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Abstract

In Paper I, we showed that clumps in high-redshift galaxies, having a high star formation rate density (ΣSFR),
produce disks with two tracks in the [Fe/H]–[α/Fe] chemical space, similar to that of the Milky Way’s (MW’s)
thin+thick disks. Here we investigate the effect of clumps on the bulge’s chemistry. The chemistry of the MW’s
bulge is comprised of a single track with two density peaks separated by a trough. We show that the bulge
chemistry of an N-body + smoothed particle hydrodynamics clumpy simulation also has a single track. Star
formation within the bulge is itself in the high-ΣSFR clumpy mode, which ensures that the bulge’s chemical track
follows that of the thick disk at low [Fe/H] and then extends to high [Fe/H], where it peaks. The peak at low
metallicity instead is comprised of a mixture of in situ stars and stars accreted via clumps. As a result, the trough
between the peaks occurs at the end of the thick disk track. We find that the high-metallicity peak dominates near
the mid-plane and declines in relative importance with height, as in the MW. The bulge is already rapidly rotating
by the end of the clump epoch, with higher rotation at low [α/Fe]. Thus clumpy star formation is able to
simultaneously explain the chemodynamic trends of the MW’s bulge, thin+thick disks, and the splash.

Unified Astronomy Thesaurus concepts: Galactic bulge (2041); Milky Way formation (1053); Milky Way
evolution (1052); Milky Way dynamics (1051); Galaxy bulges (578)

1. Introduction

The chemistry of the Milky Way’s (MW) bulge provides
important clues about its formation. The early measurements of
Rich (1988), McWilliam & Rich (1994) established that the
bulge’s metallicity distribution function (MDF) is broad,
reaching supersolar metallicities. More recent observations
have shown that the MDF is at least bimodal with possible
hints of additional peaks (Ness et al. 2013; Schultheis et al.
2017; Rojas-Arriagada et al. 2020; Johnson et al. 2022),
although this may partly be due to fitting multiple Gaussians to
an intrinsically skewed distribution. Spectroscopic surveys
such as ARGOS (Freeman et al. 2013), GIBS (Zoccali et al.
2014), and APOGEE (Majewski et al. 2016) have mapped the
chemistry across the bulge (e.g., Ness et al. 2013; Gonzalez
et al. 2015; Zoccali et al. 2017; Queiroz et al. 2021) generally
finding that its [Fe/H]–[α/Fe] plane exhibits a single track,

with two peaks and a trough between them. In contrast, in the
Solar Neighborhood, two tracks17 are evident: at fixed [Fe/H],
a high-[α/Fe] track corresponds to the thick disk, and a low-
[α/Fe] track corresponds to the thin disk. The bulge chemistry
follows the thick disk track at low metallicity (Melendez et al.
2008; Alves-Brito et al. 2010; Bensby et al. 2010; Hill et al.
2011; Bensby et al. 2013), but then extends to the most metal-
rich thin-disk stars. The location of the knee in the [Fe/H]–[α/
Fe] plane has generally been found to be identical between the
bulge and thick disk (Jonsson et al. 2017; Zasowski et al.
2019), with perhaps minor differences (Johnson et al. 2014;
Bensby et al. 2017; Schultheis et al. 2017), which may be
partly attributed to comparing bulge giants with local thick disk
dwarfs. Williams et al. (2016) found bimodalities in the bulge’s
[Fe/H] and [α/Fe] in the Gaia-ESO data, with the metal-rich
stars exhibiting lower velocity dispersions than the metal-poor
ones. The advent of the large APOGEE DR17 data set, and
matching data from Gaia Data Release 2 (DR2), has permitted
more detailed studies of the bulge chemistry. Lian et al. (2020)
used the bulge’s chemistry to model its star formation history
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same thing. Throughout we will refer to tracks.
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(SFH) and concluded that it is comprised of three phases: an
early high star formation rate (SFR) phase, which is interrupted
by a quenched phase, which produces a gap in the chemistry,
followed by a later secular phase of low SFR.

The chemistry of the disk(s) differs from these trends. Many
explanations have been advanced for the disk α-bimodality.
The “two-infall” model of Chiappini et al. (1997; see also
Chiappini 2009; Bekki & Tsujimoto 2011; Tsujimoto &
Bekki 2012; Grisoni et al. 2017; Khoperskov et al. 2021;
Spitoni et al. 2021) suggests that a high SFR episode formed
the high-α track, followed, around 8 Gyr ago, by a drop in the
SFR and then the infall of pristine gas that diluted the overall
metallicity of the MW, giving rise to the low-α population.
Recent work has focused on forming multiple chemical tracks
via some variant of accretion events (Snaith et al. 2016; Grand
et al. 2017; Mackereth et al. 2018; Buck 2020), including those
of stars born out of the plane of the disk (Agertz et al. 2021).

In Clarke et al. (2019, hereafter Paper I), we presented a
simulation of an isolated galaxy that produced a disk chemical
dichotomy similar to the MW’s chemical thin+thick disks. At
early times (largely over the first 2 Gyr, but continuing to 4 Gyr
at a lower rate), the model develops clumps with high SFR
densities, ΣSFR. The masses and SFRs of the clumps in this
model are comparable to those observed in high-redshift
galaxies (e.g., Guo et al. 2015; Dessauges-Zavadsky et al.
2017; Cava et al. 2018; Guo et al. 2018; Huertas-Company
et al. 2020). The clumps represent a second mode of star
formation, separate from the usual distributed star formation,
with high ΣSFR, leading to two tracks in the chemical, [Fe/H]–
[α/Fe], plane. The rate of clump formation declines rapidly as
the gas fraction drops, thereby resembling the two-infall model.
In agreement with Bournaud et al. (2009), Paper I showed that
clumps produce a geometric thick disk. The chemical and
geometric properties of the thick disk formed this way are
consistent with those of the MW (Beraldo e Silva et al. 2020).
Moreover, Amarante et al. (2020) showed that the resulting low
angular momentum tail of the old stars is consistent with the
“Splash” population in the MW (Di Matteo et al. 2019b;
Belokurov et al. 2020).

Paper I showed that some of the clumps sink to the center of
the galaxy, where they contribute to the formation of a bulge.
While definitively determining if clumps are long lived enough
to build bulges is challenging due to observational systematics
(see, for instance, the discussion in Bournaud et al. 2014),
observations of the stellar populations (e.g., Guo et al. 2018;
Lenkic et al. 2021) and gradients of clump mass (Huertas-
Company et al. 2020; Ambachew et al. 2022) suggest that at
least some fraction of clumps likely do survive long enough to
fall into the bulge. The chemistry of bulges formed with a
significant contribution from clumps has not been studied
extensively in the literature, despite frequent suggestions that
bulges, including the MW’s, may be partly built from clumps
(e.g., Nataf 2017; Queiroz et al. 2021). Interestingly, Immeli
et al. (2004) found a bimodal distribution of [Mg/Fe] within
the bulge of their clumpy chemodynamical model. Inoue &
Saitoh (2012) found a metal-rich bulge formed from clumps but
did not study the chemistry in greater detail. Therefore in this
paper we study the consequences of star formation in a clumpy
mode on the chemistry of the bulge.

The paper is organized as follows. Section 2 presents the
simulations used in this paper. The chemistry, star formation,
kinematics, and spatial variation of the model bulges are

presented in Section 3. We discuss our results, and give a brief
summary of the main results, in Section 4.

