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ABSTRACT

We report on the spectroscopic confirmation of a large-scale structure around the luminous z = 6.31 quasi-stellar object (QSO)
SDSS J1030+0524, powered by a one billion solar mass black hole. The structure is populated by at least six members, namely,
four Lyman-break galaxies (LBGs), and two Lyman alpha emitters (LAEs). The four LBGs were identified among a sample of 21
i-band dropouts with zag < 25.5 selected up to projected separations of 5 physical Mpc (15 arcmin) from the QSO. Their redshifts
were determined through multi-object spectroscopic observations at 8—10 m class telescopes lasting up to eight hours. The two LAEs
were identified in a 6h VLT/MUSE observation centered on the QSO. The redshifts of the six galaxies cover the range between
6.129—6.355. Assuming that the peculiar velocities are negligible, this range corresponds to radial separations of +5 physical Mpc
from the QSO, that is comparable to the projected scale of the observed LBG distribution on the sky. We conservatively estimate
that this structure is significant at a level >3.50" and that the level of the galaxy overdensity is at least 1.5—-2 within the large volume
sampled (~780 physical Mpc?). The spectral properties of the six member galaxies (Lya strength and UV luminosity) are similar to
those of field galaxies at similar redshifts. This is the first spectroscopic identification of a galaxy overdensity around a supermassive
black hole in the first billion years of the Universe. Our finding lends support to the idea that the most distant and massive black holes
form and grow within massive (>10'? M,,) dark matter halos in large-scale structures and that the absence of earlier detections of such
systems is likely due to observational limitations.

Key words. galaxies: high-redshift — quasars: general — quasars: supermassive black holes — quasars: individual: SDSSJ1030+0524

1. Introduction

The existence of supermassive black holes (SMBHs; with
masses of 10871 M) powering luminous quasars at z ~ 6
and beyond presents a severe challenge for extragalactic astron-
omy. The theory strongly argues that these objects must have
formed and grown within the most massive dark matter halos
(Mpao ~ 102713 My) in highly biased regions of the early Uni-
verse, where seed black holes may find suitable physical con-
ditions to form and sufficiently large reservoirs of gas to grow
(Sijacki et al. 2009; Barai et al. 2018; Wise et al. 2019). Within
these environments, high accretion rates can be triggered and
sustained both through frequent mergers of protogalaxies and
possibly by steady flows of cold gas from which the galaxies
can form. Such early large-scale structures (LSSs), whose cores

Article published by EDP Sciences

would eventually evolve into local massive galaxy clusters, are
expected to be traced by significant galaxy overdensities that
may extend up to scales of ~10 physical Mpc (pMpc) from the
quasar (Overzier et al. 2009).

The actual number and physical properties of galaxies in
early overdensities, however, heavily depend on the competing
processes that promote or prevent galaxy assembly. The same
is true for their spatial distribution. For instance, both super-
novae explosions in these galaxies and the release of energy
from the quasar itself, in the form of radiation and gas out-
flows, may heat and expel gas from dark matter halos in the LSS,
hampering subsequent star formation and galaxy assembly (e.g.,
Costa et al. 2014). This “negative feedback” may, in fact, com-
plicate the detection of these early structures, especially within a
few hundreds kpc from the quasar. To date, empirical evidence of
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overdensities around early SMBHs has remained elusive.
Attempts to directly measure galaxy overdensities have contin-
ued since the discovery of high-z quasars, mainly by selecting
Lyman-break galaxy (LBG) and Lyman alpha emitter (LAE)
candidates at the QSO redshift, but the results have not been con-
clusive (see e.g., Mazzucchelli et al. 2017). Recently, Ota et al.
(2018) reported an example of a candidate LSS extending across
~4 x 8 pMpc? (i.e., 12’ x 24’) in the vicinity of a z = 6.6 QSO.
These authors’ narrow-band and broadband photometric obser-
vations with the Subaru Suprime-Cam singled out both LBG and
LAE candidates: the low density of LAEs within 3 pMpc from
the QSO may hint at negative feedback that acts preferentially
towards low-mass galaxies hosted by small halos.

Further insights are now coming from ALMA: [CII] obser-
vations based on a sample of 25 QSOs with Mgy = 3 x 10% M,
at z > 5.94, which have revealed that a significant fraction of
these (16%) are paired to a close (within ~100kpc) companion
galaxy that is rapidly forming stars (Decarli et al. 2017). This
suggests that early SMBH fueling and galaxy assembly may be
favored by galaxy interactions on very small scales, but the pres-
ence of any significant structure on larger scales must still be
firmly established (Habouzit et al. 2019).

