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Abstract. Even after decades of usage as an extragalactic standard candle, the universal
bright end of the planetary nebula luminosity function (PNLF) still lacks a solid theoretical
explanation. Until now, models have modeled planetary nebulae (PNe) from artificial stellar
populations, without an underlying cosmological star formation history. We present PICS (PNe
In Cosmological Simulations), a novel method of modeling PNe in cosmological simulations,
through which PN populations for the first time naturally occur within galaxies of diverse evo-
lutionary pathways. We find that only by using realistic stellar populations and their metallicities
is it possible to reproduce the bright end of the PNLF for all galaxy types. In particular, the
dependence of stellar lifetimes on metallicity has to be accounted for to produce bright PNe in
metal-rich populations. Finally, PICS reproduces the statistically complete part of the PNLF
observed around the Sun, down to six orders of magnitude below the bright end.

Keywords. galaxies: distances and redshifts, galaxies: stellar content, planetary nebulae:
general, stars: AGB and post-AGB, stars: evolution, stars: luminosity function, mass function

1. Introduction

As bright sources of the nebular emission line [O111] A5007, planetary nebulae (PNe)
have long been used as tracer populations and distance indicators in other galaxies,
meanwhile reaching distances as far away as 40Mpc (Jacoby et al. 2023). While the
bright end of their luminosity function (planetary nebula luminosity function, PNLF)
has observationally been found to be universal among different types of galaxies and
thus letting PNe be used as standard candles (e.g., Ciardullo et al. 1989; Jacoby 1989),
the theoretical background of the PNLF is still not well understood (e.g., Ciardullo
2022). For that reason, numerous models have attempted to improve our understanding
of the bright end of the PNLF (e.g., Dopita et al. 1992; Gesicki et al. 2018; Souropanis
et al. 2023; Yao & Quataert 2023) and its overall shape (e.g., Méndez & Soffner 1997;
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Valenzuela et al. 2019; Chase et al. 2023). These models have generally been based on
artificial stellar populations, oftentimes using the results from studies of Milky Way stars.
However, such stellar populations may not be representative of the diverse star formation
histories that lead to a wide range of stellar populations in other galaxies, for example
in old, metal-rich elliptical galaxies (e.g., Li et al. 2018).

With the advent of hydrodynamical cosmological simulations in the past decade, it
has become possible to obtain more realistic stellar populations with a large variety
of cosmological star formation histories that are self-consistent with the actual assembly
history of the simulated galaxy itself. In this work, we introduce the PNe In Cosmological
Simulations (PICS) method, which for the first time can use simulated stellar populations
as the underlying systems for PN populations and the PNLF. We present the PICS
method and the models used in Section 2. In Section 3, we present first results from
applying PICS to a cosmological simulation, focusing on the relevance of metallicity
and the reproduction of the Milky Way PNLF. Finally, we summarize and conclude our
findings in Section 4.

2. Model

To introduce PNe in cosmological simulations, the Planetary nebulae In Cosmological
Simulations (PICS) method provides a modular framework for determining the popu-
lation of PNe for a given single stellar population (SSP). As each stellar particle in a
cosmological simulation represents an SSP, this allows one to apply PICS to all the stellar
particles in such a simulation in post-processing. As a result, PNe are obtained with all
the inherited properties from their parent stellar particles, such as spatial and kinematic
information or their ages, and with the properties of the PNe themselves, such as the
[O111] A5007 (from hereon simply referred to as [O111]) magnitude or the central star
mass.

The framework consists of a sequence of models that determine the PNe population
for an SSP, which is defined by its age, total mass, initial mass function (IMF), and its
element abundances. In its basic form, the sequence is the following:

(1) Lifetime function for the SSP, through which the initial mass of the stars reaching
the post-asymptotic giant branch (AGB) phase can be determined from the SSP
age.

(2) Initial-to-final mass relation (IFMR), from which the central star mass is obtained.

(3) Post-AGB stellar evolution tracks, which provide the central star properties for a
given post-AGB age, that is the time passed since leaving the AGB. In particular,
the stellar properties consist of the effective temperature and luminosity of the
star.

