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Abstract: Observations provided by the Hubble Space Telescope (HST) and James Webb Space
Telescope (JWST) have revealed a surprising abundance of galaxies at the “cosmic dawn”
epoch, z > 7. Some of them are found even in a more distant universe at z ~ 14-16. Most
of these galaxies appear to be intriguing: they are found to be either super-bright in the
rest-frame ultraviolet (UV) band or super-dusty with a heavily reddened stellar population.
The transition from the super-bright and super-dusty regimes seems to occur in the redshift
range from z~10.5 to z~9.5 within a time range of ~50 Myr. If confirmed, then the origin
of this transition is far from being clear. In the review, we discuss possible mechanisms that
can make z > 10 galaxies free of dust and also explain the origin of apparently excessive

dust in galaxies at intermediate and lower redshifts z < 10.
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1. Introduction

Studying the origin of the first galaxies has been among the main goals of new in-
struments on the Hubble Space Telescope (Wide Field Camera 3, HST/WZFC3), on the Keck I
Telescope (Multi-Object Spectrometer For Infra-Red Exploration, MOSFIRE), Subaru Telescope
(Subaru /Suprim-Cam), Spitzer/IRAC, and ALMA during the last decade. These efforts have
brought a new understanding of the very early stages of galaxies in the universe in its initial
several hundred Myr period (redshifts z~7-10). The most important aspects of the overall
evolutionary trajectory of growing galaxies include their initial assemblage at z 2 10-16
and further transition to the later stages at z~7-10. Observational manifestations of this
process are determined mostly by the efficiency of stellar nucleosynthesis and its products:
light, chemical enrichment, and dust production. These manifestations are encoded in the
luminosity function (LF) of evolving galaxies [1-6], in the corresponding star formation rate,
chemical enrichment, and presence of dust [7-12]. More recently, the James Webb Space Telescope
(JWST) has immensely extended this knowledge to the redshift range z~10-12 (time from
the Big Bang t~370 Myr) [13-19]. Even more distant galaxies upto z~16.7 has been found
within the study of the first [WST NIRCam images from the early release observations [20-23].
Further analysis that made use of the ALMA Band 7 observations have diminished possi-
ble contaminations from lower-z dusty star-forming galaxies for the most distant candidate,
S5-z17-1, at z ~ 16.7 [24].

Perhaps among the most intriguing issues discovered recently is the relationship
between the following parameters across cosmic time: star formation, metal production,
and dust abundance. In the local universe, the mass fractions of dust and metals are
roughly scale as M; o« Z/Z [25]. Towards the end of the 1980s, it was becoming clear
that dust is not only produced due to the activity of slowly evolving intermediate-mass
stars M,~(2-8) My at their asymptotic giant branch (AGB) stages. It was theoretically
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predicted [26,27] and then observationally confirmed [28,29] that massive stars M, > 8 Mg
operating on much shorter time scales in the form of supernovae (SN) explosions are more
important in contributing dust than the AGB stars. Therefore, observations of a galaxy with
active star formation immediately suggest the presence of metal and dust.

The galaxy luminosity function (LF) is known to be an important indicator of star
formation activity and chemical enrichment across cosmic time. Early analysis of the lumi-
nosity function revealed a mild evolution—an increase in the star formation activity with
cosmic time, in the range z~4-8, and a faster evolution of this activity in the earlier period
z~8-10 [5,30-32], as in Figure 1. Itis seen from this luminosity function ¢(Myy(z)) that the
derivative d¢p(Myy(z))/dz considerably increases from z X, 7-10 to the later evolutionary
stages at z < 7: the derivative dlog ¢(—20,z) /dz ~ —0.55 for My = —20 at z = 10 increases
to ~@—0.3 at z < 5. The fast evolution regime in the range from z~12.5 to z~7.5 is supported
further in the JWST NIRCam in the CANUCS' survey [33]. With a sample of 158 galaxies at
z > 7.5, they have found a decrease in the UV luminosity density by a factor of 25 between
z = 8 and z = 12. This is four times the decrease? reported in [34].
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Figure 1. (Left panel): the stepwise ultraviolet LF ¢(Myy)(z) in the redshift range z~2-10 HST
color-coded as shown in the legend, with the best-fit Schechter LF in lines colored accordingly to the
observational points. Data for z~10 are from [31]. Adopted from [32]. (Right panel): the number
density of the CEERS galaxy sample with My = —20 versus redshift is presented by the red
circles connected by the light shaded area; small stars correspond to a double power-law LF fit for
Myy = —20. The dark blue region shows the data inferred from a number of surveys in [35], and
light blue area is the extrapolated dependence obtained in [35]. The pale red squares from [36,37]
used the full CEERS area of 180 arcmin®. Adopted from [38].
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An alternative view of a gradual and relatively slow and smooth increase in the
cosmic star formation (SF) activity from the earliest epochs between z~16 to z~10 has
been argued by [14,39-41]. It is interesting also to note in this regard that z > 10 galaxies
show luminosities comparable or even higher than those at z~7-9 [42]. The galaxy LF
during this period is consistent with a slow and smooth SF evolution from z~16 to z~9,
as demonstrated in [20,21,36,37,42,43]. Figure 1 presents the results from [38] obtained in
the CEERS (Cosmic Evolution Early Release Science) survey with 88 sources in the range
2~8.5-14.5 (~90 arcmin?), convincingly illustrating a rather flat evolution at z > 8 with
the slope dlog ¢ /dz ~ —0.11, which is approximately a third of dlog ¢ /dz ~ —0.3 atz < §,
and only ~20% of dlog¢/dz ~ —0.5 in the rapid evolution scenario shown in the left
panel of Figure 1. In [43], the authors demonstrate a considerable excess of galaxies with
Myy ~ —18 and Myy ~ —20 at z ~ 12-14, indicating that galaxies can emerge in the
universe at even earlier epochs, beyond z > 17.

Chemical evolution of early galaxies, to a certain extent, follows the rather slow evo-
lution of their LFs with a rate proportional to the star formation rate and the galaxy
luminosity, though with possible variations among individual galaxies. Roughly speak-
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ing, the metallicity during z X 10-14 varies in the range z~(0.03-0.2)Z:, with the metal
yield yz~0.1 My per star. The metallicity in the most distant known galaxy, JADES-
GS-z14-0 (z ~ 14.3), has been found to be Z, X (0.03-0.2)Z:, [44-46]. 70 Myr later
(z = 12.5), the galaxy JADES-GS-z12 revealed a similar value of z~0.2Z¢ with high-
sensitivity JWST /NIRspec. Spectral measurements of carbon ion (CIII]) line emission [47]
support this scenario, though the JWST /MIRI photometry of this galaxy shows a slightly
lower value of Z, ~ 0.014Z [48]. Similar metallicity ~(0.03-0.1)Z is inferred with
HST/WECS3 in the galaxy GN-z11 (z ~ 10.96) approximately 40 Myr later [3,9,11]. Itis
worth noting that inferring the metallicity in z > 10 galaxies suffers from uncertainties that
are associated, in particular, with fitting of spectral energy distribution (SED) of their stellar
populations, variations of the escape fraction of ionized photons resulting in uncertainties
of the ionization state of carbon as discussed, e.g., in [44,45,48,49]. Galaxies at intermediate
z~8-10 and lower redshifts z~7-8 generally show on average a rather moderate increase
in the metallicity from z~(0.03-1.0)Z [50,51] to z~(0.1-0.4)Zs [8,52-55], respectively. To-
wards the later stages, at z < 6, the metallicity is expected to grow because of contributions
from intermediate-mass stars, 4-8 M, at their asymptotic giant branch (AGB) phase. In
this regard, it is worth noting that possible traces of such contribution in the form of [N/O]
excess are observed in the galaxy A1689-zD1, z ~ 7 [55].

Evolutionary changes associated with the presence of dust in galaxies show a transition
from the earlier stages (beyond z 2 10) to the later ones (z < 10). The apparent deficiency
of dustin z X 10 galaxies changes to an excess at z < 9.5 within roughly 35 Myr, as shown
in [56], with a rather large increase in the attenuation (Ay)~0.03 atz £ 10 to (Ay)~3. This
evolutionary stage of the universe between z X 10, ~9.5-10 and z < 9.5 demonstrates three
puzzling phenomena: metal-enriched and dust-free galaxies, a 35 Myr long increase in dust
content in z~9.5-10 galaxies, reflected in the jump of the average attenuation (Ay) by a
factor of 30, and the subsequent enrichment of galaxies with gas.

These issues will be briefly discussed in the next sections: In Section 2, we discuss
z > 10 galaxies that show a deficient amount of dust that is apparently inconsistent with
the observed metallicity. Section 3 describes an opposite problem—an excessive amount of
dust in z < 10 galaxies with the dust-to-stellar mass ratio exceeding ~10~2. In Section 4,
we discuss a few issues connected with the dust transport in galaxies and the removal of
dust from them, and the possible presence of cold and unseen dust in dense, optically thick
clouds. Section 5 briefly summarizes these issues.

