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Abstract

The JWST discovery of a number of super-early (redshift z> 10) blue galaxies requires these systems to be
essentially dust free in spite of their large stellar masses. A possible explanation is that dust is evacuated by
radiatively driven outflows. We test this hypothesis by deriving the Eddington ratio λE= Lbol/LE, where Lbol is the
bolometric luminosity produced by star formation and possible black hole accretion, for 134 galaxies at
6.5< z< 16. We find a strong anticorrelation between λE and dust UV optical depth, ;E1500

0.63t lµ - also, λE
increases with redshift. We confirm that galaxies exceeding a specific star formation rate sSFR> 13 Gyr−1 develop
powerful outflows clearing the galaxy from its dust. This result is supported by ALMA dust continuum
nondetections in three super-early systems.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Galaxy evolution (594); Galaxy
formation (595)

1. Introduction

The first James Webb Space Telescope (JWST) images of the
distant universe are leading to tremendous progress in
our understanding of the earliest phases of galaxy evolution. Such
super-early (redshift z 10) galaxies show a large range
of UV luminosities (LUV= 1042–1046 erg s−1), stellar masses
(M*≈ 106−10Me), star formation rates (SFR= 0.1– 300Me yr−1),
and dust optical depths at rest-frame 1500Å, τ1500= 0–15
(Barrufet et al. 2022; Bradley et al. 2022; Castellano et al. 2022;
Curti et al. 2022; Finkelstein et al. 2022; Furtak et al. 2022;
Harikane et al. 2022; Leethochawalit et al. 2023; Naidu et al.
2022; Rodighiero et al. 2022; Topping et al. 2022; Trussler et al.
2022; Whitler et al. 2022; Adams et al. 2023).

Remarkably, though, their sizes are quite similar and
compact, with optical half-light radii, re, of just 0.1–0.5 kpc
(Ono et al. 2022; Yang et al. 2022). The corresponding high
radiation energy density from bright star-forming sites, and
possibly, accreting black holes (BHs), induces a strong
radiation pressure on dust and gas. Depending on the
Eddington ratio λE≡ Lbol/LE= (where Lbol is the bolometric
luminosity produced by star formation and any possible BH
accretion, LE is the Eddington luminosity) and dust-to-gas ratio,
D, radiation-driven dusty outflows might develop. Such
outflows remove gas and dust from the galaxy, temporarily
quenching its star formation until the next gas accretion event.
Dusty outflows have been widely studied in the literature, using
analytical, semiempirical, and numerical approaches (Ferrara
et al. 1990; Arav et al. 1994; Scoville et al. 2001; Murray et al.
2005; Thompson et al. 2005, 2015; Fabian et al. 2006, 2008;
Krumholz & Thompson 2012, 2013; Ricci et al. 2017). The
condition for the onset of the outflow can be expressed in terms
of an effective Eddington ratio for dust absorption, E

effl , where

the optical-UV dust extinction cross section, σd, substitutes the
Thomson one, σT, in the standard LE definition.
If dust is considered, the radiation pressure efficiency is

boosted by a factor A L L 10 10 ,a
2 3

T= » -t/ where La is the
absorbed luminosity for not fully ionized and dusty gas and L Tt
is the absorbed luminosity for a fully ionized gas (e.g., Fabian
et al. 2006, 2008). When AE E E

effl l l> = , radiation pressure
is capable of expelling dust and gas6 from the source. Dust
ejection by radiation pressure has been indeed invoked by
Ziparo et al. (2022) to explain the blue colors of z> 8 JWST
candidates.
In this Letter, we collect a sample of 134 galaxies at redshift

6.5< z< 16, calculate their Eddington ratio and compare it
with E

effl . We then interpret high-redshift galaxy observations in
the framework of the radiation-driven dusty outflow scenario,
expanding on the Ziparo et al. (2022) findings.

