
The impact of powerful jets on the far-infrared emission of an extreme
radio quasar at z~6
Rojas-Ruiz, S.; Bañados, E.; Neeleman, M.; Connor, T.; Eilers, A.-C.; Venemans, B.P.; ... ;
Novak, M.

Citation
Rojas-Ruiz, S., Bañados, E., Neeleman, M., Connor, T., Eilers, A. -C., Venemans, B. P., …
Novak, M. (2021). The impact of powerful jets on the far-infrared emission of an extreme radio
quasar at z~6. The Astrophysical Journal, 920(2). doi:10.3847/1538-4357/ac1a13
 
Version: Submitted Manusript (under Review)
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/3256397
 
Note: To cite this publication please use the final published version (if applicable).

https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/3256397


Draft version August 11, 2021
Typeset using LATEX twocolumn style in AASTeX63

The Impact of Powerful Jets on the Far-infrared Emission of an Extreme Radio Quasar at z ∼ 6
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ABSTRACT

The interactions between radio jets and the interstellar medium play a defining role for the co-

evolution of central supermassive black holes and their host galaxies, but observational constraints on

these feedback processes are still very limited at redshifts z > 2. We investigate the radio-loud quasar

PSO J352.4034–15.3373 at z ∼ 6 at the edge of the Epoch of Reionization. This quasar is among the

most powerful radio emitters and the first one with direct evidence of extended radio jets (∼1.6 kpc) at

these high redshifts. We analyze NOEMA and ALMA millimeter data targeting the CO (6–5) and [C ii]

far-infrared emission lines, respectively, and the underlying continuum. The broad 440±80 km s−1 and

marginally resolved [C ii] emission line yields a systemic redshift of z=5.832± 0.001. Additionally, we

report a strong 215 MHz radio continuum detection, 88± 7 mJy, using the GMRT. This measurement

significantly improves the constraints at the low-frequency end of the spectral energy distribution of

this quasar. In contrast to what is typically observed in high-redshift radio-quiet quasars, we show that

cold dust emission alone cannot reproduce the millimeter continuum measurements. This is evidence

that the strong synchrotron emission from the quasar contributes substantially to the emission even

at millimeter (far-infrared in the rest-frame) wavelengths. This quasar is an ideal system to probe the

effects of radio jets during the formation of a massive galaxy within the first Gyr of the Universe.

Keywords: cosmology: observations, reionization - galaxies: high-redshift - quasars: individual (PSO

J352.4034-15.3373)
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Recent observations at high redshift (z & 6, or within

1 Gyr after the Big Bang) reveal a population of more

than 300 quasars with supermassive black hole masses

in the order of & 108M� (e.g., Bañados et al. 2016;

Wang et al. 2019) and host galaxies with star formation

rates (SFR) reaching up to 100 − 2500 M� yr−1 (e.g.,

Decarli et al. 2018; Shao et al. 2019). The emergent

picture is that the ratio of black hole mass to host galaxy

mass is higher by a factor of 3–4 than expected from

local relations (e.g., Venemans et al. 2016; Neeleman

et al. 2021), suggesting that the black holes are growing

more rapidly than their host galaxies. However, thus
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far all results within the first Gyr of the Universe are

based solely on radio-quiet quasars, since there are only

12 quasars known to be strong radio emitters at this

cosmic epoch, and none of their host galaxies have been

studied in the millimeter (mm) thus far (e.g., Bañados

et al. 2015b, 2021; Belladitta et al. 2020; Liu et al. 2021).

Hence, the role of the radio-jets and their interaction

with the interstellar medium is still unexplored at these

redshifts.

Quasars at z ∼ 6 are a challenge for evolutionary

models of galaxies/active galactic nuclei (AGN), as they

have to be able to form and grow billion-solar-mass black

holes in less than a Gyr (e.g., Inayoshi et al. 2020). In

this context, radio jets are a possible mechanism to aid

such a rapid growth by enhancing the black hole accre-

tion rates (e.g., Jolley & Kuncic 2008; Ghisellini et al.

2010, 2015; Volonteri et al. 2015; Regan et al. 2019).

Furthermore, the interplay between radio jets and the

interstellar medium is thought to be an important mech-

anism responsible for the tight correlation between the

mass of a galaxy and its central black hole (e.g., Kor-

mendy & Ho 2013). Hydrodynamical cosmological sim-

ulations require strong AGN feedback already at z ∼ 6

to reproduce the observed distribution of galaxy masses

at z = 0 (e.g., Kaviraj et al. 2017). Observationally,

however, evidence of AGN feedback has yet to be con-

firmed in sources at z & 6 where both host galaxy and

black hole are experiencing the first extreme and effi-

cient growth (see also Bischetti et al. 2019; Novak et al.

2020).

Studying the effects that radio jets have on the stellar

properties of a galaxy is challenging because the cen-

tral AGN outshines the stars (e.g., Zibetti et al. 2009;

Taylor et al. 2011). This is particularly difficult at high

redshift and stellar emission from host galaxies of z ∼ 6

quasars has yet to be detected (e.g., Decarli et al. 2012;

Mechtley et al. 2012; Marshall et al. 2020). Fortunately,

at these redshifts key tracers of atomic and molecular

gas, such as [C ii]-158µm and CO, are redshifted to the

sub-millimeter wavelengths and thus can be observed

with facilities like the Atacama Large Millimeter/sub-

millimeter Array (ALMA) or the IRAM NOrthern Ex-

tended Millimeter Array (NOEMA). [C ii] is often the

brightest far-infrared (FIR) line in star-forming galax-

ies and can be used to infer kinematics, star-formation

properties and masses of the host galaxy (e.g., Wang

et al. 2013). The CO (6–5) and CO (7–6) molecular lines

are expected to be among the strongest CO transitions

in quasar host galaxies (e.g., Carilli & Walter 2013).

Thus, the study of these tracers in radio-loud AGN can

reveal whether the jets are affecting the gas for star for-

mation in the host galaxy.