2. Dust-Free Galaxies: z 2, 10

As mentioned above, observations of metals in galaxies even at z > 8, by the nature
of things, also suggest the presence of dust in them. Therefore, dust is expected to have
existed in the early universe along with the initial episodes of stellar nucleosynthesis. First
indications of this appeared from the reddening of distant quasars [57-60]. Detection of
dust in quasars at z > 6 [61,62] made it clear that SN explosions can be a predominant
source of dust along with metals [63,64]. This interconnection between metals and dust is
observed to take place, though, until certain limits, only at low and intermediate redshifts
z < 10. However, as far as the dust mass in galaxies beyond z > 10 is concerned, the overall
picture seems to become surprisingly different from that anticipated from the evolutionary
sequence of their luminosities and metallicities. This comes from an apparent discord
between a relatively high metallicity at z > 10, z~(0.03-0.3)Zs, and unexpectedly low dust
abundance as manifested in a weak UV attenuation Ayy < 0.1-0.3 and a steep UV spectral
slope B < —2.3 [9,11,15,17,18,46,47,65]. The observed very bright blue galaxies3 atz > 10
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with Myy~—20 and the SF rate of M,.~10-20 Mg yr’l [9,11,13,20,44,66] would suggest an
efficient dust production along with metals. The dust production rate is given by

with 7 being the specific supernova rate per stellar mass, given by

v(yr?h
M. (Moyr1) (2’

Vsn =

Its numerical value is determined by the stellar initial mass function (IMF): for a Salpeter
mass function ¥ (M) o« M2 in the mass range M = [0.2-100] M, it is 7~0.007 Mél,
while for the range M = [1-100] M, (more suitable for a distant universe), 7~0.02 M(gl, as
in [12]. For simplicity, we use 7~0.01 Mél. Assuming a conservative value for the net dust
yield* from supernovae to be y;~0.1 My, one arrives at the dust production rate,

My X vyaM, 3)

resulting in the dust-to-stellar mass ratio {. = Mg/M., < 0.001 (see more discussion in
Section 2.1). For a ‘typical’ z > 10 galaxy with the effective radius R, = 300R. 3 pc, where
R, 0.3 is the effective radius in the unit of 300 pc, and M, = 109M*,9M@ [9,13,48,67,68], a
rough estimate would give,

Ko G M 1, Mo
——— ~2x10 = 4
Tuv 47TR% - REOE 4)

where #,,,~10° cm? g_1 is the absorption coefficient by mass [69,70]. For §*~10_3, the
UV-optical depth is Tuv~10M*,9R;&3. Accounting for the fact that {«~y;Z/yz, where y,
and y7 are the dust and metal SNe yield and assuming y,;~0.3, one arrives at Ay < 0.8
for the metallicity Z 2 0.03Z. The metallicity in z > 10 galaxies is observed to lie within
z~0.03-0.3 (see, e.g., in [71]), with the expected attenuation Ay ~0.8-2.4. The observed
Ay < 0.1 shown in Figure 2 clearly indicates a large deficit of dust. Even though this
estimate should be treated as an upper limit because of the burning of dust during star
formation, the observed low level of dust attenuation Ayy < 0.3 requires powerful mecha-
nisms for clearing the dust from z > 10 galaxies [56,70,72-74].

This dissonance in the dust-to-metals interrelation between galaxies in z < 10 and
z > 10 epochs is clearly demonstrated in [56] (see in Figure 2). A very sharp transition in
attenuation by AAy~2 from the early (z > 10) to later (z < 10) stages does not appear to be
consistent with smoother variation of the metallicity from z~10 to z~9. Similar trend was
found in the UV slope B during the transition period between z > 10 and z < 9 galaxies, as
inferred from a sample of 295 JWST /NIRSpec galaxies at z ~ 5.5-14.3 [75]: the UV slope
from (B) ~ —24atz 2 10to ~—1.5atz < 9.5. The time scale of this transition from z~10
to ~9.5is around 35 Myr, i.e., nearly the time scale of a starburst phase, which is too short
to be able to increase the dust mass by

AM; ~ 10°AAyR2 )3 Mo. (5)

The corresponding gas mass Mg ~ C;lMd. There are three options for clearing dust from
the galaxies below Ay < 0.1: (i) destruction of dust, (ii) ejection of dust from galaxies,
(iif) spatial redistribution (segregation) of dusty and dust-free gas to make the front-side
view mostly transparent. The first option does not seem likely, given the conditions of
z > 10 galaxies. The reason is that the regions in which the gas temperature is conducive
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for efficient dust destruction (T~10° K) also suffer from strong radiation cooling. The
radiation energy losses needed to maintain the gas mass at T 2 10° K at the densities
typical for these galaxies are one to two orders of magnitude higher than the total energy
input from stars (see in Section 2.1).
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Figure 2. Dust attenuation measured in the z~6-16 galaxies—within the universe’s first Gyr. The
galaxies in z > 9.5 are observed and studied by JWST. The lower redshift galaxies at z < 9 from the
REBELS are studied with ALMA and HST. Comparison of the two sets illustrates a considerable
difference between the physical properties of the galaxies at higher and lower redshifts, which
manifests in the value of dust attenuation and, correspondingly, the amount of dust in them. Grey
and empty squares show galaxies from REBELS ALMA survey [76]. Color bar in the upper right
indicates the SFR per unit area. Data are from [13,14,68,71,77-80]. (Adopted from [56]).

Therefore, several models and complementary theoretical approaches to resolve this
paradox of ‘blue monsters’ are currently under discussion:

(i) the“Attenuation Free Model” (AFM) [56,81-85]. Within the AFM, strong stellar radi-
ation from a very intense star formation rate sSFR 2, 25 — 30 Gyr~!, possibly along
with a powerful AGN, drives outflows by radiation pressure.

(ii) Standard stellar feedback connected with supernova explosions and strong ultraviolet
ionization after recurrent starbursts [72,86-92].

(iii) Self-oscillating feedback-free starbursts driven by high ram pressure from a continu-
ous accretion [93,94].

(iv) Outlier rapidly assembled with enhanced star formation efficiency on short time scales,
particularly in low-mass halos with shallow gravitational potential wells [95,96].

(v) Enhanced stellar feedback from a top-heavy IMF [21,97-100].

Another side of this puzzle of ‘blue monsters’ is a sharp increase in the dust attenuation
by AAy~1 from z~10.5 to z~9.5. Such an increase in Ay is associated with an increase of
dust mass My~10° R%;,O.S M into the galaxies. It can be connected either with (i) the falling
back of previously evacuated dust, (ii) a decrease in the projected covering fraction of dust-
free regions due to turbulent diffusion, or (iii) with in situ injected dust from continuing
SNe explosions. The characteristic times of the processes:
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@i ¢t ff~6R§/6?3M;;/ 2 Myr, for the first,

(ii) trr~10 Myr for the second, as discussed in Section 2.2.2, and

(i) tsn,inj~My/ (TsnyaMs)~(0.3-1) Myr, for the third R.03~1, and Z¢;~10 Mg yr!
kpc 2 as shown in Figure 2.

It is seen that at least the first three processes operate within 50 Myr and can replenish
the dust that had been either ejected or segregated at previous stages initiated by bursts of
stellar activity.

It is worth noting that the observational biases towards bluer sources and towards
very young and bright galaxies are still under discussion [17,20,56,96], although the larger
sample of z > 10 galaxies in [23] confirms a considerable drop in the UV slope to the extreme
blue end (B) = —2.6. At intermediate redshifts, z < 10, a possible bias of predominantly
observing the brightest sources cannot, however, be excluded (see discussion in [5,39]).
However, the question of whether the ‘blue monsters” are typical or peculiar objects in the
z > 10 universe is of great importance for an understanding of the beginning of stellar
nucleosynthesis at z > 10.

2.1. Conditions for Dust Destruction at z X, 10

Galaxies at z > 10 exhibit a considerable amount of metals. Since dust at z > 5 is
produced along with metals predominantly by SNe [27,29,63,64,101-103] (more discussion
in Section 3.1), one would expect to find dust nearly proportional to metals if dust grains
are not destroyed in hot environments.

Dust is destroyed either by sputtering by hot gas or by astration. High star for-
mation rates in z > 10 galaxies, M,~10-30 M yr_1 [5,9,11,13,15,18] in a very compact
volume (typically of radius ~300 pc) can be heavily destructive to dust. The necessary
conditions imply gas temperatures T > 10° K, or equivalently, the shocks with velocities’
vs > 200 km s~ 1. This implies that the dust mass destroyed by a single isolated SN is of
order M;~10 Mg [104,105]. For SN explosions in a cloudy medium, the destroyed dust
mass is a factor of two lower: M;~6 Mg [106].

