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A B S T R A C T 

We study the intrinsic large-scale distribution and evolution of seven ionized metals in the IllustrisTNG magnetohydrodynamical 
cosmological simulation. We focus on the fractions of C II , C IV , Mg II , N V , Ne VIII , O VI , and Si IV in different cosmic web 

structures (filaments, haloes, and voids) and gas phases (warm–hot intergalactic medium, hot, diffuse, and condensed gas) from 

z = 6 to z = 0. Our analysis provides a ne w perspecti ve 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 ef fecti ve way of mapping baryons on large 
scales. Our results show that C II and Mg II are mostly located in condensed gas inside haloes in high-density and low-temperature 
star-forming regions ( ρgas / ̄ρbar � 10 

3 , and T � 10 

5 K). C IV and Si IV present similar evolution of their mass fractions in haloes
and filaments across cosmic time. In particular, their mass budgets in haloes in condensed phase ( ρgas / ̄ρbar � 10 

3 , and T �
10 

5 K) are driven by gas cooling and star formation with a peak at z ∼ 2. Finally, our results confirm that O VI , Ne VIII , and N V

are good tracers of warm/hot and low-density gas at low redshift ( ρgas / ̄ρbar � 10 

3 , and T � 10 

5 K), regions that are likely to
contain most of the missing baryons in the local Universe. 

Key words: hydrodynamics – galaxies: haloes – intergalactic medium – dark matter – large-scale structure of Universe. 
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 I N T RO D U C T I O N  

n the standard model of cosmology, the formation of the large- 
cale structure (LSS) of the Universe is driven by the competing 
ction of dark matter and dark energy. During this process, baryons 
ndergo gravitational collapse and condense to form the visible web 
f filaments and knots, separated by void regions, that we call the
osmic web . At high redshift, the amount of baryons measured from
he cosmic microwave background and Ly α forest, or derived from 

ig bang nucleosynthesis, is in good agreement with theoretical 
xpectations. At lo w redshift, ho we ver, observ ational studies report
ystematically lo wer v alues, with around 30 per cent of the baryons
naccounted for. The so-called missing baryon problem refers to 
his apparent lack of baryons as measured from observations (Pettini 
t al. 1999 ; Kirkman et al. 2003 ; Bregman 2007 ; Nicastro, Mathur
 Elvis 2008 ; Anderson & Bregman 2010 ; Shull, Smith & Danforth

012 ; Nicastro et al. 2017 ), which might be due to the fact that a
arge amount of gas lies in low-density, high-temperature regions 
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hat are hard to detect using current ultraviolet (UV) and X-ray
nstrumentation. 

Baryons are, in fact, also missing in galaxies, where the baryonic
raction is much lower than the universal baryon-to-total-mass ratio 
Bregman 2007 ; McGaugh et al. 2010 ). The difference is more
ronounced for smaller galaxies, suggesting that haloes with shal- 
ower potential wells are less efficient in terms of retaining baryons.
verall, these results seem to indicate that the ‘missing baryons’ 

ould be somewhere in the circumgalactic space and possibly beyond 
he virial radius 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 ;
ohnson, Chen & Mulchaey 2015 ; Johnson et al. 2017 ; Tumlinson,
eeples & Werk 2017 ). 
The baryons missing in galaxies and in the LSS are indeed

art of the same problem. Theoretical models predict that a large
raction of them resides in filamentary structure conforming to the 
o-called warm–hot intergalactic medium (WHIM), composed of 
ot ( T = 10 5 –10 7 K) low-density gas ( n b = 10 −6 –10 −4 cm 

−3 ). These
aryons are initially shock heated during the build-up of the LSSs.
ubsequently, stellar feedback and galactic winds act as additional 
eating sources, regulating also the chemical abundances in the 
HIM (Cen & Ostriker 1999 , 2006 ; Dav ́e et al. 2001 ). 
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1 In particular, absorption lines from C II , C IV , O VI , Mg II , and Si IV are 
commonly detected by quasar spectra. 
2 http://www.tng-pr oject.or g 

M

The gas in the WHIM can be detected through the radiation
eld it produces (i.e. emission lines), or through absorption lines

n background sources. Because of its low density, current X-ray
elescopes fail to detect most of the WHIM emission. Nevertheless,
e veral reports sho w that filamentary and intracluster structures can
e mapped from the tail of the WHIM X-ray intensity distribution
Scharf et al. 2000 ; Kaastra et al. 2003 ; Markevitch et al. 2003 ; Eckert
t al. 2015 ; Hattori et al. 2017 ; Connor et al. 2018 ; Tanimura et al.
020 ). These types of measurements are expected to be possible in
orthcoming years, thanks to e.g. the Athena space mission (Nandra
t al. 2013 ). 

The most common way to trace the WHIM is through absorption
ines in UV/X-ray quasar spectra. Significant evidence of unac-
ounted baryons has been reported from O VI absorption lines mea-
ured with the Far Ultraviolet Spectroscopic Explorer ( FUSE ) and
he Hubble Space Telescope -Cosmic Origins Spectrograph ( HST -
OS; Savage, Tripp & Lu 1998 ; Tripp, Savage & Jenkins 2000 ;
anforth et al. 2016 ). Measurements based on O VII and O VIII

bsorption lines from Chandra and XMM–Newton have also been
resented (Fang et al. 2002 ; McKernan et al. 2003 ). Several other
ines have been used in similar analyses, including C II , C IV , N V ,
i III , Si IV , and Ne VIII (see e.g. Cooksey et al. 2010 ; Nicastro et al.
013 ; Danforth et al. 2016 ; Tejos et al. 2016 ; Burchett et al. 2019 ;
anuwal et al. 2019 ; Ahoranta et al. 2020 ; Chen et al. 2020 ). The
ain disadvantage of absorption lines is that they can only provide

nformation about the gas along the line of sight of the background
uasar. Despite this limitation, the absorption-line approach has
ro v en successful, as recently confirmed by Nicastro et al. ( 2018 ; see
lso Nicastro 2018 ). Based on measurements of O VII absorption lines
n the X-ray spectra of a blazar at z = 0.48, the authors claim the de-
ection of a significant fraction of the missing baryons in the WHIM.

An alternative way to investigate the gas in the WHIM is through
he Sun yaev–Zeldo vich effect (SZE; Sun yaev & Zeldo vich 1972 ;

roczkowski et al. 2019 ). Recent works have shown the potential
f the SZE in terms of constraining the distribution and abundance
f gas in the WHIM (Hern ́andez-Monteagudo et al. 2015 ; Hill et al.
016 ; de Graaff et al. 2019 ; Tanimura et al. 2019 ; Chaves-Montero
t al. 2021 ; Lim et al. 2021 ). In this context, future instruments such
s Cosmic Microwave Background Stage 4 (CMB-S4; Abazajian
t al. 2016 ) are expected to be crucial to shed light on to the missing
aryon problem. 
From a theoretical perspective, hydrodynamical cosmological

imulations hav e pro v en to be a useful and reliable tool to investigate
he location and distribution of baryons in the cosmic web (Cen
 Ostriker 1999 , 2006 ; Dav ́e et al. 2001 ; Shull et al. 2012 ; Roca-
 ̀abrega et al. 2016 ; Suresh et al. 2017 ; Gal ́arraga-Espinosa et al.
021 ). In fact, several analyses based on hydrodynamical simulations
redict that the missing baryons are in the form of warm–hot
iffuse gas located between galaxies in the circumgalactic medium
CGM) and beyond the virial radius in the intergalactic medium
IGM). Moreo v er, these simulations hav e shown that star formation
egulates the production rate of metals, while processes such as
upernova feedback, galactic winds, and active galactic nucleus
AGN) feedback are capable of expelling the enriched hot gas into
he CGM and IGM (Theuns et al. 2002 ; Cen & Ostriker 2006 ;
ppenheimer & Dav ́e 2006 ; Cen & Chisari 2011 ; Tescari et al.
011 ; Rahmati et al. 2016 ; Wijers, Schaye & Oppenheimer 2020 ). In
his intricate scenario, the impact of metals on the cooling properties
f gas must also be considered. 
In this work, we use the IllustrisTNG hydrodynamical cosmolog-

cal simulation suite (Marinacci et al. 2018 ; Naiman et al. 2018 ;
elson et al. 2018a , b , 2019 ; Pillepich et al. 2018a , b ; Springel
NRAS 510, 399–412 (2022) 
t al. 2018 ) to investigate the evolution and distribution of ionized
etals across cosmic time, between z = 0 and 6. Our main

oal is to provide a theoretical analysis to track the evolution
f the different ionized metals in time. IllustrisTNG has pro v en
apable of reproducing different observational features of galaxy
ormation and evolution, such as the evolution of the galaxy mass–
etallicity relation, the galaxy colour bimodality, and the cosmic star

ormation rate, among others. In particular, Nelson et al. ( 2018b ) use
his simulation to investigate the spatial distribution and physical
roperties of O VI , O VII , and O VIII in the CGM and IGM. Their
esults show that IllustrisTNG achieves a good level of agreement
ith observations of the column density distribution function for
 VI at low redshift (Danforth & Shull 2008 ; Thom & Chen 2008 ;
ripp et al. 2008 ; Danforth et al. 2016 ). Nelson et al. ( 2018b ) also
xplore the impact of AGN and stellar feedback on the physical
tate of the CGM. Their results suggest that these mechanisms are
undamental drivers of the properties of the CGM. In particular, the
ow-accretion AGN feedback is crucial to explaining the differences
n the N O VI columns between star-forming galaxies and quiescent
alaxies. 

Our analysis focuses on a selected set of seven ions (C II , C IV ,
g II , N V , Ne VIII , O VI , and Si IV ), which are chosen because they

re the ones more commonly detected in observations. 1 For this set
f ions, we study their distribution in the cosmic web (filaments,
nots, and voids) along with their abundances in the different gas
hases across cosmic time. Our procedure follows that of Haider
t al. ( 2016 ) but it is applied to a more sophisticated hydrodynamical
imulation. 

