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Figure 22. Distribution of the element abundances included in GALAH Data Release 3 over the iron abundance [Fe/H]. Shown are relative abundances [X/Fe] for stars with X_FE_FLAG = 0 (with exception of Li,
for which we show the absolute abundance). Colours indicate the stellar density, truncated at a maximum of 6000 per density bin.
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Figure 22. Distribution of the element abundances included in GALAH Data Release 3 over the iron abundance [Fe/H]. Shown are relative abundances [X/Fe] for stars with X_FE_FLAG = 0 (with exception of Li,
for which we show the absolute abundance). Colours indicate the stellar density, truncated at a maximum of 6000 per density bin.
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Formation of the bimodality in [ /Fe] vs. [Fe/H]  
in analytic models

α
16 SHARMA ET AL.

Figure 10. Model prediction for the distribution of stars in the ([Fe/H], [↵/Fe]) plane for (7 < R/kpc < 9) & (1 < |z|/kpc < 1.5). The solid
lines show the evolution of abundances for different birth radius Rb. The black dots mark the evolution at age of 4, 8, 10, 11, 12 and 13 Gyr.

Figure 11. Model prediction for the distribution of stars in the
([Fe/H], [↵/Fe]) plane for (7 < R/kpc < 9) & (1 < |z|/kpc < 1.5).
The model has a constant star formation rate and scale length (no
inside out formation). The black dots mark the evolution at age of
4, 8, 10, 11, 12 and 13 Gyr as in Figure 10.

will always see the same shape of the outer envelope. The
reason we always have enough stars from the inner Galaxy
is because of churning. Figure 12 shows that the distribu-
tion of Rb is a skewed distribution with a well defined peak.
Such a distribution is predicted by Equation 8, which peaks
at Rb = Rd . In reality, the peak shifts to larger Rb with in-
crease of R. This is because the actual distribution of Rb at
a given R (Equation 37) depends upon additional factors in-
volving churning and blurring. For old stars (⌧ < 10 Gyr) the

churning is very efficient such that the term within the square
bracket in Equation 37 is a very broad, hence the p(Rb|⌧ )
term dominates.

Nidever et al. (2014) argue that thinness of the high-[↵/Fe]
sequence combined with the fact that the same sequence ex-
ists at a wide range of R and |z|, is probably indicative of the
fact that similar condition existed throughout the disc. This
argument was further supported by Bovy et al. (2016) based
on similarity of radial profile of high-[↵/Fe] MAPs. How-
ever, the existence of the high-[↵/Fe] sequence at all R and
|z| says very little about where they were born. Birth radius is
uniquely specified by location on the ([Fe/H], [↵/Fe]) plane.
The fact that the high-[↵/Fe] sequence can still be seen at
large R is due to churning and blurring. For ages greater
than 11 Gyr, different evolutionary tracks have very similar
[↵/Fe] at birth. This is the reason for the thinness along the
high-[↵/Fe] track: a spread in birth radius does not have a
spread in [↵/Fe], only [Fe/H]. The high-[Fe/H] end of the
sequence is made up of stars with Rb < 4 kpc, here the evolu-
tionary tracks are close together in the ([Fe/H], [↵/Fe]) plane
and appear quite similar.

5.4. Chemical enrichment

We have proposed an empirical model for chemical en-
richment and constrained it using observational data contain-
ing age and abundance of stars. The fact that it reproduces
the distribution of stars in ([Fe/H], [↵/Fe]) plane at different

Sharma+2020

see also 

Chiaki Kobayashi’s 

great talk,

Chiappini+1997,

Spitoni+2021,


etc.
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tion of Rb is a skewed distribution with a well defined peak.
Such a distribution is predicted by Equation 8, which peaks
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a given R (Equation 37) depends upon additional factors in-
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churning is very efficient such that the term within the square
bracket in Equation 37 is a very broad, hence the p(Rb|⌧ )
term dominates.

Nidever et al. (2014) argue that thinness of the high-[↵/Fe]
sequence combined with the fact that the same sequence ex-
ists at a wide range of R and |z|, is probably indicative of the
fact that similar condition existed throughout the disc. This
argument was further supported by Bovy et al. (2016) based
on similarity of radial profile of high-[↵/Fe] MAPs. How-
ever, the existence of the high-[↵/Fe] sequence at all R and
|z| says very little about where they were born. Birth radius is
uniquely specified by location on the ([Fe/H], [↵/Fe]) plane.
The fact that the high-[↵/Fe] sequence can still be seen at
large R is due to churning and blurring. For ages greater
than 11 Gyr, different evolutionary tracks have very similar
[↵/Fe] at birth. This is the reason for the thinness along the
high-[↵/Fe] track: a spread in birth radius does not have a
spread in [↵/Fe], only [Fe/H]. The high-[Fe/H] end of the
sequence is made up of stars with Rb < 4 kpc, here the evolu-
tionary tracks are close together in the ([Fe/H], [↵/Fe]) plane
and appear quite similar.

