
MNRAS 520, 2445–2450 (2023) https://doi.org/10.1093/mnras/stad125 
Advance Access publication 2023 January 14 

Blue monsters. Why are JWST super-early, massi v e galaxies so blue? 
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A B S T R A C T 

The recent James Webb Space Telescope tentative discovery of a population of super-early (redshift z > 10), relatively massive 
(stellar mass M ∗ = 10 

8 –10 

9 M �) and evolved (metallicity Z ≈ 0.1 Z �) galaxies, which nevertheless show blue ( β � −2.6) spectra, 
and very small dust attenuation ( A V 

� 0.02), challenges our interpretation of these systems. To solve the puzzle, we propose 
two solutions in which dust is either (a) ejected by radiation pressure, or (b) se gre gated with respect to UV-emitting regions. We 
clarify the conditions for which the two scenarios apply, and show that they can be discriminated by ALMA observations, such 

as the recent non-detection of the 88 μm dust continuum in GHZ2 ( z � 12) fa v ouring dust ejection. 

Key words: dust, extinction; galaxies: evolution; galaxies: formation; galaxies: high-redshift. 
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 I N T RO D U C T I O N  

he James Webb Space Telescope ( JWST ) has already unveiled tens
f bright ( M UV ∼ −21), massive and blue galaxy candidates at 
nprecedentedly high redshift ( z > 10; see Adams et al. 2022 ; Atek
t al. 2022 ; Castellano et al. 2022 ; Donnan et al. 2022 ; Finkelstein
t al. 2022 ; Furtak et al. 2022 ; Harikane et al. 2022 ; Naidu et al.
022a ; Santini et al. 2022 ; Whitler et al. 2022 ). Even more strikingly,
indhorst et al. ( 2022 ) and Yan et al. ( 2022 ) reported the detection

f ∼20 sources potentially located at z > 11, some of which show
xtremely bright M UV � −23. The first spectroscopically confirmed 
alaxies (4) around z ∼ 11.5 have been reported by Robertson 
t al. ( 2022 ). For these sources, the photometric and spectroscopic
edshifts only differ by ≤ 3 per cent , which is very promising for
he numerous other JWST -detected candidates with photometric z ≥
0. The unexpected abundance of such super-early ‘blue monsters’ 
s challenging the predicting power of standard theoretical models 
Dayal et al. 2014 , 2022 ; Behroozi et al. 2020 ; Boylan-Kolchin 2022 ;
o v ell et al. 2022 ; Mason, Trenti & Treu 2022 ). 
Thanks to JWST new data, it has become possible to extend UV

uminosity function (LF) studies up to z � 14. Naidu et al. ( 2022a ) a
dDonnan et al. ( 2022 ) find a minimal evolution of the bright end of
he UV LF between z = 7 and 14. These results are in contrast with
he extrapolation of z � 7 LFs (Bouwens et al. 2016 ), which would
redict a sharp drop in the number density of sources at M UV � −21.
Such discrepancy can be reconciled in at least two alternative ways. 

he first solution invokes a much higher star formation efficiency ( ε∗
 0.1–0.3; Inayoshi et al. 2022 ; Mason et al. 2022 ) with respect to

ower z systems. This would imply that JWST is probing relatively 
mall, and thus abundant, halos ( M h � 10 9 –10 10 M �), featuring
urprisingly large stellar masses. 

A possibly simpler hypothesis is that galaxies at z > 10 are
ssentially unattenuated by dust (Ferrara, Pallottini & Dayal 022a ). 
ndeed, a drastic drop in the dust optical depth results in much brighter
alaxies, virtually compensating for the lower abundance of their host 
alos. 
 E-mail: francesco.ziparo@sns.it 
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As already hinted, most of the observed sources at z � 10 (Adams
t al. 2022 ; Atek et al. 2022 ; Castellano et al. 2022 ; Finkelstein et al.
022 ; Naidu et al. 2022a ) are characterized by blue UV slopes, in the
ange −2.0 � β � −2.6. At face value, this evidence supports the
ypothesis that early galaxies suffer very little obscuration. Indeed, 
rom the SED-fitting analysis of 15 gravitationally lensed z = 10–16
alaxies behind the galaxy cluster SMACS J0723.3 −7327, Furtak 
t al. ( 2022 ) found an upper limit to dust attenuation of A V < 0.02. 

