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ABSTRACT

We study the intrinsic large-scale distribution and evolution of seven ionized metals in the HlustrisTNG magneto-
hydrodynamical cosmological simulation. We focus on the fractions of C11, C1v, Mgi1, Nv, Neviii, O vi, and Si1v in
different cosmic web structures (filaments, haloes, and voids) and gas phases (warm-hot intergalactic medium WHIM,
hot, diffuse, and condensed gas) from z = 6 to z = 0. Our analysis provides a new perspective to the study of the
distribution and evolution of baryons across cosmic time while offering new hints in the context of the well-known
missing baryons problem. The cosmic web components are here identified using the local comoving dark matter
density, which provides a simple but effective way of mapping baryons on large scales. Our results show that Ci1
and Mg1I are mostly located in condensed gas inside haloes in high-density and low-temperature star-forming regions
(Pgas/Poar 2 103, and T < 10° K). C1v and Si1v present similar evolution of their mass fractions in haloes and
filaments across cosmic time. In particular, their mass budgets in haloes in condensed phase (pgas/pbar = 103, and
T < 105 K) are driven by gas cooling and star formation with a peak at z ~ 2. Finally, our results confirm that O vI,
Neviir, and N v are good tracers of warm/hot and low-density gas at low redshift (pgas/pbar S 10%, and T > 10° K),
regions that are likely to contain most of the missing baryons in the local Universe.

Key words: galaxies: haloes — cosmology: dark matter — large-scale structure of Universe — hydrodynamics —
intergalactic medium.

1 INTRODUCTION baryons unaccounted for. The so called missing baryon prob-
lem refers to this apparent lack of baryons as measured from
observations (Kirkman et al. 2003; Bregman 2007; Nicastro
et al. 2008; Pettini et al. 1999; Anderson & Bregman 2010;
Shull et al. 2012; Nicastro et al. 2017), which might be due to
the fact that a large amount of gas lies in low-density, high-
temperature regions that are hard to detect using current UV
and X-ray instrumentation.

In the standard model of cosmology, the formation of the
large scale structure of the Universe (LSS) is driven by the
competing action of dark matter and dark energy. During this
process, baryons undergo gravitational collapse and condense
to form the visible web of filaments and knots, separated by
void regions, that we call the cosmic web. At high redshift,
the amount of baryons measured from the Cosmic Microwave

Backgrounq a.nd. Lya forest, or deriYed from 315 Bang nu- Baryons are, in fact, also missing in galaxies, where the
cleosynthesis is in good agreement with theoretical expecta- baryonic fraction is much lower than the universal baryon-to-
tions. At low redshift, however, observational studies report total-mass ratio (Bregman 2007; McGaugh et al. 2010). The
systematically lower values, with around 30 percent of the difference is more pronounced for smaller galaxies, suggesting

that haloes with shallower potential wells are less efficient in
* Maria. Artale@uibk.ac.at, mcartale@gmail.com te}“ms of retaining 'ba'ryons. Overall, these results seem 'to in-
+ mrkshdr@gmail.com dicate that the “missing baryons” could be somewhere in the
1 amonterodorta@gmail.com circum-galactic space and possibly beyond the virial radius
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of the haloes as well, as suggested by recent reports (see e.g.,
Tumlinson et al. 2013; Bordoloi et al. 2014; Werk et al. 2014;
Johnson et al. 2015, 2017; Tumlinson et al. 2017).

The baryons missing in galaxies and in the LSS are in-
deed part of the same problem. Theoretical models predict
that a large fraction of them resides in filamentary structure
conforming to the so-called warm-hot intergalactic medium
(WHIM), composed of hot (T = 10° — 10" K) low-density
gas (np = 107% — 107*cm™?). These baryons are initially
shock-heated during the build-up of the large-scale struc-
tures. Subsequently, stellar feedback and galactic winds act
as additional heating sources, regulating also the chemical
abundances in the WHIM (Cen & Ostriker 1999, 2006; Davé
et al. 2001).

The gas in the WHIM can be detected through the radi-
ation field it produces (i.e., emission lines), or through ab-
sorption lines in background sources. Due to its low density,
current X-ray telescopes fail to detect most of the WHIM
emission. Nevertheless, several reports show that filamentary
and intra-cluster structures can be mapped from the tail of
the WHIM X-ray intensity distribution (Scharf et al. 2000;
Markevitch et al. 2003; Kaastra et al. 2003; Eckert et al. 2015;
Hattori et al. 2017; Connor et al. 2018; Tanimura et al. 2020).
These types of measurements are expected to be possible in
forthcoming years, thanks to, e.g., the Athena space mission
(Nandra et al. 2013).

The most common way to trace the WHIM is through ab-
sorption lines in UV/X-ray quasar spectra. Significant evi-
dence of unaccounted baryons has been reported from O vi
absorption lines measured with the Far Ultraviolet Spectro-
scopic Explorer (FUSE) and the Hubble Space Telescope
(HST-COS) (Savage et al. 1998; Tripp et al. 2000; Danforth
et al. 2016). Measurements based on O viI and O VIII absorp-
tion lines from Chandra and XMM-Newton have also been
presented (Fang et al. 2002; McKernan et al. 2003). Several
other lines have been used in similar analyses, including C 11,
Civ, Nv, Siu, Sitv, and NevI (see e.g., Cooksey et al.
2010; Nicastro et al. 2013; Danforth et al. 2016; Tejos et al.
2016; Burchett et al. 2019; Manuwal et al. 2019; Ahoranta
et al. 2020; Chen et al. 2020). The main disadvantage of ab-
sorption lines is that they can only provide information about
the gas along the line of sight of the background quasar. De-
spite this limitation, the absorption-line approach has proven
successful, as recently confirmed by Nicastro et al. (2018) (see
also, Nicastro 2018). Based on measurements of O vII absorp-
tion lines in the X-ray spectra of a blazar at z = 0.48, the
authors claim the detection of a significant fraction of the
missing baryons in the WHIM.

An alternative way to investigate the gas in the WHIM
is through the Sunyaev-Zel’dovich effect (SZE, Sunyaev &
Zeldovich 1972; Mroczkowski et al. 2019). Recent works have
shown the potential of the SZE in terms of constraining the
distribution and abundance of gas in the WHIM (Hernéndez-
Monteagudo et al. 2015; Hill et al. 2016; de Graaff et al. 2019;
Tanimura et al. 2019; Lim et al. 2021; Chaves-Montero et al.
2021). In this context, future instruments such as CMB-S4
(Abazajian et al. 2016) are expected to be crucial to shed
light onto the missing baryon problem.

