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ABSTRACT

We present the results of the spectroscopic follow up of the QUBRICS® survey. The selection
method is based on a machine learning approach applied to photometric catalogs, covering an area
of ~ 12,400 deg? in the Southern Hemisphere. The spectroscopic observations started in 2018 and
identified 55 new, high-redshift (z > 2.5), bright (: < 18) QSOs, with the catalog published in late
2019. Here we report the current status of the survey, bringing the total number of bright QSOs at
z > 2.5 identified by QUBRICS to 224. The success rate of the QUBRICS selection method, in its most
recent training, is estimated to be 68%. The predominant contaminant turns out to be lower-z QSOs
at z < 2.5. This survey provides a unique sample of bright QSOs at high-z available for a number of
cosmological investigations. In particular, carrying out the redshift drift measurements (Sandage Test)
in the Southern Hemisphere, using the HIRES spectrograph at the 39m ELT, appears to be possible
with less than 2500 hours of observations spread over 30 targets in 25 years.

Keywords: quasars: general — catalogs — surveys, galaxies: nuclei

1. INTRODUCTION

Luminous quasars are the brightest non-transient cos-
mic beacons in the Universe. The hunt for such bright
sources, especially at high redshift, is of paramount im-
portance for a number of extragalactic studies, rang-
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a) Acronym for “QUasars as BRIght beacons for Cosmology in the

Southern hemisphere”, (Calderone et al. 2019).

ing from the number density of bright quasars at high-
z (Schindler et al. 2019a), the theoretical modelling of
the early phases of galaxy formation and co-evolution
with their central SMBHs (e.g. Valiante et al. 2016;
Fontanot et al. 2020), the study and characterisation
of their (gas) accretion properties of the super massive
black hole (SMBH) population (Wu et al. 2015; Wolf
et al. 2018) to the inference on cosmological parame-
ters from time delays of strongly lensed QSOs (Bonvin
et al. 2017) and the properties of the dark matter by
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microlensing statistics in bright quasars (Webster et al.
1991; Bate et al. 2007).

Absorption signatures in the spectra of bright high-z
QSOs are one of the most powerful and invaluable tools
for studying intergalactic environments, as emerged
from the recent Astro2020 Decadal Survey (e.g. Becker
et al. 2019). Among the fundamental questions that
can be tackled thanks to the study of QSO absorption
lines we recall: the measurement of primordial Deu-
terium abundance (e.g. Cooke & Fumagalli 2018), the
temperature evolution of the Cosmic Microwave Back-
ground (CMB), the free-streaming of warm dark matter
(e.g. Trsic et al. 2017), the variation of the fundamen-
tal constants of nature, e.g. the fine structure constant
or the proton-to-electron mass ratio (see Leite et al.
2016), the missing baryon problem (e.g. Werk et al.
2014), the production and diffusion of metals in the IGM
(e.g. D’Odorico et al. 2016), the Lyman continuum es-
cape fraction of high-z QSOs (e.g. Cristiani et al. 2016;
Grazian et al. 2018), the mean free path of ionizing pho-
tons (e.g. Prochaska et al. 2009; Worseck et al. 2014;
Romano et al. 2019), the reionization epochs of hydro-
gen and helium, and the sources responsible of these
transition phases in cosmic history.

An appealing application of the detailed study of the
Lyman forest in Cosmology is the so-called Sandage test
(Sandage 1962), which can give fundamental constraints
to General Relativity. The detection of the tiny drift
due to cosmic expansion in the cosmological redshifts
of many absorption lines in the spectra of bright QSOs
will allow to measure directly cosmological parameters
(e.g. Qur, Qa, Hp) at 2 < z < 5 without the need
of any local ladders or intermediate distance indicators.
This revolution will be possible only with the brightest
QSOs observed by the most powerful and stable high
resolution spectrographs which will be available in the
future at 20-40m telescopes (Liske et al. 2008).

However, finding the brightest quasars at high-z is not
a trivial process. The advent of the SDSS survey (e.g.
Fan & SDSS Collaboration 2000) represents a quantum
leap in this respect, at least in the Northern hemisphere.
At present, the SDSS has delivered more than 106 spec-
troscopically confirmed QSOs at 0 < z < 6.5, with a
large fraction at absolute magnitudes Miss50 < —26.
Recent studies, however, point out that, at very bright
magnitudes, SDSS can suffer from incompleteness due
to color selection (see also Fontanot et al. (2007)). For
example, Schindler et al. (2019a) find 407 new bright
QSOs at 2.8 < z < 5.0 in the ELQ survey, showing
that the SDSS completeness is ~ 60% at bright magni-
tudes (i < 18). As a consequence, the hunt for bright
quasars, especially at high-z and in the Northern hemi-

sphere, could be biased towards lower numbers due to
the adoption of efficient but low completeness selections.

The situation is even more dramatic in the Southern
hemisphere, due to the lack of wide multi-wavelength
surveys at 6 < 0° in the past. Comparing QSO surface
densities, it is statistically evident that high-z objects
of bright apparent magnitudes must be present also in
the Southern hemisphere: of the 22 known QSOs with
z >3 and V < 17, only 5 are at § < 0°, and all the
3 QSOs with V' < 16 are in the North (Véron-Cetty &
Véron 2010).

