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Star particles in cosmological simulations 
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Simple stellar population
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Simple stellar population
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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 to be subm.

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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Time release of newly produced elements

Buck to be subm.



N-body Shop Conference Tobias Buck

Si

O

10°2 10°1 100 101
°10°4

°10°5

°10°6
0

10°6

10°5

10°4

10°3

10°2

cu
m

ul
at

iv
e

ne
t

yi
el

d
in

M
Ø

Si

Si

O

O

mass of stars dying in MØ
124810152040100

all

CC ° SN
SNIa

AGB

Ne
N

Ne

Ne
N

N

mass of stars dying in MØ
124810152040100

all

CC ° SN
SNIa

AGB

C
Mg

10°2 10°1 100 101

Time in Gyr

°10°4

°10°5

°10°6
0

10°6

10°5

10°4

10°3

10°2

cu
m

ul
at

iv
e

ne
t

yi
el

d
in

M
Ø

C

C

Mg
Mg

mass of stars dying in MØ
124810152040100

all

CC ° SN
SNIa

AGB

Fe

10°2 10°1 100 101

Time in Gyr

Fe

Fe

mass of stars dying in MØ
124810152040100

all

CC ° SN
SNIa

AGB

10

Time release of newly produced elements

Buck to be subm.



N-body Shop Conference Tobias Buck 11

Calculate time release of newly produced elements
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synthesise look-up tables

using chempy (Rybizki+2017)


       8 parameters + 3 yield tables


50 bins in Z     (1e-5…0.05)

100 bins in log(t)     (0…13.8 Gyr)

    

SSP models for chemical enrichment 3

special emphasise on the abundance patterns of the stellar
disks in light of current galactic archeological studies. We
end this study with a discussion and summary of our results
in §5.

2 METHOD: A FLEXIBLE CHEMICAL
EVOLUTION MODEL

State-of-the-art computational resources still do not enable
cosmological simulations to resolve individual stars. Instead,
the standard approach is to discretise the stellar density field
into tracer particles which represent a population of stars.
The population of stars subsumed in those stellar particles
is described by a single age, ⌧star, a metallicity, Zstar and an
initial stellar mass function (IMF) specifying the number of
stars in a given mass bin. Such stellar populations are usu-
ally referred to as simple stellar population (SSP). In order
to determine how the SSP interacts with the surrounding
ISM one has to determine the (time resolved) amount of en-
ergy, metals and mass released by the stellar particle, usually
referred to as stellar feedback.

By now there exist many stellar evolution models in the
literature (refs) employing slightly di↵erent stellar lifetimes
functions, IMFs or metal mass return fractions. Instead of
deciding for one specific model we make use of the flexibel
chemical evolution code Chempy in order to synthesise the
final stellar evolution model used in the simulations. This
means we are using Chempy to provide the stellar yields
and fix the SSP parameters to synthesize yield tables to
be used for a specific run. In future work Chempy can be
further used to fit the SSP parameters to observed data and
thus constrain the SSP models employed in hydrodynami-
cal simulations. Note, we use the part of Chempy that cal-
culates the IMF integrated feedback/metal yield of an SSP.
This is equivalent to SYGMA (?) in the NUPYCEE collabo-
ration. The Galactic Chemical Evolution (GCE) part that
integrates many SSPs over time to get an abundance track
as a function of time and needs ISM parameters, we do not
use here. This part is equivalent to OMEGA of the NUPYCEE
collaboration.

Below we describe in detail the modelling procedure and
the several feedback channels implemented in Chempy

1.

2.1 Chempy

Chempy is a general purpose tool to link the parameters of
a stellar (chemical) evolution model ✓ (e.g. the IMF high-
mass slope and/or a specific yield set) to the likelihood of
an observations O such as stellar abundances via its model
predictions d. A detailed prescription of the modelling pro-
cedure is given in the code paper (Rybizki et al. 2017) but
for completeness we describe three basic working principle
of Chempy below. Since our aim is to use Chempy to create an
SSP feedback/ejecta model which we then can utilize as an
input to cosmological simulations we focus here on the SSP
part of Chempy while only briefly explaining its ISM param-
eters which are of little interest for us. For a more detailed

1 A Python implementation of the current version of Chempycan
be found on github https://github.com/jan-rybizki/Chempy.

Table 1. Free stellar (SSP) evolution parameters, ✓, used in
Chempy together with the fiducial values adopted in this work.