From a theoretical perspective, hydrodynamical cosmolog-
ical simulations have proven to be a useful and reliable tool
to investigate the location and distribution of baryons in the
cosmic web (Cen & Ostriker 1999; Davé et al. 2001; Cen &
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Ostriker 2006; Shull et al. 2012; Roca-Fabrega et al. 2016;
Suresh et al. 2017; Galdrraga-Espinosa et al. 2021). In fact,
several analyses based on hydrodynamical simulations pre-
dict that the missing baryons are in the form of warm-hot
diffuse gas located between galaxies in the circumgalactic
medium (CGM) and beyond the virial radius in the inter-
galactic medium (IGM). Moreover, these simulations have
shown that star formation regulates the production rate of
metals, while processes such as supernova feedback, galactic
winds, and active galactic nucleus (AGN) feedback are capa-
ble of expelling the enriched hot gas into the CGM and IGM
(Cen & Ostriker 2006; Theuns et al. 2002; Oppenheimer &
Davé 2006; Cen & Chisari 2011; Tescari et al. 2011; Rahmati
et al. 2016; Wijers et al. 2020). In this intricate scenario, the
impact of metals on the cooling properties of gas must also
be considered.

In this work, we use the IllustrisTNG hydrodynamical cos-
mological simulation suite (Pillepich et al. 2018b,a; Nelson
et al. 2018a,b, 2019; Marinacci et al. 2018; Naiman et al.
2018; Springel et al. 2018) to investigate the evolution and
distribution of ionized metals across cosmic time, between
z =0 — 6. Our main goal is to provide a theoretical analysis
to track the evolution of the different ionized metals in time.
IustrisTNG has proven capable of reproducing different ob-
servational features of galaxy formation and evolution, such
as the evolution of the galaxy mass-metallicity relation, the
galaxy color bimodality, and the cosmic star formation rate,
among others. In particular, Nelson et al. (2018b) use this
simulation to investigate the spatial distribution and physi-
cal properties of O vi, O viI, and O viil in the CGM and IGM.
Their results show that IllustrisTNG achieves a good level of
agreement with observations of the column density distribu-
tion function for O vI at low redshift (Danforth & Shull 2008;
Thom & Chen 2008; Tripp et al. 2008; Danforth et al. 2016).
Nelson et al. (2018b) also explore the impact of AGN and
stellar feedback on the physical state of the CGM. Their re-
sults suggest that these mechanisms are fundamental drivers
of the properties of the CGM. In particular, the low-accretion
AGN feedback is crucial to explaining the differences in the
No vy columns between star-forming and quiescent galaxies.

Our analysis focuses on a selected set of seven ions (C1I,
C1v, Mgii, Nv, Nevi, Ovi, and Si1v), which are chosen
because they are the ones more commonly detected in obser-
vations®. For this set of ions, we study their distribution in
the cosmic web (filaments, knots and voids) along with their
abundances in the different gas phases across cosmic time.
Our procedure follows that of Haider et al. (2016) but it is
applied to a more sophisticated hydrodynamical simulation.

The structure of the paper is the following. In § 2 we pro-
vide a summary of the main properties of the IlustrisTNG
simulations (2.1), and the methodology adopted to identify
the cosmic web (2.2), and gas phases (2.3). The results are
presented in § 3. Finally, the summary and conclusions are
presented in § 4.

1 In particular, absorption lines from C11, C1v, Ovi, Mg, and
Si1v are commonly detected by quasar spectra.



2 SIMULATION & METHODS
2.1 Simulation data

The main results of this paper are based on the Illus-
trisTNG? project, whereas the previous Illustris simulation
is used for comparison. IllustrisTNG is a suite of magneto-
hydrodynamical cosmological simulations that model the for-
mation and evolution of galaxies within the standard A-CDM
paradigm (Pillepich et al. 2018b,a; Nelson et al. 2018a,b,
2019; Marinacci et al. 2018; Naiman et al. 2018; Springel
et al. 2018). IlustrisTNG is performed with the moving-mesh
AREPO code (Springel 2010) and based on the sub-grid mod-
els implemented on the previous Illustris simulation (Vogels-
berger et al. 2014; Genel et al. 2014; Sijacki et al. 2015).

The main improvements provided by IlustrisTNG as
compared to its predecessor are the inclusion of magneto-
hydrodynamics, an updated scheme for galactic winds, and
a new kinetic black hole feedback model for the low accre-
tion state (see, Pillepich et al. 2018a; Weinberger et al. 2017,
for further details). IllustrisTNG includes sub-grid models
that accounts for physical processes in galaxies such as star-
formation, metal-line gas cooling, stellar feedback from super-
novae Type Ia, IT and asymptotic giant branch stars (AGB),
and AGN feedback. The model also follows the production
and evolution of the following nine elements: H, He, C, N,
O, Ne, Mg, Si, and Fe. The model includes an update of the
tabulated stellar yields for the different stellar feedback chan-
nels (see Naiman et al. 2018; Pillepich et al. 2018a, for further
details). The sub-grid parameters of IllustrisTNG were cal-
ibrated to reproduce the cosmic star formation density, the
galaxy stellar mass function at present, and the stellar-to-
halo mass relation at z = 0 (Pillepich et al. 2018a).

The IustrisTNG suite consists of simulations with three
different box sizes publicly available on the website (Nel-
son et al. 2019). In this work, we use two of the
boxes: the ones with 75 h™' Mpc (= 110.7 Mpc) and
205 h™* Mpc (= 302.6 Mpc) side lengths (hereafter TNG100
and TNG300, respectively). Both boxes were run from z =
127 up to z = 0. In TNG100, dark matter particles and gas
cells are modeled initially through 1820% elements each, with
masses of 7.46 x 10° Mg and 1.39 x 10° Mg, respectively.
The TNG300 run, conversely, follows dark matter and gas
using 2500° elements each, with masses of 5.88 x 107 Mg, and
1.1x107 M, respectively. The gravitational softening lengths
for dark matter and stars is of 1.0 A~ kpc for TNG300 and
0.5 h™! kpc for TNG100. The IlustrisTNG suite was run
using the Planck Collaboration et al. (2016) cosmology, de-
fined by the following cosmological parameters: m = 0.3089,
Q, = 0.0486, Qx = 0.6911, Hy = 100 h km s~ Mpc™*,
h = 0.6774, spectral index ns = 0.9667 and normalization
og = 0.8159.

The IllustrisTNG suite presents excellent agreement with
important observational constraints such as the galaxy color
bimodality at low redshift (Nelson et al. 2018a), the galaxy
clustering at z = 0.1 (Springel et al. 2018), the stellar mass
content of galaxy clusters (Pillepich et al. 2018b), the black
hole — stellar mass relation (Weinberger et al. 2018), and the
mass-metallicity evolution of galaxies (Torrey et al. 2019).

In the more specific context of this work, [llustrisTNG has

2 http://www.tng-project.org
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shown good agreement with several CGM and IGM proper-
ties reported from observations, which underpins the scien-
tific relevance of our analysis. Nelson et al. (2018b), prove
that the OVI content in the CGM and IGM is in good agree-
ment with COS-Halos (Tumlinson et al. 2011). Also, Truong
et al. (2020) perform a complete analysis of the X-ray emis-
sion from diffuse, hot, metal-enriched gas with TNG50 and
TNG100. Their results demonstrate that the IllustrisTNG
suite is consistent with observed X-ray luminosity emitted
by late- and early-type galaxies. Other works such as Davies
et al. (2020) and Terrazas et al. (2020) explore gas properties
in the CGM, suggesting a strong correlation with the specific
star formation rate of the galaxies. Nelson et al. (2019) in-
vestigates the outflows and dynamics of gas, whereas Nelson
et al. (2020, 2021) focus on the cold gas in the CGM through
MglI covering fractions in luminous red galaxies. Finally, Tor-
rey et al. (2019) prove that the IllustrisTNG suite includes
a comprehensive feedback model that widely distributes the
metal budget into different gas phases. All these results make
us confident that the IllustrisTNG simulation is suitable for
the goal of the present work.