The structure of this paper is the following. In Section 2, we
rovide a summary of the main properties of the IllustrisTNG
imulations (Section 2.1), and the methodology adopted to identify
he cosmic web (Section 2.2) and gas phases (Section 2.3). The results
re presented in Section 3. Finally, the summary and conclusions are
resented in Section 4. 

 SI MULATI ON  A N D  M E T H O D S  

.1 Simulation data 

he main results of this paper are based on the IllustrisTNG 

2 project,
hereas the previous Illustris simulation is used for comparison.

llustrisTNG is a suite of magnetohydrodynamical cosmological
imulations that model the formation and evolution of galaxies within
he standard � cold dark matter ( � CDM) paradigm (Marinacci et al.
018 ; Naiman et al. 2018 ; Nelson et al. 2018a , b , 2019 ; Pillepich et al.
018a , b ; Springel et al. 2018 ). IllustrisTNG is performed with the
oving-mesh AREPO code (Springel 2010 ) and based on the subgrid
odels implemented on the previous Illustris simulation (Genel et al.

014 ; Vogelsberger et al. 2014 ; Sijacki et al. 2015 ). 
The main impro v ements pro vided by IllustrisTNG as compared

o its predecessor are the inclusion of magnetohydrodynamics, an
pdated scheme for galactic winds, and a new kinetic black hole
eedback model for the low accretion state (see Weinberger et al.
017 ; Pillepich et al. 2018a , for further details). IllustrisTNG includes
ubgrid models that account for physical processes in galaxies such
s star formation, metal line gas cooling, stellar feedback from Type
a, II supernovae and asymptotic giant branch (AGB) stars, and AGN

http://www.tng-project.org
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3 Our method differs only slightly from that of Haider et al. ( 2016 ). While 
they use the average dark matter densities in cells o v er a volume of (104 kpc) 3 

each, we implement the local dark matter density available in the IllustrisTNG 

data base, computed in spheres with ∼3–60 kpc of diameter at z = 0. 
4 SubfindDMDensity, on the IllustrisTNG data base. 
5 The virial radius, R 200 , is defined as the radius enclosing a region with 
density equal to 200 times the critical density. 
eedback. The model also follows the production and evolution of 
he following nine elements: H, He, C, N, O, Ne, Mg, Si, and Fe.
he model includes an update of the tabulated stellar yields for

he different stellar feedback channels (see Naiman et al. 2018 ; 
illepich et al. 2018a , for further details). The subgrid parameters of
llustrisTNG were calibrated to reproduce the cosmic star formation 
ensity, the galaxy stellar mass function at present, and the stellar-
o-halo mass relation at z = 0 (Pillepich et al. 2018a ). 

The IllustrisTNG suite consists of simulations with three different 
ox sizes publicly available on the website (Nelson et al. 2019 ). In this
 ork, we use tw o of the boxes: the ones with 75 h −1 Mpc (110.7 Mpc)

nd 205 h −1 Mpc (302.6 Mpc) side lengths (hereafter TNG100 and 
NG300, respectiv ely). Both box es were run from z = 127 up to
 = 0. In TNG100, dark matter particles and gas cells are modelled
nitially through 1820 3 elements each, with masses of 7.46 × 10 6 

nd 1.39 × 10 6 M �, respectively. The TNG300 run, conversely, 
ollows dark matter and gas using 2500 3 elements each, with masses
f 5.88 × 10 7 and 1.1 × 10 7 M �, respectively. The gravitational 
oftening lengths for dark matter and stars is of 1.0 h −1 kpc for
NG300 and 0.5 h −1 kpc for TNG100. The IllustrisTNG suite 
as run using the Planck Collaboration XIX ( 2016 ) cosmology, 
efined by the following cosmological parameters: �m 

= 0.3089, 
b = 0.0486, �� 

= 0.6911, H 0 = 100 h km s −1 Mpc −1 , h =
.6774, spectral index n s = 0.9667, and normalization σ 8 = 

.8159. 
The IllustrisTNG suite presents excellent agreement with impor- 

ant observational constraints such as the galaxy colour bimodality 
t low redshift (Nelson et al. 2018a ), the galaxy clustering at
 = 0.1 (Springel et al. 2018 ), the stellar mass content of galaxy
lusters (Pillepich et al. 2018b ), the black hole–stellar mass relation 
Weinberger et al. 2018 ), and the mass–metallicity evolution of 
alaxies (Torrey et al. 2019 ). 

In the more specific context of this work, IllustrisTNG has shown 
ood agreement with several CGM and IGM properties reported 
rom observations, which underpins the scientific relevance of our 
nalysis. Nelson et al. ( 2018b ) pro v e that the O VI content in the
GM and IGM is in good agreement with COS-Halos (Tumlinson 
t al. 2011 ). Also, Truong et al. ( 2020 ) perform a complete analysis
f the X-ray emission from diffuse, hot, metal-enriched gas with 
NG50 and TNG100. Their results demonstrate that the IllustrisTNG 

uite is consistent with observed X-ray luminosity emitted by late- 
nd early-type galaxies. Other works such as Davies et al. ( 2020 )
nd Terrazas et al. ( 2020 ) explore gas properties in the CGM,
uggesting a strong correlation with the specific star formation rate 
f the galaxies. Nelson et al. ( 2019 ) investigate the outflows and
ynamics of gas, whereas Nelson et al. ( 2020 , 2021 ) focus on the
old gas in the CGM through Mg II co v ering fractions in luminous red
alaxies. Finally, Torrey et al. ( 2019 ) pro v e that the IllustrisTNG suite
ncludes a comprehensive feedback model that widely distributes the 
etal budget into different gas phases. All these results make us

onfident that the IllustrisTNG simulation is suitable for the goal of 
his work. 

In the first part, we make use of the gravitationally bound dark
atter haloes from each simulation. In the Illustris and IllustrisTNG 

imulations, haloes are identified using a friends-of-friends (FOF) 
lgorithm that adopts a linking length of 0.2 times the mean 
nterparticle separation (Davis et al. 1985 ). We characterize the mass
f the dark matter haloes using M 500c , defined as the mass enclosed
ithin a sphere of radius R 500c (i.e. the radius at which the enclosed
ensity equals 500 times the critical density). The total baryonic 
ass of each halo is also computed within a sphere of radius R 500c ,

eferred to as M 500,baryon . 
.2 Cosmic web and gas-phase classifications 

e use the comoving local dark matter density to identify different
osmic web environments in the simulations, following the method- 
logy of Haider et al. ( 2016 ). 3 In this work, the comoving local dark
atter density ( ρdm 

) of each gas cell is estimated as the standard
ubic spline smoothed particle hydrodynamics (SPH) kernel o v er a
adius enclosing 64 ± 4 dark matter particles. 4 Our criteria to define
nvironments are the following. 

(i) Haloes (or knots) are regions where ρdm 

> 57 ρcrit,0 . This
hreshold corresponds approximately with the local density of a dark 

atter halo at its virial radius, 5 assuming a Navarro–Frenk–White 
ensity profile (Navarro, Frenk & White 1997 ). 
(ii) Filaments are defined as regions with local dark matter density

dm 

= 0.1–57 ρcrit,0 . This definition encloses also the concept of 
heets (see Fig. A1 for further details). 

(iii) Voids correspond to regions with ρdm 

< 0.1 ρcrit,0 .

Fig. 1 illustrates the criteria adopted to identify the cosmic web
omponents in a slice of the TNG100 box at z = 0, 2, and 6. Voids,
laments, and haloes are shown in white. The right-hand panel shows

he local dark matter density for the same slice. The efficiency of our
ethod in terms of tracing cosmic web structures has been shown in

e veral other pre vious analyses (Sousbie, Pichon & Kawahara 2011 ;
autun, van de Weygaert & Jones 2013 ; Cautun et al. 2014 ). Note that

his approach yields a cosmic web classification in agreement with 
hat derived from tidal fields, for redshifts z � 4, as shown in Martizzi
t al. ( 2019 ). As stated by the authors, the main difference between
hese two approaches is the smoothing scales adopted. While our 
ethod employs a density field smoothed by the local SPH kernel

i.e. spheres of radius ∼1–20 kpc h −1 at z = 0), the method based
n the deformation tensor uses larger smoothing scales, of typically 
–6 Mpc h −1 . As a consequence, the local dark matter density field
ethod is more subject to small-scale fluctuations. As shown in 
g. 3 of Martizzi et al. ( 2019 ), the structures that are more likely

o be affected by the smoothing length variations are the voids. At
edshift z � 4, the local dark matter density is typically ∼�m 

ρcrit

0.1 ρcrit , which implies that most of the mass will be assigned
o filaments and haloes, rather than voids. At redshift z � 4 the
wo methods present similar trends for the different cosmic web
tructures. Finally, Libeskind et al. ( 2018 ) present a further analysis
f the variations in the mass fractions for each cosmic structure based
n different classification methods. As stated in Martizzi et al. ( 2019 ),
he differences found between the local dark matter density and the
idal deformation tensor approach are not larger than the deviations
resented in Libeskind et al. ( 2018 ) for a total of 12 different methods.

To investigate the different gas components, we follow the same 
lassification introduced by Dav ́e et al. ( 2001 ) and Haider et al.
 2016 ), based on the comoving gas density, ρgas , and temperature, T ,
f each gas cell. Four different gas phases are defined in the following
ay. 

(i) Diffuse gas , when ρgas < 1000 ρcrit,0 �b and T < 10 5 K. This
as phase is mainly composed of neutral gas located in the IGM. 
MNRAS 510, 399–412 (2022) 
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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 panels, 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. 
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M

(ii) Condensed gas , when ρgas > 1000 ρcrit,0 �b and T < 10 5 K. It
elects the gas in star-forming regions and located in the interstellar
edium (ISM). 
(iii) WHIM gas , when 10 5 < T < 10 7 K. This gas-phase region

epresents the CGM and hot gas in low-density regions located
ainly in the IGM. 
(iv) Hot gas , when T > 10 7 K. This component is mainly

omposed of shock-heated gas near massive haloes. 

