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MISSING POPULATION OF HIGH-
REDSHIFT NON-BEAMED RADIO-AGN?
• Number of radio-loud AGN at z≳4 calculated from Swift/BAT luminosity 

function ≪ estimated from the known z≳4 blazars - for every blazar there 
are ∼2 Γ2

 non-beamed (Volonteri et al. 2011)

• Observational bias? (SDSS + FIRST sample was considered) 

• Strong evolution of Lorentz factor by cosmic age?

• Dark bubbles: off-axis obscuration hinders redshift estimation? 
(Ghisellini & Sbarrato 2016)

• Few high-redshift radio AGN are known and imaged with interferometry
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Observations of a z = 4.514 radio galaxy 2317

Figure 3. (a) An e-EVN 1658 MHz image of RC J0311+0507 with restoring beam of 0.025 arcsec × 0.025 arcsec. Peak brightness: 38.9 mJy beam−1;
contours: 0.50 × (−1, 1, 2, 4, 8, 16, . . . ) mJy beam−1. (b) A MERLIN and e-EVN combined image with a restoring beam of 0.035 arcsec × 0.035 arcsec.
Peak brightness: 64.4 mJy beam−1; contours: 0.18 × (−1, 1, 2, 4, 8, 16, . . . ) mJy beam−1. This combined image appeared in Parijskij et al. (2010). In both
images, the cross marks the K-band position of the host galaxy.

Following the initial MERLIN observations and results, new opti-
cal observations were made with the BTA and all available obser-
vations (five separate epochs) were then processed/re-processed in
a consistent manner. Filters were used which, in combination with
the quantum sensitivity of the CCDs, resulted in a photometric sys-
tem very close to the Johnson–Kron–Cousins system (Bessel 1990).
The data processing included the subtraction of bias and dark fields,
flat-fielding, removal of cosmic rays and bad pixels, subtraction of
a fringe pattern from the I-band data, and astrometric and photo-
metric calibration. Calibration was performed with Landolt’s and
Stetson’s photometric standards (Landolt 1992; Stetson 2000). In
determining the zero level for each observational epoch, data from
1 to 3 photometric standard fields were used. The magnitude of the
host galaxy was obtained by the method of aperture photometry,
for which a 6 arcsec circular aperture was chosen for all the filters.
The data reduction was carried out with the help of the ESO-MIDAS

system (Warmles 1991).
Since the observations were conducted using different CCD-

systems, the stability of the photometric calibrations had to be
monitored by making measurements of two field stars. The be-
haviour of the light curves of the stars confirmed the stability of the
photometric calibrations. Table 3 shows a summary of the observa-
tions, the pixel sizes (because the same CCD-camera was not used
for all the epochs) and the results of the photometry of the radio
galaxy host in the bands B, V, R and I from 1995 to 2008. Also
included is the UKIRT K-band value.

In addition to those of the radio galaxy host and the two field stars,
photometric measurements were also made of four nearby objects

with brightnesses close to that of the radio galaxy host object. From
a comparison of the brightness variations of these objects in the R-
and I-bands with the light curves of the host, it was concluded that
the magnitude scatter (∼0.5 mag) for RC J0311+0507 was not the
result of source variations, but probably of measurement errors.

R-band magnitudes were also measured for a set of different
apertures (ranging in size from 3 pixels up to 12 arcsec in steps of
2 pixels) for the radio source host, the field objects with similar
brightnesses to it, and the two field stars. Concentration indices,
C,2 were then calculated, which were systematically less for the host
object than for the selected star-like objects in the field, indicating
that the host object was extended and therefore a galaxy and not a
stellar object.

Images of RC J0311+0507 were also obtained using SED 665
and SED 707 intermediate-band filters.3 In the SED 665 band, the
size of the object is greater than that seen in the other filters (Fig. 4),
probably because of intense hydrogen Lyα line radiation arising
from gas surrounding the host object. The size of this Lyα envelope
is ∼8 arcsec in the SED 665 image or ∼50 kpc [calculated using
the Wright (2006) algorithm]. The frames were calibrated using the

2 A concentration index, C, is the ratio of an aperture within which 90 per cent
of the integrated flux of an object is measured, to an aperture containing
50 per cent of the flux. Stellar objects have larger values for C than extended
objects.
3 SED 665 : λeff = 662.2 nm; effective width = 19.1 nm. SED 707 :
λeff = 703.6 nm; effective width = 20.7 nm.
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ABSTRACT

We present high angular resolution imaging (23.9×11.3mas, 138.6×65.5pc) of the radio-loud quasar
PSO J352.4034−15.3373 at z = 5.84 with the Very Long Baseline Array (VLBA) at 1.54GHz. This
quasar has the highest radio-to-optical flux density ratio at such a redshift, making it the radio-loudest
source known to date at z ∼ 6. The VLBA observations presented here resolve this quasar into
multiple components with an overall linear extent of 1.62 kpc (0.′′28) and with a total flux density of
6.57± 0.38mJy, which is about half of the emission measured at a much lower angular resolution. The
morphology of the source is comparable with either a radio core with a one-sided jet, or a compact or a
medium-size Symmetric Object (CSO/MSO). If the source is a CSO/MSO, and assuming an advance
speed of 0.2c, then the estimated kinematic age is ∼ 104 yr.

