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ABSTRACT
We present a new cosmological, magnetohydrodynamical simulation for galaxy formation:
TNG50, the third and final installment of the IllustrisTNG project. TNG50 evolves 2× 21603

dark-matter particles and gas cells in a volume 50 comoving Mpc across. It hence reaches
a numerical resolution typical of zoom-in simulations, with a baryonic element mass of
8.5 × 104M� and an average cell size of 70 − 140 parsecs in the star-forming regions of
galaxies. Simultaneously, TNG50 samples ∼700 (6,500) galaxies with stellar masses above
1010 (108)M� at z = 1. Here we investigate the structural and kinematical evolution of star-
forming galaxies across cosmic time (0 . z . 6). We quantify their sizes, disk heights, 3D
shapes, and degree of rotational vs. dispersion-supported motions as traced by rest-frame V-
band light (i.e. roughly stellar mass) and by Hα light (i.e. star-forming and dense gas). The
unprecedented resolution of TNG50 enables us to model galaxies with sub-kpc half-light radii
and with . 300-pc disk heights. Coupled with the large-volume statistics, we characterize a
diverse, redshift- and mass-dependent structural and kinematical morphological mix of galax-
ies all the way to early epochs. Our model predicts that for star-forming galaxies the fraction
of disk-like morphologies, based on 3D stellar shapes, increases with both cosmic time and
galaxy stellar mass. Gas kinematics reveal that the vast majority of 109−11.5 M� star-forming
galaxies are rotationally-supported disks for most cosmic epochs (Vrot/σ > 2 − 3, z . 5),
being dynamically hotter at earlier epochs (z & 1.5). Despite large velocity dispersion at high
redshift, cold and dense gas in galaxies predominantly arranges in disky or elongated shapes
at all times and masses; these gaseous components exhibit rotationally-dominated motions far
exceeding the collisionless stellar bodies.

Key words: methods: numerical – galaxies: formation – galaxies: evolution – galaxies: haloes
– general cosmology: theory

1 INTRODUCTION

A fundamental goal of galaxy evolution is to understand the preva-
lence, origin, and evolution of galaxy morphology across mass
scales and as a function of cosmic time. The structural morphology
of a galaxy – namely, the distribution of mass in three-dimensional
space – is dictated by the kinematics of its components. Morphol-
ogy provides a snapshot of the orbital mix of constituent stars, gas,
and dark matter (DM). In turn, both the structural properties and

? E-mail: pillepich@mpia-hd.mpg.de

kinematics of a galaxy’s stellar and gaseous bodies are determined
by the physical processes governing its formation and subsequent
evolution.

Based on observations as well as theoretical studies of galax-
ies, a basic picture has become broadly accepted: a disk-like mor-
phology (in stellar light) is usually associated with gas-phase kine-
matics dominated by rotation. This idea is supported by observa-
tions of star-forming, disk galaxies in the Local Universe (start-
ing with the Milky Way (Gunn et al. 1979), Andromeda, M51, and
other nearby galaxies). However, observations of the higher red-
shift Universe motivate a more complex scenario. The majority of
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massive, star-forming galaxies detected in stellar light at z ∼ 2 are
gas-rich rotating disks (e.g. Förster Schreiber et al. 2006; Genzel
et al. 2006, 2008). Yet, these systems have a much larger contribu-
tion of random (i.e. disordered, non rotational, or even turbulent)
local gas motion (e.g. Weiner et al. 2006; Genzel et al. 2006; Law
et al. 2012a). The latter is estimated by the gas velocity dispersion
(σ), as obtained from Hα emission lines for example. The common
interpretation of this result is that rotationally-dominated disks are
dynamically hotter at high redshift.

According to the canonical theory of cosmological galaxy
evolution, galaxy shapes and kinematics are necessarily affected
by a number of processes whose effects, signatures, and interplay
vary with time and across galaxy masses. These include the accre-
tion of cosmic gas, star formation, gas-rich and gas-poor galaxy
mergers and interactions, feedback from intense star formation and
super massive black holes, and consequent gas outflows and gas
recycling. All such phenomena act upon the foundation provided
by the hierarchical growth of structure, tidal forces, and halo-mass
assembly as experienced, and dominated by, the underlying DM.

In fact, it is observationally well established that the galaxy
population evidences a wide diversity, if not a dichotomy, of fun-
damental properties. On one hand, we observe gas-poor galaxies
with little or even no ongoing star-formation (Welch et al. 2010;
Young et al. 2011; Saintonge et al. 2011); at the same time, gas-
rich galaxies populate a star-forming main sequence (Saintonge
et al. 2011). Different levels of star formation correlate with dif-
ferent morphological properties, at least for the bulk of the galaxy
population: quiescent galaxies exhibit on average highly concen-
trated stellar light distributions typical of bulges while star-forming
galaxies are well approximated by exponential disks (e.g. Kauff-
mann et al. 2003; Wuyts et al. 2011, and references therein, for
the local and high-redshift Universe, respectively). Separations of
this kind are often made in disjoint observational spaces, mostly for
practical reasons and not only for morphological characterizations
but also for kinematical descriptions. For example, measures from
emission lines trace the gas in galaxies and are typically employed
for star-forming, gas-rich galaxies, while measurements from ab-
sorption lines trace the stars and so are a viable diagnostic of the
kinematics of gas-poor, quiescent galaxies.

Indeed, the existence of galaxies that have ceased their star
formation points towards remarkable physical mechanisms at play.
While the processes that bring entire classes of galaxies to quench
are highly debated, it is undeniable that different mechanisms have
shaped the evolution of star-forming versus quiescent galaxies. It is
then quite practical to study morphological evolution of these two
galaxy types separately. In particular, we will focus herein on star-
forming galaxies only, thereby avoiding the nature of quenching
mechanisms and its contributing role to the evolution of galactic
structure and kinematics.

1.1 Shapes and kinematics of star-forming galaxies in
observations

At intermediate and high redshift (z & 0.5), the observational anal-
ysis of star-forming galaxies encounters a difficulty: galaxy mor-
phologies are typically deduced form multi-wavelength imaging
surveys tracing the stellar light, while galaxy kinematics are com-
monly obtained through Hα spectroscopy. While studies of the stel-
lar kinematics of star-forming galaxies are now common in the lo-
cal Universe (e.g. with integral field spectroscopy data from SAMI,
MANGA, and CALIFA), this is not yet viable at higher redshifts
(although see Guérou et al. 2017).

The observational quantification of galaxy stellar morpholo-
gies has a century-long history with methods including visual in-
spection, light profile fits, and non-parametric measures (see e.g.
Conselice 2014, and references therein for a review). In all cases
the limitations of projection effects play a role, as data effectively
provide two-dimensional structural characterizations. Recently, at-
tempts to infer the three-dimensional geometry of galaxies – the
least ambiguous description of a galaxy’s mass distribution – have
emerged (e.g. Padilla & Strauss 2008, with SDSS galaxies), start-
ing from the ansatz that the shapes of ellipticals and spirals can
be well approximated by triaxial ellipsoids (Sandage et al. 1970;
Lambas et al. 1992). For example, at high redshifts, analyses of a
large sample of Lyman-break galaxies imply that a non-negligible
fraction of star-forming galaxies at z > 1.5 are intrinsically elon-
gated, or strongly triaxial (Law et al. 2012b; Yuma et al. 2012).
More recently, van der Wel et al. (2014b) and Zhang et al. (2019)
have independently determined the intrinsic shape distributions of
star-forming galaxies at 0 < z < 2.5 from SDSS and CANDELS.
The qualitative picture uncovered is that the overall oblateness (or
“diskiness”) of galaxies increases with time, and that this process
starts earlier in higher-mass galaxies.

In terms of gas kinematics, the most updated measures at in-
termediate and high redshifts are provided by long-slit and integral
field spectrograph (IFS) surveys of gas emission lines, chiefly Hα,
that traces the 104K gas ionized by young stars in the interstellar
medium (ISM) of galaxies. At z . 1.2, Kassin et al. (2012) have
analyzed an unbiased sample of 108−10.7M� stellar mass galax-
ies from DEEP2 long-slit spectroscopy and distilled the idea that
galaxy disks settle with time, increasing in rotational velocity and
declining in gas velocity dispersion. A similar analysis by Simons
et al. (2017) included data from the SIGMA survey up to z ∼ 2.5,
based on MOSFIRE slit spectra, confirming the qualitative find-
ings: populations of mass-selected galaxies compared across cos-
mic epochs suggest that galaxies tend toward rotational support
with time, and higher-mass systems reach it earlier. More recently,
Price et al. (2019) analyzed the ionized-gas kinematics of more than
700 galaxies at 1.4 . z . 3.8 from the MOSFIRE Deep Evo-
lution Field survey (MOSDEF) finding that the rotational support
increases with increasing stellar mass and decreasing specific star
formation rate.

In parallel, spatially-resolved kinematic surveys that use IFS
instruments at intermediate and high redshifts (MASSIV, SINS/zC-
SINF, OSIRIS, AMAZE-LSD, PHIBBS, KMOS3D) have studied
the Hα or molecular gas kinematics of samples of massive, star-
forming, non-compact galaxies, in samples of a few to several
hundreds, and up to z ∼ 3.5. They return a qualitatively consis-
tent picture: at the cosmic noon, the star-forming “main sequence”
is primarily composed of rotating gaseous disks, with gas veloc-
ity dispersions that decline from high to low redshifts (e.g. Swin-
bank et al. 2012; Wisnioski et al. 2015, and references in Sec-
tion 6.2). The interpretation is that rapid and efficient gas accre-
tion is required in the first few billion years of cosmic evolution.
At the same time, elevated random motions may result from feed-
back energy during the intense star formation that characterizes
galaxies at z ∼ 2 and/or the dynamics of rapid cosmic gas ac-
cretion itself. More recently, Swinbank et al. (2017) have extended
the gas kinematic analysis of star-forming galaxies throughout the
z = 0.3 − 1.7 range and down to galaxies of 108M� thanks to
MUSE observations. Finally, Girard et al. (2018) have further ex-
tended the investigated mass range down to∼ 4×109M� galaxies
at 1.4 < z < 3.5 thanks to gravitational lensing.



TNG50 galaxies: stellar and gaseous disks 3

1.2 Structures and kinematics of galaxies from
hydrodynamical simulations

A complete theory for the formation of galaxies must reproduce
the final, z = 0, global and statistical properties of the observed
galaxy population as a whole. It should also provide insights into
the evolution and internal details of individual galaxies’ structures
and kinematics. This can be achieved in complete generality only
with numerical simulations and, in particular, with hydrodynamical
simulations of galaxies in the full cosmological context.

There has been significant progress in recovering the morpho-
logical diversity of the observed galaxy populations in recent years;
particularly in large-volume hydrodynamical simulations like Illus-
tris (Vogelsberger et al. 2014b,a; Genel et al. 2014; Sijacki et al.
2015) and EAGLE (Schaye et al. 2015; Crain et al. 2015), at
roughly kpc and 106M� spatial and mass resolution. With Illustris,
Snyder et al. (2015); Bottrell et al. (2017a,b) have demonstrated,
via realistic mock observations of Illustris galaxies, that the ob-
served connections among mass, star formation, and galaxy struc-
ture can arise naturally from models matching global star forma-
tion and halo occupation functions, albeit with a deficit of bulge-
dominated galaxies. In parallel, Correa et al. (2017) and Thob et al.
(2019) have demonstrated, for example, that the EAGLE model
also naturally produces a galaxy population for which stellar mor-
phology is tightly correlated with the location in the color-mass dia-
gram, with the red sequence mostly composed of elliptical galaxies
and the blue cloud of disk galaxies.

More recently, the connection between galaxy stellar mor-
phologies and galaxy colors has been recovered also in the succes-
sor of Illustris, the IllustrisTNG simulations (Naiman et al. 2018;
Nelson et al. 2018; Marinacci et al. 2018; Pillepich et al. 2018b;
Springel et al. 2018), as demonstrated qualitatively by Nelson et al.
(2018). The realism of the galaxies produced by currently-available
hydrodynamical simulations is reaching unprecedented quantita-
tive levels indeed with the TNG100 simulation, as explored by
Rodriguez-Gomez et al. (2019). Through synthetic images obtained
by post-processing the simulated galaxies with SKIRT and includ-
ing the effects of dust, we have demonstrated that the average
Mstars & 1010M� TNG100 galaxies exhibit values of optical mor-
phological estimators like Gini-M20, concentration-asymmetry-
smoothness statistics, and 2D Sersic indexes and sizes that are in
remarkable agreement with Pan-STARRS data at z ∼ 0.05.

However, in closely comparing structural measurements of
galaxies to those available in observations, numerical works have
generally neglected to quantify the most intrinsic and less am-
biguous characterization of a galaxy’s mass distribution: its three-
dimensional shape, as for example approximated by an ellipsoid.
Notable studies include Trayford et al. (2018) and Thob et al.
(2019) of EAGLE galaxies, and Zhang et al. (2019) together with
Ceverino et al. (2015) and Tomassetti et al. (2016) who qualita-
tively contrasted the shape fractions inferred from CANDELS data
to ∼ 30 high-redshift VELA zoom-in galaxies with stellar masses
in the 109−10M� range, finding broadly similar trends. The bulk of
the currently-available analyses of galaxy structures from simula-
tions have focused almost exclusively on the low-redshift Universe.

In general, zoom-in simulations provide trailblazing insights
into the formation and evolution of e.g. Milky Way-like galax-
ies and their morphological components (e.g. Guedes et al. 2013;
Grand et al. 2017, with Eris and the Auriga simulations, respec-
tively). However, they have been less useful in broadly testing the
outcome of their underlying physical models against population-
wide morphological observed estimators, being also more prone to

be affected by subtle phenomena, like the butterfly effect (Genel
et al. 2019). This is because such projects are designed to sample
only a few, or up to a few tens, galaxies at the time. These are often
chosen to represent specific classes of galaxies, and typically favor
better numerical resolution over statistics in comparison to ∼ 100
Mpc cosmological simulations as mentioned above.

On the other hand, zoom-in simulations from the last five to
eight years are the first actually suitable to provide predictions for
the internal kinematics of galaxies. In most cases, kinematical anal-
ysis has focused on the measurement of the rotation velocities for
Milky Way-like local disk galaxies (e.g. Guedes et al. 2011). In a
few cases, velocity dispersion has been measured, particularly for
disk galaxies at z = 0. For example, this has been done for the
stellar component with the purposes of understanding radial migra-
tion (Roškar et al. 2013); and for the gas component to highlight
the direct connection to the star formation-feedback loop (Agertz
et al. 2013). Thinking about higher redshifts, Kassin et al. (2014)
have analyzed four Milky Way-like galaxies and shown that they
follow similar disk-settling trends as the observations suggest, with
increasing (decreasing) rotational velocity (gas velocity dispersion)
with time. However, those galaxies at high redshifts represent ob-
jects chosen, by construction, to be cold disks at z = 0. More
recently, Hung et al. (2019) have measured the velocity dispersion
of star-forming gas in four FIRE galaxies from z = 0 to z = 4 and
found that σ increases steeply from z = 0 to z ∼ 1.5, with 100-
Myr time variation that is connected to the evolution of the star
formation rates and gas-mass inflows. However, also in that work,
the simulated galaxies cover a narrow mass range, and with lower
masses than those probed by current IFS surveys at intermediate
and high redshift.

No studies have yet provided an extensive and conclusive
kinematics analysis of populations of simulated star-forming galax-
ies that can be broadly contrasted to the results from slit-like and
IFS-like current observations. So far, large uniform-volume simu-
lations have been analyzed in order to shed light on the dichotomy
and formation of fast and slow rotators (e.g. Penoyre et al. 2017; Li
et al. 2018; Schulze et al. 2018, with Illustris and Magneticum) and
to quantify the connection between galaxy morphology and spin on
the one side and AGN feedback, environment and/or mergers on the
other (Rodriguez-Gomez et al. 2017; Dubois et al. 2016; Choi et al.
2018; Lagos et al. 2018a,b, with Illustris, Horizon-AGN and EA-
GLE). Recently, van de Sande et al. (2019) have compared struc-
tural and kinematic properties of simulated galaxies from EAGLE,
Hydrangea (Bahé et al. 2017), Horizon-AGN (Dubois et al. 2016),
and Magneticum (Dolag et al. in prep) with observed galaxies in the
SAMI, ATLAS3D, CALIFA and MASSIVE surveys. However, in
most cases these works have principally focused on massive early-
type galaxies at z ∼ 0, which are expected to be mostly quenched.
This choice has been dictated by the limited numerical resolution
of such models, which is generally thought to be insufficient to
properly capture even the kiloparsec-scale kinematics of interme-
diate and low-mass galaxies that are observationally accessible, es-
pecially in the low-redshift Universe. Other analyses have inves-
tigated the relation between stellar shapes and stellar kinematics
with EAGLE and across galaxy types (Thob et al. 2019). Further-
more, there is a rich body of works on the problem of the evolution
and conservation of galaxies angular momentum, also informed by
the results of large uniform-volume simulations and across galaxy
types (e.g. more recently Genel et al. 2015; Lagos et al. 2017, with
Illustris and EAGLE). However, in most cases so far, the focus has
been placed on the final z = 0 outcome, or on the stellar compo-
nents, or the analyses have been carried out via theoretical char-
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acterizations of galaxies properties (e.g. resolution element-based
angular momenta) that cannot be easily contrasted to observations.
In fact, so far, no quantitative analysis of the spatially-averaged
or map-based internal kinematics of star-forming galaxies within
large uniform-volume simulations exists.

1.3 The current work and TNG50

The new TNG50 simulation that we introduce here provides a
transformational step forward in uncovering the structural and kine-
matics properties of simulated galaxies across cosmic time. Specif-
ically, we model and analyze here for the first time the 3D shapes
and internal kiloparsec-scale structure and dynamics of thousands
star-forming galaxies, including hundreds of > 1010M� at z & 1,
all modeled with a physically-motivated, though necessarily sim-
plified, numerical treatment of star formation and feedback that acts
below ∼ 100 parsec scales in the ISM.

Our overarching goal is to present theoretical predictions from
TNG50 for both Hα and stellar-light tracers. We then place them
into the context of the findings of currently available long-slit and
IFS observations (see above), in anticipation of future, highly de-
tailed high-redshift galaxy observations. Our approach is supported
by a numerical model that includes the dominant mechanisms that
are expected to influence the evolution of the galaxy properties of
interest (see above and Section 2). In particular, we measure the
sizes, disk heights, intrinsic 3D shapes, rotational velocities and
velocity dispersions of stars and star-forming i.e. Hα-emitting gas
in the inner regions of galaxies, with two objectives. First, to un-
cover outcomes of TNG50 for which the model has not been in any
way calibrated and is thus predictive. Second, to contrast structural
versus kinematical features, as well as the properties of the stel-
lar versus gaseous components of galaxies. We hence focus on a
redshift regime (z & 0.5) where such comparisons are currently
prohibitive in observations, though soon to emerge: in this way, we
maximize the predictive return of this work and fill a gap in the
current landscape of theoretical studies based on hydrodynamical
models. In this first paper on the topic, we focus on the evolution of
galaxy populations on the star-forming main sequence, postponing
an analysis of quenched galaxies. We connect galaxy populations
across redshift at fixed stellar mass, postponing the study of indi-
vidual galaxy tracks.

The structure of the paper is as follows. In Section 2, we de-
scribe the numerical and technical details of the new TNG50 sim-
ulation. We provide the analysis methods and operational defini-
tions of galaxy properties in Section 3. Statistics of the star-forming
galaxy population of TNG50 are given in Section 4. The results
are quantified and discussed in two phases: Section 5 for the struc-
tural morphologies and Section 6 for the kinematics, respectively.
A discussion that brings together and critically addresses all the
presented results is given in Section 7, and we summarize and con-
clude in Section 8.

2 THE TNG50 SIMULATION

TNG50 is the most computationally-demanding and highest-
resolution realization of the IllustrisTNG simulation project1. The
first two simulations of the suite, TNG100 and TNG300, have al-
ready been introduced and analyzed for a variety of galaxy-physics

1 www.tng-project.org

and cosmology topics (Nelson et al. 2018; Naiman et al. 2018;
Marinacci et al. 2018; Pillepich et al. 2018b; Springel et al. 2018).
Here, together with the companion paper by Nelson et al. 2019, we
present the third and final volume of the project.

