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Abstract

The origin of the disk and spheroid of galaxies has been a key open question in understanding their morphology.
Using the high-resolution cosmological simulation New Horizon, we explore kinematically decomposed disk and
spheroidal components of 144 field galaxies with masses greater than M109 at z=0.7. The origins of stellar
particles are classified according to their birthplace (in situ or ex situ) and their orbits at birth. Before disk settling,
stars form mainly through chaotic mergers between protogalaxies and become part of the spheroidal component.
When disk settling starts, we find that more massive galaxies begin to form disk stars from earlier epochs; massive
galaxies commence to develop their disks at z∼1–2, while low-mass galaxies do after z∼1. The formation of
disks is affected by accretion as well, as mergers can trigger gas turbulence or induce misaligned gas infall that
hinders galaxies from forming corotating disk stars. The importance of accreted stars is greater in more massive
galaxies, especially in developing massive spheroids. A significant fraction of the spheroids come from the disk
stars that are perturbed, and this becomes more important at lower redshifts. Some (∼12.5%) of our massive
galaxies develop counter-rotating disks from the gas infall misaligned with the existing disk plane, which can last
for more than a gigayear until they become the dominant component and flip the angular momentum of the galaxy
in the opposite direction. The final disk-to-total ratio of a galaxy needs to be understood in relation to its stellar
mass and accretion history. We quantify the significance of the stars with different origins and provide them as
guiding values.
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1. Introduction

In the local universe, galaxies have a wide variety of
morphology ranging from disk-dominated spiral galaxies to
bulge-dominated elliptical galaxies (Hubble 1926). From many
observational results, it is also well established that the
morphology of galaxies is highly correlated with other
properties, such as luminosity (mass), color, and star formation
rate (e.g., Conselice 2006; Driver et al. 2006; Benson et al.
2007; Ilbert et al. 2010). The two most distinctive components
of a galaxy behind this morphological diversity are supposedly
their disk and spheroidal components, and their distinct stellar
populations and kinematics suggest that these components were
formed through different mechanisms. Therefore, identifying
the origin of these structures is an important step toward
understanding the formation of galaxies with different shapes.

The conventional view of disk formation is that stellar disks
are formed when shock-heated gas slowly cools down and
collapses into dark matter (DM) haloes while conserving its
angular momentum (Fall 1980; Mo et al. 1998; Cole et al.
2000). Recent hydrodynamic simulations have further elabo-
rated on this classical understanding by showing that gas can
quickly collapse and form filamentary structures before it
reaches galactic haloes, the so-called “cold-mode” accretion
(Kereš et al. 2005; Ocvirk et al. 2008; Dekel et al. 2009). This
cold stream through the cosmic filaments is thought to be a
dominant process of gas accretion for low-mass or high-
redshift galaxies. In addition, because gas accumulates angular

momentum as it travels along the filament, gas infalling later
would carry higher angular momentum into a galaxy (Kimm
et al. 2011; Pichon et al. 2011; Stewart et al. 2011). Continuous
supply of gas seems to play an important role in the formation
of disk galaxies; for example, gas-rich major mergers are
proposed as one possible channel for the formation of massive
disk galaxies (e.g., Barnes 2002; Governato et al. 2009).
In a hierarchical universe, galaxies grow into massive

ellipticals via mergers. As a result of mergers, galaxies develop
dispersion-dominated spheroidal components as the aligned
orbits of disk stars are disturbed (Toomre 1972; Negroponte &
White 1983). Therefore, disk-dominated galaxies are generally
expected to have experienced fewer violent events that could
destroy their disks, and the formation of massive elliptical
galaxies is believed to be the result of numerous hierarchical
mergers. Accordingly, merger history has been considered as
the most important factor in determining the morphology of
galaxies, as shown in the results of several numerical studies
(e.g., Scannapieco et al. 2009; Martig et al. 2012; Aumer et al.
2014; Martin et al. 2018).
“Accretion” of the stars of disrupted satellite galaxies during

the process of mergers is also an important channel in the
development of spheroids. These accreted stars are believed to
contribute to the growth of the outskirts of galaxies (Oser et al.
2010), and especially to the formation of the halo components
(Searle & Zinn 1978; Zolotov et al. 2009; Tissera et al.
2012, 2013; Cooper et al. 2015). From a hierarchical point of
view, more massive galaxies are expected to have more
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accretion (Rodriguez-Gomez et al. 2016; Lee & Yi 2017), and
some studies using cosmological large-volume simulations
have argued that accretion plays a major role in driving the
morphology of the massive galaxies to be spheroidal (Dubois
et al. 2016; Clauwens et al. 2018; Martin et al. 2018). For
example, Dubois et al. (2016) have shown that the morphology
of galaxies at fixed mass strongly depends on cosmic accretion.

Spheroids can grow through several other processes besides
mergers. Many numerical studies have shown that turbulent
gas-rich disks at high redshifts tend to fragment into massive
clumps as a result of gravitational instabilities; these clumps
formed in situ in the protodisks can migrate to the central
regions and coalesce to form a central bulge (Noguchi 1999;
Elmegreen et al. 2008; Dekel et al. 2009). Another mechanism
that contributes to the growth of spheroids is related to the
formation of bars; a bar can induce gas inflow into the central
regions, enhancing central star formation to form disk-like
bulges (Athanassoula 2005).

Misaligned gas infall is also thought to contribute to disk
shrinkage and redistribution of mass from disks to spheroids
(Scannapieco et al. 2009; Zolotov et al. 2015). Occasionally, a
counter-rotating component develops in a galaxy during the
misaligned infall, which can cause reorientation of disks. Aumer
& White (2013) found in their simulation that disk fraction
decreases as galaxies have experienced more frequent reorienta-
tion. Several studies have claimed that the spin alignment of gas
accretion is more crucial in determining the final morphology of
galaxies than the frequency of mergers (Pichon et al. 2011; Sales
et al. 2012). All of the above-mentioned internal and external
processes affect the formation of spheroids, but it is still unclear
which process is the most significant.

Hence, the origin of disk and spheroid may be speculated as
follows. Spheroids form from material with low angular
momentum in the early stage of galaxy formation where chaotic
mergers between protogalaxies are frequent. Galactic disks
develop later with in situ star formation from coherent accretion
of gas. As galaxies evolve, new spheroidal components can
further grow from disk instability, misaligned gas infall, and
hierarchical merging. Therefore, as the schematic diagram of
Figure 1 shows, disks are mainly composed of the stars formed
in situ with corotating coplanar initial orbits (“aligned” orbits),
while spheroids consist of the stars formed in situ with non-
coplanar initial orbits (“misaligned” orbits, dashed arrow), as well
as the stars with disk-origins (solid arrow), and the stars formed
ex situ and later accreted (dotted arrow).

In this study, we use the New Horizon simulation (Y. Dubois
et al. 2019, in preparation), a high-resolution cosmological
zoom-in simulation that includes a statistically significant
number of galaxies, to understand the origin of disk and

spheroidal components. This study aims to quantify the relative
importance of the channels to the disk and spheroidal
components (see Figure 1), as probed by our sample.
Specifically, this study attempts to answer the following
questions: (1) when do galaxies start to predominantly form
disk stars? (2) what is the contribution of each channel to the
formation of spheroids? and (3) how does galactic morphology
evolve when a galaxy develops a counter-rotating component
from gas infall misaligned with the existing disk plane?
This paper is organized as follows. In Section 2, we describe

the New Horizon simulation, galaxy identification, and sample
selection. Section 3 presents the kinematic decomposition
techniques used to identify the disk and spheroidal components
and to measure the mass ratio of the components as a
morphological indicator. In Section 4, we explore the formation
of disk and spheroidal components of the New Horizon
galaxies by tracing the origin of stellar particles. In Section 5,
we examine the evolution of kinematic morphology until
z=0.7 and provide the estimates of the contributions from
different channels to the disk and spheroidal components.
Finally, we summarize our results in Section 6.

2. Methodology

2.1. The New Horizon Simulation

We use the New Horizon simulation (Y. Dubois et al. 2019, in
preparation), a high-resolution cosmological simulation per-
formed with an Eulerian hydrodynamics code with adaptive
mesh refinement (AMR), RAMSES (Teyssier 2002). The parent
simulation, Horizon-AGN (Dubois et al. 2014a) is a large-
volume simulation (with box size of 100Mpc/h) that success-
fully reproduces galaxies in the various cosmic environments,
including 14 galaxy clusters with >M M10vir

14 . While the
maximum spatial resolution of ∼1 kpc (with a DM mass
resolution of ´ M8 107 and a stellar mass resolution of

´ M2 106 ) allows us to understand the general evolutionary
trends of a large number of galaxies (∼85,000 galaxies above

M109 at z=0), it is still not sufficient to study the detailed
structures of galaxies.
The New Horizon simulation zooms in on a sphere with a

radius of 10Mpc (comoving) in a “field” environment8 which
is extracted from the Horizon-AGN simulation with a DM
mass resolution of 106 M and a minimum stellar mass
resolution of 104 M . The simulation has reached z=0.7
with maximum spatial resolution of 40 pc (physical scale, at
z=0.7).9 Note that this simulation has the highest spatial
resolution yet in a cosmological volume. Figure 2 shows the
maps of the stellar, DM, and gas distributions and the AMR
grid of a sample galaxy in the New Horizon simulation. The
simulation adopts cosmological parameters consistent with
the WMAP-7 data (Komatsu et al. 2011): Hubble constant

= - -H 70.4 km s Mpc0
1 1, total mass density Ωm=0.272,

total baryon density Ωb=0.0455, dark energy density

Figure 1. A schematic diagram summarizing the possible channels to the disk
and spheroidal components of a galaxy, based on the origins of stellar particles.

