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Abstract. The current state of the problem of the origin and
transport of ‘heavy’ (4 > 4) chemical elements in the Universe
is discussed. The beginning of stellar nucleosynthesis (SNS)
dates apparently to z = 20 redshift epochs (age of the Universe
ty < 180 Myr). Presently, SNS traces are observed in some
cases in galaxies at redshift z ~ 10—15 (zy ~ 500—270 Myr).
A massive redistribution of chemical elements from galaxies
over the entire Universe became possible, primarily under the
action of powerful explosions, in the reionization period at
7 <6 (ty = 940 Myr). A correct interpretation of observa-
tional data requires an in-depth understanding of the transport
and mixing dynamics of chemical elements in the Universe.
Theoretical models predict their extremely nonuniform distri-
bution in a range from the interstellar medium on spatial scales
of a few hundred light years to the intergalactic medium span-
ning tens of millions of light years. This is observed in absorp-
tion spectra of quasars up to redshift z ~ 6 and results in
observational selection. The review focuses on the early stages
of the history of the Universe’s chemical enrichment as it is
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currently understood given the observational selection effects.
Observational data and theoretical ideas underlying the modern
understanding of the complex process of the Universe’s chemi-
cal evolution are outlined.
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1. Introduction

The origin of chemical elements in the Universe is one of the
basic riddles. The history of the issue goes back to the classic
work of G A Gamow, C F von Weizsacker, H Bethe, and
S Chandrasekhar that appeared 80 years ago [1-4]. It is now
well known that the primordial baryonic matter in the
Universe contained only the lightest chemical elements, no
heavier than lithium (see a review of the current state in [5]).
The emergence of heavier elements! is a result of nucleosyn-
thesis in the interiors of stars [6—10].

It is now established that the interior of stars is the
birthplace of at least 90 chemical elements known to us; the
rest of the elements are artificial.> During their evolution,
stars eject heavy elements into the interstellar medium (ISM).
During the active ‘bursts’ of star formation, some metals are
ejected from galaxies into intergalactic space (the Intergalac-
tic Medium, IGM). This is, in general terms, the scenario for
the redistribution of metals throughout the Universe.

! Below, along with the term ‘heavy elements,” the name ‘metals’ accepted
in astrophysics is also used.
2 https://en.wikipedia.org/wiki/Chemical_element.
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Based on intuitive ideas, we hypothesize a simple
correspondence between the age of a star and the number of
heavy elements it contains: the fewer heavy elements observed
in a star, the earlier in the Universe it was formed. However,
such a straightforward understanding is not indisputable. If
an individual star is considered, its chemical composition only
reflects the conditions in the cloud of gas from which the star
arose. In a galaxy, the number and composition of heavy
elements in individual ISM regions may be a result of a
superposition of ‘imprints’ of several enrichment episodes
that occurred in the galaxy throughout its evolution. The
understanding of this complex picture is often obscured by
observational selection effects. Even if we are considering the
values averaged over a fairly large ensemble of galaxies, the
amount of metal in stellar systems can be used as an indicator
of their age, with strong reservations, since root-mean-square
deviations are always very large (a good analysis of the
observational aspects of determining the relationship
between metallicity and age is presented in study [11] and in
review [12]). A recent examination of this relationship in our
Galaxy’s disk [13] based on a sample of 189 binary stars of
presumably the same age (with a white dwarf as one of the
companions), using the Gaia project’s second data release
(DR2), yielded a dispersion of metallicity of more than halfan
order of magnitude with a relative measurement error
AZ/Z £0.7 (Z is the relative mass content of metals).
Moreover, the authors of [13] emphasize that no evolution-
ary trend is observed in a span of over 9 Gyr (see the upper-
right panel in Fig. 4 in [13]).

Quite recently, a comprehensive analysis of a large sample
(more than 36,000) of low-metallicity stars in our Galaxy [14]
has made it possible to identify a group of approximately
7,000 stars with metallicity® varying in a wide range of
3x 107* < { < 0.15, the phase space of which does not
overlap with that of the entire sample (see Fig. 5 in [14]).
Apparently, this group is a kinematically isolated stellar disk
of the same age —the authors of [14] call it the Atari disk.
This observation makes the question of the early chemical
evolution of our Galaxy even more challenging.

On the other hand, observations of early galaxies (i.e.,
galaxies at the stage of emergence or early evolution) in
the redshift range z ~ 5—7 exhibit metal contents Z ~
0.2—0.5Z, [15-19], comparable to that in galaxies that
evolved more than a billion years later to z ~ 1-2 [19, 20].
This dispersion implies that the mixing of matter in the
Galaxy (the same refers to other galaxies) does not provide a
uniform chemical composition that would correspond to the
expected increase in metallicity with age. Therefore, studying
the mixing of metals during the galactic evolutionary process
is of fundamental importance.

Heavy elements are distributed throughout all baryonic
structural components of the Universe. About 10% of the
mass of heavy elements at z ~ 4—6 is apparently contained
neither in stars nor in the ISM, but in the IGM, in the
Circumgalactic Medium (CGM), and in the gas of galaxy
clusters (Intracluster Medium, ICM). Assuming that half of
the stars in galaxies feature solar metallicity and taking into
account that the density parameter of stellar matter in the

3 In astrophysics, the term ‘metallicity’ of astronomical objects is under-
stood as the relative density of heavy elements in these objects { = Z/Z,
where Z is the mass fraction of heavy elements. For the Sun, Z, = 0.018.
Observers often call ‘metallicity” the logarithm of the ratio
[X/H] = 1g (X/H) —1g (X/H), where X denotes a chemical element: Fe

(most often) or O, Ca, and C.

Universe* is Q, ~ 0.004 [21], we can obtain an estimate for

the density parameter of metals in stars: Qz ~ 4 x 107>, The
total density parameter of metals outside galaxies is of the
order of Qz . ~6x 107>, Here, for intergalactic and
circumgalactic gas and gas in clusters, the values QM ~
0.016, Qcom ~ 0.024, and Qicm ~ 0.0018 [21] are accepted,
and their metallicities are taken to be (jgu =~ 0.001,
{com =~ 0.1, and {iom =~ 0.3 [22-25], respectively.

In this review, we discuss the possible mechanisms that
lead to such striking disagreement between the observed
relationships between the age of stellar systems and their
metallicity and intuitive expectations. One of them is
associated with the mechanisms of transfer of metals from
their sources, stars, to the scale of galaxies and intergalactic
space. Therefore, we mostly focus on the enrichment of
metals in that part of the Universe that is located outside the
galaxies, where the problem of transfer manifests itself most
clearly.

2. Galaxy and local Universe

2.1 Stellar populations of the Galaxy

The very first concepts of the Universe’s chemistry were based
on studies of the immediate vicinity of the Sun. Stellar
populations of the Galaxy are conventionally separated into
three types of different ages>: (1) population I — the modern
population of the stellar disk with a metallicity of the order of
solar one ({ = 0.25—1) and age #; < 10 Gyr (corresponding
to z < 1.8); (2) population II—an older population, which
includes a thick disk ({ ~ 0.2—0.6 and #;1 4 > 10 Gyr,z > 1.8)
and stars of the spherical subsystem ({=0.02 and
tnn > 12 Gyr, z~3.6) [27-30]; and (3) also, apparently,
stars of population II.5 preceding them with metallicity
Z/Z; < 0.01 [31, 32], enriched in metals produced by the
very first stars in the Universe — population III stars formed
from the primordial matter. The oldest stellar populations are
represented exclusively by low-mass stars, M < 0.8 M, since
the lifetime of more massive stars is shorter than the age of the
Universe.

Figure 1 illustrates the relationship between the metalli-
cities of stellar populations of various ages. As noted above,
the age-—metallicity relationship is virtually nonexistent for
stars younger than ¢, <9 Gyr. However, the oldest stars,
9 < t. < 13.7 Gyr, exhibit a sharp decrease in metallicity,
although with a large (by two orders of magnitude) dispersion
for the same age. The light-green band in Fig. 1 displays the
region of metallicities measured in early galaxies and the
intergalactic medium® in the redshift range from z ~ 0.15 to
z~ 6. It is easy to see a noticeable ‘lag’ in the apparent
chemical evolution of young galaxies in the distant (z > 0.1)
Universe behind our Galaxy at the same epochs of the
Universe.

4 Q, =p,/p., where p, is the density of matter contained in stars,
p. = 3H?/87G is the critical density, H is the Hubble constant, and G is
the gravitational constant.

5 1t should be taken into consideration that determining the ages of stars
per se is an extremely complex problem, and the uncertainty in ages
obtained by different methods can be as large as 50% or even more (see
detailed review [26]).

6 Saturated Lyo lines of atomic hydrogen with a column density
N(HI) > 2 x 10® cm™2, DLA systems, are associated with young
galaxies, while optically thin Lya lines, the Lya forest, correspond to
absorption in the intergalactic medium.
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Figure 1. Abundance of chemical elements in the stellar populations of our
Galaxy (Milky Way); x-axis indicates the age of stars. Top axis shows the
redshift corresponding to the moment of star formation. Vertical axis
indicates the metallicity indicator [Fe/H]. Sizes of the circles correspond to
the age of the stars; some stars with a large error in age are shown as small
gray dots. For comparison, the region corresponding to observations of
metallicity in saturated Lyo systems and in Lya forest lines is shaded.
(Figure adapted from [11].)

Such a difference may be a result of either a single ‘burst’
of activity in our Galaxy due, as is believed, to its merging
with a galaxy of lower mass [11, 33, 34], or a consequence of
multiple sporadic surges in the star formation rate when it
absorbed dwarf bursts in the epoch z ~ 1 —2 (see discussion in
reviews [12, 35]). It should, however, be taken into account
that such an interpretation may be plagued by possible effects
of observational selection in determining the chemical
composition of early galaxies due to insufficient mixing of
chemical inhomogeneities (see discussion in Section 7) and the
possibility noted above that, during the evolution of the
Galaxy, stars of the same age emerge in various regions of
the interstellar medium from matter with different chemical
compositions.

The oldest stellar population of the Galaxy is presented in
Fig. 1 by stars with extremely low metallicity,” { < 1073 (see
[36, 37]). The minimum known metallicity among them is
{ < 107338, 39]. Stars with a primordial chemical composi-
tion, i.e., Z = 0, have not yet been discovered in our Galaxy.
This fact was in line with the concept that prevailed until
recently, according to which only massive population III stars
with My 2 10—130 M, can be formed [40-47]. This conclu-
sion was based on calculations of molecular chemistry and the
thermal regime of the primordial gas during the formation of
the first galaxies. As a consequence of this conclusion, the
mass distribution function of emerging stars® is shifted
towards massive stars, the so-called top-heavy IMF. Accord-
ing to it, population III stars with Z = 0 cannot be present in
the Galaxy in their primordial form due to their lifetime being
too short: 7,(M) ~ 1019(M/M.) ">/ years [48]. The origin

7 Referred to below as EMP (extremely metal-poor).
8 Initial Mass Function (IMF).

of EMP stars remains an enigma. Their existence could be
justified by assuming that the addition of a minimum
(threshold) amount of heavy elements to the primordial
gas is capable of transforming the IMF to a ‘normal’ form
with a lower limit of stellar mass My, < 0.8 M, (see
discussion in [49-52]). This assumption is consistent with the
observation that stars born after (and/or under the influence
of) population IIT stars can feature a wide range of
metallicities due to ineffective mixing [53-55].

Moreover, radiation losses due to HD molecules can
significantly enhance the cooling of the gas and enable the
formation of low-mass stars, M < M, [56-59]. In addition,
the influence of a weak field of ionizing radiation from the
very first stars and cosmic rays from the first quasars and/or
of cosmological origin significantly changes the thermody-
namics of gas with a primordial chemical composition [60—-
65], which also enables the formation of stars with a smaller
mass, M ~ 0.1—0.01 M, without preliminary enrichment of
the medium with heavy elements.

Recent numerical calculations [66] have shown that the
mass distribution of stars is highly sensitive to the details of
the turbulence spectrum on small scales. Depending on the
predominance of rotational or potential perturbations, the
masses of emerging stars can vary widely from 1072 M, to
~ 10 M,. Therefore, it cannot be ruled out that EMP stars
belong to population III, i.e., originate from primordial
matter, and the insignificant amount of metal observed in
them is explained by the accretion of enriched matter onto
their surface at subsequent stages [67]. This option is
supported by recent calculations of variations in the chemi-
cal composition in the surface layers of such stars [68].
Recently, even those scenarios in which EMP stars can be
formed in the era of cosmological nucleosynthesis have been
discussed [69, 70]. This issue remains debatable.