Dust sputtering comes from SN explosions via gas heating. The gas heating rate is
roughly given by

ET ~ 7EM, ~ 3 x 108750y M, (Mg yr 1) erg s, (6)

where 7 = 10727 M51 is the specific per stellar mass SN rate, M., the star formation
rate in units (Mg yr—!), E, the explosion energy. This energy is lost via radiative cooling at
a rate

E™ ~ A(T)(n*)AV ~ 10 (n*)R3 s ergs . )

Here, for the cooling rate at T~10° K, we assumed A(T)~3 x 1072 erg cm? s~! which is
connected with the dust cooling [107,108], and (n?)!/2 is the gas density averaged over the
shock-heated volume AV. The ISM gas can be kept in a thermal (quasi-)equilibrium state
within a volume that is determined from energy balance E™ = E~. This gives

VEM,

AV AT ) ®
or for the radius of a spherical volume R,3~0.3(Es;M,)Y/3(n?)~1/6. Here, R,05 =
R./300 pc, Es; = E/10°! is the SN energy explosion normalized by the Bethe en-
ergy Ep = 10°! erg, and A(Tg~1)~3 x 1072! erg cm® s~! as above. This can result in
Rep3~1 for M.~10-30 Mg yr—! and (n?)1/2~1 cm—3. However, assuming the gas density
(n2)1/2~.10% cm =3, close to the observed values measured in z > 10 galaxies [49,109-111]
the characteristic radius of a heated volume Rg,0.3~0.06M1/ 3. This means that a com-
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monly used value M,~10-30 M yr~! is sufficient to support gas at T~10° K in thermal
quasi-equilibrium only within a volume that is ~0.2 fraction of a typical z > 10 galaxy
volume at T~10° K. More generally, Equation (8) implies a fraction of the ISM volume with
temperature necessary for destruction of dust, given by

fo(T >10°) <3 x 107 2M.(n*) 'R 5. 9)

In order to destroy the dust locked in these regions, it is necessary to keep the hot
gas at a high temperature, T 2 10°, K for a time that is longer than the sputtering time
tsp(a)~105a0.1n’l yr, where ag; is the grain radius in 0.1 um. This condition, however,
is not always satisfied. If, as expected, the gas contains dust and the radiation cooling is
dominated by the dust cooling [107,108], the cooling time at t 2, 10° K is t. < 10*Tgn ™!
yr. Therefore, under such conditions, only the smallest grains, a < 1072 um, are subject to
destruction. At higher temperatures, the cooling goes slower . « T, and a fraction of dust,
particularly of small sizes, can be heavily sputtered (see a brief discussion in Section 3.1.4).

This would imply that for typical ISM densities in z > 10 galaxies of /(n2) 2 10% cm~3.
As shown in [49,109-111], the ISM volume fraction with T 2, 10° K where the dust is ac-
tively sputtered, is only of order f,(T > 10°) < 3 x 10~®M.,. Under such conditions, a
large fraction of dust can avoid being sputtered. At a lower density (n?)1/2~1 cm~3, this
fraction can become considerable, f,(T > 10°)~0.6-1, for the SFR M,~20-30 M, yr—!
typical for z > 10 galaxies. However, such a high SFR does not appear to be consistent with
(n?)1/2~1 cm 3. Indeed, the star formation rate is M, = €My /tfs, with €, being the SF
efficiency and t¢f = (471Gp)~1/2, the free-fall time. Combining this with the observed SF
rate M,~20-30 Mg, yr! and the gas mass Mg~47(p?)1/2R3/3~4 x 1O6<n2>1/2RZO'3 Mg,

~3/4 This relation puts a limit

the required SF efficiency is given by e*~(150—180)R;§ 5(n?)
on the gas density, as given by: (n?)1/2 > (150—180)Re_,3 3

It is also important to stress that destruction of dust particles by multiple shock waves
from synchronized SN explosions is less efficient than that from isolated SNe. Synchronous
SNe are quite likely to occur in compact galaxies with sufficiently high SFR density, as
observed in the z > 10 universe. Contrary to the destruction of dust by a single isolated
SN explosion, the effect of multiple coherent explosions in a cluster can be more subtle.
The reason is that shock waves from collective explosions considerably lose energy in
interaction with dense filaments and clumps in a growing superbubble and in its dense
supershell [106]. For compact clusters with coherent SN explosions, most of the dust that
is accumulated in the swept-up supershell is shielded by a thick layer of dense gas. At
the same time, subsequently expanding shock waves fall onto the shell and add their
momenta [112] (see Figure 3). As a result, the efficiency of dust destruction per one SN in
clusters My N, /Mg,1 may decrease considerably. As mentioned above, the specific mass
of destroyed dust per single isolated SN is estimated as Mg js0;~10 Mg [104,105]. As has
been found in 3D multi-fluid simulations, the specific destroyed dust mass per single SN in
the cluster decreases considerably [112].

02
Mg, 0.2 kyr ™!
— ~ (0.0025( ——— . 10
Md,isol ( Vsn (10)

Here, Mg n,, = Y Mg/ Nsn is the specific (per a single SN in the cluster), My ; being the
i

mass of dust destroyed under the action of the i-th SN in the cluster®, Nsn = Y; Ngp ; the
total number of SNe exploded in the cluster, and vs, the SN rate in kyr‘l.
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Figure 3. The efficiency of dust destruction by a compact cluster of SN explosions: the ratio
of the specific mass of dust (per one exploded SN) My destroyed by a collective action of Ngn:
Mg N, = Mg/ Nsn, to the mass Mg ; destroyed by a single isolated SN [112].

One can, therefore, assume that for the relevant conditions, the destruction of dust
particles may not be efficient to make z > 10 galaxies as transparent as they appear.
Removal of dust in strong outflows seems to be a more likely mechanism. Another option
is to lock dust into very dense, compact, dusty clouds with the help of strong turbulence
supported, for instance, by converging flows during major mergers [113].

2.2. Clearing the z > 10 Galaxies from Dust
2.2.1. Radiation-Driven Outflows

Motivated by the discovery of extremely bright galaxies in the z > 10 universe by
JWST, the “attenuation-free model’ (AFM) has been suggested in [70,73,74]. In this scenario,
stellar light arising from a starburst episode transfers its momentum to dust particles and
expels them along with gas from the galaxy in the form of an outflow [56,84,85]. The key
factor that determines the efficiency of the outflow is the Eddington factor—the ratio of
radiation and gravitational forces acting on the ISM. In a simplified form, it reads

kK7L

—r__"\J= 11
e Fc  4nGM.cxy’ (11)

where (1) = 1 — e 7 is the fraction of photons absorbed by a shell, T is the optical
depth averaged over the stellar spectrum, L is the bolometric stellar luminosity, and
Y, = Mg /47mR? is the surface density of the shell. In a self-consistent approach [56,84] with
L « Ly and Zg o< X%, the Eddington factor 7 is determined by the surface star formation
density rate Xgt and optical depth (see Figure 2 in [56]). When #g > 1, radiation pressure
accelerates the shell

dv  K(t)L GMi.Mg

MgE o R2

(12)

In a spherically symmetric case, optical depth T decreases as R~2, and as seen at a certain R,
the r.h.s. becomes negative, and radiative acceleration terminates. The termination velocity
Uso can be roughly estimated as
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2K(t=1)LR(t =1)
Voo ™~ \/ CMg (13)

here R(t = 1) is the shell radius at which 7 = 1. It is readily seen from (13) that v, can
be reduced to an observational characteristic—the specific star formation rate sSFR/ sSFR*
normalized by the critical sSFR* defined in [82,84] as

sSFR* = 25 ( % fjol) Gyr !, (14)
where A = /07, the ratio of the dust to Thomson cross section, and f,o; = Lio1/ L1500,
the ratio of bolometric to UV (A = 1500A) luminosity [82,84]. Figure 4 illustrates the
dependence of terminal velocity on the ratio sSSFR/sSFR* for a set of galaxies in the redshift
range 3 < z < 9 from [114].
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Figure 4. Outflow terminal velocity versus the specific SFR normalized to its critical value [84]. Cyan
band on the left shows the range of sSRF below the Eddington threshold sSFR = sSFR*. Red circles

show the data for 12 JADES galaxies from [114]; numbers at curves are the percentage of gas mass
involved in the outflow. Adopted from [84].

The curves show that the characteristic time for the outflow to leave the half-brightness
radius of z > 10 galaxies is only about 3 Myr, i.e., much shorter than the typical time of
starbursts of tens of Myr, making them predominantly “attenuation free”.