On the other hand, most JWST -detected galaxies appear to be
elati vely massi ve ( M ∗ = 10 8 −10 9 M �), and metal-enriched as
ndicated by their (a) blue ( β � −2.6), but not ultrablue 1 ( β �

3) UV spectral slopes (Cullen et al. 2022 ; Finkelstein et al. 2022 ;
urtak et al. 2022 ; Naidu et al. 2022a ; Topping et al. 2022a ); (b) low,
ut not primordial metallicities, Z � 0 . 1 Z � (Furtak et al. 2022 ). 

These two sets of evidences seem to point in opposite directions.
hile from the high stellar mass/moderate metallicity one would 

xpect a consistently high dust content, the extremely low dust 
ptical depth (e.g. A V ≈ 0.01) implies either very low dust content
r attenuation. 
Here we propose two alternative solutions to reconcile the above 

ension: (a) dust ejection by radiation pressure, or (b) dust spatial
e gre gation with respect to the UV-emitting regions. These two
cenarios carry very different implications for the FIR continuum 

mission that can be tested with ALMA observations. 

 PRELI MI NARY  C O N S I D E R AT I O N S  

he JWST disco v ery of a large number of super-early, massiv e
alaxies at z > 10 represents a theoretical challenge for most structure
ormation models. A possible solution (Ferrara et al. 2022a ) involves
n extremely low attenuation of UV light by dust in these systems that
lmost exactly compensates for the increasing shortage of their host 
alos, and keeps their observed abundance constant with redshift. 
 A moderately red β slope can be produced by either dust attenuation or 
ebular emission even starting from a metal-free (Pop III), very blue stellar 
opulation, see Bouwens et al. ( 2010 ). 
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Figure 1. Dust attenuation, A V , as a function of redshift for JWST -detected 
galaxies ( z > 9.5; Adams et al. 2022 ; Castellano et al. 2022 ; Finkelstein 
et al. 2022 ; Furtak et al. 2022 ; Naidu et al. 2 022a ; Robertson et al. 2022 ; 
Topping et al. 2022b ) compared to ALMA and HST-detected galaxies from 

the REBELS surv e y ( z ∼ 7, see: Bouwens et al. 2022 ). JWST -detected 
galaxies are colour-coded according to their SFR surface density � SFR 

(when available). We also show the two z > 10 JWST -detected sources from 

Rodighiero et al. ( 2022 ), which feature surprisingly large A V (their log � SFR 

values are also shown). The blue dashed curve shows the best-fitting A V –z 

relation at z > 9.5; the solid one represents the mean A V for ALMA-detected 
REBELS galaxies inferred by consistently modelling both their UV and 
FIR emission (Ferrara et al. 022b ). For comparison, also shown are the A V 

values for the same galaxies derived from UV-to-NIR SED fitting only, and 
assuming either a constant (empty squares; Stefanon et al. in preparation) or 
non-parametric (grey squares; Topping et al. 2022a ) star formation history. 
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Importantly, this hypothesis is supported by the surprisingly little
ttenuation, and frequent blue colours of these objects (Furtak et al.
022 ). F or e xample, Maisie’s galaxy at z ≈ 12 (Finkelstein et al.
022 ) has A V = 0.06; SMACS-z12a ( z = 12.03) has extremely steep
V spectral slope, β = −2.71 (Atek et al. 2022 ). GHZ2 ( z = 12.35)

hows a very blue slope β = −3.00 ± 0.12 (Castellano et al. 2022 ;
antini et al. 2022 ) based on the updated photometry based on the

atest NIRCam calibration files; this value is in contrast with the one
nitially inferred by Bakx et al. (( 2022 ) for the same source (there
eferred to as GL −z13 as in Naidu et al. 2022a ) β = −2.4 ± 0.13.
n the rest of the work, we show the predictions obtained for both
alues of β inferred for this source. Even more surprisingly, the
alaxy 10234 at z = 11.49 (Adams et al. 2022 ) is the bluest with a β
−3.35, which is even reminiscent of peculiar stellar populations. 2 