In the first part, we make use of the gravitationally bound
dark matter haloes from each simulation. In the Illustris
and IlustrisTNG simulations, haloes are identified using
a friends-of-friends algorithm (FOF) that adopts a linking
length of 0.2 times the mean inter-particle separation (Davis
et al. 1985). We characterize the mass of the dark matter
haloes using Msgoc, defined as the mass enclosed within a
sphere of radius Rsooc (i-€., the radius at which the enclosed
density equals 500 times the critical density). The total bary-
onic mass of each halo is also computed within a sphere of
radius Rsooc, referred to as Msoo,baryon-

2.2 Cosmic-web and gas-phase classifications

We use the comoving local dark matter density to identify
different cosmic-web environments in the simulations, follow-
ing the methodology of Haider et al. (2016)%. In this work,
the comoving local dark matter density (pam) of each gas cell
is estimated as the standard cubic-spline SPH kernel over a
radius enclosing 6444 dark matter particles®. Our criteria to
define environments is the following:

e Haloes (or knots) are regions where pgm > 57 perit,0-
This threshold corresponds approximately with the local den-
sity of a dark matter halo at its virial radius®, assuming a
Navarro-Frenk-White density profile (Navarro et al. 1997).

e Filaments are defined as regions with local dark matter
density pgm = 0.1 — 57 perit,0. This definition encloses also
the concept of sheets (see Appendix Al for further details).

e Voids correspond to regions with pam < 0.1 perit,o-

Figure 1 illustrates the criteria adopted to identify the cos-
mic web components in a slice of the TNG100 box at z = 0,

3 Our method differs only slightly from that of Haider et al. (2016).
While they use the average dark matter densities in cells over a vol-
ume of (104 kpc)? each, we implement the local dark matter den-
sity available in the IllustrisTNG database, computed in spheres
with ~ 3 — 60kpc of diameter at z = 0.

4 SubfindDMDensity, on the IllustrisTNG database.

5 The virial radius, Rago, is defined as the radius enclosing a region
with density equal to 200 times the critical density.

MNRAS 000, 1-14 (2021)
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Voids (< 0.1pcrit,0) Filaments (0.1 — 57pcrit,0)

Dark matter density

Haloes (> 57pcrit,0) Dark matter density

Figure 1. Spatial distribution of the different cosmic-web regions (voids, filaments, and haloes/knots) for a slice of TNG100 at z = 0,
2, and 6 (top, middle, and bottom panel, respectively). The cells corresponding to each region are drawn in white, otherwise they are in
black. The haloes are highlighted with larger white points to make the figure more clear. The rightmost panel shows the local comoving

dark matter density to facilitate the comparison.

2, and 6. Voids, filaments, and haloes are shown in white.
The right panel shows the local dark matter density for the
same slice. The efficiency of our method in terms of tracing
cosmic web structures have been shown in several other pre-
vious analyses (Sousbie et al. 2011; Cautun et al. 2013, 2014).
Note that this approach yields a cosmic web classification in
agreement with that derived from tidal fields, for redshifts
z < 4, as shown in Martizzi et al. (2019). As stated by the
authors, the main difference between these two approaches is
the smoothing scales adopted. While our method employs a
density field smoothed by the local SPH kernel (i.e., spheres
of radius ~ 1 — 20 kpc/h at z = 0), the method based on the

MNRAS 000, 1-14 (2021)

deformation tensor uses larger smoothing scales, of typically
2-6 Mpc/h. As a consequence, the local dark matter density
field method is more subject to small-scale fluctuations. As
shown in Figure 3 of Martizzi et al. (2019), the structures
that are more likely to be affected by the smoothing length
variations are the voids. At redshift z 2 4, the local dark
matter density is typically ~ Qmperit > 0.1pcrit, which im-
plies that most of the mass will be assigned to filaments and
haloes, rather than voids. At redshift z < 4 the two methods
present similar trends for the different cosmic web structures.
Finally, Libeskind et al. (2018) presents a further analysis of
the variations in the mass fractions for each cosmic structure



based on different classification methods. As stated in Mar-
tizzi et al. (2019), the differences found between the local dark
matter density and the tidal deformation tensor approach are
not larger than the deviations presented in Libeskind et al.
(2018) for a total of twelve different methods.

To investigate the different gas components, we follow the
same classification introduced by Davé et al. (2001) and
Haider et al. (2016), based on the comoving gas density, pgas,
and temperature, T, of each gas cell. Four different gas phases
are defined in the following way:

e Diffuse gas, when pgas < 1000pcrit, 0 and T < 10° K.
This gas phase is mainly comprised of neutral gas located in
the IGM.

o Condensed gas, when pgas > 1000pcrit,0€2 and T <
10° K. Tt selects the gas in star-forming regions and located
in the ISM.

e Warm-hot intergalactic medium gas (WHIM), when
10° K < T < 107 K. This gas phase region represents the
circumgalactic medium and hot gas in low-density regions
located mainly in the IGM.

e Hot gas, when T > 107 K. This component is mainly
composed of shock-heated gas near massive haloes.

As explained by Martizzi et al. (2019), and Torrey et al.
(2019), IlustrisTNG displays an artificial curvature in the
gas phase diagram in the low-density and low-temperature
regime, due to a minor numerical heating associated with the
expansion of gas in low-density environments. Following the
aforementioned papers, we adopt a temperature correction to
the gas with density p < 107 %cm?, in order to ensure that it
follows an adiabatic equation of state, T o p?~!. We note,
nevertheless, that these corrections do not impact the results
of this work in any significant way.

2.3 Ion abundances

To compute the fraction of each element in the ionization
state of interest, we use the tables developed by Bird et al.
(2015)5. The tables were created using CLOUDY version 13.02
(Ferland et al. 2013) and calculating both collisional and
photo-ionization processes in ionization equilibrium, exposed
to a uniform ultraviolet background (UVB Faucher-Giguere
et al. 2009). CLOUDY was run in single-zone mode adopt-
ing constant density and temperature for each gas element.
Thus, thermal structures on scales smaller than the gas cells
are neglected. CLOUDY also adopts a frequency dependent
self-shielding from UVB at high densities using the fitting
function of Rahmati et al. (2013) and solar abundances from
Grevesse et al. (2010). No local radiation sources are consid-
ered for running the tables.