2. The Simulations

We use the clumpy simulation of Paper I, as well as a control
simulation that fails to produce long-lived clumps; both these
models are described in Beraldo e Silva et al. (2020). The
subgrid physics of the two models differs only in the strength
of the feedback employed. Both models are evolved from the
same initial conditions, comprised of a cospatial hot gas corona
and dark matter halo with Navarro–Frenk–White (Navarro
et al. 1997) profiles. The dark matter halo has virial mass of
1012Me and a virial radius r200; 200 kpc. The gas corona,
which constitutes 10% of the mass within the virial radius,
starts with spin λ= 0.065 (Bullock et al. 2001), and as it cools,
via metal line cooling (Shen et al. 2010b), it settles into a disk.
Stars form from dense gas (density >1cm−3) when the
temperature drops below 15,000 K, and the flow is convergent.
Gas particles are not allowed to cool below the resolution limit
by setting a pressure floor pfloor= 3Gò2ρ2, where G is Newton’s
gravitational constant, ò is the softening length, set at 50 pc, and
ρ is the gas particle’s density (Agertz et al. 2009). The feedback
via supernovae Types Ia and II uses the blastwave prescription
of Stinson et al. (2006). In the clumpy model, we couple 10%
of the 1051 erg per supernova to the interstellar medium as
thermal energy. In contrast, in the high-feedback model, 80%
of the feedback energy is coupled to the gas. As shown in
previous studies (Genel et al. 2012; Hopkins et al. 2012; Buck
et al. 2017; Oklopčić et al. 2017), high feedback coupling
inhibits the clumps, and Beraldo e Silva et al. (2020) show that
in that case the geometric properties of the disk(s) do not
resemble those of the MW. Feedback via asymptotic giant
branch stars is also included. Gas chemical and thermal
diffusion uses the method of Shen et al. (2010b).
We evolve the models in isolation using a smooth particle

hydrodynamics +N-body tree-code based on GASOLINE
(Wadsley et al. 2004). The initial models are comprised of
106 particles in both the dark matter and gas components; both
models form ∼2× 106 stars. The clumpy model forms clumps
during the first 2 Gyr, continuing at a lower rate to 4 Gyr, as
shown in Paper I. The final disk galaxy has a rotational velocity
of 242 km s−1 at the Solar Neighborhood, making it compar-
able to the MW (see Figure 2 of Paper I). The high-feedback
model evolves without forming any significant long-lived
clumps. Henceforth we refer to the two models as the clumpy
and high-feedback models.
Neither of these two models forms a bar. The formation of a

bar quenches star formation within most of the body of the bar
(e.g., Khoperskov et al. 2018). In order to compare with the
MW, we assume that the MW’s bar formed at t= 6 Gyr (which
would make it ∼8 Gyr old now).

3. Bulge Stellar Populations

3.1. The Chemistry of the Bulge

The top left panel of Figure 1 presents the chemistry of the
stars within a galactocentric radius R= 1 kpc at 10 Gyr in the
clumpy model. As in Paper I, we apply Gaussian measurement
uncertainties of σ[Fe/H] = 0.1, and σ[O/Fe] = 0.03 to mimic
the measurement errors in APOGEE (Nidever et al. 2014). The
chemical space has a single track, with the density peaked at
two locations: one metal-rich at [Fe/H]; 0.55 and a broader
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metal-poor peak at [Fe/H];−0.1. The bottom left panel of
Figure 1 presents the chemistry of the clumpy model’s thin
+thick disks at R> 5 kpc, and compares this with the
chemistry of the model’s bulge (the red points represent a
random selection of 1000 bulge particles). The chemistry of the
bulge follows that of the thick disk at [Fe/H] 0, and then
continues to more metal-rich than the thin disk. The MW’s
bulge exhibits the same trend (e.g., Melendez et al. 2008;
Alves-Brito et al. 2010; Bensby et al. 2010; Hill et al. 2011;
Bensby et al. 2013; Lian et al. 2020). We have verified that the
trends in Figure 1 are already in place by t= 6 Gyr.

The right panels of Figure 1 present the chemistry of the
high-feedback model. A number of important differences
between the clumpy and high-feedback models are evident.
The first difference is that the track of the bulge in chemical
space no longer has two peaks. Instead the bulge has a single
sharp peak at [Fe/H]; 0.6 with a long tail to lower
metallicities. Moreover, this model does not have a bimodal
chemical distribution in the disk (see also Beraldo e Silva et al.
2020), which happens because the high-α stars form only via
the clumpy star formation mode in these simulations. As a
consequence, the bulge chemical distribution is offset vertically
in [O/Fe] relative to the disk. While the bulge has a high SFR
and can therefore reach a high [O/Fe], this is not the case in the
disk, and the bulge ends up more α-rich than the disk. The lack
of a trough in the bulge’s chemistry and the difference between
the bulge’s peak α and that of the disk are different from the
trends observed in the MW.

In spite of these differences in chemical space, the overall
SFH of these two models is very similar, as seen in Figure 2.

The main difference is at early times, when the presence of the
clumps briefly raises the overall peak SFR by ∼20%. In the
high-feedback model, these clumps are short-lived (Genel et al.
2012; Hopkins et al. 2012; Buck et al. 2017; Oklopčić et al.
2017), and the SFR is therefore briefly lower.

3.2. Evolution of the Bulge’s Chemistry

The fact that the clumpy model’s bulge chemistry has a
single, double-peaked track that matches that of the thick disk
at [Fe/H] 0 is strikingly similar to what is observed in the
MW. Understanding this trend therefore can help unravel the
formation of the MW’s bulge. Thus we next explore the
evolution of the bulge chemistry to understand how clumpy
star formation produces these trends.
Figure 3 shows the chemical evolution of the bulge inside

R= 1 kpc for both models. We show the MDF and the α
distribution function (α DF) for all bulge stars formed up to 2,
4, 6, 8, and 10 Gyr. The clumpy model, at t= 4 Gyr, when
clump formation fully ceases, has a bulge MDF, which is
bimodal (top left panel), with a low-metallicity peak at [Fe/
H];−0.1 and a small peak at [Fe/H]; 0.4. The high-
metallicity peak grows in importance as subsequent in situ star
formation adds a population of high-metallicity stars. The
trough between the two peaks falls at [Fe/H]; 0.25. In the
MW’s bulge, the metallicity of the trough varies with position
in the range [Fe/H]∼−0.2 to 0.2 (Zoccali et al. 2017). After
t= 4 Gyr, the α DF of the clumpy model (bottom left panel)
has a fixed peak at high [O/Fe] (at ≈0, but we caution that [O/
Fe] values often have significant offsets in simulations

Figure 1. The density of stars in the [Fe/H]–[O/Fe] chemical space at t = 10 Gyr. Top: all stars within R = 1 kpc. Bottom: stars at R > 5 kpc with 1000 random
bulge stars superposed as red points. At left is the clumpy model, while at right is the high-feedback model. Smoothing in [Fe/H] and [O/Fe] has been applied to all
panels to match the chemical resolution of APOGEE, as described in Section 3.1. Bins with less than 100 stars have been suppressed. In the clumpy model, the bulge
chemistry matches that of the disk in the high-[O/Fe] region, in agreement with MW trends, and in contrast to the high-feedback model.
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compared to observations, as we also found in Paper I). At
t= 4 Gyr, the α DF has a point of inflection at low [O/Fe],
where a pronounced second peak later develops. A double-
peaked αDF is similarly present in the MW’s bulge (e.g., Lian
et al. 2020).

In contrast, the chemical evolution of the high-feedback
model (right panels) results in only a single peak in the bulge’s
MDF, and only a weak double peak in the bulge α DF. At best
a weak trough is visible in chemistry of its bulge. The two
models differ at the low-[Fe/H] peak (i.e., at the high-[O/Fe]
peak), which must represent the location where the clump
formation plays an important role in one model and is absent
from the other.