The paper [71] presents arguments in favor of the
hypothesis that examination of the relative abundance of
heavy elements in stars with extremely low metallicity
Z < 1073Z, makes it possible to ‘decode’ the history of the
early, starting from z = 10, enrichment of the Galaxy’s
matter. However, such a procedure may be plagued by the
possible influence of the enrichment of the surface layers of
EMP stars with massive stars of evolutionary groups of late
epochs z < 2, which is noted in [67, 68].

2.2 Metals in dwarf galaxies

Outside the Galaxy, the initial episodes of nucleosynthesis are
represented by dwarf galaxies in the local Universe.® In low-
mass galaxies, fewer periods of star formation are expected,
soitis easier to separate stellar populations in them and detect
traces of enrichment in the first stars. Among the variety of
dwarf galaxies, the most suitable for searching for traces of
enrichment are ultra-faint dwarf galaxies (UDGs), in which
dark matter is dominant: the mass-to-luminosity ratio'? is
M/L ~ 140—1700, their luminosity is low, L < 3 x 10° Lo,
and the average metallicity of stars, { < 0.01 [72], is close to
that of globular clusters of the Galaxy, one of its oldest
populations [73]. In addition to low metallicity, the very
existence of UDGs indicates their origin in the early epochs
(z>6—7) of the Universe, since, due to the action of
photoionization and the evaporation of the gas component

® Local Universe is the nearby region within a radius of R < 300 Mpc
(z<0.1).
10 Measured in solar units M, /L.
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Figure 2. (a) Sizes of the ‘depressions,’ regions of strong absorption (in the comoving system) in absorption spectra in the Ly line in the redshift range
z = 5.4—6.2; (b) cumulative distribution function of sizes of ‘depressions’; (c) fraction of ‘depressions’ with a size greater than 102 ~' Mpc, depending on

the redshift. (Figures taken from [100].)

associated with it [74, 75], their emergence at later times is
hindered. The large spread of metallicity in UDGs
(o ~ 1.5-3.0, see [76]) may be due to the instability of the
balance between the outflows of metals from the galaxy and
the inflows of matter from the surrounding space, since it
depends on only a few events of supernova explosions in one
or another direction (see review [77]).

Due to the low mass of gas and, as a consequence, low
loss of momentum and energy, even a small number of
supernova explosions in ultra-faint dwarf galaxies lead to
the ejection of metal-enriched gas into the surrounding
IGM (see, for example, [74]). This contributes, on the one
hand, to the replenishment of the IGM with metals, and,
on the other hand, to the suppression of further star
formation (SF) in the host galaxy. The latter circumstance
leads to long intervals between successive SF episodes,
spanning in some cases to 10 to 12 Gyr [78]. Therefore,
ultra-faint dwarf galaxies are the subject of study in
‘cosmic archaeology’ [79].

The intensity of shock waves in the ISM of ultra-faint
dwarf galaxies is weak due to rare episodes of SF, and
therefore the mixing of enriched matter in them is ineffec-
tive. As a result, the search for chemically peculiar stars in
ultra-faint dwarf galaxies is simplified [80]. A nice example is
star AS0039 with metallicity { = 10=*!! in the Sculptor
galaxy [81], which, unlike the EMP stars in our Galaxy, is
not over-enriched in carbon: N¢/Nge = 10773 (N¢/Nge) ...,
and, moreover, the carbon content turns out to be the lowest
among known stars: N¢/Ny = 1.5 x 10‘5(NC/NH)@, and it
also features a deficiency of a-elements. All these features
indicate the formation of this star from matter enriched
by a hypernova with zero metallicity—a population III
star [80].

Due to their low surface brightness, ultra-faint dwarf
galaxies are detectable in emission in only the local Universe
[82] and actually turn out to be laboratories for studying the
mixing of metal-enriched matter. Taking into account that
UDGs are apparently relics of the reionization era, it might be
assumed that they can be observed in the absorption spectra
of quasars as systems with saturated Lyoa lines with
N(HI) = 2 x 10*° cm~2 (damped Lya, DLA). However, an
analysis of the abundances of zinc, sulfur, and oxygen in the
dwarf galaxy Sculptor, one of the Galaxy’s satellites [83], and
in a sample of DLA systems in the redshift range 0.5 <z <3
[84] showed a significant difference between their SF histories.
It should be noted, however, that a comparison of the
chemical composition in the ISM of an individual dwarf

galaxy and in the peripheral regions of early galaxies, DLA
systems, can hardly be a convincing argument. The reason is
that the chemical composition of gas at large distances from
the centers of galaxies is determined by the activity of large
ensembles of supernovae, in contrast to the local enrichment
of ISM by individual supernovae in ultra-faint dwarf galaxies
[85-87].

3. Metals in the distant Universe

3.1 Reionization and the onset of stellar nucleosynthesis
The first stars and black holes (BHs), which are presumably
formed at redshifts = 20, generate radiation capable of
ionizing the Universe. After a long period of ‘dark ages,’ the
hydrogen reionization era begins, which ends in the redshift
range z ~ 5—6. The first direct observations of quasars in the
specified redshift range showed a sharp—approximately by
an order of magnitude— decrease proportionally atomic
hydrogen at z ~ 5.5 [22, 88-93], in line with the expectations
of theorists [94-96]. From the onset of reionization at z = 20
with the appearance of the first stars and black holes and
until its completion at z < 5.5, when hydrogen becomes
almost completely ionized, about 850 Myr elapsed.
During this time, the ionization zones around galaxies
and black holes expanded and reached intergalactic scales.
In the redshift range 5.5 < z < 6, they begin to overlap,
and the IGM becomes transparent in the Lya line of
hydrogen [97-99].

A time scan of this period was obtained recently in
observations of the ‘Lyp-forest,” which enabled the discovery
of gigantic—up to 30h~' Mpc—absorption regions
(‘depressions’) in the Ly line with an effective optical
thickness of tgp = 6 separated by low-absorption ‘gaps’
[100] (Fig. 2). Figure 2a shows the sizes of the ‘depressions’;
for some of the depressions at z = 6, arrows show the sizes of
their walls from the ‘red’ side. Figure 2b presents the
cumulative distribution function of depression sizes for two
redshift ranges. Figure 2c¢ displays the z-dependence of the
fraction of quasars, in the spectra of which ‘depressions’ with
sizes exceeding 104! Mpc are visible. It can be easily seen
that all three indicators show a significant decrease in the size
of the ‘depressions’ at z < 5.75. The reionization dynamics is
also clearly visible in the transition to a state of almost
complete ionization of hydrogen ({fur)tgp < 5 x 107%) at
z < 5.5 and a sharp increase in the effective optical thickness
on the Lya line: 7gp o (1 4 z)™'? in the region z = 5.5-6.3
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(see, for example, [101]). A more detailed review of the
reionization history is presented in [102—-105].

The onset of reionization and that of stellar nucleosyn-
thesis coincide. This may be evidenced by the hydrogen
ionization at redshifts z > 7 being due predominantly to
young ‘Lyman break galaxies’ (LBGs) [106], the history of
which begin at redshifts z > 10 [107]. Apparently, the
enrichment of the ‘entire’ IGM with heavy elements, in the
sense that the regions of enriched intergalactic gas overlap
and form a ‘percolating’ medium, cannot occur before
complete reionization. This is due to the fact that matter is
transported by only hydrodynamic flows, which are always
slower than the penetration of ionizing radiation into the
intergalactic gas. Therefore, the redshifts corresponding to
the onset of complete reionization, z ~ 6, when regions of gas
ionized by individual sources ‘percolate,’ represent the upper
boundary for the onset of the enrichment of intergalactic
space with metals (see the remark at the conclusion of [108]).
In this regard, the detection of singly ionized carbon CII and
atomic oxygen OI in the IGM at redshift z = 6 [109], which
may represent isolated regions of ionization from separate
sources, seems to be of importance.

The existence of an upper limit on the values of z at which
metals enter the IGM, of course, does not exclude the
possibility of local enrichment of individual regions of gas in
the vicinity of galaxies or inside them long before reioniza-
tion. Recently, observational evidence of /ocal enrichment in
galaxies at z 2 10 with metallicity { ~ 0.1 has appeared [110,
111]. Manifestations of local over-enrichment in the vicinity
of quasars are also well known [112—114], including those
pertaining to the pre-reionization era (z > 6.5, ty < 0.8 Gyr
[115, 116]). One of the reasons may be associated with the
increased density of matter in the central regions of galaxies
and the growth of the minimum mass of IMF stars up to
several solar masses [117]. Subsequently, local enrichment can
propagate over a larger volume. In this case, it is natural to
expect extreme inhomogeneity in the distribution of metals in
the IGM, along with the pattern of intermittency of the
regions of ionized and atomic gas during the process of
reionization (see [118, 119]).

3.2 Galaxies at the dawn of nucleosynthesis
In theoretical scenarios of primordial stellar nucleosynthesis,
the latter can begin'! at z = 15—20 (see discussion in [120—-
123]). The first traces of such /ocal enrichment in the epochs
long before reionization (z > 6) within galaxies and their
close circumgalactic neighborhoods were identified in the
absorption spectra of optical afterglows of gamma-ray
bursts up to z =8 (GRB 090423 [124]). Given that lines of
heavy elements are visible in the spectrum of GRB 090423 (for
example, the SilV and Fell lines in GRB 090423), it may be
assumed that the /ocal enrichment of the Universe with metals
apparently began before the GRB 090423 gamma-ray burst.
Recently, the possibility of even earlier episodes of
nucleosynthesis has been confirmed by deep surveys con-
ducted in the near-infrared (IR) region of the spectrum and
observations made with the JWST (James Webb Space
Telescope). Examples include the discovery of the galaxy
GN-z11 with (spectroscopic) redshift z = 11 as part of the
CANDELS/GOODS 2 program [110, 111] and two candi-

' 1t should be emphasized that this refers to the initial episodes of
nucleosynthesis, which is essentially local.
12 Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey/
Great Observatories Origin Deep Survey.

date galaxies with (photometric) redshift z ~ 13 as part of the
HSC SSP Survey!? [125]. The metallicity of the stellar
population and interstellar medium in GN-z11 is estimated
tobe{=2/Z; ~0.2[110, 111].

The very first results from the JWST pushed the
boundaries of the onset of stellar nucleosynthesis even
further into the depths of the Universe. Quite recently, the
authors of [126] obtained evidence with the JWST of the
existence of massive galaxies M, ~ 10° M, at redshift
z~ 16—17 (the Universe’s age ty ~ 230 Myr). The result
obtained may indicate that during these epochs about half of
the baryon mass of galaxies converted into stars in accor-
dance with the model described earlier in [120]. Such a high
efficiency of SF could be related to the absence of its
suppression by ultraviolet radiation from stars, contrary to
general expectations [126]. In cases where the age of stellar
populations in such galaxies can be estimated, as, for
example, is the case of the Maisie galaxy with redshift z ~ 14
and a stellar age of ~ 150 Myr, described in [127], the moment
of its birth can be attributed to redshifts z > 20. Quite
unexpected was the extremely high metallicity of the matter
of galaxies in these epochs, measured to date by indirect
methods: in young galaxies at z ~ 10— 16, its value estimated
by the authors of [128]is { ~ 0.01—0.1.

An interesting, albeit indirect, indication of very early
episodes of star formation is the discovery of supermassive
black holes (SMBHs) with masses comparable to the values in
the local Universe Mgy ~ 103—10°M, at redshifts z = 7,
i.e., in the epoch when the Universe’s age was less than a
billion years [129-131]. Certainly, the formation of such
monster SMBHs requires their masses to grow with the
Eddington accretion rate, starting at least from redshift
z 2 30 [130, 132]. Moreover, their rapid growth should be
accompanied by active star formation since, first, only
galaxies with a dynamic mass Mgy, 2 50—500Mpy can
contain such a massive BH at their center [133] and, second,
this rapid growth of such BHs should occur in a fairly massive
‘reservoir’ of cold molecular gas, the mass of which can reach
M = 10" M, [134]. These conditions correspond to a high
rate of star formation, up to 1000 M, yr~!, and a high rate of
metal production [135]. The estimated metallicity of the gas in
the central regions (r ~ 1 kpc) of galaxies containing such
BHs is close to or exceeds the solar value.