As explained by Martizzi et al. ( 2019 ) and Torrey et al. ( 2019 ),
llustrisTNG displays an artificial curvature in the gas-phase diagram
n the low-density and low-temperature regime, due to a minor
umerical heating associated with the expansion of gas in low-density
NRAS 510, 399–412 (2022) 
nvironments. Following the aforementioned papers, we adopt a
emperature correction to the gas with density ρ < 10 −6 cm 

3 , in order
o ensure that it follows an adiabatic equation of state, T ∝ ργ − 1 . We
ote, nevertheless, that these corrections do not impact the results of
his work in any significant way. 

.3 Ion abundances 

o compute the fraction of each element in the ionization state of
nterest, we use the tables developed by Bird et al. ( 2015 ). 6 The

art/stab3281_f1.eps
https://github.com/sbird/cloudy_tables
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ables were created using CLOUDY version 13.02 (Ferland et al. 2013 )
nd calculating both collisional and photoionization processes in 
onization equilibrium, exposed to a uniform ultraviolet background 
UVB; Faucher-Gigu ̀ere et al. 2009 ). CLOUDY was run in single-
one mode adopting constant density and temperature for each gas 
lement. Thus, thermal structures on scales smaller than the gas 
ells are neglected. CLOUDY also adopts a frequency-dependent self- 
hielding from UVB at high densities using the fitting function of
ahmati et al. ( 2013 ) and solar abundances from Grevesse et al.
 2010 ). No local radiation sources are considered for running the
ables. 

The tables computed by Bird et al. ( 2015 ) co v er a density range of
7.0 < log 10 ( n H [cm 

−3 ]) < 4.0 and temperatures 3.0 < log 10 ( T [K])
 8.6, assuming a metallicity of Z = 0.1Z �. 7 For a given redshift,

he ionized fraction of a species in a gas cell is selected from the
abulated values according to its temperature and density. The total

ass of a given ionized metal in each gas cell is computed as the
onized fraction selected multiplied by the gas cell mass.

We note that IllustrisTNG adopts a two-phase model for star- 
orming gas cells (Springel & Hernquist 2003 ). This assumption 
ffects the abundance of the species in high-density and low- 
emperature regions. To correct the effect of subgrid physics, previous 
tudies either place the star-forming cells to T = 10 3 K (see e.g.
elson 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-
orming gas cell temperatures provided by the simulation, since they 
o not generate substantial changes in the results and conclusions of
ur analysis. 
In this work, we study the following species: C II , C IV , Mg II ,
 V , Ne VIII , O VI , and Si IV . Each one of these metals maps different

egions of the LSS of the Universe. Here we summarize the main
roperties reported in the literature for each case. Mg II in emission
nd absorption is typically detected in star-forming galaxies and 
lanetary nebulae (Rubin et al. 2010 ; Chen et al. 2017 ; Feltre et al.
018 ), and has shown to be a good tracer of star-forming regions and
old gas around galaxies (typically at T ∼ 10 4 K; e.g. Bond et al.
001 ; Steidel et al. 2002 ; Bouch ́e et al. 2007 , 2016 ; Weiner et al.
009 ; Chen et al. 2017 ). In addition, different works have associate
g II absorption systems with galactic haloes (see e.g. Lanzetta & 

owen 1990 ). Mg II has an ionization potential of 15.03 eV. C II is a
ood tracer of dense and low-temperature gas ( n H = 10 2 –10 3 cm 

−3 ,
 ∼ 10 4 K, and ionization potential of 24.38 eV), associated with 
alactic haloes as well. It is also a star formation rate tracer and a
ajor coolant for neutral atomic gas in the ISM (Stacey et al. 1991 ,

010 ; Wolfire et al. 2003 ; Herrera-Camus et al. 2015 ). C IV is a tracer
f enriched gas in the IGM (with n H ∼ 10 −1 cm 

−3 and ionization
otential of 64.49 eV). It is also mentioned as a good tracer of hot
as located in shock-heated regions and CGM (Cooksey et al. 2010 ;
’Odorico et al. 2010 ; Bouch ́e et al. 2016 ; Danforth et al. 2016 ;
hen et al. 2017 ). Si IV in absorption is a strong doublet of Si and a
ood tracer of α-elements and young metals. Si IV has an ionization
otential of 45.14 eV, and is also typically present in high-density gas
louds (Cooksey et al. 2011 ). Ne VIII is mainly found in regions of
as at low densities and high temperatures ( T ∼ 10 5 –10 6 K and n H �
0 −4 K; e.g. Meiring et al. 2013 ; Burchett et al. 2019 ). Ne VIII has an
onization potential of 239.09 eV. N V has been shown to be a good
 As stated by Nelson et al. ( 2018b ) the dependence of metallicity on the 
raction of the ionized metals is minor. For this reason and following the 
ame criterion as Bird et al. ( 2015 ), the tables were computed using 1/10 of 
he solar metallicity. 
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racer of the warm–hot CGM (Danforth & Shull 2008 ), and has an
onization potential of 97.89 eV. O VI is a well-known tracer of warm–
ot gas in low-dense regions, typically located in galactic haloes and
he CGM (at T � 2 × 10 4 K; e.g. Werk et al. 2014 ; Roca-F ̀abrega
t al. 2019 ), with an ionization potential of 138.12 eV. These features
epresent only a partial summary of each of the ionized metals studied 
n this work. We refer to the aforementioned references for further
etails. 

 RESULTS  

he results presented in this work address two main aspects that
re rele v ant to the missing baryons problem. First, we discuss the
aryonic mass fraction (gas and stars) within dark matter haloes, 
s an extension of the results presented by Haider et al. ( 2016 ) for
llustris and Martizzi et al. ( 2019 ) for IllustrisTNG (Section 3.1).
he second part explores the distribution of ionized metals in the
osmic web (Section 3.2) and in the density–temperature phase space 
Section 3.3) across cosmic time. 

.1 Baryon mass fraction in haloes 

he baryon mass fraction is computed as the total baryonic mass
ithin the radius at which the density is equal to 500 times the

ritical density, M 500,baryons , normalized by the relative cosmological 
alue, i.e. [ �b / �m 

] M 500c . Fig. 2 presents the baryon mass fraction as a
unction of the halo mass at z = 0, for haloes with M 500c > 10 9 M �. To
nalyse the impact of resolution and subgrid models, Fig. 2 displays
he results obtained for Illustris, TNG100, and TNG300. We split 
he contribution from stars, hot gas ( T > 10 5 K), and cold gas ( T <

0 5 K) and compare them with the observational data from McGaugh
t al. ( 2010 ) and Gonzalez et al. ( 2013 ). Our results show that the
aryonic mass fractions of TNG100 and TNG300 follow similar 
rends for almost the entire halo mass range under analysis, with
ifferences mostly caused by resolution/volume effects. Namely, 
NG300 is able to reproduce the observations for massive clusters 
 M 500c > 10 13 M �), reaching values between 0.75 and 1 for the
aryon fraction (gas and stars) and 0.1 and 0.3 for the stellar fraction.
he TNG100 box reproduces well the observations for clusters with 
asses abo v e 10 13 M � and up to 2 × 10 14 M �. The very massive end

s not accessible in TNG100 due to its small size, which explains the
rtificial drop in the baryonic fraction shown for the largest clusters
n Fig. 2 . As shown also in Genel et al. ( 2014 ) and Haider et al.
 2016 ), the Illustris simulation is unable to reproduce the observed
otal baryon fraction in massive clusters above M 500c � 10 13 M �. 

For haloes with masses M 500c < 10 13 M �, the stellar mass fractions
f TNG100 and TNG300 are in reasonable agreement with the 
bservational constraints reported by McGaugh et al. ( 2010 ). The
issing baryon problem from observational data manifests itself 

n the vanishing baryonic mass fraction below M 500c � 10 12 M �.
he simulated haloes from the three boxes display , conversely , a
igh baryon mass fraction for low-mass haloes, reaching six times 
he observed fraction in the TNG300 box and 20 times in the
llustris simulation at ∼5 × 10 10 M �, respectively. It is noteworthy,
o we ver, that observ ational estimates might be se verely af fected by
ncertainties: current observations are not able to detect the different 
as phases within haloes in the way we do in simulations. In fact,
ore recent measurements of the baryonic mass fraction for haloes 
ith masses around 10 12 M � from the COS-Halos surv e y claim
 significantly higher value (45 per cent), suggesting as well that
t least half of the previously reported missing baryons might be
ocated in the CGM (Werk et al. 2014 ). The comparison presented
MNRAS 510, 399–412 (2022) 
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Figure 2. Baryon fraction as a function of the dark matter halo mass ( M 500c ). We compute the baryon and dark matter mass within R 500c at z = 0 for Illustris 
(dashed lines), TNG100 (solid lines), and TNG300 (dotted lines). We compare our results with observational data from McGaugh et al. ( 2010 ) (baryons: black 
squares; stars: grey triangles) and Gonzalez et al. ( 2013 ) (grey diamonds). The observational results from McGaugh et al. ( 2010 ) belong to a set of galaxies 
(from dwarf to clusters) for which the baryonic and stellar fractions were computed according to the gas and stellar dynamics. As stated by McGaugh et al. 
( 2010 ), a significant gas fraction might be hidden in a state unable to be detected, suggesting that the reported fraction is incomplete. The observational data 
from Gonzalez et al. ( 2013 ) correspond to the hot gas from 12 galaxy clusters. 
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Figure 3. Evolution of the mass fraction within dark matter haloes for 
TNG100 (solid lines), TNG300 (dotted lines), and Illustris (dashed lines). 
We show the mass fraction of dark matter (black lines), baryons (green lines), 
and the contribution from gas (cyan lines) and stars (yellow lines). Each of 
these fractions is computed by normalizing its respective total mass in each 
simulated volume. 