Small differences between the clumpy and the high-feedback
models are already present at 2 Gyr, which Figure 2 shows has
the largest differences between the global SFRs of the two
models. At 2 Gyr, the MDF of the clumpy bulge has a peak at
low [Fe/H], while a peak at high [Fe/H] is incipient, but not
yet prominent. The high-feedback bulge has a very similar
MDF, but it has only a single peak at roughly the same subsolar
[Fe/H] as in the clumpy model. The low-[Fe/H] peak is more
prominent in the clumpy bulge than that in the high-feedback
bulge, but the overall trends are similar. Similarly the α DFs of
the two models are not yet very different, with a single peak at
high α. The differences between the chemistry of the two
bulges become larger between 2 and 4 Gyr, despite the fact that
the global SFRs of the two models are more similar at these
times. In the clumpy model, the separate peak at high [Fe/H]
now becomes more developed, while the continuing enrich-
ment in the bulge of the high-feedback model results in only a
single peak at high [Fe/H]. The low-[Fe/H] peak in the clumpy
model grows in importance at this time, while shifting to higher
[Fe/H]. At the same metallicities as the low-[Fe/H] peak of the
clumpy model, the bulge of the high-feedback model barely
changes during this time. In the high-feedback bulge, the α DF
begins to develop a peak at low [α/Fe], while in the clumpy
bulge the low-[α/Fe] peak has not yet started to be visible, but
the high-α peak continues to grow while shifting to lower [α/
Fe]. As we show below, the driver of these differences is the

infall of clumps into the bulge of the clumpy model between 2
and 4 Gyr. After 4 Gyr, when no further clumps form in the
disk of the clumpy model, the chemical evolution of the two
bulges proceeds very similarly, with an increasing number of
stars at the high-[Fe/H], low-[α/Fe] peaks. During this time,
the clumpy model develops a second peak at low [α/Fe],
which had formed earlier in the high-feedback model. In
summary, it is not the differences in their SFRs that give rise to
the different chemistries of the two bulges, but the infall of
clumps onto the bulge of the clumpy model, which drives the
continued growth of the low-[Fe/H] peak in its chemistry.

3.3. Formation Location

Paper I showed that the clumps in the clumpy simulation
often fall to the center. If clumps are disrupted before they can
reach the bulge, then they may play a less prominent role in the
formation of the bulge. We therefore consider the formation
location of bulge stars to test the effect of the infalling clumps
on the chemistry of the bulge.
The top left panel of Figure 4 shows the distribution of the

formation radius, Rformá ñ, in the chemical space. An important
conclusion from this plot is the different origins of the two
MDF peaks. The stars at the low-[Fe/H] peak in the chemical
track have large Rformá ñ, indicating that many of them are
forming outside the bulge and reaching it via clumps. The high-
[Fe/H] peak instead is produced by in situ18 star formation (as
in the high-feedback model; seen in the top right panel of
Figure 3). The bottom left panel of Figure 4 shows the fraction
of bulge stars that are ex situ. This is high at intermediate [Fe/
H] and low at high [Fe/H], closely mirroring the top left panel.
When we plot the distribution of stars in the bulge’s

chemical space excluding those stars that formed outside
Rform= 2 kpc, which we do in the top right panel of Figure 4,
we find that the low-[Fe/H] peak is substantially reduced, with
the track resembling somewhat the distribution of the high-
feedback model in Figure 1. (The small peaks remaining after

Figure 2. The overall star formation history of the clumpy and high-feedback models.

18 Here we use the terms in situ and ex situ to refer to formation inside or
outside the bulge, but within the galaxy.
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this subtraction are caused by stars formed in clumps that are
still star-forming inside R= 2 kpc.) This explains why the
bulge chemistry at low [Fe/H] is such a good match to the
chemistry of the thick disk: many of these stars share a similar
origin.

The bottom right panel of Figure 4 shows the distribution of
those stars excluded from the second panel, i.e., the stars that
end within the bulge that formed at Rform> 2 kpc. This shows
that the bulk of these ex situ stars arriving within clumps settle
along the bulge track, with their highest density at the location
of the low-metallicity peak.

A number of additional conclusions can be drawn from the
top left panel of Figure 4. First is the fact that clumps bring
with them a small population of low-α stars, which settle below
the low-[Fe/H] peak around [Fe/H]∼−0.4 and [O/
Fe]∼−0.1. As shown in Paper I (in Figures 15 and 17), some
of the stars formed in clumps have low [α/Fe]. This population
of stars is relatively small and does not contaminate the
chemical distribution significantly. The second point is that, to
a large extent, the chemistry of the bulge, at the high- and low-
metallicity ends, is dominated by stars formed in situ, and is
contaminated by clumps only at −0.5 [Fe/H] 0.0.

3.4. The Link between the Single Track and the Star
Formation Mode

In the left panels of Figure 5, we plot the density of stars in
the space of final versus formation radii (Rfinal versus Rform).
The stars that form during the clump epoch, tform< 4 Gyr, and
that end within the inner 1 kpc (top left panel) form at a range
of radii, including a significant contribution forming in situ. For
the stars formed after the clump epoch, 4� tform/Gyr� 6,
(bottom left panel) star formation occurs in situ, resulting in the
diagonal distribution in the Rfinal–Rform space. In the absence of
clumps, stars only reach the bulge from farther out via eccentric
orbits; the bottom left panel shows that the fraction of such
stars is low.
The stars in the bulge therefore are a mix of those formed

in situ and those accreted in clumps. Paper I showed that there
are two modes of star formation: a high ΣSFR and a low ΣSFR

one. Clumps are associated with high ΣSFR (ΣSFR
1 Me yr−1 kpc−2) while lower ΣSFR is typical of distributed
(nonclumpy) star formation (see Figure 15 of Paper I). The
right panels of Figure 5 show the distribution of SFRáS ñ in the
same Rfinal versus Rform space. For stars with tform< 4 Gyr (top
right panel), the high SFRáS ñ at Rfinal< 0.5 kpc is produced by

Figure 3. The evolution of the MDF (top) and α DF (bottom) of stars within the bulge (R � 1 kpc) between t = 2 Gyr, and t = 10 Gyr. At left is the clumpy model,
and at right is the high-feedback one. In the clumpy model, a bimodality is present in the MDF at t = 10 Gyr with a broad, low peak at [Fe/H] ∼ −0.1 and a narrow,
high peak at [Fe/H] ∼ 0.5. The bimodality is already evident, although weaker, at t = 2 Gyr, when clump formation has started to die down, and is well established at
4 Gyr. A bimodality is also present in the α DF at t = 10 Gyr, with a broad, low peak at [O/Fe] ∼ 0 and a narrow, high peak at [O/Fe] ∼ −0.3. This bimodality is
significantly weaker and/or absent at t = 4 Gyr. In the high-feedback model, instead, only a single peak develops in the MDF although the α DF still has a weak
second peak. All distributions have been normalized to the corresponding peak at 10 Gyr. In the top row, the vertical dotted lines indicate the regions around the peaks
where we define MDF peaks discussed in Section 3.5.
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the full range of Rform, which therefore must include stars
formed in clumps that have fallen in, as well as those formed
in situ. This is made clearer by comparing with stars that form
after 4 Gyr (bottom right panel) when clump formation has
ceased; now bulge stars have relatively low SFRáS ñ

M3 yr kpc1 2- - (except at the very center), and
Rform; Rfinal. These stars clearly are forming in situ rather
than falling in as clumps.