With the aim of obtaining the first observational confirma-
tion of an LSS around a supermassive black hole in the first bil-
lion years of the Universe, we started an intensive observational
campaign of the field around the bright QSO SDSS J1030+0524
(z = 6.308, Mgy = 1.4 x 10° M,; Kurk et al. 2007), where
promising evidence for a high-z LSS has been reported (see
Sect. 2).

Throughout this Letter, we have adopted a concor-
dance cosmology with Hy=70kms™' Mpc~!, Q,=0.3, and
Qa =0.7, which is in agreement with the values measured
by the Planck Collaboration XIII (2016). This gives a scale of
5.55kpc arcsec™? at z = 6.308. All magnitudes are total magni-
tudes and quoted in the AB system.

2. SDSS J1030+0524: An over-dense QSO field

Among the =300 QSOs discovered so far at z > 5.7
(Bafados et al. 2016), SDSSJ1030+0524 (hereafter J1030) is
hosted in one of the most promising large-scale galaxy overden-
sities. Deep imaging with the 3’ X 3’ Advanced Camera for Sur-
veys (ACS) on the Hubble Space Telescope (HST) revealed a
~30 overdensity of i-band dropouts within ~0.5 projected pMpc
from the QSO (Stiavelli et al. 2005; Kim et al. 2009). Among all
of the z ~ 6 QSO fields observed with HST by Kim et al. (2009),
J1030 was found to be the most overdense.

In the sample of four luminous z ~ 6 QSOs observed with
the Large Binocular Camera (LBC) at the Large Binocular Tele-
scope (LBT) by Morselli et al. (2014), J1030 was found again
to feature the highest density of i-band dropouts, with a den-
sity contrast, § = p/p — 1 = 2, at a signal-to-noise ratio (S/N)
of 3.3, and p and p are the measured and average, background
and source density, respectively). This finding reinforced the
result found on (8%) smaller scales by Stiavelli et al. (2005). In
2016, we obtained deep (Yap =24.5, Jap =24) near-IR imag-
ing of the J1030 field with the Wide-field InfraRed Camera at
the Canada France Hawaii Telescope'. Using these new observa-
tions, together with archival data from the Spitzer Infrared Array
Camera (IRAC), Balmaverde et al. (2017) pushed the selection
of z ~ 6 galaxy candidates to fainter fluxes, measured photomet-

! See http://j1030-field.oas.inaf.it/ for a summary of all

data-sets available in the field.
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Fig. 1. Sky distribution of the LBG sample (red dots) overplotted to the
LBT/LBC z-band image of the field. The spectroscopically confirmed
members of the LSS at the QSO redshift are marked in blue and labeled
with their ID. The position of the two LAEs in the LSS discovered by
MUSE is marked by green points. The MUSE field of view (FOV) is
shown as a brown square. The position of the QSO is shown in magenta.
The inset shows a zoom on the sky region around the MUSE field.

ric redshifts, and improved the rejection of contaminants. This
analysis allowed for the selection of 21 robust z ~ 6 candidates
down to zag ~ 25.7, reinforcing the significance of the LSS over-
density, now with 6 =2.4, at S/N = 4.0. Similarly to what has
been observed by HST/ACS on smaller scales, a strong asym-
metry in the spatial distribution of these brighter dropouts was
found at larger scales (see Fig. 1).

3. Spectroscopic campaign and UV properties of
the galaxy members

We began a systematic program of spectroscopic follow-up
observations of the z ~ 6 LBG candidates selected in
Balmaverde et al. (2017), to precisely measure their redshifts
and to verify if they are actually located in the vicinity of the
central QSO. The campaign used several multi-object spectro-
graphs (MOS): the DEep Imaging Multi-Object Spectrograph
(DEIMOS) on the 10m Keck II telescope (Faber et al. 2003),
the FOcal Reducer and Spectrograph (FORS2, Appenzeller et al.
1998), and the Multi Unit Spectroscopic Explorer (MUSE,
Bacon et al. 2010), both mounted on the Very Large Telescopes
(VLTs) at ESO, and, finally, the Multi-Object Dual Spectrograph
(MODS, Pogge et al. 2010) at the LBT. Details on the observing
runs and on the analysis of the spectroscopic data are presented
in Appendix A.

