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ABSTRACT

Context. JWST has revealed galaxies at z > 10 with extremely blue UV-continuum slopes approaching Syy < —2.4, and low inferred
dust contents. At similar redshifts, JIWST and ALMA reveal dusty massive systems reaching Syy 2 —1.

Aims. We aim to explain blue monsters and red monsters at z > 10 as different outcomes of supernova dust retention in clustered
star-forming systems and connect this bimodality to dusty massive galaxies at z ~ 6-7.

Methods. We model dust removal in a cluster-dominated regime through cloud-scale mechanical blowout followed by breakout from
stratified high-redshift disks. The shock-processed dust mass retained in the UV-attenuating layer is converted into a UV-continuum
slope using absorption opacities derived from 3D hydrodynamical simulations of clustered supernovae in porous molecular clouds.
Results. In compact, gas-rich galaxies, efficient cloud blowout and disk breakout reduce the retained dust fraction to blue-monster
levels, yielding Byv < —2.4. Larger stellar masses increase the retained dust column and produce red-monster-like systems with
Buv 2 —1.5, reaching Byy ~ —0.5 when radiative losses weaken large-scale driving.

Conclusions. The transition depends on whether clustered-supernova ejecta cross both the natal cloud and the galactic gas layer.
Supernova dust production, shock processing, radiative losses, and mechanical venting can jointly explain UV-bright dust-poor galaxies

©ESO 2026

and red dusty massive systems across 6 < z < 14.

h.GA] 21 Jul 2026

C.ll. Introduction

EJWST has allowed the identification of compact, UV-bright galax-
%ies at z > 10, with stellar masses of order M, =~ 108-10° M,
extremely blue UV-continuum slopes, approaching Syy < —2.4,
=——4nd dust-to-stellar mass ratios near or below log &, ~ —4 (Arra-
bal Haro et al.|2023} [Ziparo et al.| 2023} Ferrara et al.|[2025).
These so-called blue monsters require efficient removal of re-
«cently produced dust from the UV-emitting regions. Recent mod-
[N~els invoke porosity of the interstellar medium, dust-star geom-
< etry, radiative feedback, grain growth, and low-opacity super-
O)nova dust to connect nearly attenuation-free UV-bright systems
«lwith dusty high-redshift galaxies (Chevallard et al]2013}[Som!
'movigo et al.|2026; Burgarella et al.|2026} and references therein).
At similar epochs, JWST/NIRSpec spectroscopy has confirmed
(OEGS-z11-R0 at z = 11.452, the highest-redshift member of the
(\Jemerging red monster population, with stellar mass M, =~ 10°2—
L10%% M, and a red UV slope Syy = —0.68 + 0.30 (Rodighiero
.—let al.|2026)). In the attenuation-free model, radiation pressure dis-
><p1aces dust from central star-forming regions, linking red and blue
Emonsters through an obscured-to-cleared evolutionary sequence
(Ferrara et al.|2026). ALMA directly detects dust continuum in
MACS0416-Y1 at z = 8.312 (Bakx et al.|[2025)), while [O 1]

88 um detections in GHZ2 at z = 12.33 and JADES-GS-z14-0

at z = 14.1793 trace ionized gas and constrain the dust contin-
uum through upper limits (Zavala et al.|[2024; Schouws et al.
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2025)). At cosmic dawn, the high gas densities and pressures in
compact galaxies favor locally efficient star formation, with the
fraction of star formation in bound clusters, I', approaching unity
(e.g.|Vanzella et al.|2026; Menon & Smith[2026). Clustered su-
pernovae supply dust, then stellar winds and sequential shocks
reshape its grain-size distribution, and collective superbubble
flows transport it (Martinez-Gonzalez et al.|[2022).

Martinez-Gonzalez et al.| (2026), hereafter Paper I, showed
that cloud-scale mechanical blowout removes much of this dust
by combining 3D hydrodynamical survival yields with thin-shell
blowout scalings (Jiménez et al.| 2019} 2021). We now follow
the mechanically vented dust beyond the parent cloud and test
whether disk breakout carries it through the stratified gas layer
into the halo. Compact high-redshift disks provide large injection
rates per unit area, while gas-rich systems can retain thick con-
fining layers. We combine the disk-breakout thresholds of [Roy
et al.| (2013) with the cloud-scale retention model of |Paper Il and
compute the UV slope from the retained, shock-processed dust.