Observational indications of dust outflows can be recognized, e.g., in the galaxy
JADES-GS-z14-0 (z ~ 14.32) in its brightness radial profile: Lya in Figure 3a—c in [44],
and the flux map of the [OIII] 88 um emission on the right panel of Figure 1 in [115]. A
considerable velocity offset (towards the red) of Av~555 km s~ is observed in the galaxy
GN-z11 (z = 10.60), as can be seen in Figures 5 and 6 in [66]. The GN-z11 galaxy is known
to have extremely low dust content [9,11], and hence the velocity offset is most likely
connected with the Lya backscattering off the outflow as stressed in [66]. However, as
the optical depth of a spherically symmetric outflow decreases with the outflow radius
(as nR « R~2), the radiation pressure on the dust as a driver at initial acceleration stages
cannot be totally excluded.

2.2.2. SNe-Driven Outflows

Besides radiation pressure, dust can be evacuated along with the gas by ram pressure

of shock waves from stellar wind and SN explosions. Typical mechanical surface energy
input rate in z > 10 galaxies can be estimated as

VEp M %

2
nRG

&

~ 0.179 01 E51R;&3 erg em 2571, (15)
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which is at least 10-30 times the threshold energy input rate for launching a galaxy-scale
wind [116-122]. In terms of the star formation rate, these galaxies fall nearly on the
upper branch of the Kennicutt-Schmidt relation, where the most powerful starbursts with
Yot 2 30 Mg yr! kpc_2 are located [123]. The difference between radiation-driven and
mechanical-driven motions is determined by the momentum carried by photons on one
side, 0Pph~€pn/ ¢, and by particles 6Pp~ep /v on the other. Therefore, even though the UV
luminosity from star formation is (Table 1 in [123])

Lyy ~ 5 x 108 M, ergs™!, (16)

is much higher than the mechanical one:

L ~ 3 x 104750; M, ergs™!, (17)

the momentum transferred from the mechanical energy flux is higher by a factor of ¢ /v > 1
than from the radiative one. Typically, the velocity of SN ejecta is ~3000 km s, resulting
in ¢/v~10?~7~1. Therefore, as stressed by [124], their contributions are comparable in
supporting a large-scale flow, provided the optical depth of a driven material is T~1. In this
sense, mechanically driven outflows are still an option in z > 10 galaxies. The difference
between them as drivers is in how they propagate from the sources to the targeted gas.
From a very generic point, radiation pressure acts on gas in a diffuse manner, whereas
the mechanical impacts are more concentrated in the form of shocks. Consequently, the
overall dynamics of driven outflows and observational manifestations can differ between
the two processes.

In order to interpret the lack of dust in the galaxy GN-z11 (z ~ 10.6), a 3D numerical
scenario of a starburst-driven outflow has been developed in [72]. The GN-z11 galaxy shows
a reddening of E(B — V)~=£0.01, with a UV slope p ~ —2.4, although the gas metallicity is
rather high (Z ~ 0.2Z¢) [9,11,13]. In this scenario, a large-scale outflow is initiated by a
starburst with SFR 25 M, yr~! occurring in an ellipsoid with axes 0.7 and 0.25 kpc in the
center of a disk-like galaxy. When the ensuing supershell reaches a few scale heights in the
vertical direction, it fragments under the Rayleigh-Taylor instability. As a result, the dust,
along with gas, collects into clouds and filaments, leaving a considerable part of the shell
thinner and transparent. Figure 5 illustrates the maps of optical thickness T,y distribution
over the front side of the supershell enveloping the hot superbubble from SN explosions:
the upper and lower rows respectively show maps with and without dust sputtering taken
into account. It is seen that Rayleigh—Taylor instability redistributes material in the shell
to allow dust to be collected in compact and dense clumps and filaments and rarified
cavities with the density and optical depth contrasts of order ~30. After SN explosions are
exhausted, the supershell relaxes, and the remaining turbulence in it mixes dense clumps
and diluted cavities. The gas density distribution in the shell becomes smooth without
transparent cavities, which makes the supershell obscured. As a result, the outflow driven
by shocks from clustered SNe can make the supershell enveloping the stellar cluster clear
of dusty fog for a period of active SN explosions. It can last At 2 15 Myr, comparable to the
lifetime of the most abundant low-mass SN progenitors. Figure 5 illustrates one such cycle.
The presence of a sufficient gas reservoir can make possible alternation between bursts
and inhibitions of star formation, similar to that described in the feedback-free starburst
scenario [93,94].
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Figure 5. From left to right: the maps of a patchy distribution optical depth 7y over the front-side
hemisphere of the bubble are shown during its evolution. The upper and lower rows illustrate
the distribution with and without dust sputtering, respectively. In both cases, pervading patches
of reduced extinction are seen. Time stamps indicate the period since the explosion of the first
most massive progenitor, M = 40 M. The starburst is exhausted when the least massive stars
(M =10 Mg) explode at t = 15 Myr. At this time, the total transparent area of the shell reaches a
maximum, and in the next 10 Myz, the supershell becomes nearly opaque. Without dust sputtering,
the supershell remains ‘foggy’ by at least a factor of 2 (the figure is adopted from [72]).

Figure 6 illustrates how the fraction of the shell area with optical depth 7,y below
a given “critical” value ty: fr(t) = fr,<z, () = N(T < T, t)/ Niot, evolves with time
during the evolution of the supershell. This fraction indicates the part of light generated
by the underlying stellar population that will be obscured. The function N(T < T, t) is
plotted for three models: (i) the IMF truncated at M. ,, = 8 M, the SN explosion time
25 Myr, and MRN dust size distribution n(a) o a—33 [125], with a,, = 0.003 pm and
ap = 0.3 pm; (ii) the IMF truncated at M., ,, = 10 M and MRN dust, and (iii) the IMF with
M, = 10 M, and“flat” dust distribution 7(a) o a~1® [126]. One can conclude that one of
the possible mechanisms of clearing z > 10 galaxies of dusty fog is the Rayleigh-Taylor
instability that fragments shock-driven expanding supershells into cavities and clumps.
During such episodes, the optical depth of a considerable fraction of expanding supershells
can drop below the limit, e.g., Tuy < 0.1, to imitate a free attenuation phase for At X 10 Myr,
depending on the star formation mode, as shown in examples in Figure 6. The presence of
a sufficient gas reservoir can make possible alternation between bursts and suppressions of
star formation, similar to that described in the feedback-free starburst scenario [93,94].

Therefore, in the process of SN-driven dust-gas outflows, the expanding dusty super-
shell becomes transparent for the light from the underlying stellar population, which can
thereby be observed as dust-free. The main engine that provides this ‘clearing up of fog’ is
connected with Rayleigh-Taylor instability. RT instability is known to be a ubiquitous pro-
cess in fragmenting large-scale shells that expand in a stratified medium [127-130]. From
this point of view, the RT instability can be thought to be amongst the primary mechanisms
that make the z > 10 galaxies appear dust-free.
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Figure 6. (Left panel) presents the fraction of the supershell f;(¢) of the front-side hemisphere
Tuv lower than a given level 7., as shown in the legend, for the model with the IMF truncated at
MsN min = 10 Mg. It is seen that models with the destroyed dust (solid curves) are more transparent
than those in which dust survived sputtering (dashed curves). (Middle panel) shows the model with
MsN min = 8 M. (Right panel): same as the (left panel) (Mgn min = 10 M) for the dust with size
distribution n(a) o a~1% and a minimal grain radius of ap;, = 0.003 pm as in (Figure 6, lower panel
in [126]). An obvious difference caused by a flatter dust distribution is its higher transparency—
at the very initial stages of evolution, a considerable fraction of the front side of the hemisphere
has fr —1(t)~0.6. At later times, f; —1(t) decreases while the SNe dust supply competes with its
destruction by shocks at t~8 Myrs. (Figure is adopted from [72]).

2.2.3. Feedback-Free Starbursts

The basic concept of the feedback-free starburst (FFB) scenario described in [93,94] im-
plies the star formation efficiency e, ~1. For this to fulfill, star formation should proceed on
time scales not longer than ~1 Myr—the time needed for the onset of feedback in the form
of stellar wind and SNe explosions. This requires the gas density 7 > 3 x 10> cm 3 in order
to keep the free-fall time f ¢ = (371/32Gp)/2 =~ 1.5 x 10112 5, which is trr > 0.85 Myr
at n = 300 cm 3. Among the necessary conditions are: (i) the gas temperature during this
time is supported against adiabatic heating by the atomic cooling at T ~ 10* K and (ii) the
surface density of the clouds experiencing a free-fall contraction must be £ > 103 M, pc 2
in order to prevent radiative feedback onto star-forming gas, the corresponding mass of
the clouds is M. > 10* M. These conditions can be fulfilled at z > 10 in compact-sub-kpc
scale—galaxies in halos with M;,~10'! M, within converging inflows with characteristic
time ~t ff

The two possible inflow configurations that can maintain a high star formation effi-
ciency are described in [93,94]: one is based on radial supersonic streams that encounter
galaxy external regions and drive shock waves inwards, while the other implies a gas
with a low angular momentum falling onto galactic disks. Both scenarios suggest the
streams are channeled along a relatively thin galaxy-focusing filament [131,132]. The gas
density of the shocked gas in a quasi-spherical shell in the first scenario (n~3 x 10°> cm~3)
and in a gaseous disk (n~5 x 103 cm~3) in the second case. The sizes of the compressed
shell and the disk where the FFB regime is to be supported are determined by the width
(Rstr~0.7 kpc) of the infalling stream [132] and the ram pressure it exerts on to the galaxy
gas. With the temperature kept at T~10* K, these conditions are conducive for the gas to
fragment and form clouds with the surface density Ny 2 10** cm~2 sufficient to prevent
them from radiative destruction. The scenarios are illustrated in Figure 7.
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Figure 7. Schematic representation of the two scenarios of inflows that initiate feedback-free star
formation mode with e,~1. On the left, the dense shell compressed by the shock formed under
converging radial streams and the wind pressure driven from inside by the stars of the previous
generation (shown in red). It fragments further into clouds, which give rise to the next star generation
(shown in blue). On the right, the gaseous, slowly rotating disk breaks into massive clouds as soon as
the accreting gas brings the Toomre parameter Q below unity. Adopted from [93].

