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ABSTRACT

We present the largest statistical spectroscopic sample of radio quasars at 4.7 < z < 6.7 to date.
These have been selected from a dedicated Dark Energy Survey Instrument (DESI) target program
and provide a robust sample to study the influence of radio jets on early quasar evolution. Using
low-frequency radio data from the LOFAR Two Metre Sky Survey Data Release 3 (LoTSS-DR3)
at 144 MHz, we identify 83 high-z radio quasars, 26 of which are classified as radio-loud (5-15%
of 646 confirmed high-z quasars, defined as R = Fsgus/Fyy00x > 10). With radio luminosities of
~ 1025728 W Hz!, the radio emission in all 83 quasars is expected to be jet-dominated rather than
powered by star formation. Analysis of their rest-frame ultra-violet (UV) spectra reveals broadly
similar composite spectral properties and C IV velocity shifts compared to radio non-detected quasars.
The radio-detected and radio-loud quasars exhibit slightly smaller Ly« and C IV equivalent widths on
average, however, we find no significant evidence (~ 1.30) for a higher fraction of weak-line quasars
(WLQs; ~ 10 &+ 4% versus ~ 4 £+ 1% for radio non-detected quasars). We further find that the broad
absorption line (BAL) quasars are predominantly radio-quiet, and no correlation is observed between
absorption index and radio-loudness, suggesting that radio emission is not produced by the BAL
outflows themselves and are physically distinct phenomena. Our results demonstrate that powerful
radio jets were already well-established by z ~ 5.

Keywords: Radio loud quasars (1349), Quasars (1319), Broad-absorption line quasar (183), Active

galactic nuclei (16), High-redshift galaxies (734), Radio jets (1347)

1. INTRODUCTION

Being the most luminous non-transient sources in our
Universe, quasars offer a unique possibility to study
supermassive black hole (SMBH) activity and growth
across cosmic time. Quasars have now been discov-
ered up to redshift z ~ 7.8 (e.g.,, E. Banados et al.
2018; J. Yang et al. 2020; F. Wang et al. 2021; D.
Yang et al. 2026), with hundreds of quasar discover-
ies at z ~ 5 — 6 thanks to all-sky imaging survey such
as PanSTARRS (PS1; K. C. Chambers et al. 2016). It
has been established that roughly ~10% of the optically
selected quasar population emits strong radio emission;
these have historically been classified as radio-loud*®.
While the physical origin of radio-loud versus radio-
quiet quasars has been heavily debated over the past

48 Quasars are generally classified as radio-loud when R =
Fsguz/Fuug0a > 10 in rest-frame (K. I. Kellermann et al.
1989).

few decades (e.g., K. I. Kellermann et al. 1989; 7. Tvezié
et al. 2002; M. Cirasuolo et al. 2003; M. Balokovié¢ et al.
2012), recent large sky radio surveys have demonstrated
that radio-loud and radio-quiet quasars likely have the
same physical origin with both the active galactic nuclei
(AGN) and star formation (SF) contributing to their
radio emission (e.g., G. Glrkan et al. 2019; C. Macfar-
lane et al. 2021; B. H. Yue et al. 2024). Radio-loud
quasars simply represent the tail-end of the radio lu-
minosity distribution with their radio emission mostly
generated by powerful radio jets. These jets regulate
BH and galaxy growth via feedback and influence their
larger scale environment. Their energetic outflows can
both suppress and trigger star formation in their galax-
ies by heating the circumgalactic gas and compressing
dense clouds (e.g., J. Silk & M. J. Rees 1998; R. G.
Bower et al. 2006). Furthermore, radio-loud quasars are
frequently found in overdense regions (e.g., D. Wylezalek
et al. 2013; R. A. Overzier 2016), making them excellent
signposts for identifying protoclusters and investigating



the early formation of large-scale structure in the Uni-
verse (e.g., Y. Harikane et al. 2019).

The advent of multi-fiber spectrographs such as the
Sloan Digital Sky Survey (SDSS; D. G. York et al. 2000)
and Dark Energy Spectroscopic Instrument (DESI;
DESI Collaboration et al. 2022) has enabled efficient
spectroscopic follow-up of large samples of quasar can-
didates. These and other surveys have revealed a di-
verse population of quasars exhibiting a wide range
of unusual spectral properties, including broad absorp-
tion line quasars (BAL QSOs; e.g., R. J. Weymann
et al. 1991; J. R. Trump et al. 2006), which show
broad blueshifted absorption troughs in the rest-frame
ultra-violet (UV) spectra. The BAL phenomenon is
quite common in quasars, with reported fractions of
~ 10 — 20% in optically selected samples (e.g., R. J.
Weymann et al. 1991; P. C. Hewett & C. B. Foltz 2003;
J. R. Trump et al. 2006; R. R. Gibson et al. 2009; J.
Yang et al. 2021) and fractions as high as ~ 20 —40% in
infrared and radio selected samples (e.g., R. H. Becker
et al. 2000; X. Dai et al. 2008; C. Knigge et al. 2008; R.
Ganguly & M. S. Brotherton 2008; N. Maddox et al.
2008; T. Urrutia et al. 2009). These BAL features
are thought to be caused by outflowing gas and quasar
winds; however, their unification with non-BAL quasars
is still debated. One explanation is that this absorption
due to outflowing gas occurs in all quasars, but is only
detected for quasars with a specific orientation when the
outflowing material intersects our line of sight. Alter-
natively, BAL quasars could represent a short stage in
early quasar evolution with spherically symmetric out-
flows. Although both orientation and evolution could
play a role, some studies have found that the BAL phe-
nomenon is more likely the result of orientation (e.g.,
M. Elvis 2000; K. K. Ghosh & B. Punsly 2007; M. H.
Naddaf et al. 2023), while other work supports the idea
of an early evolutionary stage (e.g., C. Hazard et al.
1984; R. H. Becker et al. 2000; M. Bischetti et al. 2023).
Radio observations can support the investigation of this
question, since their radio spectra and resolved radio
jets can give an indication of orientation (e.g., P. D.
Barthel 1989; R. H. Becker et al. 2000; L. K. Morabito
et al. 2017). However, the majority of BAL quasars are
radio-quiet (e.g., J. T. Stocke et al. 1992; M. A. DiPom-
peo et al. 2011) and only a few radio-loud BAL quasars
(e.g., M. S. Brotherton et al. 1998; R. H. Becker et al.
2000) are suitable probes for orientation via radio mor-
phology. Recent work suggests that their radio emission
and absorption mechanisms might be linked to the same
underlying process, such as AGN winds, while they are
are spatially distinct phenomena (e.g., L. K. Morabito
et al. 2019; J. W. Petley et al. 2024).
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Other intriguing finds in spectroscopic samples are
weak-line quasars (WLQs; e.g., A. M. Diamond-Stanic
et al. 2009), which are characterized by their low equiv-
alent width or completely missing broad high-ionization
emission lines. Different physical mechanisms have been
suggested to explain these quasar spectra, including
an undeveloped broad line region (BLR) from young
quasars (e.g., K. Hryniewicz et al. 2010; R. M. Plotkin
et al. 2015), high Eddington accretion rate causing a
soft ionizing continuum (e.g., K. M. Leighly et al. 2007;
A. Laor & S. W. Davis 2011; H. Meusinger & N. Bal-
afkan 2014), and artificial continuum boosting due to
relativistic jets (e.g., H. Meusinger & N. Balafkan 2014).
However, previous studies by O. Shemmer et al. (2009)
and R. M. Plotkin et al. (2010) concluded that the radio,
optical variability, polarization, and X-ray properties of
the majority of WLQs are inconsistent with a relativis-
tically beamed jet (BL Lac-like) interpretation. The
radio-loudness of WLQs found in low-z studies is still
debated with works finding no statistical difference be-
tween the radio-loudness of WLQs and normal quasars
(see A. M. Diamond-Stanic et al. 2009; O. Shemmer
et al. 2009) and others finding a high percentage of radio-
loud quasars amongst the WLQ population (26% by H.
Meusinger et al. 2012, and 22-37% by H. Meusinger &
N. Balafkan 2014). Furthermore, there is evidence for an
increase in the fraction of WLQs at high-z, going from
1-6% at 3 < z < 5 (A. M. Diamond-Stanic et al. 2009)
to 14% at z > 5.6 (E. Banados et al. 2016), and some
works suggest that this fraction is even higher for radio-
loud quasars at high redshift up to 20-40% (E. Banados
et al. 2014; A. J. Gloudemans et al. 2022). However,
these high-z studies are based on small sample sizes and
biased by selection effects, and require further investi-
gation.