In summary, we observed 12 out of the 21 LBGs selected
by Balmaverde et al. (2017): nine of them turned out to be
bona-fide high-redshift (z > 5.7) galaxies, while the low spec-
tral quality and absence of significant spectral features pre-
vented any redshift determination for the remaining three. In
the archival VLT/MUSE cube centered on the QSO, we further
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Table 1. Identified LBGs and LAEs.

ID mag Myy  log SFR Redshift Instrument Lya

z-band Flux EW
@ &) ©) “ &) (6)
22914 25.45+0.22 -21.61 1.70 6.319+0.001 DEIMOS <3 @ <5
20654 25.27+0.17 -=-21.77 1.97 6.226 +£0.002 FORS2 85+02 14
18262 25.70+0.20 -21.34 1.32 6.238 +£0.004 FORS2 53+03 13
03909 25.55+0.19 -21.51 1.55 6.320 +£0.003 MODS 50+03 16
LAEI ~27 ® -20.03 0.40 6.219 £0.002 MUSE 3702 27
LAE2 >26.5 © >-20.5 <0.6 6.355+0.001 MUSE 30+£0.2 >11

Notes. (1) Source ID; (2) AB total magnitude. IDs and mags are from Balmaverde et al. (2017), except for the two MUSE-detected LAEs and
1D22914 (see Appendix A); (3) monochromatic magnitude at 1350 A @ logarithm of the star formation rate in units of M, yr~!, computed from
the UV luminosity adopting the Kennicutt (1998) calibration; (5) line fluxes in units of 107'® erg s cm™2; (6) rest-frame equivalent widths in A.
@3-g upper limit estimated from the continuum S/N; ®synthetic magnitude estimated by convolving the spectrum with the LBC z-band filter
response; VLAE?2 is not detected in the continuum in the MUSE spectrum and is undetected both in the LBT/LBC and HST photometry, so we

adopted the 50~ magnitude limit measured in the ACS F850LP image.

detected four LAEs with z > 5.7: none of them were selected by
Balmaverde et al. (2017) because they are fainter than the mag-
nitude limits of the LBT photometric data. We note that the dis-
tinction between LBGs and LAEs adopted for our targets refers
essentially to the selection method since LBGs may also display
Lya emission.

We considered the six galaxies with |z — zgsol < 0.1 (four
LBGs and two LAEs, see Table 1 and Fig. 1) as part of the LSS
around the QSO (see Sect. 4 for the exact procedure adopted
to identify LSS members). The galaxies’ spectra are shown in
Fig. 2 (for three LBGs; the spectrum of LBG #22914 has been
already published in Decarli et al. 2019) and Fig. 3 (for the
two LAEs). The spectral and photometric properties of the six
galaxies are presented in Table 1. In Fig. 4, we compare their
rest-frame Ly« equivalent widths (EW) with absolute UV mag-
nitudes (Myy). Here, Myy is the monochromatic magnitude at
1350 A, which, at z ~ 6.3, roughly corresponds to the effec-
tive wavelength of the LBC z-band magnitude from which it
was obtained. Although the number of galaxies is limited, we
observe the same trend reported in numerous previous studies of
high-z field galaxies: UV-bright LBGs exhibit limited Ly EWs
(<20 A), while the fainter LAEs exhibit larger EWs. Our objects
nearly overlap with the larger sample of high-z (5.4 <z<6.5)
galaxies collected and analyzed by De Barros et al. (2017). A
detailed comparison would require further a spectroscopic iden-
tification of galaxies around J1030. Nonetheless, this prelimi-
nary analysis shows that the UV spectral properties of galaxies
in this LSS do not differ significantly from those of field galaxies
at high redshift.