In this paper we focus on the quasar PSO J352.4034–

15.3373 (hereafter P352–15) at z = 5.8, discovered in

Bañados et al. (2018) and confirmed to be the bright-

est z & 6 radio object known at the time through

observations with the Karl G. Jansky Very Large Ar-

ray (VLA), with flux densities reaching up to ∼100 mJy

at ∼200 MHz as measured by the Murchison Widefield

Array (MWA). The only source with comparable ra-

dio luminosity at such redshift is a recently discovered

blazar at z = 6.1 (Belladitta et al. 2020). Subsequent

observations of P352–15 with the Very Long Baseline

Array (VLBA) revealed the first direct evidence of ex-

tended (1.62 kpc) radio-jets at z ∼ 6 (Momjian et al.

2018). Recently, Connor et al. (2021) studied this quasar

with deep (265 ks) Chandra X-ray observations, report-

ing an X-ray luminosity of L2−10 = 1.26× 1045 erg s−1

and a structure aligned with the radio jets but at a dis-

tance of 50 kpc away, implying that the jets could affect

larger scales than what is currently seen in radio emis-

sion (see Connor et al. 2021 for more details).

In this work, we present the results from follow-

up analysis of P352–15 with observations at millime-

ter wavelengths from ALMA at 290 GHz and from

NOEMA at 100 GHz. We also study the radio emission

at 215 MHz with observations from the Giant Metre-

wave Radio Telescope (GMRT). The data reduction is

described in §2, followed by the analysis of the contin-

uum and emission lines in the ALMA and NOEMA ob-

servations in §3. We discuss the radio and Far-infrared

Radiation (FIR) properties in §4. We present our re-

sults and comparison with previous literature in §5.

The final conclusions and discussion are presented in §6.

Throughout this work we adopt a cosmology with: H0=

70 km s−1 Mpc−1, ΩM= 0.3, ΩΛ = 0.7, and T z=0
CMB=

2.725 K. Using this cosmology, the age of the Universe

is 948 Myr at the redshift of P352–15 and 1” corresponds

to 5.8 proper kpc.

2. DATA

In this section we present the reduction of the data

used in this work from sub–mm to radio wavelengths

using ALMA, NOEMA, and GMRT.

2.1. ALMA

The target source P352–15 was observed with ALMA

on 2019 Nov 28 as part of program 2019.1.00840.S (PI:

Mazzucchelli) under median weather conditions with a

mean precipitable water vapor (PWV) of 1.3 mm. The

compact configuration C43-2 with a total of 44 anten-

nas was used, resulting in maximum baselines of 314

m. Blazar J2331–1556 was used as a phase calibrator

and blazar J0006–0623 was used to calibrate the flux
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Figure 1. Left: ALMA continuum-subtracted [C ii] emission of P352–15. We use a 1.′′7 aperture radius to extract the emission
line spectra presented here in blue. The error bars represent the RMS within the aperture at each channel. The spectral range
used for the Gaussian fit of [C ii] is shaded in orange and corresponds to a velocity-integrated value of 1.37 ± 0.22 Jy km s−1.
The [C ii] fit at peak has a flux density of 2.95 ± 0.48 mJy. The hatched area in green corresponds to ≈ 1.2 ×FWHM of the
Gaussian fit and is used to create the [C ii] map shown in the right panel. Right: 2D map of [C ii] built with the data from the
channels shown in the left panel in green. The emission is marginally resolved and the contour levels are shown at (−2, 2, 3, 5,
7)σ with σ = 0.15 mJy beam−1 where the Beam is 1.′′3× 1.′′0. The [C ii] line is detected at S/N> 7.5. The cross is centered at
the optical position of P352–15 from Momjian et al. (2018).

density scale, which is accurate within 6%. The total

time on-source was 756 s. The correlator was set up to

observe four spectral windows using 480 channels with

a channel width of 3.9 MHz for a total bandwidth of

1.875 GHz per spectral window. Two of the spectral

windows were set up to have a slight spectral overlap,

and together were centered on the expected frequency

of the redshifted [C ii] line.

The data were calibrated with the ALMA pipeline,

which is part of the common astronomy software ap-

plication package (CASA; McMullin et al. 2007), us-

ing version Pipeline-CASA56-P1-B. A continuum im-
age was made using the task tclean within CASA and

by applying natural weighting to optimize sensitivity.

For this continuum image all channels were used except

for the 0.7 GHz spectral region surrounding the [C ii]

emission. The continuum image has an effective fre-

quency of ≈ 290 GHz and a root-mean-square (RMS)

noise sensitivity of 0.043 mJy beam−1. We also created

a continuum-free line cube by removing the continuum

using the task uvcontsub, and imaging was done with the

tclean task. Here, we again adopted natural weighting

and a channel spacing of 100 km s−1. The RMS noise

sensitivity for this cube is 0.32 mJy beam−1 per 100

km s−1 channel. The final beam sizes for both the con-

tinuum image and line cube are elongated ellipses with

FWHM major and minor axis 1.′′3× 1.′′0 at a positional

angle (PA) of 85.6◦.

2.2. NOEMA

P352–15 NOEMA observations were executed to tar-

get the CO (6–5) emission line with observed frequency

estimated at 101.1 GHz (program: W18EG; PIs: Eil-

ers, Bañados.) All observations were taken on thirteen

different visits between 2019 April 10 and 2019 May 31.

The observations were taken in the receiver Band 1 (at

3 mm) in the compact configurations of 10D with ten

antennae for seven observing days, and the rest were

observed in 9D configuration with nine antennae. This

set up of observations were taken in compact configu-

ration to maximize the sensitivity. Quasars 2243–123

and 2345–167 were used as phase and amplitude cali-

brators. The Radio Frequency bandpass calibrators in-

cluded mostly 3C454.3, but also 3C84, 1749+096, and

0923+392. The star MWC 349 was used to set the abso-

lute flux density scale, which is accurate to within 10%.