TNG50 provides an unprecedented combination of volume
and resolution. It evolves dark-matter, gas, stars, black holes, and
magnetic fields within a uniform periodic-boundary cube of 51.7
comoving Mpc on a side (hence the name), containing 2×21603

total initial resolution elements: half dark-matter particles and half
Voronoi gas cells, in addition to an equal number of Monte Carlo
tracer particles. Table 1 provides the most important details and a
comparison to the other flagship IllustrisTNG runs. As with all flag-
ship TNG simulations, TNG50 (aka TNG50-1) is also equipped
with a series of lower-resolution realizations of the same volume
(to control for resolution effects), each accompanied by its dark-
matter only counterpart (to uncover baryonic effects). The second
level, TNG50-2, has a comparable, but slightly better, resolution
to TNG100, while the third level, TNG50-3, compares closely to
TNG300. TNG100 (TNG300) has a particle resolution that is a fac-
tor of 15 (120) worse than TNG50(-1) – see Appendix B.

2.1 The initial conditions

In order to simulate a representative volume and minimize sample
variance, we have selected our simulation from a set of sixty ran-
dom realizations of the initial density field that have been evolved
at low resolution to the current epoch. From these sixty realizations
we have chosen the most average cumulative dark matter halo mass
function, considering haloes more massive than 1010M�. The vol-
ume selected for TNG50 includes at z = 0 one object exceeding
1.82×1014M� (a Virgo-cluster analog), about sixty massive galax-
ies residing in halos of 1012.5M� and above (massive ellipticals),
∼ 130 galaxies as massive as the Milky Way, including a priori
both disk and elliptical galaxies, and thousands of dwarf galaxies. It
is therefore a fully representative patch of the Universe, encompass-
ing a diverse range of environments and large-scale overdensities
across cosmic time. The inclusion of the cosmologically expected
average abundance of objects, in particular the more massive halos,
is reflected in the computational expense to execute such a run all
the way to redshift zero.

The initial conditions of all simulations of the series have
been created at z = 127 using the Zeldovich approximation and
the N-GENIC code (Springel, priv. comm.). The adopted cos-
mological parameters are consistent with the PlanckCollaboration
et al. (2016) results, with matter density Ωm = Ωdm + Ωb =
0.3089, baryonic density Ωb = 0.0486, cosmological constant
ΩΛ = 0.6911, Hubble constant H0 = 100h km s−1Mpc−1 with
h = 0.6774, normalisation σ8 = 0.8159 and spectral index
ns = 0.9667.

2.2 The model

TNG50, as with the other IllustrisTNG simulations, has been
evolved with AREPO (Springel 2010), a massively-parallel simu-
lation code optimized for large runs on distributed memory ma-
chines. It solves the coupled equations of ideal magnetohydrody-
namics (MHD) and self-gravity. For the (magneto)hydrodynamics,
the code uses a finite volume method on an unstructured, mov-
ing, Voronoi tessellation of the simulation domain. This provides
a spatial discretization for Godunov’s method with a directionally
unsplit second order scheme (Pakmor et al. 2016). A fundamen-
tal strength of the code is that the generating points of the Voronoi

www.tng-project.org
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Table 1. Physical and numerical parameters of TNG50 and the other two flagship runs of the IllustrisTNG series, TNG100 and TNG300. The parameters
are: the box side-length, the initial number of gas cells and dark matter particles, the target baryon mass, roughly equal to the average initial stellar particle
mass, the dark matter particle mass, the z = 0 Plummer equivalent gravitational softening of the collisionless component, the minimum comoving value of
the adaptive gas gravitational softenings, and the average cell size of star-forming gas across the simulated volumes. Lastly, the total run time including
substructure identification in CPU core hours, and the number of compute cores used. For further details on the adaptive mass and spatial resolution of the gas
component see Section 2.3.

Run Name Lbox NGAS NDM mbaryon mDM εz=0
DM,stars εgas,min r̄cell,SF CPU Time Ncores

[ com Mpc ] - - [ M� ] [ M� ] [ pc ] [ phys pc ] [ com pc ] [ Mh ] -

TNG50(-1) 51.7 21603 21603 8.5× 104 4.5× 105 288 72 140 ∼ 130 16 320
TNG100(-1) 110.7 18203 18203 1.4× 106 7.5× 106 738 190 355 18.0 10 752
TNG300(-1) 302.6 25003 25003 1.1× 107 5.9× 107 1477 370 715 34.9 24 000

mesh are allowed to move in time, through the assignment of a ve-
locity close to the local fluid velocity field. Consequently, the mesh
has no preferred directions or Cartesian grid structure. Ideal MHD
is solved in a single-ion plasma approximation, with the divergence
constraint of the magnetic field handled by the eight-wave Powell
cleaning scheme (Pakmor et al. 2011; Pakmor & Springel 2013);
a tiny, uniform primordial magnetic-field seed (10−14 comoving
Gauss at z ∼ 127) is imposed at the initial conditions. Finally,
Poisson’s equations for gravity are solved via a tree-particle-mesh
(TreePM) algorithm, with Voronoi gas cells treated as point masses
at the position of their centres of mass and all other matter compo-
nents appropriately sampled as particles.

The model for galaxy formation includes stochastic, gas
density-threshold based star formation; evolution of mono-age stel-
lar populations represented by star particles; chemical enrichment
of the interstellar medium (ISM) and the tracking of nine different
chemical elements (H, He, C, N, O, Ne, Mg, Si, Fe) in addition
to the total gas metallicity and Europium; gas cooling and heating;
feedback from supernovae in the form of galactic winds; seeding
and growth of supermassive black holes and the injection of energy
and momentum from them into the surrounding gas. All physics as-
pects of the model, including parameter values and the simulation
code, are described in the two IllustrisTNG method papers (Wein-
berger et al. 2017; Pillepich et al. 2018a) and remain entirely un-
changed for our production simulations, including TNG50. One nu-
merical update has been applied to execute the TNG50 simulation,
namely a change to the shape of the effective equation of state of
the star-forming gas: this has been done in order to promptly con-
vert the highest-density gas into stars and hence avoid time steps
as small as 10 years at the resolution of TNG50. In practice, this
change was motivated by numerical reasons alone and has no im-
pact on galactic properties or statistics at any cosmic time (see Sec-
tion 2.2 of Nelson et al. 2019 for details).

2.3 Notes on numerical resolution

A defining feature of TNG50 in comparison to previous cosmolog-
ical uniform-volume simulations is its high numerical resolution.
We therefore provide some important comments on this aspect.

As summarized in Table 1, in TNG50 the DM particle mass is
4.5×105M�, while the mean baryonic gas mass resolution is 8.5×
104M�, maintained within a factor of two of this target through
cell (de-)refinement. Stellar particles inherit a similar initial mass
but subsequently lose mass via stellar evolution.

The Plummer equivalent gravitational softening of the colli-

sionless components (dark matter, stars and wind particles) is 575
comoving pc until z = 1, after which it is fixed to its physical
value of 288 pc at z = 1, down to the current epoch. The grav-
itational softening of the gas component is, instead, adaptive and
proportional to the effective cell radius, εgas = 2.5rcell. This value
is calculated as the radius of the sphere with volume equal to the
Voronoi gas cell volume, a good approximation for the cell size
since mesh regularization maintains roughly spherical cell shapes.
A minimum softening is enforced: here it corresponds to 72 co-
moving pc at all times, so that it does not become too much smaller
than the collisionless softening.

The adaptivity of the Voronoi mesh translates into a continu-
ous distribution of possible cell sizes that drop to very small values
in the highest density environments. As a result, no single number
can robustly describe the spatial resolution over which the magne-
tohydrodynamics is resolved. In Fig. 1, we therefore illustrate and
quantify the distribution of cell sizes (rcell) in TNG50 galaxies at
z = 1. The black solid curve shows the average across the galaxy
population of the median size of star-forming gas cells within
galaxies (within twice the stellar-half mass radius). The smallest
cells within galaxies can have sizes that are many factors smaller
than the median size: the galaxy-population average at z = 1 is
denoted by the black dashed curve, and compared to the analog at
z = 4 (thin gray dashed curve). The smallest gas cell across the
whole TNG50 volume at z = 1 is 6.5 physical pc. These sizes
can be compared to the gravitational softening lengths of both stars
and gas, in red and orange annotations respectively. The median
cell sizes in typical galaxies at two lower-resolution levels are also
shown: TNG50-2 and TNG50-3 (dark and light gray solid curves),
which are similar to TNG100 and TNG300, respectively.

On the right column of Fig. 1 we illustrate the spatial distribu-
tion of Voronoi cell size within three random galaxies at z = 1. The
colorbar indicates the smallest Voronoi cell along the line of sight,
binning in pixels of 1 comoving kpc, and ranges from 10 comov-
ing parsecs (in blue) to 1 comoving kpc (in red). By construction
the cell sizes trace the gas density, with cells as small as a few tens
of parsecs in the central, high-density regions of galaxies. Overall,
we see that Voronoi sizes of about 100 pc are typical of the star-
forming regions of galaxies, e.g. in the spiral arms: our numerical
prescriptions – e.g. the conversion of gas into stars and the launch-
ing of stellar winds – are subgrid only below this∼100-parsec scale
in the ISM.
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Figure 1. Spatial resolution of the baryonic elements in TNG50. Left panel: distribution of the Voronoi cell sizes in TNG50 galaxies, taken as the spherical
volume equivalent radii and representing the spatial resolution over which the equations of magnetohydrodynamics are solved. The black solid curve represents
the average across the galaxy population of the median sizes of star-forming gas cells within galaxies at z = 1 (within twice the stellar-half mass radius);
the hatched region denotes the 5th to 95th percentiles. The smallest cells within galaxies can have sizes that are several times smaller than the median: the
galaxy-population average at z = 1 is shown with the black dashed curve, and compared to the z = 4 measurement (thin gray dashed curve). For reference,
the smallest gas cell across the whole volume measures 6.5 phys pc. These sizes are compared to the gravitational softening lengths of both stars and gas, in red
and orange respectively. Analog measurements at the lower-resolution levels of TNG50-2 and TNG50-3 are also included (dark and light gray solid curves).
Right stamps: spatial distribution of the Voronoi cell sizes in three random galaxies, showing the smallest cell size along the line of sight, binned in pixels of
size 1 ckpc. While central regions typically reach resolutions of a few tens of parsecs, the majority of the star-forming disk is resolved at ∼ 100 parsec scales.

3 ANALYSIS METHODS AND OPERATIONAL
DEFINITIONS

The goal of this paper is to provide an atlas of the structural and
kinematical properties of star-forming galaxies and their evolution
across time in the TNG50 simulation. To begin, we first describe
how galaxies are identified and their properties characterized.

3.1 Galaxy identification

We identify haloes, and the subhaloes which inhabit them, via the
Friends-of-Friends (FoF Davis et al. 1985) and SUBFIND (Springel
et al. 2001) algorithms, respectively. Within each FoF halo, sub-
haloes identified by the SUBFIND algorithm are made up of all the
resolution elements (gas, stars, dark matter, and black holes) which
are gravitationally bound to the subhalo. By definition these ele-
ments are disjoint from the material in other subhaloes, including
satellite galaxies. In our framework, galaxies are subhaloes with
non vanishing stellar mass (see definition below), excluding those
with less than 20 per cent of their mass in dark matter (see Sec-
tion 5.2 of Nelson et al. 2019). The sample includes both central
and satellite galaxies; for each, its position is taken as the location
of the particle with the minimum gravitational potential energy. A
central galaxy is generally the most massive subhalo in its halo,
and may be associated with one or more satellites. Here, satellites

are SUBFIND-identified galaxies that are members of their parent
FoF group regardless of their distance from its centre. Unless oth-
erwise stated, we study both central and satellite galaxies without
distinction.

3.2 Galaxy descriptors

We consider galaxy bodies holistically, and quantify the phase-
space properties of their stellar and gaseous components. Key as-
pects are schematically summarized in Table 2 and detailed here.

We describe galaxies both in terms of stellar mass and rest-
frame V-band light. Stellar mass is simply the sum of the current
mass of stellar particles in a given volume, hence taking into ac-
count mass loss due to supernovae, AGB stellar winds and general
stellar evolution. A Chabrier IMF is adopted throughout (Chabrier
2003). The V-band light (Johnson-V broad filter centered at λeff =
5506.9Å, Vega magnitudes) is calculated for every stellar parti-
cle via the Bruzual & Charlot (2003) stellar population synthesis
model given a particle’s stellar age and metallicity. The redshifted
rest-frame V band falls within the NIR-Cam filters on board the
James Webb Space Telescope (JWST), hence providing a useful,
observationally accessible descriptor of galaxy populations from
intermediate to very high redshifts (1 . z . 9).

In terms of the gaseous component, we are interested in (i) the
total gas mass, without distinctions based on density, temperature
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or metallicity, as well as in (ii) star-forming gas, together with its
observational proxies. In the simulation, when a gas cell exceeds a
density threshold (nH = 0.13 cm−3), it is dubbed star forming. In
practice, in the IllustrisTNG model, cold high-density gas is placed
on an equation of state between temperature and density (Springel
& Hernquist 2003). As a result, our ability to physically describe
the small-scale properties of the inherently multi-phase ISM is lim-
ited in this regime.

For this paper, star-forming gas in the simulation traces the
sites of star formation, and can be described in terms of its mass and
star formation rate (SFR, instantaneous). To connect to a widely
used and accessible observational tracer, we associate an Hα lumi-
nosity to each star-forming gas cell using the canonical calibration
of Kennicutt (1998):

SFR(M� year−1) = 7.9× 10−42 L(Hα) [ergs s−1] (1)

While different measurements of SFRs can be used in this relation
(see next subsection), here we adopt the instantaneous, theoretical
star formation rate of the gas cells. For the present analysis, we
consider only the spatial distribution of Hα luminosity, and not its
quantitative magnitude. Still, we note that Hα-emitting gas in real-
ity is likely more directly affected in its motions by stellar feedback
than in TNG, where we invoke a wind particle scheme which does
not directly disturb the star-forming gas from which it originates
(see Pillepich et al. 2018a, and Nelson et al. 2019 for details on the
implementation and a characterization of the properties of galactic
outflows in the TNG model, respectively).

Occasionally, we will refer to neutral hydrogen as the frac-
tion of the mass of each gas cell in hydrogen, as self-consistently
tracked, which is also neutral, according to the fiducial self-
shielding prescription. We combine together atomic and molecular
phases and ignore complications therein (see Diemer et al. (2018);
Stevens et al. (2019) and Popping et al. 2019 for further details on
the treatments of HI and H2). Finally, we neglect any effect of dust
on the considered observables.

3.3 Galaxy properties

The operational definitions and hence measurements of galaxy
properties in this paper serve two simultaneous purposes. First, we
want to describe our simulated galaxies based on properties that are
broadly similar to available observables. At the same time, we want
to uncover intrinsic characteristics and their interrelations without
the limitations and biases encountered in observations. In practice
we do not create ‘mock’ observations, and our measurements do
not exactly replicate any observational choice available in the liter-
ature. As a result, comparisons to observational datasets should be
undertaken with care – detailed quantitative observational compar-
isons are postponed to future analyses. We measure:

Galaxy center and bulk velocity. The center and bulk (or sys-
temic) velocity define the coordinate system with respect to which
positions and velocities of all galaxy components are measured. Al-
though the simulation halo finder places a galaxy center at the posi-
tion of its most-gravitationally bound resolution element, this does
not necessarily coincide with e.g. the peak of the stellar light distri-
bution. We therefore take the average 3D position and 3D velocity
of the 5 per cent most gravitationally bound resolution elements.
We use stars for stellar mass (or light) measurements, and likewise
gas cells for gas mass, Hα or neutral hydrogen measurements.

Stellar mass. Throughout this paper, a galaxy’s stellar mass is the
sum of the current mass of all stellar particles within 30 physical
kpc from the galaxy center, excising satellites.

Star formation rate (SFR). Unless otherwise stated, SFRs are es-
timated from the instantaneous gas properties, which we regard as
the true SFR of the galaxies. Alternatively, we could measure the
SFRs in galaxies averaged over different time scales, i.e. 10, 50,
200 Myrs: the relationship between these measurements has been
quantified in TNG by Donnari et al. (2019). We always sum over
resolution elements within an aperture of 30 physical kpc. The spe-
cific star formation rate (sSFR) is the ratio between SFR and stellar
mass, the latter as defined above.

Size (r1/2). Every galaxy is characterized by a 3D stellar and 3D
total gas half-mass radius and 2D half-light radii in V band, Hα or
neutral hydrogen mass. In all cases, to determine the total mass
or light, we account for all gravitationally-bound material with-
out mimicking any surface-brightness or signal-to-noise limits. As
a result our size estimates may be larger than those typically in-
ferred observationally. Importantly, for the 2D projected, circular-
ized sizes, we first rotate galaxies in their face-on projections (see
below). The symbolRstars always denotes the 3D stellar half-mass
radius of a galaxy.

Galaxy ‘up vector’ and edge-on vs. face-on orientation. We de-
fine the ‘up vector’ of a galaxy as the shortest eigenvector (mi-
nor axis) of the mass tensor, accounting for all the gravitationally-
bound mass within the 3D half-mass radius. In a coordinate system
that is aligned with the eigenvectors (principal axes) of the mass
tensor, many edge-on projections are possible, and we choose one
at random. In general, we determine the mass tensor (and projec-
tions) of a galaxy independently for stellar or gas measurements.
The diagonalization of the mass tensor provides us with a defini-
tion of the structural major and minor axes of a galaxy.

Disk height (h1/2). We measure a “thickness” or “disk height” for
every galaxy by rotating it into an edge-on projection and determin-
ing how rapidly the mass (or light) profiles decrease as a function
of distance from the mid-plane. The disk thickness is taken as the
half-mass or half-light height (h1/2) accounting for all the mass
or light (of stars or gas) within 2Rstars in both the major and mi-
nor axes directions, i.e. we place a squared slit aligned with the
galaxy’s major axis.2 We do not characterize disk heights based on
exponential-profile fitting because we require a measure that ap-
plies to all types of galaxies, not just disk-like galaxies.

Shape. We characterize the structural major and minor axes of a
galaxy based on the 3D intrinsic shapes of galaxies, diagonalizing
the stellar (or Hα-emitting gas) mass tensor. The shape of a galaxy
is summarized with two parameters: the minor-to-major axis ratio
(s or sphericity) and the middle-to-major axis ratio (the q parame-
ter). To estimate a galaxy’s shape we: a) define shapes in elliptical

2 We have also measured the disk heights by considering all material within
1Rstars or excluding the central regions, i.e. in the 1 − 2Rstars range, in
order to exclude the possible contribution of a bulge. In fact, stellar heights
excluding the innermost regions are up to a factor of two larger, consistently
across masses and times, indicating disk flaring. The qualitative conclusions
and trends we describe in the next sections are unaffected by these choices
and the quantitative effects are negligible for the scope of this analysis.
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Table 2. Schematic overview of the galaxy components or tracers considered in this paper:

Galaxy Descriptor Technical Description Notes

Stellar Mass Sum of the mass of all individual stellar particles of a
galaxy, assuming a Chabrier (2003) IMF.

Not directly observable, but traces the distribution and dynamics
of mono-age stellar populations.

V-band Stellar Light Integrated light from star particles at 0.55µm (rest-
frame), using Bruzual & Charlot (2003).

Traces stellar particles according to their age and metallicity, ne-
glecting dust attenuation effects.

Gas Mass Sum of the mass of all gas cells particles of a galaxy. Not observable, as it includes all gaseous phases regardless of
temperature, density, ionization state, chemical composition.

Neutral Hydrogen Mass Sum of the fraction of the hydrogen cell mass (or den-
sity) in neutral phase.

Includes both molecular and atomic phases without attempting to
separate the two.

Hα Light Sum of the light associated to star formation within a
galaxy, i.e. proportional to the instantaneous SFR of
gas cells, as per Eq. 1.