8 The mass of the most massive halo in the New Horizon volume at z=0.7 is
∼3.9×1012 M . In order to quantify the environment, we counted the 10
nearest neighbors (with masses greater than 109 M ) for each galaxy in our
sample and divided by the circular enclosed area. Based on this quantitative
term, galaxy population can be separated as follows: field galaxies
(Σ<10 Mpc−2), group galaxies (Σ∼100 Mpc−2), and cluster galaxies
(Σ∼1000 Mpc−2) (e.g., Smith et al. 2005). Given that the median value of
the projected surface density for our sample is Σ∼5.6 Mpc−2 (at z=0.7,
using 100 random projections), most of our sample seems to be biased toward
field galaxies.
9 We are trying to find more computing time to reach z=0.
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ΩΛ=0.728, amplitude of power spectrum σ8=0.809, and
power spectral index ns=0.967.

Radiative cooling is modeled following Sutherland & Dopita
(1993) and Rosen & Bregman (1995); this allows gas to cool to
1 K through primordial and metal cooling. Gas can also be
heated via uniform ultraviolet radiation after the reionization
epoch at z=10 based on Haardt & Madau (1996). Stars can
form out of gas cells with a hydrogen number density greater
than nH=10 cm−3 and a temperature lower than 2×104 K,
following the Schmidt law (Schmidt 1959). Instead of adopting
a fixed star formation efficiency per freefall time (òff), we
determine the local òff based on the local thermo-turbulent
condition (Kimm et al. 2017). When each stellar particle
becomes older than 5Myr, we assume a supernova explosion
returning 31% of the stellar mass to the surroundings.
Supernova feedback is modeled using a mechanical feedback
scheme (Kimm & Cen 2014). We adopt the Chabrier initial
mass function (Chabrier 2005) with lower and upper mass
cutoffs of 0.1 M and 150 M , respectively.

Black holes, implemented as sink particles, form in cells
where both the gas and stellar densities are above the threshold
of star formation, with a seed mass of 104 M . The black holes
grow on the basis of Bondi–Hoyle–Lyttleton accretion (Hoyle &
Lyttleton 1939; Bondi & Hoyle 1944), and the maximum
accretion rate is limited to the Eddington rate. Feedback from
active galactic nuclei is modeled in two different ways
depending on the ratio of the gas accretion rate to the Eddington
limit by following Dubois et al. (2012). If the gas accretion rate
is lower than 1% of the Eddington rate, the black hole releases
mass, momentum, and energy in the form of jets (radio mode).

The jet efficiency depends on the spin of the black hole that is
evolved with the model of Dubois et al. (2014b), with a spin-up
rate and an efficiency for the jet mode following magnetically
arrested disk simulations (Mckinney et al. 2012). Conversely, if
the gas accretion rate is higher than 1% of the Eddington rate, the
black hole deposits thermal energy isotropically (quasar mode).
A more detailed description of the simulation can be found in
Y. Dubois et al. (2019, in preparation).

2.2. Galaxy and Halo Identification and Sample Selection

Simulated galaxies are identified using the ADAPTAHOP
algorithm (Aubert et al. 2004) with the most massive sub-node
mode (Tweed et al. 2009) applied for stellar particles. At least
50 stellar particles are required to be identified as a galaxy, and
the position of the stellar particle with the highest spatial
density is considered to be the center of the galaxy. DM haloes
are also identified using the ADAPTAHOP algorithm. Since
New Horizon is a zoom-in simulation of Horizon-AGN,
galaxies close to the boundary of the zoom-in region could
be polluted with low-resolution (more massive) DM particles
that are initially located outside the zoom-in region. Thus, we
limit our analysis to galaxies more massive than 109 M in
haloes with a contaminated fraction of less than 4%.10

Due to the nature of ADAPTAHOP, star-forming clumps inside a
galaxy are identified as different galaxies; stars in these local
density peaks are not taken into account as members of the main
galaxy in question. To avoid such subtraction, we include all the
substructures (star-forming clumps or dwarf galaxies) inside R90 of
the galaxy and remeasure R90 to make sure that it contains 90% of
the total stellar mass. Some of the galaxies in the sample are in the
process of merging with massive companions. In such cases, their
morphologies are likely to be highly disturbed, which makes their
disk and spheroid structures unreliable. Therefore, we exclude the
galaxies from the sample if they have satellite galaxies, within their
R90, with masses higher than 10% of the stellar masses of the host
galaxies. The satellite galaxies in these cases are excluded from the
analysis as well. Finally, we limit our sample to the galaxies with
merger trees available up to at least z=4.
The resulting main sample consists of 144 galaxies with masses

greater than 109 M (24 massive galaxies with Mstellar�1010 M
and 120 low-mass galaxies with 109Me �Mstellar<1010 M ) at
z=0.7, where our simulation stops. Of the 144 galaxies in the
selected sample, 91 (13 massive and 78 low-mass galaxies) are
free from contamination and 131 (20 massive and 111 low-mass
galaxies) have a contaminated fraction below 1%. The properties
of these galaxies (e.g., galaxy mass function, halo mass function,
star formation rate density, etc.) are in reasonable agreement with
observations at the corresponding redshift considering the small
sample size, which will be presented in detail in the forthcoming
paper that properly introduces the New Horizon project
(Y. Dubois et al. 2019, in preparation).

3. Kinematic Decomposition

3.1. Definition

Disks and spheroids are thought to be the most distinct
components of a galaxy in terms of kinematics and stellar
populations. In order to investigate the formation and evolution

Figure 2. A projected map of the stellar particles, dark matter particles, AMR
grid, and gas density of a galaxy at z=0.7 in the New Horizon simulation.
Note that the minimum mass resolutions for the dark matter and stellar particles
are ~M M10DM,res

6 and ~M M10,res
4

* , respectively. The maximum
spatial resolution is 40 pc (physical scale).

10 If a galaxy is in a subhalo, both subhalo and host halo should have low-
resolution particles with number fraction lower than 4% to be part of the
sample.
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of each component, it is first necessary to decompose galaxies
into these two components. We use the circularity parameter
(Abadi et al. 2003) to carry out the kinematic decomposition by
quantifying the orbital property of each stellar particle in a
galaxy. First, we define the galactic rotational axis (spin axis)
as the direction of the net angular momentum vector using the
stars within R90. The circularity parameter is calculated based
on the specific angular momentum of each stellar particle on
the galactic spin axis (Jz), normalized to that of an expected
circular orbit with the same energy as the stellar particle
(Jcir(E)):

( ) ( )= J J E . 1z cir

By definition, a star on a circular orbit in the galactic plane
would have a circularity parameter of 1, while the circularity
parameters of a group of randomly orbiting stars would be
distributed centered around 0.

We adopt a fixed cutoff of ò=0.5 to determine whether a
stellar particle is in the ordered (disk) or disordered (spheroidal)
component. This cutoff is sufficiently small to contain stars in
the thick disk component whose circularity values are typically
centered around ò∼0.5–0.6 (Abadi et al. 2003; Obreja et al.
2018). Some other studies have instead applied more strict
cutoffs, e.g., ò=0.7 or 0.8 (e.g., Marinacci et al. 2014;
Rodriguez-Gomez et al. 2016), for extracting purely rotating
thin disk components with less contamination from the
spheroidal component. Our qualitative conclusion, however,
does not depend critically on the choice of the cutoff. Since our
main focus is the early history of galaxy evolution (down to
z=0.7) where the two distinct structures begin to appear in a
galaxy, we use a simple cutoff instead of adopting more
sophisticated decomposition techniques (e.g., Obreja et al.
2019). Thus, we define the “spheroidal components” as all the
stellar particles with disordered orbits (ò<0.5).

Figure 3 shows images of one of the most massive disk-
dominated galaxies and its two components decomposed based
on the circularity parameter: disk (ò�0.5) and spheroid
(ò<0.5). The top two rows are r-band-weighted images (in the
rest frame, without dust extinction) of the galaxy and its
structures viewed face-on and edge-on respectively, while the
third row shows mass-weighted images. The last row is the
line-of-sight velocity map in the edge-on direction, weighted
by the r-band flux of the stars in each bin. The r-band flux is
calculated for every stellar particle based on stellar age and
metallicity, following the stellar population synthesis models of
Bruzual & Charlot (2003). Stars with ò<0.5 are indeed
distributed smoothly as expected for the spheroidal component,
whereas the disk stars with ò�0.5 show luminous (young)
spiral-arm structures in the face-on view while looking thin in
the edge-on view. In the line-of-sight velocity map, the
difference between the components is also evident: stars with
ò<0.5 build a dispersion-dominated system with little net
rotation because their line-of-sight velocities are canceled out,
while disk stars show a clear rotation with ~ -V 200 km srot

1.

