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Abstract

Characterizing the relationship between stars, gas, and metals in galaxies is
a critical component of understanding the cosmic baryon cycle. We com-
pile contemporary censuses of the baryons in collapsed structures and their
chemical makeup and dust content. We show the following:

m The Hr mass density of the Universe is well determined to redshifts
z~ 5 and shows minor evolution with time. New observations of
molecular hydrogen reveal its evolution mirrors that of the global star-
formation rate density, implying a universal cosmic molecular gas de-
pletion timescale. The low-redshift decline of the star-formation his-
tory is thus driven by the lack of molecular gas supply due to a drop in
net accretion rate related to the decreased growth of dark matter halos.

m The metal mass density in cold gas (T < 10* K) contains virtually all
the metals produced by stars for z > 2.5. At lower redshifts, the con-
tributors to the total amount of metals are more diverse; at z < 1, most
of the observed metals are bound in stars. Overall, there is little evi-
dence for a “missing metals problem” in modern censuses.

m We characterize the dust content of neutral gas over cosmic time, find-
ing the dust-to-gas and dust-to-metals ratios fall with decreasing metal-
licity. We calculate the cosmological dust mass density in the neutral
gas up to z ~ 5. There is good agreement between multiple tracers of
the dust content of the Universe.
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Baryons:
normal matter
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1. CONTEXT

1.1. Motivation of this Review

Astronomers now know the basic constituents of the present Universe: 73 % dark energy, 23 % dark
matter, 4% baryons. The term baryons is used to refer to the normal matter of the Universe (inclu-
sive of the baryonic and leptonic matter discussed by physicists). The baryon density parameter—
the comoving baryon density normalized to the critical density today, Q2baryons = Pbaryons/ Perico—
that describes the quantity of normal matter is a fundamental cosmological parameter. One of the
great successes of the past decades is the excellent agreement between estimates of Qparyons from
primordial nucleosynthesis (Cooke et al. 2018), fast radio burst dispersion measures (Macquart
et al. 2020), and cosmic microwave background (CMB) anisotropies (Planck Collab. et al. 2016).
From the Big Bang onward, the baryons collapse with dark matter to form the large-scale struc-
ture, galaxies, and stars we observe. Although their mass grows with time, only a minority of the
baryonic matter is found in stars; even today, some 13.7 Gyr after the Big Bang, >90% of the
baryons are found in the gaseous phase of the Universe. The gas, notably the cold gas traced by
Hir and H,, provides the reservoir of fuel for forming stars.

The formation of stars leads naturally to the creation of metals, the elements heavier than
helium. The study of the metal content in cosmic environments provides fundamental insights
into the evolutionary processes that drive the formation and evolution of galaxies and the stars
within them. Metals are largely created in stellar interiors through nuclear fusion reactions. They
are expelled from stars through the supernova explosions that mark the ends of massive stars’
lives. The collective effects of supernovae also serve to distribute the metals on much larger
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scales, mixing metals into the interstellar medium (ISM) of galaxies and even beyond. The metals
that remain in the ISM are incorporated into the next generation of stars. This includes the
metals chemically sequestered into dust grains, the solid-phase material that plays a central role
in catalyzing formation of the molecules essential to star formation.

Observations of the temporal and spatial evolution of metals are key to constraining this global
picture of the Universe’s evolution. Early accounting of the total metal budget found an order of
magnitude shortfall in the comoving density of observed metals compared with those expected
to be produced by the stellar content of the Universe (Pagel 2001, Pettini 1999). This so-called
missing metals problem was originally based on metal abundances derived for components of the
Universe at z = 2.5, including gas traced by quasar absorbers and galaxies. It was then postulated
that the missing metals would be found far from their production sites, in the hot gas filling galactic
halos and protoclusters. This problem has been revisited several times (e.g., Ferrara et al. 2005;
Bouché et al. 2005, 2006, 2007; Shull et al. 2014).

This review synthesizes modern censuses of gas, metals, and dust in the baryonic components
most closely related to galaxies and their star formation. By gathering the latest robust observa-
tions and state-of-the-art, physically motivated cosmological hydrodynamical models of galaxy
formation, we assess these quantities continuously with look-back time over 90% of the age of the
Universe. Given the limited space available, it is impossible to provide a thorough survey of such a
huge community effort without leaving out significant contributions or whole subfields. We note
in this volume, Tacconi et al. (2020) offers an alternative view of the molecular and dust content
of galaxies, and Forster-Schreiber (2020) focuses on the kinematics and resolved metal content of
intermediate redshift galaxies. In what follows, we focus on a series of questions: How does the
gas reservoir that fuels star formation evolve (Section 2)? Where are the metals in the Universe
(Section 3)? What is the cosmic evolution of dust mass (Section 4)? In the final section, Section 5,
we provide a forward-looking view of the field.

All results presented here assume a concordance ACDM cosmology with parameters
(21, 4, b) =(0.3,0.7,0.7), where the density parameters Q) and 2, are the normalized mass-
energy densities of matter and the cosmological constant, respectively, at z = 0 relative to the crit-
ical mass density, puico = 87 G/3HZ. The quantity b = Hy/(100 kms™! Mpc™!) is a dimensionless
statement of the present-day Hubble constant, Hy. We use comoving coordinates when discussing
volume densities throughout this work, such that a comoving megaparsec, cMpc, is related to the
physical (proper) distance by cMpc = (1 + z) Mpc. All logarithms assume base 10.

1.2. Probing Baryons and Metals

Only a minority of the baryons are scrutinized by observations of starlight from galaxies. The
remaining baryons reside in low-density gas, which is challenging to detect in emission (Augustin
et al. 2019, Wijers et al. 2019). The baryons and metals associated with the majority of the gas
that lies beyond the regions excited by hot stars are studied using resonant absorption lines in the
spectra of background sources. This is a particularly powerful technique when using bright back-
ground sources such as quasars, gamma ray bursts (Bolmer et al. 2019), fast radio bursts (Prochaska
& Zheng 2019), or even other galaxies (Steidel et al. 2010, Cooke & O’Meara 2015, Péroux et al.
2018). Absorption lines provide a measure of the surface density or column density of atoms, ions,
or molecules between the observer and the background source (expressed in atoms per square
centimeter). The Hi column density, for example, along a sightline passing through gas with a
neutral hydrogen particle density, #y; (in atoms per cubic centimeter), is

N(HI)E /%HldY, 1.
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Molecular gas:
N(H,) = N(Hp),
mostly traced by CO

Neutral gas:

NHI) > 10793 cm—2,
also known as damped
Lyman-o systems
(DLAs)

Partially ionized gas
(sub-DLAs):

N(Hi) = 10190
10293 ¢em—2, also
known as the sub—
damped Lyman-o
systems (sub-DLAs)

Ionized gas: N(Hi) =
1017.2_1019.0 cm—2
also known as
Lyman-limit systems
(LLSs)
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where s is the path the sightline takes through the gas. The important advantage of absorption
over emission from galaxies is the ability to reach low gas densities. Furthermore, the sensitivity
of this technique is redshift independent and offers a powerful tool to study the cosmic evolution
of the baryon and metal content of the Universe. Although individual absorption measurements
are limited to a pencil beam along the line of sight, the large samples now assembled allow us to
statistically measure the mean properties of galaxies by combining many lines of sight, thereby
also minimizing cosmic variance effects.

In Figure 1, we highlight the physical properties of the gas that is studied in absorption, con-
centrating on the high column density gas in and around galaxies. We focus this review on these
densest environments, which play a key role in the baryon cycle of galaxies and harbor the majority
of the metals in the Universe. The central panel, Figure 14, shows the projected H1 column den-
sity, N (Hi), around a typical simulated galaxy at z = 2 [from the Enzo-based FOGGIE (Figuring Out
Gas & Galaxies in Enzo) suite of Peeples et al. 2019]. The remaining panels in Figure 1 connect
the gas’s physical properties (notably its density and ionization conditions) with its environment
and measurable properties [in this case drawn from the analysis of the EAGLE (Evolution and As-
sembly of GaLaxies and their Environments) and IllustrisTNG (The Next Generation Illustris)
simulations by Rahmati et al. (2013) and Nelson et al. (2019), respectively]. Clear trends emerge
when examining Figure 1. The higher column densities are found closer to the centers of sim-
ulated galaxies (Figure le), and high column density gas is denser (Figure 1¢) and more neutral
(Figure 1d). Because higher column density gas has a smaller sky cross section, the frequency with
which random sightlines in blind surveys intercept this gas is smaller than it is for lower column
densities (Figure 15).

The highest Hr column densities in Figure 1 trace dense gas and are largely self-shielded
from ionizing ultraviolet background (UVB) photons, thus remaining mostly neutral. These
include regions of molecular gas where H, dominates the gas column density distribution
(Figure 1le). We identify neutral gas regions in this review as those having Hr column densities
N(Hi) > 2 x 10*° cm™?, often referred to as damped Lyman-« systems or DLAs (see the review by
Wolfe et al. 2005). These systems trace both the cold and warm neutral medium.! This canonical
definition was introduced by Wolfe et al. (1986) because such column densities are characteris-
tic of Hr 21-cm measurements of local disk galaxies while providing lines of sufficient equivalent
width (Section 1.3) to be easily detectable in the low-resolution spectra available at the time.

Lower Hr surface density gas found further from the cores of galaxies (Figure le) is increas-
ingly ionized and multiphase (Figure 1e). The ionization state of hydrogen is set by the balance
of the reaction

H 4+y=H" +¢. 2.

The optical depth at the Lyman limit (bv = 1 Ryd ~ 13.6 ¢V or A ~ 912 A) is key: High optical
depths at energies ~1-2 Ryd keep ionizing photons (y) from propagating throughout the gas.
For 10" < N(Hi) < 2 x 10?° cm™2, the gas contains a mixture of neutral and ionized H, and we
refer to such regions as partially ionized gas throughout this review. This column density regime
corresponds to the sub-DLAs first denoted by Péroux et al. (2003), who set the column density
definition to include all systems that contribute significantly to the total Hi mass density. These

systems are sometimes referred to as super Lyman-limit systems.

IHere, we are using the nomenclature “neutral gas” to refer to the atomic-dominated component as opposed
to predominantly ionized gas or molecular-dominated gas (the latter of which is also, of course, neutral).
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Figure 1

A broad view of the physical properties of cold gas discussed in this review and its relationship to galaxies.
This figure summarizes the behavior of gas column (surface) densities in z ~ 2-3 simulated galaxy halos.
The central panel (#) shows projected gas column densities for a halo that will develop into a Milky
Way—mass system by z = 0. The H1 column densities are coded according to the scale on the middle-left,
and the color-coding for all panels is summarized on the middle-right. The four corner panels show (%) the
cosmological column density distribution, (¢) the typical projected Hr column density as a function of total
particle density, (d) the neutral fraction of the gas as a function of particle density, and (e) the typical column
density of Hr and H; as a function of projected distance from simulated galaxies. The rarer high column
density (and thus highest-density/least-ionized) gas is preferentially found in the inner regions of galaxies.

At lower column densities, we designate systems with 1.6 x 107 < N(Hi) < 10! cm? as ion-
ized gas. These are the Lyman-limit systems (LLSs; Tytler 1982), where the lower bound cor-
responds to an optical depth at the Lyman limit, 791 > 1. Observations and modeling of metal
lines from these absorbers demonstrate they trace ionized structures, with a neutral fraction often
H°/H ~ 10~} (Figure le; cf. Fumagalli et al. 2016, Wotta et al. 2019). These absorbers are easily
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Figure 2

An overview of using absorption line experiments to probe gas in the Universe. (#) Light from a background object (in this case a quasar
on the 7ight) follows a ray through the Universe toward an observer (Jeff). As the ray passes through the halos of galaxies (the darkest
regions in the background image), absorption due to Hr and metals is imprinted on the spectrum; additionally, baryonic matter collected
into the filaments also absorbs some light, largely in the Hr Lyman-series transitions, giving rise to a forest of absorption. (b)) A sample
high-resolution spectrum of a high-redshift (zem = 3.0932) quasar recorded at high resolution by UVES on the VLT (D’Odorico et al.
2016). This spectrum has an ultrahigh signal-to-noise ratio, SNR ~ 120 to 500, with a spectral resolution R = /A% = 45,000. Intrinsic
emission lines from the quasar are marked across the top. Many redshifted absorption lines are seen in these data. Those at wavelengths
longward of the quasar Ly« emission all arise from metals; those shortward of the Ly emission are largely from Hi, though with some
interloping metal lines. The absorption line profiles encode critical information about the physical state of the gas. The insets show
absorption profiles from Hr (Jeft) and representative metal lines (right) associated with the z ~ 2.9 absorber producing the strong
spectral break seen near 3600 A. Abbreviations: UVES, Ultraviolet and Visual Echelle Spectrograph; VLT, Very Large Telescope.

identifiable by their distinctive absorption break in quasar spectra (see Figure 2). These lower-

density absorbers are found in more extended regions around galaxies (Figure 14,d) and are sub-

sequently observed with a higher frequency than the higher column density systems (Figure 15).

At even lower column (surface) densities, the gas becomes optically thin to ionizing radia-

tion and traces low-density circumgalactic and intergalactic gas. The intergalactic medium (IGM)

manifests itself observationally as a forest of Hr absorption lines in the spectra of background

IGM: intergalactic quasars, with 10'2 < N(Hi) < 1.6 x 10'7 cm?, the so-called Lya forest. Its absorption is caused
medium not by individual, confined clouds but by a gradually varying density field characterized by over-
dense sheets and filaments and extensive, underdense voids that evolve with time (McQuinn 2016).

1.3. Basic Concepts of Absorption

As light from a distant source propagates to an observer, a fraction can be absorbed via electronic
resonance transitions in intervening atoms, ions, or molecules and subsequently re-emitted along
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another path. The specific flux, F(v), observed from a background object is expressed in terms of
the unabsorbed continuum flux, Fy(v):

F() = Fy(v)e™™™. 3.