Such decreasing trend of A V with redshift is clearly seen in Fig. 1 ,
here we have also collected, for comparison, data at z ≈ 7 from

he ALMA Large Program REBELS (Bouwens et al. 2022 ). Where
v ailable, we sho w A V obtained from SED fitting (Finkelstein et al.
022 ; Furtak et al. 2022 ; Topping et al. 2022b ). For the other sources,
e derive the dust attenuation from the observed UV slope using the

tandard relation A V = 0.41 τ 1500 (assuming MW dust; Ferrara et al.
NRAS 520, 2445–2450 (2023) 

 We warn that at least some of these extremely blue values might be spuriously 
roduced by an observational bias, pushing measurements towards artificially 
lue β values for faint sources near the detection threshold (Cullen et al. 2022 ). 
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A
t

022b ), where τ 1500 � ( β − β int ) in the optically-thin limit. We
ssume an intrinsic UV slope β int = −2.616 (Reddy et al. 2018 ); in
he few cases where β < β int , we assign an upper limit for A V ∼
.005 (which corresponds to the lowest value measured in z > 10
WST -detected galaxies; see Furtak et al. 2022 ). 

Although a decreasing dust content could be expected at early
pochs as a result of the lower cosmic stellar mass 3 density, �∗( z =
) ≈ 10 −3 �∗( z = 0) (Song et al. 2016 ), the result remains puzzling.
A simple calculation serves to illustrate the problem. To fix ideas,

onsider the galaxies GHZ2/GLz13 and GLz11 (Naidu et al. 2022a ;
astellano et al. 2022 ), whose mean stellar mass is M ∗ = 10 9.2 M �. If
SN = (52.89M �) −1 supernovae (SNe) are produced per stellar mass
ormed, assuming a Salpeter 1–100 M � initial mass function, and
ach of them yields y d � 0.1M � of dust (Ferrara et al. 2022b ), then
e would expect a dust mass M d � 3 × 10 6 M � to be present in the

ystem. 4 This corresponds to a dust-to-stellar mass ratio of � 1/529,
bout a factor of ≈2 times larger than in the Milky Way (MW). 

By further assuming that ≈10 per cent of the baryonic fraction,
 b = �b / �m 

, of their halos ( M ≈ 10 11.3 M �; Ferrara et al. 2022a )
ools in the disc, we find a gas-to-stellar ratio of M g / M ∗ = 2.1. This
orresponds to a gas fraction f g = M g /( M g + M ∗) = 0.68, and a dust-
o-gas ratio D ≈ 0.001, i.e. six times lower than in the MW. As R ́emy-
uyer et al. ( 2014 ) have shown that D ∝ D MW 

( Z / Z �) in the range 0.1
 Z / Z � < 0.5 expected for JWST galaxy candidates (Tacchella et al.

022 ; Curti et al. 2023 ), D = 0.001 is a reasonable choice. Although
ncertain, in the following, we will use these values for f g and D as
n educated guess for the super-early galaxy population. 

Assuming a spherical system with an ef fecti ve radius r e , the dust
ptical depth at 1500 Å is 

1500 = 

σ1500 

4 πr 2 e m p D �
M d , (1) 

here σ 1500 = 1.3 × 10 −21 ( D / D �) is the dust extinction cross section,
 p is the proton mass, and D � = 1/162 is the MW dust-to-gas ratio.
quation ( 1 ) numerically yields 

1500 � 6 . 25 

(
M d 

3 × 10 6 M �

)(
kpc 

r e 

)2 

. (2) 

s at these high redshifts r e ≈ 0.5 kpc for a galaxy with stellar mass
 ∗ ≈ 10 9 M � (Adams et al. 2022 ; Pallottini et al. 2022 ), the abo v e

alculations show that we should expect these massive galaxies to
e heavily obscured, i.e. τ 1500 ≈ 25. How do we o v ercome this
pparently conflicting result? There are two possibilities that we will
xplore in sequence in the next two sections. 

