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ABSTRACT

The properties of luminous, blue, super-early galaxies (a.k.a. blue monsters) at redshift z > 10 have been successfully explained by the
attenuation-free model (AFM), in which dust is pushed to kiloparsec scales by radiation-driven outflows. As an alternative to AFM,
here we assess whether “attenuation-free” conditions can be replaced by a “dust-free” scenario in which dust is produced in very
limited amounts and/or later destroyed in the interstellar medium. To this aim, we compare the predicted values of the dust-to-stellar
mass ratio, £;, with those measured in 15 galaxies at z > 10 from James Webb Space Telescope (JWST) spectra, when outflows are not
included. Our model constrains £, as a function of several parameters by allowing wide variations in the initial mass function (IMF),
dust and metal production, and dust destruction for a set of supernova (SN) progenitor models and explosion energies. We find that
log é; ~ —2.2 for all systems, which is indicative of the dominant role of SN dust production over destruction in these early galaxies.
Such a value is strikingly different from the data, which instead indicates log&,; < —4. We conclude that dust destruction alone can
hardly explain the transparency of blue monsters. Other mechanisms, such as outflows, might be required.
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1. Introduction

In just two years of operations, the James Webb Space Telescope
(JWST) has dramatically boosted the exploration of the early Uni-
verse. One of the major discoveries is a large number of super-
early (z > 10) galaxies (Naidu et al. 2022; Arrabal Haro et al.
2023; Hsiao et al. 2023; Wang et al. 2023a; Fujimoto et al. 2023;
Atek et al. 2022; Curtis-Lake et al. 2023; Robertson et al. 2023;
Bunker et al. 2023; Tacchellaetal. 2023; Arrabal Haro et al.
2023; Finkelstein et al. 2023; Castellano et al. 2024; Zavala et al.
2024; Helton et al. 2024; Carniani et al. 2024a; Robertson et al.
2024) that challenge expectations based on pre-JWST data, the-
oretical predictions, and perhaps even ACDM-based' galaxy for-
mation scenarios.

Super-early galaxies are characterized by bright UV lumi-
nosities (Myy < —20), steep UV spectral slopes (8 < —2.2,
Topping et al. 2022; Cullen et al. 2024; Morales et al. 2024),
compact sizes (effective radius of r, = 200pc, Baggen et al.
2023; Morishita et al. 2024; Carniani et al. 2024a), and large (for
their epoch) stellar masses (M, = 10° My, Castellano et al.
2024, Carniani et al. 2024a; see Table 1 for all the values). These
properties have earned them the nickname of blue monsters
(Ziparo et al. 2023). Their large comoving number density (n =
10°-10"cMpc =3, see e.g., Casey et al. 2024; Harvey et al.
2024) is very hard to explain in the framework of standard, pre-
JWST models.

These additions include (a)
ability  (Furlanetto & Mirocha 2022;

vari-
2023;

star formation
Mason et al.
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Throughout the paper, we assume a flat Universe with the following
cosmological parameters: Qy = 0.3075,Qp = 1-Qy, and Q;, = 0.0486,
h = 0.6774, oy = 0.826, where Q,;, Qu, and €, are the total matter,
vacuum, and baryon densities, in units of the critical density; 4 is the
Hubble constant in units of 100 km s™", and o is the late-time fluctuation
amplitude parameter (Planck Collaboration XVI 2014).
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Mirocha & Furlanetto 2023; Sun et al. 2023; Pallottini & Ferrara
2023), (b) reduced feedback, resulting in a higher star formation
efficiency (Dekel et al. 2023; Lietal. 2024), (c) a top-heavy
initial mass function (IMF) (Inayoshi et al. 2022; Wang et al.
2023b; Trincaetal. 2024; Hutter et al. 2025) (although see
Cueto et al. (2024)), and more exotic solutions, such as (d) the
modification of ACDM via the presence of primordial black
holes (Liu & Bromm 2023).

As a final possibility, we list the so-called ‘“attenuation-
free model” (AFM, Ferraraetal. 2023; Ziparoetal. 2023;
Fiore et al. 2023; Ferrara 2024a,b), for which bright luminosi-
ties and blue colors result from extremely low dust attenua-
tion conditions. According to AFM, dust is produced by stars
in “standard” net®> amounts (i.e., dust-to-stellar ratios of Eq ~
0.001 - 0.01, see e.g. Inami et al. 2022; Sommovigo et al. 2022;
Dayal et al. 2022; Witstok et al. 2023; Algera et al. 2024 for
constraints up to z ~ 7) and later pushed by outflows on kilo-
parsec scales. In this scenario, dust is not destroyed, but simply
moved to distances such that the attenuation is decreased to the
observed value (for a fixed dust mass, Ay o 1/r2, where r is the
galactocentric radius). Interestingly, such a conclusion has been
independently reached by Zhao & Furlanetto (2024).