The tables computed by Bird et al. (2015) cover a den-
sity range of —7.0 < logo(nu[cm™3]) < 4.0 and temper-
atures 3.0 < log;o(T[K]) < 8.6, assuming a metallicity of
Z = 0.1Z". For a given redshift, the ionized fraction of a

6 See also: https://github.com/sbird/cloudy_tables

7 As stated by Nelson et al. (2018b) the dependence of metallicity
on the fraction of the ionized metals is minor. For this reason and
following the same criterion as Bird et al. (2015), the tables were
computed using 1/10 of the solar metallicity.
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species in a gas cell is selected from the tabulated values ac-
cording to its temperature and density. The total mass of a
given ionized metal in each gas cell is computed as the ionized
fraction selected multiplied by the gas cell mass.

We note that IllustrisTNG adopts a two-phase model for
star-forming gas cells (Springel & Hernquist 2003). This as-
sumption affects the abundance of the species in high-density
and low-temperature regions. To correct the effect of sub-grid
physics, previous studies either place the star-forming cells
to T = 10® K (see e.g., Nelson et al. 2021), or just simply
neglect them from the analysis (DeFelippis et al. 2021). In
our case, we have decided to keep the star-forming gas cell
temperatures provided by the simulation, since they do not
generate substantial changes in the results and conclusions of
our analysis.

In this work, we study the following species: Ci1, C1v,
Mgii, Nv, Nevii, Ovi, and Sitv. Each one of these met-
als maps different regions of the LSS of the Universe. Here
we summarize the main properties reported in the literature
for each case. MgII in emission and absorption is typically
detected in star-forming galaxies and planetary nebulae (Ru-
bin et al. 2010; Chen et al. 2017; Feltre et al. 2018), and
has shown to be a good tracer of star-forming regions and
cold gas around galaxies (typically at T~ 10? K, e.g., Bond
et al. 2001; Steidel et al. 2002; Bouché et al. 2007; Weiner
et al. 2009; Bouché et al. 2016; Chen et al. 2017). In addition,
different works have associate Mg 11 absorption systems with
galactic haloes (see, e.g., Lanzetta & Bowen 1990). Mg11 has a
ionization potential of 15.03 eV. C11 is a good tracer of dense
and low-temperature gas (ng = 10% — 10%cm™3, T ~ 10*K
and ionization potential of 24.38 eV), associated with galac-
tic haloes as well. It is also a star formation rate tracer and a
major coolant for neutral atomic gas in the ISM (Stacey et al.
1991; Wolfire et al. 2003; Stacey et al. 2010; Herrera-Camus
et al. 2015). C1v is a tracer of enriched gas in the IGM (with
ng ~ 107 tem ™2 and ionization potential of 64.49 eV). It is
also mentioned as a good tracer of hot gas located in shock-
heated regions and CGM (D’Odorico et al. 2010; Cooksey
et al. 2010; Danforth et al. 2016; Bouché et al. 2016; Chen
et al. 2017). Si1v in absorption is a strong doublet of Si and
a good tracer of a-elements and young metals. Sitv has a
ionization potential of 45.14 €V, and is also typically present
in high-density gas clouds (Cooksey et al. 2011). Ne vl is
mainly found in regions of gas at low densities and high tem-
peratures (T ~ 10° — 10° K, and ny > 107% K, e.g., Meiring
et al. 2013; Burchett et al. 2019). Ne vIiI has a ionization po-
tential of 239.09 eV. N v has been shown to be a good tracer
of the warm-hot CGM (Danforth & Shull 2008), and has a
ionization potential of 97.89 eV. O VI is a well-known tracer
of warm hot gas in low-dense regions, typically located in
galactic haloes and the CGM (at T > 2 x 10* K, e.g., Werk
et al. 2014; Roca-Fabrega et al. 2019), with a ionization po-
tential of 138.12 eV. These features represent only a partial
summary of each of the ionized metals studied in this work.
We refer to the aforementioned references for further details.

3 RESULTS

The results presented in this work address two main aspects
that are relevant to the missing baryons problem. First, we
discuss the baryonic mass fraction (gas and stars) within dark

MNRAS 000, 1-14 (2021)
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matter haloes, as an extension of the results presented by
Haider et al. (2016) for Illustris and Martizzi et al. (2019)
for TustrisTNG (Section 3.1). The second part explores the
distribution of ionized metals in the cosmic web (Section 3.2)
and in the density-temperature phase space (Section 3.3)
across cosmic time.

3.1 Baryon mass fraction in haloes

The baryon mass fraction is computed as the total baryonic
mass within the radius at which the density is equal to 500
times the critical density, Msoo0,baryons, normalized by the rela-
tive cosmological value, i.e., [Qb/Qm]Msooc. Figure 2 presents
the baryon mass fraction as a function of the halo mass at
z = 0, for haloes with Msgoc > 109M®. To analyse the im-
pact of resolution and subgrid models, Figure 2 displays the
results obtained for Illustris, TNG100, and TNG300. We split
the contribution from stars, hot gas (T > 10°K), and cold
gas (T < 10°K) and compare them with the observational
data from McGaugh et al. (2010) and Gonzalez et al. (2013).
Our results show that the baryonic mass fractions of TNG100
and TNG300 follow similar trends for almost the entire halo
mass range under analysis, with differences mostly caused by
resolution/volume effects. Namely, TNG300 is able to repro-
duce the observations for massive clusters (Msooe > 10131\/[@),
reaching values between 0.75 to 1 for the baryon fraction (gas
and stars) and 0.1 to 0.3 for the stellar fraction. The TNG100
box reproduces well the observations for clusters with masses
above 10®*Mg and up to 2 x 10'*Mg. The very massive end
is not accessible in TNG100 due to its small size, which ex-
plains the artificial drop in the baryonic fraction shown for
the largest clusters in Figure 2. As shown also in Genel et al.
(2014) and Haider et al. (2016), the Illustris simulation is
unable to reproduce the observed total baryon fraction in
massive clusters above Msgpe ~ 1013M@.

For haloes with masses Msgoe < 1013M@, the stellar mass
fractions of TNG100 and TNG300 are in reasonable agree-
ment with the observational constraints reported by Mc-
Gaugh et al. (2010). The missing baryon problem from obser-
vational data manifests itself in the vanishing baryonic mass
fraction below Msooe =~ 102Mg. The simulated haloes from
the three boxes display, conversely, a high baryon mass frac-
tion for low-mass haloes, reaching six times the observed frac-
tion in the TNG300 box and twenty times in the Illustris sim-
ulation at ~ 5 x 10'°Mg), respectively. It is noteworthy, how-
ever, that observational estimates might be severely affected
by uncertainties: current observations are not able to detect
the different gas phases within haloes in the way we do in sim-
ulations. In fact, more recent measurements of the baryonic
mass fraction for haloes with masses around 10'2Mg, from the
COS-Halos survey claim a significantly higher value (45%),
suggesting as well that at least half of the previously reported
missing baryons might be located in the CGM (Werk et al.
2014). The comparison presented in Figure 2 must therefore
be taken with caution, since it is subject to uncertainties
in the observational constraints that are not necessarily ac-
counted for by the reported errors.

