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ABSTRACT
We interpret recent ALMA observations of z > 6 normal star-forming galaxies by means
of a seminumerical method, which couples the output of a cosmological hydrodynamical
simulation with a chemical evolution model which accounts for the contribution to dust
enrichment from supernovae, asymptotic giant branch stars and grain growth in the interstellar
medium. We �nd that while stellar sources dominate the dust mass of small galaxies, the higher
level of metal enrichment experienced by galaxies with Mstar > 109 M� allows ef�cient grain
growth, which provides the dominant contribution to the dust mass. Even assuming maximally
ef�cient supernova dust production, the observed dust mass of the z = 7.5 galaxy A1689-zD1
requires very ef�cient grain growth. This, in turn, implies that in this galaxy the average density
of the cold and dense gas, where grain growth occurs, is comparable to that inferred from
observations of quasar (QSO) host galaxies at similar redshifts. Although plausible, the upper
limits on the dust continuum emission of galaxies at 6.5 < z < 7.5 show that these conditions
must not apply to the bulk of the high-redshift galaxy population.
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1 INTRODUCTION

Observations at millimetre (mm) and sub-millimetre (sub-mm)
wavelengths have provided convincing evidence of rapid dust en-
richment at high redshift (for a recent review see Carilli & Walter
2013 and references therein). Dust masses as large as �108 M�
have been inferred for 5 � z � 7 quasar (QSO) host galaxies, re-
quiring a very ef�cient dust formation channel that must operate
in less than 1 Gyr of cosmic evolution. Theoretical studies have
shown that although stellar sources of dust, including both super-
novae (SNe) and asymptotic giant branch (AGB) stars, can be fast
enough to signi�cantly contribute to high-redshift dust enrichment
(Valiante et al. 2009), the observed dust masses require ef�cient
grain growth in the dense phase of the interstellar medium (ISM;
Michalowski et al. 2010; Valiante et al. 2011, 2014). Until very re-
cently, sub-mm/mm continuum observations at z � 6�7 have been
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limited to �extreme� galaxies, QSO hosts or strong starbursts, which
are characterized by star formation rates (SFR) ranging from several
hundreds to thousands of solar masses per year. However, at these
high redshifts we expect the bulk of the galaxy population to be
characterized by �normal� galaxies, which form stars at rates from a
few to a few tens of solar masses per year. Deep ALMA and Plateau
de Bure Interferometer (PdBI) follow up observations have mostly
provided upper limits on the dust mass of such galaxies (Kanekar
et al. 2013; Ouchi et al. 2013; Ota et al. 2014; Maiolino et al. 2015;
Schaerer et al. 2015), with the exception of the gravitationally lensed
z = 7.5 Lyman Break Galaxy (LBG) A1689-zD1, whose dust con-
tinuum emission has been recently detected with ALMA (Watson
et al. 2015). The estimated dust mass is 4+4

�2 × 107 M�, showing
that dusty galaxies have already formed at z > 7 (Michalowski
2015).

In this Letter, we investigate early dust enrichment in �normal�
star-forming galaxies at z � 6. We use the output of a cosmologi-
cal hydrodynamical simulation which allows the prediction of the
gas, stellar and metal content of galaxies along their hierarchical
assembly (Maio et al. 2010). We then post-process the simulation
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