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ABSTRACT

We present Karl G. Jansky Very Large Array S- (2—4 GHz), C- (4-8 GHz), and X-band (8—12 GHz) continuum observations toward
seven radio-loud quasars at z > 5. This sample has previously been found to exhibit spectral peaks at observed-frame frequencies
above ~1 GHz. We also present upgraded Giant Metrewave Radio Telescope (uGMRT) band-2 (200 MHz), band-3 (400 MHz), and
band-4 (650 MHz) radio continuum observations toward eight radio-loud quasars at z > 5, selected from our previous GMRT survey,
in order to sample their low-frequency synchrotron emission. Combined with archival radio continuum observations, all ten targets
show evidence for spectral turnover. The turnover frequencies are ~1-50 GHz in the rest frame, making these targets gigahertz-
peaked-spectrum or high-frequency-peaker candidates. For the nine well-constrained targets with observations on both sides of the
spectral turnover, we fit the entire radio spectrum with absorption models associated with synchrotron self-absorption and free-free
absorption (FFA). Our results show that FFA in an external inhomogeneous medium can accurately describe the observed spectra
for all nine targets, which may indicate an FFA origin for the radio spectral turnover in our sample. As for the complex spectrum of
J114657.79+403708.6 at z = 5.00 with two spectral peaks, it may be caused by multiple components (i.e., core-jet) and FFA by the
high-density medium in the nuclear region. However, we cannot rule out the spectral turnover origin of variability. Based on our radio

spectral modeling, we calculate the radio loudness R,sy 4 for our sample, which ranges from 12*] to 67475}.
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1. Introduction

Among the known population of active galactic nuclei (AGN),
about 10% are classified as radio-loud sources (e.g., Flesch
2021). The origin and evolution of the radio emission remain
areas of intense focus in the studies of radio-loud AGN. The
intrinsically small radio-loud AGN with radio emission not gen-
erally dominated by their cores have steep radio spectra and are
thought to represent the early evolution stage of radio AGN;
however, some may be confined to small regions by the ambi-
ent interstellar medium (ISM; e.g., O’Dea & Saikia 2021).

The so-called compact steep spectrum (CSS) sources
tend to have projected linear sizes of between 500pc and
20kpc and are typically characterized by radio spectral
peaks at frequencies below 400 MHz (e.g., Fanti et al. 1990).
The characterized convex synchrotron radio spectra toward
gigahertz-peaked-spectrum (GPS) and high-frequency-peaker
(HFP) sources peak at about ~1 GHz and >5GHz, respec-
tively (e.g., Gopal-Krishna et al. 1983; Stanghellini et al. 1998;
Dallacasa et al. 2000). The GPS and HFP sources tend to
have smaller projected linear sizes of <500 pc. O’Dea & Saikia
(2021) refer to GPS and HFP sources together as peaked-
spectrum (PS) sources. The samples of PS sources may
be contaminated by blazars, whose radio spectra can peak

at high frequencies due to the behavior of flaring (e.g.,
O’Dea et al. 1983, 1986; Kovalev et al. 2002; Kovalev 2005).
Torniainen et al. (2005), by investigating a sample of mostly
quasar-type GPS source candidates with about two decades of
data, found that most PS quasars are flat-spectrum sources but
have peaked spectra during a flare, and that only a few have a
stable convex spectra with low variability. Tinti et al. (2005) also
proposed that quasar-associated PS sources are largely flaring
blazars. Long-term multi-epoch and multifrequency monitoring
is necessary to determine whether they are genuine PS sources.

As for CSS and genuine PS sources, the mechanism respon-
sible for the radio spectral turnover will have significant impli-
cations on either the internal properties (e.g., magnetic field)
or the external environment (e.g., thermal electron density) of
the radio source (e.g., O’Dea 1998; Tingay & de Kool 2003;
O’Dea & Saikia 2021). The two leading mechanisms for the
radio spectral turnover — synchrotron self-absorption (SSA) and
free-free absorption (FFA) — may be at work in individual
sources.

In the “young scenario,” the HFPs are very young radio
sources and will develop into extended radio galaxies and
quasars (e.g., FR I or FR 1II) after evolving through the GPS and
CSS stages. Analytical models with the radio emission from the
compact radio sources propagating through their host galaxies
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provide a reasonable path for compact radio sources evolving
into CSS and large-scale radio sources (e.g., Begelman et al.
1999; Snellen et al. 2000; Maciel & Alexander 2014), which is
in agreement with current observations (e.g., An & Baan 2012).
The global relationship between radio spectral turnover fre-
quency and the source linear size could be reproduced under the
SSA assumption (e.g., Snellen et al. 2000; de Vries et al. 2009;
Jeyakumar 2016). In addition, the magnetic field strength cal-
culated from the turnover, assuming it is produced by SSA
for young radio sources, was found to be consistent with the
magnetic field calculated under the assumption that the radio
emission is in a near equipartition of energy between the
radiating particles and the magnetic field (e.g., O’Dea 1998;
Orienti & Dallacasa 2008).

Under the “frustration” hypothesis, the compactness of CSS
and PS sources suggests that their radio jets are confined to
within small spatial scales by a dense medium in their envi-
ronments, and, as a consequence, their emission is suppressed
(“frustrated”) through the interaction with dense clouds in the
host galaxy ISM (van Breugel et al. 1984; Peck et al. 1999;
Tingay & de Kool 2003; Callingham et al. 2015; Tingay et al.
2015). This picture is motivated by the fact that CSS and
PS sources are much more asymmetric than the large-scale
radio sources, which may be caused by interaction with
a dense medium (e.g., Junoretal. 1999; Saikiaetal. 2001;
Thomasson et al. 2003; Orienti et al. 2007). Simulation work
indicates that jet interaction with large amounts of dense
clouds can disrupt the jets and/or block their propagation (e.g.,
De Young 1991; Wiita 2004; Bicknell et al. 2018). The required
gas masses are estimated to be at least 10° to 10'0 My (e.g.,
De Young 1993; Carvalho 1998; O’Dea 1998). In terms of the
molecular gas toward the compact radio sources, there is match-
ing observational evidence for dense clouds in some of their
environments (e.g., Evans et al. 1999; Dasyra & Combes 2012;
Ostorero et al. 2017; Morganti et al. 2021). Models with rela-
tivistic jet feedback in evolving galaxies can also reproduce the
inverse scaling relationship between the peak frequency and the
source linear size (e.g., Bicknell et al. 1997, 2018).

High-redshift radio-loud quasars at z > 5 are critical for
probing the physical conditions at the end of the reionization
epoch and for studying the early evolutionary stage of the radio-
loud AGN and the coevolution with their host galaxies (e.g.,
Bafiados et al. 2021; Khorunzheyv et al. 2021; Ighina et al. 2021).
Of these objects, four are identified as blazars, which mostly
have a core-jet morphology (e.g., Romani et al. 2004; Frey et al.
2010, 2015; Spingola et al. 2020). About half of the objects
have been observed at milliarcsecond (mas) resolution by the
European Very Long Baseline Interferometry (VLBI) Network
(EVN) or the Very Long Baseline Array (VLBA; e.g., Frey et al.
2003, 2005, 2008, 2011; Momjian et al. 2003, 2008, 2018,
2021; Romani et al. 2004; Cao et al. 2014; Gabanyi et al. 2015).
Various morphologies are observed — single-compact, double-
structure, core-jet, and dominant core emission with weak unre-
solved radio extension — toward these targets. Together with the
steep radio spectrum, some are proposed to be compact sym-
metric objects or medium symmetric objects. Thus, these high-
redshift radio-loud quasars are a unique sample that can be used
to shed light on the origin and evolution of radio-loud AGN at
the earliest epoch.

Shao et al. (2020) presented Giant Metrewave Radio Tele-
scope (GMRT) 323 MHz radio continuum observations toward
13 radio-loud quasars at z > 5, detecting their low-frequency
synchrotron emission. Combined with archival radio continuum
detections, nine quasars have power-law spectral energy distri-
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butions throughout the radio range. For some, the flux density
drops with increasing frequency, with power-law indices from
—0.90 to —0.27 in the frequency range spanning the observed
frame frequency of a few hundred megahertz to a few gigahertz,
while it increases for others, with power-law indices of 0.18 to
0.67 below the observed frame frequency of ~2 GHz.

Multiwavelength observations near the radio spectral peak
will allow the determination of the nature of the spectral turnover
(FFA vs. SSA) and the relationship between the radio sources
and their environments. In this paper, to further characterize
the entire radio spectral energy distribution of these radio-loud
quasars at z > 5, we report on Karl G. Jansky Very Large
Array (VLA) S-, C- and X-band continuum observations toward
seven GMRT targets (Shao et al. 2020) that have shown or may
exhibit spectral peaks at high frequency (e.g., >1 GHz) in the
observed frame. Taken together, the VLA S, C, and X bands
have a continuous frequency coverage from 2 to 12 GHz, which
corresponds to 12-72 GHz for an object at z = 5. The VLA
observations can determine if a radio spectral turnover exists
at a higher frequency. We also report on the upgraded GMRT
(uGMRT) band-2, band-3, and band-4 radio continuum obser-
vations toward eight GMRT quasars that were made to mea-
sure their low-frequency synchrotron emission, and we provide a
better characterization of their radio spectral turnover properties
(i.e., turnover frequency and the corresponding source strength)
if such turnover exists.