4. Redshift distribution and significance of the
overdensity

The redshift distribution of all spectroscopically confirmed
LBGs and LAEs at z ~ 6 is shown in Fig. 5 (top and bot-
tom panels, respectively). The distributions are shown in red-
shift bins of Az = 0.1 (orange histogram), as well as in finer,
Az = 0.005 bins (red histogram). To isolate potential peaks in
the redshift distribution avoiding binning dependencies, we used
a procedure similar to that described in Gilli et al. (2003). We
smoothed the unbinned redshift distribution using a Gaussian
with o, = 0.1 (red dashed line). We recall that, at z ~ 6, a separa-
tion of 0.1 in redshift space corresponds to a separation of about
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Fig. 2. Optical spectra of three LBGs in the LSS with redshift measured
from the peak of Ly line (see Table 1). In each panel, the rop row shows
the 2D spectrum, while at the bottom, the 1D spectrum is displayed with
gray bands highlighting the spectral regions that are inaccessible due to
the strong sky line residuals.
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Fig. 3. MUSE spectra of the two LAEs in the LSS (see Table 1) are
displayed in two panels. In each panel, the top row shows, from left to
right, the HST/ACS F850LP image, three MUSE reconstructed narrow-
band images (20 A-wide), and the HST/Wide Field Camera 3 (WFC3)
F160W image. The images are 10" wide and the source position is indi-
cated by cross-hairs. In the bottom row, the extracted 1D spectrum is
shown in a 400 A-wide interval around the Lya line, with noisy regions
in the MUSE cube affected by the sky line subtraction highlighted by
gray bands.

5 pMpc (assuming negligible peculiar velocities). This physical
scale corresponds to the maximum projected separation between
the QSO and the candidate companion galaxies in the LBT/LBC
image, and is consistent with the observed transverse dimen-
sion of other z ~ 6 LSSs (e.g., Ota et al. 2018). A clear peak
at z = 6.275 is observed in both the LBGs and LAEs smoothed
distributions (red dashed curves in Fig. 5). We note that the QSO
redshift is included in the determination of the peak position of
both redshift distributions (as it would have been selected in both
samples), but not in the computation of the structure significance
described below. We also note that for the LBGs, the observed
peak falls at a significantly higher redshift than that expected
by the i-band dropout selection technique (Bouwens et al. 2003,
2007; Ono et al. 2018), suggesting that an LSS is indeed present
atz ~ 6.3.

Once the peak position is determined, we counted all galax-
ies within Az+0.1, that is, within 5 pMpc, from the peak redshift
(brown dotted lines in Fig. 5). The four LBGs and two LAEs of
Table 1 fall within this interval. In order to estimate the expected
background of LBGs in that interval, we used the selection func-
tion derived in deep HST fields by Bouwens et al. (2007) for i-
band dropouts selected by means of color criteria similar to ours
(e.g., i—z > 1.3 as the main selection criterion). Two other “back-
ground” curves are shown in Fig. 5: one for faint i-band dropouts
selected in HST/ACS GTO fields (Bouwens et al. 2003) and one
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Fig. 5. Upper panel: redshift distribution of all spectroscopically con-
firmed LBGs at z ~ 6 in the J1030 field. The orange and red histogram
have bins of Az=0.1 and 0.005, respectively. The dashed red curve has
been obtained by smoothing the unbinned distribution with a Gaussian
with 0, =0.1 (arbitrarily normalized). The redshift peak and Az + 0.1
interval used to estimate the structure significance are shown by the
brown vertical dotted lines. The three gray lines show the selection func-
tion of i-band dropout samples in the literature (see labels) with selec-
tion criteria similar to ours. Lower panel: same as in the upper panel but
for LAEs selected with MUSE. The gray curve is obtained by heavily
smoothing the redshift distribution of LAEs observed with MUSE in
the HUDF (Bacon et al. 2017). The QSO redshift (marked in blue) is
included in the orange histograms in both panels.

for i-band dropouts as bright as ours, selected as part of the
HSC GOLDRUSH project (Ono et al. 2018). The selection cri-
terion in both Bouwens et al. (2003) and Ono et al. (2018) is
i —z > 1.5. All these background curves have been normalized
to 21, that is, to the total number of candidate LBGs selected
by Balmaverde et al. (2017). Despite the differences produced
by the different color cuts adopted, they all show that the maxi-
mum efficiency of i-band dropout selection is between ~5.7 and
6. By using the Bouwens et al. (2007) distribution, we derive a
probability of 0.12 for one galaxy falling within the considered
redshift interval. We note that the adopted background curve has
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the highest efficiency, at z = 6.3, among the three curves. There-
fore, our choice is the most conservative. Based on the bino-
mial distribution, the probability that four (or more) out of nine
spectroscopically confirmed LBGs fall within the selected red-
shift interval (when the expectation of observing one is 0.12) is
P =0.0159.

