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ABSTRACT

Context. The identification of high-redshift quasars (z > 4.5) is critical for studying the early Universe, supermassive
black hole growth, and cosmic reionization. Most known high-redshift quasars are located in the northern hemisphere,
leaving the southern sky largely unexplored.

Aims. As part of the 4-meter Multi-Object Spectroscopic Telescope (4AMOST) and Chilean AGN/Galaxy Extragalactic
Survey (ChANGES) S1604 survey, we aim to create a large catalog of high-redshift quasar candidates in the south-
ern hemisphere using multiwavelength photometry and Spectral Energy Distribution (SED) fitting, with the goal of
spectroscopic follow-up with 4MOST.

Methods. We construct a multi-band photometric catalog by combining optical data from the Dark Energy Camera
Local Volume Exploration Survey (DELVE DR2) and Dark Energy Camera Legacy Survey (DECaLS DR10), near-
infrared data from the VISTA Hemisphere Survey (VHS DR5) with an additional field of the VISTA Kilo-degree
Infrared Galaxy Public Survey (VIKING), mid-infrared data from the Wide-field Infrared Survey Explorer (AIWISE)
and optical astrometry from Gaia DR3. After applying morphological and color-based cuts to remove contaminants
such as brown dwarfs and red galaxies, we perform a custom-made SED fitting using quasar and brown dwarf templates.
Statistical outputs including X27 Bayesian Information Criterion (BIC'), and Fiess are used to rank and select candidates.
Results. Our final catalog contains 6104 high-redshift quasar candidates within the redshift range of 4.5 < z < 7. These
sources have detections in 7 or more photometric bands and satisfy our SED-based statistical selection criteria (e.g.
BIC > 0 and Fiest > 10). Initial spectroscopic validation using the New Technology Telescope (NTT) with the ESO
Faint Object Spectrograph and Camera v.2 (EFOSC2) and the Palomar Observatory Hale Telescope with the Next
Generation Palomar Spectrograph (NGPS) confirmed 3 high-redshift quasars at z > 5 out of 6 observed candidates.
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1. Introduction

Quasars are the most luminous type of Active Galactic
Nuclei (AGN) powered by the accretion of material onto
supermassive black holes (SMBHs) located at the centers
of massive galaxies (e.g., Magorrian et al.|[1998; Marconi
. These powerful sources emit across the en-
tire electromagnetic spectrum. They can be studied at large
cosmological look-back times, with spectroscopically con-
firmed quasars now reaching redshifts of z ~ 7.6 (e.g.,
[Banados et al.|[2018} [Yang et al.|[2020; [Wang et al.|[2021)).
Recent observations have also identified AGN candidates at
even higher redshifts of approximately z ~ 10 (about half
a billion years after the Big Bang; e.g., [Bogdan et al.|[2024}
Natarajan et al.[2024)). Additionally, high-redshift quasars
provide valuable information on the chemical composition
and metal enrichment of the intergalactic medium (IGM;
e.g., [Becker et al|[2015; [Bosman et al|[2022} [Davies et al|
2023) and highlight relatively dense environments (e.g.,
Mignoli et al.[2020; |Pudoka et al.|2024; |Lambert et al.[|2024}
Champagne et al.|2025a; Champagne et al.|2025b)).

The discovery of the first quasars at z > 4 in the 1980s
marked a significant milestone in our understanding of the
distant Universe (e.g., Warren et al.|1987). The exploration
of high-redshift quasars further accelerated with the advent
of the Sloan Digital Sky Survey (SDSS; [York et al.[2000)),
which led to the discovery of the first quasars at z > 5
(e.g., . Since then, systematic wide-field sur-
veys such as Wide-field Infrared Survey Explorer (WISE;
[Wright et al.||2010), the UKIRT Infrared Deep Sky Survey
(UKIDSS; [Lawrence et al][2007), Gaia (Gaia Collaboration|
et al.|2016) and the Panoramic Survey Telescope and Rapid
Response System (Pan-STARRS; [Chambers et al.[2016]),
along with deep, multiwavelength observations of smaller
fields like COSMOS and the Chandra Deep Fields, have
significantly advanced the identification and characteriza-
tion of AGN and quasars beyond the local Universe (Brandt
et al.|[2001}; [Giacconi et al|[2002} [Lehmer et al 2005é éa -
vato et al.||2009; Marchesi et al.||2016). To date, more than
500 quasars have been identified at z > 5.6, the majority
located in the northern hemisphere (Fan et al|2023; Yang
let al.||2024; Belladitta et al|[2025). These discoveries con-
firmed the existence of SMBHs with masses up to a few bil-
lion solar masses (M) within the first billion years after the
Big Bang, with rest-frame UV /optical spectra remarkably
similar to those of luminous low-redshift quasars (e.g.,
izucchelli et al|2023} |Farina et al.2022). The field has been
recently revolutionized by the James Webb Space Telescope
(JWST), which has revealed new populations of faint, ob-
scured high-redshift AGN candidates that were previously
missed by traditional selection methods, specifically Lit-
tle Red Dots (LRDs), with number densities an order of
magnitude higher than expected (e.g., Matthee et al.|[2024}
Kocevski et al.|[2025)).

Most high-redshift quasars have been identified using
the Lyman-break (or dropout) technique (Warren et al.
[1987; Williams et al.| [1996). This method capitalizes on
the absorption of flux below the Ly« emission line (at
a rest-frame wavelength of 1215 A) due to both the Ly-
man break and the Ly« forest from intervening absorption
features, which together produce very red broadband col-
ors. Early work on photometric quasar identification estab-
lished color-based selection criteria (Richards et al.|[2001}
that have been continuously refined over two decades
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(Richards et al|2015]). The color cut method is straightfor-
ward to implement and achieves high completeness, even for
quasars with atypical spectra . However,
this method often suffers from significant contamination
due to the similar optical and near-infrared (NIR) colors
of other astrophysical sources. Multiple stellar populations
have similar colors to high-redshift quasars, including cool
brown dwarfs with spectral types M, L, and T, low-mass
stars, and compact early-type galaxies (e.g., Hewett et al.
2006}, [Findlay et al|[2012} [Venemans et al|[2015; Banados
et al.|[2016} (Gloudemans et al.|[2022} Belladitta et al.|[2025}
Ighina et al.[|2025). Among these contaminants, cool brown
dwarfs represent the dominant source of confusion in photo-
metric surveys, outnumbering z ~ 7 quasars by 2-4 orders
of magnitude in deep surveys (Euclid Collaboration et al.|
, making them the primary challenge for color-based
selection of high-redshift quasars.

