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Figure 7

The Missing Satellites Problem: Predicted ⇤CDM substructure (left) vs. known Milky Way
satellites (right). The image on the left shows the ⇤CDM dark matter distribution within a sphere
of radius 250 kpc around the center of a Milky-Way size dark matter halo (simulation by V.
Robles and T. Kelley in collaboration with the authors). The image on the right (by M. Pawlowski
in collaboration with the authors) shows the current census of Milky Way satellite galaxies, with
galaxies discovered since 2015 in red. The Galactic disk is represented by a circle of radius 15 kpc
at the center and the outer sphere has a radius of 250 kpc. The 11 brightest (classical) Milky Way
satellites are labeled by name. Sizes of the symbols are not to scale but are rather proportional to
the log of each satellite galaxy’s stellar mass. Currently, there are ⇠ 50 satellite galaxies of the
Milky Way compared to thousands of predicted subhalos with Mpeak & 107 M�.

see, e.g., Rees & Ostriker 1977). According to Figure 6, these physical e↵ects are likely to

become dominant in the regime of ultra-faint galaxies M? . 105M�.

The question then becomes: can we simply adopt the abundance-matching relation

derived from field galaxies to “solve” the Missing Satellites Problem down to the scale of

the classical MW satellites (i.e., Mvir ' 1010M� $ M? ' 106M�)? Figure 8 (modified from

Garrison-Kimmel et al. 2017a) shows that the answer is likely “yes.” Shown in magenta is

the cumulative count of Milky Way satellite galaxies within 300 kpc of the Galaxy plotted

down to the stellar mass completeness limit within that volume. The shaded band shows the

68% range predicted stellar mass functions from the dark-matter-only ELVIS simulations

(Garrison-Kimmel et al. 2014) combined with the AM relation shown in Figure 6 with zero

scatter. The agreement is not perfect, but there is no over-prediction. The dashed lines show

how the predicted satellite stellar mass functions would change for di↵erent assumed (field

galaxy) faint-end slopes in the calculating the AM relation. An important avenue going

forward will be to push these comparisons down to the ultra-faint regime, where strong

baryonic feedback e↵ects are expected to begin shutting down galaxy formation altogether.

2.2. Cusp, Cores, and Excess Mass

As discussed in Section 1, ⇤CDM simulations that include only dark matter predict that

dark matter halos should have density profiles that rise steeply at small radius ⇢(r) / r
�� ,

with � ' 0.8� 1.4 over the radii of interest for small galaxies (Navarro et al. 2010). This is
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g8.26e11

~ 3x107 resolution elements 
~ 107 star 
~ 107 gas 
~ 107 dm

similar projects: Wetzel+2016, Sawala+2016, Grand+2017

halo masses: 5 x 1011 to 2.8 x 1012 M

NIHAO I: Wang+15

(82 galaxies in this plots)


Buck+2020
spatial resolution 


and particle masses:

stars: 180 pc, 9300 M


gas: 180 pc, 2.8 x 104 M


dark matter: 400 pc, 1.5 x 105 M

☉

☉

☉
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Figure 2. Action momentum space for star particles in the simulation and stars in the MW. Left panel: Sketch of the action space.
The x-axis shows the azimuthal component of the action vector Jφ/JTOT, a prompt for the rotational motion. Prograde orbits have
Jφ/JTOT ≥ 0, while star particles with retrograde motion have Jφ/JTOT < 0. The y-axis, (Jz − Jr )/JTOT, is the difference between the
vertical component, which tracks the vertical motion of the particle/star, and the radial component of the action vector, which is an
indication of its radial motion. Both axes are normalised by the norm of the action vector, JTOT. This is helpful for a comparison between
galaxies with different physical properties. The black boxes represent the loci we define for prograde planar (right box, also shown with
blue dots) and the retrograde planar stars (left box, also marked by red dots). The halo-like star particles are denoted by magenta dots,
while the star particles with high eccentricity are marked by black dots. The dashed-line box represents the region where Gaia-Enceladus-
Sausage (i.e., GES) has been discovered (Belokurov et al. 2018; Helmi et al. 2018). Central panel: the star particles with [Fe/H] ≤ −2.5

from simulation g2.79e12 selected to mimic observations. Right panel: MW observations from S19 and S20. In the both the central and
right panel, the star particles are marked with black dots.

Table 2. Prograde vs. retrograde planar asymmetry. The ratio Npro/Nretro between the number of star particles with prograde/retrograde
planar orbits is reported as a function of the metallicity range for the simulated galaxies and the observed VMP stars in the MW
(Sestito et al. 2020).

Galaxy [Fe/H] ≤ −2.5 −2.5 ≤ [Fe/H] ≤ −2.0 −3.0 ≤ [Fe/H] ≤ −2.5 −4.0 ≤ [Fe/H] ≤ −3.0 [Fe/H] ≤ −4.0

Milky Way 1.72 1.89 1.67 1.82 11.11
g2.79e12 7.14 9.09 8.33 6.25 2.33
g8.26e11 9.09 12.50 8.33 – 2.33
g7.55e11 3.45 3.13 3.23 6.25 7.14
g7.08e11 6.25 7.69 6.67 5.00 –
g6.96e11 5.56 7.69 5.88 7.14 2.00

2020), the simulated galaxies show some stars that are con-
fined to the disk with retrograde orbits. Similarly to obser-
vations, the prograde sample is more populated than the
retrograde one for all galaxies and at all metallicities. Ta-
ble 2 reports the ratio between the prograde and retrograde
planar populations, Npro/Nretro, as a function of the metallic-
ity and the simulated galaxy. In most simulated galaxies this
ratio is > 5.50, except for g7.55e11 which has a lower ratio
of ∼ 3.4. These numbers are significantly higher than what
is observed for the MW (∼ 1.7), as also reported in Table 2.
This indicates that the simulations has an even larger pop-
ulation of prograde stars at low metallicity. As we already
pointed out, each photometric and spectroscopic survey has
its own selection function for hunting metal-poor stars; how-
ever, none of them should impart a bias for/against retro-
grade and prograde population. In Section 3.1, we report
that the spheroids of the simulated galaxies are slowly ro-
tating in a prograde motion while the MW spheroid is, at
best, slowly rotating. This difference may impact the direct
comparison of the Npro/Nretro ratios.