The solution proposed by AFM is based on the notion that,
due to their large specific star formation rates (SFRs), early
galaxies can go through super-Eddington phases in which they
launch powerful outflows driven by radiation pressure onto dust
(Ziparo et al. 2023; Fiore et al. 2023; Ferrara 2024a). The AFM
consistently explains the shape of the UV luminosity functions
(Ferrara et al. 2023), the evolution of the cosmic SFR density
(Ferrara 2024a), and the star formation history and properties
of individual galaxies (Ferrara 2024b), induces a star forma-

2 That is, after reprocessing by the reverse shock thermalizing the
ejecta.
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Table 1. Relevant properties of spectroscopically confirmed super-early galaxies at z > 10.

ID Redshift Ay [mag] log(Z/Zs) re [pcl log(M;/Mg)  log(M,/Mpg) logé&,
(1 @ (©)) “4) &) (6) ) ®
CEERS2-7929 1010 0.14%9% - 5201127 5.27109 x 10* 8.50j§;3§ ~3.78*0%
MACS0647-1D ®) 10.17 <00l -090%9% 703 <6.7x10' 7.50t8;ig <=5.67
UNCOVER-37126 © 1025  )0.18*014 - 42619 45133 x 10* 81620 ~3.51403
GS-z10-0 @ 10.38 0.05f§;§§ —1.91f§;§§ <62 <2.6 x 10 7.58j8%§ <-5.16
GN-z11 © 1060 01750 0927y 64*%  9.6"34x 10° 8.73% ¢ -5.75*017
CEERS2-588 11.04 010700 —0.84*0I6 <477 3Tx 10 8.99+0->2 <4.49
Maisie " 11.44 o.o7f§?§§ — 3ot Lt xaot 8.4ot§3§g ~4.35+0.69
GS-z11-0 @ 1158 0.18*0%  _187+028 (778 5400107 867100 5507020
GHZ2 @ 1236 00408 a0 qosd aqhbige 9050 o7
212 © W09 3450808 40 b o 10t BR 5 eqe 08
UNCOVER-z12 1239 0195, -13454% 4267 475310 8.350 s 36703
GS-z12-0 @ 1263 0.057003  —1.44%02% (D144*15 14707107 7.647048 —4.49j8;ﬁ
UNCOVER-z13 © 13.08 o.o4f§;‘8)§ -1 .57f§;g§ 30941107 524107 % 103 8.13ﬁ§;ié ~4.41+0%
GS-z13-0 @ 1320 0.05%% —1.69f8;§l <52 <1.9 % 10? 795705 <-5.68
GS-z14-1 " 1390 0207000 -1.1070% <160  <7.0x 10° 8.00*040 <-4.15
GS-214-0 ™ 14.18 0.31f§?(f;‘ —0.75f§3§§ 2602 1.2*03 x 10* 8.84t§3§§ ~4.76+0.14

Notes. The measured values are taken from the following works: “Harikane et al. (2024), Arrabal Haro et al. (2023), Castellano (priv. comm.),
®Hsiao et al. (2023), ©Wang et al. (2023a), Fujimoto et al. (2023), Atek et al. (2022), “Curtis-Lake et al. (2023), Robertson et al. (2023),
@Bunker et al. (2023), Tacchella et al. (2023), ) Arrabal Haro et al. (2023), Finkelstein et al. (2023), @ Castellano et al. (2024), ®Carniani et al.
(2024a,b), Schouws et al. (2024), Robertson et al. (2024). ®The attenuation has been derived from the UV spectral slope, for a Meurer extinction
law, i.e. Ay = 1.99(Byy — Bint), Where Bine = —2.3 (McLure et al. 2018). PError not provided. We assume a ~10% error.

tion mini-quenching (Gelli et al. 2023), and makes specific pre-
dictions for Atacama Large Millimeter Array (ALMA) targeted
observations (Ferrara et al. 2025).

In spite of this success, it is important to consider alterna-
tives to the AFM. Here, we instead postulate that the surviv-
ing dust amount is low enough to satisfy the experimental Ay
bound. Instead of invoking outflows, this can be achieved by (a)
decreasing the net supernova (SN) yield, or (b) by increasing the
destruction rate by interstellar shocks once grains are injected in
the interstellar medium (ISM). The physics governing these pro-
cesses is understood, but it depends on parameters that are only
partially constrained (Dwek 1998; Bianchi & Schneider 2007;
Martinez-Gonzélez et al. 2019; Sarangi et al. 2018; Slavin et al.
2020; Kirchschlager et al. 2024; Narayanan et al. 2024).

In the present study, our aim is to assess whether attenuation-
free conditions can be soundly replaced by dust-free conditions
in which dust has either been produced in very limited amounts
or destroyed thereafter. To answer this question, it is necessary
to perform a thorough evaluation of the production and destruc-
tion processes that take place during the evolution of the galaxy,
including extensive coverage of the free-parameter space.

We anticipate that our study concludes that dust-free condi-
tions are hardly established without running into severe conflicts
with observed physical conditions and observational bounds
existing across comic epochs. This makes it difficult to consider
(almost) dust-free conditions as a valid alternative to AFM in
order to explain the properties of blue monsters.