We adopted a similar procedure to estimate the binomial
probability of two out of four MUSE LAEs falling within the
same redshift interval. To estimate a background source distri-
bution, we considered the spectroscopic catalog obtained from
the 3’ x 3 MUSE observation of the Hubble Ultra Deep Field
(HUDF, Beckwith et al. 2006) consisting of nine pointings of
10h each (Bacon etal. 2017; Inami et al. 2017). We heavily
smoothed the MUSE HUDF redshift distribution using a Gaus-
sian with 0, =0.5 and then renormalized it to the average num-
ber of galaxies expected in a single pointing of the HUDF (gray
line in the bottom panel of Fig. 5). Based on this procedure, we
would expect a total of nine LAEs at z > 5.2 in our field, which
gives a probability of observing one in the considered redshift
interval equal to 0.062. We note that, if anything, this procedure
probably overestimates the average galaxy background density
because the HUDF observations are deeper than those in the
J1030 field and, thus, they are likely to return a redshift distribu-
tion skewed towards slightly higher redshifts. Hence, the derived
significance may again be regarded as conservative. Based on
the binomial distribution, the probability that two (or more) out
of four spectroscopically confirmed LAEs fall in the considered
redshift interval (when the probability of observing one is 0.062)
is PLAE =0.0212.

By simply combining the two probabilities computed above,
we finally estimated that the structure is detected at the 1 —
Prag X PLag = 0.9997 confidence level, which corresponds to
3.50 in Gaussian statistics. We double checked these numbers
by running Monte Carlo simulations drawing nine LBGs and
four LAEs from the redshift probability distributions described
above. We ran 10° realizations and checked how many times four
or more LBGs and two or more LAEs fall within the considered
redshift interval. The probability values obtained by the simula-
tions are identical to those obtained with the binomial statistics.

5. Discussion and conclusions
5.1. Robustness of the structure detection

Here, we show that the 3.50 level derived in the previous section
is arobust lower limit to the LSS detection significance. First, we
note that there is no bias in our observations towards sources at
z ~ 6.3. From Fig. 2, it is evident that a significant fraction of
the red spectral range is blinded by the noise produced by the
subtraction of the strong night-sky lines, making the detection of
faint Ly« lines highly inefficient. The distribution of sky lines is
nonetheless rather uniform across the z = 57 redshift range.
As the probability of successfully measuring the redshift of
a source within or outside the structure is the same, we then
observe a number of redshifts in and out the structure that are
likely to have been depressed by the same factor. Accounting for
this effect would increase the statistical significance of the LSS
detection. In addition, we did not fine-tune the smoothing length
and width of the structure interval to maximize the signal. As
an example, repeating the computations using §, ~0.08 around
the peak redshift would increase the significance to 3.70. In
our significance computations, we took a conservative approach
and never included the QSO. However, the QSO is part of the
structure and it would have been selected in both the LBG and

LAE samples discussed above. If we include it in the LBG
sample and compute the binomial probability that five out of
ten sources, extracted from the same probability distribution
described above, fall within the considered redshift range, we
obtain Prpg =0.0037. When combined with the Py ag computed
above, this gives a joint significance of 3.8¢. Finally, in our com-
putations, we considered among the possible reference back-
ground curves those that are more skewed towards the highest
redshifts, that is, those that return the highest background prob-
ability of observing a galaxy around z ~ 6.3. This choice is very
conservative. For instance, by adopting the redshift distribution
of i-band dropouts of Ono et al. (2018), which shows a sharp
drop beyond z = 6, we would estimate a joint significance of
>40.

5.2. Overdensity level

At present, the number of LBGs that have been spectroscop-
ically identified as part of the LSS around the QSO is n=4,
whereas an average of 7 ~ 2 would be otherwise expected,
assuming the Bouwens et al. (2007) redshift probability distri-
bution is normalized to 21, that is, the total number of LBGs in
the J1030 field (Balmaverde et al. 2017). This corresponds to a
lower limit for the measured level of the spectroscopic overden-
sityof 6 = n/n—1 > 1 (>1.5 if the QSO is added), given that sub-
sequent successful identifications of LBGs at z ~ 6.3 from the
Balmaverde et al. (2017) sample would simply increase n. Also,
the total number of LBGs in the field is likely to be enhanced
by the presence of the LSS and the adopted value for 72 presum-
ably overestimates the true average density. Consequently, the
lower limit to ¢ estimated above is conservative (based on sim-
ilar arguments, we derive a lower limit to the LAE overdensity
of dpag =2.3). We note that the estimated overdensity level is
measured over a remarkably large volume of ~780 pMpc? and is
consistent, within the statistical errors, with what was measured
through imaging by Balmaverde et al. (2017).