Careful comparison between the observed metal-poor
MW and the NIHAO-UHD simulated galaxies in Figure 3
reveals another interesting feature in the lower hemicircle
of the action space ((Jz − Jr )/JTOT ! 0, −1 ≤ Jφ/JTOT ≤
1), outside of the black boxes. Looking at the MW panels,
there is a pronounced overdensity of stars in this area, a
feature that is not matched in most of the simulations except
(qualitatively) in g7.55e11. In this locus of action space we
find stars that have large motion in the radial component
(large Jr ), compared to a smaller motion on the vertical axis
(Jz), therefore these are planar stars with high eccentricity,
the majority of them on prograde orbits. A more in-depth
discussion on the origin of this orbital structure is presented
below.

3.3 Growth history of the galaxies

Tracking the haloes and their properties such as the mass
(DM, gas, and stellar components) and position is helpful
to better understand how the simulated galaxies grew. The

MNRAS 000, 1–14 (2020)

g8.26e11

17

Metal-poor stars trace the early formation  
of the Milky Way 

Sestito,Buck+2020
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Galaxy [Fe/H] ≤ −2.5 −2.5 ≤ [Fe/H] ≤ −2.0 −3.0 ≤ [Fe/H] ≤ −2.5 −4.0 ≤ [Fe/H] ≤ −3.0 [Fe/H] ≤ −4.0

Milky Way 1.72 1.89 1.67 1.82 11.11
g2.79e12 7.14 9.09 8.33 6.25 2.33
g8.26e11 9.09 12.50 8.33 – 2.33
g7.55e11 3.45 3.13 3.23 6.25 7.14
g7.08e11 6.25 7.69 6.67 5.00 –
g6.96e11 5.56 7.69 5.88 7.14 2.00

2020), the simulated galaxies show some stars that are con-
fined to the disk with retrograde orbits. Similarly to obser-
vations, the prograde sample is more populated than the
retrograde one for all galaxies and at all metallicities. Ta-
ble 2 reports the ratio between the prograde and retrograde
planar populations, Npro/Nretro, as a function of the metallic-
ity and the simulated galaxy. In most simulated galaxies this
ratio is > 5.50, except for g7.55e11 which has a lower ratio
of ∼ 3.4. These numbers are significantly higher than what
is observed for the MW (∼ 1.7), as also reported in Table 2.
This indicates that the simulations has an even larger pop-
ulation of prograde stars at low metallicity. As we already
pointed out, each photometric and spectroscopic survey has
its own selection function for hunting metal-poor stars; how-
ever, none of them should impart a bias for/against retro-
grade and prograde population. In Section 3.1, we report
that the spheroids of the simulated galaxies are slowly ro-
tating in a prograde motion while the MW spheroid is, at
best, slowly rotating. This difference may impact the direct
comparison of the Npro/Nretro ratios.

Careful comparison between the observed metal-poor
MW and the NIHAO-UHD simulated galaxies in Figure 3
reveals another interesting feature in the lower hemicircle
of the action space ((Jz − Jr )/JTOT ! 0, −1 ≤ Jφ/JTOT ≤
1), outside of the black boxes. Looking at the MW panels,
there is a pronounced overdensity of stars in this area, a
feature that is not matched in most of the simulations except
(qualitatively) in g7.55e11. In this locus of action space we
find stars that have large motion in the radial component
(large Jr ), compared to a smaller motion on the vertical axis
(Jz), therefore these are planar stars with high eccentricity,
the majority of them on prograde orbits. A more in-depth
discussion on the origin of this orbital structure is presented
below.

3.3 Growth history of the galaxies

Tracking the haloes and their properties such as the mass
(DM, gas, and stellar components) and position is helpful
to better understand how the simulated galaxies grew. The
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Figure 7. The spatial distribution evolution of the progenitors of the five stellar kinematic components of g8.26e11. The dashed circles

represent the virial radii at each redshift. All panels are centered on the center of mass of the progenitor dark matter halo at the

corresponding redshift. The projection is the same across all redshifts, set as the yz-plane of z=0. The physical scale is 600 kpc/side.

tween the various galaxy components. At early epochs the
spins of all components grow approximately linearly with
time until they reach their maximum values, at redshifts
around 3. This early behavior reproduces well the predic-
tions of the tidal torque theory (Hoyle 1951; Peebles 1969;
Doroshkevich 1970; White 1984), which links the angular
momentum acquisition in protogalaxies with the torques in-
duced upon each other by neighboring collapsing regions of
the universe. In this framework, a collapsing region is ex-
pected to attain its maximum angular momentum when it
reaches its maximum extent and its evolution decouples from
the universal expansion. In the spherical collapse model, this

time is called turn-around. Therefore, we can identify the be-
ginning of the g8.26e11 halo collapse with this turn-around
redshift, zturn ⇠3. After this time, all components lose part
of their angular momenta, with the dark matter losing only
⇠30%, while the two bulges lose more than 95%. Among
the five kinematic components, the thin disk loses the least,
⇠60%.

The merger at z⇠1.6 is easy to identify in both the
sizes evolution plot (top right of Figure 6) and the shapes
one (bottom left). This epoch marks the halo virialization,
zvir ⇠1.3, as exemplified by the dark matter r50 reaching its
equilibrium value, and by the sharp dips in the evolution
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stellar disk material
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Figure 18. The mass function weighted global evolutions of the
progenitor stars assembly along the main branch of the merger
tree for the various z = 0 kinematic components. The small bot-
tom panel gives the corresponding weighted standard deviations
�.

baryonic progenitors of the full z = 0 stellar populations
(grey curves). With respect to them, the progenitor material
of spheroids is accreted faster and at earlier times, while
that of thin and inner discs is incorporated later. The stellar
haloes clearly stand out as being accreted at later times and
during a longer timescale.

The clear outliers in Figure 18 are the thin discs which
form their stars much later on than any other kinematic
component. At the other extreme are the spheroids which
form their stars the earliest. However, all components show
large standard deviations that vary strongly with time.
Among them, the thin discs have the smallest �.

