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Figure 1. Predicted and observed [O/Fe] vs. [Fe/H] in the bulge region. Upper panel: the blue curve labelled Model 1 is our reference
model adopting stellar yields from the literature (see text), while the black curve represents Model 2, namely the model obtained by
correcting the stellar yields, as described in the text. The data are from Zasowski et al. (2019) and the error bars are indicated in the
lower left corner of the Figure. Lower panel: Model 1 results compared to the bulge data of Johnson et al. (2014).

so to obtain Model 2 we simply lowered all the yields from
massive stars by a factor 0.6 independently of the stellar
metallicity. At high metallicities also this element shows a
slight flattening which is probably not real. The data of
Johnson et al. (2014), in fact, do not show any flattening
for this element.

4.1.4 Calcium

In Figure 4, the [Ca/Fe] vs. [Fe/H] diagram is presented. We
refer to the isotope 40Ca formed during C- and O-burning
processes (both hydrostatic and explosive). It can be
produced both in massive stars and in SNe Ia, almost in
equal proportions (the same situation as Si). Here, Model
1 predicts too low values of [Ca/Fe] for [Fe/H] > 0.0 dex.
Again a trend of flat [Ca/Fe] is found at high metallicity as
for the other ↵-elements.

In order to fit the data and obtain Model, 2 we had to
correct only the yields from Type Ia SNe which contribute
to chemical enrichment with a time delay and therefore
at high metallicity. We increased the yield of Ca from
SNe Ia by introducing a dependence of it on metallicity.
This allows us to reproduce the plateau observed at high
metallicity for the [Ca/Fe] ratio. Again, other data such as
those of Johnson et al. (2014) do not show such a plateau.
Therefore, even in this case the plateau is probably an
artefact.

4.2 The odd elements: Al, K

The odd-elements possess an odd number of protons.
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Figure 6. Predicted and observed [K/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

Figure 7. Predicted and observed [Cr/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

4.3.2 Manganese

In Figure 8 we find [Mn/Fe] vs. [Fe/H]. We refer to the
isotope 55Mn which is produced during explosive Si-burning
with incomplete Si exhaustion and ↵-rich freeze-out either
in massive stars (CC-SNe) or Type Ia SNe. It is the result
of the decay of 55Co. The general trend of [Mn/Fe] is
increasing with [Fe/H]. This element is produced in almost
equal amounts by the core-collapse SNe and the Type Ia

Figure 8. Predicted and observed [Mn/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

SNe. Model 1 here lies below the observed points. In order
to obtain Model 2 we adopted the suggestion of Cescutti
et al. (2008) who introduced a multiplicative factor to the
yields of Mn of (Z/Z�)0.65 (where Z is the global metallicity)
from SNe Ia, plus a multiplicative factor of 1.8 applied to
the yields of massive stars. The dependence of the yield of
Mn from SNe Ia upon the metallicity seems to be the most
important assumption to reproduce the typical secondary
behaviour of this element. Cescutti & Kobayashi (2017)
suggested that Mn can be produced by new sub-classes of
SNeIa.

4.3.3 Nickel

In Figure 9, we show the plot [Ni/Fe] vs. [Fe/H]. We refer
to the isotope 58Ni which is the most abundant stable
isotope of Ni. In fact, 56Ni and 57Ni are radioactive nuclei.
It is produced in explosive Si-burning with complete Si
exhaustion. Again, Ni is a Fe-peak element and it should
be produced more by SNe Ia than CC-SNe. Here, Model
1 clearly does not reproduce the data behaviour which
is almost flat until [Fe/H]=0.0 dex and then it increases
slightly. The large increase of [Ni/Fe] with metallicity of
Model 1 is due to the large yield of Ni in Type Ia SNe
(Iwamoto et al. 1999).
To obtain Model 2 we had to increase the yields of massive
stars as functions of metallicity by factors between 1.4 and
1.6 (average 1.5), and to decrease the Ni production by
SNe Ia by an average factor of 0.15 which increases with
metallicity. Metallicity dependent yields for Ni from SNe
Ia had already been suggested by Zasowski et al. (2019) to
reproduce the small increase of [Ni/Fe] for [Fe/H]> 0.0 dex.
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Figure 3. Predicted and observed [Si/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure as in Figure 1.