Keywords: cosmology: observations — cosmology: early universe — galaxies: high-redshift — quasars:
individual (PSO 352.4034–15.3373) — radio continuum: galaxies — technique: interfero-
metric

1. INTRODUCTION

The source PSO J352.4034−15.3373 (hereafter P352–
15) has been identified as a luminous quasar at z =
5.84±0.02 (Bañados et al. 2018). The optical spectrum
shows the typical broad emission lines of a high-redshift
quasar, plus a possible associated broad absorption line
(BAL) system. Karl G. Jansky Very Large Array (VLA)
observations at 3GHz show that the quasar is asso-
ciated with a radio source that has a flux density of
8.20± 0.25mJy and a size < 0.5′′. At 1.4GHz, the flux
density of the source is 14.9 ± 0.7mJy (Condon et al.
1998). The source is also detected at lower frequencies in
both the TIFR GMRT Sky Survey (TGSS; Intema et al.
2017) and the GaLactic and Extragalactic All-sky MWA
Survey (GLEAM; Hurley-Walker et al. 2017), with a
flux density of around 100mJy at 200MHz. The implied
rest frame 1.4GHz luminosity density is Lν,1.4GHz =
(4.5± 0.2)× 1027 W Hz−1 (Bañados et al. 2018).
This quasar is the brightest of any known radio source

at z > 5.5. With a radio loudness parameter of R =
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fv,5GHz/fv,4400A ! 103, P352–15 is about an order of
magnitude more radio loud than any other quasar at
these redshifts (Bañados et al. 2015, 2018). The discov-
ery of the quasar is reported in the companion paper
(Bañados et al. 2018) which presents its optical spec-
trum, its identification as a bright radio source using
new VLA data as well as available public surveys, and
its radio spectral energy distribution.
In this paper we present 1.54GHz Very Long Baseline

Interferometry (VLBI) imaging of this source. These
observations reveal a morphology that is consistent with
a radio galaxy but with a linear projected size of only
1.62 kpc, or a radio core with a one-sided jet. We dis-
cuss the Very Long Baseline Array (VLBA) result in
the context of quasar-mode feedback during the earli-
est formation of active galactic nuclei (AGN) and the
most massive galaxies. We adopt a flat cosmology with
H0 = 70 kms−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. At
the redshift of this quasar, 1′′ corresponds to 5.8 kpc.

2. OBSERVATIONS AND DATA REDUCTION

The VLBI observations of the P352–15 were carried
out at 1.54GHz on 2018 January 23, using the VLBA of

Observations of a z = 4.514 radio galaxy 2317

Figure 3. (a) An e-EVN 1658 MHz image of RC J0311+0507 with restoring beam of 0.025 arcsec × 0.025 arcsec. Peak brightness: 38.9 mJy beam−1;
contours: 0.50 × (−1, 1, 2, 4, 8, 16, . . . ) mJy beam−1. (b) A MERLIN and e-EVN combined image with a restoring beam of 0.035 arcsec × 0.035 arcsec.
Peak brightness: 64.4 mJy beam−1; contours: 0.18 × (−1, 1, 2, 4, 8, 16, . . . ) mJy beam−1. This combined image appeared in Parijskij et al. (2010). In both
images, the cross marks the K-band position of the host galaxy.

Following the initial MERLIN observations and results, new opti-
cal observations were made with the BTA and all available obser-
vations (five separate epochs) were then processed/re-processed in
a consistent manner. Filters were used which, in combination with
the quantum sensitivity of the CCDs, resulted in a photometric sys-
tem very close to the Johnson–Kron–Cousins system (Bessel 1990).
The data processing included the subtraction of bias and dark fields,
flat-fielding, removal of cosmic rays and bad pixels, subtraction of
a fringe pattern from the I-band data, and astrometric and photo-
metric calibration. Calibration was performed with Landolt’s and
Stetson’s photometric standards (Landolt 1992; Stetson 2000). In
determining the zero level for each observational epoch, data from
1 to 3 photometric standard fields were used. The magnitude of the
host galaxy was obtained by the method of aperture photometry,
for which a 6 arcsec circular aperture was chosen for all the filters.
The data reduction was carried out with the help of the ESO-MIDAS

system (Warmles 1991).
Since the observations were conducted using different CCD-

systems, the stability of the photometric calibrations had to be
monitored by making measurements of two field stars. The be-
haviour of the light curves of the stars confirmed the stability of the
photometric calibrations. Table 3 shows a summary of the observa-
tions, the pixel sizes (because the same CCD-camera was not used
for all the epochs) and the results of the photometry of the radio
galaxy host in the bands B, V, R and I from 1995 to 2008. Also
included is the UKIRT K-band value.