The typical system temperature was (100 – 200) K. The

precipitable water vapor conditions were mostly within

PWV ∼ 2 − 5 mm and with only four visits extend-

ing up to PWV ∼ 10 mm. Due to the elevation of our

source, there was often shadowing, mainly in Antenna

4 and Antenna 1. The total 9 antennae equivalent time

on source is 12.2 h.

The data were reduced at IRAM with the software

CLIC and MAPPING from the GILDAS suite1, and the

1 https://www.iram.fr/IRAMFR/GILDAS/

https://www.iram.fr/IRAMFR/GILDAS/
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final cube was analyzed in Python. Two cubes with

resolutions of 300 km s−1 and 100 km s−1 were made

to identify and analyze the CO (6–5) emission line and

the underlying continuum. For both cubes, imaging was

performed using natural weighting in order to maximize

sensitivity, and cleaning was done with the simplest Hog-

bom algorithm. The cube with 300 km s−1 channel spac-

ing has an RMS noise of 0.10 mJy beam−1 per channel

and a synthesized beam size of 7.′′3×3.′′8 and PA of 5.44◦.

The second cube has an RMS of σ = 0.18 mJy beam−1

per 100 km s−1 channel. This cube has a beam size of

7.′′3× 3.′′7 and PA of 5.41◦.

2.3. GMRT

P352–15 was detected in the GaLactic and Extra-

galactic All-sky MWA (GLEAM) survey and the TIFR

GMRT Sky Survey (TGSS) at low frequencies (150 MHz

to 200 MHz). However, the cataloged flux densities

in this range show a wide scatter, with the GLEAM

data consistent with 80 to 120 mJy at 200 MHz (Hurley-

Walker et al. 2017). The TGSS image shows significant

imaging artifacts (stripes), and our reanalysis of the im-

age finds a peak of 110 mJy beam−1, but a total flux

density (significantly affected by the stripes) of 169 mJy

(Intema et al. 2017; de Gasperin et al. 2018).

To clarify the source flux density at low frequency,

we observed the source with the GMRT at 215 MHz on

2018 June 23, for four hours. The observations were cen-

tered at 215.5 MHz, with a bandwidth of 25 MHz using

16384 channels, for interference excision. The flux den-

sity scale was set assuming 52.3 Jy for 3C48 at 215 MHz

(Perley & Butler 2017). Delay and bandpass calibra-

tions were also performed using 3C48. The array gain

and amplitudes were tracked in time using the calibra-

tor J2321–163, which had a boot-strapped flux density

(from 3C48) of 14.0 Jy. All calibrations were done using

standard procedures in CASA (McMullin et al. 2007).

Interference was substantial, in particular on short base-

lines, and the final calibration and analysis employed

only baselines longer than 1.5 km.

The final imaging used CASA task CLEAN with

Briggs weighting with a robust factor= 0 (Briggs et al.

1999). The resulting synthesized beam was = 18′′×11′′,

with PA = −48o. The RMS noise on the final image is

4 mJy beam−1. The source was easily identified as seen

in Figure 3. Gaussian fitting indicated the source was

unresolved, with a flux density of 88 ± 7 mJy, whose

uncertainty is dominated by the estimated 8% error

from the the absolute flux density bootstrap calibration

process.

Table 1. Measurements from Line Emission Search

S[C II] 2.95± 0.48 mJy

S[C II]∆v 1.37± 0.22 Jy km s−1

FWHM[C II] 440± 80 km s−1

EW[C II] 2.12± 0.42 µm

z[C II] 5.832± 0.001

SCO(6−5) < 0.35 mJy

3. EMISSION LINE SEARCH AND MM

CONTINUUM MEASUREMENTS

In this section we present a detailed analysis of P352–

15 in ALMA and NOEMA data with the purpose of

measuring the [C ii] and CO (6–5) lines and their under-

lying continuum properties.

3.1. [C ii] Line and 290 GHz continuum

We use the ALMA continuum-free line cube generated

in Section 2.1 to look for the [C ii] line. We find that the

line is consistent with the expected redshift z ∼ 5.84 and

looks spatially resolved to some extent. Therefore, we

perform an aperture photometry test at varying aper-

tures from 1.′′0 to 2.′′0. We perform a Gaussian fit to

the [C ii] spectrum and search for the aperture at which

the velocity-integrated [C ii] emission begins to plateau.

This turning point occurs at a radial aperture of 1.′′7.

The resulting continuum-subtracted [C ii] spectrum is

shown in Figure 1, which is the [C ii] spectrum used in

the remaining analysis.

From the Gaussian fit, we find that [C ii] emission line

has a FWHM of 440±80 km s−1 and the line peaks at an

observed frequency of 278.20± 0.03 GHz (see Figure 1,

left). Using this value and the rest frame frequency of

[C ii] (1900.5369 GHz; Schöier et al. 2005), we calculate

the systemic redshift of P352–15 to be z=5.832±0.001.

The flux density peak is 2.95±0.48 mJy and the velocity-

integrated line is 1.37 ± 0.22 Jy km s−1. To generate

a [C ii] map, we re-imaged the data cube using chan-

nels within 1.2×FWHM of the [C ii] emission line which,

given our observations, corresponds to the green shaded

channels in Figure 1. Using this channel spacing max-

imizes the signal-to-noise on the emission line and re-

covers 84% of the flux emission, assuming it is Gaussian

(see Appendix A in Novak et al. 2020). The [C ii] map

is shown in the right panel of Figure 1 and has an RMS

of 0.15 mJy beam−1. We note that the beam size is

1.′′3 × 1.′′0 and therefore does not resolve the radio jet

revealed by the VLBA, which extends over 0.′′28 (see

Momjian et al. 2018).
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Figure 2. ALMA 278 GHz [C ii] emission in 100 km s−1

channel maps of P352–15. The central map corresponds
to the channel closest to the peak velocity at -372.57 ±
34.91 km s−1 from the fitted [C ii] emission model (orange
zone in Figure 1). For each panel, the central coordinates
correspond to R.A. (J2000) = 23h29m36.s8363, DEC. (J2000)
= −15o20′14.′′460, the channel velocities relative to the the
peak velocity are given at the top, and the synthesized beams
are shown at the bottom left. The channels used for flux
extraction are presented with a white dotted circle of 1.′′7
aperture radius. In all maps the contour levels are shown
at (−2, 2, 3, 4, 5)σ with their respective σ values ∼ 0.03
mJy beam−1.