In TNG traces gas that is star forming (i.e. cold and dense). Given
our ISM model, this Hα-emitting gas would trace multiple ob-
servational phases including molecular and ionized gas without
necessarily distinguishing between them.

shells; b) iteratively diagonalize the mass tensor and redefine the el-
liptical shells for the calculation until the direction and modulo of
the eigenvectors of the mass tensor stabilize. This is done by keep-
ing fixed the direction of the major axis and keeping the major-axis
length fixed to 2Rstars (as in Chua et al. 2019). Our fiducial choice
is to measure 3D shapes at 2Rstars and within an elliptical shell
with a thickness of 0.4Rstars.3

Kinematics. From the kinematics view point, we characterize our
simulated galaxies with summary statistics of the velocity fields
of the V-band and Hα-emitting components within apertures of
2Rstars in projection. Our measurements of velocity dispersion
and rotational velocity capture intrinsic dynamics, and deliberately
take advantage of optimal view directions, unlike in observations.

Velocity dispersion (σ). We measure the velocity dispersion of
V-band stellar light and Hα-emitting gas by projecting galaxies
face-on and including particles/cells within a cube of side-length
8Rstars. We thus calculate the average line-of-sight unweighted
velocity dispersion in pixels of 0.5 comoving kpc4, as de-
fined in Appendix A. Next, we employ a virtual “slit” aligned
with the structural major axis of the galaxy that extends from
[−2Rstars,+2Rstars] and [−1/5Rstars,+1/5Rstars] along the
major and middle axes, respectively. We measure one line-of-sight
velocity dispersion per galaxy: the mean dispersion of the pixels
within 1 − 2 × Rstars along the slit. We measure the velocity
dispersion in face-on projection in order to remove the contribution
from possibly ordered motions. We also exclude the central re-
gions because we are interested in the kinematics of galaxy disks,
excluding for example contributions from stellar bulges. This

3 Due to shape changes as a function of galactocentric distance within
galaxies, quantitative results depend on the elliptical aperture. We will gen-
erally comment on the comparison between shape measurements at Rstars

versus 2Rstars. We also note that non-iterative or non-shell determination
of axis ratios systematically biases the results, labeling galaxies more spher-
ical than implied by their iso-density contours.
4 Our pixel sizes are chosen to fall between what our numerical resolution
enables and what is observationally possible at present (spatial resolutions
in IFS observations ranging from a fraction to a few physical kpc, from low
redshift to z ∼ 2 − 3). Average velocity dispersion values do depend on
pixel size, especially in the cases where the velocity field is highly inhomo-
geneous (larger pixels imply larger σ). Detailed comparison with observa-
tional results requires a more closely matched analysis.

procedure is visualized in Figs. 10 and 11 for the stellar and Hα
components, respectively. Our estimates for velocity dispersion
naturally and deliberately include the effects caused by feedback
on the motions of the gaseous components (and indirectly the stel-
lar components). They also include contributions from extraplanar
gas, depending on the 3D distribution of the Hα-emitting gas.
Throughout the analysis, we quantify the effects of the thermal
motions of the gas: unless otherwise explicitly noted, our results
do not take into account the contributions from thermal motions.
This choice is dictated by the limitations of the underlying ISM
model, whereby it is not easy to associate a physically-meaningful
value to the internal energy of star-forming (i.e. Hα-emitting) gas
cells: in practice, in our model, to include a thermal component
to the Hα velocity dispersions entails some degree of uncertainty
(see Appendix A for more details). On the other hand, from an
observational perspective, it is often hard, if not impossible, to
obtain an intrinsic measure of σgas subtracted of the contribution
from thermal motions: therefore in order to provide results that are
closer to what typically obtained observationally, we also provide
TNG50 estimates of the total gas velocity dispersion. In any
case, our measures correspond to “vertical” velocity dispersions
if disks are in place. They are a priori different from estimates of
the tangential or “in-plane” velocity dispersions but can be more
directly related to the vertical heights of galaxies, as we do in the
Discussion.

Rotational velocity (Vrot). We measure rotational velocity as the
maximum of the rotation curve within 2Rstars in projection. In
particular, we: 1) project galaxies edge-on, including particles/cells
within a cube of side-length 8Rstars, 2) derive the mean line-of-
sight unweighted velocity of the stars (or gas) in pixels of 0.5
ckpc; 3) place a virtual “slit” aligned with the structural major
axis of the galaxy that extends from [−2Rstars,+2Rstars] and
[−1/5Rstars,+1/5Rstars] along the major and minor axes, respec-
tively; 4) derive the 1D profile of mean line-of-sight velocity versus
distance along the slit; 5) record the maximum of the absolute value
of this rotation curve within 2Rstars, labeling it Vrot. Given the sta-
tistical nature of our simulated sample, we deliberately neglect pos-
sible asymmetries in the rotation curves and the possibility that the
de-facto kinematical major axis is mis-aligned with respect to the
structural major axis. However, we explore a number of alternative
definitions and comment on these outcomes below. Examples of
rotation curves from TNG50 galaxies are shown in Figs. 10 and 11,
for the stellar and Hα components, respectively. Our measures cor-
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respond to “azimuthal” velocities within the disk plane, if a disk is
in place, and reflect more prominently the velocities of the material
along the structural major axis, by construction.

3.4 Notes on plots and units

Relations across galaxy properties are shown by drawing running
medians, i.e. calculating median properties as a function of e.g.
galaxy stellar mass in bins of 0.2-0.3 dex. Median curves are plotted
only for bins that contain at least 10 galaxies each, unless otherwise
noted. The abbreviation “pkpc” denotes “physical kpc” to distin-
guish from comoving units (“ckpc”). All velocities are in physical
i.e. proper km s−1.

4 THE TNG50 SAMPLE OF STAR-FORMING GALAXIES

In this paper, we are interested in the widest possible range of
galaxy stellar mass across cosmic epochs. Unless otherwise stated,
we consider all simulated star-forming galaxies with 107M� in
stellar mass and above. In this Section, we expand on these choices
and operational definitions.

The stellar-mass minimum enforces at least 140 stellar par-
ticles per galaxy and in practice, in the 1 − 2 × 107M� stel-
lar mass range, a median of about 300 stellar particles and about
20 000 total resolution elements among DM, gas and stars. For
comparison, galaxies at ∼ 1010M� are resolved with 105 stellar
particles and more than 1.5 million resolution elements in total.
In the subsequent sections, we elaborate to which level TNG50
results are converged across this mass range on a property-by-
property basis. For now, it should be noted that this mass selec-
tion, paired with the (∼50 Mpc)3 comoving volume of the simula-
tion, provides a sample of about 20,000, 21,000, 10,500, and 1,400
galaxies at z = 1, 3, 5, and 8, respectively, with a high-mass end
(Mstars > 1010M�) sampled with ∼ 700, 140, and 20 galaxies at
z = 1, 3 and 5, respectively.

In Fig. 2, we show how TNG50 galaxies populate the SFR
vs. stellar mass plane, from low (z = 0.5) to high (z = 5) redshift,
making no distinction between centrals and satellites. Galaxies with
SFR< 10−3M� yrs−1 – roughly the TNG50 limit imposed by nu-
merical resolution – are placed by hand at SFR ≡ 10−3M� yr−1.

At all epochs, the TNG50 simulation returns a densely pop-
ulated star-forming main sequence (SFMS), here approximately
linear in logarithmic space across the sampled mass range, with
galaxies dropping down in smaller numbers from an average of
e.g. a few 10−10 yr−1 (z . 1.5). Following common practice in
the observational community, we label our galaxies as star-forming
(blue filled circles in Fig. 2) vs. green-valley or quenched (black
open circles in Fig. 2, with no distinction) by recursively search-
ing for the ridge line of the SFMS (defined as the median sSFR
of the star-forming galaxies). In practice, we use 0.2-dex bins of
stellar mass and “reject” green-valley and quenched galaxies as
those whose logarithmic distance from the SFMS ridge line at
their respective stellar mass lie in the range −1.0 < ∆log10sSFR
< −0.5 and ∆log10sSFR 6 −1.0, respectively. We assume the
SFMS holds up to a few 1010M�, above which the reference lo-
cus of the SFMS is linearly extrapolated. Star-forming galaxies are
those with ∆log10sSFR > −0.5. This sSFR-based classification
has been shown to be consistent at the 1 to 10 percent level with
commonly-adopted selections in the UVJ-diagram: this is the case
for e.g. CANDELS galaxies (Fang et al. 2018) but also, and more

importantly for the analysis at hand, for TNG galaxies (Donnari
et al. 2019).

Fig. 2 illuminates the distinction between star-forming and
quiescent galaxies. We see that a SFMS emerges naturally in Illus-
trisTNG, being a property of the simulated galaxy population that
was not searched for during the IllustrisTNG model development.
This was also the case for the Illustris model (Torrey et al. 2014;
Sparre et al. 2015). From the median relation (solid blue curve) it
is clear that the SFMS moves to higher SFR values at higher red-
shifts, qualitatively consistent with observational trends, and exists
all the way up to high redshift (at least to z ∼ 8, not shown here)
and down to low mass (107M�). The 1−σ logarithmic scatter of
the SFMS in TNG50 in the 108−10M� mass range is about 0.2 dex
or smaller. Such intrinsic scatter decreases towards higher redshifts
(a trend that is confirmed also with the larger volumes and hence
richer statistics of TNG100 and TNG300) and is approximately 0.2
dex regardless of the way SFR is measured (e.g. instantaneous or
averaged over 10 or 100 Myrs). These estimates are broadly con-
sistent with observational findings (see e.g. Speagle et al. 2014 and
Donnari et al. 2019 for discussions about observations and the com-
parison between the latter and the TNG results, respectively).

From Fig. 2 we also see the co-existence of star-forming,
green-valley, and quenched galaxies in TNG50 at almost all mass
scales at z . 2. For example, at z = 0.5, at the high mass end
(Mstars > 1011M�), about 35 per cent of galaxies are star-forming
and the remaining ones are either transitioning or quiescent. How-
ever, the fraction of high-mass quiescent galaxies declines quickly
at earlier epochs: in the TNG50 volume there are no quenched mas-
sive galaxies at z = 3, due in part to their relative scarcity. In prac-
tice, star-forming galaxies dominate the TNG50 galaxy population
across the majority of the mass and redshift range studied here.

We adopt the selection of star-forming TNG50 galaxies visu-
alized in Fig. 2 throughout this analysis.

5 RESULTS ON STRUCTURAL PROPERTIES

5.1 Galaxy sizes and the extent of the different galactic
components

The most fundamental characterization of galaxy structure is size,
which we use as the foundation of the spatial scales of interest
for the remainder of the analysis. Stellar mass and r-band pro-
jected sizes of TNG100 galaxies at Mstars > 109M� and z 6
2 have been quantified and compared to observations by Genel
et al. (2018). There we have shown that star-forming and quiescent
TNG100 galaxies exhibit different evolutionary tracks and size-
mass relations; overall, TNG galaxy sizes were found to be con-
sistent with observations typically at the 0.1−0.2 dex level, includ-
ing uncertainties. Here we further consider lower-mass galaxies and
earlier epochs, and by comparing the extent of stellar bodies to that
of the gaseous and star-forming components.

The sizes of TNG50 galaxies, measured independently for dif-
ferent matter components and tracers, are shown in Fig. 3 as a func-
tion of galaxy stellar mass, from z = 0.5 to z = 4.0. Solid thick
curves show medians across the galaxy population in 0.2-dex bins
of stellar mass; shaded regions denote ± 1−σ galaxy-to-galaxy
variations. We show, from the largest to the smallest, 3D total gas
(gray), 2D projected neutral Hydrogen (green) and 3D stellar (red)
half-mass radii, together with 2D, face-on projected, circularized
V-band (blue) and Hα (orange) half-light radii, all in physical kpc.
As a reminder, here Hα light is a proxy for SFR (see Section 3.2)
and traces the location of dense, cool gas.
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Figure 2. The star formation rate vs. galaxy stellar mass plane in the TNG50 simulation at different redshifts, for all galaxies in the box (centrals and satellites).
In this analysis we study exclusively star-forming galaxies, here denoted as blue filled circles. The distinction between star-forming (blue filled circles) and
green-valley or quiescent galaxies (black open circles) is made based on a recursive refinement of the star-forming main sequence (SFMS; see Section 4 for
details). A SFMS naturally emerges in the simulations and is present down to at least 107M� in stellar mass, as well as already at high redshift.

Noticeably and not surprisingly, the extent of the total gas is
much larger than any stellar proxy, at all times, this being the case
also for the radii of neutral hydrogen, at least at z > 0.7. Specif-
ically, neutral-hydrogen sizes are about 2-10 times larger than the
extent of the stellar and star-forming bodies, and more so at higher
redshifts and for more massive galaxies. Stellar- and Hα-light in-
stead trace one another within a factor of∼ 1.5−2 for all redshifts
and masses we consider here: in particular, Hα 2D sizes are larger
than V-band ones for more massive galaxies at more recent times.
This is not a trivial accord: while the spatial distribution of Hα
light traces the sites of stars at birth, and can be further affected
by radiative processes, a number of physical mechanisms such as
galaxy mergers or migration can redistribute stars over their life-
time, affecting the overall stellar sizes differently than those of the
cold and dense gas out of which they form. The similarity of op-
tical and Hα sizes of galaxies is, indeed, broadly consistent with
observational findings at z ∼ 1 (e.g. Nelson et al. 2013, 2016) and
provides guidance for future observations at higher redshifts, e.g.
with JWST.

Importantly, TNG50 galaxies below 109.5M� have half-light
radii of 0.5-2 physical kpc on average, with little to no redshift
trend. The weak redshift evolution between z = 4 and z = 0.5
and below the 1010M� scale is consistent with observational find-
ings on stellar effective radii, e.g. by van der Wel et al. (2014a) and
Shibuya et al. (2015) in restframe optical wavelengths. For con-
text, these observations are shown in Fig. 3 (gray symbols, with

scatter bars): our 2D face-on circularized radii (blue curves) should
be compared to projected long-axis sizes. These are readily avail-
able from van der Wel et al. (2014a) at z 6 3 (gray circles). At
higher redshifts, we convert the values from Shibuya et al. (2015)
from circularized to long-axis projected sizes by adding 0.15 dex,
reflecting the typical projected shape of b/a=0.5 at this stellar mass
and redshift range (square symbols in the lower panel). Observa-
tions indicate that low-mass galaxies are at least as small as the
TNG50 expectation and the latter are overall in the observational
ballpark both in the median and galaxy-to-galaxy variation.

Indeed, in TNG50 galaxies are as small as a few hundred phys-
ical pc, and this can occur also at the high-mass end in the compact
tails of the size distribution. It is possible to resolve such sizes only
with the high numerical resolution of TNG50. For reference, the
dot-dashed light gray lines in Fig. 3 denote three times the gravita-
tional softening of the stars. This never exceeds 576 comoving pc
at any redshift, and can be as small as e.g. ∼ 192 physical pc at
z = 2. On average, the median gravitational softening of the gas
cells within galaxies have similar extent, but the densest cells can
be evolved with even smaller softening lengths (see Fig. 1). Here,
the dot-dashed dark gray curves in the panels of Fig. 3 denote three
times the median gravitational softening of the gas which is con-
tained within twice the stellar half-mass radius. It is manifest from
these comparisons that the physical extent of TNG50 galaxies can
be smaller than any nominal measure of the gravitational softenings
of the various components. As we show in Appendix B and com-
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Figure 3. Median galaxy sizes of TNG50 star-forming galaxies as a func-
tion of galaxy stellar mass, from low (top) to high (bottom) redshift. Dif-
ferent colors denote 3D or 2D face-on circularized half-mass or half-light
radii of different galaxy components. We include both central and satellite
galaxies. Shaded areas denote the ±1σ dispersions of the size distributions
at fixed stellar mass (omitted for several curves to avoid overcrowding the
plot). Gray annotations mark the locus of the typical gravitational soften-
ing of the stellar and gaseous resolution elements, for reference (see Ap-
pendix B for a quantification of the level of convergence across masses,
redshift, and matter components).

ment on in Section 7.1, in our numerical and physical model the
softening per se’ is not responsible for setting the size of simulated
galaxies. While at z . 1 the extent of galaxies below . 108M�
may be somewhat overestimated because of the still limited numer-
ical resolution, at higher redshifts and masses TNG50 median sizes
are convergently resolved.

5.2 Thickness of galaxy disks, and flatness

Moving on from two and three dimensional sizes we proceed to
investigate how TNG50 galaxies are distributed in terms of their
edge-on extent, i.e. their thickness. In an upcoming paper (Donnari
et al. 2020), we will explicitly show the vertical stellar mass and
light profiles of TNG50 disky galaxies. Here, we directly provide
estimates of their “heights”. As defined in Section 3.3, we label our
galaxies with half-mass and half-light heights (h1/2) using edge-
on projections: in the case of actually flattened and disky galaxies,
h1/2 is a proxy for exponential disk heights.

Fig. 4 shows the independently-normalized distributions of
galaxy disk heights (h1/2) from the rest-frame V band (blue curves)
and Hα light (orange curves) profiles, from low to high redshifts
(top to bottom) and from low to high stellar masses (left to right).
The thicknesses or disk heights are given in physical parsecs. The
richness of the simulated sample is indicated with the number of
galaxies per mass bin and redshift: we have a maximum of about
13500 galaxies at z = 2 in the 107−8M� bin and a minimum of 24
galaxies in the 1010−11M� bin at z = 4.

First, the two different proxies (rest-frame V band and Hα) re-
turn overall similar distributions, but for the Hα disks being some-
what thinner below 1010M�, by up to 45 per cent in the lowest
mass bins at the cosmic noon. In both stellar and gaseous cases,
the TNG model naturally returns populations of (massive) galaxies
that vary in thickness by up to one order of magnitude at z . 1.5:
for example, at z = 1 (not shown), heights range from about 80 to
600 parsecs between the 5th and 95th percentiles of star-forming
1010−11M� galaxies. We point out that the disk-height distribu-
tions of the total gas (cold or hot, dense or not: not shown) would
be many times broader and peaking at values that are many times
larger than those of the Hα-emitting gas, the latter representing
the densest star-forming gas in the simulation. Stellar-mass (not
shown) and V-band disk-height distributions, in contrast, are quite
similar. Finally, the Hα-light vertical distribution is “thinner” than
that of the gas mass that emits it, with vertical thicknesses up to a
factor of two smaller at the high-mass end (also not shown): in other
words, the vertical profiles of the SFRs or Hα light are steeper than
those of the star-forming gas mass.

Second, the average galaxy thickness is between 100-400
physical parsecs for most of the distributions, which broaden for
larger-mass galaxies. As with galaxy sizes, such small heights are
only resolved with the improved numerical resolution of TNG50,
namely in comparison to the other runs of the TNG series and other
cosmological simulation projects (see Appendix B). Importantly,
the bulk of 108−9M� galaxies exhibits disk heights of roughly 300
pc at all times above z ∼ 1, even at earlier epochs (e.g. up to
z ∼ 8, not shown) when the stellar softening length (or three times
its value) is many factors smaller. This hints that, within our model,
disk heights are not a trivial consequence of the choices for the nu-
merical gravitational softenings, as we demonstrate in Appendix B.
There, we conclude that the galaxy thicknesses of Fig. 4 are already
converged to the 20-40 per cent level across all studied masses and
redshifts.

Finally, the median disk heights increase for more massive
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Figure 4. Distributions of disk heights in physical parsecs for TNG50 star-forming galaxies. We show three discrete redshifts, from z = 0.5 (top) to z = 4
(bottom), and in several bins of increasing galaxy stellar mass (left to right). Galaxies’ thicknesses are estimated as described in Section 3.3 from both the
V-band (blue) and Hα (orange) light distributions in edge-on projections. Vertical dashed lines denote medians of the distributions. The TNG50 calculation can
return (star-forming) galaxies with averages “disk” heights of 100-400 physical parsecs in general, and as thin as 50-80 parsecs. In Appendix B, we quantify
the level of convergence of TNG50 heights across masses, redshift, and matter components.

galaxies, and exhibit a non monotonic trend with redshift. Massive
galaxies (& 109M�) reach larger thicknesses at the cosmic noon,
and all disks become thinner with time after z ∼ 1.