2. Sample Selection

We have collected from the recent literature extinction-
corrected UV luminosities, SFR, stellar masses, and extinction
properties (i.e., τ1500) for a sample of 134 galaxies at z> 6.5.
These quantities were computed in most cases by fitting the
optical and near-IR photometry with a spectral energy
distribution (SED) model using the BEAGLE tool (Chevallard
& Charlot 2016). In particular, we have used data from Barrufet
et al. (2022), Bradley et al. (2022), Castellano et al. (2022),
Curti et al. (2022), Finkelstein et al. (2022), Furtak et al.
(2022), Harikane et al. (2022), Leethochawalit et al. (2023),
Naidu et al. (2022), Rodighiero et al. (2022), Topping et al.
(2022), Trussler et al. (2022), and Whitler et al. (2022). We
complemented this JWST galaxy sample by the REBELS
(Bouwens et al. 2022) and CANDELS Lyα (Endsley et al.
2021) samples.
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6 We assume that dust and gas are strongly coupled by both Coulomb and
viscous drag forces.
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We use published UV luminosities (at 1500Å, L1500) when
available; in the other cases, these are obtained via the relation7

L1500= 2.2× 1043 (SFR/Me yr−1) [erg s−1], assuming a
Kroupa stellar IMF with constant SFR over 100Myr. We use
τ1500 when available, or obtain it from UV β slopes as
τ1500= β− βint, with βint= –2.616 (Reddy et al. 2018),
otherwise. From the definition LE= 4πGmp c M*/σT=
1.26× 1038(M*/Me) erg s

−1, we compute the Eddington ratio
as λE= Lbol/LE by further assuming a bolometric correction,
fbol= Lbol/L1500= 2, in agreement with the galaxy templates
used in the next section to evaluate the boost factor.

Figure 1 shows the cumulative and differential distributions
of M*, λE, and τ1500. All of them span 3–4 dex, a range much
larger than possible statistical and systematic errors, thus
describing intrinsic galaxy properties. The distributions follow
a power law at medium-high values but show a turnoff below a
certain threshold due to the sample incompleteness at low M*.

3. Dusty Outflows

We evaluate the boost factor A using CLOUDY (Ferland
et al. 2013) and Starburst99 (Leitherer et al. 1999) simulations.
We generate a large number of star-forming galaxy SEDs using
Starburst99,8 varying the SFR, stellar mass, metallicity, and
age. We then use Cloudy to compute A, following Fabian et al.
(2006). We found A in the range 450–600 for a 10–300Myr
starburst with SFR= 1–100Me yr−1, M* = 107−108Me,
metallicity Z= 0.6–3 Ze, and a Galactic dust-to-gas ratio
D= 1/162. A reduces by ∼40%–45% if a 30% lower D value
is adopted. Arakawa et al. (2022) calculate A for different dust
grain compositions and sizes, finding values within the above
ranges. At high optical depths, two additional competing
effects enter in the determination of A. On one side, A depends
linearly on the optical depth of the absorbing gas because gas
shells located beyond τ1500 1 are not subject to radiation
pressure. On the other side, in this regime, reprocessing of
infrared radiation may further boost outflows (Ishibashi et al.
2018). The latter effect may be relevant for the galaxies with
the highest densities (NH> 1023cm−2, τ1500> 50), for which
the infrared optical depth can exceed unity (Pallottini et al.
2017).

Sources in the outflow regime should be virtually dust free,
and hence characterized by a small AV, and blue UV spectral

slopes (β< –2). On the contrary, systems that are not in that
regime should be significantly attenuated by the dust produced
by their stars. To test this basic hypothesis, in Figure 2 we plot
τ1500 as a function of λE or the specific SFR (left panel) and the
fraction of sources with τ1500> 0.4 (corresponding to 1 mag
attenuation) as a function of λE (right panel).
The optical depth τ1500 decreases with λE following a power

law with index −0.63± 0.10; the Spearman rank correlation
coefficient is RSR= –0.53 for 132 degrees of freedom, with a
Student distribution t = 7.196, implying a 100% probability of
correlation. The correlation is even more significant (RSR=
−0.61) if we exclude four sources (the starred symbols in
Figure 2, left panel) for which Furtak et al. (2022) and Bradley
et al. (2022) claim a Balmer break with 4000 2 3 >( ) – . Such a
high 4000( ) value is unlikely at high z because the time to
grow such a Balmer break would be higher than the Hubble time
(e.g., Maraston 2005; Noll et al. 2009). We also note an abrupt
change in the fraction of obscured sources when crossing the