The outline of this paper is as follows. In Sect. 2 we describe
our sample, the VLA and uGMRT observations, and the data
reduction. In Sect. 3 we present the new VLA and uGMRT
measurements, apply different spectral models to the observed
radio spectra, and measure precise radio loudness based on our
radio spectral modeling. In Sect. 4 we discuss the origin of the
radio spectral turnover — variability, FFA, or SSA. Finally, in
Sect. 5 we present a summary. Throughout the paper we adopt a
A cold dark matter cosmology, with Hy = 67.8kms™' Mpc™!,
Qv = 0.3089, and Q5 = 0.6911 (Planck Collaboration XIII
2016), and a definition of S, o« v*, where S, is the flux density,
v is the frequency, and « is the spectral index.

2. Observations and data reduction

We select seven radio-loud quasars from our GMRT project,
which observed the 323 MHz radio continuum of 13 radio-loud
quasars at z > 5 (Shao et al. 2020). These objects have shown
or may exhibit spectral peaks at frequencies above 1 GHz in the
observed frame (see Figs. 3 and 4 in Shao et al. 2020). The par-
ent radio-loud quasar sample in our GMRT project contains all
the radio-loud quasars at z > 5 identified before 2015, and we
also identified another three by cross-matching optical wave-
length quasar catalogs with the VLA Faint Images of the Radio
Sky at Twenty-Centimeters (FIRST; Helfand et al. 2015) cata-
log and the VLA high-resolution radio survey of Sloan Digital
Sky Survey (SDSS) Strip 82 (Hodge et al. 2011). With our VLA
S- (2-4 GHz), C- (4-8 GHz), and X-band (8-12 GHz) observa-
tions, we investigate whether a spectral turnover exists and locate
the turnover position (i.e., frequency and strength). We also
select eight radio-loud quasars from our GMRT project to con-
duct uGMRT band-2 (200 MHz), band-3 (400 MHz), and band-4
(650 MHz) observations to well sample the low-frequency radio
spectra and to better constrain the turnover property. In summary,
we report new results on ten radio-loud quasars at z > 5, which
are listed in Table 1 of this work, and among them five have both
new VLA and uGMRT observations. Our sample in this work
can represent more than 30% of the entire radio-loud quasars at
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Table 1. Targets in this work.

Source Short name RA Dec Z Observatory
&) @) 3 “ &) Q)

SDSS J013127.34-032100.1  J0131-0321  ©01:31:27.3473  -03:21:00.0791 ©5.18 +0.01 VLA & uGMRT
SDSS J074154.72+252029.6  J0741+2520 D(07:41:54.72 +25:20:29.6 @5.194 VLA & uGMRT
SDSS J083643.85+005453.3  J0836+0054  ()08:36:43.8606  +00:54:53.232 #)5.774 + 0.003 uGMRT
SDSS J091316.56+591921.5  J0913+5919  ©09:13:16.5472  +59:19:21.6656  5.1224 + 0.0001 uGMRT
SDSS J103418.65+203300.2  J1034+2033 (10:34:18.65 +20:33:00.2 50150 + 0.0005 VLA & uGMRT
SDSS J114657.79+403708.6  J1146+4037  ®11:46:57.79043  +40:37:08.6256  )5.0059 + 0.0007 VLA & uGMRT
FIRST J1427385+331241 J1427+3312  ™14:27:38.58563  +33:12:41.9252 ©6.12 uGMRT
SDSS J161425.13+464028.9  J1614+4640 M16:14:25.13 +46:40:28.9 M53131 +0.0013 VLA & uGMRT
SDSS J222843.54+011032.2  J2228+0110 ™22:28:43.52679  +01:10:31.9109 5.95 VLA

WES J224524.2+002414 J2245+0024 (@22:45:24.28 +00:24:14.6 @5,17 VLA

Notes. Column 1: source name. Column 2: source short name. Columns 3—4: RA and Dec. Column 5: redshift. Column 6: observation facility.
References. Sharpetal. (2001); ®Sternetal. (2003); ©McGreeretal. (2006); “McGreeretal. (2009); ©Hewett & Wild (2010);
(NZeimann et al. (2011); @Yi et al. (2014); WSDSS; @Gabdnyi et al. (2015); VFrey et al. (2003); ®Frey et al. (2010); ®Momijian et al. (2003);

™ Momjian et al. (2008); ®Cao et al. (2014).

Table 2. VLA observations and measurements.

Source Band Obs date ton Complex gain calibrator Flux density scale calibrator Beam size Sint S peak
(s) (arc secz) (mly) (mJy beam’l)
€)) (2) 3) 4) (5) 6) )] ) 9
JO131-0321 S 2019 August 14 116 J0125-0005 3C138 0.74 x0.52 60.57 £0.11 59.64 + 0.06
C 2019 August 08 116 J0125-0005 3C138 0.51x0.29 43.34+0.11 43.15+0.06
X 2019 August 07 118 J0125-0005 3C138 0.24x0.17 31.81+£0.18 31.72+0.10
JO74142520 S 2019 September 07 136 J0741+2706 3C147 0.58 x0.53 3.89+0.05 3.89+0.03
C 2019 August 30 138 J0741+2706 3C147 0.30x0.28 3.27+0.03 3.22+0.02
X 2019 August 30 208 J0741+2706 3C147 0.18x0.17 2.46+0.02 2.46+0.01
J103442033 S 2019 September 07 138 J1051+2119 3C147 0.76 x0.57 3.94+0.06 4.00+0.03
C 2019 August 30 136 J1051+2119 3C147 0.38%x0.29 292+0.04 2.85+0.02
X 2019 August 30 138 J1051+2119 3C147 0.26x0.18 1.88+0.03 1.89+0.02
J11464+4037 S 2019 September 07 128 J1146+3958 3C147 0.87x0.55 11.05+0.06 10.76 +0.03
C 2019 August 30 128 J1146+3958 3C147 043 x0.28 9.51+0.03 9.46+0.02
X 2019 August 30 126 J1146+3958 3C147 0.30x0.17 7.59+0.04 7.51+0.02
J1614+4640 S 2019 September 02 118 J1613+3412 3C48 0.90x0.54 4.06+0.16 3.84+0.09
C 2019 August 14 148 J1613+3412 3C48 042x0.27 3.13+0.08 3.07+0.04
X 2019 August 11 148 J1613+3412 3C48 0.31x0.19 1.96+0.10 1.80+0.05
J22284+0110 S 2019 September 02 136 J2212+0152 3C48 0.72x0.54 0.24+0.07 0.16+0.03
C 2019 August 14 196 J2212+0152 3C48 0.38x0.27 0.22+0.03 0.21 £0.02
X 2019 August 11~ 206 J2212+0152 3C48 0.22x0.18 0.19+0.04 0.13+0.02
J22454+0024 S 2019 September 02 138 J2247+0310 3C48 0.74%x0.54 1.65+0.06 1.61+0.03
C 2019 August 14 192 J2247+0310 3C48 0.38x0.27 1.75+0.03 1.73+0.02
X 2019 August 11~ 208 J2247+0310 3C48 0.22x0.18 1.40+0.03 1.36+0.02

Notes. Column 1: source name. Column 2: adopted VLA band. Column

3: observation date. Column 4: on-source integration time. Column 5:

complex gain calibrator. Column 6: flux density scale calibrator. Column 7: the corresponding clean beam size for each observation. Columns 8—9:
the integrated and peak flux density measured by the CASA 2D Gaussian tool. Errors shown here are fitting-type errors. During the model fitting in

Sect. 3.1, we also considered additional 5% calibration errors.

z > 5 identified by now (e.g., Anderson et al. 2001; Fan et al.
2001; Sharpetal. 2001; Romani et al. 2004; McGreer et al.
2006, 2009; Willott et al. 2010; Zeimann et al. 2011; Yi et al.
2014; Bafados et al. 2015, 2018, 2021; Belladitta et al. 2020;
Gupta et al. 2021; Ighina et al. 2021; Khorunzhev et al. 2021;
Liu et al. 2021).

2.1. VLA

The VLA S-, C-, and X-band radio continuum observations
toward these targets were conducted from 2019 August 07 to
September 07 in A-configuration (PI: Yali Shao; Proposal code:
19A-107). The on-source observing times are 116—-208 s for

each target in each band. Flux density scale was established
using scans of the standard VLA calibrators: 3C48, 3C138 and
3C147. Details, including information on the complex gain cal-
ibrators, are shown in Table 2. The total bandwidths are 2 GHz
with 16 128 MHz-wide spectral windows at the S band using
the eight-bit samplers, and 4 GHz with 32 128 MHz-wide spec-
tral windows at C and X bands using the three-bit samplers.
The data were calibrated using the standard VLA pipeline' in
CASA?. During the data reduction, we also did additional flagging

! https://science.nrao.edu/facilities/vla/
data-processing/pipeline
2 https://casa.nrao.edu/
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(identification and removal of bad data). The final radio contin-
uum images were made using the CASA task TCLEAN with robust
weighting factor of 0.5. For each target, in addition to producing
images of data from all the spectral windows for each observ-
ing band (the corresponding results are presented in Table 2 and
Fig. A.1), if the data had high S/N (e.g., >20) we also imaged
each of the four spectral windows separately in order to charac-
terize the radio spectral slope in each observing band. The mea-
sured flux densities are shown as black points in Figs. 1-2.