As galaxies themselves are larger (more extended) at larger
stellar masses (see Fig. 3) and galaxy populations exhibit larger
sizes in both comoving and physical units towards lower redshifts
(at least at Mstars & 1010M�), a normalization of the disk heights
is required in order to better capture the mass and redshift trends of
galaxy shapes. In Fig. 5 we show the distributions of the normal-
ized disk heights (h1/2/r1/2), dividing by the 2D face-on projected
circularized half-light radii of the corresponding tracer, whether V-
band or Hα light. In practice, these normalized disk heights are
somewhat similar to the q parameter often used in observations (mi-
nor to major axis of the ellipses fit to a given isophote in projection),
with the benefit that our measure avoids any undesirable projection
effects. Alternatively, we can view the normalized disk height as
an estimate of the intrinsic flatness of a galaxy, with smaller values
denoting flatter and “diskier” galaxies.

The distributions of Fig. 5 encompass galaxies from low (top)
to high (bottom) stellar masses, and for V-band (left) vs. Hα (right)
heights. We omit the smallest 107−8M� bin to avoid results pos-
sibly affected by resolution issues in the sizes (see Appendix B).
In each panel, thicker and darker curves refer to lower redshifts,
in the range 0.5 . z . 5. Two main trends are clearly man-
ifest. First, at fixed galaxy stellar mass, the populations of star-

forming galaxies are progressively thinner, flatter (i.e. diskier) at
more recent times than at early cosmic epochs, with the bulk of the
109−11M� galaxy population exhibiting flatness indices as small
as 10 per cent by z . 1. Second, at any given time, more massive
galaxies are relatively more disky than lower-mass counterparts, as
can be appreciated by comparing across the three rows. V-band and
Hα light measurements both return a very consistent picture, albeit
with some quantitative differences (see Discussion). Given Figures
3 and 4, these trends appear to be the result of the redshift evolution
of 2D sizes and physical “thicknesses” alike.

While it is well-known from observations of the local Uni-
verse that massive star-forming galaxies have disk-like shapes (e.g.
the Milky Way, Andromeda, M51 (Schinnerer et al. 2013), the
galaxies of the PHANGS survey (Leroy et al. 2019) and from the
surveys cited in Section 6.2), the precise quantification and a robust
understanding of the evolution of stellar and gaseous shapes across
cosmic time and masses remains a topic of ongoing investigation.
The trends provided by Fig. 5 provide a prediction from the TNG50
simulation which can be quantitatively tested against observations
in the future.

To give a visual impression of how such galaxies simulated
in TNG50 are structured, we show in Figs. 6, 7 a random sample
of 25 “thin” star-forming galaxies at z = 2, selected to have very
thin disks, namely with V-band half-light height smaller than one
tenth of the V-band 2D galaxy radius (h1/2 6 0.1 × r1/2). Fig. 6
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Figure 5. Time evolution of the distributions of normalized disk heights, for TNG50 star-forming galaxies. The distributions represent the relative thickness
or flatness of galaxies, in bins of galaxy stellar mass (from top to bottom), derived from either V-band (left) or Hα (right) light. In each panel, thicker and
brighter curves depict lower redshifts. Galaxy populations exhibit flatter or “diskier” morphologies at more recent times.

shows the face-on and edge-on projections imaged in JWST NIR-
Cam f200W, f115W, and F070W filters (no dust, rest-frame) and
Fig. 7 the corresponding Hα luminosity maps. The stellar struc-
tures span a wide diversity, from compact spirals to large extended
disks, and from massive stellar bulges, to prominent bars, to nearly
bulgeless surface brightness profiles. There is frequently complex
structure evident in the star-forming gas, particularly e.g. in devia-
tions from perfect disk-like morphologies in the form of warps and

large-scale asymmetries due to gas inflows and outflows common
at this epoch.

5.3 Three-dimensional intrinsic shapes

A direct assessment of the structural morphology of galaxies can be
obtained by identifying the three-dimensional ellipsoidal shape that
best describes their mass spatial distribution. While the 3D shape



14 Pillepich et al.

3 kpc

log M⋆ = 11.4
z = 2.0, ID 29443

3 kpc

log M⋆ = 10.9
z = 2.0, ID 79350

3 kpc

log M⋆ = 10.6
z = 2.0, ID 60750

3 kpc

log M⋆ = 10.5
z = 2.0, ID 8069

3 kpc

log M⋆ = 10.5
z = 2.0, ID 57099

3 kpc

log M⋆ = 10.0
z = 2.0, ID 68178

3 kpc

log M⋆ = 10.7
z = 2.0, ID 110543

3 kpc

log M⋆ = 10.3
z = 2.0, ID 90627

3 kpc

log M⋆ = 10.4
z = 2.0, ID 55107

3 kpc

log M⋆ = 10.2
z = 2.0, ID 102285

3 kpc

log M⋆ = 9.9
z = 2.0, ID 113349

3 kpc

log M⋆ = 10.5
z = 2.0, ID 121252

3 kpc

log M⋆ = 10.0
z = 2.0, ID 125841

3 kpc

log M⋆ = 10.7
z = 2.0, ID 115247

3 kpc

log M⋆ = 10.2
z = 2.0, ID 115582

3 kpc

log M⋆ = 10.5
z = 2.0, ID 127580

3 kpc

log M⋆ = 10.4
z = 2.0, ID 132290

3 kpc

log M⋆ = 10.2
z = 2.0, ID 130665

3 kpc

log M⋆ = 10.3
z = 2.0, ID 129661

3 kpc

log M⋆ = 10.4
z = 2.0, ID 139177

3 kpc

log M⋆ = 10.2
z = 2.0, ID 145492

3 kpc

log M⋆ = 9.6
z = 2.0, ID 146306

3 kpc

log M⋆ = 10.4
z = 2.0, ID 154635

3 kpc

log M⋆ = 10.1
z = 2.0, ID 189521

3 kpc

log M⋆ = 9.5
z = 2.0, ID 246343

Stellar Composite [jwst f200w, jwst f115w, jwst f070w]

Figure 6. Stellar light composites of a random sample of z = 2 TNG50 star-forming galaxies, selected to be thin i.e. to have h1/2 6 0.1 × r1/2 in the
V-band and Mstars > 109M�. Images are for the JWST NIRCam f200W, f115W, and F070W filters (rest-frame), neglecting any dust effects and including
all stellar light within the given projection. Every panel is 40 physical kpc on a side. The rich diversity of stellar structure is captured and quantified by the
metrics explored herein.
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Figure 7. Same as in Fig. 6 but for Hα light, i.e. the light from the star-forming gas within simulated galaxies selected to have small relative disk heights.
The complex gas-phase structure of z = 2 star-forming galaxies and deviations from symmetric disk-like configurations, including the presence of warps and
large-scale asymmetries, highlight the challenge of quantifying galactic structure using Hα as a morphological tracer.
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Figure 8. The structural i.e. morphological mix of TNG50 star-forming galaxies as a function of mass and time, according to the 3D shapes of their stellar-
mass (top) and Hα-emitting gas mass (bottom). We measure the minor to major and middle to major axis ratios at twice the stellar-half mass radius. Contours
are the results of a bivariate kernel density estimation, and denote levels at 90, 60, and 30 per cent of the galaxy number density distribution maxima. Different
shades of black/gray denote different mass bins. We plot the shape distributions only for the mass and redshift bins that contain at least 20 galaxies. Gaseous
structures are systematically more disky or elongated (lower minor to major axis) than stellar bodies.

is certainly directly accessible with simulated galaxies, recently the
3D shapes of galaxies have been estimated also from IR observa-
tions of e.g. CANDELS galaxies through de-projection methods
(e.g. Zhang et al. 2019; van der Wel et al. 2014b). Effectively, the
3D shape of a galaxy is the most intrinsic quantification of how its
material is distributed in space, and hence provides a less ambigu-
ous characterization in comparison to e.g. any mass or light-profile
based indexes, like Sersic or concentration parameters.

In Fig. 8, we show the number density distribution of TNG50
galaxies in the minor-to-major axis ratio (s) vs. middle-to-major
axis ratio (q) plane at several redshifts. Here we describe the el-
lipsoidal shape of galaxies using a shell centered around twice the
stellar half-mass radius, as described in Section 3.3. The shape is
estimated for the stellar mass (top panels) and the Hα-emitting gas
(bottom panels). Contours of the galaxy number density in differ-
ent colors, from black to light gray, denote different stellar mass
bins. Colored regions in the shape plane visualize the morpholog-
ical classification proposed by van der Wel et al. (2014b) and that
we adopt throughout: disky vs. spheroidal vs. elongated galaxies,
in close analogy to the oblate vs. spherical vs. prolate characteriza-
tions of dark-matter haloes based on the triaxiality parameter.

From Fig. 8, three main results quickly arise: 1) stellar-mass
based disky galaxies are more frequent at lower redshifts than at
higher redshifts and at larger masses than lower masses; 2) elon-
gated i.e. ‘cigar-like’ stellar mass distributions are more frequent

at higher redshifts (z & 1) and lower masses (Mstars . 109M�,
depending on redshift); 3) the spatial distributions of star-forming
gas are markedly biased towards disky and elongated shapes. The
first two statements are qualitatively consistent with recent obser-
vational findings at intermediate redshifts by Zhang et al. (2019);
van der Wel et al. (2014b) (see also below). The Hα-gas results are
an absolute novelty and a confirmation that, despite the unavoid-
able simplifications within the underlying galaxy-physics model,
in TNG star-formation occurs in relatively thin disk-like configu-
rations of dense gas, in accordance with the basics principles of
galaxy formation theory.

We quantify the relative balance among the three different
morphological classes within the TNG50 galaxy population in
Fig. 9, again for the stellar-mass and Hα-gas shapes (top vs. bottom
respectively). In particular, we plot the fraction of galaxies classi-
fied as disks (blue), spheroids (orange), and elongated or prolate
objects (red), as a function of redshift and in bins of increasing
galaxy stellar mass (left to right). We adopt here mass bins simi-
lar to several found in the observational literature, in order to at-
tempt a zeroth-order comparison. Specifically, the dashed and solid
thick shaded curves represent the results by Zhang et al. (2019) and
van der Wel et al. (2014b) based on the same CANDELS data (but
at the lowest redshifts, where the latter use SDSS data).

In terms of stellar mass, disk-like galaxies are more numerous
towards lower redshift and higher mass: for example, for stellar
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Figure 9. The morphological fractions of TNG50 star-forming galaxies as a function of mass and time, according to the 3D mass shapes of their stellar
component (top) and Hα-emitting gas (bottom). In both cases, the shapes are obtained by considering the mass distributions in a shell at twice the stellar half
mass radius. Only bins with at least 15 galaxies are included. Solid and dotted faint blue curves show the observational constraints on the fraction of disks
according to Zhang et al. (2019) and van der Wel et al. (2014b), both with CANDELS data at z & 1. While the fraction of disky galaxies always increases
towards z = 0 (consistently with observational findings), progressively more (less) elongated galaxies are present with shape measured in terms of their
gaseous (stellar) components.

masses of 109.5−10M�, disky galaxies increase rapidly from about
20-30 per cent of the total population at z = 4 to & 70 per cent
at z . 0.5; on the other hand, disk-like objects dominate the num-
ber of star-forming galaxies at all redshifts at the high-mass end
(Mstars & 1010M�). These findings are qualitatively compatible
with those deduced from observations and are thus a confirmation
of the TNG model as a whole, even though a more thorough com-
parison of methodologies and results is needed in the future. At the
low-mass end (Mstars . 109M�) disk-like geometries are exceed-
ingly rare, while elongated galaxies becomes progressively more
frequent towards higher redshifts. Additionally we note that the
CANDELS studies seem to find low fractions of ‘round’ galaxies
towards their low-mass end (not shown), whereas those becomes
the dominant shape in TNG at Mstars < 1010M�. In future anal-
yses we will investigate this possible discrepancy, by focusing on
spheroidal and elongated galaxies, by quantifying the consistency
between observationally- and theoretically-derived 3D shapes and
by checking how galaxy shapes change as a function of stellar ages.

In terms of 3D shapes of the Hα-emitting star-forming gas, the
trends with redshift of the various morphological types are in gen-
eral much weaker than for the stellar component. Towards the high-
mass end (Mstars & 109.5M�), the morphological mix changes
only slightly within the studied redshift range, with disk-like Hα-
detected galaxies representing 50-80 per cent of the star-forming
population from z ∼ 0 to z ∼ 4 − 5. It may be worth point-
ing out, on the other hand, that at the low mass end, in contrast to
the stars, the fraction of elongated galaxies decreases steeply go-
ing back to high redshift, indicating a rather distinct morphological
evolution across the population. Finally, although the majority of
gaseous structures qualify as disks at most times and masses, they
evolve towards lower sphericity with time, as can be noticed in the
different panels of Fig. 8. In particular, within the populations of
disk-like galaxies, gaseous structures become flatter at lower red-
shifts for fixed stellar mass.

6 RESULTS ON KINEMATICAL PROPERTIES

One of the aims of this work is to contrast the information obtained
through the structural analysis of galaxies (see previous Section)
with properties deduced from their kinematics. In this Section, we
explore the degree to which TNG50 star-forming galaxies are rota-
tionally supported or dispersion dominated, performing our analy-
sis on both the stellar and gaseous components, separately and then
in comparison to one another.

6.1 Light and kinematical maps

Figs. 10 and 11 show maps of the light distribution and veloc-
ity fields of a random sample of TNG50 galaxies at z = 2.5 In
particular, Fig. 10 focuses on the stellar and stellar light compo-
nents, while Fig. 11 provides information about the distribution of
the Hα-emitting gas in the same galaxies. Each row depicts one
galaxy, in edge-on projection (three leftmost panels) and face-on
projection (three rightmost panels), where the determination of the
projection is given by the mass distribution of the corresponding
matter component. Here we do not apply any smoothing or adap-
tive binning, and the pixelization in the kinematical maps is meant
to convey our underlying quantitative analysis procedure. Galaxy
rotation velocity is obtained from the edge-on view (to maximize
the signal from ordered rotation), while velocity dispersion is ob-
tained from the face-on projection (to minimize any contamination
from ordered motion). In both cases, only the line-of-sight compo-
nent of the velocity field is used, and we directly measure average
line-of-sight velocities in projected pixels or radial bins using the
velocities of star particles (for stellar mass and V-band based mea-

5 A more comprehensive set of examples is available on the IllustrisTNG
website: www.tng-project.org/explore/gallery/.

www.tng-project.org/explore/gallery/
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Figure 10. V-band light maps, velocity maps and velocity profiles for the stellar component of a random selection of galaxies at z = 2 from the TNG50
simulation. In the three leftmost columns, we show edge-on projections of the stellar light and mean line-of-sight velocity, in addition to the radial profiles of
the mean line-of-sight velocity along the slit depicted by the black solid lines. In the three rightmost columns, we show the face-on projections of the stellar
light and of the line-of-sight velocity dispersion, in addition to the average velocity dispersion profiles along the slit. For all kinematics, we pixelize using
square pixels of 0.5 comoving kpc to a side. For each galaxy, two numbers are extracted as indicated in the panels: Vrot and σ – see Table 3 for definitions.



TNG50 galaxies: stellar and gaseous disks 19

Figure 11. Hα light maps, velocity maps and velocity profiles for the star-forming and gaseous component of a random selection of galaxies at z = 2 from
TNG50. Galaxies and annotations are as in Fig. 10.
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surements) and star-forming gas cells (for the Hα measurements),
as described in Section 3.3.

Our measurements are designed to capture the intrinsic dy-
namics of our simulated galaxies. These are are not a priori easily
comparable to observation estimates, where for example the veloc-
ities of the gas are obtained via characterization of Hα emission
lines. However, in order to connect to the way observational mea-
surements are carried out, we summarize the statistics of the veloc-
ity fields in similar fashions, e.g. by averaging velocities over radial
bins of finite size or over projected pixels, taken here to be square
for convenience, although one could also use equal S/N Voronoi
tessellations as often done in integral field spectrograph (IFS) ob-
servations. We take 0.5 comoving kpc as our fiducial spatial resolu-
tion for the velocity maps and measurements, independent of red-
shift and galaxy properties. We do not weight the particle-averaged
velocities by any observable and we do not impose signal-to-noise
cuts to the mapped pixels/spaxels that contribute to the summary
statistics, as would be the case in observations. The effects of
these choices are quantified in Appendix A. Instead we extract
rotation-velocity and velocity-dispersion profiles exclusively from
the inner, dense (i.e. most luminous) regions of galaxies. Specif-
ically, we employ a virtual “slit” aligned with the structural ma-
jor axis of the galaxy that extends from [−2Rstars,+2Rstars] and
[−1/5Rstars,+1/5Rstars] along the major and minor (or middle)
axes, respectively, as described in Section 3.3.

Figs. 10 and 11 visualize the complexity and diversity of the
galaxy population kinematics in TNG50. At z = 2, the vast ma-
jority of star-forming massive galaxies exhibit clear rotation pat-
terns, both in the stellar as well as in the gaseous bodies. Many
galaxies present prominent stellar bulges (e.g. galaxies #15226 and
#29443) and sometimes stellar bars are already present at early
epochs (galaxy #2). Both in the stellar and gaseous components,
galaxy disks often exhibit warps at their edges (e.g. galaxy #31833)
that seem to correspond to cases where the rotation curves fall at
distances slightly larger than the local maximum.

One striking notion from the comparison between the stellar-
based and Hα-based maps at these intermediate redshifts is the
enhanced complexity of the latter: even through visual inspection
of this small sample, it is evident that the line-of-sight velocity-
dispersion field traced by the star-forming gas is less coherent, less
organized and overall less spatially homogeneous than for the stars.
A visual inspection of similar maps at lower redshifts (e.g. z < 1)
seems to point towards a decrease of such spatial inhomogeneity of
the Hα maps.

In the profile panels of Figs. 10 and 11 text annotations show
the values we derive to characterize the velocity fields of each
galaxy: Vrot and σ. The meaning and derivations of these two num-
bers are detailed in Table 3. Note that we do not fit the rotation
curves and we do not take the asymptotic velocity value of the ro-
tation curves as Vrot. First, as noted above, many of the rotation
curves exhibit signs of falling at some large distances, requiring
fitting functions similar to those adopted e.g. by Wisnioski et al.
(2015) rather than arctangent-like functional shapes. Second, we
have verified that our Vrot values typically occur well within the
imposed radial distance maxima, and not where the curves still rise.
As a result, our values for Vrot correctly represent where and to
what degree kinematic disks are “maximal”.

Furthermore, we neglect any possible misalignment between
the structural and kinetic major axes. This is an important issue in
observations where the structural major axis is determined from the
stellar light maps, while kinematics are extracted from the gaseous
component. However, in our case the structural major axis and

Table 3. Summary of the operational definitions of the rotation velocity
(Vrot) and velocity dispersion (σ) of a galaxy. These are adopted through-
out, unless otherwise stated, and summarize the procedure described in Sec-
tion 3.3 and discussed in Section 6.1.

Symbol Notes

Vrot Absolute maximum of a galaxy’s rotation curve along
its structural major axis, from its edge-on projection and
within twice the stellar-half mass radius. The rotation
curve is obtained by taking the unweighted mean along
the edge-on line of sight of the resolution elements in bins
of 0.5 comoving kpc. This estimate maximizes the contri-
bution from ordered, rotational motions, although it could
include contributions from any disordered motions along
the plane of rotation.

