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ABSTRACT

A growing population of metal absorbers are observed at z > 5, many showing strong evolution in incidence approaching the
epoch of hydrogen reionization. Follow-up surveys examining fields around these metals have resulted in galaxy detections but
the direct physical relationship between the detected galaxies and absorbers is unclear. Upcoming observations will illuminate
this galaxy—absorber relationship, but the theoretical framework for interpreting these observations is lacking. To inform future
z > 5 studies, we define the expected relationship between metals and galaxies using the TECHNICOLOR DAWN simulation to
model metal absorption from z = 5 to 7, encompassing the end of reionization. We find that metal absorber types and strengths
are slightly better associated with their environment than with the traits of their host galaxies, as absorption system strengths are
more strongly correlated with the local galaxy overdensity than the stellar mass of their host galaxy. For redshifts prior to the
end of the epoch of reionization, strong high-ionization transitions like C 1v are more spatially correlated with brighter galaxies
on scales of a few hundred proper kpc than are low-ionization systems, due to the former’s preference for environments with
higher ultraviolet background amplitudes and those ions’ relative rarity at z > 6. Post-reionization, the galaxy counts near these
high-ionization ions are reduced, and increase surrounding certain low-ionization ions due to a combination of their relative
abundances and preferred denser gas phase. We conclude that galaxy—absorber relationships are expected to evolve rapidly
such that high-ionization absorbers are better tracers of galaxies pre-reionization, while low-ionization absorbers are better
post-reionization.

Key words: galaxies: evolution— galaxies: formation— galaxies: high-redshift—intergalactic medium—quasars: absorption

lines.

1 INTRODUCTION

Prior to the formation of the first stars gas is pristine and devoid of
heavier elements, but once star formation begins at z ~ 20 heavier
metals are formed via various nucleosynthetic pathways. Stellar
feedback drives galactic winds that then distribute these metals
within the virial radius and beyond, enriching the circumgalactic
medium (CGM) and to a lesser degree the intergalactic medium
(IGM). Subsequent generations of stars further process available
gas reservoirs and increase the overall metal abundance, potentially
creating a metallicity floor, or lower limit on the metal content in the
IGM (e.g. Madau, Ferrara & Rees 2001). Once sufficient enrichment
levels are achieved in the CGM, metal signatures can be found
in quasar absorption spectra, redward of the Lya emission peak.
Because of the brightness of the background quasar, absorption can
be detected relatively easily from these diffuse gas phases even out to
extremely high redshifts, whereas the detection of the associated low
surface brightness emission would require more sensitive instrumen-
tation and is currently restricted to lower z (Bertone et al. 2010a,b;
Bertone & Schaye 2012; Frank et al. 2012; Corlies & Schiminovich
2016; Corlies et al. 2020; Wijers & Schaye 2022).
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At lower redshifts (0 < z < 1), metals may be studied in tandem
with nearby galaxies, especially those located within one to a few
Ryir. Such studies suggest possible correlations between galaxy traits
and the covering fraction, strength, and incidence of metal absorption
systems. These correlations also vary with the type of metal transition
under consideration. Cool, low-ionization gas tracers like Mgl
may show correlations in strength and incidence with the galaxy
overdensity and also with the impact parameter, stellar mass, star
formation rate (SFR), and specific SFR (sSFR) of the apparent host
galaxy (Chen et al. 2010; Bordoloi et al. 2011; Nielsen, Churchill &
Kacprzak 2013; Nielsen et al. 2018, 2021; Rubin et al. 2018; Fossati
et al. 2019; Dutta et al. 2020, 2021; Lundgren et al. 2021). Warmer
gas traced by for example CIV may increase in equivalent width
(EW) and incidence with sSFR, and shows a flatter profile with
impact parameter than cool gas tracers (Oppenheimer & Davé 2008;
Borthakur et al. 2013; Bordoloi et al. 2014; Liang & Chen 2014;
Werk et al. 2014; Rubin et al. 2015; Dutta et al. 2021; Manuwal et al.
2021). C1v also may be less abundant and/or strong in the inner halo
of massive galaxies (e.g. Burchett et al. 2016).

Progressing to higher redshifts it becomes increasingly dif-
ficult to associate any detectable galaxy with metal absorption
systems. Searches performed with the Hubble Space Telescope
(HST)/Advanced Camera for Surveys (ACS), Multi-Unit Spectro-
scopic Explorer (MUSE), Keck-II, and Atacama Large Millime-
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ter/submillimeter Array (ALMA) have resulted in sporadic detec-
tions of galaxies, especially in Lyo emission, within the same field
as known metal absorbers (Diaz et al. 2015, 2021; Cai et al. 2017,
Wau et al. 2021). The distances between these objects vary widely,
from ~20 to hundreds of proper kpc (pkpc). These results have
implications for the speed and mass-loading factor of early galactic
winds, the metal enrichment floor within the IGM, the sizes and
luminosities of metal absorber host galaxies, and for determining
the galaxies that initially contributed most of the metal budget. In
some cases, the wind speeds necessary to provide the metals sourcing
the detected absorption are far in excess of what is expected from
simulations, and so the hosts are determined to be smaller, as yet
undetected galaxies (Garcia et al. 2017). Additionally, the small sizes
of high-z galaxies and their accordingly shallow potential wells likely
lead to low retention of metals, causing enrichment of a common
group medium (Porciani & Madau 2005).

Coincident with the early enrichment process, the majority of gas
in the Universe undergoes a phase transition at z > 5, called the Epoch
of Reionization (EoR). The EoR lasts roughly in the range 6 < z < 12,
and is defined by the transition of the IGM from neutral to ionized
as the ionizing photon budget increases. It is generally accepted
to end at z ~ 6 due to a rapid increase in scatter of Lya opacity
measurements at z > 5.5, potentially indicating significant sightline-
to-sightline variation in the hydrogen neutral fraction (Fan et al. 2006;
Becker et al. 2015; Bosman et al. 2018; Eilers, Davies & Hennawi
2018). Although the obvious major influence of the EoR is on the
ionization state of neutral hydrogen in the IGM, there is evidence that
certain species of metal absorbers are also affected by the evolution
in the ultraviolet background (UVB) during this time. C 1V incidence
generally decreases towards higher redshifts (see e.g. Hasan et al.
2020), but especially rapid evolution is observed above z = 5 (Ryan-
Weber et al. 2009; D’Odorico et al. 2013; Codoreanu et al. 2018;
Cooper et al. 2019). Similar trends, while less stark, also occur in
Si1v (Songaila 2001; Codoreanu et al. 2018; D’Odorico et al. 2022).
Conversely, the low-ionization potential OT increases in abundance
from z > 4.5 (Becker et al. 2019). While decreasing enrichment
towards higher redshifts can explain a decreasing abundance of
metal systems, it alone cannot explain increasing incidence of O1.
Further, Cooper et al. (2019) find that a larger percentage of carbon-
based absorption systems are found to include C1 for redshifts
greater than 5.7, suggesting evolution in the preferred ionization
state of carbon.

