moody et al. 2014), the FIRE galaxy from Ok-
lopčić et al. (2017) and the MIRAGE sample (Perret et al.
2014). The VELA sample and the FIRE galaxy are well in
agreement with the NIHAO sample as well as the observed
gas fractions. The two higher mass MIRAGE galaxies show
very high gas fractions of 60% in slight tension with the com-
pleteness corrected PHIBBS observations. Although galaxies
with such high gas fractions are observed they are likely not
typical.

4 RADIATIVE TRANSFER

In order to compare the fraction of galaxies with clumps
in the simulations and in the CANDELS galaxy sample
we post-process our simulations with the radiative trans-
fer code GRASIL-3D (Domı́nguez-Tenreiro et al. 2014). The
post-processing step insures we account for the effects of
dust attenuation and cosmological redshift, thus allowing
for a meaningful comparison between simulations and ob-
servations.

GRASIL-3D is a three-dimensional radiative transfer
code designed to be used with the outputs of hydrodynami-
cal simulations. The code solves the radiative transfer equa-
tion for dusty media on a regular grid. The treatment of
dust is based on the formalism of the GRASIL model (Silva
et al. 1998; Granato et al. 2000), which has been success-
fully used with semi-analytical models of galaxy formation.
The key feature of this dust model is that it does a detailed
non-equilibrium calculation for polycyclic aromatic hydro-
carbons molecules and dust grains smaller than 150Å, thus
allowing for a proper description of the cirrus emission in
mid-infrared (Guhathakurta & Draine 1989).

An important point to remember is that any RT post-
processing of simulated galaxies introduces a few more sub-
grid parameters on top of those already included in the hy-
drodynamic codes. In the case of GRASIL-3D, these parame-
ters are particularly related to the properties of the molec-
ular clouds (MCs). Since short-lived massive stars are spa-
tially associated with MCs, it is well established that much
of the dust reprocessing of stellar light occurs inside MCs. In
the case of most cosmological simulations these small scales
are not resolved, and as such, dust reprocessing has to be
modeled. In GRASIL-3D, the interstellar medium is split into
MCs and diffuse cirrus, by assuming the densities of unit
hydrodynamical gas masses to follow a lognormal probabil-
ity distribution function with a mean equal to the local gas
density. The dispersion of the distribution is a free param-
eter. In this manner, the fraction of the gas mass above a
certain density threshold gives the MC contribution, while
the rest is considered cirrus. Thus, the first two parame-
ters GRASIL-3D needs are the MC density threshold and the
dispersion of the density distribution function.

In GRASIL-3D the dust reprocessing of stellar popula-
tions is age-dependent, similar to the implementation in
GRASIL which was the first model to take age into account.
Practically, stars younger than a certain age, t0, radiate all
their energy inside MCs, while stars older than 2t0 have al-

ready dispersed their MC cocoons. In the intermediate age
regime, the fraction of energy dumped inside the MC is a
decreasing function of stellar age. The last parameter the
code needs is the spatial extent of molecular clouds. Once
these sub-grid parameters are set, GRASIL-3D solves the RT
equation by treating separately the light reprocessing in the
dense and diffuse interstellar medium.

Finally, the stellar particles luminosities are computed
according to the simple stellar population models of Bruzual
& Charlot (2003) (which is the only option available in the
current version of GRASIL-3D ) assuming a Chabrier IMF
(Chabrier 2003).

The code has already been used to study the star for-
mation main sequence of simulated galaxies (Obreja et al.
2014), the properties of high redshift clusters and proto-
clusters in sub-mm and IR (Granato et al. 2015), and the
correlations between IR fluxes of z=0 simulated galaxies and
their baryonic content (Goz et al. 2016). These studies have
shown that GRASIL-3D reproduces observables (e.g. broad
band fluxes, spectral energy distributions) when used with
realistic galaxy simulations.

In order to run GRASIL-3D on the simulated NIHAO
galaxies, we need to specify the four parameters discussed
above. We chose the fiducial values for disc galaxies of
Domı́nguez-Tenreiro et al. (2014): 14 pc for the molecular
cloud radius, 5 Myr for the molecular cloud destruction time-
scale, 3.3×109M�kpc−3 for the molecular clouds threshold
density, and a dispersion of the log-normal gas density prob-
ability distribution function of 3. We do not perform any
GRASIL-3D parameter study in this work, given both the
high computational cost implied and the fact that the above
mentioned values have been shown to reproduce normal star
forming galaxies (e.g. Silva et al. 1998; Goz et al. 2016). Fi-
nally, we chose pixel sizes corresponding to the resolution of
the Hubble Space Telescope (HST) at the given redshift of
the snapshots (0.06”).

After running GRASIL-3D on all the snapshots of our
galaxy sample in the redshift range ∼0.25-3, we apply the
same HST filter selection with the same magnitude cuts and
surface brightness limits as chosen in Guo et al. (2015). For
snapshots in the redshift range 3 > z > 2 we select the
F775W filter, for 2 > z > 1 we select the F606W filter
and for z < 1 we select the F435W filter to detect clumps.
The outcome of the radiative transfer calculations results in
mock observations of our simulations closely matching the
ones of CANDELS galaxies used by Guo et al. (2015). A se-
lection of images for the galaxy g7.55e11 at redshift z ∼ 1.3
in all three filters used are shown in Fig. 3 in comparison
to an RGB map of the stellar luminosity (left panel). For
the RGB map we calculate the stellar luminosity of a star
particle given its age and metallicity in three different bands
(see next section for a more detailed description). The radia-
tive transfer images show the luminosity maps of the same
galaxy in the three filters used for the analysis (from left
to right: F435W, F606W, F775W). As described above, for
the given snapshot time of z ∼ 1.3 we would use for the
clump analysis the F606W image, while for higher redshifts
we would use the F435W filter and for lower redshifts the
F775W one.
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RGB composite faceon RT  Filter F775WRT  Filter F606WRT  Filter F435W

22.4 23.2 24.0 24.8 25.6 26.4 27.2 28.0
µ(mag/arcsec2)

23.2 24.0 24.8 25.6 26.4 27.2 28.0 28.8
µ(mag/arcsec2)

24.0 24.6 25.2 25.8 26.4 27.0 27.6 28.2 28.8
µ(mag/arcsec2)

Figure 3. RGB image (left panel) and radiative transfer (RT) maps in different filters. The second panel shows the map of the F435W
filter, the third panel shows the F606W image and the most right panel shows the F775W filter. Image sizes are 20 x 20 kpc.

5 CLUMP DETECTION

In this study we perform an observationally motivated
clump selection, while other theoretical works on this sub-
ject focused on identifying clumps as regions of high surface
density of gas or stars (Genel et al. 2012; Ceverino et al.
2015; Tamburello et al. 2015; Mayer et al. 2016; Inoue et al.
2016; Oklopčić et al. 2017)

Observed clumps are mostly detected as UV bright or
Hα bright clumps and we thus decided to select clumps in
the luminosity maps of our galaxies with and without ra-
diative transfer post-processing. We will refer to clumps de-
tected in non dust-attenuated images as intrinsic clumps,
while we will call clumps in the RT-processed images ob-
served clumps. This allows us to do a proper comparison
with both observations and previous theoretical studies.