σ Mean value of the velocity dispersion from a face-on pro-
jection of a galaxy, averaged in pixels of 0.5 comoving kpc
a side that lie along the structural major axis and between
one and two times the stellar-half mass radius. Represents
an intrinsic measure, free from instrumental biases, of dis-
ordered motion along the galaxy minor axis. This estimate
minimizes the “contamination” from ordered rotation, ne-
glects the effects of thermal motions unless otherwise ex-
plicitly noted, and captures all non-rotational (vertical and
possibly extraplanar) motions, including those caused by
self gravity, feedback (indirectly or directly), galaxy merg-
ers and encounters, gas accretion, and so on.

kinematical measures are both obtained from the spatial distribu-
tion of the same matter component/tracer6. From a visual inspec-
tion of our TNG50 galaxies, structural and kinematics misalign-
ments that are larger than 10-20 degrees are relatively rare, at least
at z & 0.5: we have found just a few albeit interesting cases. For
the Hα-emitting gas, these are clearly associated to complex large
scale gas mass patterns or galaxy mergers, especially at z & 1;
for the stellar components, misalignments are often connected to
spheroidal-like stellar light distributions. As our quantitative results
are based on thousands of galaxies, we can safely neglect these
cases. Similarly, we neglect any possible issue associated to asym-
metries in the velocity fields and profiles with respect to the minor
axis.

Finally, to determine velocity dispersion we prefer not to fit
the profiles with a theoretical model because, especially for the Hα
gas, the actual profiles are often more complex than the base expec-
tation of central peak with symmetric declining tails towards the
outskirts. As described above, we have not pruned in any way our
galaxy sample beyond residency on the SFMS. As a result, merg-
ers, disturbed galaxies, galaxies with stellar spheroidal shapes, and
both central and satellite objects are all analyzed in the same man-
ner. Importantly, our velocity dispersions are by construction not
the central values, and in fact exclude contributions from the cen-
tral high-dispersion peak. Additionally, as a reminder, the velocity
dispersions are measured in pixels and then the average of such

6 Cases of misalignment may not be negligible in certain regimes. For ex-
ample, Krajnović et al. (2018) find an increased frequency of prolate galax-
ies which have their kinematic and structural position angles misaligned
by 90 degrees at the high stellar mass end. However, these results refer to
galaxies residing in the highest density environments in the local Universe
and with stellar masses and sizes in excess of 1012M� and 10 kpc, respec-
tively. This regime is not probed in this study.
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pixels is taken, analogously to what is done in observations. Our
principal goal is to assess to what extent galaxies are dominated by
ordered or chaotic motions throughout their extended bodies, and
what the contribution of turbulent motions is where kinematic disks
are maximal (or where the rotation curves are flat). We have veri-
fied that in ∼ 95 per cent of the studied galaxies, the maximum of
the rotation curve is reached between 1− 2Rstars, which is where
we take average measures of the velocity dispersion.

6.2 Rotation velocities and velocity dispersions

The quantitative results of TNG50 kinematics are given in Figs. 12
and 13, for velocity dispersion and rotation velocity, respectively.
In both cases, we quantify the median trends as a function of red-
shift, in bins of galaxy stellar mass (top panels), and as a function of
galaxy stellar mass at different redshifts (bottom panels). We only
focus on 109M� galaxies and above, for two reasons. As typical
kinematic measures are averaged over spatial scales of 0.5-1 kpc,
we limit ourselves to study galaxies whose physical extent is com-
paratively similar or larger than the IFS-like pixel sizes adopted
throughout. Secondly, we are certain that above such mass scale
kinematic properties are converged (i.e. to better than a percent
level) at the numerical resolution of TNG50 and throughout the
studied redshift range (see Appendix B3).

In both Figures, we provide Hα-based (left; orange curves:
with and without thermal term) and stellar V-band light (right;
blue curves) based measurements. Several key results emerge. 1)
Both velocity dispersion and rotation velocity decrease with time
in galaxy populations of the same stellar mass, i.e. they are larger
at larger redshifts. However, the redshift trends of the rotational ve-
locities are considerably weaker than that of the velocity dispersion
(Fig. 12 vs. Fig. 13). The redshift trends are also weaker for the gas
velocity dispersions that account for the effects of the gas thermal
motions in comparison to those of the σ intrinsic values (empty
vs. filled symbols in the top left panel). 2) Rotational velocity is
a stronger function of a galaxy stellar mass than dispersion. 3) At
any given redshift and galaxy mass, and across stellar morpholo-
gies, the typical stellar velocity dispersions are higher than for Hα,
by up to a factor of 3. In Figs. 12, bottom left panel, solid (dashed)
curves represent results without (with) including the effects of ther-
mal motions: these are relatively more important at low galaxy
masses, with shifts by up to a factor of 3 (see also Appendix A). In
terms of rotation velocity, stellar bodies fall behind the speed of the
Hα-emitting dense gas. This incarnation of asymmetric drift exists
also if we select only galaxies with 3D stellar morphologies consis-
tent with disk-like shapes. In Figs. 12 and 13, on the right bottom
panels, dashed curves represent the average trends of galaxies with
disk-like, i.e. flat stellar morphologies (h1/2 6 0.1× r1/2): for flat
galaxies, median stellar dispersions are, as to be expected, smaller
than those of non disky-shaped objects, but the difference in the me-
dian trends is more pronounced only towards higher redshifts and
low masses i.e. when the galaxy populations are less dominated by
disk-like stellar objects. Differences in the median rotation veloci-
ties are, in fact, negligible. To quote some numbers, across galaxy
morphologies, for the average 1010M� galaxy at z = 1−2 the gas
dispersion is of order 20-40 km s−1 while its rotational velocity is
closer to ∼ 150 km s−1.

In order to provide an observational context, in the upper and
lower left panels of Fig. 12 we showcase the results of the kine-
matical analysis of galaxies across redshift, following the compi-
lation by Wisnioski et al. (2015). Velocity dispersion data is given
from a number of diverse observational programs, all indicated in

shades of gray. Observational input includes z > 1 IFS (MASSIV,
SINS/zC-SINF, OSIRIS, AMAZE, KMOS3D: Epinat et al. 2012;
Vergani et al. 2012; Förster Schreiber et al. 2009; Law et al. 2009;
Gnerucci et al. 2011; Wisnioski et al. 2015) and long-slit (DEEP2:
Kassin et al. 2012) measurements from emission-lines, velocity
dispersions derived from molecular gas at z = 1 − 2 (PHIBBS:
Tacconi et al. 2013), and low-redshift estimates (GHASP, HERA-
CLES, DYNAMO: Epinat et al. 2010; Leroy et al. 2009; Green
et al. 2014). All these refer to galaxies with stellar masses of
roughly ∼ 1010.5M�. Despite the diversity of the underlying
methodologies and the large scatter in the velocity dispersion at
fixed mass and time, these observations suggest increasing velocity
dispersion towards higher redshift at fixed mass, albeit with some-
what different strengths according to which low-redshift sample
is favored. Very recently, Übler et al. (2019, not shown) have ex-
tended the KMOS3D results towards lower redshifts and reported
a weaker velocity dispersion evolution of the gas than previously
reported, when the same ISM phase is compared across cosmic
epochs (mostly ionized and traced via Hα). With respect to the
redshift trends and with or without accounting for the thermal mo-
tions of the gas (filled vs. empty symbols), the TNG model and ob-
servations are overall in qualitative agreement. On the other hand,
given the different tracers, selection functions and measurement
techniques in the observational surveys compared to TNG50 galax-
ies, and given that small-scale turbulence in the dense ISM will
be unresolved, the apparent reasonable match in normalization be-
tween simulated and observed values of the velocity dispersions is
encouraging although not conclusive. In Appendix A we quantify
that different measurement choices can affect the inferred values of
the velocity dispersion by up to a factor of 2: within this uncertainty
from both observational and simulation sides, we can conclude that
TNG50 velocity dispersions fall well within the observational ball
park.

For reference, with the caveat that no direct comparison is in-
tended or possible, we also include selected observational results
in the top left panel of Fig. 13: gray annotations. The large circu-
lar data points represent the averages and standard deviations of
the Hα rotational velocities of KMOS3D galaxies (Wisnioski et al.
2015; Burkert et al. 2016, Forster-Schreiber: priv. comm.), in the
1010−10.8M� range. The shaded regions summarize the data by
Simons et al. (2017) from the SIGMA and DEEP2 surveys, with
the thin solid curves denoting their best fit redshift trends (stel-
lar mass ranges as indicated). Large square data points show the
medians and galaxy-to-galaxy standard deviations of the results by
Swinbank et al. (2017), obtained with MUSE and KMOS: these
are in fact observed velocities at three times the scale disk length
and here we include only their data from a relatively narrow mass
bin: 1010−11M�. Again, these comparisons at face value are dif-
ficult to interpret. For example, the mass trend of the rotation ve-
locity in TNG is much stronger than its redshift evolution (bot-
tom left vs. top left panels of Fig. 13): observed redshift trends
may be the result of an evolving mass selection, i.e. of different
mass distributions at different redshift, and a comparison should be
put forward only once the observed and simulated distributions of
galaxy masses are matched as a function of redshift. Different op-
erational definitions of rotational velocities can also complicate the
comparison. Keeping this in mind, here we note that the KMOS3D

measurements appear to be somewhat more consistent with TNG50
than those by Simons et al. (2017) or Swinbank et al. (2017). In the
Discussion session we expand on the redshift evolution of the rota-
tional velocities.

While low redshift stellar-based kinematics are available in the
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Figure 12. Trends of the median velocity dispersions of TNG50 star-forming galaxies with redshift (top) and galaxy stellar mass (bottom), for the Hα-emitting
gas (left, orange thick curves and markers) and the stellar component (right, blue thick curves and markers). σ is measured where the rotation curve is flat
or reaches its maximum, and it is obtained from the line-of-sight velocity field in face-on projections (see Table 3). In the top (bottom) panel, filled circles
(solid curves) denote “intrinsic” dispersions, i.e. measurements that do not account for the effects of thermal motions: they summarize the velocity-dispersion
maps of Figs. 10 and 11 and represent the resolved outcome of the underlying galaxy formation model. Empty circles and dashed curves in the top and bottom
panels, respectively, include estimates for a gas thermal component (in the top, only for the most massive bin): see Appendix A for details. Gray symbols
and annotations denote observational results for 1010.5M� galaxies from a compilation by Wisnioski et al. (2015), for reference (see text for details). In the
bottom right panel, two sets of curves denote all star-forming galaxies (solid) vs. star-forming galaxies with “flat” stellar light distributions (dashed). At fixed
galaxy stellar mass, galaxies are dominated by larger vertical incoherent motions at earlier epochs.

observational literature, their derivations are too dissimilar from the
procedure we adopt here and thus a comparison needs to be post-
poned. On the other hand, the stellar-based kinematical trends that
we uncover with TNG50 at higher-redshifts, and their relation to
the underlying gas motions, constitute a prediction of our numeri-
cal models. It will be possible to explicitly search for and test these
expectations at intermediate and high redshifts using future obser-
vations with the James Webb Telescope (JWST) and Extremely
Large Telescope (ELT). In fact, the LEGA-C survey (van der Wel

et al. 2016) is providing the first systematic exploration of stel-
lar dynamical structure of intermediate-redshift galaxies (z . 1,
Bezanson et al. 2018) and the first results on star-forming galaxies
are forthcoming.

6.3 V/σ across times

We quantify the balance between ordered and disordered (turbu-
lent) motion in TNG50 star-forming galaxies in Fig. 14, by plot-
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Figure 13. Trends of the median rotational velocities of TNG50 star-forming galaxies with redshift (top) and galaxy stellar mass (bottom), for the Hα-emitting
gas (left, orange thick curves and markers) and the stellar component (right, blue thick curves and markers). Vrot is the absolute maximum of the rotation curve
in edge-on projection (see Table 3) and summarizes the line-of-sight-velocity maps of Figs. 10 and 11. In the bottom right panel, two sets of curves denote
all star-forming galaxies (solid) vs. star-forming galaxies with “flat” stellar light distributions (dashed). In the top left panel, gray symbols and annotations
denote observational results, from the analyses of Wisnioski et al. (2015, KMOS3D), Simons et al. (2017, SIGMA and DEEP2), and Swinbank et al. (2017,
with MUSE and KMOS), stellar mass ranges as indicated.

ting the median values of Vrot/σ as a function of redshift and stel-
lar mass. As before, orange curves and markers denote gas-based
kinematics, while blue curves indicate stellar-based kinematics.

In the main top panel, the time evolution of Vrot/σ is given
in bins of galaxy stellar mass. For the first time, this plot unam-
biguously demonstrates that, at all times and masses, the dense gas
component of star-forming galaxies is characterized by larger cir-
cular motions than the stellar material, with differences as large as
a factor of several at low redshift and high mass. In fact, TNG50
star-forming galaxies host strongly rotating gaseous disks, more
rotationally-supported at the highest mass-end and progressively so
at more recent times: for∼ 1010M� galaxies, the balance between

ordered and chaotic motions increases from Vrot/σ ∼ 4 − 5 at
z ∼ 3 to values exceeding 12 at z . 0.5. In other words, the TNG
model is well aligned with recent observational claims whereby
z = 1 − 2 star-forming luminous galaxies show a larger compo-
nent of random local gas motion than low-redshift counterparts of
the same mass (see e.g. Wisnioski et al. (2015) and gray markers
from KMOS3D measurements in the bottom right panel).

On the other hand, the stellar Vrot/σ of star-forming galaxies
remains roughly constant across cosmic epochs, with lower levels
of rotational support than the gas at 1− 2 stellar radii, and usually
larger scale heights (but see Discussion). We reiterate that all main
sequence galaxies are considered in the top and bottom left pan-
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Figure 14. Degree of ordered vs. turbulent motion (Vrot/σ) in TNG50 galaxies as a function of redshift in bins of galaxy stellar mass (top), as a function of
galaxy stellar mass at various redshifts (bottom left) and at z = 1 (bottom right). Solid curves and markers denote medians of the TNG50 Vrot/σ, for the Hα-
emitting gas (orange) and the stellar component (blue), separately. In the top and bottom left panels, all star-forming galaxies are included, independently of
their structural, morphological type. In the bottom right panel, we visualize how galaxies with “diskier” or “flatter” structural morphologies (thicker contours,
denoted as “more disky”) exhibit larger values of Vrot/σ due to their higher degree of rotational support. Overall, the balance between ordered and disordered
motions of the gaseous bodies increases substantially as the Universe evolves, and more so than the stellar counterparts.

els of Fig. 14, regardless of their morphology or shape, and that all
stars contribute to the observables, regardless of age. In the bottom
right panel of Fig. 14 we therefore focus on z = 1 and show how
galaxies with “diskier” or “flatter” structural morphologies – based
on their relative sphericity compared to the average at a given stel-
lar mass – populate the Vrot/σ–Mstars plane. We find that flatter,
more disky morphologies (thicker contours) imply larger relative
rotational motions, both for the stellar and gaseous components.
If only disk-like morphologies were included in the main panel of

Fig.14, the trends would be qualitatively similar, although the low-
redshift enhancement would be more pronounced and Vrot/σ over-
all increased by up to a factor of∼ 3. Finally, the bottom left panel
of Fig. 14 demonstrates a rather mild galaxy-mass dependence for
both stellar and gaseous Vrot/σ measures. The only exception is
towards low redshift (z 6 0.7) where a peculiar non-monotonic
mass trend starts to appear around 1010.5 − 1011M�, particularly
in the Hα-traced gas. The decline of Vrot/σ towards larger masses
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and lower redshifts could be related to the rapidly increasing im-
portance of minor-merger activity, which would increase σ.

As a final remark, we note that the stellar values of Vrot/σ
are lower than those of the gas and interpret this as a larger de-
gree of vertical dispersion-supported motion in the extended stellar
bodies of galaxies in comparison to the star-forming gas rotating
disks. However, the stellar velocity dispersion fields are remark-
ably more coherent in space than for the gas, as noticed via in-
spection of Figs. 10 and 11. In practice, the Vrot/σ ratio, however
measured, does not fully capture the spatial incoherence, complex-
ity and chaotic nature of the gas kinematics across galaxy bodies.
The richness of these kinematic fields and the interrelationship be-
tween gas-phase and stellar motion motivates more sophisticated
observational diagnostics, more robust comparisons, and more the-
oretical explorations to better disentangle the kinematical evolution
of galaxies across cosmic time.

7 DISCUSSION

7.1 The impact of increased numerical resolution in the TNG
galaxy formation model

The numerical resolution of the new TNG50 calculation allows
us to reliably study galaxy structures to much lower masses than
in previous uniform-volume calculations, to a level previously
achieved only with zoom-in campaigns: down toMstars = 108M�
at low redshift, and to even smaller masses at earlier times. This fi-
delity across a broad range of masses enables us, in particular, to
consider the time evolution of galaxy shapes and kinematics.

As we demonstrate in Appendix B, the sizes and disk heights
of TNG50 galaxies are not set by numerical softening choices for
the gravitational forces. Stellar disks can be thinner (as thin as
∼100 pc) than the nominal softening lengths in the calculation. The
vertical structure of the stellar and gaseous components appears to
be the resolved outcome of an ensemble of physical ingredients –
above all, the depth and shape of the overall gravitational potential,
which results from the interaction and orbital admixture of both
collisional and collisionless matter components.

With respect to sizes, the 2D and 3D extents of galaxies in
TNG100 (the second-highest resolution realization of the TNG
model) are well converged at the Mstars ∼ 109−10M� mass
scale. At larger galaxy masses and low redshifts (z .1), the high-
resolution results of TNG50 move towards reconciling the previous
0.1-0.2 dex excess in effective radii in comparison to observations
(Genel et al. 2018). This improvement is suggested in Fig. 3, where
gray symbols denote recent observational data.

TNG50 also produces galaxies with stellar and gaseous disks
that are 2-3 times thinner than our previous simulations (i.e.
TNG100), including at the massive end (Mstars ∼ 1010−11.5M�).
For example, the tails of the height distributions at z = 0.5 re-
veal several massive galaxies (Mstars ∼ 1 − 5 × 1010M�) with
stellar disk heights of only ∼100 physical parsec (in V-band light
as well as actual stellar mass), even though their stellar disk sizes
exceed 1.5-2 physical kpc. The origin, evolution, and nature of
these “razor-thin” disks is a topic of exploration for future anal-
yses. While a careful quantitative comparison to size observations
is beyond the scope of this paper, we note that galaxies with thin
stellar disks exist: for example, our own Milky Way’s thin disk,
with an exponential scale height of 300 ± 60 pc (e.g. Jurić et al.
2008).

For the purposes of this paper, the enhanced resolution and

the capability of modeling flatter galaxies produces more robust
shape fractions across cosmic time (Figs. 8 and 9). Our tests with
TNG50-2 return a qualitatively consistent picture but demonstrate
that lower resolution generally underestimates the number of disky
galaxies. Specifically, the growth in time of the disk fractions of
low-mass galaxies is underestimated (by up to 20 percent), while
it is overestimated at the highest mass end. This is consistent
with lower resolution imposing thicker disk heights. The galaxy
populations of TNG50-3 (∼TNG300 resolution) are spheroidal-
dominated at all but the Mstars & 1010.5M� regime, highlighting
the difficulty of morphological analysis at this resolution.

In exploring the internal structural properties of galaxies with
TNG50, one of the most important concerns (and caveats) is un-
doubtedly our relatively simple treatment of the unresolved dense
interstellar medium (ISM). As in all Illustris and IllustrisTNG sim-
ulations (as well as Auriga; Grand et al. 2017) we employ the effec-
tive treatment of the Springel & Hernquist (2003) subgrid model.
This scheme treats the star-forming ISM as an unresolved multi-
phase medium, and provides a pressure support which stabilizes
gas against runaway cooling, fragmentation, and collapse. The im-
pact on the vertical gaseous scale heights of disks is not imme-
diately clear, and it could be the case that the ISM pressurization
establishes in practice a minimum disk height, making them gener-
ally too ‘puffy’ (e.g. as demonstrated for EAGLE in Trayford et al.
2017).

To explicitly test this issue, we have run a series of test sim-
ulations at TNG50-2 resolution, in smaller 25 Mpc/h volumes –
the ‘TNG model variation’ series originally introduced in Pillepich
et al. (2018a). We have varied a parameter which controls the
strength of the subgrid pressure term (the qEOS parameter, as in
Vogelsberger et al. (2013) Section 2.2, where q = 0 represents a
‘weak’ isothermal EOS at 104 K, and q = 1 represents the ‘max-
imal’ strength EOS of the original model). Between the fiducial
value of qEOS = 0.3 and values of 0.5 and 1.0 we observe no sys-
tematic change in the stellar mass, V-band light, or Hα disk heights,
for any galaxy mass. Variations at the 20 − 30 percent level arise,
depending on galaxy mass, but have no obvious dependence on the
pressurization strength. We conclude that the vertical structure of
TNG50 star-forming disks negligibly depends on the underlying
parameter choices of the ISM model.