4. ‘Global’ enrichment of the Universe

Having begun in the earliest epochs at the end of the ‘dark’
era, the birth and activity of stars become increasingly intense
along with the formation of large-scale structure in the
Universe, until reaching the maximum at redshifts z ~ 2—3
[136, 137]. By this time, those structural units and topological
features appear in the Universe that persist in it to this day.
The pattern of chemical evolution of the Universe was
apparently modulated by the physical environment asso-
ciated with the development of structure.

Since nucleosynthesis in these epochs is driven by rapidly
evolving massive stars, the early enrichment scenario pro-
ceeds in the regime of synchronized large-scale SF bursts with
the ejection of heavy elements on a very short time scale
7, ~ 2 Myr under the assumption of ‘top-heavy’ IMF with
star mass M, ~ 30 M. Based on this observation, it can be
assumed that the era of nucleosynthesis and enrichment of the

13 Hyper Supreme-Cam Subaru Strategic Program Survey.
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galaxies themselves and their close surroundings began
simultaneously. As noted above in Section 2.2, the binding
energy of low-mass galaxies is low, so just a few supernovae
are sufficient to eject a significant part of the gas from the
galaxy and stop further star formation [138]. Such a short
episode, however, turns out to be sufficient to ensure minimal
‘pollution’ of the nearest (within 100 kpc) Universe to the
level Z = 107%Z,, [118, 139-141]. Here, however, it should be
kept in mind that such estimates are based on averaging over
large (~ 10 Mpc) volumes (see the detailed discussion of these
aspects in review [138]) and should only be understood in
terms of average values.

The level of ‘pollution’ with metals Z ~ 1073102 Z,,
observed in the IGM at redshifts z ~ 2—5 may be due to a
greater extent to the activity of more massive galaxies in pre-
reionization epochs at z = 6 (see Fig. 14 in [142]).

Asnoted above, z ~ 6 is the upper limit for the redshifts at
which products of stellar nucleosynthesis begin to intensively
propagate from the circumgalactic region into the IGM. The
surface filling factor of IGM regions occupied by heavy
elements increases [152], and some of the enriched regions
contribute to absorption. As follows from observations on
the CIV and SilV ion lines [22, 151, 153], the z-dependence of
the averaged metallicity of intergalactic gas in the region
z ~ 2—S5turns out to be fairly flat (Figs 3 and 4), which can be
associated with the lack of effective mixing by gas-dynamic
flows. In the region of redshifts z < 2.5, the number of CIV
and SilV ions increases sharply, by almost an order of
magnitude [151, 154]. The reason may be either an absolute
increase in the mass of heavy elements in the Universe and in
the IGM during the peak of star formation at z = 2—4 [137],
or a change in the ionization state of carbon in particular, i.e.,
a shift in the ionization equilibrium towards CIV ions.

4.1 Universe in absorption lines

The main observational information about the chemical
composition of objects in the Universe is provided by
observations of absorption spectra. Today’s progress in
understanding the chemical evolution of the Universe is
largely due to the progress in ultraviolet (UV) astronomy.
This is explained by the fact that the main absorption lines of
heavy-element ions, which are used as indicators of chemical
composition, are located in the UV region.
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Figure 3. Mass fraction (in critical density units) of CIV ions in Lya-forest
(IGM) as a function of redshift. Observational data are presented in [143—
147], asindicated in the legend; approximation (pink strip) is given in [145].
(Figure taken from [23].)
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Figure 4. Mass fraction (in units of critical density) of SilV ions as a
function of redshift in the IGM plotted based on observations of SilV ion
absorption lines. Observational data are presented in [23, 146, 148-150];
data for 37 objects in the UVEX/HIRES sample and 10 objects with
redshifts z ~ 5—6 are presented in [151] in Tables 1 and 3, respectively (see
also Fig. 1 in [151]). (Figure taken from [151].)

4.1.1 Systems with saturated Lya lines. The lines usually used
for diagnostics are the hydrogen resonance lines Lya
(A =121.6 nm), Lyp (102.5 nm), etc., and lines of heavy
element ions CIV (155 nm), OVI (103 nm), SilV (140 nm), NV
(124 nm), and several others. Such lines appear both in
dense objects, observed as systems of Lya lines with the
column density N(HI) > 2 x 10 ¢cm~2 (which are the
DLA systems mentioned above), and in extended regions
of intergalactic gas with the atomic hydrogen column
density, N(HI) < 10'7 cm~2, Ly, forest lines [155].

The DLA systems apparently appear in the densest
regions of gas associated with galaxies and their immediate
environment (see, for example, [156]). This hypothesis is
supported by recent measurements of a possible correlation
between the metallicities of DLA systems and emission on the
Lya line excited presumably by a young stellar population
associated with the region where absorption lines are formed
[157, 158]. This interpretation is also in agreement with
numerical models [159]. It may be asserted with some
reservations that at z >4 the DLA systems exhibit an
evolutionary trend in Z o (1 4+ 2)70‘2 metallicity, albeit with
a large scatter, as can be seen in Fig. 5.

In later epochs, in the vicinity of the star formation
peak at z ~ 2.5—4, the pattern is violated: the spread of
metallicity for a fixed z reaches three orders of magnitude.
The reasons for this spread are unclear. It seems apparent
to associate it with the high SF rate, an order of
magnitude greater than that in the modern era [137].
According to the authors of [158], such a scatter may be
due to the DLA systems during this period being galactic
disks filled with multiple isolated compact ISM regions
with a high SF rate, which are over-enriched in metals due
to intense supernova explosions. In later epochs, z < 2, the
trend is restored.

4.1.2 Metals in the Lya-forest and in ‘voids.” The ‘forest’ of Lya
lines observed in the spectrum of quasars corresponds to
absorption by neutral hydrogen in various regions of the
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Figure 5. Evolution of metallicity in DLA systems. Symbols show ratios of
elements on the basis of which observational data were adjusted (see text).
Orange symbols represent a large sample [19], while black dots indicate
early results with a limited sample [160] where metallicity was adjusted
based on relative (with respect to iron) densities averaged over all observed
elements. Black solid and dashed lines show a linear fit and variance over a
large sample; blue broken line illustrates data from article [161]; large
magenta circles show average metallicities ‘weighted’ using measured
column densities of atomic hydrogen N(HI) in DLA systems. (Figure
taken from [19].)

intergalactic medium, modulated by a large-scale struc-
ture. In this case, the strongest lines with the column
densities N(HI) ~ 10'7 cm~2? are formed in the walls of
the structure, while the weakest, N(HI) < 102 cm~2, in
cosmic voids, which are giant regions of intergalactic space
with decreased density surrounded by thin ‘walls’ with
increased density.!*

Our modern understanding of the dynamics of structure
formation in the Universe is largely based on numerical
dynamic models, including a subgrid"® description of stellar
nucleosynthesis. The first models of this kind exhibited
reliable agreement with the observed characteristics of
the Lya forest (see [164—171]). Recent progress in this
approach makes it possible to distinguish and compare
with observations subtler morphological features: nodes,
filaments, walls, voids — with a mass accuracy of ~ 107 M,
[172-176].

Already the earliest identifications of metal absorption
lines in the IGM showed a significant amount of metal up to
redshifts z ~ 3: approximately half of the Lya-forest systems
with N >3 x 10" cm~2 and almost 100% of systems with
N > 10'% cm~2 feature absorption in the CIV doublet 11548,
A1550 [177, 178]. Subsequent observations of the CIV and
SilV absorption lines at redshifts z = 5.5 showed the carbon
abundance C/H ~ 10733 of the solar value, assuming that the
fraction of triply ionized carbon '® x(CIV) ~ 0.5 [22].

Absorption lines of metals are visible in the spectra of the
Lya forest up to redshifts z ~ 6 [23, 145, 147, 153, 179-181].
The diagram displayed in Fig. 3 shows the evolution of the
CIV ion density parameter in the range from z ~ 6 to z ~ 2;
extrapolation extended it up to z=~ 1.5 [145]. Tt is of

14 Gas densities in the voids and in the walls are characterized by density
contrast: 6(x, 1) = p(x,1)/p(t); voids correspond to d(¢) < 1, and walls
d(7) > 1; details are presented in reviews [162, 163].

15 That is, a phenomenological description of physical processes based on
simplified theoretical schemes on scales smaller than the resolution of the
numerical grid.

16 That is, x(CIV) = n(CIV)/n(C).

importance to emphasize that at redshift z ~ 6 the CIV mass
fraction is approximately half an order of magnitude smaller
than that at z ~ 5.5 [151, 153]. It can be easily seen that this
value coincides with the epoch of complete reionization (see
discussion in Section 3.1). Assuming the relative elemental
composition in the IGM to be solar and the relative
concentration of the CIV ion in the absorption regions
x(CIV) to be ~ 0.3, we can estimate the average abundance
of heavy elements in the IGM from { ~ 10~* (atz ~ 5.5) up to
~ 1073 (at z ~ 1.5). It should be noted that the abundance of
metals in the intergalactic medium is usually measured by the
density parameter of the observed ions, as is done, for
example, in Fig. 3. This is often associated with great
uncertainty in the ionization state of the gas. Therefore,
for example, the transition from the observed column
density of the CIV ion to the abundance y- = N(C)/N(H)
requires knowledge of the ionization state of both carbon
and hydrogen. Such knowledge is not always available,
given uncertainties in gas density and ionizing radiation
flux.

Metals are also present in regions with lower column
density N(HI) < 1.4 x 103 cm~2 at z ~ 3 [182, 183] pertain-
ing to cosmic voids with a baryon density an order of
magnitude lower than the density in the walls (see [171, 184—
186]). The space of a void with size R = 3—10 Mpc!” [187]
over cosmological time (¢ ~ 2 x 10° years in epoch z ~ 3) can
be partially filled with emissions from galaxies localized in the
walls. The active galaxies located in a relatively short-lived
phase of a galactic ‘hurricane’ exhibit outflow velocities of
~ 1000—3000 km s~ [188, 189]. However, when propagating
in a homogeneous medium, the outflow velocity quickly
decreases as r—3/2. A recent analysis of the absorption in
Lyo lines in voids close to us shows that the spatial
distribution of the density of Lya absorption is concentrated
towards the void center [190]. Such a distribution can
arise if the gas density decreases with distance from the
walls as p o R~2, so the shock wave velocity does not
decrease. In addition, active galaxies in voids can enrich
IGM in situ.

4.1.3 On the distribution of metals in the intergalactic medium.
The fundamentally important issue of the spatial distribution
of chemical elements in the IGM and the scale of its inevitable
inhomogeneity has not been addressed for a long time.
Numerical models indicate that the specific features of the
mechanisms of matter mixing in IGM predetermine the
extreme inhomogeneity of the distribution of metals [85, 86,
118, 119]. Moreover, those limited observational data on the
distribution of chemical elements at redshifts z = 3—6, which
span the era of the onset of massive stellar nucleosynthesis,
show that the spatial distribution of heavy elements can
indeed be highly inhomogeneous. In [191], a weak anti-
correlation between the size and metallicity of the absorbing
region of the Lya forest, predicted in numerical models [85,
86], was revealed. As noted in [86], such anti-correlation is
natural in all cases of metal transfer from small to large scales,
regardless of the transfer mechanism. This effect can lead to
observational selection that distinguishes metal-poor regions
in the IGM. The discussion of this issue is continued below in
Section 7.

Studying the spatial distribution of heavy elements in the
IGM is an extremely challenging task. One of the reasons is

171 Megaparsec = 3 x 10> cm.
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that the analysis of absorption lines yields the concentration
of ions of a particular element in the line of sight N(X) [cm~?]
and the corresponding concentration of hydrogen atoms
N(HI) [em~2]. However, data on the volume density of
absorbing regions and, generally speaking, their spatial
distribution are unavailable and can only be determined
indirectly, usually in hybrid approaches using observations
and numerical experiments. An example of such an approach
is presented in [183], where the results of numerical modeling
of structure formation and ionization equilibrium in the
intergalactic medium were fitted to observations using the 3>
method. This approach made it possible to relate the observed
column densities of the CIV ion (N(CIV)) to the local
contrast 6 in the absorbing region. It seems apparent that

i.e., smaller ¢ correspond to regions of rarefied IGM gas,
while larger o, to regions near galaxies and their clusters-to-
be. The behavior of N(CIV) with increasing ¢ is not this
straightforward: there is a certain density value, which
depends on the flux of ionizing UV radiation, at which the
relative concentration of CIV ions decreases due to recombi-
nation. However, in any case, the lowest column densities
N(CIV) definitely correspond to the most rarefied IGM
regions with ¢ < 1.