Based on the observed overdensity, we provide a rough esti-
mate of the clustering level of early galaxies and QSOs that is
required to explain it. To this aim, the expected overdensity level
can be obtained by integrating the LBG-QSO cross-correlation
function (assumed here to be a power-law &(r) = (r/rooc)™"
with cross-correlation length 7 o) over the considered volume.
For simplicity, we use for this computation a sphere of radius
rs = 5.7pMpc around the QSO, which contains all the LBGs
in the LSS, and has the same volume considered in the pre-
vious sections (780 pMpc?, i.e., a cylinder of both radius and
half-length 5pMpc). This gives d(<r;) = 3&(rs)/(3 — ). An
overdensity of 6 > 1.0—-1.5, as observed, for example, for our
LBGs, would require ryqg > 24—29 Mpc comoving (cMpc) for
v =2. Assuming that the auto-correlation functions of QSOs and
galaxies are both power-laws with the same slope, the relation
10,06 = (r0,0Q X ro,Gc,)l/2 holds, where ryqq and ryogg are the
auto-correlation lengths of QSOs and galaxies, respectively. As
rocc = 20-30cMpc for galaxies at z ~ 6 with Myy and a star
formation rate (SFR) similar to ours (Khostovan et al. 2019), we
estimate that r( qq is at least ~20 cMpc. Such a large correlation
length at z ~ 6 in turn suggests that J1030 is hosted by a dark
matter halo with a mass, My > 10'> M (Harikane et al. 2018;
Khostovan et al. 2019).

5.3. Environment of early black holes: Future prospects

Although simulations suggest that SMBHs in the early Universe
should reside, on average, in the most massive (102713 M) dark
matter halos formed at that time, a large variance in the galaxy
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number counts around them is nonetheless expected, and some
SMBHs may not even show enhanced counts in their neigh-
borhoods (Habouzit et al. 2019). The expected variance is even
larger when feedback effects are considered, either from the
QSO itself or from strong stellar winds in the companion galax-
ies (Costa et al. 2014). Such feedback effects may suppress star
formation and, hence, decrease the luminosity and stellar mass
of the galaxy members within scales of 1-2 pMpc, which would
then fall below the sensitivity of most observations of high-z
QSO fields.

To obtain a reasonable census of the environment of high-z
QSOs, explorations of deep-and-wide areas around several such
systems is needed. Our approach is based on LBT/LBC obser-
vations and, thus, it is along these lines (see also Ota et al. 2018,
for deep-and-wide observations with the Subaru/Suprime-Cam).
Expensive follow-up observations with optical spectrographs at
8—10m class telescopes are needed to secure redshifts of the rel-
atively luminous LBG candidates selected over wide areas, as
these may have weak Lya lines. As shown in Fig. 2, such obser-
vations are complicated by the presence of strong sky lines. On
the other hand, high-z LAEs can nowadays be efficiently selected
with MUSE down to very faint fluxes. The main limitation with
such an approach is the small MUSE FOV, which requires a large
number of pointings. The analysis presented in this Letter shows
that obtaining a robust estimate of the galaxy density around
early QSOs is an extremely time-consuming process, even for
a single system.

A complementary approach to obtaining accurate red-
shifts is searching for the [CI[]158 um or the [OIII]88 um
line in spectroscopic observations at (sub-)mm frequencies
(e.g., Decarli et al. 2017; Hashimoto et al. 2019; Harikane et al.
2020). This approach is particularly promising as it allows for a
redshift estimate in those LBG candidates with absent or weak
Lya (Decarli et al. 2019) or a fall in redshift windows covered by
sky lines (see Fig. 2). Also, it allows for the discovery of dusty
companion galaxies that cannot be selected at any other wave-
length (Decarli et al. 2017). Thus, ALMA observations stand
as an extremely promising tool for identifying members of
LSSs around z ~ 6 QSOs. In particular, for the J1030 field,
such observations may increase the statistical significance of
the overdensity reported in this Letter and, importantly, deliver
a sizeable sample of confirmed members that we can use to
identify common trends as well as systematic differences in the
physical properties of LSS and field galaxies at z ~ 6.
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Appendix A: Observing runs and spectral analysis