Our multiphase ISM treatment also precludes more sophisti-
cated modeling of some relevant observational signatures – Hα, in
particular. In this work we have used a canonical empirical scaling
from SFR to Hα, neglecting any additional attenuation effects, as
well as possible contributions from e.g. diffuse ionized extraplanar
gas. Other model assumptions undoubtedly also play a role in some
of the structural properties measured herein, including heights. For
instance, our treatment of galactic-winds driven by supernovae is
necessarily still simplified, and unresolved interactions of SN ex-
plosions with cold ISM phases could further modify gaseous disk
structure. Despite the caveats, the TNG50 simulation is an impor-
tant step towards capturing the dynamics of the stellar and gaseous
components in disk galaxies, without compromising in statistics.

7.2 On the settling of stellar and gaseous disks

In the previous Sections we have uncovered that the TNG model
naturally predicts an increase in the abundance of disk-like galax-
ies towards lower redshifts within the star-forming population. We
have demonstrated this to be the case in terms of stellar structural
properties, based on the flatness or three-dimensional shapes of
the stellar light and mass distributions (Figs. 5 and 9). We have
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Figure 15. Visual summary of the findings of this paper for the bulk of the TNG50 galaxy population. The level of “diskiness” of galaxies is given in
comparison to their structures (dashed curves) and kinematics (solid dotted curves) quantified at early epochs: here we choose the comparison redshift around
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also shown that this trend holds based on gas kinematics: the bal-
ance between ordered and chaotic motions of the Hα-emitting gas
(Figs. 14). These findings are broadly consistent with observational
claims, lending credibility to the overall functioning of the TNG
model and to the broad range of its theoretical outcomes.

Interestingly, TNG50 galaxies favor a scenario where the cold
star-forming gas in the simulation primarily arranges within con-
figurations that qualify as disks (or elongated structures) for most
regimes of mass and redshift (Fig. 9). Although the V-band ver-
sus Hα (normalized) disk heights (Figs. 4 and 5) appear, at all
masses and redshifts, broadly similar, the star-forming gas mass in
the simulation forms disk-like structures that are consistently flat-
ter (i.e. thinner) than those of the stars, as is visible on the galaxy
population basis (Fig. 8). This structural characterization is aligned
with our kinematic finding that the Hα gas is more rotationally sup-
ported (larger Vrot/σ) than the stars. The gaseous component has
a smaller (larger) velocity dispersion (rotation velocity) than the
stars, at fixed galaxy stellar mass.

From the structural view point, the change in time of the abun-
dance of different morphological classes (Fig. 9) is quite different
for stellar versus gaseous bodies, with the Hα-shape demograph-
ics being relatively stable across redshift, more so than their stellar
counterparts. This contrast is somewhat exaggerated by the artifi-
cial classification into three separate classes: while Hα morpholo-
gies qualify as disks in almost all cases, their shapes (at fixed galaxy
stellar mass) evolve to become flatter (or more elongated) with time
(Fig. 5 and 8), consistent with their increase in Vrot/σ.

In our model, the time evolution towards a larger contribution
of rotation vs. dispersion-dominated motions results from a strong
decrease of the average velocity dispersion from high to low red-
shifts (Fig. 12, top). For the typical 1010.5M� galaxy, the inner
(vertical) velocity dispersion of the Hα emitting gas decreases by
a factor of a few between z = 2 − 3 and z ∼ 0.5, a drop broadly
consistent with observational constraints. The decline of σ is more
pronounced for gas than for stars, and is more pronounced than the
decline of the rotational velocity with time. In fact, in contrast to
previous observational (Kassin et al. 2012, at z = 0.2 − 1.2) and
theoretical work (Kassin et al. 2014, for a handful of z = 0 Milky
Way-like galaxies), the Hα-probed Vrot/σ of TNG50 galaxies at
fixed stellar mass is higher at more recent epochs even though the
rotational velocities also decrease towards low redshift. At fixed
stellar mass, the TNG50 rotational velocities increase with increas-
ing redshift, approximately linearly. We have verified that the de-
cline of Vrot towards recent epochs holds also with rotation curves
weighted by Hα luminosity, as would be the case in observations.
It may be difficult to draw an unambiguous redshift trend from the
Vrot compilation of data in Fig.12 of Kassin et al. (2012) – span-
ning from z ∼ 0.2 to 3.5 and including IFS results – because of
the large scatter and the mix of galaxies of different masses. More
recently, Simons et al. (2017) have found with DEEP2 and SIGMA
data a mild increase with time of the average Vrot in galaxies with
109−10M� stellar mass, but no time evolution at larger galaxy
masses (see gray annotations in Fig. 13). Also the KMOS3D results
seem consistent with no evolution, or rather, a marginal decrease
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towards low redshift, while the results by Swinbank et al. (2017)
point towards an increase of Vrot with time. Importantly, all these
observational estimates span at least a factor of 2 in Vrot over com-
parable galaxy mass ranges. In a dedicated study, we will address
how the TNG50 rotational velocities presented in this paper map
into circular velocities and what the simulation predicts in term of
shape and time evolution of the Tully-Fisher relation.

The overall physical picture laid out in this paper is assem-
bled in Fig. 15, for a representative bulk of the TNG50 galaxy
population across time (Mstars = 109.5−10.5M�). There we show
how the level of “diskiness” increases with time, from both a kine-
matics and structural perspective. In particular, we visualize the
time trends of the average Vrot/σ (solid dotted curves) and flat-
ness (dashed curves: the inverse of the 3D shape sphericity) nor-
malized to their values at high redshift (z ∼ 3). As usual, stel-
lar and gaseous kinematical and structural metrics are kept distinct
(blue vs. orange). We omit the alternative flatness measure based on
normalized disk heights as it gives indiscernible results from those
already depicted.

Instead of defining disks based on a fixed threshold on any of
our measures (as previously proposed in the literature, e.g. Kassin
et al. 2012; Newman et al. 2013; Simons et al. 2017), we instead
show the average trends, thereby avoiding possible biases because
of choices in definition or measurement methodology. In fact, the
majority of galaxies at the pivot redshift (z = 3) can already be
classified as gaseous disks, both from a kinematical (Vrot/σ & 3)
and structural view point (axis ratios in the blue bottom right corner
of the schemes in Fig. 8). Yet, their diskiness keeps increasing in
time. The stellar components also evolve towards flatter and more
rotationally-supported bodies, but more weakly with time than the
gas. In addition, the stars continually straddle the boundary of what
would reasonably be defined as a disk, or not. The rate of change
in stellar flatness (blue square symbols) closely mirrors the rate of
change in rotation (blue circles), while in the case of star-forming
gas this relationship is less tightly coupled.

Note that the trends of Fig. 15 do not exhibit any particular
dependence on galaxy mass (in the 109−11M� stellar mass range).
Yet, more massive galaxies have more disky structural and kine-
matical properties than lower mass galaxies, at all times, in agree-
ment with the observational findings. On the other hand, the trends
in Fig. 15 would be slightly shallower if we were to select only
disk galaxies based on their 3D mass shapes, i.e. excluding elon-
gated and spheroidal shapes. We postpone to future work a focused
analysis of prolate configurations in both the gas and stellar com-
ponents.

From the previous sections and Fig. 15 it is clear that stars
and gas have different structural and kinematical behaviours within
galaxy bodies, as expected given their different effective equations
of motion. While stars are governed by collisionless dynamics, the
gas is collisional and can dissipate energy through radiative cool-
ing, for example. We observe that stars increase in their rotation
at a similar rate to their flatness, whereas gas can have not only
larger (lower) values of Vrot (σ), but also significant increases of
rotational motion without this being reflected by similarly strong
changes in flatness.

7.3 Relating structural properties and kinematics

In Fig. 16 we study in more detail the relation between structural
and kinematic properties. We visualize the situation at low redshift
(z = 0.5), where the difference between gas and stars is significant.
First, and expected, galaxies with larger (vertical) velocity disper-
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Figure 16. Connection between median structural and kinematical prop-
erties across the galaxy population of TNG50 at z = 0.5. The top panels
show the correlation of disk height and thickness with velocity dispersion,
while the bottom panels show correlations with Vrot/σ. Clear trends exist
in all cases as a function of galaxy stellar mass, for both gas and stars.

sions are characterized by larger relative disk heights and larger
minor to major axis ratios (top panels). In fact, we do not find a
correlation between vertical dispersions and absolute physical disk
height, for either stars or gas. Instead, we find that this relation
depends on the average mass surface density – of gas and stars, re-
spectively, or the combination of the two in addition to DM’s –, as
when normalizing by the 2D galaxy size (as shown).

Interestingly, at fixed galaxy stellar mass, the linear relation-
ships between vertical velocity dispersion and flatness are shal-
lower for the gas than for the stars, except at the highest mass bin
where they are comparable. As gas can cool, it seems plausible for
the two relations to be different. However, a two-fluid analysis is
required to understand these trends and their inter-relationships be-
yond the intuitive expectation for which σ2 ∝ h1/2Σ (the latter
symbol denoting mass surface density). We speculate that, while
gas elements move along the tracks of Fig. 16, the different rela-
tionships for the stellar component may reflect the effects of non-
equilibrium heating and scattering processes. Furthermore, stellar
and gaseous trends could plausibly be more similar if we were to se-
lect for only young stars. It is clear, however, that the σ-h1/2/r1/2

correlation will also depend on other factors, such as gas surface
density, gas fraction, and depth of the overall DM-dominated poten-
tial well, as suggested by the trends with mass. Importantly, at fixed
galaxy stellar mass, smaller (more compact) galaxies have larger
velocity dispersions, and particularly so towards lower redshift (not
shown). This is in line with the findings of Newman et al. (2013)
with SINS/zC-SINF data at z ∼ 2 and translates into smaller galax-
ies being more dispersion-dominated (lower Vrot/σ) at all times at
fixed galaxy stellar mass.

In the lower panels of Fig. 16 median relative galaxy
heights are shown as a function of Vrot/σ. Both stars and
gas arrange on similar (although not identical) tracks with
h1/2/r1/2 = q ∝ (Vrot/σ)β with β ∼ −1. A relation of this type
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is to be expected for the dynamics of a rotating, symmetric disk
in a background potential, the exact shape depending on matter
surface density, radial dependence of the rotation velocity, the
functional form of the epicyclic frequency and the value of the
Toomre Q-parameter. However and interestingly, stars and gas
occupy completely different portions of this phase-space diagram.
Particularly striking is the very steep inverse relation between
galaxy thickness and rotation-to-dispersion budget for the stars and
the fact that the stars are excluded from the regions with Vrot/σ
larger than a few. This picture is also unchanged at higher redshifts
(z & 2), except that the gas does not attain the largest values of
Vrot/σ.

7.4 On the physical interpretation of the redshift trends

The decided increase in the level of diskiness of star-forming galax-
ies at later cosmic epochs (Fig. 15) seems to be predominantly
driven by the rapid drop in velocity dispersion towards low red-
shifts: this decrease is much steeper than for the stars over the same
time interval.

Chaotic motions within star-forming galaxy disks are thought
to be due to a number of physical mechanisms that affect both
gas and, directly or indirectly, stars. These include thermal heat-
ing, small-scale turbulence in the ISM, galaxy mergers, galaxy en-
counters, gas inflows, and larger-scale outflows from feedback from
stars and supermassive black holes. While our effective model of
the ISM will underestimate small-scale turbulence, all other mech-
anisms are robustly captured in the TNG simulations. It is fair to
speculate that a more ‘explicit’ model of the ISM could produce
higher velocity dispersions, although this remains to be demon-
strated. In fact, larger dispersion could imply shorter turbulence
dissipation times, hence hampering the intuitive enhancement. Fur-
ther, it is currently unknown if, and to what degree, turbulence
originating at scales of tens of parsecs and below contributes to
observed gas velocity dispersions, averaged on 0.5-1 kpc scales.

We reiterate that our model for stellar feedback neglects small-
scale interactions due to the hydrodynamically-decoupled wind
particle scheme. In contrast, the AGN feedback is directly cou-
pled, and energy injection from the central SMBH directly affect
the coldest and densest gas in galaxies, producing multi-phase gas
ejecta at thousands of km s−1 (see Nelson et al. 2019). Further-
more, even for SN-driven winds, our calculations do capture disor-
dered motions indirectly induced by stellar feedback outflows, i.e.
complex galactic-scale fountain flows.

We can anticipate that the number and prominence of galaxy
mergers, the rate of gas inflow, and the feedback-induced motions
all decline as the Universe ages, the cosmic star formation rate stalls
after the cosmic noon and the galactic gas fractions decrease. The
curtailing of the physical processes that are capable of maintaining
star-forming and dense gas dynamically hot against cooling is plau-
sibly the reason why gaseous (and stellar) disks settle on rotation-
dominated and thinner configurations towards recent epochs. In fu-
ture analyses we will aim to quantitatively disentangle the physical
drivers of the trends presented thus far. In Burkhart et al. in prep,
we compare the outcome of the Illustris and TNG simulations to a
number of model incarnations for feedback-driven ISM turbulence
and for ISM turbulence driven by gravitational instability, as sum-
marized in Krumholz & Burkhart (2016). Here, we expand upon
our findings by focusing on the evolution of the gas velocity disper-
sion only and by connecting to what has been recently suggested in
the literature in terms of gravitational instability.

Wisnioski et al. (2015) have interpreted the observed decline
in gas velocity dispersions at z . 2 − 3 within the theory of
marginally stable disks coupled to a galaxy formation equilib-
rium model. In such a scenario, star-forming galaxies are described
in a steady equilibrium between gas inflows, star formation and
outflows, and chaotic and turbulent motions in galactic disks are
thought to be set by the balance between gas fuel and star for-
mation. They find that the redshift evolution of σgas probed by
currently-available data (e.g. gray annotations in the top left panel
of Fig. 12) can be well reproduced adopting a ToomreQcrit param-
eter equal to unity (a quasi stable disk) and by connecting a disk’s
velocity dispersion to its gas mass fraction (see e.g. Eqs. 7 and 8 in
Wisnioski et al. 2015):

σgas(z) =
1√
2
QcritVrotfgas(z). (2)

To this aim, Wisnioski et al. (2015) deduced the evolution of the gas
fraction in galaxies by invoking empirically-derived redshift trends
for the gas depletion times and the star formation rates in galaxies.
With the simulation, we can instead directly measure all involved
physical quantities and further this line of thought within a fully
self-consistent setup.

In Fig. 17, upper panels, we quantify the redshift evolution of
the gas fractions in galaxies according to our TNG50 model. In the
top left panel, we follow the total gas mass within twice the stel-
lar effective radius (all gas, irrespective of temperature, density, or
phase), while in the right panel we focus on the Hα-emitting gas
(i.e. here star-forming gas). In both cases we normalize by the total
dynamical mass within the same aperture. Consistent with theo-
retical expectations and molecular-gas observations, star-forming
high-redshift galaxies are characterized by larger gas masses than
lower-redshift analogs at the same stellar mass. The redshift evo-
lution is weaker for the total than the star-forming gas, but in both
cases the increase flattens at z & 3− 4.

We use these measurements, in concert with those obtained
for the rotational velocities (Fig. 13), to infer the evolution of the
velocity dispersion via Toomre disk instability theory and Eq. 2.
Such model is applied on a galaxy-by-galaxy basis with the fixed
assumption of marginally stable disks with Qcrit = 1 across cos-
mic time and across galaxy bodies. It should be noted from the
onset that to apply the Toomre criterion globally to whole disks
is debatable: here we follow the Wisnioski et al. (2015) approach
to show what it would return within the context of the TNG model.
The exercise is visualized in the bottom panels of Fig. 17, from high
to lower mass galaxies from left to right. Orange big data points
denote the outcome of the TNG50 simulation, as uncovered in
Fig. 12: filled circles do not include the contributions from the gas
thermal motions (we refer to them as intrinsic) while empty circles
do. After the cosmic noon, the redshift evolution of the TNG50 Hα
velocity dispersion reads approximately σ ∝ (1 + z)3/2 (no ther-
mal term case), or slightly shallower depending on galaxy mass,
but it is weaker than that when thermal motions are included, es-
pecially towards the low-mass end. Note that, in the TNG model,
also the rotational velocities evolve with time at fixed galaxy stellar
mass: see top left panel of Fig. 13 and discussion in Section 7.2.

Now, the red shaded areas denote the result of the model of
Eq. 2 applied to TNG50 galaxies by considering the whole gas
fraction, while the green shaded areas are the results accounting
only for the Hα-emitting gas. At least at low redshifts, the latter
reproduce the trends of the intrinsic velocity dispersions (green ar-
eas vs. orange filled circles), while in both cases the outcome is
too shallow at z & 1− 2 to reproduce the intrinsic simulated data.
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Figure 17. Connection between the evolution of the gas fraction within galaxies and the evolution of the gas-probed velocity dispersion. Top panels: redshift
evolution in TNG50 of the total gas mass (left) and the Hα-emitting gas (right), both normalized to the total dynamical mass of galaxies, all taken within
twice the stellar half-mass radius. Circles and curves denote medians across galaxies in the specified stellar mass bins; the shaded gray areas indicate the 1-σ
galaxy-to-galaxy variation. Clearly, galaxy gas fractions are larger at higher redshifts, the trend being steeper for the Hα, i.e. star-forming, gas than for the
total gas (at least at z . 2− 3). Bottom panels: redshift evolution of the gas velocity dispersions in selected galaxy mass bins (decreasing from left to right):
the orange curves and data points are the outcome of the simulation, with and without accounting for the gas thermal motions: empty vs. filled symbols, as
in Fig. 12. Red and green shaded areas denote the gas velocity dispersions inferred, on a galaxy-by-galaxy basis, from other underlying physical quantities
extracted from the simulations, like the gas fractions and the rotation velocities, following basic principles of disk instability theory (see text for details). We
use throughout a constant and universal Qcrit = 1. Orange shaded areas emphasize the need for an extended model when we want to reproduce the non-
thermal only simulated results (filled orange symbols) via analytical arguments: namely, one that allows for a redshift-dependent modulation, C(z), including
the effects of mechanisms that a) go beyond disk instability, b) that emerge in the full cosmological context, and c) that can directly alter the dynamics and
phase-space properties of the gas: galaxy mergers, galaxy encounters, cosmic gas accretion, and large-scale feedback flows. Similar conclusions hold if we
attempted to reproduce analytically the simulation results that account for the gas thermal motions (empty orange circles) in concert with the evolution of the
ionized gas fraction: a redshift-dependent, albeit weaker, modulation would also be required.

Conversely, the same model reproduces somewhat the trends of the
simulated velocity dispersions that account for thermal motions at
intermediate and high redshifts (green areas vs. orange empty cir-
cles), while the evolution of the total gas fraction seems to bet-
ter reproduce the total velocity dispersion across time (red areas
vs. orange empty circles). It should be noted that, even within the
framework of such a model, it is not at all obvious what gas phase
should be included (and within what effective physical aperture). In
fact, a single-fluid model for galactic disks is most probably highly
unrealistic, not just because of the contribution of the stars – differ-
ently important at different epochs and masses, but also because of
the interplay between the different gaseous components. Further-
more, our measurements do account for extra-planar and asymmet-

ric motions, that are certainly not within the scope of the invoked
disk models. Finally, as pointed out above, a priori Qcrit cannot be
treated as a global parameter, as it describes the stability at a certain
position in a disk, based on local quantities. All these caveats need
to be kept in mind whenever interpreting the preliminary compari-
son between simulated and modeled data of Fig. 17, lower panels.