Figure 6 shows the dependence of the relative carbon
abundance [C/H] = Ig(C/H) —1g(C/H)_ on the density of
absorbing gas 0. At the early stages, z=3.5—4.5, the
metallicity in a wide interval of densities ranges primarily
between —3.5 and —3.0. In the epochs close to us, metallicity
generally increases, especially in the interval z =1.5-2.5,
which corresponds to the peak of star formation in the
Universe. At the same time, the dispersion of metallicity also
increases, especially in regions of cosmic voids with low
density 1gd < 0. Thus, during the transport of heavy
elements from circumgalactic space into the intergalactic
medium, and especially in the region of cosmic ‘voids,’
matter turns out to be increasingly less mixed.

This pattern, however, can be complicated by the fact
that at low densities the characteristic times for establish-
ing ionization equilibrium in processes associated with
recombination or collisional ionization are large, so the
ionization state can turn out to be strongly dependent on
the thermodynamic history of the gas [193]. The carbon
ionization state in the IGM under the assumption of
stationary photoionization by the intergalactic UV radia-
tion field was determined in more detail in the cosmologi-
cal model of enrichment and ionization [197]. Figure 7
shows a diagram of the ionization state of carbon on the
n—T plane for IGM gas obtained in this model. It
illustrates well the importance of the knowledge of the
IGM gas ionization state for confident interpretation of
the observed CIV characteristics.



November 2023

Initial episodes of the chemical evolution of the intergalactic medium

1079

Time since Big Bang, Gyr
13108 6 4 3 2
T T T T T

104

f=—]
=

X

e
i

3
T T TTTIT _|,
I
I
T,
—e
1 / Ll
2
Metal mass density (pypea1s)s Mo cMpe™>

3
L LU ST e UL Ly

10°

Metal density, Quetals

— Expected
metals
% Stellar metals
Hot gas [ICM +1GrM]

—t—

_7 | ® Neutral gas [DLAs]
107" £ m Partially-ionized gas [sub-DLAs] 104
E @ Ionized gas [LLSs] 1 4
| 1 1 | ——m+—_
0 1 2 3 4 5 6
Redshift

Figure 8. Evolution of the total average mass of metals per unit of
comoving volume of the Universe. Solid curve with an uncertainty band
shows the expected metal density p,(z) estimated using the measured SF
rate p,(z). (Figure taken from [207].)

4.1.4 Metals in the galaxy cluster gas. Another aspect of the
redistribution of metals in the Universe on large scales relates
to the hot (7 ~ 107 — 108 K)) gas of galaxy clusters (ICM). Due
to a high temperature and low density (n ~ 10~3 cm™3), the
gas in the clusters is highly ionized, so the determination of
metallicity in it is based on measurements of the heavy-
element emission lines in the X-ray region of the spectrum.
The brightest of them is the so-called ‘iron K-line,” which is a
blend (superposition) of close lines of multiply charged Fet?*
and Fe*? ions and a nickel ion with an energy ~ 6.5—7 keV
[195-199]. A detailed discussion can be found in reviews [200—
203]. Despite the apparent similarity with the problem of
enrichment of the intergalactic medium, the enrichment of gas
in galaxy clusters is fundamentally different from a dynamic
point of view due to the denser environment, frequent tidal
interactions among galaxies, and the resulting surges of star
formation on short spatial and temporal scales, a conse-
quence of which is a significantly higher metallicity in the
gas of clusters Z ~ 0.3Z; [25, 200, 204, 205]. Under such
conditions, relics of the initial enrichment in the galaxy cluster
gas are lost. We note in this regard that recent studies of gas
metallicity in several groups of galaxies in their outer
(R > 0.25Ry) regions have revealed a surprising similarity
between the spatial distribution and metallicity value deter-
mined for iron, Zg. ~ 0.309 Z, and those of their counter-
parts in large clusters '8 [206].

4.2 Budget of metal in the Universe

Based on Fig. 5, we can conclude that both in the modern
epoch z < 0.15 and in galaxies represented by DLA systems,
cold gas contains a significant portion of the metals produced
in the Universe. This is indicated by the fact that at z — 0
the metallicity is { — 0.5 ([Fe/H] &~ —0.3). According to
calculations [207], most of the missing metals are asso-
ciated with stars. Simple estimates show that in the post-
reionization epoch z =~ 4—5.5, metals were also concen-
trated primarily in the cold gas of young galaxies.
However, in the redshift range near the star formation
peak z=2-3, and after it at z~0.5—2, a significant
deficiency of metals compared to the expected one is

18 This option was brought to our attention by a reviewer.
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Figure 9. History of star formation in the Universe constructed based on
the measurements of emission in the far ultraviolet (FUV) and infrared
(IR) ranges in the rest frame. (Figure taken from review [137].)

detected, as shown in Fig. 8. In the figure, the symbols
show estimates of the metal density parameter based on
direct observations, and the solid line represents the
theoretical estimate of the mass of metals, obtained on
the basis of an independent observational evaluation of the
star formation rate in the Universe p,(z) = ¥(z), shown in
Fig. 9. Knowing the SF rate, it is possible to find the metal
production rate ng = y(1 = R)¥, where y ~ 0.033 is the
mass fraction of metals averaged over the IMF [137, 208],
and ¥, R is the fraction of mass returned to the ISM by the
stellar wind and supernovae [137, 207, 209].
The mass of metals produced by time #(z) is

1(0)

() dz

@ dr. (2)

Qz(z) = yp! J

1(z)

The result of integration is shown as a solid curve. A clear
deficiency of metals compared to the theoretical prediction is
seen in the region between the SF peak z ~ 2—3 and z < 0.15.
The paper [207] estimates that at z ~ 1.5 the deficit is 83%
(see also Fig. 9 in [207]).

The problem of ‘missing’ metals was first brought to the
fore more than 20 years ago in [210]. Subsequently, many
authors repeatedly returned to it with a discussion of
potential reservoirs. The most plausible hypothesis seems to
be one in which the missing mass of metals can be contained in
the so-called ‘warm-hot’ phase!® of the IGM with a gas
temperature of 7~ 10°—107 K. The existence of a ‘warm-
hot’ phase is associated with the action of strong shock waves
in the region of Lagrangian singularities during the formation
of the large-scale structure [211, 212]. It is hypothesized that
at such temperatures the gas is highly ionized and therefore it
is invisible in absorption, and its observation in emission in
the optical and ultraviolet regions of the spectrum is strongly
hindered. Numerical models predict that the mass fraction of
metals in the ‘warm-hot’ phase of the IGM is up to 50% [212—
215], although such estimates often turn out to be highly
model dependent [216]. Direct observations are not yet
sufficient to confidently identify WHIM as the main
reservoir of missing metals. Recently, reports have appeared
on the detection in the X-ray region of the absorption line of

19 WHIM (Warm-Hot Ionized Medium).
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the multiply charged OVII ion, which supposedly emerged in
the WHIM layer [217].

Among other factors that can lead to the ‘loss’ of metals
are numerous effects of observational selection (a detailed
discussion of the aspects of their influence on the calculation
of the mass of metals is presented in [216]), which are direct
errors in observational estimates of the mass of metals due to
the above-mentioned uncertainties in the ionization state of
the gas and insufficient resolution in numerical models of the
chemical evolution of the Universe [218]. One of the
important and unavoidable reasons that a ‘loss’ of metals
can arise is the very process of transfer of metals from a ‘point’
source — the burst of an individual supernova, a star cluster
with a size of no more than a few parsecs —to significantly
larger scales of tens and hundreds of kiloparsecs. It is natural
to expect that under such conditions, during the transfer
process, the metallicity Z turns out to be a decreasing function
of the distance from the source Z o r~*. Therefore, in
conducting observations in absorption lines, the probability
that the line of sight from a radiation source (quasar) passes
through a region with metallicity Z drops as P(Z) oc Z~2/*
[86]. A discussion of these aspects is continued in Sections 7.3
and 7.4.

5. Mechanisms of metal ejection from galaxies

The mechanisms of matter exchange between the IGM and
galaxies can be divided into two groups according to the
‘direction of influence’: galaxy to IGM and IGM to galaxy.
The first group includes the ejection of matter from galaxies
due to supernova explosions, radiation pressure, tidal
interaction of galaxies, and stripping of the gas component
off the galaxy under the influence of dynamic gas pressure
IGM (ram stripping). The second group includes the
accretion of chemically distinct IGM matter in the galaxy,
the most important element of its interaction with the IGM
which maintains its growth and ‘life activity.” In this review,
we only consider mechanisms of the first group.

5.1 Shock waves from supernovae

The ejection of matter from galaxies is associated with the
energy release of massive stars, which includes shock waves
from supernovae and the pressure of stellar radiation on
matter. In numerical calculations on scales exceeding galactic
ones, it is usually assumed that the rate of gas outflow from
galaxies M is proportional to the star formation rate M, or,
equivalently, to the frequency of supernova bursts vg,. Given
the nonlinear nature of many of the phenomena involved, this
assumption is fairly bold. Nevertheless, it works, since
observations show that the rate of gas mass loss by galaxies 2’
is M ~ 0.3—30 M, [219-222].

The ejection of matter by supernovae is based on the
‘breakthrough of the atmosphere’ effect, first described by
A S Kompaneets [223]. A shock wave in an inhomogeneous
(stratified) medium propagates predominantly in the direc-
tion opposite to the density gradient v ~ \/ Ps/p(z), where P
is the pressure behind the SW front. Therefore, in the case of a
limited stratified medium, an exit of a SW beyond its limits, an
outburst, is possible if the time #, o< [* v~!dz is finite; here,
the integration is carried out in the direction opposite to the
density gradient. The integral is finite in media with a fairly
steep density profile, for example, in exponential p xcexp (—z)

20 The ratio 1,, = M /M., is referred to as mass loading outflow.

media. In the simplest case of an expanding shell from a point
source with constant power, the polar regions of the
expanding shell only carry from 5% to 10% of the shell
mass outside the interstellar gas disk [224], while most of the
matter in its walls is entrained downward by gravity. This
yields M~ 5—10M.,.

5.1.1 Ejections from dwarf galaxies. Low-mass galaxies make
the predominant contribution to the enrichment of the
Universe with metals. This is due to the following factors:
(1) the binding energy of such galaxies is lower, and therefore
lower values of energy release can result in a breakthrough of
the interstellar gas layer; (2) weaker requirements for energy
release enable the ejection due to the burst of only a few
supernovae in more numerous low-mass star clusters
¢(m) x m~'; (3) low-mass galaxies numerically dominate
more massive galaxies, as follows from the Press— Schechter
law dN/d1In M oc M09,

For a point source with mechanical power L located in the
ISM disk plane, a breakthrough of the disk and ejection of
matter outside the galaxy are possible provided [74, 119]

GM;1>3/2

h

L> 5de2( (3)

where &~ 1 is a dimensionless factor characterizing the
features of gas outflow during ejection, py is the average
density of the gas disk, H is the height scale of the gas disk, M),
is the total mass of the galaxy, including baryonic and dark
matter, and r;, is the corresponding radius. For a galaxy with a
mass of M, ~ 101 Mo, r, ~ 10 kpc, an outflow velocity of
Ve ~ \/2GM}/ry ~ 100 km s~!, and a gas height scale of
H ~ 100 pc, the power required for a breakthrough is
L ~ 1.5 x 10¥n4 erg s™!, where nq is the density of particles
in the gas disk. This set corresponds to a fairly modest SF rate
of M, ~ 0.006 M, per year. The estimated mass loss rate for
such galaxies is

i_é ~ loéescM* . (4)

[

M ~ éesc

Here, & ~ AQ/4n is the fraction of the mass involved in the
outflow that has gone beyond the galaxy, and AQ is the solid
angle of outflow collimation. For an outflow generated by a
star cluster, & ~ 0.01 [224, 225]; for coherent SF bursts in
the centers of galaxies, where the flow extends far beyond the
thin ISM disk, & can reach a value of ~ 0.1—0.3, depending
on L [226].

At large redshifts, where the IGM density is greater, the
IGM pressure is significant. This can be seen from a simple
estimate of the maximum radius of the shock wave R ~
(ll}lve/PIGM)l/2 o (14 2)73/2, where Pigy is the pressure of
the surrounding IGM gas [119]. As a result, the filling factor
of metal-enriched regions decreases: cosmological numerical
models yield a volume filling factor Qy ~ 0.01(1 +2z)~" for
regions with metallicity Z ~ 1073 —10"2 and values 2 to
2.5 orders of magnitude smaller for the areas with Z ~ 0.1
[152]. Moreover, the surface factor, i.e., the probability of
crossing a line of sight of length ¢, is of the order of
Os ~ Qvl/Rs, so enriched regions can be detected at
cosmological distances. A more detailed discussion of these
aspects can be found in [138, 152, 227-233].