One interesting aspect of Figure 17 is that thick discs
on the average accrete their progenitor baryons at the same
time as the bulges, especially the pseudo ones, but form their
stars slightly later than pseudo bulges (see Figure 18). This
result is in line with the conclusions drawn by (Comerón
et al. 2014) from observations. However, as shown in other
studies before (e.g. Oklopčić et al. 2017; Buck et al. 2017)
our simulations disfavor the clumpy disc scenario (Bournaud
et al. 2007) for the formation of thick discs and bulges (Bour-
naud et al. 2009; Elmegreen et al. 2008; Inoue & Saitoh
2012), used by Comerón et al. (2014) to interpret their data.
Instead, our results suggest that pseudo bulges are likely to
be the seed around which thick discs or single large scale
discs form later on.

8 AVERAGE PROPERTIES OF STRUCTURES

In the light of the z = 0 properties we discussed in Sections 6
and 5, and of their evolutions in Section 7, we conclude

that the fundamental factor in setting the z = 0 distinct
properties of the eight stellar kinematic components is the
retained fraction of angular momentum.

We use the weighted averaging procedure described in
the previous section, where a component’s weight is given
by the z ⇠ 0 volume density of galaxies with the same to-
tal stellar mass as its host galaxy, to compute the mean
and dispersion for fifteen properties. These properties are:
(i) stellar mass fractions hfmassi, (ii) retained angular mo-
menta fractions hfji (Equation 13), (iii) ellipticities h"i, (iv)
rotational support hf�i, (v) redshifts of half progenitor bary-
onic mass inside the dark matter halo hz1/2ibar, (vi) red-
shifts of half progenitor stellar mass inside the dark matter
halo hz1/2istar, (vii) baryons assembly time scale h⌧ibar, (viii)
stars assembly time scale h⌧istar, (ix) skewness of baryons
assembly time scale hibar, (x) skewness of stars assembly
time scale histar, (xi) global mass fraction of stars born
in-situ hfin�situi, (xii) retained fraction of angular momen-
tum according to the definition in Equation 14 h⌘ji, (xiii)
ratio between the maximum angular momentum of a bary-
onic component’s Lagrangian patch and the maximum of
the corresponding dark matter one hj(k)max/j

(dark)

max i, (xiv) red-
shift where the maximum angular momentum is reached
hz(jmax)i, and (xv) redshift where the maximum 3D half
mass radius is reached hz(r1/2max)i.

The assembly timescale ⌧ is taken to be the time passed
between the moments when 10 and 90 per cent of the pro-
genitor mass was inside the dark matter halo:

⌧ ⌘ t90% � t10%. (15)

In a similar way the skewness of the assembly time scale
 is the ratio between the early and late assembly timescales:

 ⌘ t50% � t10%
t90% � t50%

. (16)

The global mass fraction of stars born in-situ fin�situ rep-
resents the ratio between the mass of a particular compo-
nent k stars born inside rvir(t) along the main branch of the
merger tree and the final stellar mass M⇤k. This definition
is equivalent to the one used by Pillepich et al. (2015).

All these average properties for the eight kinematic
components are listed in Table 3. Two galaxies, g3.61e11
and g5.31e11 have been excluded because they do not have
enough timesteps at high redshift to constrain well their evo-
lutions. Figures 19 and 20 show the average properties of the
eight types of kinematic components as functions of their re-
spective average retained angular momentum fractions.

The top left panel of Figure 19 shows the average stel-
lar mass fractions enclosed in each type of kinematic com-
ponent. The galaxies hosted by the smallest dark matter
haloes have only two distinct kinematic components, a disc
and a spheroid. The spheroid makes up about 0.51± 0.15 of
the mass, while the single large scale discs have hfmassi =
0.40±0.13. All 20 most massive dark matter haloes (80% of
the sample) host galaxies with an important classical bulge
component hfmassi = 0.27±0.06, while pseudo bulges found
in 72% of the sample have smaller mass fractions 0.18±0.04.
Both thin and thick discs with approximately equal mass
fractions (fmass ⇠ 0.25) are present in 56% of the sample.
The stellar haloes, found in 11 out of the 20 most massive
dark matter haloes, as expected, encompass only a small
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Figure 18. The mass function weighted global evolutions of the
progenitor stars assembly along the main branch of the merger
tree for the various z = 0 kinematic components. The small bot-
tom panel gives the corresponding weighted standard deviations
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baryonic progenitors of the full z = 0 stellar populations
(grey curves). With respect to them, the progenitor material
of spheroids is accreted faster and at earlier times, while
that of thin and inner discs is incorporated later. The stellar
haloes clearly stand out as being accreted at later times and
during a longer timescale.

The clear outliers in Figure 18 are the thin discs which
form their stars much later on than any other kinematic
component. At the other extreme are the spheroids which
form their stars the earliest. However, all components show
large standard deviations that vary strongly with time.
Among them, the thin discs have the smallest �.

One interesting aspect of Figure 17 is that thick discs
on the average accrete their progenitor baryons at the same
time as the bulges, especially the pseudo ones, but form their
stars slightly later than pseudo bulges (see Figure 18). This
result is in line with the conclusions drawn by (Comerón
et al. 2014) from observations. However, as shown in other
studies before (e.g. Oklopčić et al. 2017; Buck et al. 2017)
our simulations disfavor the clumpy disc scenario (Bournaud
et al. 2007) for the formation of thick discs and bulges (Bour-
naud et al. 2009; Elmegreen et al. 2008; Inoue & Saitoh
2012), used by Comerón et al. (2014) to interpret their data.
Instead, our results suggest that pseudo bulges are likely to
be the seed around which thick discs or single large scale
discs form later on.

8 AVERAGE PROPERTIES OF STRUCTURES

In the light of the z = 0 properties we discussed in Sections 6
and 5, and of their evolutions in Section 7, we conclude

that the fundamental factor in setting the z = 0 distinct
properties of the eight stellar kinematic components is the
retained fraction of angular momentum.

We use the weighted averaging procedure described in
the previous section, where a component’s weight is given
by the z ⇠ 0 volume density of galaxies with the same to-
tal stellar mass as its host galaxy, to compute the mean
and dispersion for fifteen properties. These properties are:
(i) stellar mass fractions hfmassi, (ii) retained angular mo-
menta fractions hfji (Equation 13), (iii) ellipticities h"i, (iv)
rotational support hf�i, (v) redshifts of half progenitor bary-
onic mass inside the dark matter halo hz1/2ibar, (vi) red-
shifts of half progenitor stellar mass inside the dark matter
halo hz1/2istar, (vii) baryons assembly time scale h⌧ibar, (viii)
stars assembly time scale h⌧istar, (ix) skewness of baryons
assembly time scale hibar, (x) skewness of stars assembly
time scale histar, (xi) global mass fraction of stars born
in-situ hfin�situi, (xii) retained fraction of angular momen-
tum according to the definition in Equation 14 h⌘ji, (xiii)
ratio between the maximum angular momentum of a bary-
onic component’s Lagrangian patch and the maximum of
the corresponding dark matter one hj(k)max/j

(dark)

max i, (xiv) red-
shift where the maximum angular momentum is reached
hz(jmax)i, and (xv) redshift where the maximum 3D half
mass radius is reached hz(r1/2max)i.