Considering the evolution of metals at z > 5 and their potential role
as tracers of galaxies, it is useful to provide a better quantification
of (1) the relationship between metal absorbers and galaxies near
the end of the EoR, (2) the environments they occupy, and (3) what
is driving their evolution during this time period. Towards this end,
we have performed an investigation using the TECHNICOLOR DAWN
simulation, a cosmological hydrodynamic code including in situ
multifrequency radiative transfer, focusing on the period from z =
5 to 7. We build on previous studies by performing multifrequency
radiative transfer to self-consistently model hydrogen reionization
and the ionization states of metals. We also expand on our previous
work with this simulation in Finlator et al. (2020) by considering
evolution with redshift and additional metal ions. In Section 2, we
briefly summarize the relevant details of the simulations, describe
our method for creating mock absorption spectra, and demonstrate
our performance in reproducing several relevant observables. In
Section 3, we present our analysis of the metals’ association with
galaxies and environmental correlations. The results are placed in a
wider context in Section 4, and we summarize the investigation in
Section 5.
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2 SIMULATIONS

To investigate the association between metal absorption and galax-
ies after the end of reionization, we run cosmological hydrody-
namic simulations and generate mock absorption spectra of met-
als and an associated catalogue of detected systems. We assume
a Planck cosmology (Planck Collaboration XLVII 2016), with
(2m, 24, b, Hy, Xu) = (0.3089, 0.6911, 0.0486, 67.74, 0.751).

2.1 Simulation details

We use the TECHNICOLOR DAWN suite of simulations in this experi-
ment, which simulates reionization using on-the-fly radiative transfer
calculations (Finlator et al. 2018, 2020). The code is built on GADGET-
3 (last described in Springel 2005), a density-independent smoothed
particle hydrodynamics (SPH) code, and uses methods from Hopkins
(2013) to improve the treatment of fluid instabilities. The simulation
box sizeis / = 15 cMpc A~ with 2 x 6403 in baryons and dark matter,
and radiative transfer is calculated in 80* voxels to define the local
UVB. The radiative transfer implementation is multifrequency, with
24 frequencies spanning 1-10 Ryd to cover the ionization energies of
anumber of commonly observed metal transitions. Gas particles cool
due to collisional excitation and ionization, recombination, dielectric
recombination, and free—free emission (Katz, Weinberg & Hernquist
1996). Metal cooling is calculated on-the-fly under the assumption
of collisional ionization equilibrium (Sutherland & Dopita 1993).

Star formation occurs according to the subgrid (Springel &
Hernquist 2003) formulation, in which SPH particles with proper
hydrogen number densities greater than ny > 0.13 cm ™~ are capable
of forming stars from a portion of their mass, at a rate appropriate
for the Kennicutt—Schmidt law (Kennicutt 1998). A Kroupa (Kroupa
2001) initial mass function (IMF) is assumed, with stellar masses
ranging from 0.1 to 100 Mg. The ionizing emissivity is sourced
by the star-forming gas particles, and determined using the spectral
synthesis code YGGDRASIL (Zackrisson et al. 2011) according to
the metallicity of the particles. Stars with masses >10 Mg are
immediately converted to supernovae (SNe), with 50 per cent treated
as hypernovae (Nomoto et al. 2006); these then contribute heat and
kinetic energy to galactic winds that drive metals into the CGM and
IGM. We use a modified version of the stellar-mass-dependent mass-
loading factor formulation determined in Muratov et al. (2015) from
high-resolution FIRE simulations (see equation 1 of Finlator et al.
2020), as with use of this formulation without adjustment Technicolor
markedly underproduces the stellar mass function (SMF). Metal
production by SNe is determined by weighting the yields of Nomoto
et al. (2006) to the Kroupa IMF. The contributions of asymptotic
giant branch stellar winds are included as well, with yields from Op-
penheimer, Davé & Finlator (2009). Through these pathways, the
abundances of C, O, Mg, and Si (among others) are tracked for all
particles. In post-processing, galaxies are identified using SKID, and
associated galaxy properties are calculated by interpolating the age
and metallicity of star-forming particles according to Flexible Stellar
Population Synthesis (FSPS; Conroy & Gunn 2010) to determine the
spectral energy distributions, with additional accounting for line-
of-sight effects such as redshifting and absorption by foreground
HI

2.2 Metal absorption spectra

In order to obtain our mock metal absorption spectra, we cast
sightlines through the simulation volume, oblique to the boundaries,
until a Hubble velocity of 107 km s~! has been achieved. This
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allows the sightline to wrap around the simulation numerous times
until it is well sampled. Gas particles encountering the sightline
contribute to the metallicity, temperature, and peculiar velocity of
the material giving rise to absorption, and the overall metallicity and
metal mass fractions for several species are tracked for each SPH
particle. The ionization states of each element are determined using
the output ionizing background for the associated snapshot, which
was calculated on-the-fly. This background includes a dominant
spatially inhomogeneous contribution from the galaxy population
and a subdominant spatially uniform quasar contribution, the latter of
which assumes that quasars have formed but are rare and located far
from the simulation volume. The ionization of metals is recalculated
for the purpose of generating the spectra; both photoionization
and collisional ionization are taken into account, though collisional
contributions are predicted to be subdominant.

The sightline is discretized into 2 km s~ velocity segments,
and the metal contributions to absorption are calculated assuming
Voigt profiles (Humlicek 1979). Artificial Gaussian noise is added
to each pixel for a signal-to-noise ratio (S/N) of 50, and metal
absorption systems are identified where the flux drops >30 below
the continuum level for at least 3 consecutive pixels. The EW of
the systems is calculated, and converted to the column density that
would be measured observationally using the apparent optical depth
method (Savage & Sembach 1991), assuming the sightlines are opti-
cally thin. An initial catalogue is assembled of these systems and in
keeping with observational practice, these are merged together within
some threshold velocity separation to create the final catalogue. For
this we use a Av = 50 km s! (e.g. D’Odorico et al. 2013) and
define the final centroid position as the column-weighted central
wavelength, and the EW and column density N as the sum of the
individual contributing lines. The catalogues for all ions have no cut-
off in column density or EW, and range from ~0.002 to 0.5 A (1010
and 10'** cm~2). Where analysis is done for a subset of absorber
strengths, it is noted in the text and/or figure caption.

2.3 Verification of the simulation

We briefly consider some basic metrics of the performance of
the simulation against recent observational studies. For additional
standard observational comparisons, see Finlator et al. (2016, 2018,
2020).

The predicted optical depth of the cosmic microwave background
(CMB) photons to Thomson scattering can be calculated as

_ ™ corne(z)
TCMB _/0 7(] T HQ dz, €8

where o1 is the cross-section for Thomson scattering, 7. is the num-
ber density of electrons, H(z) is the Hubble parameter, and zj5 is the
redshift at the surface of last scattering. n.(z) is calculated from the
global volume-weighted neutral fraction. xpe; and xpe are assumed
to follow xy,; and xy; until helium reionization occurs at z = 3, at
which point all helium transitions to the He I1I state. Including these
contributions from H1I and singly and doubly ionized helium, we
find e = 0.0615 (Fig. 1), compared to the Planck measurements
of 0.054 £ 0.007 (Planck Collaboration VI 2020). A re-analysis of
the Planck data using different formulations of the likelihood arrived
at a similar but slightly higher teyms = 0.06277090% (de Belsunce
et al. 2021). Thus, our reionization history is consistent with the
observations, even when accounting for different interpretations of
the data.

The Lya transmission is a function of the optical depth to Ly«
photons, and calculated as Tiy, = e * (Fig. 2). To predict the
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Figure 1. The volume-weighted neutral hydrogen fraction (top panel) and the
predicted tomp in Technicolor from z = 12 to 3 (bottom panel). The Planck
Collaboration VI (2020) measurement is plotted as the green shaded region,
while a re-analysis of the same data performed in de Belsunce et al. (2021)
resulted in a slightly higher value lying at the centre of the hatched region.
The predicted simulation result lies within the upper 1o bound of the original
Planck analysis, and within the lower bound of the re-analysis.