2. Data

Super-early galaxies are characterized by very low dust-to-stellar
mass ratios. To support this statement, we have collected a
sample of currently available spectroscopic data, obtained by
JWST/NIRspec observations, for 15 galaxies at z > 10 listed
in Table 1. For each of them, the stellar mass, M,, has been
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derived by different authors by fitting the spectral energy distri-
bution. The results are reported in column 8 of the Table; masses
are in the range of 107770 M. The same fitting procedure also
yields the V-band dust attenuation, Ay (column 3). The effec-
tive stellar radius, 7, (column 5), was instead estimated from
JWST/NIRcam photometric data.
To obtain the dust mass, we used the standard formula (see

e.g. Ferrara 2024a)

2

) Ay Mo,

where ¢ = (1,2) for (disk, spherical) geometry, and «yy =
1.26 x 10° cm?g™! and Tyy = 2.655 x (1.086Ay) are the dust
mass absorption coefficient for a Milky Way extinction curve
(Weingartner & Draine 2001), and the optical depth at 1500 A,
respectively; the pre-factor 2.655 for Tyy accounts for the dif-
ferential attenuation between 1500 A and the V band for the
adopted extinction curve. We conservatively assume spherical
geometry (¢ = 2) as in this case M, is maximized for a given
measured Ay.

The data implies that M, for all galaxies is generally very
low (see Table 1), with the dustiest galaxy, CEERS2-7929, show-
ing a scant dust mass of 5.2x 10* M; other galaxies are virtually
dust-free, featuring upper limits as low as 67 My (MACS0647-
JD). Such dust scarcity determines the uncommonly low values
of the dust-to-stellar ratios, &, = M;/M,, which are shown as
blue points in Fig. 2. The data indicates that log &, is in the range
from —6.27 to —3.51. For comparison, in Fig. 2 we also show the
Milky Way value, logé; = —3.2, and the &, interval measured
for 14 REBELS galaxies at z = 7. Interestingly, galaxies in the
REBELS sample (Bouwens et al. 2022) have a higher dust-to-
stellar mass ratio, logé; ~ —2 (Ferrara et al. 2022; Dayal et al.
2022; Sommovigo et al. 2022). This conclusion has recently also
been supported by those few galaxies having multiple-frequency
dust continuum observations (Bakx et al. 2021; Witstok et al.

2rq ,
—reTUV =
Kuv

Te

M
¢ 100 pe

138x 1052 1
38 x 02( (1)

~
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2023; Algera et al. 2024). Notably, numerical simulations (see
e.g., Choban et al. 2024) fall more than 1 dex short in reproduc-
ing the observed dust masses.

Thus, super-early galaxies (z > 10) have a dramatically
lower dust content compared to expectations from known Epoch
of Reionization (EoR) (z ~ 7) and local galaxies. To gain some
insight into such a fundamental issue, we developed the dust evo-
lution model described below.

3. Model

To predict the dust mass of super-early galaxies and their dust-
to-stellar mass ratio, we followed Ferrara (2024b) and wrote
the evolutionary equations governing these two quantities, along
with the analogous ones for the metal, Mz, and gas, M,, mass:

My(0) = [yav = DO + B+ Iy (@), @)
Mo (1) = (1 = Ry (), 3
Mz(t) = {[yzv = ZOI(1 = R) = iy (), “
My(0) = fyMo(t) = [(1 = R) + nlp (). &)

The function ¥ = e,.(Mg(t)tf‘f1 denotes the SFR. Such a process
occurs with an “instantaneous” efficiency, €,, per free-fall time,
tg = CH(z)™', where ¢ = 0.06 and H(z)™! is the Hubble time
(Ferrara et al. 2023). Such efficiency implicitly encapsulates the
effects of SN feedback in regulating and suppressing star forma-
tion.

In Eq. (2) y, is the “net;” that is, including the reverse shock
destruction of the newly formed grains, the dust yield per SN
formed per unit stellar mass, v. Both y,; and v depend on IMF
and other parameters; we defer their description to Sect. 5.

Dust sinks (second term in Eq. (2), r.h.s.) depend on the dust-
to-gas ratio, © = My/M,. Dust can be removed from the gas
by astration, destroyed by SN interstellar shocks, and ejected
by outflows. These terms are all proportional to ¢, with coef-
ficients (1,,n), respectively. The destruction coefficient, 3, is
rather uncertain, and its treatment is discussed in Sect. 5. As the
aim of this work is to test alternative explanations to (radiation-
driven) outflows for the observed UV transparency of blue mon-
sters, we set the outflow loading factor to 7 = 0 in the following
(see Pallottini et al. 2024 for the effect of outflows on the mass-
metallicity relation).

Eq. (2) implicitly assumes that: (a) SNe are the only
sources of dust at high z (Todini & Ferrara 2001; Le$niewska
& Michalowski 2019; Ferrara et al. 2022); and (b) grain growth
in the ISM can be neglected as its timescale is comparable to
the Hubble time (Ferrara et al. 2016; Dayal et al. 2022). Includ-
ing grain growth would increase M, exacerbating the discrepancy
with observations (see below); hence, our choice is conservative.

Eq. (3) expresses the fact that stellar mass increases with the
SFR with a proportionality constant (1 — R) that is dependent on
the gas return fraction® of stars, R. In turn, R depends on IMF, as
we detail in Sect. 4.