(4) Planetary nebula model, which determines the nebular properties, most impor-
tantly the [O 111] magnitude.

For (1), the lifetime function, we consider two different prescriptions: The first is com-
posed of the main sequence lifetime from Padovani & Matteucci (1993), which is the one
used in the Magneticum Pathfinder simulations (the implemented stellar evolution mod-
els are described by Tornatore et al. 2007), and the post-main sequence lifetime from
Renzini & Buzzoni (1986). The second is the group of lifetime functions as obtained
from Miller Bertolami (2016), which vary with metallicity. The left panel of Fig. 1 shows
the lifetime functions, where it can be seen that the lifetime function from Padovani
& Matteucci (1993) and Renzini & Buzzoni (1986) is most similar to the lifetime func-
tion at a metallicity of Z =0.01 from Miller Bertolami (2016). It also becomes apparent
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Figure 1. Left: Lifetime functions from the main sequence plus post-main sequence lifetime
functions by Padovani & Matteucci (1993) and Renzini & Buzzoni (1986), respectively, and from
the total lifetimes as computed by Miller Bertolami (2016) for different metallicities, Z, given
the initial mass of a star. The lifetime functions for Z =0.04 and 0.08 are extrapolated from
the four computed ones. Right: Initial-to-final mass relations for the four computed metallicities
from Miller Bertolami (2016).

that more metal-rich stars reach the PN phase after significantly longer times than metal-
poor stars of the same initial mass. This is due to the impact of metallicity on bound-free
opacities, which leads to larger luminosities at lower metallicities.

For (2) and (3), the IFMR and post-AGB stellar evolution tracks, respectively, we use
the metallicity-dependent results from Miller Bertolami (2016). The IFMRs for the four
metallicities used by Miller Bertolami (2016) are shown in the right panel of Fig. 1. All of
the models are interpolated between the metallicities. The lifetime functions are extrap-
olated beyond the originally computed metallicities, as running new stellar evolutionary
simulations for the higher metallicities is beyond the scope of this work. In future studies,
we will have such simulated results available to replace the extrapolations. Finally, for
(4), the PN model, we use the empirical model presented by Valenzuela et al. (2019),
which is also based on the assumption that PNe can be optically thin, thus losing some
of their [O111] intensity. The model will be presented in detail in a full paper (Valenzuela
et al. in prep.).

3. Application to a Cosmological Simulation

As a first test in applying the model to a cosmological simulation, we use the
Magneticum Pathfindert Box4 (uhr) simulation, which has a side length of 68Mpc and an
average stellar particle mass of 1.8 x 10° M. We assume a Chabrier IMF (Chabrier 2003)
as also used within the simulation. For more details on the simulation and an overview of
comparisons with observations, see Teklu et al. (2015) and Valenzuela & Remus (2022),
respectively.

3.1. The Importance of Metallicity

In recent studies of the PNLF through modeling, it has been customary to only consider
PNe of a single fixed solar-like metallicity of Z = 0.01 or Z = 0.02 (e.g., Gesicki et al. 2018;
Valenzuela et al. 2019; Souropanis et al. 2023; Yao & Quataert 2023). To evaluate the
importance of taking the actual metallicities of PNe into account, we apply PICS with
two different model sequences to the cosmological simulation. For the first, we only use
the relations given for a metallicity of Z=0.01 from Miller Bertolami (2016) and the
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Figure 2. Top: Obtained PNLFs for two simulated galaxies (left and right panel each show
the results for one galaxy) by running PICS with the models for Z =0.01 (gray) and with the
full metallicity-dependent models (black). Bottom: Final mass distributions of the PN central
stars for the same two galaxies and running the same two varieties of PICS model sequences (in
gray and black as for the top row).

lifetime function from Padovani & Matteucci (1993) and Renzini & Buzzoni (1986). For
the second, we apply the full metallicity-dependent models to the stellar particles.