M

n Fig. 2 must therefore be taken with caution, since it is subject to
ncertainties in the observational constraints that are not necessarily
ccounted for by the reported errors. 

The general agreement between TNG100 and TNG300 in Fig. 2
s expected since both simulation boxes use the same subgrid model.
his is not the case for Illustris, which explains the differences
ith respect to the aforementioned IllustrisTNG boxes. In particular,
revious reports have identified sev eral cav eats in the Illustris stellar
nd AGN feedback models (Genel et al. 2014 ; Haider et al. 2016 ;
illepich et al. 2018a ). The consequences of these issues are actually
oticeable in Fig. 2 : the stellar feedback model in Illustris is not
fficient in removing gas in dark matter haloes below 10 12 M �, while
he radio-mode AGN feedback produces strong outflows mainly in
aloes abo v e 10 12.5 M �. These processes have been revised in the
pdated IllustrisTNG model, where AGN feedback is now described
n terms of low- and high-accretion states that account for kinetic
nd thermal feedback. For haloes with M 500c < 10 12 M �, supernova
eedback prevents star formation and remo v es gas through an updated
odel for galactic winds. 
We proceed now to address the redshift evolution of the mass

ractions. These results are shown for haloes in Illustris, TNG100,
nd TNG300 in Fig. 3 . The mass fraction is computed for dark matter,
aryons (split also in gas and stars), and the full mass (baryons and
ark matter), normalized by its respective total mass for each case.
e find that dark matter mass in haloes increases with time for the

hree boxes, with values that range from ∼5–7 per cent at z = 6
o ∼40–55 per cent at z = 0. The same behaviour is, as expected,
NRAS 510, 399–412 (2022) 
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Figure 4. Mass distribution as a function of the local dark matter density, normalized by the mean density for TNG100 (solid lines) and TNG300 (dotted lines) 
at z = 0 and 2. The dashed vertical lines indicate the boundaries between the voids, filaments, and haloes. 
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ound for the full mass fraction, since dark matter dominates the 
ass budget of haloes. 
The baryon fraction in haloes shows a different behaviour in 

llustris as compared to IllustrisTNG at z < 2. The difference lies
n the gas fraction: while TNG100 and TNG300 show a monotonic 
ncrease as the redshift decreases, Illustris presents an artificial drop 
n the gas fraction. As stated by Haider et al. ( 2016 ), the decrease in
he gas fraction is connected with the time that the radio-mode AGN
eedback becomes o v erly efficient at expelling gas from the inner
egions to the outskirts. As Fig. 3 demonstrates, the updated AGN 

eedback model in IllustrisTNG alleviates this problem. 
The results presented in this section demonstrate that IllustrisTNG 

rovides better agreement with observations than Illustris, which is 
 consequence of the impro v ed subgrid model of the former. In the
ext section, we will go a step further and investigate the large-scale
istribution of ionized metals. 

.2 Ionized metals in the cosmic web 

e begin by analysing the performance of the method adopted to 
race the cosmic web (described in Section 2.2). Fig. 4 shows the
istribution of the mass fraction of baryons, stars, metals, 8 and dark 
atter at z = 0 and 2 in TNG100 and TNG300, as a function of the

omoving local dark matter density normalized by its mean density 
i.e. ρdm 

/ ̄ρdm 

, where ρ̄dm 

= �dm 

ρcrit,0 ). Dotted vertical lines indicate 
he criterion to define voids ( ρdm 

< 0.1 ρcrit,0 ), filaments ( ρdm 

= 0.1–
7 ρcrit,0 ), and haloes ( ρdm 

> 57 ρcrit,0 ). 
From the comparison of the two panels of Fig. 4 , we find that
etals slightly mo v e from high-density to low-density re gions as the

edshift decreases. This is probably a consequence of the outflows 
nd chemical enrichment produced by the stellar and AGN feedback 
rocesses, which tend to transport enriched gas from haloes to voids 
nd filaments. Conversely, dark matter is unaffected by baryonic 
rocesses on large scales. It continues assembling and condensing 
n filaments and haloes, as Fig. 4 demonstrates. Good agreement is
gain found between the distributions obtained with TNG100 and 
NG300, confirming that resolution does not affect the results and 
ain conclusions of this work in any significant way. For simplicity, 
 The mass fraction of metals (which in turn represents a portion of the 
aryons) is computed by selecting all the metal elements heavier than He. 

A  

a  

t  

p

he analysis of the ionized metals is presented in what follows only for
he higher resolution TNG100 box, since similar trends are obtained 
or the TNG300 box. Finally, the cosmic evolution of the total
aryonic budget in IllustrisTNG is discussed in detail in Martizzi 
t al. ( 2019 , 2020 ) and is out of the scope of this work. We re vie w
ome of the main features in Fig. A1 . 

Fig. 5 displays the distribution of our set of ionized metals as a
unction of the local dark matter density normalized by its mean
ensity, ρdm 

/ ̄ρdm 

, at z = 0 and 2 for TNG100. The fraction of ions
re computed as the mass of each ion normalized by its total mass at a
xed local dark matter density. Again, dotted vertical lines represent 

he criterion to define voids, filaments, and haloes. Our results show
hat C II , Mg II , and Si IV are significantly more abundant in haloes
han in filaments and voids, both at z = 2 and 0. At z = 2 these three
ons concentrate in haloes with local dark matter densities around 
dm 

/ ̄ρdm 

∼ 10 4 –10 5 . At z = 0, the distribution remains in the same
ange for Mg II and C II but splits into two peaks at low and very
igh densities for Si IV . O VI , C IV , Ne VIII , and N V tend to mo v e
rom haloes and filaments at z = 2 to voids and filaments at z = 0
to wards lo wer density regions in general). These ions display a peak
n their fractions for local dark matter densities of ρdm 

/ ̄ρdm 

∼ 10 –10 2 

t z = 0. Fig. 5 also shows a bimodal distribution for C IV and N V

t z = 2, reflecting the presence of collisionally ionized gas in dense
egions. The same result is found for Si IV at z = 0. These features,
o we ver, must be interpreted with caution, since they are produced by
onized metals in star-forming gas cells (see Section 2.3). In order to
nvestigate the impact of the subgrid model on the mass distributions,
e have replaced the tabulated temperature of the star-forming cells 
y a fixed value of 10 3 K (based on other recent analyses; Nelson
t al. 2021 ). We have checked that imposing this v alue ef fecti vely
emo v es the double peak in C IV , N V , and Si IV , while maintaining
he o v erall shape of the mass distributions displayed in Fig. 5 . 

To investigate in more detail the evolution of each ion, Fig. 6
hows the mass fraction for each ionized metal in voids, filaments,
nd haloes normalized by the total mass of each ion at z = 0 (i.e.
 ion = M X , z / M X , z = 0 ) for the redshifts z = 0–6. Using f ion allows
s to trace the evolution of the mass budget with redshift in an
f fecti ve way since the abundance of metals increases with time.
t first glance, our results show that most of the mass budget for

ll the ionized metals under analysis is either in filaments or haloes
hroughout the entire redshift range considered. Ho we ver, each one
resents different properties and evolution across cosmic time. We 
MNRAS 510, 399–412 (2022) 
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Figure 5. Fraction of ions, as a function of the local dark matter density at z = 2 (left-hand panel) and z = 0 (right-hand panel), for TNG100. The fraction of 
ions is computed as the mass at a fixed local dark matter density, normalized by the total mass of each ion. The local dark matter density is also normalized by 
the mean dark matter of the simulated box. Vertical black dotted lines represent the criterion adopted to identify the haloes, filaments, and voids. The double 
peak of C IV and N V at z = 2, and of Si IV at z = 0 must be interpreted with caution, since these peaks are produced by star-forming gas affected by the subgrid 
physics of the simulation (see Section 2.3). 

Figure 6. Fraction of the ionized metals as a function of redshift, split in voids, filaments, and haloes for TNG100. It is computed as the total mass of each 
ionized metal at a given redshift normalized by its total mass budget at z = 0, (i.e. f ion = M X , z / M X , z = 0 ). 
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ow proceed to analyse the contribution of the ions to the mass
udget in each cosmic web region. In voids, the highest contribution
elongs to O VI and Ne VIII , but N V and C IV are also present. All of
hese ions increase their mass fractions towards lower redshift. C II ,

g II , and Si IV are not found in this cosmic web environment. 
For filaments, O VI , N V , and Ne VIII show a similar and significant

ncrease of their mass fractions as redshift decrease, of a factor ∼60
rom z = 6 to z = 0. We note that most of the mass budget for Ne VIII

nd O VI is located in this region of the cosmic web. Their large
bundance in filaments has been reported by previous observational
nd numerical studies, showing that O VI is an excellent tracer of
lamentary diffuse and warm gas between clusters (see e.g. Tepper-
arc ́ıa et al. 2011 ; Tejos et al. 2016 ; Nicastro et al. 2017 , 2018 ;
arra et al. 2021 ; Strawn et al. 2021 ). This characteristic makes O VI

rguably one of the best ‘footprints’ of missing baryons together
ith O VII and O VIII . The evolution of the mass fractions for O VI ,
 V , and Ne VIII is determined by the chemical enrichment of the
as due to stellar evolution and feedback, together with virial shock
NRAS 510, 399–412 (2022) 
eating increasing its temperature (see e.g. Tepper-Garc ́ıa et al. 2011 ;
aerman, Sternberg & McKee 2017 ). It is also noteworthy that the
ass fractions of C IV and Si IV in filaments are roughly flat, showing

lmost no redshift dependence. Finally, the contribution of C II and
g II is only visible, although tiny ( < 1 per cent ), at low redshift,

round z ∼ 0–2. 
Fig. 6 shows that haloes contain all ionized metals o v er the entire

edshift range, albeit in different proportions. Interestingly, two
ifferent behaviours are observed for the set of ions investigated.
hile all metals begin increasing their fractions at high redshift,

i IV , C IV , N V , and O VI seem to reach their peak abundances around
 ∼ 2, which roughly coincides with the peak of the cosmic star
ormation rate. At lower redshifts, the evolution of these ions either
talls or their abundances actually drop. Conversely, the fractions
f C II and Mg II continue rising to wards lo wer redshift and only
eem to reach a plateau, if anything, at z = 0. At face value, these
esults indicate that Si IV , C IV , N V , and O VI in haloes are strongly
ffected by stellar and AGN feedback mechanisms, together with
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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 Mg II , Ne VIII , N V , O VI , 
Si IV , C II , and C IV . Black dashed lines demarcate the gas phases adopted in this work (hot, WHIM, diffuse, and condensed). 
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as recycling and radiative cooling. While the total mass budget of
ach metal increases with time, the ionization species are influenced 
y gas cooling and star formation in dense regions. The contribution 
f all these effects together may explain the cosmic evolution of the
ass fractions for Si IV , C IV , N V , and O VI in haloes. 