5.1 Intrinsic clump selection

For every galaxy and every snapshot in the redshift range
z = 0.25 − 3 we create UV-light images by calculating the
UV luminosity of every star particle given its age, metal-
licity and its IMF under the assumption that these parti-
cles represent simple stellar populations (SSPs). We use the
pynbody-package2 to perform these calculations. This pack-
age includes a grid of SSP luminosities for different stellar
ages and metallicities in several bandpasses. The grids are
calculated using Padova Simple stellar populations from Gi-
rardi3 (Marigo et al. 2008; Girardi et al. 2010).

Our clump finding procedure is similar to the one used
by Oklopčić et al. (2017) and we will briefly describe it here.
For all snapshots we first rotate the galaxies face-on, using
the total angular momentum of the stars within a sphere of
10 kpc around the center of the halo. We then select all star
particles in a cylinder of radius 10 kpc and height of 6 kpc
centered on the galaxy and then construct the luminosity
maps by binning the particle positions onto a 2d-grid of bin
size 100 pc.

We sum up all luminosities of the star particles in one
cell to get its total luminosity. After that we smooth the

2 https://pynbody.github.io/pynbody/
3 http://stev.oapd.inaf.it/cgi-bin/cmd

luminosity map by convolving it with a Gaussian filter of
200pc standard deviation (FWHM ∼470pc) to account for
the particle’s softening. We checked that taking the softening
into account before binning the data onto the grid does not
make a significant difference in terms of clump detection.

Using the procedure described above we can also create
maps of different quantities, e.g. the surface density maps of
gas can be calculated by summing up all the mass in one bin
and then dividing the result by the surface area of the bin.
Figure 4 shows the u-band luminosity map (upper left), the
SFR surface density map (lower left) with the SFR calcu-
lated as the stellar mass formed over the last 500 Myr, sur-
face density of cold gas (upper right) and a RGB stellar com-
posite image of the stars (lower right), where RGB stands
for the colors used to render the stars (old stars are ren-
dered with a Red color, intermediate aged stars with Green
and young stars Blue). As expected, intrinsic clumps found
in the u-band luminosity agree very well with clumps in
the SFR surface density. Once we created a map of a given
quantity we further calculate the mean value of all non-
empty bins and the according standard deviation. We then
use the Python package astrodendro4 to find over-densities
in the maps. The astrodendro package calculates hierarchi-
cal trees of structures so called dendrograms in the maps.
There are three parameters needed by the package to cal-
culate the tree. i) A threshold value to define the clump
which we set to three standard deviations above the mean
value (we checked that our results are robust if we alter this
value, see fig. A1 in the Appendix), ii) The minimum differ-
ence between two close structures to count them as separate
clumps; we set this to 10% following Oklopčić et al. (2017).
iii) The minimum number of pixels within a clump which is
set to be 30 pixels resulting in an effective radius of ∼300
pc which is consistent with the gravitational softening of the
gas and star particles of our simulations.

An example of the outcome of this clump finding algo-
rithm is shown in Figure 4 where u-band selected clumps are
over-plotted on all four face-on images with white contours.

The astrodendro package already comes with tools to
measure the size (surface area) of each clump in the plane
of the disc (x-y-plane). Given the surface area, A, of each

4 http://www.dendrograms.org/
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Figure 4. Face-on maps of intrinsic u-band luminosity (upper left), SFR surface density (lower left), cold gas surface density (upper

right), and RGB stellar composite (lower right). The white contours show the clumps selected in the intrinsic u-band luminosity map.

clump we can calculate an effective radius of the clump,
R2 = A/π. We follow the assumption by Oklopčić et al.
(2017) and take the extent of each clump perpendicular to
the plane of the disc as equal to 2R centered on the dens-
est part of the clump. All stellar and gas particles falling
into this volume of space are counted as belonging to the
clump and clump properties such as luminosity, mass, etc.
can be calculated from these particles. We checked that the
enclosed mass does not depend strongly on the exact choice
of the clump’s vertical extent, as long as it is on the order of
the disc scale height. Most of the snapshots show one large
clump in the center of the galaxy which can be matched to
the bulge component. Thus, we excluded from the search
area the innermost 1 kpc around the center of the galaxy.

5.2 Clump selection in radiative transfer images

While the above clump selection is useful to study physi-
cal properties of clumps, a comparison to observed galaxies
is difficult due to missing dust attenuation and cosmolog-
ical redshift. Therefore we look for clumps directly in the
dust attenuated radiative transfer (RT) maps computed as
explained in section 4.

On the RT images we adjust our clump finder to better
match the observational clump selection as described in Guo
et al. (2015) (section 3). We first calculate the background
mean after applying a 3σ clipping and then we select clumps
as local maxima which are at least 3σ above the mean. Again
we checked how results change if this threshold is changed to
2 or 4σ (see fig. A2 in the Appendix). Because we adjusted
the pixel size of the RT images to match the resolution of
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Figure 5. Comparison between clumps in the rest frame u-band luminosity maps (upper panels) and clumps in the radiative transfer
(RT) images (lower panels). For the RT images the galaxies were redshifted to the proper redshift of the snapshot and observed in the

same filter bands as the observations by Guo et al. (2015) accounting for dust absorption, scattering and cosmological redshift. For

galaxies in the redshift range 3 < z < 2 we selected the F775W filter, for 2 < z < 1we selected F606W and for z < 1 we selected F435W,
where the redshift of each panel is indicated in the u-band maps.

HST we now set the minimum number of pixels to 5 per
clump following (Guo et al. 2015) and we neglect clumps
within the inner 1 kpc around the galaxy center.

Fig. 5 shows that the RT images recover some of the
clumps found in the U-band images but not all. Sometimes
the dust attenuation and the cosmological redshift dim down
clumps such that they fall below the detection threshold of
3σ above the mean (e.g. fourth panel of Fig. 5). On the other
hand a non-clumpy galaxy in the U-band shows clumps in
the RT image due to a non-uniform gas distribution (e.g.
first and fiftf panel of Fig. 5). This underlines the importance
of using radiative transfer images to compare simulation and
observations quantitatively.

6 RESULTS

6.1 The observed NIHAO clumpy fraction

As first test we want to check how the clumpiness of the
NIHAO galaxies compares with observed galaxies, to assess
if our galaxies have a realistic number of structures in their
light distribution.

In order to compare our simulations with the observa-
tions used by Guo et al. (2015), we constructed HST mock
images with GRASIL-3D (Domı́nguez-Tenreiro et al. 2014)
for all snapshots in the redshift range 0.3 < z < 3 of our 19
NIHAO galaxies. We then apply the same filters (F435W,
F606W and F775W) and surface brightness cuts used by
Guo et al. (2015) to our mock images and look for clumps
as described in section 5.2.