2.2. uGMRT

The uGMRT band 2, 3, and 4 observations were carried out with
GMRT Wideband Backend (GWB) from 2020 October 01 to 05
(PI: Yali Shao; Proposal code: 38_069). The on-source observ-
ing times are 25 to 71 min for each target in each band. We
used 3C48 as the flux density scale calibrator for all targets.
The details, including information on the complex gain calibra-
tors, are shown in Table 3. Each observing band has one unique
spectral window with a bandwidth of 200 MHz. We reduced the
data using CAPTURE® (Kale & Ishwara-Chandra 2020), which is
an automated pipeline to make images from the interferometric
data obtained from the uGMRT. There was a problem reported
concerning an offset in the calibrated visibilities of baselines
between GMRT central square antennas, affecting GWB data
taken between 2018 October and 2020 December 03. Baselines
between central square antennas and arm antennas, or between
arm antennas, appear to be affected much less, or not at all. The
typical offset in bands 3 and 4 is ~5-10% on the central square
baselines. So we simply flagged the 91 baselines between central
square antennas (this would affect the root mean square (rms)
noise by ~10%). The final radio continuum images shown in
Fig. A.2 were produced by CASA task TCLEAN using a robust
weighting factor of 0.5.

2.3. Ancillary JCMT archival data

Target J1146+4037 has two radio spectral peaks, of which
the weaker, higher-frequency one may be associated with
thermal dust emission. In order to constrain the dust emis-
sion of J1146+4037, we searched for 850 um observations
in the James Clerk Maxwell Telescope (JCMT) archive. We
reduced the available data with the STARLINK SCUBA2
science pipeline*. Within the pipeline, we adopted the
recipe of REDUCE_SCAN_FAINT_POINT_SOURCES for detecting
extremely low signal-to-noise point sources within blank field
images (Chapin et al. 2013). We then used the default flux con-
version factor of 537+26 Jy pW~! beam™! (Dempsey et al. 2013)
and applied the matched filter with a full width at half maximum
(FWHM) of 15”. The reduced 850 um map has a noise level
of 1.04 mJy beam™!. No significant signal was detected toward
J1146+4037, and we used a 30 upper limit of 3.12mly in the
following analysis and discussion.

3. Results and analysis

All seven VLA targets are detected with S /Nyeax ~ 5 — 10000
The VLA FWHM restoring beam sizes are ~07”6, 0”3 and
072 for the S-, C-, and X-band observations, respectively. The
corresponding rms levels are 0.03-0.09, 0.02-0.06 and 0.01—

3 https://github.com/ruta-k/uGMRT-pipeline
4 http://www.starlink.ac.uk/docs/sc21.htx/sc21ch4.html
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0.10 mly beam™! for the VLA S, C, and X band, respectively.
The details are listed in Table 2.

For the eight uGMRT targets, all band-2 observations are
contaminated by serious radio frequency interference (RFI). The
band-3 and band-4 data are relatively clean, and all sources are
detected with S/Npeax ~8—1060". The resulted uGMRT synthe-
sized beam sizes are ~6” and 4” for bands 3 and 4, respectively.
The rms levels are 0.16 and 0.04-0.49 mJy beam™' for bands 3
and 4, respectively. The details are presented in Table 3.

For both VLA and uGMRT data, we compared the integrated
flux density and peak flux density for each target (shown in
Tables 2 and 3), and they are consistent. In addition, we per-
formed a 2D elliptical Gaussian fit in the image plane using
IMFIT task in CASA, which reports a point source for each target.
These indicate that all detected targets are point sources.

We present the distributions of the radio spectra of our
sample with new VLA and uGMRT detections (black points
and black open diamonds, respectively) and archival data
from the literature (black open squares; Frey et al. 2003, 2005,
2008, 2010; Momjian et al. 2003, 2008; Petric et al. 2003;
Hodge et al. 2011; Cao et al. 2014; Coppejans et al. 2015, 2017;
Gabanyi et al. 2015; Helfand et al. 2015; Williams et al. 2016;
Intema et al. 2017; Shao et al. 2020; Wolf et al. 2021) in Figs. 1-
2. The radio spectrum of J2228+0110 shows decreasing flux
density with increasing frequency, and at the low-frequency part
the upper limit 323 MHz data from Shao et al. (2020) indicates a
possible spectral turnover. The other nine targets show clear evi-
dence for spectral turnover, and among them J1146+4037 shows
two spectral peaks.

3.1. Radio spectral modeling

In order to investigate the turnover origin of the radio spectra of
our sample, we fit them with absorption models (see Sect. 3.1.2).
In this work, we assume 5% and 10% calibration errors in addi-
tion to the fitting uncertainties presented in Tables 2 and 3 for our
new VLA and uGMRT data, respectively, and for the archival
data we also added calibration errors. During the model fitting,
we used a maximum likelihood method to select the best fitting
model, and a MCMC method to better describe the fitting errors
using the emcee’ package (Foreman-Mackey et al. 2013). The
fitting results are presented in Figs. 1-2 and Tables 4-5.

3.1.1. Absorption models

In this work, we considered two kinds of absorption models to
explain the peaked spectra — SSA and FFA.

Homogeneous SSA — The occurrence of the radio spec-
tral turnover in this model is due to the fact that the syn-
chrotron source cannot have a brightness temperature exceeding
the plasma temperature of the nonthermal electrons (Kellermann
1966). The inverted radio spectrum cannot have an optically
thick slope >2.5 under the framework of the typical (i.e., power-
law) energy distribution of the radiating relativistic electrons for
extragalactic radio sources (e.g., Slish 1963; Pacholczyk 1970).
Assuming that the synchrotron source is homogeneous, and a
power-law distribution of the electron energy with power-law
index of B (e.g., Tingay & de Kool 2003), the spectrum can be
described as

oo 2) (55,

Vp T

> http://dfm.io/emcee/current/
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Fig. 1. Spectral model fit for nine targets in our sample. The black open squares with error bars are archival data taken from the literature. The
black points with error bars are VLA S -, C-, and X-band measurements. As the errors for the VLA S-, C-, and X-band observations are small,
we used five times the uncertainties to make them more visible, except for J2228+0110. We note that we only present the measured flux densities
for each observing band toward our targets in Table 2. The black open diamonds with error bars are uGMRT measurements, which can be seen in
Table 3. We note that in Tables 2 and 3 we only list the fitting-type errors for each flux density. In the plot and model fitting we included 5% and
10% calibration errors for our new VLA and uGMRT data, respectively, and for the archival data we also added calibration errors. For all targets
in this figure (except for J2228+0110), we fitted four absorption models — homogeneous SSA (yellow lines), homogeneous FFA (purple lines),
internal FFA (green lines), and inhomogeneous FFA (red lines). The fitted results are presented in Table 4. For J2228+0110, the peak signature is
not well constrained, and thus we only fit a power-law model (blue lines). And during this model fitting we only used detections, which reveals a
flat power law with index of —0.39*(}S. During the fits, we employed the MCMC method and visualized the model uncertainties with shaded areas
by randomly selecting 100 models from the parameter space.
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Table 3. uGMRT observations and measurements.

Source Band Obs date ton  Complex gain calibrator Flux density scale calibrator Beam size Sint S peak
(min) (arc sec?) (mJy) (mJy beam™!)

(1) 2 (3) ) (5) (6) ) 3 )
JO131-0321 B2 2020 October 03 36 0116-208 3C48 - - -

B3 2020 October 01 25 0116-208 3C48 1483 x5.88 9.75+0.33 9.68 +0.16

B4 2020 October 04 36 0116-208 3C48 6.19x3.80 1458 +0.91 14.08 +0.49
J074142520 B2 2020 October 03 61 0735+331 3C48 - - -

B4 2020 October 04 36 0735+331 3C48 4.83%x356 1.89+0.08 1.93+0.04
J0836+0054 B2 2020 October 03 71 0744-064 3C48 - - -

B4 2020 October 05 36 0744-064 3C48 4.62x4.03 2.06+028 2.67+0.19
JO913+5919 B2 2020 October 04 45 0834+555 3C48 - - -

B4 2020 October 05 36 0834+555 3C48 5.85%x3.52 1249+0.29 13.11+0.17
J1034+2033 B2 2020 October 04 56 3C241 3C48 - - -

B4 2020 October 05 36 3C241 3C48 4.51x3.60 4.08+0.07 425+0.04
J1146+4037 B2 2020 October 04 40 3C241 3C48 - - -

B4 2020 October 05 36 3C241 3C48 5.18x3.61 6.71+£033 7.08+0.19
J1427+3312 B2 2020 October 04 51 3C286 3C48 - - -

B4 2020 October 05 36 3C286 3C48 7.03x3.64 229+025 2.65+0.15
J1614+4640 B2 2020 October 04 69 3C286 3C48 - - -

B4 2020 October 05 36 3C286 3C48 9.38x345 1.31+034 1.38+0.17

Notes. Column 1: source name. Column 2: adopted uGMRT band. Column 3: observation date. Column 4: on-source integration time. Column 5:
complex gain calibrator. Column 6: flux density scale calibrator. Column 7: clean beam size. Columns 8-9: the integrated and peak flux density
measured by the CASA 2D Gaussian tool. Errors shown here are fitting-type errors. During the model fitting in Sect. 3.1, we also considered

additional 10% calibration errors.

where « is the spectral index with @ = —(8—1)/2, 7 is the optical
depth with T = (v/v,)"#*/2, q; corresponds to the amplitude
of the synchrotron spectrum and v, represents the frequency at
which the source becomes optically thick.