Therefore stars born outside the bulge in the clumpy
high-ΣSFR mode are reaching the bulge. In the top panel of
Figure 6, we plot ΣSFR for stars forming before 4 Gyr that end
at different radii within the inner galaxy. From Rfinal� 2 kpc
(red curve) to Rfinal� 1 kpc (green curve), the contribution of
the high-ΣSFR mode of star formation rises, and overwhel-
mingly dominates at Rfinal< 0.5 kpc (blue curve). This would
seem to imply that infalling clumps dominate the inner galaxy.
However, the middle panel of Figure 6, which shows the
cumulative distribution of Rform for stars at different Rfinal,
shows that a significant in situ population is also present.
Indeed the fraction of stars that formed within Rform= 2 kpc
rises as Rfinal decreases, although it never exceeds ∼60%.
Roughly half the stars that end up at Rfinal� 2 kpc were born
outside this region. Thus clumps are delivering a significant
fraction of the bulge’s mass, but in situ star formation is equally
important.

Why then does the in situ star formation not produce a
separate track in the bulge chemistry like the disk’s low-[α/Fe]
track? The bottom panel of Figure 6 plots SFRáS ñ for stars that
were born within a given radius by tform= 4 Gyr. The vast
majority of early stars formed within 2 kpc formed via the
high-ΣSFR mode. Therefore, the early bulge itself acts as a
clump of high ΣSFR, as first shown by Mandelker et al. (2014).
Thus the bulge never gets to form a low-α track: even in the
absence of clumps falling into the bulge, for instance because
they are disrupted before they reach the center, the bulge
chemistry will still lack metal-poor low-α stars. Indeed even
the high-feedback model has only a single track in the bulge,
and is α-rich (compared with the disk), as can be seen in the top
right panel of Figure 1.

3.5. Bulge Ages and Quenching

If star formation continues in the bulge after the clump epoch
ends, then the younger stars will necessarily be at the high-[Fe/
H] peak. The high-[Fe/H] peak then would be younger, on
average, than the low-[Fe/H] peak. In the MW, the difference
in mean age between the two peaks would be governed by
when the bar forms, because bars generally quench star
formation within most of their radius (including the vertically
thickened part that forms the bulge). Figure 7 shows the SFH
up to 6 Gyr for the stars that end within R= 1 kpc (we have

Figure 4. Top left: distribution of Rformá ñ in the chemical space of stars formed in the first 4 Gyr that end within the inner 1 kpc of the clumpy model. The accreted
clumps are responsible for the low-[Fe/H] peak while in situ star formation produces the high-[Fe/H] peak. The contours indicate the density of particles; the 5
contour levels span a factor of 10. Bottom left: the fraction of ex situ stars (those with Rform > 2 kpc) that end up in the bulge (Rfinal < 1 kpc). Top right: the in situ
bulge, showing the distribution of stars contained within Rfinal < 1 kpc when stars with Rform > 2 kpc are excluded. While the distribution is not completely smooth,
no prominent peak at low-[Fe/H] is evident. Bottom right: the ex situ bulge, defined as those stars within Rfinal < 1 kpc with Rform > 2 kpc.
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checked that the result does not change qualitatively if we
consider stars inside R= 2 kpc). This shows that the high-
metallicity population ([Fe/H]� 0.25) overlaps in age with the
low-[Fe/H] population. However no new stars with low [Fe/
H] form after ∼4 Gyr.

Lian et al. (2020) interpreted the trough between the two
peaks in the MW bulge’s chemical track as an episode of
quenching in its SFH, before star formation restarted and
produced the high-[Fe/H] peak. The top panel of Figure 7
shows that the star formation in the clumpy model’s bulge
never drops to zero, although its chemical track in Figure 1
develops a trough between the two peaks. The bottom panel of
Figure 7 presents the SFH of the high-feedback model. Despite
the similarity in the SFH of the two models, only the clumpy
model develops a trough between two peaks in the bulge

chemical track (as can be seen in Figure 1), suggesting that the
SFH need not be responsible for the trough.
The evolution of the bulge MDF in the clumpy model, seen

in Figure 3, shows that the bulge reaches the high-[Fe/H]
regime already by 2 Gyr, and is bimodal already by that point.
The bimodality increases at later times, particularly after 4 Gyr,
but the trough is present before the clumpy episode is over.
Thus the high-[Fe/H] peak contains old stars and represents the
ordinary chemical evolution of a rapidly star-forming system. If
we understand the [Fe/H]-enrichment as developing smoothly,
then stars in the trough will be, on average, slightly older than
those in the high-[Fe/H] peak. The stars at the low-[Fe/H]
peak, because they are a mix of in situ stars and stars accreted
via clumps, represent a range of ages, from older than the
trough (from the in situ evolution) to stars younger than the old

Figure 5. The number of stars (left column) and SFRáS ñ in the Rform–Rfinal space for stars at the center of the clumpy model. The top row shows the distributions for
tform � 4 Gyr while the bottom row is for 4 < tform/ Gyr � 6. The diagonal structure in the bottom panels shows predominantly in situ star formation after
tform = 4 Gyr, whereas the upper panels show a significant population of bulge stars brought in by clumps. (Note the different scales on the two axes. The diagonal
dashed green line indicates Rform = Rfinal.)
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stars in the high-[Fe/H] peak (from the later stages of clump
accretion). Figure 8 shows the distribution of ages at the two
peaks, within the [Fe/H] limits indicated by the vertical dotted
lines in the MDFs of Figure 3. At 2 tform/Gyr 4, the ages
of stars at the high-[Fe/H] peak significantly overlap those of
the youngest stars at the low-[Fe/H] peak. We show, as dashed
lines, the age distributions for the high-feedback model in the
same metallicity ranges. While the age distribution at the high-
[Fe/H] peak is comparable to that of the clumpy model, the

region where the low-[Fe/H] peak would be has predominantly
older stars and only overlaps the high-[Fe/H] peak’s ages in
the exponential wing of the distribution.
We conclude that the trough between the high- and low-

[Fe/H] peaks in the clumpy model is not due to a quenching
of in situ star formation but rather due to the end of clumps
delivering stars to the low-[Fe/H] peak of the bulge. A
possible diagnostic of this scenario is the age distribution of
the low-[Fe/H] peak compared with that in the trough: stars at
the low-[Fe/H] peak should include younger stars than those
in the trough. We explore this prediction for the clumpy
model in the top panel of Figure 9, where we plot the mean
time of formation, tformá ñ, of stars in the chemical space of the
bulge stars formed by t= 6 Gyr. Along the ridge of the
chemical track from metal-poor to metal-rich, we reach a local
maximum in tformá ñ at the location of the low-[Fe/H] peak,
while the high-[Fe/H] peak is the location of late star
formation and has the largest tformá ñ (i.e., youngest stars). In
between, at the trough, tformá ñ has a local minimum, meaning
the stars in this region are older. Observationally, this dip
gives the appearance of a drop in the SFR of the bulge and

Figure 6. Star formation modes at the center of the clumpy model for stars with
tform � 4 Gyr. Top: the normalized distribution of the star formation rate
density for different final radii. Middle: the cumulative formation radius of stars
that end up at different radii. Bottom: the normalized distribution of star
formation rate density for different formation radii. In the top and bottom
panels, the black histograms refer to all the stars within the model. All
distributions use kernel density estimates with a Gaussian kernel and window
width satisfying Silverman’s rule (Silverman 1986).