To address these issues, several studies (e.g., [Hatzimi-
naoglou et al|[2004}; [Mortlock et al|[2012} [Matsuoka et al.
2016} Reed et al.|2017)) applied Spectral Energy Distribu-
tion (SED) fitting following the initial color cuts, calculat-
ing reduced x? values by comparing observed SEDs to mod-
els of quasars and potential contaminants, including vari-
ous M, L, T dwarf types and early-type galaxies at different
redshifts. These SED-fitting approaches have been refined
with multiwavelength data over the years
2012} [Findlay et al|2012)) and extended to higher redshifts
(Nakoneczny et al.[2021)), including recent searches for dust-
reddened quasars at z > 6 (Iwamoto et al|[2025)).More re-
cently, the use of machine learning techniques has facili-
tated the discovery of new high-redshift quasars, even in
datasets that have previously undergone extensive searches
(e.g., Wenzl et al.2021}; |Yang et al.|2024; Byrne et al.|2024;
|Calderone et al.[2024).

In addition to northern hemisphere efforts such as SDSS
(York et al/2000) and Pan-STARRS (PS1;
2016) that have enabled a drastic increase in the number of
quasars discovered at z > 4 (e.g., [Shen et al|[2011} [Bana-|
dos et al|[2016] 2023} [Jiang et al.|[2016; [Wang et al.| 2016
Gloudemans et al|2022; Belladitta et al.|[2019} 2023), sev-
eral recent large-area surveys have expanded high-redshift
quasar searches into the southern sky, such as the Dark
Energy Survey (DES; [Flaugher|[2005; |Abbott et al.|[2018])
the DESI Legacy Imaging Surveys (LS; [Dey et al|[2019),
and SkyMapper (Keller et al[2007), which have enabled
the discovery of high-redshift quasars in the southern hemi-
sphere (e.g., Reed et al.|[2017; [Pons et al|2019} [Belladitta
et al|2019; [Wolf et al.[2020; [Onken et al|2022; [Yang et al.
2023; Ighina et al.|2023| [2025). However, the southern hemi-
sphere still lacks the extensive spectroscopic coverage and
time-domain infrastructure available in the north. This gap
presents both a challenge and an opportunity for the next
generation of extragalactic surveys (e.g.,|de Jong et al.[2019}
Bauer et al|2023).

Among the various astronomical facilities, the 4-meter
Multi-Object Spectroscopic Telescope (4MOST) installed
on the Visible and Infrared Survey Telescope for Astron-
omy (VISTA) at Paranal Observatory stands out as a key
asset in the southern hemisphere, covering the sky in the
declination range —70° < dec < 5° in the coming years
(Guiglion et al|[2019). 4MOST can observe approximately
2,400 targets simultaneously across a wide field of view of
4.2 square degrees. Over its initial five-year survey, it is ex-
pected to obtain spectra for over 20 million sources at a
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spectral resolution of R ~ 6500, and more than 3 million
spectra at R ~ 20,000 (de Jong et al.|[2019).

The 4MOST Chilean AGN/Galaxy Evolution Survey
(ChANGES; [Bauer et al. |[2023) is one of 15 commu-
nity surveys approved for 4AMOST, allocated approximately
8.23% of the low-resolution spectrograph (LRS) fiber hours.
ChANGES aims to obtain spectroscopy for ~2.3 million
AGN candidates spanning ~18,000 square degrees, primar-
ily selected through optical variability (using ZTF, La Silla
QUEST, and Gaia data) and optical/NIR/mid-infrared
(MIR) SED fitting. The survey’s primary science goals in-
clude: (1) improving population statistics for moderate-
luminosity and lower-mass black hole AGN out to z ~ 1;
(2) expanding the known AGN sample available to facili-
ties such as the Vera C. Rubin Observatory’s Legacy Survey
of Space and Time (LSST; [Ivezi¢ et al.|[2019), Euclid, and
ESO’s Extremely Large Telescope; (3) generating a massive
training set for LSST/Euclid classification and photomet-
ric redshift calibration; (4) studying AGN spectral variabil-
ity through multi-epoch observations of ~200,000 variable-
selected AGN; and (5) investigating extreme variability
events, tidal disruption events, and lensed AGN through
dedicated target-of-opportunity observations.

Among these goals, ChANGES dedicates effort to iden-
tifying high-redshift (4.5 < z < 7) quasar candidates in
the southern hemisphere, particularly at the southernmost
declinations (dec < —30°), which remain poorly explored.
Our work aims to provide a catalog of high-redshift quasar
candidates selected using a custom-made SED fitting code
and applying several criteria outlined in the following sec-
tions. The structure of the paper is organized as follows: In

we describe the data used in this work.

explains the method of photometric selection and provides
justification for the criteria applied. presents the
output of our catalog with the results obtained and the
preliminary spectroscopic follow-up. Finally, we summa-
rize our findings in We used a flat A cold dark
matter (ACDM) cosmology with Hy = 70 km s~ Mpc~!,
Qn = 0.30, and 24 = 0.70.