FFA — A distribution of thermal plasma with external or
internal ionized-screen relative to the emitting electrons can
attenuate/absorb the synchrotron radiation from relativistic elec-
trons. The morphology of the thermal plasma could be either
homogeneous or inhomogeneous in each of the following cases.

Homogeneous FFA case: A standard synchrotron radio
source surrounded by a homogeneous ionized screen will pro-
duce the nonthermal power-law spectrum, and the free-free
absorbed spectrum can be characterized by

S,=ave’™, 2

where a, and « are the amplitude and the spectral index of the
intrinsic synchrotron spectrum, respectively. The optical depth
is characterized by 7, = (v/ vp)’z'l, where v, is the frequency at
which the optical depth becomes unity (e.g., Kellermann 1966;
Tingay & de Kool 2003).

Internal FFA case: The absorbing ionized plasma may be
mixed in with the relativistic electrons inside the synchrotron
source (e.g., Kellermann 1966; Callingham et al. 2015), as a
consequence the peaked spectrum can be parameterized by

l—e™
S, =a3 V"(—e), (3)

Ty

where a3 and « are the normalization parameter and the spec-
tral index of the intrinsic synchrotron spectrum, respectively.
The optical depth is described by 7, = (v/ vp)‘z", where v, is at
which frequency that the optical depth becomes unity. Below the
turnover, the spectral gradient for this model should be @ + 2.1.

Inhomogeneous FFA case: Assuming that the FFA screen
is inhomogeneous and external to the synchrotron electrons in
the lobes of the source, Bicknell et al. (1997) proposed a bow
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shock produced by the propagating AGN jet that will photoion-
ize the ambient ISM. Thus the FFA absorption will occur when
the surrounding gas density is significantly high. The model can
be reproduced by

v \2 1 (p+D+a v 21
Sv=a4(p+1)(—) 7[p+1, (—) ] 4)
Vp Vp

where a4, @ and v, are the normalization parameter, the spectral
index and the turnover frequency of the spectrum, respectively,

2.1
the term y[p + 1, (Vl) ] represents the incomplete gamma
P

function of order p + 1, and p is the distribution of absorbing
clouds. The spectral index below the turnover frequency should
bea+2.1(p + 1).

3.1.2. Model-fitting results

All ten targets in this paper show evidence for spectral turnover.
We fit their entire radio spectra with all of the above four
absorption models and the results are shown in Figs. 1-2 and
Tables 4-5. The turnover frequencies are ~1-50 GHz in the rest
frame. This makes these targets GPS or HFP candidates. For
J2228+0110, which is less constrained with a low-frequency
upper limit, we only show the fit with a standard nonthermal
power-law model: §, « v, where @ shows the synchrotron
spectral index, and S, is the flux density at frequency v in
GHz, in Fig. 1. For the well constrained nine targets, the inho-
mogeneous FFA models can accurately describe their peaked
radio spectra. The notes on individual sources are detailed in
Appendix B. For J0131-0321, J0913+5919, and J1614+4640,
the internal FFA models can also fit their observed spectra
well. For J1427+3312, all four absorption models can explain
its entire radio spectrum. In particular, for J1146+4037 with
two radio spectral peaks, double inhomogeneous FFA models,
inhomogeneous FFA+homogeneous SSA models, and internal
FFA+homogeneous SSA models can all fit the entire radio spec-
trum best.
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Fig. 2. Spectral model fit with two absorption models for J1146+4037. The symbol description is the same as in Fig. 1. The brown and yellow
lines represent two absorption models, with names labeled at the bottom of each panel. The red lines are the sum of the two components. The fitted

results are presented in Table 5.

3.2. Radio loudness

By successfully measuring the radio spectral slope around rest
frame 5GHz (see Sect. 3.1, Figs. 1-2, and Tables 4-5), we
are able to precisely calculate the radio loudness defined by
Stocke et al. (1992) and Kellermann et al. (1989): R,500x =

Sscuz. — SSGHL
St and R 04 = Steo , where S 5500 45 S 4400 4> a0d S 5GH are

the rest-frame 2500 A, 4400 A, and 5 GHz flux density, respec-
tively. We list the rest frame 5 GHz flux densities and the corre-
sponding radio loudness in Table 6. The radio loudness R,s 4
of our sample, ranges from 12+1 to 674*51, which is the first pre-
cise radio loudness released for such a large radio-loud quasar
sample at z > 5.

4. Discussion
4.1. Origin of the radio spectral turnover

Nine of the targets discussed in this work show obvious evidence
of spectral turnover, and a possible spectral turnover is implied

for another one target considering their radio spectra ranging
from 1 to 100 GHz in the rest frame. There may be three sce-
narios to explain the radio spectral turnover toward these nine
radio-loud quasars at z > 5. One possibility is that the apparent
radio spectral turnover is due to radio source variability. Other
explanations like the model fitting in Sect. 3.1.1 are SSA affect-
ing in a small radio-emitting region and FFA by the dense ambi-
ent medium.

4.1.1. Quasar variability?

The entire radio spectra ranging from 1 to 100 GHz in the rest
frame presented in Figs. 1-2, are composed of data taken at
different epochs. These observations were taken at times sep-
arated by a few hours to a few decades. Quasars are known
to be intrinsically variable, with scales ranging from intraday
to much longer time intervals (e.g., Jauncey et al. 2020). The
turnover spectra may be an artifact of source variability. We
check source variability by comparing our VLA S-band obser-
vations taken in 2019 with the Very Large Array Sky Survey
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Table 4. Spectral model fit results for the one-component case.

Model a Vp Sp B D Qthick Inlike
(GHz) (mly)

) 2 3 “) (5) (6) @) ®

JO131-0321

Internal FFA —0.741004 13991095 g 67+020  _ - 1361020 18.17

Inhomogeneous FFA ~ —0.73*09%  13.70*11¢  9.66%)73 - 0.005*0:93 1384012 18.20

J0741+2520

Ir(l)lggrglo(%ggzous FFA  -0.687007  20.80*3% 0.62*002 - —0.43*005 051704 240.59

J +

Inhomogeneous FFA  —1.22*072 5907330 0.31*)4¢ - -0.38*01%  -0.001*33)  18.49

J0913+5919

Internal FFA —-1.73*010 18.33%3%  2.48+03) - - 0.37*31) 6.16

Inhomogeneous FFA  —1.67*037  17.09*332  2.56%03 - 0.002*03¢  0.4370 5.93

J1034+2033

In2(2)m03g§n;ous FFA —0.96f8:(1)g 22.89323 0.61 fg:gi - —O.SOfg:gi 0.08f8:8§, 243.05

J1427+331

Homogeneous SSA  —0.90%093  1.327010  0.74*307  2.80*019 - - 22.52

Homogeneous FFA 0.93f8'8g 1.05f8'}? 0.59f8'gg - - - 22.57

Internal FFA 0.95%006  1,68+022  ,69+005 - - 1L15*006 2251

Inhomo FFA  —0.947006 ] 724030 5+0.07 - ~0.097066  096*l4 2251
geneous 770,07 1037 09010 U7 041 70_088 .

J1614+4640

Internal FFA —1.27700T 2637+18L 0607002 _ - 0.837097 23] 17

Inhomogeneous FFA -1 .24:’8:(1)(9) 25 .763:%2 0.60’:8:85 - -0.01 ’:8:82 0.83f8;%‘2‘ 231.20

J2245+0024

Inhomogeneous FFA ~ —0.75%01¢  29.29%31¢  0.30%) 0] - -0.36%007 057010 242.02

Notes. Column 1: model case. Column 2: the power-law index of the intrinsic radio source. Column 3: the frequency at which the source becomes
optically thick in the rest frame. Column 4: source flux density in the rest frame at the v;, shown in Col. 3. Column 5: the power-law index of the
electron energy distribution only for the homogeneous SSA case. Column 6: the distribution of absorbing clouds only for the inhomogeneous FFA
case. Column 7: power-law index for the optically thick part (i.e., below the turnover frequency). Column 8: likelihood for the best-fit model.

Table 5. Spectral model fit results for J1146+4037 with two components.

Model Low-frequency component High-frequency component
@ Y Sp B p Qthick a Y Sp B p ick  Inlike
(GHz) (mly) (GHz) (mly)
@ @ € @ &  © Q) ®) ® (10) an a2 a a4
Double InhFFA ~ —1.82%033 12.92%222 2047032 - 043*030 1157037 -1.80*02% 53.00%337 1.10°013 - 117298 2724128 155.76
InhFFA+HomSSA —1.13*923  9.83*177 224*0.14  _ 0.17+01% 130%028  -1.45703) 44.097273 0.87+012 3907083 _ - 15638
IntFFA+HomSSA —0.82*009  8.65%073 2.17+098 _ - 12808 193104 46,5233 1517007 8721207 - - 15580

Notes. Column 1: model name. “InhFFA” stands for “inhomogeneous, FFA” “IntFFA” stands for “internal FFA,” and “HomSSA” stands for
“homogeneous SSA.” The descriptions for Cols. 2—7 and 8—13 are the same as those for Cols. 2—7 in Table 4. Column 14: likelihood for the best-fit

model.

(VLASS) archival data taken during 2017 and 2021. We find
rare variability. However, long-term multifrequency monitoring
of the source intensity is still necessary. The wide bandwidth (2—
4 GHz; corresponding to 12-24 GHz at z = 5.0) and the multi-
spectral-window setup of the VLA S, C, and X bands allow us
to characterize the radio spectral change in each observing band.
For three of them (J0741+2520, J1146+4037, and J2245+0024),
we are observing the spectral peaks inside one VLA band. How-
ever, it is still difficult to determine if we measure the real spec-
tral slope without having long-term multifrequency monitoring.
As variability may cause an apparent spectral slope when using
data at different frequencies observed at different times (e.g.,
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Tinti et al. 2005). In our analysis in Sect. 3.1.1, we assume the
turnover is real and apply absorption models.