Figure 4. Predicted and observed [Ca/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

an almost constant plateau with [K/Fe]⇠ +0.1 dex followed
by a decrease to the solar value starting at [Fe/H]⇠ -0.5
dex and followed by an increase at metallicities larger than
solar. Here, Model 1 predicts a much too low value for
the [K/Fe] ratio all over the [Fe/H] range. The required
corrections are therefore very large. This mismatch between
yields and data of K in the solar neighbourhood had been
already noted by François et al. (2004), Romano et al.

Figure 5. Predicted and observed [Al/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

(2010) and Prantzos et al. (2018), who suggested that yields
with stellar rotation (such as those of Chie� & Limongi,
2003;2004, Limongi & Chie� 2018) can improve the K
yields at low metallicities. Here, we find the same problem
for the inner Galactic regions.
To obtain Model 2, the yields of K from massive stars had
to be multiplied by a factor of 7 independent of metallicity
and then by other minor factors according to the metallicity.

4.3 The Fe-peak elements: Cr, Mn, Ni

The Fe-peak elements should be mainly produced by Type
Ia SNe, although CC-SNe produce part of them. It is worth
noting that the yields from Type Ia SNe in principle do not
depend on metallicity.

4.3.1 Chromium

In Figure 7 we analyze the [Cr/Fe] vs. [Fe/H]. We refer to
52Cr the most abundant of Cr isotopes. It is formed during
explosive Si-burning with incomplete Si-exhaustion both in
massive stars (CC-SNe) and Type Ia SNe. This element
belongs to the Fe-peak elements. It follows roughly the
behaviour of Fe, as expected from the time-delay model,
at least until [Fe/H]=-0.2 dex. For larger metallicities,
the [Cr/Fe] ratio decreases slightly. This decrease is not
reproduced by Model 1. Here the required corrections are
small, both for the yields of Type Ia SNe and massive stars.
In particular, we have multiplied the yields of massive stars
by a factor 1.1 and those by SNe Ia by 0.5.
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[comment] 
・model2 の fitting が観測データに忠実すぎるのでは？ 観測エラーの幅も考慮に入れる必要があるのでは？ 
・個々の元素に着目するのではなく、包括的に見た場合、yieldはどのように修正されるべきなのだろうか？ 
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[logic] 
data：APOGEE観測に基づく、MW内部の重元素の abundance 分布(Zasowski et al. 2019 より)  
model：Matteucci et al. 2019が作成した化学進化モデル。ガス降着率∝exp(-t/τ), τ=0.1[/Gyr] 
 SFR=νσgas^1.4, ν=25[/Gyr]、IMF→Salpeter 型 (index=1.35) この 3つの量はこの数式で固定する。 
 yield：星内部の元素合成の yieldは Romano et al. (2010)またはKobayashi et al. (2006)のモデルを採用した。 
 yield：SNeの yieldは、CC-SNeは Geneva Group、Type Ia SNeは Iwamoto et al. (1999)のモデルを採用した。 
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Table 1. Summary of corrections to apply to the standard yields.

Element CC-SNe TypeIa SNe

16
O x0.45 for [Fe/H] <-1.0, x3.5 for higher [Fe/H]

24
Mg x0.65 for [Fe/H]<-1.0 –

28
Si x0.6 independent of [Fe/H] –

40
Ca —– x3 for [Fe/H]> 0.0

27
Al x0.8 independent of [Fe/H] —

41
K x7 independent of [Fe/H] –

52
Cr x1.1 independent of [Fe/H] x0.5

55
Mn x1.8 independent of [Fe/H] yields going as (Z/Z�)0.65

58
Ni x 1.5 independent of [Fe/H] x0.15

Figure 9. Predicted and observed [Ni/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