5.4. Chemical enrichment

We have proposed an empirical model for chemical en-
richment and constrained it using observational data contain-
ing age and abundance of stars. The fact that it reproduces
the distribution of stars in ([Fe/H], [↵/Fe]) plane at different
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nucleosynthetic yield tables for element production inside stars

g8.

6 T. Buck et al.

Table 2. Yield tables implemented in Chempy.

Yield Table Masses Metallicities
CC SN

Portinari et al. (1998) [6,120] [0.0004,0.05]
François et al. (2004) [11,40] [0.02]
Chie� & Limongi (2004) [13,35] [0,0.02]
Nomoto et al. (2013) [13,40] [0.001,0.05]
Frischknecht et al. (2016) [15,40] [0.00001,0.0134]
West & Heger (in prep.) [13,30] [0,0.3]
Ritter et al. (2018b) [12,25] [0.0001,0.02]
Limongi & Chie� (2018)a [13,120] [0.0000134,0.0134]

SNIa

Iwamoto et al. (1999) [1.38] [0,0.02]
Thielemann et al. (2003) [1.374] [0.02]
Seitenzahl et al. (2013) [1.40] [0.02]

AGB
Karakas (2010) [1,6.5] [0.0001,0.02]
Ventura et al. (2013) [1,6.5] [0.0001,0.02]
Pignatari et al. (2016) [1.65,5] [0.01,0.02]
Karakas & Lugaro (2016) [1,8] [0.001,0.03]

TNGb [1,7.5] [0.0001,0.02]
Hypernova

Nomoto et al. (2013) [20,40] [0.001,0.05]

a Using the rotation parametrization of Prantzos et al. (2018)
b The TNG yield set for AGB stars is a mixture of yields taken from
Karakas (2010); Doherty et al. (2014) and Fishlock et al. (2014)

pending on the star’s mass). The red solid line thus shows
the amount of mass returned to the ISM which results from
subtracting the remnant mass from the mass of dying stars.
Thin gray dashed lines split the massloss into the di↵erent
channels traced by our model. Note, after a Hubble time
most mass returned to the ISM comes from AGB star winds
followed by CC-SN. For the most massive stars undergo-
ing direct black hole collapse we assume a mass fraction of
0.75 is returned to the ISM. SN Ia explosions feed back only
very little absolute mass. However, as we will see later their
contribution to the iron mass is still significant.

2.2.5 Nucleosynthetic yields

The elemental feedback in Chempy is calculated according
to publicly available yield tables from the literature. A list
of implemented yield tables is presented in table 2 but it is
straight forward to extend this list further using Chempy’s
python functions. Our fiducial yield set for example com-
bines tables by Karakas & Lugaro (2016) for AGB stars
with tables from Chie� & Limongi (2004) for CC-SN and
yields from Seitenzahl et al. (2013) for SN Ia3.

Stellar nucleosynthesis changes the relative fraction of
elements inside a star by di↵erent destruction and produc-
tion rates for various elements. Light elements such as hydro-

3 We use their model N100 calculated from 3D models super-
seding the W7 model of Iwamoto et al. (1999) which was calcu-
lated in 1D and had old electron capture rates overproducing Ni
and underproducing Mn abundances. This is remedied with the
Seitenzahl et al. (2013) models which best reproduce observables
by Sim et al. (2013)

gen or helium are preferentially destroyed in favour of more
massive elements. Similarly massive elements such as iron do
not take part in further fusion processes and can be regarded
as the end product of stellar nucleosynthesis. Therefore we
split the elemental feedback of stars into two parts: the first
part describes the amount of newly synthesised elements and
the second part describes the initial abundance of elements
which passes unaltered through the star. This second part
describes the elemental composition of the birth ISM which
is locked up in the star’s atmosphere and released back into
the ISM at the end of the star’s life (see also discussion in
section 4 of Wiersma et al. 2009). We refer to the yield sets
following this distinction of newly produced elements from
the birth elemental abundance of the stars as net-yields. All
yield tables implemented in Chempy list the elemental feed-
back in the net-yield approach and exist for various initial
stellar metallicities (see e.g. table 2).