4.1.2. SSA or FFA?

In a young scenario, as the source grows, the inner region (pos-
sibly a tiny radio lobe) expands, and as a result, the turnover
frequency moves to lower values. In this scenario, the HFPs are
newborn radio sources that develop into extended radio sources
(e.g., FR I or FR II) after evolving through the GPS and CSS
stages. Under the SSA assumption, the magnetic field H can
be measured directly from the spectral peak parameters — the
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Table 6. Radio loudness.

Source m; Sas0A  Saa00a S'5GHz Rysooa  Ruso0h
(mag) (mly)  (mly) (mly)

(D ) 3) €] (&) (6) @)
J0131-0321 ©18.08 0.046 0.061 3.83f8:§§ 83f§ 63*3
J074142520  ©18.44 0033 0.043 0387002 g2+l ot
J0836+0054 ©D18.83  0.022  0.029 033700 15t g1
J0913+5919  ©20.81 0.0037  0.0049 2.49‘:8:%5 674f§} 509i‘3‘§
J1034+2033  ©19.70 0.010 0.014 0.66f8:8§ 66f§ 47ﬁ‘3‘
J1146+4037  ©19.30 0.015 0.020 1.62f8:}3 108f§ 81fg
J1427+3312 ©D18.87  0.021 0.027 0.35’:8:8% 16*! 13*!
J1614+4640 V1971 0010 0013 0217092 212 16*)
J2228+0110 Y2228 0.00089 0.0012 0.04f8:882 46f$ 34f‘5‘
J2245+0024  @21.72 0.0016  0.0021  0.157003  g4r17  7p+13

Notes. Column 1: source name. Column 2: z-band AB magnitude. Columns 3—4: rest-frame 2500 A and 4400 A flux density, which are calculated

assuming a UV power law S, oc v™03

with z-band photometry data. Column 5: rest-frame 5 GHz flux density predicted from our spectral fit.

Columns 6-7: radio loudness. Vz-band magnitude is contaminated by the strong Ly« line emission.

References. “Sharp et al. (2001); ®Zeimann et al. (2011); “SDSS.

peak frequency v, in units of GHz in the observed frame, and
the corresponding flux density S, in units of Jy and source
angular sizes Oy, and 6niy in units of mas at the turnover:
H ~ f(a)-Sefnajefmnng;Z(l + 2)7". f(a) weakly depends on
@, and a value of 8 when « = -0.5 is usually adopted
(Kellermann & Pauliny-Toth 1981). The difficulties are deter-
mining the turnover frequency and measuring the source size at
the turnover frequency. One may test this hypothesis by com-
paring the magnetic field strength mentioned above with the
equipartition magnetic field strength, which can be determined
from Egs. (1)-(3) in Orienti & Dallacasa (2012). For example,
Orienti & Dallacasa (2008) reported agreement in the magnetic
field strength measured using the observed turnover informa-
tion and assuming equipartition by investigating five HFPs at
0.084 < z < 1.887.

Another popular explanation for the turnover and compact
natures of CSSs, GPSs, and HFPs is the frustration hypothe-
sis. This theory argues that these sources are confined within
small spatial scale and high-density environments, and as a
consequence the radio emission is frustrated by the abun-
dant nuclear plasma (van Breugel et al. 1984; Peck et al. 1999;
Tingay & de Kool 2003; Callingham et al. 2015; Tingay et al.
2015). High-resolution, ISM observations of the nuclear region
of these targets may address this issue. Dense clouds in
the environments of some compact radio sources have been
detected (e.g., Dasyra & Combes 2012; Ostorero et al. 2017;
Morganti et al. 2021) with gas masses of 10° to 10'° M.
Absorption model fits to individual radio sources also favor FFA
over SSA (e.g., Callingham et al. 2015; Mhaskey et al. 2019).

Nine sources in our sample have more than one detection on
both sides of the spectral turnover. In Sect. 3.1.1 we implemented
a series of models to fit the data for the case of SSA in a homo-
geneous source, the case of FFA in an internal homogeneous
medium, the case of FFA in an external homogeneous medium,
and the case of FFA in an external inhomogeneous medium.
For J1146+4037, two spectral peaks are detected, which may be
caused by multiple radio components. We implemented a collec-
tion of any two of the above four cases (repeating one case is also
a solution) to fit the observed spectrum toward this target. The fit-
ting results can be seen in Tables 4 and 5, where we list the likeli-

hood values for the best fitting models. For targets J0741+2520,
J0836+0054, J1034+2033, and J2245+0024, we only present
the likelihood values of the inhomogeneous FFA models as they
are obviously higher than those of other three models. For tar-
gets J0131-0321, J0913+5919, and J1614+4640, the likelihood
values of the inhomogeneous FFA models and the internal FFA
models are comparable with each other. For target J1427+3312,
the likelihood values of all four absorption models are similar,
as the optically thick part spectrum is less constrained. For target
J1146+4037, the likelihood value of the double inhomogeneous
FFA model is better than that of the double homogeneous SSA,
double homogeneous FFA, and double internal FFA models. In
summary, the inhomogeneous FFA case can accurately describe
all of our targets (double inhomogeneous FFA for J1146+4037).
This means that the radio spectral turnover of GPS and HFP can-
didates in our work all suggest an FFA origin.

In addition, we can investigate the spectral turnover ori-
gin from the aspect of the magnetic field strength as men-
tioned above. Five (JO131-0321, J0836+0054, J0913+5919,
J1146+4037, and J1427+3312) of nine sources with obvious
evidence of spectral turnover have milliarcsecond observations
by the VLBA or the EVN (e.g., Momjian et al. 2003, 2008;
Frey et al. 2005, 2010; Gabdnyi et al. 2015). Only two targets
(JO131-0321 and J1146+4037) have source size measurements
with error bars. With the generic curved model defined by Eq. (1)
in Snellen et al. (1998), which only permits a fit to the spectra on
regions at the lower and higher frequencies around the peak but
cannot discriminate the underlying absorption mechanism (e.g.,
SSA or FFA) causing the spectral turnover, we get a turnover

frequency of 13.57%]7% GHz in the rest frame and peak flux den-

sity of 9.67*03) mJy in the rest frame for J0131-0321. And with
double generic curved models, we get turnover frequencies of
8.54f8;%8 and 49.57f8:£ GHz in the rest frame, peak flux densi-
ties of 2.267013 and 0.89701> mJy in the rest frame for the two-
peaked features in J1146+4037, respectively.

Gabanyi et al. (2015) present a source size of 0.79+0.01 mas
for J0131-0321 at an observed frequency of 1.7 GHz obtained
with EVN observations. The magnetic field strength calculated
from the turnover information under the assumption of SSA for
J0131-0321 is 289*37 mG, which is about four times higher
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than the equipartition magnetic field strength (77*}% mG). This
may indicate that the turnover is not caused by SSA. How-
ever, the magnetic field strength calculated from the turnover
information under the assumption of SSA only has 20 signifi-
cance. Frey et al. (2010) present a source size of 0.74 +£0.01 mas
for J1146+4037 at observed frequency of 5 GHz also based on
EVN observations. The magnetic field strength calculated from
the turnover information under the assumption of SSA for the
~10 GHz peak is 505’:2); mG, which is about one order of magni-

tude higher than the equipartition magnetic field strength (56*}%
mG). This may indicate that the turnover is not caused by SSA.
These are consistent with our spectral model fitting in Sect. 3.1.1
for these two targets.

The magnetic field strength calculated from the turnover
information under the assumption of SSA for ~50 GHz peak
of J1146+4037 is >1 G, which is far larger than the equipar-
tition magnetic field strength (563% mG). This may indicate
that SSA is not sufficient to explain the ~50 GHz peak. Thus,
the model combinations of inhomogeneous FFA-+homogeneous
SSA and internal FFA+homogeneous SSA presented in Figs. 2
and Sect. 3.1.1 may not be applicable. And the double inhomo-
geneous FFA model shown in Fig. 2 is a much better expla-
nation for the observed double radio peaks. We note that we
use a source size measured at an observed frequency of 5 GHz,
but not at the turnover frequency (~50 GHz in the rest frame
corresponding to 8 GHz in the observed frame at z = 5). There-
fore, this may introduce a very large uncertainty. For the remain-
ing turnover sources in our sample, we have an ongoing VLBA
project to measure the source size at the spectral turnover fre-
quencies, in order to investigate their spectral turnover origin,
and also to study the milliarcsecond-scale source structure.