The first solution is that the dust produced by the SNe on very short
ime-scales (typically, 5–10 Myr after the onset of the star formation
ctivity) is ejected into the intergalactic medium at a rate exceeding
ts production rate. Evacuation can take place, for example, via the
trong radiation pressure e x erted by the observed UV-emitting stars.
f course, it is necessary to clarify if and under what conditions such
rocess can ef fecti vely work. 
An alternativ e e xplanation involv es spatial se gre gation between

he UV-emitting regions and the dust. This UV-dust continuum
isplacement is relatively common in lower redshift ( z ≈ 6–7)
alaxies, as shown by a number of observations and models (Bowler
 Stars, and in particular SNe (Todini & Ferrara 2001 ), are the main dust 
actories for cosmic ages � 1 Gyr. 
 Note that this argument neglects dust growth in the interstellar medium. 
lthough likely negligible (Ferrara, Viti & Ceccarelli 2016 ), the abo v e value 

hen represents a strong lower limit on y d . 

art/stad125_f1.eps


Super-early blue galaxies 2447 

e  

2  

r  

e

c
t
e  

o  

t
q

3

W  

d
T

p

w
(  

5  

(  

m

p

w  

d
 

g  

1  

a
(

�

P
2

F  

i  

t  

l
a  

n
 

o

0

 

I
λ  

5

6

I
7

o
a
d

Figure 2. Eddington ratio, λE ≡ p r / p g , as a function of � SFR . Curves 
corresponds to different κs values, as indicated. Outflows develop in the grey 
region where λE > 1. Red dots mark the locus τ 1500 = 1, which maximizes 
λE . The grey dotted line separates optically thin/thick regimes. 
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t al. 2018 ; Carniani et al. 2018 ; Cochrane et al. 2019 ; Zanella et al.
021 ; Inami et al. 2022 ). In this case, the freshly produced dust
emains in the system, but it only marginally attenuates the UV light
mitted by stars. 

Remarkably, these two scenarios make distinct predictions con- 
erning the dust continuum luminosity of the JWST -detected galaxies 
ypically measured at 158- μm restframe wavelength. While ejection 
ntails a very low F 158 flux, due to the lack of significant amounts
f dust in the galaxy, the spatial se gre gation scenario predicts that
hese systems might be noticeable FIR emitters. In the following, we 
uantify these statements and provide further arguments. 

 DUST  E J E C T I O N  SCENARIO  

e explore the possibility that dust is ejected via a galactic outflow
riven by UV radiation pressure on grains, 5 assuming a disc galaxy. 
he radiation pressure is given by 

 r = (1 − e −τ1500 ) 
F bol 

c 
, (3) 

here c is the speed of light. Following Ferrara et al. 
 2019 ), we write the bolometric flux 6 (erg cm 

−2 s −1 ) as F bol =
 � SFR [ M �yr −1 kpc −2 ], 7 where � SFR is the disc star formation rate
SFR) per unit area. The gravitational pressure of the gas at the disc
id-plane is instead 

 g = 

π

2 
G 

� 

2 
g 

f g 
, (4) 

here G is the gravitational constant, and � g is the gas surface
ensity. 
To drive an outflow, the radiation pressure must o v ercome the

ravity pressure. By imposing that the Eddington ratio, λE = p r / p g >
, we then derive the necessary condition for an outflow to develop as
 function of � SFR , and burstiness parameter, κ s , implicitly defined 
Ferrara et al. 2019 ) by the following expression: 