3.2. Kinematic Morphology (D/T)—
Morphological Mix in the Field Environment

The morphology of galaxies can be approximated by the
ratio of the mass of the disk components to the total stellar
mass, D/T. Figure 4(a) shows the disk-to-total ratios of the
New Horizon galaxies at z=0.7 as a function of stellar mass.
The average values of D/T, represented as magenta diamonds,

seem to show a slight positive trend with the stellar mass of the
galaxies. As a check, we also measured V/σ of the galaxies, the
degree of rotational support. First, we define the cylindrical
coordinate system with respect to galactic spin axis (z-axis) and
compute the radial (Vr), tangential (Vt), and vertical (Vz)
components of velocity. Velocity dispersion is measured with
respect to the mean value of each component (i.e.,
s = á ñ - á ñV Vr t z r t z r t z, ,

2
, ,
2

, ,
2). Using all stellar particles in a

galaxy, V/σ is calculated from the mean rotational velocity
( = á ñV Vt ) normalized by the 1D-mimicking velocity disper-

sion: ( )s s s s= + + 3r t z
2 2 2 . As suggested in the gradual

color variation of D/T (representing V/σ), we confirm that our
D/T measurement correlates well with V/σ.11

To examine the differences in the kinematically traced
morphology more carefully, we classified the galaxies with
D/T larger than 0.5 as disk-dominated galaxies and those with
D/T smaller than 0.35 as spheroid-dominated galaxies. The rest
are called intermediate galaxies. Disk-dominated galaxies make

Figure 3. Images of one of the most massive disk-dominated galaxies in our
sample (left) and its decomposed structures: the disk (middle) and spheroidal
(right) components. The rest frame r-band images are shown in face-on (top
row) and edge-on (second row) views. The mass distributions are shown in an
edge-on view (third row), and the r-band flux-weighted line-of-sight velocity
map in an edge-on view (fourth row). We confirm a distinction between the
kinematically decomposed structures, disk and spheroid, in their visual
appearance and velocity maps. The radius of each box is R90 of the galaxy,
and the velocity map is displayed on a 50×50 grid. Only pixels containing
more than 100 stellar particles are shown on the map.

11 Note that V/σ here is different from observed V/σ; while we consider all the
stellar particles in a galaxy in the measurement of V/σ, many of the
observational studies measure V/σ from the maps of velocity moments within
the projected half-light radius (e.g., Emsellem et al. 2007). We note that V/σ
presented here is not intended for direct comparison with observations but for a
sanity check on the reliability of D/T measurements and to confirm the validity
of the trends.
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up 37% of the sample (53/144), whereas 30% of the sample
(43/144) is spheroid-dominated. Face-on and edge-on r-band
images of three disk-dominated (d1, d2, d3) and three spheroid-
dominated (s1, s2, s3) galaxies are shown as examples in the
right panels of Figure 4. The fractions of disk-dominated
(blue), intermediate (green), and spheroid-dominated (orange)
galaxies in each mass bin are shown in panel (b).

It is interesting to note that, unlike the average D/T (panel
(a)), the fraction of disk-dominated galaxies increases rather
dramatically with stellar mass. The strength of the trend,
however, is somewhat sensitive to the choice of D/T cuts for
disk- and spheroid-dominated galaxies. The difference in the
populations between disk-dominated and spheroid-dominated
galaxies begins to appear at ∼1010 M and becomes more
pronounced at higher masses. This morphology–mass trend is
consistent with the observational studies of Kassin et al. (2012)
(see also Simons et al. 2017; Johnson et al. 2018), while it may
seem contradictory to what we observe in the local universe,
where more massive galaxies tend to be of earlier type
(Conselice 2006). This discrepancy can be explained by noting
that our sample is limited to the field environment, and the
simulation has not reached z=0.

4. The Origin of Disk and Spheroidal Components

Understanding the formation of the kinematic components
requires tracking their stellar origins—when and where stars
come from. In this section, we sorted the origins of the stellar
particles in each component depending on their birthplace and

orbits at birth: stars born in situ with “aligned” (corotating
coplanar initial orbits) and “misaligned” orbits (counter-
rotating or non-coplanar initial orbits), and stars formed
ex situ and later accreted. Based on this classification, we
aim to address the questions raised in the introduction
regarding the formation of disk and spheroidal components.

4.1. The Origins of Stellar Particles: in situ/ex situ and Birth
Orbital Properties

The origin of stars can be quantified as a function of where
they formed: in situ/ex situ. We tracked all the progenitors of
the galaxy (up to at least z= 4). For each galaxy of the z=0.7
sample, stars born in its main progenitors are considered as
in situ stars, and the rest as ex situ stars.12 Figure 5 shows the
distribution of stars in the same disk-dominated galaxy as in
Figure 3. The top two rows show the numbers of in situ (panel
(a)) and ex situ (panel (b)) stars as a function of distance. The
distribution function of in situ stars is colored according to the
median formation epoch of the stars at given distances. The
distributions of ex situ stars assembled at z∼3 and z∼1.5
(0.5 Gyr window) are also added in panel (b). In the middle
panels, stars are distributed in the plane of the 3D velocity and
the galactocentric distance, while the bottom rows show the

Figure 4. (a) D/T as a function of galactic stellar mass (at z=0.7). The colors represent V/σ of the galaxies. The magenta diamonds and error bars represent the
average D/T and the standard deviation, respectively. (b) The fraction of disk-dominated (D/T>0.5, blue stars), intermediate (0.35<D/T<0.5, green triangles),
and spheroid-dominated (D/T<0.35, red circles) galaxies as a function of galactic stellar mass. The error bars are measured from the standard error of the mean of a
binomial distribution. Face-on and edge-on r-band images of three disk-dominated (d1, d2, d3) and three spheroid-dominated (s1, s2, s3) galaxies are shown as
examples in the right panels. We find that the average D/T and the fraction of galaxies with different morphology depend on the stellar mass.

12 In each snapshot from (at least) z=4 to 0.7, stars younger than 50 Myr
located within R90 of the main progenitors of the galaxy in question are labeled
as in situ stars, and those stars that have not been labeled at all (meaning that
they are born in other progenitors and accreted later when they are older than
50 Myr) are considered to be ex situ stars.
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circularity parameter versus distance. Stars in each panel are
color-coded according to their formation (in situ) or assembly
epoch (ex situ).

It is clear from Figure 5 that the present stellar kinematics is
strongly dependent on the formation/assembly epoch and
origin. The gradual color variations in panels (c) and (e)
indicate that the stars formed in situ have different kinematics
depending on their ages. Stars formed recently have circularity
values close to 1, following the circular rotation curve, which is
represented as the dashed line in panel (c). Therefore, the
majority of young stars in the galaxy are formed in the disk.
Conversely, old stars formed in situ are mostly contained in the
inner regions with lower circularity, many of which comprise
the bulge component.

In the phase-space diagram for ex situ stars, Figures 5(d) and
(f), we can identify different families of accreted stars coming
from different merger events. This particular galaxy undergoes
significant accretions at z∼3 (orange) and z∼1.5 (cyan)
through mergers, which can be seen as different groups of
accreted stars with different assembly epochs. Unlike the

stars formed in situ whose circularity parameters are skewed
toward ò=1, accreted stars mostly have disordered motions
with circularity parameters almost centered around ò∼0
(Figure 5(g)). Moreover, the distribution of accreted stars in
the phase-space plane varies with epoch of assembly, as has
been addressed by Font et al. (2011). The stars from a recent
accretion (cyan stars in Figures 5(d) and (f), assembled at
z∼1.5) are distributed at large distances from the center with
higher velocities, while stars accreted earlier (orange stars,
assembled at z∼3) have settled down toward the central part
of the galaxy, because later accretion carries higher angular
momentum (e.g., White 1984; Kimm et al. 2011; Stewart et al.
2011).
The most visible feature in this diagram is perhaps that stars

that formed earlier tend to contribute to the spheroid and to
have more disordered orbits. The orbital characteristics of a
star, however, are not fixed over time. The ordered orbits of
disk stars can be disturbed as stars exchange angular
momentum through mergers or instabilities. Therefore, stars
in each component do not remain where they are born. To

Figure 5. Distribution of the in situ and ex situ stars in a galaxy in a phase-space diagram. Top panels: the numbers of in situ and ex situ stars as a function of
galactocentric distance. The distribution of in situ stars is colored by median formation epoch of the stars at given distances. Orange and cyan lines are distributions of
ex situ stars assembled at z∼3 and z∼1.5 (two significant accretions through mergers), respectively. Middle panels: 3D velocity vs. the distance from the galactic
center. Bottom panels: the circularity parameter vs. the distance. Each star is color-coded according to its formation (in situ) or assembly (ex situ) epoch, from red
(early) to blue (recent). The rotational velocity curve of the galaxy is plotted as the dashed line in panel (c). (g) Probability distribution functions (PDFs) of the
circularity parameters of in situ (unfilled) and accreted (hatched) stars normalized by the total number of stars in the galaxy. The stellar kinematics is strongly
dependent on the formation/assembly epochs and origins; young stars formed in situ have ordered motions with circularity close to 1, while stars formed earlier have
disordered motions with low circularity. Accreted stars have mostly disordered motions with circularity centered around 0, and their radial distributions depend on
their assembly epoch.
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determine which component (disk/spheroid) stars belonged to
when they were born, and therefore to quantify the amount of
migration from disks to spheroids, we measured the orbital
properties of the in situ stars at birth. The stars born in situ were
divided again based on their circularity parameter at birth. The
same choice of circularity cutoff òbirth=0.5 was employed to
determine whether a star was born a disk star. In other words, if
the initial orbit of a star (at birth) is “aligned” with the
corotating disk plane (òbirth>0.5), then it was born a disk star.
Otherwise (òbirth<0.5, “misaligned orbits” with the corotating
disk plane), it is most likely to have formed from misaligned,
unsettled gas, likely during a merger.