At rest frequencies v corresponding to resonance transitions in the intervening gas, the optical
optical depth, 7(v), is related to the column density, N, of the absorbing species through

+00
T(v) = /(; no(v)ds = No(v), 4.

where 7 is the density of absorbing particles and s is the path through the material. The absorption
cross section, o (v), is

el

o(v) =

e fo). 5.
Here, f is the oscillator strength describing the intrinsic strength of the absorption line (a re-
cent tabulation of these f values can be found in Cashman et al. 2017). The line profile, ¢(v),
is the intrinsic shape of the absorption line with frequency, itself a convolution of two parts: a
central Gaussian core characteristic of the internal motions of the gas and broader Lorentzian
wings due to the intrinsic width of atomic energy levels (see equation 6.37 of Draine 2011). For
metal line absorption, the central Gaussian component is the most important and is distributed
such that 7(v) o exp(—v?/F*) for velocity v relative to line center and Doppler parameter 4. The
Lorentzian wings become important for strong absorption, typically only applicable to Hi. An
observed spectrum (e.g., Figure 2) is a summation of all of the optical depth profiles—some of
which overlap—as convolved by the instrumental line spread function.

There are three principal approaches to relating the observed line profile to column density
(ultimately through Equation 4). The first relies on a measurement of the rest-frame equivalent
width of the absorption line, W, defined as

(B -FQ) . W
W ese _/73()») dr = /(1 e )da, 6.

where the rest-frame wavelength, A, is related to the observed wavelength by the absorber redshift,
A = Xobs/(1 + 2aps)- The column density of the absorbing species is then derived from measured
equivalent widths by the classical curve-of-growth technique (e.g., Draine 2011). The observed
equivalent width is not dependent on instrumental resolution, and this technique is useful when
several under-resolved lines are available (e.g., using low-resolution spectroscopy).

An alternate approach integrates the apparent optical depth of an absorption line to derive its
apparent column density (Savage & Sembach 1991). The apparent optical depth profile, 7,(v), is
derived directly from the normalized observed spectrum, inverting Equation 3. The term “appar-
ent” here allows for the fact that the observed flux has been convolved by the instrumental line
spread function. The apparent column density, per unit velocity, is then

mee 7,(v)

N = 25— = B.768 x 10" cm ™2 (kms ™')™

7,(v)

fho (A) ,

where A¢(A) is the central wavelength of the transition (in angstroms). The apparent column
density is an integration over this N, (v) profile.

The last approach to deriving column densities is Voigt profile fitting, which models the
absorption profile based upon the summation of the optical depths from individual absorbing
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components. A comparison of the observed spectrum with the model flux distribution convolved
with the instrument line spread function constrains three parameters for each component: N,
v (the central velocity), and / (the Doppler parameter describing the breadth of its Gaussian
core). Ideally, the continuum is also included as a free parameter to the fit. The most important
concern of profile fitting is the nonuniqueness of the adopted component model. However, it
provides component-by-component physical properties and accounts naturally for saturation
when simultaneously using information from multiple transitions of an absorbing species.

Strong neutral hydrogen absorption with N(Hi) > 10" cm? will show damping wings in Ly
due to the Lorentzian component of the optical depth profile. The Hi column density is derived by
fitting these wings (akin to the profile fitting approach). Such strong absorption is on the square-
root part of the curve of growth, where the equivalent width grows as the square root of the
column. The column density of Hr can also be derived directly from the equivalent width of
Lya:

N(Hi) = (1.88 x 10" em™2) x W2, 5

where W is given in angstroms. Note that Lee et al. (2020) discuss departures of the fully quan-
tum mechanical profile from the semiclassical Voigt profile (approximated for a two-level atom)
at very high column densities [N(Hr) > 10?> cm™2]. Beyond spectroscopy, the cumulative ab-
sorption from gas modifies the colors of background sources or provides a frequency-dependent
modification of light, providing a means to derive statistical properties of the intervening matter
(Deharveng et al. 2019, Prochaska & Zheng 2019).

2. COSMIC EVOLUTION OF BARYONS

Multiwavelength studies have accurately constrained the growth of galaxies through cosmic time:
The rate of star formation per comoving volume peaks at a redshift of z ~ 2 (the epoch of galaxy
assembly), stays high up to z ~ 1 (Universe age: 2-6 Gyr), and then dramatically decreases by
more than an order of magnitude from z ~ 1 until today (Madau & Dickinson 2014). Probing the
fuel for star formation, i.e., the denser phase of the ISM in high-redshift galaxies, is essential to
providing insights into the physical processes producing these changes.

2.1. Cosmic Evolution of Neutral Gas

Neutral atomic hydrogen (Hr) gas, a primary ingredient of star formation, is a key input for under-
standing how various processes govern galaxy formation and evolution. In this section, we provide
a review of recent measurements of the neutral phase of the gas in the Universe and its evolution
with cosmic time. We note that this census is more than an accounting exercise but aims at repre-
senting the cosmic cycling of baryons (Fukugita & Peebles 2004; Bouché et al. 2005, 2006, 2007;
Shull et al. 2012).

2.1.1. Basic principles of characterizing the neutral gas mass density. The column density
distribution function (Figure 1), the rate of absorber incidence per unit column density per unit
absorption path, is characterized as

N
F(N,2)dNdX = mdeX, 9.
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where N is the number of absorbers observed in a column density bin [N, N + AN] obtained
from the observation of 7 background sources with total absorption distance coverage > | AX;.

The distance interval, AX, relates the observed redshift path to comoving path length; thus, the
distance interval depends on the geometry of the Universe. In the current preferred flat cosmology
(ACDM), X (2) is (Bahcall & Spitzer 1969)

X<z>=/oz<1+z>2[ H

0
H(z)

] dz = / (1 +2) [Q + Q1 +2)°] 7 dz 10.
0

(assuming the curvature term €, = 0, and 2, is constant with redshift). The comoving baryonic
mass density of the gas is computed by integrating the observed column density distribution:
Nimax

Nf(N,z)dN, 11.

Ninin

Hoypmy

Pneutral gas(z) =

where p is the mean molecular weight of the gas and is taken to be 1.3 (76% hydrogen and 24%
helium by mass), 72y is the hydrogen mass, and Np, and N,y are the bounds of the column density
regime being studied. The mass density is commonly expressed relative to the critical mass density
atz = 0, Pei0, SO that a nonevolving quantity results in a constant value of the density, Q2(z):

Q(2) = p(2)/perico = p(2)/3 Hy /87 G). 12.

Here, G is the gravitational constant and H, the Hubble constant. For our adopted cosmology,
Perico = 1.36 x 10" M cMpc~*. Note that the comoving mass density we use here is related to
the proper mass density by p(z) = pproper(z)/(1 + 2)°.

In practice, the integral in Equation 11 is sometimes fitted with multiple power laws for the pur-
pose of integration. These fits may diverge at large column densities, forcing an artificial choice of
cutoff (Nmgx or infinity). The choice can make a substantial difference in the resulting Qpcural gas- A
alternative is to utilize a 3-parameter Schechter function that converges at high column densities
(Péroux etal. 2003, Zafar et al. 2013). The integration of the column density distribution indicates
that the lowest column density absorbers dominate by number, whereas the rare strong systems
are major contributors to the total neutral gas density (e.g., Péroux et al. 2003, Noterdaeme et al.
2012). It is a common misconception that such surveys are biased against high column density
material due to the relatively small cross section of such gas on the sky. Absorption line surveys
are ultimately probing the volume density by assessing the column density per unit absorption
path; they are independent of the spatial distribution of the gas through characterization of the
absorber frequency in Equation 9 (see Figure 15).

Several distinct observational techniques have been used to measure the abundance of neutral
hydrogen in the Universe. The approaches change with redshift owing to the differences in transi-
tions that are accessible. Atz < 0.4, the current generation of radio telescopes measures Hr 21-cm
emission, which provides a direct estimate of the Hi mass. The emission arises from the hyperfine
splitting of the ground state of neutral hydrogen into two levels because of the spin-spin inter-
action between the electron and proton. An electron located in the upper-energy level can decay
into the lower-energy state by emitting a photon with a rest wavelength of ~21 c¢m or frequency
~1,420 MHz. Recent surveys have made robust measures of the local Hr mass function and mass
density of galaxies (Jones et al. 2018, Westmeier 2018). An integral over these provides a measure
of Queutral gas- Observing at higher redshift is challenging as the line is intrinsically faint and be-
cause of the increased importance of radio frequency interference at low frequencies. An important
goal of the next decade will be to push the 21-cm observations (through stacking or otherwise) to
higher redshifts that overlap other observational techniques, notably with Square Kilometre Array
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(SKA) pathfinders such as ASKAP (Australian Square Kilometre Array Pathfinder) and MeerKAT
(Curran 2018).

Redshifts above z ~ 0.4 are currently beyond the sensitivity of 21-cm searches. Characteriza-
tion of the Hr content at higher redshifts relies on the direct detection of Hr Lya 1215-A absorp-
tion in the spectra of background quasars. These observations yield direct estimates of N (Hr) for
neutral gas absorbers through the Lya damping wings. At z < 1.7, the Lyo line is obscured by
Earth’s atmosphere, requiring expensive spaceborne UV spectroscopy. The combined challenges
of the geometry of the Universe and the paucity of absorbers require sampling many sightlines to
make an accurate assessment. Limited blind surveys have been done with the Hubble Space Telescope
(HST) and other single-object spectroscopic missions. The most statistically robust surveys have
made use of preselection of candidate absorbers using strong metal lines (typically including Mgir)
initially observed in ground-based surveys (see Rao et al. 2017).

Over the 1.7 < 2 < 5 redshift range, the Lye transition is observed from the ground; extremely
large surveys of thousands of quasar absorbers have brought such studies into a new era (e.g.,
Noterdaeme etal. 2012, Bird etal. 2017, Parks et al. 2018). These ambitious endeavors with 2.5-m-
class telescopes—the Sloan Digital Sky Survey (SDSS) in the Northern Hemisphere and the 2dF
quasar survey in the Southern Hemisphere—advanced the field significantly primarily because
they produced homogeneous advanced data products for well over one million low-resolution
quasar spectra. In the near future, dedicated spectroscopic surveys on 4-m-class telescopes will
provide a new wealth of low- and medium-resolution quasar spectra in extremely large num-
bers, notably the WEAVE-QSO [WHT (William Herschel Telescope) Enhanced Area Velocity
Explorer-Quasi-Stellar Object] survey, the DESI (Dark Energy Spectroscopic Instrument) exper-
iment, and surveys with the 4MOST (4-metre Multi-Object Spectroscopic Telescope) experiment.
Clearly, such surveys will require specific approaches to analyze these large data outputs.

At z 2 5, the strong Hr absorbers are challenging to identify observationally, as the Lya for-
est becomes highly absorbed. The forest becomes opaque for Hi neutral fractions >107?, which
provides a blanket of absorption that leaves little continuum against which to search for strong
Lya absorption. However, there has been recent success in measuring the Or forest (Becker et al.
2019) as well as the red damping wing’s effect on the quasar flux (Davies 2020). Higher-resolution
quasar spectroscopy with the next generation of extremely large telescopes [e.g., ELT/HIRES (Ex-
tremely Large Telescope/High Resolution Spectrograph), GMT/G-CLEF (Giant Magellan Tele-
scope/GMT Consortium Large Earth Finder)] will allow us to recover transmission peaks against
which neutral absorbers may be measured up to the reionization redshift (Maiolino et al. 2013).
Alternatively, observers will have to rely on other tracers of neutral gas at the highest redshifts.

A promising approach for the future is intensity mapping, which uses low-spatial-resolution
surveys of unresolved sources over large cosmological volumes to map overdensities on large
scales. Kovetz et al. (2017) summarize current and future intensity mapping experiments. A range
of lines will be used to statistically assess the densities of neutral gas traced by 21-cm emission
(Chang et al. 2010, Masui et al. 2013) and molecular gas indirectly traced by CO (Keating et al.
2015) and [Cu] (Pullen et al. 2018) up to the highest redshifts, from both existing observatories
and purpose-built future facilities, e.g., CONCERTO (CarbON Ci1 line in post-rEionization and
ReionizaTiOn epoch project) on the APEX (Atacama Pathfinder Experiment) telescope and At-
LAST (Atacama Large Aperture Submm/mm Telescope).

2.1.2. Neutral gas mass density. Figure 3 shows a collection of Qnequral gas measurements from
the literature as crosses. We base this compendium on results from the past decade. Rather than
try to be exhaustive, we chose representative results that avoid redundant use of the same data sets.
Our compilation at low redshift (z < 0.4) includes measurements from 21-cm emission surveys
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Figure 3

Cosmic evolution of the neutral gas density, Qneqeral gas = Pneutral gas/ Perir,0- In this and following figures, the
corresponding comoving density in mass units, Ppeural gas» i Shown on the right axis. The crosses display the
results from individual surveys from the literature. Those at z < 0.4 are from 21-cm emission measurements;
the higher-redshift values are assessed through Ly absorption. The power-law fit described in Equation 13
is shown with the thick line, and the shaded bands show 68% and 95% confidence intervals of the fit. The
gas density is on the whole well determined and shows a mild evolution with cosmic time. (Inset) The change
in comoving gas mass density since z = 5.0, Aps. By z < 2.5, the total increase in stellar mass density exceeds
the neutral gas consumption, requiring replenishment of the neutral gas supply. Data used to generate this
figure are provided in Supplemental Table 1.

and spectral stacking efforts (Delhaize et al. 2013; Rhee et al. 2013, 2016, 2018; Hoppmann et al.
2015; Jones et al. 2018; Bera et al. 2019; Hu et al. 2019), although the latter are more prone to
confusion issues (see Elson et al. 2019). Our collated results at high redshift include measurements
using high-resolution spectroscopic surveys of tens of objects (Zafar et al. 2013, Crighton et al.
2015, Sanchez-Ramirez et al. 2016, Rao et al. 2017) as well as analyses of lower-resolution spectra
of thousands of objects recorded by SDSS (Noterdaeme et al. 2009, 2012). We have homogenized
the data to our chosen cosmology and accounted for the contribution from helium, multiplying
the Hr mass densities by 1/0.76. We note that 21-cm emission surveys encompass the total Hi
mass, whereas absorption techniques reported here are limited to systems with log N (Hr) > 20.3.
Lower column density quasar absorbers contribute an additional 10-20% to the total Hi content
(Zafar et al. 2013, Berg et al. 2019).