2. Photometric Data

To ensure consistency across multiple ChANGES sci-
ence cases, a single uniform photometric catalog is con-
structed, which includes ~ 4.2 x 10® objects from the
southern sky (dec < 5°). The catalog is created by cross-
matching optical griz photometry from the second pub-
lic data release (DR2) of the Dark Energy Camera Lo-
cal Volume Exploration Survey (DELVE; Drlica-Wagner
et al.[[2022), NIR Y JH K, photometry from the fifth data
release (DR5) of the VISTA Hemisphere Survey (VHS)
with an additional field of the VISTA Kilo-degree Infrared
Galaxy Public Survey (VIKING; [Edge et al.[2013), and
MIR W1 and W2 photometry from the CatWISE 2020 cat-
alog (Marocco et al.[2021). The primary source detections
are from DELVE DR2, with additional photometry cross-
matched from VHS/VIKING and CatWISE when available,
but not required. NIR gaps in the southern sky coverage
are supplemented by VIKING, which covers approximately
0° < RA < 50° and —35° < dec < —10°, addressing a
major gap in VHS coverage. Additional gaps in VHS cov-
erage, including several horizontal stripes at various decli-
nations (most prominently at dec ~ —5°, —15°, —30°, and
—40°) and scattered regions throughout the footprint, can-

not be filled with NIR data. In these regions where NIR data
from VHS/VIKING are unavailable, the catalog contains
only optical and MIR photometry (DELVE-+CatWISE).
The different photometric depths between VHS (50 lim-
iting magnitudes: J ~ 20.6, K, ~ 18.5; McMahon et al.
2013, [2021) and VIKING (J ~ 21.2, K, ~ 19.8; [Edge et al.
2013) may introduce systematic biases in candidate selec-
tion across different sky regions. Duplicate objects are re-
moved using a 1” matching radius, consistent with the 1.4”
diameter of the 4MOST fibers. Furthermore, this catalog in-
corporates proper motion information and object-type flags
from Gaia DR3 (Gaia Collaboration et al.[[2023)). In a fol-
lowing step of our selection, we additionally use magnitudes
from the tenth data release (DR10) of the Dark Energy
Camera Legacy Survey (DECaLS; |Dey et al. 201{{[}, which
are not included in our initial catalog as this catalog was
built to optimize sky coverage and consistency across all
ChANGES science cases, hence DELVE DR2 was chosen
instead for the optical coverage (Assef in prep, Bauer in
prep). We also use the Milky Way dust reddening map,
from Schlegel, Finkbeiner, & Davis (SFD; [Schlegel et al.
1998)) dust maps to obtain dust extinction values E(B—V).
The catalog is divided into sections of 15° by right ascen-
sion (RA), each containing around 8 million to 20 million
entries.

The Dark Energy Camera (DECam) is a 570-megapixel
instrument mounted on the 4-meter Victor M. Blanco Tele-
scope at Cerro Tololo in Chile. Since its commissioning, DE-
Cam has served the DES, the DECaLS, and other commu-
nity programs, capturing much of the southern sky. DELVE
DR2 includes imaging from DELVE, DES and DECaLS
with a median 50 point-source depth of g = 24.3, r = 23.9,
i = 23.5, and z = 22.8 magnitudes (Drlica-Wagner et al.
2022), and covers nearly the entire Southern hemisphere.
In contrast, DECaLLS DR10 has new i-band imaging plus
grz. It incorporates DECaLS observations from 2014 to
2019 and additional DECam data from DES, DELVE, and
DeROSITA surveys. DECaLS reaches depths of g = 24.7,
r = 23.9, z = 23.0, referring to the target 50 point-source
depth, providing deeper g-band photometry that serves as a
helpful alternative selection criterion for removing potential
contaminants. However, DECaLLS DR10 does not provide
full sky coverage in the 4AMOST accessible area, with sig-
nificant gaps particularly in the 7 and z bands, which is why
DELVE DR2 serves as our primary photometric source.

The VISTA Hemisphere Survey DR5 spans the en-
tire southern celestial hemisphere (dec < 0°), covering
20,000 deg? and reaching depths 30 times fainter than those
achieved by 2MASS/DENIS. This survey provides data
for nearly ~ 1.4 billion detections, offering measurements
across 4 NIR broadband filters such as Y, J, H, and Ks
with AB depths of 21.1, 20.8, 20.5, 20.0 (50), respectively
(Pons et al[2019). Similarly, VIKING is covering 1500 deg?
across two regions of the extragalactic sky using VISTA in
the z, Y, J, H, and K, bands to an AB depth of 23.1, 22.3,
22.1, 21.5, and 21.2, respectively, with the 50 point-source
depth (Edge et al.|2013)). Lastly, we used the Cat WISE 2020
Catalog, which combines 2-band (3.4, 4.6) fluxes, positional
data, apparent motion measurements, and flux variability
statistics (Wright et al.[2010; [Marocco et al.|[2021)).

In summary, our initial photometric catalog covers the
full southern sky (dec < 5°) and contains ~ 4.2 x 10%

! https://www.legacysurvey.org/dr10/description/
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objects with up to 10 bands of DECam griz, VISTA
YJHK, and WISE W1/2, spanning a wavelength range of
~4800-46000 A (optical to MIR). For magnitude measure-
ments, we use Kron-like aperture photometry (mag_auto)
for DELVE optical data, Petrosian photometry (petromag)
for VHS/VIKING NIR data, and profile-fitting photometry
(mpro) for CatWISE MIR data. All magnitudes are in the
AB system unless otherwise stated. In addition to photo-
metric data, some value-added (non-photometric) columns
are used in the selection process. These are 3 Gaia-based
parameters: proper motion if available and its uncertain-
ties in RA and Dec, the extended class _z delve flag, and
E(B — V) values derived from SFD.

The full catalog is divided into sections of 15 degrees by
RA, with each segment containing around 8 million to 20
million entries, including 3 chunks with the gaps in VHS
coverages. It is publicly availableﬂ

3. Methodology

We impose several initial selection criteria to identify high-
redshift quasars at z > 4.5, followed by implementing a
custom-made SED fitting code and color-color cuts. Finally,
we cross-match part of our sample with the DECaLLS DR10
catalog to retrieve further information. Our selection pro-
cedure is reported schematically in Figure [I] and explained
in more detail below.