It is seen that the scenario suggests a continuous self-oscillating star formation until the
accreting baryons are exhausted. This time is of the order of the virial time, and for the assumed
parameters, it is #,~80 Myr [94]. The star formation proceeds in a bursty regime with several
generations of stars depending on the host halo mass M, and the star formation efficiency e,
for the halo of Mj,~10"" M., the number of such generations Ngg;~10. Each burst continues
teen~ty/ Ngen~10-20 Myr with the SF amplitude SFR~200-500 M, yr_1 and the width around
the maximum of At~(0.2-0.5)te.;,. This means that each burst can be observed as a separate
galaxy [94].

As stressed in [93], the halos with masses M,~10'! M, at z 2 10 are ~5¢ peaks and
thus provide conditions for low angular momentum radially converging inflows. This can
explain the fact that ‘blue monster” galaxies are detected at z > 10.

2.2.4. Delayed Stellar Feedback

The origin of ‘blue monsters’ can be connected with the ‘starburst’ mode, driven by a
delayed stellar feedback [87]. The model is based on the fact that in the early universe, the
characteristic time scale of star formation, the free-fall time

37 1/2 —3/2
fff—<3ch) o (12 19

can become comparable to or shorter than the supernovae feedback time of order
tsn~5-30 Myr. This difference can play an important role in dwarf galaxies prevailing
at z > 10 in the universe in the period of early galaxy formation [133].

In the simplest case, the equations of star formation can be written as [87]
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. €4
M. (t) = @Mg(f),

Mg(t) = Ma(t) - M*(t) - UM*(t - tsn)/

where M, is the accretion rate onto the galaxy, = M,/ M. is the gas mass load factor
associated with the SNe feedback, and ¢, is the time delay of the SNe feedback. The delayed
stellar feedback (DSF) systems are known to reveal oscillatory dynamical equilibrium
with continuous competition between gravitational collapse, star formation, and delayed
feedback. The models based on the DSF have been used for the interpretation of the bursty
mode of star formation in dwarf galaxies of the nearby universe and for the explanation
of the scatter in SFR at the low end of surface density in the KS relation [134-136]. It is
therefore natural to expect that the DSF regime can play an important role in the early
universe, where galaxy evolution occurred in a very narrow time interval of order 350 Myr
from z~25 to z~10.

The critically important parameters that determine the intensity and overall dynamics
of the DSF star formation are the free-fall time ¢, along with the star formation efficiency
€rf, the time delay f5,, the accretion rate M,, and the energy or momentum gained from
stellar activity o M,. The interrelation between these parameters, in particular, between
the incoming and outflowing material within a time scale of t;,, the delay time scale, and
the momentum injected by SNe. In principle, it is possible to find regions in the param-
eter space that can fit the general features of galaxy evolution at z > 10. Among these,
the scenario associated with the transition between the oscillation and quasi-equilibrium
regimes at around z~10 appears to be important for the interpretation of the ‘blue monster’
phenomena. Figure 8 illustrates the convergence of the oscillating SF dynamics during the
initial period of 0.5-0.6 Gyr to the quasi-equilibrium one at later stages, when the pertur-
bations from the local delayed feedback effects are damped on account of the increasing
galactic mass.
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Figure 8. Oscillatory star formation history for several toy models of a galaxy started its evolution
at z = 25, the halo mass M, = 10! M, at z = 5; y-axis shows the fraction of baryons converted
into stars X* = M., /(QyM;,). All models are under the momentum-regulated feedback regime,
with the SF efficiency e, = 0.015. (Left panel) presents the dependence of the SF history on the
time delays f5,;, shown in the legend with a fixed momentum transfer factor €, = 5; the delay with
tsn = 20 Myr corresponds to an instantaneous injection after 20 Myr. (Right panel) illustrates the
effects of momentum transfer €, with a fixed delay f5;, = 5-30 Myr. Thin solid lines present the
quasi-equilibrium model. Adopted from [87].
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3. Dust-Rich Galaxies: z < 10

In contrast to high redshift epochs z~10-16, transition to intermediate z~8-10 and
lower redshifts z~7-8 shows an enhanced amount of dust, with the dust mass increasing
from My~3 x 107 M, to My~3 x 10® Mg, in QSO hosts at z~5-6, with the dust-to-stellar
mass ratio {,~1074-1072 [101,137]. Similar values are inferred for the sample of ALMA
REBELS galaxies (z ~ 7) with the {,~1073-10"2 [138]. In some cases galaxies in the
intermediate redshifts reveal even an excessive amount of dust with the {, = M;/ M, 2
(3-30) x1073[52,53,55,138-145]. In this regard it is also interesting to note that even later (in
the post-reionization epochs z~3-6), the dust-to-stellar ratio decreases to the value ~10~3
after passing through a maximum value of {.~0.03 [146,147] and dropping to ~10~>-10~*
at z~0 [148]. Itis important to stress that there are not only starbursts and ULIRGs among
galaxies with enhanced dust-to-stellar mass ratios, but a considerable fraction of them are
main-sequence galaxies. This overall evolutionary trend from very bright and dust-free
galaxies at the beginning of the ‘cosmic dawn’, through dust-rich galaxies at intermediate
z~10 and lower redshifts z~7-8, and through the ‘cosmic noon’ to the lower epoch z < 1,
is schematically shown in Figure 9.
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Figure 9. Schematic illustration of dust-to-stellar ratio evolution from the beginning of stellar
nucleosynthesis at z > 14 over cosmic time.

3.1. Intermediate Epochs: Super-Dusty Galaxies

The appearance of dust-enriched z < 10 galaxies soon after the epoch with dust-
free galaxies is difficult to explain. This puzzling phenomenon was first reported
by [29,63,64,102] and dubbed the ‘dust budget crisis’, and was further confirmed in a
series of observations [101,137,149-151]. In some cases, galaxies at pre-reionization periods,
z~7-10, exhibit a much larger amount of dust, which the currently observed rate of star
formation has difficulty in producing.

As an example, in Ref. [139], measurements from HST/WFC3 and VLT (Very Large
Telescope) in AA~0.8-2.0 um showed a considerable amount of dust in the galaxy A1689-
zD1 z = 7.6 (age of the universe ~700 Myr) from spectroscopy of the Ly-a break. The
inferred stellar mass is M, = 1.7 x 10° M, the dust mass is My ~ 4 x 10’ M, assuming
T; = 35K, and the dust-to-stellar mass ratio is {+ ~ 0.02. More recently, observations
by [143] have reduced the estimate of the dust mass in this galaxy by a factor of two, but
still the estimated (s ~ 0.01 remains rather high.

In [144], the dust mass around My 2 10%° Mg is found in two galaxies,
COS-z8M1 (z ~ 8.4) and CEERS-z7M1 (z ~ 7.6), assuming T; = 35 K, with the stellar
mass M,~10'" M, and {,~0.03. Even a more dusty galaxy, MACS0454-1251 at zcm) ~ 6.3
(age of the universe ~880 Myr), has been described in [145]. It has a stellar mass of
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M,~10° M, and a dust mass M, ~ 4.8 x 107-2.3 x 108 M, assuming dust temperature
T; = 35K, and consequently (. ~ 0.05-0.23.

The authors of Ref. [152] have inferred a considerable mass of (carbonaceous) dust in
the galaxy JADES-GS-z6-0 with the JWST/NIRSpec that made use of the ALMA Band 7
observations allowed to diminish possible contaminations from lower-z dusty star-forming
galaxies. The presence of dust is manifested in a strong (60) absorption feature at the rest-
frame wavelength very close to the carbonaceous feature at A = 2175 A, with Ayy7s ~ 1.
Although direct estimates of dust mass are not yet available, the observed extinction
Az175~1 for the size of the galaxy d~300 pc requires a dust mass of ~10® M. With the
JADES-GS-2z6-0 stellar mass M.~10% M, this gives {.~0.01. More recently, the carbona-
ceous 2175 A “bump’ has been found in a sample of JWST z~2-12 galaxies with a few of the
most distant of them (z 2 7-8) showing the bump amplitude B = Apump/ A2175 ~0.1-0.35
comparable to the one of the Milky Way [153]".