Figure 7. Star formation history to 6 Gyr, i.e., 2 Gyr after the end of the clump
era in the clumpy model, for stars that end up within Rfinal < 1 kpc, separated
by metallicity. The full distribution is shown in black. The separation into
metal-rich and metal-poor is at [Fe/H] = 0.25, which marks the minimum
between the two peaks in the MDF of the clumpy model. The stars in the low-
[Fe/H] and high-[Fe/H] populations are shown in blue and red, respectively.
The top panel shows the clumpy model while the bottom panel shows the high-
feedback model split at the same metallicity. The overall similarity of the SFHs
of the two models suggests that quenching is not responsible for the trough in
the chemical space of the clumpy model, seen in the top left panel of Figure 1.
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thus resembles a quenching episode. However this is clearly
not the case in the evolution of the clumpy model. In contrast,
the bottom panel shows the mean age of the high-feedback
model, which shows that the mean age increases mono-
tonically along the ridge in this case.

A final noteworthy property of the clumpy bulge’s chemistry
is that the trough occurs just beyond the highest metallicity of
the thick disk track (see Figure 1). This happens because the
trough is not significantly polluted by stars formed in the same
clumps that produced the thick disk.

3.6. Dependence of Kinematics on Chemistry

The top panel of Figure 10 shows profiles of the radial
velocity dispersion, σR, of stars at t= 4 Gyr separated into [O/
Fe] bins. The high-[O/Fe] stars are generally hotter, by
20–30 km s−1, than the low-[O/Fe] stars even just at the end of
the clumpy epoch. This reflects on the chaotic interaction of
clumps near the center of the galaxy, which heats the high-[O/
Fe] populations at birth.

The bottom panel of Figure 10 shows profiles of the mean
streaming velocity, Vá ñf ; although clumps are falling to the
center, the bulge remains rotationally supported, because the
clumps are on in-plane, prograde orbits, which are known to
produce rapidly rotating remnants even when the resulting
mergers are collisionless (e.g., Read et al. 2008; Hartmann
et al. 2011). In cosmological simulations, Inoue & Saitoh
(2012) also found rapidly rotating bulges forming from clumps.
The low-[O/Fe] stars are more rapidly rotating, by
∼50–100 km s−1, as expected given their lower velocity
dispersion.

We measure the actions of stars using AGAMA (Vasiliev 2019),
which uses the Stäckel fudge of Binney (2012), assuming a
flattened axisymmetric potential for the disk and a spherical
potential for the halo. Figure 11 shows the mean radial action,
JRá ñ, in the chemical space, for stars in the inner 1 kpc at 6 Gyr.
Bearing in mind that Debattista et al. (2020) found that bar
formation substantially steepens the vertical gradient of JRá ñ, we

anticipate that stars at the high-[Fe/H] peak would dominate near
the mid-plane while the large heights would be dominated by the
low-[Fe/H] peak if a bar had formed.

3.7. Comparison with the Milky Way

Despite the absence of a bar in the clumpy model, we can
compare the vertical distribution of the MDF with the MW’s.
In order to do this, we use the model at 6 Gyr assuming that the
bulge is quenched by bar formation at this time. We apply a
coordinate transformation of the model’s Cartesian coordinates
to Galactic coordinates, (l, b, d), after placing the Galactic
center at 8 kpc from the Sun. We select particles across
constant longitude stripes (−6°.5< l< 6°.5) at different lati-
tudes (1°.5< |b|< 2°.5 and 5°.5< |b|< 6°.5, restricted to a
distance 7< d/ kpc< 9. This represents a typical spectroscopic
selection of giant stars in the MW bulge (e.g., Wylie et al.
2021) with which variations as a function of latitude are
studied. Figure 12 shows the resulting distribution of the
selected stars in chemical space; these display two over-
densities that change their relative contributions as a function
of Galactic latitude, as in the MW.
The chemical track in Figure 12 is comprised of a sequence

of [Fe/H]-poor stars, followed by a trough and then a shorter
sequence of [Fe/H]-rich stars whose relative contribution
decreases with increasing height from the plane. Without any
scaling applied to the simulation, the [Fe/H]-rich population is
no longer present at a latitude of b= 6°. Since the simulated
galaxy has not formed a bar, the detailed properties of the two
populations and their spatial variations are not directly
comparable to those in the MW. The specific distributions
seen in the MW would depend on many details, such as the
epoch of bar formation, the vertical thickening of the bar, and
the star and clump formation histories. However, the presence
of this overall bimodality and trend in the simulation is
consistent with the observations of Rojas-Arriagada et al.
(2019) and Wylie et al. (2021) based on [Mg/Fe] abundances
from APOGEE and ARGOS data. They showed, from a large

Figure 8. The SFH of stars centered at the clumpy model’s two MDF peaks within the inner 1 kpc. The clumpy model is shown by the solid lines while the high-
feedback model at the same [Fe/H] ranges is shown by the dashed lines. The two metallicity ranges selected are indicated by the vertical dotted lines in the top row of
Figure 3.
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number of stars, that the [Fe/H] bimodality is produced by a
low-α sequence of stars over a range of ∼0.5 dex around a
solar metallicity that merges with the main high-α sequence. In
the simulation, there is a third, much smaller component in
Figure 12 that appears as a lower-[O/Fe] overdensity in the
metal-poor regime. This population becomes more important at
higher distances from the plane but clearly remains a minor
component throughout. This component is comprised of stars
formed in clumps that have lower [O/Fe] that form at large
radii (see Figure 4). Their appearance suggests that the clumpy
simulation underestimates the evaporation rate of the clumps,
possibly because the feedback should be higher. We note,
however, that a hint of such a low-[O/Fe], metal-poor
population can be seen in Wylie et al. (2021) where an
increasing width of the low-[Fe/H] sequence as a function of
height is evident in their Figure 25, but further studies with
higher number statistics are needed to confirm this.

Despite not having formed a bar, the simulation trends
suggest that the chemical bimodality in the bulge produced by
clumps is plausibly able to account for the spatial variations of
the chemistry of the MW’s bulge.

4. Discussion

The single track in the chemical space of the bulge, i.e., the
absence of an [α/Fe] bimodality for a fixed [Fe/H], in the
clumpy simulation is similar to that observed in the MW,
including the fact that it has two density peaks along the track.
Together with the clumpy model’s two tracks in the chemical
space of the disk (Paper I), this is a striking agreement with the
trends seen in the MW, and suggests that the model is capturing
a generic behavior. Altogether, these results demonstrate that a
holistic view of the chemistry of the entire MW (both bulge and
thin+thick disks) provides a more stringent constraint on how
the early MW formed (see also Di Matteo 2016).

Figure 9. The distribution of tformá ñ in the chemical space of stars formed in the first 6 Gyr that end within the inner 1 kpc of the clumpy (top) and high-feedback
(bottom) models. The location of the trough in the chemical space of the clumpy model corresponds to a local minimum in tformá ñ. The contours indicate the density of
particles; the 5 contour levels span a factor of 10.
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4.1. Comparison with Other Scenarios

We have shown that an episode of star formation in clumps
is able to explain the twin peaks in the bulge’s single track in
the chemical space. The bulge track follows that of the thick
disk at low metallicity but then continues to the thin disk and
beyond at high metallicity, as observed in the MW. In Paper I
and Beraldo e Silva et al. (2020), we showed that the chemical
thick and thin disks produced via clumps have similar
properties (scale-lengths and scale-heights, kinematics, and
MDFs) as found in the MW. Amarante et al. (2020) showed
that clumps also produce the relatively metal-rich population
that bridges the thick disk and the inner halo, which has been
termed “the Splash” (Di Matteo et al. 2019a; Belokurov et al.
2020).19 The clump scenario predicts that the thin and thick
disks were forming at the same time (Paper I), which appears to
be consistent with the presence of RR Lyrae in the thin disk as
well as an age overlap between the chemical thin and thick
disks (Beraldo e Silva et al. 2021).