3.1. Removing initial contaminants

Initially, we apply a set of conditions to remove contami-
nants. To test their effectiveness, we use three high-redshift
quasar samples: F23 (a collection of around 500 spectro-
scopically confirmed quasars at redshifts 5.3 < z < 7.6
from [Fan et al.[[2023), Y23 (a spectroscopically confirmed
list of 556 quasars with redshift values between 4.4 and 6.6,
based on DESI data from the study of[Yang et al.[2023)), and
F123 (a list of high-redshift quasars from the study of|[Flesch
2023, totaling 1200 sources with z > 4.5, out of which we
select about 450 spectroscopically confirmed quasars). For
comparison with known contaminants, we also use a spec-
troscopically confirmed sample of brown dwarfs from a col-
lection of studiesﬂ (totaling 5,700 sources) hereafter referred
to as BD. All samples are cross-matched with the surveys
adopted in this work. Note that the recovery rate includes
sources that passed the selection criteria or those retained
due to missing data (NaN values), which pass selection cri-
teria by default.

High-redshift quasars are expected to be character-
ized by a point-like morphology. Since our sample fo-
cuses on sources at z > 4.5, we used the DELVE sur-
vey’s extended class _z _delve flag to distinguish point-
like sources from extended ones (e.g., galaxies) based on
their z-band morphology. Hence, we consider that any high-
redshift quasar (4.5 < z < 7) candidates should be detected
in the zgee filter, and choose it as a reference for the
morphology of the source. The extended class z delve
flag is based on morphological models based on the spread
model parameter of Source Extractor (Bertin & Arnouts
1996)) and has the following values: 0: source has a high

2 https://gal-04.voxastro.org/allsky_2022/
3 The sample is based on (West et al[[2011} [Lodieu et al|2014}
Mace|[2014; [Marocco et al.||2015} |Best et al.[2015])
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Fig. 1: Flowchart of the selection procedure


https://gal-04.voxastro.org/allsky_2022/

Mkrtchyan et al.: Catalog of high-redshift quasar candidates
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Fig. 2: DELVE extended class z delve flag for samples
of known high-redshift quasars, randomly selected brown
dwarfs from the BD Sample, and galaxies from the litera-
ture. The definition and usage of this flag are described in

Section

likelihood of being a star; 1: source is probably a star; 2:
source is likely a galaxy; 3 source has a high likelihood
of being a galaxy. Therefore, we excluded all sources with
an extended class_z_delve value of 3, removing obvious
extended sources from our dataset. This selection process
leads to approximately a 33% reduction of the initial sam-
ple and successfully recovers over 98% of the high-redshift
quasars from all reference samples used. We apply this
method to a galaxy sample obtained from the SDSS Sky-
Server DR10% and find that this criterion eliminates 97%
of them (see Figure [2)).

As high-redshift quasars are not expected to show large
proper motion (Heintz et al.[|2018)), we eliminate all sources
with significant proper motions relative to their measure-
ment uncertainties with the following cut to all sources with
matches to Gaia DR3:

Mo

145

Opus

>2 or

> 2, (1)

Opia

where u, and us are the proper motions in RA and Dec,
respectively, and o, and 0, are their corresponding un-
certainties.

The 20 threshold provides an optimal balance between
quasar completeness and contamination control, as vali-
dated by previous studies of high-redshift quasar selec-
tion (Heintz et al.|2018]). Thus, with this filter, from the
sources with matches in Gaia DR3, we retain only 8% of
the BD sample, preserving more than 93% of the known
high-redshift quasars from Y23 and FI23. No Gaia DR3
counterparts were found for sources in the F23 sample in
this analysis (see Figure (3.

4 https://skyserver.sdss.org/dr10/en/tools/toolshome.
aspx

BD Sample FI23 Sample Y23 Sample -- Proper Motion cut
10
® .
5
s | e gt
3 0 £k
-5
° 0
-10
=10 -5 0 5 10
Ha/0a

Fig. 3: Proper motion significance in declination (|us/os])
versus right ascension (|pq/04|) for various source types.
BD sample is shown in green, while quasars from Y23
and F123 are plotted in blue and orange, respectively. The
dashed box outlines the proper motion cut applied in our
analysis.

We also exclude all objects with ggeive detection, as we aim
to select high-redshift quasars at z > 4.5. Instead, we retain
objects with a ggeive value of 0 or 99, which may indicate
either a lack of detection in the g band or no information.
With this cut, we remove 76% of known brown dwarfs, while
retaining over 97% of known quasars from the F23 and Y23
samples.

Finally, MIR color selection using simple WISE color
cuts has been shown to be an effective method for identi-
fying AGN (e.g., |Stern et al.[[2012} [DiPompeo et al.[[2015}
Secrest et al.|2015; |Assef et al.||2018). We apply the follow-
ing cut on WISE colors in AB.

W1-W2<06 and WI1—W2> —0.6. (2)

This selection keeps over 76% of known high-redshift
quasars matched with ALLWISE from the F23 sample while
eliminating approximately 92% of known brown dwarfs (see
Figure . This trade-off prioritizes quasar completeness
over brown dwarf rejection, as brown dwarfs significantly
outnumber high-redshift quasars. At this stage, we are left
with a sample of around 13 million sources, which we will
refine further using SED fitting. Table [I} summarizes the
results of the initial cuts performed on the test samples.

Table 1: Results from the initial cut procedure on known
high-redshift quasars and brown dwarfs.

Conditions F23 Y23 F123 BD
Recovered Recovered Recovered Remained
Extended zgeive cut 321 (99%) 318 (98%) 445 (99%) 3541 (91%)
Proper motion cut — 222 (95%) 417 (93%) 407 (8%)
Gdelve cut 321 (99%) 314 (97%) 188 (42%) 865 (24%)
WISE color cut 170 (76%) 152 (95%) 382 (85%) 604 (8%)

Notes. Numbers show recovered sources with recovery percent-
ages in parentheses.
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Fig. 4: The W1-W2 color criterion is applied to samples
of known high-redshift quasars and brown dwarfs. This cut
retains more than 76% of quasars while removing 92% of
brown dwarfs.