The last two equations (Eqs. (4)—(5)) describe the evolution
of the metal and gas mass, respectively. The quantity y; is the
metal yield per SN; similarly to the dust yield, it depends on the
IMF (Sect. 5). Depending on the metallicity, Z = Mz /M,, a frac-
tion of the heavy elements is swallowed by star formation. The
gas mass increases at a rate of f,M,, where f, = €,/Q,, is the
cosmological baryon fraction, and the dark matter halo growth

3 We implicitly adopt the Instantaneous Recycling Approximation.

is fed by cosmological accretion, whose rate (in Mg yr™') is
obtained from numerical simulations; for example Correa et al.
(2015),

My(M,z) = 102.2 h[~ap — a1(1 + DIE@) M. (6)

The parameters (ag, ;) depend on the halo mass, M(z), cosmol-
ogy, and the linear matter power spectrum, and are provided* in
Appendix C of Correa et al. (2015); E(z) = [, (1 +22+Q)1'2,
and M, = M/10"?M,,. Finally, gas is consumed by star forma-
tion and partly returned to the ISM (last term in Eq. (5)).

For later use, it is convenient to rewrite the accretion term,
oM., as a(z)y, with a(z) to be defined’. To this aim, we used
the expression of ¢ given in Eq. (5) to substitute for halo mass
in Eq. (6), finally obtaining

)

a(z, &) = 6.23[—ag — a1 (1 + 2)] (001 )

*

For reference, a(z = 10) ~ 50(0.01/¢,); that is, the accretion rate
largely exceeds the SFR (unless €, = 0.5). In these conditions,
the gas fraction is f, = M,/(M, + M) ~ 1, and M, = f, M.

4. Analytical insights

While is it possible to solve the evolutionary Egs. (2)—(5) numer-
ically, as was done in Ferrara (2024b), to gain a deeper physical
insight into dust enrichment we seek here analytical solutions. To
fix ideas, in this section for numerical estimates we have adopted
fiducial values for the five parameters of the model. These are:
vl = 52.89M,, R = 0.61, y; = 0.1 My, y; = 2.41 M, and
B = 4.7. A detailed discussion of these parameters and their
uncertainties is given in Sect. 5; the effects on the final results
of their combined variation are presented in Sect. 6.

4.1. Whether SNe are predominantly dust sources or sinks

First, we note from Eq. (2) that SNe act both as dust sources
and sinks. Dust is produced immediately (a few hundred days)
after the explosion in the expanding SN envelope, where it is also
processed by the reverse shock thermalizing the ejecta. Behind
the forward shock propagating in the ISM, preexisting dust is
partially destroyed by sputtering and shattering.

To assess whether SNe are net dust producers or destroyers,
we took a closer look at Eq. (2). By comparing the two compet-
ing terms, we concluded that SNe are net dust producers as long
as

Yav

a+p " 0.05Dmw-
For the numerical estimate, we used the fiducial values of the
parameters; the adopted value of the Milky Way dust-to-gas ratio
is Dyw = 1/162 (Rémy-Ruyer et al. 2014). Thus, in the early
evolutionary stages, when 9 is low, SNe are net dust sources.
In more evolved galaxies, they predominantly destroy the dust
created by other sources (AGB and late-type stars) or processes
(such as grain growth).

We pause to emphasize an important fact. A key difference
between dust destruction (8) and outflows (1) is that while sput-
tering and shocks destroy dust, outflows simply carry it away

D < Dgyit = ()

4 For reference, when averaged over 8 < log(My/My) < 14, (ap,a;) =
(0.25,-0.75).

5 We computed a(z) at the observed galaxy redshift as the star for-
mation histories of z > 10 galaxies are short (20—-30 Myr). Hence, we
neglected the small change in M, in that time frame.
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from stars. Hence, the value of &; depends on the physical scale
on which it is measured. In other words, although the 8 and n
enter Eq. (2) as an additive term, destruction and outflows do not
have the same physical consequences.

We can also translate the above condition into one on metal-
licity, by adopting a D — Z relation, which we took® from
(Rémy-Ruyer et al. 2014, see also Lisenfeld & Ferrara 1998).
These authors found that D = (Z/Z)"%? Dyw, where Z, =
0.0142 (Asplund et al. 2009). Hence, Dy = 0.05Dyw would
correspond to Z.i = 0.16Z. From Table 1, we see that none
of the super-early galaxies has Z > Z.;.. We conclude that their
dust is consistently produced by SNe, and inefficiently destroyed
in the ISM.

4.2. A closed-form solution

To obtain a closed-form solution for &;, we considered Eqs. (2)
and (3). With simple algebraic manipulations, and using the def-
inition of D,y in Eq. (8), we find that the dust-to-stellar mass
ratio can be written as

1
&= ;[1 —exp (~£y)] ©)
1 M,
v= Dcritﬁg‘ (10)

We have introduced the production-only dust-to-stellar mass
ratio &) = y4v/(1 — R). The value &; would be attained if dust
were not post-processed in the ISM by astration or destruction
(or growth).

We first notice that in the limiting case M, /M, < 1 (gas-
dominated systems), using the fiducial values of the parameters,
logé,; ~ log §2 = —2.2, a value > 100 higher than inferred for
super-early galaxies (Fig. 2).