The general agreement between TNG100 and TNG300 in
Figure 2 is expected since both simulation boxes use the same
sub-grid model. This is not the case for Illustris, which ex-
plains the differences with respect to the aforementioned Il-
lustrisTNG boxes. In particular, previous reports have iden-
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tified several caveats in the Illustris stellar and AGN feed-
back models (Genel et al. 2014; Haider et al. 2016; Pillepich
et al. 2018a). The consequences of these issues are actually
noticeable in Figure 2: the stellar feedback model in Illustris
is not efficient in removing gas in dark matter haloes be-
low 10**Mg, while the radio-mode AGN feedback produces
strong outflows mainly in haloes above 10'2-® M. These pro-
cesses have been revised in the updated IllustrisTNG model,
where AGN feedback is now described in terms of low and
high accretion states that account for kinetic and thermal
feedback. For haloes with Msgo. < 10'2Mg, supernova feed-
back prevents star formation and removes gas through an
updated model for galactic winds.

We proceed now to address the redshift evolution of the
mass fractions. These results are shown for haloes in Illus-
tris, TNG100, and TNG300 in Figure 3. The mass fraction
is computed for dark matter, baryons (split also in gas and
stars), and the full mass (baryons and dark matter), normal-
ized by its respective total mass for each case. We find that
dark matter mass in haloes increases with time for the three
boxes, with values that range from ~ 5 — 7% at z = 6 to
~ 40 — 55% at z = 0 . The same behaviour is, as expected,
found for the full mass fraction, since dark matter dominates
the mass budget of haloes.

The baryon fraction in haloes shows a different behaviour
in Ilustris as compared to IllustrisTNG at z < 2. The dif-
ference lies in the gas fraction: while TNG100 and TNG300
show a monotonic increase as the redshift decreases, Illustris
presents an artificial drop in the gas fraction. As stated by
Haider et al. (2016), the decrease in the gas fraction is con-
nected with the time that the radio mode AGN feedback be-
comes overly efficient at expelling gas from the inner regions
to the outskirts. As Figure 3 demonstrates, the updated AGN
feedback model in IllustrisTNG alleviates this problem.

The results presented in this section demonstrate that Illus-
trisTNG provides better agreement with observations than Il-
lustris, which is a consequence of the improved subgrid model
of the former. In the next section, we will go a step further
and investigate the large-scale distribution of ionized metals.

3.2 Ionized metals in the Cosmic Web

We begin by analyzing the performance of the method
adopted to trace the cosmic web (described in Section 2.2).
Figure 4 shows the distribution of the mass fraction of
baryons, stars, metals®, and dark matter at z = 0 and 2
in TNG100 and TNG300, as a function of the comoving lo-
cal dark matter density normalized by its mean density (i.e.,
pdm/ﬁdm, where pam = Qam Pcrit,O)- Dotted vertical lines
indicate the criterion to define voids (pam < 0.1 perit ), fila-
ments (pam = 0.1 - 57 perit o), and haloes (pam > 57 perit,0)-

From the comparison of the two panels of Figure 4, we find
that metals slightly move from high-density to low-density
regions as the redshift decreases. This is probably a conse-
quence of the outflows and chemical enrichment produced
by the stellar and AGN feedback processes, which tend to
transport enriched gas from haloes to voids and filaments.

8 The mass fraction of metals (which in turn represents a portion
of the baryons) is computed by selecting all the metal elements
heavier than He.
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Figure 3. Evolution of the mass fraction within dark mat-
ter haloes for TNG100 (solid lines), TNG300 (dotted lines) and
Tlustris-1 (dashed lines). We show the mass fraction of dark mat-
ter (black lines), baryons (green lines), and the contribution from
gas (cyan lines) and stars (yellow lines). Each of these fractions
is computed by normalizing by its respective total mass in each
simulated volume.

Conversely, dark matter is unaffected by baryonic processes
on large scales. It continues assembling and condensing in
filaments and haloes, as Figure 4 demonstrates. Good agree-
ment is again found between the distributions obtained with
TNG100 and TNG300, confirming that resolution does not
affect the results and main conclusions of this work in any
significant way. For simplicity, the analysis of the ionized
metals is presented in what follows only for the higher-
resolution TNG100 box, since similar trends are obtained for
the TNG300 box. Finally, the cosmic evolution of the total
baryonic budget in [llustrisTNG is discussed in detail in Mar-
tizzi et al. (2019, 2020) and is out of the scope of this work.
We review some of the main features in Appendix Al.

Figure 5 displays the distribution of our set of ionized met-
als as a function of the local dark matter density normalized
by its mean density, pdm/pam, at z = 0 and 2 for TNG100.
The fraction of ions is computed as the mass of each ion nor-
malized by its total mass at a fixed local dark matter density.
Again, dotted vertical lines represent the criterion to define
voids, filaments and haloes. Our results show that C11, Mg11
and SiIv are significantly more abundant in haloes than in
filaments and voids, both at z = 2 and 0. At z = 2 these
three ions concentrate in haloes with local dark matter den-
sities around pam /pam ~ 104 —10°%. At 2z = 0, the distribution
remains in the same range for Mgir and C11 but splits into
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two peaks at low and very high densities for Sitv. Ovi, C1v,
Neviil, and Nv tend to move from haloes and filaments at
z = 2 to voids and filaments at z = 0 (towards lower-density
regions in general). These ions display a peak in their frac-
tions for local dark matter densities of pgm /Pam ~ 10 — 102
at z = 0. Figure 5 also shows a bimodal distribution for C1v
and NV at z = 2, reflecting the presence of collisionally ion-
ized gas in dense regions. The same result is found for Sitv
at z = 0. These features, however, must be interpreted with
caution, since they are produced by ionized metals in star-
forming gas cells (see Section 2.3). In order to investigate the
impact of the sub-grid model on the mass distributions, we
have replaced the tabulated temperature of the star-forming
cells by a fixed value of 10® K (based on other recent analy-
ses, Nelson et al. 2021). We have checked that imposing this
value effectively removes the double peak in C1v, Nv, and
Si1v, while maintaining the overall shape of the mass distri-
butions displayed in Figure 5.
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To investigate in more detail the evolution of each ion, Fig-
ure 6 shows the mass fraction for each ionized metal in voids,
filaments, and haloes normalized by the total mass of each ion
at z =0 (i.e., fion = Mx,./Mx .=0) for the redshifts z = 0—6.
Using fion allows us to trace the evolution of the mass bud-
get with redshift in an effective way since the abundance of
metals increases with time. At first glance, our results show
that most of the mass budget for all the ionized metals un-
der analysis is either in filaments or haloes throughout the
entire redshift range considered. However, each one presents
different properties and evolution across cosmic time. We now
proceed to analyse the contribution of the ions to the mass
budget in each cosmic web region. In voids, the highest con-
tribution belongs to O vi and Neviil, but Nv and C1v are
also present. All of these ions increase their mass fractions
towards lower redshift. C11, Mg11, and Si1v are not found in
this cosmic web environment.