The [C ii] map shows an extended morphology that

we fit with a 2D Gaussian profile using CASA. The

result is a deconvolved source with major and minor

axes of sizes 2.′′0× 0.′′8 and position angle 96◦, confirm-

ing that the [C ii] emission of the quasar host galaxy is

marginally resolved. Thus, we decide to investigate its

morphology from channel-to-channel. Figure 2 shows

the ALMA channel maps for P352–15 around the ob-

served frequency of [C ii], with the dotted white circles

denoting the channels and spatial regions used to ex-

tract the [C ii] flux emission and create the 2D map

shown in Figure 1. The central panel shows the [C ii]

emission closest to the peak velocity from the Gaussian

fit (−372.57 ± 34.91 km s−1) at −27 km s−1 away. This

channel and the 72 km s−1 centered channel (middle

right panel) have the highest signal-to-noise ratio with

S/N> 5. At the spatial resolution and S/N of our obser-

vations there are no significant changes in morphology

per channel. The current data are insufficient to draw

any conclusions on galaxy dynamics. Higher spatial res-

olution and S/N observations are needed to investigate

the true velocity structure of the [C ii] emission line in

this quasar host galaxy.

Finally, we utilize the reduced ALMA continuum cube

(refer to Section 2.1), to measure the underlying contin-

uum at 290 GHz. The emission is unresolved with a flux

density of 0.34± 0.04 mJy (see Figure 3, top).

3.2. CO (6–5) Line and 100 GHz continuum

We use the re-sampled NOEMA cubes at 300 km s−1

and 100 km s−1 described in Section 2.2 to search for

the CO (6–5) molecular emission line. We do not find

a significant detection of the line in either of the cubes.

In order to estimate an upper limit on the CO (6–5)

luminosity, we use the cube with the 100 km s−1 ve-

locity increment and assume that the line has the same

FWHM as the measured [C ii] emission line. We find

a 3-σ upper limit of 0.35 mJy, which corresponds to

LCO(6−5) < 0.5× 109 L�. This upper limit is compara-

ble to the median values for CO (6–5) measured in z > 6

radio-quiet quasars (e.g., Venemans et al. 2017b). The

100 GHz continuum emission is clearly detected and un-

resolved with a flux density of 0.10±0.01 mJy (Figure 3).

4. THE SPECTRAL ENERGY DISTRIBUTION OF

P352–15

We build the spectral energy distribution (SED) for

P352–15 by making use of the data presented in this

paper and previously reported optical data from Gem-

ini/GMOS r′, Pan-STARRS1 i, z, y bands and Magel-

lan/FourStar J band, and radio observations with the

VLA at 3.0 and 1.4 GHz (see Bañados et al. 2018; Con-

nor et al. 2021). In the following subsections, we will

investigate the FIR properties of the quasar and will

refine its radio properties. We summarize all existing

measurements in Table 2 and Figure 4.

4.1. Modeling the Radio Emission

The radio-continuum spectrum is dominated by syn-

chrotron emission at rest-frame frequencies . 10 GHz,

where the thermal bremsstrahlung (free-free) emission

is weak (Duric et al. 1988). Free-free emission becomes

significant at higher frequencies which for this quasar re-

sults in a negligible contribution (� 1µJy) for the study

of the SED (e.g., Venemans et al. 2017a; Yun & Carilli

2002). As shown in Figure 4, the synchrotron radiation

of P352–15 is well described as a simple power law of

the form Sν ∝ να, where Sν is the observed flux density

at the frequency ν and α is the radio spectral index. In

Bañados et al. (2018) the synchrotron power-law slope

was not well constrained because of the large scatter at

the lower-frequency observations. Bañados et al. (2018)

assumed two cases for their analysis with radio slope

index α0.150
1.4 = −0.89 and −1.06. With our higher S/N

GMRT data (see Section 2.3), we can obtain a more ro-

bust measurement of the synchrotron radio slope. We
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Figure 3. Top: ALMA 290 GHz continuum emission map
of P352–15, with an RMS σ = 0.04 mJy beam−1. The
beam size is 1.′′3 × 1.′′0 and the quasar is unresolved. Mid-
dle: NOEMA 100 GHz continuum emission map with σ =
0.01 mJy beam−1. The beam size is 7.′′3×3.′′7 and the quasar
is unresolved. Bottom: GMRT 215 MHz emission map with
a beam size of 18′′ × 11′′ and σ = 4 mJy beam−1. The
quasar appears unresolved. The contour levels for ALMA
and NOEMA maps are shown at (−2, 2, 4, 6, 8)σ and both
have S/N> 8. The GMRT continuum has contours shown
at (−1, 5, 10, 15, 20)σ and has S/N> 20. For all maps, the
dashed and solid contours represent the negative and posi-
tive σ, respectively. The cross in all panels is centered at the
optical position of P352–15 from Momjian et al. (2018).

fit a power law to the data from observed frequencies

3 GHz, 1.4 GHz, and 215 MHz, resulting in a radio

spectral index of α0.215
3 = −0.88± 0.08.