.3 Ionized metals in density–temperature phase space 

e proceed now to investigate the distribution of ionized metals 
n the different gas phases. Fig. 7 shows the mass fraction of gas
f the total baryonic mass in the density–temperature diagram for 
NG100 at z = 0, 0.1, 1, and 2. Vertical and horizontal lines
emarcate the different gas-phase regions adopted. We start by 
nalysing the evolution of the diffuse phase, typically associated 
ith the intergalactic low-dense and low-temperature gas. Our results 

ndicate that this gas phase comprises 75.3 per cent of the gas at z =
, a fraction that decreases significantly, to 37.3 per cent, at z =
. In addition, the comparison of the different panels shows that a
arge amount of diffuse cold gas increases its temperature with time,

oving to the WHIM and hot phases. This is a consequence of the
ifferent feedback mechanisms and galactic outflows heating and
onizing the gas that reaches the ICM and IGM.
Both the WHIM and hot-gas phases display an increase in the
ass fraction with time. The WHIM phase makes up 17.8 per cent

f the total gas at z = 2, reaching 46.6 per cent at z = 0. On the other
and, only 0.2 per cent of the gas is located in the hot phase at z = 2,
hile this fraction rises to 6.8 per cent at z = 0. The mass fractions

or the different gas phases from z = 6 to z = 0 are listed in Table 1 .
e note that a comparison with previous works is difficult since

he definitions of gas phases vary in the literature – the definition
hosen for this work follows the one adopted in Haider et al. ( 2016 ).
egardless of the definitions employed, our results are qualitatively 

n good agreement with previous findings (e.g. Rahmati et al. 2013 ;
ppenheimer et al. 2016 ). 
The contours in Fig. 7 represent the regions enclosing 80 per

ent of the total mass for each ionized metal. Particularly interesting
n the context of the missing baryons problem is the evolution of
e VIII , O VI , and N V , which remain excellent tracers of the WHIM

nd diffuse gas throughout the redshift range considered. A fraction 
f these ions residing in diffuse gas at high redshift are in fact
rogressively pushed towards the WHIM gas phase by shock-heating 
nd feedback processes that tend to increase gas temperature (this is
articularly evident for Ne VIII ). Also, a significant fraction of C IV

s located in the diffuse and WHIM gas phases. As expected, Si IV ,
MNRAS 510, 399–412 (2022) 
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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 = 5 z = 6 

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 3.45 × 10 −5 3.12 × 10 −6 4.08 × 10 −8
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g II , and C II are, on the other hand, good tracers of the condensed
as up to high redshift. 

Finally, Fig. 8 provides a complete summary of the main results
resented in this paper regarding the cosmic evolution of ionized
etals. The figure displays the mass fraction normalized by the total
ass of each ion at z = 0 ( f ion , defined as in Fig. 6 ) in condensed,

iffuse, WHIM, and hot gas as a function of redshift and cosmic web
nvironment. In the remainder of this section, we will describe the
ain features found. 
For condensed gas, our results show that the abundance of C IV ,

e VIII , N V , O VI , and Si IV typically increases from early on, peaking
t z ∼ 2. The trends found for these ionized metals resemble the
volution of the cosmic star formation rate, and it can be explained
s a direct consequence of the chemical enrichment from different
eedback mechanisms together with gas cooling and metal recycling
n dense regions (Pillepich et al. 2018a ). On the other hand, C II and

g II continue growing in mass up to z = 0 (see Fig. 8 a). 
When the cosmic web environments are taken into account, we

nd that the mass fractions at z = 0 in the condensed gas phase in
aloes are 0.99 for C II and Mg II , while a value of 0.75 is measured
or Si IV (Fig. 8 d). Our results indicate that these metals are mostly in
igh-density and low-temperature regions. The mass fractions for the
emaining ions in the condensed gas phase are distributed in haloes
nd filaments. As an example, C IV in condensed gas phase has a
ass fraction of ∼0.1 in haloes and ∼0.005 in filaments at z = 0. 
The connection between haloes and the condensed phase is

asily understood, since both criteria map the densest and lowest
emperature regions of the Universe. These findings are in line with
revious works. As an example, Mg II has shown to be abundant
n galactic haloes of luminous and massive galaxies, thus tracing
he gas in transition between the IGM and the ISM. These are
ondensed and low-temperature gas regions, suggesting that Mg II
s indeed a good tracer of star formation, galactic outflows, and
ccreted gas (see e.g. Steidel et al. 2002 ; Zibetti et al. 2007 ; Weiner
t al. 2009 ; Rubin et al. 2010 , 2012 ; Martin et al. 2012 ; Dutta et al.
020 ; Anand, Nelson & Kauffmann 2021 ). It is also noteworthy
hat results obtained for the condensed phase should be treated with
aution since numerical codes do not resolve properly the high-
ensity low-temperature gas, due to a transition in subgrid scaling
or cooling and mass flow (see Vogelsberger et al. 2014 ; Chen et al.
017 ). Finally, we note that all the ionized metals in condensed
as in voids are modelled with less than 10 4 cells o v er the entire
NG100 volume, resulting in a stochastic behaviour for the trends.
o indicate this caveat, we use blue faint lines for condensed gas in
ig. 8 (b). 
A significant amount of C IV , N V , O VI , and Si IV is measured

n a diffuse gas phase ( f ion = 0.48, 0.32, 0.23, and 0.17 at z =
, respectively). In particular, the mass fractions of N V and O VI

ncrease as redshift decreases. Conversely, Mg II and Si IV present
 significant drop in their diffuse gas mass fractions around z ∼ 2,
ollowed by a subsequent increase (a factor of ∼10 2 of difference for
he mass fractions between these redshifts). This might indicate that a
raction of the latter in diffuse gas is accreted to high-density regions,
NRAS 510, 399–412 (2022) 
hifting to the cold phase at z ∼ 2 and progressively moving to low-
ense regions due to stellar winds after the star formation peak. C II

hows a nearly constant mass fraction of the order of ∼10 −5 for
iffuse gas between z = 6 and 2, increasing to wards lo w redshifts
nd reaching a fraction of ∼0.007 at z = 0 (Fig. 8 a). 

As for the WHIM phase, the mass fractions of C IV , Ne VIII , N V ,
nd O VI at z = 0 are 0.41, 0.91, 0.68, and 0.77, respectively (Fig. 8 a).
f we also consider the cosmic web environment, we find that for C IV

he mass fraction at z = 0 is ∼0.22 in haloes and ∼0.19 in filaments.
ost of Ne VIII in WHIM phase is in filaments ( f ion = 0.66 at z =

), while the fraction in haloes is ∼0.12 and in voids ∼0.13. Similar
ass fractions are also found for N V and O VI . Again, our results

onfirm that these ions are unique tracers of warm and low-density
as, where most of the missing baryons at low redshift are expected
o be stored. On the other hand, the mass fractions of C II , Mg II ,
nd Si IV in the WHIM phase are lower than those of the other ions
onsidered. These latter ions present a subtle increase with redshift
ith a maximum fraction at around z ∼ 2–3 and a turndown from z

2 to z = 0.
Finally, none of the ionized metals under analysis keep a large
ass reservoir in the hot phase. Namely, Ne VIII has a mass fraction

f 4 × 10 −4 at z ∼ 0, while for O VI the measured fraction is
2.4 × 10 −6 . The mass fractions are lower for C IV and N V , and

o contribution is found for C II , Mg II , and Si IV . Overall, the mass
udget in the hot-gas phase increases towards low redshift.

To summarize, we have shown that each ionized metal displays
omplex features, localizing its mass budget in different proportions
cross different gas phases and cosmic web environments. These
ndings are in agreement with previously reported numerical and
bservational measurements. Of particular importance in the context
f the missing baryon problem at low redshift are our results for O VI ,
 V , and Ne VIII as tracers of the WHIM and diffuse gas in filaments

see e.g. Cen & Ostriker 2006 ; Werner et al. 2008 ; Tepper-Garc ́ıa
t al. 2011 ; Rahmati et al. 2013 ; Werk et al. 2014 ; Nelson et al. 2018b ;
oca-F ̀abrega et al. 2019 ). In this context, Tepper-Garc ́ıa et al. ( 2011 )

nvestigated the physical properties of O VI absorbers at low redshift
n the OverWhelmingly Large Simulations (OWLS). Their results
uggest that the bulk of O VI mass is in gas with o v erdensities of
/ 〈 ρ〉 = 10 0.5 –10 2.5 , and temperatures in the range T = 10 4 –10 6 K.
ence, detectable O VI absorbers are good tracers of shock-heated
 v erenriched gas. Also Marra et al. ( 2021 ) investigated the enriched
as in the CGM around galaxies from the EAGLE simulation, finding
hat ions such as O VI and Ne VIII constitute a large fraction of gas
ith T ∼ 10 5.5 –10 7 K in massive systems. Burchett et al. ( 2019 )

tudied the CGM of 29 galaxies with masses M ∗ ∼ 10 9 –10 11 M �
t 0.49 < z < 1.44. Their results suggest that Ne VIII in CGM gas
ncompasses ∼6–20 per cent of the total baryonic mass. Also Tejos
t al. ( 2016 ) studied the gas in filaments connecting massive galaxy
luster pairs, showing that warm–hot gas (10 5 –10 6 K) is enhanced
ithin filaments.
In conclusion, the fact that O VI , N V , and Ne VIII are located in

laments in the WHIM and diffuse gas phases, together with the fact
hat a significant baryonic mass budget is in these phases at z = 0
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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 ( f ion = M ionized metal , z / M ionized metal ,z= 0 ) 
split by gas phase in diffuse (green), WHIM (red), condensed gas (blue), and hot gas (yellow). We also divide the sample according the cosmic web definition. 
From left to right: all the sample (v oids + filaments + haloes), v oids, filaments, and haloes. Faint lines are used for condensed gas in voids to indicate that the 
fractions are computed with less than 10 4 gas cells (see Section 3.3 for further details). The results correspond to the TNG100 box. 
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 > 70 per cent ), adds up to the growing evidence that these ionized
etals are good tracers of the missing baryons.