 SFR = 10 −12 κs � g 
1 . 4 . (5) 

hysically, κ s quantifies deviations from the local (Heiderman et al. 
010 ) Kennicutt–Schmidt relation. 
The behavior of λE with � SFR for various κ s values is shown in 

ig. 2 . The grey area identifies the region of the parameter space
n which an outflow is expected ( λE > 1). Independently of � SFR ,
here is a limiting v alue, κ� 

s � 3 . 3, belo w which outflows cannot be
aunched. This is obtained by imposing λ = 1, and solving for � SFR 

nd k s . A solution al w ays exists for k s > 3.3; below that threshold,
o solution can be found. 
By combining equations ( 3 ) and ( 4 ), we find that outflows can

ccur, for κs > κ� 
s and D = 0.001, in the � SFR range 

 . 32 κ−5 / 2 
s ≤ � SFR ≤ 4 . 3 × 10 −3 κ10 / 3 

s . (6) 

The trend of the Eddington ratio can be understood as follows.
n the optically thin regime, p r ∼ τ 1500 � SFR ∼ � g � SFR ; hence, 

E ∼ � 

2 / 7 
SFR , having used the KS relation (equation 5 ). In the optically
 We assume perfect dynamical coupling between dust and gas. 
 This expression is valid for a stellar population with a 1–100 M � Salpeter 
MF, Z = 0.5 Z � at an age of 10 Myr. 
 This relation implies a number of ionizing photons per unit SFR, N i = 10 53.4 , 
btained from the population synthesis code STARBURST99 by assuming an 
verage age of 100 Myr, and a standard Salpeter IMF. In the metallicity range 
iscussed in Section 2 , N i can vary within a factor < 3. 

 

B  

r

�

8

o

hick regime ( τ 1500 � 1), it is instead λE ∼ � 

−3 / 7 
SFR . Thus, λE has a

aximum located at τ 1500 ≈ 1, depicted by the red dots in Fig. 2 . 
The condition λE > 1 is not sufficient to guarantee that dust is fully

 v acuated. To complete the dust clearing process, the dust ejection
ate �̇ w must exceed the dust production rate �̇ π . In the super-
ddington regime ( p r > p g ), the radiation pressure accelerates the
as to a velocity v (perpendicular to the disc) given by momentum
onservation: 

 g 
d v 

d t 
= p r − p g . (7) 

he gas velocity at the disc scaleheight H is then 

 ∞ 

= 

√ 

2 H 

� g 
( p r − p g ) , (8) 

ith a gas outflow rate, �̇ g , given by 

˙
 g v ∞ 

= ( p r − p g ) , (9) 

hile the gas scale height can be expressed as 

 = 

σ 2 

πG� 

(10) 

here σ is the turbulent r.m.s. velocity dispersion, which is related 
o the SFR by σ = � SFR / ζ 2 , with ζ = 0.041(1 + z) 3/2 f g , representing
he rotational frequency of a galaxy hosted by a dark matter halo of

ass M h (Ferrara, in preparation). 
Finally, � = � g / f g is the total (gas + stars) mass surface density.

y combining the last two expressions, we obtain the dust ejection
ate 8 

˙
 w = 

1 
v ∞ 

� g 
D. (11) 
MNRAS 520, 2445–2450 (2023) 

2 H 

 As �̇ w ∝ D, the normalization of the curves in Fig. 3 may vary by a factor 
f ≈3 due to uncertainties in metallicity measurements. 
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Figure 3. Dust outflow rate, �̇ w , as a function of � SFR for z = 11.5, assuming 
y d = 0.1 M �. Shown are two curves corresponding to κs = (10, 31.6) for 
which radiati vely-dri ven outflo ws can occur in the displayed � SFR range. 
When the curves are located in the ‘dust clearing’ region, the dust ejection 
rate is faster than the production rate (red curve) and the galaxy is cleared; 
in the opposite case (white region) dust accumulates as a result of a too 
slow ejection rate. Shown for comparison, arbitrarily assuming κs = 31.6 
appropriate for the starburst nature of these galaxies, are the almost dust-free 
z > 10 candidates reported by Furtak et al. ( 2022 ) (cyan points), and the 
obscured ( A V = 2.5) galaxy by Rodighiero et al. ( 2022 ) at z = 12.1 (orange), 
for which an ef fecti ve radius of 0.5 kpc has been assumed to compute � SFR . 
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9 Naidu et al. ( 2022b ) and Zavala et al. ( 2022 ) presented similar cases in which 
an extremely high redshift ( z ∼ 12–17) candidate has a second interpretation 
with a lower redshift ( z = 5) solution. 
10 The presence of a maximum value for I m 