We applied the two model sequences of PICS to two different galaxies in the simulation,
thus obtaining two PNe populations with [O111] magnitudes for each galaxy, leading
to two PNLFs per galaxy. This led to very different results between the two galaxies.
The first galaxy, which has a stellar mass of M, = 1.8 x 10'°M,, an average stellar age
of (tage) =6.5Gyr, and an average metallicity of (Z)=0.013, features the well-known
PNLF bright end cutoff for both model sequences (top left panel of Fig. 2). In contrast,
the second galaxy, which is much more massive, older, and more metal-rich (M, =1.2 x
10" Mg, (tage) =9.3Gyr, (Z) = 0.022), only features a normal PNLF for the metallicity-
dependent model sequence, but completely lacks the brightest PNe when disregarding
the metallicity on the stellar lifetimes (top right panel of Fig. 2).

The reason for the large differences between the two PNLF's of the second galaxy can
be found in the distribution of the final masses of the PN central stars (bottom row of
Fig. 2). While the Z = 0.01 model predicts final stellar masses of mostly Mg < 0.54 Mg,
the metallicity-dependent model finds final masses of up to Menal,max = 0.57Mg, which
is only slightly lower than the required maximum final mass as obtained by Valenzuela
et al. (2019) for old stellar populations. This is a consequence of the lifetimes being
longer for any given stellar mass at higher metallicities (left panel of Fig. 1), leading to
the metal-rich, more massive stars reaching the PN phase at later times than metal-poor
stars of the same mass. As the second galaxy is old and relatively metal-rich, the effect is
strongly visible, whereas the first galaxy has metallicities close to the assumed Z =0.01
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Figure 3. Planetary nebula luminosity functions of PNe in the Milky Way within 2kpc of the
Sun from Frew (2008) (black dots), for the modeled PNe within a sphere of 2kpc radius with its
center in the disk, 8kpc away from the center of a selected simulated galaxy (black line), and
for the modeled PNe within 2kpc of the center of the simulated galaxy (red line). The simulated
galaxy is a disk galaxy with a mass similar to that of the Milky Way. The PNe were modeled
using the metallicity-dependent lifetime functions. Note that the M (5007)-axis reaches much
deeper magnitudes than the ones in Fig. 2.

of the metallicity-independent model, thus only leading to minor changes in the PNLF
and final mass distribution. As a result, the metallicities clearly cannot be neglected in
the general case when modeling the PNLF.

3.2. Normalization and Shape of the PNLF

While we have shown that the general shape of the PNLF is qualitatively in agreement
with observations, the question remains whether the absolute number of PNe found at
a given [O111] magnitude is comparable with observations, that is the normalization of
the PNLF. To not only compare this for the brightest PNe, but obtain a result reaching
faint PNe as well, we decided to use the PNLF measured for PNe within 2kpc of the Sun
by Frew (2008). That PNLF is estimated to be statistically complete up to six orders of
magnitude below the bright end cutoff and can be seen in Fig. 3.

From the simulation, we selected a disk galaxy from Magneticum Box4 (uhr) with
a Milky Way-like stellar mass (M, =3 x 10'°M) to determine an analogous PNLF in
the outer regions of the disk. For this, we only considered the stellar particles within a
radius of 2kpc from a point in the disk 8kpc away from the galaxy center. The average
stellar age in that region is (tage) = 5.6Gyr and the average metallicity (Z) = 0.027, which
is overall similar to the solar neighborhood. The resulting PNLF from PICS using the
metallicity-dependent model sequence is very similar to that from Frew (2008), lying only
around 0.2dex higher than the observed PNLF at the dim end and dropping off slightly
earlier at the bright end (Fig. 3). As the simulated galaxy is of course not an exact Milky
Way-analog, it is expected to also have differences with respect to its PNLF. However,
the fact that the overall normalization and absolute number of PNe down to six orders of
magnitude below the bright end are in agreement between the observations and simula-
tions shows that the PNLF normalization obtained from the basic metallicity-dependent
PICS model sequence is reasonable. In addition, it also shows that the assumption of PNe
sometimes being optically thin is necessary to obtain the correct normalization since opti-
cally thick PNe lead to more particles being ionized and thus more [O111] emission. It
should be noted that a perfect comparison is not only difficult because of the differences
between the simulated galaxy and the Milky Way, but also because of the circumstellar
extinction not being taken into account for the Milky Way PNe.
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Finally, we also determined the PNLF of the inner stellar particles within 2kpc of
the galaxy center (red line in Fig. 3). Due to the larger density of stars in the center,
there are significantly more PNe in this region. Additionally, the shape of the PNLF is
different than that of the disk, which is likely due to the bulge of the simulated galaxy
being younger and more metal-rich than the disk (unlike the Milky Way bulge). This
difference in stellar population affects the shape of the PNLF, as already observed in
previous studies (e.g., Reid & Parker 2010; Valenzuela et al. 2019; Bhattacharya et al.
2021) and will be further investigated in a future study.