Quasars typically exhibit comparable rest-frame UV
properties, even though their radio characteristics vary
considerably. Their radio emission likely traces longer
timescales than the rest-frame UV emission from the
broad-line region (especially for extended jets), which
can quickly change in response to the accretion state
(e.g., M.-H. Ulrich et al. 1997; D. E. Vanden Berk et al.
2004). However, despite potentially probing different
timescales, recent statistical population studies at low
redshift using SDSS suggest that the radio-loud quasars
display a redder continuum and enhanced [O11] emission
(M. I. Arnaudova et al. 2024), and preferentially exist
at low C IV blueshifts compared to radio-undetected
quasars (e.g., G. T. Richards et al. 2011; R. M. Kratzer
& G. T. Richards 2015; A. L. Rankine et al. 2021; C. L.
Jackson et al. 2026). Furthermore, B. H. Yue et al.
(2025) found that quasars with the top 20% most mas-
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sive SMBHs are 2-3x more likely to host strong radio
jets than similar lower mass quasars. These results im-
ply that radio-loudness is at least partly an intrinsic
property of the host system rather than simply being
a phase that all quasars go through with equal prob-
ability. One of the key questions that remains is why
some quasars generate powerful radio jets while others
do not. Specifically at high redshift, there seems to be
a lack of large extended (> 100 kpc) radio jets (see C.
De Breuck et al. 1999; G. Miley & C. De Breuck 2008;
E. Momjian et al. 2018), while abundant at low-z, with
the most extended radio jet at z > 4 measured to be 66
kpc in projected length (A. J. Gloudemans et al. 2025).
Although selection and observational effects, such as the
increase of the cosmic microwave background (CMB) en-
ergy density at high-z, likely play an important role, it
remains unclear when the first radio jets form, how they
evolve, and how these influence early galaxy evolution.

Despite recent efforts to increase the number of ra-
dio galaxies and quasars known at high-z (see e.g., E.
Banados et al. 2015; A. Saxena et al. 2019; A. J. Gloude-
mans et al. 2022; L. Ighina et al. 2025), the sample size
is modest with only 2 20 radio-loud quasars known at
z > 5. This sample is highly non-uniform, with quasars
selected using different techniques and spectra from dif-
ferent telescopes and instruments. The newly discovered
quasars at 4.8 < z < 6.8 identified by a DESI secondary
target program (see J. Yang et al. 2023 and Yang et
al. in prep.), together with deep low-frequency radio
maps from the LOFAR Two Metre Sky Survey (T. W.
Shimwell et al. 2022, 2026), allow us to build a statis-
tically meaningful and uniform spectroscopic sample of
high-z radio quasars. This work aims to investigate the
connection between this radio emission and spectral fea-
tures such as emission line strengths, broad absorption
lines, and C IV blueshift (indicative of outflows) to im-
prove our understanding of the influence of radio jets on
early quasar evolution.

This paper is structured as follows: in Sect. 2 the
DESI z 2 5 quasar sample is presented with their ra-
dio detections and rest-frame UV properties. In Sect. 3,
the spectral analysis procedure and selection of BAL
quasars is explained. The main results comparing the
spectral properties of the different samples of high-z (ra-
dio) quasars are presented in Sect. 4. Finally, the im-
plications of this work are discussed in Sect. 5, and the
results are summarized in Sect. 4. Throughout this pa-
per, we use the AB magnitude system and assume a
A-CDM cosmology with Ho= 70 km s~ Mpc™!, Qp; =
0.3, and Q2 = 0.7. When performing statistical tests,
our threshold for statistical significance is set at a p-
value of < 0.05.

2. DESI Z 2 5 QUASAR SAMPLE

The Dark Energy Spectroscopic Instrument (DESI)
is a robotic, fiber-fed, highly multiplexed spectroscopic
surveyor operating on the Mayall 4-meter telescope at
Kitt Peak National Observatory ( DESI Collaboration
et al. 2022). It can simultaneously obtain spectra for
nearly 5,000 objects over a field of roughly 3 deg? ( DESI
Collaboration et al. 2016a,b; T. N. Miller et al. 2024; C.
Poppett et al. 2024). DESI is currently carrying out an
eight-year survey (E. F. Schlafly et al. 2023) covering
approximately 17,000 deg? of the sky. The First Data
Release (DR1, DESI Collaboration et al. 2025a), in-
cluding spectra for ~ 18 million targets, is now public.
The resulting new constraints on dark energy have been
published in DESI Collaboration et al. (2024a) and
DESI Collaboration et al. (2025b). The completed sur-
vey is expected to spectroscopically confirm 63 million
galaxies and quasars (J. Guy et al. 2023).

The quasar sample investigated in this work originates
from a DESI secondary target program (see Sect. 3.2 in
A. D. Myers et al. 2023) designed to identify quasars
at 4.8 < z < 6.8 (J. Yang et al. 2023). These tar-
gets have been selected with a color selection technique
using primarily photometry from the Legacy Surveys
DR9 (A. Dey et al. 2019), Pan-STARRSI survey (PS1;
K. C. Chambers et al. 2016), Wide-field Infrared Survey
Explorer (WISE; E. L. Wright et al. 2010), and vari-
ous public J-band surveys, including the UKIRT Hemi-
sphere Survey (S. Dye et al. 2018), UKIRT InfraRed
Deep Sky Surveys-Large Area Survey (A. Lawrence
et al. 2007), and VISTA Hemisphere Survey (R. G.
McMahon et al. 2013). The first year of observations led
to the discovery of 400 new quasars at 4.7 < z < 6.6, al-
most doubling the number of known quasars at these
redshifts (see J. Yang et al. 2023 for details). Re-
cently, the survey identified an additional 247 quasars
at z 2 4.7, creating a statistical sample of 647 high-z
quasars. This sample is preliminary, as the full sample of
the z 2 5 quasar survey program will be published in J.
Yang et al. (2026 in prep.) when the program completes.
We refer to this paper for details on the sample selection
and complete analysis of the quasar properties. This pa-
per is based on the spectra from the internal DESI “Loa”
data release (see J. Guy et al. 2023 for general informa-
tion on the pipeline), which includes targets observed by
April 2024. To provide a clean sample, the quasar red-
shifts have been determined using visual inspection. We
removed one of the quasars included by J. Yang et al.
(2023) in this work, named DESI J144444.704+-643508.4,
since this spectrum was taken as part of the Early Data
Release under the Survey Validation ( DESI Collabora-
tion et al. 2024b) and was not included in the Loa data
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The LoTSS-DR3 sky coverage (light blue) and overlap with the DESI Loa tiles (green circles). The LoTSS-DR3

footprint covers 88% of the Northern sky. The LoTSS RMS noise level (in mJy beam ™) is indicated with the colorbar and
increases towards the equator, thereby decreasing our sensitivity to radio quasars. Out of the 646 high-z DESI quasars studied

in this work, 510 are covered by LoTSS with a median RMS noise level of 85 puJy beam™".

release, making a final dataset of 646 high-z quasar spec-
tra.

2.1. Radio detections from LoTSS-DR3

To investigate the radio properties of this high-z
quasar sample, we used the LOFAR Two Metre Sky Sur-
vey (LoTSS; T. W. Shimwell et al. 2019, 2022, 2026),
which aims at observing the entire Northern Hemi-
sphere at a radio frequency of 144 MHz and resolu-
tion of 6-9” with unprecedented sensitivity of < 100 uJy
beam™! (see Fig. 1). The latest data release DR3
(T. W. Shimwell et al. 2026) covers 79% (510/646) of our
quasars. As demonstrated in Fig. 1, due to the Northern
latitude of LOFAR, its sensitivity decreases toward the
equator. The RMS sensitivity typically varies between
70-150 pJy beam~! with a median of 85 uJy beam™1.
For LOFAR-detected quasars at z ~ 5, the observed 144
MHz emission corresponds to a rest-frame frequency of
~ 900 MHz. Consequently, the radio emission probes
different physical components than in comparable low-z
samples, with relatively greater sensitivity to compact
core/jet emission and reduced sensitivity to extended
steep-spectrum lobes. The mix of radio quasar types in
the high-redshift sample may therefore differ from that
in low-z radio-selected populations.

By performing a nearest-neighbor cross-match be-
tween the quasar catalog and LoTSS-DR3 catalog (v1.0)
within 1.5”, we found that 53 out of 510 quasars are de-
tected at 144 MHz with high significance (> 50). This
cross-matching radius is based on the work of C. Mac-

1

farlane et al. (2021) using the LoTSS catalog, which
demonstrated that the contamination increases steeply
above a radius of 1.5”. To verify this is the case for
our sample as well, we searched for larger-scale radio
emission within 10”, which yielded 21 additional poten-
tial radio sources that have not been identified by either
the 1.5” cross-matching or our method described below.
However, visual inspection revealed that this radio emis-
sion is most likely associated with foreground galaxies
in the vicinity, and therefore these radio detections are
not included in our analysis.

To be able to also detect faint (3 — 50 significance) ra-
dio emission where the LoTSS catalog is incomplete, we
additionally performed two-dimensional Gaussian fitting
at the optical location of each quasar®”-°?. First, we cre-
ated cutouts from the LoTSS-DR3 mosaic of 60”7 x 60"
around each quasar location. Second, assuming the ra-
dio sources are unresolved, we fitted a two-dimensional
Gaussian fixed to the beam size and position angle at
each source location. The location of the Gaussian peak
was allowed to vary by 3 pixels (4.5”) in each direction.
To be detected, the source had to satisfy two criteria,
i) its signal-to-noise (S/N) ratio is higher than 3, and

49 Performing forced photometry as an alternative results in simi-
lar source detections, with only 1 potentially faint radio source
missed by the Gaussian fitting routine.