in an optically-thin medium has 
a straightforward physical explanation. F IR , and thus I m 

, can be increased by 
raising either the dust temperature, T d , or mass, M d . Ho we ver, increasing T d 
requires a larger A V , which is excluded in an optically-thin medium. Raising 
M d while keeping A V low is possible, but it implies pushing T d progressively 
closer to the CMB temperature. This prevents F IR , and thus I m 

, to increase 
indefinitely. Hence, I m 

> I ∗m 

values can only be attained in a multi-phase 
ISM, where UV and IR emission are essentially decoupled. This is the case 
of spatially se gre gated sources. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/2/2445/6987694 by U
niversità degli Studi di Bologna user on 28 June 2024
he dust production rate can be derived from the SFR surface density
s 

˙
 π = y d νSN � SFR . (12) 

In principle, two mechanisms can destroy dust. These are as
ollows: (a) destruction by the reverse shock processing the SN
jecta; (b) destruction of pre-existing ISM dust by the SN shock.
e implicitly account for (a) by adopting a dust net yield/SN of

 d = 0.1 M �, corresponding to the destruction of ∼90 per cent of
he dust freshly produced by the SN (Le ́sniewska & Michałowski
019 ; Matsuura et al. 2019 ; Slavin et al. 2020 ). For simplicity,
o we ver, we do not include the effects of (b). Neglecting this effect
s a conserv ati ve assumption, as adding ISM dust destruction would
esult in a lower � SFR threshold for the dust clearing regime. Also,
ust destruction due to thermal sputtering is inefficient at T � 10 5 K.
s it is likely that only a small fraction of the galaxy volume is filled
ith hotter gas, this effect is expected to be small, as indeed recently

ound by Nath et al. ( 2022 ). 
Fig. 3 shows the outflow rate as a function of � SFR . The blue

purple) curve represents the case κ s = 10 ( κ s = 31.6). The dust
roduction rate (red curve) separates the two regimes of dust clearing
nd dust accumulation. In the clearing region (grey shaded area), the
ust ejection rate o v ercomes its production rate, and dust is efficiently
 v acuated into the circumgalactic medium. Outside that region, dust
jection becomes inefficient, and dust accumulates in the galaxy. 

The majority ( ∼ 60 per cent ) of JWST super-early sources show a
ery blue ( β < −2) UV slope, which might result from dust ejection.
s we have seen, ejection requires specific conditions highlighted
NRAS 520, 2445–2450 (2023) 
n Fig. 2 that might not be met by all high- z galaxies. Rodighiero
t al. ( 2022 ) studied a sample of very red galaxies ( A V ∼ 5) that are
etected in the F444 band, but missed in F200. Remarkably, they find
wo strongly dust-attenuated galaxies at z > 10, thus confirming that
ust accumulation is active also at these very early epochs. We warn
hat the identification of the observed break as a standard Lyman-
reak can be misintepreted as dusty star-forming lower redshift ( z <
) interlopers. 9 

 DUST  SPATIAL  S E G R E G AT I O N  SCENARIO  

e now discuss an alternative scenario to explain the low A V 

bserved in z � 10 galaxies, which involves the ‘spatial se gre gation’
f stellar (optical-to-UV) and dust continuum (infrared, IR) emitting
egions (Behrens et al. 2018 ; Sommovigo et al. 2020 , 2022 ; Dayal
t al. 2022 ; Ferrara et al. 2022b ; Pallottini et al. 2022 ). In this
cenario, the UV radiation mostly comes from the transparent diffuse
nterstellar medium (ISM), hosting either little or cold dust. The dust-
bscured SFR is instead located in giant molecular clouds (GMCs),
trongly emitting at IR wavelengths. 