In Fig. 6 we compare the fraction of simulated galaxies
with at least one off-center clump with that of observations.
The left panel shows the comparison between the complete
simulation sample (blue) and different observations. Overall
the clumpy fraction in NIHAO galaxies follows quite well
the clumpy fraction derived by Shibuya et al. (2016) (purple
dotted line) and agrees within the error bars with the results
of of Guo et al. (2015) (black short-long dashed line). The
right panel shows the results when galaxies are separated

into three stellar mass bins log(M∗/M�) < 9.8, blue; 9.8 <
log(M∗/M�) < 10.6, green; log(M∗/M�) > 10.6, red.

There is a peak in the clumpy fraction of about 60%-
70% at z = 1.5−2 in both simulations and observations. At
higher and lower redshifts the clumpy fraction goes down
to 50% at z ∼ 3 and to 40% at z ∼ 0.5, dropping even
further in the simulations to 20% at z ∼ 0.25, thus matching
observations by Murata et al. (2014).

When inspecting the different mass bins separately we
still find a quite good agreement between simulations and
observations. Specifically we see that at low redshifts the two
less massive bins (blue and green bands and points) agree
very well with observed clumpy fractions for the same mass
ranges. However, the highest mass galaxies (red band) in
NIHAO show a clumpy fraction slightly too high but still
in agreement with the observations within their error bars.
At intermediate redshifts the high and low mass bins agree
again well with the observations but the intermediate mass
bin (green band) shows a too high clumpy fraction although
in agreement with measurements from Wuyts et al. (2012).
Finally due to the selection function of the NIHAO galaxies,
we do not have any data for the highest mass bin, however,
the other two mass bins agree well with the observed clumpy
fraction.

Another observable to which we can compare our RT
calculations is the fractional contribution of the clump’s UV
flux to the total galaxy UV flux. Following Guo et al. (2015)
we call this quantity CUV. In Figures 7 and 8 we show CUV

as a function of the clump size and of the galaxy mass,
respectively.

Clump sizes found in the RT calculations of the NIHAO
sample are in agreement with observed clump sizes from
Förster Schreiber et al. (2011) and with intrinsic clump sizes
if the pixel scale is matched to the HST pixel scale (see
Appendix B).

Figure 8 shows the comparison between the observed
CUV as a function of stellar mass and the NIHAO one in
three different redshift bins 0.5 < z < 1, 1 < z < 2 and
2 < z < 3. As in Guo et al. (2015) the clump contribution
to the total UV flux of the galaxy is calculated for all galaxies
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Figure 6. Evolution of the fraction of galaxies with at least one observed off-center clump. The left panel shows the evolution of the

clumpy fraction for the whole NIHAO sample (blue line) compared to observations from Guo et al. (2015) (black dash-dotted line) and

Shibuya et al. (2016) (purple dotted line). The shaded band shows the 1σ scatter. The right panel shows the evolution of the clumpy
fraction splitted into different mass bins. Colored bands show the result for our simulations, colored open symbols show the according

values from Guo et al. (2015) and colored filled symbols show the results from Shibuya et al. (2016). Grey open symbols show results

from other observational studies: diamonds for Wuyts et al. (2012), squares are from Tadaki et al. (2014), pentagons are from Overzier
et al. (2009), inverse triangles from Puech (2010), stars from Elmegreen et al. (2007) and dots from Murata et al. (2014).
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Figure 7. Clump contribution to the rest-frame dust attenuated
UV light of galaxies as a function of clump size for the NIHAO

sample (orange dots) and observations from Förster Schreiber
et al. (2011) (black dots). The gray dashed line indicates the
lower limit on clump sizes set by our clump finding procedure.

not only the clumpy ones. In the two lower redshift bins sim-
ulations (orange points) agree well with observations (black
squares) within their error bars, while the contribution of
UV light from clumps of intermediate mass galaxies in the
highest redshift bin is too high in NIHAO. A partial expla-
nation of this excess could be related to the difference in the

sample size in this redshift bin: ∼70 simulation snapshots vs
several thousand galaxies in CANDELS. Furthermore we did
not add noise to our images which might lead to recovering
more clumps than the observers would do. Despite this dis-
crepancy NIHAO recovers quite well the observed UV light
fraction of clumps.

Mock observations of simulated clumpy galaxies have
already been studied before using different methods (see e.g.
Genel et al. (2012); Moody et al. (2014); Tamburello et al.
(2016)) and similar results to ours were found. Genel et al.
(2012) converted the SFR of one of their zoom-in cosmo-
logical galaxy (s224) to Hα flux, convolving it with a Gaus-
sian of FWHM=0.”17 and putting it at redshift z = 2.2 to
mimick SINFONI observations. They found that their short
lived clumps are consistent with the SINFONI observations
of galaxies at redshift z = 2.2. Moody et al. (2014) run
the radiative transfer code SUNRISE (Jonsson 2006; Jonsson
et al. 2010; Jonsson & Primack 2010) on their sample of 8
cosmological zoom-in simulated clumpy galaxies producing
mock HST observations in four different filters. Unlike this
work these authors additionally add noise to their images.
They find qualitatively very similar results to the ones found
here; a clump selection in longer wavelength maps results in
lower clump counts compared to shorter wavelength maps.
Furthermore these authors find that if clumps are selected in
mock observations, stellar mass maps or gas surface density
maps the outcome shows vastly different clumps (see e.g.
their figure 5). There is only a minority of clumps showing
up simultaneously in two or more maps. This is also con-
firmed by Tamburello et al. (2016) who used the radiative
transfer code TRAPHIC (Pawlik & Schaye 2008, 2011) to cre-
ate Hα maps of ionizing radiation of their non-cosmological
simulations of galaxies. These authors add different levels
of noise to their mock images and convolve the images with
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Gaussians with different values of FWHM to mimick differ-
ent spatial resolutions. They find that the recovered prop-
erties of clumps strongly depend on the noise level and the
spatial resolution. Clump sizes and masses can change by
more than a factor of 2 depending on the sensitivity and the
spatial resolution.

However, in this study we focus on the evolution of the
clumpy fraction. This is the first time that such an observa-
tional motivated comparison of the clumpy fraction in the
light distribution between observations and simulations has
been carried out. Our results show that the NIHAO galax-
ies have a realistic light distribution suggesting that they
are a good testbeds for a better understanding of the origin
and fate of these luminous clumps. Therefore, in the next
sections we analyze the physical properties of the intrinsic
clumps.

6.2 Properties of the intrinsic clumps in NIHAO

In order to better understand the physical properties of the
clumps, we analyze in detail the intrinsic clumps.

Selecting U-band luminous clumps results in a variety
of clumps with different properties for every galaxy and over
a vast redshift range (0 < z < 3). In total we find 682 u-
band clumps in 488 snapshots in the selected redshift range
(203 snapshots within 3 > z > 1, 155 within 1 > z > 0.5
and 130 within 0.5 > z > 0.25).

In Fig. 9 we show some of the properties of NIHAO
UV intrinsic clumps. The mass (gas+stars) distributions is
shown in the top left panel of the figure. Independently of
redshift the mass of clumps in U-band maps always peaks at
∼ 108M� with a maximum clump mass around ∼ 109.5M�
and a minimum around ∼ 106.5M�. This minimum value is
mainly due to the resolution of our simulation which fixes
the minimum pixel size of our maps (see section 5.1). These
results do not change if we select only the 6 most massive
galaxies which most closely resemble the observed galaxies
as can be seen by comparing the thick dashed lines with the
thin dotted lines in fig. 9.