2. Model

We follow supernova dust through cloud-scale venting and disk
breakout in a compact, gas-rich galaxy. We then convert the dust
retained within the UV-attenuating layer into a UV-continuum
slope.
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Fig. 1. UV-continuum slope in (z, &,) for fy = 0.80, 07y = 75km s, tsn = 30 Myr, and R, (zr = 2.25) = 1.165kpc. Here &,, O gas» tsN,> and R
denote the cloud-scale star-formation efficiency, gas velocity dispersion, supernova-phase duration, and effective radius. Colors and dashed contours
give Suy. Panel a uses M, g = 10%° M,; panels b and c use 10°* M, with 99 per cent radiative loss in panel c. Blue and red regions indicate

efficient and inefficient dust venting. Markers show &, inferred from observed (z, Byy) values (Ziparo et al][2023} [Bunker et al.|2023}; [Finkelstein
et al.|2022; [Carniani et al.[2024}; [Rodighiero et al2026); colored rings show their Syy uncertainties.

Table 1. Fiducial disk quantities for M, g = 105> M, and pre-breakout
feas = 0.80. Here sSFR and SFR are the specific and galaxy-wide
star-formation rates; M, sn, Re, Zgas, and Hy,, are the stellar mass in
supernova-phase clusters, effective radius, gas surface density, and verti-
cal gas scale height. For M, g, = 10%* Mo, scale SFR and M, sx by 8.3,
R. by 1.6, Xy, by 3.2, and Hg,s by 0.31.

Z SSFR SFR __ M,» R Yen | Hom
Gyr™' Mgyyr! M, pc Mypc?  pc
6 4.10 1.30  3.89x 107 655.1 1.32x10° 315.1
8§ 731 231 6.93x107 542.6 1.93x10° 216.1
10 11.59 3.67 1.10 x 10% 466.8 2.60 x 10° 159.9
12 17.02 538 1.62x10% 411.8 3.34x10° 1245
14 23.66 748 224x10% 3699 4.14x10° 100.4

2.1. Cloud-scale mechanical blowout and dust retention

We use the cluster-scale formalism of A cluster of stel-
lar mass M, forms in a natal cloud of mass Mgy = My /&
and cloud-core radius R., where &, is the cloud-scale integrated
star-formation efficiency. The cloud solution defines the blowout
radius, where the swept-up shell ceases to be pressure-confined,
accelerates down the declining density gradient, and fragments,
opening channels for gas and dust (Jiménez et al.|2019} 2021).
Population averaging follows the truncated Schechter cluster mass
function and Weibull cloud-core radius distribution adopted in[Pa}
per 1. We adopt log &, = —2.67 for shock-processed supernova-
condensed dust from the clustered-supernova simulations of
[Martinez-Gonzalez et al.| (2022), which include thermal sput-
tering, dust-induced cooling, shocked stellar winds in remnant
cavities, and secondary shocks (Martinez-Gonzalez et al.[|2018).
Grain growth is followed but excluded from &, because seed
grains are likely scarce at the highest redshifts. For each stellar
cluster, fimech(Mgasc1, Re) is the fraction of supernovae exploding
beyond the blowout radius. Cloud-scale mechanical blowout then
leaves

fdcl zé‘:d,O (1 _fmech)’ (1)

where fiech 1s evaluated from the blowout scalings.
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2.2. Disk breakout and coalesced superbubbles

After cloud-scale mechanical blowout, dust carried by a stellar-
cluster superbubble reaches the halo through disk breakout only
if the superbubble crosses the vertical scale height, Hg,s, at su-
personic speed (Roy et al.|2013). Disk breakout occurs when the
swept-up shell reaches Hg,s before stalling; it then accelerates
into the declining density profile, fragments, and opens a channel
for hot gas (Tenorio-Tagle & Muiioz-Tundn|[1997, [1998)); oth-
erwise, the superbubble remains confined within the gas layer.
Breakout leaves low-column holes (Jiménez et al.|[2024) and
transports surviving grains out of the disk. For a stellar cluster of
mass Mgc, we assign a constant mechanical luminosity over the