0.005E
effl » line. Such fraction decreases from 80% for

E E
effl l to ≈10% for larger values, where the outflow is

predicted to occur.
As a next step, we investigate the frequency of galaxies

developing a dusty outflow with redshift (Figure 3). From the
left panel, we see that the Eddington ratio λE increases with
redshift, implying that early galaxies present conditions more
favorable to the onset of radiation-driven outflows. The relation
has a slope of 2.1± 0.6, consistent with the Bouwens et al.
(2022) determination. The Spearman rank correlation coeffi-
cient is 0.242, and the probability of correlation is 99.74%.
Interestingly, the fraction of galaxies developing an outflow

according to the condition E E
effl l> also increases with

redshift, going from 20% at z< 8.5 to about 50% at
z= 8.5–16. Thus, we conclude that a large fraction of the
super-early galaxies detected by JWST are expected to have an
outflow that has essentially emptied these systems of their
interstellar medium.

4. Discussion

Despite early galaxies being complex systems, we have
shown here that their observable properties are shaped by
radiation-driven dusty outflows. Galaxies satisfying the outflow
condition E E

effl l> are much less extincted than galaxies with
lower λE. Moreover, the fraction of galaxies with E E

effl l> ,
and thus candidates for hosting powerful dusty outflows,
increases from about 20% at z= 6.5–8.5 to about 50% at

Figure 1. Stellar mass,M*; Eddington ratio, λE; and UV dust optical depth, τ1500; from normalized cumulative (black curves) and differential (red points) distributions
for our galaxy sample.

7 ned.ipac.caltech.edu/level5/Sept12/Calzetti/Calzetti1_2.html
8 https://www.stsci.edu/science/starburst99/docs/default.htm
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z= 8.5–16, confirming the sharp transition in galaxy properties
proposed by Ziparo et al. (2022) at z; 8 to explain the blue
colors of JWST-detected super-early galaxies. Because the
outflow occurs when the radiation pressure exceeds the
gravitational pressure, the outflow velocity is greater than
the escape velocity. Therefore, gas is inevitably lost from the
galaxy in this scenario (even if it remained loosely bound,
galaxies move, and thus gas would be stripped by ram
pressure). This conclusion is supported by the recent ALMA
dust continuum nondetections in three super-early galaxies
(Bakx et al. 2022; Kaasinen et al. 2022; Popping 2022; Yoon
et al. 2022). On the other hand, rejuvenation of the galaxy
occurs both if gas falls back into the galaxy, as in the
supernova-driven shock model by Nath et al. (2022), and by
cosmological accretion of gas, restarting the SF. In the former
case, obscuration is a transition phase, preceding and following
the blowout phase. In the latter case, the accretion rate for a
1011Me halo at z= 10 is ≈280Me yr−1. So, in 50–100Myr the
galaxy should return to a cosmological dark matter:baryon
ratio.

The physical interpretation of the above results is straight-
forward if we assume that the observed UV luminosity is
produced by star formation. First, recall that λE∝ Lbol/LE. As,
in addition, Lbol∝ SFR and LE∝M*, it turns out that
λE∝ SFR/M*≡ sSFR. Hence, the key parameter deciding
whether a galaxy develops an outflow is the specific SFR. The
outflow condition E E

effl l> simply translates into the condition
sSFR> sSFR* = 13 Gyr−1. It is interesting to note that the
SFR densities of the high-z galaxies are between a few
Me yr−1 kpc−2 and a few hundred Me yr−1 kpc−2 (assuming
spherical symmetry and radii of the order of 100 pc), thus
smaller than the Eddington-limited values in Diamond-Stanic

et al. (2021) and Perrotta et al. (2021) (a few thousand
Me yr−1 kpc−2).
It is useful to compare this specific SFR threshold with