4.1.3. Physical properties of the absorbing medium

As presented in Sect. 3, nine targets in our sample show obvi-
ous evidence of spectral turnover. And all of them can be accu-
rately fit by the inhomogeneous FFA model parameterized by
Bicknell et al. (1997). From their advanced simulations of rel-
ativistic jets interacting with a warm, inhomogeneous medium,
Bicknell et al. (2018) proposed that GPS and CSS radio sources
are the signposts of the feedback of relativistic jets on their host
galaxies. They assume the density n of the ionized medium (ions
plus electrons) follows a log normal distribution In#n, which is
appropriate for a turbulent medium. The FFA of clumpy gas ion-
ized by the radio jets is able to account for the spectral turnover
at GHz frequencies as well as the low-frequency power laws
observed for GPS and CSS radio sources. The radio spectra
of our targets turn over at ~1-50 GHz, with most peaking at
>10GHz in the rest frame. Even through most of our peaked
sources are HFPs candidates, we still use the analytical models
given by Bicknell et al. (2018) to measure the densities of the
clumpy ISM. The log normal distribution In » has the probabil-
ity distribution function

P(n) =

R p[_w], (5)

1
X
ns \/E 252

where m is the mean log density and s is the width of the distribu-
tion in log density. Then the expected value E(n) of the density
(the mean density u) and the variance o of the density distri-
bution are u = E(n) = "% and 0 = u*(e* — 1), respec-
tively. When solving g and o2, following Zovaro et al. (2019)
we assume that the only ions contributing to FFA are H*, He™,
and He*" and that the ionized medium fractional abundances
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are n./n = 047175, ny+/n = 0.41932, ny+ /n = 0.024458, and
nye++/n = 0.013770, respectively, for electron and ions. Also
assuming a typical Baryonic velocity dispersion of 250kms™!
(e.g., Forster Schreiber et al. 2009) and the depth of the absorb-
ing screen to be the same with the source size of 5pc (avail-
able EVN observations toward JO131-0321 and J1146+4037
reveal source sizes around ~0.8 mas corresponding to ~5 pc;
Frey et al. 2010; Gabanyi et al. 2015; we assume each compo-
nent of J1146+4037 has a size of 2.5 pc) and using Egs. (10)—
(18) in Zovaro et al. (2019) and Eqgs. (C1)—(C2) in Bicknell et al.

(2018), we derive the y of the ionized medium to be 375033,

4855*%13, and 11075285 cm™ for J0131-0321 and the two
components of J1146+4037, respectively. The corresponding
o? are 5. 62“8S x 108, 943+3 ‘6” x 108, and 5. 32”65?0 x 10°.
The densities for the two components in J1146+4037 are con-
sistent within their large uncertainties. Our densities are larger
than those (a few tens of cm™) commonly inferred for CSS or
GPS sources presented by, for example, Zovaro et al. (2019) and
Mhaskey et al. (2019). We note that the mean density y is sensi-
tive to turnover frequency and the depth of the absorbing screen.

Another way to derive the density is making use of emission
measure (EM) assuming the electron number density is uniform
for a homogeneous absorbing medium. Using the formula pro-
vided in Mezger & Henderson (1967) for a homogeneous H1I
region, the optical depth can be expressed as a function of fre-
quency v, electron temperature 7., and EM:

T -1.35 v 2.1 EM
L= 0.082 x [—] x —] x [ ] 6
’ K GHz pccem° ©)
Thus, with the derived turnover frequencies, where 7, = 1,

and assuming T, of 10* K, we derive EMs of 7. 47+: ;g X 108

627*%% x 10%, and 3. 49+gg§ x 10° pccm™® for J0131-0321
and the two components of J1146+4037, respectively. Emission
measure is a function of the average electron number density
(ne) and path length (L) through plasma: EM = n2 x L. Assum-
ing the path length (L) is the same with the source size (we
assume each component of J1146+4037 has a size of 2.5 pc),

we calculate the electron number density n. of 1. 22*8 H x 10%,

158020 % 10%, and 3.59*3%3 x 10* cm™ for J0131-0321 and
the two components of J1146+4037, respectively. The derived
electron number densities are consistent with that (a mean n,
of 1.6 x 10*cm™) of a sample of 114 young HII regions in
the Galaxy (Yang et al. 2021). The 7, can be up to 103 cm™ for
hyper-compact H1I regions (e.g., Murphy et al. 2010a). Assum-
ing an electron fractional abundance that is the same as the above
inhomogeneous case of n./n = 0.47175, we get the uniform den-

sity of the ionized medium of 2.59*0-33 x 10%, 3.36*3¢ x 10*, and

7.61782 % 10* cm™ for JO131-0321 and the two components of
J1146+4037, respectively.

These two densities are based on different distribution
assumptions. We prefer the former calculations as our fitting
results suggest an “inhomogeneous FFA case”, which assumes
that the FFA screen is inhomogeneous and external to the syn-
chrotron electrons in the lobes of the source. Taking J0131-0321
as an example, if we compare these two densities, the uniform n

of 2.59*073 x 10* cm™ is inside the 1o~ range of the mean den-

sity u of [0, 2.75 x 10*] cm~3, but at the high end. Other physical
parameter such as the ionized pressure (P;) can be further mea-
sured. We calculate the ionized pressure (P; = n.kT., where k
is Boltzmann’s constant), which are 2.4 x 1077, 3.2 x 107?, and
7.2 x 107 dyne cm~2 for J0131-0321 and the two components
of J1146+4037, respectively, using the mean density. We also
calculate the minimum pressure ppi,, which is about (1/3)uyin,
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where iy, is the minimum energy density, and assuming an
ellipsoidal geometry and a filling factor of unity (which means
that the source is fully and homogeneously filled with the rela-
tivistic plasma; e.g., Pacholczyk 1970). The minimum pressure
Pmin are 1.8 x 107 and 1.0 x 10™* dyne cm™ for J0131-0321
and J1146+4037, respectively, which are within the typical pyi,
values with a range of ~10™* — 107 dyne cm™? for a sam-
ple of 17 faint HFPs at 0.2 < z < 2.9 (Orienti & Dallacasa
2012). However, the minimum pressure pp, of our two tar-
gets are higher than their ionized pressure (~10~° dyne cm™2),
as well as the minimum pressure ppi, (~107°, ~10~11-10710
and ~ 1071 dyne cm™2, respectively) of the hotspots, lobes,
and kiloparsec-scale radio jet in the ultra-luminous radio galaxy
Cygnus A (Carilli & Barthel 1996). We should note that the
minimum energy pressure uncertainties are firmly related to the
assumptions of the filling factor, which may differ by several
orders of magnitude (Orienti & Dallacasa 2012).

4.2. The spectrum of J1146+4037

In addition to the spectral turnover at rest frame ~10 GHz of
J1146+4037, we detect an extra weaker peak at ~50 GHz in the
rest frame, which spans a frequency range of 20-70 GHz. The
significance of the detection of the weaker peak at ~50 GHz is
about 100, which is roughly estimated as the S/N of its mod-
eled peak flux density (see Table 5) within the double inho-
mogeneous FFA model. To exclude the possibility of the rest
frame ~50 GHz peak being an artificial product due to calibra-
tion, we checked the spectra of both the complex gain calibra-
tor — J1146+3958 and the flux density scale calibrator — 3C147
used for VLA observations for J1146+4037. Like for our target
J1146+4037, we imaged the data of the calibrators using every
four spectral windows so that we have enough data to observe
the trend of their spectra. Both calibrators show smooth power-
law radio spectra. Thus we can discount the possibility that the
~50 GHz peak is an artifact.

4.2.1. The ~50 GHz peak — A star formation related
component?

We next investigate the contributions to the ~20-70 GHz peak.
There are four possible components: thermal dust emission,
which is mainly from dust heated by ultraviolet (UV) radiation
from young and massive stars in the host galaxies; thermal free-
free radio emission, which is directly related to production rate
of ionizing photos in massive (i.e., >8 M) star forming HII
regions; nonthermal synchrotron radio emission, which arises
from cosmic-ray electrons and positrons propagating through
the magnetized ISM after having been accelerated by super-
nova remnants; nonthermal synchrotron radio emission, which
is associated with central AGN.

As for the thermal dust emission, Leipski et al. (2014) pre-
sented the Herschel far-infrared (FIR) wavelength observations
toward our target J1146+4037. However, it is undetected. We
searched for this target in the JCMT archive, and the data reveal
a non-detection with a 30 upper limit of 3.12 mJy at observed
frame 850 pm. Assuming a dust temperature of 47 K (the average
value of the high-redshift quasar sample in Beelen et al. 2006),
and an emissivity index of 1.6, we predict an upper limit of
5 x 10'2 L, for the infrared (IR; 8—1000 wm) luminosity, and the
contribution of the thermal dust being ~10~° of the 50 GHz rest
frame emission.

As for the thermal free-free radio emission and nonthermal
radio synchrotron emission associated with massive (i.e., >8 M)
star formation, we predict that the combined flux density would
contribute ~10™* of the 50 GHz rest-frame emission, using the
predicted IR luminosity upper limit and Eq. (10) in Murphy et al.
(2012). The ~10~* fraction is also true for the frequency range
of 20-70 GHz. The portion between the thermal free-free radio
emission and nonthermal synchrotron radio emission associated
with massive star formation at 50 GHz is 3:1. Thus, we can
ignore the contribution of these two components. In addition,
we can also ignore these two emission components in terms of
the spectral indices of the ~50 GHz peak. The thermal free-free
emission normally exhibits an optically thin flat spectrum with
power-law index of —0.1 and an optically thick steep spectrum
with power-law index of 2, and the nonthermal synchrotron com-
ponent has a steep spectrum with index of —0.8 (e.g., Condon
1992). We model the radio spectrum of J1146+4037 with two
generic curved model, and get an optically thin power-law index
of —1.83 and an optically thick power-law index of 1.72 for the
~50GHz peak. Both spectral indices are too steep for a ther-
mal free-free emission. It is unlikely that the formation of the
~50GHz peak is dominated by the thermal free-free emission
and the nonthermal synchrotron radio emission associated with
massive star formation.