50 Tmages have been downloaded from the internal LOFAR
archive on 13 Feb 2026.
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ii) the radio source is within 2" of the optical quasar.
We allowed the offset to be slightly larger compared to
sources in the LoTSS-DR3 catalog, because the posi-
tional uncertainty increases with decreasing S/N. The
rms noise in each image was determined by taking the
standard deviation using the median absolute deviation
of the entire 60" x 60" cutout image. The peak flux den-
sity of each source was determined by taking the maxi-
mum flux density value within 2x the beam size of the
optical quasar location. Through this process, we iden-
tified 85 radio-detected quasars, including 52 quasars
that were already detected in the LoTSS-DR3 source
catalog. Only 1 quasar from the LoTSS-DR3 catalog
(ILTJ012634.544-281218.2 at z = 4.74) was not detected
by our fitting routine due to its low S/N of 3.0. Finally,
we visually inspected all candidates and removed 3 low
S/N and extended radio detections that did not seem to
be associated with the quasar. Our final radio-detected
quasar sample includes 83 radio-detected quasars (53
from the catalog and 30 additional sources from our fit-
ting procedure). Their optical cutouts and radio con-
tours are shown in Fig. 11. To account for any sys-
tematic flux uncertainties, we added a 10% flux density
error in quadrature to all measured radio flux densities,
which is approximately the flux density scale accuracy
of the LoTSS survey (see T. W. Shimwell et al. 2022).
We note that we could still be missing very faint radio
sources (< 0.3 mJy beam™1!), especially when their radio
emission is extended.

2.2. Other radio surveys

To ensure that no bright radio quasars are missed in
our selection, we also investigated the two main other
Northern large sky surveys: Faint Images of the Radio
Sky at Twenty-cm survey at 1.4 GHz (FIRST; R. H.
Becker et al. 1994) and the Very Large Array Sky Sur-
vey at 2-4 GHz (VLASS; M. Lacy et al. 2020). From the
full high-z quasar sample, 10 are detected within 1.5” in
the FIRST catalog. Only 1 of these (DESI J115838.96-
052226.34 at z = 4.93) is not detected in LoTSS, because
it is outside of the LoTSS footprint. We perform the
same Gaussian fitting technique as described in Sect. 2.1
on the FIRST images, which yields 6 extra source de-
tections, with 5 of them missed in LoTSS. However, all
5 radio detections are low signal-to-noise (S/N~ 3 — 4)
and have total flux densities of 0.4 — 0.5 mJy. For the
VLASS survey, we obtained quicklook continuum images
from the most recent data release, ranging from VLASS
1.1 to 4.1, for each quasar. Again, we performed the
Gaussian fitting, which resulted in 32 > 30 detections,
14 of which are not detected in LoTSS (with 2 not in the
LoTSS region). Therefore, there are 12 potential extra

radio quasars in our sample. These are again faint, with
a total flux density of 0.3 — 0.6 mJy and S/N below 5,
and in some cases the optical counterpart is unclear. To
be consistent with the LoTSS non-detection, these ra-
dio sources must be core-dominated flat-spectrum with
radio spectral indices® of av > —0.2, which have been
derived using the 30 upper limit on the radio rms mea-
sured at 144 MHz. We decided to define our final radio
quasar sample in this work solely using the 83 radio
detections from LoTSS-DR3. The addition of these ex-
tra radio measurements only increases the sample size
marginally, and using a single radio frequency (of 144
MHz) ensures a uniformly defined sample.

2.3. Rest-frame UV photometry

To obtain rest-frame UV magnitudes of our sample,
we used the DESI Legacy Imaging Surveys data release
10 (LS DR10; A. Dey et al. 2019). This survey pro-
vides imaging in three optical bands (g,r, and z) and
is augmented with four infrared bands from unWISE
(D. Lang 2014; E. F. Schlafly et al. 2019). With the
reddening corrected photometry from this survey®?, we
performed spectral energy distribution (SED) fitting us-
ing the EAZY template fitting code (G. B. Brammer
et al. 2011) with AGN SED templates from M. J. L.
Brown et al. (2019), fixed at the spectroscopic redshift
of each quasar. We applied a tophat wavelength win-
dow (100 A width) centered at rest-frame wavelengths
of 1450 A and 4400 A to extract the UV magnitudes
of our quasars. The median UV magnitude values and
16th and 84th percentile errors were obtained through a
Monte Carlo approach, where each source is duplicated
500 times with perturbed flux values in each band drawn
from the flux errors. We note that due to dust obscura-
tion, the intrinsic UV magnitude values will be brighter
than these observed values.

We performed both a Kolmogorov—Smirnov (KS)
test and Anderson-Darling (AD) test on the resulting
M, 4504 distributions of the radio-loud versus radio-quiet
samples (see Sect. 2.4.2), as well as radio-detected versus
non-detected quasar samples, to investigate their simi-
larity. The KS test is most sensitive to differences near
the median of the distribution, while the AD test gives
more weight to outliers in the tail. The KS and AD tests
showed no statistically significant difference between the
M, 4504 distributions of the radio-loud (N = 26) and
radio-quiet samples (N = 436; pxs = 0.76, pap > 0.25).
For the radio-detected (N = 83) versus non-detected
samples (N = 427), the KS test is border-line signifi-

51 The spectral index is defined here as S, oc v©.
52 https://www.legacysurvey.org/dr10/catalogs/
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cant (pks = 0.052), while the AD test shows a statis-
tically significant difference (pap = 0.015). This dif-
ference in M 54 distributions is driven by the sources
in the bright and faint end tail with M ;04 < —27
and M 504 > —24.5, including 34 radio non-detected
sources and 8 radio detected. Even removing only the 7
radio detected quasars and 11 radio non-detected in the
bright tail (~3% of our full sample), already increases
the p-value above the p < 0.05 significance threshold
with pap = 0.11 and pgs = 0.22. Since we are dealing
with small sample statistics, we decide to consider the
full parent sample in this work without removing these
sources in the bright Myy tail.

2.4. Low frequency radio properties

2.4.1. Radio luminosity

The radio luminosities of our quasars are determined
using the standard relation

2
Lisamvnz = Fraammz X m (1)
with Fiqamu, the total flux density, Dy the luminosity
distance, and « the radio spectral index (with (14 z)'+®
the K-correction). Only a few of our quasars are de-
tected in other radio surveys at higher frequencies (see
Sect. 2.2 for details), and therefore we need to assume
a radio spectral index. We adopted the typical ra-
dio spectral index of « = —0.7 (e.g., M. J. Hardcas-
tle et al. 2016). However, we note that the spectral
indices of quasars are known to differ greatly between
—2.0 < a < 1.0 (see e.g., G. Giirkan et al. 2019; A. J.
Gloudemans et al. 2021, 2022). It is worth emphasiz-
ing that flat-spectrum and steep-spectrum radio quasars
are physically distinct: the latter exhibit extended radio
jets over tens of kpc, while the former arise from pc-
scale, young, variable, relativistically beamed jet emis-
sion (see reviews by C. M. Urry & P. Padovani 1995;
C. P. O'Dea & D. J. Saikia 2021). The impact of this
uncertainty in the spectral index is discussed where rel-
evant. This radio-luminosity calculation yielded lumi-
nosities of Lisamu, = 2.5 x 10%° — 3.3 x 102 W Hz~!
(with a median of 9 x 10?® W Hz™!), which if solely
generated by star formation would imply incredibly high
star formation rates (SFR) of = 500 My, yr—!, using the
relation of G. Calistro Rivera et al. (2017) with similar
results from G. Giirkan et al. (2018); D. J. B. Smith et al.
(2021); P. N. Best et al. (2023); S. Das et al. (2024). Re-
cent work on radio AGN from the LOFAR surveys from
P. N. Best et al. (2023) and B. H. Yue et al. (2024) sug-
gests that at this radio luminosity the radio emission is
likely generated by jets and not by star formation. We
therefore assume that our radio-detected quasar sam-
ple consists of jet-dominated quasars. However, we note
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that the radio emission can (partly) also be produced
by winds and shocks, especially for the lower (~ 10%°
W Hz~!) radio luminosity quasars. The radio sensi-
tivity varies substantially with quasar sky location (see
Fig. 1), and therefore we cannot easily place an overall
radio luminosity limit on our sample. The sensitivities
of current large sky radio surveys are not sufficient to
detect all jet-dominated quasars at this redshift.

2.4.2. Radio-loudness

To determine the radio-loudness, we used the defini-
tion R = F, 56H4/F, 44004 in rest-frame (K. I Keller-
mann et al. 1989), which is generally used in high-
z quasar studies (e.g., E. Banados et al. 2015; A. J.
Gloudemans et al. 2021; Y. Liu et al. 2021). Other
definitions such as L1 4gwz/Leum are potentially less af-
fected by dust-obscuration of our quasars (e.g., L. Klindt
et al. 2019; V. A. Fawcett et al. 2020). However, this
is difficult to use at high-z due to the lack of reliable
photometry at 6 pum rest-frame. We therefore use the
previous definition, which classifies a quasar as radio-
loud if R > 10. We again stress that this radio-loudness
threshold is somewhat arbitrary and is used in this work
mainly to identify the most extreme radio sources in
our sample. The radio-loudness of our quasar sample is
shown in Fig. 2. According to this classical definition, 26
of our radio-detected quasars are classified as radio-loud
(5.1% of the parent sample), while 57 are classified as
radio-quiet. The 3¢ upper limits on the radio-loudness
indicate that at least 436 of the 510 quasars (85% of our
sample) are radio-quiet. This places a conservative up-
per limit of 15% on the radio-loudness fraction, resulting
in a range of ~ 5 — 15%, consistent with previous work
(e.g., E. Baniados et al. 2015; A. J. Gloudemans et al.
2021).