✓ description ✓fiducial

IMF type functional form of IMF
↵IMF Chabrier high-mass slope �2.3

IMF mass range 0.1� 100 M�
CC-SN mass range 8� 40 M�
SNIa delay time exponent 1.12

log10 (NIa) normalization of SN Ia rate �2.9
log10 (⌧Ia) SN Ia delay time in Gyr �1.4

ZSSP metallicity of the SSP 10�5Z� � 2Z�

description of those parameters we refer the reader to the
exhaustive discussion in Rybizki et al. (2017).

2.2 Stellar evolution: The Simple Stellar
Population model

Chempy is a general purpose tool to link the parameters of
a stellar (chemical) evolution model ✓ (e.g. the IMF high-
mass slope and/or a specific yield set) to the likelihood of
an observations O (such as stellar abundances) via its model
predictions d. A detailed prescription of the modelling pro-
cedure is given in the code paper (Rybizki et al. 2017) but
for completeness we describe the basic working principle of
Chempy below. Since our aim is to use Chempy to create an
SSP model which we then can utilize as an input to cosmo-
logical simulations we focus here on the SSP part of Chempy
while only briefly explaining its ISM parameters which are of
little interest for us. For a more detailed description of those
parameters we refer the reader to the exhaustive discussion
in Rybizki et al. (2017).

At the core Chempy calculates the time evolution of the
chemical yields for a simple stellar population. In order to
specify the stellar physics of the chemical evolution model at
least seven parameters need to be set and additional parame-
ters for the stellar nucleosynthetic yields have to be chosen.
Currently those include the relative mass return fractions
from three nucleosynthetic channels: Supernova of type Ia
(SN Ia), core-collapse supernova (CC-SNe) and asymptotic
giant branch stars (AGB).

An SSP is fully characterised by its age, mass and ini-
tial element composition, SSP (⌧star,m, [X/H]). By assuming
some IMF, a stellar lifetime function and specific nucleosyn-
thetic yields, the stellar (energetic and mass) feedback is si-
multaneously fixed. In the case of numerical simulations the
total mass of an SSP is set by the stellar particle mass and
its initial elemental abundance is inherited from the compo-
sition of the ISM from which the star particle is formed.

2.2.1 Stellar Initial Mass Function

The amount of stars of given stellar mass included in the
SSP are set by the functional form of the IMF which in the

MNRAS 000, 1–19 (2020)

Calculate time release of newly produced elements
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Results: mass metallicity relation unchanged
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Table 4. Simulation properties of the main galaxies: We state the total stellar mass, Mstar and the total amount of gas, Mgas, within
the virial radius. We further report the projected stellar half light radius, Rhalf , the total metallicity, Z/Z�, iron abundance [Fe/H] and
gas phase oxygen abundance measured within 2Rhalf . The last column presents the stellar, gas and dark matter mass resolution.

simulation yield set Mstar Mgas Rhalf log(Z/Z�) [Fe/H] 12 + log(O/H) mstar/mgas/mdark

[1010M�] [1010M�] [kpc] [105M�]
g2.79e12 new 18.23 21.70 2.81 -1.62 0.17 9.24 1.06/3.18/17.35
g8.26e11 new 4.00 8.00 2.93 -1.74 -0.06 9.01 1.06/3.18/17.35
g8.26e11 alt 4.10 7.51 2.67 -1.80 -0.14 8.99 1.06/3.18/17.35
g8.26e11 alt2 3.52 7.69 2.61 -1.95 -0.17 8.74 1.06/3.18/17.35
g8.26e11 alt3 4.22 7.80 2.69 -1.74 -0.13 9.04 1.06/3.18/17.35
g8.26e11 alt4
g8.26e11 steep IMF 4.29 7.93 2.47 -2.01 -0.22 8.61 1.06/3.18/17.35
g8.26e11 long delay
g8.26e11 long delay high norm 4.32 7.76 2.86 -1.70 0.12 9.06 1.06/3.18/17.35
g7.55e11 new 3.75 6.81 2.71 -1.77 -0.09 8.97 1.06/3.18/17.35
g2.19e11 new 0.08 0.92 2.78 -2.72 -1.05 8.02 0.13/0.39/2.17
g1.57e11 new 0.10 1.00 4.67 -2.78 -1.12 8.06 0.13/0.39/2.17
g4.99e10 new 0.01 0.19 2.93 -3.18 -1.51 7.53 0.04/0.11/0.64
g2.83e10 new 0.003 0.10 1.77 -3.39 -1.75 7.35 0.04/0.11/0.64
g2.83e10 alt 0.004 0.12 1.76 -3.34 -1.79 7.47 0.04/0.11/0.64
g2.83e10 alt2 0.003 0.14 1.63 -3.57 -1.81 7.02 0.04/0.11/0.64
g2.83e10 alt3 0.003 0.13 2.18 -3.27 -1.74 7.52 0.04/0.11/0.64
g2.83e10 alt4 0.003 0.12 1.99 -3.49 -1.85 7.45 0.04/0.11/0.64
g2.83e10 long delay high norm 0.003 0.15 1.95 -3.35 -1.56 7.34 0.04/0.11/0.64
g2.83e10 steep IMF 0.006 0.09 1.67 -3.35 -1.59 7.24 0.04/0.11/0.64
g2.83e10 low fb 0.005 0.16 2.02 -3.19 -1.56 7.51 0.04/0.11/0.64
g7.05e09 new 0.0002 0.01 0.45 -3.51 -1.85 7.29 0.01/0.03/0.19