5 DISCUSSION AND CONCLUSIONS

In this paper, we have computed the chemical evolution of
the inner Galactic regions by adopting a successful model
for the Galactic bulge, assuming a strong and short star
formation burst which originated most of the stars. We
computed the evolution of the abundances of 11 chemical
species (O, Mg, Al, Si, K, Ca, Cr, Mn, Fe, Ni) and compared
the results with the data of Zasowski et al. (2019) including
roughly 4000 stars. We adopted a set of stellar yields
from core-collapse and Type Ia SNe already tested on the
abundance patterns observed in the solar neighbourhood,
and found that in order to obtain a good fit to the data
the yields of some elements need to be corrected. These
corrections are indeed artificial but suggest how to modify
some physical inputs in stellar nucleosynthesis models which
contain uncertainties relative to the rates of important
nuclear reactions, as well as mechanisms of explosion of
SNe, mass cut in the collapsing Fe core before the explosion,
stellar rotation, mass loss and treatment of convection. It
is worth noting that since the uncertainties in the data

are < 0.1dex and the required yield variations produce
results which di↵er by more than that, we conclude that
the observational uncertainties do not a↵ect the adjusted
yields.
The adopted data show some peculiar behaviour especially
for the ↵-elements. In particular, they show a flattening of
the [↵/Fe] ratio for [Fe/H]>0.0 dex not visible in other data
sets, such as the Gaia-ESO and Johnson et al. (2014) ones.
This fact, if real, requires strong variations (increase) of the
yields of the ↵-elements from Type Ia SNe which instead are
believed to produce mostly Fe and Fe-peak elements. May
be, this flattening could be an artifact due to di↵erences
in the calibration among di↵erent data sets. Therefore,
without entering into details of the procedures of data
reduction, we simply suggest that no firm conclusions can
be drawn on this subject. The suggested yields variations
are summarized in Table 1.

Our more detailed suggestions can be summarized as
follows:

• For Si, Ca, Cr and Ni, the required corrections are small.
These elements are produced both in core-collapse and Type
Ia SNe. In particular, for Si it is enough to lower the yields
from massive stars by a factor 0.6 independently of metal-
licity. For Ca, it is enough to increase the yields from SNe
Ia but introducing a metallicity dependence. For Cr and Ni,
small corrections are required for both the yields from Type
Ia and core-collapse SNe.

• The corrections required for Mg and Al are moderate.
Both these elements are mainly produced by massive stars.
The corrections required for Mg were already discussed in
Matteucci et al. (2019) and consist in lowering the yield of
massive stars at low metallicity by a factor of 0.65. For Al, a
constant correction factor of 0.8 needs to be applied to the
yields from massive stars, independently of metallicity.

• The corrections required for O and K are the largest
and more complex ones. The same problem arises for K in
the solar vicinity, as pointed out by Romano et al. (2010).
For oxygen, the situation appears unusual since the standard
yields are able to well reproduce the [O/Fe] vs. [Fe/H] trend
in the solar vicinity (Romano et al. 2010). For potassium, the
standard yields do more or less reproduce the trend [K/Fe]
vs. [Fe/H], but largely underestimate the absolute values of
the [K/Fe] ratio at all metallicities. In order to reproduce
the data, we had to increase the standard yields from mas-
sive stars by a factor of 7, plus smaller corrective factors
depending on metallicity to improve the trend.
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表1 
 

result：各図([Fe/H]-{X/Fe]分布図)において、点分布が観測データの分布、青線(model 1)が上記の先行研究を基に作成したモデル分布、 
 黒線(model 2)が、model I の yield分布を、観測データに最も fit するように変化させた場合のモデル分布。 
 各元素で、yieldをどのように変化させたかは表1にまとめてある。 
図 1→ Oの abundance 分布。下パネルで別の観測データとも比較している。 
 上はmodel1 で再現できていないが、下はmodel1 でも再現できている。 
 Oは星の対流圏に存在するため、観測ごとの差が大きい。 
図 2→Caの abundance 分布。α元素は[Fe/H]>0 の領域で[α/Fe]が平坦になる傾向がある 
 → Ia 型 SNeによるα元素放出がmodel1 より大きい必要がある。 
 (ただし、観測データのキャリブレーションによるエラーである可能性も否定できない。) 
図 3→Cr の abundance 分布。Fe-peak元素はmodel1 から 2への補正が少なくて済む 
ものが多い。 
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図 3: Cr 
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Figure 6. Predicted and observed [K/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