The new spectral index presented here allows for an

improved calculation of the radio-loudness of P352–

15. We adopt the definitions for radio-loudness,

for which a quasar is considered radio-loud when

R4400 = fν, 5 GHz / fν, 4400 Å > 10 or R2500 =

fν, 5 GHz / fν, 2500 Å > 10 (Sramek & Weedman 1980;

Kellermann et al. 1989). From our power-law fit we

calculate a flux density of 3.87 ± 0.10 mJy at rest-

frame 5 GHz. We use the L4400 Å reported in Bañados

et al. (2018) and convert it to flux density and find

fν, 4400 Å = (3.53± 0.89)× 10−3 mJy. We therefore cal-

culate the radio-loudness R4400 = 1100 ± 280, which

agrees with the R4400 & 1000 reported in Bañados

et al. (2018). Similarly, from the L2500 Å we calcu-

late fν, 2500 Å = (2.63+0.19
−0.16) × 10−3 mJy, and measure

R2500 = 1470+110
−100. Although the radio-loudness of

P352–15 is extreme and similar to those observed in

blazars (e.g., Belladitta et al. 2020, 2019; Sbarrato et al.

2012; Romani et al. 2004), its X-ray properties (Connor

et al. 2021) confirm its quasar nature. The parameters

of the X-ray-to-optical index αox = −1.45±0.11, and the

photon index Γ = 1.99+0.29
−0.28 fall under the quasar clas-

sification although near the threshold of high-redshift

blazars from Ighina et al. (2019) where a blazar has

α̃ox < 1.3552 and Γ < 1.8. Typically, the photon in-

dex is Γ ≥ 1.5 for high-redshift quasars even up to z >
∼ 6

(e.g., Nanni et al. 2018). Additionally, the radio jet

orientation of P352–15 not pointing along our line of

sight (Momjian et al. 2018) and the steep radio slope

(α0.215
3 = −0.88 ± 0.08; see Figure 4) are inconsistent

with this quasar being a blazar.

4.2. Modeling the mm Emission

In this work we present two mm-continuum measure-

ments of P352–15 from ALMA 290 GHz and NOEMA

100 GHz observations with S/N> 8 (see Figure 3),

corresponding to the quasar’s rest-frame frequencies of

1981 GHz and 683 GHz, respectively. The flux den-

sities at these frequencies are consistent with being at

the Rayleigh–Jeans tail (optical depth τDust << 1) of

a modified blackbody function (MBB), thought to be a

good representation of cold dust from the quasar host

galaxy (e.g., Priddey & McMahon 2001; Beelen et al.

2 α̃ox = 0.789αox + 0.212(Γ − 1.0)
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Table 2. Flux densities and derived properties of P352–15

Telescope/Band Central λ/ν Flux Density

Gemini–N/GMOS r 630 nm 0.17± 30 µJy

Pan–STARRS1 iP1 752 nm 1.8± 0.5 µJy

Pan–STARRS1 zP1 866 nm 11.8± 0.7 µJy

Pan–STARRS1 yP1 962 nm 13.6± 1.5 µJy

Magellan/FourStar J 1242 nm 14.6± 0.4 µJy

ALMA Band–7 290 GHz 0.34± 0.04 mJy

NOEMA Band–1 100 GHz 0.10± 0.01 mJy

VLA–S 3 GHz 8.20± 0.25 mJy

VLA–L 1.4 GHz 14.9± 0.7 mJy

GMRT Band–235 MHz 215 MHz 88± 7 mJy

Rest Frame Luminosity L (L�)

L5 GHz 1010.28±0.01

L4400 Å 1012.37±0.11

L2500 Å 1012.49±0.03

Radio Loudness

R4400 1100± 280

R2500 1470+110
−100

2006; da Cunha et al. 2013; Leipski et al. 2014; Vene-

mans et al. 2016, 2018). The Planck function is:

Bνrest(TDust,z) =
2hν3

rest/c
2

e(h νrest/k TDust,z) − 1
(1)

where TDust,z is the dust temperature at a given red-

shift. Typical dust parameters of the MBB found for

host galaxies of radio-quiet quasars are TDust = 47 K

and dust emissivity spectral index β = 1.6 (e.g., Bee-

len et al. 2006; Venemans et al. 2016). In the follow-

ing analysis we will assume these best-fit parameters

and check whether they represent the properties of this

quasar known to have strong radio emission. Later on,

we will also explore whether different values of TDust
and β can provide a better representation of the exist-

ing data of P352–15.

The predicted observed flux density from dust heating

can be calculated with the MBB following Novak et al.

(2019):

Sobs = fCMB [1 + z] D−2
L κνrest(β)

×MDust Bνrest(TDust,z) (2)

Here, fCMB is a correction against the Cosmic Mi-

crowave Background (CMB) contrast, DL is the lu-

minosity distance, κν, rest(β) is the dust mass opacity,

which depends on the dust emissivity spectral index β,

and M Dust is the dust mass. All values are given in SI

units.

The fCMB term corrects for CMB contrast and heat-

ing effects, which can be significant at these high red-

shifts as we are seeing fluxes at frequencies close to the

peak of the CMB (see da Cunha et al. 2013). However,

we do not include a CMB heating correction in Equa-

tion 2 as this effect is still not significant for TDust,0 =

30−100 K at z = 5.832 (including CMB heating changes

the temperature in that range by < 0.3 K). Thus, fCMB

in Equation 2 is only the correcting factor for CMB con-

trast where the blackbody calculated with the tempera-

ture of the CMB at the redshift of the source is divided

by the blackbody at the dust temperature:

fCMB = 1− Bνrest (TCMB,z)

Bνrest (TDust,z)
(3)

For z = 5.832 and TDust = 47K, fCMB corresponds

to 0.96 and 0.79 for the ALMA 290 GHz and NOEMA

100 GHz continuum points, respectively.

We assume for κν, rest(β) the relation derived in the

submillimeter at 850µm in Dunne et al. (2000) and

James et al. (2002):

κνrest(β) = 0.077 (ν rest / 352 GHz)β m2 kg−1 (4)

We scale the MBB (Equation 2) to match the observed

ALMA 290 GHz continuum and obtain a dust mass

value of (0.36±0.04)×108 M�. We note that if instead

of using Equation 4 we assume κν, rest = 2.64 m2 kg−1 at

νrest = c/(125 µm) as presented in Dunne et al. (2003),

the value of M Dust would decrease by a factor of 1.6.