0.20 T

! Eilers+18
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Figure 2. The mean Ly transmission calculated from the mock sightline,
overplotted with the measurements from QSO spectra (Eilers et al. 2018;
Bosman et al. 2022). The observational results generally match the trend
produced in the simulation, although the evolution may be too shallow,
especially compared against Bosman et al. (2022).

optical depth in Lyw for the simulation output, we use the same
mock sightline as is used to generate simulated metal absorbers.
Since the sightline is >10 Gpc in length for all redshifts and wraps
through the entire volume, this should accurately reflect the global
simulated Ty, of the simulation box, although due to the small box
size this could deviate from the true value because of cosmic variance.
We find that the mean transmission is in agreement with the broad
trends implied by quasi-stellar object (QSO) observations, although
it deviates beyond 1o for several of the data points, particularly for
z < 5.4 for Bosman et al. (2022).

Given that Ly emitters (LAEs) are a common target of high-
z galaxy searches, it is of interest to model the Ly luminosities
of our galaxy population. To predict the baseline Ly« luminosities
of our simulated galaxies, we use the empirically derived relation

MNRAS 518, 4159-4171 (2023)
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Figure 3. Top panel: the fiducial z = 6 Ly« luminosity function (LALF) from
the simulation (blue hatching) obtained using equation (2) to estimate Ly yq-
Vmax-corrected observations from de La Vieuville et al. (2019) and their best-
fitting relation are shown as green points and the dashed line, respectively.
Uncorrected data points from Drake et al. (2017) are shown in orange, while
their completeness-corrected maximum-likelihood relation is the dash—dot
orange line. The observational methods of completeness correction result in
widely varying LALFs, with our fiducial relation lying in between. Bottom
panel: the z = 6 stellar mass function (SMF) with 1o scatter overplotted with
several observations and best-fitting relations (Song et al. 2016; Bhatawdekar
et al. 2019; Furtak et al. 2021). For log M../M¢ < 7.8 the simulation matches
the observations results, while for higher stellar masses the number of galaxies
falls short.

from Oyarziin et al. (2017) relating Lyo EWs to the stellar mass:'
log,, EW = log,, M, + 190. 2)

From this relationship, we predict the Lye luminosity function
(LALF) in Fig. 3 (top panel), further overplotting observational
results from z = 5 to 6.7 that probe to low luminosities. Our
predictions lie within the extremes of the completeness-corrected
Schechter function fits from Drake et al. (2017) and de La Vieuville
et al. (2019) for log Ly y./(erg s7!) < 42. Although we exclude
them from this figure, LALFs at z ~ 6 are observed to extend
to significantly higher luminosities (e.g. Santos, Sobral & Matthee
2016; Konno et al. 2018). While a general underproduction of higher
Lya galaxies could result from our Ly, prescription, the precise
redshift under consideration, or the simulation box size, in this
case the complete cut-off at 10*>3 erg s~! certainly results from
our small box size being unable to sample rarer, brighter galaxies.
Although our predictions for the most part lie within the bounds

'n reality, predicting the detected Lya luminosity of galaxies is complex
due to the resonance of the transition and the physical configuration of the
gas in the interstellar medium (ISM), CGM, and IGM, which may motivate
a more sophisticated method of estimation. Further, the empirical relation
in equation (2) is measured at z = 3—4, where IGM attenuation is not as
significant as for z > 5. However, we use this method to maintain consistency
with Finlator et al. (2020).

MNRAS 518, 4159-4171 (2023)

of the observations, due to differences in these works’ methods of
completeness correction, there is strong disagreement in the predicted
underlying populations of Lyw emitting galaxies, making it difficult
to determine the overall accuracy of our predicted population.

Given the large uncertainty on the observed LALF, and the poten-
tially large variation between the predicted LALF and observations,
we also examine the predicted SMF against recent observations
to determine whether the model accurately reproduces this metric
(Fig. 3, bottom panel). We find that for stellar masses below
107® My, our predictions lie within the uncertainties from several
studies probing to low stellar masses at z ~ 6, although they tend
to lie systematically low compared to the best-fitting Schechter
relations. At masses M, > 10”® M, the simulation underproduces
the incidence of galaxies, likely due in part to the small volume used
in this study. This has implications for our predictions of galaxy
detections near metal absorption systems, since this regime of higher
stellar masses will be brighter in Ly as well.

3 RESULTS

In this section, we describe the model predictions for the number and
observability of galaxies around metal absorbers from z = 5 to 7, the
relationships between metal absorbers and their host galaxy traits,
and the characteristics of the environments probed by the metals.
This is done with an eye towards determining the ideal candidates
for future surveys targeting high-redshift galaxies.

3.1 Observability and traits of nearby galaxies

For z < 2, correlations are observed between metal absorbers and the
characteristics of their host galaxies; thus we begin by looking for any
such correlations in our simulated systems. At z = 6 we first examine
the relationships between the column density of systems and the SFR
of the galaxy that is closest in real, rather than projected, distance
(Fig. 4). Absorber positions are identified according to their column-
density-weighted velocity centroid, in effect similar to the manner in
which they would be interpreted observationally. This neglects the
effects of redshift-space distortions due to the peculiar velocity of
the gas, which may significantly affect the apparent physical location
of the absorbing gas (see e.g. Peeples et al. 2019; Marra et al. 2022).
These closest galaxies are taken to be the hosts of the metal absorbers,
regardless of any true physical association.

The absorber strengths generally show an increase with the SFR,
at least for log SFR/(M, yr~!) > —3, although there is considerable
scatter in the relation. Absorber strengths as a function of impact
parameter from the host galaxy are shown in the second column of
Fig. 4. Here we find the same general trend as seen in observations,
namely that the typical absorber strength decreases as one probes dis-
tances farther from the host. We also examine the absorber strengths
with respect to galaxy overdensity, defined as 845 = Pgats/ (P gats) —
1, where pg,s is the number density of galaxies within 100 pkpc.
We find a correlation between the overdensity and the absorbing
system strength, indicating that stronger absorption systems should
be probing larger galaxy overdensities on average. The typical
overdensities for different transitions show more variability than did
the SFR or distance, for example showing a 50 per cent greater
local overdensity around SilIv absorbers compared to O1 systems at
z=06.

Calculating the Kendall 7 rank correlation coefficient for bins of
each ion’s strength and the unlogged SFR, we find that Mg11, SiIL,
and C1v have statistically significant correlations with an average
correlation coefficient of 0.68. Between the overdensity and log N, we

$20z fieniga4 | Z uo Jasn uaissH qooer Aq G8ZZE89/6G | 1/S/8 1 S/a10NIB/SBIUW/WOoD dNo-oIWapeoe//:sdny WoJj papeojumoq


art/stac3342_f3.eps

T=-0.07, p=0.905 1=-0.43, p=0.179 1=0.56, p=0.029

14 __/\/____\/\ /_/\/

ol

13 L i L T L 1
T=0.56, p=0.045 1=-0.72, p=0.006
13} 1 1

12 ‘"_"‘/\\—\/

13[r=078,p=0.002"  lr=-061, p=0l025 __7_1.00,;/
12 _\//__ \/\:_ ]