Ferrara et al. ( 2022b ) introduced a quantitative measure of the ISM
orphology of the ISM, the molecular index I m 

. This is defined as 

 m 

= 

( F IR /F UV ) 

( β − βint ) 
, (13) 

here F IR ( F UV ) is the monochromatic flux at rest-frame 158 μm
1500 Å). For a single zone, optically-thin ISM, Ferrara et al. ( 022b )
btain an analytical expression for I m 

that shows a maximum 

10 at
 

∗
m 

� 1120. 
Under the assumption that the nearly dust-unattenuated super-

arly galaxies observed with JWST are spatially se gre gated systems
 I m 

> I ∗m 

), we can make a testable prediction on their F IR . Inverting
quation ( 13 ), from the observed F UV , we infer a lower limit to
heir F IR . This is shown in Fig. 4 . Thanks to the very high z of the
onsidered sources, their rest-frame 158 μm continuum emission is
edshifted at > 1 mm wavelengths, traced by the sensitive ( ≈13 μJy
n 1 h of observation) ALMA bands 3, 4, 5, and 6. We predict F IR >

 μJy for all of the considered sources with β > −2.616; thus, few
ours of observations with ALMA would suffice to test the validity
f the spatially se gre gated scenario. This is a noticeable example of
he leap forward in terms of high- z galaxies characterization that will
oon be possible thanks to ALMA and JWST synergy. For the sources
here the inferred UV slope is bluer than the assumed intrinsic one,

he previously described method to predict F IR cannot be applied. In
hese cases, ho we ver, we do expect an extremely low dust content,
nd thus negligible FIR emission, consistent with the dust ejection
cenario. 

Bakx et al. ( 2022 ) and Popping ( 2022 ) performed deep spectro-
copic and continuum ALMA observation of the z � 12 galaxy

art/stad125_f3.eps


Super-early blue galaxies 2449 

Figure 4. Predicted FIR continuum flux at rest-frame 158 μm as a function 
of the corresponding observed frequency νobs for the z > 9.5 galaxies detected 
so far with JWST (Atek et al. 2022 ; Finkelstein et al. 2022 ; Naidu et al. 2022a ; 
Robertson et al. 2022 ). The galaxies are colour-coded according to their � SFR 

as in Fig. 1 . The lower limits for F IR shown here are obtained as described in 
Section 4 , under the assumption of all the sources being spatially se gre gated. 
For sources with β < β int , an upper limit for F IR is fixed at the minimum value 
of the sample ( ∼6 μJy). The ALMA bands in which F IR would be measured 
are also shown, alongside the sensitivity reached with 1 h of observation. 
For GHZ2/GL −z13, we show the upper limit for the 158 μm continuum flux 
inferred by rescaling the 3 σ upper limit measured by Bakx et al. ( 2022 ) at 
rest-frame 88 μm (assuming T d = 50 K and MW dust). 
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HZ2/GL −z13 (Castellano et al. 2022 ; Naidu et al. 2022a ), search-
ng for [O III ] line emission at rest-frame 88 μm (see also Fujimoto
t al. 2022 ; Kaasinen et al. 2022 ; Yoon et al. 2022 ). They fail to detect
he 88 μm dust continuum emission from this source, obtaining a 3 σ
pper limit of < 13.8 μJy. 