Interestingly, the low-redshift simulation data would seem to
favorQcrit ∼ 2: namely, the green (red) area multiplied by a factor
of 2 would match the simulated data points without (with) thermal
term at z . 1 − 2 and Mstars & 1010.5M�. It would therefore
be consistent with the physical interpretation of Wisnioski et al.
(2015), modulo a normalization factor. With the caveat that σgas

measurements can be systematically uncertain by up to a factor of
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2 (see Appendix A), it could be argued that the ‘observed’ low-
redshift σgas can be interpreted as due to gravitational motions
within more-or-less steady state disks, with no need for contribu-
tions from turbulence, thermal motions, outflows, etc. Furthermore,
this result could be interpreted as a verification thatQcrit can in fact
be treated as a global parameter derived from global measurements,
at least at 0 < z . 1− 2 and high galaxy masses.

However, even by allowing Qcrit > 1, the proposed mod-
els cannot justify the continuous increase in velocity dispersion at
z & 1 − 2, in agreement with the conclusions by Girard et al.
(2018): for TNG50, this is the case for the intrinsic simulated
velocity dispersions, i.e. without accounting for thermal motions.
Based on all the findings within this work and others, it is expected
that low-redshift star-forming galactic disks are more stable, with
larger values of the Toomre parameter, than high-redshift counter-
parts. High-redshift galaxies are also observed to exhibit more ir-
regular morphologies and kinematics and to be more gas rich –
this probably implying lower Qcrit values. Therefore a redshift-
dependent Qcrit (with lower values at higher redshifts) would not
be useful to solve the inconsistency between intrinsic simulated and
“analytically”-modeled data at high redshifts.

At last, in Fig. 17, orange shaded areas emphasize that an ex-
tended model is required: one that allows for a redshift-dependent
fudge factor, C(z). We explicitly show this for the simulated data
that does not account for the gas thermal motions. This correction
clearly increases with increasing redshift and is somewhat larger
for progressively smaller galaxies. We interpret this factor C(z) to
represent the effects of those physical mechanisms that go beyond
simple disk instability and that emerge in the full cosmological con-
text – hence the choice for the symbol. As mentioned above, such
mechanisms can include galaxy mergers, galaxy encounters, cos-
mic gas accretion, and large-scale feedback flows, that are all ex-
pected to be more frequent or more important at high redshift. Plau-
sibly, their effects manifest not only in regulating the gas content
of galaxies across cosmic epochs but also in directly determining
non-equilibrium dynamics of the gas (and thus its velocity field and
phase-space properties). Similar conclusions hold if we attempted
to reproduce analytically the simulation results that account for the
gas thermal motions in concert with the evolution of the ionized gas
fraction: a redshift-dependent modulation would also be required,
albeit weaker and targeted to better fit the low rather than the high
redshift results. This could indeed be interpreted as a requirement
for a larger Qcrit at lower than higher redshifts, consistently with
expectations and with the lines of thoughts put forward by Übler
et al. (2019). In practice, we expect that all these cosmic time-
dependent physical mechanisms play in concert: their relative con-
tributions and redshift evolution will be the topic of future work.

8 SUMMARY AND CONCLUSIONS

In this work, and together with the companion paper by Nelson
et al. 2019, we have introduced a new cosmological magneto-
hydrodynamical simulation for galaxy physics: TNG50, the third,
final, and most demanding run of the IllustrisTNG project.

Within the current landscape of galaxy simulations, TNG50
provides a unique combination of statistics and resolution. It real-
izes a uniform volume of 50 comoving Mpc on a side at “zoom”-
like resolution. In practice, at z = 0, the TNG50 simulation si-
multaneously samples both a 1014M� Virgo-like cluster as well as
about one hundred Milky Way-mass haloes and thousands of lower-
mass dwarf galaxies. This provides generous statistics of massive

galaxies, even at high and intermediate redshifts, with ∼ 70 galax-
ies more massive than Mstars = 1011M� at z = 1 and 380 galax-
ies with Mstars > 1010M� at z = 2. All these are modeled with
a uniform baryonic mass resolution of 8.5 × 104M�, a collision-
less gravitational softening of 288 parsecs, and a typical cell size of
70 − 140 parsecs within the star-forming regions of galaxies (see
Table 1 and Fig. 1 for resolution details).

Leveraging this new numerical laboratory we have inves-
tigated the structural and kinematics properties of TNG50 star-
forming galaxies across cosmic time. In particular, we have se-
lected galaxies on the star-forming main sequence above 107M�
at 0.5 . z . 5 (Fig. 2) and measured their sizes, disk heights, 3D
shapes, maximum rotation velocities, and intrinsic velocity disper-
sions (see Section 3.3 for methodological details). Our findings are
summarized as follows:

• The stellar sizes of our simulated galaxies range from a
median of 10 physical kpc for 1011M� objects at z ∼ 0.5 to
0.5 − 2 physical kpc for 108−9M� galaxies at z ∼ 4 − 5. More
massive galaxies are more extended in both V-band and Hα light
but this relation flattens considerably at high redshifts (z & 2
and Mstars . 1010M�): see Fig. 3. According to our model,
intermediate and low mass galaxies, Mstars < 1010M�, exhibit
very weak redshift evolution, with their stellar sizes increasing
by a factor of two at most between z = 5 and 0.5. We find that
V-band and Hα half-light radii trace each other closely, within a
factor of 1.5 for galaxies with 107−11.5M� at 0.5 < z < 5.

• The bulk of the Mstars = 109−11M� main-sequence galaxy
population has a typical edge-on “thickness” of 200−400 physical
pc, independent of morphological type and redshift. These values
are similar for V-band and Hα light profiles, and are converged
to better than 20-40 percent at the resolution of TNG50. Massive
star-forming galaxies exhibit progressively flatter morphologies at
lower redshift, based on their edge-on and face-on light profiles
(Figs. 4 and 5). In particular, galaxy “flatness” decreases by up
to a factor of a few between z = 4 − 5 and z = 0.5 − 1, where
the typical star-forming 1010−11M� galaxy has h1/2 . 0.1r1/2

at recent epochs (z . 1). The high-mass redshift trend is driven
by both height and size evolution, although the latter may dominate.

• We analyze the 3D intrinsic shapes of the stellar as well as
Hα-gas mass distributions (Figs. 8 and 9). Based on stellar-mass
geometry, the fraction of galaxies with disk-like morphologies in-
creases with time (i.e. more disks at lower redshifts, for all Mstars)
and is higher for larger stellar mass at fixed redshift. For example,
above Mstars & 1010.5M�, more than 60 per cent of star-forming
galaxies exhibit disk-like stellar morphologies at all times. We also
find that elongated, ‘cigar-like’ stellar mass distributions are more
frequent towards high redshift and low mass. On the other hand,
the redshift trends of Hα-based morphologies are weaker than
those derived from stellar mass. This star-forming gas settles into
disk-like (or elongated) morphologies for the majority (60-100 per
cent) of > 109M� galaxies at all times (z . 5).

• The kinematic fields of TNG50 galaxies (Figs. 10 and 11) dis-
play a rich phenomenology and wide diversity across the simulated
galaxy population. The vertical, intrinsic gas velocity dispersion
σ is typically more complex and less spatially coherent than the
analog traced by star light. Yet, at any given redshift and mass, and
without selecting on stellar morphology, the typical velocity σstars

is larger than σgas. For both tracers velocity dispersion decreases



TNG50 galaxies: stellar and gaseous disks 31

with time; the Hα-probed dispersion declines by a factor of a
few between z ∼ 2 and z ∼ 0.5 independent of mass (Fig. 12).
Nevertheless, clear rotation patterns are identified in both the
stellar and gaseous components in all star-forming galaxies also at
high redshifts (z & 1, Mstars & 109M�, Fig. 13).

• In practice, our model predicts that the vast majority of
Mstars > 109M� star-forming galaxies are rotationally-supported
gas disks at all times, with values of Vrot/σ in excess of 2-3 (z . 5,
Fig. 14). These gaseous structures become dynamically colder to-
wards lower redshift. On the other hand, due to their collisionless
dynamics, stars in the same galaxies are always dynamically hotter
(lower Vrot/σ values) than the gas out of which they form, with lit-
tle variation in redshift or mass. In the TNG model, the increasing
gas Vrot/σ with time proceeds despite the pronounced decrease of
rotational velocities towards low redshift, a trend which may be in
tension with some observational findings, yet is qualitatively con-
sistent with others.

In conclusion, the TNG50 simulation produces a main-
sequence galaxy population whose stellar and gas structural prop-
erties and kinematics evolve across mass and time, and are qual-
itatively consistent with observational findings. Namely, the frac-
tion of disk-like galaxies based on 3D stellar shapes rises with
both cosmic time and galaxy stellar mass, and the vast majority
of 109−11.5 M� star-forming galaxies are rotationally-supported
gaseous disks at all times, although dynamically hotter at earlier
epochs. This concordance is a non-trivial confirmation of the out-
come of the numerical model and the plausibility of the underlying
physical assumptions. It encourages future analyses that we will
undertake in order to identify and further disentangle the physical
drivers of the trends presented here, and the validity of our general
approach, i.e. despite the unavoidable simplifications of the under-
lying galaxy physics model, particularly in the treatment of the star
formation, of the cold dense gas, and of the feedback from stars
on small-scales. In a preliminary attempt to interpret the redshift
trends of the gas velocity dispersions, we find that disk instability
theory coupled with the time evolution of the ionized gas fraction
in galaxies can describe the simulation outcome only at z . 1− 2,
but may require additional ingredients at higher redshifts.

Our analysis of TNG50 has uncovered novel predictions for
the relation between stellar and Hα-traced galaxy properties and
between structural and kinematical measurements. These insights
will help guide the interpretation of future observational results.
Notably, despite the presence of larger velocity dispersions at high
redshift, cold and dense gas principally arranges in disky or elon-
gated shapes at all times and masses. Interestingly, we find that the
fraction of “elongated” Hα shapes dominates at low masses at all
times (Mstars . 109.5M� and z . 6) and is not negligible also at
larger masses. In other words, in the TNG model, star-formation oc-
curs in relatively thin disk-like or slab configurations of dense gas,
in accordance with the basic principles of galaxy formation theory.
At the same time rotationally-dominant motions in gaseous galac-
tic bodies, as represented by high values of gas Vrot/σ, increase
with time and correlate with an analog, albeit weaker, flattening
of gaseous disks towards low redshift. In contrast, gas kinemat-
ics ehibit degrees of rotationally-supported motions that far exceed
those of their stellar counterparts, even in galaxies with very flat,
disk-like stellar morphologies. This apparent dichotomy reflects the
different nature of stars and gas: as the latter can dissipate energy, it
cannot remain in high-dispersion equilibrium states with crossing
orbits, in contrast to the stars.

In conclusion, with this paper we put forward quantitative pre-
dictions for the evolution of galaxy internal kinematics at interme-
diate and high-redshifts, particularly in as of yet unexplored stel-
lar light tracers, that will be possible to test with ambitious future
observatories such as the James Webb Space Telescope (JWST),
Giant Magellan Telescope (GMT), and Extremely Large Telescope
(ELT).
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Bahé Y. M., et al., 2017, MNRAS, 470, 4186
Bezanson R., et al., 2018, ApJ, 858, 60
Bottrell C., Torrey P., Simard L., Ellison S. L., 2017a, MNRAS, 467, 1033
Bottrell C., Torrey P., Simard L., Ellison S. L., 2017b, MNRAS, 467, 2879
Bruzual G., Charlot S., 2003, MNRAS, 344, 1000
Burkert A., et al., 2016, ApJ, 826, 214
Ceverino D., Primack J., Dekel A., 2015, MNRAS, 453, 408
Chabrier G., 2003, PASP, 115, 763
Choi H., Yi S. K., Dubois Y., Kimm T., Devriendt J. E. G., Pichon C., 2018,

ApJ, 856, 114
Chua K. T. E., Pillepich A., Vogelsberger M., Hernquist L., 2019, MNRAS,

484, 476
Conselice C. J., 2014, ARAA, 52, 291
Correa C. A., Schaye J., Clauwens B., Bower R. G., Crain R. A., Schaller

M., Theuns T., Thob A. C. R., 2017, MNRAS: Letters, 472, L45
Crain R. A., et al., 2015, MNRAS, 450, 1937
Davis M., Efstathiou G., Frenk C. S., White S. D. M., 1985, ApJ, 292, 371
Diemer B., et al., 2018, ApJS, 238, 33
Donnari M., et al., 2019, MNRAS, 485, 4817
Dubois Y., Peirani S., Pichon C., Devriendt J., Gavazzi R., Welker C.,

Volonteri M., 2016, MNRAS, 463, 3948
Epinat B., Amram P., Balkowski C., Marcelin M., 2010, MNRAS, 401,

2113
Epinat B., et al., 2012, A&A, 539, A92

http://dx.doi.org/10.3847/0004-637X/826/2/214
https://ui.adsabs.harvard.edu/abs/2016ApJ...826..214B
http://dx.doi.org/10.3847/1538-4365/aae387
https://ui.adsabs.harvard.edu/abs/2018ApJS..238...33D


32 Pillepich et al.

Fang J. J., et al., 2018, ApJ, 858, 100
Förster Schreiber N. M., et al., 2006, ApJ, 645, 1062
Förster Schreiber N. M., et al., 2009, ApJ, 706, 1364
Genel S., et al., 2014, MNRAS, 445, 175
Genel S., Fall S. M., Hernquist L., Vogelsberger M., Snyder G. F.,

Rodriguez-Gomez V., Sijacki D., Springel V., 2015, ApJL, 804, L40
Genel S., et al., 2018, MNRAS, 474, 3976
Genel S., et al., 2019, ApJ, 871, 21
Genzel R., et al., 2006, Nature, 442, 786
Genzel R., et al., 2008, ApJ, 687, 59
Girard M., et al., 2018, A&A, 613, A72
Gnerucci A., et al., 2011, A&A, 528, A88
Grand R. J. J., et al., 2017, MNRAS, 467, 179
Green A. W., et al., 2014, MNRAS, 437, 1070
Guedes J., Callegari S., Madau P., Mayer L., 2011, ApJ, 742, 76
Guedes J., Mayer L., Carollo M., Madau P., 2013, ApJ, 772, 36
Guérou A., et al., 2017, A&A, 608, A5
Gunn J. E., Knapp G. R., Tremaine S. D., 1979, Astronomical Journal, 84,

1181
Hopkins P. F., et al., 2018, MNRAS, 480, 800
Hung C.-L., et al., 2019, MNRAS, 482, 5125
Jurić M., et al., 2008, ApJ, 673, 864
Kassin S. A., et al., 2012, ApJ, 758, 106
Kassin S. A., Brooks A., Governato F., Weiner B. J., Gardner J. P., 2014,

ApJ, 790, 89
Kauffmann G., et al., 2003, Monthly Notice of the Royal Astronomical So-

ciety, 341, 54
Kennicutt R. C. J., 1998, ARAA, 36, 189
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APPENDIX A: MEASUREMENTS OF THE VELOCITY
DISPERSION

In this Appendix we compare different operational definitions of a
galaxy velocity dispersion. Given a 2D map of a galaxy with finite
spatial resolution, throughout the paper our fiducial σ is the average
of the pixel-based velocity dispersion (σpixel) of its stellar or gas
resolution elements:

σ =
1

Npixels

∑
pixels

σpixel. (A1)

The sum is performed over the number of pixels that, in our fiducial
setup, are found along an imaginary long slit between one and two
times the stellar half-mass radius of a galaxy (the long slit being
aligned with the structural major axis of the mass or light distri-
bution). The reference pixel size is 0.5 comoving kpc. Here σpixel
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Figure A1. Effects of different measurement choices on the redshift evo-
lution of the average Hα velocity dispersions for 1010.5−11M� TNG50
galaxies. In both panels, the orange curves denote our reference choice and
are identical to those discussed in the main body of the text (e.g., filled cir-
cles in Fig. 12, top left panel). In the top panel here, we evaluate different
choices in the averages: with and without weights, for different pixel sizes,
or averaging across different regions of a galaxy body. All curves in the top
panels neglect the contributions from a thermal component to the velocities.
In the bottom panels, we quantify the effects of thermal motions. All options
fall within the ball park of currently-available observational constraints, yet
implying slightly different redshift trends.

reads as follows:

σpixel =

√∑
i wiv

2
i∑

i wi
, (A2)

where vi denotes the line of sight velocity of the stellar particles or
(star-forming) gas cells within a pixel. The weights wi are taken to
be unity in our fiducial setup. However, observers can commonly
access, by construction, luminosity-weighted averages, so that the
weights above can be e.g. the V-band or the Hα luminosity for the
stellar and gaseous components, respectively.

In Fig. A1, top panel, we hence demonstrate how alternative
averaging choices affect the measurements. We focus here on the
redshift evolution of the Hα-gas velocity dispersion, in analogy to
the top left panel of Fig. 12 (filled symbols, neglecting thermal mo-
tions). We concentrate on the high-mass end of the galaxy pop-
ulation so that we can use currently-available observational con-
straints as a benchmark (gray data points and annotations): simi-
lar results hold also at lower galaxy masses. The reference mea-
sures are in orange. Hα luminosity weighted dispersions are some-
what lower than the unweighted ones (black vs. orange data), while
larger pixel sizes tend to somewhat overestimate the velocity dis-
persions (green vs. orange). The red curve denotes the typical ve-
locity dispersions obtained by averaging the gas parcels not within
a long slit along the galaxy major axis but along a circular shell
at 1 − 2 × Rstars (always in face-on projections). On the other
hand, the pink results show what would be obtained with a more
theoretically-oriented approach, one that is not based on a pixelized
map and where the first average of Equation A1 is waived (yet
by accounting for the contribution of only those simulation reso-
lution elements at the fiducial location within the galaxy). Impor-
tantly, none of these alternatives imply substantial changes in the
redshift evolution: galaxy gas velocity dispersions are much higher
at higher redshifts than at z . 1 and the redshift trends are consis-
tent across the options analyzed here. On the other hand, the overall
normalizations can vary by up to a factor of 2 but are still within
the ball park that is currently probed by observations.

In the case of gas, thermal motions can contribute non negligi-
bly to the velocity dispersion measured in a galaxy. In practice, the
pixel-based velocity dispersion can be generalized as follows (see
also e.g. Equation 8 of Diemer et al. 2018):

σpixel,gas =

√∑
i wi(v

2
i + σ2

thermal)∑
i wi

. (A3)

The thermal-motion term can be written as σ2
thermal = P/ρ =

u(γ−1), i.e. as a function of pressure and density or via the internal
energy per unit mass, u, and the adiabiatic index, γ = 5/3.

In Fig. A1, bottom panel, we quantify the contribution of ther-
mal chaotic motions to galaxies’ gas velocity dispersions. However,
in this paper we mostly focus on Hα-emitting gas that, by con-
struction in our model, coincides with star-forming gas. Because of
the two-phase ISM approximation adopted within the TNG model
(Springel & Hernquist 2003), for star-forming gas it is difficult
to assign a physically-consistent velocity dispersion that reflects
its temperature: the temperatures or internal energies for the star-
forming gas cells in the TNG model are effective, i.e. dictated by
the effective equation of state for the ISM invoked by Springel &
Hernquist (2003). Therefore, we explore three options as follows:

• we neglect the conceptual and practical inconsistency high-
lighted above and simply compute the gas velocity dispersions of
TNG50 galaxies with σ2

thermal = u(γ − 1);
• as we are interested in the kinematics of Hα gas and this

is expected to have a temperature of 104K, we take σ2
thermal =√

3kBT
mH

, namely the width of a Maxwellian velocity distribution

for Hydrogen (hence mH ) with T = 104K and kB denoting the
Boltzmann constant;
• we add a fixed additional term of σthermal = 10 km s−1 in

order to have a basic quantitative benchmark and by invoking the
typical, observationally-inferred, zeroth-order estimate of the ve-
locity dispersion of the cold phase of the ISM.