A.1. DEIMOS observations

We observed our z ~ 6 candidates with DEIMOS on Feb 27,
2017. We used the 830 lines mm~! grating and the OG550 order
cut filter with the central wavelength of 8500 A to efficiently
cover the red spectral range >7000 A. Because of bad weather,
we observed only one of the two designed masks and the expo-
sure time was reduced to four hours instead of the planned six.
Nine candidate high-z galaxies from Balmaverde et al. (2017)
were included in the observed slitmask: three of them were
confirmed to be genuine high-redshift (z > 5.7) LBGs, other
two showed very faint (S/N < 2) features compatible with a
redshift larger than six (but one of the two unsecure identifi-
cations was LBG #20654, subsequently confirmed by deeper
FORS?2 observations), while the remaining four were too noisy
or even undetected. We also included in the masks an LBG
candidate, #22914, that was not part of the original sample
of Balmaverde et al. (2017), but was subsequently included
after revision of the photometric errors. We measured for LBG
#22914 a redshift of z = 6.319 based on a clear Lyman break
in the spectrum. The redshift was later confirmed by the detec-
tion of a [CII]158 um line in the NOEMA mm-band spectrum
(Decarli et al. 2019, the DEIMOS spectrum is shown in their
Fig. 1).

A.2. FORS2 observations

During the ESO observing period P102, we were granted
VLT/FORS2 observations to obtain spectra of the z ~ 6 LBG
candidates with three masks that were each ten hours long. In
the first months of 2019, around one third of the project was
completed in service mode. We used FORS2 equipped with MIT
red-optimized CCD and adopted grism 600Z+23 to observe the
wavelength range 7000—11000 A covering the redshifted Lya
position for z > 5.15. The only and partially (80%) completed
mask included eight primary targets: four of them have been
spectroscopically confirmed as high-z LBGs and two of them
reside in the z ~ 6.3 structure. The two upper panels of Fig. 2
show portions of the 2D and 1D spectra covering the only spec-
tral feature visible in the full observed spectral range: the well-
detected emission line, identified as Lya. We can confidently
rule out other possible line identifications and redshift solutions.
The low-z solutions, with the emission line associated with either
Ha, [O11]A5007, or HB, are discarded due to the lack of the
expected nearby lines and because the broadband colors of these
solutions are generally inconsistent with the i-dropout selection.
The most plausible alternative identification is [OII]A3727 at
z =~ 1.4, but this emission line would be resolved into a dou-
blet at our spectral resolution, which is not observed. In the LBG
#20654 spectrum an unresolved emission line is detected with a
formal S/N = 9 at the observed wavelength of 8787 A, placing
this objects at z = 6.226. The line is also detected, albeit with
much lower significance, in a DEIMOS spectrum, further con-
firming its authenticity. The FORS2 spectrum of LBG #18262
shows a slightly resolved emission line, detected with S/N = 8
at the observed wavelength of 8801 A. The line is undoubtedly
asymmetric with a red wing, a typical shape of high-redshift Lya
emission lines, and yields a redshift of z = 6.238 for this source.

A.3. MODS observations

In 2017 we were granted an INAF-LBT Strategic Program?’ to
identify the X-ray sources detected with a ~500ks Chandra

2 1D 2017/2018 #18 (PI R. Gilli).

. J1030+0524 LSS

exposure in the J1030 field (Nanni et al. 2020). As part of this
large (52 h) optical/NIR program, we observed in 2018 and 2019
a total of nine MODS masks mainly dedicated to spectroscopi-
cally follow up X-ray sources. The observations were obtained
in dichroic mode to obtain blue (with the G400L grating) and
red (with G670L grating) spectra simultaneously on the blue and
red spectrograph channels. Since the density of the X-ray coun-
terparts was well-matched with the number of slits that can be
placed in each mask, only a few z ~ 6 LBG candidates were
included as fillers in this program. Therefore (and also because
of the limited exposure time per mask of 4 h) only one LBG was
identified through MODS observations. The MODS spectrum of
LBG #03909 (bottom panel of Fig. 2) shows an unresolved emis-
sion line detected with S/N = 6 at the observed wavelength of
8901 A, placing this objects at z = 6.320. The same considera-
tions given above for the FORS2 observations exclude emission
lines other than Lya.