In Calderone et al. (2019) (hereafter Paper I), we pre-
sented the first results of a survey of z > 2.5 QSOs at
bright i-band magnitudes (¢ < 18.0) in the Southern
hemisphere, taking advantage of the recent availability
of new multiwavelength public databases. The combina-
tion of state-of-the-art databases with innovative tech-
niques for the selection of the best candidates results in
an efficient selection, with a success rate in finding high-
z QSOs larger than 50% and a completeness in excess
of 90%. In the first spectroscopic runs we already iden-
tified the intrinsically most luminous QSO at that time,
with z > 3.8 at § < 0°, QSO J2157-3602, which has been
afterwards independently confirmed by Schindler et al.
(2019b). In this paper we will present a new z>4 QSO
with apparent magnitude of ¢ = 16.886 (see Section 4)
that would be the new record holder in the Southern
Hemisphere. In total we present 168 new bright QSOs
at z > 2.5, thus quickly completing the identification of
the high-z sample of Paper I.

The structure of this paper is the following: in Section
2 we summarize the selection method of our bright QSO
candidate sample, in Section 3 and 4 we describe the
massive observational campaign carried out at medium
size telescopes and the spectroscopic identification of our
QSO candidates. The properties of the newly identified
high-z QSOs are discussed in Section 5, while Section 6
is devoted to the description of the Golden QSO sam-
ple for the Sandage test. Discussions and Conclusions
are summarized in Section 7. Unless otherwise stated,
apparent magnitudes are in the AB photometric system.

2. SELECTION METHOD

In this section we will describe the QUasars as BRIght
beacons for Cosmology in the Southern hemisphere
(QUBRICS) survey, first introduced in Paper I. We refer
the reader to this work for more details of the method,
while here we just recall its main characteristics.

To identify new, high-z QSOs candidates in the re-
maining sample, a classification algorithm has been
applied based on the Canonical Correlation Analysis,
(CCA, Anderson 1984). Our candidate list has been
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drawn from a multiwavelength catalogue. We used
the public databases of: i) Skymapper (DR1.1, Wolf
et al. (2018)); ii) Gaia (DR2, Gaia Collaboration et al.
(2018)); iii) 2MASS (Skrutskie et al. 2006) and iv) the
WISE survey (Wright et al. 2010) to build the initial
main sample ( 1014875 sources), covering ~ 12400 deg?,
with ¢-band magnitudes in the range 14 < m; < 18.
The sources with secure object-type identification have
been used as a training set and the recipe has been ap-
plied to the remaining sources in order to predict a likely
classification. By using the parallax and proper mo-
tion estimates provided by Gaia, ~ 83% of the sources
were classified as bona fide stars. Matching the re-
maining sources against the following catalogs: SDSS
DR14Q (Paris et al. 2018), Veron-Cetty QSO 13th edi-
tion (Véron-Cetty & Véron 2010), and 2dFGRS (Colless
et al. 2001), led to reliably identify an object-type clas-
sification to 4666 QSOs and 3665 galaxies (in the follow-
ing, the original training set). To discriminate against
low-z (< 2.5) QSOs, we use the CCA as a regression
algorithm to the objects classified as QSOs, in the pre-
vious step, to obtain an estimate of their redshift. In Pa-
per I we tested this methodology with a resulting sample
of 1476 candidates without spectroscopic confirmation,
and our spectroscopic follow-up identified 54 QSOs with
z > 2.5.

As the main focus of our work is the identification
of the largest possible number of bright high-z QSO in
the Southern Emisphere, we aim at the highest possible
success rate of observing runs. Therefore, after each run
we update the training set of the algorithm by including
the new identifications: this results in an evolving list of
QSO candidates. For the statistical purposes of this pa-
per, the list of candidates has been frozen to its current
form after the last observing run in Feb. 2020. At this
point the list included 1412 sources in total, with 594
secure spectroscopic identifications and 818 candidates
yet to be observed. Thanks to the revised training set
it has been possible to reduce the number of candidates
yet to be observed by ~ 25% with respect to the origi-
nal list of Paper I. Fig. 1 and 2 illustrate the process of
classification and redshift estimate, respectively, in the
present work. They update the corresponding plots of
Paper 1.

It should be noted that the selection criteria adopted
here and in Paper I could be biased against lensed
sources. To reduce the contamination we have adopted
relative stringent criteria about the positional coinci-
dence in the various photometric catalogs. While this
is not affecting "normal” QSOs, may have the subtle ef-
fect of removing lensed sources, forming extended struc-
tures like Einstein rings or crosses. Moreover, due to

the choice of the fundamental photometric bands (e.g.
GATA), our selections is probably biased against sources
at z 2 4.5.

3. SPECTROSCOPY

The QUBRICS pilot campaign has been presented in
Paper 1. Observations have been obtained using vari-
ous instruments at Las Campanas Observatory (LCO),
the TNG telescope, and the ESO-NTT telescope at La
Silla. Between August 2019 and February 2020, we have
been awarded more nights at these facilities, in order to
expand our spectroscopic survey. We discuss here the
details of these observations.

3.1. WFCCD at duPont

We have been awarded a total of 12 nights with the
Wide Field CCD camera at duPont. We used the same
configuration as in the pilot study, namely, the blue
grism, with the 1.5” long slit, that covers a wavelength
range between 3700 - 8000 A giving a 2 A/pixel dis-
persion. In total we have observed 100 candidates, but
only 76 of them have a robust spectroscopic classification
(flag=A). Of the securely classified sources, 63 (83%) are
QSOs, and 36 of those (57%) are in the desired redshift
range (z>2.5).