The upper right panel shows the distribution of the
clump gas fraction defined as fg = Mgas/ (Mgas +Mstar).
Our clump finding algorithm has no specific lower mass
limit. The lower limit on the clump mass is set by the size
limit (300 pc) and the surface density of the selected clump.
The lowest clump masses we find in the redshift bins are
as follows: 0.25 < z < 0.5 : 2.7 × 104M�, 0.5 < z < 1 :
7 × 103M�, 1 < z < 3 : 1.3 × 105M� The clump gas frac-
tion shows a slight trend to higher gas fractions at higher
redshifts (1 < z < 3) and a more flat distribution at lower
redshifts (0.5 < z). For intermediate redshifts we see a slight
bimodality with clumps showing either very low gas frac-
tions or very high ones close to fg = 1. This is in contrast
with Oklopčić et al. (2017) who find a peaked distribution of
clump gas fraction with the maximum around gas fractions
of fg = 0.3. This discrepancy comes from the difference in
the selection method. We select u-band bright clumps while
Oklopčić et al. (2017) select clumps in gas surface density.

Despite the fact that we find giant clumps of masses
greater than 108M� the contribution of these clumps to the
total baryonic mass of the galaxy disc is less than 1% as
shown in the lower left panel of figure 9. The sizes of the
clumps found in the NIHAO galaxies range from ∼300 pc

to ∼900 pc with a median value of 450 pc for every redshift
bin (see the Appendix for a comparison between observed
and intrinsic clump sizes, as well as for the clump size de-
pendence on pixel scale). The lower bound is given again by
our resolution (we fixed the minimum effective radius to be
300 pc). Finally most of the clumps we found are round(ish)
in shape and sometimes slightly elongated (see. e.g. Fig. 4).

The next question to address is what determines if a
galaxy has one or more luminous clumps. In Fig. 10 we
show the correlation between stellar mass, SFR, cold gas
fraction (fg) and the mean surface density within the half
mass radius (ΣRe) and color code each galaxy according to
the “morphology” of the light distribution (clumpy=orange,
non-clumpy=green).

In the lower triangle of the plot every galaxy is shown
at every snapshot in the redshift range 0 < z < 3 as a point
while in the upper right triangle we show a kernel density es-
timation of the point distribution. On the diagonal we show
the marginal histograms of the property in the according
column for clumpy/non-clumpy galaxies.

Clumpy and non-clumpy galaxies mostly separate in
two distinct populations in these parameter spaces. We
find that clumpy galaxies show high cold gas fractions, are
less centrally concentrated (lower value of ΣRe) and show
low and average SFRs and stellar masses. In contrast non-
clumpy galaxies are more centrally concentrated, have low
gas fractions and are among the highest mass galaxies with
high SFR. Qualitative similar correlations are found by
Tadaki et al. (2014) (e.g. their Fig. 1) for galaxies from the
SXDF-UDS-CANDELS field and by Shibuya et al. (2016)
(e.g. their Fig. 7, 8, 9) for HST photo-z and Lyman break
galaxies.

There is one notable difference between simulations and
observations. From observations one would expect the high-
est mass, highest star forming galaxies to be clumpy. Here
we find that the lower mass, lower star forming galaxies
are preferentially clumpy. This can be explained by the fact
that our simulations are more centrally concentrated than
observed galaxies, and as a consequence the gas in the simu-
lated discs is less prone to gravitational instabilities (Martig
et al. 2009). Furthermore, we use non dust-attenuated prop-
erties for this plot. As we showed in Fig. 5, the degree of
clumpiness in non-dust attenuated images can be different
from that of dust-attenuated ones. Some of the most mas-
sive galaxies in particular, are not clumpy in the non-dust
attenuated maps, but clumpy in the mock radiative transfer
images. However, other galaxies show the opposite behav-
ior; they are clumpy in the non-dust attenuated maps and
not clumpy in the mock images. Therefore in figure 11 we
give the clumpy fraction as a function of stellar mass, SFR,
cold gas fraction and mean surface density within the half
mass radius for both intrinsic and observed clumps, as well
as the observational data from Tadaki et al. (2014). For our
intrinsic clumps we find an anti-correlation between clumpy
fraction and stellar mass, SFR and mean central surface
density and a correlation of clumpy fraction with the cold
gas fraction of the galaxies. While intrinsic clumps show a
strong evolution with all four galaxy parameters (anticorre-
lation with the galaxie’s stellar mass, SFR and central sur-
face density and correlation with the cold gas fraction) we
do not find such an evolution for our observed clumps. This
is due to the beforehand mentioned dust attenuation. Our
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Figure 8. Average intrinsic clump contribution to the rest-frame dust attenuated UV light of galaxies as a function of stellar mass in

three different mass bins. The observations from Guo et al. (2015) are shown as black squares and the results from NIHAO are shown

with orange dots.
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results for only the 6 most massive galaxies. The colored solid lines in the top left panel show the median mass of clumps in the whole

sample and the dotted lines show the median mass of clumps for the most massive galaxies.
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Figure 10. Properties of host galaxies and their correlation with clumpy morphology for all galaxies and all redshifts in our sample.
We show correlations of stellar mass (left column), SFR (second column), cold gas fraction (third column) and the mean surface density

within the half mass radius (right column) with each of the other quantities and distinguish clumpy from non-clumpy galaxies. Red

colored points and lines show galaxies with a clumpy morphology (at least one off center clump) and green squares/lines show non
clumpy galaxies. The lower left triangle shows all snapshots for all galaxies with single dots while the upper right triangle shows a
kernel-density estimation of the point distribution. The diagonal shows the marginal histogram of the property of the given column.

observed clumps, however, show very good agreement with
the observational data, which also shows no strong corre-
lation between the clumpy fraction and galaxy parameters.
This result further supports the need for a careful modeling
of dust obscuration when comparing galaxy morphologies
between simulations and observations.

6.3 Clumps in light or clumps in mass?

A lot of discussion is going on whether the observed clumps
in high-redshift galaxies represent self-bound clumps of stars
orbiting within the disc or if they are simply a concentra-
tion of luminous young stars with practically non dynamical
influence on the disc.

To start to answer this questions in the upper panel of
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lected in different wavelength bands. The upper panel shows the

mean number of clumps for clump selected in the u-band (blue

dots), the v-band (green lower triangles), the i-band (red squares)
and the h-band (black upper triangles). The lower panel shows a

comparison of the mean number of clumps selected in the u-band

(blue dots) with clumps selected in the gas surface density maps
(purple diamonds) and the stellar surface density maps (orange

stars). The points are slightly offset to avoid overlap.

Figure 12 we looked at the clumpiness of stars in different
wavelength bands (u, v, i, h). It is clear from the plot that
moving to longer wavelength the disc clumpiness tend to
disappear, and practically no clumps are detected in the h
band.