the predictions of numerical simulations for early galaxies.
Pallottini et al. (2022; see their Figure 3) find that at
z≈ 8, sSFR; 100 Gyr−1 for young (tå 100Myr), small
(Må 108Me) galaxies and sSFR∼ 10 Gyr−1 for older
(tå 200Myr), more massive (Må 109Me) ones. Simulations
by Kannan et al. (2022; see their Figure 5) show that
sSFR≈ 10 Gyr−1 evolves very weakly from z= 8 to z= 15,
and it is independent of stellar mass. We note that these
simulations underpredict the abundance of luminous galaxies at
z> 10, so their sSFR might be underestimated. Behroozi et al.
(2019; their Figure 18) show that the average sSFR shows an
increasing trend independently of the galaxy halo mass for
z 4; interestingly, the curve crosses the sSFR* threshold at
z≈ 8. Finally, Bouwens et al. (2022), by combining Hubble
Ultra Deep Field and JWST NIRCam medium-band observa-
tions, find that 8< z< 13 galaxies have on average a high
sSFR ≈24.5 Gyr−1. In spite of modeling and experimental
uncertainties, it is clear that high-z galaxies are located very
close to or above the sSFR* value required to drive an outflow.
As a result, dusty outflows could be very common features in
these systems.
The power-law shape of the bright end of the high-z galaxy

UV luminosity function (Bowler et al. 2020; Donnan et al.
2022) suggests that BH accretion could substantially contribute
to the UV luminosity of these systems. Indeed, at z∼ 6, the
number density of galaxies in −22�MUV�−20 (Bowler
et al. 2020) is only a factor of a few higher than the active
galactic nucleus (AGN) densities at the same magnitudes
(Giallongo et al. 2019; Orofino et al. 2021), suggesting a high

Figure 2. Left panel: dust UV optical depth vs. Eddington ratio (lower axis) and specific SFR (upper axis) for 134 galaxies at z > 6.5 in our sample. Filled circles are
JWST-detected galaxy candidates from Bradley et al. (2022), Castellano et al. (2022), Curti et al. (2022), Finkelstein et al. (2022), Furtak et al. (2022), Harikane et al.
(2022), Leethochawalit et al. (2023), Naidu et al. (2022), Topping et al. (2022), Trussler et al. (2022), and Whitler et al. (2022). Filled squares identify candidates from
Rodighiero et al. (2022) and filled pentagons from Barrufet et al. (2022). Starred symbols are four sources from Furtak et al. (2022) and Bradley et al. (2022) for which
the authors claim a Balmer break with 4000 2 3 >( ) – . Open squares are REBELS sources from Bouwens et al. (2022), open hexagons are REBELS sources with
τ1500 estimated by Ferrara et al. (2022), and open triangles are Lyα emitters from Endsley et al. (2021). The solid line is the best-fit power law ;E1500

0.63t lµ - also
shown is the adopted functional form for E

effl (red dashed), the range of likely values (dark green), and the outflow region (light and dark green). Right: fraction of
galaxies with τ1500 > 0.4 vs. Eddington ratio for our sample.
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AGN fraction at high z. This can be hard to assess using SED-
fitting techniques, although claims of AGN detection in JWST
data using such techniques do exist (Onoue et al. 2022).
Reliable estimates of AGN fractions will be soon provided by
JWST spectroscopy via the detection of N V lines and/or broad
permitted lines in these systems. Furthermore, JWST spectrosc-
opy could also provide observational evidence for outflows,
allowing us to confirm and better quantify the scenario
suggested in this Letter. If most of the luminosity of the
brightest high-z galaxies is due to BH accretion, it requires BH
masses ≈107–108Me accreting at rates closer to their
Eddington luminosities. In this case, galaxy cleaning is mostly
due to BH accretion rather than star formation.

Mechanical power can be provided to the outflow by
supernova explosions. However, their contribution is likely to
be subdominant as, due to the expected very high gas density in
these systems, the explosion energy is rapidly radiated away9 in
a catastrophic cooling event (Pizzati et al. 2020). Similar
conclusions concerning the inefficiency of supernova-driven
outflows in early massive galaxies are presented in Bassini
et al. (2022) and in the simulations of Nath et al. (2022), which
find that the shock timescale to clean up a galaxy is two to five
times longer than the SN dust production timescale. In the latter
model, gas ejected by supernova-driven shocks can fall back
into the galaxy, giving rise to a new obscured phase.
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