4. Summary and Conclusion

In this work, we have introduced a novel method of integrating PNe in cosmological
simulations through post-processing, called PICS (PNe In Cosmological Simulations),
and have presented first results from it. The method consists of a sequence of models
that define the stellar lifetime function, the initial-to-final mass relation, the post-AGB
stellar evolutionary tracks, and the nebular model. We employ the models of Miller
Bertolami (2016) and Valenzuela et al. (2019) and use the lifetime function from Padovani
& Matteucci (1993) and Renzini & Buzzoni (1986), which has been used independently
of metallicity in the past, to compare the effect that metallicity-dependent models have:
We show that a reasonable bright end of the PNLF of old metal-rich stellar populations
can only be obtained when taking into account that metal-poor stars reach the PN phase
more quickly than metal-rich stars of the same mass.

We also demonstrate that the metallicity-dependent model sequence of PICS is capa-
ble of producing the same shape and normalization (i.e., the same absolute number of
PNe) of the PNLF as is observed in the Milky Way disk around the Sun, down to at least
six magnitudes below the bright end of the PNLF. As a result, PICS is shown to pro-
duce reasonably accurate populations of PNe and PNLFs for different underlying stellar
populations. This work therefore lays the foundation for a more detailed analysis of the
drivers behind the properties of the PNLF as well as for studies of the PNLF for galaxies
across a diverse range of morphologies and formation histories, promising to significantly
improve our understanding of the PNLF.

Acknowledgments

LMV acknowledges support by the German Academic Scholarship Foundation
(Studienstiftung des deutschen Volkes) and the Marianne-Plehn-Program of the Elite
Network of Bavaria.

References

Bhattacharya S., Arnaboldi M., Gerhard O., McConnachie A., Caldwell N., Hartke J., Freeman
K. C., 2021, A&A, 647, A130

Chabrier G., 2003, PASP, 115, 763

Chase O., Ciardullo R., Roth M. M., Jacoby G. H., 2023, ApJ, 950, 59

Ciardullo R., 2022, Frontiers in Astronomy and Space Sciences, 9, 896326

Ciardullo R., Jacoby G. H., Ford H. C., Neill J. D., 1989, ApJ, 339, 53

Dopita M. A.; Jacoby G. H., Vassiliadis E., 1992, ApJ, 389, 27

Frew D. J., 2008, PhD thesis, Macquarie University, Department of Physics and Astronomy

Gesicki K., Zijlstra A. A., Miller Bertolami M. M., 2018, Nature Astronomy, 2, 580

Jacoby G. H., 1989, AplJ, 339, 39

Jacoby G. H., Ciardullo R., Roth M. M., Arnaboldi M., Weilbacher P. M., 2023, arXiv e-prints,
p- arXiv:2309.11603