Assuming a dust temperature of 50 K, we can rescale this value
o obtain an upper limit on the continuum flux at 158 μm, F IR <

 μJy (open orange star in Fig. 4 ). Such F IR value is × 6 smaller than
he lower limit ( F IR ≥ 12 μJy, orange star in Fig. 4 ) we predict for
his source when considering β = −2.4 (Bakx et al. 2022 ). We note
hat if we consider the most extreme β = −3 inferred by Castellano
t al. ( 2022 ) and Santini et al. ( 2022 ) for this same source, we can
nly provide a qualitative upper limit on F IR < 6 μJy, which is
onsistent with the ALMA non-detection. We interpret this result as 
n indication that this galaxy is dust-cleared by an outflow. 

As a final remark, the spatially se gre gated, multi-phase ISM sce-
ario is also disfa v oured by the very compact size of GHZ2/GL −z13
 ≈100 pc, Bakx et al. 2022 ). Further ALMA observations of the other
uper-early galaxies will make our prediction more robust. 

 SUMMARY  A N D  DISCUSSION  

o explain the puzzling evidence reported by JWST Early Release 
cience surv e ys for ‘blue monsters’, i.e. super-early ( z > 10), massiv e
alaxies showing very blue spectra ( β � −2.6) and dust attenuation 
 A V � 0.02), we have proposed two distinct scenarios. 
Dust ejection. In the first scenario, A V is small as a major fraction of
he dust content is ejected from the galaxy by UV radiation pressure
roduced by newly born, massive stars. This process requires that 
he galaxy is in a starburst phase ( κs > κ� 

s = 3 . 3), and that the dust
jection rate exceeds its production one by SN. Such condition is
hown in Fig. 3 . Galaxies with very large SFR surface density can
nstead accumulate dust and become significantly obscured, perhaps 
xplaining the recent detection of A V ≈ 5 galaxies in the same JWST
ata (Rodighiero et al. 2022 ). 
Dust spatial se gre gation. The alternative scenario involves a spatial 

e gre gation of dust (mostly located in opaque GMCs) with respect to
ransparent UV-emitting regions. This scenario can explain the blue 
pectra colours, and at the same time it makes it possible to predict
he FIR continuum emission from these sources using equation ( 13 ),
nce the slope β is known. 
Although both scenarios provide a physical explanation for the 

lue colours of the observed galaxies, they make distinct prediction 
oncerning the FIR dust continuum flux observed by, e.g. ALMA. 
f most of the dust is ejected in the circumgalactic medium, both
ts density and temperature drop dramatically, making its detection 
irtually impossible. On the other hand, the se gre gation scenario
hould result in (rest-frame) 158- μm fluxes F IR > 6 μJy for most
ources, which are detectable by ALMA in bands 3, 4, 5, and 6 in a
ew hours. 

Recently, Bakx et al. ( 2022 ) a ndPopping ( 2022 ) reported results
rom continuum ALMA observations towards GHZ2, one of the 
rightest and most robust candidates at z > 10, identified in the
LASS- JWST Early Release Science Program (Treu et al. 2022 ).
hey obtained an upper limit for the flux at (rest-frame) 88- μm flux
f 13 μJy. This non-detection fa v ours the ejection scenario, and it
mplies a stringent upper limit on the dust mass < 6.5 × 10 6 M �,
ssuming a dust temperature of 50 K. 

If the dust is indeed efficiently ejected during the starburst phase
f (some of) the super-early galaxies, such outflow might also carry a
ignificant fraction of the gas to which grains are likely to be tightly
ynamically coupled. These galaxies might then also retain a very 
imited amount of gas. This fact has two important consequences: 
a) the escape fraction of ionizing photons could be very high; and
b) the production of nebular lines can be highly suppressed. It is
hen tantalizing to interpret the non-detection of [O III ] 88- μm line in
HZ2/GL −z13 (Bakx et al. ( 2022 ) in this physical framework (see
ohandel et al. 2022 for a detailed discussion). Noticeably, Kaasinen 
t al. ( 2022 ) and Yoon et al. (2022) also attempted at observing the
O III ] 88- μm line for two JWST z > 10 galaxy candidates (HD1,
HZ1) without any success. 
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