Since Gaia’s confirmation of the Gaia-Sausage-Enceladus
(hereafter GSE; Belokurov et al. 2018; Helmi et al. 2018)
merger remnant, the chemodynamics of the early MW have
been interpreted as products solely of this merger. Numerous
cosmological simulations have indeed shown that disk
chemical bimodalities can arise from gas-rich mergers (e.g.,
Brook et al. 2005; Snaith et al. 2016; Grand et al. 2018;

Mackereth et al. 2018; Buck 2020). Mackereth et al. (2018)
found that such outcomes only occur in about 5% of the
EAGLE simulation galaxies, but Buck (2020) found them to be
more common in the NIHAO simulation suite. Likewise, the
Splash has been interpreted as a combination of accreted
material and the kinematically heated disk after the GSE
merger (Di Matteo et al. 2019a; Gallart et al. 2019; Mackereth
et al. 2019; Belokurov et al. 2020).
The bulge is an important test of the hypothesis that the GSE

merger is exclusively responsible for the chemodynamics of the
MW because, on the one hand, the merger cannot leave a
classical bulge more massive than ∼8% of the total stellar mass
(Shen et al. 2010a; Bland-Hawthorn & Gerhard 2016;
Debattista et al. 2017), while at the same time producing a
bulge chemistry with a single track with two peaks. To date,
cosmological simulations that produce the chemical thin and
thick disks appear to produce two, or more, tracks in the
chemistry of the bulge (e.g., Grand et al. 2018; Buck 2020). We
have shown here that the chemistry of the bulge can largely,
and very naturally, be produced by clumpy star formation
(including within the bulge itself). Thus most of the
chemodynamics of the early MW, excluding the accreted halo,
can now be explained by clumps. However, because the GSE
merger certainly happened, it is important to understand to
what extent a merger in the presence of clumps is able to
explain the details of the MW’s chemodynamics. We will be
exploring exactly this with project GASTRO (Amarante et al.
2022).
Further complicating matters, besides the GSE, there have

been suggestions of at least one other equally massive merger in
the MW during its early evolution (Massari et al. 2019;
Forbes 2020; Horta et al. 2021). Horta et al. (2021) used
APOGEE DR16 and Gaia DR2 to characterize the stars of this
merger event, which they called “Heracles.”20 They estimated its
stellar mass as ∼5× 108 Me, i.e., as massive as GSE (see also
Kruijssen et al. 2020). The stars associated with Heracles are
located at R< 5 kpc, and are thus more bound to the Galactic
potential than the GSE remnant (but, see also Lane et al. 2022,
for a discussion of whether Heracles could be an artifact in the
E–Lz plane of APOGEE’s selection function). These stars are
also chemically distinct from the GSE (Horta et al. 2021; Naidu
et al. 2022) and would imprint as bursts in the SFH of the inner
MW (Orkney et al. 2022). Naidu et al. (2022) estimated it was
accreted ∼1.7 Gyr before GSE. Recently, Myeong et al. (2022)
argued for an in situ origin of Heracles. More recently, this
population has been interpreted as the first stars that formed in
the MW, based on Gaia, APOGEE DR17, and H3 survey data
(Belokurov & Kravtsov 2022; Conroy et al. 2022; Rix et al.
2022).
An alternative, popular model for the formation of the

geometric thick disk posits that it formed in situ, already thick,
in an “upside-down, inside-out” manner (Bird et al.
2013, 2021). Support for this model includes the short scale-
length of the (chemical) thick disk (Bovy et al. 2012; Hayden
et al. 2015) and the homogeneity of the high-α population. This
scenario is also supported by the high gas velocity dispersions
and star formation rates in high-redshift galaxies (e.g., Kassin
et al. 2012; Wisnioski et al. 2015). The lack of flaring in the
high-α populations is also consistent with the upside-down
scenario (Bovy et al. 2016; Ted Mackereth et al. 2017; but see

Figure 10. Radial velocity dispersions, σR, (top) and mean rotational velocity,
Vá ñf , (bottom) of stars at 4 Gyr, in the inner 2 kpc of the clumpy model, as a
function of [O/Fe]. Low-[O/Fe] stars have lower radial velocity dispersions
and higher rotation.

19 Di Matteo et al. (2019a) refer to this feature as “The Plume.”

20 Massari et al. (2019), Forbes (2020) dubbed this remnant “Kraken” and
“Koala,” respectively.
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also Lian et al. 2022). In general, however, studies of the
upside-down formation scenario have provided no explanation
for the disk chemical bimodality, or the chemistry of the bulge.
An alternative flavor of the upside-down formation scenario is
based on misaligned star formation. Meng & Gnedin (2021)
showed that, in their cosmological simulations, stars always
form in a thin disk, even at z> 1.5, and only give the
appearance of an upside-down formation because disks tilt
rapidly at early times, which leaves the star-forming plane
misaligned (warped) with respect to the main disk plane. The
subsequent precession of the stars formed off the plane
continuously inflates the height of the main disk (see also
Khachaturyants et al. 2021). More recently, Tamfal et al.
(2022) used a high-resolution (∼109 particles) zoom-in
cosmological simulation to show that the disk is already
forming thin as early as z∼ 7–8, with no upside-down
formation. This rotationally supported disk thickens slowly
due to internal instabilities and external perturbations, with
stellar accretion from satellites providing the main geometric
thick disk. In a similar vein, Agertz et al. (2021; see also
Renaud et al. 2021a, 2021b) proposed that the origin of the
chemical bimodality of the thin+thick disks is due to different
chemistry in the inner and outer disks, which accreted their gas
from separate filaments. Early rapid star formation and mergers
in the inner disk gave rise to the high-α thick disk population,
while star formation in the outer misaligned disk is inhibited by
the low density of the gas until the last major merger triggers
star formation in the outer disk, which becomes the metal-poor,
low-α thin disk. The continuing star formation then builds the
metal-rich, low-α thin disk we see today. Renaud et al. (2021b)
presented the chemistry of this simulation; the bimodal tracks
extend to the inner galaxy, contrary to what is observed in the
MW. It is unclear whether this outcome can be avoided in this
scenario.

The classical two-infall scenario of Chiappini et al. (1997;
see also Chiappini 2009; Bekki & Tsujimoto 2011; Tsujimoto
& Bekki 2012; Grisoni et al. 2017; Spitoni et al. 2021)
proposes that the formation of two sequences in the disk
chemistry results from two-infall episodes, with high SFR

during the first infall, producing the high-α sequence, followed
by a second infall with low SFR, producing the low-α
sequence. As noted in Paper I, the clump model is similar, in
terms of SFR, to this model, and the outcome may be
indistinguishable. However, our results for the nonclumpy
model, which has an SFH not much different from that of the
clumpy model, but which fails to form a disk chemical
bimodality, are at odds with a pure early high SFR producing a
disk chemical bimodality. Clumps produce the chemical
bimodality by boosting the star formation rate density by a
factor of ∼100 compared to distributed star formation (Clarke
et al. 2019). Khoperskov et al. (2021) presented several
simulations that produced a thin+thick disk chemical bimod-
ality, which they attributed to the rapidly dropping SFR,
coupled with outflows (see also Vincenzo & Kobayashi 2020)
similar to the two-infall model. The authors also noted that their
models undergo a period of clump formation, with comparable
clump masses to what we found in Paper I.