supernova phase, following (2013),

Esn IsN
105 erg)\5 x 107 yr

Here nsy = 1/(95.5 My,) is the number of core-collapse su-
pernovae per unit stellar mass for a Kroupa initial mass func-
tion over 0.01-120 Mo, with progenitors above 8 M
[2001). We adopt sy = 30 Myr from low-metallicity massive-
star tracks (Szécsi et al.[2022). From a canonical 10°! erg per
supernova, Esy = 5 x 10% erg drives the large-scale flow af-
ter ~ 95 per cent radiative loss at the dense cluster-wind shell,
where no Sedov-Taylor phase ever develops (Martinez-Gonzalez

let al.|2019,2022). Disk breakout requires both the mechanical-

luminosity and supernova-phase star-formation surface densities
to exceed the thresholds of 2013)),

Lsc

2
nH g,

-1
Lsc = 6.3 % 1035773NMSC( ) ergs™l. (2)

M.
+SN > 0.1 Mg yr kpc™2.
ﬂRetSN

>10™ erg cm™? sfl,

3

Here M, gy is the total stellar mass in clusters undergoing the
supernova phase, given by the galaxy stellar mass formed over fgn
at the specific star-formation rate (sSFR), and R, is the effective
radius (Sect.23).

Superbubbles may overlap before reaching H,,s. We estimate
their interaction distance following [Silich et al.| (2002),

1/5
L

Ry, = 267pc(< 38>)
ng

3/5
SN,7°

dine = 2 min(Ryp, 7_(gas)’ 4)

where (Lsg) = Lsc((Msc))/(10* ergs™), 1sn7 = 15n/107 yr, and
no is the midplane gas density. Here (Mgc) = 1.57 X 10° M, is
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the mass-weighted mean of the cluster mass function adopted
in |Paper 1, and Ry, is evaluated at r = rgN. The central overlap
parameter is

2
nd My sn
o =

 2mrX(Msc) ©)

where ry = R./1.678 is the exponential scale length. Overlapping
bubbles form a coalesced complex with the collective mechani-
cal luminosity of their parent clusters. Disk breakout yields the

channel-opening fractions, fg?g . for individual superbubbles and

lfr‘égk for coalesced complexes. Combining cloud-scale mechani-
cal blowout with disk breakout gives the retained dust-to-stellar

mass ratio for each case:
fdx = é:d,O (1 - fmechf]freak) P (6)

Thus, the retained component comprises dust for which cloud-
scale blowout fails and dust that undergoes cloud-scale blowout
but subsequently fails to escape through disk breakout. The
galaxy-averaged dust-to-stellar mass ratio retained within the
UV-attenuating layer is then

EDga = (1 = feon) (€aing) + Jeonlacon)- (7

Here f.oy is the fraction of stellar clusters experiencing their super-
nova phase in coalesced regions, and the brackets denote averages
over the cluster mass and cloud-core radius distributions. The
cloud-scale blowout model yielded dust-to-stellar mass ratios con-
sistent with the log &; ~ —4 values inferred for spectroscopically
confirmed blue monsters (Fig. 2 of |Paper I).

x € {ind, coll}.

2.3. Redshift-dependent disk structure

We evaluate the breakout quantities for a compact, gas-rich galaxy
with My ga1 = 1083 My, the geometric mean of the blue-monster
mass range, and a pre-breakout gas fraction f,,s = 0.80, chosen to
represent the larger gas reservoir before venting; the fy.s ~ 0.68
inferred for GL-z11 and GL-z13 provides a post-breakout ref-
erence (Ziparo et al.[2023)). Following the 10-Myr high-redshift
star-forming main sequence measured over 3 < z < 9 by [Sim/{
monds et al.| (2025), we adopt

*,gal

1010 M,

0.02
sSFR = 0.05( ) (1 + 2> Gyr ™. (8)

The stellar mass in clusters transiting the supernova phase is
My sn = fsnMy gal, With fsn = min(sSFR 7y, 1). We extrapolate
this relation beyond z = 9. Its extension to z = 14 spans =~ 250
Myr, or =~ 175 Myr from z = l The effective radius is anchored
at Zeer = 2.25 with Re(zrer) = 1.165 kpc, following the late-type
normalization and redshift trend of van der Wel et al.| (2014)). We
use

1 -0.75
R.(2) = Re(Zref) ( 1 ++sz) . )

We extrapolate this late-type relation beyond its 0 < z < 3
calibration range. It agrees with R, o (1 + z)~%71*0-1% inferred
from JWST data to z ~ 8 (Ormerod et al.[2024) and gives R, =

0.37-0.66 kpc over 6 < z < 14, consistent with sub-kpc sizes
at 5 < z < 14 (Morishita et al.||2024). The galaxy gas mass is

! Cosmic ages assume a flat ACDM cosmology with H, =
67.66 kms™! Mpc™!, Q,, = 0.3111, and Q, = 0.6889 (Planck Col
laboration et al.|2020).

