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Resumen / Las abundancias químicas de las componentes bariónicas de las galaxias codifican información crucial 
sobre la formación y evolución de las estructuras en el Universo. Mediante simulaciones numéricas cosmológicas, 
analizamos la evolución química de galaxias que habitan halos de diferentes masas, considerando diferentes modelos 
de feedback de supernovas (SN) y núcleos galácticos activos (AGN, por sus siglas en inglés). A corrimiento al rojo 
2 = 0, encontramos una correlación despreciable entre las masas de los halos y las abundancias químicas globales 
de los bariones contenidos en galaxias dentro de dichos halos. Por otro lado, las abundancias correspondientes a 
diferentes elementos químicos correlacionan fuertemente entre sí. Para halos de una masa dada, hay una evolución 
química significativa de las galaxias huéspedes con 2, en el sentido de que los bariones contenidos en galaxias 
estaban menos enriquecidos químicamente en el pasado. Tal evolución química es más fuerte para halos de baja 
masa. Nuestros hallazgos sugieren que el feedback de SN y AGN puede tener un impacto significativo en las 
propiedades químicas de las estrellas y el gas dentro de las galaxias centrales de los halos.

Abstract / The chemical abundances of the baryonic components of galaxies encode crucial information about 
the formation and evolution of the structures in the Universe. By using numerical cosmological simulations, we 
analyse the chemical evolution of galaxies inhabiting halos of different masses, considering different models for 
supernova (SN) and active galactic nuclei (AGN) feedback. At redshift 2 = 0, we found a negligible correlation 
between the masses of halos and the global chemical abundances associated to galaxy baryons within such halos. 
On the other hand, abundances corresponding to different chemical elements strongly correlate with each other. 
At a given halo mass, there is a significant chemical evolution of galaxies with 2, in the sense that galaxy baryons 
were less chemically enriched in the past. A stronger chemical evolution is obtained for low mass halos. Our 
findings suggest that SN and AGN feedback can have a significant impact on the chemical properties of stars and 
gas within halo central galaxies.
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1. Introduction
Given the complexity of the physical processes involved 
in the evolution of galaxies, it is not easy to elucidate the 
origin of the different populations of galaxies observed in 
the Universe. However, by contrasting observed galaxy 
properties with appropriate theoretical models, it could 
be possible to infer evolutionary scenarios for such sys
tems. In this context, the chemical abundances of galax
ies have been shown to be important tracers of the for
mation process and evolution of these objects. For this 
reason, the study of the chemical evolution of galaxies 
has become, currently, in a research area of great ac
tivity and growing interest (see, e.g., Finlator 2017 and 
Maiolino & Mannucci 2019, for reviews).

Despite the great diversity of physical mechanisms 
that can affect the general population of galaxies, ob
servational and theoretical works agree that chemical

abundances of the gaseous and stellar components of all 
of them, not only correlate with each other, but also 
present marked dependencies with other fundamental 
properties of these systems. And, even more, the char
acterization of such relationships, at different redshifts 
(z) and in different environments, has proven to be ex
tremely useful in constraining the plausible evolutionary 
paths of different populations of galaxies. In particular, 
the relationship between the stellar mass (M*) and the 
(gas-phase and stellar) metallicity (hereafter, MZR) of 
galaxies has been a. matter of intense investigation dur
ing the last decades, both from the observational and 
theoretical points of view (e.g. Tremonti et ah, 2004; 
Gallazzi et ah, 2005; Lara-López et ah, 2010; De Rossi 
et ah, 2017; Maiolino & Mannucci, 2019; Torrey et ah, 
2019). At low masses, supernova (SN) feedback and gas 
accretion seem to play a major role in shaping the MZR.
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(e.g. Zenocratti et al., 2022), while the high-M*  encl 
of the relation can be significantly affected by galaxy 
mergers and active galactic nuclei (AGN) activity (e.g. 
Zenocratti et ah, 2020; De Rossi et ah, 2023). Envi
ronmental effects could also play a significant influence 
on the metal content of satellites orbiting massive dark 
matter halos (e.g. Bahé et ah, 2017). In this sense, there 
are still many open issues regarding the main processes 
that determine the metal evolution of galaxy baryons in 
different environments.

*https://icc.dur.ac.uk/Eagle/

**The halo mass AA = AÍ200 is defined as the total mass 
within the radius /Foo- which is the physical radius within 
which the mean internal density is 200 times the critical den
sity of the Universe, centred on the dark matter particle of 
the corresponding FoF halo with the minimum gravitational 
potential.