1=0.56, p=0.029

}

Mg Il

Sill

)
£
&
= + + + + +
o 7=0.28, p=0.358 7=-0.36, p=0.275 7=0.89, p=0.000
° 14 T T 1
) 13 __f_‘/\/; x\/\/ 7/]/\/ )
+ + + + +
13 [ t=0.36, p=0.275 4 1=-0.86, p=0.002 171=0.96, p=0.000
> e
- -~ -
v Sm=meng D —"
12F~=—=-- = I remeaa o e WL
N
N
+ + + + +
t=0.71, p=0.014 1=-0.33, p=0.260 7=0.91, p=0.000
13¢ T T /1
= o~ e
G e e I
12 ah 1
L L . L
-4 -2 0 100 0 10 20

log SFR /(Mo yr~1) r (pkpc) Byals

Figure 4. The absorber column density log N/em ™2 as a function of the log
SFR and impact parameter of the nearest galaxy, and the local overdensity
within 100 pkpc at z = 6. Note that the y-axis limits are different for each
ion. The lines indicate the median log N/cm~2 in each bin, while the shaded
regions indicate the 16th—84th percentile spread of the distribution, and the
Kendall t and associated p-value are noted in the upper left of each panel. For
the SFR column 7 is calculated on the unlogged SFR. While each relationship
shows considerable scatter, there are trends of increasing absorber strength
with host log SFR and local overdensity, and decreasing strength with impact
parameter. The general trends in these parameters are the same at z = 5 and
z =17, only varying slightly in their correlation coefficients.

find statistically significant correlations for all ions with an average
of 0.81. In cases where an ion’s strength is correlated with both the
SFR and overdensity, the association is usually stronger with the
overdensity. Of course, there is some intermingling between these
metrics, as the average SFR of galaxies in denser environments tends
to be higher (Koyama et al. 2013; Cooke et al. 2014; Shimakawa
et al. 2017; Ito et al. 2020). It also seems likely that there would be
a stronger, less sporadic trend with host SFR were the simulation
volume larger, therefore allowing for a larger dynamic range in SFR
and overdensity and the formation of galaxies with higher SFRs, as
the maximum SFR here only reaches 0.12 Mg yr~'.

The physical separations between the absorber and the nearest
galaxy span a wide range, from <1 to over 100 pkpc, so it is difficult
to interpret the extent to which the absorbers are truly physically
associated with their nearest galaxy. Future runs of Technicolor
will incorporate particle tracing, and therefore allow subsequent
investigations to determine the true sources of the metal systems.
These results may also be affected by the tendency of the simulation
to underpredict (overpredict) strong (weak) absorption systems,
possibly arising from a general tendency in simulations to eject
metals too efficiently from small galaxies, which we discuss more
in Section 4. Intuitively, the overejection of metals would result in a

Environments of z > 5 metals 4163

generally larger physical separation between the metal systems and
their sourcing galaxy.

To predict detections of galaxies near metal absorption systems,
we first calculate the galaxy—absorber cross-correlation function, or
the average overdensity of galaxies around absorbers as a function
of distance:

1 NG
no AV

sgal—abs (r) = L, (3)
where ny is the global number density of galaxies with Ly, greater
than a given luminosity, N (r) is the average number of such galaxies
around a given metal absorber, and AV is the volume contained
within a spherical shell of radius r. We plot this function for each
metal type for z =5, 6, and 7 in Fig. 5, with errors assumed to be
Poissonian. All ions are associated with an excess of galaxies out to
at least 200 pkpc at z = 7, and the association naturally extends to
larger physical distances at lower redshifts, as gas is enriched out to
lower overdensities by galactic winds. The cross-correlations with
galaxies of high-ionization ions SiIv and C 1V are higher than those
of the low-ionization ions out to 300 pkpc at z = 7, and this is still
generally true by z = 6, although the deviation is smaller. By z =
5 there is no longer an obvious distinction between the curves for
high- and low-ionization ions.

To determine the average total number of galaxies within 100 pkpc
of an absorber, we integrate over equation (3):

100 pkpe
N = / 4rtrng (1 + Eguabs) dr. (4)
0

In Fig. 6, we show the calculated A around metal systems with
column density log N/em™2 >13, including redshift evolution from
z = 7 to 5 in the different columns. We find that while the average
number of galaxies within 100 pkpc around differing absorber types
are on the order of a few and relatively similar to one another, at
z =" and z = 6 there is a greater average incidence of galaxies near
high-ionization ions C1v and Silv, which follows logically from
their greater excess shown in Fig. 5. By z = 5, this trend disappears,
and most ions have roughly equal numbers of nearby galaxies, with
the exception of a prominent increase around Sill. In fact, at z =5
C1v has the fewest predicted number of nearby galaxies.

We also show the overdensity as a function of Lya luminosity
and plot these in the lower panels of Fig. 6. The excess shows
that the deviation from the expected numbers is greater around
galaxies that are brighter in Ly, particularly at higher redshifts.
By z = 5, the converging excesses highlight the more similar
environments traced by most transitions, although they are not
exactly the same. From these fiducial results, we would predict that
all ions with log N/em=2 > 13 would have 1 or more galaxies with
log Ly yo/(erg s~ > 40.5 within 100 pkpc at each of these redshifts,
but that for galaxies 1 dex brighter in Ly, <1 will be present on
average.

The observational completeness for galaxies with Liy, =
10%? erg s~! is only on the order of 50 per cent, and the estimates for
the abundances of fainter galaxies vary widely due to this uncertainty.
Regardless, for log Lya/(erg s~!) ~ 40.5, completeness should be
extremely low. While the raw numbers of nearby galaxies we predict
are not large, the excess measurement still indicates a greatly elevated
likelihood of detecting galaxies near metal absorbers, and odds that
vary depending on the ion and the redshift.

To examine the effect of our Ly, models on predicted detections
in Section 3, we adjust the predicted luminosities by abundance
matching our galaxy catalogue to the observed luminosity functions,
retaining the overall number of galaxies and the in sifu galaxy—
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Figure 5. The galaxy—absorber cross-correlation functions for each transition at three redshifts spanning the end of reionization, with galaxies restricted to
those with log Ly ye/(erg s~1) > 40.5, and absorption systems restricted to >10'3 cm™2. The error is calculated by assuming a Poisson-like error on the counts,
VN, and propagating this into log & gal_abs. The cross-correlations for Si1v and C1v are elevated with respect to those of the lower ionization transitions at z =
7 and 6, but this dissipates by z = 5. Metals are associated with an excess of galaxies out to at least 200 pkpc by z = 7, and the higher ionization metals out to
300 pkpe. The distance out to which galaxies and absorbers are positively correlated increases for all ions at lower redshifts.
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Figure 6. Top row: the predicted number of galaxies around each absorber type as described in equation (4), as a function of the galaxy Ly« luminosity, and
for three integer redshifts from z = 7 to 5. Bottom row: the excess of the expected galaxy counts with respect to the number of field galaxies with the given
luminosity. For redshifts prior to the end of reionization at z ~ 6, high-ionization metal transitions are associated with a larger number of galaxies for nearly all

considered brightnesses. By z = 5, this trend has diminished.

absorber relationship while adjusting only the predicted Lyo lumi-
nosity. We perform two adjustments to match the predictions to the
relatively high incidence in Drake et al. (2017) and the low incidence
in de La Vieuville et al. (2019).