Figure 7. Predicted and observed [Cr/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

4.3.2 Manganese

In Figure 8 we find [Mn/Fe] vs. [Fe/H]. We refer to the
isotope 55Mn which is produced during explosive Si-burning
with incomplete Si exhaustion and ↵-rich freeze-out either
in massive stars (CC-SNe) or Type Ia SNe. It is the result
of the decay of 55Co. The general trend of [Mn/Fe] is
increasing with [Fe/H]. This element is produced in almost
equal amounts by the core-collapse SNe and the Type Ia

Figure 8. Predicted and observed [Mn/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

SNe. Model 1 here lies below the observed points. In order
to obtain Model 2 we adopted the suggestion of Cescutti
et al. (2008) who introduced a multiplicative factor to the
yields of Mn of (Z/Z�)0.65 (where Z is the global metallicity)
from SNe Ia, plus a multiplicative factor of 1.8 applied to
the yields of massive stars. The dependence of the yield of
Mn from SNe Ia upon the metallicity seems to be the most
important assumption to reproduce the typical secondary
behaviour of this element. Cescutti & Kobayashi (2017)
suggested that Mn can be produced by new sub-classes of
SNeIa.

4.3.3 Nickel

In Figure 9, we show the plot [Ni/Fe] vs. [Fe/H]. We refer
to the isotope 58Ni which is the most abundant stable
isotope of Ni. In fact, 56Ni and 57Ni are radioactive nuclei.
It is produced in explosive Si-burning with complete Si
exhaustion. Again, Ni is a Fe-peak element and it should
be produced more by SNe Ia than CC-SNe. Here, Model
1 clearly does not reproduce the data behaviour which
is almost flat until [Fe/H]=0.0 dex and then it increases
slightly. The large increase of [Ni/Fe] with metallicity of
Model 1 is due to the large yield of Ni in Type Ia SNe
(Iwamoto et al. 1999).
To obtain Model 2 we had to increase the yields of massive
stars as functions of metallicity by factors between 1.4 and
1.6 (average 1.5), and to decrease the Ni production by
SNe Ia by an average factor of 0.15 which increases with
metallicity. Metallicity dependent yields for Ni from SNe
Ia had already been suggested by Zasowski et al. (2019) to
reproduce the small increase of [Ni/Fe] for [Fe/H]> 0.0 dex.
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Figure 3. Predicted and observed [Si/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure as in Figure 1.

Figure 4. Predicted and observed [Ca/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

an almost constant plateau with [K/Fe]⇠ +0.1 dex followed
by a decrease to the solar value starting at [Fe/H]⇠ -0.5
dex and followed by an increase at metallicities larger than
solar. Here, Model 1 predicts a much too low value for
the [K/Fe] ratio all over the [Fe/H] range. The required
corrections are therefore very large. This mismatch between
yields and data of K in the solar neighbourhood had been
already noted by François et al. (2004), Romano et al.

Figure 5. Predicted and observed [Al/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

(2010) and Prantzos et al. (2018), who suggested that yields
with stellar rotation (such as those of Chie� & Limongi,
2003;2004, Limongi & Chie� 2018) can improve the K
yields at low metallicities. Here, we find the same problem
for the inner Galactic regions.
To obtain Model 2, the yields of K from massive stars had
to be multiplied by a factor of 7 independent of metallicity
and then by other minor factors according to the metallicity.