The assembly timescale ⌧ is taken to be the time passed
between the moments when 10 and 90 per cent of the pro-
genitor mass was inside the dark matter halo:

⌧ ⌘ t90% � t10%. (15)

In a similar way the skewness of the assembly time scale
 is the ratio between the early and late assembly timescales:

 ⌘ t50% � t10%
t90% � t50%

. (16)

The global mass fraction of stars born in-situ fin�situ rep-
resents the ratio between the mass of a particular compo-
nent k stars born inside rvir(t) along the main branch of the
merger tree and the final stellar mass M⇤k. This definition
is equivalent to the one used by Pillepich et al. (2015).

All these average properties for the eight kinematic
components are listed in Table 3. Two galaxies, g3.61e11
and g5.31e11 have been excluded because they do not have
enough timesteps at high redshift to constrain well their evo-
lutions. Figures 19 and 20 show the average properties of the
eight types of kinematic components as functions of their re-
spective average retained angular momentum fractions.

The top left panel of Figure 19 shows the average stel-
lar mass fractions enclosed in each type of kinematic com-
ponent. The galaxies hosted by the smallest dark matter
haloes have only two distinct kinematic components, a disc
and a spheroid. The spheroid makes up about 0.51± 0.15 of
the mass, while the single large scale discs have hfmassi =
0.40±0.13. All 20 most massive dark matter haloes (80% of
the sample) host galaxies with an important classical bulge
component hfmassi = 0.27±0.06, while pseudo bulges found
in 72% of the sample have smaller mass fractions 0.18±0.04.
Both thin and thick discs with approximately equal mass
fractions (fmass ⇠ 0.25) are present in 56% of the sample.
The stellar haloes, found in 11 out of the 20 most massive
dark matter haloes, as expected, encompass only a small
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Figure 18. The mass function weighted global evolutions of the
progenitor stars assembly along the main branch of the merger
tree for the various z = 0 kinematic components. The small bot-
tom panel gives the corresponding weighted standard deviations
�.

baryonic progenitors of the full z = 0 stellar populations
(grey curves). With respect to them, the progenitor material
of spheroids is accreted faster and at earlier times, while
that of thin and inner discs is incorporated later. The stellar
haloes clearly stand out as being accreted at later times and
during a longer timescale.

The clear outliers in Figure 18 are the thin discs which
form their stars much later on than any other kinematic
component. At the other extreme are the spheroids which
form their stars the earliest. However, all components show
large standard deviations that vary strongly with time.
Among them, the thin discs have the smallest �.

One interesting aspect of Figure 17 is that thick discs
on the average accrete their progenitor baryons at the same
time as the bulges, especially the pseudo ones, but form their
stars slightly later than pseudo bulges (see Figure 18). This
result is in line with the conclusions drawn by (Comerón
et al. 2014) from observations. However, as shown in other
studies before (e.g. Oklopčić et al. 2017; Buck et al. 2017)
our simulations disfavor the clumpy disc scenario (Bournaud
et al. 2007) for the formation of thick discs and bulges (Bour-
naud et al. 2009; Elmegreen et al. 2008; Inoue & Saitoh
2012), used by Comerón et al. (2014) to interpret their data.
Instead, our results suggest that pseudo bulges are likely to
be the seed around which thick discs or single large scale
discs form later on.

8 AVERAGE PROPERTIES OF STRUCTURES

In the light of the z = 0 properties we discussed in Sections 6
and 5, and of their evolutions in Section 7, we conclude

that the fundamental factor in setting the z = 0 distinct
properties of the eight stellar kinematic components is the
retained fraction of angular momentum.

We use the weighted averaging procedure described in
the previous section, where a component’s weight is given
by the z ⇠ 0 volume density of galaxies with the same to-
tal stellar mass as its host galaxy, to compute the mean
and dispersion for fifteen properties. These properties are:
(i) stellar mass fractions hfmassi, (ii) retained angular mo-
menta fractions hfji (Equation 13), (iii) ellipticities h"i, (iv)
rotational support hf�i, (v) redshifts of half progenitor bary-
onic mass inside the dark matter halo hz1/2ibar, (vi) red-
shifts of half progenitor stellar mass inside the dark matter
halo hz1/2istar, (vii) baryons assembly time scale h⌧ibar, (viii)
stars assembly time scale h⌧istar, (ix) skewness of baryons
assembly time scale hibar, (x) skewness of stars assembly
time scale histar, (xi) global mass fraction of stars born
in-situ hfin�situi, (xii) retained fraction of angular momen-
tum according to the definition in Equation 14 h⌘ji, (xiii)
ratio between the maximum angular momentum of a bary-
onic component’s Lagrangian patch and the maximum of
the corresponding dark matter one hj(k)max/j

(dark)

max i, (xiv) red-
shift where the maximum angular momentum is reached
hz(jmax)i, and (xv) redshift where the maximum 3D half
mass radius is reached hz(r1/2max)i.

The assembly timescale ⌧ is taken to be the time passed
between the moments when 10 and 90 per cent of the pro-
genitor mass was inside the dark matter halo:

⌧ ⌘ t90% � t10%. (15)

In a similar way the skewness of the assembly time scale
 is the ratio between the early and late assembly timescales:

 ⌘ t50% � t10%
t90% � t50%

. (16)

The global mass fraction of stars born in-situ fin�situ rep-
resents the ratio between the mass of a particular compo-
nent k stars born inside rvir(t) along the main branch of the
merger tree and the final stellar mass M⇤k. This definition
is equivalent to the one used by Pillepich et al. (2015).