The leftmost panel in Figure 6 shows the assembly history of
the same disk-dominated galaxy as in Figure 3 with stellar mass
of 6.91×1010 M . Each bin represents the number of stellar
particles born in situ with aligned (blue) and misaligned (red,
on top of blue) orbits and the number of stellar particles formed
ex situ and later accreted by this galaxy (hatched, on top of
red). The boxes in the top right corner of the panel show the
fractions of these subcomponents in the galaxy. As indicated by
colors in Figure 5, this galaxy experienced significant accretion
events at z∼3 and z∼1.5 through mergers, resulting in the
two maxima of stars accreted at these redshifts (spikes in the
hatched histograms). The total ex situ mass fraction is ∼0.284.
At high redshifts, most stars form from misaligned and
unsettled gas (red bars); later, disk stars (blue bars) start to
form predominantly. The general trend of the star formation
responsible for disk stars will be discussed in Section 4.2.

The two panels on the right, in the same format as the left panel,
show when and how the stars constituting the spheroid (middle)
and the disk (right) at z=0.7 are assembled into the galaxy. The
spheroidal component consists of accreted stars (accounting for
52.4% of the spheroid), stars born with misaligned orbits (19.1%),
and stars initially born in the disk (initial aligned orbits) yet
migrated to the spheroid as their orbits are perturbed (28.5%). The
disk component, conversely, is primarily composed of stars
formed in situ with aligned orbits (more than 80%, for this galaxy).
The distribution of the assembly epochs of the stars in each
component implies that the stars in the spheroidal component are
older than the disk stars because the galaxy continuously produces
young disk stars. We further calculated the median age of the
spheroidal and disk components of this galaxy at z=0.7 and
confirmed that the spheroid stars (5.35Gyr) are much older than
the disk stars (3.01Gyr). The qualitative assembly history of disk

and spheroid and their origins (high ex situ fraction for spheroidal
components, mainly for the stellar haloes given their distribution in
Figure 5) agree with the results of Obreja et al. (2018).

4.2. Formation of Disks

As implied in Figure 6, disk stars tend to form at later
epochs, while early star formation contributes to the growth of
the spheroidal components. In this section, we explore when
the galaxies start to predominantly form disk stars. Also, we
measure how many of the stars in a galaxy are born as disk
stars and investigate how this correlates with galactic stellar
mass, final morphology, and accreted fraction.

4.2.1. When Do Galaxies Start to Predominantly Form Disk Stars?—
Disk-mode Star Formation

In order to quantify the kinematic properties of newly formed
young stars at each redshift, we measure the fraction of disk stars
among the stars formed over a time period of 100Myr, fdisk

100 Myr.
Figure 7(a) shows fdisk

100 Myr as a function of redshift for two
groups of galaxies divided based on their stellar mass at z=0.7;
the solid line with circles shows the evolution of the median
fdisk

100 Myr for massive galaxies (10< log(M*,z=0.7/Me)<11),
and the dashed line with triangles shows the evolution of low-
mass galaxies (9<log(M*,z=0.7/Me)<10). Each point is the
median value of fdisk

100 Myr measured at the corresponding redshift
on the x-axis with a time window of ±150Myr. The colors
inside the markers represent the median stellar mass of their
main progenitors at the corresponding redshift.
As shown in Figure 7(a), both lines increase with time. This

trend is expected for two reasons: as redshift decreases, the
mergers become less frequent (e.g., Rodriguez-Gomez et al.
2015, 2016), and the angular momentum of accreted material
increases (e.g., Kimm et al. 2011). The most notable feature in
this trend is that fdisk

100 Myr increases more steeply in massive
galaxies (the solid line with circles), meaning that more
massive galaxies start to form disk stars at earlier epochs. This
trend qualitatively agrees with the observations of Kassin et al.
(2012) (see also Simons et al. 2016, 2017; Johnson et al. 2018).
Based on gas kinematics, they measured the fraction of
galaxies with settled disks (probed by V/σ) and found that the
fraction increases with stellar mass and time. Recent numerical
studies have also reproduced this trend. For example, El-Badry
et al. (2018) used 24 FIRE galaxies with stellar masses of

Figure 6. Assembly history of the stars in a galaxy selected at z=0.7 (with mass of 6.91×1010 M , the same galaxy as in Figure 3) and its two components.
Normalized histograms of the assembly epochs of all the stars in the galaxy (left), and of stars in the spheroidal (middle) and disk (right) components. The stacked
hatched bars represent the number of stars accreted at each epoch. The stars born in situ, stacked underneath, are divided into two groups depending on their orbits at
birth: aligned (blue) and misaligned (red). The fractions of each subcomponent in the spheroid and disk are shown in the upper right box.
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6<log(M*/Me)<11 and found a mass dependence of the
formation of rotationally supported gas disks. In addition,
Pillepich et al. (2019) have shown a similar trend—that more
massive galaxies have thinner disks, in the sense of better
defined morphological structure and kinematics, than less
massive ones. This disk settling issue will be discussed in
more detail in a separate paper (Y. Dubois et al. 2019, in
preparation).

Another noticeable feature of Figure 7(a) is that high-redshift
galaxies with settled disks (progenitors of the massive galaxies
at z=0.7) are heavier than galaxies whose disks settled more
recently; the colors inside the markers, representing the median
progenitor mass at the corresponding redshift, are redder to the
left at fixed fdisk

100 Myr (in the horizontal direction). In order to
investigate the mass associated with disk settling more
carefully, we define disk-mode star formation as when
fdisk

100 Myr is higher than 0.813 for the last 300Myr. We measure
“when” galaxies “begin” this disk-mode star formation (disk-
mode epoch, zdisk-mode). Figure 7(b) shows zdisk-mode as a
function of stellar mass of galaxies at z=0.7. Each star
represents zdisk-mode averaged over the galaxies in the
corresponding mass bin, and the color is coded by Mdisk-mode,
the median mass of the progenitors at zdisk-mode.

The trend in Figure 7(b) clearly shows an anticorrelation
between galactic stellar mass and disk-mode epoch; massive
galaxies (10<log(M*,z=0.7/Me)<11) start to form disks from
z∼1–2 (e.g., Simons et al. 2016; Hung et al. 2019), when their

mass become∼1010 M (e.g., Clauwens et al. 2018; Trayford et al.
2019), while low-mass galaxies (9<log(M*,z=0.7/Me)<10) do
after z∼1. In addition, Mdisk-mode (the colors inside the markers)
seems to mildly decrease with decreasing zdisk-mode, which can be
interpreted as a result of decreasing violence of the environments at
lower redshifts. At higher redshifts, where frequent star-forming
activity, mergers, and gas accretion trigger gas turbulence (e.g.,
Genel et al. 2012; Turner et al. 2017), only massive galaxies in
deep gravitational potential wells are able to form a majority of
stars in “disk mode.” As redshift decreases, the environments
become less violent, and galaxies with lower mass begin disk-
mode star formation.
One thing we also need to consider is that not all low-mass

galaxies are taken into account in the measurement of this disk-
mode epoch. The numbers at the bottom of Figure 7(b) indicate
the number of galaxies that have ever undergone disk-mode star
formation by z=0.7 out of the whole galaxy sample in the mass
bin. For instance, only around a third (22/67) of the galaxies with
masses between 109 and 109.5 M appear in this figure (each is
marked as “×”), and the rest of them have never formed stars in
“disk mode”. Therefore, assuming that those galaxies will begin
disk-mode star formation at some point between z=0.7 and
z=0, eventually in the local universe, the two points in the
lowest mass bins will be likely higher if measured at z=0.0,
while the other points may not move much. The galaxies in the
two lowest mass bins will probably grow in mass as well; and
thus the two data points with the lowest mass in this diagram will
likely move up and rightward as marked by arrows, while the
exact direction and magnitude are unclear at the moment. As a
result, we expect a steeper trend between the stellar mass and
zdisk-mode at z=0 than what appears here at z=0.7.