In the absence of a physical motivation that would favor a specific functional form, we fit the
cosmological evolution of Q,eyeral gas With a mathematically simple two-parameter power law. We
derive the best-fit function in (1 + z) space:

Qneutral gas () = [(4.6 £0.2) x 107¥](1 + 2)"57+004, 13.
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The 68% and 95% confidence intervals based on bootstrap estimates are shown in Figure 3. This
fitis only appropriate at redshifts for which we currently have data, because at the highest redshifts
approaching reionization, the neutral gas density approaches the total baryonic density.

The comoving mass density of neutral gas evolves relatively little over time, decreasing as
(14 2)* from z &~ 5 to today. Historically, it was believed that the neutral gas provided all the
raw material for the formation of stars, so its redshift evolution should counterbalance the star-
formation activity over the history of the Universe (Wolfe et al. 1986). The relatively modest evo-
lution throughout cosmic time of the neutral gas density is in contrast to the now well-determined
star-formation rate (SFR) density, which rose sharply to a peak at redshifts z ~ 1-2 before declin-
ing by an order of magnitude to today’s modest levels of star formation (Madau & Dickinson
2014). The inset of Figure 3 shows the change in comoving mass density since z = 5, Aps, fol-
lowing Crighton et al. (2015). The change in comoving stellar mass density is from an integration
of the SFR density of Madau & Dickinson (2014) (see Section 3.5.1; we assume 50% uncertain-
ties). The negative change in neutral gas density is based on the power-law fit in the main figure.
At z < 2.5, the increase in stellar mass is significantly larger than the neutral gas consumption.
These observations call for the global and continuous replenishment of the neutral gas from the
ionized gas reservoir in the IGM (e.g., Wolfe et al. 2005, Prochaska & Wolfe 2009, Zafar et al.
2013).

From the theoretical viewpoint, the key processes of the production and consumption of the
neutral gas have to be introduced into simulations in the form of subresolution effective models.
For these reasons, simulations of the cold phase of the gas have relied on so-called semianalytical
approaches (Lagos etal. 2011, Davé et al. 2017). More recently, IllustrisTNG simulations (Nelson
et al. 2019) in particular have been postprocessed to reproduce the cosmological evolution of
neutral gas (Diemer et al. 2019). Improved methodologies for modeling the atomic-to-molecular
transition on the galaxy-by-galaxy basis (including empirical, simulation-based, and theoretical
prescriptions) have been used to compare the cold gas mass function with z = 0 observations.
Reliable predictions will have to await more complete treatment of self-shielding and the full
chemistry in higher-resolution cosmological simulations, which to date remain computationally
challenging (Richings et al. 2014, Maio & Tescari 2015, Emerick et al. 2019).

2.2. Cosmic Evolution of Molecular Gas

The molecular phase is at the heart of the physical processes through which gas is converted into
stars. Neutral hydrogen provides the essential fuel, but this fuel has to cool and transform into
the molecular phase for star formation. It is now possible to constrain the molecular content of
large samples of galaxies (Saintonge et al. 2011, Tacconi et al. 2020). The first unbiased survey
for molecular gas done through a blind scan was by Walter et al. (2014). An analogous blind
survey, ASPECS [the ALMA (Atacama Large Millimeter Array) Spectroscopic Survey], was done
in ALMA 3- and 1-mm (respectively, ~100 and 250 GHz) bands in the Hubble Ultra Deep Field
(Decarli et al. 2016, 2019). ASPECS is the first assessment of the cosmic evolution of molecular
gas to z < 4; the results are subject to significant uncertainties due to small number statistics
and the impact of cosmic variance. In addition, the VLA (Very Large Array)-based COLDz (CO
Luminosity Density at High-z) survey made complementary measurements at z > 4 (Riechers
etal. 2019), whereas the IRAM (Institut de Radioastronomie Millimétrique) 30-m-based xCOLD
GASS {Extended CO Legacy Database for GASS [GALEX (Galaxy Evolution Explorer) Arecibo
Sloan Survey]} provided robust z = 0 measurements (Saintonge et al. 2017). Figure 4 illustrates
our current knowledge of the cosmic evolution of the molecular gas from these surveys. We
note that CO absorption provides an alternate approach to assessing Qumolecular gas; Klitsch et al.
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Figure 4

Cosmic evolution of the density in condensed matter (stars, neutral gas, molecular gas). The total baryonic
density of the Universe estimated from cosmic microwave background anisotropies and from light element
abundances is shown at the top. The condensed forms of the baryons illustrate the cycling of baryons most
closely contributing to the makeup of galaxies. At all redshifts, the neutral gas density dominates over that of
the molecular gas. The molecular gas density evolution roughly mirrors that of the star-formation rate
density (Madau & Dickinson 2014), hinting that the molecular gas reservoir drives the evolution of star
formation. Data used to generate this figure are provided in Supplemental Table 2.

(2019a) use the ALMA calibrator archive to search for absorption, providing stringent limits on
the molecular gas density at z < 1.5. This approach is promising as it allows us to reach lower
gas column density free from cosmic variance issues (see also Kanekar et al. 2014).

The molecular measurements reported here arise from studies undertaken in just the past
few years; we expect that observational determination of Qmlecular gas Will make rapid progress
in the years to come. Although new observations will provide better statistical measures through
increased sample size and depth, limiting systematic issues in using CO as a tracer of molecular gas
will require better theoretical understanding if their impact is to be mitigated (Gong et al. 2018).
The limited simultaneous frequency coverage (bandwidth) of current receiver arrays produces a
redshift-transition degeneracy inherent to single-line detections in blind surveys. Furthermore,
the observed higher-rotational quantum number transitions require a conversion to the reference
CO(1-0). This step introduces an uncertainty due to variation in poorly known spectral line
energy distribution (SLED) of different galaxy types (Carilli & Walter 2013, Klitsch et al. 2019b,
Riechers et al. 2020). The CO-to-H; conversion factor adds a large systematic uncertainty, as
well. Indeed, CO likely breaks down as a reliable tracer for H, mass in extreme environments. In
particular, the conversion factor transforming CO intensity to H, mass increases with decreasing
metallicities as CO photodissociates to a greater depth in each cloud and, as a result, varies both
from object to object and with redshift (e.g., Bolatto et al. 2013). Other tracers may eventually
provide feasible substitutes for CO searches, such as [Ci1] and [Cu] (Papastergis et al. 2012). In
principle, the direct measurement of resonant electronic Lyman and Werner bands of H, in
absorption at UV wavelengths in Hr absorbers (found in ~4% of absorbers; Bolmer et al. 2019)
could be used to explore the scalings among CO, Ci, and H, (Noterdaeme et al. 2018).

On the theoretical side, the molecular phase of the cold gas is challenging to model be-
cause of the complex physics involved. In addition, modeling below the hydrodynamic simula-
tion’s resolution (coined subgrid modeling) is required to capture this phase of the gas. Simple
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semianalytical techniques based on metallicity and pressure-based models ( Krumholz 2013, and
references therein) are used to split the cold hydrogen from hydrodynamics simulations (such as
EAGLE or Illustris) into its atomic and molecular components (Lagos et al. 2015, Popping et al.
2019). Simulating the neutral and molecular phases of the cold gas in full cosmological context
is therefore one of the most crucial and challenging objectives of studies of galaxy formation and
evolution in the decades to come.

2.3. Cosmic Evolution of Condensed Matter

Having summarized the densities of cold gas, including the neutral (Section 2.1.2) and molecu-
lar (Section 2.2) components, we combine these with measurements of the stellar mass density
to study the transitions between these baryonic components of the Universe. We refer to these
components collectively as condensed matter. Our goal is to assess the baryon inventory of con-
densed material and its cosmic evolution over a look-back time of ~13 Gyr. Building on previous
works that have performed such accounting exercises (e.g., Pettini 1999, Fukugita & Peebles 2004,
Bouché etal. 2007, Shull et al. 2012), we here present the change of the different components with
time as gas is converted into stars (Putman 2017, Driver et al. 2018).

Understanding the efficiency with which baryons are converted into stars is a challenge in
studies of galaxy formation and evolution. The evolution in the SFR density is well established
from observations of star-forming galaxies across cosmic time at IR, UV, submillimeter, and radio
wavelengths (Madau & Dickinson 2014). The SFR density increased at early times, reached a peak
ataround z ~ 2, and subsequently decreased through today. Identifying the physical processes that
drive this dramatic change and their relative importance are active areas of current research.

Figure 4 summarizes the observable quantities making up the baryon content of the con-
densed phases of the Universe, those collected into high-density regions. At the top of the plot,
the horizontal line indicates the total baryon density of the Universe. Measurements of both CMB
anisotropies (Planck Collab. et al. 2016) and light element abundances coupled with Big Bang
nucleosynthesis (Cooke et al. 2018) lead to Qparyons & 0.0455 (in our adopted cosmology). The
fact that these two independent measures from vastly different physical processes occurring at
enormously different cosmic ages agree to within 2o is a real triumph of cosmology. The mass
in stars is well constrained from measurements of the stellar mass density (Section 3.5.1), and it
is found to build up steeply with redshift. The neutral phase of the gas has also been well con-
strained in recent years; we show the fit to the data from Figure 3, indicating a steadily decreasing
density with cosmic time (Section 2.1.2). We also plot the molecular gas density from the blind
CO emission line surveys discussed in Section 2.2.

Globally, Figure 4 shows that the neutral gas density dominates the molecular gas density at
all redshifts. This differs from the assumptions on galaxy scales of Tacconi et al. (2018), who argue
that neutral gas in high-redshift galaxies is negligible (see Tacconi et al. 2020). The molecular gas
and stellar components have similar densities until z ~ 2, indicating a strong connection between
star formation and the molecular gas (H;) and negligibly to the atomic gas (Hi), after which the
molecular gas density decreases rapidly, whereas the stellar mass of the Universe continues to
increase. Overall, the shape of the molecular mass density mirrors that of the SFR density of the
Universe (Decarli et al. 2019, Tacconi et al. 2020). Our findings indicate that the history of SFRs
is primarily driven by the cosmic evolution of the gas reservoir.

In this review, we elected to focus on the densest baryons (the condensed matter in our
nomenclature); these are the most strongly coupled to star formation within galaxies and are the
most robustly observed. Naturally, there are a number of other contributors to the baryon budget
that are challenging to probe observationally and are not included in Figure 4. At high redshift,
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cosmological hydrodynamical simulations indicate most of these baryons are in the low-density
ionized gas of the IGM, for which deriving the density from observations is highly model-
dependent. At lower redshifts, a larger fraction of baryons are collected on the galaxy halo scale,
including in the circumgalactic medium (CGM; Werk et al. 2013, Tumlinson et al. 2017). A
major fraction of the baryons at lower redshift is found in hot gas (10°~10° K), including the gas
in groups and clusters as well as the warm-hot intergalactic medium (WHIM; Cen & Ostriker
1999, Davé et al. 2001). This gas can be probed in X-ray experiments and more recently through
the distortions the gas imprints on the CMB spectrum owing to thermal and bulk motions of free
electrons (the thermal and kinetic Sunyaev-Zel’dovich effects; Lim et al. 2018, de Graaff et al.
2019, Tanimura et al. 2019).

We can use the combined masses of the neutral (Section 2.1.2) and molecular gas (Section 2.2)
to trace the conversion of gas into stars over cosmic time. In the broadest terms, H; clouds form
from Hi, and these molecular clouds then cool, fragment, and initiate star formation in galax-
ies. Thus, the cold gas (neutral+molecular) is expected to provide the reservoir of fuel for star-
formation activity. Figure 5 provides a cumulative view of the observed densities of these dense
baryonic phases. Focusing on the total, we note an increase in the combined density with time, in-
dicating that the cold gas reservoir at early times is insufficient to provide for all of the stellar and
cold gas content seen today (comparing the sum at lower redshift with the value seen at the highest
redshifts). Atz = 2.5, the total density of condensed matter is relatively constant; we see the con-
version of Hr into H; and stellar mass. However, at lower redshifts the Hr is rapidly depleted into
molecular gas, whereas the stellar mass density grows at an even higher pace. Atz < 2.5, the com-
bined neutral and molecular gas densities decrease strongly, though the total mass in condensed
matter grows, reaching nearly twice its value at the highest redshifts. The growth in stellar mass
cannot be accounted for by the decrease in cosmic molecular hydrogen density, necessitating sig-
nificant accretion of additional gas onto galaxies to form the bulk of the stellar mass. We note that
observational evidence for accretion is scant and should be the focus of upcoming observational
programs. This requires a continuous conversion of other forms of matter into these condensed
forms in order to provide for the overall growth.
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Figure 5

Cumulative view of the redshift evolution of the total density of condensed matter summing the molecular
gas, neutral gas, and stars. At z > 3, we witness the formation of H; gas from Hi, resulting in a constant
amount of condensed matter (horizontal dashed line). At z < 3, the amount of neutral gas decreases, and the
molecular gas is rapidly consumed into star formation.
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A measure of the rate of gas conversion into stellar mass is the gas depletion timescale, which
is the time that would be required to convert the gas into stars at the current rate. It is expressed
as

Tdep = Iogas/lo.n 14.

where p, is the SFR density. 74, is therefore related to the Kennicutt-Schmidt relation (Kennicutt
1998). The inverse of 74, is often defined as the star-formation efficiency, SFE = 1/74,, even
though it is related to a rate, expressed in units of year~!. Figure 6 presents a comparison of the
molecular and cold (neutral+molecular) gas depletion timescales as a function of redshift. The
allowed values of the molecular gas depletion time range from 74, = 100 Myr to 1.5 Gyr, which
is in line with previous findings (Saintonge et al. 2017, Tacconi et al. 2018, Riechers et al. 2019).
The molecular gas, 74, is roughly constant with redshift, within the sizeable uncertainty. Tacconi
et al. (2020) find a mild redshift evolution in 74, measured in massive galaxies, proportional to
(1 + 2)7! (see Figure 6). Although coming from different approaches (measurements of the global
quantities of baryons in the Universe versus in situ observations targeting galaxies), the two re-
sults are remarkably consistent. These results confirm that globally the molecular gas depletion
timescale depends weakly on stellar mass, which is consistent with recent observations at low red-
shifts (e.g., Tacconi et al. 2018). The steady timescale for global molecular gas depletion over an
~13-Gyr look-back time points toward a fundamental and universal physical process of conversion
of molecular gas into stars as captured by the Kennicutt-Schmidt relation (Kennicutt 1998). This
is in contrast to Tye, for cold gas (neutral+molecular), which is large at high redshifts. We compare
these values with the typical dynamical time for halos (Figure 64), which is roughly 10% of the
Hubble time (Lilly et al. 2013, Tacconi et al. 2020). We note that the cold (neutral+molecular)
gas depletion timescale is much longer than the dynamical time at all redshifts, indicating that the
reservoir of cold gas is sufficient to sustain the rate of star formation for many dynamical times at
all epochs. Atz < 1, the molecular gas consumption time is comparable with the dynamical time,
implying the reservoir of molecular gas is slowly becoming insufficient to fuel the observed star
formation. There is a large reservoir of cold gas at these redshifts, but the efficiency with which it
is converted into molecular gas is low.