The right hand panel of Fig. 2 shows the cumulative
time evolution of the net-yields of 7 di↵erent elements re-
turned by an SSP of total mass 1M�. Thick blue line show
an SSP of solar metallicity while thin orange lines show re-
sults for an SSP of 10�5Z�. These panels shows that oxy-
gen, neon and manganese are all released early on by mas-
sive stars with short lifetimes. Carbon, nitrogen or iron on
the other hand have significant late time contributions from
lower mass stars and SN Ia explosions. Comparing blue and
orange lines we can further appreciate significant evolution
of the net-yields with stellar metallicity.

Figure 3 shows in more detail the origin of the di↵er-
ences in the time release of elements for our fiducial yield set.
In this figure we split the cumulative yield return into the
contributions from di↵erent nucleosynthetic channels (CC-
SN in blue, SN Ia in orange and AGB winds in green). The
top panel shows a histogram of the fractional net-yield con-
tribution of each nucleosynthetic channel integrated over the
IMF and over a Hubble time of a subset of 42 out of a total
of 81 elements traced by Chempy.

The values for H, Li, Be, and B are negative indicating
their preferential destruction insight stars. For the other el-
ements, this figures shows that most of them originate from
a combination of di↵erent channels with varying relative
contributions. For example, for iron and nickle we see that
CC-SN and SN Ia contribute equal amounts of iron to the
feedback (similar conclusions can be made for Cr, V). Oxy-
gen, sodium, magnesium, aluminium and cupper are almost
only produced by CC-SN while fluor stems entirely from
AGB winds. For helium on the other hand we see that CC-
SN and AGB winds contribute roughly equal amounts of
mass to the feedback. Carbon is mostly produced in CC-SN
but has roughly one quarter contribution from AGB winds
while nitrogen shows the exact opposite. Manganese again
is mostly released by AGB star winds with a one third con-
tribution by SN Ia. Finally, Si, S, Ar or Ca originate from
CC-SN explosions with roughly one quarter contribution by
SN Ia.

While for some elements di↵erent channels might con-
tribute equally to the elemental feedback there can be a sig-
nificant time delay of up to 100 Myr (roughly one dynamical
time inside the stellar disk of an L? galaxy) between the re-
lease of elements from di↵erent sources. This is highlighted
in the lower four panels showing the cumulative net-yields
of di↵erent elements as a function of time (gray lines) split

MNRAS 000, 1–19 (2020)

Buck+2021

Chemical composition of mass return

M, E, Zi 17 yield tables 
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Importance of tracing a large set of elements 
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see also Chiaki Kobayashi’s 
extensive work on this topic!
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metal diffusion 

gas cooling  
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self consistent star formation 
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Results: mass metallicity relation unchanged

105 106 107 108 109 1010 1011

MRhalf
star [MØ]

°2.5

°2.0

°1.5

°1.0

°0.5

0.0

0.5

h[F
e/

H
]i s

ta
r

Kirby+2013

Kirby+2013

NIHAO

new fiducial

alt

alt2

alt3

alt4

low fb

steepIMF

longDelay

highNorm

McConnachie + 2012

105 106 107 108 109 1010 1011 1012

M 2Rhalf
star [MØ]

10°2

10°1

100

Z
st

ar
/Z

Ø

Gallazzi+2005

Panter+2008

NIHAO

new fiducial

alt

alt2

alt3

alt4

low fb

steepIMF

longDelay

highNorm

Buck+2021



Galah science meetingTobias Buck

°0.2 0.0 0.2 0.4
[Æ/Fe]

0

2

4

6

8

10

dN
/d

[Æ
/F

e]

Galah

new fiducial

alt3

alt4

steepIMF

highNorm

15

Differences in element distributions - MW mass
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Differences in [ /Fe] vs. [Fe/H] α

Buck+2021
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Differences in [X/Fe] vs. [Fe/H] for X=O,C,Mg,Ca

Buck+2021
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Differences in [X/Fe] vs. [Fe/H] for X=Si,Ti,Na,Al

Buck+2021
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A flexibel chemical enrichment implementation 
for cosmological simulations: 

great potential for MW chemo-dynamics 

Great diversity in abundance tracks 

data publicly available at: 
https://tobibu.github.io/#sim_data 

or simply drop me a mail: tbuck@aip.de

https://tobibu.github.io/#sim_data
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Simple stellar population model
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assume mass ranges for CC-SN, AGB stars and SN Ia

here the number of SN Ia follows empirical delay time distribution

massive stars dying low mass stars dying
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Star formation history
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