 SUMMARY  A N D  C O N C L U S I O N S  

nderstanding the evolution and distribution of metals on large 
cales provides information about the processes that regulate star 
ormation and gas dynamics within and around galaxies. Moreo v er, 
tudying these distributions allows us to map the baryons on large 
cales and thus shed light on the so-called missing baryon problem 

iscussed at low redshift. Current state-of-the-art hydrodynamical 
osmological simulations have improved the way they model and 
eproduce different observational tracers, providing an exceptional 
ool to track the evolution of baryons across cosmic time (see e.g.
en & Ostriker 1999 , 2006 ; Cen & Chisari 2011 ; Tepper-Garc ́ıa et al.
011 ; Oppenheimer et al. 2012 , 2016 ; Nelson et al. 2018b ; Martizzi
t al. 2019 , 2020 ; Roca-F ̀abrega et al. 2019 ; Marra et al. 2021 ;
trawn et al. 2021 ). Despite this success, even the most accurate
imulations producing self-consistent outflows also need calibration 
f their subgrid models. This, in turn, impacts the hydrodynamics 
f the gas and distribution of metals. Different works have indeed
onfirmed the impact that subgrid models have on the temperature 
istribution of the gas and its ionization state (see e.g. Cen & Chisari
011 ; Roncarelli et al. 2012 ; Oppenheimer et al. 2016 ). Hence,
MNRAS 510, 399–412 (2022) 
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aution must be e x ercised when comparing observational results
ith those obtained from hydrodynamical simulations. 
In this work, we investigate the large-scale distribution of ionized
etals in the IllustrisTNG simulation across cosmic time, from z = 6

o z = 0. To this end, we use two different simulation boxes with the
ighest resolution available for each size in the IllustrisTNG suite:
NG100, with side length 75 h −1 Mpc, and TNG300, spanning
05 h −1 Mpc. The IllustrisTNG suite represents a revised version
f the Illustris simulation, which, among other features, reproduces
he cosmic star formation rate, the galaxy stellar mass function,
nd includes updated prescriptions for the chemical yields – all
undamental elements for this work. 

With the aim of providing a revised vision of the missing baryon
roblem, we map the redshift evolution of seven ionized metals, C II ,
 IV , N V , Ne VIII , Mg II , O VI , and Si IV , in the cosmic web (haloes,
laments, and voids), and in the different gas phases (WHIM, hot,
iffuse, and condensed gas). The selected set of ionized metals
s chosen because they are commonly detected in observations.

oreo v er, the y are excellent tracers of the baryonic content on large
cales, mapping the cosmic web and the different gas phases. Our
ain results can be summarized as follows. 

(i) We find that the mass fraction of baryons in WHIM and hot-
as phases (with T > 10 5 K) increases significantly as the redshift
ecreases. Namely, the WHIM phase represents 17.8 per cent of the
as at z = 2, reaching 46.6 per cent at z = 0. These trends are a
onsequence of galactic outflows heating and shifting the gas from
igh-density to low-density regions in the ICM and IGM (Fig. 7 ). 
(ii) We show that each ionized metal maps different parts of

he density–temperature diagram and cosmic web environments.
urthermore, their total masses and distributions evolve with redshift
s a consequence of chemical enrichment due to star formation, and
GN and stellar feedback processes together with strong kinetic
utflows expelling enriched gas to the outer parts of the galaxy in the
GM. 

(iii) We find that most of the mass budget for C II and Mg II is in
aloes in the condensed gas phase (at z = 0 it represents 99 per cent
f the mass fraction of each of these ions). Our findings suggest that
 II and Mg II are excellent tracers of star-forming regions and the
as in transition between the IGM and the ISM (Fig. 6 ). 

(iv) Our findings show that C IV and Si IV present similar evolution
n their mass fractions. For instance, the mass budget in condensed
as in haloes resembles the cosmic star formation rate evolution, with
 maximum around z ∼ 2 (Fig. 8 d). This is explained by chemical
nrichment from stellar feedback combined with gas cooling in dense
tar-forming regions. At z = 0, the mass fraction for C IV and Si IV
n condensed gas inside haloes are ∼0.10 and ∼0.73, respectively.
he diffuse and WHIM-phase components of these ions show similar

rends. 
(v) For O VI , N V , and Ne VIII most of the mass budget is in

he WHIM phase in filaments. The mass fractions in these regions
ncrease as redshift decreases. In particular, for Ne VIII , we find a mass
raction of ∼0.91 in the WHIM at z = 0. When analysing different
osmic web environments separated, the mass fraction measured in
laments is ∼0.66, while values of ∼0.12 and ∼0.13 are obtained in
aloes and voids, respectively. Similar results are found for N V and
 VI (Fig. 8 ). These findings suggest that Ne VIII , N V , and O VI are

he best tracers of the low-density and warm/hot gas. 

Our results confirm that most baryons at low redshift are in low-
ensity regions and in the form of warm/hot gas. Among the different
onized metals considered, Ne VIII , N V , and O VI in filamentary
tructure emerge as the best tracers of this baryonic component. We
NRAS 510, 399–412 (2022) 
xpect that the predictions reported in this work can contribute to the
uest of unveiling the long-standing mystery of the missing baryons
n the local Universe. In this context, our results will hopefully serve
s an additional guide for upcoming surv e ys aimed at scanning the
osmic web through X-ray absorption spectroscopy with instruments
uch as the Athena Observatory . 

C K N OW L E D G E M E N T S  

e thank the anonymous referee for careful reading and constructive
omments that helped to impro v e the paper. MCA acknowledges
ylan Nelson and Annalisa Pillepich for useful comments. MCA

cknowledges financial support from the Austrian National Science
oundation through FWF stand-alone grant P31154-N27. ADM-D

hanks FAPESP for financial support. ADM-D also thanks FONDE-
YT for financial support through the FONDECYT Regular 2021
rant 1210612. SB was supported by NSF grant AST-1817256. FM
cknowledges support through the Program ‘Rita Levi Montalcini’
f the Italian MIUR. The computations in this paper were run on the
ASRC Odyssey cluster supported by the FAS Division of Science
esearch Computing Group at Harvard University. 

ATA  AVAI LABI LI TY  

he data underlying this paper will be shared on reasonable request
o the corresponding authors. 

EFERENCES  

bazajian K. N. et al., 2016, preprint ( arXiv:1610.02743 ) 
horanta J. et al., 2020, A&A , 634, A106 
nand A., Nelson D., Kauffmann G., 2021, MNRAS , 504, 65 
nderson M. E., Bregman J. N., 2010, ApJ , 714, 320 
ird S., Haehnelt M., Neeleman M., Genel S., Vogelsberger M., Hernquist

L., 2015, MNRAS , 447, 1834 
ond N. A., Churchill C. W., Charlton J. C., Vogt S. S., 2001, ApJ , 562, 

641 
ordoloi R. et al., 2014, ApJ , 796, 136 
ouch ́e N., Murphy M. T., P ́eroux C., Davies R., Eisenhauer F., F ̈orster

Schreiber N. M., Tacconi L., 2007, ApJ , 669, L5 
ouch ́e N. et al., 2016, ApJ , 820, 121 
regman J. N., 2007, ARA&A , 45, 221 
urchett J. N. et al., 2019, ApJ , 877, L20 
autun M., van de Weygaert R., Jones B. J. T., 2013, MNRAS , 429, 1286 
autun M., van de Weygaert R., Jones B. J. T., Frenk C. S., 2014, MNRAS ,

441, 2923 
en R., Chisari N. E., 2011, ApJ , 731, 11 
en R., Ostriker J. P., 1999, ApJ , 514, 1 
en R., Ostriker J. P., 2006, ApJ , 650, 560 
haves-Montero J., Hern ́andez-Monteagudo C., Angulo R. E., Emberson J.