This seems to suggest that observed and simulated
clumps in the non-dust attenuated u-band are not actually
bound structures of stars. This result is even more clear in
the lower panel of figure 12 where we look at the presence
(or lack thereof) of clumps in maps constructed for different

quantities: u-band luminosity, gas and stellar masses. As al-
ready noted in figure 4 clumps in the u-band match clumps
in the gas surface density, but when we look at the stellar
mass maps they are extremely smooth and no clumps are
detected by our algorithm in practically any of our galaxies.

This is confirmed by a visual inspection of one of the
NIHAO galaxies (same already shown in fig 4) in figure 13,
where there is clearly a lack of any substructure in the stellar
mass map. This is maybe the most important result of our
study. Despite having galaxies as clumpy as the observed
ones in light maps, we found no evidence of any self-bound
stellar structure in the mass maps of the same galaxies. We
are facing here luminous clumps and not dynamical ones.
The good match between clumps in the u-band and the gas
surface density maps suggests that observed clumps are sim-
ply a manifestation of localized (clumpy) star formation re-
gions, as also observed in redshift zero galaxies.

This is also confirmed by the life-time of the these lu-
minous clumps: most of the clumps disappear between two
consecutive simulation snapshots in NIHAO, setting an up-
per limit to their dissolution time of about 200 Myr, less
than one dynamical time of the galaxy. Figure 14 shows
the fraction of clump stars still close together in consecu-
tive snapshots (∼ 200 Myr). We track the star particles of
every clump identified in a given snapshot via their particle
IDs. In this manner, we evaluate how many stellar particles
are still within a region of 1Reff or 2Reff around the clumps
center of mass in the next snapshots. We show the median
fraction of clump stars still within a region of 1Reff with a
blue line and the according 16th and 84th percentile as a
blue shaded region. The yellow line and yellow shaded re-
gion give the the median fraction of clump stars still within
a region of 2Reff . With the exception of a few of the most
massive clumps, we find that all clumps lose more than 90%
of their mass between two consecutive snapshots.

These results are at odds with previous works (Dekel
et al. 2009b; Bournaud & Elmegreen 2009; Bournaud et al.
2014; Ceverino et al. 2010, 2015; Mandelker et al. 2014),
which suggested that clumps are gravitationally bound
structures that migrate towards the center under the influ-
ence of dynamical friction. In support of this picture there
is the observation of a color gradient of clumps as a function
of distance from the galaxy center (Förster Schreiber et al.
2011; Shibuya et al. 2016), with clumps closer to the cen-
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ter being redder than outskirt clumps. The color gradient
is supposed to be a proxy for the clump age. On the other
hand it has already been suggested that such a gradient
could simply be due to the underlying stellar disc popula-
tion (Oklopčić et al. 2017; Nelson et al. 2016a; Genel et al.
2012).

In figure 15 we show the average age of simulated
clumps as a function of their distance from the center. The
stellar age of a clump is the (mass weighted) average age of
all stars within the clump, which of course is a mix of stars
actually formed in the clump and the underlying stellar pop-

ulation. As reference, we show in the same figure the mean
stellar age of the global stellar disc population as a function
of distance from the galactic center. The gradient is quite
weak with a slight increase of stellar ages in the outskirts of
the disc, consistent with expectations from stellar migration
El-Badry et al. (2016).

We find that most clumps are in the central parts of
the galaxy within 5 kpc from the center, (but keep in mind
that we excluded the innermost 1 kpc from our analysis). In
NIHAO we find a wide range of clump stellar ages from ∼200
Myr up to about 2 Gyr in the lowest redshift snapshots in
agreement with observed ages of stellar populations in high
redshift clumps (Elmegreen & Elmegreen 2005; Elmegreen
et al. 2009; Förster Schreiber et al. 2011; Genzel et al. 2011;
Guo et al. 2012; Wuyts et al. 2012). Stellar ages of clumps
are generally slightly younger than the underlying mean age
of the disc stars, consistent with the picture of clumps being
sites of intense star formation

Interestingly we recover the observed trend of clumps
in the outskirts being younger than clumps in the central
parts of the galaxies. Contrary of what was suggested by
some authors, who ascribe this gradient to a migration of
clumps, we find that this effect is strongly due to a selection
bias. Clumps in the central parts of the galaxy include more
underlying disc stars which increases the mean stellar age
while in the outskirts the density of the stellar disc decreases
and clumps are less polluted by disc stars and thus appear
younger.

Although we recover the observed trend of clump ages
as a function of radius, this is not a signature of clumps
spiraling inwards and moving to the center as we will show
in the next section.

6.4 The evolution and final fate of light clumps

If light clumps were self bound structures of stars it would
be natural to expect them to spiral in under the influence
of dynamical friction. Previous studies have indeed argued
that high redshift clumps can be responsible for the building
of bulges at high redshift (Ceverino et al. 2010; Bournaud
et al. 2014).

As discussed in the previous section our simulations sug-
gest a quite different scenario, and hence it is interesting to
ask what is the evolution of our luminous (but not bound)
clumps.

For every clump in every galaxy we track its evolution
by calculating the mean galacto-centric distance of all its
stars at later times (r(z)), and we normalize this number
by the distance at the time the clump was firstly detected
(r(zform)). For stars moving inwards we expect the ratio
r(z)/r(zform) to be below one and the opposite for parti-
cles moving outwards.

Figure 16 shows the evolution of the ratio r(z)/r(zform)
as a function of redshift for all our NIHAO galaxies. In the
plot we also show the same quantity for a “control sample”
of disc stars; for each clump with a given amount of stars, we
select an identical number of disc stars at the same galacto-
centric distance as the clump of interest at the time of its
first detection. The shaded region shows the 16th and 84th
percentile. The orange dots in Fig. 16 show that there is no
preferential inwards migration for clump stars. If anything
there is a slight trend for clump stars to migrate outwards.
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When compared to the control sample of disc stars, clump
stars do not show any particular difference, they behave in
a very similar manner. Similar results for the lack of inward
migration of clumps are found by Oklopčić et al. (2017) who
looked at the angular momentum change between the final
and initial snapshot in which a clump is visible. Theses au-
thors do find a roughly equal likelihood for clumps to lose
and to gain angular momentum. Thus these results indicate
that clump migration is not governed by dynamical friction
but rather by gravitational torquing or tidal forces.

Since we plot the average distance, it could still be pos-
sible that a substantial migration of stars inward is compen-
sated by a same amount of stars moving outwards. There-
fore, we look in Fig. 17 at the mass contribution from clump
stars to the galaxy bulge at z = 0. We first decompose each
galaxy at redshift zero into a disc and spheroidal component
using the same procedure described in Obreja et al. (2016).
All stars marked as belonging to the spheroid and having a
galacto-centric distance smaller than 1 kpc are regarded as
bulge stars.