Furthermore, we verified that all but one of the radio-
loud sources would have been classified as radio-loud as
well according to the L1 scu,/Leum > —4.5 definition
when extrapolating the best fitting SED model as de-
scribed in Sect. 2.3. This sample represents the largest
spectroscopic uniform sample of radio quasars at z 2 5.
A source catalog with the optical and radio measure-
ments of the complete quasar sample will be made public
in a forthcoming paper by J. Yang et al. in prep.

We note that this radio-loudness calculation depends
heavily on the assumed spectral index, which differs
greatly per quasar. When assuming an ultra steep spec-
tral index (a = —1.3), only 10 quasars would be classi-
fied as radio-loud, whereas for a flat spectral index (o =
0.0), the number is as high as 61 quasars. The 26 quasars
classified as radio-loud in this work should be considered
as a sample of extreme radio bright quasars. Through-
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Figure 2. Radio-loudness (R = FsGHz,rest-frame/ Fua004 ) @s function of spectroscopic redshift of the DESI high-z quasar sample
and literature samples. The radio non-detections are indicated with grey arrows (3¢ upper limits), and the traditional ra-
dio-loudness threshold of R = 10 is shown by the grey dashed line. This new sample nearly doubles the number of radio quasars
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with a Dec. < 10° are indicated with a cross.

out this work, we also compare the radio-detected versus
non-detected populations, which provides a complemen-
tary, observationally motivated test to examine whether
the mere presence of radio emission is correlated with
the studied spectral properties.

2.4.3. Ambiguous radio-loud/radio-quiet classification

As apparent in Fig. 2, with the radio-loudness defini-
tion of R > 10, there are 48 radio non-detected quasars
that cannot be securely classified as either radio-loud
or radio-quiet with 3¢ upper limits at R > 10. These
ambiguous quasars are mainly located near the equa-
torial region where the sensitivity of LoTSS decreases
(see Fig. 1). While upper limits in this data set may be
treated using survival analysis (e.g., E. D. Feigelson &
P. I. Nelson 1985; J. H. M. M. Schmitt 1985; T. Isobe
et al. 1986), they are concentrated at low declination; we
therefore instead created a “pure” radio-loud and radio-
quiet sample that include only quasars at declinations
above 10°, excluding the far majority (39/48) of these
ambiguous sources. These “pure” samples include 25
radio-loud quasars and 355 radio-quiet quasars, result-
ing in a slightly more constrained radio-loud fraction of
~ 6 —9%.

Furthermore, to take into account these quasars with
uncertain radio-loud classification when comparing dis-
tributions of the two populations, we generated 10,000
Monte Carlo realizations of the radio-loud/radio-quiet
classification by drawing from a half Gaussian distri-

bution centered at zero with a folded (non-negative)
tail, scaled by each source’s individual uncertainty. The
choice of a Gaussian distribution is a simplifying as-
sumption, as the intrinsic radio-loudness distributions
of this population is unknown. Especially in the pure
sample, most ambiguous sources are close to R = 10
and therefore have a high chance of being classified as
radio-quiet. This classification method yielded a mean
radio-loud fraction of 6.1£1.2% for the full sample and
6.5+1.3% for the pure sample. The uncertainty quoted
here is a combination of the classification uncertainty
and Poisson counting statistics arising from the small
sample sizes.

2.4.4. Extended radio sources

From our sample of LoTSS-DR3 detected quasars, the
radio images of 6 sources were best fit by multiple Gaus-
sians, giving evidence for resolved radio structures. All
of these sources are bright at 144 MHz with total flux
densities 2 10 mJy. Their radio images and radio con-
tours superimposed on optical z-band images are shown
in Appendix Sect. A Figure 12. We suspect that the
second radio component of one of the sources (DESI
J134748+440546) is likely related to the galaxy detected
in the z-band image, and therefore, this is not an ex-
tended radio source. Finally, we note there is one bright
57 mJy radio source (third panel in Fig. 11) that is 1.6”
offset from the optical quasar, which could indicate a
one-sided lobe structure. Higher resolution VLBI ob-



servations are necessary to investigate the radio source
structure of these potentially extended radio jets.

3. SPECTRAL ANALYSIS

To examine the rest-frame UV spectral properties of
this sample, we used the spectra from the DESI Loa
data release. These spectra range from 3600 A to 9824
A, covering emission lines such as Ly3, Lya, Sirv, and
C1v.

3.1. PyQSOFit Spectral Fitting

To recover the emission line properties, we performed
spectral fitting using the Python QSO fitting code (PyQ-
SOFit v2.0°%; H. Guo et al. 2018; Y. Shen et al. 2019),
which was developed specifically for this purpose. The
quasar continuum produced by the accretion disk is
modeled by a normalized power-law (PL) with a slope
of Byy . Since the wavelength range of DESI only covers
a small part of the continuum, we followed the method
of E. Banados et al. (2016) and fixed the PL slope to
Buv = —1.5 and —1.7 commonly found for quasars (e.g.,
D. E. Vanden Berk et al. 2001), and took an average be-
tween these two results. This method avoids obtaining
unphysical values of the continuum slope. Furthermore,
PyQSOFit employs an iterative 3¢ clipping procedure
during the continuum fitting, rejecting absorption pix-
els and thereby minimizing the impact of intervening
metal absorption lines on the derived continuum.

We fitted the important emission lines with one or
more Gaussian functions. The Lya+N V complex was
fitted with three broad and one narrow line compo-
nent for Lya and a single Gaussian for N Vy1249. The
C 1V line was fitted with two broad components, the
SiIVx1397,1402 doublet with two Gaussians, and OIx1304
with a single Gaussian. The line widths and velocity off-
sets (Avogr) are allowed to vary during the fitting pro-
cedure, but are constrained within predefined bound-
aries. The broad components of Ly« and C IV were con-
strained by 1400 km s~' < FWHM < 14000 km s~! and
Aveg < 10000 km s~!, and the narrow components by
350 km s~! < FWHM < 1200 km s~ ! and Aveg < 1200
km s~1. Furthermore, the N V1240, SiIV)\/\1397’1402,
Ol)1304 constraints were slightly tighter with 700 km
s~! <« FWHM < 10000 km s~! and Av.g < 7000 km
s~!. Figure 13 in Appendix Sect. B shows three exam-
ple spectra with the best fit from our PyQSOFit routine.
The reduced x? values of the Lya and C IV emission line
fits are generally between 0.5 — 2.0 with median values
of 1.1 and 1.0, respectively.

53 https://github.com/legolason/PyQSOFit
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The C 1V line is known to often be shifted to bluer
wavelengths in quasars due to outflows (e.g., C. M.
Gaskell 1982; G. T. Richards et al. 2002). To measure
the C IV line shift a systemic redshift is needed; however,
the brightest line in our spectral range, Ly, is known
to be affected by IGM absorption and cannot be used to
determine the systemic redshift. Therefore, instead we
took the relative offset between Lya and C IV to esti-
mate the relative C IV velocity shift, noting that these
measurements will not take into account the blue-wing
asymmetry commonly exhibited by C IV (e.g., C. M.
Gaskell 1982; B. J. Wills et al. 1993; G. T. Richards
et al. 2011). This offset was determined by taking the
peak wavelengths of the best fit of both lines and con-
verting those to rest-frame. The C IV line is shifted
outside of the DESI wavelength coverage for z 2 5.28,
and therefore the velocity offset of C IV can only be
determined for the quasars in our sample at z < 5.28.

Furthermore, we obtained line properties such as rest-
frame equivalent width (EW)), full-width half maximum
(FWHM), and line fluxes of all emission lines. While
yielding similar results, we measured the rest-frame EW
directly from the spectrum instead of the emission line
fit to avoid inaccurate values from suboptimal line fits.
The Lya EW is determined between 1160-1290A and
the C IV EW between 1500-1600A by integrating over
the spectral line divided by the continuum.

To obtain uncertainties on our spectral properties, we
took the same approach as Y. Shen et al. (2019) and
perturbed the spectral fluxes at each pixel by randomly
drawing from a normal distribution with the standard
deviation set by the flux errors. We repeated this pro-
cess 50 times for each quasar and obtain the 16th, 50th,
and 84th percentile values for each spectral property.