D., 2021, MNRAS , 503, 1798 
hen S.-F. S. et al., 2017, ApJ , 850, 188 
hen H.-W. et al., 2020, MNRAS , 497, 498 
onnor T. et al., 2018, ApJ , 867, 25 
ooksey K. L., Thom C., Prochaska J. X., Chen H.-W., 2010, ApJ , 708,

868 
ooksey K. L., Prochaska J. X., Thom C., Chen H.-W., 2011, ApJ , 729, 87 
anforth C. W., Shull J. M., 2008, ApJ , 679, 194 
anforth C. W. et al., 2016, ApJ , 817, 111 
av ́e R. et al., 2001, ApJ , 552, 473 
avies J. J., Crain R. A., Oppenheimer B. D., Schaye J., 2020, MNRAS , 491,

4462 
avis M., Efstathiou G., Frenk C. S., White S. D. M., 1985, ApJ , 292, 

371 

http://arxiv.org/abs/1610.02743
http://dx.doi.org/10.1051/0004-6361/201935846
http://dx.doi.org/10.1093/mnras/stab871
http://dx.doi.org/10.1088/0004-637X/714/1/320
http://dx.doi.org/10.1093/mnras/stu2542
http://dx.doi.org/10.1086/323876
http://dx.doi.org/10.1088/0004-637X/796/2/136
http://dx.doi.org/10.1086/523594
http://dx.doi.org/10.3847/0004-637X/820/2/121
http://dx.doi.org/10.1146/annurev.astro.45.051806.110619
http://dx.doi.org/10.3847/2041-8213/ab1f7f
http://dx.doi.org/10.1093/mnras/sts416
http://dx.doi.org/10.1093/mnras/stu768
http://dx.doi.org/10.1088/0004-637X/731/1/11
http://dx.doi.org/10.1086/306949
http://dx.doi.org/10.1086/506505
http://dx.doi.org/10.1093/mnras/staa3782
http://dx.doi.org/10.3847/1538-4357/aa9707
http://dx.doi.org/10.1093/mnras/staa1773
http://dx.doi.org/10.3847/1538-4357/aae38b
http://dx.doi.org/10.1088/0004-637X/708/1/868
http://dx.doi.org/10.1088/0004-637X/729/2/87
http://dx.doi.org/10.1086/587127
http://dx.doi.org/10.3847/0004-637X/817/2/111
http://dx.doi.org/10.1086/320548
http://dx.doi.org/10.1093/mnras/stz3201
http://dx.doi.org/10.1086/163168


Large-scale distribution of ionized metals 411

D  

d

D
D
E
F
F  

F  

F
F
G  

G
G  

G
H  

H  

H  

H
H  

J
J  

K  

K  

L
L
L  

M  

M  

M  

M
M
M
M  

M
M

M  

M
N
N
N
N
N
N
N
N  

N

N
N
N  

N
O
O  

O
P
P
P
P
R

R  

R  

R
R  

R  

R  

S
S  

S
S  

S
S
S
S
S  

S  

S  

S
S  

S  

T
T  

T
T  

T
T  

T  

T
T
T
T  

T
T
T
T
V

eFelippis D., Bouch ́e N. F., Genel S., Bryan G. L., Nelson D., Marinacci F.,
Hernquist L., 2021, preprint ( arXiv:2102.08383 ) 

e Graaff A., Cai Y.-C., Heymans C., Peacock J. A., 2019, A&A , 624, 
A48 

’Odorico V., Calura F., Cristiani S., Viel M., 2010, MNRAS , 401, 2715 
utta R. et al., 2020, MNRAS , 499, 5022 
ckert D. et al., 2015, Nature , 528, 105 
aerman Y., Sternberg A., McKee C. F., 2017, ApJ , 835, 52 
ang T., Marshall H. L., Lee J. C., Davis D. S., Canizares C. R., 2002, ApJ ,

572, L127 
aucher-Gigu ̀ere C.-A., Lidz A., Zaldarriaga M., Hernquist L., 2009, ApJ ,

703, 1416 
eltre A. et al., 2018, A&A , 617, A62 
erland G. J. et al., 2013, Rev. Mex. Astron. Astrofis., 49, 137 
al ́arraga-Espinosa D., Aghanim N., Langer M., Tanimura H., 2021, A&A ,

649, A117 
enel S. et al., 2014, MNRAS , 445, 175 
onzalez A. H., Si v anandam S., Zabludof f A. I., Zaritsky D., 2013, ApJ , 778,

14 
revesse N., Asplund M., Sauval A. J., Scott P., 2010, Ap&SS , 328, 179 
aider M., Steinhauser D., Vogelsberger M., Genel S., Springel V., Torrey P.,

Hernquist L., 2016, MNRAS , 457, 3024 
attori S., Ota N., Zhang Y .-Y ., Akamatsu H., Finoguenov A., 2017, PASJ ,

69, 39 
ern ́andez-Monteagudo C., Ma Y.-Z., Kitaura F. S., Wang W., G ́enova-

Santos R., Mac ́ıas-P ́erez J., Herranz D., 2015, Phys. Rev. Lett. , 115, 
191301 

errera-Camus R. et al., 2015, ApJ , 800, 1 
ill J. C., Ferraro S., Battaglia N., Liu J., Spergel D. N., 2016, Phys. Rev. Lett. ,

117, 051301 
ohnson S. D., Chen H.-W., Mulchaey J. S., 2015, MNRAS , 449, 3263 
ohnson S. D., Chen H.-W., Mulchaey J. S., Schaye J., Straka L. A., 2017,

ApJ , 850, L10 
aastra J. S., Lieu R., Tamura T., Paerels F. B. S., den Herder J. W., 2003,

A&A , 397, 445 
irkman D., Tytler D., Suzuki N., O’Meara J. M., Lubin D., 2003, ApJS ,

149, 1 
anzetta K. M., Bowen D., 1990, ApJ , 357, 321 
ibeskind N. I. et al., 2018, MNRAS , 473, 1195 
im S. H., Barnes D., Vogelsberger M., Mo H. J., Nelson D., Pillepich A.,

Dolag K., Marinacci F., 2021, MNRAS , 504, 5131 
cGaugh S. S., Schombert J. M., de Blok W. J. G., Zagursky M. J., 2010,

ApJ , 708, L14 
cKernan B., Yaqoob T., Mushotzky R., George I. M., Turner T. J., 2003,

ApJ , 598, L83 
anuwal A., Narayanan A., Muzahid S., Charlton J. C., Khaire V., Chand

H., 2019, MNRAS , 485, 30 
arinacci F. et al., 2018, MNRAS , 480, 5113 
arkevitch M. et al., 2003, ApJ , 583, 70 
arra R. et al., 2021, ApJ , 907, 8 
artin C. L., Shapley A. E., Coil A. L., Kornei K. A., Bundy K., Weiner B.

J., Noeske K. G., Schiminovich D., 2012, ApJ , 760, 127 
artizzi D. et al., 2019, MNRAS , 486, 3766 
artizzi D., Vogelsberger M., Torrey P., Pillepich A., Hansen S. H., Marinacci 

F., Hernquist L., 2020, MNRAS , 491, 5747 
eiring J. D., Tripp T. M., Werk J. K., Howk J. C., Jenkins E. B., Prochaska

J. X., Lehner N., Sembach K. R., 2013, ApJ , 767, 49
roczkowski T. et al., 2019, Space Sci. Rev. , 215, 17 
aiman J. P. et al., 2018, MNRAS , 477, 1206 
andra K. et al., 2013, preprint ( arXiv:1306.2307 ) 
avarro J. F., Frenk C. S., White S. D. M., 1997, ApJ , 490, 493 
elson D. et al., 2018a, MNRAS , 475, 624 
elson D. et al., 2018b, MNRAS , 477, 450 
elson D. et al., 2019, Comput. Astrophys. Cosmol. , 6, 2 
elson D. et al., 2020, MNRAS , 498, 2391 
elson D., Byrohl C., Peroux C., Rubin K. H. R., Burchett J. N., 2021,

MNRAS, 507, 4445 
icastro F., 2018, preprint ( arXiv:1811.03498 ) 
icastro F., Mathur S., Elvis M., 2008, Science , 319, 55 
icastro F. et al., 2013, ApJ , 769, 90 
icastro F., Krongold Y., Mathur S., Elvis M., 2017, Astron. Nachr. , 338,

281 
icastro F. et al., 2018, Nature , 558, 406 
ppenheimer B. D., Dav ́e R., 2006, MNRAS , 373, 1265 
ppenheimer B. D., Dav ́e R., Katz N., Kollmeier J. A., Weinberg D. H., 2012,

MNRAS , 420, 829 
ppenheimer B. D. et al., 2016, MNRAS , 460, 2157 
ettini M., Ellison S. L., Steidel C. C., Bowen D. V., 1999, ApJ , 510, 576 
illepich A. et al., 2018a, MNRAS , 473, 4077 
illepich A. et al., 2018b, MNRAS , 475, 648 
lanck Collaboration XIX, 2016, A&A , 594, A19 
ahmati A., P a wlik A. H., Rai ̌cevi ́c M., Schaye J., 2013, MNRAS , 430, 

2427 
ahmati A., Schaye J., Crain R. A., Oppenheimer B. D., Schaller M., Theuns

T., 2016, MNRAS , 459, 310 
oca-F ̀abrega S., Valenzuela O., Col ́ın P., Figueras F., Krongold Y., Vel ́azquez

H., Avila-Reese V., Ibarra-Medel H., 2016, ApJ , 824, 94 
oca-F ̀abrega S. et al., 2019, MNRAS , 484, 3625 
oncarelli M., Cappelluti N., Borgani S., Branchini E., Moscardini L., 2012,

MNRAS , 424, 1012 
ubin K. H. R., Weiner B. J., Koo D. C., Martin C. L., Prochaska J. X., Coil

A. L., Newman J. A., 2010, ApJ , 719, 1503
ubin K. H. R., Prochaska J. X., Koo D. C., Phillips A. C., 2012, ApJ , 747,

L26 
avage B. D., Tripp T. M., Lu L., 1998, AJ , 115, 436 
charf C., Donahue M., Voit G. M., Rosati P., Postman M., 2000, ApJ , 528,

L73 
hull J. M., Smith B. D., Danforth C. W., 2012, ApJ , 759, 23 
ijacki D., Vogelsberger M., Genel S., Springel V., Torrey P., Snyder G. F.,

Nelson D., Hernquist L., 2015, MNRAS , 452, 575 
ousbie T., Pichon C., Kawahara H., 2011, MNRAS , 414, 384 
pringel V., 2010, MNRAS , 401, 791 
pringel V., Hernquist L., 2003, MNRAS , 339, 289 
pringel V. et al., 2018, MNRAS , 475, 676 
tacey G. J., Geis N., Genzel R., Lugten J. B., Poglitsch A., Sternberg A.,

Townes C. H., 1991, ApJ , 373, 423 
tace y G. J., Haile y-Dunsheath S., Ferkinhoff C., Nikola T., P arshle y S. C.,

Benford D. J., Staguhn J. G., Fiolet N., 2010, ApJ , 724, 957 
teidel C. C., Kollmeier J. A., Shapley A. E., Churchill C. W., Dickinson M.,