A general use of Eq. (9) requires instead an estimate of
M, /M,. As M, is known for these galaxies, to make progress
we need to constrain M,. At the moment, detailed information
on the gas content of z > 10 galaxies is lacking. This will have to
await for ALMA observations of these systems; in particular, the
[CII]158um line appears to be the best gas tracer (Zanella et al.
2018).

Fortunately, though, we can use the metallicity data’ pro-
vided by the exquisite JWST spectra to obtain M,,. To this aim,
we considered the other two equations (Eqgs. (4) and (5)) in the
system. With simple algebra, it is easy to show that the gas metal-
licity of a purely accreting, star-forming galaxy with no outflows

(n = 0) is
7=y =R 1_(%)”’ ey LR (1)
e | \Mo) |7 az e

Here, we have introducedg =1 —-R—-a = —aasa > (1 —R)
(see Eq. (7)); hence, a/q ~ —1. The last equality comes instead
from the fact that the gas mass at the final redshift is much larger
than what is available when star formation begins, My. Canon-
ically, this epoch coincides with the moment at which the halo
growth crosses the value M ~ 103 M, marking the boundary of
the atomic cooling regime (virial temperature 7 > 10* K).

6 Rémy-Ruyer et al. (2014) give also an alternative broken power-law
fit (see their Table 2) from which we find a similar result, Z.; = 0.12Z.
7 For the three galaxies for which Z measurements are not available
(see Table 1) we use the mean value of the sample.
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By noting8 that M, = (1 — R)e, M, and using the result
obtained in Eq. (11) we can write that

M, 1 _ 2yzv

M, (-Re 7

13)

having also used a(z = 10, €,) ~ 1/2¢, (see Eq. (7)).

To obtain the small observed values, &; ~ 107>, the quantity
y = Z)Cm_l(M*/Mg) = Z/2yzvD.i: in Eq. (9) has to be large.
In this case, the equation simplifies and becomes (using fiducial
values of the parameters)

Yyzv (Zo)
- )

gd = 2Dcrit7 = 6-4Dcrit (14)

Hence, imposing &; ~ 107>, and given the average metallicity
of the sample Z ~ 0.05Z, it should be D =~ 8 X 10-%. This
low D value would require an unphysically high value g =~
2.3 x 10*. Such a destruction efficiency is orders of magnitude

higher than what is predicted by all dust destruction models and
observations, as is discussed in Sect. 5.

4.3. Star formation efficiency

We conclude this section by emphasizing that high star for-
mation efficiencies necessarily imply large metallicities (see
Eq. (11)). For the fiducial value y; = 2.41M,, we find that at
z=10,Z = 0.02(¢,/0.01)Z5. Hence, the metallicity of all galax-
ies in Table 1 can be matched with small variations in the effi-
ciency in the range of 0.01 —0.05. Larger star formation efficien-
cies would dramatically overproduce the predicted metallicities
with respect to the observed ones. We recall that, by choice, the
scenario investigated here does not include outflows.

We also note that, as a(z, €, ) depends linearly on redshift, the
metallicity grows with time. For example, the same calculation
performed at z = 2 yields Z = 0.08(&,/0.01)Z.

5. Model parameters

Eq. (9) contains a number of parameters that we have allowed to
vary. These are: v, R, y4,yz, and . So far, for our estimates we
have used fiducial values for these parameters, but it is important
to assess the impact of their combined variation. As was already
mentioned, the first four depend on the IMF and on the SN pro-
genitor properties (rotation, explosion energy); the dust yield,
Y4, also depends on the ISM gas density affecting the reverse
shock destruction efficiency. Finally, 8 controls dust destruction
by shocks in the ISM. We discuss how we model these processes
in the following.

5.1. Initial mass function

We assumed that stars form with masses in the range (m;, m,) =
(0.1,100)Ms according to a Larson IMF (Larson 1998)

8 In general, by time integration of Eq. (3), one would obtain

M, = —R)fe*Mqt{rldt = (1 - R)X{e&)M,, 12)
where (e, ) is the gas conversion efficiency. If star formation lasts for
about a free-fall time (=30 Myr at z = 10), than (e,) ~ €,. Therefore,
we neglect the small difference, and simply write M, = (1 — R)e, M,,.
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normalized to unity in the above range’, which follows a
Salpeter-like power law at the upper end but flattens below a
characteristic stellar mass:

¢(m) o m—(1+a)€—mc/m’

5)

where @« = 1.35. We take m, to be a random variable
log-normally distributed with mean and standard deviation
(u1,01) = (0,0.5) (an example of a random distribution is shown
in Fig. 1). Assuming that stars with m > 8 M, explode as SNe,
we derive the number of SNe per unit stellar mass formed, v, as
a function of m,.

Imposing the instantaneous recycling approximation
(Maeder 1992), for which stars with a mass of m < mgy (m > mg)
live forever (die immediately), the return fraction, R, is

R= f ™ (1 = w)b(m)dm, (16)

mo

We fixed my = 2.3 M, the mass of a star whose lifetime is equal
to the cosmic age (483 Myr) at z = 10, and assumed (Weidemann
2000) that the remnant mass is (a) w,, = 0.444 + 0.084m for
m < 8 My; (b) w, = 1.4 My (neutron star) for My < m <
mpy = 40 Mg, and (c) w,, = m for m > mpy when they collapse
into a black hole.