4.3 The Fe-peak elements: Cr, Mn, Ni

The Fe-peak elements should be mainly produced by Type
Ia SNe, although CC-SNe produce part of them. It is worth
noting that the yields from Type Ia SNe in principle do not
depend on metallicity.

4.3.1 Chromium

In Figure 7 we analyze the [Cr/Fe] vs. [Fe/H]. We refer to
52Cr the most abundant of Cr isotopes. It is formed during
explosive Si-burning with incomplete Si-exhaustion both in
massive stars (CC-SNe) and Type Ia SNe. This element
belongs to the Fe-peak elements. It follows roughly the
behaviour of Fe, as expected from the time-delay model,
at least until [Fe/H]=-0.2 dex. For larger metallicities,
the [Cr/Fe] ratio decreases slightly. This decrease is not
reproduced by Model 1. Here the required corrections are
small, both for the yields of Type Ia SNe and massive stars.
In particular, we have multiplied the yields of massive stars
by a factor 1.1 and those by SNe Ia by 0.5.
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Figure 3. Predicted and observed [Si/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure as in Figure 1.

Figure 4. Predicted and observed [Ca/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

an almost constant plateau with [K/Fe]⇠ +0.1 dex followed
by a decrease to the solar value starting at [Fe/H]⇠ -0.5
dex and followed by an increase at metallicities larger than
solar. Here, Model 1 predicts a much too low value for
the [K/Fe] ratio all over the [Fe/H] range. The required
corrections are therefore very large. This mismatch between
yields and data of K in the solar neighbourhood had been
already noted by François et al. (2004), Romano et al.

Figure 5. Predicted and observed [Al/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

(2010) and Prantzos et al. (2018), who suggested that yields
with stellar rotation (such as those of Chie� & Limongi,
2003;2004, Limongi & Chie� 2018) can improve the K
yields at low metallicities. Here, we find the same problem
for the inner Galactic regions.
To obtain Model 2, the yields of K from massive stars had
to be multiplied by a factor of 7 independent of metallicity
and then by other minor factors according to the metallicity.

4.3 The Fe-peak elements: Cr, Mn, Ni

The Fe-peak elements should be mainly produced by Type
Ia SNe, although CC-SNe produce part of them. It is worth
noting that the yields from Type Ia SNe in principle do not
depend on metallicity.

4.3.1 Chromium

In Figure 7 we analyze the [Cr/Fe] vs. [Fe/H]. We refer to
52Cr the most abundant of Cr isotopes. It is formed during
explosive Si-burning with incomplete Si-exhaustion both in
massive stars (CC-SNe) and Type Ia SNe. This element
belongs to the Fe-peak elements. It follows roughly the
behaviour of Fe, as expected from the time-delay model,
at least until [Fe/H]=-0.2 dex. For larger metallicities,
the [Cr/Fe] ratio decreases slightly. This decrease is not
reproduced by Model 1. Here the required corrections are
small, both for the yields of Type Ia SNe and massive stars.
In particular, we have multiplied the yields of massive stars
by a factor 1.1 and those by SNe Ia by 0.5.
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Figure 6. Predicted and observed [K/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

Figure 7. Predicted and observed [Cr/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

4.3.2 Manganese

In Figure 8 we find [Mn/Fe] vs. [Fe/H]. We refer to the
isotope 55Mn which is produced during explosive Si-burning
with incomplete Si exhaustion and ↵-rich freeze-out either
in massive stars (CC-SNe) or Type Ia SNe. It is the result
of the decay of 55Co. The general trend of [Mn/Fe] is
increasing with [Fe/H]. This element is produced in almost
equal amounts by the core-collapse SNe and the Type Ia

Figure 8. Predicted and observed [Mn/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

SNe. Model 1 here lies below the observed points. In order
to obtain Model 2 we adopted the suggestion of Cescutti
et al. (2008) who introduced a multiplicative factor to the
yields of Mn of (Z/Z�)0.65 (where Z is the global metallicity)
from SNe Ia, plus a multiplicative factor of 1.8 applied to
the yields of massive stars. The dependence of the yield of
Mn from SNe Ia upon the metallicity seems to be the most
important assumption to reproduce the typical secondary
behaviour of this element. Cescutti & Kobayashi (2017)
suggested that Mn can be produced by new sub-classes of
SNeIa.