Pettini M., 2002, ApJ , 570, 526 
trawn C. et al., 2021, MNRAS , 501, 4948 
un yaev R. A., Zeldo vich Y. B., 1972, Comments Astroph ys. Space Ph ys., 4,

173 
uresh J., Rubin K. H. R., Kannan R., Werk J. K., Hernquist L., Vogelsberger

M., 2017, MNRAS , 465, 2966 
animura H. et al., 2019, MNRAS , 483, 223 
animura H., Aghanim N., Kolodzig A., Douspis M., Malavasi N., 2020,

A&A , 643, L2 
ejos N. et al., 2016, MNRAS , 455, 2662 
epper-Garc ́ıa T., Richter P., Schaye J., Booth C. M., Dalla Vecchia C.,

Theuns T., Wiersma R. P. C., 2011, MNRAS , 413, 190 
errazas B. A. et al., 2020, MNRAS , 493, 1888 
escari E., Viel M., D’Odorico V., Cristiani S., Calura F., Borgani S.,

Tornatore L., 2011, MNRAS , 411, 826 
heuns T., Viel M., Kay S., Schaye J., Carswell R. F., Tzanavaris P., 2002,

ApJ , 578, L5 
hom C., Chen H.-W., 2008, ApJS , 179, 37 
orrey P. et al., 2019, MNRAS , 484, 5587 
ripp T. M., Savage B. D., Jenkins E. B., 2000, ApJ , 534, L1 
ripp T. M., Sembach K. R., Bowen D. V., Savage B. D., Jenkins E. B.,

Lehner N., Richter P., 2008, ApJS , 177, 39 
ruong N. et al., 2020, MNRAS , 494, 549 
umlinson J. et al., 2011, Science , 334, 948 
umlinson J. et al., 2013, ApJ , 777, 59 
umlinson J., Peeples M. S., Werk J. K., 2017, ARA&A , 55, 389 
ogelsberger M. et al., 2014, Nature , 509, 177 
MNRAS 510, 399–412 (2022) 

http://arxiv.org/abs/2102.08383
http://dx.doi.org/10.1051/0004-6361/201935159
http://dx.doi.org/10.1111/j.1365-2966.2009.15856.x
http://dx.doi.org/10.1093/mnras/staa3147
http://dx.doi.org/10.1038/nature16058
http://dx.doi.org/10.3847/1538-4357/835/1/52
http://dx.doi.org/10.1086/341665
http://dx.doi.org/10.1088/0004-637X/703/2/1416
http://dx.doi.org/10.1051/0004-6361/201833281
http://dx.doi.org/10.1051/0004-6361/202039781
http://dx.doi.org/10.1093/mnras/stu1654
http://dx.doi.org/10.1088/0004-637X/778/1/14
http://dx.doi.org/10.1007/s10509-010-0288-z
http://dx.doi.org/10.1093/mnras/stw077
http://dx.doi.org/10.1093/pasj/psx011
http://dx.doi.org/10.1103/PhysRevLett.115.191301
http://dx.doi.org/10.1088/0004-637X/800/1/1
http://dx.doi.org/10.1103/PhysRevLett.117.051301
http://dx.doi.org/10.1093/mnras/stv553
http://dx.doi.org/10.3847/2041-8213/aa9370
http://dx.doi.org/10.1051/0004-6361:20021514
http://dx.doi.org/10.1086/378152
http://dx.doi.org/10.1086/168922
http://dx.doi.org/10.1093/mnras/stx1976
http://dx.doi.org/10.1093/mnras/stab1172
http://dx.doi.org/10.1088/2041-8205/708/1/L14
http://dx.doi.org/10.1086/380775
http://dx.doi.org/10.1093/mnras/stz195
http://dx.doi.org/10.1093/mnras/sty2206
http://dx.doi.org/10.1086/345347
http://dx.doi.org/10.3847/1538-4357/abd033
http://dx.doi.org/10.1088/0004-637X/760/2/127
http://dx.doi.org/10.1093/mnras/stz1106
http://dx.doi.org/10.1093/mnras/stz3418
http://dx.doi.org/10.1088/0004-637X/767/1/49
http://dx.doi.org/10.1007/s11214-019-0581-2
http://dx.doi.org/10.1093/mnras/sty618
http://arxiv.org/abs/1306.2307
http://dx.doi.org/10.1086/304888
http://dx.doi.org/10.1093/mnras/stx3040
http://dx.doi.org/10.1093/mnras/sty656
http://dx.doi.org/10.1186/s40668-019-0028-x
http://dx.doi.org/10.1093/mnras/staa2419
http://arxiv.org/abs/1811.03498
http://dx.doi.org/10.1126/science.1151400
http://dx.doi.org/10.1088/0004-637X/769/2/90
http://dx.doi.org/10.1002/asna.201713343
http://dx.doi.org/10.1038/s41586-018-0204-1
http://dx.doi.org/10.1111/j.1365-2966.2006.10989.x
http://dx.doi.org/10.1111/j.1365-2966.2011.20096.x
http://dx.doi.org/10.1093/mnras/stw1066
http://dx.doi.org/10.1086/306635
http://dx.doi.org/10.1093/mnras/stx2656
http://dx.doi.org/10.1093/mnras/stx3112
http://dx.doi.org/10.1051/0004-6361/201525821
http://dx.doi.org/10.1093/mnras/stt066
http://dx.doi.org/10.1093/mnras/stw453
http://dx.doi.org/10.3847/0004-637X/824/2/94
http://dx.doi.org/10.1093/mnras/stz063
http://dx.doi.org/10.1111/j.1365-2966.2012.21277.x
http://dx.doi.org/10.1088/0004-637X/719/2/1503
http://dx.doi.org/10.1088/2041-8205/747/2/L26
http://dx.doi.org/10.1086/300222
http://dx.doi.org/10.1086/312435
http://dx.doi.org/10.1088/0004-637X/759/1/23
http://dx.doi.org/10.1093/mnras/stv1340
http://dx.doi.org/10.1111/j.1365-2966.2011.18395.x
http://dx.doi.org/10.1111/j.1365-2966.2009.15715.x
http://dx.doi.org/10.1046/j.1365-8711.2003.06206.x
http://dx.doi.org/10.1093/mnras/stx3304
http://dx.doi.org/10.1086/170062
http://dx.doi.org/10.1088/0004-637X/724/2/957
http://dx.doi.org/10.1086/339792
http://dx.doi.org/10.1093/mnras/staa3972
http://dx.doi.org/10.1093/mnras/stw2499
http://dx.doi.org/10.1093/mnras/sty3118
http://dx.doi.org/10.1051/0004-6361/202038521
http://dx.doi.org/10.1093/mnras/stv2376
http://dx.doi.org/10.1111/j.1365-2966.2010.18123.x
http://dx.doi.org/10.1093/mnras/staa374
http://dx.doi.org/10.1111/j.1365-2966.2010.17761.x
http://dx.doi.org/10.1086/344521
http://dx.doi.org/10.1086/591232
http://dx.doi.org/10.1093/mnras/stz243
http://dx.doi.org/10.1086/312644
http://dx.doi.org/10.1086/587486
http://dx.doi.org/10.1093/mnras/staa685
http://dx.doi.org/10.1126/science.1209840
http://dx.doi.org/10.1088/0004-637X/777/1/59
http://dx.doi.org/10.1146/annurev-astro-091916-055240
http://dx.doi.org/10.1038/nature13316


412 M. C. Artale et al.

W
W
W
W
W  

W
W  

Z  

A
B

I  

b  

F  

r  

c
 

a  

O  

t  

o  

a  

w  

fi  

o
 

z  

i  

F  

s  

(  

w  

o  

t

m  

r  

p

T

M

einberger R. et al., 2017, MNRAS , 465, 3291 
einberger R. et al., 2018, MNRAS , 479, 4056 
einer B. J. et al., 2009, ApJ , 692, 187 
erk J. K. et al., 2014, ApJ , 792, 8 
erner N., Finoguenov A., Kaastra J. S., Simionescu A., Dietrich J. P., Vink

J., B ̈ohringer H., 2008, A&A , 482, L29 
ijers N. A., Schaye J., Oppenheimer B. D., 2020, MNRAS , 498, 574 
olfire M. G., McKee C. F., Hollenbach D., Tielens A. G. G. M., 2003, ApJ ,

587, 278 
ibetti S., M ́enard B., Nestor D. B., Quider A. M., Rao S. M., Turnshek D.

A., 2007, ApJ , 658, 161 

PPENDIX  A :  COSMIC  E VO L U T I O N  O F  

A R  Y  O N S  IN  T H E  COSMIC  W E B  

n this appendix, we present the evolution of the mass fraction of
aryons according to the cosmic web definition adopted in this work.
or a further discussion we refer to Martizzi et al. ( 2019 ), while the
esults obtained with a similar definition using Illustris simulations
an be found in Haider et al. ( 2016 ). 

Fig. A1 shows the baryonic mass fraction in voids, filaments,
nd haloes as a function of redshift for TNG100 and TNG300.
ur results show that the mass fraction in filaments decreases as

he redshift decreases. This is explained since our method, based
n the local dark matter density, encloses filaments and sheets in
 single definition. Hence, as discussed in Martizzi et al. ( 2019 ),
hile for other approaches based on tidal tensor the mass fraction in
laments increases with redshift, our results reflect the contribution
f filaments and sheets together. 
We also find that the mass fraction in voids increases from z = 6 to

 = 2. As stated in Haider et al. ( 2016 ), at high redshift the dark matter
s distributed homogeneously, with a density ∼�dm 

ρcrit,0 . Hence,
NRAS 510, 399–412 (2022) 
igure A1. Evolution of the total baryonic mass fraction of the cosmic
tructures 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 ),
e note that the way we define the filaments corresponds to the definition
f filaments and sheets when computing the cosmic structures with the tidal
ensor. 

ost of the mass falls in the filament category, and the underdense
egions are only created when the matter from less dense regions is
ulled into denser regions as the redshift decreases. 
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