Using the calculated dust mass value and Equation 2,

we can model the MBB at different frequencies. This

model predicts a flux density of 0.0139 mJy at 100 GHz,

while our NOEMA measurement is 0.10 mJy. Therefore,

these values are inconsistent by an order of magnitude

and are 7.6σ off from the observed NOEMA flux density.

Since neither value set is able to fit the MBB function

to both ALMA and NOEMA continuum measurements,

we explore the different MBB functions that can be ob-

tained when varying TDust = 30 K – 100 K, and β = 1.6

and β = 1.95 as shown in Figure 4. We also try to

find a β value that could fit both of our mm-continuum

points. This results in β = −0.7, however, such a neg-

ative dust emissivity index has never been reported for

dust in galaxies (see e.g., Dunne et al. 2000; Beelen et al.

2006).

It is evident that none of these models can reproduce

our data, implying that in this system the mm-emission

is not only due to cold dust but it must be affected by

an additional source, the main suspect being the strong

synchrotron emission of the quasar, as discussed below.
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Figure 4. Optical, millimeter and radio spectral energy distribution (SED) of P352–15 at z=5.832. The millimeter ALMA and
NOEMA measurements are inconsistent with cold dust modeled as a modified black body at different dust temperatures and
dust emissivity spectral indexes. The radio data at 215 MHz−3 GHz are well described by synchrotron emission with a power
law slope α=−0.88. However, extrapolating that power law (dashed line) would be inconsistent with the millimeter data. To
explain this SED, the synchrotron emission must steepen or break at high frequencies. We note that the error bars from the
measurements are small compared to the scale of the figure and thus are not shown in the image.

5. DISCUSSION

In this section we discuss the implications of our re-

sults for the intriguing SED of the radio-loud quasar

P352–15. We first describe the possible influence of syn-

chrotron emission up to higher frequencies, which are

usually dominated by dust continuum. Next, we report

the derived far infrared (FIR) properties for the quasar

based on the mm continuum measured with ALMA at

290 GHz, assuming that this measurement is not con-

taminated by synchrotron radiation.

5.1. Effects of the synchrotron emission on the mm

continuum measurements.

From the observations described in this work, we see

that the radio spectrum is clearly defined by the power-

law slope of α0.215
3 = −0.88 ± 0.08. However, the con-

tinuum emission at millimeter wavelengths is not well-

matched to a blackbody fit (Figure 4). Given the strong

radio emission in this quasar, a possible explanation

would be that the millimeter emission is highly affected

by synchrotron radiation instead of being only due to

cold dust (e.g., Weiß et al. 2008)

In order to assess this possibility, we use the syn-

chrotron power-law fit derived in Section 4.1 and ex-

trapolate it to the mm data points. We would ex-

pect the extrapolated flux at 100 GHz to be above the

measured NOEMA continuum, but the flux density at

290 GHz would be below the measured ALMA contin-

uum (see dashed line in Figure 4). When evaluating the

slope between the VLA 3 GHz and NOEMA 100 GHz

flux density values, the observed spectral index is much

steeper (α3
100 = −1.26 ± 0.03) than α0.215

3 . This means

that extrapolating the synchrotron power-law we would

have expected a NOEMA detection about three times

brighter than what we measure. Therefore, it is very

likely that the 100 GHz emission in this quasar is dom-

inated by synchrotron emission. Further measurements

between 3–100 GHz are required to pinpoint the location

of an expected spectral break.

Extrapolating the synchrotron power-law (α0.215
3 =

−0.88) all the way to 290 GHz results in 0.13 mJy. This

implies that the synchrotron contribution in the ALMA

measurement could be up to 40% of the measured value.

However, this is a strict upper limit given that we know

there is a break in the power-law spectrum between 3

and 100 GHz (Figure 4). If we extrapolate to 290 GHz

using the α3
100 = −1.26 power-law, we expect a syn-

chrotron contribution of only 8% in the ALMA contin-

uum measurement.

Due to the significant synchrotron contribution for the

NOEMA 100 GHz observations, and a smaller influence

on the ALMA 290 GHz, we explore an overall fit of the

synchrotron emission and the cold dust, to model both

components of the SED simultaneously from the radio
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to mm regime. For this purpose, we tried to fit the mod-

ified black body function (MBB) and a simple power-law

function, but this model cannot reproduce our data. We

then performed a joint fit using an MBB and a broken

power-law and fix the break frequency at 3 GHz, that

is the limit of our observations in radio. The resulting

model is over-fitted given the few data points and the fit-

ted parameters do not yield trusting values. Since more

observations at complementary frequencies are needed

to determine the break frequency, we continue to con-

strain the two components in mm and radio separately.

5.2. FIR properties of P352–15

We use the ALMA continuum measurement to esti-

mate the dust properties of the host galaxy, assuming

that the synchrotron emission at this frequency is min-

imal. However, we caution the reader that these mea-

surements should be considered as upper limits given

that a non-negligible contribution from the synchrotron

emission is possible. Additional measurements covering

the 3 GHz to 100 GHz gap are required to better disen-

tangle the synchrotron emission at this frequency.

From the M Dust derived in Section 4.2 along with the

dust parameters T = 47 K and β = 1.6, we integrate over

the SED and obtain infrared luminosity constraints. We

calculate the FIR luminosity by integrating over rest-

frame 42.5–122.5µm and get LFIR= (0.89± 0.10)× 1012

L�. Integrating over the rest-frame wavelengths 8–

1000µm, we obtain the Total Infrared (TIR) luminos-

ity as LTIR = (1.26 ± 0.15) × 1012 L�. We derive a

SFR from the LTIR following the relation in Kennicutt

& Evans (2012) scaled to the Chabrier (2003) initial

mass function (IMF; this results in a SFR 1.7 times

smaller than assuming the Salpeter (1955) IMF), ob-

taining SFRTIR = (110.0 ± 13.0) M� yr−1. This value

is ∼ 15% smaller than the resulting from calibrations in

Kennicutt (1998). The uncertainty in SFRTIR can be

larger because we cannot constrain the dust parameters

for temperature T, and emissivity index β (see Figure 4).