3.2. LDSS-3 at Clay

A total of 44 candidates have been observed with
LDSS-3 at the Clay telescope. Observations were ob-
tained in several nights during bright time and variable
weather conditions. We have used the VPH-all grism
with the 1”7 - central slit and no blocking filter, cover-
ing a wavelength range between 4000 - 10000 A with
a low resolution of R~800. Exposure times were rang-
ing between 800 - 1800sec, depending on the candidate
magnitude. Out of the observed candidates, 40 have a
high quality redshift flag (flag A) and have been securely
classified, most of them as QSOs (28 out of 40, 70%) but
only 12 (43%) have a redshift above 2.5.

3.3. EFOSC2 at NTT

In September 2019 we were awarded three more nights
(PI. A. Grazian, proposal 0103.A-0746) at NTT, to use
the EFOSC2 instrument. In order to complete the sur-
vey, we obtained 4 additional nights at NTT in January
2020 (PI. A Grazian, proposal 0104.A-0754). Again, we
used grism #13 (wavelength range A ~ 3700 — 9300 A),
with typical exposure times ranging between 300 and
600 seconds. We observed 217 candidates, obtaining ro-
bust identification for 187. Out of these, 161 (86%) were
classified as QSOs and 122 have a redshift of z > 2.5
(76%). This was one of the most efficient runs in this
period.
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Figure 1. The CCA—i plane for the various subsamples considered in this work. For the statistical meaning of the CCA
parameter shown in the y-axis we refer the reader to Paper I. Upper panel: sources in the main sample for which a reliable
type identification is available. Stars are identified by gray “4” symbols, inactive galaxies by black cross symbols, low-z (< 2.5)
QSOs with purple “+” symbols, high-z (> 2.5) QSOs with filled circles. The redshifts for the spectroscopically confirmed QSOs
with z > 2.5 are shown with the color code shown in the colorbox in the upper left corner. The inset on the left shows the
histogram of the CCA coordinate for the stars (gray), galaxies (black), low-z QSOs (purple) and known high-z QSOs (blue).
Middle panel: sources in the main sample without an object type identification (gray symbols). The same sources after excluding
extended and low-z objects are highlighted in black, and represents potential high-z QSO candidates. Lower panel: the final
sample of high-z QSO candidates, with their redshift zcc. as in Paper I. The red dashed line represents the cut in the CCA
selection. Candidates/observed sources are represented with open and filled circles respectively. The gray histogram represents
the potential candidates, while the red and blue ones represent the QSO candidates and the confirmed QSO samples.
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Figure 2. Upper panel: The zcca—2spec correlation (scat-
ter: ~ 0.37). The horizontal blue line is the threshold on
Zeca = 2.26, corresponding to a completeness of 95% and
a contamination of 38%. Lower panel: contamination and
completeness as a function of the threshold on zcca.

The outcome of this new spectroscopic campaign
shows that, although our criteria are very efficient
at identifying QSOs (84% of robust classifications are
QSO0s), only 55% are in the targeted redshift range.
Anyhow, as discussed in Section 2, by ingesting the new
QSOs to the selection algorithm, the efficiency of the se-
lection for future spectroscopy is expected to be as high
as 75% in the global sample.

3.4. Data Reduction

WFCCD data were reduced using standard IRAF
tasks. After subtracting bias and dividing with flat,
individual exposures were combined to the final im-
age. We then used the task apall to extract the spectra
and standard and sensfunc to calibrate in flux. The
EFOSC2 and LDSS-3 spectra have been reduced with
a custom pipeline using MIDAS scripts. The standard
pre-reduction (i.e. bias subtraction and flat field nor-

malization) has been adopted, and the wavelength cal-
ibration with helium, neon, and argon lamp has been
obtained. We also check our wavelength solution on the
emission night sky. An rms of 0.5 A has been obtained
from the wavelength calibration process. For WFCCD,
EFOSC2 and LDSS-3, we made sure to obtain at least
one spectro-photometric standard star per night. Since
conditions have not always been photometric, the de-
rived flux calibration is relative. There has been no fur-
ther attempt to interpolate flux to known broad band
magnitudes for absolute flux calibration. Further details
can be found in Paper I. Improved data reduction of 3
objects observed in the runs of Paper I allowed us to up-
grade their redshift flag to A. They are listed in Tab.4
with an appropriate identification in footnote.

3.5. Redshifts from other surveys

We have also searched the databases in the literature
for additional reliable spectra of our candidates, find-
ing 24 QSOs (6 with z > 2.5) and 1 AGN. They are
listed in Tab. 1. In particular we found that download-
ing and analyzing spectra from the 6dF survey (Jones
et al. 2009) we could assign a reliable redshift to 22
of our candidates. The candidate with SkyMapper 1D
5578462 has spectral data of good quality in the ESO
archive (see Fig. 3) that we have reprocessed. For the
candidate with ID 10779504 we found a reliable redshift
determination in the OzDES survey (Tie et al. 2017).

4. RESULTS OF THE SPECTROSCOPY

After 26 observing runs (including those reported in
Paper I) we have collected the spectra of 511 sources,
and 432 of them have a secure object-type classification.
In total we identified 224 new bright QSOs at z > 2.5 (of
which 15 at z > 4), 166 QSOs/AGN at z < 2.5, 11 inac-
tive galaxies and 31 stars. Among the observed sources,
a small fraction has uncertain classification and/or red-
shift estimate. These sources have been assigned a flagB
for a variety of reasons. More precisely 32% have flat
spectra without clear emission features that could be
either stars or galaxies. Another 68% have a tentative
QSOs classification, but it is not possible to robustly es-
timate the redshift since there is only one emission line
or they show broad absorption features that are diffi-
cult to interpret. Such sources will be the subject of
additional observations in different wavelength ranges
aiming to discover additional features that could facili-
tate classification. An example of such follow-up can be
seen in Section 4.3.