5.2. Dust yields

To compute the dust, y,, yields from SNe, it is necessary to
define the stellar progenitor model. In general, the nucleosyn-
thetic yields depend on the explosion energy and on the possible
rotation of the star. We followed Marassi et al. (2019, see their
Tables 9-12) who considered four different models. The first
two models assumed a fixed explosion energy of 10°! erg, and
the star was either nonrotating (FE-NR) or rotating (FE-ROT)
at a velocity of 300kms™!. Instead, the second set adopted a
variable explosion energy calibrated to reproduce the amount of
3Ni obtained from the best fit to the observations for nonrotat-
ing (CE-NR) or rotating (CE-ROT) progenitors'?. In all cases,
the metallicity was fixed to 0.01Z;. Marassi et al. (2019) per-
formed detailed dust nucleation calculations and obtained y, for
the four models above for 10 different progenitor masses in the
range 8—120 M. The computed dust yields are in the range of
~0.1-1.4 Mg, with the CE-ROT predicting the highest values
(with the notable exception of the 60 M, star producing up to
7.4M; of dust in this case). In our sampling of the parame-
ter space, the stellar model was set by assuming that (FE-NR,
FE-ROT, CE-NR, CE-ROT) are distributed as a uniform discrete
random variable.

Marassi et al. (2019) did not consider the processing of
the newly formed grain by the reverse shock thermalizing the
ejecta. We therefore augmented their model with the results by
Nozawa et al. (2007), who computed the surviving dust mass
fraction after the reverse shock, f.y, for a range of masses from
13 to 200M,, and for a range of environmental gas densities in
which the explosion takes place, from n, = 0.1 to 10cm™. We
linearly interpolated their results on our progenitor masses and

°  Such a choice neglects the possible presence of pair instability SNe,
which occur only in the range 140-260 M, and possibly only at very
low metallicity; therefore they are very rare. Moreover, they would fur-
ther enhance dust and metals yields compared to core-collapse SNe,
worsening the problem at hand.

10'We note that the black hole mass formation is mgy = 40M, for
the standard FE-NR model, but it is larger for the other three models
(mgy = 60 My). This is taken into account in the calculation.
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Fig. 1. Example of a probability density function for three parameters
of the problem, the IMF characteristic mass, m,, the ISM gas density,
ny, and the destruction coefficient, 8. These are discussed in Sect. 5.1,
Sect. 5.2, and Sect. 5.4, respectively.

gas densities. We further assumed the unmixed ejecta case. We
point out that Nozawa et al. (2007) results are strictly valid in
the FE-NR case only; lacking more general computations, we
adopted them for all four stellar progenitor models.

We took 7, to be a random variable that is log-normally dis-
tributed with mean and standard deviation (u3, o3) = (0.5,0.5)
(see Fig. 1). It is important to note that the mean gas density of
early galaxies is thought to be larger than locally (Isobe et al.
2023), reaching values of ~10°cm™ at z > 10. Neverthe-
less, the explosion is always going to occur in a relatively low
(1-10cm™3) density medium.

To see this, we assumed that at the star birth the gas den-
sity is 7 = 10° cm™>. Due to the strong ionizing power of the
massive (m > 8Mg) SN progenitor, an HII region will form.
The Stromgren radius will be filled in a recombination time, or
(nJap)™' =~ 120 yr, where aj is the case-B recombination coef-
ficient of H-atoms. From that moment, the over-pressurized H 11
region (temperature 7; ~ 2x 10* K) will start to expand to restore
pressure equilibrium with the surrounding gas. The external gas
temperature in an almost metal-free gas was set by molecular
hydrogen to Ty < 300K; if the metallicity were higher, the gas
could be even colder. Then the expansion would decrease the
density by a factor of T;/T), bringing it down to n,; < 15 cm=,

This simple estimate is in line with radiative transfer sim-
ulations (e.g., Whalen et al. 2004) of HII regions around mas-
sive stars. These authors find that even starting from initial gas
densities well in excess of 10* cm™3, the HII regions produce an
almost uniform distribution of the gas around the stars. They find
(see their Fig. 3) that the density in the HII region is ~0.1 cm™
after 2.2 Myr; that is, approximately the time when the most
massive stars explode as SNe. This justifies our choice for the
mean value, u3, of the gas density, which we allowed neverthe-
less to vary considerably to catch the uncertainties in the gas and
stellar properties.

As areference, according to Nozawa et al. (2007) results, the
surviving dust mass fraction for n, ~ 1 (10) cm™3 varies from 20
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Fig. 2. Violin plots showing the posterior distribution of £, resulting from the random sampling of the parameter space (see details in Sect. 5) for
15 super-early galaxies whose redshifts is indicated on the horizontal axis and whose name is shown at the top. For each galaxy, the red point
represents the distribution median value; the horizontal bars inside the violin indicate the 32nd and 68th percentiles. The predicted &, values are for
n = 0, i.e., when no galactic outflows are allowed. The blue diamonds are the observed dust-to-stellar mass ratios; the green stars are the predicted
dust-to-gas ratio, . The horizontal hatched red band shows the measured &, interval for 14 REBELS galaxies at z ~ 7 (Table 1 in Ferrara et al.
2022; see also Dayal et al. 2022; Sommovigo et al. 2022; Inami et al. 2022).

to 47 (4 to 10) percent in the mass range of 8 My, < m < 40 M.
We performed a 2D linear interpolation in the stellar mass — gas
density plane to derive f;., when sampling our model.