3.2. Selection of broad absorption line quasars

To select BAL quasars from our sample, we used the
public BAL identification software BALTOOLS?* (see S.
Filbert et al. 2024; P. Martini et al. 2025 for details),
which is based on a code originally developed by Z. Guo
& P. Martini (2019) for spectroscopic data of the Sloan
Digital Sky Survey. The BALTOOLS package uses Prin-
cipal Component Analysis (PCA) to fit the spectrum
while iteratively masking any regions with BAL features.
The best fit PCA is used to calculate the Balnicity Index
(BL; R. J. Weymann et al. 1991) and Absorption Index
(AIL; P. B. Hall et al. 2002), which is used to quantify
the strength of the absorption troughs. In this work, we
used the AI, which is more sensitive than the BI to nar-
row absorption troughs (e.g., J. R. Trump et al. 2006)

54 https://github.com /paulmartini/baltools


https://github.com/legolason/PyQSOFit

10

and is given by

Al = — /2 :000 [ - %} C(v)dv, (2)

with f(v) the normalized quasar flux density as a func-
tion of the velocity v in km s~ v the velocity displace-
ment, and C' a constant that is 0 unless the trough ex-
tends more than 450 kms~1!, in which case it is set to 1.
In our case, the BAL identification could only be applied
to quasars at z < 5.28 since the high-ionization C IV line
detection is necessary to confidently identify BALs. We
classified a quasar as BAL when C IV Al > 0, which is
satisfied by 140 quasars in our sample (28%, 140 out of
495 at z < 5.28). However, only 106 of those are cov-
ered by the LoTSS survey. The low-ionization species
Mglixag00 and Al IIIxx1854,1862, commonly used to iden-
tify low-ionization BAL quasars (LoBALs; e.g., R. J.
Weymann et al. 1991), are not covered by our spectra,
and therefore we did not separate our BAL quasar sam-
ple into LoBAL and high-ionization BAL quasars (Hi-
BALSs). We note that the AI calculation also picks up
narrower absorption troughs potentially caused by dif-
ferent physical processes, and therefore, the BI calcula-
tion is known to be more accurate for BAL identification
while being less complete (e.g., C. Knigge et al. 2008).
We discuss the potential impact of this on our results
in Sect. 5.3. Furthermore, we note that BALTOOLS may
miss the rare population of extremely high-velocity C IV
BALs with v > 25000 km s~!, which become more com-
mon among the most luminous quasars, but still rep-
resent a small minority of BAL quasars (e.g., G. Bruni
et al. 2019).

4. RESULTS

The spectral analysis of this high-z quasar sample
combined with their radio properties provides the oppor-
tunity to investigate the connection between the BLR
and radio jets in early quasar systems. In this sec-
tion, the results are presented separately for the different
physical measurements and quasar types.

4.1. Lya and C IV EW distributions

The rest-frame Lya+Nv and C IV equivalent widths
of our quasar sample are shown in Fig. 3. From these
distribution we removed the BAL quasars identified by
BALTOOLS (see Sect. 3.2) and the five quasars with C IV
EW measurements below zero. Visual inspection re-
vealed that four of these quasars are likely BAL quasars,
and one is heavily affected by telluric lines. The radio-
detected (pink) and radio-loud (grey hatched) source
distributions are compared to the radio-quiet quasar
sample (blue). The EW distributions of the ambiguous

RL/RQ quasars are indicated in green. Taking into ac-
count the ambiguous RL/RQ quasars by MC sampling
(as presented in Sect. 2.4.3), the median of the Lyae EW
distributions is 46 A for the radio-loud quasars and 54
A radio-quiet quasars. This is similar to the previous
result found by A. M. Diamond-Stanic et al. (2009) of
62 A and slightly higher than E. Bafiados et al. (2016)
with an EW distribution peak of 35 A. However, these
measurements of Lya EW cannot be directly compared,
since these quasar samples have different redshift dis-
tributions and are therefore differently affected by IGM
absorption.

We performed both KS and AD tests to compare the
EW distributions across three sample pairs: radio-loud
versus radio-quiet, the “pure” subsamples restricted to
Dec.> 10°, and the radio-detected versus non-detected
quasars. The KS test is most sensitive to differences near
the median of the distribution, while the AD test gives
more weight to outliers in the tail. For the radio-loud
and radio-quiet samples, we performed these tests 10,000
times using the different MC realizations and report
the median p-value. Because the radio-loud/radio-quiet
classification is probabilistic under our MC scheme, we
report the mean number of sources assigned to each class
across MC realizations, denoted Nyean.

Both the KS and AD tests found a significant differ-
ence (p < 0.05) between the radio-detected and radio
non-detected EW distributions, for both Lya (pks =
0.016; pap = 0.014 with N = 63 and 341) and C IV
(pxs = 0.041; pap = 0.010 with N =44 and 231). In
contrast, we did not find a similar significant difference
when comparing the radio-loud and radio-quiet samples.
The KS and AD tests for the Lyae EW distributions re-
sulted in p > 0.05 for both the radio-loud versus radio-
quiet samples (pks =0.41; pap > 0.25 with Nyean =27
and 377) and the pure radio-loud versus radio-quiet sam-
ples (pks = 0.30; pap > 0.25 with Nypean =22 and 290).
The AD tests on the C IV EW distributions of those
samples resulted in pap = 0.058 for the normal sample
and pap = 0.040 for the pure sample, indicating these
distributions could be significantly different. However,
this was not confirmed by the KS test with pxg ~ 0.12
for both. These results suggest a potential difference
in the Lya and C IV EW distributions between radio-
detected and non-detected quasars, with radio-detected
quasars exhibiting, on average, smaller EWs. A simi-
lar trend may also be present for the radio-loud versus
radio-quiet comparison, although a larger sample size
would be required to confirm this.

The general distributions of radio-loudness versus Ly«
and C IV EW are shown in Fig. 4. We did not find a
significant correlation between the radio-loudness values
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Figure 3. The rest-frame equivalent width distributions of the Lya and C IV emission lines, highlighting the radio-detected
(pink), radio-loud sources (grey hatched), radio-quiet (blue), and ambiguous radio-loud/radio-quiet (green). The median values
of the distributions are indicated with the arrows on top. Left: The Lya WLQ limit of 15.4 A is indicated by the black dashed
line. The yellow and orange lines are high-z quasar EW distributions obtained from previous work of E. Banados et al. (2016)
and A. M. Diamond-Stanic et al. (2009), respectively. These normal distributions are scaled to the same height for comparison.
Right: The C IV WLQ limit of 10 A is again indicated by the black dashed line.

of the radio-detected quasars and their Lya and C IV
EW, with a Spearman’s correlation coefficient of 0.17
and p-value of 0.18 for Lya and a coefficient of 0.07 and
p-value of 0.66 for C IV.

Early comparisons between low-z radio-loud and
radio-quiet quasars found mixed evidence for systematic
spectral differences in the rest-frame UV. For example,
C. C. Steidel & W. L. W. Sargent (1991) and M. R.
Corbin (1992) found no strong differences in the over-
all UV spectral properties of radio-loud and radio-quiet
quasars, whereas P. J. Francis et al. (1993) reported
(modestly) higher Lya and C IV EWs in radio-loud
quasars. More recent work, however, has shown that
UV emission-line properties of z < 3 quasars are more
closely linked to the accretion state of the quasar than
to radio loudness itself. This accretion state sequence
was originally identified via the optical Eigenvector 1
correlation space (T. A. Boroson & R. F. Green 1992),
later extended into the broader “quasar main sequence”
framework (J. W. Sulentic et al. 2000) and connected
to UV C 1v properties (B. J. Wills et al. 1999; Y. Shen
& L. C. Ho 2014; J. W. Sulentic et al. 2017). G. T.
Richards et al. (2011), R. M. Kratzer & G. T. Richards
(2015), and A. L. Rankine et al. (2021) found signifi-
cant differences in the C 1v blueshift and EWs of RL
and RQ quasars, with RL quasars being biased to lower
C 1v blueshifts and larger C 1v EWs, although to a much
lesser extent. However, A. L. Rankine et al. (2021) high-
lighted that radio detected quasars can be found every-
where in C IV parameter space, hindering the prospect
of identifying an individual radio-loud quasar based on

its UV emission line properties. The C 1v velocity shifts
of our sample will be discussed in Sect. 4.4, and the ap-
parent increased fraction of weak-line quasars amongst
the radio quasar population in Sect. 4.2, which is (at
least partly) driving the observed statistical difference
in EW distributions.

4.2. Radio emission of WLQs

To identify the WLQs in our sample, we followed the
definition of A. M. Diamond-Stanic et al. (2009) with
a limit of 15.4A for the Lya EW and 10A for the
C 1v EW. This Lya EW also includes varying con-
tributions from N V1240 and Si 1Ix1263 (e.g., K. M.
Leighly et al. 2007). These limits yielded 19 WLQs from
the Lya measurements and 13 from the C IV measure-
ments within the LOFAR footprint. Out of these, 6
quasars at z < 5.28 satisfied both Lya and C IV crite-
ria. An example spectrum of one of these quasars, DESI
J002633.614-251653.1, is shown in the bottom panel of
Fig. 7 together with its radio contours. We note that
the limits from A. M. Diamond-Stanic et al. (2009) have
been determined at lower redshift (3 < z < 5) where the
Lya line is less affected by IGM absorption. The C IV
EW measurements are therefore more reliable, however,
they are only available at z < 5.28 due to spectral cov-
erage.

To investigate any connection between the WLQ phe-
nomenon and radio emission, we determined the frac-
tions of WLQs for our different subsamples. The re-
sults are shown in Fig. 5. The reported WLQ fractions
of the radio-loud and radio-quiet samples are the mean
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of the derived distributions from the MC classification
method as described in Sect. 2.4.3. The uncertainties on
the fractions reflect both the classification uncertainty
and Poisson counting statistics, propagated jointly via
Monte Carlo resampling to yield asymmetric 68% con-
fidence intervals.