We then calculate the fraction of disc and bulge mass
due to stars that have been found in clumps at some ear-
lier point in time. In Figure 17 we plot the ratio of mass
from clumps in the bulge Mclump,Bulge to mass from clumps
in the disc Mclump,disc as a function of bulge to disc ratio
MBulge/Mdisc of the galaxy. Similar to the previous plot we
show clump stars as orange dots and our control sample as
green squares. The dashed grey line shows the 1:1 relation.
Overall clump stars seems to be equally distributed between
the bulge and the disc at z = 0. Furthermore when compared
to the control sample clump stars seems to have the same
final fate as any other stars in the disc.

We can then conclude that, consistently with not being
gravitational bound, light clumps in high redshift galaxies
do not preferentially move inwards as time goes by and, do
not preferentially contribute to the bulge growth.

7 SUMMARY

We use 19 galaxies from the high mass end (M∗ > 109 M�
at z ∼ 1.5) of the NIHAO sample to analyze them in detail
for their clumpy morphology and quantify the clumpy frac-
tion of this simulation suite in the redshift range 0 < z < 3.
The NIHAO sample is a suite of high-resolution cosmological
hydrodynamical simulations of galaxies in the mass range
109M� < M200 < 4 × 1012M� which reproduces realistic
galaxy properties over this huge range of galaxy masses.
Unlike most other theoretical studies which looked for gi-
ant clumps in galaxies we do not select clumps in gas or
stellar mass maps but we select clumps in luminosity maps.
We apply two different selection methods: intrinsic clumps
are selected in the non dust attenuated rest frame u-band
images closely matching the observational selection method,
while for observed clumps we run the radiative transfer code
GRASIL-3D (Domı́nguez-Tenreiro et al. 2014)) on the 488
snapshots of our sample to create realistic mock HST obser-
vations of the galaxies. In this way we can directly compare
the clumpy fraction of the NIHAO suite to the observed
clumpy fraction from Guo et al. (2015) and Shibuya et al.
(2016).

Our main findings can be summarized as follows:

• Comparing the observed clumpy fraction, the number
of galaxies/snapshots with at least one off-center clump, of
our RT images to the observed clumpy fraction of Guo et al.
(2015); Shibuya et al. (2016) we find very good agreement
between our simulations and the observations (see figure
6). The NIHAO sample can well reproduce the observed
number of clumpy galaxies and their evolution with red-
shift and perfectly matches the correlation of the clumpy
fraction of galaxies with stellar mass (compare figure 11).
Sizes of clumps found in the NIHAO sample agree well with
observed clump sizes (Fig. 7) Furthermore, we recover the
observed UV-light contribution of clumps to the total UV-
light of the galaxy with ∼ 30% of the light coming from
clumps.

• Selecting intrinsic clumps in the rest frame u-band im-
ages results in clump masses of few times 106M� to 109M�,
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Figure 16. Median distance of clump stars (red dots) and control stars (green squares) as a function of redshift. For every galaxy and

for every clump we track the stars found to be in one clump at a given time and calculate their mean galacto-centric distance at later

times. We show the median value of all clump radii normalized to the initial clump radius. The same procedure is done for a control
sample of stars of same number and same average radius as the clump stars. The shaded region shows the 16th and 84th percentile.

sizes of about 300 pc to 900 pc and gas fractions spanning a
wide range from 0.1 to 0.9. These findings agree well with ob-
served sizes and masses of giant clumps. However, although
clumps are prominent in u-band luminosity maps they con-
tribute only a small fraction of less than 1% to the disc mass
(compare figure 9).

• For this work intrinsic clumps are selected in stellar
light and can only be found in young stars showing up in
the the u-band. Selecting clumps in longer wavelength bands
like the v-, h- or i-band the number of clumps found drops
to zero (see figure 12) and we can not find clumps in stellar
mass at all. This recovers the findings of Wuyts et al. (2012)
that clumps are only present in short wavelength images but
not in the inferred stellar mass maps (compare also figure
13). Thus, we find clumpy star formation but no clumpy
stellar discs in the NIHAO galaxies.

• Comparing the properties of intrinsic clumpy and non-
clumpy galaxies in figure 10 we find a bimodality between
these two. Clumpy galaxies show high cold gas fractions,

are less centrally concentrated and show low and average
SFRs and stellar masses. In contrast non-clumpy galaxies
are more centrally concentrated, have low gas fractions and
are among the highest mass galaxies with high SFR. These
correlations for intrinsic clumps are strongly altered if we
use observed clumps to divide our galaxy sample into clumpy
and non-clumpy galaxies as was shown in figure 11. Espe-
cially the clumpy fraction as a function of stellar mass for
our observed clumps is in very good agreement with the ob-
served relation. Thus, we conclude that a careful modeling
of dust obscuration has to be taken into account for a direct
comparison of galaxy morphologies between simulations and
observations.

• The mean mass weighted stellar ages of clumps in the
simulations show the same trend as observed color gradi-
ents of clumps (e.g. Shibuya et al. (2016)). Clumps in the
outskirts of the galaxies are younger and clumps in the cen-
ter are almost as old as the underlying mean mass weighted
stellar age of the disc stars (see figure 15). This trend can be
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disc at redshift 0. Shown is the ratio of stellar mass from clumps
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The red dots show the result for stellar mass from clumps while

the green squares show a control sample of disc stars chosen to
have the same size and radius as the clumps stars.

attributed to the fact, that the stellar density of disc stars
is lower in the outskirts and higher in the center, thus when
selecting clumps in images the contribution/pollution of disc
stars to the clump is higher in the center than in the out-
skirts. That is why the mean mass weighted stellar ages of
clumps and stellar disc are more similar in the galaxy center
than in the outskirts.

• We find that clumps in the NIHAO sample do not spi-
ral inwards and do not contribute much mass to the bulge.
Clumps get quickly disrupted and disperse. They lose about
90% of their mass in less than 200 Myr (see fig. 14). We
trace the stars of the clumps through time down to redshift
zero and follow their mean radius and do not find any net
inward migration of clump stars. Indeed, we find that clump
stars and disc stars behave the same way, both do not show
signs of a net inward migration as we have shown in figure
16 and 17. Furthermore, we quantify how much mass these
stars contribute to the bulge and to the disc of the galaxies.
Clump stars and randomly selected disc stars contribute the
same mass to the bulge. Thus we do not see any indications
that clumps in NIHAO would contribute to preferentially
build up the bulge.
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APPENDIX:

A: Sensitivity to detection threshold

In this section we analyse how the properties of intrinsic
clumps change if we change the sensitivity of our clump find-
ing algorithm. Our fiducial clump selection picks up clumps
in the u-band images which stick out at least 3σ above the
mean u-band luminosity of the 10 kpc x 10 kpc images. In
order to quantify the robustness of our results we rerun our
clump finding algorithm on all our snapshots with a reduced
threshold of 2σ and with an increased threshold of 4σ. In fig-
ure A1 we compare the clump properties found with all three
thresholds. The upper panel shows the clump masses found,
the middle panel shows clump gas fractions and the lower
panel shows clump sizes. We do not see any differences in
the properties of the clumps identified using different thresh-
olds. Clump masses of all three selection thresholds peak at
around 108M� However, we see as would have been expected
that a clump selection with a threshold of 2σ picks up much
more clumps compared to the 3 and 4σ selection. The same
is true for the clump selection in the radiative transfer im-
ages. Figure A2 shows the evolution of the clumpy fraction
for a selection threshold of 2σ above the mean flux in the
given band (upper panel) and for a selection threshold of 4σ
(lower panel) as opposed to our fiducial selection threshold
of 3σ (compare left panel of fig. 6). For a selection threshold
of 2σ above the mean flux we find a clumpy fraction which
is higher than observed and for a selection threshold of 4σ
we find a clumpy fraction which is well in agreement with
observations and the one obtained with a threshold of 3σ.
By visual inspection of the clumps found we verify that a
selection threshold of 2σ picks up a significant amount of
spurious, low surface brightness clumps in galaxies which