Mg 001 = frasMx gal/ (1 — faas). The gas surface density, vertical
scale height, and midplane density are

2

o Zgas
Heas(2) = ——, g = ———.
& T ngas 2,uH"np Wgas

M, gas,gal
b
2mr?

z:gas (@) = (10)

Here uy = 14/11, m,, is the proton mass, and gss = 75 kms™ is

the gas velocity dispersion adopted for vertical support, consis-
tent with the 53—100km s~! range inferred for luminous z ~ 14
galaxies (Carniani et al.|[2024). The resulting disk properties are
listed in Table[I] A disk configuration provides an idealized strat-
ification length and breakout condition applicable to exponential
gas layers and stratified spheroids. Irregularity and clumpiness
should increase the scatter in dust retention: low-density channels
favor earlier breakout; dense clumps delay expansion locally (Roy
et al.[2013; Jiménez et al.|2019, [2021)).

2.4. UV-continuum slope

Because grain-size evolution can strongly affect the UV slopes of
early galaxies (Narayanan et al.[2025)), we compute the absorption
opacity, kaps(4), from the grain-size distribution evolved through
multiple sequential shocks in the clustered-supernova simula-
tions of Martinez-Gonzalez et al.| (2022). We adopt an equal
graphite-silicate mixture, fgm = fi = 0.5, using the graphite
and astronomical-silicate optical constants of Draine| (1985), with
Pora = 2.26gcm™ and pg; = 3.3 gcem™3. The resulting mass-
weighted opacity is kaps(1600 A) = 1.45%10% cm? g~!. Over 1250~
2600 A, it is well described by kaps(4) o APov | with byy = —0.48,
and shows no pronounced 2175 A bump. Both the UV-opacity
normalization and spectral shape are direct predictions of the
evolved, post-shock grain population.

We identify the UV-attenuating region with the portion of the
galactic gas layer projected over a UV-emitting area, Ayy g =
JT(RUV,d)Z, and adopt Ryy 4 = 0.8R., motivated by simulated UV-
to-stellar size ratios at 6 < z < 10 for M, < 10° M, (Shen et al.
2024)). The attenuated continuum is

int

expl—kaps(DZauvl, (1)

A

L o | ——

ot (1600 Z\)
where Zguv = (€2)gaMx gal /Auv,q is the mean dust surface den-
sity within the UV-attenuating region. We adopt Si,, = —2.62
as the intrinsic dust-free UV-continuum slope, consistent with
the blue limit at z > 10.5 (Cullen et al.|2024). We obtain Byy
by fitting L, qps o< PV in log-log space over the Calzetti contin-
uum window, 1250-2600 A (Calzetti et al.|[1994). At fixed gas
mass, increasing gas compactness raises the density and radiative
losses; if star formation contracts with the gas, one expects the
clustered-supernova power to become more concentrated and the
path to breakout to shorten, setting a bimodality between efficient
venting and dust retention.

3. Results

From z = 6 to 14, H,, falls from 315.1 to 100.4 pc. At fs,
Ry, typically exceeds Hgys, so neighbouring cluster-driven bub-
bles overlap before reaching this height. Over the same redshift
range, the breakout fraction rises from 0.32 to 0.57 for individual
superbubbles and from 0.72 to unity for coalesced complexes.
shows how a plethora of UV colors arises from clustered-
supernova dust processing, with cloud-scale blowout setting the
retained dust fraction and disk breakout the fraction vented toward
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the halo. Each panel averages over 256 x 256 cloud-scale real-
izations in (M,, R.) at each point in the (z, £,) plane. In panel a,
systems with M, g = 103> M, enter the blue-monster regime at
high redshift and high &,, where Syv < —2.4 as dusty ejecta leave
the UV-attenuating gas layer. At lower &, more supernova dust
remains embedded in the disk, yielding Syy =~ —2 to —1.5. Panels
b and c raise M, g1 to 1094 M, the geometric mean of the EGS-
z11-R0 range (Rodighiero et al.|2026)). Atz = 11.452, the adopted
scaling gives SFR ~ 40.4 M yr~!, consistent with the inferred
10-40 M, yr~! range. Panel c further reduces the energy available
for large-scale driving to Esy = 1.0 x 10* erg, corresponding to
99 per cent radiative loss from repeated supernova impacts on
each cluster’s wind-driven shell. The larger retained dust column
produces a red-monster regime that extends over a wider range of
&, when less supernova energy is available for large-scale driv-
ing. These systems reach Syy ~ —1.5 to —0.5, encompassing the
red-monster-like regime and EGS-z11-RO (Byy = —0.68 + 0.30;
Rodighiero et al.|2026).