into stars during the time tdyn. We set this parameter to
cstar = 0.1. The initial stellar particle mass at birth is fixed
to 1/3⇥mgas of the initial gas mass and successive mass loss
is implemented as described in the previous section.

We model the energy input from stellar winds and pho-
toionization from luminous young stars following the ’early
stellar feedback’ prescriptions in Stinson et al. (2013) and
inject the resulting feedback energy as pure thermal feed-
back. The energy input from CC-SN and SN Ia blastwaves
is implemented following Stinson et al. (2006) using self-
consistent supernovae rates calculated by the stellar evolu-
tion models described in section 2. For both feedback chan-
nels the e�ciency parameters were chosen such that one
MW mass galaxy respects the abundance matching rela-
tions (Behroozi et al. 2013; Moster et al. 2013; Kravtsov
et al. 2018; Moster et al. 2018) at all redshifts. We refer the
reader to Stinson et al. (2013) for further information on an
extended feedback parameter search.

Elemental feedback from CC-SN, SN Ia and AGB stars
is implemented as described in section 2.2.6. We tabulate
the time resolved, mass dependent element release of a single
stellar population as a function of initial metallicity in a grid
of 50 metallicity bins logarithmically spaced between 10�5

�

0.05 in metallicity with each metal bin resolved by 100 time
bins logarithmically spaced in time from 0 � 13.8 Gyr. All
our simulations track the evolution of the 10 most abundant
elements by defualt (H, He, O, C, Ne, Fe, N, Si, Mg, S) while
any other element present in the yield tables can additionally
be tracked. Our fiducial combination of yield tables uses
SN Ia yields from Seitenzahl et al. (2013), CC-SN yields from
Chie� & Limongi (2004) and AGB star yields from Karakas
& Lugaro (2016). Additionally we simulated a dwarf galaxy
and a Milky Way-mass galaxy with varying CC-SN yields
(see table 3 for more details) as those yields should have the

most e↵ect on the final chemical composition (see e.g. 3).
Finally, for this work we define the abundance of ↵ elements
as the sum of O, Mg, Si, and S as such the [↵/Fe] abundance
as [(O+Mg+Si+S)/Fe].

4 RESULTS: GALACTIC CHEMICAL
COMPOSITION

We evaluate the new chemical enrichment model imple-
mented in Gasoline2 by investigating the stellar mass-
metallicity relation (left panel of Fig. 5), the stellar [Fe/H]
vs. stellar mass relation (right panel of Fig. 5) and the gas
phase oxygen abundance (Fig. 6). We compare our simu-
lations to observations from Gallazzi et al. (2005), Panter
et al. (2008), Kirby et al. (2013) and Tremonti et al. (2004),
Zahid et al. (2013) and Berg et al. (2012), respectively. We
further investigate changes with respect to the fiducial NI-
HAO suite (Wang et al. 2015).

4.1 Stellar mass metallicity relation

The left panel of figure 5 shows the stellar mass metallic-
ity relation for the new chemical enrichment model (colored
symbols) in comparison to observational data as indicated
in the legend as well as results from the fiducial NIHAO
implementation (faint blue dots). Stellar masses and metal-
licity are measured for all stars within 2 times the projected
stellar half light radius. The right hand side panel shows the
stellar iron abundance vs. stellar mass both measured within
the projected half light radius of the galaxies in comparison
with the relation for Local group dwarf galaxies measured
by Kirby et al. (2013).

Let us first compare the results of the new chemical
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A flexibel chemical enrichment 
implementation* for cosmological simulations 

great potential for chemo-dynamics of the MW 
CGM absorption studies

*I am happy to share the code with the community, 
drop me a mail or talk to me during the discussions
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Simple stellar population model
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