Abundance matching our galaxy catalogues to either de La
Vieuville et al. (2019) or Drake et al. (2017), and expanding the
search area to 300 pkpc, we predict the number of detections around
C1v systems withlog N > 13.0 cm =2 in Fig. 7.2 For log Ly, /(ergs™")
> 41.5, the de La Vieuville et al. (2019) LALF would result in
about one galaxy detection within 300 pkpc, whereas the fiducial
simulation predicts about two and Drake et al. (2017) about 12. For a
more plausibly detectable log Liye/(erg s™!) = 42 galaxy, the Drake

2We focus on C1V here because it has been a common target for such high-z
galaxy searches, and thus there are several observational data points available
for comparison.
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et al. (2017) LALF results in about one LAE near C1V absorbers,
while the other two models have less than one on average. For
comparison, we overplot detections of LAEs near C1V systems at z
~5.7. In combination, these results predict 1-2 detections of LAEs
with log Ly ye/(erg s~') > 42.2 that lies higher than any in our fiducial
model.

Physically, Lya emission from galaxies is dictated by the intrinsic
emission generated within the ISM and the Ly« photons’ interaction
with the surrounding CGM and IGM, so it is difficult to know if
our Ly model is reasonable. The ISM alone is structurally complex
and unresolved in cosmological simulations (e.g. Smith et al. 2022),
and thus the relationship between the escaping signal and galaxy
characteristics is uncertain. Adding to the complexity, the relation
in Oyarzun et al. (2017) is assuredly less affected by attenuation than
any LAEs observed at z > 5 due to the increasing gas density and
overall higher neutral hydrogen fraction at high z. However, the same
general trends we report in log Ly, are also apparent in the trends
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Figure 7. The predicted number of galaxies within 300 pkpc of C IV systems
based on the results from our z = 6 snapshot, one with the fiducial M,—L1
relationship and two where it has been adjusted. This comparison represents
a scenario in which the galaxy—metal relationship is properly recreated in the
simulation, but where the Ly luminosities of the galaxies are not properly
estimated, i.e. if the Oyarzin et al. (2017) formulation is not truly applicable
for these redshifts or galaxy masses. The blue line indicates the fiducial
relationship, while the orange and green lines show the predicted number of
galaxies when adjusted for the Drake et al. (2017) and de La Vieuville et al.
(2019) LALFs. Overplotted are several observations of LAEs near known
C1v systems from z > 5, where the base of the annotation indicates the
number of detected galaxies and the horizontal position indicates the average
luminosity. Assuming the veracity of the SMF and the galaxy population,
these results indicate either a miscalculation of the Ly luminosity or an
overproduction of metals near faint galaxies.

of galaxy ultraviolet (UV) magnitude, with the numbers of bright
galaxies being enhanced near high-ion absorbers prior to z = 6 and
diminishing towards lower redshifts. For example, at z = 6 where
the James Webb Space Telescope (JWST) blank-field limit is Myy =
—15, there are on average nine galaxies within 300 kpc of high-ion
absorbers and six near low ions, and the differences are more stark
at higher z.

3.2 Environments of absorbers

The greater numbers of galaxies predicted around high-ionization
absorbers at z > 6 demonstrate that they trace higher overdensities
of galaxies at these times, especially those brighter in Lyw, than do
low-ionization metals. To isolate the cause of this difference and
determine the drivers of their environmental preferences, we directly
examine the local specific intensities, neutral fractions, and stellar
mass overdensities in an » = 100 pkpc sphere around these ions
within the simulation and how they evolve with redshift (Fig. 8).
We show the 1o deviation around OT and CIV as example cases
of low- and high-ion trends. For the weak absorbers (top row), in
keeping with our expectations from Section 3.1, we find that the high-
ionization ions C IV and Si1V initially have a higher mean stellar mass
overdensity 8, (= p./{ps«) — 1) than the other ions, but this average
decreases with decreasing redshift. For example, §,s, around CI1v
decreases from 7.2 at z = 7 to 3.9 at z = 5. On the other hand,
the low-ionization states all show increases in terms of their average
overdensities over the same period, with O1 for example increasing
from 2.7 to 8.1.

The association of high-ionization absorbers with higher galaxy
stellar mass overdensities could indicate that the physical conditions
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in these regions are preferable for either their formation and/or
detection. In particular, they could in theory be arising due to a
locally amplified ionizing background or a locally reduced neutral
hydrogen fraction, (xy,) and thus reduced shielding from an ionizing
background. Additionally, it could result from their relative rarity,
and thus a tendency to arise in regions with higher gas overdensities
and where greater quantities of metals would be expected.

We find that the mean neutral fractions are quite comparable
between all ions by z = 7, with OI and C1v for example with
30 per cent and 20 per cent, respectively. The main difference
between ions lies in their 16th—84th percentile distributions for a
given redshift, with OI ranging from 15 per cent to 50 per cent and
C1v from only 12 per cent to 28 per cent neutral, showing a tendency
for low-ionization states to probe a tail of unusually neutral gas.
With decreasing redshift, this general trend continues to describe the
distributions of the low- and high-ionization ions, although with the
median xy, gradually decreasing for both groups.

The specific intensity at the Lyman limit, Jy, 1, is strongly related
to the hydrogen neutral fraction; in regions where Jy,, 3 is high, the
neutral fraction generally will be low. Accordingly, we find that the
low-ionization ions that probe unusually neutral gas at z > 6 also
have a tendency to arise in gas with a low specific intensity, with
the mean value ~2 times higher for C1v than for O1 at z = 7. The
distributions gradually converge as they approach z = 6, and the
medians and ranges are more similar by z = 5.

Restricting the metal systems to only those with log N/lem™2 >
13 affects the details of these trends. In particular, at z = 7 for xy,
the high and low ions have more similar average values although
the 16th percentiles of the high ions’ distributions still skew lower
than for low-ionization ions, and the distributions quickly converge
at lower z. The UVB amplitude on the other hand remains elevated
around stronger high ions down to z =5, in contrast to the converging
means for weak high and low ions. The discrepancy in stellar mass
overdensities between low and high ions at z = 7 is also greater for
the stronger absorbers, although they converge by z = 5.

The tendency of high-ionization systems above z = 6 to trace
regions that are slightly more ionized, more overdense with stars, and
that have higher Lyman limit specific intensities show a preference for
regions with higher stellar mass galaxies. The decreasing association
of high ions with galaxies below z = 6 could make sense if greater
stellar masses led to increased enrichment and thus higher metal
column densities at larger radii, in turn increasing the number of
detectable metal systems at large impact parameters. However, if this
were the case, then this migration away from higher overdensities
should also be seen in the low ions, while in fact the reverse
is true.

To investigate the opposing trends seen in low and high ions,
we examine the histograms of the simulation cell properties for gas
containing strong C1v and C1I systems for both z = 7 and for z =
5 (Fig. 9), and compare them to the global gas properties given
in Table 1. We consider the number density of carbon, the mass
fraction of C1I and C1v, the Lyman limit specific intensity, neutral
fraction, gas density, and stellar mass overdensity.® First, at 7 =
7, the carbon-absorbing gas (coloured shaded regions) is generally
more dense, carbon-rich, and has a higher local average stellar mass
overdensity than the global cell properties in the simulation. This

3The values in cells around each absorber are averaged, and given the
relatively large search area, result in values being skewed somewhat towards
the global average properties. This does not necessarily indicate, for example,
that the majority of the metal absorbers are arising in diffuse IGM gas.
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regardless of strength, for the environment within ~100 pkpc. The line styles and colours vary with the ion type, and shaded and hatched regions show the
16th—84th percentile spread for OT (blue) and C 1V (orange). Bottom row: the same redshift evolution, but for metal systems with log N/em™2 > 13. Prior to the
end of reionization at z ~ 6, C1v and SiIV trace regions with higher Jo> and slightly higher stellar mass overdensities.
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Figure 9. The physical properties of / = 100 pkpc cells containing log N/em™2 > 13 C1 and CIv systems (teal and ochre, respectively) at z = 7 and z =
5 (filled and empty). The mean density at z = 7 and z = 5 is shown as ticks (black and grey, respectively) on the upper axis in panel (e). The means of the

distributions are shown in Table 1. The ionization fractions in panel (b) show

the mass fraction in the ion of interest, for example the filled ochre shows the mass

fraction in C1v of C1v-absorbing cells at z = 7. Strong carbon absorbers usually arise in gas that is denser, more enriched, and located more closely to galaxies.
Since reionization concluded at z = 6 in the simulation, the environments capable of hosting high-ionization C IV have increased, causing C 11 and C IV to probe
increasingly similar regions, although C11 is associated with higher stellar mass overdensities and slightly higher gas densities.

carbon-absorbing gas also has a greater local UVB amplitude at
the Lyman limit and is more ionized with a lower HI neutral
fraction.