The increase in the cumulative mass densities of cold gas and stars with decreasing redshift
calls for the intake of new material into condensed matter. From this, we infer the required rate
of transformation to reproduce the rise in total condensed matter. This is the result of the net
conversion of ionized gas from the CGM and IGM reservoirs into cold gas and stars (e.g., Wolfe
etal. 2005, Prochaska & Wolfe 2009, Bauermeister et al. 2010, Zafar et al. 2013). This is inclusive
of recycling material on galactic scales, with some material previously ejected and ionized by feed-
back returning to the condensed phases. We plot this net rate of conversion of ionized gas into
the condensed phase per unit volume in Figure 64. The net accretion rate density continuously
declines with cosmic time. Also plotted is the baryonic accretion rate onto halos as a function
of redshift. We calculate the total mass accretion as the virial mass growth rate of halos from
Dekel et al. (2013) integrated over the Bocquet et al. (2016) mass functions at each redshift. The
baryon mass accretion rate is the total matter accretion rate scaled by the cosmic baryon fraction
(€24/2,, = 0.15 in our adopted cosmology). The baryon and net condensed matter accretion rates
have similar shapes; both are high until z ~ 1.5 and then drop significantly through today. The
drop in accretion rate at low redshift is caused in part by the expansion of the Universe as galaxies
are driven away from each other by the repulsive force of dark energy; accretion and merging
are slowed, and galaxies are gradually starved of incoming fuel. This accretion rate includes the
effects of both smooth accretion and mergers, whose mix changes with redshift and halo mass
(Padmanabhan & Loeb 1999).
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Figure 6

(#) Timescales for conversion of gas in its various forms to stars at each redshift. The filled areas show the
depletion timescales of the molecular or cold gas. The molecular gas depletion scale shows a constant value
with redshift, whereas the cold gas depletion time (inclusive of molecular and neutral gas) varies significantly
with redshift. The dot-dashed line shows the functional fit to the molecular depletion timescale measured in
a sample of massive galaxies by Tacconi et al. (2020), which is in agreement with our global estimate. The
cold gas depletion times are shorter than the dynamical time (taken to be 10% of Hubble time), implying the
need for conversion of ionized gas from the circumgalactic medium and/or intergalactic medium to supply
additional fuel for star formation. At z < 1, the molecular gas consumption time is comparable with the
dynamical time, implying the reservoir of molecular gas is slowly becoming insufficient to fuel the observed
star formation. (b)) The purple line shows the net accretion rate density required to reproduce the observed
evolution of the mass density in condensed matter (Figure 5). Also plotted is the baryonic accretion rate
onto halos as a function of redshift. In addition, we show the baryonic accretion rate density scaled by an
efficiency 0.04 for conversion of accreted baryons into condensed matter, showing the similarity between the
shape of the accretion rates that are continuously decreasing with time, dropping significantly at z < 1.5.
Together, these results indicate that globally the growth of condensed matter (stars and cold gas) in the
Universe scales principally with the dark matter accretion rate onto halos. The gas regulator model, in which
star formation in galaxies is instantaneously regulated by the mass of the gas reservoir (e.g., Bouché et al.
2010, Lilly et al. 2013), is in remarkable agreement with this global picture of a continual cycle of baryons
flowing in and out of galaxies as a key moderator of galaxy evolution. Data used to generate this figure are
provided in Supplemental Table 3.
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We also plot in Figure 65 the baryonic accretion rate density scaled by an efficiency of 0.04
for conversion of accreted baryons into condensed matter, showing the similarity between the
shapes of the accretion rates. These similarities point to a causal relation between dark matter
accretion and the rate of growth of condensed matter. This efficiency describes the conversion of
accreted baryons into condensed matter for material accreting onto all halos—including cluster
scales. The low efficiency rate implies that a majority of the new baryons accreted into halos
are in ionized forms, both warm photoionized material and hot coronal gas. There are several
reasons for this. Gas being accreted onto halos from the IGM has a low-enough density that it
is necessarily ionized. Furthermore, the accretion process involves shocks that heat the incoming
gas significantly, especially as matter is accreted onto massive galaxies, groups, and clusters. At the
same time, we are comparing the baryon accretion rate with the net rate of growth of condensed
matter. The effects of feedback and galactic winds will be to convert some of the cold gas into
ionized material. Even given all of these baryonic processes, globally the growth of condensed
matter (stars and cold gas) in the Universe scales principally with the dark matter accretion rate
onto halos. These results indicate that the z < 2 decline of the star-formation history is driven by
the lack of molecular gas supply due to a drop in net gas accretion rate, which is itself driven by a
decrease in the dark matter halos accretion rate.

At early times (z 2 2), the global SFR density of the Universe increases as the baryon net ac-
cretion rate stays high. At late times, the gas reservoir depletes as the accretion rate significantly
decreases, and galaxies are quenched. These results are in line with expectations from the gas
regulator (or bathtub) model (e.g., Bouché et al. 2010, Davé et al. 2012, Lilly et al. 2013), which
uses continuity equations to describe the cycling of baryons in and out of galaxies. The regulator
model describes galaxies as systems in a slowly evolving equilibrium between inflow, outflow, and
star formation. At early times, galaxies build up baryonic matter during an epoch of gas accumu-
lation, in which the SFR is limited by the available reservoir of cold gas. At later times, galaxies
reach a steady state in which global star formation is regulated by the net accretion rate. Given
its simplicity, this gas regulator model is in remarkable agreement with the global picture pre-
sented in Figure 64, in which the continual cycle of baryons flowing in and out of galaxies is a key
moderator of galaxy evolution. (See the sidebar titled Cosmic Evolution of Baryons.)

3. COSMIC EVOLUTION OF METALS

The detection of cosmic matter through absorption lines is also key to tracing the metallicity
evolution of the Universe. This is done by measuring absorption from metal lines arising in the
same gas used to trace the hydrogen content of the Universe (e.g., Section 2.1.2). Using absorp-
tion against background sources allows us to assess the metallicity evolution of the Universe with
similar sensitivity over 0 < z < 5; it provides a measure of the metallicity weighted by the total
gas mass of the Universe rather than by stellar luminosity, as do most metal tracers (stars and Hu
regions). Absorption line-based metallicities are independent of excitation conditions—they are
largely insensitive to density or temperature and require no local source of excitation. This differs
from emission line metallicity estimates, where density and temperature information is critical to
making high-quality measurements (see, e.g., Kewley et al. 2019, Maiolino & Mannucci 2019).
The empirical calibrations used to circumvent the unknown physical conditions for most studies
yield disparate results (Kewley & Ellison 2008). Absorption lines, however, probe low- and high-
metallicity as well as low- and high-excitation regions independent of galaxy stellar masses. In this
section, we review the modern estimates of metallicity in various environments and make a census
of the total amount of metals in the Universe.
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COSMIC EVOLUTION OF BARYONS

A modern census of Qeueral gas indicates that the cosmic evolution of Hr is now observationally well constrained.
Results indicate a mild evolution with a decrease proportional to (1 + 2)*°7. It is important that 21-cm emission
measurements reach the epoch in which Lye absorption measurements against background quasars are also available
to allow for a direct comparison of these two vastly different observing methods. Intensity mapping provides a
promising avenue to further push these measurements to the highest redshifts.

While still in their infancy, new measurements of Qpolecular gas allow us to make a global assessment of the con-
densed matter (cold gas and stars) in the Universe from direct observables. At z > 2.5, the formation of H; from
Hr results in a nearly constant amount of cold gas. At lower redshift, H, decreases rapidly, following the trend in
SFR. The H, depletion timescale is constant with redshift, suggesting a universal physical process of conversion
of molecular gas into stars on global scales. At z < 1, the molecular gas consumption time is comparable with the
dynamical time, implying the reservoir of molecular gas is slowly becoming insufficient to fuel the observed star
formation. At z S 3, the increase in the total density of condensed material requires accretion of the ionized phase
of the gas from the CGM and/or IGM baryon reservoir.

We find that the baryonic accretion rate density onto dark matter halos scaled by an efficiency factor of 0.04
shows similarity with the shape of the net condensed matter accretion rate, which are continuously decreasing with
time and dropping significantly at low redshift. These results indicate that the z < 2 decline of the star-formation
history is driven by the lack of molecular gas supply due to a drop in net gas accretion rate, which is itself driven
by the decreased growth of the dark matter halos. These observations are in remarkable agreement with the gas
regulator model, which describes a continual cycle of baryons flowing in and out of galaxies as a key moderator of
galaxy evolution.

3.1. Basic Principles of Measuring Metallicity Through Absorption Lines

The metallicity of astrophysical matter summarizes the abundance of metals (elements greater
than helium) present relative to hydrogen by number; we express the logarithmic abundance rel-
ative to solar of a specific element X as

[X/H] = log{N (X)/N(H)} — log{N (X)/N (H)}o, 15.

where N (X)) refers to the column density (surface density in atoms per square centimeter) of that

element, and {N(X)/N(H)}¢ is the reference abundance in the Solar System. Throughout this

review, we adopt the Solar System abundances summarized by Asplund et al. (2009).

Thus, the metallicity [X/H] is the logarithmic abundance of element X relative to the assumed

solar abundance. We use [M/H] to signify the generic metallicity. When probing regions domi-

nated by neutral gas, the measurements probe the dominant ionization states of X and H, which

implies assuming o
[X/H]: logarithmic
abundance of a specific

NX)=NXn) and N(H) = N(Hi). 16. element X relative to

the Solar System

[M/H]: logarithmic
abundance of metals
M relative to the Solar
System

There are important exceptions; e.g., the dominant ionization phases are the neutral states for
N and O. Similarly, one calculates relative abundances of metals, e.g., [X/Y]. This comparison
provides insight into the relative nucleosynthetic contributions of the elements (e.g., Section 3.2.1)
and depletion of the elements into the solid phase (dust; Section 3.2.2).
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3.2. Challenges in Assessing Metallicity

Absorption line techniques provide a means of tracing the cosmic metal evolution. The column
densities of the gas are measured with high precision. For ionized and partially ionized gas, the pre-
cision of the derived metallicities is limited by the need for ionization corrections (Section 3.2.1).
In all absorbers, the metallicities are also affected by dust depletion (Section 3.2.2) and dust sample
bias (Section 3.2.3). The details of these effects and corrections to account for them are discussed
below.

3.2.1. Ionization effects: accounting for differential ionization. The gas traced by absorp-
tion lines is often multiphased, with sightlines passing through regions of differing tempera-
ture, density, and ionization conditions. Observations measure atomic hydrogen and a fraction
of the metal ionic states. The presence of gas with neutral H fractions significantly less than
unity requires ionization corrections to transform a measured ratio of ionic-to-Hi column density
N(X")/N(H?®) into X/H. Methodologically, we write the abundance X/H as

X NX') x(H")

H N x(X7) 7

where x(X") = N(X’)/N (X,ow1) is the ionization fraction of X’ and the ratio of ionization fractions
in the last term is the ionization correction factor, ICF(X?) = x(H")/x(X"). Even systems with high
ionization fractions can have ICF(X?) ~ 1 for specific choices of X’. The ionization corrections
range from unimportant to more than an order of magnitude in partially ionized (Quiret et al.
2016) and ionized gas (Fumagalli et al. 2016, Wotta et al. 2019). Ionization corrections are neg-
ligible in strongly neutral regions (typically with log N(Hr) > 20.3; Vladilo et al. 2001) with the
exception of a few atomic or ionic species typically observed only in the densest gas (e.g., Cr, Na,
Can).

The models used to estimate ICFs employ sophisticated atomic physics and radiative transfer
algorithms. Most ICFs are estimated using the plasma simulation code Cloudy (most recently
described in Ferland et al. 2017), assessing the ionization in one dimension, assuming an ionizing
radiation field incident on a plane-parallel slab of constant density gas.

Advances in the fidelity of such modeling will address the simplifying assumptions currently
being made. The radiation field is commonly based on a model of the extragalactic UVB derived
from the transfer of radiation from QSOs and star-forming galaxies (with an assumed escape frac-
tion) over redshift (Haardt & Madau 2012, Faucher-Giguére 2020, Khaire & Srianand 2019).
Background radiation fields with a larger contribution from escaping stellar radiation tend to
produce lower abundances (by ~0.3-0.5 dex for several widely used radiation fields; Fumagalli
et al. 2016, Chen et al. 2017, Wotta et al. 2019). The ionizing flux from local radiation sources
(e.g., nearby galaxies) can be included, but this typically requires making poorly constrained deci-
sions about their relative contributions. Given these uncertainties, statistically robust constraints
on ICFs will likely come from studies of populations using large samples (e.g., Fumagalli et al.
2016, Wotta et al. 2019), folding uncertainties in radiation field into the assessment of abundance
uncertainties. Exploring the ionization of more realistic three-dimensional geometries (Ercolano
etal. 2003), perhaps drawn from hydrodynamic simulations, will also help clarify the uncertainties
caused by the simplifying assumptions that are currently made when calculating ICFs.