For filaments, O vi, N v, and Ne viil show a similar and sig-
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nificant increase of their mass fractions as redshift decrease,
of a factor ~60 from z = 6 to z = 0. We note that most
of the mass budget for Ne viil and O V1 is located in this re-
gion of the cosmic web. Their large abundance in filaments
has been reported by previous observational and numerical
studies, showing that O V1 is an excellent tracer of filamen-
tary diffuse and warm gas between clusters (see e.g., Nicastro
et al. 2017, 2018; Tepper-Garcia et al. 2011; Tejos et al. 2016;
Marra et al. 2021; Strawn et al. 2020). This characteristic
makes O VI arguably one of the best “footprints” of missing
baryons together with O vil and O viil. The evolution of the
mass fractions for Ovi, Nv, and NevII is determined by
the chemical enrichment of the gas due to stellar evolution
and feedback, together with virial shock-heating increasing
its temperature (see e.g., Tepper-Garcia et al. 2011; Faerman
et al. 2017). It is also noteworthy that the mass fractions of
C1v and Si1v in filaments are roughly flat, showing almost
no redshift dependence. Finally, the contribution of C11 and
Mg11 is only visible, although tiny (< 1%), at low redshift,
around z ~ 0 — 2.

Figure 6 shows that haloes contain all ionized metals over
the entire redshift range, albeit in different proportions. In-
terestingly, two different behaviours are observed for the set
of ions investigated. While all metals begin increasing their
fractions at high redshift, Sitv, C1v, Nv, and O VI, seems to
reach their peak abundances around z ~ 2, which roughly
coincides with the peak of the cosmic star formation rate.
At lower redshifts, the evolution of these ions either stalls
or their abundances actually drop. Conversely, the fractions
of C11r and Mg1I continue rising towards lower redshift and
only seem to reach a plateau, if anything, at z = 0. At face
value, these results indicate that Sitv, C1v, Nv, and O VI
in haloes are strongly affected by stellar and AGN feedback
mechanisms, together with gas recycling and radiative cool-
ing. While the total mass budget of each metal increases with
time, the ionization species are influenced by gas cooling, and
star formation in dense regions. The contribution of all these
effects together may explain the cosmic evolution of the mass
fractions for Sitv, C1v, Nv, and O VI in haloes.

3.3 Ionized metals in density-temperature phase
space

We proceed now to investigate the distribution of ionized
metals in the different gas phases. Figure 7 shows the mass
fraction of gas of the total baryonic mass in the density—
temperature diagram for TNG100 at z = 0, 0.1, 1, and 2. Ver-
tical and horizontal lines demarcate the different gas-phase
regions adopted. We start by analysing the evolution of the
diffuse phase, typically associated with the intergalactic low-
dense and low-temperature gas. Our results indicate that this
gas phase comprises 75.3 percent of the gas at z = 2, a frac-
tion that decreases significantly, to 37.3 per cent, at z = 0. In
addition, the comparison of the different panels shows that
a large amount of diffuse cold gas increases its temperature
with time, moving to the WHIM and hot phases. This is a
consequence of the different feedback mechanisms and galac-
tic outflows heating and ionizing the gas that reaches the
ICM and IGM.

Both the WHIM and hot-gas phases display an increase
in the mass fraction with time. The WHIM phase makes up
17.8 per cent of the total gas at z = 2, reaching 46.6 per cent
at z = 0. On the other hand, only 0.2 per cent of the gas is
located in the hot phase at z = 2, while this fraction raises
to 6.8 per cent at z = 0. The mass fractions for the different
gas phases from z = 6 to z = 0 are listed in Table 1. We note
that a comparison with previous works is difficult since the
definitions of gas phases vary in the literature - the definition
chosen for this work follows the one adopted in Haider et al.
(2016). Regardless of the definitions employed, our results are
qualitatively in good agreement with previous findings (e.g.,
Rahmati et al. 2013; Oppenheimer et al. 2016).

The contours in Figure 7 represent the regions enclosing 80
per cent of the total mass for each ionized metal. Particularly
interesting in the context of the missing baryons problem is
the evolution of Neviir, Ovi, and N v, which remain excel-
lent tracers of the WHIM and diffuse gas throughout the
redshift range considered. A fraction of these ions residing
in diffuse gas at high redshift is in fact progressively pushed
towards the WHIM gas phase by shock-heating and feedback
processes that tend to increase gas temperature (this is par-
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Figure 7. Gas density—temperature diagram at redshifts z = 0,0.1,1, and 2 (from top left to bottom right, respectively) for the TNG100
simulation. The colour map represents the mass fraction of gas, while the contours indicate the regions enclosing 80 per-cent the mass of
the ionized metals Mgi1, Nevii, Nv, Ovi, Sitv, C1i1 and C1v. Black dashed lines demarcate the gas phases adopted in this work (hot,

WHIM, diffuse, and condensed).

Table 1. Mass fraction of baryons in the different gas phases at z = 0,0.1, 1,2, 3,4, 5, and 6 for TNG100.

z=0 z=0.1 z=1 z=2 z=3 z=4 z=25 z2=26
Condensed  0.041 0.042  0.051 0.047 0.036 0.025 0.013 0.007
Diffuse 0.373  0.387  0.564 0.753 0.863 0.923 0.961 0.977
WHIM 0.466  0.463  0.335 0.178  0.091 0.047 0.024 0.014
Hot 0.068 0.058 0.015 0.002 0.001 3.45x10~5 3.12x10~% 4.08x10~8

ticularly evident for Neviir). Also, a significant fraction of
C1v is located in the diffuse and WHIM gas phases. As ex-
pected, Si1v, Mgii, and C11 are, on the other hand, good
tracers of the condensed gas up to high redshift.

Finally, Figure 8 provides a complete summary of the main
results presented in this paper regarding the cosmic evolution
of ionized metals. The figure displays the mass fraction nor-
malized by the total mass of each ion at z = 0 (fion, defined
as in Figure 6) in condensed, diffuse, WHIM, and hot gas as
a function of redshift and cosmic web environment. In the
remainder of this section, we will describe the main features
found.

MNRAS 000, 1-14 (2021)

For condensed gas, our results show that the abundance
of C1v, Nevir, Nv, Ovi, and Si1v, typically increases from
early on, peaking at z ~ 2. The trends found for these ionized
metals resemble the evolution of the cosmic star formation
rate, and it can be explained as a direct consequence of the
chemical enrichment from different feedback mechanisms to-
gether with gas cooling and metal recycling in dense regions
(Pillepich et al. 2018a). On the other hand, C11 and Mg
continue growing in mass up to z = 0 (see Figure 8-a).

When the cosmic web environments are taken into account,
we find that the mass fractions at z = 0 in the condensed gas
phase in haloes are 0.99 for C 11 and Mg 11, while a value of 0.75
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Figure 8. Cosmic evolution of the mass fraction for the ionized metals normalized by the mass of each ion at z = 0 (fion =
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and haloes. Faint lines are used for condensed gas in voids to indicate that the fractions are computed with less than 10% gas cells (see
Section 3.3 for further details). The results correspond to the TNG100 box.

is measured for Si1v (Figure 8-d). Our results indicate that
these metals are mostly in high-density and low-temperature
regions. The mass fractions for the remaining ions in the con-
densed gas phase are distributed in haloes and filaments. As
an example, C1V in condensed gas phase has a mass fraction
of ~ 0.1 in haloes and ~ 0.005 in filaments at z = 0.