The list of the 303 new sources, to be added to those
reported in Paper I, and their basic properties are shown
in Tab. 4.
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Figure 3. Composite UVES spectrum of a candidate at z=2.960, with some AGN emission lines highlighted. The grey bands
are gaps in the UVES wavelength coverage, depending on the adopted instrument setup.

Table 1. Additional identifications from the literature.

Skymapper R.A. (J2000) DEC. (J2000) mg Zspec  Class  Survey
D (mag)

8414380 00:43:23.42 -00:15:52.5 17.781 1.442 QSO 6dF
8133493 00:44:48.56 -13:39:13.0 17.664 2.253 QSO 6dF
7885395 00:58:20.54 -19:04:03.2 17.983 1.861 QSO 6dF
9164524 02:03:03.20 -07:06:04.7 17.839 1.458 QSO 6dF
8826213 02:08:41.52 -19:44:03.7 17.943 2.137 QSO 6dF
8970643 02:29:45.41 -18:17:11.5 17.246 1.817 QSO 6dF
315606464 03:06:13.56 -57:51:05.3 17.925 2.066 QSO 6dF
318330107 03:14:59.84 -45:45:28.6 17.967 2.198 QSO 6dF
10372687 03:26:13.41 -31:00:52.2 17.869 2.105 QSO 6dF
10779504 03:39:53.34 -27:00:53.4 17.988 2.410 QSO DES
10460382 03:40:42.83 -34:00:44.3 17.800 1.944 QSO 6dF
10812487 03:47:14.85 -24:38:08.7 17.427 3.130 QSO 6dF
11616376 04:22:43.67 -29:25:29.9 17.767 2.529 QSO 6dF
12053071 05:05:55.83 -29:30:38.5 17.865 1.070 QSO 6dF
56866269 10:18:21.75 -21:40:07.8 17.547 2.441 QSO 6dF
57772960 11:18:10.70 -17:51:59.3 15.119 0.215 AGN 6dF
63944442 12:12:18.99 -25:47:26.1 17.620 2.532 QSO 6dF
65530384 12:28:48.22 -01:04:14.7 17.039 2.642 QSO 6dF
64459508 12:31:32.96 -14:36:30.9 16.888 2.418 QSO 6dF
65808873 13:25:09.61 -08:04:48.2 17.786 2.359 QSO 6dF
308760834 22:21:10.25 -44:31:57.3 17.501 2.071 QSO 6dF
1459087 23:06:37.40 -36:49:26.0 17.962 2.650 QSO 6dF
308911502 23:21:22.33 -50:28:17.5 17.701  2.297 QSO 6dF
5578462 23:21:28.67 -10:51:22.3 17.769 2.958 QSO ESO

The success rate, defined as the fraction of high-z
QSOs among all the sources with a secure classification,
as selected by our algorithm (§2), is relatively high (412
/ 726 = 57%) for the old Paper I list and 405 / 594
~ 68% for the present work. The main contaminant (in
the case of the present work the only one) is represented
by low-z (z < 2.5) QSOs/AGNSs. If we consider only the
1412 selected sources as described in Sect. 2, 266 have

been observed and 199 turned out to be z > 2.5 QSOs,
corresponding to a success rate of 75%.

In the present work, the success rate could be biased
towards higher values, due to the self-learning approach
described in Section 2. If we consider the effective suc-
cess rate, i.e. the global ratio of high-z QSOs identifi-
cations carried out by us over all spectroscopic observa-
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Figure 4. The redshift-i magnitude plane of the QSOs in
the area of the present survey. Black crosses: QSOs known
before the present observations; Red filled circles: new spec-
troscopic redshifts obtained in QUBRICS. The dashed blue
line shows, in the context of the Sandage Test, the locus of
an accuracy of 3 cm/s in radial velocity, reachable allocat-
ing 2500 h of observations at the ELT to a single QSO (see
Sect. 6 for details).

tions done so far, including empirical attempts on im-
probable candidates, we still obtain a remarkable 52%.
All machine learning algorithms are biased by the fea-
tures of the initial input sample. In this survey, the ini-
tial training set has been created based on all known
spectroscopically confirmed QSOs from the literature,
selected with a wide range of methods. Thus, bias to-
wards specific types of sources should be minimal. How-
ever, in order to better assess the properties of our
(evolving) selections and achieve a better training, we
have carried out observations also of some objects not
complying with our initial specifications, for example
with no GATA counterpart within the established ra-
dius or not point-like according to our criteria or fainter
than 18mag in the i band (¢ > 18), thus not included in
the Main Sample. These objects are also listed in Tab. 4
which contains two columns to show whether the object
is a candidate according to the criteria of Paper I or/and
selected according to the present work. Sources not in-
cluded in the Main Sample are indicated with asterisks.
The total number of QSOs with z > 2.5 (and i < 18)
in the QUBRICS main sample is 428, with 202 discov-
ered by our survey and 226 sources derived from the
literature. The machine learning algorithm applied in
Paper I was able to identify 412 of the 428 z > 2.5 known
QSOs (96%). Following the self-learning approach, i.e.
by re-ingesting all new identifications in the training set,
this completeness indicator becomes 405/428 = 95%.

4.1. QSOs at z > 2.5

Tab. 4 lists 168 new bright QSOs with spectroscopic
redshift z>2.5, and considering the sources already pub-
lished in Paperl, the total number of new bright QSOs
discovered by our survey amounts to 224.