While at face value the fractions of WLQs in the radio-
detected and radio-loud quasar samples are ~ 2x higher
than the radio non-detected and radio-quiet quasar sam-
ples, the large errors indicate these differences are only
~ 1o significant. Therefore, this difference could be due
to the small sample size. The most significant difference
is found comparing the radio detected WLQ fraction
(9.5752% for Lya and 11.4727% for C 1V) with the ra-
dio non-detected WLQ fraction (3.8711% for Lya and
3.5713 for C1V), yielding a significance of 1.30 for Lya
and 1.40 for C IV.

The percentages of WLQs found in this work are gen-
erally lower than previously reported in high-z quasar
studies (e.g., E. Banados et al. 2014, 2016; A. J. Gloude-
mans et al. 2022), ranging from 14-38%. Our fractions
are more similar to A. M. Diamond-Stanic et al. (2009),
who studied a sample of 74 SDSS selected WLQs at
3 < z <5 and found their WLQ fraction increases from
1.3% at 3 < z < 4.3 to 6.2% at 4.2 < z < 5.0. The im-
plications of our findings are further discussed in Sect. 5.

4.3. Radio emission of BAL QSOs

As described in Sect. 3.2, we identified 140 BAL
quasars in our 4.80 < z < 5.28 sample, 106 of which
are covered by LoTSS. The fraction of BAL quasars de-
tected at 144 MHz is 18.9% (20/106), which is similar
to the radio detected fraction of non-BAL quasars of
15.5% (44/284) at z < 5.28. The left panel of Figure 6
shows the radio-loudness distribution of BAL versus no
BAL quasars, which demonstrates that BAL quasars are
predominantly radio-quiet with no sources at R > 25.
This is also reflected in the fraction of BAL quasars in
the different subsamples. In the radio-loud sample, the
fraction of BAL quasars is 16.3+10.1% (15.0+£10.0% for
the pure sample), while in the radio-quiet sample, it is
27.943.1% (26.84+3.5% for the pure sample). However,
this observed difference is only ~ 1o significant due to
low number statistics, and this is not apparent in the
radio-detected sample with a fraction of 31+8% (20/64)
BAL quasars compared to 26+3% (86/326) for the radio
non-detected quasar sample.

An example spectrum and radio contours of one of the
radio-loud BAL quasars (DESI J173922.47+521320.5
from J. Yang et al. 2023) are shown in the top panels of
Fig. 7. As shown in the middle panel of Fig. 6, we did
not find any correlation between the absorption index Al
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and radio-loudness (including 20 quasars), with a Spear-
man’s correlation coefficient of 0.02 and a p-value of
0.92 when using the radio-loudness measurements from
the full sample. Repeating this calculation for the pure
sample yielded similar results with a correlation coef-
ficient of 0.07 and a p-value of 0.76. However, we did
find a (statistically insignificant) increase in the radio
detected fraction with increasing absorption index, as
shown in the right panel of Fig. 6. We required at least
5 sources per bin and therefore only measured the radio
fraction up to 6000 km s~!. Since the error bars are
large, we determined the Spearman’s correlation statis-
tic and p-value by sampling the radio detected fraction
10,000 times from a normal distribution set by the un-
certainty. This resulted in a correlation coefficient of
0.50+0.38 and a p-value of 0.29+0.28. The apparent in-
crease in radio detected fraction is therefore statistically
insignificant with the current sample size.

Generally, these results are in line with previous work,
which indicates that BAL quasars are predominantly
radio-quiet, however, some of them are radio-loud (e.g.,
M. S. Brotherton et al. 1998; R. H. Becker et al. 2000;
L. K. Morabito et al. 2019). There is no general consen-
sus yet on whether orientation or evolution is causing
the differences between BAL and non-BAL quasars. In
line with our results, previous work from L. K. Mora-
bito et al. (2019) found that the radio detected fraction
increases with balnicity index (BI), while not finding
any correlation between BI and radio-power or radio-
loudness. They concluded that the radio emission and
absorption are distinct phenomena, but the underlying
process that creates them might be linked. This study
suggests this might be the case as well at high redshift.
Subsequent work by J. W. Petley et al. (2022, 2024) sug-
gests that instead the enhanced radio detection may be
due to radio emission related to AGN wind shocks in
the ISM. However, the radio luminosities of the quasars
in this work (especially at Lisomm, > 1026 W Hz 1) are
likely too high for AGN winds to be the only source of
radio emission, and therefore must contain jets.

4.4. C 1V blueshift of radio quasars

To examine any correlation between C IV blueshift
(indicative of outflow strength) and radio emission of our
quasar sample, we used the velocity offsets between Ly«
and C IV as determined from spectral fitting in Sect. 3.1.
To avoid inaccurate measurements, we removed sources
from the sample that have i) a C IV EW below 10 A,
ii) a Lya EW below 15.4 A, and iii) are identified as
BAL quasar. The distributions of radio detected and
non-detected quasars in C IV EW and velocity shift
space are shown in Fig. 8 with their radio-loudness color-
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coded. From this figure, it is apparent that the radio
quasars cover a similar parameter space as the radio non-
detected quasar sample, and the radio-loudest quasars
are spread out over the full parameter space. To com-
pare the distributions, we again applied the KS and AD
tests to the C 1v velocity shift across our three sample
pairs. None of the three comparisons yield a statistically

significant difference: radio-loud (Npean = 16) versus
radio-quiet (Nmean = 234, pks = 0.54, pap > 0.25), the
pure subsamples (Npean = 14 versus 179, pxs = 0.70,
pap > 0.25), and radio-detected (N = 36) versus non-
detected (N = 214, pxs = 0.26, pap > 0.25). In ad-
dition, we performed a two-dimensional KS test using



the public code NDTEST® using both the C IV veloc-
ity shift and the C IV EW, again finding no significant
differences for any of the samples with p > 0.15 in all
cases.

We therefore did not find that these radio-loud quasars
are skewed towards lower C IV blueshifts as found by,
for example A. L. Rankine et al. (2021) and C. L. Jack-
son et al. (2026); however, they also note that radio
sources can be found almost everywhere in C IV emis-
sion space. We caution that our C IV blueshift measure-
ments (peak-to-peak offset relative to Ly«a) do not take
into account the extended blue wing of C IV, unlike these
literature works that account for this using systemic red-
shifts. This difference in methodology may influence the
results. Furthermore, previous works report both a de-
crease in radio detected fraction with C IV blueshifts
(e.g., P. Marziani et al. 1996; G. T. Richards et al. 2002),
and an increase (e.g., A. L. Rankine et al. 2021). How-
ever, we found a fairly constant radio-detected fraction
of 10 — 30% across all C IV blueshifts, which is on the
higher end of the range of values identified in G. T.
Richards et al. (2002). The C IV blueshift is known
to correlate with the bolometric luminosity (e.g., A. L.
Rankine et al. 2020), which we found as well with a cor-
relation coefficient of 0.12, and p-value of 0.03 for our full
sample of 316 quasars (including 250 within the LoTSS
footprint). We caution that the low-number statistics
impose strong limitations on our analysis and may hin-
der our ability to identify the statistical differences be-
tween radio-quiet and radio-loud quasars that have been
reported at low redshift.

4.5. Radio-loudness evolution

To examine any radio-loudness evolution, we built a
lower-z quasar sample at 2 < z < 2.5 to compare to
our z ~ 5 sample. We picked this redshift range be-
cause it coincides with the peak in AGN space density
and offers a sufficiently large sample for statistical anal-
ysis. We selected these lower-z quasars from the public
DESI DR1 value-added catalog (VAC®®, S. Juneau et
al., in prep.), which includes quasars from all surveys
and classifications and redshift estimates from the DESI
Redrock pipeline (Bailey et al., in prep.) refined using
QuasarNet and the Mgl post processing pipeline (E.
Chaussidon et al. 2023; D. M. Alexander et al. 2023).

We cross-matched all sources classified as a quasar
(i.e. “SPECTYPE = QSO”) between 2 < z < 2.5 with

55 Written by Zhaozhou Li, https://github.com/syrte/ndtest,
based on J. A. Peacock (1983); G. Fasano & A. Franceschini
(1987); W. H. Press et al. (2007).