3.2. SED fitting

After applying our initial cuts, we implemented a custom-
made SED fitting codeto further refine the sample. As ex-
tended sources have been substantially rejected in the pre-
vious step, the main contaminants at this stage are brown
dwarfs. Indeed, the red flux profile of high-redshift quasars
is due to significant absorption of the quasars’ ultraviolet
emissions by the IGM. On the other hand, brown dwarfs
exhibit a gradually rising SED towards 1 pm, due to their
surface chemical composition and low temperature (e.g.,
Chiu et al.|2007)). In this step, we use an SED fitting pro-
gram with various templates. Quasar templates are sourced
from (Selsing et al.| (2016) and |Temple et al.| (2021)), while
Brown Dwarf templates are from |Chung et al.| (2014).

The template described in |Selsing et al.| (2016) is based
on stacked spectra of luminous quasars observed by the
SDSS at a redshift of z ~ 3. We shifted the observed tem-
plate in a redshift range between 4.5 and 6.9, with incre-
ments of 0.1, and kept the redshift as a free parameter.
We applied IGM absorption using the method outlined by
Madau| (1995). Additionally, we used a set of synthetic mod-
els from the gsogen codd’| from Temple et al.| (2021). This
model includes three free parameters: emission line strength
(weak, normal, and strong), dust reddening characterized
by color excess values of E(B—V) = 0,0.1, and 0.25 (where
the extinction is attributed to dust within the quasar’s host
galaxy), and redshift. The redshifts of these synthetic tem-
plates range from 4.5 to 7, increasing in steps of 0.05. To
account for contamination, four synthetic brown dwarf tem-
plates of those used by [Chung et al.| (2014)) are included,
with two free parameters: surface temperature (2500 K,
2000 K, 1500 K, and 1000 K) and gravitational potential
(log g = 5.15 and 4.90), based on models from |Allard et al.
(2007). The calculation of the synthetic photometry from

5 The SED fitting code is publicly available in github https:
//github.com/dathevik/high-z-gso-selection.git
® https://github.com/MJTemple/qsogen/.
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all these templates is done with the synphot 1.2.1 python
packageﬂ

We acknowledge that combining two quasar template
sets may, in principle, introduce additional degeneracies;
however, we note that ~ 95% of sources in our final catalog
are best fit by the [Temple et al.| (2021) templates, which
include the largest number of free parameters and provide
the broadest coverage of quasar properties. The dominant
contribution from a single template set, therefore, limits the
practical impact of such degeneracies on our SED fitting
quality.

We fit the observed SEDs by selecting the BD and
quasar templates that minimize the 2. We then use the
Bayesian Information Criterion (BIC) and Fyes: statistics
to discriminate those significantly better fit as quasars. We
calculate x? as:

2

b x Ftemp,i) (3)

i

Nﬁlters Fb L
XZ(Z): Z |: obs,

i=1

where Foy,s; and Fiemp,; represent the observed and tem-
plate fluxes, o; is the flux uncertainty in the filter 4, and b
serves as a normalization factor. This normalization factor
accounts for the flux normalization of template spectra and
ensures optimal matching between observed and template
photometry before x2 calculation.

We calculate the BIC as:
(4)

where A min x? is the difference between the minimum y?
value of the brown dwarf and quasar templates, npa, A is the
difference between the numbers of parameters of the brown
dwarf and quasar templates and Ngatapoint is the sum of
data points of the source, where a datapoint is the flux in
each filter.

We use a simplified version of the canonical Fi.s pa-
rameter in this study, resulting in the following expression:

BIC = Amin x? + NparA X In(Ndatapoint),

‘minsz’ x k

Ftest = (5)

—
NparA X min x

where (k) is the degree of freedom:

(6)

and Npar model 1S the number of parameters of the applied
quasar template.

k= Ndatapoint - (npar model T nparA) )

Before performing the SED fitting on our full catalog, we
first validate our method using the set of known quasars
and brown dwarfs. We assess if the photometric redshift
(2phot) estimates are suitable for subsequent color selection
by comparing them to spectroscopic redshifts (zspe.) for
known quasars, and, most importantly, whether the method
successfully distinguishes between quasars and brown dwarf
contaminants by examining the ratio of best-fit x? values
(e.g., Ahumada et al.|2020; |[Fan et al.|2023)) (see Figure

for an example).

" https://synphot.readthedocs.io/en/latest/.
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Fig. 5: Example of SED fitting for the known quasar
J000009.99 — 041626.09 from the F23 sample (zspec = 5.77,
Zphot = 5.95).

3.3. Additional color selection

At this stage, following the SED fitting step, we have
approximately 13 million candidates. We use the SED-
calculated zppo¢ to perform additional color-based selec-
tion this time with 7gejve — %deive colors from DELVE. We
use the color distribution of known high-redshift quasars
from F23 sample to determine the optimal threshold for
the 7geive — idelve bands and find that sources at zspec > 4.5
systematically exhibit 7geive — tdeive > 1.3 (see Figure @
Therefore, for objects with z,4, < 6, we imposed a color
cut of 7geive — tdeive > 1.3. Because of the small number of
sources (178) at zppnor > 6 in our sample, the color cut is
performed only on the sources with z,5¢ < 6, while all the
sources with zppe: > 6 are retained without applying color
cuts. This cut removed approximately 3 million sources, re-
taining 10 million for further cuts.