4.2. Observational Tests

Clumps are observed in more than half of high-redshift MW
progenitors (e.g., Elmegreen & Elmegreen 2005; Ravindranath
et al. 2006; Elmegreen et al. 2007; Forster Schreiber et al.
2011; Genzel et al. 2011; Guo et al. 2012, 2015). Observed at
high resolution, clumps are found to have sizes of order
100–500 pc, average masses of ∼108Me (Livermore et al.
2012, 2015; Fisher et al. 2017; Cava et al. 2018) and contribute
about 7% of the ongoing star formation rate (Wuyts et al.
2012). Aside from the formation of a geometric thick disk
(Bournaud et al. 2009; Clarke et al. 2019; Beraldo e Silva et al.
2020), the presence of clumps does not lead to substantial
differences in the morphological properties of galaxies. Indeed
the cosmological zoom-in simulations of Inoue & Yoshida
(2019), with identical initial conditions but varying gas physics,
found a strong dependence of clump formation on the equation
of state of the gas, but very little effect on the global properties
of the galaxies. The signatures of clumps are therefore
primarily chemical, because the masses of the clumps
are modest (Livermore et al. 2012; Fisher et al. 2017;

Figure 11. The mean radial action, JRá ñ, in the chemical space of the clumpy model. The contours indicate the density of particles; the 5 contour levels span a factor
of 10.
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Cava et al. 2018; Benincasa et al. 2019), and the clump epoch
lasts only a brief time, until the gas mass fraction declines
(Cacciato et al. 2012). We showed in Paper I that the clumps that
form in the clumpy simulation are comparable to the ones found
in high-redshift galaxies and predicted that chemical bimodal-
ities in disks should be common. Using MUSE spectroscopy,
Scott et al. (2021) showed that the MW analog UGC 10738 has
an α-rich geometric thick disk, from which they conclude that
accretion events are unlikely sources of thick disks. More studies
such as this can help establish whether geometric thick disks are
α-enhanced. This will be particularly important for exploring the

merger hypothesis, since the merger histories of galaxies are
very variable (e.g., Lacey & Cole 1993; Stewart et al. 2008;
Boylan-Kolchin et al. 2010).
Upcoming data from the James Webb Space Telescope will

measure the chemistry of the Andromeda galaxy’s disk from
resolved stellar spectroscopy. Andromeda is known to have had
a much more active merger history than that of the MW (e.g.,
McConnachie et al. 2010; Weisz et al. 2014; D’Souza &
Bell 2018; Hammer et al. 2018; McConnachie et al. 2018). If
clumps played an important role in its chemical evolution, we
expect the chemistry of Andromeda’s old disks to be comprised

Figure 12. Gaussian kernel estimate of the density in the [Fe/H]–[O/Fe] chemical space for stars in the clumpy model. Ten equally spaced contours show the density
distribution of stars selected to be within the volume bounded by −6°. 5 < l < 6°. 5 and 7 < d/ kpc < 9, in 1° stripes at b = 2° (bottom) and 6° (top). The histogram at
the top shows the full distribution of [Fe/H]; the minimum between the two [Fe/H] peaks, indicated by the dotted line in the central panel, splits the distribution into
the low- and high-[Fe/H] populations. The [O/Fe] histograms of these two populations are shown at the right with the full (black), low [Fe/H] (red), and high [Fe/H]
(dotted blue).
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of, at least, a high-α and a low-α track somewhat similar to the
MW’s, with possibly additional merger-induced tracks.

However more detailed tests must necessarily come from the
MW since we can study it in much greater detail than any other
galaxy. Understanding to what extent the outcome of the GSE
merger is degenerate with the clump scenario is an important
ingredient in unravelling the formation of the MW. A holistic
approach, considering the properties of the bulge, the thin
+thick disks, and the splash, is vital to this enterprise. However
efforts thus far have been hampered by the relatively small data
sets comprising thousands of stars. Future space-based (e.g.,
Gaia) and ground-based observatories’ (e.g., Vera Rubin
Telescope) surveys will permit proper-motion measurements
of large samples of bulge stars to help unravel the formation of
the bulge (Gough-Kelly et al. 2022).

A possible test is the distribution of ages at the bulge’s low-
[Fe/H] peak versus that of the trough between the two peaks.
Most stars in the MW’s bulge will now be old; measuring an
age difference of ∼2 Gyr in a present-day ∼10 Gyr old bulge
(Ortolani et al. 1995; Kuijken & Rich 2002; Ferreras et al.
2003; Zoccali et al. 2003; Sahu et al. 2006; Clarkson et al.
2008, 2011; Brown et al. 2010; Valenti et al. 2013; Calamida
et al. 2014; Renzini et al. 2018; Surot et al. 2019) is
challenging. Nonetheless, the chemical thin and thick disks
do appear to overlap in age, as seen by the existence of
RR Lyrae with small vertical excursions and low [α/Fe]
(Prudil et al. 2020). An age overlap between the MW’s thin and
thick disk, which was predicted in Paper I, has also been
demonstrated by Beraldo e Silva et al. (2021) using the stellar
ages of turnoff and giant stars from the Sanders & Das (2018)
catalog. Likewise, Silva Aguirre et al. (2018) find an age
overlap between high-α and low-α disk stars from astroseismic
ages. Gent et al. (2022) reach a similar conclusion based on
data from the Gaia-ESO survey together with Gaia EDR3 data.
Thus it may well be possible to measure the mean age
difference between stars at the trough and those in the low-[Fe/
H] peak to test whether clumps have contributed to the bulge.

4.3. Clumps as Probes of Feedback Implementations

Clumps were first proposed to play a role in the formation of
bulges by Noguchi (1999). Following this suggestion, several
works explored the role of clumps in bulge formation (Immeli
et al. 2004; Bournaud et al. 2007; Elmegreen et al. 2008;
Aumer et al. 2010; Inoue & Saitoh 2012). When the
cosmological setting is also included, the possibility of
“ex situ” clumps forming directly in the cold gas streaming
in before reaching the disk was also recognized (Dekel et al.
2009; Ceverino et al. 2010). Clumps can even be excited by
external perturbations (Inoue et al. 2016). The cosmological
simulations of Dubois et al. (2021) find that ∼10% of the stellar
mass of z= 4 galaxies may be in the form of clumps, while
those of Mandelker et al. (2014) resulted in 60% of galaxies
hosting an in situ clump population. Meanwhile Mandelker
et al. (2017) showed that bulges can host their own clump,
which is more robust to feedback; they further showed that
radiation pressure increases the cold gas fraction (by delaying
star formation), increasing the lifetime of low-mass clumps.
Inoue & Saitoh (2012) showed that the bulges formed from
clump mergers are rapidly rotating, exponential, and comprised
of old, metal-rich stars, similar to the bulge of the MW. In
addition, clumps may further affect the formation of the bulge

by funnelling gas to the center, leading to further star formation
and compaction (Dekel & Burkert 2014).
However other studies have questioned the importance of

clumps for the evolution of galaxies. Efficient coupling of
feedback energy to gas destroys clumps (Elmegreen et al. 2008;
Hopkins et al. 2012) and many simulations that employ high
feedback prescriptions have failed to find significant clumps or
have found ones that do not contribute much to bulges (e.g.,
Tamburello et al. 2015). The short-lived clumps in the FIRE
simulations do not manage to migrate to the bulge (Oklopčić
et al. 2017), and may not even have been bound. Similarly, in
the NIHAO simulation suite, Buck et al. (2017) found that
clumps are only present in the light, not in the mass, and
therefore have minimal contribution to bulge growth.
The detailed treatment of various forms of feedback (e.g.,

Fensch & Bournaud 2021) therefore plays an important role in
the ease with which clumps form in simulations. Moreover, in
simulations of single giant molecular clouds (GMCs), the
energy imparted by photoionization, winds, and supernova
feedback can be channeled along preferred directions, thereby
preserving the GMC for a longer time than would otherwise be
expected (Rogers & Pittard 2013; Dale 2017; Howard et al.
2017). Thus tests of what role, if any, clumps have played in
the evolution of galaxies like the MW can inform improve-
ments in subgrid implementations of feedback on the smallest
scales, perhaps by accounting for feedback channeling. Further
study of the impact of clumps on galaxy formation therefore
may have much broader impact on the study of galaxy
formation (e.g., Dekel et al. 2022). Recently, Marasco et al.
(2023) found that the observed outflows from a sample of
starbursting dwarf galaxies are lower than predicted by
cosmological simulations that employ high feedback. They
find mass loading factors of warm gas outflows more than 2
orders of magnitude lower than predicted, providing strong
support for the need for gentler feedback prescriptions.