The connection between haloes and the condensed phase
is easily understood, since both criteria map the densest and
lowest-temperature regions of the Universe. These findings
are in line with previous works. As an example, MgII has

shown to be abundant in galactic haloes of luminous and mas-
sive galaxies, thus tracing the gas in transition between the
IGM and the ISM. These are condensed and low-temperature
gas regions, suggesting that Mgl is indeed a good tracer of
star formation, galactic outflows, and accreted gas (see e.g.,
Steidel et al. 2002; Zibetti et al. 2007; Weiner et al. 2009; Ru-
bin et al. 2010; Martin et al. 2012; Rubin et al. 2012; Dutta
et al. 2020; Anand et al. 2021). It is also noteworthy that
results obtained for the condensed phase should be treated
with caution since numerical codes do not resolve properly
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the high-density low-temperature gas, due to a transition in
sub-grid scaling for cooling and mass flow (see Chen et al.
2017; Vogelsberger et al. 2014). Finally, we note that all the
ionized metals in condensed gas in voids are modelled with
less than 10% cells over the entire TNG100 volume, result-
ing in a stochastic behavior for the trends. To indicate this
caveat, we use blue faint lines for condensed gas in Figure 8—
b.

A significant amount of C1v, Nv, OVvI, and Si1v is mea-
sured in a diffuse gas phase (fion=0.48, 0.32, 0.23, 0.17 at
z = 0, respectively). In particular, the mass fractions of Nv
and O VI increase as redshift decreases. Conversely, Mg 11 and
Si1v present a significant drop in their diffuse-gas mass frac-
tions around z ~ 2, followed by a subsequent increase (a
factor of ~ 10% of difference for the mass fractions between
these redshifts). This might indicate that a fraction of the
latter in diffuse gas is accreted to high-density regions, shift-
ing to the cold phase at z ~ 2 and progressively moving to
low-dense regions due to stellar winds after the star forma-
tion peak. C1I shows a nearly constant mass fraction of the
order of ~ 107° for diffuse gas between z = 6 and z = 2,
increasing towards low redshifts and reaching a fraction of
~ 0.007 at z = 0 (Figure 8-a).

As for the WHIM phase, the mass fractions of C1v, Ne viI1,
Nv, and OvI at z =0 are 0.41, 0.91, 0.68, and 0.77, respec-
tively (Figure 8-a). If we also consider the cosmic web envi-
ronment, we find that for C1v the mass fraction at z = 0
is ~ 0.22 in haloes and ~ 0.19 in filaments. Most of Ne vIiI
in WHIM phase is in filaments (fion = 0.66 at z = 0), while
the fraction in haloes is ~ 0.12 and in voids ~ 0.13. Sim-
ilar mass fractions are also found for Nv, O vI. Again, our
results confirm that these ions are unique tracers of warm
and low-density gas, where most of the missing baryons at
low redshift are expected to be stored. On the other hand,
the mass fractions of C 11, Mg11, and Si1v in the WHIM phase
are lower than those of the other ions considered. These latter
ions present a subtle increase with redshift with a maximum
fraction at around z ~ 2 — 3 and a turn-down from z ~ 2 to
z=0.

Finally, none of the ionized metals under analysis keep a
large mass reservoir in the hot phase. Namely, NeVviil has
a mass fraction of 4 x 10™* at z ~ 0, while for O vI the
measured fraction is ~ 2.4 x 107%. The mass fractions are
lower for C1v and N v, and no contribution is found for C1i,
Mg11, and Si1v. Overall, the mass budget in the hot gas phase
increases towards low redshift.

To summarize, we have shown that each ionized metal dis-
plays complex features, localizing its mass budget in differ-
ent proportions across different gas phases and cosmic web
environments. These findings are in agreement with previ-
ously reported numerical and observational measurements.
Of particular importance in the context of the missing baryon
problem at low redshift are our results for Ovi, Nv, and
Neviir as tracers of the WHIM and diffuse gas in filaments
(see e.g., Cen & Ostriker 2006; Werner et al. 2008; Tepper-
Garcia et al. 2011; Rahmati et al. 2013; Werk et al. 2014;
Nelson et al. 2018b; Roca-Fabrega et al. 2019). In this con-
text, Tepper-Garcia et al. (2011) investigated the physical
properties of O Vi1 absorbers at low redshift in the OWLS
simulation. Their results suggest that the bulk of O vI mass
is in gas with overdensities of p/{p) = 10°-% —10%*, and tem-
peratures in the range T = 10*—10°K. Hence, detectable O vI
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absorbers are good tracers of shock-heated over-enriched gas.
Also Marra et al. (2021) investigated the enriched gas in the
CGM around galaxies from the EAGLE simulation, finding
that ions such as O vI and Ne VIII constitute a large fraction
of gas with T ~ 10°® — 107 K in massive systems. Burchett
et al. (2019) studied the CGM of 29 galaxies with masses
M. ~ 10°—10"Mg at 0.49 < z < 1.44. Their results suggest
that Neviir in CGM gas encompasses ~ 6 — 20% of the total
baryonic mass. Also Tejos et al. (2016) studied the gas in fila-
ments connecting massive galaxy cluster pairs, showing that
warm-hot gas (10° — 10° K) is enhanced within filaments.

In conclusion, the fact that O vi, Nv, and Neviir are lo-
cated in filaments in the WHIM and diffuse gas phases, to-
gether with the fact that a significant baryonic mass budget
is in these phases at z = 0 (> 70%), adds up to the growing
evidence that these ionized metals are good tracers of the
missing baryons.

4 SUMMARY AND CONCLUSIONS

Understanding the evolution and distribution of metals on
large scales provides information about the processes that
regulate star formation and gas dynamics within and around
galaxies. Moreover, studying these distributions allow us to
map the baryons on large scales and thus shed light on the
so-called missing baryon problem discussed at low redshift.
Current state-of-the-art hydrodynamical cosmological simu-
lations have improved the way they model and reproduce dif-
ferent observational tracers, providing an exceptional tool to
track the evolution of baryons across cosmic time (see e.g.,
Cen & Ostriker 1999, 2006; Cen & Chisari 2011; Tepper-
Garcia et al. 2011; Oppenheimer et al. 2012, 2016; Nelson
et al. 2018b; Martizzi et al. 2019; Roca-Fabrega et al. 2019;
Marra et al. 2021; Martizzi et al. 2020; Strawn et al. 2020).
Despite this success, even the most accurate simulations pro-
ducing self-consistent outflows also need calibration of their
sub-grid models. This, in turn, impacts the hydrodynamics
of the gas and distribution of metals. Different works have in-
deed confirmed the impact that sub-grid models have on the
temperature distribution of the gas and its ionization state
(see e.g., Cen & Chisari 2011; Roncarelli et al. 2012; Oppen-
heimer et al. 2016). Hence, caution must be exercised when
comparing observational results with those obtained from hy-
drodynamical simulations.