All these average properties for the eight kinematic
components are listed in Table 3. Two galaxies, g3.61e11
and g5.31e11 have been excluded because they do not have
enough timesteps at high redshift to constrain well their evo-
lutions. Figures 19 and 20 show the average properties of the
eight types of kinematic components as functions of their re-
spective average retained angular momentum fractions.

The top left panel of Figure 19 shows the average stel-
lar mass fractions enclosed in each type of kinematic com-
ponent. The galaxies hosted by the smallest dark matter
haloes have only two distinct kinematic components, a disc
and a spheroid. The spheroid makes up about 0.51± 0.15 of
the mass, while the single large scale discs have hfmassi =
0.40±0.13. All 20 most massive dark matter haloes (80% of
the sample) host galaxies with an important classical bulge
component hfmassi = 0.27±0.06, while pseudo bulges found
in 72% of the sample have smaller mass fractions 0.18±0.04.
Both thin and thick discs with approximately equal mass
fractions (fmass ⇠ 0.25) are present in 56% of the sample.
The stellar haloes, found in 11 out of the 20 most massive
dark matter haloes, as expected, encompass only a small
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baryonic progenitors of the full z = 0 stellar populations
(grey curves). With respect to them, the progenitor material
of spheroids is accreted faster and at earlier times, while
that of thin and inner discs is incorporated later. The stellar
haloes clearly stand out as being accreted at later times and
during a longer timescale.

The clear outliers in Figure 18 are the thin discs which
form their stars much later on than any other kinematic
component. At the other extreme are the spheroids which
form their stars the earliest. However, all components show
large standard deviations that vary strongly with time.
Among them, the thin discs have the smallest �.

One interesting aspect of Figure 17 is that thick discs
on the average accrete their progenitor baryons at the same
time as the bulges, especially the pseudo ones, but form their
stars slightly later than pseudo bulges (see Figure 18). This
result is in line with the conclusions drawn by (Comerón
et al. 2014) from observations. However, as shown in other
studies before (e.g. Oklopčić et al. 2017; Buck et al. 2017)
our simulations disfavor the clumpy disc scenario (Bournaud
et al. 2007) for the formation of thick discs and bulges (Bour-
naud et al. 2009; Elmegreen et al. 2008; Inoue & Saitoh
2012), used by Comerón et al. (2014) to interpret their data.
Instead, our results suggest that pseudo bulges are likely to
be the seed around which thick discs or single large scale
discs form later on.

8 AVERAGE PROPERTIES OF STRUCTURES

In the light of the z = 0 properties we discussed in Sections 6
and 5, and of their evolutions in Section 7, we conclude

that the fundamental factor in setting the z = 0 distinct
properties of the eight stellar kinematic components is the
retained fraction of angular momentum.

We use the weighted averaging procedure described in
the previous section, where a component’s weight is given
by the z ⇠ 0 volume density of galaxies with the same to-
tal stellar mass as its host galaxy, to compute the mean
and dispersion for fifteen properties. These properties are:
(i) stellar mass fractions hfmassi, (ii) retained angular mo-
menta fractions hfji (Equation 13), (iii) ellipticities h"i, (iv)
rotational support hf�i, (v) redshifts of half progenitor bary-
onic mass inside the dark matter halo hz1/2ibar, (vi) red-
shifts of half progenitor stellar mass inside the dark matter
halo hz1/2istar, (vii) baryons assembly time scale h⌧ibar, (viii)
stars assembly time scale h⌧istar, (ix) skewness of baryons
assembly time scale hibar, (x) skewness of stars assembly
time scale histar, (xi) global mass fraction of stars born
in-situ hfin�situi, (xii) retained fraction of angular momen-
tum according to the definition in Equation 14 h⌘ji, (xiii)
ratio between the maximum angular momentum of a bary-
onic component’s Lagrangian patch and the maximum of
the corresponding dark matter one hj(k)max/j

(dark)

max i, (xiv) red-
shift where the maximum angular momentum is reached
hz(jmax)i, and (xv) redshift where the maximum 3D half
mass radius is reached hz(r1/2max)i.

The assembly timescale ⌧ is taken to be the time passed
between the moments when 10 and 90 per cent of the pro-
genitor mass was inside the dark matter halo:

⌧ ⌘ t90% � t10%. (15)

In a similar way the skewness of the assembly time scale
 is the ratio between the early and late assembly timescales:

 ⌘ t50% � t10%
t90% � t50%

. (16)

The global mass fraction of stars born in-situ fin�situ rep-
resents the ratio between the mass of a particular compo-
nent k stars born inside rvir(t) along the main branch of the
merger tree and the final stellar mass M⇤k. This definition
is equivalent to the one used by Pillepich et al. (2015).

All these average properties for the eight kinematic
components are listed in Table 3. Two galaxies, g3.61e11
and g5.31e11 have been excluded because they do not have
enough timesteps at high redshift to constrain well their evo-
lutions. Figures 19 and 20 show the average properties of the
eight types of kinematic components as functions of their re-
spective average retained angular momentum fractions.

The top left panel of Figure 19 shows the average stel-
lar mass fractions enclosed in each type of kinematic com-
ponent. The galaxies hosted by the smallest dark matter
haloes have only two distinct kinematic components, a disc
and a spheroid. The spheroid makes up about 0.51± 0.15 of
the mass, while the single large scale discs have hfmassi =
0.40±0.13. All 20 most massive dark matter haloes (80% of
the sample) host galaxies with an important classical bulge
component hfmassi = 0.27±0.06, while pseudo bulges found
in 72% of the sample have smaller mass fractions 0.18±0.04.
Both thin and thick discs with approximately equal mass
fractions (fmass ⇠ 0.25) are present in 56% of the sample.
The stellar haloes, found in 11 out of the 20 most massive
dark matter haloes, as expected, encompass only a small
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Figure 18. The mass function weighted global evolutions of the
progenitor stars assembly along the main branch of the merger
tree for the various z = 0 kinematic components. The small bot-
tom panel gives the corresponding weighted standard deviations
�.

baryonic progenitors of the full z = 0 stellar populations
(grey curves). With respect to them, the progenitor material
of spheroids is accreted faster and at earlier times, while
that of thin and inner discs is incorporated later. The stellar
haloes clearly stand out as being accreted at later times and
during a longer timescale.

The clear outliers in Figure 18 are the thin discs which
form their stars much later on than any other kinematic
component. At the other extreme are the spheroids which
form their stars the earliest. However, all components show
large standard deviations that vary strongly with time.
Among them, the thin discs have the smallest �.

