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ABSTRACT
We report on a superdense star-forming region with an effective radius (Re) smaller than 13 pc
identi�ed at z = 6.143 and showing a star formation rate density �SFR � 1000 M� yr�1 kpc�2

(or conservatively >300 M� yr�1 kpc�2). Such a dense region is detected with S/N � 40
hosted by a dwarf extending over 440 pc, dubbed D1. D1 is magni�ed by a factor 17.4(–5.0)
behind the Hubble Frontier Field galaxy cluster MACS J0416 and elongated tangentially by
a factor 13.2 – 4.0 (including the systematic errors). The lens model accurately reproduces
the positions of the con�rmed multiple images with a rms of 0.35 arcsec. D1 is part of
an interacting star-forming complex extending over 800 pc. The SED-�tting, the very blue
ultraviolet slope (� � �2.5, F� � ��), and the prominent Ly� emission of the stellar complex
imply that very young (<10�100 Myr), moderately dust-attenuated (E(B � V) < 0.15) stellar
populations are present and organized in dense subcomponents. We argue that D1 (with a
stellar mass of 2 × 107 M�) might contain a young massive star cluster of M � 106 M� and
MUV � �15.6 (or mUV = 31.1), con�ned within a region of 13 pc, and not dissimilar from
some local super star clusters (SSCs). The ultraviolet appearance of D1 is also consistent with
a simulated local dwarf hosting an SSC placed at z = 6 and lensed back to the observer. This
compact system �ts into some popular globular cluster formation scenarios. We show that
future high spatial resolution imaging (e.g. E-ELT/MAORY-MICADO and VLT/MAVIS) will
allow us to spatially resolve light pro�les of 2�8 pc.

Key words: gravitational lensing: strong � galaxies: formation � galaxies: starburst.

1 INTRODUCTION

The observational investigation of star formation at high redshift
(z � 6) at very small physical scales (at the level of star-forming
complexes of �200 pc including super star clusters, SSCs) is a
new challenge in observational cosmology (e.g. Livermore et al.
2015; Dessauges-Zavadsky et al. 2017; Johnson et al. 2017; Rigby
et al. 2017; Vanzella et al. 2017b,c; Cava et al. 2018; Dessauges-
Zavadsky & Adamo 2018). Thanks to strong gravitational lens-
ing, the possibility to catch and study globular clusters precursors
(GCPs) is becoming a real fact, both with statistical studies (e.g.

� E-mail: eros.vanzella@inaf.it (EV); francesco.calura@inaf.it (FC)

Elmegreen, Malhotra & Rhoads 2012; Renzini 2017; Vanzella et al.
2017b; Boylan-Kolchin 2018) and by inferring the physical prop-
erties of individual objects (e.g. Vanzella et al. 2017b,c). The lumi-
nosity function of forming GCs has also been addressed for the �rst
time (Bouwens et al. 2018; Boylan-Kolchin 2018) and their pos-
sible contribution to the ionizing background is now under debate
(e.g. Ricotti 2002; Schaerer & Charbonnel 2011; Katz & Ricotti
2013; Boylan-Kolchin 2018). While still at the beginning, the open
issues of GC formation (e.g. Renzini et al. 2015; Bastian & Lardo
2018; Renaud 2018) and what sources caused reionization (e.g.
Yue et al. 2014; Robertson et al. 2015) can be addressed with the
same observational approach, at least from the high-z prospective.
This is a natural consequence of the fact that the search for ex-
tremely faint sources possibly dominating the ionizing background
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(e.g. Yue et al. 2014; Finkelstein et al. 2015; Robertson et al. 2015;
Alavi et al. 2016; Bouwens et al. 2016a,b; Dayal & Ferrara 2018)
plausibly matches the properties a GCP would have both in terms
of stellar mass and luminosity (e.g. Schaerer & Charbonnel 2011;
Renzini 2017; Bouwens et al. 2018; Boylan-Kolchin 2018) and
this eventually depends on the different GCP formation scenar-
ios (Renzini et al. 2015; Ricotti, Parry & Gnedin 2016;Li et al.
2017; Renzini 2017; Bastian & Lardo 2018; Kim et al. 2018; Zick,
Weisz & Boylan-Kolchin 2018). A way to access low-luminosity
regimes � otherwise not attainable in the blank �elds � is by ex-
ploiting gravitational lenses. Other than �simply� counting objects
at unprecedented �ux limits, the strong lensing ampli�cation allow
us to probe the structural parameters down to the scale of a few
tens of parsec (e.g. Kawamata et al. 2015; Livermore et al. 2015;
Rigby et al. 2017; Vanzella et al. 2017b,c) and witness clustered
star-forming regions and/or star clusters otherwise not spatially re-
solved in non-lensed �eld studies. The lens models are subjected
to a strict validation thanks to dedicated simulations and observa-
tional campaigns with Hubble (e.g. Meneghetti et al. 2017; Atek
et al. 2018) in conjunction to unprecedented (blind) spectroscopic
con�rmation of hundreds of multiple images with VLT/MUSE1