3.2.2. Dust effects: elemental depletion. It is well established that most metals are under-
abundant in the interstellar gas of the Milky Way and that this deficit is a result of the metals’ in-
corporation into the solid phase, i.e., into interstellar dust. This depletion of metals is differential
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(Jenkins 2009), with some elements showing a higher affinity for incorporation into solid-phase
grains than others based on their chemical properties. In total, ~50% of the metals in the Milky
Way’s ISM are incorporated into grains. Depletion of gas-phase metal abundances are clearly also
seen in the Large (De Cia 2018) and Small (Jenkins & Wallerstein 2017) Magellanic Clouds,
though with a smaller degree of depletion reflecting the lower dust-to-metals mass ratios in these
systems.

Given the presence of dustin a broad range of galaxies, depletion is naturally expected to be also
detected in the material traced by high-redshift absorption lines. Indeed, some commonly acces-
sible elements can be subject to large biases: 90-99% of the Milky Way’s interstellar Fe is locked
into the solid phase (Jenkins 2009), a bias of >1 dex in the gas-phase abundance compared with
the total. There is strong evidence for the differential depletion of metals in the neutral absorbers,
though typically to a smaller degree than that in the Milky Way (De Cia et al. 2016). Detections
of the 2175-A absorption bump (Junkkarinen et al. 2004) and strong IR absorption features (Aller
et al. 2014) associated with solid-phase material at the redshifts of foreground neutral absorbers
provide further support for the presence of dust in these systems.

The differential nature of elemental depletion is also an advantage. Early works often used
only lightly depleted elements to derive abundances (e.g., focusing on Zn or to a lesser degree
Si). More recent works have taken advantage of the patterns of differential depletion to correct
gas-phase measurements to total metal abundances (e.g., for neutral gas, see De Cia et al. 2016,
2018; for partially ionized gas, see Fumagalli et al. 2016, Quiret et al. 2016). These efforts follow
the spirit of Jenkins (2009), using empirically calibrated sequences of relative metal depletions to
correct for the metals incorporated into grains (De Cia et al. 2016, 2018; Jenkins & Wallerstein
2017; De Cia 2018).

3.2.3. Dust effects: sample bias. Dusty intervening quasar absorbers can prevent the inclusion
of the background quasars from optically selected samples in the first place. The reddening due
to the dust potentially removes the quasars from color-selected samples or the extinction causes
them to be too faint to be selected. Although analysis of optically selected quasars provides mixed
results on the significance of reddening by absorbers (Frank & Péroux 2010, Murphy & Bernet
2016), there exist examples of quasars outside of these selection criteria that show reddening by
high column density foreground absorbers (Geier et al. 2019).

Quantifying the bias introduced by the optical selection requires alternate approaches to iden-
tify quasars. Samples of red quasars selected from UKIDSS (U.K. Infrared Deep Sky Survey) or
mid-IR Wide-Field Infrared Survey Explorer (WISE) observations appear to be reddened by ma-
terial intrinsic to the quasars themselves (e.g., Maddox et al. 2012, Krogager et al. 2016). Ellison
etal. (2001) were the first to use a radio-selected quasar sample of ~25 objects to characterize the
differences with optically selected samples, finding no significant discrepancies in the absorber
statistics. Jorgenson et al. (2006) found a similar result using a larger radio-selected sample; how-
ever, they did identify eight radio sources (out of their sample of 60) with no optical counterparts
that are candidates for quasars obscured by dusty absorbers. These samples likely remain too
small to put strong constraints on the presence of high column density, high metal/dust-content
absorbers.

Vladilo & Péroux (2005) use the Galactic extinction law to estimate that while the dust content
of observed absorbers is not high, systems at z = 1.8-3.0 with higher metal and dust columns than
found in the current sample may be responsible for obscuring ~30-50% of quasars. In this case,
the highest metal content absorbers are missing from any census, thus significantly biasing the
results. Work by Krogager et al. (2019), which also includes the effect of color selection, argues
that current quasar samples possibly underestimate the mass and metal densities of absorbers by at
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least 10-50% and 30-200%, respectively. To progress on quantifying this effect directly, promis-
ing alternate paths include quasar selection via luminosity variability (Palanque-Delabrouille et al.
2016; this will be especially important in the Large Synoptic Survey Telescope era), X-ray bright-
ness (Merloni et al. 2012), or the absence of proper motions in astrometric surveys (e.g., with the
Gaia mission; Heintz et al. 2018).

3.3. Building Statistical Samples of Cosmic Metals

Samples of high-quality quasar spectra are key to measuring gas-phase metals and have expanded
dramatically in the past two decades thanks in part to opportunities offered by high-resolution
spectrographs on 8-10-m-class telescopes. Publicly available archives of quasars are providing an
unprecedented new pool of hundreds of quasar spectra up to the highest spectral resolution (R >
40,000). Homogeneous reprocessing of such data sets provides a gold mine to address new science
goals beyond those of the initial observers for both ground-based (Zafar etal. 2013, O’Meara et al.
2017, Murphy et al. 2019)? and space-based data (Peeples et al. 2017).> This approach extends to
millimeter wavelengths, with ALMACAL* providing access to a large sample of quasar sightlines
(Klitsch et al. 2019a). We anticipate that this ultimate part of the data flow, making science-ready
data publicly available, will become a key component of observatories in the future.

3.4. Cosmic Evolution of Neutral Gas Metallicity

We present here a collection of depletion-corrected total metallicity measurements of neutral gas
[log N(Hi) > 20.3]. This compendium provides a measure of the global mean metallicity from
z 2~ 5 to today. Figure 7 shows the metallicities, [M/H], of a select sample of neutral gas ab-
sorbers as a function of redshift. Functionally, we adopt [M/H] = [Si/H] to tie the metallicity to
« elements. Readers should be aware that the nonsolar «/Fe ratios in low-metallicity absorbers
can make this depart from [Fe/H]. However, we find that the [M/H] values presented here are
close proxies for the abundances by mass (i.e., Zneuwal gas = Zo X 10M/H1) Along the right axis, we
show the corresponding 12 + log(O/H) scale favored in Hii region emission line metallicity stud-
ies. Hir region metallicity determinations probe a different phase of the ISM than the data shown
here and may be affected by self-enrichment. However, studies comparing neutral and ionized
gas metallicities in the same galaxies find they are in good agreement (Christensen et al. 2014,
Rahmani et al. 2016).

The majority of the measurements in Figure 7 are drawn from the dust-corrected sam-
ple compiled by De Cia et al. (2018).° The individual [M/H] measurements are listed in
Supplemental Table 4. The correction for elements locked into dust grains is based on the mea-
surement of the relative amounts of multiple elements, with reference to empirical calibrations
using the Milky Way, Magellanic Clouds, and neutral absorbers (De Cia et al. 2016, 2018). This

2UVES/SQUAD: https://github.com/MTMurphy77/UVES_SQUAD_DRI1, HIRES/KODIAQ: https://
koa.ipac.caltech.edu/applications/KODIAQ/kodiagDocument.html.

SHST/COS: https://archive.stsci.edu/hst/spectral_legacy/.

*ALMACAL: https://www.almacal.wordpress.com.

3 Specifically, we included all systems in table C2 of De Cia et al. (2018). In cases in which there were dupli-
cations with table C2, we favored the values listed in table C1. We added two objects present in table C1 but
not in table C2 (namely J100940731 and Q0454+039) and removed two systems that are formally below the
canonical DLA definition (J1237+0647 and Q0824+1302). We have complemented the De Cia et al. sample
with additional measurements at z > 4 from the compilations of Berg et al. (2016) and Poudel et al. (2018)
as well as at z < 1 drawing from Oliveira et al. (2014) and the compilation of Wotta et al. (2016). For these
complementary systems, we have derived dust-corrected metallicities following De Cia et al. (2018).
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Figure 7

Metallicity measurements, expressed as [M/H], for absorbers tracing neutral gas in the Universe

[log N(Hi) > 20.3]. The metallicities include corrections for dust depletion using the empirical approach of
De Cia et al. (2018). The larger points with error bars are Hi-weighted means with redshift. The increase in
the weighted mean metallicity to lower redshift is modest, with a rise of ~1 dex from z ~ 5 until today. The
scatter in the population at any redshift is larger than the overall increase in the mean. Lower-metallicity gas
than that seen in this statistical sample could readily be found: Typical sensitivities (shown as dotted-dashed
lines) are 1-2 orders of magnitude below the lowest observed metallicities. Data used to generate this

figure are provided in Supplemental Table 4.

approach corrects for the differential elemental depletion into dust, providing the total gas+dust
abundance of the neutral absorbers in Figure 7. Making corrections for differential depletion re-
quires measurements of more than one metal. This sample, through this requirement, leaves off
some of the highest-redshift metallicity measurements, leading to a limited number of systems at
z > 4.5. Figure 7 shows a general trend of increasing metallicity with decreasing redshift, reach-
ing nearly solar metallicity today. We also note that the scatter of the individual measurements is
larger than rise with cosmic time.

We note that the sample presented in Figure 7 is not sensitivity limited. We show the limits of
metallicity measurements over the redshift regimes observable at UV and optical wavelengths that
are below the lowest data in our compilation. Our compendium, which is designed to trace the
mean metallicity of the entire population, intentionally excludes results from specialized searches
for low-metallicity gas (e.g., the [M/H] ~ —3.2 system identified by Cooke et al. 2017). Indeed,
a quest has been undertaken to identify the chemical signature of the first stars among the most
metal-poor quasar absorbers. Identifying and measuring the detailed chemical abundance patterns
of the most metal-poor absorbers are important for determining the one of the earliest generation
of stars and performing a strong and informative test of nucleosynthesis models of metal-free
stars. Prospects of finding extremely metal-poor (and possibly pristine) gas at high redshift are
promising with the next generation of telescopes (Fumagalli et al. 2011, Cooke et al. 2017).

Figure 7 also shows the Hi-weighted mean metallicity. The Hi-weighted mean metallicity
provides a robust measure of the global metallicity evolution of the neutral phase of the Universe.
We compute column density—weighted mean abundances of # systems in each redshift bin as

[(M/H)] = log (M/H) — log (M/H)e, 18.
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Table 1 Mean metallicity and dust content of neutral gas absorbers

(z) z range Number? [(M/H)]P log(DTG)*
0.55 [0.00, 1.00) 18 —0.16%011 —2.57%01%
1.64 [1.00, 2.00) 40 —0.401007 —-2.87%011
2.26 2.00,2.50) 62 —0.561017 -3.024013
2.70 [2.50,3.00) 57 —0.41%030 —2.75%0%
321 [3.00, 3.50) 38 —0.79+011 —3327018
3.95 [3.50,4.30) 21 —0.8270-14 —3.43%007
4.54 4.30,5.30) 14 -1.03%933 -3.6210¢4

*Number of absorbers in each redshift bin.
bHi-weighted mean metallicity (Section 3.4; Figure 7).
“Hi-weighted mean dust-to-gas (DT'G) mass ratios (Section 4.1; Figure 11).
where
S 10/ N (H),
n
Zi=1 N(Hi);

The resulting values are shown in Figure 7 and summarized in Table 1. The horizontal errors

19.

(M/H) =

show the bin size, whereas the data points are located at the Hi-weighted mean redshift in each
bin. The vertical error bars show the 68% confidence intervals. Note that these means lie above
the median results for the individual systems both because we calculate the means from the linear
metallicities (Equation 19) and because of the influence of high column density, high metallicity
systems. The binning in redshift is arbitrary, though conducted with an eye toward including at
least ~15 systems in each bin. The Hi-weighted mean metallicity of neutral gas in the Universe
increases slowly from high to low redshift, rising by an order of magnitude from z ~ 5-0. (See the
sidebar titled Cosmic Evolution of Neutral Gas Metallicity.)

3.5. Census of Metals in the Universe

Two decades ago, Pettini (1999) and other subsequent works noted the paucity of metals com-
pared with expectations in the available data at z &~ 2. Their expectations were based on some of
the earliest estimates of the SFR density evolution of the Universe, measurements of metals in
neutral gas, and stellar metals from high-redshift galaxies. This missing metals problem spurred
many follow-up works about the global distribution of metals in the Universe. Today, we have sig-
nificantly more complete information over a broad range of look-back times, covering ~90% of
the age of the Universe. These include greatly increased information on the evolution of the SFR
density (as summarized in Madau & Dickinson 2014), as well as large samples of quasar absorbers

COSMIC EVOLUTION OF NEUTRAL GAS METALLICITY

The large samples of high-resolution absorption line measurements collected over the past two decades, coupled

with empirical methods to account for the effects of dust grain depletion, provide robust measures of the metallicity

up toz ~ 5. We show there is a mild metallicity evolution with cosmic time, but the scatter of the individual measures
at a given redshift is larger than the total evolution. The lower bounds of the metallicity distribution are orders of
magnitude larger than observational sensitivities at all redshifts: Pristine material is exceedingly rare in neutral gas.

386

Péroux o Howk



with robust metallicity measurements that include a consistent treatment of the dust depletion (as
summarized in Section 3.4). These facts motivate a reassessment of the cosmic evolution of the
classical missing metals problem.

3.5.1. Total metal mass density produced by stars. In order to contrast the measured metal
densities and their evolution with the quantity of expected metals, we estimate the total amount
of metals produced by star formation as a function of redshift. We scale the stellar mass density in
long-lived stars and stellar remnants by an estimated yield following Madau & Dickinson (2014).
We write the total comoving metal mass density produced by stars as

pmeta]s(z) = YPx% (Z)7 20.

where y is the integrated yield of the stellar population. In this case, the stellar mass density is
that remaining in long-lived stars, derived by integrating the SFR density, ¥ (z), over time (i.e.,
redshift):

dz
T dt. 21.

t(z)
pa(@) =1 —R)/o )

In this context, R is the return fraction (the fraction of the stellar mass that is immediately returned
to the gas when massive stars explode). Here, we adopt results for a Chabrier (2003) initial mass
function (IMF), which gives R = 0.41 if we assume instantaneous recycling for stars more massive
than 7y ~ 1 M (Madau & Dickinson 2014). We note that the choice of IMF does not affect the
results as the metal production rate is directly related to the mean luminosity density.