3.4. SED fitting quality selection

At this stage, we consider the x2, BIC, and Fi. values
obtained from our SED fitting from the F23 and BD sam-
ples (see Figure [7). To test the effectiveness of each cri-
terion, we tested them separately on known brown dwarfs:
BIC > 0 alone removes around 57%, while Fies > 10 alone
removes approximately 99% of the BD sample. In our se-
lection pipeline, we apply both criteria simultaneously to
maximize contaminant rejection. Additionally, to ensure we
select candidates with reliable and genuinely multiwave-
length photometry, we require sources to have detections
in 7 or more photometric bands, which typically guaran-
tees coverage across all 3 surveys or across 2 surveys with
substantial photometric information. For sources with 7-8
bands, missing data are most commonly due to the gaps in
VHS/VIKING fields in H or Y bands, and more rarely in
the DELVE r band coverage.

To summarize, we require:

— BIC > 0 AND Fios > 10
- Ndatapoint > 6

3.5. Prioritization

At this stage, we have narrowed our sample to approxi-
mately 930000 candidates. After performing morphology,
color, SED fitting, and related cuts, we prioritize sources

300
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0

4.5 5.0 5.5 6.0 6.5 7.0
—— QSO template, emlines: 2, E(B-V): 0.25 (Temple+2021)
5 QSO template, emlines: -2, E(B-V): 0.1 (Temple+2021)

—— QSO template, emlines: 0, E(B-V): 0 (Temple+2021)
QSO template (Selsing+2016)
F23 Sample

4
i\\( confirmed quasars (this work)
" Quasar candidates (this work)
3
=<3
o
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3
I
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Fig. 6: The relation between 7gejpe —idelve color and the red-
shift for high-redshift quasars from the F23 sample, using
DELVE photometry, and our quasar candidates (this work),
marked as small gray dots. The histogram at the top shows
the distribution of SED-based photometric redshifts of our
quasar candidates. The shaded gray area indicates the se-
lection region defined by the criterion rgejpe — tdeive > 1.3,
which is applied to sources at zppor < 6. All sources at
Zphot > 6 are retained regardless of their color. The con-
firmed quasars from this work are shown as large pink stars.

for follow-up spectroscopy based on their brightness, their
respective Xgso min» ad R, values defined as:

2
_ XQSO,min

Ry = : (7)

X X%D,min
where R,> < 1 indicates a better fit with quasar templates
than brown dwarf templates. This criterion alone removes
56% of known brown dwarfs while preserving more than
94% of known quasars.

We prioritize our candidates according to the following
criteria

— Priority 2: zgelve < 22
_ gr?)iority 1: 2gelve < 22 AND X%QSO,min <12AND R,- <

Additionally, sources within 5° of the Large Magellanic
Cloud and 2.5° of the Small Magellanic Cloud are excluded
to avoid crowded regions, and the sample is restricted to
declinations between —80° and 5° to focus on observable
targets (Bauer et al. in prep).

After this cut, we narrowed our initial output catalog
to approximately 24,500 sources with priority 1 and 2.

3.6. Sample with DECalS DR10 photometry

We cross-matched the remaining ~24,500 sources with the
DECaLS DRI10 catalog via the NOIRLab Datalab inter-
fac] to obtain further photometric information. Of these,
over 23000 have counterparts in ggecais- We applied a 3o

8 https://datalab.noirlab.edu
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Fig. 7: The distribution of F}.s and BIC values of the high-
redshift quasars from the F23 sample, the BD sample and
the spectroscopically confirmed high-redshift quasars from
our sample. The shaded gray area indicates the selection
region defined by our criteria (BIC > 0 and Fies > 10).
The subplots indicate the density histogram of the corre-
sponding axis.

detection threshold criterion, which reduced our candidate
list to 4996 objects. This is motivated by the fact that
quasars at z > 4.5 are not expected to be detected in the
g-band due to Lyman-break absorption, and the deeper g-
band photometry of DECaLS DRI10 (ggecars = 24.7) com-
pared to DELVE DR2 (ggeive = 24.3) provides a strict crite-
rion for excluding low-redshift contaminants with g — band
detections. As a result, we adopted DECaLS photometry
for sources with SNR_ ggecais < 3 and kept DELVE DR2
magnitudes for 1108 candidates without matches in DE-
CaL.S DR10, due to the incomplete sky coverage of DECal.S
DR10. This approach creates two samples: one containing
griz bands from DELVE DR2 and the other from DECaLS
DR10 selected based on the SNR of ggecars (see Figure|l|for
the complete selection layout). Our final catalog of high-
redshift quasar candidates, which will be observed within
ChANGES, includes 6104 sources in total of which 58% are
priority 1 sources.

4. Results

Our main aim is to identify a sample of high-redshift quasar
candidates for the ChANGES survey. In Figure[8] we report
the distribution of the minimum Y2 values obtained from
SED fitting with quasar templates for our final catalog,
which includes sources classified as both priority 1 and pri-
ority 2 candidates (see Section . Given that all sources
in the sample are required to have photometric information
in 7 or more filters, and that the fitting procedure involved
either 3 or 1 free parameters, depending on the best fitting
template, the expected acceptable range for total x2 values
is approximately between 4 and 14. This corresponds to re-
duced x? values (i.e., x> = x?/v, where v is the number
of degrees of freedom) ranging from ~1 to ~5, where lower
values indicate statistically better fits.
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Fig. 8: The XQQSO,min distribution of the final catalog of 6104
high-redshift quasar candidates. The distribution shows the
first sharp peak near X(zQSO,min ~ 1 due to the performed
prioritization cuts.

To test the completeness of our sample of high-redshift
quasar candidates, we chose all the available sources in de-
clinations between —30° and 0° to get the highest number
of known high-redshift quasars from samples of F23. As a
control variable, we kept the sources with zgeve < 22. The
completeness and reliability are estimated using the formu-
las:

Number of selected quasars

(8)

~ Total number of confirmed quasars’

where completeness (C) measures how well our selection
method recovers known quasars from the total population
of confirmed quasars from the F23 sample in our selected
region; and

Number of selected quasars

(9)

~ Total number of selected objects’

reliability (R) quantifies the fraction of our selected candi-
dates that are quasars, providing a measure of contamina-
tion in our sample.