Figure 7. (a) The fraction of disk stars among the stars formed over a time period of 100 Myr ( fdisk
100 Myr) as a function of redshift. The solid line with circles shows the

evolution of median fdisk
100 Myr for massive galaxies ( ( )< <=M M10 log 11z, 0.7* ), and the dashed line with triangles shows the evolution of low-mass galaxies

( ( )< <=M M9 log 10,z 0.7* ). The two groups of galaxies are divided according to their stellar mass at z=0.7, and the colors inside the markers represent the
median stellar mass of their main progenitors at the corresponding redshift. The gray shadings represent the 30th and 70th percentiles. (b) zdisk-mode, the epoch at which
galaxies begin to form stars in “disk-mode” (i.e., >f 0.8disk

100 Myr for the last 300 Myr), as a function of stellar mass of galaxies. Each star represents the epoch averaged
over the galaxies in the corresponding mass bin, and the error bars show the standard deviations. The colors inside the stars are again coded by the average stellar mass
of the progenitors at zdisk-mode (i.e.,Mdisk-mode). The bottom numbers indicate the number of galaxies that have ever undergone disk-mode star formation by z=0.7 out
of the total number of galaxies in the mass bin. Thus, only a small fraction of the low-mass galaxies are taken into account in the measurement of zdisk-mode. If we
assume that those galaxies form stars in disk mode after z∼0.7 so that we count all of the low-mass galaxies in the calculation, the estimated zdisk-mode for the two
lowest mass bins will likely to move up and rightward as marked by arrows (scale and direction are arbitrary). We find that more massive galaxies (e.g.,

>=M M10z, 0.7
10

* ) start to form disk stars from earlier epochs (z∼1–2).

13 The resulting qualitative trend does not depend sensitively on the choice of
cutoff for disk-mode star formation. However, we take the high cutoff of
fdisk

100 Myr=0.8 to prevent any contamination that might be caused by our
simple way of distinguishing disk-born stars (òbirth>0.5).
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4.2.2. How Many Stars Are Born as Disk Stars in Total?

The kinematic morphology, i.e., mass ratio of (corotating)
disk to total, in this study is determined using all the stellar
particles in a galaxy. Therefore, even if a galaxy has recently
started disk-mode star formation, it cannot be classified as a
“kinematically” disk-dominated galaxy, because the newly
formed stars cannot yet outnumber the pre-existing stars, which
have disordered motions. As the global star formation rate
peaks near z∼2 (e.g., Hopkins & Beacom 2006), the overall
number of disk-born stars should be driven by the stars formed
at these epochs. In this context, we measure the fraction of disk
stars at birth ( fdisk

at birth) to quantify the independent effects of star
formation in developing disks and spheroids, excluding the
effects of migration between the components and merger
accretions. The total disk fraction at birth14 is defined as the
total number of stars born as (corotating) disk stars among the
stars formed in situ, which is shown as a function of the stellar
mass of the galaxies in Figure 8(b):

( )=
>

f
in situ born stars with 0.5

total number of in situ born stars
. 2disk

at birth birth

Each galaxy is color-coded according to its D/T at z=0.7, and
the size of the circle indicates the fraction of accreted (ex situ)
stars.

In Figure 8(b), we found that the fraction of disk stars at birth
increases with mass (see the magenta line). This is because, as
shown in Figure 7, the heavier the galaxy, the earlier it starts
disk-mode star formation. Therefore, most stars in massive
galaxies (>1010 M ) are born as disk stars ( fdisk

at birth ∼ 0.76, on
average), which is in agreement with the results of the
numerical simulation by Garrison-Kimmel et al. (2018). They
found that 60%–90% of the stars in MW-mass galaxies at
z=0 are born as disk stars. This mass dependence of the initial
fraction of disk stars at birth is blurred by migration between
the components and accretion, resulting in the weaker mass
dependence on D/T shown in Figure 4(a).

Another notable point is that fdisk
at birth is also related to faccr, as

can be seen in the two contours in Figure 8(b). Galaxies with
faccr>0.2 (solid contour) lie diagonally across the fdisk

at birth

–Mstellar plane, which is thought to be the result of the following
two effects: (i) more massive galaxies have higher accretion
(e.g., Oser et al. 2010; Lee & Yi 2017) and (ii) galaxies with
higher accretion have lower fdisk

at birth at fixed mass (specifically,
in the mass range 109–1010 M ). In regard to (ii), it seems that
mergers or fly-bys can boost gas turbulence in galaxies, making
galaxies less likely to form stars in an orderly fashion (lowering
fdisk

at birth). The formation of non-disk stars (òbirth<0.5) can be
boosted by the central starburst (e.g., Hernquist 1989).

Based on the relationship between Mstellar, fdisk
at birth, and faccr, we

can understand the different morphology of galaxies as follows.
The blue and orange lines in Figure 8 represent the median
faccr (panel (a)) and fdisk

at birth (panel (b)) as a function of stellar
mass for disk-dominated (D/T>0.5) and spheroid-dominated
(D/T<0.35) galaxies, respectively. Disk-dominated galaxies, on

average, have higher fdisk
at birth and lower faccr than spheroid-

dominated galaxies at fixed stellar mass. This means that they
have started to form disk stars from earlier epochs (thus, high
fdisk

at birth) and experienced fewer violent events that can destroy
their disks (hence, high D/T at z=0.7, the final epoch).
The majority of stars in the spheroid-dominated galaxies

(D/T<0.35, orange lines), on the other hand, are originally
formed with misaligned orbits (low fdisk

at birth). This appears to be
more pronounced in the lower-mass galaxies (<1010 M ) that
have not developed disks until z=0.7 (see also Figure 7).
Massive spheroid-dominated galaxies (>1010 M ), conversely,
form a higher fraction of disk stars (although still lower than
disk-dominated galaxies with similar masses). Given their
distinctly high faccr, it can be assumed that mergers have made a
significant contribution to the development of their spheroids.

4.3. Growth of Spheroids

Spheroids are believed to grow through several internal and
external processes including early star formation, disk instability,
and hierarchical merging. Indeed, Trayford et al. (2019) have

Figure 8. (a) Median fraction of accreted (ex situ) stars in the disk-dominated
(blue line) and spheroid-dominated (orange line) galaxies in each stellar mass
bin. (b) The fraction of disk stars at birth ( fdisk

at birth) as a function of galactic
stellar mass. The median fdisk

at birth in each mass bin is shown as the magenta line
with diamonds. Each galaxy is colored according to D/T at z=0.7, and the
size of the circle indicates the fraction of accreted stars. In other words, a larger
circle implies that a galaxy had more significant mergers (in the sense of either
number or impact) than a galaxy plotted as a small circle. The solid and dashed
contours show (shaded: 0.5σ, unshaded: 1σ) the distribution of galaxies with
faccr higher and lower than 0.2, respectively, in the plane of Mstellar– fdisk

at birth.
The blue and orange lines represent the median fdisk

at birth for disk-dominated
(D/T>0.5) and spheroid-dominated (D/T<0.35) galaxies in each mass bin.
All the error bars in this figure represent the 20th and 80th percentiles. fdisk

at birth is
strongly dependent on the stellar mass and accretion, and it is crucial in
determining the final kinematic morphology.

14 Note that we only considered stars with corotating and coplanar orbits as
“disk” component when measuring D/T (mass ratio of stars with ò>0.5) and
fdisk

at birth(òbirth>0.5). Thus, due to our definition, stars formed in the counter-
rotating disks, whose orbits are still coplanar but counter-rotating (e.g.,
òbirth<−0.5), have “misaligned” initial orbits, and do not contribute to
increasing fdisk

at birth. We will discuss the development of counter-rotating disks
from the gas infall misaligned with the existing corotating disk plane after
mergers in more detail in Section 4.4.
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pointed out that while stars formed at high redshifts generally
contribute to the spheroidal components, transformational
processes of disk stars formed at lower redshifts are also
necessary to build the spheroid. Thus, quantifying the different
origins of spheroid stars can provide hints about the importance
of each formation process. As described in Section 4.1, we
divided the origin of the stars according to their birthplace and
birth orbital properties: disk stars born in situ (aligned birth
orbits), spheroid stars born in situ (misaligned birth orbits),
and accreted stars. Figure 9 shows the evolution of the mass
fraction of each subcomponent in the spheroidal components
to the total stellar mass at z=0.7. Galaxies are divided into four
groups by their final mass and morphology: (a) massive (10<
log(M*,z=0.7/Me)<11) disk-dominated galaxies, (b) low-
mass (9< log(M*,z=0.7/Me)<10) disk-dominated galaxies,

(c) massive spheroid-dominated galaxies, and (d) low-mass
spheroid-dominated galaxies. Each inset panel shows the
evolution of fdisk

100 Myr (defined as in Section 4.2.1) for the
galaxies in that group.
In the disk-dominated galaxies (panels (a) and (b)), the

growth of the spheroidal components is primarily driven by the
increase in perturbed disk stars (red solid lines). As the inset
panel shows, most of the stars formed at lower redshift are disk
stars ( fdisk