At z = 7 (Fig. 9), compared to the CII-absorbing gas, CIV
absorbers obviously trace gas that is more abundant in carbon (panel
a), has higher Jy, 5 (panel ¢), gas density (panel ), and local average
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stellar mass (panel ). The H I neutral fraction in panel (d) for example
shows that while this metric is generally quite similar between C It
and C1v, C11is arising in a long tail up to 75 per cent, whereas C IV
does not for example exceed a neutral fraction of 50 per cent. From
panel (b) of Fig. 9, showing the mass fractions of the two transitions,
we can see that C1I is the preferred ionization state by mass at this
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Table 1. Mean properties of the distributions in Fig. 9 of C1- and C1v-
absorbing gas cells. Global means are included for comparison. The global
quantities are calculated by summing total quantities and dividing by the total
simulation volume, while the quantities around absorbers are averages of the
surrounding cells within 100 pkpc. The choice in the size of the cell affects
the range of possible values; for example, calculating this with smaller cells
would result in a wider range of possible densities and overdensities.

Global Cu Civ
z="1 z=35 z=17 z=35 z=7 z=35
lognc —-11.2 —1098 —10.64 —-1045 —-1032 —10.54
Xcn 0.57 0.29 0.58 0.27 0.53 0.25
Xcv 0.06 0.11 0.02 0.15 0.04 0.17
log Jo12 —0.67 0.28 —0.61 0.26 —0.10 0.29
XH1 0.34 0.02 0.25 0.06 0.25 0.05
log ny —4.02 —4.40 —-3.72 —3.96 —3.62 —3.99
log A —0.01 —0.02 0.29 0.42 0.39 0.39
O 0 0 7.75 19.97 21.77 12.36

redshift of carbon for absorbing cells, with C IV systems arising from
cells with only ~0 < xcy < 0.15.

At z = 5, the carbon-absorbing gas is still generally more
enriched and denser than non-absorbing gas (Table 1). However,
some global properties have changed. In particular, since reionization
has concluded at z = 6, the UVB amplitude traced by absorbers is
more similar to the global value, and the global neutral fraction has
dropped to ~0. The ionization fractions of carbon have evolved,
with C1v becoming more preferred, although not necessarily more
so than C 1. Simultaneously, the average conditions tracing C 1I- and
C1v-absorbing gas have converged: they are now arising from more
similar gas densities, UVB amplitudes, carbon abundances, and near
more similar stellar mass overdensities, although C1I is associated
with higher &, .

It is relevant to note that the cells containing the highest mass
fraction of an ion do not necessarily contain the most absorbers in
that ion in the simulation. At z = 7 for example, the global 16th—84th
percentile range of x¢ v extends from ~0 per cent to 10 per cent, with
a small but extended tail out to 80 per cent, but the peak number of
absorbers occurs in gas with approximately 4 per cent of the mass
in C1v. The mean ionization fractions in C 11 and C 1V of the regions
containing strong absorbers tend towards the global mean both before
and after reionization, rather than preferentially tracing regions with
abnormally high fractions of either ion.

These results help to identify the driver of both the high-ionization
ions’ greater association with galaxies at z > 6 and the subsequent
changes in this relationship. Before the completion of reionization,
due to relatively high neutral fractions and consequently higher gas
opacities to ionizing photons, metals are preferentially in lower
ionization states everywhere except in close proximity to ionized
regions around higher stellar mass galaxies (or at least around more
galaxies) with higher local UVB amplitudes. These regions also have
higher gas densities and, due to the greater overdensity of galaxies
and stars, a greater amount of carbon, allowing even gas with a
small mass fraction of CIV to create detectable absorbers. Post-
reionization, the global decrease in gas opacity and the resulting
increase in the mean free path of e.g. Clll-ionizing photons allow
the higher ionization states to gradually become the preferred ones,
especially in more diffuse gas at larger impact parameters. In the case
of carbon, this allows gas originally dominated by C1I to contain
increasingly large amounts of C1v, causing regions that at higher
redshifts would be probed by C 11 to be taken over by C1v, reducing
the association between C1v and galaxies.

Environments of z > 5 metals 4167

To visualize the ionization preferences more explicitly, Fig. 10
shows the mass-weighted ionization fraction for our ions of interest
and H1 as a function of the local overdensity in 40 ckpc voxels, from
log A = —1 up to 2.2, i.e. from less than the mean density nearly up
to the nominal threshold of the ISM. For z = 7, the hydrogen neutral
fraction decreases from ~55 per cent at log A = 2.2 reaching a nadir
of 0.25 at slightly over the mean density before increasing again.
All of the low-ionization states show similar trends to the hydrogen,
with decreases in ionization fraction out to ~the mean density, below
which there is an increase, perhaps due to the filtering of the ionizing
background by Lyman limit systems, which results in a spectrally
softer background. On the other hand, the high-ionization states show
gradual increases in ionization fraction as the overdensity decreases.
For each low-/high-ionization element pair, the low-ionization state
is universally preferred for all considered overdensities.

By z = 5, the HI fraction decreases to zero below the CGM
threshold at log A = 1 and the abundance of C1v and SiIV increases.
Both C1v and SiIv become preferred over their low-ionization
counterparts up to the edge of the CGM at logA ~ 1. Most
importantly, we can see that post-reionization, the low-ionization
ions quickly become disfavoured outside of the CGM in terms of
mass-weighted percentages.

While high-ionization ions are rare for z > 5.7 (Cooper et al.
2019), knowledge of these drivers can inform the selection of metal
species to use as galaxy tracers at z ~ 5. We can see that there is
a combination of factors driving the galaxy overdensities probed by
these ions, in particular, the degree of gas ionization for a given region
and the resulting preferred ionization state for an element. However,
the overall abundance of an element also plays a role. For example,
reionization results in O1 being a disfavoured ionization state for
oxygen in more diffuse gas due to its ionization energy of 1 Ryd.
If the neutral fraction and preferred ionization state were the only
things driving the nearby galaxy abundance, we would expect O1
to be the best galaxy tracer post-reionization; however, Sill is more
strongly associated with galaxies. Oxygen is more than an order
of magnitude more abundant in the simulation, and so even though
O1 is rare compared to the other ionization states of oxygen, the
overall quantity of O1 can still be large enough to produce detectable
absorbers in less overdense regions. Generally though, for a given
element a lower ionization state will serve as a superior galaxy tracer
post-reionization.