With this approach, we reach 44% completeness and
1.5% reliability (see Figure E[) Here, reliability is com-
puted as the fraction of our selected candidates that are
spectroscopically confirmed quasars from the F23 sample;
the remaining candidates have not been spectroscopically
confirmed and should not be assumed to be contaminants.
The pink points in the top panel of Figure [J] represent
our unconfirmed quasar candidates. Therefore, given the
incompleteness of southern sky spectroscopic samples, the
measured reliability should be interpreted as a conserva-
tive lower limit rather than a definitive estimation of our
selection’s true performance. A full assessment of complete-
ness and reliability would require modeling the selection
function to quantify the impact of each selection criterion,
which is deferred to future work after dedicated spectro-
scopic follow-up.

As part of our validation efforts, six high-redshift quasar
candidates from our final catalog were observed spectro-
scopically. Initial observations of three candidates were con-
ducted with the New Technology Telescope (NTT) at La
Silla Observatory during ESO program ID 115.2816.001 be-
tween UT 2025 July 27 and August 2. The observations
were conducted using the ESO Faint Object Spectrograph
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Fig. 9: Distribution of sources from the F23 sample and our
final catalog within the declination range —30° < Dec <
0°. Top panel: Sky distribution of the selected region for
our candidates of high-redshift quasars with high-redshift
quasars from the F23 sample. Bottom panel: The histogram
of zgelve for the F23 sample in the selected region and with
respect to the ones recovered after the selection procedures
with and without limiting the Nyatapoint-

and Camera (v.2; EFOSC2 Buzzoni et al.|[1984) with the
Grism 5 (5200-9350 A), which provided spectral coverage
suitable for confirming high-redshift quasars by detecting
the Lyman break. The observing run faced challenges due
to poor weather conditions, with variable seeing ranging
from 1.1 — 1.8" and intermittent cloud cover. One source
(Name:/J2248 — 1803, zgeive = 19.95) showed a promising
Lyman-break at z ~ 5.6, representing a potential high-
redshift quasar. The other two targets (Name:/.J2223 — 1042
and J2228 — 1650) were identified as contaminants: one is
a low-redshift (z ~ 3.2) source, and the other showed in-
conclusive results. The data for all sources were reduced
with standard routines (e.g., Belladitta et al|[2025)) using
the PypeIt pipelind’] (Prochaska et al|[2020). Given the
promising but very low signal-to-noise ratio NTT/EFOSC2
spectrum of J2248-1803 and the poor observing conditions
(seeing up to 1.8"), further follow-up observations were con-
ducted with the Palomar Observatory using the Next Gen-
eration Palomar Spectrograph (NGPS; [Jiang et al/[2018))
on UT 2025 August 23. The spectrum of the source clearly
shows the characteristic Lyman-break at ~ 8000 A, con-
firming the quasar at a spectroscopic redshift of zspe. =
5.606, consistent with the photometric redshift estimate
from our SED fitting analysis. Following the confirmation of

9 https://pypeit.readthedocs.io/en/stable/

J2248-1803, three additional candidates were observed with
Palomar/NGPS. The Palomar/NGPS spectra were reduced
using standard IRAF routines. Of these three targets, two
were successfully confirmed as high-redshift quasars (see
Figure . The third target (Object ID 10735100050971)is
likely an M-type star (see Table . Overall, our spectro-
scopic campaign achieved a detection rate of 50% (3 con-
firmed quasars out of 6 observed candidates). However, we
note that this rate is not representative of the full cata-
log, as these candidates were specifically selected based on
their brightness and visual inspection. The true reliabil-
ity of our selection will be determined once spectroscopic
information is obtained for the entire catalog. It is impor-
tant to note that all these sources were selected from our
catalog of high-redshift quasar candidates based on their
z-band magnitudes (zZmag,decals < 20.5). We also visually
inspected their images in the Legacy Survey Sky Viewer
and PanSTARRS-1 Image Access to prioritize bright and
clear point-like sources.
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Fig. 10: Palomar/NGPS spectrum of the 3 confirmed high-
redshift quasars, observed on UT 2025 August-November.
The spectra shows the Lyman-a break (indicated by the
vertical dashed line), confirming the quasar nature for those
candidates selected through our SED fitting methodology.

5. Summary

In this work, we developed multistep selection procedures
to identify high-redshift quasar candidates for spectroscopic
follow-up as part of the 4AMOST ChANGES survey. Start-
ing from a cross-matched catalog of ~ 420 million sources
across the southern hemisphere, we applied a series of mor-
phological, color-based, and statistical criteria, followed by
custom-built SED fitting using empirical and theoretical
templates for both quasars and brown dwarfs. Our initial
filtering reduces the candidate list to approximately 25,000
sources, from which a final catalog of 6104 candidates is
created (see Figure [L1)).

As shown in Table [3| the sequential application of selec-
tion criteria significantly narrows the candidate pool. For
example, the color-color selection (7geive — tdeive > 1.3 cri-
terion applied in Section [3.3)), retains a large fraction of
known quasars (e.g., 100% for the F23 sample). However,
subsequent steps, including the data quality requirements
(described in the Section[3.4) and the E(B —V) < 0.3 dust
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Table 2: Information on the six high-redshift quasar candidates spectroscopically followed up with NTT/EFOSC2 and