A growing number of galaxies at intermediate redshifts z~7-9 have been recently
found to have {.~0.01, as reported in [52,53,55,138,140,142,154]. In most of these cases,
the measured dust mass implies a dust-to-stellar mass ratio to be of order 2 0.01. As
stressed in [144], the value of {, % 0.01 is significantly higher than in dusty star-forming
galaxies (DSFG) at lower redshifts. This trend of the dust-to-stellar mass ratio to reach
{« 2 0.01-0.03 in main sequence and 2, 0.01-0.1 in starbursts galaxies continues in the
further evolution of galaxies at later stages z X 1.5-7, with a considerable contribution
from AGB stars [147,148,155-158], see Figure 10.
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Figure 10. (Left): the dust-to-stellar mass ratio , in the local universe, z = 0-0.6. Adopted from [148].
(Right): { for several galaxy samples in the range z = 0-7, as shown in the legend: triangles for
main sequence and squares for starburst galaxies are from the sample described in [157]. Cyan and
orange shaded areas envelop the averaged and standard errors for MS and SB galaxies. The grey
shade covers the observed trend of stacking data in [146]. The red star is the median of star-forming
ULIRGs in z = 0-0.5. Adopted from [147].

3.1.1. Destruction of the Freshly Nucleated Dust

As far as the presence of dust in galaxies at z > 5 is concerned, its origin is sup-
posed to be mainly connected with supernovae explosions® [27,29,64,101-103], which has
been observationally confirmed [63,137,149,158,159]; see also [150,151] for review. The
dust yield per supernova is likely to be y;~0.3-2 M [27,103,160-163]. The exact value
depends on the progenitor mass, its possible rotation, and variations of the explosion
energy. The upper limit of the dust-to-stellar mass ratio can be obtained from the estimate
Cx S YqVsn~0.002-0.01, where 7~1/130 is the specific (per stellar mass) SN rate.

It is, however, known that dust particles nucleated in the SN ejecta suffer strong
sputtering from the reverse shock (RS) that propagates from the ambient ISM into the
ejecta [64,126,164]. The fraction of dust destroyed by the RS varies from f3~0.7 to f4~1,
depending on the progenitor mass and the ambient density [126,164,165]. Further 2D and
3D hydrodynamical simulations have confirmed that RS heavily destroys dust grains: up
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to f4~0.8-0.9 of silicates and 0.5-0.7 of carbonaceous particles of large sizes (~0.25-0.5 pm)
in the 2D approach [166]. A comprehensive review is given in [151].

In 3D multi-fluid description, the fraction of destroyed particles is larger than this:
the fraction of large (@ > 0.3 um) particles that survive the RS for an external density

n=1cm™3

is only fq surv~0.3, whereas the fraction of small-sized dust grains that survive
the RS is fqsury < 0.07 [167]. The results are rather sensitive to the ambient density: at
n >3 cm~3, the survived fraction fy gury~0.01n"7, where nis in cm =3 and p > 1[167].
Therefore, the dust-to-stellar mass ratio from SNe of {, < 6 x 1074-3 x 1073 can be an
optimistic estimate. The observed excessive dust mass in galaxies at intermediate redshifts
z~7-9 and below, therefore, needs either additional sources or an efficient inhibition of

sputtering effects behind the RS.

3.1.2. Dust Growth in the ISM

An alternative source of dust in the ISM is connected with the accretion of metals
onto pre-existing dust particles. The above-mentioned three REBELS galaxies at z~7 with
Cx ~ 0.06 [12] would require a complementary source of dust to the SN production. Dust
growth through coagulation and molecular accretion onto dust surfaces in dense molecular
clouds, described first in [168,169] for conditions in the local universe, seems to be the likely
candidate. More recently, several models based on this concept of in situ dust growth in
the ISM have been developed to interpret the dust content in galaxies over cosmic time
z > 7 [155,170-172]. In general, they fit well the observed interrelations between the
masses of dust, interstellar gas, metallicity, and stars (see review in [173]). They predict
the existence of the critical metallicity z~0.1Z where the dust growth rate increases by
a factor of 3 from (y~Z to {;~3Z (Figure 9 in [173]). It is remarkable that the modeled
dust-to-star mass ratio in z > 6 galaxies with masses M. < 10° My, is around {,~1073,
which is still below the level in the ‘super-dusty’ galaxies. However, galaxies with masses
M, > 10° Mg, reveal {,.~10~2 [172]. However, their applicability to the dust in the early
universe is still under discussion.

One of the problems is connected with interrelations between characteristic times of
the processes involved in the dust growth in the z > 6 ISM dense molecular clouds [174,175].
The accretion time of an atomic particle onto the grain is [176]

1/2 -1
facc ~ ggazli)’()]" ~ 3 X 108‘10.1 <50.3T21/2n2zz®> yt, (19)
where p; is the mass of the solid material of dust particles, A is the atomic mass of impinging
particles (assumed A = 25), Sp3 = S/0.3 is the sticking coefficient, T, = T/100 K is the
ambient gas temperature, ny = n/100 is its density, and Z is the gas metallicity. In general,
the sticking coefficient decreases with dust temperature T;, which, in the early universe,
exceeds the minimum level maintained by the CMB, T; > 2.73(1 +z) K (T; > 20 K at
z > 6). Stellar activity in host z > 6 galaxies keeps T; at a higher level: the REBELS
galaxies at z~7 show (T;) ~ 40 K [12,177]. Within this range, the sticking parameter S for
most of the chemical species—CO, O,, CHy, except H—remains close to the conservative
estimate S = 0.3 [178,179]. However, these differences in sticking coefficients at higher dust
temperatures, along with differences in binding energies, strongly inhibit the growth of ice
mantle layers [174].
In this scenario dust particles grow in dense and compact molecular clouds that
are supposed to be disintegrated by external turbulent motions in order to disperse the
formed dust into the ambient inter-cloud medium. For a cloud with radius R, = 10 pc, the
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amplitude of turbulent motions u;~10 km s~1, the characteristic time of disintegration due
to Kelvin—-Helmholtz instability can be estimated as

taes ~ X/2Re/ 1ty ~ 107 Myt < toce, (20)

with the density contrast x = p./p;.~100, with p. and p;. being the density in the cloud
and in the inter-cloud gas. This shows that coagulation of dust in dense interstellar clouds
requires a longer time than the lifetime of clouds, as mentioned in [175].

Moreover, dust particles grown in molecular clouds are coated by ice mantles, which
make them unstable against optical and UV radiation from massive stars with a rather short
characteristic time f,,;;~10> Gy 1 yr, where Gy is the Habing parameter in the interstellar
radiation energy density u(6-13.6 eV) = 5.29 x 10714 Gy erg cm 3 [175].

3.1.3. Dust Survival

One of the possibilities to mitigate the destructive effects from the reverse shocks
is to decrease the density in the ambient gas where the SN ejecta is expanding. Lyman
continuum radiation of the progenitor star ionizes and heats the gas up to T~10* K. After
t~t, = (apng) !, ionizing photons establish the Stromgren sphere with an ionization front
of D-type that pushes surrounding gas and forms an ionized bubble with density ~0.1n9,
where 7 is the density in the unperturbed surrounding gas («p is the case B recombination
rate). Att > t,, the density in the HII bubble decreases as « (t/ tr)’é/ 7[176,180], and
can asymptotically fall below 1,~0.01ny [181-185]. Stellar wind further enhances the
swept-up gas mass and decrease of the density in the bubble 1, before the SN explosion,
the density becomes established at the level n~10"3ng (Figure 4 in [182]). As shown
in [186], dust particles with radius a > 0.01 um survive in UV radiation fields within HII
zones of young massive stars. The fraction of dust particles that survived the strong shock
varies approximately as ~1072n7% (x 2 1,[167]). In this sense, HII zones and wind-driven
bubbles preceding explosions of SNe can partly prevent dust destruction.

3.1.4. Thermal Instability Shields Dust Particles

It is well known that dust particles at temperatures higher than T % 10° K are very
efficient cooling agents [107,108]. The mechanism is based on collisional heating of dust
particles by the electrons of hot ambient plasma and subsequent re-radiation in the infrared.
The plasma cooling rate due to this process at temperatures T > 10° K is one to two orders
higher than the cooling rate connected with the bremsstrahlung radiation and excitation
of highly ionized species. This process is termed ‘dust cooling’ [107]. Its temperature
dependence at T > 10° K is flat, as can be seen in Figure 11, and this means that the plasma
where the “dust cooling” dominates is thermally unstable. In other words, small-amplitude
perturbations grow to fragment the plasma into cold and dense clumps.