4 DISCUSSION

In this work, we have generated mock metal absorption spectra and
characterized absorbers’ association with galaxies to determine that
metal absorption system strengths decrease with increasing impact
parameter, and increase with the SFR of the nearest galaxy and the
local galaxy overdensity. These trends hold over a range of redshifts
z = 5-7. The local galaxy stellar mass overdensity is also greater
around SiIv and C1v at z = 6-7, but decreases post-reionization.
In accordance, we find that there are greater numbers of galaxies
with log Liye/(erg s™') > 40.5 around Si1v and C1v at z > 6 than
at lower redshifts. We generally conclude that (1) metal absorber
properties are more dependent on their environment than on the
properties of any host galaxy at these redshifts and (2) metal ions
probe different physical environments, and further their preferred
environment changes with redshift due to the changing physical
conditions undergone during hydrogen reionization.

In particular, of interest is that high-ionization absorbers like C1v,
itself a common target of high-redshift studies due to its ubiquity
and strength, are preferentially associated with lower stellar mass
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Figure 10. Mass-weighted mean ionization fractions of several ions as a function of the local overdensity for z = 7 and z = 5. The high-ionization states are
not preferred for any of these overdensities at z = 7, but by z = 5 are preferred for log A < 1.

overdensities on 100 pkpc scales post-reionization than several other
ions. Conversely at z > 6, along with Si1v, C1V is associated with
higher UVB amplitudes at the Lyman limit, lower neutral fractions,
and greater stellar masses. This appears to be due to the completion
of reionization, which allows photons capable of ionizing high-
ionization states to propagate out to larger distances from ionizing
sources. Prior to the completion of reionization, C1II and other low-
ionization metal systems can exist at larger distances from galaxies
since they do not require a strong source of ionizing radiation, and
the simulation has already enriched the regions surrounding galaxies
out to large impact parameters. Ultimately, these results show that
the ideal targets for galaxy searches post-reionization will be low-
ionization metal systems such as Sill rather than high-ionization
metals, although there is still a greatly elevated overdensity of
galaxies near CIv and SiIVv compared to the field. If reionization
is not believed to have been completed for a region under survey,
high-ionization metals may be the preferable tracers for galaxies
within a few hundred pkpc.

4.1 Comparison to observational studies

Observational attempts to determine the types of galaxies associated
with metal absorbers at z > 5 have resulted in conflicting conclusions
depending on the absorber types. Diaz et al. (2015, 2021) searched
for LAEs in the environments of known CIV systems from z = 4.9
to 5.7 and found an excess of nearby LAE candidates that tended to
lie on the fainter end of the LALF, with L < 1.15Lf,,, suggesting
a connection due to low-mass galaxies’ outsized influence on
reionization. They concluded that C 1V traces the reionized IGM and
potentially the sources of ionizing flux density, although it is unclear
if any of the detected galaxies could source the metal systems, except
in a few cases of systems at very small impact parameters. In contrast,
we would conclude that since the conclusion of reionization results in
a rapid increase in the mean free path of CI1I-ionizing photons, cor-
responding to an increase in the physical locations where C IV might
arise, this causes them to no longer preferentially trace the regions
with the highest relative ionizing flux density. However, in the context
of this simulation, it is difficult to determine the true Lyo luminosities
that should be most correlated with high-ionization metals given the
small box size and the complexity of predicting Ly emission.
With regards to low-ionization metals, Wu et al. (2021) recently
detected a bright [C1I] emitting galaxy near an OI system at z
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~ 6. The inferred halo mass of 4.1 x 10" Mg implies the O1
is within the virial radius of the galaxy, at ~0.6R,;. Based on
our findings that low-ionization metals are at higher overdensities
post-reionization, it seems to follow that a low-ionization metal like
O1 would arise quite close to its host galaxy once its surroundings
have been reionized. In contrast to our results, however, the SFR
inferred in Wu et al. (2021) is quite high, indeed far higher than for
any galaxy in our simulation box.

Meyer et al. (2019) examined the 1D correlation between CI1v
absorption and the Lyo transmission at 4.5 < z < 6.3, and found
greater Ly opacity within 10 cMpc A~ of a CIv system, and
enhanced transmission at larger distances. The enhancement in
transmission surrounding the C IV systems is interpreted to suggest
an excess of ionizing photons provided by clusters of small galaxies.
Making an identical comparison with our absorber catalogue at z =
5, we find relatively good agreement with their 1D correlation for
logN/em™2 > 13.5 (Fig. 11), including the greater-than-average
transmission at ~15 Mpc 4~!. Reducing the absorber strength cut to
13 to better match their sensitivity limits, we find that the opacity is
not as reduced within » < 10 cMpc A~! as their measurements,
suggesting these absorbers in the simulation are associated with
smaller overdensities and thus smaller hosts than in the true z
~ 5 Universe. This lends further credence to the possibility that
simulations tend to expel an excessive amount of metals around small
galaxies. Similarly overplotting the Lya transmissions associated
with other ions, we find that for z = 5 the other ions are associated
with regions whose Lyo opacities are greater and either cover
a physically larger area or perhaps lie within saturated damped
Lya troughs. Given the correlation between gas overdensity and
absorber strengths, we interpret this as further indication that the
post-reionization high-ion absorbers are located in less overdense
regions compared to the other ions, regions that are perhaps occupied
by fainter galaxies. These relations at z = 5.5 show the same general
trends remain between the ions, with C1v and SiIv showing higher
transmission for a given distance out to ~10 Mpc A~!. Compared
to Meyer et al. (2019), we would similarly conclude that the regions
around C1v at ~10 Mpc /4~ show excess transmission compared to
the mean, but note that this is not unique with respect to the regions
probed by other metal absorbers.

While it is useful for forecasting purposes to understand the
galaxy—absorber association, it is worth considering whether any
individual galaxy could be considered the sole contributor of metals
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Figure 11. The 1D correlation between log N/cm~2 > 13 metal absorption and Ly transmission at z = 5. Within 10 cMpc ~~!, all absorbers generally have
less transmission than average, showing their preference to inhabit overdensities. The transmission around high-ionization ions and Mg1I is generally higher
within this region, likely due to their tendency to arise in less overdense regions in the simulation compared to the low-ionization ions. Results from Meyer
etal. (2019) at 4.5 < z < 6.3 show relatively good agreement for distances beyond 1 cMpc !, but show greater opacity at smaller distances. The agreement is
better for systems with log N/em~2 > 13.7 (black dashed curve in inset). For a higher redshift of z = 5.5, the relative positions of the profiles are similar, but
the transmission is lower out to larger comoving radii, especially for the lower ionization ions. Note that the distances permitted here exceed the simulation box

size, and the correlation values on large scales converge to ~0.

to an absorbing system in this epoch, barring cases with very small
impact parameters. For very high redshifts, the vast majority of
galaxies are quite small and have shallow potential wells with
little capability to retain metals (Porciani & Madau 2005). Hasan
et al. (2022) related the observed incidence of CIV systems to the
abundance of haloes hosting galaxies with L > L, and L > 0.1L,
out to z = 4.75, finding that systems with EW > 0.04 A tend to
be too abundant above z ~ 3 to be hosted by L, galaxies. However,
much fainter galaxies are far too abundant to be the hosts, conceivably
suggesting that environments at early times are communally enriched
by low-mass galaxies. They determine that a subset of absorbers near
massive galaxies, those at r < 0.5y, is strongly physically associated
with their host. Given the small size of Technicolor galaxies, most of
our absorption systems do not fall within the virial radius of the any
galaxy, and so would correspond to their sample of weak absorbers
tracing a communally enriched medium.