5.1.2 Ejections from massive galaxies. The ejection of matter
by supernovae from massive galaxies requires noticeably
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greater supernova power. In this case, the most significant
factor determining the efficiency of the ejection of matter by
shock waves from supernovae is the coherence of bursts (i.e.,
a high frequency of bursts within a relatively small region of
the galaxy) [119, 234-236]. A regime close to coherent is
achieved in young star clusters (OB associations), where
supernovae explode in a compact region on a relatively
short time scale, i.e., in a fairly synchronized way. Only
those collective bursts whose total power exceeds the thresh-
old value L., which depends on the galaxy’s mass and
morphological type [224, 225, 234-241], result in a break-
through of the interstellar disk. In our Galaxy, the number of
such OB associations, the power of which is sufficient to form
gas emissions in the IGM, is about 60 [242]. This value is
consistent with the number of vertical gas structures (worms)
in the Galaxy observed on the 21-cm line of neutral hydrogen,
which are presumably dense walls of the outflows due to
supernova explosions [243-245].

As the mass of the galaxy increases, the critical mechanical
luminosity increases faster than the maximum luminosity of
the OB association with a limited number of stars. Under
these conditions, only the most massive OB associations can
eject mass from the galaxy [230, 246-250]. Therefore, the
efficiency of ejecting the interstellar gas mass into the
intergalactic medium decreases with increasing mass of the
galaxy.

Central powerful star formation bursts, which are
observed, for example, in the galaxies M82, NGC3079,
NGC1482, etc., can lead to the ejection of mass outside the
galaxy and, possibly, into the intergalactic medium. General
considerations suggest that such galaxies ‘participate’ in the
chemical evolution of the Universe, but any reliable assess-
ment of their contribution is currently difficult, inter alia, due
to significant uncertainty in estimates of the periodicity of star
formation bursts, the mass loss rate, the fraction of mass
reaching intergalactic space, metallicity of the ejected sub-
stance, etc. [219, 251, 252]. For example, a detailed analysis of
the M82 galaxy closest to us with a powerful galactic wind
shows that the amount of matter ejected from the central
region decreases very rapidly with distance from the center.
The brightness of the image on the 21-cm line of atomic
hydrogen falls approximately according to the law ~ r~2,
where r is the distance from the center of the galaxy, and this
can be interpreted as an outflow into the IGM. However, the
IR emission profile of cold dust and gas on the CO-molecule
lines, diminishing as ~ 3, indicates that the flow does not go
beyond the galaxy’s boundaries [251]. In this sense, the
problem of mass ‘entrainment’ and the apparent disagree-
ment between theoretical predictions and observations are
actually the problem of measuring the outflow characteristics
at large distances from the source galaxy.

5.1.3 Circumgalactic halos. In the last decade, in relation to
the problem of the ‘transport’ of metals from supernovae to
scales of several Mpc (i.e., into a space, the dimensions of
which are five orders of magnitude larger than those of the
source), structures of intermediate scales ranging from
~ 30 kpc to ~ 300 kpc have been discussed. These structures
are the circumgalactic halos discovered and described in [24].
We are considering giant gas coronas around galaxies ranging
in size from 100 to 300 kpc and sometimes more, filled with
hot gas with a high number density of heavy elements. Gas in
such extended halos flows out at velocities that, with rare
exceptions, are close to ~ 100 km s~!, a value which is
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Figure 10. Line-of-sight (projected) profile of the distribution of OVI ions
in circumgalactic halos discovered in the COS-halo survey [24]. See details
in the text.
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Figure 11. Distribution of CIV ions in the halo discovered in the COS-
dwarfs survey [253]. See details in the text.

significantly less than the escape velocity; therefore, halos
are formed as a result of a relatively slow outflow on a time
scale of 1 Gyr.

Figure 10 shows the ‘average’ radial profile of the OVIion
distribution obtained from measurements of the distant
neighborhoods of 42 galaxies from the COS-halo survey.?!
Light blue squares show the number densities for galaxies
with active star formation (SF rate M, ~ 1 M, per year), and
orange squares represent passive galaxies with an SF rate an
order of magnitude lower [24]. This was followed by
observations of such extended halos in dwarf galaxies (see
the survey of COS-dwarfs [253]). Figure 11 shows the radial
profiles of the CIV ion in some galaxies. As can be seen,
metal-enriched gas coronas extend in this case to comparable
scales of ~ 100 kpc, despite the smaller masses of the galaxies.

A conclusion of importance for the problem of IGM
enrichment in metals is that such extended gas coronas
around galaxies perform as a dynamically complex interface
between galactic disks and intergalactic gas, filled with
counter flows that ensure the galaxy’s life activity.

21 COS (Cosmic Origin Spectrograph/Hubble Space Telescope).
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The downward (accretion) flow brings ‘fresh’ gas into
galaxies from the intergalactic reservoir and supplies material
for the formation of stars in galaxies, while the upward flow
(outflow) removes processed metal-enriched matter from
galaxies in a reverse ‘cascade’ chain from microscales of the
order of several parsecs to intergalactic space megascales
[254-256]. In general, circumgalactic halos may contain up to
50% of the baryonic mass of galaxies [257, 258], which
manifests itself in Lya-forest lines [259], although a more
reliable estimate requires a detailed analysis of the physical
state of the gas [260]. Currently, there is no understanding of
the details of the complex dynamics of the interaction
between these flows. Some aspects are discussed in Section
6.2 and in reviews [261-263].

5.2 Ejection of metals by radiation pressure

For a typical value of the energy density of the average
interstellar radiation field, e,y ~ 0.1—1eV ¢cm—3, the momen-
tum flux carried by photons (and transferred to matter when
scattered by dust particles) is only slightly less than that
associated with shock waves from supernovae. This implies
that radiation pressure can significantly affect the dynamics
of interstellar gas and, in particular, can be responsible for its
ejection from the galaxy. Taking into account that the above
value of the momentum is related to the average radiation
field, there is no need for coherency, i.e., synchronization of
energy release episodes on short temporal and small spatial
scales. The idea that radiation pressure is capable of
maintaining gas in the galactic halo was first proposed in
[264-266]. Moreover, it was shown in [266-268] that the
pressure of the interstellar radiation field can accelerate dust
grains to high speeds and eject them far beyond the Galaxy,
into intergalactic space on time scales of ~ (0.03—3)a~! Gyr,
depending on the size of the dust grain a [269].

The criterion for the occurrence of wind under the
influence of radiation pressure is k//2n¢GZ 2 3, where « is
the opacity coefficient, X is the surface density of the stellar
disk, 7 is the surface brightness of the disk radiation, and
¢ ~ 10 is the concentration parameter for the Navarro—
Frank—White profile [268]. Since the radiation energy
density is distributed more diffusely than the shock wave
density, radiation pressure is of greater importance in massive
galaxies [270, 271].

The galactic interstellar magnetic field B ~ 107> G [272]
significantly alters the picture. The typical value of the
cyclotron radius for a dust particle?” in the interstellar
medium is only Rg ~ 0.03 pc, i.e., dust particles are actually
‘glued’ to magnetic field lines (R-J Dettmar and Yu A Shche-
kinov, private communication (2011)). Therefore, transport
in the vertical direction is only possible in the form of
‘channeling’ along the vertical magnetic field, if any. In
some edge-on galaxies, a vertical magnetic field is observed
in their halo [274-276]. Due to insufficient angular resolution,
it is currently difficult to estimate the fraction of such
galaxies. From a theoretical point of view, the generation of
a significant vertical component B. is quite possible under the
effect of a spherical turbulent dynamo in the halo [277, 278]
and as a result of the development of Parker instability [279].
In the latter case, even one supernova may be sufficient to
trigger the Parker instability with the formation of magnetic

22 The charge of a dust particle with radius ¢ = 0.1 pm in the diffuse
interstellar medium is Zq ~ +(45—255)e [273]. For dust grains of smaller
radius, the charge-to-mass ratio is larger.

loops extending far beyond the disk, up to z ~ 4—5 kpc [280].
Moreover, calculations show that the inflationary growth of
the Parker loop continues formally without limits, i.e.,
beyond the calculation area of 32 height scales [281]. Under
such conditions, the assumptions of [266, 267] are fulfilled,
and, therefore, if the fraction of the galactic disk surface
occupied by magnetic fields extending into intergalactic space
is sufficiently large (about 0.1), the loss of dust mass by the
galaxy can be significant: according to estimates made in
[266], for our Galaxy, this value may be of the order of
0.04 M, yr=!, which is 10% of the rate of metal production in
stars.

However, it should be emphasized that, despite the
apparent simplicity of the problem, a complete study of the
dynamics of the gas-dust ISM under the effect of radiation
pressure is extremely complicated consuming and is still far
from resolved. This is due to the strong sensitivity of the
dynamics to the parameters of the problem, including the
dependence of the radiation scattering cross sections on the
ratio of the wavelength to the particle size, the dependence of
the friction force of dust grains in the surrounding plasma on
the dust grain charge, the dependence of the dust grain charge
on the spectrum of the radiation accelerating the grains and
the parameters of the plasma in the immediate environment,
etc. (see, for example, [267, 269, 282]).

When entering the intergalactic medium with a gas density
n~ 107% cm™3, a typical dust grain with a radius of 0.1 um
and matter density pq ~ 3 gcm™ features the mean free path
between collisions with an atom or ion of the intergalactic
medium ¢ ~ 10'® cm and average deceleration length L ~
(100—200)1;3‘100 kpc, where vq 100 1s the speed of the dust
particle in 100 km s~! units. The actual deceleration length of
adust particle is less than this value, since, when moving in the
intergalactic medium and colliding with gas particles, and
being under the influence of an external radiation field, the
dust particle loses its mass and is decelerated more effectively.
It is of importance that such destruction results in the
transition of heavy elements from the condensed phase to
the gas phase, and thus in the enrichment of intergalactic gas
with metals [267].

An analysis of the transport of dust particles ejected from
galaxies under the effect of radiation pressure, which was
carried out in [267], shows that only large particles
(a > 0.1 um) can travel beyond 100 kpc around the parent
galaxy and reach rarefied regions (with the density contrast
d ~ 1) of the cosmic structure. Dust particles are subject to
the strongest destruction due to collisions with the surround-
ing gas in dense regions with 6 = 10— 100, where the collisions
lead to the maximum loss of metals. Metals in the inter-
galactic medium are distributed in this scenario in an
extremely inhomogeneous way, with a volume filling factor
of about 10%. However, this conclusion is based on large-
scale cosmological models with low spatial resolution
(~82h~! kpc in comoving coordinate systems) with a
subgrid description of physics at smaller scales. Even more
recent approaches with a better resolution (= 1 kpc) and a
simple bimodal size distribution of dust particles only enable
the dynamics of dust in the vicinity of galaxies and their halos
to be assessed in general terms [283].

5.3 Tidal interactions of galaxies

The formation of an ensemble of galaxies in the early
Universe via frequent approaches and hierarchical mergers
is a powerful source of large-scale tidal movements capable,
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in principle, of transferring matter enriched in galaxies into
the intergalactic medium on a scale of hundreds of kiloparsecs
or more. The first models of enrichment in tidal interactions
implemented on a coarse grid [284, 285] showed that the
spatial redistribution of metals caused by tides turns out to be
extremely inhomogeneous: metallicity varies from Z ~ 1073
to ~ 1 when passing from regions with density contrast
5 ~ 0.1 to regions with § ~ 103 —10*, corresponding to the
transition from regions of intergalactic gas in cosmic voids to
interstellar gas in galaxies. In other words, metals remain
predominantly in the vicinity of their sources, i.e., galaxies.
This result illustrates the insufficiency of a numerical
resolution of Ax > 0.1 Mpc for modeling the phenomena of
metal transfer from ISM disks with a characteristic density
stratification scale of ~ 100 pc. Rough numerical grids are
not sufficient to trace the collimated release of shock waves
and metal-enriched matter from SN beyond the galaxy’s
limits due to the effect of breakthrough of interstellar disks
[224, 225, 237, 286], especially for central bursts in galaxies
[230, 287].