The cooling regime is unstable if a small perturbation of temperature 66 /6 grows with
time; here, 8 = T /T is the dimensional temperature, T being a reference temperature.
The equation for the evolution of 46 is [187]

160 g2
o (a—1
dt (o =1)—

60, (21)

where the cooling function assumed a power law A(T) = Ay(T/Tp)*, as seen in Figure 11
& ~ 0 fits the behavior of the ‘dust cooling’ at temperatures T ~ 3 x 10°~10® K. The relative
magnitude 66/6 is governed by the equation

d 56 0*=2 50
T X

(22)
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with the solution

60 (50 -1
5 = (9)0[1 —2-a)t/t]?, (23)

which diverges hyperbolically at t,, = t./(2 — «), at which point the temperature 6 vanishes.
One can expect that small perturbations in hot gas behind the reverse shock can rapidly
grow and form dense and cold clumps and filaments where dust particles can be shielded
from hot, aggressive plasma.

20 —
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Figure 11. The gas cooling function adopted in simulations: black solid line shows the gas cooling
function without contribution from dust; dust cooling function is shown by colored lines for dust-size
distributions within a = [a7 : a3] (the first column in the legend), and the power-law index p (the
second column), the dust-to-gas mass ratio is ; = 0.02. (Figure is adopted from [187]).

At the initial state, the ejecta gas has the density n,; ~ 7 x 10 MR35 cm 2 and the
temperature T,;~3 X 108E51M1_01 K, where R.jo = 10°R cm is the ejecta radius, Esp, the
explosion energy in Bethe units, E5 = 10°! erg. At the time when nucleation process begins
to assemble solid particles (~400-600 days), the gas temperature in ejectais T ~ 3000 K, and
the corresponding gas density 7, =~ 108 em 3 [27,103,161,162]. The nucleation proceeds
rapidly, and within a couple of months the ejecta already contains ~0.1-0.3 M, of dust (see
Figure 1 in [27] and Figure 2 in [162] as examples). The reverse shock penetrates the ejecta

3 ~Myye, and the velocity relative to ejecta is vrg~10% cm s~ 1.

inward, with n = 108 cm~
The post-shock temperature is Trs~10% K.

By applying random isobaric perturbations of density and temperature 6T/T = —dn/n
with a characteristic amplitude of |011/n|y ~ 0.2, a highly developed thermal instability with
the density contrast of 6n/n~20-100 is found to be reached within a relatively short time
(t 2 1.5t.) [187]. Further development leads to a nearly quasi-steady state with slow variations
in density contrast and temperature due to weak shocks traveling between the dense ‘walls’. In
spite of their relatively small volumes, the dense clumps and filaments comprise the major part
of the mass of gas and dust.

The dust confined within denser and colder regions has a conducive condition in a
rapidly cooling environment, and a considerable fraction of it survives, though particles of
smaller sizes still suffer from thermal destruction. It can be seen from the comparison with
the characteristic time of radiation cooling. Figure 12 shows the ratio of sputtering to cooling
times, tsp(a)/tc as a function of gas temperature for grains of radius 2 = 0.1 um. Since
tsp(a) o a, the behavior of particles of different sizes a translates up or down depending
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on whether their radius is larger or smaller than 0.1 um. As the figure shows, the most
aggressive state even for larger particles is the initial period of the thermal instability with
temperature T > 3 x 107 K because the cooling time at higher temperatures is t. « T.
Table 1 illustrates this circumstance. Shown here is the mass fraction of the dust that
survived sputtering in the perturbed region in the process of evolution from the beginning
of thermal instability for two values of the initial temperature in the post-RS plasma:
To = 108 K in the left column and Ty = 3 x 107 in parenthesis (right column) [187]. Thus,
the “dust cooling’ at high temperature range T > 10° K typical for the post-RS plasma
prevents destruction of dust grains by strong sputtering. This can mitigate the problem
of an apparently excessive dust-to-stellar mass ratio in galaxies at intermediate and lower
redshifts z~2-9.

4.5
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Figure 12. The ratio tsp(a) /tc as a function of the ambient gas temperature for 4 = 0.1 um. The
ratio is shown for the cooling functions shown in Figure 11; colors and line types are the same as in
Figure 11. From [187].

Table 1. Fraction of the dust survived sputtering: fq qury in the left column is for Ty = 108 K; the right
in parenthesis shows fq g, for Tp = 3 x 107 K.

Time 0.3 um 0.1 um 0.03 um 0.01 um
0.5t 0.75 (0.95) 0.3 (0.76) 0.03 (0.3) ... (0.03)
1.0t, 0.5 (0.8) 0.1 (0.55) ... (0.06) e ()
1.5¢, 0.3 (0.75) 0.03 (0.1) v () e (1))

4. Discussion
4.1. Evacuation of Dust in a Clumpy ISM

Recent models of gas and dust outflows, driven either by radiation or SNe shock
pressure, are implicitly based on the assumption of a homogeneous density distribution in
the ISM. At the same time, it is naturally expected that in conditions of high SF rate, the
ISM is in a certain sense a dynamically active medium with multiple overlapping bubbles
and shells from HII zones, stellar winds, and SN explosions. Under these conditions, the
diffuse ambient gas with density p;. forms clumps and filaments with density p;, as clearly
observed in active SF regions in the Milky Way, e.g., in [188,189]. This distribution of
density and optical depth qualitatively changes the conditions for momentum transfer
from photons and shock waves to the gas, which can imply a distinct sequence of dynam-
ical phases characterized by volume filling factors of dense clouds f, and their head-on



Galaxies 2025, 13, 64

21 of 32

covering factor feov (perpendicular to the flow velocity), and as a result, by the efficiency of
the momentum transfer [190,191] (see recent review in [192]). Dynamical features of such
a medium crucially depend on the initial values of their filling factor f,, density contrast
Pcl/ pic, possible radiation energy losses, and the spatial separation perpendicular to the
flow, or equivalently, the covering factor foy. Clouds disrupted by a wind flow form a
turbulent wake downstream, with the cross-section along the wind velocity exceeding the
initial one by a factor of 2-3 (see [193]). Therefore, during the acceleration, the covering
factor of the ensemble of clouds, f.ov, increases and results in a stronger interaction be-
tween turbulent tails of neighboring clouds, leading to mixing and synchronization of their
motion [190,194]. Radiation energy losses are also important for radiatively and mechan-
ically driven multiphase outflows, though their contribution runs opposite to that of
Kelvin—Helmholtz instability. Gas cooling makes the density of clouds larger and their sizes
smaller. This enhances the inertia of the clouds and diminishes their f.,y factor, eventually
resulting in inhibition of the momentum transfer to clouds as P feov x~ ! [191,194]. These
aspects illustrate the complexity of problems associated with the presence or lack of dust in
galaxies at the cosmic dawn.

4.2. Cold Dusty Clumps

Among alternative scenarios, the dust segregation in the galaxy ISM—assembling
dust into dense gas clumps with a small covering factor, has been suggested in [56]. In

the context of the ‘mass entrainment’ problem’

. This option looks very likely in any
model of ejection of dust from the galaxies. Moreover, in halo mergers—a commonly
accepted mechanism driving starbursts—dense clouds and rarefied inter-clump cavities
develop within strong turbulence that emerges in converging flows [113]. In this regard,
it will be interesting to detect signs of FIR emission from such clumpy dust in z > 10
galaxies. Among such galaxies, the brightest z > 10 galaxy, GHZ2/GLASS-z12, discovered
photometrically [13,77] and confirmed later spectroscopically with JWST/NIRSpec [65],
has been studied also with ALMA in [198]. In spite of a rather distinct (5.8¢) [OIII] 88 um
line, dust emission in FIR is not detected, though it would have been seen provided it
were present in the amount corresponding to the abundance of the oxygen Z 2 0.3Z,. As
stressed in [56], this lack of FIR dust emission in GHZ2/GLASS-z12 can indicate that dust
is evacuated by the radiation pressure far from heating sources. However, the possibility
that dust in this galaxy is locked in dense, optically thick clouds for heating UV radiation,
and correspondingly cold clouds, cannot be totally excluded. For rough estimates: very
compact dusty clumps 7.~1 pc with gas density n.~4 x 10* cm~3 and mass M.~10°> M,
would be optically thick to UV with 7,,~2-3 provided that the gas-to-dust mass ratio is
g;l % 10%. The gas and dust in such clumps is to be cold with Ty < T;~30K, and hence
the clumps can be pressure supported by the ambient gas with T~10* K and 7;,~10? cm~3.