5.3. Metal yields

To compute the metal yields, we followed Kim et al. (2014),
who used the results by Woosley & Heger (2007). In practice,
the oxygen and iron mass can be converted into a total metal
mass using the following formula:

Mz =2.09M¢ + 1.06 Mg, (17)
where

Mo = 0.375 exp(—17.94/m) Mg, (18)
Mg, = 27.66 exp(—51.81/m) Me. (19)

Eq. (17) was then integrated over the IMF to obtain the metal
yield yz, the average metal mass produced per SN. In the fidu-
cial case, y; = 2.41 My; this result is very weakly depen-
dent on the metallicity of the stars. We warn, however, that
Woosley & Heger (2007) results have been computed for the
standard case FE-NR, and we are applying them also to the other
three progenitor models adopted here.

5.4. Dust destruction in interstellar shocks

In addition to reverse shocks discussed in Sect. 5.2, grains can be
destroyed in interstellar shocks produced by SNe (see Sect. 4.1)
for a discussion of the required conditions). As a result, the
destruction term is proportional to the SFR, i, via a destruc-
tion coefficient, 8 (Eq. (2)). The coefficient is itself the product
of different terms (e.g. Dayal et al. 2022):

B = Ssn ferrvME.
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(20)

In the previous equation, vM is the mass of gas in which dust is
destroyed by the SN shocks per unit stellar mass formed. A value
of MYt = 1603 My, has been estimated by Slavin et al. (2015)
by assuming a 50%+50% mixture of silicate and carbonaceous
grains. Bocchio et al. (2014) found instead a 2.6 times larger
value (for silicates) due to the fact that they assume a different
grain destruction efficiency as a function of the shock velocity.

The other two factors in Eq. (20) represent the fraction of
SNe exploding outside the galaxy main body, dsy =~ 0.36,
and the fraction of warm (=8000K) to hot gas in the galaxy,
fee = 0.43 (Slavin et al. 2015). These quantities have been cal-
ibrated locally (Schneider & Maiolino 2024), and are therefore
somewhat uncertain. At face value, they would give a fiducial
value of § = 4.7. In view of these uncertainties, we take S to be
a random variable that is log-normally distributed with a mean
and standard deviation (w4, 04) = (0.7,0.3) (see Fig. 1).

To summarize, our model contains five parameters that we
have allowed to vary to fully sample the physical uncertainties
related to their value in early galaxies. These are: v, R, y4, yz, 5.
For each galaxy, we ran N = 1000 models'!, each for a ran-
dom combination of the parameters, and thus fully sampled the
parameter space determining the value of the dust-to-stellar mass
ratio obtain in Eq. (9). As is seen from Fig. 1, each parameter
can take values in a wide range spanning 2—3 orders magnitude
around the mean. We recall that in addition to these parameters,
we considered four different randomly selected stellar models
for the SN progenitor (see Sect. 5.2).

6. Results

The results of our study are condensed in Fig. 2. There, we show
the violin plot for the posterior distribution of &, resulting from

"1 We have checked that the posterior distribution of £; does not change
significantly if N is increased.
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the random sampling of the parameter space for each of the 15
super-early galaxies. The red point in each distribution repre-
sents the median value; also shown with horizontal bars inside
the violins are the 32th and 68th percentiles.

The median values of all the galaxies are rather similar and
fall in a narrow range around log ¢, = —2.2. This fact is indica-
tive that the value of the dust-to-stellar ratio is largely determined
by the net (i.e., including the reverse shock destruction) SN dust
yield, with the destruction in interstellar shocks being negligible.
This result confirms the conclusion drawn in Sect. 4.1, where we
show that for D < D ~ 3 x 107 SNe largely act as dust
sources rather than sinks. Indeed, the values that we predict for
the dust-to-gas ratio, D, in z > 10 systems (green stars in Fig.
2) are consistently below 107*. The distributions are somewhat
skewed toward low &, with some model combinations yielding
&, ~ 107 for most extreme values of the parameters.

The difference between the predicted &, values and the mea-
sured ones (blue diamonds) is striking. Apparently, no combi-
nation of parameters, although they have been allowed to vary
in a large range around the fiducial values given in the litera-
ture, yields &; < 107*, while the majority of the data points
are well below that threshold. Three galaxies (CEERS2-7929,
UNCOVER-37126, and UNCOVER-z12) have a measured &; >
107*, but are still several r.m.s. away from the predicted median.
The discrepancy is even more impressive for the most well-
studied galaxies, such as GHZ2, GS-z11-0, and GS-z13-0, for
which exquisite-quality spectra are available. These systems
show dust-to-stellar ratios as low as &; ~ 1075,

Thus, it appears that the blue colors (steep UV slopes) and
transparency (low Ay) of super-early galaxies imply extremely
low dust-to-stellar mass ratios that cannot be reproduced by
“standard” dust physics (in the absence of outflows), even allow-
ing for a large and simultaneous variation range for all the
(admittedly uncertain) dust production and destruction param-
eters. One could be tempted to dramatically change the dust
yields or make the dust destruction extremely efficient. How-
ever, going down that path, we would be faced with the diffi-
culty of explaining a large body of data for local galaxies, and
their intermediate- and high-z counterparts (such as the REBELS
galaxy sample at z = 7), which are well explained by the present
model.