Fig.4 shows the updated redshift-magnitude diagram
for z > 2.5 quasars in the area of the QUBRICS sur-
vey. Red points indicate sources published in Paper I or
here. Out of the 10 new QSOs at z > 4.0 the brightest
is 316292063 with a z=4.147 and m;=16.88, shown in
Fig. 5. As seen in the figure, this QSO has rather nar-
row lines and this could perhaps indicate a type2 QSO
or a lensed source. Additional observations have already
been requested and its spectrum will be discussed in de-
tail once our follow-up is completed. Our list includes
5 sources that were already published by Wolf et al.
(2020) and were independently selected and classified
by our survey.

4.2. QSOs at z < 2.5

Out of the 121 sources with flag A that are not high-z
QSOs, there are 25 with redshift z < 0.5 and 78 QSOs at
0.5 < z < 2.5. Thus 85% of the sources (103 out of 121)
are active galaxies, but not in our desired redshift range.
These relatively bright objects may still turn out to be
useful for studies of the evolution of the metal content of
the IGM, and of the Lyman forest at low redshift with
space observations.

4.3. Notes on BAL QSOs

Both in the pilot and the main campaign, we have en-
countered sources with pronounced absorption troughs
whose classifications, due to the lack of strong emis-
sion lines, is not straightforward. A fraction of these
sources can in fact be classified as Overlapping Iron
Low-ionisation BAL QSOs or OFcLoBAL (Hazard et al.
1987). OFeLoBALs are characterized by extensive sys-
tems of low ionization absorption which sometimes ap-
pear as broad saturated troughs (e.g. Hall et al. 2002).
The troughs may overlap to nearly completely absorb
the continuum emission shortward of 2800 A, effectively
mimicking the appearance of the Lyman forest. The es-
timated fraction of OFeLoBAL QSOs is around 2% (Dai
et al. 2012) and their number in our catalogue can be as
high as the number of genuine z > 4 QSOs.

The nature of these sources can be confirmed by iden-
tifying the Balmer series in the AGN emission, and in
particular the Ho emission line at 6563 A rest-frame.
For z 2 0.5 this line is observed in the NIR band.
We thus obtained NIR spectroscopic data for some of
these sources, using the Folded-port InfraRed Echellete
(FIRE), at the Baade Magellan telescope, with a long-
slit configuration.
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316292063 (QSO, z=4.147, WFCCD/WF4K-1)
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Figure 5. Spectrum, resampled at 250 km/s, of the brightest z~4 QSO in the sample, with some AGN emission lines

306376125 (QSO, z=1.355, LDSS+FIRE)
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Figure 6. Spectrum, resampled at 250 km/s, of a candidate identified as an OFeLoBAL QSO, with some spectral features
highlighted. AGN emission lines and metal bands are shown in color, while telluric bands (which have been corrected for in

data reduction) are shown in grey.

A composite LDSS-3/FIRE spectrum of one such
source (Skymapper ID 306376125), flux-calibrated in
the visual band using an additional low-resolution spec-
trum taken by the Magellan Echellette Spectrograph
(MagE) at Baade, is shown in figure 6. For this par-
ticular object, the Ha and Hf line are clearly identified
at z = 1.355 + 0.001, with the possible additional de-
tection of Hy blended within a Fe 11 emission complex.
An overlapping Fe 11-Mg 11 absorption complex at the
same redshift is also clearly observed around 2600-2800
A rest-frame, corroborating the identification of the can-
didate as a OFeLoBAL QSO. A detailed analysis of this
object and of other similar sources (currently assigned
a flagB classification and not included in Tab.4), is be-
yond the scope of this work, and will be discussed ’ in a
future publication.

5. PROPERTIES OF CONFIRMED QSOS
5.1. IR colors

Several recent surveys targeting super bright high-
redshift QSOs are using WISE colors for the selection
(Wolf et al. 2018; Schindler et al. 2019b; Wang et al.
2016). Based on a study by Wu et al. (2012), WISE col-
ors are very good at distinguishing QSOs from late-type
stars and more than half of SDSS QSOs have W1-W2 >
0.57. Wang et al. (2016) showed that high redshift
QSOs, z > 4.5, are within the 0 < (W1 —-W2) < 1.5
color range. This has also been confirmed by the sur-
vey conducted by Wolf et al. (2018). In Fig.7 we show
the distribution of our confirmed QSO candidates in the
color space used by Wolf et al. (2018). In that work
they were only interested in z > 4.5 QSOs, but in our
sample we have a wide range of redshifts going from
2.5 < z < 5.0. In order to be able to directly compare
our distributions with the aforementioned works in the
literature, presented WISE colors are in Vega magni-
tudes.

As can be seen in our plots, while all our candidates
are indeed within the W1-W2[0,2] range, based only on



SPECTROSCOPIC FOLLOW-UP 9

2.0

15+

1.0}

W1 -w2

0.5+

1.0+

05+

1.0+

NP == == = = = =

Bp - Rp

0 25 3.0 35 40

1.5 20 25 30 35 40 45 50
z-W1

Figure 7. Color-color diagrams of all candidates with known redshift. Blue symbols are sources with z > 2.5, green with
z > 3.5 and red with z > 4.5. The lines correspond to cuts similar to the ones applied by Wolf et al. (2020) to select high
redshift bright QSOs (z > 4.5). The area delimited by the cuts is where the majority of z > 4.5 sources are found. WISE

magnitudes are in Vega and the rest are in the AB system.