56 https://data.desi.lbl.gov/doc/releases/drl/vac/agnqso/
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Figure 8. C IV rest-frame EW versus the velocity shift
between the Lya and C IV emission line for radio detected
(pink) and non-detected (blue) quasars. The radio quasars
cover a similar parameter space as the radio non-detected
quasars. The colorbar indicates the radio-loudness of the ra-
dio detected quasars. The top panel shows the kernel density
distributions of Avcrw—rya of the radio detected and non-de-
tected samples.

the LoTSS-DR3 catalog within 1.5”, which yields radio
detections for 13654 quasars (out of a parent sample of
324683 quasars, i.e. ~4% LoTSS detection rate). To
mimic the radio detection threshold at z ~ 5, we ap-
plied a radio luminosity cut of Lisomm, > 6.5 x 10%°
W Hz!, which is 50 above the median rms sensitivity.
This resulted in a lower-z sample of 3785 quasars. We
performed the same SED fitting technique as described
in Sect. 2.3 using the LS DR10 photometry to obtain
their rest-frame UV magnitudes. For consistency, we in-
cluded only the 47 LoTSS-DR3 detected quasars above
Lisomuz > 6.5 x 10%2° W Hz ! in the high-z sample. Fi-
nally, to ensure the rest-frame UV magnitude distribu-
tions of the low- and high-z sample are statistically sim-
ilar, we randomly sampled 10 lower-z quasars with an
M 4504 around £0.05 of each quasar in the high-z sam-
ple. This process created the final lower-z quasar sample
of 434 sources (not including any duplicates). We de-
termined their radio luminosities and radio-loudness as
described in Sect. 2.4. The results are shown in Fig. 9.
This figure demonstrates that both the radio luminosity
and radio loudness distributions do not show evidence
of any evolution. A two-sided KS test (including 47
quasars at z ~ 5 and 434 quasars at z ~ 2) indicated
that both of these could have been drawn from the same
underlying distributions with p = 0.24 for the radio-
luminosity and p = 0.10 for the radio-loudness. Notably,
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Figure 9. Comparison of the radio properties of our z > 4.7 quasar sample and a rest-frame UV luminosity matched 2 < z < 2.5
sample. Left: Radio-luminosity versus M, 4504 for the low- and high-z quasar sample. The top and side panel show the normalized

distributions of both samples and the p-value obtained from a two-sided KS test.

The distributions are statistically similar,

however, the high-z sample does not show the same tail out to high radio-luminosities. Right: Radio-loudness versus M, 04 for
the low- and high-z samples. Again, the distributions are statistically similar and do not show any evidence for a radio-loudness

evolution.

the high-z sample does not show the same tail out to
high radio luminosity and loudness as the lower-z sam-
ple, however, that could be due to the relatively small
number of radio sources in the high-z sample. We also
performed the AD test, which resulted in p-values of 0.15
and 0.09 for the radio-luminosity and radio-loudness, re-
spectively, which are again not significant.

Finding no evidence for radio loudness evolution is in
line with most previous works (e.g., E. Banados et al.
2015; A. J. Gloudemans et al. 2021; Y. Liu et al. 2021)
and establishes the fact that these radio sources are al-
ready active within ~1 Gyr after the Big Bang. This
result is perhaps unsurprising, as previous studies have
suggested that high-z quasars generally exhibit UV and
optical properties similar to those of lower-z quasars,
both in their emission-line strengths and continuum
shapes (e.g., L. Pentericci et al. 2003; X. Fan et al. 2004;
Y. Shen et al. 2019). Probing fainter radio sources with
future radio telescopes such as the Square Kilometer Ar-
ray (SKA; P. E. Dewdney et al. 2009) is necessary for
more detailed studies of the radio-loudness evolution.

4.6. Spectral stacking

To compare the average spectral shapes of the ra-
dio detected versus non detected quasars we performed

stacking using the code SPECSTACKER®’ developed by
M. I. Arnaudova et al. (2024) for SDSS quasar spectra.
Due to the normalization process of the quasar spectra,
the stacking needs to be performed on small redshift
ranges to ensure a common wavelength grid. Due to the
low number of quasars at z > 5.7, we performed the
stacking separately in two redshift bins, 4.7 < z < 5.0
and 5.0 < z < 5.7, which we then combine and rescale.
The resulting stacks for both the radio detected versus
non-detected, and radio-loud versus -quiet are shown
in Fig. 10. The lower panels show the residual in un-
certainty units, which was calculated by subtracting the
two stacked spectra and dividing the result by their com-
bined uncertainties added in quadrature. These residu-
als demonstrate that the stacked spectra are generally
within a 1o agreement, and never deviate more than 3o.
We note that the continuum redwards of Ly« is slightly
weaker for the stack of radio-loud quasars, however, this
difference is not significant. Therefore, there is no evi-
dence for any difference in general rest-frame UV spec-
tra between high-z radio quasars and radio non-detected
quasars. M. I. Arnaudova et al. (2024) found evidence

57 https://github.com/m-arnaudova/SpecStacker
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for radio-loud quasars at 0.6 < z < 3.4 having a red-
der continuum and enhanced [O11] emission than their
radio quiet counterparts. However, a larger wavelength
coverage at > 2000 A rest-frame is needed to confirm
this at higher redshift, which can only be achieved with
near-infrared observations.

5. DISCUSSION
5.1. Are radio bright high-z quasars special?

The sample presented in this work represents the
largest spectroscopic uniform sample of radio quasars
at z ~ 5 to date, which allowed for a direct comparison
of the rest-frame UV spectral properties of radio-loud
and radio-quiet, and radio detected and non-detected
quasars. Our results suggest that generally their rest-
frame UV spectral properties, such as emission line
equivalent widths and Civ blueshifts, are similar. The
results obtained specifically for the WLQ and BAL phe-
nomena will be discussed in Sect. 5.2 and 5.3, respec-
tively. One of the issues in comparing the rest-frame UV
emission to the radio emission is that these generally
probe different timescales. The rest-frame UV probes
recent accretion, while low frequency radio traces jets
that could already be hundreds of millions of years old.
The current state of the accretion disk can therefore not

be directly compared to its state during the launching
of the jet in the case of these quasars.

However, these radio jets are expected to influence
both their immediate interstellar medium via AGN feed-
back and the surrounding intergalactic medium when
the radio jets grow beyond their galaxy confinements
(e.g., G. Miley & C. De Breuck 2008; M. J. Hardcas-
tle & J. H. Croston 2020). At high-z, the Universe is
much denser with typical dark matter halos of ~ 10'?
Mg with a virial radius of only 7900, = 50 kpc at z ~ 5,
the radius where the mean density is 200x higher than
the mean cosmic density (e.g., Y. Harikane et al. 2022).
Powerful radio jets, while rare, can therefore have an
important impact on the evolution of their galaxy and
their environment in the early Universe.

Not finding evidence of radio-loudness evolution
(apart from potentially missing the tail at high-z, see
Sect. 4.5) from z ~ 2 to z ~ 5 furthermore high-
lights that radio-loud quasars are already active within
the first Gyr after the Big Bang. Probing quasars at
higher redshifts with deeper radio observations, to probe
the complete population, will be necessary to further
study any radio-loudness evolution, which could indi-
cate changes in intrinsic SMBH properties (e.g., accre-
tion mode, black hole mass or spin) and environment
(e.g., gas reservoir).
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Current observations suggest there is an evolution of
extended radio jet sizes, with giant radio lobes (2100
kpc) completely missing at z > 4 while abundant at
low-z (e.g., A. C. Fabian et al. 2014; A. J. Gloudemans
et al. 2025). This could plausibly be an observational
effect, since inverse Compton (IC) scattering of CMB
photons increases significantly at high-z with oc (1 +2)*
(L. K. Morabito & J. J. Harwood 2018), which causes
the apparent dimming of radio emission from extended
radio lobes. The current LoTSS-DR3 resolution of 6”
is not sufficient to resolve the radio structure of these
quasars and therefore future high-resolution long base-
line radio imaging will be crucial to investigate any size
evolution.

5.2. Redshift evolution of WLQs and implications of
their radio emission

In our sample, we found an overall WLQ fraction of
~ 5% using the criteria EWpy, < 15.4 A(see Sect. 4.2).
This WLQ fraction is lower than previous high-z quasar
studies, which range from 10-38%, and suggested poten-
tial redshift evolution of WLQs (e.g., E. Banados et al.
2014, 2016; Y. Shen et al. 2019; A. J. Gloudemans et al.
2022). Selection effects could contribute to these vary-
ing fractions of WLQs. In principle, WLQs are more
difficult to select at low-z than high-z, because at low-z
there is no Lyman break to identify the quasar. More
generally, the color selection of WLQs depends on both
emission-line strength and redshift, with weak emission
lines affecting the photometry used for quasar selection
(e.g., A. M. Diamond-Stanic et al. 2009). Furthermore,
luminosity-dependent effects such as the Baldwin effect
(the anti-correlation between C IV EW and luminos-
ity; J. A. Baldwin 1977) may contribute to this trend,
since high-z quasar samples are typically more luminous
on average. Any potential evolution observed in WLQs
could therefore be due to selection effects. In J. Yang
et al. (in prep.), the WLQ fractions will be determined
based on the final quasar sample, including a correction
for selection bias.

Furthermore, while this work finds an increased frac-
tion of WLQs among radio-loud and radio-detected
quasars, the difference is not significant (~ 1.30), so
a larger sample is needed to draw firmer conclusions.
We also did not find a significant correlation between
radio-loudness and either C IV or Lyas EW. Earlier work
by R. M. Plotkin et al. (2015) suggested it was un-
likely that jet emission caused the weak broad emission
lines in their sample, while H. Meusinger & N. Balafkan
(2014) found WLQs to be 5x more likely to be radio
detected than normal quasars, although with a lower
mean radio-loudness. In this work, the percentage of

Lya (C 1V) WLQs increased from 3.8+1.1% (3.5+1.3%)
for radio non-detected to 9.5+4.2 (11.4+5.7%) for radio-
detected quasars. Radio-quiet quasars, not only radio-
loud quasars, are known to host (low-luminosity) radio
jets (e.g., C. Leipski et al. 2006), which could also con-
tribute to boosting of the UV continuum and diluting of
the line strength. The WLQ phenomenon has also been
hypothesized to be caused by an undeveloped BLR or
high Eddington accretion rate (e.g., K. M. Leighly et al.
2007; H. Meusinger & N. Balafkan 2014). Near-infrared
follow-up observations are necessary to investigate this
scenario for the quasar sample in this work, and we again
note that an increase in sample size is vital to verify the
highly uncertain trends observed in this work.