Studies from lower redshifts similarly support a picture in which
small satellite galaxies overlie some common metal field, which
is further bolstered by our result that the metal absorber strengths
are better associated with their local overdensity and environment
than with their host traits. Dutta et al. (2021) studied low- and
high-ionization gas around galaxies at z < 2 using Mg1I and C1v,
focusing on correlations between them and the galaxy properties
and their environment. They found Mg1I strength and incidence to
be correlated with galaxy stellar masses and SFRs, with the SFR
association being more weak. The covering fraction is found to
be higher at a given radius for galaxies in group environments
(containing two or more galaxies), even when the galaxy is controlled
for stellar mass, redshift, and impact parameter. The trends are similar
but weaker for C1v. Anand, Kauffmann & Nelson (2022) associated
Mg 11 absorbers at 0.4 < z < 1 with galaxies in cluster environments,
looking for correlations between their strength and the traits of the
brightest cluster galaxy (BCG) and with the nearest satellite galaxies.
The Mg1I systems are closer on average to satellite galaxies than
a random distribution of Mg1I, suggesting a physical association.
However, the Mg1I strengths are not well correlated with the SFR
of the nearest galaxy, and their velocity dispersions with respect
to the BCG do not match the dark matter kinematics, suggesting

they are no longer physically tied to their source galaxies, perhaps
due to stripping by the intracluster medium. It seems reasonable to
conclude from these that metal absorbers, especially weaker ones at
high redshifts, are more likely to be physically unaffiliated with any
individual galaxy, and are instead tracing a ‘group’ medium.

4.2 Caveats

Previous analysis of TECHNICOLOR DAWN has established that while
it reproduces the qualitative trends of metal absorption and the
approximate order of magnitude of metal line incidence for z >
5, there are some observational details it cannot reproduce. The
column density distributions for all ions are generally too steep, as
the simulation generates too many weak metal absorption systems
and too few strong ones when compared to observations (Finlator
et al. 2016, 2018; Doughty et al. 2018; Doughty & Finlator 2019;
Hasan et al. 2020; D’Odorico et al. 2022). The discrepancy is worse
for some ions, for example, the underproduction of strong C1V is
worse than that of Si1v (see e.g. fig. 8 of D’Odorico et al. 2022). This
tendency is interpreted to mean that the simulation is too efficient
at expelling metals from small galaxies, which is further supported
by observations finding smaller galaxy—absorber impact parameters
than predicted. The detection in Wu et al. (2021) of an OTI system
within 20 pkpc of a relatively bright galaxy is not predicted by the
simulation, and the odds of their making a random detection of such
a bright galaxy are only ~0.7 per cent. It could also be related to
the small box size of the simulation, since only galaxies with SFR <
1 Mg yr~! are present at z ~ 6. The general tendency for stronger
absorption systems to be located in more overdense regions in this
simulation would suggest that a larger simulation containing larger
maximum overdensities should supplement the abundance of strong
absorbers to some degree. It is unclear if this could fully alleviate
the discrepancy, however, as absorber studies performed with larger
simulations still do not agree with observations (e.g. Keating et al.
2016).

Another potential issue is our treatment of galaxy Ly emission,
since its transmission approaching the EoR will be drastically
reduced. The simulation-based study in Weinberger, Haehnelt &
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Kulkarni (2019) found that there is attenuation of the redward Ly«
peak for intrinsically double-peaked Ly« profiles for a completely
reionized Universe, which results in a lower luminosity function
even for galaxies brighter than log Ly y,/(erg s=') = 43. If this degree
of extinction is suffered by our galaxy sample at z = 6, then the
predicted number of detections for a given luminosity in the fiducial
curve in Fig. 7 would significantly decrease. Further, such a degree
of Ly extinction would indicate that the observed LALFs of Drake
et al. (2017) and de La Vieuville et al. (2019) are sampling a galaxy
population that is nor represented in these simulations, and are
instead an intrinsically brighter population of galaxies dimmed by
external processes. By extension, this would mean that our abundance
matching-based Ly, transform does not represent a sensible order-
of-magnitude estimate of the detectable galaxy abundance near
metals. However, given the generally increasing association of metals
with galaxies seen in Fig. 6, we expect the general trends and
relationships to extend to higher galaxy luminosities.

IGM attenuation is impacted not only by the global gas density and
neutral fraction, but also by the local degree of ionization surrounding
a given galaxy; brighter galaxies residing in larger ionized regions
have enhanced transmission fractions when compared with faint
galaxies, and thus their observed numbers are less impacted than
those of faint galaxies (Weinberger et al. 2019; Park et al. 2021). If
this is indeed the case, then the main difference in our results is that
there would be no evolution with respect to reionization in the types
of ions that trace galaxies observable in Lya: low ions would always
be the preferential tracer, as long as the H1I region surrounding a
galaxy was sufficiently large. This would essentially constitute a
bias induced by Lya observability of the galaxy and so would not
necessarily hold for other observable galaxy emission, for example
[C1] or even the UV magnitude.

Despite this complication, the qualitative result of low ions being
the preferred galaxy tracers post-reionization seems robust. There
is already observational support for a reduction in the frequency
of low-ionization absorbers post-reionization, paired with evidence
that these systems are preferentially on the low EW and column
density side (Becker et al. 2019; Cooper et al. 2019; Doughty &
Finlator 2019). These support a model wherein gas at low overden-
sities transitions from low to high ionization at the conclusion of
reionization, increasing the physical association between galaxies
and the remaining low-ionization gas.

5 CONCLUSIONS

We have used the most recent iteration of the TECHNICOLOR DAWN
simulation to study the association between metal absorbers and
galaxies at z > 5, focusing in particular on the factors that may drive
absorber strength, the incidence of galaxies near absorbing systems,
and the environmental conditions that drive those associations. Atz =
6 there is a scattered correlation between the SFR of the host galaxy
and the column density of the metal system, but there is a stronger
and more consistent relationship between the local overdensity
of galaxies and the absorber strength. Further, we recreate the
observed anticorrelation between metal absorber strength and impact
parameter to the host galaxy and the anticorrelation varies in strength
between ions, with high-ionization C1v, for example, showing a
profile that is less steep than low-ionization species like OI or
SiL. The correlation function of galaxies with high-ionization metal
absorbers is elevated compared to other metals for z = 7 — 6, but
the difference diminishes by z = 5. This translates to high-ionization
metals being associated with more galaxies with Lyo luminosities
in excess of 100> erg s~! prior to the end of reionization, tuned to
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occur at z = 6. This is not restricted to Lyw; they are also associated
with galaxies with brighter UV magnitudes. Post-reionization this
association diminishes and leads to a lower incidence of relatively
bright galaxies nearby these specific transitions.

We find that the average environmental conditions tracing metals
differ between ionization states, and that these are the conditions
that drive the pre-reionization association with galaxies for high-
ionization systems. Prior to the end of reionization, high-ionization
metal systems arise in regions with higher Lyman limit specific
intensities, higher galaxy overdensities, and also higher galaxy stellar
mass overdensities. Using C1V as a test case to investigate how this
drives their association with galaxies, we find that for z > 6 C1v
absorbers arise in regions with slightly lower minimum H 1 neutral
fractions and higher specific intensities than C 11 absorbers, but also
in regions with a greater carbon abundance and slightly higher gas
density. The distribution of neutral fractions and UVB amplitudes
for C1I extends to extreme tails in high H I neutral fractions and low
UVB amplitudes.

These results show that one can use knowledge of the preferred
ionization state and overall abundance of an element to select ions
that will tend to probe more overdense regions in order to maximize
the chance of detecting galaxies in post-reionization high-z searches.
In particular, absorption systems of low-ionization states of less
abundant elements may serve as superior galaxy tracers.
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