4.3. Environmental Modulation

The overall evolution from the “attenuation-free” state of galaxies at high redshifts
z > 10 changes its trend to redshifts below z < 10 to reach a value {; % 1072 at intermediate
epochs, z~8-10. Later evolution of the {, from intermediate to lower redshifts ~4-7 and
further to the cosmic noon at z~2-4 remains on average within ,~0.01-0.03 in main
sequence galaxies and nearly an order higher values in starbursts [147,156]; at z~0.1-0.4,
the dust-to-stellar ratio goes down to {.~10~* as shown in Figure 2 in [148]. Very roughly,
the evolution of dust content in galaxies across cosmic time manifests a general trend from
a nearly dust-free state at z > 10, through the maximum at intermediate epochs at z~7-10
and later stages z~4-7, and diminishing between the noon z~2-4 and relatively nearby
universe, z~0-1. As long as during this evolution the metallicity in galaxies generally
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grows, though the dust content decreases, this may indicate that dust suffers either strong
destruction from shock waves and hot ambient plasma (as in [126,164,166,167,199] or
an efficient evacuation outside galaxy disks into circumgalactic or intergalactic medium
(as, e.g., in the AFM and RTS approaches).

One of the possible factors that can affect gas evacuation from galactic disks is the
external gas density and pressure. In both cases, radiation pressure [84,85] and momentum
transfer from shock waves from star formation in galaxy centers [72] and AGNs, their
efficiency depends on the inertia and transparency of the ambient gas. The most important
environmental factor that is critically important for star formation and dynamics of the
ISM in growing galaxies on cosmological scales relates to tidal interaction and galaxy merg-
ers. The overall evolution of the dust-to-stellar mass ratio from z~14 to z~0 presented in
Figure 10 and shown schematically in Figure 9, reminds us of the trend of cosmological
evolution of the galaxy merger rate. Commonly thought enhancement of SFR due to
mergers is still being debated upon (see discussion in [200,201]), though the expanded inter-
stellar matter in tidally interacting galaxies (see examples of galaxy tidal pairs in Figure 6
in [201]) can affect a neighboring galaxy and prevent outflows by possible redistribution
of gravitational forces and the gas density around the base of the outflow, as possibly
occurs in GN-z11 [66]. In this regard, it is worth noting the two z~7 galaxies—Himico and
CR7—Dboth being mergers consisting of three and five, correspondingly, massive clumps, of
which one of the three has low attenuation A;~0.01, while the others have Ay ~0.3 [202].
The metallicity in all clumps except two, where the data are not available, is close to
z~0.3Z. This is in accord with predictions of possible segregation of dust and gas in merg-
ers, resulting in the formation of dense, compact, dusty cloudlets and extended cavities
with low attenuation [113].

The merger rate at z > 10 begins increasing from beyond z > 10, as can be judged
from the evolution of the major galaxy merger rate I'y; studied very recently in [201]; see
Figure 13. Atz > 9, the I'yf reaches ~1 Gyr~! in hundred comoving Mpc? for the galaxy
stellar masses of 108 < M, < 1010 M. At later stages, z~7, the lower galaxy mass bin,
108-3 x 10® Mg, increases up to a maximum I'yy~1 Gyr~! in ten comoving Mpc® and
then decreases to ~0.01 Gyr~'cMpc ™2 at z < 3. For larger galaxies, M, > 3 x 108 Mg,
remains nearly invariant ~0.004 Gyr~'cMpc 2 in z~3-9 [201]. Taking this into account,
one can speculatively connect efficient evacuation of dust from z > 10 galaxies with the
fact that these galaxies are relatively free of close neighbors that can inhibit dusty outflows
into the IGM. Such events seem to be rare and do not affect dust evacuation through
galactic outflows.
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Figure 13. The major galaxy merger rate per comoving Mpc 2 versus redshift for three different

ol

mass ranges is shown in the legend. I'ys is the galaxy merger rate density. Adopted from [201].
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Mergers at intermediate redshifts z~5-9 are more frequent and make the galaxies less
dynamically isolated. In these conditions, a considerable fraction of the dust produced
by stellar activity—SN explosions, and at z < 6, along with AGB stars,—likely remains
locked in the relatively close vicinity of their host galaxy. On the contrary, galaxies in the
nearby universe, z < 3, become more isolated and open to gas outflows. This assumption
is supported by observations of dusty halos around nearby galaxies and in the intergalactic
medium. Very recently, an extended, up to 2 4 kpc dusty halo has been confirmed in the
nearby (9.6 Mpc) galaxy NGC 891 [203].

Measurements of dust reddening along with gravitational magnification of galaxies
within z < 0.3 have allowed us to infer the dust density parameter Q; ~ 5 x 107, which
is comparable to the dust mass locked in galaxies [204]. The equivalent dust-to-stellar mass
ratio is {x+~0.03. This means that the galaxies, most likely within z~0-1, ejected during
their evolution a considerable fraction of the dust produced by them. The measured range
of {,~107°-1073 for quiescent galaxies at z < 0.6 is consistent with this speculative picture.

5. Conclusions

Physical reasons for the explanation of ultra-luminous galaxies (ULGs) in the z > 10
universe remain enigmatic. However, a few recently suggested scenarios sound promising
for an adequate interpretation of some of the observational characteristics of galaxies at the
Cosmic Dawn. It looks most likely that they are not alternative but rather complementary
scenarios, and the truth lies in the synergy between them.

For the z > 10 ULGs with detectable amounts of metals, the most likely scenario is
connected with the evacuation of dust by radiation pressure—the attenuation-free model
(AFM) [70,73,74]—or by SN-driven outflows dominated by Rayleigh-Taylor instability [72].
The UV luminosity of the underlying stellar population is sufficient to remove the dust
from the galaxy. Some of the most distant ULGs at, say, z > 14, with deficient metallicity,
can be treated as the feedback-free starburst (FFB) galaxies formed out of the pristine
gas [93,94]. In this regard, the galaxy S5-z17-1 (zppot = 16.7) described in [24] may be a
good candidate to represent the FFB model: the observed star formation rate and the gas
density are consistent with the star formation efficiency €, ~ 0.7-1.0, as predicted by the SF
model [205]. Faint but noticeable signs of outflows can be identified in the morphological
features in the galaxy JADES-GS-z14-0 (Figure 1, right panel: the distribution of [OIII]
emission in [115], and indications of outflows in the GN-z11 galaxy in the form of velocity
offset between H+vy and Lya: [66], Figure 5).

Destruction of dust particles by shock waves in dense (1~50-3000 cm~3) ISM and
compact galactic stellar clusters (Rg~300 pc) seems to be problematic, unless the starbursts
are confined within Ry, < 1 pc nuclei. In this case, though, the energy released in the SB
by synchronous SN explosions is spent in launching an outflow that evacuates gas and
dust outside the galaxy disk. If the mechanical luminosity is sufficient, then the outflows
can be fragmented under the Rayleigh-Taylor instability scenario and can become patchily
transparent as described in [72].

The excess amount of dust, {« < 0.01, observed in z < 10 galaxies can be explained by
the survival of a considerable fraction of dust produced against the reverse shock wave that
penetrates the SN ejecta after the nucleation. The mechanism of dust survival is connected
with a rapidly growing thermal instability under the effect of efficient dust cooling at high
temperatures, ~107-10% K, behind the reverse shock. Consequently, the net dust yield can
be considerably enhanced, up to a factor of 3-10, depending on the initial temperature
behind the reverse shock.

The origin of the attenuation jump AAy~1 between z > 10 and z < 10 in time ~35 Myr,
as described in [56], remains unexplained. However, the feedback-free scenario [93,94]



Galaxies 2025, 13, 64 24 of 32

along with the delayed stellar feedback toy model [87], both predict convergence of mech-
anisms maintaining the FFB regime (high star formation efficiency €,~0.7-1.0) and con-
ditions for the DSF oscillations towards z ~ 9-10. One of the At~10-20 Myr peaks of the
starbursts they predict at z > 10 can represent a ‘blue monster” galaxy. On the other hand,
it is remarkable that the time of transition from one of these regimes to a quasi-equilibrium
with e, < 1is around one to two feedback times, t,,~20-30 Myr.
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CAnadian NIRISS Unbiased Cluster Survey.

It is worth noting that the estimate of factor ~ 6 drop in the UV LF between z = 8 and 12 in [34] suffers from uncertainties
because of small statistics, as stressed by the authors.

They are dubbed Blue Monsters [56].

By net yield it is commonly understood the dust mass from SN ejecta after its processing through the reverse shock.

This condition is not sufficient though, because the destruction time depends on the ambient gas density, dust particle size, and
characteristic times of other involved processes.

M; is not measurable before SN explosions in the cluster are exhausted.

Agy7s is the total attenuation at 2175 A, B = Apump/ A2175, Apump is the difference between the Ajj75 and the baseline at 2175 A.

The dominant contribution comes from core-collapse supernovae (CCSN) with the progenitors of M = 12-35 Mg
This problem arises when cold, dense clouds get involved in diffuse flows. Discussions can be found in [195-197].
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