in the redshift range 3 < z < 6.7 (e.g. Caminha et al. 2017a,b;
Karman et al. 2017; Mahler et al. 2018). Such analyses are pro-
viding valuable insights on the systematic errors on magni�cation
maps. In some (not rare) conditions the uncertainty on large mag-
ni�cation µ > 10 can be signi�cantly lowered to a few per cent by
exploiting the measured relative �uxes among multiple images that
provide an observational constraint on the relative magni�cations
(e.g. Vanzella et al. 2017b,c). These methods allow us to determine
the absolute physical quantities, like the luminosity, sizes, stellar
mass, and star formation rates with uncertainties not dominated by
the aforementioned systematics.

A more complex issue is related to the role of such a nucleated
star formation on the ionization of the surrounding medium, even-
tually leaking into the intergalactic medium. Probing the presence
of optically thin (to Lyman continuum) channels or cavities which
cause the ionizing leakage from these tiny sources (e.g. Behrens,
Dijkstra & Niemeyer 2014; Calura et al. 2015) will represent the
next challenge. The presence of diffuse Ly� emission (observed as
nebulae or haloes or simply offset emissions) often detected around
faint sources may provide a �rst route to address this issue (e.g.
Caminha et al. 2016; Leclercq et al. 2017; Vanzella et al. 2017a, see
also Gallego et al. 2018), along with the recent detection of ultravio-
let high-ionization nebular lines like C IV �1548, 1550, He II �1640,
O III]�1661, 1666 or C III]��1907, 1909 suggesting that hot stars
and/or nuclear contribution might be present, making some sources
highly ef�cient Lyman continuum emitters (e.g. Stark et al. 2014,
2015a,b, 2017; Vanzella et al. 2017c). However, the �nal answer,
especially at z > 3�6, will be addressed only with JWST by mon-
itoring the spatial distribution of the Balmer lines, and possibly
look for induced �uorescence by the Lyman continuum leakage up
to the circumgalactic medium and/or to larger distances, i.e. the
intergalactic medium (IGM) (e.g. Mas-Ribas et al. 2017).

While giant ultraviolet clumps have been studied at high redshift
(e.g. F¤orster Schreiber et al. 2011; Genzel et al. 2011; Guo et al.
2012; Elmegreen et al. 2013; Cava et al. 2018), the direct observa-
tion of young star clusters at cosmological distances is challenging.
Given the typical HST pixel scale (0.03 arcsec pixel�1) and spa-

1www.eso.org/sci/facilities/develop/instruments/muse.html (Bacon et al.
2010, 2015).

tial sampling (e.g. 0.18 arcsec FWHM of the intergalactic medium
(PSF) in the WFC3/F105W band), the most stringent upper limit
on the physical size attainable after a proper PSF deconvolution2