4.4. Caveats

The simulation presented in this paper is clearly idealized
and lacks some of the ingredients that have been suggested to
have mattered in the MW’s chemical evolution. Of these the
most important is the merger of the GSE progenitor. The effect
of the GSE merger will be explored in future papers (e.g.,
Amarante et al. 2022).
Our simulations place the initial gas in a hot corona. This is

appropriate for a galaxy of the MW’s mass since redshift z∼ 1
(Birnboim & Dekel 2003; Kereš et al. 2005), but is less
appropriate before then. More realistically, the gas should flow
in along filaments (cold-mode accretion). Unfortunately setting
up such initial conditions for high-resolution simulations is
difficult. However cosmological simulations have found
clumps in galaxies still in the filamentary cold accretion mode
(Dekel et al. 2009; Ceverino et al. 2010); provided that the
inflow rate of the gas, and the resulting clump and star
formation rates are realistic, it does not matter how gas reaches
the disk. If gas stalls in the outer disk (for instance as some of
the gas does in Agertz et al. 2021), then it may be that gas
surface densities are never high enough for clumps to form. We
speculate that if this inhibits the flow of gas to the bulge then
the bulge itself may never reach the same high-[α/Fe] state as
the thick disk. However in general filamentary, cold-mode
accretion need not alter the general picture much so long as
realistic clumps form.
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One limitation of the clumpy model presented here is that the
clump population in this particular simulation may be too large.
This is suggested by high rotation velocity at the center (Clarke
et al. 2019), and the failure to form a bar (although bars often
fail to form at this mass resolution). These effects may be
improved in models with higher feedback that still permit long-
lived, but lower-mass clumps, which are still able to produce a
high-α population (e.g., Garver et al. 2023).

Despite the absence of a bar, we may anticipate what the
influence of a bar might be. Debattista et al. (2017) showed that
many of the trends with metallicity observed in the MW’s
bulge can be explained by the secular evolution of the bar, via a
mechanism they termed kinematic fractionation. In this
mechanism, different populations are separated by the bar
formation on the basis of their radial random motion.
Populations with large radial random motions are lifted by
the bar to large heights ending as a spheroidal population and
forming a weaker bar, whereas populations that start with lower
radial random motion do not rise to as large heights but end
with a more strongly peanut-shaped distribution and a stronger
bar. As a result, in general the X-shape is better traced by the
metal-rich stars, which are younger and start out cooler, while
metal-poor stars, which are older and thus kinematically hotter,
trace a more boxy structure (Athanassoula et al. 2017;
Debattista et al. 2017; Buck et al. 2018; Debattista et al.
2019; Fragkoudi et al. 2020). Subsequently, Debattista et al.
(2020) demonstrated that the vertical thickening of stellar
populations increases monotonically with the radial action of
stars from before the bar formed. Since stars with larger radial
random motion are typically older, and usually more metal-
poor, kinematic fractionation results in a vertical metallicity
gradient. In addition the X-shape ends up better traced by
metal-rich stars, as is observed in the MW (Ness et al. 2012;
Uttenthaler et al. 2012; Rojas-Arriagada et al. 2014). We have
shown here that the radial action, JR, decreases along the
bulge’s chemical track with increasing metallicity. Thus
kinematic fractionation would raise stars at the metal-poor
peak to larger heights than those of the metal-rich peak. This
would further enhance the trends of Section 3.7, which already
match those observed in the MW.

Recently Queiroz et al. (2021) derived distances of a large
sample of bulge stars with STARHORSE using APOGEE DR16
and Gaia EDR3 parallaxes. They argued that the chemistry of
the bulge is comprised of not one but two tracks, contrary to
earlier studies. The two tracks do not overlap in metallicity
(unlike the thin+thick disks), but are separated by a gap and
have different slopes. After accounting for the stellar popula-
tion-dependent selection function of APOGEE, Eilers et al.
(2022) also found tracks with different slope, although the
tracks still do not overlap in metallicity. If these trends are
confirmed by imminent large surveys with instruments such as
MOONS (Cirasuolo et al. 2014) and 4MOST (de Jong et al.
2014), this may suggest that the clump scenario needs
alteration or is perhaps wrong.

4.5. Summary

The principal results of this paper are as follows:

1. A single track with two peaks in the bulge’s [Fe/H]–[α/
Fe] space results when clump formation can occur in the
early evolution. Clumps sink to the center, contributing to
the bulge. The bulge is later populated by more metal-

rich, α-poor stars that form in situ after the epoch of
clump formation. Such twin peaks are not present when
the feedback suppresses clump formation. The relative
mass in the high- and low-[Fe/H] peaks constrains the
epoch when star formation in the bulge is quenched (see
Sections 3.1, 3.2, and 3.3).

2. Star formation within the bulge occurs in the high-ΣSFR

clump mode. This ensures that a separate low-[α/Fe]
track never forms (see Section 3.4).

3. The metal-rich bulge population, while on average
younger than the metal-poor population, overlaps with
it in age because the latter population is partly built from
stars that came in with clumps after the chemical
evolution of in situ star formation in the bulge had
moved to higher metallicities (see Section 3.5).

4. By the end of the clump epoch, the bulge is already
rapidly rotating. The high-[α/Fe], low-[Fe/H] bulge
population is kinematically hotter than the low-[α/Fe],
high-[Fe/H] one (see Section 3.6).

5. The population at the metal-rich peak is prominent at low
latitudes but declines with distance from the mid-plane,
as observed in the MW (see Section 3.7).

6. A test of the role of clumps on the MW’s bulge comes
from a comparison of the age distributions of the low-
[Fe/H] peak and the trough between the two peaks. In the
presence of clumps, the age distributions overlap
significantly, with the mean age higher in the trough
than at the low-[Fe/H] peak, contrary to the usual
expectation of increasing metallicity with age (see
Section 3.5).

This paper, together with Paper I, presents idealized
simulations that demonstrate that clump formation provides a
very direct and natural way of producing chemical trends
observed not only in the MW’s thin+thick disk but also in the
bulge. The simulations are by no means wholly realistic, but
the ease with which they produce the trends observed in the
MW encourages us to explore further the role of clumps in the
early history of galaxies. In contrast, satisfying both constraints
in other scenarios of thick disk formation may require a more
specific set of circumstances, which would mean the MW is
unusual. The clump model makes some important predictions
that can be verified with future facilities, including that
chemical thick disks should be common in MW-mass galaxies
and that a population of chemical thin-disk stars of comparable
age to the thick disk should exist in the MW. Studying the
consequences of the clumps in such simulations may also
provide a useful probe of feedback implementations.
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