One interesting aspect of Figure 17 is that thick discs
on the average accrete their progenitor baryons at the same
time as the bulges, especially the pseudo ones, but form their
stars slightly later than pseudo bulges (see Figure 18). This
result is in line with the conclusions drawn by (Comerón
et al. 2014) from observations. However, as shown in other
studies before (e.g. Oklopčić et al. 2017; Buck et al. 2017)
our simulations disfavor the clumpy disc scenario (Bournaud
et al. 2007) for the formation of thick discs and bulges (Bour-
naud et al. 2009; Elmegreen et al. 2008; Inoue & Saitoh
2012), used by Comerón et al. (2014) to interpret their data.
Instead, our results suggest that pseudo bulges are likely to
be the seed around which thick discs or single large scale
discs form later on.

8 AVERAGE PROPERTIES OF STRUCTURES

In the light of the z = 0 properties we discussed in Sections 6
and 5, and of their evolutions in Section 7, we conclude

that the fundamental factor in setting the z = 0 distinct
properties of the eight stellar kinematic components is the
retained fraction of angular momentum.

We use the weighted averaging procedure described in
the previous section, where a component’s weight is given
by the z ⇠ 0 volume density of galaxies with the same to-
tal stellar mass as its host galaxy, to compute the mean
and dispersion for fifteen properties. These properties are:
(i) stellar mass fractions hfmassi, (ii) retained angular mo-
menta fractions hfji (Equation 13), (iii) ellipticities h"i, (iv)
rotational support hf�i, (v) redshifts of half progenitor bary-
onic mass inside the dark matter halo hz1/2ibar, (vi) red-
shifts of half progenitor stellar mass inside the dark matter
halo hz1/2istar, (vii) baryons assembly time scale h⌧ibar, (viii)
stars assembly time scale h⌧istar, (ix) skewness of baryons
assembly time scale hibar, (x) skewness of stars assembly
time scale histar, (xi) global mass fraction of stars born
in-situ hfin�situi, (xii) retained fraction of angular momen-
tum according to the definition in Equation 14 h⌘ji, (xiii)
ratio between the maximum angular momentum of a bary-
onic component’s Lagrangian patch and the maximum of
the corresponding dark matter one hj(k)max/j

(dark)

max i, (xiv) red-
shift where the maximum angular momentum is reached
hz(jmax)i, and (xv) redshift where the maximum 3D half
mass radius is reached hz(r1/2max)i.

The assembly timescale ⌧ is taken to be the time passed
between the moments when 10 and 90 per cent of the pro-
genitor mass was inside the dark matter halo:

⌧ ⌘ t90% � t10%. (15)

In a similar way the skewness of the assembly time scale
 is the ratio between the early and late assembly timescales:

 ⌘ t50% � t10%
t90% � t50%

. (16)

The global mass fraction of stars born in-situ fin�situ rep-
resents the ratio between the mass of a particular compo-
nent k stars born inside rvir(t) along the main branch of the
merger tree and the final stellar mass M⇤k. This definition
is equivalent to the one used by Pillepich et al. (2015).

All these average properties for the eight kinematic
components are listed in Table 3. Two galaxies, g3.61e11
and g5.31e11 have been excluded because they do not have
enough timesteps at high redshift to constrain well their evo-
lutions. Figures 19 and 20 show the average properties of the
eight types of kinematic components as functions of their re-
spective average retained angular momentum fractions.

The top left panel of Figure 19 shows the average stel-
lar mass fractions enclosed in each type of kinematic com-
ponent. The galaxies hosted by the smallest dark matter
haloes have only two distinct kinematic components, a disc
and a spheroid. The spheroid makes up about 0.51± 0.15 of
the mass, while the single large scale discs have hfmassi =
0.40±0.13. All 20 most massive dark matter haloes (80% of
the sample) host galaxies with an important classical bulge
component hfmassi = 0.27±0.06, while pseudo bulges found
in 72% of the sample have smaller mass fractions 0.18±0.04.
Both thin and thick discs with approximately equal mass
fractions (fmass ⇠ 0.25) are present in 56% of the sample.
The stellar haloes, found in 11 out of the 20 most massive
dark matter haloes, as expected, encompass only a small
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Figure 18. The mass function weighted global evolutions of the
progenitor stars assembly along the main branch of the merger
tree for the various z = 0 kinematic components. The small bot-
tom panel gives the corresponding weighted standard deviations
�.

baryonic progenitors of the full z = 0 stellar populations
(grey curves). With respect to them, the progenitor material
of spheroids is accreted faster and at earlier times, while
that of thin and inner discs is incorporated later. The stellar
haloes clearly stand out as being accreted at later times and
during a longer timescale.

The clear outliers in Figure 18 are the thin discs which
form their stars much later on than any other kinematic
component. At the other extreme are the spheroids which
form their stars the earliest. However, all components show
large standard deviations that vary strongly with time.
Among them, the thin discs have the smallest �.

One interesting aspect of Figure 17 is that thick discs
on the average accrete their progenitor baryons at the same
time as the bulges, especially the pseudo ones, but form their
stars slightly later than pseudo bulges (see Figure 18). This
result is in line with the conclusions drawn by (Comerón
et al. 2014) from observations. However, as shown in other
studies before (e.g. Oklopčić et al. 2017; Buck et al. 2017)
our simulations disfavor the clumpy disc scenario (Bournaud
et al. 2007) for the formation of thick discs and bulges (Bour-
naud et al. 2009; Elmegreen et al. 2008; Inoue & Saitoh
2012), used by Comerón et al. (2014) to interpret their data.
Instead, our results suggest that pseudo bulges are likely to
be the seed around which thick discs or single large scale
discs form later on.

8 AVERAGE PROPERTIES OF STRUCTURES

In the light of the z = 0 properties we discussed in Sections 6
and 5, and of their evolutions in Section 7, we conclude

that the fundamental factor in setting the z = 0 distinct
properties of the eight stellar kinematic components is the
retained fraction of angular momentum.