4.3.3 Nickel

In Figure 9, we show the plot [Ni/Fe] vs. [Fe/H]. We refer
to the isotope 58Ni which is the most abundant stable
isotope of Ni. In fact, 56Ni and 57Ni are radioactive nuclei.
It is produced in explosive Si-burning with complete Si
exhaustion. Again, Ni is a Fe-peak element and it should
be produced more by SNe Ia than CC-SNe. Here, Model
1 clearly does not reproduce the data behaviour which
is almost flat until [Fe/H]=0.0 dex and then it increases
slightly. The large increase of [Ni/Fe] with metallicity of
Model 1 is due to the large yield of Ni in Type Ia SNe
(Iwamoto et al. 1999).
To obtain Model 2 we had to increase the yields of massive
stars as functions of metallicity by factors between 1.4 and
1.6 (average 1.5), and to decrease the Ni production by
SNe Ia by an average factor of 0.15 which increases with
metallicity. Metallicity dependent yields for Ni from SNe
Ia had already been suggested by Zasowski et al. (2019) to
reproduce the small increase of [Ni/Fe] for [Fe/H]> 0.0 dex.
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Table 1. Summary of corrections to apply to the standard yields.

Element CC-SNe TypeIa SNe

16
O x0.45 for [Fe/H] <-1.0, x3.5 for higher [Fe/H]

24
Mg x0.65 for [Fe/H]<-1.0 –

28
Si x0.6 independent of [Fe/H] –

40
Ca —– x3 for [Fe/H]> 0.0

27
Al x0.8 independent of [Fe/H] —

41
K x7 independent of [Fe/H] –

52
Cr x1.1 independent of [Fe/H] x0.5

55
Mn x1.8 independent of [Fe/H] yields going as (Z/Z�)0.65

58
Ni x 1.5 independent of [Fe/H] x0.15

Figure 9. Predicted and observed [Ni/Fe] vs. [Fe/H] in the bulge
region. The lines referring to the models represent the standard
one (blue line) and the corrected one (black line), the data are
from Zasowski et al. (2019) and the error bars are indicated in
the lower left corner of the Figure, as in Figure 1.

5 DISCUSSION AND CONCLUSIONS

In this paper, we have computed the chemical evolution of
the inner Galactic regions by adopting a successful model
for the Galactic bulge, assuming a strong and short star
formation burst which originated most of the stars. We
computed the evolution of the abundances of 11 chemical
species (O, Mg, Al, Si, K, Ca, Cr, Mn, Fe, Ni) and compared
the results with the data of Zasowski et al. (2019) including
roughly 4000 stars. We adopted a set of stellar yields
from core-collapse and Type Ia SNe already tested on the
abundance patterns observed in the solar neighbourhood,
and found that in order to obtain a good fit to the data
the yields of some elements need to be corrected. These
corrections are indeed artificial but suggest how to modify
some physical inputs in stellar nucleosynthesis models which
contain uncertainties relative to the rates of important
nuclear reactions, as well as mechanisms of explosion of
SNe, mass cut in the collapsing Fe core before the explosion,
stellar rotation, mass loss and treatment of convection. It
is worth noting that since the uncertainties in the data

are < 0.1dex and the required yield variations produce
results which di↵er by more than that, we conclude that
the observational uncertainties do not a↵ect the adjusted
yields.
The adopted data show some peculiar behaviour especially
for the ↵-elements. In particular, they show a flattening of
the [↵/Fe] ratio for [Fe/H]>0.0 dex not visible in other data
sets, such as the Gaia-ESO and Johnson et al. (2014) ones.
This fact, if real, requires strong variations (increase) of the
yields of the ↵-elements from Type Ia SNe which instead are
believed to produce mostly Fe and Fe-peak elements. May
be, this flattening could be an artifact due to di↵erences
in the calibration among di↵erent data sets. Therefore,
without entering into details of the procedures of data
reduction, we simply suggest that no firm conclusions can
be drawn on this subject. The suggested yields variations
are summarized in Table 1.