We adopt a simplified yield y = 0.033 £ 0.010, drawn from the discussion by Peeples et al.
(2014), with an error that encompasses the uncertainties associated with model assumptions and
differing nucleosynthetic inputs. The Chabrier IMF gives results consistent with direct obser-
vations of stellar mass density at z ~ 0 compiled by Madau & Dickinson (2014), though, e.g.,
~0.1-0.2 dex higher than the recent results of Driver et al. (2018). Adopting a total metal yield
ignores complexities of the stellar sites of metal production (especially the time lag associated with
metals produced by type Ia supernovae and AGB stars) and the potential for metallicity-dependent
yields. However, we are most interested in the global metal content of the Universe for times at
which several nonpristine populations have contributed metals, and this yield provides a reason-
able estimate of the total metal output from nonprimordial stars.

3.5.2. Metal mass densities traced by absorption. We combine absorption-line-derived metal
abundances of distant gas with the cosmological density of the same absorbers, Qg,, to assess the
contribution of neutral and more ionized gas to the total metal content of the Universe. Critically,
this approach to assessing metal abundances is applied uniformly with redshift, untl z ~ 5. To
calculate the cosmological density of metals associated with absorption line systems, we combine
the Hi-weighted mean metallicity of the absorbers with Qg,:

Qunetals = ans (Zgas>’ 22.

where (Zg,;) is the mean metal abundance by mass in the absorbers. Although we calculate (Zg,,)
explicitly, we find (Zy,s) ~ 10M/Hesl Z (e.g., nonsolar abundances have a small impact on the
calculation; De Cia et al. 2016).

Figure 8 shows a nonexhaustive sample of the cataloged contributions to the cosmological
metal density as a function of redshift. The metal density associated with neutral gas absorbers
[the absorbers with log N(H1) > 20.3] is shown with the same redshift bins as those in Figure 7.
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Figure 8

Global census of the metals in the Universe traced by the evolution of the cosmic metal densities compared
with the expected amount of total metals ever output. The data points focus on robustly observed
contributors. For this reason, the data are primarily representative of high density matter and have varying
degrees of completeness with redshift. The lower limit at z ~ 6 is from the Or measurements by Becker et al.
(2011), which we treat as a lower limit to allow for the elements not cataloged. After the dust depletion
correction is uniformly applied, we find that the metal density of the neutral gas dominates that of the

Supplemental Material > ionized gas. Data used to generate this figure are provided in Supplemental Table 5.

These values represent the total metals in these systems, i.e., including both the gas and dust
(see also Section 4 below). These metal densities associated with neutral gas are summarized in
Table 2. Contributions from lower column density absorbers are taken directly from their re-
spective references, from Fumagalli et al. (2016) for the z ~ 3 results and Lehner et al. (2019)
for z < 1. At the highest redshifts, probing the metals in absorption becomes difficult as the flux
blueward of the quasar Lyx emission is suppressed by Lya forest absorption. Becker et al. (2011)
measure the density of O1 absorption at z &~ 6; we plot this point assuming Qpyewis 2 Sor to allow

Table 2 Cosmic mass densities in neutral absorbers
(z) Z range Number? log @, eutral gasb log @etals© log Rgused log Slfnxfte;;e‘ie
0.55 [0.00, 1.00) 18 -3.237901 -5.27013 —5.79+017 —4.2440.13
1.64 [1.00, 2.00) 40 -3.107001 —5.387009 -5.97t01 —4.59£0.13
2.26 [2.00,2.50) 62 -3.047001 —5.497019 —6.077913 —4.86 4 0.13
2.70 [2.50, 3.00) 57 -3.017901 —5.307031 -5.77%0% —5.0640.13
3.21 3.00, 3.50) 38 —2.98700 —5.66701) —6.307013 —5.2940.13
3.95 [3.50,4.30) 21 —2.941000 —5.641013 -6.37103] —5.58+0.13
4.54 [4.30,5.30) 14 2917002 —5.8370-13 —6.53%003 —5.79£0.13

*Number of absorbers contributing to € ,erls and Qg in each redshift bin.
bCosmic gas mass density at (z) (Section 2.1.2; Figure 3).

¢Cosmic metal mass density in neutral gas (Section 3.5.2; Figure 8).
dCosmic dust mass density in neutral gas (Section 4.2; Figure 12).
¢Expected total cosmic metal mass density (Section 3.5.1; Figure 8).
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for the elements not cataloged (O is ®40% of the solar metal mass). This point traces gas with
log N(Hr) Z 19.0 and likely is dominated by the lower column density end of this range; thus, we
associate it with the partially ionized absorber range.

At lower redshift, we also include the density of metals captured in stars and the hot gas asso-
ciated with clusters and groups of galaxies. We derive the quantity of metals sequestered in stars
using stellar metallicities as a function of galaxy stellar mass measured by Gallazzi et al. 2008)
and Gallazzi et al. (2014) at z ~ 0 and z =~ 0.7, respectively, using the galaxy stellar mass function
from Wright et al. (2018) (errors from Monte Carlo sampling). We derive the combined intra-
group medium (IGrM) and intracluster medium (ICM) metal densities using a mass integral of
the product of the halo mass function (Bocquet et al. 2016, as implemented in the COLOSSUS code
of Diemer 2018), the hot gas baryonic fraction with mass (Chiu et al. 2018), and a global metallic-
ity Zicam ~ Zicm ~ %ZO, assumed to be constant with redshift and halo mass (Mantz et al. 2017,
Yates et al. 2017, Liu et al. 2020). For both the stellar and hot gas ICM+IGrM) cases, we assume
our adopted solar metal abundance.

Figure 8 therefore provides a global census of metal content of the Universe over a large look-
back time. It includes only values that are the most robustly and directly measured. Thus, there
are some redshift ranges for which fewer contributions are included, and some contributions are
not represented at all. The expected metals follow the stellar density of the Universe, rising by
~2 orders of magnitude between z &~ 5 and z ~ 0. Consistent with the greatly diminished SFR
density at low redshift, the curve flattens significantly at z < 1. By contrast, we see the metal
density associated with neutral gas shows a much shallower rise with time, increasing by only a
factor of ~8 since z & 5. Remarkably, the metals associated with neutral gas alone are consistent
with the total amount of metals expected in the Universe at z 2 2.5 (Rafelski et al. 2014). We note
in passing that this leaves little room for a large population of metal-rich absorbers having been
missed because of dust bias (Section 3.2.3).

This is further demonstrated in Figure 9, which shows the fractional contributions of the
cataloged components to the expected metals at four distinct redshifts, z = 0.1, 1.5, 3.0, and 4.5.
Given the uncertainties in the yields and stellar mass densities used to compute the expected metal
densities, the cataloged metals are consistent with the total metal content of the Universe when the
metals not cataloged in our census are <30%. At the higher redshifts, in the range 2.5 <z < 5,
essentially all of the expected metals are found in the cataloged classes of absorbers, including
the partially ionized [19.0 < log N(Hr) < 20.3] and ionized absorbers [17.2 < log N(H1) < 19.0].
Some previous reports found that the partially ionized gas contributes more to Qpewis than the
neutral gas, whereas Figure 8 shows the opposite. The differences arise from different treatments
of the inclusion of dust corrections in metallicity estimates. Overall, when dust corrections are
applied to both column density ranges, all works agree the contribution of partially ionized gas is
less than the neutral gas (Kulkarni et al. 2007, Péroux et al. 2007; Figure 8).

In general, the contributors to metals are more diverse at lower redshifts: Stars, the hot gas
(ICM+IGrM), and the ionized phase of the gas all become more important. The metals in the
neutral phase contribute only a small fraction of the expected metals at z < 2. Figure 9 shows
that at z ~ 0.1, half of the metals are in stars, and the metals in the hot gas ICM+IGrM) become
comparable with the metals in the neutral gas atz < 1.

3.5.3. Other sinks of metals. Figures 8 and 9 show that the metal densities cataloged here
fall short of expectations at z < 2.5. We have focused on the components with the most robust
measurements of their associated 5. However, there is existing guidance on components we
have not included in our census. Working toward progressively higher overdensities, the addi-
tional contributors include the diffuse, photoionized IGM (the Lya forest, McQuinn 2016) and
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Figure 9

A modern census of metals showing the fractional contribution of directly measured metal densities to the
total expected based on the stellar densities at four redshifts. The estimate of the total metal mass densities
assumes a yield y = 0.033 & 0.010; thus, when the proportion of the expected metals not cataloged in our
census (gray) is $30%, the cataloged metals are consistent with expectations. At redshifts z 2 2.5, the vast
majority of the expected metals are found in low-ionization gas in all its forms. At lower redshift, there is a
greater diversity of contributors, and nearly all of the metals have been cataloged. At intermediate redshifts
(1 £ z £ 2), the likely contributors are not yet robustly determined. Overall, the expected metal content of
the Universe is largely accounted for.

the low-density and hot CGM (Tumlinson etal. 2017). We note that the WHIM in simulations was
originally identified as a large baryon reservoir, including 30-50% of the baryons at low redshift
(Cen & Ostriker 1999, Davé et al. 2001). In today’s view, most of the metal absorbers originally
connected to the WHIM are identified with the CGM (Werk et al. 2014).

At the lowest density scale, the Lya forest traces diffuse intergalactic gas in the dark matter
filaments threading the Universe [at H1 column densities well below log N(Hr) < 17.2]. At high
redshift, the photoionized Ly forest houses the majority of the baryons in the Universe. How-
ever, the metal content of this matter is low. For example, the results of D’Odorico et al. (2013)
lmply Qi};ottals
total metal content). This contribution is unimportant compared with the neutral gas at these
redshifts. At low redshift, diffuse large-scale structures house both photoionized and collisionally
ionized baryons. The metal density of these constituents is assessed through censuses of metal
lines associated with low column density Hr absorbers. At z < 1.5, Shull et al. (2014) argue for
QY = (1.14£0.6) x 1077

The denser gas on the scale of galaxy halos also contains highly ionized material that houses
significant quantities of metals (Tumlinson et al. 2017). This gas, traced by Sitv, C1v, Nv, and Ov,

~ 1.4 x 1077 at z ~ 3 (where we have corrected their estimate from carbon to the
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likely arises through photoionization of low-density material as well as in interfaces of isolated
cold gas (clouds) with a hotter medium, in shocks propagating through these clouds, or in diffuse
T > 10° K gas (e.g., Lehner et al. 2014, Stern et al. 2016). The uncertainties in the ionization
mechanisms and ion fractions limit the precision with which the total metal budget of this material
is estimated. For predominantly neutral gas [log N(Hi) 2 20.3], the contribution of associated
high-ionization species to their metal budget is of order 10% (Lehner et al. 2014). The fraction of
metals associated with these high-ionization species increases at lower Hr column densities. For
the partially ionized and ionized gas, these metals likely become dominant. Atz ~ 2.5-3.5, Lehner
etal. (2014) estimated Qpegais 2 (1.5-6) x 1076 in these ionized absorbers.

3.5.4. Is there a missing metals problem? The missing metals problem poses this ques-
tion: Which baryonic components of the Universe host the metals? In the results summarized
in Figures 8 and 9, we are observing the greatest sinks of metals change. At high redshift,z > 2.5,
the neutral gas houses nearly all of the available metals, whereas at low redshift, z < 1, the met-
als are distributed nearly equally between stars and a broad range of gaseous environments. This
reflects the buildup in the typical mass scale of halos toward low redshift and the influence of
energetic feedback over time.

These results are distinguished from historical measures (e.g., Pagel 2001, Pettini 1999, Ferrara
etal. 2005) in several ways. First, the results presented here span the full range of redshifts 0 < 2 S
5, covering ~90% of the age of the Universe. At higher redshifts (z 2 2.5), the metals associated
with high column density absorbers are readily able to match the expected quantity of metals made
by stars. The historical results were constrained to a redshift range at which the expected metals
start to diverge significantly from the metal densities in neutral gas (z =~ 2; Pettini 1999, Ferrara
et al. 2005, Bouché et al. 2007). At low redshift (z < 1), it is likely that stars, the hot gas in groups
and clusters, highly ionized CGM gas, and the Ly forest each contribute metals in quantities
similar to that seen in the neutral gas, which is sufficient to then close the metal budget in this
redshift regime.

There are clearly redshift ranges for which a full, robust accounting is not available (e.g., the
z ~ 1.5 panel of Figure 9) owing to the difficulty in observing the relevant metals. Using the
lower redshifts as a guide, we expect the metal budget to be closed through deeper near-IR spec-
tral surveys of stellar metals, deep X-ray observations of hot gas in the IGM+IGrM, and deep UV
surveys of CGM and Lyw forest metals to higher redshift. Probing the gas to higher redshifts will
require new facilities. The next generation of X-ray facilities (e.g., Athena X-ray Observatory, Lynx
X-ray Observatory) will provide robust measurements of Qe in the ICM up to z ~ 2 (Cucchetti
et al. 2018) and allow some absorption line measurements of the ionized phase. Proposed UV
facilities [e.g., LUVOIR (Large UV/Optical/ IR Surveyor), HabEx (Habitable Exoplanet Observatory)]
will provide constraints on IGM and CGM metals to intermediate redshifts. Between the contri-
butions summarized in Figures 8 and 9 and the additional tracers of lower-density and/or hotter
matter in Section 3.5.3 (Anderson & Sunyaev 2016), the expected metal content of the Universe
is largely accounted for. (See the sidebar titled Update on the Missing Metals Problem.)