IR colors it is difficult to distinguish between the various
redshifts, since all sources are mixed in a small area.
Instead, when we include the GAIA (B, — R,,) color,
the redshift groups are better separated as seen in the
two panels on the left of the figure. Most of our z > 4.5
confirmed QSOs have a color of B, — R, >1.9, in line
with the Wolf et al. (2018) selection. In addition, all
z > 2.5 QSOs have a color B, — R, >0.5, with the z >
3.5 source predominantly being in the area above Bj, —
R, =1.0. Thus, including bluer colors in the selection,
can help to better target higher redshift sources.

5.2. Crossmatch to Galex

We have cross-matched the QSOs found in QUBRICS
with the catalogs of the sources detected by GALEX!
(Bianchi et al. 2017). Of the 414 QSOs/AGN confirmed
in Paper I and II (including those from table 1) we have
161 detections with a confidence level > 20 in the NUV
and 83 detections in the FUV; 75 objects are detected

1 All the GALEX data used in this section can be found in MAST:

https://doi:10.17909/T9H59D.

both in the FUV and NUV. If we consider only QSOs
with z > 2.5 (z > 3.5) out of 230 (54) objects 38 (3)
have been detected in the NUV, 17 (2) in the FUV and
13 (1) both in the FUV and NUV.

In the designing phase of the QUBRICS we decided
against using GALEX data for the selection of the can-
didates in order to avoid undesired selection effects rela-
tive to the fluctuations in the galactic absorption, which
are stronger at UV wavelengths. In fact, we plan to
use the QUBRICS sample to study the Hell reioniza-
tion and the cosmic UV background. In order to fulfill
this goal, we need an unbiased sampling of all the pos-
sible lines-of-sight in our QSO catalogue and a UV se-
lection may select preferentially less absorbed ones (e.g.
Prochaska et al. (2009)), which might bias future results
towards shorter mean free paths in the IGM (Romano
et al. 2019).

Indeed, one of the QSOs confirmed in Paper I,
J045011.37-432429.7, with z = 3.95, shows a detection
in the FUV and a non-detection in the NUV. FUV-
loud QSOs are extremely rare at z > 3.5 and precious
to study the He II reionization (Worseck et al. 2019).
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Figure 8. Upper panel: redshift distribution of the 414
confirmed QSOs/AGN (grey columns): 169 of those have a
corresponding GALEX source in FUV, NUV or both. 152 of
them (red columns) were observed by us, while the remaining
17 sources (light blue columns) were found in the literature
(83.5). Lower panel: redshift distribution of QSOs/AGN in
the QUBRICS main sample. Grey columns show the dis-
tribution for all the objects, red columns for those with a
GALEX counterpart.

J045011.37-432429.7 is potentially a case of transmis-
sion peaks that might indicate an example of patchy
reionization of He IT at z 2 3.5.

As shown in Fig. 8, all of QSOs/AGN with a GALEX
counterpart have z < 4, J045011.37-432429.7 being
the object with the highest recorded redshift. More-
over, considering the confirmed QSOs/AGN in paper I
and II, 82% of objects below z = 2 have a GALEX
counterpart. This number decreases drastically when
considering higher redshift intervals: for 2 < z < 3
(3 < z < 4) 35% (11%) of QSOs have a correspond-
ing GALEX source. Similar results are obtained using
all the QSOs/AGN known in the QUBRICS main sam-
ple, the biggest difference being for 2 < z < 3 where
a higher percentage (58%) of sources have a GALEX
counterpart. In principle, the GALEX detection can be
used as a veto criterium to increase the efficiency in the
selection of bright QSOs at z > 4.

6. A GOLDEN SAMPLE FOR THE SANDAGE
TEST

The redshifts of all cosmologically distant sources are
expected to experience a small, systematic drift as a

function of time due to the evolution of the expansion
rate of the Universe (Sandage 1962). Liske et al. (2008),
using extensive Monte Carlo simulations, determined
the accuracy with which the redshift drift can be mea-
sured from the Lyman forest (and metal lines), o, as a
function of signal-to-noise ratio and redshift:

—1 — —0.5
o, = gx1.35 (S/N> (HZQSO) (NQSO> cm/s
1

3350 ) 30

where the symbol ‘S/N’ refers to the total S/N per
0.0125 A pixel per object accumulated over all obser-
vations, Nqso is the number of QSOs in the sample,
2qQso is the redshift of the QSO, the v exponent is 1.7
for zqso < 4 and 0.9 above. The form factor g is equal
to 1 if all the targets are observed twice, at the beginning
and at the end of the experiment, and becomes larger
if the measurements are distributed in time, reaching
1.7 for a uniform distribution. The S/N per pixel for
photon-noise limited observations can be written as:

1

_ ZX | 00.4(16—mx D \? tne € |
S/N = 650 710 ( ) (39m) o 025]

(2)
where D, ti, and e are the telescope diameter, to-
tal integration time and total efficiency, Zx and mx
are the zeropoint and apparent magnitude of the
source in the X-band, respectively, and Z, = (8.88 x
10%%) s7! m~2 pym~! is the AB zeropoint for an effec-
tive wavelength of 6170 A [corresponding to the Sloan
Digital Sky Survey (SDSS) r-band]. The normalisation
of the above equation assumes a pixel size of 0.0125 A
and a central obscuration of the telescope’s primary col-
lecting area of 10 per cent.