Our more detailed suggestions can be summarized as
follows:

• For Si, Ca, Cr and Ni, the required corrections are small.
These elements are produced both in core-collapse and Type
Ia SNe. In particular, for Si it is enough to lower the yields
from massive stars by a factor 0.6 independently of metal-
licity. For Ca, it is enough to increase the yields from SNe
Ia but introducing a metallicity dependence. For Cr and Ni,
small corrections are required for both the yields from Type
Ia and core-collapse SNe.

• The corrections required for Mg and Al are moderate.
Both these elements are mainly produced by massive stars.
The corrections required for Mg were already discussed in
Matteucci et al. (2019) and consist in lowering the yield of
massive stars at low metallicity by a factor of 0.65. For Al, a
constant correction factor of 0.8 needs to be applied to the
yields from massive stars, independently of metallicity.

• The corrections required for O and K are the largest
and more complex ones. The same problem arises for K in
the solar vicinity, as pointed out by Romano et al. (2010).
For oxygen, the situation appears unusual since the standard
yields are able to well reproduce the [O/Fe] vs. [Fe/H] trend
in the solar vicinity (Romano et al. 2010). For potassium, the
standard yields do more or less reproduce the trend [K/Fe]
vs. [Fe/H], but largely underestimate the absolute values of
the [K/Fe] ratio at all metallicities. In order to reproduce
the data, we had to increase the standard yields from mas-
sive stars by a factor of 7, plus smaller corrective factors
depending on metallicity to improve the trend.
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Figure 2. Predicted and observed [Mg/Fe] vs. [Fe/H] in the bulge region. Upper panel: the lines referring to the models represent the
standard one (blue line) and the corrected one (black line), the data are from Zasowski et al. (2019) and the error bars are indicated
in the lower left corner of the Figure, as in Figure 1. Lower panel:The results of Model1 compared to the bulge data of Johnson et al.
(2014).

4.2.1 Aluminum

In Figure 5, we present [Al/Fe] vs. [Fe/H]. We refer to the
isotope 27Al, since 26Al is a radioactive element, and is pro-
duced during C-burning and explosive Ne burning in massive
stars. In C-burning, two C atoms fuse to give rise to Mg iso-
topes. In particular, once 26Mg is formed, its reactions with
free protons and neutrons synthesize 27Al. At a first sight,
27Al seems to be a primary element originating from H and
He from which C is formed, but it has been shown that
27Al should have a secondary behaviour since its abundance
depends on the amount of 22Ne burned during C-burning
and 22Ne depends on the abundances of C and O originally
present in the star (Clayton, 2007). The data here show a
large dispersion but also a secondary behaviour, at least at
low metallicities. This element should be produced in a neg-
ligible way by Type Ia SNe. Here, Model 1 is simply shifted
at higher [Al/Fe] ratios than the data over the whole range

of [Fe/H]. Therefore, to obtain Model 2 we had to simply
lower the yields of massive stars by a constant 0.8 factor. It
should be noted that other studies like that of Johnson et
al. (2014) show a [Al/Fe] behaviour very similar to that of
↵-elements, whereas in Alves-Brito et al. (2010), Fulbright
et al. (2007) and Lecureur et al. (2007) there is a behaviour
similar to the one of Figure 5.

4.2.2 Potassium

In Figure 6, we show [K/Fe] vs. [Fe/H]. We refer to
the isotope 41K which originates from the O-burning in
massive star explosions. The nucleosynthesis situation of
K is complicated by the fact that it can originate also in
neutrino-induced reactions. It is first produced as 41Ca
which decays into 41K. This element appears peculiar,
since in principle it should behave as an ↵ -element, being
produced mainly by massive stars. The data show instead
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