100 Myr>0.8, disk-mode star formation); therefore, their
migration into the spheroidal components is the leading
contributor to the growth of the spheroids, while the
subcomponent consisting of the stars born with misaligned
orbits (non-disk stars, orange dashed lines) does not grow much
after z∼1.5. This trend of increasing fraction of the spheroid
stars that migrated from the disks agrees with the results from

Figure 9. Evolution of the mass fraction of the subcomponents (measured with a time window of50 Myr) in the spheroids to the final stellar mass at z=0.7. The
three subcomponents are divided following Section 4.1: stars born in situ with aligned (red line with stars) and misaligned (orange line with circles) orbits and accreted
stars (gray line with triangles). Galaxies are divided into four groups: (a) massive ( ( )< <=M M10 log 11,z 0.7* ) disk-dominated galaxies, (b) low-mass
( ( )< <=M M9 log 10,z 0.7* ) disk-dominated galaxies, (c) massive spheroid-dominated galaxies, and (d) low-mass spheroid-dominated galaxies. The number of
galaxies in each group is shown in the parenthesis. Each inset panel shows the evolution of fdisk

100 Myr (defined as in Figure 7), and the horizontal dashed purple line
represents the cut for disk-mode star formation (see Section 4.2). All the shadings in this figure represent the 20th and 80th percentiles. A significant fraction of the
spheroids comes from the disk stars that are perturbed (except for (d)), and the importance of accreted stars is greater in more massive galaxies (especially in (c)).
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Zolotov et al. (2015); their simulation, which reached z=1,
suggests that the fraction of these stars in spheroids is growing
from 10% at z=5 to 30% at z=1 when averaged over 26
galaxies with masses higher than 1010 M , although they used a
different circularity and spatial cut to extract the spheroidal
(bulge) components. As discussed in Section 4.2.2, accreted
stars (gray dotted lines) seem to be more important in the more
massive galaxies.

In the spheroid-dominated galaxies, each fraction of
subcomponent at z=0.7 is almost twice as high as that of
the disk-dominated galaxies with similar mass; for example, the
spheroids with accreted stars (gray dotted line) account for
∼20% of the total stellar mass in massive spheroid-dominated
galaxies (panel (c)), whereas their contribution to the total
stellar mass is only ∼10% in massive disk-dominated galaxies
(panel (a)). As Figure 8(a) shows, spheroid-dominated galaxies
have a higher accreted fraction ( faccr) than disk-dominated
galaxies at fixed stellar mass, and most of the accreted stars are
more likely to build up the spheroidal components.

In particular, the spheroid-dominated galaxies have a larger
contribution from non-disk stars (born with misaligned orbits,
orange dashed line) than disk-dominated galaxies. Low-mass
spheroid-dominated galaxies (panel (d)) have not formed stars in
“disk mode” at all (i.e., fdisk

100 Myr<0.8, throughout the history
until z∼0.7 as shown in the inset panel), and their spheroids
grow mainly from the stars formed with misaligned orbits. On
the other hand, massive spheroid-dominated galaxies (panel (c))
form stars in disk mode already at z∼2 (inset panel). The mass
of their spheroidal components, however, dramatically increases
after z∼1.5, along with the sudden increase in accreted stars
and the subsequent decrease in fdisk

100 Myr (see Section 4.2.2); the
formation of stars with aligned orbits (disk stars) seems to be
suppressed due to merger-boosted gas turbulence. Furthermore,
disk stars dramatically migrate to the spheroidal components (red
solid line), which is very likely linked to the morphological
transformation induced by mergers.

4.4. Misaligned Gas Stream—
Counter-rotating Structures

During mergers or in the early times of galaxy formation,
stars form primarily from unsettled gas. Following Section 4.1,
we identified these stars, which are born in situ with misaligned
orbits, using their circularity at birth, and found that they
generally contribute to the spheroidal components. Indeed,
many of the stars in spheroid-dominated galaxies at z=0.7
have misaligned orbits at birth (leading to lower fdisk

at birth in
Figure 8). However, galaxies sometimes develop counter-
rotating disks due to the gas infalling in a direction misaligned
with the existing corotating disk plane (i.e., sign reversal in the
angular momentum of the accreted gas). This has been found in
several numerical studies (Scannapieco et al. 2009; Zolotov
et al. 2015; Clauwens et al. 2018; Garrison-Kimmel et al.
2018), while only a few galaxies have been observed to have
such structures (e.g., Johnston et al. 2013). Because the
formation of a gaseous disk should precede the development of
a second, counter-rotating disk, we examined the evolution of
massive galaxies (>1010 M ) to find such structures. Of the 24
massive galaxies in our sample, three have developed counter-
rotating components. In our sample, all these three galaxies
build counter-rotating structures after mergers. We show the
evolution of one of the galaxies in Figure 10.

Figure 10 shows the evolution of one of the galaxies that
developed a counter-rotating disk of gas (and/or recent stars).
From top to bottom the panels show (a) the assembly history of
stars with different origins, classified as in Section 4.1, (b) the
evolution of D/T, (c) V/σ (gas), (d) the cosine of the angle
between the gas and stellar rotational axes ( acos ), and (e) the
fraction of cold gas ( ( )º +f M M Mcold gas cold gas stellar cold gas )

Figure 10. Evolution of a galaxy developing a counter-rotating disk. (a) The
normalized stacked histogram of the assembly epochs of all stars in the galaxy,
color-coded according to the different origins of the stars in the same way as in
Figure 6 (blue: stars formed in situ with òbirth>0.5; red: stars formed in situ
with òbirth<0.5; hatched: stars formed ex situ). The fraction of each
subcomponent is shown in the box. (b) The evolution of D/T (corotating
disk fraction, fò>0.5) as a function of the redshift. The dashed line shows the
mass ratio of the stars with ∣ ∣ > 0.5 (coplanar orbits including both corotation
and counter-rotation). (c) V/σ of the cold gas inside the galaxy, measured with
respect to the spin axis of the gas. (d) Cosine of the angle between the
rotational axes of the gas and stars (cos α). (e) The fraction of cold gas
( ( )º +f M M Mcold gas cold gas stellar cold gas ) as a function of the redshift. The
gray shade represents the duration of the counter-rotating disk (V/σ>3 and
cos α<0).
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as a function of redshift. The gas kinematics is also measured
using the cold gas (nH>10 cm−3 and T<2×104 K) within
R90. To identify a misaligned disk, V/σ of the gas was
measured with respect to the gas rotational axis (direction of
net angular momentum), not with respect to the spin axis of the
stars. We define that a galaxy develops a counter-rotating
structure when V/σ of the galactic gas is higher than 3 while
the angle (α) between the spin axes of gas and stars is greater
than 90° (cos α<0).

As shown in Figure 10, the galaxy encountered a satellite
galaxy at z∼1.56 (with a mass ratio of ∼1:4), leading to a
significant accretion of satellite stars (hatched bars in panel (a)).
The merger ended at z∼1.24, and since then the spin axis of
the gas has started to deviate. While the gas has a high
rotational support (high V/σ in panel (c)), its spin axis is nearly
opposite to the stellar rotational axis ( a ~ -cos 1 in panel (d)).
Therefore, the stars formed in this counter-rotating disk also
have negative circularity at birth (e.g., òbirth∼−1, represented
as red bars in panel (a)), thus reducing the fraction of corotating
disk, D/T (i.e., fò>0.5) in panel (b). In panel (b), we also add
the mass ratio of the stars with ∣ ∣ > 0.5, coplanar orbits
including both corotation and counter-rotation, as the green
dashed line. For most of the time (until z∼1.24), fò>0.5 and

∣ ∣>f 0.5 do not show much difference, though ∣ ∣>f 0.5 is
systemically higher by definition. When there is a sign reversal
of the angular momentum of the infalling gas (during the gray
shaded period), however, the counter-rotating disk (ò<−0.5)
grows, while the existing corotating disk (ò>0.5) shrinks;
therefore ∣ ∣>f 0.5 remains almost constant.

This counter-rotating disk lasts more than a gigayear until
z∼0.85, when the two spin axes finally align. The alignment
of the spin axes is caused by the reversal of the stellar rotational
axis due to the two combined effects: (i) the kinematics of the
original system was dominated by disordered motion (low D/T
at z∼1.2); therefore, the total angular momentum of the
system was small. (ii) Meanwhile, later accretion of gas carries
high angular momentum (e.g., Kimm et al. 2011; Stewart et al.
2011); therefore, it redefines the rotational axis of the system.

More explicitly, Figure 11 shows how the circularity
parameters of the stars change over time as the galaxy develops
a counter-rotating disk. The first column shows the distribution
of the stars of the progenitors of the galaxy at z=1.4, 1.0, and
0.7 in the plane of circularity versus distance. The color of each
star represents its formation redshift. As visual guides, we also
trace the evolution of 20 randomly selected stars formed at
z=1.4 (yellow–green circles) and at z=1.0 (light blue stars)
on the phase-space diagrams. The PDFs of the circularity
parameters of stars in the progenitors, shown in the second
column, are colored according to their average formation
redshift. The third and fourth columns show edge-on r-band
images of the progenitors and the r-band flux-weighted line-of-
sight velocity map. The yellow–green and light blue arrows
show the scaled projected angular momentum of the 20
selected stars formed at z=1.4 and z=1.0, respectively.