Using the equations for calculating line luminosities

from [C ii] measurements presented by Carilli & Walter

(2013), we find the areal integrated source brightness

temperature L′[C II] = (5.6 ± 0.9) × 109 K km s−1 pc2.

The [C ii] line luminosity, which is commonly used to

compare luminosities to the underlying continuum, is

L[C II] = (1.23 ± 0.20) × 109 L�. We use the relation

in De Looze et al. (2014) to calculate the [C ii]-derived

SFR:

log SFR[C II] = −6.09 + 0.90× log L[C II] (5)

Taking into account the systematic uncertainty in this

relation of a factor ∼2.3, we find SFR[C II] = (54 −

Table 3. Derived FIR properties for P352–15

MDust
∗ (0.36± 0.04)× 108 M�

LFIR
∗ (0.89± 0.10)× 1012 L�

LTIR
∗ (1.26± 0.15)× 1012 L�

SFRTIR
∗ (110.0± 13.0) M� yr−1

L′[C II] (5.6± 0.9)× 109 K km s−1 pc2

L[C II] (1.23± 0.20)× 109 L�

SFR[C II]
† (54− 285) M� yr−1

L[C II]/LFIR (1.38± 0.23)× 10−3

LCO(6−5) < 0.5× 109 L�

∗These values are calculated assuming a MBB matched to
the ALMA continuum with TDust = 47 K and β = 1.6.
We caution that these measurements might be affected by
synchrotron emission.

†Calculation using the SFR to luminosity relation derived in
De Looze et al. (2014).

285) M� yr−1, which is consistent with the SFR inferred

from the TIR luminosity, as indicated in Table 3.

5.3. Comparison with the Literature

Here we place the [C ii] and dust emission properties

for P352–15 in the context of other quasars at z & 6

in the literature. In Figure 5, we compile the proper-

ties of z & 6 quasars with continuum measurements of

S/N> 3 as reported by Decarli et al. 2018; Izumi et al.

2018; Eilers et al. 2020, 2021; Venemans et al. 2020. We

note that all the literature quasars are radio-quiet with

the only exception of J2318–3113, whose [C ii] properties

have been studied by Decarli et al. (2018) and Venemans

et al. (2020), but it was only recently identified as radio-

loud (with R4400 ∼ 70) by Ighina et al. (2021). Both

radio-loud quasars with [C ii] information, P352–15 and

J2318–3113, are highlighted in Figure 5.

P352–15 has a [C ii] line width of 440 ± 80 km s−1,

which is broader but within one standard deviation than

the mean of the distribution from z & 6 quasars in the

literature (350 ± 125 km/s; Decarli et al. 2018; Vene-

mans et al. 2020). The [C ii] luminosity we calculate for

P352–15 is (1.23±0.20)×109 L�, which is smaller than

the median of the distribution but it is still within the

typical values of (1 − 5) × 109 L� for quasars at z & 6

(see Figure 5 and e.g., Mazzucchelli et al. 2017; Vene-

mans et al. 2017a; Novak et al. 2019).

As mentioned in Section 4, the dust properties for

quasar P352–15 cannot be fully constrained given the

strong synchrotron contamination at millimeter wave-

lengths. However, we see that the upper limit estimate

for LFIR ∼ 1012 L� overlaps with those of quasar host
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Figure 5. Left: Relationship between the FIR luminosity (assuming is dominated by cold dust with TDust = 47 K and β = 1.6),
and the [C ii] luminosity reported in 45 z & 6 quasars from Decarli et al. (2018); Izumi et al. (2018); Eilers et al. (2020, 2021);
Venemans et al. (2020). The derived properties of P352–15 are within typical values for LFIR and L[C II] in context with the
literature. Right: Comparison between the [C ii] equivalent width and the [C ii] luminosity using the same sample of z & 6
quasars. P352–15’s EW[C II] value is at the high end of the distribution found in the literature. The two panels also highlight
J2318–3113, the only other radio-loud quasar in the z & 6 sample with available information for comparison. Both radio-loud
quasars have very similar [C ii] and FIR properties.

galaxies at z & 6 in the literature, although it is smaller

than the median value of the population (Figure 5).

Similarly, the SFR implied by the total infrared emission

is consistent with the one we derive from the [C ii] line,

and with previous studies of quasars at these redshifts

(e.g., Mazzucchelli et al. 2017; Eilers et al. 2020, 2021).

A widely used diagnostic to study properties of the

interstellar medium (ISM) is the [C ii]-to-FIR luminos-

ity ratio. Local galaxies (z < 1) show a decrease in

this ratio towards higher FIR luminosities (referred to

as the ‘[C ii] deficit’), driven by the presence of mecha-

nisms provoking dust heating in the ISM (e.g., Malho-

tra et al. 2001; Farrah et al. 2013; Sargsyan et al. 2014;

Dı́az-Santos et al. 2017). The high-redshift (z & 6) sam-

ple has a large scatter for this ratio but our calculated

log(L[C II] / LFIR) =−2.86 is comparable to local ultra-

luminous infrared galaxies (ULIRGs), and is consistent

with previously found measurements of z > 6 quasars

(see trend in Figure 5, left) (e.g., Venemans et al. 2012,

2017a; Bañados et al. 2015a; Willott et al. 2015; Maz-

zucchelli et al. 2017; Decarli et al. 2018).