The results are shown in the bottom panel of Fig. A1 in black, blue,
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and purple, respectively, as they compare to the reference, intrinsic
measurement in orange, with σ2

thermal ≡ 0. The relative effects of
thermal motions are larger at lower redshift, where they can boost
the gas velocity dispersions by up to a factor of∼ 2 for∼ 1010M�
galaxies (and up to a factor of ∼ 3 for lower mass galaxies, e.g. at
the 109M� scale – not shown). In practice, by including the ther-
mal motions, the increase of the galaxies’ gas velocity dispersions
with increasing redshift is somewhat weaker. Yet, overall the ef-
fects at fixed redshift are similar or smaller than those induced by
simply adopting different averaging choices (bottom vs. top panel
of Fig. A1). Furthermore, in all cases here explored, the TNG50
estimates fall within the ball park of observational findings.

Unless otherwise explicitly stated, results in the main body of
the paper shall be intended for gas velocity dispersions that do not
account for thermal motions: these should be more robustly com-
pared to current or future observational estimates where the effects
of thermal broadening are suitably modeled and subtracted. How-
ever, because to separate thermal from other motions via the Hα
line alone is almost impractical from an observational perspective,
we include in relevant instances also the TNG50 results that ac-
count for a thermal component: we do so in Figs. 12 and 17 (e.g.
empty circles and dashed curves) by reporting the estimates based
on the effective internal energy of the star-forming gas cells (black
data points in Fig. A1, bottom panel).

APPENDIX B: RESOLUTION STUDIES OF THE
DIAGNOSTICS PRESENTED IN THIS PAPER

In this Appendix we comment on resolution convergence. As a re-
minder, we do not adjust in any way our model parameters as a
function of numerical resolution, but for the choices on the soften-
ing lengths (see Pillepich et al. 2018a, for a discussion). Different
galaxy properties have different convergence trends and a priori it
is not given that the quantitative outcomes of our simulations are
identical across resolutions. For example, as demonstrated in Ap-
pendix A of Pillepich et al. (2018b) for TNG100 and TNG300,
a galaxy’s stellar mass is in general larger at better resolutions,
and this resolution-dependent shift is smaller at higher redshifts
and larger masses. Similarly, galaxy star formation rates tend to
be higher at improved resolution, as denser gas is better captured.
This mostly affects massive and quenched galaxies and, in fact,
the locus of the star-forming main sequence is indistinguishable at
0 6 z 6 2 between TNG100 and TNG300 (Donnari et al. 2019).
We focus here on galaxy sizes, disk heights, and kinematic sum-
mary statistics like Vrot and σ: for this purpose, we contrast the
results from the resolution variations of the TNG50 simulation.

The numerical parameters of the TNG50 resolution series are
given in Table B1. The runs TNG50-2, TNG50-3, and TNG50-4
have 8, 64, and 512 times lower mass resolution than the flagship
run, corresponding to factors of 2, 4, 8 larger gravitational softening
lengths. As a reminder, TNG100 (TNG300) has a particle resolu-
tion that is a factor of 2 worse than TNG50-2 (TNG50-3), and a
factor of 16.4 (132) worse than TNG50-1.

B1 Galaxy Sizes

In Fig. B1 we compare the size-mass relation across different reso-
lution realizations of the same halo population: darker and thicker
curves denote progressively better resolution. We explicitly show
results at three representative points in time, z = 0.5, z = 1, and
z = 2 (from left to right), and for the stellar sizes we study mass

rather than light distributions (top). In contrast, for the gas, we com-
pute Hα 2D sizes (bottom).

At fixed galaxy stellar mass, the median relations show that
better resolution generally gives smaller galaxy sizes in both stars
and star-forming gas – at z . 1 this is the case below 109−10M�
galaxies. Yet, in the TNG model, galaxy sizes are converging at all
mass scales and times. By this we mean that the difference between
TNG50 and TNG50-2 is smaller than that between TNG50-2 and
TNG50-3, and so on (in line with the results already shown, but
for z = 0 only, in Appendix A of Pillepich et al. (2018a)). This
convergence is faster at higher redshifts: across a range of 512 (8)
in particle mass (spatial) resolution, sizes are more similar at higher
redshifts (e.g. z = 2) than below e.g. z . 1.

At later epochs, the knee in the size-mass relation can be more
or less pronounced, based on the available resolution, likely due
to two effects. First, different resolutions produce slightly differ-
ent stellar-to-halo mass relations (see e.g. Appendix A of Pillepich
et al. (2018a) and Pillepich et al. (2018b)). Second, towards the
low-mass end, limited numerical resolution produces more ex-
tended galaxies. This effect is stronger, and extends to larger stellar
mass, with lower resolution. Furthermore, at the high-mass end,
galaxies are more extended at lower resolution: both because their
in-situ intrinsic sizes are larger, as well as because they are the re-
sult of mergers of lower-mass galaxies, that are likewise larger at
lower resolutions. This difference also manifests if we study trends
with halo mass rather than galaxy stellar mass, the former being
largely invariant to resolution changes.

By comparison to the outcome of TNG50, on the other hand,
TNG100 galaxies in the 109−10M� range have median stellar sizes
that are converged to better than 20-40 per cent at recent epochs
(e.g. below z ∼ 2). This statement provides quantitative confirma-
tion to the results in this regime of Genel et al. (2018), while the
findings described above at the higher mass end possibly reconcile
the 0.1-0.2 dex overestimation identified by Genel et al. (2018) in
comparison to observations.

Overall, the improved numerical resolution of TNG50 allows
us to reliably study galaxy structures to even smaller masses. From
the comparison across resolutions of Fig. B1, we infer that the me-
dian sizes of TNG50 represent the resolution-independent outcome
of the TNG model down to galaxy stellar masses of ∼ 108M�,
i.e. they are resolved to better than 20-30 per cent accuracy. On
the other hand, judging from the flattening of the size-mass rela-
tions below this mass limit below z ∼ 1, and by comparison to
the analog but enhanced flattening of the sizes at lower resolutions,
TNG50 107M� galaxies may still be larger than what our model
would predict at even better resolution.

In Fig. B1, dash-dotted curves mark the locus of three times
the typical gravitational softening lengths of the stellar particles
and gas cells in the different simulations and galaxies (∼ 2.8 times
our softening lengths indicating the boundary between softened and
fully Newtonian forces). For example, in TNG50-3, this boundary
is roughly 3.4 physical kpc at z 6 1. For the gas component, we
indicate the median softening of the gas cells enclosed within the
stellar galaxy body (< 2Rstars) for the typical galaxy at a given
stellar mass. As described in Section 2.3, the gravitational softening
of the gas cells is tied to their spatial size, in turn depending on
ambient density. As a result, cells at the centers of more massive
galaxies are smaller than those in less massive galaxies, this trend
being steeper at worse resolutions: see orange dash-dotted curves.

It is manifest from the comparison between median galaxy
sizes and typical softening lengths as a function of galaxy mass at
any given time that the latter are not responsible for setting galaxy
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Table B1. Table of physical and numerical parameters for the four resolution levels of the TNG50 simulation presented in this paper. The physical parameters
are: the box volume, the box side-length, the initial number of gas cells, dark matter particles, and Monte Carlo tracer particles. The target baryon mass,
the dark matter particle mass, the z = 0 Plummer equivalent gravitational softening of the collisionless component, the same value in comoving units, the
maximum softening applied to blackholes, and the minimum comoving value of the adaptive gas gravitational softenings. Additional characterizations of the
gas resolution, measured at redshift zero: the minimum physical gas cell radius, the median gas cell radius, the mean radius of star-forming gas cells The
numerical parameters are: the number of high time frequency subbox volumes, the number of snapshots in each subbox, the total number of timesteps to z = 0,
the total run time including substructure identification in millions of CPU core hours, and the number of compute cores used.

Run Name TNG50-1 TNG50-2 TNG50-3 TNG50-4

Volume [ cMpc3 ] 51.73 51.73 51.73 51.73

Lbox [ cMpc/h ] 35 35 35 35
NGAS - 21603 10803 5403 2703

NDM - 21603 10803 5403 2703

NTRACER - 2× 21603 2× 10803 2× 5403 1× 2703

mbaryon [ M�/h ] 5.7× 104 4.6× 105 3.7× 106 2.9× 107

mDM [ M�/h ] 3.1× 105 2.5× 106 2.0× 107 1.6× 108

mbaryon [ 105 M� ] 0.85 6.8 54.2 433.8
mDM [ 105 M� ] 4.5 36.3 290.4 2323.2
εz=0
DM,stars [ pc ] 288 576 1152 2303
εDM,stars [ ckpc/h ] 0.39→ 0.195 0.78→ 0.39 1.56→ 0.78 3.12→ 1.56
εBH,max [ ckpc/h ] 2.0 4.0 4.60 5.36
εgas,min [ cpc/h ] 50 100 200 400

rcell,min [ pc ] 6 18.6 64.6 168
r̄cell [ kpc ] 6.2 12.9 25.1 50.1
r̄cell,SF [ pc ] 140 280 562 1080
Nsubboxes - 3 3 3 3
Nsnaps,sub - 3829 1985 4006 2333
∆t - 11606566 7691447 1324711 239399
CPU Time [ Mh ] ∼130 4.8 0.170 0.006
Ncores - 16320 5120 1056 256

sizes in our calculations, at least above a minimum mass that de-
pends on numerical resolution. This is particularly evident for the
star-forming gas sizes (lower panels), where the typical softening
scale decreases with galaxy mass whereas galaxy sizes increase
with mass. It can also be appreciated as a function of time. As
noted in the main text, the extent of 108−9M� galaxies remains
constant at about 1-2 physical kpc essentially at all times. This in-
variance occurs despite the different redshift evolution of the un-
derlying numerical softening lengths. Given the different trends of
galaxy sizes and softening lengths with time, it is clear that the
softening per se’ is not responsible for setting the physical extent
of TNG50 galaxies. An exception to this fact arises only, as our res-
olution tests suggest, at small galaxy masses and low redshifts (in
TNG50, Mstars . 108M� and z . 1). We expand on this in the
next subsection, by focusing on galaxy disk heights, an even more
stringent test of numerical resolution.

B2 Galaxy Disk Heights

In Section 5.2, we have demonstrated that the bulk of TNG50
galaxies have typical disk heights as small as 100-300 physical par-
secs across masses and times. This is the case for the vertical distri-
butions of stellar mass, V-band light and Hα light. The dependence
of such heights on numerical resolution is non trivial. Importantly,
we see how galaxy sizes and heights (i.e. half-mass or half-light
heights) can be smaller than any nominal gravitational softening
length.

In Fig. B2, we compare disk heights in simulations with dif-
ferent mass and spatial numerical resolutions. Stellar mass-based

measures are shown on the top, Hα heights on the bottom. Darker
and thicker curves denote better resolution. We assess convergence
at two representative redshifts: z = 0.5 (two leftmost columns) and
z = 4 (rightmost column). In the leftmost panels, distributions of
galaxy disk heights are shown at recent times for 109−10M� galax-
ies for TNG50, TNG50-2, TNG50-3, and TNG50-4 (the latter al-
most outside the plotted range for the stellar heights). In this mass
range, differently than for the 3D or 2D galaxy sizes, the enhanced
numerical resolution of TNG50 is fundamental: TNG50 galaxies
are on average two times thinner than those in TNG50-2 (and hence
in TNG100). The resolution dependence of disk heights is smaller
at higher redshifts (z > 0.5). This resolution dependence is less
(similarly) pronounced for more (less) massive galaxies than the
ones depicted in Fig. B2.

Now, the distributions of thicknesses may reflect two simul-
taneous effects: numerical “heating” due to limited resolution, as
well as a different mix of galaxy morphologies due to the differ-
ent functioning of the TNG model at different resolutions. To fo-
cus on the former, in the two rightmost columns of Fig. B2, we
show the resolution trends of the median disk heights of the 20
per cent thinnest galaxies in different mass bins. Despite the non-
negligible effects of resolution on heights, our model is numeri-
cally robust and well-behaved in the sense that a better numerical
resolution implies thinner galaxies and, in most regime, heights are
converging. In other words, the curves in Fig. B2 exhibit shallower
derivatives at progressively better resolutions. In fact, Hα heights
converge much faster than the stellar heights at any given time, as
do V-band heights, albeit to a lesser degree (not shown). All heights
converge faster at higher redshifts and, usually, at larger galaxy stel-
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Figure B1. Median galaxy sizes as a function of galaxy stellar mass for different resolution realizations of the same cosmological volume: thicker and darker
curves denote progressively better numerical resolution. We show 3D stellar half-mass radii on the top and 2D Hα half-light radii on the bottom, at three
representative redshifts. Shaded areas indicate the 1-σ galaxy-to-galaxy variation at fixed stellar mass: only for TNG50. Dash-dotted lines mark the locus of
three times the typical gravitational softening lengths of the stellar particles and gas cells in the different simulations (see text). In the TNG model, galaxy sizes
are converging at all mass scales and times, albeit with some complexity at the 1010M� knee and above, at low redshifts. Size convergence is reached faster
(i.e. also with limited resolution) at higher redshifts. Galaxy sizes do not trivially depend on the underlying choices of the softening lengths, at least above a
certain stellar mass limit.

lar masses. Given the trends in Fig. B2, TNG50 disk heights can be
considered converged to better than 20-40 per cent across all stud-
ied masses and redshifts. Conversely, degraded resolution would
return somewhat imprecise redshift evolutions of disk heights at
fixed stellar mass.

For reference, red dash-dotted curves denote the typical grav-
itational softening lengths of the stellar particles. These are, by de-
sign, smaller in physical units at higher redshift (for z > 1). Im-
portantly, across simulations, disk heights do not necessarily de-
crease by half when the underlying softening lengths do so. This in
fact appears to be the case at lower redshifts for the stellar compo-
nent of intermediate-mass galaxies between TNG50 and TNG50-
2 (z . 1, top left and middle panels in Fig. B2), but is not the
case across resolution variations, for all mass bins, and, impor-
tantly, at higher redshifts. At high redshifts (z & 1), the resolu-
tion trends of disk heights appear almost insensitive to the changes
in gravitational softening (rightmost panels of Fig. B2, solid vs.
dash-dotted lines). This fact is more pronounced for the heights of
the Hα light: orange dash-dotted curves indicate the gravitational
softening lengths of the 5th-percentile smallest gas cells within a
galaxy’s body (< 2Rstars), for the average galaxy in each mass bin.
This threshold provides an approximate metric for the typical grav-
itational softening of the gaseous component in the star-forming
disks. Even in this case, the resolution trends of the Hα disk heights
do not reflect the changes in gravitational softening of the relevant
matter component. We conclude that the vertical structure of the
stellar and gaseous components is determined by an ensemble of
factors (starting with the depth of the overall potential) and is not
directly tied to numerical choices of spatial resolution (see Sec-

tion 7.1 for a discussion on the possible dependence of heights on
other modeling choices, chiefly the ISM effective equation of state).

The perceived impact of the numerical softening on galaxy
structure is often overestimated (but see Grand et al. 2017; Hopkins
et al. 2018), especially within complex multi-physics and multi-
matter galaxy models like TNG. We demonstrate this with the re-
sults of the experiment depicted in Figure B3. There, we show the
typical heights of thin galaxies obtained in a series of four test sim-
ulations, all of the same 25 Mpc h−1 box at about TNG100 (i.e.
with 5123 DM particles and gas cells) – these are part of the ‘model
variant’ series introduced in Pillepich et al. (2018a). In the tests, all
model parameters are unchanged except for the choice of the grav-
itational softening, which is chosen to be 2, 4, and 10 times smaller
than its fiducial value.

It is usually expected that smaller softening produce thinner
galaxies. In fact, the effect is minimal, if not reversed. From these
tests, it is clear that the dependence of galaxy structure (both height
and size) on the gravitational softening is more complex than a
simply imposed numerical floor. Indeed, at fixed particle resolu-
tion, improving the spatial resolution for DM and stars produces
a slight height increase of galaxies. The same effect is found for
galaxy sizes. Reducing too aggressively the softening can produce a
counter-intuitive slight enlargement of the galaxy heights and sizes,
as a result of increased two-body heating.

B3 Galaxy Kinematic Measures

We conclude this study of the convergence properties of the TNG
model by analyzing galaxy kinematics, specifically the rotation ve-
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Figure B2. Galaxy heights for different resolution realizations of the same cosmological volume: thicker and darker curves denote progressively better
numerical resolution. Stellar-mass and Hα-light disk heights are shown on the top and bottom, respectively. On the leftmost column, we show the distributions
across galaxy populations in a given mass bin at z = 0.5. On the right, the typical heights of the 20 per cent thinnest galaxies are shown as a function of
numerical resolution, with changes in both mass and spatial resolution, at z = 0.5 (center), and z = 4 (right). At lower redshifts, the enhanced resolution of
TNG50 allows us to reach disk heights up to factors of 2 thinner than at the next resolution level, TNG50-2, similar to TNG100. Within our model, galaxy
heights are converging, and better levels of convergence are reached faster at higher redshifts.
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Figure B3. A smaller gravitational softening does not necessarily imply
thinner or smaller galaxies. Here the median stellar disk heights of disk-like
(thin) galaxies are shown for different simulations that differ exclusively for
the underlying choice of the DM and stellar particle gravitational softening.
Darker and thicker symbols denote larger galaxy stellar masses. For the
problem at hand, the gray band denotes the fiducial choice.

locity and velocity dispersions of both the stellar and Hα compo-
nents. It has been shown that, for example in the context of the
EAGLE model, kinematic properties such as the stellar angular mo-
mentum and the stellar spin parameters converge more slowly as a
function of number of resolution elements per galaxy than struc-

tural properties like stellar galaxy sizes (Lagos et al. 2017, 2018b).
We recover similar qualitative findings.

In Fig. B4 we focus on two representative redshifts (z = 0.5
and 2) and study how the median rotational velocities (top) and
velocity dispersions (bottom, without thermal component) vary as
a function of stellar mass across the different-resolution runs of
the TNG50 series: stellar kinematics are given on the left, Hα-
gas properties on the right. Firstly, as is the case for the struc-
tural properties, kinematic properties of the gas component depend
less strongly on numerical resolution than their stellar counterparts,
also for very low resolutions (as in TNG50-3 and -4). Importantly,
TNG50 and TNG50-2 return Hα kinematic measures that are con-
sistent at the 20-30 per cent accuracy across the studied redshift
range and for galaxy stellar masses above 109M�. The trends in
the four right panels of Fig. B4 suggest that, at TNG50 resolution,
we can trust the gas Vrot and σ to the 20 − 30 per cent level of
accuracy all the way down to 1 − 2 × 108M� in stars, and hence
to much better accuracy for all the mass range we have explored in
Sections 6 and 7.

Furthermore, we see that poorer numerical resolution implies
larger rotational velocities and lower velocity dispersions. Differ-
ently than for the structural properties like disk heights and galaxy
sizes, the effects of poor numerical resolution are larger at larger
redshifts. Finally, for the stellar kinematics (four left panels), prop-
erties are converged once a minimum number of stellar particles
samples the galaxies. At low redshift (z . 0.5), TNG100 kinemat-
ics (similar to TNG50-2) are converged, and in fact indistinguish-
able from those of TNG50, for galaxies of 109M� and above i.e. at
least 1000 particles – this minimum stellar mass is at least a factor
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Figure B4. Median galaxy kinematic properties as a function of galaxy stellar mass for different resolution realizations of the same cosmological volume: as
so far, thicker and darker curves denote progressively better numerical resolution. We show the rotational velocity (top) and velocity dispersions (bottom) of
both the stellar and gaseous components (left and right, respectively). We bracket the redshift range by showing z = 0.5 and 2 results. In the TNG model,
convergence of the galaxy kinematics is reached faster (i.e. also with limited resolution) at lower redshifts, and for the gas rather than the stellar material. At
TNG50 resolution, Vrot and σ are quantitatively robust all the way down to galaxy stellar masses of 109M�.

of 8 smaller for TNG50. Namely, we find that at low redshifts, e.g.
z ∼ 0.5, galaxy stellar kinematics in TNG50 are robust and con-
verged down to∼ 108M�. Higher redshift results are, on the other
hand, more constraining: TNG50 kinematics are converged at the
percent level also at z & 1 as long as galaxies are sampled with at
least 10,000 stellar particles. We are thus confident of the robust-
ness of the quantitative results and trends uncovered in the main
text of the paper, concerning the kinematics of galaxies of 109M�
and above.
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