Another spectrally peaked structure for the radio contin-
uum (~10-90 GHz) emission is anomalous microwave emis-
sion (AME; Dickinson et al. 2018), which seems ubiquitous
in the Galaxy (e.g., Kogutetal. 1996; Daviesetal. 2006;
Planck Collaboration XIII 2016) but has surprisingly few detec-
tions in star-forming regions outside of the Galaxy (e.g.,
Murphy et al. 2010b, 2018). Anomalous microwave emission
is found spatially correlated with FIR thermal dust emission.
The rest frame ~50 GHz emission of J1146+4037 comes from
the entire quasar and cannot be resolved. In addition, it is too
bright for an AME nature. For example, Hensley et al. (2016)
present a linear correlation between the 30 GHz AME intensity
and the dust radiance by investigating the diffuse Galactic AME
observed by Planck and the FIR dust emission. With their con-
version factor and the 30 flux density upper limit from the JCMT
850 um observations, we calculate a 30 GHz AME flux density
upper limit of 0.00045 mJy. This is far smaller than the value
(~1 mlJy in the rest frame) we detect.

4.2.2. Blazar flaring?

Considering the blazar nature of J1146+4037, the two spec-
tral peaks may both be due to blazar flaring. Studies demon-
strate that blazars with ongoing flaring can have peaked radio
spectra at high frequencies (e.g., O’Dea et al. 1986; Tinti et al.
2005). At observed frame 5 GHz (~30 GHz in the rest frame),
Frey et al. (2010) observed this target on 2008 October 22 at a
resolution of 5.1 X 1.4 mas with the EVN, and find a compact
morphology with flux density of 8.6 + 0.4 mJy. Our ~0”73 VLA
observations reveal a flux density of 9.57 + 0.07 mJy beam™!
at observed frame 5 GHz. Considering the calibration error,
these two measurements are consistent, indicating that almost
all the radio emission is from the EVN-detected compact
region, and that this quasar is in a rather stable state dur-
ing about ~10 years. Long-term multiwavelength monitoring
toward J1146+4037 is necessary to check if these two spec-
tral peaks showing in Fig. 2 are caused by intermittent AGN
activity.
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4.2.3. Two peaks from multiple components?

In addition to blazar flaring, we now discuss a multicomponent
origin for the two spectral peaks. For example, radio sources
with core-jet morphology may produce such a two-peaked spec-
trum. Frey et al. (2011) proposed a likely compact nature toward
this target by milliarcsecond-resolution EVN observations. As
discussed in Sect. 4.2.2, comparing the archival milliarcsecond-
resolution observations with our sub-arcsecond resolution obser-
vations, the flux loss may be negligible. This suggests the
absence of strong radio emission outside the EVN detected com-
pact region toward this target, while we can still see irregular flux
density contours on the 5 GHz image in the Fig. 2 of Frey et al.
(2011), which may indicate the existence of a weak jet. This is
consistent with its blazar nature (i.e., its small viewing angle
of 3°; Ghisellini et al. 2014), which allows the relativistic jet
to be observed (viewing angle #0°) but hard to detect with 5
GHz EVN resolution. Higher frequency (and therefore higher
angular resolution) EVN or VLBA observations are needed to
see if the central radio emission can be resolved into multiple
components.

5. Summary

We report on VLA S-, C- and X-band continuum observations
toward seven radio-loud quasars at z > 5 that we selected from
our previous GMRT project, which presented the 323 MHz radio
continuum of 13 radio-loud quasars at z > 5 (Shao et al. 2020),
to investigate if there is any spectral turnover at frequencies
>1 GHz in the observed frame. We also present uGMRT band-2,
band-3, and band-4 radio continuum observations toward eight
radio-loud quasars at z > 5, also selected from our previous
GMRT project, to sample their low-frequency synchrotron emis-
sion. Below are our main results:

— All seven VLA targets are detected as point sources with
S /Npeak ~5-10000. For the eight uGMRT targets, all band-
2 observations are influenced by very damaging RFI. The
remaining band-3 and band-4 observations are successful,
and all sources are detected as point sources with §/Npeax
~8-1060.

— Combined with previous radio continuum observations from
the literature, nine targets show obvious evidence of spectral
turnover and another one has a tentative and less constrained
spectral turnover. The turnover frequencies are ~1-50 GHz
for our sample in the rest frame. This makes our targets
GPS or HFP candidates. All targets have enough data on
both sides of the spectral peaks, except for J2228+0110,
which is less constrained with a low-frequency upper limit.
J1146+4037 shows a complex spectrum with two spectral
peaks.

— The turnovers observed in the radio spectra of our targets
may be an artifact of source variability due to the intrinsi-
cally variable nature of quasars. We assume that the observed
spectral turnovers are genuine and apply a series of absorp-
tion models associated with SSA and FFA to the entire radio
spectra toward the nine well-constrained targets. All the tar-
gets can be accurately fit with the FFA in an external inho-
mogeneous medium case. This may remove an SSA case
and indicate an FFA origin of the spectral turnover of our
sample. The mismatch of the magnetic field strength from
equipartition and the SSA assumption toward JO131-0321
and J1146+4037 are also in contradiction with an SSA ori-
gin. We derive the mean densities of the absorbing clumpy
ISM, under the assumption of log-normal distributions of
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warm gas, to be thousands to tens of thousands of cm™ for
JO131-0321 and J1146+4037.

— As for the complex radio spectrum of J1146+4037 with two
spectral peaks: We argue that the two spectral peaks may
be from multiple components (e.g., core-jet) and caused by
FFA from the high-density medium in the nuclear region.
However, we cannot rule out the possibility of quasar vari-
ability. High-frequency milliarcsecond observations with
high sensitivity and multi-epoch monitoring of the entire
radio spectrum toward this target are needed to check these
scenarios.

— From our radio spectral modeling, we calculate the radio
loudness R,s 4 toward our sample, which ranges from 12*]

to 674f§}. This is the first precise radio loudness with S /N ~

6-160 released for such a large sample size for radio-loud
quasars at z > 5.
The radio spectral turnover at rest frame ~1-50GHz for our
z > 5 radio-loud quasar sample may be caused by FFA in an
external inhomogeneous medium; however, the origin of vari-
ability is also possible.
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Appendix A: Radio continuum images

The ten quasars at z > 5 in our new VLA and uGMRT observa-
tions are all point sources. Below we present their radio contin-
uum images.
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Fig. A.1. Continuum images from (left to right) the VLA S, C, and X bands. The three panels in each row present the VLA three-band images for
one target. Each panel has an image size of 3" x3”. The black crosses mark the published optical positions (Sharp et al. 2001; McGreer et al. 2009;
SDSS); in the case of J0131-0321, J1146+4037, and J2228+0110 we adopt the position from EVN observations (Frey et al. 2010; Cao et al. 2014;
Gabanyi et al. 2015). The shapes of the synthesized beams are plotted in the bottom left corner of each sub-figure. The beam sizes are presented
in Table 2, where the flux density for each target is also listed. The contour levels are [—4, 4, 16, 64, 256, 1024] X rms (the 1o off-source noise
level listed in Table 2).
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Fig. A.2. Continuum images from uGMRT. The top left panel shows the band-3 image of J0131-0321, and the rest are band-4 images. Each
panel has an image size of 30” x 30”. The black crosses are the published optical positions in McGreer et al. (2009) and SDSS; in the case of
JO131-0321, J0836+0054, J0913+5919, J1146+4037, and J1427+3312, we use the positions from VLBA or EVN observations (Frey et al. 2003,
2010; Momjian et al. 2003, 2008; Gabdnyi et al. 2015). The shapes of the synthesized beams are plotted in the bottom left corner of each sub-
figure. The beam size of each map and the flux density of each target are presented in Table 3. The contour levels are [—4, 4, 8, 16, 32, 64] X rms

(the 1o off-source noise level listed in Table 3).
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Appendix B: Model-fitting results for individual
sources

We present the model-fitting results for each target as follows.

J0131-0321 - The radio spectrum toward this target peaks at
~10 GHz in the rest frame (~2 GHz in the observed frame). Our
new VLA S-, C-, and X-band observations (black points with
error bars in Fig. 1) describe the frequency range above the peak
frequency, which present an optically thin power-law index of
~ —0.7. In the region below the peak frequency, we also detected
this target with uGMRT bands 3 and 4 (black open diamonds
with error bars in Fig. 1). These together with the VLA FIRST
1.4 GHz (Helfand et al. 2015) and 1.7 GHz (Gabényi et al. 2015)
measurements, make the 150 MHz measurement from the TGSS
(Intema et al. 2017) database an outlier. Considering that our
new uGMRT band-3 and band-4 observations were taken on
adjacent dates (2020 October 01 and 04), however, the 150 MHz
data (with a resolution of 25”) were observed on 2016 March
15, there may be strong variability during the ~4 years for this
target in the low-frequency (e.g., observing frequency below 1
GHz) part. However, Hajela et al. (2019) conducted a dedicated
transient survey of 300 deg? of the SDSS Stripe 82 region using
the GMRT at 150 MHz, and they find the sky at low frequency
shows very little variability (i.e., only 0.05% is variable on a
timescale of 4 years). Further multi-epoch 150 GHz monitoring
of this target is necessary. The possibility of contamination by
any bright radio sources near J0131-0321 can be removed by
comparing the flux density at observed frame 1.4 GHz by FIRST
(33.69+0.12 mJy with resolution of 5”’) and by the NRAO VLA
Sky Survey (31.4+1.0 mJy with resolution of 45”). As shown in
Fig. 1, neither homogeneous SSA nor homogeneous FFA mod-
els can accurately describe the spectrum, which can better fit
the frequency above ~10 GHz in the rest frame but overestimate
most data points at the low-frequency end. Both internal FFA
and inhomogeneous FFA models can well describe the entire
radio spectrum, with the maximum likelihood value of the best-
fit inhomogeneous FFA model slightly higher than that of inter-
nal FFA model.