A scenario for the combined action of tidal forces and the
energy release of massive stars in the transport of metals into
the IGM was proposed in [119]. In this scenario, the transfer,
which resembles a turbulent diffusion process, turns out to be
more efficient. These two mechanisms operate on different
scales: the former is effective on scales 0.01 < s, < 10 kpc,
while the latter is operative on scales 10 < /g < 50 kpc. Tides
propagate the action of the galactic wind, localized within the
maximum radius of the galactic wind R(z) (see Section 5.1.1),
expanding it to intergalactic scales. This conclusion was
subsequently confirmed by numerical experiments: the
combined action of tides and the galactic wind increases the
volume filling factor of enriched matter in the IGM to a value
of 0.35 [288]. It should, however, be taken into account that,
due to inevitable limitations on the spatial resolution of
numerical experiments, mass ejection in both tidal interac-
tions and the galactic wind is described in a phenomenologi-
cal way without a detailed study of the dynamics on galactic
and subgalactic scales (see a discussion in Section 5).

6. Numerical description of enrichment

6.1 Phenomenological experiments

Phenomenological numerical experiments are understood as
experiments based on ‘cosmological’ codes that describe the
dynamics of large regions of the Universe on scales of
~ 100 Mpc, including the formation and dynamics of
galaxies and their clusters (see, for example, [162, 289, 290]).
The standard numerical resolution corresponds to a baryon
mass in a cell of ~ 10® M. Therefore, in problems related to
galaxy formation, their demography, and the exchange of
matter on intergalactic scales, this translates into a spatial
resolution of Ax ~ 60 kpc in the comoving system. In
problems related to phenomena in the ISM of galaxies, for a
typical ISM density, this implies a cell size of ~ 300 pc. In
certain selected regions of the computational domain,
adaptive grids are used with cells sized to 10-30 pc, which
makes it possible to resolve some details of the object being
formed. A number of problems associated with physical
processes on subparsec scales, which include problems of
metal redistribution in the Universe, cannot yet be solved
with cosmological codes and can so far only be explored using
subgrid ‘prescriptions’ [162, 263]. Until recently, in global
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Figure 12. (a) Size distribution of absorbing clouds along the line of sight,
(b) metallicity distribution. (Figure taken from [294].)

‘cosmological’ numerical schemes, both the sources of metals
and their distribution on large scales remained deep ‘below
the grid’ by 2 to 3 orders of magnitude [152, 291-293].

The need for numerical modeling of the ‘micro-level’
processes hidden ‘beneath the grid’ is well illustrated by
direct observations of the distribution of density and
metallicity in the intergalactic space at z ~ 2.3 in [294]: in a
volume with a comoving radius > 1 Mpc, a population of
enriched gas condensates with line-of-sight sizes ranging from
~ 0.1 pcto < 100 kpc was discovered. The metallicity of the
gas in the condensate varies from Z < 1073 Z, to Z 2 3 Z;
the upper limit presumably represents fragments of an
unmixed supernova shell. The gas density in the condensates
ranges from n 2 10~* cm™3, a value two orders of magnitude
larger than the intergalactic density at z~2.3, to
n < 0.1 cm™3; the ratio of median gas density and the IGM
density is p/pigm ~ 100 [294] (Fig. 12). Therefore, the
dynamic scale of numerical modeling that spans 4 to 5 orders
of magnitude should necessarily encompass the entire grid
and the entire time interval.

A weak element in phenomenological models is the
assumption that galaxies lose mass proportional to the star
formation rate. This assumption can be used with reserva-
tions for galaxies with bursts of star formation in the central
region with radius R < 0.5 kpc. Under such conditions,
frequent supernova explosions cause the overlap of their
remnants in the early stages of expansion, when energy losses
are still small and their effect turns out to be cumulative
(‘coherent’) with an effective mechanical luminosity of
L ~ Eyvs,, where Ey ~ 103! erg is the energy of a supernova
and v, is the frequency of bursts in the central part of the
galaxy [235]. In galaxies with quiescent SF, supernova
explosions are distributed over the galactic disk with radius
R ~ 10 kpc, and their effect on the surrounding interstellar
gas turns out to be unsynchronized. As a result, for the same
total SF rate, outflows from galaxies with SF spread over
the disk turn out to be weak. This is manifested in a
decrease in the fraction of emitted matter with increasing
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mass of the galaxies, as is confirmed by numerical
experiments [234].

This is also evident in observations: only galaxies with
central surges of star formation, such as MS82, generate
powerful outflows [219]. Galaxies in the quiescent SF regime
with a sufficiently high star formation rate are not capable of
forming outflows, but form extended gas halos with a height
of several (3-5) kiloparsecs. In some cases, the possible
existence of outflows from galactic disks into a halo is
suggested by observations of filamentary vertical structures
[295]; however, direct observations of the outflow of matter
from an extended gas halo into an IGM are extremely rare.
The detection of giant (with a radius exceeding 150 kpc) gas
halos around distant (z =0.1—0.36) galaxies, abundantly
filled with heavy elements with { ~ 1 [24] (see Section 5.1.3),
can be an indirect indication of the existence of such
outflows.

In an even more pronounced form, the problem of
maintaining large-scale outflows arises in modeling the
transfer of heavy elements to scales spanning cosmic voids.
Enrichment of voids with collimated outflows from galaxies
localized in the walls requires high mechanical power of the
central source L ~ 3 x 10*! ergs~! for times of at least several
billion years, as shown by phenomenological numerical
models [122]. Moreover, even under favorable assumptions,
such outflows can only enrich high-density regions, i.e., the
walls of the cosmic structure in which galaxies are concen-
trated. It is possible that voids are enriched by galaxies in situ.

In the scenarios of galactic outflows driven by momentum
transfer from radiation, the requirements for synchronizing
stellar evolution are relaxed due to a more diffuse distribution
of radiation in the ISM. As noted above in Section 5.2, even
quiescent (without bursts) star formation can generate an
amount of radiation sufficient to eject interstellar gas into the
surrounding space. In its simplest form, the dynamics of
suchlike models, where the interstellar gas outflow occurs
due to the transfer of momentum from radiation to inter-
stellar dust grains and further to the gas component, were
formulated in [265, 266] and in [267] in close connection with
the problem of enriching the Universe with metals.

Therefore, a significant limitation of phenomenological
models is that they can only provide the Universe’s metallicity
averaged over large volumes, while the parameters of the
spatial distribution of metals in the intergalactic medium
remain largely uncertain. Taking into account the expected
low values of the volume filling factor of enriched inter-
galactic matter [152], the spatial features of the metallicity
distribution in the IGM discovered in [294] are still unre-
solved. For this reason, it cannot be ruled out that some part
of the predicted correlations and patterns is directly deter-
mined by subgrid ‘prescriptions.’

6.2 Dynamic experiments

Dynamic numerical experiments aim at identifying the
features of the redistribution of metals from scales close to
that of their injection into the galactic halo scale of
~ 10—20 kpc. The first numerical models of this kind in
which matter was injected by collective supernova bursts in
the centers of galaxies were described in [230, 231, 234, 287,
296-300]. The resolution used in these models was still
insufficient to describe physical processes on ‘microscopic’
scales close to the scale of injection of energy and mass by
supernovae and the scale of thermal instability of the gas
compressed by them, ~ 1 pc. In recent years, numerical

models with such resolution have revealed some features of
flows that are lost in phenomenological models with subgrid
prescriptions.

In massive galaxies, not every breakthrough can trigger a
significant outflow of mass from the galaxy. The problem is
that even a slight asynchrony of supernova bursts, their
spatial separation, or small perturbations lead to deforma-
tion of the shell surface, the rapid development of Rayleigh—
Taylor instability and thermal instability due to radiation
losses, and the formation of dense fragments of cooled gas
and its settling under the influence of gravity onto the plane.
These dynamic features are exhibited even in models with
synchronized central SF bursts [226, 301]. This results in
significant variations in the mass loading coefficient and its
decrease for a given rate M,. The situation becomes more
complicated if the regime of supernova bursts is more similar
to the realistic stochastic one. One of the models of such a
regime is a set of individual supernova bursts with total power
L in volume Vi,

L

ﬁ:Ele:é(r—r,-,t—t,-), (5)

where the same energy Ez = 10°! erg was assumed for all
supernovae; supernovae were scattered randomly over a
given SF volume ¥V, and the moments of their bursts were
distributed in time, depending on the mass of the pre-
supernova. The lifetime of the pre-supernova tps, =
Tpsn (M) Was set as a function of its mass, and the mass was
randomly chosen so that the mass distribution of stars
corresponded to the Salpeter function ¢(m) oc m =% [132,
302, 303]. Figure 13 displays an example of suchlike outflow
for various values of the spatial density of supernova
explosions in a limited region of the galactic disk. It is easy
to see that the outflow begins when the spatial density of
supernovae exceeds a certain value (1.4 x 1073 M, per year),
but, due to radiation losses, the flow breaks up into phases,
and the densest and coldest of them settles downward, as can
be seen from the velocity field.

The general pattern of outflow, divided into three phases,
hot (7> 10° K), warm (10° < T<10° K), and cold
(T < 10° K), is illustrated in Fig. 14, which displays the
mass-averaged time dependences of the flow rate of various
gas phases. For large M,, the hot phase of insignificant mass
(T > 10° K) flows out of the calculation zone and farther at a
speed exceeding the escape velocity at times ¢ > 30 Myr. The
mass-dominant warm phase 103 < 7 < 10° K, even at high
SF rates, exhibits a loss of velocity at ¢ 2 10 Myr; the cold
phase with half the mass demonstrates quasi-periodic motion
with a period of ~ 25 Myr. This corresponds to the cooled gas
falling onto the plane being mixed with the gas remaining near
the symmetry plane and then being pushed out again by shock
waves.

It is of importance here that the part of the gas with the
predominant mass, excluding the hot phase, has a vertical
velocity of v < 70 km s~! and therefore remains within the
galaxy. Similar simulations at larger spatial scales, but with a
lower numerical resolution, show that the vertical flow of the
warm gas mass, driven by energy pumped from supernova
bursts in the disk, falls very quickly with height, pv ~
(1+2z/2) ", where zy is the gas height scale. The hot-gas
flow beyond one height scale remains constant until at least
z 2 10z [304]. In general, numerical models of the dynamics
of the outflow of enriched gas outside galaxies at the ‘micro-
level’ show that the ‘mass loading’ of the outflows, i.c., the
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Figure 13. Vertical slice of the map of density (a, ¢) and velocity (b, d) for a flow induced by stochastic energy release from point sources (supernova bursts)
randomly distributed in a volume with a base of 0.5 x 0.5 kpc and a vertical exponential scale of 0.1 kpc. Panels from left to right correspond to an SF rate
of 1.4 x 107,42 x 107*, 1.4 x 1073, 4.2 x 1073, and 1.4 x 1072 M, per year per base area. If recalculated for our Galaxy, this would correspond to

values of 0.1, ..., 10 M, per year. (a, b) Dynamic state at time = 10 Myr, (c,d) ¢ = 30 Myr. (Figure taken from [132].)
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Figure 14. Time dependence of mass-averaged outflow velocities separated by phase: (a) gas in the entire temperature range, (b) hot-phase gas 7 > 105K,
(c) ‘warm’ gas 10° < T < 10° K, and (d) cold phase 7 < 10° K. Number density of particles in the gas disk plane is np = 1 cm~3, palette in the upper-right
corner of panel (d) corresponding to different SF rates is shown. (Figure taken from [132].)

ratio of the mass loss rate M to the star formation rate M. v, 18
significantly lower than the measured values: it is n ~ 0.1
compared to estimated # ~ 1—10 provided by observations
[220-222].

These two examples illustrate the problem of ‘entraining’
cold gas into motion or ‘mass entrainment’ in generally
accepted terminology: acceleration of cold gas by a rarefied
flow occurs /x times more slowly than its disintegration
tac/tec ~ /%, Where tyc ~ yRc/vc is the cloud acceleration
time, fec ~ /% Rc/vc is the time of its disintegration, R is the
radius of the cloud, v, is its velocity relative to the rarefied gas
flow, and y = p./p; is the ratio of the densities of the cold
phase and the accelerating flow [305]. High-resolution
numerical models [306-310] reveal the influence of nonlinear
effects associated with the characteristics of the flow that
emerges in the boundary layer between the cloud and the
surrounding gas. This leads to the dependence of the time of
mass loss of a cold cloud on the Mach number of the flow
tac/tec X v/1 + M), in models with radiation losses [307] and
to the rapid fragmentation of multiphase cold condensates at

the flow base [308]. As a result, fragments enriched in metals
do not extend far beyond the enrichment domain. On the
other hand, very rapid cooling of gas z.o01/%cc < 1 can lead to
an increase in the cold phase mass due to the condensation of
the flowing gas on fragments enriched in metals. As a result,
the exchange of momenta between the fragments and the flow
moving around them becomes more intense, and the time
during which such condensates are accelerated increases [306,
310, 311].