Liske et al. (2008) concluded that an ELT-type tele-
scope (at the time planned with a 42m primary mir-
ror) would be capable of unambiguously detecting the
redshift drift over a period of ~ 20 yr using 4000 h of
observing time. The estimated amount of time would
obviously increase assuming the 39m primary mirror of
the ELT and considering only the QSOs observable with
the ELT, typically those in the Southern hemisphere.
We have repeated the estimate of the time requested to
carry out the Sandage Test with the 39m ELT, adopting
a strategy that maximizes the significance of the detec-
tion of a non zero redshift drift (Liske et al. 2008) (i.e.
with QSOs in the redshift range 2.8 < z < 5), aiming at
a 3o detection and observing 30 targets twice at 25 years
distance. Other assumptions are the same as in Liske
et al. (2008) except for the spectral slope of the QSO
continuum, updated to be fy oc A™13 (Cristiani et al.
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Table 2. The golden sample of Southern QSOs for the Sandage Test

Name R.A. (J2000) DEC. (J2000) my m; Gaara  redshift  t(22.5 cm/s) D

(deg) (deg) (mag)  (mag)  (mag) (h) Skymapper
J000322.94-260317.9 000.845639 -26.055083 17.472 17.071 17.6019 4.111 61.2 7437380
J000736.55-570151.8 001.902387 -57.031067 17.992 17.240 17.9440 4.260 70.5 317358346
J004131.41-493611.7 010.381000 -49.603247 16.736  16.580 16.7048 3.240 68.5 317850840
J010318.05-130509.9 015.825313 -13.086163 17.637 17.242 17.7349 4.072 71.9 8430815
J015558.26-192848.8 028.992816 -19.480298 17.673 17.393 17.7969 3.655 96.7 8789744
J015644.67-692216.1 029.186291 -69.371155 16.637 16.325 16.5949 2.800 78.7 314938059
J020413.26-325122.8 031.055213 -32.856350 17.276 17.068 17.3900 3.835 66.2 6932623
J030722.89-494548.2 046.845395 -49.763410 * 17.407 18.4534 4.728 78.8 318204033
J033015.31-543021.1 052.563812 -54.505886 17.203 17.174 17.2208 3.400 97.4 316834279
J042214.78-384452.9 065.561596 -38.748007 16.896 16.765 16.9504 3.123 84.2 10914737
J054803.19-484813.1 087.013348 -48.803654 17.215 16.886 17.2414 4.147 51.4 316292063
J093542.69-065118.8 143.927899 -06.855260 18.008 17.424 18.1236 4.040 85.3 56483517
J094253.51-110425.9 145.722949 -11.073870 16.915 16.733 16.8174 3.093 87.0 56438607
J101529.36-121314.3 153.872359 -12.220648 17.857 17.255 17.7070 4.190 72.0 57929040
J104856.82-163709.2 162.236717 -16.619244 17.194 17.164 17.2249 3.370 98.0 57339247
J105122.70-065047.8 162.844537 -06.846624 17.584 17.345 17.8003 3.765 88.1 58181076
J105449.68-171107.3 163.706991 -17.185386 17.104 17.107 17.2681 3.765 70.8 57368436
J111054.67-301129.8 167.727860 -30.191652 * 17.346  18.5117 4.780 74.2 54680559
J132029.98-052335.1 200.124872 -05.393160 17.559 17.444 17.8589 3.700 99.4 65911949
J144943.17-122717.5 222.429861 -12.454868 16.953 16.703 17.0963 3.273 82.3 66962683
J150527.83-204534.9 226.365934 -20.759752 16.966 16.955 16.9888 3.090 91.3 72002629
J162116.92-004250.8 245.320512 -00.714142 17.457 17.386 17.6713 3.703 94.1 114286192
J195302.67-381548.3 298.261202 -38.263482 17.724 17.305 17.8896 3.712 87.0 135100950
J200324.11-325145.0 300.850485 -32.862537 17.470 17.296 17.6287 3.783 83.6 135386798
J201741.49-281630.0 304.422893 -28.274988 17.822 17.388 17.7996 3.685 95.0 136198132
J212518.38-420547.6 321.326583 -42.096609 17.266 17.363 17.6598 3.549 98.8 307443251
J212540.96-171951.3 321.420690 -17.330947 16.644 16.548 16.8730 3.897 39.9 2379862
J212912.18-153840.9 322.300733 -15.644734 17.035 16.824 17.0243 3.280 88.4 2552049
J215228.21-444603.9 328.117538 -44.767760 17.310 17.291 17.3645 3.473 94.8 307536968
J215728.21-360215.1 329.367623 -36.037557 * 17.367 18.2864 4.771 75.7 397340

able to approximately double the number of bright
QSOs (i < 18.0) at z > 2.5 known in the Southern
Hemisphere, bringing it to 428. In this way it has been
possible to relieve the persistent lack of bright targets for
high resolution spectrographs of Southern observatories.

2016). For simplicity we have required that the spectra
of all the objects are integrated for a sufficiently long
exposure time (different for each target, depending on
its magnitude and redshift) to reach the same velocity
accuracy (22.8 cm/s) required for a global 30 detection

of the drift.

We collect in Tab. 2 our proposed sample of 30 South-
ern QSOs, most suitable for the Sandage Test. Thanks
to the detection of new bright QSOs at high redshift, the
total time required to carry out the Sandage Test turns
out to be less than 2500 h and each QSO in Tab. 2
needs less than 100h of integration to provide a velocity
accuracy of 22.8 cm/s.