A.4. Archival MUSE observations

The J1030 field was observed with MUSE in April 2015 and
then again in January 2016 under the ESO program ID 095.A-
0714 (PI Karman). The MUSE integral field spectrograph has a
1 arcmin? FOV and a spatial sampling of 0.2 x 0.2 arcsec?, cov-
ering the wavelength range 4750-9350 A with a spectral bin of
1.25 A pixel™. The data reduction and analysis of the archival
6.4h MUSE data are presented in Gilli et al. (2019). In brief,
we measured a redshift for 102 objects (16 of them at z > 4)
in the square arcmin region around the central QSO, a region
that did not include any of the LBG candidates selected by
Balmaverde et al. (2017). In spite of this, MUSE observations
revealed four Lyman Alpha Emitters (LAEs) at z > 5.7, with
two of them at z = 6.3. The MUSE observations of LAE1 are
shown in the top panel of Fig. 3. In the 1D spectrum, an unre-
solved emission line Qis detected with S/N = 9 at the observed
wavelength of 8778 A, placing this objects at z = 6.219. The
MUSE spectrum of LAE2 shows a strong unresolved emission
line detected with S/N = 10 at the observed wavelength of
8944 A. The line is asymmetric with a red wing and yields a
redshift of z = 6.355. The source is not detected in the contin-
uum, nor in the HST F850LP and F160W filters. Non-detections
of MUSE-selected LAEs in medium-deep HST images is not
uncommon, as shown by the MUSE-Wide Survey, where 55%
of z > 2.9 LAEs are undetected in deep CANDELS photometric
catalogs (Urrutia et al. 2019).

A.5. Spectra calibration and analysis

The spectra of the LBGs targeted with MOS instruments were
flux-calibrated using observations of spectro-photometric stan-
dard stars obtained during the observing runs. The spectra were
further calibrated, using the z-band magnitudes presented in
Table 1, by integrating the spectra over the known LBC filter
bandpasses. Since all the observations were performed in good
seeing conditions (<1”) and with slit-width of 1-1.2”, the rela-
tively small corrections amount up to ~50%. The absolute flux
calibration of the MUSE data is very good (Kreckel et al. 2017)
and the absence of flux losses is further demonstrated by the
excellent agreement between the optical magnitudes obtained
from our LBC broad-band photometry and the synthetic mag-
nitudes estimated from MUSE spectra. The redshift of all the
galaxies presented for the first time in this Letter has been mea-
sured from position of the Lya emission peak. The redshift value
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Table A.1. Spectroscopic observations.

Telescope Instrument Date Exp. time Spectral range
@

VLT MUSE 2015-2016  23040s  4750-9350 A

Keck DEIMOS Feb 2017 14400s  ~7000-10500 A

VLT FORS2  Jan—Mar 2019 29055s ~7000—11000 A

LBT MODS 2018-2019  14400s ~5400—10000 A

Notes. (1) The spectral ranges reported for the slit spectrographs are
indicative, as they depend on the geometrical position of the slit within
the mask used for the MOS observation.

is consistent, within the errors, with that obtained from the Gaus-
sian fit of the line, apart from the two objects (LBG #18262 and
LAE?2) in which Lye has an asymmetrical profile and the peak
position is known to provide a more correct redshift estimation.
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The fluxes of the Lya emission of Table 1 were measured by
integrating the flux over the line profile. The upper limits of flux
and equivalent width of the Ly« line in #22914 were estimated
from the continuum S/N and the spectral resolution following
the recipe of Mignoli et al. (2009). LAE]1 is not detected in the
LBT/LBC nor in the HST photometry, but a very low S/N con-
tinuum redward of the emission line is marginally detected in
the MUSE spectrum, from which we derived a synthetic mag-
nitude zap of 27 by integrating the continuum convolved with
the LBC z-band filter response. This value is compatible with
the non-detection of the source in the HST/ACS F850LP image
(leftmost box in the upper row of the LAE1 panel in Fig. 3;
ABs, ~ 26.5). LAE2 is not detected in the continuum neither
in the MUSE spectrum nor in the HST photometry, then we used
the 5-0- magnitude limit of 26.5 estimated from the HST/ACS
F850LP image to constrain the UV continuum flux. This upper
limit in the continuum yields the lower limit of the Lya equiva-
lent width quoted in Table 1.