7. Mixing of metals

7.1 What is meant by mixing: illusory mixing

The chemical composition of a substance determines its
equation of state, physical properties, and emissivity. There-
fore, the mixing of matter, which provides the distribution of
chemical elements over the volume of the region under
consideration, is of fundamental importance for the entirety
of astrophysics.
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Figure 15. (a) Position of the Sun and the ISM in its vicinity with a radius of 3 kpc. (b) Enlarged view of this area, where dots show regions in which gas
metallicities were measured. Color of the dots indicates the metallicity value on a logarithmic scale in accordance with the palette ruler on the right.

(Figure taken from [315].)

The region of the Galaxy closest to us clearly shows a lack
of mixing. This is indicated, for example, by the existence in a
relatively close neighborhood of the Sun of a region with a
characteristic size of ~ 3 kpc, where the content of iron in the
various Cepheid stars?® belonging to the population of a thin
disk with ages ranging from 1 to 8 Gyr differs significantly, at
least by half an order of magnitude. Since in this interval of
ages the average abundance of metals in the Galaxy changed
insignificantly (see Fig. 1), this may indicate a large time of
mixing (several billion years) in the gas from which they arose
[312, 313]. Variations in the elemental composition of this
order are also exhibited by stars in various clusters and groups
in our Galaxy (see, for example, [314]). Even greater
differences in metallicity, one and a half orders of magni-
tude, were discovered recently in the interstellar medium in
the vicinity of the Sun with a radius of 3 kpc [315]. It is of
importance to note that variations in Z of half an order of
magnitude or more occur, as can be seen in Fig. 15, on scales
of only ~ 10 pc. This result is of fundamental importance for
understanding that the physical properties and observational
manifestations of cosmic plasma, including the properties of
emerging stars, are determined by the ummixed chemical
composition.

The term mixing is usually applied to more than one of
various phenomena: the first implies fragmentary transfer
(‘splashing’) of a chemical substance from a source over a
large volume; the second refers to a nonuniform (irregular)
flow of two immiscible liquids, which, if measured with
insufficient resolution, can be perceived as a mixture; and
the third is diffusion, homogenization of the mixture at the
molecular level. The authors [138] were the first to pay
attention to the terminological aspects of the concept of
mixing in astrophysics. If chemical composition is measured
with insufficient spatial resolution, terminological differences
are insignificant. However, since the chemical composition
determines the equation of state and emission and other
characteristics, insufficient information about the degree of
chemical heterogeneity can lead to an inadequate interpreta-
tion of observational data. An example of this situation could
be a region of a gaseous medium within the angular resolution

23 Cepheids are § Cephei pulsating stars with a stable period—luminosity
relationship.

of a telescope, in which two regions are adjacent: one with a
primordial chemical composition Z =0, and the other
enriched (in metals) Z = Z,. Within the limits of angular
resolution, the measured metallicity for the same emissivity of
the regions will be Zyps = uZs, where p is the mass fraction of
the enriched region. In thermodynamic terms, the enriched
part of the gas is fundamentally different from the gas with
Z = 0, since it can radiatively cool to temperatures 7'~ 10 K,
while the region with the primordial gas can radiatively cool
at best to 7'2 300 K. Illusory mixing is especially important
when the chemical composition of gas is measured in
absorption lines: in this case, the chemical composition is
determined by the sum of components through which the line
of sight passes. Distinguishing of contributions is possible
with additional independent observables, such as relative
motions, line widths, and distinguishable ionization states,
are available.

Possible, and in some cases unavoidable, effects of the
lack of mixing are important for a correct understanding of
evolutionary phenomena. An example is the differences in the
chemical evolution of the IGM and galaxies in the same
epochs. Figure 1 shows the apparent lag in the evolution of
the IGM and galaxies in the distant (z > 0.1) Universe behind
the Galaxy’s populations. However, a correct interpretation
of such a difference involves some caveats. It should be taken
into account that enriched matter ejected from galaxies is
always concentrated in fairly dense cloudlets and therefore
mixes with the environment slowly. In observing the IGM in
absorption lines, some of these cloudlets are lost due to their
small geometric cross section. This guess is confirmed by
direct observations of the distribution of metals in the IGM
[294]. Therefore, the relative mass concentration of metals
averaged over the entire IGM, which is discussed above,
should be considered as a lower estimate of the metallicity of
matter outside galaxies. This conclusion is also supported by
direct observations of the distribution of the metallicity
gradient along the filaments and caustics of a large-scale
structure [316].

7.2 Mixing in the interstellar medium

Molecular diffusion in the ISM is ineffective when metals
are mixed on scales comparable to or exceeding galactic
scales. In the simplest case of an atomic medium with
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temperature T~ 10* K and diffusion coefficient D ~
1019A‘1/2T41/2n‘l cm? s~!, where 1 is the gas density, 4 is
the atomic number of the diffusing element, and 7, =
T/(10* K), the characteristic time for levelling chemical
heterogeneity is 7p ~ 108 42R2T,"/*n s, where the radius
of the region of chemical inhomogeneity R, is measured in
parsecs. At densitiesn = 0.1 cm~> and scales R; ~ 1 typical of
the interstellar medium, the diffusion time is tp = 10!7 s,
which is comparable to cosmological time. In a fully
ionized medium with })redominantly Coulomb collisions
D~25x%x 10847127 p-1 cm? 57!, the diffusion time
is tp ~ 4 x 10%*R} A" 2T475/2n s, which, for gas scales in
the halo and above R; 2 10* and Ty~ 102, yields
Tp =4 X 1021R12n s. Therefore, starting from [317], ‘turbu-
lent” diffusion with a characteristic time of t ~ L/v; ~
10 Myr is discussed with L ~ 100 pc accepted as the
characteristic size of a turbulent cell, v, ~ 10 km s~!, as the
characteristic speed of chaotic movements in the ISM, and
D ~ Lu, as the diffusion coefficient. The first numerical
model showed that the characteristic time of mixing of two
passive scalar fields in the ISM under the effect of random
shock waves from supernova explosions exceeds the above
time by one and a half orders, © ~ 300 Myr [87].

It is worth stressing that steady state turbulence is
commonly assumed under treating turbulent mixing. Actu-
ally, as was noted for the first time in [85, 86], turbulence in
problems of mixing metals in galaxies and in the intergalactic
medium is essentially non steady state. Indeed, the transfer of
metals from a ‘point’ source to large scales begins with the
ejection of an enriched cloud into the surrounding gas, where
the cloud, under the influence of the Rayleigh-Taylor (RT)
and Kelvin—Helmholtz (KH) instabilities, is getting destroyed
and ejects some metals into the surrounding gas. Character-
istic times of instabilities are trt ~ ¥'/?a/v and gy ~ ya/v
for Rayleigh-Taylor and Kelvin—Helmholtz, respectively,
where, y = p./p; is the contrast of density in the cloud
relative to the surrounding gas density, « is the radius of the
cloud, and v is its speed.?* The deceleration time of the cloud
Tae ~ ya/v coincides in order of magnitude with the time gy
and exceeds the time trr by a factor of y'/2. In other words,
the source of turbulence around the cloud — the energy of the
relative motion of the cloud —is depleted at a characteristic
time close to the time of the development of turbulence. The
result is ‘freeze-out’ of mixing, when the development of
instability ends at wavelengths for which molecular diffusion
remains ineffective. This can be easily deduced from the
transfer equation for chemical inhomogeneity, in our case,
metallicity [318, 319]

0,Z +u(r,))VZ = DV>Z, (6)

where the right side describes the molecular diffusion of
heavy elements. At the onset of the process, when
molecular diffusion operates only at the cloud boundary,
Eqn (6) is reduced to the equation of incompressible fluid
Z(r,1) = const along the Lagrange trajectory. Mixing at
the molecular level only begins when scales A < \/yaD/u
emerge in the perturbation spectrum; for the parameters
of the circumgalactic shell adopted in [85, 86], this scale is
A< 0.5T4]/2n*1/2 pc, which is three orders of magnitude less
than the thickness of the layer.

24 Here, in estimating the time of Rayleigh-Taylor instability, the
acceleration of the fragment associated with its slowdown is taken equal
tog~y 'u?/a.

A more general analysis of the non steady state effects
was carried out later in [320], where it was confirmed that
the characteristic mixing time is greater than the dynamic
time of the problem t4yn ~ L/vrms, Where L is the scale of
energy injection and vy is the mean square flow velocity.
In the ISM of our Galaxy and similar galaxies, this
condition is usually fulfilled: each element of the ISM
gas is subjected to the action of a strong SW with a
frequency vg(v) ~ 0.5 x 10~*vg,v ! [yr~'], where v is the SW
speed in [km s~!] and v, [yr~!]is the frequency of supernova
bursts in the galaxy [321]. For our Galaxy, this yields about
vo '(v) ~ 0.5v Myr, which provides turbulence at a level
sufficient for relatively rapid mixing on a scale of
7 ~ 300 Myr [87].

7.3 Mixing in the intergalactic medium

As noted above, the main mechanism of mixing of heavy
elements in the intergalactic medium is associated with the
Rayleigh-Taylor and Kelvin—Helmholtz instabilities. In the
IGM, shear flows are the main type of flow that drives mixing.
Multiple shock waves, similar to those that support mixing in
ISM galaxies, are absent in the IGM, which results in a
qualitatively different nature of mixing in these media. In
particular, in the IGM, the mixing process is most effective
only at initial times ¢ ~ ya/v, while at intermediate times
ya/v <t < 10xa/v the nature of the distribution of the
chemical composition shows signs of ‘freeze-out’ in the
above sense (see Section 7.2). Residual inhomogeneity in the
spatial distribution of metals is not completely smoothed out
over cosmological times, so a significant part of the metals
remains confined in regions of relatively small sizes. The
situation is even more aggravated if we take into account the
radiation losses of the gas associated with the excitation of
energy levels of heavy-element ions. The radiation loss rate is
proportional to the relative concentration of heavy elements
and the square of the gas density, L(p, T, Z) o« Zp>. This
implies that the most metal-enriched regions lose thermal
energy faster than those with low metal abundance. In the
process of cooling, the gas is compressed by thermal and/or
dynamic pressure of the surrounding gas, which, in turn,
due to the p? factor, leads to even faster cooling and
compression. As a result, fairly dense (and cold) compact
gas condensates are formed. The probability of detecting
such condensates should be extremely low due to the
smallness of their geometric cross section.

7.4 Mixing in stripping off galaxy shells
In [85], a hydrodynamic description was developed for the
spatial redistribution of metals when stripping off enriched
galactic shells by the dynamic pressure of intergalactic gas.
This process is clearly observed in galaxy clusters, where the
stripping of galactic gas halos by dynamic pressure plays a
significant role not only in the enrichment of the gas of
clusters with metals but also in cluster ecosystems in general
[322, 323]. As already noted, such shells are formed by
explosive processes inside galaxies at the stages of star
formation surges in their central regions [119—121]. When
external intergalactic gas flows around a galaxy, the shell is
carried away by the flow, deformed, and destroyed under the
influence of instabilities caused by the relative motion of the
shell gas and intergalactic gas: these are the Rayleigh—Taylor
and Kelvin—Helmholtz instabilities.

A characteristic feature of the spatial distribution of
metals that occurs in stripping off enriched shells is a high
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Figure 16. (a) Spatial distribution of metallicity in a flow around the outer
enriched region of the galaxy; (b) gas density distribution in a flow at time
t ~72a/v [85]. Tt can be easily seen that, although the shell has
noticeably dissolved in the surrounding gas, i.e., the density in its
individual fragments has practically equalized off the surrounding gas,
the metallicity in the same fragments remains at a level close to the initial
one.

degree of inhomogeneity that persists for long periods of time
[85]. This is due to the above-mentioned ‘freeze-out’ effect of
instabilities. When the shell is exposed to a flow of inter-
galactic gas, the development of instabilities leads to the
separation and tearing away of fragments; further, they can
be disintegrated into smaller fragments by the intergalactic
gas flowing around. The mixing process can be presented as a
hierarchical scheme of fragmentation of the shell under the
effect of RT and KH instabilities. The fragmentation cascade
continues while the relative velocity of the forming clouds and
the intergalactic gas (IGG) flowing around them remains
sufficiently large. However, such sequential fragmentation is
accompanied by acceleration and entrainment of the cloud
ensemble into the flow surrounding it, as a result of which the
relative velocity of the shell gas and IGM decreases, and the
fragmentation chain fades.?