We use the weighted averaging procedure described in
the previous section, where a component’s weight is given
by the z ⇠ 0 volume density of galaxies with the same to-
tal stellar mass as its host galaxy, to compute the mean
and dispersion for fifteen properties. These properties are:
(i) stellar mass fractions hfmassi, (ii) retained angular mo-
menta fractions hfji (Equation 13), (iii) ellipticities h"i, (iv)
rotational support hf�i, (v) redshifts of half progenitor bary-
onic mass inside the dark matter halo hz1/2ibar, (vi) red-
shifts of half progenitor stellar mass inside the dark matter
halo hz1/2istar, (vii) baryons assembly time scale h⌧ibar, (viii)
stars assembly time scale h⌧istar, (ix) skewness of baryons
assembly time scale hibar, (x) skewness of stars assembly
time scale histar, (xi) global mass fraction of stars born
in-situ hfin�situi, (xii) retained fraction of angular momen-
tum according to the definition in Equation 14 h⌘ji, (xiii)
ratio between the maximum angular momentum of a bary-
onic component’s Lagrangian patch and the maximum of
the corresponding dark matter one hj(k)max/j

(dark)

max i, (xiv) red-
shift where the maximum angular momentum is reached
hz(jmax)i, and (xv) redshift where the maximum 3D half
mass radius is reached hz(r1/2max)i.

The assembly timescale ⌧ is taken to be the time passed
between the moments when 10 and 90 per cent of the pro-
genitor mass was inside the dark matter halo:

⌧ ⌘ t90% � t10%. (15)

In a similar way the skewness of the assembly time scale
 is the ratio between the early and late assembly timescales:

 ⌘ t50% � t10%
t90% � t50%

. (16)

The global mass fraction of stars born in-situ fin�situ rep-
resents the ratio between the mass of a particular compo-
nent k stars born inside rvir(t) along the main branch of the
merger tree and the final stellar mass M⇤k. This definition
is equivalent to the one used by Pillepich et al. (2015).

All these average properties for the eight kinematic
components are listed in Table 3. Two galaxies, g3.61e11
and g5.31e11 have been excluded because they do not have
enough timesteps at high redshift to constrain well their evo-
lutions. Figures 19 and 20 show the average properties of the
eight types of kinematic components as functions of their re-
spective average retained angular momentum fractions.

The top left panel of Figure 19 shows the average stel-
lar mass fractions enclosed in each type of kinematic com-
ponent. The galaxies hosted by the smallest dark matter
haloes have only two distinct kinematic components, a disc
and a spheroid. The spheroid makes up about 0.51± 0.15 of
the mass, while the single large scale discs have hfmassi =
0.40±0.13. All 20 most massive dark matter haloes (80% of
the sample) host galaxies with an important classical bulge
component hfmassi = 0.27±0.06, while pseudo bulges found
in 72% of the sample have smaller mass fractions 0.18±0.04.
Both thin and thick discs with approximately equal mass
fractions (fmass ⇠ 0.25) are present in 56% of the sample.
The stellar haloes, found in 11 out of the 20 most massive
dark matter haloes, as expected, encompass only a small
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Figure 18. The mass function weighted global evolutions of the
progenitor stars assembly along the main branch of the merger
tree for the various z = 0 kinematic components. The small bot-
tom panel gives the corresponding weighted standard deviations
�.

baryonic progenitors of the full z = 0 stellar populations
(grey curves). With respect to them, the progenitor material
of spheroids is accreted faster and at earlier times, while
that of thin and inner discs is incorporated later. The stellar
haloes clearly stand out as being accreted at later times and
during a longer timescale.

The clear outliers in Figure 18 are the thin discs which
form their stars much later on than any other kinematic
component. At the other extreme are the spheroids which
form their stars the earliest. However, all components show
large standard deviations that vary strongly with time.
Among them, the thin discs have the smallest �.

One interesting aspect of Figure 17 is that thick discs
on the average accrete their progenitor baryons at the same
time as the bulges, especially the pseudo ones, but form their
stars slightly later than pseudo bulges (see Figure 18). This
result is in line with the conclusions drawn by (Comerón
et al. 2014) from observations. However, as shown in other
studies before (e.g. Oklopčić et al. 2017; Buck et al. 2017)
our simulations disfavor the clumpy disc scenario (Bournaud
et al. 2007) for the formation of thick discs and bulges (Bour-
naud et al. 2009; Elmegreen et al. 2008; Inoue & Saitoh
2012), used by Comerón et al. (2014) to interpret their data.
Instead, our results suggest that pseudo bulges are likely to
be the seed around which thick discs or single large scale
discs form later on.

8 AVERAGE PROPERTIES OF STRUCTURES

In the light of the z = 0 properties we discussed in Sections 6
and 5, and of their evolutions in Section 7, we conclude

that the fundamental factor in setting the z = 0 distinct
properties of the eight stellar kinematic components is the
retained fraction of angular momentum.

We use the weighted averaging procedure described in
the previous section, where a component’s weight is given
by the z ⇠ 0 volume density of galaxies with the same to-
tal stellar mass as its host galaxy, to compute the mean
and dispersion for fifteen properties. These properties are:
(i) stellar mass fractions hfmassi, (ii) retained angular mo-
menta fractions hfji (Equation 13), (iii) ellipticities h"i, (iv)
rotational support hf�i, (v) redshifts of half progenitor bary-
onic mass inside the dark matter halo hz1/2ibar, (vi) red-
shifts of half progenitor stellar mass inside the dark matter
halo hz1/2istar, (vii) baryons assembly time scale h⌧ibar, (viii)
stars assembly time scale h⌧istar, (ix) skewness of baryons
assembly time scale hibar, (x) skewness of stars assembly
time scale histar, (xi) global mass fraction of stars born
in-situ hfin�situi, (xii) retained fraction of angular momen-
tum according to the definition in Equation 14 h⌘ji, (xiii)
ratio between the maximum angular momentum of a bary-
onic component’s Lagrangian patch and the maximum of
the corresponding dark matter one hj(k)max/j

(dark)

max i, (xiv) red-
shift where the maximum angular momentum is reached
hz(jmax)i, and (xv) redshift where the maximum 3D half
mass radius is reached hz(r1/2max)i.

The assembly timescale ⌧ is taken to be the time passed
between the moments when 10 and 90 per cent of the pro-
genitor mass was inside the dark matter halo:

⌧ ⌘ t90% � t10%. (15)

In a similar way the skewness of the assembly time scale
 is the ratio between the early and late assembly timescales:

 ⌘ t50% � t10%
t90% � t50%

. (16)

The global mass fraction of stars born in-situ fin�situ rep-
resents the ratio between the mass of a particular compo-
nent k stars born inside rvir(t) along the main branch of the
merger tree and the final stellar mass M⇤k. This definition
is equivalent to the one used by Pillepich et al. (2015).