A useful quantity to investigate is the [C ii] equivalent

width (EW), which has the advantage that it does not

depend on the shape of the dust SED:

EW

[µm]
= 1000

S∆v[Jy km s−1]

Sν,0(cont)[mJy]

λ0[µm]

c[km s−1]
(6)

Here, S∆v is the velocity-integrated line, Sν,0(cont) is

the observed continuum flux density at the rest-frame

frequency of the line ([C ii] in this case), λ0 is the rest-

wavelength which for [C ii] is 157.74 µm, and c is the

speed of light. Our computed value for P352–15 is

EW[C II] = 2.12±0.42 µm, placing P352–15’s EW[C II] at

the high end of the distribution but with several other

hosts of radio-quiet quasars having comparable or larger

EW[C II] (see right panel in Figure 5). We conclude that

the EW[C II] of P352–15 is consistent with what is ex-

pected from the properties of radio-quiet quasars, and

it is therefore likely that the continuum underlying the

[C ii] emission is indeed not strongly influenced by the

radio emission (see §5.1).

It is worth noting that the only two z & 6 radio-loud

quasars studied in their rest-frame FIR and [C ii] proper-

ties lie in a very similar position in the parameter space

of Figure 5. Nevertheless, a systematic mm study of a

larger sample of radio quasars at high redshifts is neces-

sary to be able to make statistical comparisons between
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the black hole/host galaxy properties of radio-loud and

radio-quiet sources.

6. SUMMARY AND CONCLUSIONS

We present and analyze millimeter and radio observa-

tions of the powerful radio bright quasar P352–15. Our

major findings are summarized as follows.

• The ALMA observations of the [C ii] line emission

from this quasar resulted in a systemic redshift cal-

culation of z= 5.832 ± 0.001. We find a [C ii] line

width of 440± 80 km s−1. The [C ii] luminosity is

1.23 × 109 L�, comparable to values reported in

other high-redshift quasars in the literature. The

derived star formation rate from the [C ii] emission

is SFR[C II] = (54 − 285) M� yr−1. Finally, the

ALMA observations revealed an underlying unre-

solved continuum source at 290 GHz with a flux

density of 0.34± 0.04 mJy (see Figures 1–3).

• We do not detect the CO (6–5) emission line in

our NOEMA 100 GHz observation. The derived

3σ upper limit is <0.35 mJy corresponding to a

luminosity LCO(6−5) < 0.5 × 109 L� (assuming

the same FWHM as measured for the [C ii] line).

Continuum emission is detected with NOEMA at

100 GHz with a flux density of 0.10 ± 0.01 mJy

(see Figure 3).

• The high S/N GMRT 215 MHz observations of

the quasar allow us to improve the constraints on

the radio emission at low frequencies (c.f., Bañados

et al. 2018). The synchrotron radiation can be well

modeled by a simple power-law with spectral index

α0.215
3 = −0.88 ± 0.08. This resulted in updating

the calculation of the quasar’s radio-loudness pa-

rameter R4400 = 1100±280 and R2500 = 1470+110
−100,

confirming its prominent radio power (see Fig-

ure 4).

• We study the dust emission of the quasar host

galaxy by using the typical approach of model-

ing a modified black body function (MBB) to our

two mm-continuum measurements from ALMA

290 GHz and NOEMA 100 GHz. However, the

NOEMA measurement is an order of magnitude

brighter than expected from the MBB scaled to

the ALMA emission using the typical Tdust = 47K

and β = 1.6, and cannot be modeled by any other

dust parameters commonly used in the literature.

Therefore we hypothesize that the 100 GHz contin-

uum emission is dominated by synchrotron radia-

tion. However, the emission is three times dimmer

than the expected emission by extrapolating the

trend at lower frequencies. This implies a break in

the synchrotron spectrum (see Figure 4).

• From the ALMA 290 GHz continuum observations

we derive the FIR properties of the quasar, as-

suming this data point is not significantly con-

taminated by synchrotron emission (see discus-

sion in Section 5.1). Assuming a MBB with typ-

ical parameters (Tdust = 47K and β = 1.6), we

derive a dust mass and FIR and TIR luminosi-

ties. These quantities are reported in Table 3.

The star formation rate derived from the LTIR

is SFRTIR = (110.0 ± 13.0) M� yr−1, which is

consistent with the calculated SFR from the [C ii]

emission.

• This quasar lies within typical estimates of [C ii]

FWHM, EW[C II], L[C II], and LFIR compared to

quasars at z & 6 in the literature. We highlight

that the derived properties of P352–15 are very

similar to quasar J2318–3113, which is the only

other radio-loud quasar with [C ii] and rest-frame

FIR studies (see Figure 5). A more comprehensive

study of high-redshift radio quasars in the millime-

ter is required for statistical comparisons.

The extreme radio brightness of the quasar P352–15

makes it an ideal laboratory to study the effects of pow-

erful radio jets on the formation of supermassive black

holes and galaxies during the first Gyr of cosmic time.

This quasar presents an intriguing SED (Figure 4) and

leaves more open questions that make it an excellent

target for follow-up observations. For example, to evalu-

ate the turnover frequency of the synchrotron spectrum,

observations filling the gap between the existing 3 and

100 GHz measurements are required (as shown in Fig-

ure 4). If the slope steepens at observed frequencies

higher than 3 GHz, we can assume the ALMA obser-

vations sample the dust emission while the NOEMA

emission is dominated by synchrotron. This way it

would be possible to disentangle the synchrotron from

dust emission. Furthermore, at these high frequencies

the relativistic electrons dissipate much faster assum-

ing that synchrotron radiation is the main dissipation

mechanism, causing a steepening of the synchrotron

spectrum (Scheuer & Williams 1968; Pacholczyk 1970;

Condon & Ransom 2016). Therefore, by identifying the

turnover frequency we would be able to gauge the age of

the radio jet (e.g., Myers & Spangler 1985; Carilli et al.

1991). Finally, our current data marginally resolves the

[C ii] emission (Figure 1); higher resolution observations

could reveal potential signatures of on-going merger or

outflow in this quasar. All of these open questions can
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be addressed with future observations from existing fa-

cilities such as ALMA, NOEMA, and the VLA.
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