The stars formed at z=1.4 (the yellow–green circles in the
top panel) are primarily disk stars at birth (most of them have
circularity parameters higher than 0.5). Therefore, the circu-
larity parameters display a gradual age dependence, with
younger stars having higher circularity (see the color variation
in the right PDF). Their angular momentum direction is mostly
aligned with the galactic rotational axis. Also, the morphology

at z=1.4 is fairly disky with D/T∼0.4, as is also seen in the
velocity map.
At z=1.0 (middle panels), after the merger, most of the

stars formed at z=1.4 (yellow–green) migrate to the
spheroidal component (with lower ò). Meanwhile, the galaxy
produces counter-rotating stars with ò∼−1 (light blue stars),
as the star-forming gas rotates around an axis opposite to the
galactic spin axis15 ( a ~ -cos 1 in Figure 10(d)). These young
stars start to build a small peak on the negative side of the
circularity PDF (second column). Also, they have much higher
angular momentum with direction opposite to that of the
galactic rotational axis (see the light blue arrows at z=1.0),
compared to the old stars formed at z=1.4 (the yellow–green
arrows). Thus, the r-band-weighted velocity map shows a
counter-rotation in the outer parts due to the young luminous
stars. Conversely, the central parts, where pre-existing stars are
dominant, still exhibit a weak corotation.
As the galaxy continues to produce these counter-rotating

stars, the galactic rotational axis is reversed and aligned with
the rotational axis of the gas. At z=0.7 (bottom panels), the
counter-rotating stars formed at z=1.0 (light blue stars) have
positive circularity, mostly higher than 0.7, with a significant
peak at ò∼1 with young stars (blue) in the PDF. The angular
momentum direction of these stars has finally aligned with the
galactic rotational axis, and they show clear (co)rotation in the
velocity map. Interestingly, stars located away from the disk
plane, which are most likely to be old stars formed before
z=1.0, show a mild counter-rotation. Even though the young
stars contribute significantly to determining the axis of galactic
rotation with higher angular momentum, D/T of the galaxy
measured by mass is not sufficiently high for it to be classified
as disk-dominated, because these young stars do not outnumber
the pre-existing stars, most of which are spheroid stars.

5. Discussion

5.1. Evolution of Kinematic Morphology

In this section, we explore the evolution of galaxies with
different kinematic morphology (final disk-to-total ratio). We
selected disk-dominated, intermediate, and spheroid-dominated
galaxies at z=0.7 and tracked their kinematic morphological
evolution back to z=4, which is shown in the left panels of
Figure 12. In addition to the average growth of D/T in the three
groups, we also added the evolution of D/T of individual
galaxies as specimens of massive and low-mass disk-
dominated (“A,” “B”), intermediate (“C,” “D”), and spheroid-
dominated galaxies (“E,” “F”). The right panels of Figure 12
show the r-band edge-on images of those specimens at z=3.0,
2.0, 1.0, and 0.7.
At z∼3, the disk component is still negligible in all of our

galaxies, resulting in D/T between 0.2 and 0.3. Disk-
dominated galaxies (selected at z=0.7), however, keep
growing their disks until z=0.7. The increase in the disk
component is more pronounced in massive galaxies than in
low-mass ones. As illustrated in Figure 12, the massive galaxy
(“A”) has a well-developed disk from z∼2, while the low-
mass galaxy (“B”) has one from approximately z∼1.
Low-mass spheroid-dominated galaxies (“F”), conversely,

have not been able to predominantly form disk stars, and

15 Keep in mind that the galactic rotational axis is determined by all the stars
within R90, the spherically averaged radius containing 90% of the stars in a
galaxy.
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therefore have continually had low D/T. In our sample, the
massive spheroid-dominated galaxies (“E” as an example)
seem to be formed via severe disk disruption (Figure 9(c)) and
high accretion (Figure 8(a)); therefore, some of them once had
well-developed disks with peaks in the D/T evolution. Indeed,
as a visual inspection of the right panel shows, the sample
galaxy “E” developed a disk at z∼2, only to be disrupted and
become a spheroid-dominated galaxy at z=0.7. Some
galaxies develop counter-rotating disks, as mentioned in
Section 4.4. Unfortunately, we lack massive spheroids in the
sample because our galaxies are confined to a field environ-
ment where dramatic merger-driven morphological transforma-
tions are rare.

5.2. Contribution from Different Channels to Disk and
Spheroidal Components

The top panel of Figure 13 presents a general picture of the
evolution of galaxies from an extrapolation based on Section 4;
galaxies grow via in situ star formation and accretion (of stars
that are formed ex situ). In the early stage of galaxy formation,
stars mostly form with misaligned orbits (orange) through
numerous mergers between protogalaxies. As redshift
decreases, most stars are formed with aligned orbits (blue),
though the star formation rate is decreasing. As introduced in
Figure 1, we divide the possible channels that contribute to the
disk and spheroidal components of a galaxy. Let us quantify

Figure 11. First column: distribution of stars in the plane of circularity vs. radius for the progenitors of the galaxy tracked in Figure 10 at z=1.4 (top), 1.0 (middle),
and 0.7 (bottom). The stars are color-coded according to their formation redshift. As visual guides, 20 randomly selected stars formed at z=1.4 are plotted as yellow–
green circles and traced on the phase-space diagrams to z=0.7. Likewise, 20 random stars formed at z=1.0 are traced as light blue stars. Second column: PDFs of
the circularity parameters, normalized to the maximum probability and colored according to the average formation redshift. Third column: edge-on r-band images of
the progenitors. The arrows show the scaled projected angular momenta of the 20 selected stars formed at z=1.4 (yellow–green arrows) and z=1.0 (light blue
arrows). The magenta arrow in the upper right corner of each panel shows the direction of the z-axis in a fixed frame of reference (arbitrarily assumed). The white bar
represents 5 kpc (physical scale). Fourth column: the r-band flux-weighted line-of-sight velocity map.
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the importance of these channels and revisit the different
kinematic morphology of galaxies (probed by disk-to-total
ratio). The bottom of Figure 13 provides the estimates (as
percentages) of stars with different origins in the galaxies. The
numbers shown in blue and orange colors are the average
estimates for the 53 disk-dominated galaxies (D/T>0.5) and
the 43 spheroid-dominated galaxies (D/T<0.35) selected at
z=0.7. Table 1 also presents the estimates averaged over the
massive (>1010 M ) and the low-mass (109–1010 M ) galaxies

and the associated standard deviation. Based on the estimates,
we summarize the formation of galaxies with different
kinematic morphology (disk-to-total ratio) as follows.
Disk-dominated galaxies: approximately 90% of the stars in

the disk-dominated galaxies are formed in situ, and many of
them (64.8% in total, fdisk

at birth∼0.74) are born with aligned
orbits with respect to the rotating plane. We also found that
there is a mass dependence for galaxies to start disk-mode star
formation (Sections 4.2). Therefore, higher fractions of stars are

Figure 12. Left: D/T evolution of galaxies with different morphologies. The solid lines indicate the average D/T of the disk-dominated (blue line), intermediate
(green line), and spheroid-dominated (orange line) galaxies, and the shading represents 1σ. We also plot the D/T evolution of individual galaxies as specimens of
different galaxy types: massive disk-dominated (“A,” dashed dark blue line), low-mass disk-dominated (“B,” dotted purple line), massive intermediate (“C,” dashed
dark green line), low-mass intermediate (“D,” dotted green line), massive spheroid-dominated (“E,” dashed dark red line), and low-mass spheroid-dominated (“F,”
dotted brown line). Right: r-band (in rest frame) edge-on images of those specimens from z=3.0 to z=0.7.
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born as disk stars in heavier galaxies ( fdisk
at birth∼0.82) than in

lower-mass galaxies ( fdisk
at birth∼0.71). Some of the disk-born

stars (22.9% in total, solid arrow) become part of the spheroids
as their orbits are perturbed; therefore, approximately half of
the spheroidal components originate from the disks
(Section 4.3). Finally, 12.6% of the stars in disk-dominated
galaxies are formed ex situ and around a half of those (or 6.7%
in total, dotted arrow) contribute to the growth of the spheroids.