Palomar/NGPS.
Name RA Dec Gdecals Tdecals idecals Zdecals XZQSO Rxg Zphot Zspec Bxp. Time Seeing Telescope/Instrument
(deg) (deg) (AB mag) (AB mag) (AB mag) (AB mag) (s) (arcsec)
J2228 — 1650 337.0605 -16.8485 19.97 £ 0.010 19.71 £0.013 0.589 0.013 5.350 1800 1.2 NTT/EFOSC2
J2248 — 1803 342.1769 -18.0430 26.99 £+ 2.38 — 20.79 + 0.015 19.96 4+ 0.018 2.048 0.012 5.650 5.606 1800 1.2 Palomar/NGPS
J2109 — 2639 317.4431 -26.6500 — — 20.28 +0.016 19.85 4+ 0.020 1.471 0.030 5.150 — 1800 1.2 NTT/EFOSC2
J0135 — 0552 23.7621 5.8731 25.90 +0.27 21.70 + 0.05 20.17+£0.02 20.00+ 0.02 1.354 0.027 5.100 5.000 1200 1.3  Palomar/NGPS
J0237 — 1148 39.2023 11.7926 26.97 4+ 0.27 20.22 + 0.03 18.75+0.01 18.45+ 0.01 1.527 0.029 5.250 5.177 1200 1.0 Palomar/NGPS
J2223 — 1042 335.7022 10.7067 25.10 +0.15 23.23 + 0.10 — 20.41 +0.03 2.138 0.029 6.100 — 1200 1.0 Palomar/NGPS

high-redshift quasars This work

45 5.0 55 6.0 6.5 7.0 75
Redshift

Fig. 11: Spatial distribution of high-redshift quasar candi-
dates in the southern hemisphere. Pink crosses show our
candidates, while darker points are spectroscopically con-
firmed high-redshift quasars from the literature (F23, Y23,
F123 samples). The deficit around RA ~ 120°-240° results
from increased Galactic extinction and our E(B—V) < 0.3
selection criterion. This distribution aligns well with the
ChANGES survey strategy, which targets ~ 18,000 deg?
across declinations between —80° and +5° to maximize
overlap with future LSST observations and match 4MOST’s
optimal observing range.

extinction cut, reduce the retained sample to below 40%
across the known high-redshift quasar samples. The prior-
itization criteria (Section further refine the ~930000
remaining candidates by ranking them on brightness and
SED fit quality, recovering 7-8% of known quasars in the
higher-confidence tier. Finally, the Ngatapoint > 6 require-
ment, which is also a part of the quality selection in Sec-
tion [3:4] ensures reliable multiwavelength coverage, reduc-
ing the recovered fractions to 26-37%. We note, that the
Niatapoint and zqelve brightness cuts serve as data qual-
ity filters rather than astrophysical discriminators, and are
therefore listed below the dashed line in Table [3

The performance of our selection methodology can be as-
sessed through three key metrics: recovery rate, complete-
ness, and reliability. Our recovery rates from known high-
redshift quasar samples (see Table [3) demonstrate that 7-
8% of confirmed quasars are retained after our complete
selection process. Our completeness assessment, focusing
on sources with optimal data quality in the declination
range —30° < Dec < 0°, yields 44% recovery of known
quasars, indicating that our selection criteria identify a sub-
stantial fraction of the existing high-redshift quasar popu-
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Table 3: Results of the selection process to identify high-
redshift quasars and brown dwarfs.

Conditions F23 Y23 Fl123 BD
Recovered Recovered Recovered Remained

Color-color selection 100% 96% 32% 98%

BIC > 0 and Fiest > 10 70% 39% 65% 0.004%

E(B-V)<0.3 70% 38% 70% 0.004%

Priority 1 7% 8% 9% —

" Priority 2 65%  38%  94%  0.001%
Naatapoint > 6 37% 28% 26% 0.0008%

Notes. The percentages indicate the fraction of sources retained
after each selection criterion with respect to the total number of
detected sources. See Section Bl for more details and references
for each sample. The selection criteria above the dashed line
represent the core scientific filters based on statistical, morpho-
logical, and color criteria, achieving recovery rates of 70% for
high-redshift quasars in the F23 sample (with 7% being higher
priority sources) and 38% for the Y23 sample (with 8% being
higher likelihood sources) and 18% for the F123 sample (with 9%
being higher likelihood sources). The criteria below the dashed
line (2gdeive cut for Priority 2 and Ndatapoint) are applied to en-
sure high data quality. They are not included in the final re-
covery rate calculations as they filter for source trustworthiness
rather than astrophysical properties.

lation.The reliability of our sample, defined as the fraction
of selected candidates that are quasars without imposing
the Ngatapoint > 6 requirement, reaches 1.5% in our test
region. Assuming a similar population in our target field,
and considering that our input catalog contains over 6,000
candidates, we expect to identify about 7% of high-redshift
quasars. However, this estimate should be approached with
caution, as the actual number will depend on the properties
of the sources within the observed field and how represen-
tative the comparison catalogs are.

The catalog presented in this work will be observed with
4AMOST at the beginning of 2026. It consists of 44 parame-
ters (see Tauble7 including magnitudes across various pho-
tometric bands, statistical results from the SED fitting, and
E(B — V) values from SFD maps.

Data availability

The full catalog of high-redshift quasar candidates is only
available in electronic form at the CDS via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/.
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Table 4: Column-by-column description of the high-redshift quasar candidates catalog.

Column Description
object_id ID number of the source taken from DELVE DR2
ra, dec Right ascension and declination (degrees) taken from DELVE DR2

mag_g_delve, ., mag_z_delve

msgerr_g_delve, ..., ,magerr_z_delve

mag_g_decals, ., mag_z_decals
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wlmpro, w2mpro, wlsigmpro, w2sigmpro
BD_chi2_min, BD_chi2_template
QSO_chi2_min, QSO_z

R_chi2

F_test_value

BIC_value

QSO_EBV, QSO_EMline, QSO_Par
Data_Points

ebv

Prioritization

AB Kron magnitudes taken from DELVE DR2 by default
Magnitude errors from DELVE DR2

AB Kron magnitudes taken from DECaLS DR10 photometry
Signal-to-noise ratios from DECaLLS DR10

YJHKSs Petrosian magnitudes from VHS

YJHKs magnitude errors from VHS

WISE W1 and W2 magnitudes and errors

X%Dmm for brown dwarf templates and best-fit BD template type
X(Qgso,min value for quasar templates and photometric redshifts
QSO to BD y? ratio; < 1 means QSO fit is better

F-test values

Bayesian Information Criterion values

QSO template parameters

Number of bands used in the fit

Galactic E(B — V) from SFD maps
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