In this article, we present preliminary results of 
a project aimed at characterizing the global chemical 
evolution of galaxies as a function of their host halo 
mass. By using the Evolution and Assembly of GaLax
ies and their Environments (eagle) numerical cosmo
logical simulations, we analyse the chemical evolution 
of galaxies inhabiting halos of different masses, consid
ering different models for SN and AGN feedback. We 
pay particular attention to the connection between the 
metallicity of different baryonic phases in galaxies (e.g. 
stars vs. gas), and try to determine the existence of 
scaling relations between them.

2. Simulations and galaxy sample
The EAGLE suite includes cosmological hydrodynami
cal simulations (Schaye et ah, 2015; Crain et ah, 2015) 
which adopt a ACDM cosmology: Qa = 0.693, fim = 
0.307, fib = 0.04825 and h = 0.6777 (Planck Collabo
ration et ah, 2014). They were run in cubic, periodic 
volumes of side-lengths ranging from 25 to 100 comov
ing Mpc, including relevant physical processes affecting 
the evolution of galaxies, such as radiative cooling of 
gas, star formation, chemical enrichment of baryons, SN 
and AGN feedback, among others. Data generated with 
these simulations (both galaxy and particle catalogues) 
are publicly available*.

In this work, we explore intermediate-resolution sim
ulations within the EAGLE suite, which adopt different 
feedback prescriptions. Simulations that evaluate vari
ations in the AGN (SN) feedback implementation were 
only run within cubic boxes of side-lengths of L = 50 
(L = 25) comoving Mpc, considering 7523 (3763) initial 
particles per type (i.e. baryonic or dark-matter par
ticles). Models corresponding to weak, reference and 
strong SN feedback efficiency are tested with the so- 
called WeakFB-, Ref- and StrongFB-L25N376 simula
tions, respectively. Models associated with no AGN, 
reference and a higher AGN feedback impact are ex
plored with the so-called NoAGN-, Ref- and AGNdT9- 
L50N752 simulations. For the latter simulation, AGN 
feedback drives a higher gas temperature increase than 
for the reference model. The reference model is the only 
one calibrated to reproduce some observations, whereas 
other models are only used for studying feedback effects. 
For more details about this set of simulations, the reader 
is referred to Schaye et al. (2015) and Crain et al. (2015).

The identification of simulated galaxies was per
formed previously with the well-known Friends-OF- 
Friends (FoF) technique (Davis et ah, 1985) to find

Fig. 1. Correlation matrix of halo mass (AUoo) and chem
ical abundances associated to galaxy baryons inside differ
ent halos. Results correspond to z = 0 systems in the Ref- 
L50N752 simulation.

dark matter halos, combined with the SLTBFIND algo
rithm (Springel, 2005; Dolag et ah, 2009) to find sub
halos that will host simulated galaxies. Several SLTB
FIND substructures can belong to a given FoF group. 
The central galaxy of the latter is defined as the sub
structure that contains the particle with the lowest value 
of the gravitational potential, while the remaining ones 
are considered satellites. Unless otherwise specified, our 
sample includes both central and satellite galaxies with 
M*  > 109 Mo.

3. Results
3.1. Chemical abundances of galaxy baryons in 

halos of different masses

In this section, we evaluate the chemical properties 
of galaxies obtained from the EAGLE reference model, 
which, as mentioned before, was calibrated to reproduce 
observational data (see Schaye et al. 2015, for details). 
For the sake of clarity, we focus 011 the simulation Ref- 
L50N752, which was run considering a. larger cosmo
logical volume (and, hence, leads to a more complete 
galaxy sample) than the simulation Ref-L25N376. Nev
ertheless, we note that the trends predicted from both 
simulations are consistent.