Finally, we caution that the EW measurements de-
pend heavily on the continuum fit. At high-z, the con-
tinuum is challenging to constrain, since optical surveys
like DESI cover only wavelengths up to 1637 A at z = 5.
Near-infrared spectroscopy is therefore necessary to im-
prove the constraints on the continuum and reliability
of the EW measurements at high redshift.

5.3. Redshift evolution of BAL quasars

As presented in Sect. 4.3, our findings suggest that the
BAL quasars in our high-z sample are similarly likely
to be radio detected than normal quasars within the
expected errors. The fraction of radio detected BAL
quasars potentially increases with C IV absorption in-
dex. However, most BAL quasars are radio-quiet, and
there is no apparent correlation between radio-loudness
and C IV absorption index (see Fig. 6). These re-
sults are generally consistent with the findings of L. K.
Morabito et al. (2019) for a large sample of quasars at
1.7 < z < 4.3 using the balnicity index. C. Knigge et al.
(2008) demonstrated that while the absorption index
yields a higher completeness of BAL quasars, it also de-
creases the accuracy of BAL identification. Using the BI
instead of Al only 63 quasars in our z < 5.28 sample are
identified as BAL quasars (~ 13%) with only 11 of those
detected in LoTSS-DR3. Also in this case, there is no
correlation between BI and radio-loudness (Spearman’s
correlation coefficient = 0.045, p-value=0.89). The BAL
quasars not selected by BI do demonstrate clear absorp-
tion features in their spectra by visual inspection.

As suggested by L. K. Morabito et al. (2019), these
findings indicate that radio emission and the BAL phe-
nomenon are potentially linked to the same underlying
process, which is already in place by z ~ 5 as demon-
strated here. In the evolutionary picture, where young
quasars produce jets and begin to drive outflows that are
eventually cleared, we might expect the BAL fraction to
increase at high-z. Recent work by M. Bischetti et al.



(2022, 2023) indeed found that the BAL fraction appears
constant at z < 4.5 while increasing by a factor of ~ 2—3
at z 2 6 to almost 50%. In our sample at 4.7 < z < 6.7,
the BI fraction found of 13% is similar to the 8-15% ob-
served BAL fraction found for UV-selected quasars at
2 <z <4 by T. Al Reichard et al. (2003), C. Knigge
et al. (2008), R. R. Gibson et al. (2009), J. T. Allen et al.
(2011), and L. K. Morabito et al. (2019). The final DESI
z 25 quasar sample in future work will be used to mea-
sure the intrinsic fraction of BAL quasars by correcting
for selection effects. As discussed in Sect. 1, the orien-
tation of quasars can also play an important role in the
BAL phenomenon. The radio-bright BALs identified in
this work are ideal candidates for high-resolution radio
follow-up to constrain radio jet sizes and radio spectral
analysis, which can provide necessary evidence for the
orientation versus evolution model, since these can be
used as proxies for jet age and orientation.

6. SUMMARY

By combining new quasars at 4.7 < z < 6.8 discovered
by a dedicated DESI target program with the LOFAR
Two Metre Sky Survey, we built the largest uniform
spectroscopic sample of radio-detected quasars into the
cosmic dawn to date. Using a forced Gaussian fitting
technique, we identified 83 radio-emitting quasars out
of the 510 quasars covered by LoTSS. With high radio
luminosities of Lisanmi, = 3 X 102 — 3 x 1022 W Hz !,
their radio emission is likely dominated by jets, however,
winds and shocks can also contribute to the produced
radio emission.

Using the classical definition of radio-loudness, we
find that 5-15% of the quasars in our parent sample
can be considered radio-loud and 85-95% radio-quiet,
with the range caused by ambiguous quasars with 3o
upper limits above the traditional R = 10 thresh-
old. Most of these ambiguous radio-loud/radio-quiet
quasars are located at Dec.< 10° where the sensitivity
of LoTSS-DR3 decreases. Considering only the quasars
with Dec.> 10° results in a more constrained radio-
loud fraction of ~ 6 — 9%. We performed statistical
tests across three sample pairs: radio-loud versus radio-
quiet, their “pure” subsamples restricted to Dec.> 10°,
and radio-detected versus non-detected quasars. Radio-
loud /radio-quiet classification for ambiguous sources is
determined via Monte Carlo realizations. Our (spectral)
analysis of these quasar samples resulted in the follow-
ing:

e Comparing our z ~ 5 radio detected quasar sam-
ple to a luminosity-matched sample at z ~ 2, we
did not find any evidence for radio-loudness evolu-
tion. This suggests that radio jets are already well-
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established in quasars at z ~ 5. The high-z sample
does lack sources in the high radio-luminosity tail,
however, this could be due to low number statis-
tics.

e The Lya and C IV EW distributions differ signif-
icantly between radio-detected and non-detected
quasars —radio-detected sources show on aver-
age smaller EWs— while no significant differences
are found between radio-loud and radio-quiet sam-
ples (including the pure subsamples), possibly due
to limited statistics. The fractions of WLQs are
higher in all radio-loud and radio-detected sam-
ples compared to radio-quiet and non-detected.
However, due to the limited number statistics,
this difference corresponds to only ~ 1.3¢ for ra-
dio detected versus non-detected and ~ 1o for
(pure) radio-loud versus radio-quiet, and therefore
a larger sample is required to confirm an increased
WLQ fraction among high-z radio quasars.

e We identified 106 BAL quasars in our sample,
which are predominantly radio-quiet. We found
no correlation between radio-loudness and absorp-
tion index, implying that the BAL outflows them-
selves do not produce the radio emission. This is
consistent with previous works at low-z. More in-
vestigation is needed to determine whether young
quasar age or orientation is the predominant cause
of the broad absorption lines.

e The distribution of radio-loud quasars in C IV ve-
locity shift is similar to the distribution of radio-
quiet quasars, without any significant correlation
with radio-loudness. We did not find a skew to-
wards lower C IV blueshift for radio-loud quasars
as previously found at low-z, however, this could
be due to our small sample size or to the different
blueshift methodology due to the lack of systemic
redshifts for our quasars.

e Comparison of the composite rest-frame UV spec-
tra of all quasar samples yielded no evidence of
any differences in spectral features and contin-
uum of radio-detected and radio-loud quasars at
high-z. To provide a direct comparison to low-z
quasar samples, (near-)infrared wavelength cover-
age is necessary.

This work highlights that radio jets are already well-
established at z ~ 5 with little or no redshift evolution in
their rest-frame UV spectral properties. However, even
with this relatively high number of radio quasars, we
are still dealing with low-number statistics, which hin-
ders drawing any firm conclusions. Only 6 quasars in
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the sample show possible extended radio features, high-
lighting the necessity of high-resolution radio follow-up
to disentangle core and jet emission.

In the near future, the SKA telescope is expected to
be able to detect fainter populations of radio quasars
and galaxies out to high-z, which will revolutionize this
field. Furthermore, the discovery of quasars out to z ~ 9
from the Fuclid wide survey ( Euclid Collaboration et al.
2019) will enable tracing any evolution to the earliest
epochs.
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7. DATA AVAILABILITY

The data used to make the plots in this paper can be
found at https://doi.org/10.5281/zenodo.21727117.

APPENDIX

A. RADIO IMAGES & OPTICAL OVERLAYS

Figure 11 shows the LoTSS-DR3 detections of all 83 DESI quasars. The radio contours are superimposed on Legacy
z-band images. While some radio emission is close to the sensitivity limit, the association with the optical quasar
is convincing. Figure 12 shows the six quasars with extended radio emission. The extended radio emission of DESI
J134748+440546 (5th panel) is likely caused by the nearby galaxy visible in the z-band image.

B. PYQSOFIT SPECTRA FITTING EXAMPLES

Figure 13 shows example spectra of three high-z quasars (DESI J144946.78+331943.2, DEST J030636.92-122242.4,
DESI J005814.57+035222.0) at different redshifts, which were previously published in J. Yang et al. (2023). The figure
demonstrates the performance of our PyQSOFit routine as described in Sect. 3.1, which resulted in reduced x? values

of the Lya and C IV emission line fits close to 1.
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Figure 11. Radio detections 83 DESI quasars at z > 4.7 sorted on redshift. The radio contours are drawn at
[1,2,3,5,10, 20, 50, 100, 200] xrms and superimposed on optical z-band images of the DESI Legacy Imaging Survey DR8 (30" x 30"
cutout). The dashed red lines show the negative —1xrms contours. The total flux density of each source at 144 MHz is given
in the bottom left corner of each panel.
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