At the ith stage of fragmentation, the relationships
between the characteristic times of acceleration of the ith
fragment by the incoming flow 7, ; ~ xa;/u and the times of
development of instabilities remain in the same proportion:
Tac,i ~ TKH,i ™ XI/ZTRT?,‘, since the most destructive effect is
due to long-wave perturbations with a wavelength on the
order of the fragment size [305]. Thus, the main contribution

25In [85], a model of a shell with a radius of 30 kpc and a thickness of 1 kpc
was examined. When more extended regions of the circumgalactic halo are
stripped off, quantitative differences may appear that are associated with
the later manifestation of the effects of molecular (or numerical) diffusion
on small scales. However, the conclusion about depressed mixing as a
result of the ‘freeze-out’ of instabilities persists.
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Figure 17. Fraction of the mass of metals contained in regions in a given
range of metallicity; initial metallicity of the shell was taken equal to
Z=1073Z, 14c ~ 1 Gyr, x = 100 [85].

to cloud fragmentation is made by the Rayleigh-Taylor
instability, but the number of successive fragmentations is
limited by ,/%. After time 7, has elapsed, the set of fragments
formed in such a cascade is carried away by the incoming flow
of IGM gas, and the process stops. If we take into account
that the interaction of the shell with the incoming flow at
short times ¢ ~ trT leads to short-wave deformations of the
cloud surface, the destructive effect of both instabilities
increases due to the fact that the ratios of times trt and txy
to 7, decrease as ~ a;/a. Given this circumstance, the number
of fragmentations and mixing efficiency increase, but remain
limited [324]. An example of such ‘frozen’ fragmentation is
shown in Fig. 16.

In the hierarchical fragmentation scheme presented
above, each newly formed fragment is considered to be
isolated, with which the unperturbed external flow continues
to interact (a detailed description of such a scheme is given
in [305]). In fact, after a certain event of shell fragmentation,
the fragments interact not only with the external flow, which
is also already disturbed, but also with each other, in
particular, ‘shading’ each other and thereby reducing the
shear flow velocity. An additional effect influencing the
mixing process is the deformation of the surface of the
fragments, which in turn leads to an increase in short-wave
perturbations, further deforming the fragment surface. The
consequence of this phenomenon is a significant increase in its
surface and the force, which entrains the fragment along with
the flow and reduces the relative velocity of the flow and the
fragment. As a result, some fragments remain intact and, due
to a decrease in the relative shear velocity, are actually
inaccessible for subsequent mixing: ‘bags’ are formed with
an almost unchanged or slowly changing metallicity.

As a result, a significant part of the shell metal mass
remains concentrated in weakly mixed fragments, as
shown in Fig. 17. It can be easily seen that, up to the
moment t~71, ~1 Gyr, fragments with the highest
metallicity remain dominant in the mass of metals:
9x107* < Z < 1073, It is only at f> 1, that the main
fraction of the mass of enriched regions is due to fragments
with 5 x 107* < Z < 9 x 107*. The volume-dominant metal-
poor regions Z < 5 x 107* contain a mass of less than 30%.
Figure 18 shows the dependence of the volume occupied by
regions with a given metallicity V(Z) for two different times.
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Figure 18. Distribution of Z(¢) over the volume; solid line corresponds to
the results of direct modeling, while dashed line shows the distribution of
metallicity should it be described by turbulent diffusion with coefficient
K = {u)Ry/3 ~ 10% cm? s~!, corresponding to parameters of the turbulent
flow established in the flow moving around at t = 2.22 (a) and ¢t = 2.85 (b)
Gyr. (Figures taken from [85].)

The dashed lines show the metallicity distribution func-
tions in the case where the mixing was diffusive with the
diffusion coefficient determined by the turbulence para-
meters in the region of interaction of the IGM with the
shell around the galaxy D ~ (Aas)(u), where (Aas) is the
characteristic thickness of the turbulent shell. Unlike the
turbulent diffusion model, where the maximum value of
metallicity in a region decreases as o< ¢ ~'/2, in the dynamic
model, the maximum metallicity, which is close to the
initial value, remains in enriched regions almost
unchanged, AV(Z > 6 x 107%)/V(Z) ~ 0.1.

An illustration of ineffective mixing in the dynamic model
is a significant excess (by two orders of magnitude) of the
volume of regions with low metallicity Z < 5 x 10~* over the
volume of regions with high metallicity Z > 9 x 1074, As
noted in Section 4.2, in this case, the probability that a high-
metallicity region crosses the line of sight decreases as
Poc Z7%* where a~2/3 is the power exponent of the
decrease in metallicity with radius. This result, obtained for
the first time in numerical modeling [85, 86], was subsequently
confirmed in observations [191]. In calculating metals in the
Universe using absorption spectra, the P o« Z~2/* effect can
lead to their significant underestimation. This circumstance is
directly related to the problem of ‘hidden metals’ discussed
above (see Section 4.2).

Another distinctive feature of ineffective mixing in
dynamic models, which is confirmed by observations, is the
extremely weak dependence of metallicity on density. As can
be seen in Fig. 16, the cloud of enriched gas at short times
t < y~'/?1,. expands and propagates over increasingly larger
volumes, but is not mixed, due to the characteristic sizes of the
fragments remaining significantly larger than the diffusion
ones. As the cloud expands, its density becomes comparable
to that of the surrounding IGG (intergalactic gas), but the
cloud remains identifiable by its high metallicity.?® The
resulting dependence Z(p) turns out to be flat, as shown in
Fig. 19.

26 The sharp decrease in metallicity at the lower density limit is related to
numerical diffusion.

supernovae fairly frequently, ¥(>v) ~2 x 107 3v,f yr !,
v100 = v/100 km s~! [321], in the IGM, the density of strong
SWs is small [325]. With each such event, the enriched gas is
enveloped by a flow moving at a speed significantly different
from that of the gas element itself, and thus the conditions for
the development of RT and KH instabilities are renewed each
time. In the IGM, the frequency of arrival of strong shock
waves is significantly lower; therefore, each element of the
IGM, including enriched fragments, can be subject to the
strong influence of a shear or accelerating flow, at best, once,
due to which the RT and KN instabilities are frozen-out.
Typical velocities of turbulent motions in the IGM, expected
from a strong galactic wind, are only ~ 1—2 km s~! [325],
which is unlikely to make a significant contribution to mixing.

8. Conclusions and prospects

8.1 Discussion and conclusions
Enrichment. The heavy elements observed in the intergalactic
medium at redshifts ranging from z ~ 1.5 to z ~ 6 are the
result of the activity of stars (supernova bursts) in the very
early (z 2 9) Universe and the subsequent redistribution of
nucleosynthesis products throughout the Universe, starting
from z < 6. The efficiency of the initial stages of stellar
nucleosynthesis was so high that the amount of metal
produced in the early Universe may have exceeded the
actually observed value. The high degree of inhomogeneity
in the distribution of metals in early galaxies and in the
intergalactic medium and the uncertain ionization evolution-
ary state of the gas may be directly related to the fact that
some metals are hidden in forms that are not yet observable.
Mixing. The action of gas-dynamic mechanisms of the
transfer of heavy elements into the intergalactic medium and
their subsequent mixing, apparently, is limited in a natural
way by the scales on which the Rayleigh—Taylor and Kelvin—
Helmholtz instabilities responsible for mixing are frozen-out.
These scales are usually only several times larger than the
original scale of the enriched region, due to which the
distribution of metals in the IGM remains extremely
inhomogeneous, which is in fact observed. This distribution
pattern also persists if heavy elements are ejected from
galaxies in the form of dust particles by the stellar radiation
pressure, especially if we take into account that charged dust
particles can be retained by the magnetic field of galaxies and
the circumgalactic medium. Extended circumgalactic halos
(~ 100—200 kpc) are essentially a transition region between
galaxies and the intergalactic medium, but what specific
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mechanisms are responsible for the transfer of metals within
this region is still not clear.

‘Diffuse’ intergalactic medium. The amount of heavy
elements in the diffusive intergalactic medium, i.e., in the
environment outside galaxy clusters, is only Z ~ 1072Z,
judging by those regions that contribute to absorption in the
Lya forest. It is possible that a significant part of heavy
elements is contained in small-scale condensates with an
increased concentration of heavy elements, as follows from
numerical experiments [85, 86] and observations [191]. A
possible indication favoring this option may be the recently
discovered sharp increase in the amount of CIV at z < 2.5
[151, 154, 326], possibly associated with the expansion (or
evaporation) of small-sized clouds with increased metallicity.

Clusters of galaxies. The high metallicity of the gas of
clusters and, apparently, groups of galaxies (with Z ~ 0.3Z)
indicates that such systems chemically evolved in a way
fundamentally different from that of the matter outside the
clusters. These differences are essentially determined by the
features of gas dynamics in the clusters: (a) more efficient
close tidal interactions between galaxies, stimulating the loss
of gas and star formation in them and, consequently, more
effective mixing of enriched gas; (b) the enhanced stripping of
the outer gas halos of galaxies by the dynamic pressure of the
surrounding gas, and (c) finally, the fact that the gas in galaxy
clusters is significantly hotter than that outside the clusters.
The last circumstance may be of importance for the evapora-
tion of small-scale over-enriched gas condensates ejected by
galaxies and, as a result, for their more efficient mixing (see
discussion in [323]). The absence of correlations between the
metallicity of gas in clusters and their dynamic characteristics
apparently indicates that the enrichment process in clusters
has been completed.

8.2 Prospects for new observations

As already noted, in solving the problems discussed, the role
of observational instruments in the widest range of the
electromagnetic spectrum from the X-ray (see, for example,
[327]) to the (sub)millimeter range [328] is of critical
importance.

The ultraviolet, submillimeter, and infrared ranges of the
spectrum provide the richest information about the chemical
composition of matter: the overwhelming majority of the
results described above have been obtained by exploring these
parts of the spectrum. The recently launched James Webb
Space Telescope?’ is already yielding results: galaxies have
been detected in the range z = 10— 16 with metallicity Z ~
(0.01-0.1)Z and no traces of evolution throughout the
entire period [128], apparently associated with the removal
of dust from galaxies under the influence of short-term
episodes of the galactic wind [329, 300]. In any case, the first
JWST results suggest a scenario in which the transition of the
Universe from ‘dark ages,” when it was only ~ 250 Myr
(z ~ 16), to the modern era is full of turbulent events
associated with the formation of the first stars and the
generation of the first portions of starlight and heavy
chemical elements. We can therefore hope that the next
decade will bring many revolutionary new ideas about the
‘dawn’ of the Universe.

Among the upcoming developments in this area, we focus
on several projects planned for the near future. In Russia, the
Spektr-UF space observatory is scheduled to be launched in

27 This part of the text was written on September 3, 2022.

the end of 2020s (see [331, 332]). The preliminary scientific
program for the observatory includes observations that can
make a significant contribution to solving some of the
problems described in this review [333]. In what regards, for
example, hidden metals, it is planned to:

e carry out observations with high spectral resolution of
new and already known regions of warm-hot intergalactic gas
and extended halos around galaxies;

e conduct a detailed study of the dependence of metalli-
city on the size and other physical characteristics of metal-
containing regions, which will make it possible to correctly
take into account the effects of observational selection due to
a possible correlation between metallicity and size.

In the mid-2030s, it is planned to launch the Millimetron
space observatory into orbit as part of the Spektr-M
international project, which aims at studying the Universe in
the range A = 50—1000 pm, inaccessible for ground-based
observations [334-336]. In what regards the enrichment of the
Universe with metals, the Millimetron observatory will:

e examine early episodes of star formation in the activity
of galactic nuclei in the epoch z ~ 7—10 in the fine structure
lines of heavy elements [337, 338];

e explore galaxies and their nuclei obscured by dust in the
optical and near-IR ranges [339-341];

e study in detail the formation and circulation of dust in
ultra-luminous IR galaxies by examining the ‘laboratory’
closest to us, the Arp 220 galaxy, located at a distance of
77 Mpc, which contains two active nuclei, with an optical
thickness in the far IR range of 795 mm = 1.
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