For each dark matter halo with virial mass M2Oo** , 
we calculated the accumulated mass of different chem
ical elements (H, He, C, N, O, Ne, Mg, Si, Fe) within 
galaxies. Fig. 1 shows the correlation matrix for the de
rived chemical abundances and M2oo at redshift z = 0,
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Fig. 2. Metal enrichment of baryons within the galaxies 
of halos (Zb,halo, see text for details) as a function of the 
host halo mass, at different z. Results correspond to Ref- 
L50N752 simulation.

in the particular case of Ref-L50N752 simulation. It is 
clear that there is a strong correlation between all chem
ical abundances, as expected. On the other hand, the 
absolute values of the correlation coefficients between 
the considered chemical abundances and M200 are low. 
Thus, at least at z = 0, the chemical abundances asso
ciated to baryons within galaxies seem not to be deter
mined by their host halo masses.

hi order to characterize the global chemical enrich
ment of galaxy baryons inside a given halo, we define 
the parameter Zb,halo as the metallicity associated to 
the accumulated baryonic mass within galaxies inside 
such halo:

Zb,halo — (1)

where AL 7 is the total mass in metals (i.e. in all chem
ical elements heavier than He) associated to a galaxy z 
hosted by the halo and Mb,i is the total baryonic mass 
corresponding to such galaxy z. The summation extends 
over all galaxies (z) located within a given halo. Fig. 2 
shows that the Moqq — Zb,halo relation evolves with time, 
both in shape and normalization. A stronger evolution 
is seen in less massive halos, which show an increase of 
-- 0.7 dex since z « 3 up to z « 0. Interestingly, Zb,halo 
tends to increase towards lower M200 at all z, the causes 
of which are part of an on-going investigation. As noted 
before, no clear trend with M200 is obtained at z = 0. 
On the other hand, at z > 1, Zb,halo seems to increase 
as M2qo increases in the range ~ ^q11.3-12.0 m0, with 
a stronger trend towards higher z. At lower z, Zb,halo 
seems to flatten or even slightly decrease as M200 in
creases above ~ 1012 0 Mo. Such decrease in the metal 
content of halos could be dominated by a decrease in 
the metal content of the baryons associated to the most 
massive central galaxies. As shown by De Rossi et al. 
(2017), AGN feedback drives a metallicity decrease of 
most massive galaxies in EAGLE simulations.

3.2. The special case of central galaxies

In order to obtain more insights into the dominant phys
ical process affecting simulated halos, we separated our 
galaxy sample in central and satellite systems. Here, we 
present our preliminary results for the former objects, 
while the analysis of satellites is part of an on-going 
work.

Following De Rossi et al. (2017), we analysed the 
metallicity of central galaxies with stellar masses M* > 
109 Mq, considering three baryonic phases: the stel
lar metallicity (Z*), the metallicity of the star-forming 
(SF) gas (Zgpgas) and the metallicity of the non star
forming (NSF) gas (ZNSFgas)***.

***In EAGLE simulations, the SF gas phase is defined by the 
gas particles that satisfy the conditions required for star for
mation, according to eq. 1 in Schaye et al. (2015).

In the left panel of Fig. 3, we compare results from 
simulations WeakFB- and StrongFB-L25N376. In the 
right panel of Fig. 3, we compare results from simula
tions NoAGN- and AGNdT9-L50N752. It is clear that 
feedback processes strongly affect the metal content of 
central galaxies. Both, a stronger SN feedback or a 
higher AGN feedback impact, lead to a significant de
crease in the global stellar and SF gas metallicity. Ou 
the other hand, the metallicity of the NSF gas seems to 
be more affected by SN feedback. In a future work, we 
will explore how such effects depend 011 the halo mass.

4. Conclusions
We studied the chemical enrichment of baryons within 
simulated galaxies residing in dark matter halos with 
different masses.

Our main results can be summarized as:

• At z = 0, there is a negligible correlation between 
host halo masses and the considered global chemical 
abundances associated to galaxies inhabiting such 
halos.

• At a given halo mass, there is a significant chemical 
evolution of galaxies with z.

• SN and AGN feedback have a significant impact on 
the chemical properties of stars and gas within halo 
central galaxies.

At the moment, we are extending our analysis of 
feedback effects to satellite galaxies. We are also ex
ploring the dependence of feedback effects 011 halo mass, 
trying to address if the lower inetallicities associated to 
the most massive halos at z — 0 can be associated to 
AGN feedback effects.
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Fig. 3. Gas metallicity as a function of stellar metallicity of central galaxies for different feedback models. Left panel: 
comparison between results of a Weak (blue) and Strong (orange) SN feedback model, corresponding to simulations WeakFB- 
and StrongFB-L25N376, respectively. Right panel: comparison between results of a model without AGN feedback (blue) and 
a model associated with a stronger AGN feedback impact (orange), corresponding to simulations NoAGN- and AGNdT9- 
L50N752, respectively. The dashed black line depicts the identity relation. Median relations corresponding to the SF (NSF) 
gas are shown with solid (dashed) lines.
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