7. Summary and discussion

As a test of the AFM, we have compared the predicted values of
the dust-to-stellar mass ratio, £;, measured in 15 z > 10 galaxies
with those derived from JWST spectra. Unlike AFM, the model
considered here does not rely on outflows to remove dust from
the galaxy main body. Instead, it constrains the value of &; as
a function of various parameters (this is discussed in detail in
Sect. 5) by allowing variations in the IMF, dust and metal pro-
duction, and dust destruction for a set of SN progenitor stellar
models.

The key results are shown in Fig. 2. We see that the predicted
&4 range is around log &, = —2.2 for all galaxies, which is indica-
tive of the dominant role of SN dust production over destruction
in these early systems. The predictions are strikingly different
from the data, which instead show values of logé,; < —4. We
conclude that negligible dust production or strongly enhanced
destruction can hardly reconcile theory and observations with-
out conflicting with well-studied z =~ 7—8 galaxies. Other mech-
anisms, such as outflows, might be required by this evidence.

In this study, we have purposely not allowed for the
occurrence of outflows, although cosmological infall has been

included in our master Egs. (2)—(5). Our aim has been to chal-
lenge the AFM by proposing a radically different solution to the
overabundance and colors of bright super-early galaxies.

The AFM scenario (Ferrara 2024a,b) suggests that if dust
could be lifted out of the main galaxy body and into its halo on
kiloparsec scales, the low Ay values could be readily explained
by the 1/r? decrease in the dust column density. This hypothe-
sis is supported by the fact that, toward high z, outflows become
more common as a result of the increased compactness of galax-
ies and their on-average larger specific SFR (sSFR). Both these
conditions favor powerful radiation-driven outflows clearing the
dust (Ziparo et al. 2023; Fiore et al. 2023; Ferrara 2024a).

In AFM, dust “standard” formation and evolution physics
still holds, but dust is dispersed by outflows mimicking a lack of
dust, and producing the low observed attenuation (see the case of
GS-z14-0 in Ferrara 2024b). Thus, a no-outflow model, such as
the one presented here, falls far short of reproducing the data,
which instead are well reproduced by the AFM. It is worth
noting that, in an independent study based on CROC simula-
tions, Esmerian & Gnedin (2024) find that models successfully
fitting the total dust mass and infrared luminosities of super-early
galaxies produce far too much attenuation in the UV. This con-
clusion is in perfect agreement with what is found here.

Interestingly, the larger and more evolved REBELS galaxies
(z = 7) show &; values of the same order (=1/100) as is pre-
dicted here (Ferrara et al. 2022; Dayal et al. 2022; Algera et al.
2024). This might indicate that the processes included in this
study — in the absence of powerful outflows — continue to regu-
late the dust abundance for a long cosmic time stretch. Intrigu-
ingly, their measured metallicities and gas fractions can be gen-
erally explained by a no-outflow model (Algera et al., in prep.),
which entails the high &; predicted here.

It is worth noticing that we have neglected dust growth.
Although likely not important at these early redshifts due to
the long associated timescales (Dayal et al. 2022) or prevail-
ing physical conditions (Ferrara et al. 2016), dust growth would
exacerbate the problem by increasing &; even above the values
found here.

On more general grounds, we note that blue monsters are
characterized by a sustained SFR around 10-20 Mg yr~!. It is
well established(e.g. McKee & Ostriker 2007; Glover & Clark
2012; Pallottini et al. 2022) that star formation can only occur
if the star-forming gas is shielded from UV radiation by dust. It
is therefore hard to understand how such an active star forma-
tion phase could have started and been supported in a virtually
dust-free environment.

This work suggests that the dust we observe in blue monsters
retains the properties of dust that has been freshly produced by a
SN without significant reprocessing in the ISM. If correct, dust
formation models (Todini & Ferrara 2001; Nozawa et al. 2007,
Hirashita et al. 2015) predict that these readily produced grains
should be large, with sizes in the range of 0.1—0.5 um. This has
also been confirmed experimentally by far-IR observations of
nearby supernova remnants (Wesson et al. 2015; Priestley et al.
2020), and is in agreement with emission line extinction mea-
surements (Gall et al. 2014; Bevan & Barlow 2016). In this case,
we do expect the extinction curve to become almost frequency-
independent (i.e., “gray”). This has indeed been recently found
by Markov et al. (2024) using a sample of =100 JWST galaxy
spectra in the redshift range of z = 2—11. Similar conclusions
are reached by Langeroodi et al. (2024). Interestingly, the subse-
quent shattering of large grains into smaller ones could produce
a reddening of the UV spectrum over time, and thus smoothly
match the observed evolution (Narayanan et al. 2024).
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