7. DISCUSSION AND CONCLUSIONS

In this paper, we present spectroscopic identifications
of QSO candidates in the QUBRICS sample, using our
most updated selection criteria based on the CCA ap-
proach, which has been described in Paper I. At present,
after 26 observing runs at intermediate and large tele-
scopes (duPont, Magellan, NTT, TNG), we have been

Using the new spectroscopic sample of bright QSOs
from QUBRICS, we are able to further refine our se-
lection criteria, by means of a new CCA training set.
The completeness of the selection criterion, evaluated
against the presently known bright QSOs at z > 2.5,
turns out to be higher than 90%, while the success rate
is around 70%. The success of the QUBRICS survey is
particularly evident looking at Fig. 4, where among the
new identifications we show the two brightest QSOs at
z > 3.8 in the Southern hemisphere, with an increase
of a factor of ~ 3 of the number of QSOs at z > 3 and
1 < 17.5.

The QUBRICS survey also selects rare and pecu-
liar sources, with strong absorption features, e.g. the
OFeLoBAL QSO discussed in section 4.3. With the
progress of our survey it will be important to quantify



12 BoOUuUTSIA ET AL.

the number densities of these peculiar sources and to
compare them with the relative low incidence in the past
surveys.

Due to the characteristics of our selection, QUBRICS
is expected to be incomplete for QSOs at z 2 4.5 or
with images distorted by lensing. In the future, we will
address these issues and try to reduce the biases with
improved, less stringent selection criteria.

Surveys similar to QUBRICS have been started re-
cently, based mainly on IR selections of bright high-z
QSOs (e.g. Wolf et al. 2020; Schindler et al. 2019b). IR
colors from 2MASS and WISE are fundamental to dis-
tinguish high-z QSOs from local galaxies or stars, but,
taken alone, they are not optimal for a photometric red-
shift refinement. As discussed in Section 5, the optical
colors Bp— Rp or i — z are very useful to separate QSOs
at z ~ 2 from the ones at z ~ 4.

Besides, adopting further filters, in particular at short
wavelengths (e.g. GALEX), it would be possible to fur-
ther improve the success rate of the survey at high z.
However, due to the possibility of introducing a bias
against clear lines of sight in the intervening IGM, which
can mimic the photometry of a lower redshift source
(Romano et al. 2019), we chose not to use the GALEX
photometry for the selection. In this way, among the
newly discovered QSOs at z > 2.5, we have 29 objects
with FUV or NUV detections, potentially important for
follow up studies with COS for the Hell reionization
(e.g. Worseck et al. 2016, 2019).

The adopted CCA method to compute a photomet-
ric redshift, described in Paper I, is based on SEDs
extending from the u band to the WISE bands, and
should be less affected by possible biases due to the
presence of significant Lyman limit absorbers with short
mean free paths, which are evident at z ~ 3.5 on QSO
surveys based on u — g color selections, as shown by
Prochaska et al. (2009); Cristiani et al. (2016); Romano
et al. (2019). In the future, we will address the effects of
optical color selections on the QSO spectral properties
and Lyman limit statistics.

The discovery of bright cosmic beacons is especially
important for the study of the IGM at high-z. In par-
ticular, the QUBRICS survey provides a large sample of
bright high-z QSOs for the Sandage Test with future 40
meter class telescopes. We estimate that at present, less
than 2500 hours of observations in 25 years are needed
with the ELT-HIRES to carry out the redshift drift mea-
surement (Liske et al. 2008) at the precision required to
have a 30 detection of the cosmological signal. Before
QUBRICS, the targets available in the Southern Hemi-
sphere would have required, in the same metrics, about
4000 hours to accomplish this goal. QUBRICS, in a

sense, contributes to a multi-million saving, considering
the projected cost of a night at ELT (2 50 MEU or
> 60 M$ at the assumed cost of 320 KEU for an ELT
observing night and an average of 9 hours per night).
We are continuing the pursuit for the brightest cosmic
beacons, exploring other innovative methods, with the
main goal of giving a realistic possibility to execute the
Sandage test, only dreamed of a few years ago.
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APPENDIX

A. CCA MATRIXES

Our QSO candidate selection procedure relies on a CCA transformation aimed at predicting an object type clas-
sification for each source, based on the photometric magnitudes in the bands where these estimates are available.
In particular we associate a discrete numeric label to all sources with known object type classification, and search
for the transformation matrix to be applied to the available magnitudes which maximizes the correlation with the
above mentioned label. Note that the above process identifies the best possible linear transformation while the best
performances would likely be obtained with a non-linear one, although the latter can not be obtained analytically. In
order to improve our classification algorithm we also included the logarithm of each magnitude estimate in the CCA
analysis. It should be noted that the availability of magnitude estimates is not the same for all the sources in our main
sample, hence we identified 34 sub-samples with homogeneous availability and repeated the above process for each of
them, resulting in 34 different CCA matrices. The largest sub-sample covers 43% of our main sample (438687 sources,
with 58581 sources lacking a known object type classification). In Tab. 3 we report the transformation matrix used
to calculate the CCA coordinate (i.e., the value displayed on the vertical axis of Fig. 1 in both Paper I and Paper II),
for the above mentioned sub-sample.

All magnitudes should be converted to the AB system before applying the transformation, and an offset (last line
of Tab. 3) should be added to the resulting label to obtain a classification on the same scale of the training. We can
provide the matrices for the remaining sources on request.? Further details are available in Paper 1.

Note that the presence of strong correlations among the magnitudes in different bands prevents us from drawing any
conclusion by just comparing the numbers in the above matrices. The overall performance of each matrix, in terms of
success rates and completeness, should thus be estimated by comparing the results with the test dataset, as discussed
in §2.
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