J0741+2520 - The radio spectrum of this target peaks at ~20
GHz in the rest frame (~3 GHz in the observed frame). The
data points from the continuous spectral windows from our new
VLA S-band (frequency coverage: 2—4 GHz) observations are
distributed on both sides of the spectral peak. The VLA S-band
data themselves show evidence of the spectral curvature. In the
frequency range above the peak frequency, our new VLA §-,
C-, and X-band detections present a steep spectrum with opti-
cally thin power-law index of ~—0.7. In the frequency range
below the peak frequency, we detected this target in uGMRT
band 4, together with our new VLA S-band data and archival
data (Helfand et al. 2015; Shao et al. 2020), can well constrain
the gradient of the optically thick part. As shown in Fig. 1, the
homogeneous SSA, homogeneous FFA, and internal FFA mod-
els seem to fail to mimic the spectrum with frequency range
below the peaked frequency. The inhomogeneous FFA model
can better fit the entire radio spectrum compared with the other
three ones, with fitting parameters shown in Table 4.

J0836+0054 - The radio spectral turnover of this target is at
~6 GHz in the rest frame (~0.9 GHz in the observed frame). In
the frequency range above the turnover frequency, the archival
data from observed frame 1.4 GHz to 5 GHz (Frey et al. 2003,
2005; Petric et al. 2003) constrain the optically thin power-law
index to be ~—1.2. In the frequency range below the turnover fre-
quency, our new uGMRT band-4 detection together with archival

data (Shao et al. 2020; Wolf et al. 2021) present a very flat spec-
trum with a spectral index close to 0. As shown in Fig. 1, the
homogeneous SSA, homogeneous FFA, and internal FFA mod-
els are not able to describe a flat spectrum in the optically thick
part. But the inhomogeneous FFA model can fit the entire radio
spectrum toward this target.

J0913+5919 - As shown in our previous paper (Shao et al.
2020), this target may have decreasing flux density with increas-
ing frequency. Our new uGMRT band-4 detection, together with
archival data (Momyjian et al. 2003; Petric et al. 2003; Shao et al.
2020), show evidence of a spectral peak. This makes the data
point observed at 232 MHz by GMRT with a flux density of
Sosomuz = 30.0 £ 3.0 mly (Carilli et al. 2007), we previously
used in (Shao et al. 2020), an outlier. Coppejans et al. (2017) re-
reduced the 232 MHz data and reported strong image-plane rip-
ples in the central region near the source, which is likely the
result of baseline-based errors that were a common feature in
older GMRT data and affect flux density measurements. They
measure a flux density of 10.7 = 1.2 mlJy, which we adopted
in this work. The radio spectrum of this target peaks at ~20
GHz in the rest frame. As shown in Fig. 1, the homogeneous
SSA and homogeneous FFA models cannot accurately fit the
low-frequency data. The internal FFA and inhomogeneous FFA
model can better fit the entire radio spectrum with the maximum
likelihood value of the best-fit internal FFA model slightly higher
than that of the inhomogeneous FFA model. We present the best-
fit parameters in Table 4.

J1034+2033 - The radio spectrum of this target turns over
at ~20 GHz in the rest frame. Our new VLA S-, C-, and X-band
observations sample above the turnover frequency, which reveal
an optically thin power-law index of ~—1.0. In the region below
the turnover frequency, we also detect this target with uGMRT
band 4. Together with VLA FIRST 1.4 GHz (Helfand et al.
2015) and GMRT 323 MHz (Shao et al. 2020) measurements,
the optically thick part shows a rather flat spectrum. As shown
in Fig. 1, the homogeneous SSA, homogeneous FFA, and inter-
nal FFA models cannot accurately describe the optically thick
flat spectrum. However, the inhomogeneous FFA model is able
to describe the entire radio spectrum toward this target.

J1146+4037 - The radio spectrum of J1146+4037 shows
evidence of two spectral turnovers, one at ~10 GHz in the rest
frame and the other at ~50 GHz in the rest frame. Our new
VLA S-band detections indicate a steep synchrotron optically
thin spectrum, and further to the lower frequency in the optically
thick part, our new uGMRT band-4 detection and archival data
(Frey et al. 2010; Helfand et al. 2015; Shao et al. 2020) present a
prominent spectral turnover. Our new VLA C- and X-band obser-
vations together reveal an additional weak peak. This complex
radio spectrum may be caused by multiple radio components,
as discussed in Sect. 4.2. We modeled the entire radio spec-
trum with two same absorption models and two different absorp-
tion models, as shown in Fig. 2 (for the latter case, we only
present the best-fit ones). As for the same absorption models
case, double inhomogeneous FFA models can best fit the entire
radio spectrum. The best-fit model shows similar optically thin
power-law index of ~—1.8 for both components as illustrated in
Table 5. As for the different absorption models cases, inhomoge-
neous FFA+homogeneous SSA and internal FFA+homogeneous
SSA models can accurately describe the observed radio
spectrum.

J1427+3312 - The radio spectrum of J1427+43312 reveals
evidence for a turnover at ~300 MHz in the observed frame (~2
GHz in the rest frame). We detected this target in uGMRT band
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4. Together with archival data (Frey et al. 2008; Momjian et al.
2008; Coppejans et al. 2015; Shao et al. 2020), this target shows
a steep power-law spectrum with index of ~—0.9. Moving to
the lower-frequency region, Williams et al. (2016) present the
GMRT 150 MHz flux density below the spectral trend mentioned
above. This may indicate a spectral turnover around ~300 MHz
in the observed frame. However, as our uGMRT band-2 obser-
vations toward this target are unusable due to severe RFI, the
optically thick part spectrum is less constrained only by one
150 MHz data point (Williams et al. 2016). Thus, as shown in
Fig. 1 and Table 4, the homogeneous SSA, homogeneous FFA,
the internal FFA and the inhomogeneous FFA models can all
well describe the observed radio spectrum. From the fitting
aspect, the maximum likelihood value of the best-fit homoge-
neous FFA model slightly higher than that of other three models.

J1614+4640 - The radio spectrum of this target peaks at ~25
GHz in the rest frame (~4 GHz in the observed frame). The spec-
tral peak lies between the VLA S band (frequency coverage: 2—4
GHz) and C band (frequency coverage: 4-8 GHz). In the fre-
quency range above the peak frequency, our new VLA C- and X-
band detections constrain a steep spectrum with an optically thin
power-law index of ~—1.2. In the frequency range below the peak
frequency, our new VLA S-band and uGMRT band-4 detections,
and archival data (Helfand et al. 2015; Shao et al. 2020) present
a steep spectrum in the optically thick part. As shown in Fig. 1,
the homogeneous SSA and homogeneous FFA models underes-
timate the flux density below observed frame 1 GHz. Both the
internal FFA and inhomogeneous FFA models successfully fit
all the data points in the radio regime.

J2228+0110 - This target is the weakest radio source in our

sample. We detect this target in all VLA bands, but with low
S/N (e.g., 5-10). Thus, we imaged the data using all spectral
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windows for each observing band. Our new VLA observations,
together with archival data (Hodge et al. 2011; Cao et al. 2014,
Shao et al. 2020), reveal a power-law-like radio spectrum, rang-
ing from 323 MHz to 10 GHz in the observed frame, or ranging
from 1.4 GHz to 10 GHz only considering the detections. Dur-
ing the model fitting, we only considered the detections, which
results in a flat spectrum with a power-law index of —0.39%0-15.
The best fitting power-law model predicts a flux density larger
than the 30 upper limit at 323 MHz (Shao et al. 2020; see Fig. 1).
This may reveal a spectral turnover at approximately a few giga-
hertz in the rest frame. High sensitivity low-frequency observa-
tions with, for example, the uGMRT are needed to check this.
The VLA S-, C-, and X-band observations alone show a bump-
like feature with the flux density at the C band being larger than
the flux densities measured at S and X bands, even with large
uncertainties. This may be due to source variability as the obser-
vations of the three bands are separated by about 22 days.

J2245+0024 - The radio spectrum of this target peaks at ~30
GHz in the rest frame (~5 GHz in the observed frame). The spec-
tral peak lies in VLA C band (frequency coverage: 4-8 GHz). In
the frequency range above the peak frequency, our new VLA
C- and X-band detections constrain the optically thin power-law
index of ~—0.7. In the frequency range below the peak frequency,
our new VLA S- and C-band observations and the 1.4 GHz
archival data from VLA high-resolution radio survey of SDSS
strip 82 (Hodge et al. 2011) can constrain the optically thick part
spectrum. As shown in Fig. 1, the homogeneous SSA, homoge-
neous FFA, and internal FFA models cannot well fit the spectral
curvature showing by the VLA C-band data. The best-fit inho-
mogeneous FFA model predicts a slightly higher flux density at
observed frame 323 MHz than the 30 upper limit presented by
Shao et al. (2020), but they are consistent within the fitting error
showing by the shadow region in Fig. 1.
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