is 168(84) pc, corresponding to 1.0(0.5) pixels at redshift 6, in a
non-lensed �eld. If compared to the typical effective radii of local
young massive clusters (YMCs) of Re < 20 pc,3 assuming this value
holds also at z = 6, it becomes clear why strong lensing is crucial if
one wants to approach such a scale with HST. As shown in Vanzella
et al. (2017b,c) the lensing magni�cation can signi�cantly stretch
the image along some preferred direction (up to a factor 20, tan-
gentially or radially with respect to the lens) allowing us to probe
the aforementioned small sizes of 10�30 pc. This effect was ex-
ploited in a study of a sample of objects behind the Hubble Frontier
Field galaxy cluster MACS J0416 (Vanzella et al. 2017b, see also
Bouwens et al. 2018). The identi�cation of a very nucleated (or
not spatially resolved) object despite a large gravitational lensing
stretch is an ideal case where to search for single stellar clusters
(and potential GCP). Here, we report on such a case and perform
new analysis on a pair of objects already presented in Vanzella et al.
(2017b) but with signi�cantly improved size measurements, re�ned
lensing modelling and SED-�tting. The objects discussed in this
work, dubbed D1 and T1 at z = 6.143, correspond to D1 and GC1
previously reported by Vanzella et al. (2017b). The combination of
the main physical quantities like the star formation rate and the sizes
reveals an extremely large star formation rate surface densities, ly-
ing in a poorly explored region of the Kennicutt�Schmidt (KS) law
(Kennicutt 1998b; Bigiel et al. 2010).

In Sections 2.1 and 2.2 the re�ned lens model, ultraviolet mor-
phology and the physical properties of the system are presented.
Using the Ly� properties and the SED-�tting results the emerging
dense star formation activity is discussed in Section 2.3. In Section
3, we simulate a local star-forming dwarf hosting a super-star clus-
ter (NGC 1705) to z = 6.1 and applying strong lensing. In Section 4,
we discuss the results and the identi�cation of a super-star cluster at
z = 6.1, compared to local YMCs. Section 5 summarizes the main
results. We assume a �at cosmology with �M = 0.3, �� = 0.7
and H0 = 70 km s�1 Mpc�1, corresponding to 5660 physical parsec
for 1 arcsec separation at redshift z = 6.143. If not speci�ed, the
distances reported in the text are physical.

2 REANALYSING THE z = 6 .143 SYSTEM
IN MACS J0416

2.1 A robust lensing model

In Vanzella et al. (2017b), we used the lens model developed by
Caminha et al. (2017a) (see also, Grillo et al. 2015) to infer the in-
trinsic physical and morphological properties of the system shown
in Fig. 1, made by a star-forming complex including the objects
D1 and T1 (meaning Dwarf 1 and Tiny 1, respectively). We will
refer in the following to the system �D1T1� to indicate the entire
system including the stellar stream connecting the two [see Fig. 2,
in which much fainter sources, dubbed �Ultra Tiny� (UT), UT1, 2,
3 are also indicated and mentioned in the discussion]. The model

2As can be performed with GALFIT, see simulations reported in Vanzella
et al. (2016a, 2017b) and discussion in Peng et al. (2010).
3Re � 1�8 pc for masses of the clusters of <106 M�, e.g. Ryon et al.
(2017), or slightly larger radii, <20 pc, for those more massive, >106 M�
and identi�ed in merging galaxies (Portegies Zwart, McMillan & Gieles
2010; Linden et al. 2017).
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Figure 1. Left: The wide Ly� arc (50 arcsec) at z = 6.143 observed with MUSE and weighted-averaged over 12 slices (	v � 500 km s�1). Three multiple
images are indicated (A, B, and C, see Caminha et al. 2017a) with their associated Ly� lines extracted from the MUSE spectra. The image B is the most
magni�ed among the three and studied in detail in this work. On the right-hand side, the three panels from top to bottom show the zoomed regions in the colour
HST image (red channel = F105W, green channel = F814W, and blue channel = F606W) of the main images A, B, and C, including the observed positions
(indicated with green circles) of the multiple images of relevant objects (D1, T1, and the T3�T4 pair). The inset in the middle-right panel is the F105W showing
the double knot morphology of T3�T4, which is barely detected in the less magni�ed counter images A and C. The yellow contours show the MUSE Ly�
emission at 3
 and 7
 level.

Figure 2. Colour composite (left) and the WFC3/F105W image (right) of the �eld under study containing the sources D1 and T1. This region corresponds to
the red square in the top-left inset which shows the extended Ly� arc from MUSE (see Fig. 1). Sources are labelled (left), along with their de-lensed F105W
magnitudes (right). Note the prominent symmetric core of D1 despite the large tangential magni�cation and the presence of a stellar stream possibly connecting
D1 and T1, also including a star-forming knot, dubbed UT1. Other faint knots are shown, UT2 and UT3, with de-lensed magnitudes fainter than 32. The HST
F105W PSF is shown in the bottom right.
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