The resulting Syv traces attenuation by the retained dust
column along UV-emitting sightlines. Dust—star geometry and
redistribution make attenuation degenerate with total dust con-
tent (Sommovigo et al.|2025). The retained dust mass is My =
(€a)gatM 4 ga1. Far-infrared predictions require the distribution,
opacity, temperature, and radiative transfer of dust beyond this
layer; ALMA detectability thus depends jointly on dust con-
tent and extent (Ferrara et al.|2025)). The attenuation-free model
uses super-Eddington radiation-driven outflows to move dust to
large radii and derives Byy from visual attenuation (Ferrara et al.
2026); our model follows cloud-scale blowout across the cluster
population and breakout by individual and coalesced superbub-
bles, with Byy set by the opacity of retained, shock-processed
dust. Radiative and mechanical feedback can coexist, with radi-
ation pre-clearing channels and enhancing mechanical venting
(Martinez-Gonzalez et al.|[2026; |Menon & Smith|[2026)).

In the attenuation-free model, EGS-z11-R0 and blue monsters
form an obscured-to-cleared sequence, whereas their separation
in our calculations is set by mechanical-venting efficiency. At
cloud scale, a galaxy can host clusters spanning strong dust re-
tention to efficient blowout; its integrated UV slope reflects their
population-weighted balance, supporting coexistence of red- and
blue-monster regimes. The Cosmic Gems galaxy illustrates that
a cluster-dominated system with I' ~ 1 can host radiative and
mechanical feedback within the same brief evolutionary phase
(Vanzella et al.[2026), making it challenging to determine which
mechanism dominates dust transport out of the UV-attenuating
layer. In all cases, toward z ~ 67, larger gas scale heights and
lower mechanical-power surface densities suppress disk break-
out, allowing these systems to retain larger dust columns. Me-
chanically compressed supershells may then promote rapid grain
growth in dense gas (Martinez-Gonzalez et al.|2021), contributing
to the higher dust contents of ALMA-detected galaxies (Inami
et al.||2022; |Sommovigo et al.|2022; |[Ferrara et al.2022; Som+
movigo et al.|2026).

4. Conclusions

We developed a two-stage supernova dust-venting framework
that unifies blue and red monsters within a cluster-dominated
mechanical picture (I' ~ 1). Dust condenses and is processed
inside natal clouds, after which clustered supernovae entrain the
surviving grains in hot superbubble flows. UV colors are set by
the dust remaining within the galactic gas layer after cloud-scale
blowout and disk breakout. The UV-opacity normalization fol-
lows directly from the grain-size distribution evolved through
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multiple sequential shocks. Fiducial 108> M, systems reach the
blue-monster regime when high £, and compact gas layers enable
efficient dust removal, yielding log(£;)ea1 < —4 and UV slopes
near the dust-free blue limit. Systems with 10%# M, retain larger
dust columns and produce Byy =~ —1.5 to —0.5, comparable to
red-monster-like systems. This bimodality reflects mechanical
retention. Efficient blowout and breakout remove dusty ejecta
from the attenuating layer, producing blue UV continua. Larger
stellar mass, lower cloud-scale star formation efficiency, stronger
radiative losses, and turbulent support through a larger Hg, re-
tain more supernova-condensed dust in the disk, producing redder
slopes. At z ~ 6-7, grain growth in mechanically compressed
dense gas may supplement the retained supernova dust, strength-
ening the connection with dusty massive ALMA galaxies.
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