MNRAS 000, 1–20 (2016)

http://dx.doi.org/10.1093/mnras/stw2539
http://adsabs.harvard.edu/abs/2017MNRAS.464.2796G
http://dx.doi.org/10.1086/177035
http://dx.doi.org/10.1088/0004-637X/724/2/915
http://adsabs.harvard.edu/abs/2010ApJ...724..915H
http://dx.doi.org/10.1111/j.1365-2966.2012.21981.x
http://adsabs.harvard.edu/abs/2012MNRAS.427..968H
http://dx.doi.org/10.1093/mnras/stu1738
http://adsabs.harvard.edu/abs/2014MNRAS.445..581H
http://adsabs.harvard.edu/abs/2014MNRAS.445..581H
http://dx.doi.org/10.1111/j.1365-2966.2011.20338.x
http://adsabs.harvard.edu/abs/2012MNRAS.422.1902I
http://dx.doi.org/10.1093/mnras/stu544
http://adsabs.harvard.edu/abs/2014MNRAS.441..243I
http://dx.doi.org/10.1093/mnras/stv2793
http://adsabs.harvard.edu/abs/2016MNRAS.456.2052I
http://dx.doi.org/10.1111/j.1365-2966.2010.16378.x
http://adsabs.harvard.edu/abs/2010MNRAS.404.1247J
http://dx.doi.org/10.1111/j.1365-2966.2006.10884.x
http://adsabs.harvard.edu/abs/2006MNRAS.372....2J
http://dx.doi.org/10.1016/j.newast.2009.12.008
http://adsabs.harvard.edu/abs/2010NewA...15..509J
http://dx.doi.org/10.1111/j.1365-2966.2009.16087.x
http://adsabs.harvard.edu/abs/2010MNRAS.403...17J
http://dx.doi.org/10.1093/mnras/stu1058
http://adsabs.harvard.edu/abs/2014MNRAS.442.3013K
http://dx.doi.org/10.1088/0067-0049/182/2/608
http://adsabs.harvard.edu/abs/2009ApJS..182..608K
http://arxiv.org/abs/1401.7329
http://dx.doi.org/10.1093/mnrasl/slw147
http://esoads.eso.org/abs/2016MNRAS.463L..69M
http://dx.doi.org/10.1093/mnras/stu1340
http://adsabs.harvard.edu/abs/2014MNRAS.443.3675M
http://dx.doi.org/10.1093/mnras/stw2358
http://adsabs.harvard.edu/abs/2017MNRAS.464..635M
http://dx.doi.org/10.1051/0004-6361:20078467
http://adsabs.harvard.edu/abs/2008A%26A...482..883M
http://dx.doi.org/10.1088/0004-637X/707/1/250
http://adsabs.harvard.edu/abs/2009ApJ...707..250M
http://adsabs.harvard.edu/abs/2009ApJ...707..250M
http://arxiv.org/abs/1606.06739
http://dx.doi.org/10.1093/mnras/stu1534
http://adsabs.harvard.edu/abs/2014MNRAS.444.1389M
http://dx.doi.org/10.1088/0004-637X/805/1/34
http://adsabs.harvard.edu/abs/2015ApJ...805...34M
http://dx.doi.org/10.1093/mnras/sts261
http://adsabs.harvard.edu/abs/2013MNRAS.428.3121M
http://dx.doi.org/10.1088/0004-637X/786/1/15
http://adsabs.harvard.edu/abs/2014ApJ...786...15M
http://dx.doi.org/10.3847/2041-8205/817/1/L9
http://adsabs.harvard.edu/abs/2016ApJ...817L...9N
http://dx.doi.org/10.3847/0004-637X/828/1/27
http://adsabs.harvard.edu/abs/2016ApJ...828...27N
http://dx.doi.org/10.1038/32596
http://adsabs.harvard.edu/abs/1998Natur.392..253N
http://dx.doi.org/10.1086/306932
http://adsabs.harvard.edu/abs/1999ApJ...514...77N
http://dx.doi.org/10.1093/mnras/stu891
http://adsabs.harvard.edu/abs/2014MNRAS.442.1794O
http://dx.doi.org/10.1093/mnras/stw690
http://adsabs.harvard.edu/abs/2016MNRAS.459..467O
http://dx.doi.org/10.1093/mnras/stw2754
http://adsabs.harvard.edu/abs/2017MNRAS.465..952O
http://dx.doi.org/10.1088/0004-637X/706/1/203
http://adsabs.harvard.edu/abs/2009ApJ...706..203O
http://dx.doi.org/10.1088/0004-637X/766/1/15
http://adsabs.harvard.edu/abs/2013ApJ...766...15P
http://dx.doi.org/10.1111/j.1365-2966.2008.13601.x
http://adsabs.harvard.edu/abs/2008MNRAS.389..651P
http://dx.doi.org/10.1111/j.1365-2966.2010.18032.x
http://adsabs.harvard.edu/abs/2011MNRAS.412.1943P
http://dx.doi.org/10.1093/mnras/stt1563
http://adsabs.harvard.edu/abs/2013MNRAS.436..259P
http://dx.doi.org/10.1051/0004-6361/201322395
http://adsabs.harvard.edu/abs/2014A%26A...562A...1P
http://dx.doi.org/10.1051/0004-6361/201321591
http://adsabs.harvard.edu/abs/2014A%26A...571A..16P
http://dx.doi.org/10.1016/j.jcp.2008.08.011
http://adsabs.harvard.edu/abs/2008JCoPh.22710040P
http://dx.doi.org/10.1111/j.1365-2966.2010.16689.x
http://adsabs.harvard.edu/abs/2010MNRAS.406..535P
http://dx.doi.org/10.1046/j.1365-8711.2001.04268.x
http://adsabs.harvard.edu/abs/2001MNRAS.323..743R
http://dx.doi.org/10.1088/0004-637X/697/2/L99
http://adsabs.harvard.edu/abs/2009ApJ...697L..99S
http://dx.doi.org/10.1111/j.1365-2966.2010.17047.x
http://adsabs.harvard.edu/abs/2010MNRAS.407.1581S
http://dx.doi.org/10.3847/0004-637X/821/2/72
http://adsabs.harvard.edu/abs/2016ApJ...821...72S
http://dx.doi.org/10.1086/306476
http://adsabs.harvard.edu/abs/1998ApJ...509..103S
http://adsabs.harvard.edu/abs/1998ApJ...509..103S
http://dx.doi.org/10.1046/j.1365-8711.2001.03975.x
http://adsabs.harvard.edu/abs/2001MNRAS.320..504S
http://adsabs.harvard.edu/abs/2001MNRAS.320..504S
http://dx.doi.org/10.1088/0004-637X/702/1/307
http://adsabs.harvard.edu/abs/2009ApJ...702..307S
http://dx.doi.org/10.1111/j.1365-2966.2006.11097.x
http://esoads.eso.org/abs/2006MNRAS.373.1074S
http://dx.doi.org/10.1093/mnras/sts028
http://adsabs.harvard.edu/abs/2013MNRAS.428..129S
http://dx.doi.org/10.1093/mnras/stv1985
http://adsabs.harvard.edu/abs/2015MNRAS.454.1105S
http://dx.doi.org/10.1038/nature08880
http://adsabs.harvard.edu/abs/2010Natur.464..733S
http://dx.doi.org/10.1038/nature08773
http://adsabs.harvard.edu/abs/2010Natur.463..781T
http://dx.doi.org/10.1088/0004-637X/768/1/74
http://adsabs.harvard.edu/abs/2013ApJ...768...74T
http://dx.doi.org/10.1088/0004-637X/780/1/77
http://adsabs.harvard.edu/abs/2014ApJ...780...77T
http://dx.doi.org/10.1093/mnras/stv1695
http://adsabs.harvard.edu/abs/2015MNRAS.453.2490T
http://arxiv.org/abs/1610.05304
http://dx.doi.org/10.1086/147861
http://adsabs.harvard.edu/abs/1964ApJ...139.1217T
http://dx.doi.org/10.1016/j.newast.2003.08.004
http://adsabs.harvard.edu/abs/2004NewA....9..137W
http://dx.doi.org/10.1111/j.1365-2966.2008.13260.x
http://adsabs.harvard.edu/abs/2008MNRAS.387..427W
http://dx.doi.org/10.1093/mnras/stv1937
http://adsabs.harvard.edu/abs/2015MNRAS.454...83W
http://dx.doi.org/10.1088/0004-637X/753/2/114
http://adsabs.harvard.edu/abs/2012ApJ...753..114W
http://dx.doi.org/10.1088/0004-637X/709/2/1018
http://adsabs.harvard.edu/abs/2010ApJ...709.1018V