4. COSMIC EVOLUTION OF DUST

A substantial fraction of all the metals produced in the Universe are locked into solid-phase dust
grains. Such dust not only has a strong influence on the observational properties of galaxies but
also is critical in the thermal balance of gas as well as in shielding the cores of dense clouds from
UV radiation, allowing the formation of molecules critical to the star-formation process. Hence,
the cosmic evolution of dust mass is a fundamental measure of galaxy evolution. There are still
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UPDATE ON THE MISSING METALS PROBLEM

We have compiled a census of metals in the Universe and compared this with a new assessment of the total metal
production by star formation (Madau & Dickinson 2014). At high redshift, z > 2.5, neutral gas in the Universe
contains most of the expected metals. At low redshift, z < 1, the set of contributors is more diverse, and stars
are the dominant contributor. At intermediate redshifts, the likely contributors have yet to be fully characterized;

upcoming efforts will account for some of these (e.g., stars), whereas a complete census will require new facilities,

notably in the UV and X-ray bands. Overall, the expected metal content of the Universe is likely accounted for, in
contrast to the missing metals problem identified 20 years ago (Pettini 1999, Pagel 2001).

DTG:
dust-to-gas ratio

DTM:
dust-to-metals ratio
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significant unknowns in the manner in which dust is created and ultimately destroyed. Thus, sig-
nificant effort has been put into understanding the galactic scaling relationships that apply to dust,
including the relationship between local metallicity and dust content—traced through the dust-to-
gas ratio (DTG) or dust-to-metals ratio (D'TM), as well as the global dust content of the Universe
traced through the dust density, Q4y. In this section, we use the corrections for dust depletion
from Section 3 to estimate the dust properties of neutral absorbers and estimate the dust density
evolution of the Universe.

4.1. Basic Principles of Assessing the Dust in the Universe

The characterization of the bulk statistical properties of dust requires assessing the DTG or DTM.
The former is the fraction of the interstellar mass locked into dust grains; the latter is the fraction
of the metal mass incorporated into the solid phase. In the Milky Way, the global values of these
quantities—based on modeling the IR emission and optical/UV extinction—are DTG =~ 0.007
and DTM = DTG Z3' ~ 0.45 (e.g., Draine & Li 2007, Draine et al. 2014). Significant work
has been put into characterizing these quantities in galaxies beyond the Milky Way, assessing
observational constraints on both the integrated values (e.g., Rémy-Ruyer et al. 2014, De Vis et al.
2019) and spatially resolved values within galaxies (e.g., Vilchez et al. 2019). These works have
placed particular emphasis on the variations in DTG and DTM with metallicity, stellar mass,
SFR, and gas content of the galactic environments, as these help shape our understanding of the
factors that drive the formation/destruction balance of dust.

The dust depletion corrections used to assess the total metal content of neutral absorbers in
Section 3 have an important by-product: The derived corrections are measures of the metal con-
tent of dust grains in the environments traced by the absorption lines. Parallel to our derivation
of Qpenls, we use these results to assess the cosmological dust density of the Universe:

Qust = Pdust/ Peritd = (DTG) ans: 23.
where (DTG) is the mean dust-to-gas mass ratio. The D'T'G ratios for individual absorption sys-
tems are derived from elemental depletions; because the behavior of each metal species varies
(Jenkins 2009, Jenkins & Wallerstein 2017), we build up the total DT'G on an element-by-element

basis. This starts from an estimate of the depletion, 8y, for each individual element, X, derived
from the dust sequences of De Cia et al. (2018). The (logarithmic) depletion is defined as follows:

8y =log N(X)/NH) — log Z3 /Z3, 24
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where Z3 is the abundance by mass of X in the absorber and ZY is the equivalent in the Sun.
The DTM ratio for an individual element, X, is related to its depletion:

DTMy =1 — 10% 25.

(e.g., Vladilo 2004, De Cia et al. 2016). The DTG mass ratio for an individual element can then
be written as

DTGy = DTMy Z3 , 26.
which is related to the measured [M/H] through
DTGy = (1 — 10%) Z} = (1 — 10°) (10™M/H 1oR/MIZEYY, 27.

Here, we use the intrinsic metallicity of the absorber, [M/H], and allow for nonsolar relative abun-
dances [X/M]. Ultimately this provides the mass of an element X incorporated in dust relative to
the total gas mass in the absorber. The total DTG is the sum over all elements, DTG = £ DTGy.

Practically speaking, it is sufficient to consider only X = {C, O, Si, Mg, Fe} in the sum, as to-
gether these elements represent the vast majority of the dust mass (see Draine 2011). The deple-
tions of each of these five elements are coupled through the dust sequences derived by De Cia
et al. (2018). Observations of relative metal abundances constrain the overall level of depletion
(we use Jp. as a fiducial reference point), which predicts the depletions of the remaining elements.
We assume a solar mixture of elements for all but Fe, which shows an empirical underabundance
compared with the o elements (De Cia et al. 2016), and C, for which we adopt [C/Fe] =~ 0 to allow
for an underabundance of C in lower-metallicity systems (e.g., Jenkins & Wallerstein 2017).

Carbon makes up ~30% of the dust mass in the Milky Way (Draine 2011), but there are not
good measurements of C/H in quasar absorbers from which to build up a depletion sequence, as
lines from the dominant ionization states of C are typically saturated or too weak to observe. For
the same reasons, observations of C absorption in the Milky Way are also limited. Even though
these have significant uncertainties, we adopt the relationship between 8p. and 8¢ from Jenkins
(2009).

The characteristics of the DTG and DTM ratios as functions of absorber metallicity are
summarized in Figure 10 and are listed in Supplemental Table 4. Figure 102 shows the DTG
ratio with metallicity. We also show the maximum allowed DTG ratio, where all the metals are
incorporated into grains, as well as is the position of the Milky Way. The trends in DTG ratios
for local galaxies derived from far-IR observations by Rémy-Ruyer et al. (2014) and De Vis et al.
(2019) are plotted as well. Although there are many such results, these are typical of the range of
results seen at low redshift. Figure 105 shows the D'TM ratio as a function of metallicity. Where
carbon is the only significant contributor to the dust content, we treat these values as upper
limits.

The DTG ratio is a strong function of metallicity, as expected. It is noteworthy that the neutral
gas follows the trends seen in low-redshift galaxies at high metallicities ((M/H] 2 —1); there is
little evidence that the DTG behaves differently with redshift. The neutral gas measurements
extend to a metallicity regime lower than that found in low-redshift galaxies. A portion of the
population shows DTG ratios that extend the trend seen at higher metallicity, whereas a significant
fraction falls well below this trend due to lower DTM ratios. This suggests a change in the dust
assembly at low metallicities.

We plot the DTG measurements for individual absorbers in Figure 11 as a function of redshift,
in parallel to Figure 7 summarizing the metallicity evolution of these systems. The Hi-weighted
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Figure 10

Properties of dust in neutral gas as a function of absorber metallicity. () The DTG mass ratio, color-coded
by redshift. The dotted line is the limit in which all metals are incorporated into grains (DTM = 1). The
position of the Milky Way is shown. The black lines show fits to the properties of local galaxies derived from
far-IR emission (Rémy-Ruyer et al. 2014, De Vis et al. 2019). The DTG values derived for neutral gas over
all redshifts follow trends seen in these low-redshift galaxies, extending these measurements to a lower-
metallicity regime. ()) The DTM mass ratio, giving the fraction of all of the metal mass bound into dust.
The dot-dashed line represents the DTM ratio in the Milky Way (Draine & Li 2007, Draine et al. 2014).
Upper limits are due to the uncertainty in carbon depletion. With decreasing metallicity, the DTM values
both decrease and show increased scatter, reflecting complex dust chemistry at work in these low-metallicity
environments. Data used to generate this figure are provided in Supplemental Table 4. Abbreviations:
DTG, dust-to-gas; D'TM, dust-to-metals.

mean values are shown, as is the characteristic DTG for the Milky Way, DTGuw =~ 0.45Z¢
(Draine & Li 2007; renormalized following recommendation in Draine et al. 2014). The
mean DTG ratio increases by ~1 dex from z ~ 5 until today, a result of the increase in mean
metallicity.
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Figure 11

The DTG ratio in neutral gas absorbers as a function of redshift. The mean values weighted by Hi column
are shown as large points with error bars. The Milky Way value from Draine & Li (2007), renormalized
following the recommendation by Draine et al. (2014), is shown. The evolution in redshift mirrors that of
the metals that provide the source material for grains (see Figure 7), with the mean DTG increasing by
~1 dex from z & 5 to z = 0. The DTG values show an even larger spread at a given redshift than the
metallicities. This reflects the large scatter in the DTM at low metallicities and the broad range of
metallicities probed by these absorption line measurements. Abbreviation: D'TM, dust-to-metals ratio.

4.2. Cosmological Dust Mass Densities

The global evolution of the dust mass in the Universe is captured by the dust density, Qqus. By
analogy to the metal densities, this is the comoving density of dust in the Universe normalized by
the critical density, Qqust = Pdust/ Leriro- We derive values of Qg in the neutral gas of the Universe
following Equation 23. We adopt Hi-weighted mean DTG ratios, which we write in parallel to
the mean metallicity of Equation 22:

_ E[DTG x N(H)
(DTG) = TN 28.

Figure 12 shows the values of Q4 in neutral gas derived in this way from z & 5 to today. Systems
possibly missed owing to the dust sample bias caveat mentioned in Section 3.2.3 are not accounted
for. The evolution of Q4,5 follows a similar trend as that for Q.. in neutral gas, increasing by a
factor of &7 between z &~ 5 and today. That the dust tracks the evolution of the metal density is not
surprising, as the dust mass in any individual system is related to its metallicity (e.g., Figure 10).
The overall shape resembles estimates of Quoecular gas (Figure 4).

Figure 12 also shows Qg derived through other means, of which there are three main ap-
proaches. The first approach integrates dust mass functions derived from modeling the spectral
energy distributions of individual galaxies as a function of redshift. Selected results derived in this
way are shown in Figure 12 (Dunne etal. 2011, Beeston et al. 2018, Driver et al. 2018, Pozzi et al.
2020). They rely on the inclusion of mid- or far-IR measurements from, e.g., WISE, the Spitzer
Space Telescope, and the Herschel Space Observatory, as well as detailed models to assess the total dust
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Figure 12

Evolution in cosmological dust density, Q,,, derived through different approaches. Our assessment of the
cosmological dust mass density for neutral gas is shown with large points with error bars. We show several
measures of Qg derived from large samples of individual galaxies; their dust content is assessed using
attenuations derived from optical SED fits or from SED fits to optical through FIR emission. Estimates of
the dust mass density from the power spectrum of the FIR background are shown as the shaded band. Dust
in and around galaxies (especially in the CGM) is probed through the reddening or extinction associated
with Mg systems or foreground galaxies. Recent predictions from cosmological hydrodynamic simulations
incorporating on-the-fly dust tracking are also shown by lines. The cosmological dust mass density
associated with neutral gas (which is inclusive of neutral gas in the ISM and CGM of galaxies) increases by
nearly 1 dex from z ~ 5 to z ~ 1, following a trend similar to that for €., in neutral gas. Atz < 2, the
measurements from disparate techniques show good agreement. Measurements of dust in neutral gas give a
uniform observational constraint on the global buildup of dust from z ~ 5 to today. Data used to generate
this figure are provided in Supplemental Table 6. Abbreviations: CGM, circumgalactic medium; FIR,
far-IR; SED, spectral energy distribution.

mass of galaxies. The results from the four studies in Figure 12 are in respectable agreement
over their common redshift range. The second approach derives and integrates over a luminosity
function of galaxies from the power spectrum of the far-IR background radiation (De Bernardis &
Cooray 2012, Thacker et al. 2013). Results derived from Herschel observations of the background
are shown in Figure 12. The third approach assesses the density of dust based on its reddening or
extinction of background optical sources (Figure 12). Ménard et al. (2010) derived the dust pro-
files about z ~ 0.3 galaxies, whereas Ménard & Fukugita (2012) derived Qg using the extinction
due to Mg absorbers. Some of the Mgir absorbers selected by Ménard & Fukugita (2012), with
equivalent widths EW > 0.8 A, trace the neutral gas studied here [log N(Hr) > 20.3; Rao et al.
2017]. The remainder is associated with lower-density circumgalactic gas. We see good agree-
ment over the redshift range of overlap in the values of Qg derived for neutral gas with those
derived through other means. However, the depletion-based results reported here trace Qg to
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COSMIC EVOLUTION OF DUST

We have used the multielement methods for correcting elemental depletion to estimate the amount of the met-
als locked into dust grains in neutral gas. We derive the dust-to-gas (DT'G) ratio in neutral absorbers, extending
such measurements to lower metallicities than are available in the local Universe. We find the Hi-weighted DTG
increases by ~1 dex from z ~ 5 to today, in parallel to the increase in mean metallicity. We combine these DTG
estimates to derive the global dust density of the neutral gas over 0 < z < 5, showing a gradual increase in the
amount of dust in the Universe over time. Our findings are broadly in agreement with measurements of the dust
density found in galaxies at z < 2. These measurements will provide new constraints to the next generations of
hydrodynamical simulations incorporating dust physics to understand the galaxy contributors to the global buildup
of dust.

significantly higher redshifts than the other methods, providing a measure of the buildup of dust
from z ~ 5. The depletion-based results for neutral gas are based on counting atoms incorporated
into grains through measurements of DTG and make no assumptions on the physical properties
(such as opacity or temperature) of the dust.

Taking the whole of the observations, Q4,s peaks around z ~ 1 (~8 Gyr ago), suggesting that
dust formation either is concurrent with star formation or lags no more than a few gigayears
behind the star-formation peak (Madau & Dickinson 2014). There is a smooth decline in the
values of Qg over the past 8 Gyr. The physical cause of this turndown is not well understood;
hypotheses include the net destruction of grains or their ejection from galaxies (e.g., Popping
et al. 2017, Li et al. 2019). Several recent works have predicted the global evolution of dust in
semianalytical models (e.g., Popping et al. 2017, Graziani et al. 2020, Millin-Irigoyen et al. 2020,
Vijayan et al. 2019) and by incorporating self-consistent dust physics on the fly into bona fide hy-
drodynamic simulations (e.g., Bekki 2015, Aoyama et al. 2018, McKinnon et al. 2018, Hou et al.
2019, Li et al. 2019). These latter works account at the subgrid level for the processes of grain
production (e.g., stellar or supernova production, ISM accretion) and destruction (e.g., by shat-
tering/sputtering in hot gas/shocks, X-ray heating driven by AGN, astration). We show the results
for dust in galaxies from two simulations in Figure 12 (Aoyama et al. 2018, Li et al. 2019). Their
outcomes in Figure 12 show similar slopes characterizing the dust mass buildup to z 2 2. How-
ever, due to differing assumptions about grain production and destruction below the resolution,
there is significant variation between them in both the total dust density predicted and the low-
redshift behavior. The variations in these results are indicative of the uncertainties remaining in
dust modeling in a cosmological context. The emerging field of dust measurements at high red-
shift will provide additional constraints on the subgrid physics important for such modeling. (See
the sidebar titled Cosmic Evolution of Dust.)