Li H., et al., 2018, MNRAS, 476, 1765

Miller Bertolami M. M., 2016, A&A, 588, A25

https://doi.org/10.1017/51743921323005458 Published online by Cambridge University Press


http://dx.doi.org/10.1051/0004-6361/202038366
https://ui.adsabs.harvard.edu/abs/2021A&A...647A.130B
http://dx.doi.org/10.1086/376392
https://ui.adsabs.harvard.edu/abs/2003PASP..115..763C
http://dx.doi.org/10.3847/1538-4357/acc9bd
https://ui.adsabs.harvard.edu/abs/2023ApJ...950...59C
http://dx.doi.org/10.3389/fspas.2022.896326
https://ui.adsabs.harvard.edu/abs/2022FrASS...9.6326C
http://dx.doi.org/10.1086/167275
https://ui.adsabs.harvard.edu/abs/1989ApJ...339...53C
http://dx.doi.org/10.1086/171186
https://ui.adsabs.harvard.edu/abs/1992ApJ...389...27D
http://dx.doi.org/10.1038/s41550-018-0453-9
https://ui.adsabs.harvard.edu/abs/2018NatAs...2..580G
http://dx.doi.org/10.1086/167274
https://ui.adsabs.harvard.edu/abs/1989ApJ...339...39J
http://dx.doi.org/10.48550/arXiv.2309.11603
https://ui.adsabs.harvard.edu/abs/2023arXiv230911603J
http://dx.doi.org/10.1093/mnras/sty334
https://ui.adsabs.harvard.edu/abs/2018MNRAS.476.1765L
http://dx.doi.org/10.1051/0004-6361/201526577
https://ui.adsabs.harvard.edu/abs/2016A&A...588A..25M
https://doi.org/10.1017/S1743921323005458

PICS: PNe In Cosmological Simulations 75

Méndez R. H., Soffner T., 1997, A&A, 321, 898

Padovani P., Matteucci F., 1993, ApJ, 416, 26

Reid W. A, Parker Q. A.; 2010, MNRAS, 405, 1349

Renzini A., Buzzoni A., 1986, in Chiosi C., Renzini A., eds, Astrophysics and
Space Science Library Vol. 122, Spectral FEvolution of Galaxies. pp 195-231,
doi:10.1007/978-94-009-4598-2"19

Souropanis D., Chiotellis A., Boumis P., Jones D., Akras S., 2023, MNRAS, 521, 1808

Teklu A. F., Remus R.-S., Dolag K., Beck A. M., Burkert A., Schmidt A. S., Schulze F., Steinborn
L. K., 2015, ApJ, 812, 29

Tornatore L., Borgani S., Dolag K., Matteucci F., 2007, MNRAS, 382, 1050

Valenzuela L. M., Remus R.-S., 2022, arXiv e-prints, p. arXiv:2208.08443

Valenzuela L. M., Méndez R. H., Miller Bertolami M. M., 2019, ApJ, 887, 65

Yao P. Z., Quataert E., 2023, ApJ, 957, 30

https://doi.org/10.1017/51743921323005458 Published online by Cambridge University Press


http://dx.doi.org/10.48550/arXiv.astro-ph/9611128
https://ui.adsabs.harvard.edu/abs/1997A&A...321..898M
http://dx.doi.org/10.1086/173212
https://ui.adsabs.harvard.edu/abs/1993ApJ...416...26P
http://dx.doi.org/10.1111/j.1365-2966.2010.16635.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.405.1349R
http://dx.doi.org/10.1007/978-94-009-4598-2_19
http://dx.doi.org/10.1093/mnras/stad564
https://ui.adsabs.harvard.edu/abs/2023MNRAS.521.1808S
http://dx.doi.org/10.1088/0004-637X/812/1/29
https://ui.adsabs.harvard.edu/abs/2015ApJ...812...29T
http://dx.doi.org/10.1111/j.1365-2966.2007.12070.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.382.1050T
http://dx.doi.org/10.48550/arXiv.2208.08443
https://ui.adsabs.harvard.edu/abs/2022arXiv220808443V
http://dx.doi.org/10.3847/1538-4357/ab4e96
https://ui.adsabs.harvard.edu/abs/2019ApJ...887...65V
http://dx.doi.org/10.3847/1538-4357/acfed9
https://ui.adsabs.harvard.edu/abs/2023ApJ...957...30Y
https://doi.org/10.1017/S1743921323005458