All these average properties for the eight kinematic
components are listed in Table 3. Two galaxies, g3.61e11
and g5.31e11 have been excluded because they do not have
enough timesteps at high redshift to constrain well their evo-
lutions. Figures 19 and 20 show the average properties of the
eight types of kinematic components as functions of their re-
spective average retained angular momentum fractions.

The top left panel of Figure 19 shows the average stel-
lar mass fractions enclosed in each type of kinematic com-
ponent. The galaxies hosted by the smallest dark matter
haloes have only two distinct kinematic components, a disc
and a spheroid. The spheroid makes up about 0.51± 0.15 of
the mass, while the single large scale discs have hfmassi =
0.40±0.13. All 20 most massive dark matter haloes (80% of
the sample) host galaxies with an important classical bulge
component hfmassi = 0.27±0.06, while pseudo bulges found
in 72% of the sample have smaller mass fractions 0.18±0.04.
Both thin and thick discs with approximately equal mass
fractions (fmass ⇠ 0.25) are present in 56% of the sample.
The stellar haloes, found in 11 out of the 20 most massive
dark matter haloes, as expected, encompass only a small
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Figure 18. The mass function weighted global evolutions of the
progenitor stars assembly along the main branch of the merger
tree for the various z = 0 kinematic components. The small bot-
tom panel gives the corresponding weighted standard deviations
�.

baryonic progenitors of the full z = 0 stellar populations
(grey curves). With respect to them, the progenitor material
of spheroids is accreted faster and at earlier times, while
that of thin and inner discs is incorporated later. The stellar
haloes clearly stand out as being accreted at later times and
during a longer timescale.

The clear outliers in Figure 18 are the thin discs which
form their stars much later on than any other kinematic
component. At the other extreme are the spheroids which
form their stars the earliest. However, all components show
large standard deviations that vary strongly with time.
Among them, the thin discs have the smallest �.

One interesting aspect of Figure 17 is that thick discs
on the average accrete their progenitor baryons at the same
time as the bulges, especially the pseudo ones, but form their
stars slightly later than pseudo bulges (see Figure 18). This
result is in line with the conclusions drawn by (Comerón
et al. 2014) from observations. However, as shown in other
studies before (e.g. Oklopčić et al. 2017; Buck et al. 2017)
our simulations disfavor the clumpy disc scenario (Bournaud
et al. 2007) for the formation of thick discs and bulges (Bour-
naud et al. 2009; Elmegreen et al. 2008; Inoue & Saitoh
2012), used by Comerón et al. (2014) to interpret their data.
Instead, our results suggest that pseudo bulges are likely to
be the seed around which thick discs or single large scale
discs form later on.

8 AVERAGE PROPERTIES OF STRUCTURES

In the light of the z = 0 properties we discussed in Sections 6
and 5, and of their evolutions in Section 7, we conclude

that the fundamental factor in setting the z = 0 distinct
properties of the eight stellar kinematic components is the
retained fraction of angular momentum.

We use the weighted averaging procedure described in
the previous section, where a component’s weight is given
by the z ⇠ 0 volume density of galaxies with the same to-
tal stellar mass as its host galaxy, to compute the mean
and dispersion for fifteen properties. These properties are:
(i) stellar mass fractions hfmassi, (ii) retained angular mo-
menta fractions hfji (Equation 13), (iii) ellipticities h"i, (iv)
rotational support hf�i, (v) redshifts of half progenitor bary-
onic mass inside the dark matter halo hz1/2ibar, (vi) red-
shifts of half progenitor stellar mass inside the dark matter
halo hz1/2istar, (vii) baryons assembly time scale h⌧ibar, (viii)
stars assembly time scale h⌧istar, (ix) skewness of baryons
assembly time scale hibar, (x) skewness of stars assembly
time scale histar, (xi) global mass fraction of stars born
in-situ hfin�situi, (xii) retained fraction of angular momen-
tum according to the definition in Equation 14 h⌘ji, (xiii)
ratio between the maximum angular momentum of a bary-
onic component’s Lagrangian patch and the maximum of
the corresponding dark matter one hj(k)max/j

(dark)

max i, (xiv) red-
shift where the maximum angular momentum is reached
hz(jmax)i, and (xv) redshift where the maximum 3D half
mass radius is reached hz(r1/2max)i.

The assembly timescale ⌧ is taken to be the time passed
between the moments when 10 and 90 per cent of the pro-
genitor mass was inside the dark matter halo:

⌧ ⌘ t90% � t10%. (15)

In a similar way the skewness of the assembly time scale
 is the ratio between the early and late assembly timescales:

 ⌘ t50% � t10%
t90% � t50%

. (16)

The global mass fraction of stars born in-situ fin�situ rep-
resents the ratio between the mass of a particular compo-
nent k stars born inside rvir(t) along the main branch of the
merger tree and the final stellar mass M⇤k. This definition
is equivalent to the one used by Pillepich et al. (2015).

All these average properties for the eight kinematic
components are listed in Table 3. Two galaxies, g3.61e11
and g5.31e11 have been excluded because they do not have
enough timesteps at high redshift to constrain well their evo-
lutions. Figures 19 and 20 show the average properties of the
eight types of kinematic components as functions of their re-
spective average retained angular momentum fractions.

The top left panel of Figure 19 shows the average stel-
lar mass fractions enclosed in each type of kinematic com-
ponent. The galaxies hosted by the smallest dark matter
haloes have only two distinct kinematic components, a disc
and a spheroid. The spheroid makes up about 0.51± 0.15 of
the mass, while the single large scale discs have hfmassi =
0.40±0.13. All 20 most massive dark matter haloes (80% of
the sample) host galaxies with an important classical bulge
component hfmassi = 0.27±0.06, while pseudo bulges found
in 72% of the sample have smaller mass fractions 0.18±0.04.
Both thin and thick discs with approximately equal mass
fractions (fmass ⇠ 0.25) are present in 56% of the sample.
The stellar haloes, found in 11 out of the 20 most massive
dark matter haloes, as expected, encompass only a small
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