20 T. Buck et al.

Figure A1. Clump properties for three different clump selection

thresholds (2σ, 3σ, 4σ) for u-band selected clumps. The top left
panel shows the total clump mass, the middle panel shows the
clump gas fraction and the bottom left panel shows the clumps
effective radii with the solid vertical orange line indicating the

lower limit of clump sizes set by our selection criteria. The colored
solid lines in the top left panel show the median mass of clumps
and the dotted lines show the mean mass of clumps.

Figure A2. Evolution of the fraction of galaxies with at least
one observed off-center clump for a selection threshold of 2σ (up-

per panel) and 4σ (lower panel). Both panel show the evolution of

the clumpy fraction for the whole NIHAO sample (blue line) com-
pared to observations from Guo et al. (2015) (black dash-dotted

line) and Shibuya et al. (2016) (purple dotted line). The shaded
band shows the 1σ scatter.

by eye would not have been classified as clumpy. This is the
reason for the increased clumpy fraction for this threshold
value. The agreement between the threshold value of 3 and
4σ makes us conclude that our fiducial selection threshold
of 3σ works properly.

B: Dependence of clump size on pixel scale

Recent work by Behrendt et al. (2016) and by Tamburello
et al. (2016) found that clump sizes depend on the cho-
sen spatial resolution and giant clumps would break up into
smaller clumps if the spatial resolution is increased. In this
section we test what happens to the clump sizes found in
this study if the spatial resolution is changed. For our in-
trinsic clump selection we have chosen a pixel scale which
is comparable to the physical resolution of our simulation.
Therefore, we are already using the highest spatial resolution
our simulations allow for. However, we change the pixel scale
of our intrinsic clump selection to match the one of our RT
runs (HST spatial resolution). Accordingly, we changed the
minimum pixel per clump of our clump finder from 30 to 5
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Figure A3. Comparison of clump sizes for intrinsic clumps and
clumps in the RT runs for different pixel scales. The black line

shows our fiducial intrinsic clump selection, the orange line shows

clump sizes for intrinsic clump selection with the HST pixel scale,
the blue line shows clump sizes from our fiducial clump selection

in the RT run and the green line shows clump sizes for RT runs

with doubled resolution (half the pixel scale of HST). The col-
ored vertical lines show the according median clump sizes and

the vertical gray dashed line shows our resolution limit on clump
sizes.

to keep the minimum effective radius of the clumps of about
300 pc. In Fig. A3 we show the comparison of clumps sizes
between the fiducial and the lower spatial resolution runs.
We confirm that our clump finder picks up larger clump
sizes in the lower spatial resolution runs, the median clump
size increasing from ∼ 0.5 kpc to ∼ 0.8 kpc. From a visual
inspection of the galaxies we find that this is due to two rea-
sons: 1) some larger clumps in the lower spatial resolution
run indeed break up into several clumps if the spatial reso-
lution is increased and 2) most small clumps in the higher
spatial resolution run are not found in the lower resolution
run.

For the RT clumps we selected the 6 highest mass galax-
ies and rerun GRASIL-3D in the redshift range z ∼ 3−1 with
a spatial resolution twice as large as that of the fiducial runs.
Again we changed the minimum pixel per clump to match
the physical resolution of the simulation. For these runs we
adopted a value of at least 10 pixel per clump which re-
sults again in a minimum effective radius of ∼ 300 pc for
the clumps. As figure A3 shows there is almost no change
in the clump sizes between the two different RT runs and
clump sizes seem to be stable if the pixel scale is increased.
It is unclear if doubling the spatial resolution is not enough
to see a break up of clumps in the RT runs or if clumps
do not break up in the RT run. We did not test the effect
of increasing the resolution of the RT calculations because
a resolution twice as good as the the fiducial one already
requires four times more memory per core. In our case this
would exceed the typical 2Gb available on HPC machines.

Finally, clump sizes of intrinsic clumps found in the images
with HST pixel scale agree well with clump sizes found in
the RT run of the same pixel scale.

C: Images
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Figure A4. Impression of the cold gas surface density. From left to right: increasing stellar mass mass at redshift 0, from bottom to top

increasing time. Lower bounds of gas surface densities are set to 10M� pc−2 and maximum values are set to 300M� pc−2
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Figure A5. Impression of RGB composite images. From left to right: increasing stellar mass mass at redshift 0, from bottom to top

increasing time.
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Figure A6. Impression of the outcome of the RT runs. From left to right: increasing stellar mass mass at redshift 0, from bottom to top

increasing time. For snapshots in the redshift range 3 > z > 2 we select the F775W filter, for 2 > z > 1 we select the F606W filter and
for z < 1 we select the F435W filter to detect clumps. This filter selection roughly corresponds to the rest frame UV at these redshifts
(Guo et al. 2015).
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