In this work, we investigate the large-scale distribution of
ionized metals in the IllustrisTNG simulation across cosmic
time, from z = 6 to z = 0. To this end, we use two different
simulation boxes with the highest resolution available for each
size in the IllustrisTNG suite: TNG100-1, with side length
75 h~' Mpc and TNG300-1, spanning 205 h~! Mpc. The
IustrisTNG suite represents a revised version of the Illus-
tris simulation, which among other features, reproduces the
cosmic star formation rate, the galaxy stellar mass function,
and includes updated prescriptions for the chemical yields —
all fundamental elements for this work.

With the aim of providing a revised vision of the missing
baryon problem, we map the redshift evolution of seven ion-
ized metals, C11, C1v, Nv, Neviir, Mgii, O vi, and Si1v, in
the cosmic web (haloes, filaments, and voids), and in the dif-
ferent gas phases (WHIM, hot, diffuse, and condensed gas).
The selected set of ionized metals is chosen because they are



commonly detected in observations. Moreover, they are excel-
lent tracers of the baryonic content on large scales, mapping
the cosmic web and the different gas phases. Our main results
can be summarized as follows:

e We find that the mass fraction of baryons in WHIM and
hot-gas phases (with T > 10°K) increases significantly as the
redshift decreases. Namely, the WHIM phase represents 17.8
per cent of the gas at z = 2, reaching 46.6 per cent at z = 0.
These trends are a consequence of galactic outflows heating
and shifting the gas from high-density to low-density regions
in the ICM and IGM (Figure 7).

e We show that each ionized metal maps different parts
of the density-temperature diagram and cosmic-web envi-
ronments. Furthermore, their total masses and distributions
evolve with redshift as a consequence of chemical enrich-
ment due to star formation, and AGN and stellar feedback
processes together with strong kinetic outflows expelling en-
riched gas to the outer parts of the galaxy in the IGM.

e We find that most of the mass budget for C11 and Mg11
is in haloes in the condensed gas phase (at z = 0 it represents
99 per cent of the mass fraction of each of these ions). Our
findings suggest that C1r and Mgi1 are excellent tracers of
star-forming regions and the gas in transition between the
IGM and the ISM (Figure 6).

e Our findings show that C1v and Si1v present similar evo-
lution in their mass fractions. For instance, the mass budget
in condensed gas in haloes resembles the cosmic star forma-
tion rate evolution, with a maximum around z ~ 2 (Fig-
ure 8-d). This is explained by chemical enrichment from stel-
lar feedback combined with gas cooling in dense star-forming
regions. At z = 0, the mass fraction for C1v and Si1v in con-
densed gas inside haloes is ~ 0.10 and ~ 0.73, respectively.
The diffuse and WHIM-phase components of these ions show
similar trends.

e For Ovi, Nv, and Nevill most of the mass budget
is in the WHIM phase in filaments. The mass fractions in
these regions increase as redshift decrease. In particular, for
Neviil, we find a mass fraction of ~ 0.91 in the WHIM at
z = 0. When analysing different cosmic web environments
separated, the mass fraction measured in filaments is ~ 0.66,
while values of ~ 0.12 and ~ 0.13 are obtained in haloes and
voids, respectively. Similar results are found for N v and O vi
(Figure 8). These findings suggest that Ne vii, Nv, and O vi
are the best tracers of the low-density and warm/hot gas.

Our results confirm that most baryons at low redshift are
in low-density regions and in the form of warm/hot gas.
Among the different ionized metals considered, Ne viil, Nv,
and O VI in filamentary structure emerge as the best tracers
of this baryonic component. We expect that the predictions
reported in this work can contribute to the quest of unveiling
the long-standing mystery of the missing baryons in the local
Universe. In this context, our results will hopefully serve as
an additional guide for upcoming surveys aimed at scanning
the cosmic web through X-ray absorption spectroscopy with
instruments such as the Athena Observatory.
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APPENDIX A: COSMIC EVOLUTION OF
BARYONS IN THE COSMIC WEB

In this appendix we present the evolution of the mass fraction
of baryons according to the cosmic web definition adopted in
this work. For a further discussion we refer to Martizzi et al.
(2019), while the results obtained with a similar definition us-
ing Illustris simulations can be found in Haider et al. (2016).

Figure A1 shows the baryonic mass fraction in voids, fila-
ments, and haloes as a function of redshift for TNG100, and
TNG300. Our results show that the mass fraction in filaments
decreases as the redshift decreases. This is explained since our
method, based on the local dark matter density, encloses fil-
aments and sheets in a single definition. Hence, as discussed
in Martizzi et al. (2019), while for other approaches based
on tidal tensor the mass fraction in filaments increases with
redshift, our results reflect the contribution of filaments and
sheets together.

We also find that the mass fraction in voids increases from
z = 6 to z = 2. As stated in Haider et al. (2016), at high
redshift the dark matter is distributed homogeneously, with
a density ~ Qamperit,0- Hence, most of the mass falls in the
filament category, and the under-dense regions are only cre-
ated when the matter from less dense regions is pulled into
denser regions as the redshift decreases.
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Figure A1l. Evolution of the total baryonic mass fraction of the
cosmic structures defined in this work from redshift z =6 to z =0
for TNG100 (solid lines) and TNG300 (dotted lines). As stated
in Martizzi et al. (2019), we note that the way we define the fila-
ments corresponds to the definition of filaments and sheets when
computing the cosmic structures with the tidal tensor.

MNRAS 000, 1-14 (2021)


http://dx.doi.org/10.1146/annurev-astro-091916-055240
https://ui.adsabs.harvard.edu/abs/2017ARA&A..55..389T
http://dx.doi.org/10.1038/nature13316
http://adsabs.harvard.edu/abs/2014Natur.509..177V
http://dx.doi.org/10.1093/mnras/stw2944
http://adsabs.harvard.edu/abs/2017MNRAS.465.3291W
http://dx.doi.org/10.1093/mnras/sty1733
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.4056W
http://dx.doi.org/10.1088/0004-637X/692/1/187
https://ui.adsabs.harvard.edu/abs/2009ApJ...692..187W
http://dx.doi.org/10.1088/0004-637X/792/1/8
http://adsabs.harvard.edu/abs/2014ApJ...792....8W
http://dx.doi.org/10.1051/0004-6361:200809599
https://ui.adsabs.harvard.edu/abs/2008A&A...482L..29W
http://dx.doi.org/10.1093/mnras/staa2456
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498..574W
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498..574W
http://dx.doi.org/10.1086/368016
https://ui.adsabs.harvard.edu/abs/2003ApJ...587..278W
http://dx.doi.org/10.1086/511300
https://ui.adsabs.harvard.edu/abs/2007ApJ...658..161Z
http://dx.doi.org/10.1051/0004-6361/201935159
https://ui.adsabs.harvard.edu/abs/2019A&A...624A..48D

	1 Introduction
	2 Simulation & Methods
	2.1 Simulation data
	2.2 Cosmic-web and gas-phase classifications
	2.3 Ion abundances

	3 Results
	3.1 Baryon mass fraction in haloes
	3.2 Ionized metals in the Cosmic Web
	3.3 Ionized metals in density-temperature phase space

	4 Summary and conclusions
	A Cosmic evolution of baryons in the cosmic web