Spheroid-dominated galaxies: unlike disk-dominated galaxies,
many of the stars in spheroid-dominated galaxies are born with
misaligned orbits (44.1% in total, fdisk

at birth∼0.47) and contribute
to the spheroidal components (dashed arrow). Massive galaxies
have a higher fraction of disk stars at birth ( fdisk

at birth∼0.61) than
low-mass galaxies ( fdisk

at birth∼0.45); however, most of the disk
stars eventually migrate to the spheroidal components (see
Figure 9(c)). Indeed, the transformation from disks to spheroids

Figure 13. Top: a general picture of the evolution of a galaxy based on the discussion of Section 4.2. Galaxies grow from in situ star formation and accretion of stars
that are formed ex situ. As redshift decreases, stars are more likely to form with aligned orbits (blue orbits). Bottom: a schematic diagram showing the estimates (as
percentages) of stellar particles with different origins in the disk and spheroidal components (same as Figure 1). Disk and spheroidal components of galaxies are
kinematically decomposed at z=0.7, and the arrows indicate the different channels to the spheroids: (i) stars initially formed in the disk (“aligned” initial orbits) yet
migrated to the spheroid, (ii) stars born with “misaligned” initial orbits, and (iii) accreted stars. The numbers shown in blue and orange colors are the average estimates
for the 53 disk-dominated galaxies (D/T>0.5) and the 43 spheroid-dominated galaxies (D/T<0.35), respectively.

Table 1
Stellar Origins of the Galaxies with Different Mass and Morphology

Origins of stellar particles Morphological components

in situ ex situ Disk Spheroid ((i) + (ii) + (iii))

Aligned ( fdisk
at birth) Misaligned (i) (ii) (iii)

Disk-dominated (53) 64.8±9.1 (0.74) 22.6±7.1 12.6±8.6 57.5±5.2 22.9±4.4 12.9±4.2 6.7±4.7
Massive disk (15) 66.5±7.4 (0.82) 14.8±4.3 18.7±8.2 59.3±5.2 19.9±4.3 9.4±2.7 11.4±5.2
Low-mass disk (38) 64.1±9.6 (0.71) 25.7±5.4 10.2±7.5 56.8±5.0 24.1±3.8 14.3±3.9 4.9±2.8

Spheroid-dominated (43) 38.4±10.8 (0.47) 44.1±13.4 17.5±12.4 24.8±6.6 27.2±8.1 34.6±11.4 13.4±9.2
Massive spheroid (5) 41.1±8.6 (0.61) 26.5±8.0 32.4±7.8 27.8±5.5 30.8±11.0 19.8±4.8 21.7±5.7
Low-mass spheroid (38) 38.0±11.0 (0.45) 46.4±12.1 15.5±11.5 24.4±6.6 26.7±7.5 36.6±10.5 12.3±9.0

All (144) 54.2±14.4 (0.62) 32.4±13.0 13.3±10.4 42.8±14.3 26.0±6.6 22.2±11.5 9.0±7.6

Note. The estimates (as percentages) of the origins of stellar particles (in situ and ex situ) in the galaxies and in the morphological components, disk and spheroid (see
Figure 13). Each row presents the estimates averaged for disk-/spheroid-dominated galaxies (53 and 43 galaxies, respectively) and for all the galaxies with masses
greater than 109 M (144 galaxies, selected at z=0.7) and the associated standard deviation. Note that all these quantitative estimates are highly sensitive to the
definition of disk and spheroidal components (and also to the definition of aligned and misaligned initial orbits).
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((i), solid arrow) is the most important channel (30.8% in total)
for growing the spheroidal components in massive galaxies. On
average, spheroid-dominated galaxies have higher accretion
levels (17.5% in total) than disk-dominated galaxies, a trend that
is more pronounced for massive galaxies (see also Figure 8(a)).
In addition, a higher fraction of ex situ stars contribute to the
spheroidal components.

5.3. Caveats

Throughout this study, we used a simple circularity cutoff of
ò=0.5 (or òbirth=0.5) for identifying disk (or disk-born)
stars. In addition, our study suffers from the fact that the New
Horizon simulation has ended at z=0.7, covering only half of
cosmic history. While there is no absolute criterion to
decompose a galaxy into disk and spheroid, we discuss some
limitations that may arise from applying this simple cutoff and
exploring only field galaxies down to z=0.7.

In New Horizon at z=0.7, even the galaxy with the highest
value of D/T (which is ∼0.7, see Figure 4) has a considerable
spheroidal component (∼0.3). The absence of pure kinematic
disk galaxies in our sample partially arises from the short-
coming of our kinematic decomposition method; we consider
all the stars with ò<0.5 to be part of the spheroid. This means
that even if all the stars of a galaxy followed a single
distribution function, strongly peaked at ò=1.0, its ò<0.5
tail would be counted as part of a spheroidal component.
Similarly, disk components also have contamination from
spheroids, especially in spheroid-dominated galaxies. If we
assume a Gaussian distribution of the circularity parameter for
the bulk of randomly orbiting stars, the stars in the right tail
above ò>0.5 are classified as disk stars.

The fact that our sample is biased to the field environment
and explored only the first half of cosmic history is another
issue we should address. We have discussed in Section 3.2 that
this might lead to the discrepancy in the morphological mix
between the New Horizon and the local galaxies: the New
Horizon lacks massive elliptical galaxies. In a denser environ-
ment such as clusters, the majority of massive galaxies are
early-type even at z∼0.7 (e.g., Smith et al. 2005; van der Wel
et al. 2007). From a quantitative point of view, the importance
of ex situ (accreted) stars (described by the dotted arrow (iii) in
Figure 13) in cluster galaxies would be heightened compared to
the New Horizon sample.

To sum up, the quantitative description of the channels
discussed in Section 5.2 is therefore highly sensitive to the
definition of the disk and spheroid. Nonetheless, we assumed
that the consistent cutoff of ò=0.5 is reasonable enough to
disentangle the disk and spheroidal components of high-
redshift galaxies undergoing dramatic evolution. Given that the
vast majority of galaxies in the local universe are located in the
field, the conclusions drawn from our sample should still hold
for the bulk of the galaxy population. While the estimates we
provide may not be suitable for direct comparison with the
local universe, we expect these to be the guiding values for
those from future high-resolution large-volume simulations
down to z=0 and observational studies.

6. Conclusions

Using the New Horizon simulation, we explored the origin
of disk and spheroidal components of 144 field galaxies with
masses greater than 109 M . We decomposed the simulated

galaxies into disks and spheroids based on the orbital properties
of their stellar particles. We traced the origins of stellar
particles according to where they formed and the properties of
their orbits at birth (see Section 4.1). Our main results can be
summarized as follows.

1. Galaxies form disk stars in a mass-dependent way;
massive galaxies (M*,z=0.7>1010 M ) start to develop
their disks at z∼1–2, while low-mass galaxies (109 M
<M*,z=0.7<1010 M ) do so at z<1 (Section 4.2 and
see also Y. Dubois et al. 2019, in preparation). Indeed, the
fraction of disk stars at birth ( fdisk

at birth) increases with stellar
mass; most of the stars in massive galaxies formed in the
disks ( fdisk

at birth∼0.76), whereas a half of the low-mass
galaxies in our sample have not yet developed their disks
by z∼0.7. The formation of disks is affected by accretion
as well; galaxies with higher accretion have lower fdisk

at birth,
because mergers or fly-bys can boost gas turbulence in
galaxies, making galaxies less likely to form corotating
disk stars. Therefore, the fraction of disk stars at birth
depends on both mass and accretion history (Figure 8).

2. Stars with disk-origin contribute significantly to the
spheroidal components except for the low-mass spheroid-
dominated population, because they have not formed many
disk stars by z∼0.7 (Figure 9). In the disk-dominated
galaxies (both massive and low-mass), these stars with
disk-origin make up around half of their spheroidal
component. Accretion plays an important role in the
spheroidal components in massive galaxies, especially
massive spheroid-dominated galaxies (accounting for
∼30% of the spheroid stars).

3. The development of a counter-rotating disk component is
not very rare in the evolution of massive galaxies; three
of 24 massive galaxies (12.5%) in our sample have had
such structures. These counter-rotating structures can last
for more than a gigayear, until they become the dominant
component and flip the angular momentum of the galaxy
in the opposite direction. As a result, kinematically
decoupled features (with old stars counter-rotating in the
inner regions while young stars formed recently corotate)
appear on (edge-on) velocity maps (Figure 11).

In conclusion, disk and spheroidal components of galaxies
are formed via several processes, and the kinematic morph-
ology of galaxies (i.e., disk-to-total ratio) is determined by the
significance of each process. Because the importance of the
processes (e.g., disk formation, migration of disk stars to
spheroidal components, and accretion of disrupted satellite
stars) depends on both stellar mass and accretion history, the
morphology of galaxies also needs to be understood in relation
to them.
Identifying the origin and kinematics of individual stars in a

galaxy is extremely challenging in observations. Only in the
Milky Way has it been possible to obtain kinematic informa-
tion on individual stars, e.g., via RAVE (Steinmetz et al. 2006),
Gaia (Gaia Collaboration 2016), and APOGEE (Majewski
et al. 2017). The kinematic properties of external galaxies are
primarily studied with integral field unit surveys (Cappellari
et al. 2007; Emsellem et al. 2007; Croom et al. 2012; Sánchez
et al. 2012; Bundy et al. 2015), more actively at lower redshifts.
We expect that future observations will provide more detailed
information on the origins of morphological components in
galaxies at high redshifts, too.
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