5. LOOKING FORWARD AND CONCLUSIONS

In this review, we have described observational constraints on the global evolution of gas, metals,
and dust over cosmic time. The progress in the field in the past two decades, both observationally
and in terms of simulations, has been truly remarkable.

5.1. Pushing from the Global to the Local

The topics covered in this review refer to global quantities averaged over the contributions from
many environments. The strength (and the limitation) of such density estimates is that they are
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made regardless of the precise nature of the absorbers. However, the ultimate goal is to charac-
terize the connection between the components depicted in Figure 1 and these global properties.

Absorbers tracing neutral gas [with log N(H1) > 20.3] are strongly associated with galaxies.
We have witnessed an explosion of the number of galaxies found to be associated with such
absorbers. Although early efforts had low success rates, the turning point in identifying and
connecting galaxies to such absorbers has been the use of 3D spectroscopy at near-IR [VLT/
SINFONI (Very Large Telescope/Spectrograph for Integral Field Observation in the Near
Infrared), Keck/OSIRIS (Keck Observatory/OH-Suppressing Infrared Integral Field Spectro-
graph)], optical [VLT/MUSE (Multi Unit Spectroscopic Explorer), Keck/KCWI (Keck Cosmic
Web Imager)], and millimeter (ALMA) wavelengths (e.g., Bouché et al. 2016, Péroux et al. 2017,
Hamanowicz et al. 2020). Among the most surprising aspects of such work has been the detection
of strong CO emission from galaxies associated with quasar absorbers, implying large molecular
gas masses (Neeleman et al. 2016, Klitsch et al. 2018).

These galaxy identifications draw a picture in which the gas selected in absorption is often not
uniquely associated with a single luminous galaxy (Péroux et al. 2019, Hamanowicz et al. 2020).
Understanding the environments that contribute to the global baryonic, metal, and dust censuses
described in this review will require the compilation of large samples of such identifications in
order to dissect the contributors. Currently, best efforts combine the dynamics, kinematics and
metallicity information to relate the neutral, ionized and molecular phase of the gas component
by component (Bouché et al. 2012, Rahmani et al. 2018).

Results from simulations predicting poor metal mixing have motivated observers to use close
quasar pairs (Rubin et al. 2018) as well as multiple images from gravitationally lensed background
objects to probe the transverse small-scale coherence along sightlines dozens of kiloparsecs apart
(Chen et al. 2014, Rubin et al. 2018). Using extended objects as background sources provide a
continuous map of absorbers on small scales (Cooke & O’Meara 2015, Lopez et al. 2018, Péroux
et al. 2018). The spatial resolution of the instrument is a key factor for these works. In the future,
an increased number of targets will be within reach thanks to the collecting area of the next gen-
eration of telescopes combined with integral field unit capabilities such as the ELT/HARMONI
(High Angular Resolution Monolithic Optical and Near-infrared Integral field spectrograph) in-
strument. At higher redshifts, bright targets will be within reach of Fames Webb Space Telescope.
At lower redshifts, VLT/BlueMUSE (blue-optimized MUSE) will provide bluer coverage with a
large field of view, thus increasing the number of accessible targets for such detections.

Eventually, a more direct probe of the extent of gas and metals around galaxies will come
from their direct detection in emission. Circumgalactic gas has been detected through stacking
of narrow-band images of galaxies that revealed diffuse Lya halos extending up to several dozens
of kiloparsecs (Steidel et al. 2011, Momose et al. 2016). More recently, VLT/MUSE observations
have revealed Lya halos around individual emitters (Leclercq et al. 2017, Wisotzki et al. 2018).
The Dragonfly Telephoto Array (Abraham & van Dokkum 2014), constructed from commercially
available cameras, is able to probe low surface brightness and demonstrates that new observa-
tional parameter space can be explored without necessarily relying on novel technological develop-
ment. Emission experiments, however, face a considerable challenge at higher redshifts given the
cosmological surface brightness dimming scales as (1 + z)~*. Dedicated UV facilities may play a
critical role in the characterization of metals and gas around galaxies. An example is FIREBall
(Faint Intergalactic Redshifted Emission Balloon), a balloon-borne 1-m telescope coupled to a
UV spectrograph (Hamden et al. 2019), though larger missions have been proposed (e.g., Messier
surveyor).

Large-scale models of the ACDM Universe predict a structure made of sheets and filaments of
dark matter arranged in a cosmic web. The gas that we have characterized in this review—largely
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found within galaxy halos—is affected by the environment of those halos (Kraljic et al. 2020).
The ionized gas needed to resupply the neutral and molecular gas consumed by star formation
(Figure 5) is ultimately drawn from the filaments within which galaxies are embedded. We can
characterize the connection of this large-scale structure to halos with 3D tomographic maps us-
ing absorption lines toward a sufficiently dense collection of background sources (Pichon et al.
2001, Lee & White 2016). A new generation of spectroscopic surveys will offer the prospect to
reconstruct robustly the 3D structure of the cosmic web. In particular, the Subaru Prime Focus
Spectrograph will map the 3D gas distribution over a large cosmological volume at 2 < z < 3
through a large spectroscopic survey. Later, the MOSAIC (Multi-Object Spectrograph for Astro-
physics, IGM, and Cosmology) instrument will benefit from the collecting area of the ELT to
further expand such studies.

5.2. Simulating Baryonic Processes in Cosmological Context

From a theoretical viewpoint, the level of complexity arises from the different scales involved,
which goes from large-scale cosmological environment to parsec-scale interstellar physics, which
is both physically challenging to model and time consuming to simulate. Over the past decade, ad-
vances in numerical methodologies and computing speed have allowed extraordinary progress in
our ability to simulate the formation of structures. It is a remarkable achievement that the overall
physical properties (density and temperature) of the gas (specially Hi) in these models repro-
duce observations of column densities and line widths of the absorbers (Fumagalli et al. 2011 and
Rahmati & Schaye 2014, but see Gaikwad et al. 2017). However, even with today’s most powerful
computers, we are still far from being able to self-consistently simulate the formation of molec-
ular clouds in a cosmological context. Simulating the multiphase ISM still remains challenging
even in zoom-in simulations, so that it is necessary to make use of subgrid modules to model un-
resolved physical processes, such as the formation of molecular clouds, winds from dying stars,
and supernovae (Teyssier & Commercon 2019). Progress in understanding the global baryon cy-
cle will have impact beyond understanding the evolution of star formation and galaxies. Indeed,
the nature of this baryonic physics impacts the matter power spectrum and, thus, the inference of
cosmological parameters from weak lensing measurements from next generation surveys such as
LSST, Euclid, and WFIRST (Wide Field Infrared Survey Telescope; Semboloni et al. 2011, Chisari
et al. 2018, Foreman et al. 2019).

By including more realistic physics, simulations will be an essential tool for interpreting cur-
rent observations. One of the most pressing questions is understanding which objects and media
contribute to the global quantities presented in this review. The main contributors to Qucutrat gas
have column densities centered around log N(Hi) = 21.0 (Péroux et al. 2003, Noterdaeme et al.
2012). The question remains to what extent these are associated with the ISM of galaxies or with
cold clumps in the CGM as well as how these contributions change with redshift. In addition, a
better understanding of the cycling of baryons between Hr and the ionized phase of the gas will
likely come from improved simulations.

The inclusion of a full treatment of CO and H, will be crucial for interpreting the flow
of information on the molecular gas in the Universe afforded by ALMA and other millimeter
facilities. Today, observations rely on a number of assumptions (SLED and CO-to-H; conversion
factor) to relate CO to molecular hydrogen. A better understanding of how well CO traces H; (as a
function of temperature, density, metallicity, and redshift) is imperative to making progress in this
field. The most essential ingredients to be considered are nonequilibrium chemistry and cooling,
for both molecular hydrogen and heavy elements, and particularly radiative transfer of ionizing
and dissociating radiation (Richings et al. 2014, Pallottini et al. 2019). Together, these points will
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provide a better understanding of the contributors to the global evolution of molecular gas in the
Universe, Qmolecular gas-

The metallicity and total metal content of the highly ionized phase of the gas continue to con-
stitute an important observational challenge. Observers rely on tracers such as Civ, Sitv, or Ovr,
but relating these measures to the total amount of carbon or silicon depends strongly on ioniza-
tion models (and poorly constrained assumptions about the ionization mechanism). In addition,
the mixing of metal clouds could remain incomplete (e.g., Schaye et al. 2007). Recently, several
simulations (Churchill et al. 2015, Peeples et al. 2019) find that in the CGM, high-ionization gas
seen in absorption arises in multiple, extended structures spread over ~100 kpc. Due to complex
velocity fields, highly separated structures give rise to absorption at similar velocities (see also
Bird et al. 2015). These authors predict a mismatch between the smoothing scales of Hr and high-
ionization metals. Therefore, depicting a realistic distribution of metals on a galaxy scale will be
of paramount importance to fully understanding the cycle of baryons.

Finally, a more complete treatment of dust production and destruction, a key catalyst for star
formation, is also crucial (McKinnon etal. 2018, Li et al. 2019). On global scales, it will be a salient
finding to explain the observed turndown of Qg at low redshift. The distribution of dust about
galaxies and the fraction of material expelled from bound systems will provide crucial information
in our understanding of these quantities. The grain sizes and ultimately the composition of dust
will further constrain the possible extinction and depletion central to the observational quantities
derived in this review.

5.3. Concluding Remarks

Probing the Universe’s constituents with absorption line techniques has proven a powerful ap-
proach. Absorption line measurements, unlike studies of emission, are uniformly sensitive at all
redshifts. Modern samples of absorption lines are large and, spread over the whole sky, are free
from effects of cosmic variance, allowing us to delineate the global evolution of the baryonic prop-
erties of the Universe. In this review, we have explored the conclusions resulting from this simple,
but powerful, counting of atoms in absorption line measurements. These include constraints on
the global evolution of baryons, metals, and dust over 90% of cosmic time. Although some issues
remain (see the section titled Future Issues below), the cosmic evolution of these quantities is—in
the broadest strokes—fairly secure (see the section titled Summary Points below). Connecting this
large-scale view to the smaller scale is an exciting direction for future work.

1. This review focuses on the global quantities of baryons, metals, and dust. It relates the
changes in these quantities to one another as material cycled through the various phases
of baryons with cosmic time.

2. The global densities of stars and neutral gas are well constrained to z ~ 5. Observations
are starting to provide new constraints on the molecular hydrogen density. Though there
is significant work to be done to understand the systematics associated with deriving
molecular densities from current CO measurements, we have now, for the first time,
estimates of this quantity from high redshift until z = 0.

3. The shape of the molecular density with redshift is remarkably similar to that of the
SFR density, pointing to a strong coupling between these quantities. The global density
of condensed matter in stars and neutral and molecular material has increased with time,
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requiring the accretion of material from the ionized gas reservoir into these cold forms.
The baryonic accretion rate density onto dark matter halos scaled by an efficiency factor
shows a similar shape to the net condensed matter accretion rate. These observations
are in remarkable agreement with the gas regulator model, which describes a continual
cycle of baryons flowing in and out of galaxies as a key moderator of galaxy evolution.

. After correcting for dust depletion, the mean metallicity of the neutral gas in the Uni-
verse increases by ~#10x over the redshift range z ~ 5-0, whereas the global comoving
metal density of neutral gas only increases by ~4.5x over that same period (due to the
slowly decreasing gas density).

. The metals in neutral gas dominate the metal content of the Universe at z 2 2.5, which
is consistent with containing nearly all of the metals produced by stars to that point.
The significant contributors to the metal budget diversify with time, with stars and hot
gas becoming increasingly important hosts of metals. Although direct observational con-
straints are lacking at intermediate redshifts (1 < z < 2), modern censuses indicate that
the metal content of the Universe is largely accounted for.

. Analysis of dust depletion in neutral gas provides an estimate of dust properties up to
z ~ 5. This analysis shows the dust content of neutral gas is a strong function of metal-
licity extending to below 1% of the solar metallicity. The global comoving dust density
of neutral gas in the Universe increases by nearly 1 dex from z ~ 5 to z ~ 1 and is in
agreement with estimates of dust mass in galaxies at z < 2.

. Global evolution: What approaches will be fruitful for improving the assessment of
Qneurral gas 4t 2 > 3.5? What paths will allow us to better quantify the density of ionized
gas, Qp+? How can we minimize the systematics in estimating Qmolecular gas? Are there
better proxies for determining Qmolecular gas (i-€., alternatives to CO)? How well can we
simulate the colder phase of the gas in galaxies? How can we observe directly the accre-
tion implied by Figure 65? How can we extend measurements of Q4 (Section 4.2) to
earlier cosmic times, when the first grains are being formed? Which physical processes
cause the observed evolution? Can we simulate them?

. Missing populations: Is our current sample missing a population of absorbers (Sec-
tion 3.2.3) that significantly biases the characterization of Qpeurral gasy Cmetalsy a0d Q2quge?

. Completing the metal census: To what redshifts do metals in stars and the hot gas in
groups and clusters contribute significantly to the metal census (Section 3.5.2)? How do
we improve on measurements of the metal content at columns below those associated
with neutral gas (Section 3.5.3)?

. Galaxy contributors: What galaxy populations contribute most to the baryonic densi-
ties Qneutral gas AN Qpyolecular gas 35 Well as to the densities Qe and Qqu? How does the
mix of contributions change with redshift?

. Spatial distribution of metals and dust about galaxies: How are metals and dust dis-
tributed about galaxies and beyond (Figure 1)? How does this change with redshift? Is
there pristine gas to be found? Can we reproduce the metal and dust distributions in
simulations?
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