In addition to those of the radio galaxy host and the two field stars,
photometric measurements were also made of four nearby objects

with brightnesses close to that of the radio galaxy host object. From
a comparison of the brightness variations of these objects in the R-
and I-bands with the light curves of the host, it was concluded that
the magnitude scatter (∼0.5 mag) for RC J0311+0507 was not the
result of source variations, but probably of measurement errors.

R-band magnitudes were also measured for a set of different
apertures (ranging in size from 3 pixels up to 12 arcsec in steps of
2 pixels) for the radio source host, the field objects with similar
brightnesses to it, and the two field stars. Concentration indices,
C,2 were then calculated, which were systematically less for the host
object than for the selected star-like objects in the field, indicating
that the host object was extended and therefore a galaxy and not a
stellar object.

Images of RC J0311+0507 were also obtained using SED 665
and SED 707 intermediate-band filters.3 In the SED 665 band, the
size of the object is greater than that seen in the other filters (Fig. 4),
probably because of intense hydrogen Lyα line radiation arising
from gas surrounding the host object. The size of this Lyα envelope
is ∼8 arcsec in the SED 665 image or ∼50 kpc [calculated using
the Wright (2006) algorithm]. The frames were calibrated using the

2 A concentration index, C, is the ratio of an aperture within which 90 per cent
of the integrated flux of an object is measured, to an aperture containing
50 per cent of the flux. Stellar objects have larger values for C than extended
objects.
3 SED 665 : λeff = 662.2 nm; effective width = 19.1 nm. SED 707 :
λeff = 703.6 nm; effective width = 20.7 nm.
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EVN OBSERVATIONS
• Targets: four z>4 

blazar candidates
• e-VLBI observations at 

1.7 GHz and 5 GHz
• 2015 Sept, Oct, 2016 

Jan, Feb (EC054)
• Results: two beamed 

sources with high TB

+ Out of ten z>4.5 five showed definite blazar-like 
characteristics. One is a double with 800 mas separation (EC052)

Cao et al. 2018



J2220+0025 (z=4.21)
• SWIFT measurements

• 0.3-10 keV: 10-13 erg/cm2/s
• v band: 21.16±0.18 mag

• Archival data (e.g. WISE, 
FIRST)

• MBH=2x109 M⊙

• RBLR=671 x 1015 cm
• Lorentz factor: 13-10
• Viewing angle: 3°-8°

2486 T. Sbarrato et al.

Table 1. Summary of XRT and UVOT observations. The column ‘Exp’ indicates the effective exposure in ks, while NH is the
Galactic absorption column in units of [1020 cm−2] from Kalberla et al. (2005). Fnorm is the normalization flux at 1 keV in units of
[10−4 ph cm−2 s−1 keV−1], !X is the photon index of the power-law model [F(E) ∝ E−!], F obs

0.3−10 keV is the observed flux in units of
[10−13 erg cm−2 s−1]. The next column indicates the value of the likelihood (Cash 1979) along with the degrees of freedom. The last
column reports the observed v magnitude (not corrected for absorption).

Name ObsID Exp NH Fnorm !X F obs
0.3−10keV Cash/d.o.f. v

(ks) (1020) (10−4) (10−13) (mag)

SDSS J142048.01+120545.9 00032625001 21.8 1.74 3.3+2.5
−1.5 1.6 ± 0.3 1.7 64.13/65 20.43 ± 0.10

00032625002

PMN J2134−0419 00032624001 25.1 3.34 2.7+2.5
−1.3 1.6 ± 0.3 1.4 52.36/55 21.11 ± 0.21

00032624002
00032624003

SDSS J222032.50+002537.5 00032626001 30.7 4.41 1.1+1.1
−0.6 1.4 ± 0.3 1.0 53.30/51 21.16 ± 0.18

00032626002
00032626003

Figure 2. SEDs of the two sources from the sample in Sbarrato et al. (2013a), observed by Swift/XRT: SDSS J142048.01+120545.9 (left-hand panel) and
SDSS J222032.50+002537.5 (right-hand panel). In both figures, lines and data are as in Fig. 1, left-hand panel.

Table 2. List of parameters used to construct the theoretical SED. Col. [1]: name; Col. [2]: redshift; Col. [3]: dissipation radius in units of 1015 cm
and (in parenthesis) in units of Schwarzschild radii; Col. [4]: black hole mass in solar masses; Col. [5]: size of the BLR in units of 1015 cm; Col. [6]:
power injected in the blob calculated in the comoving frame, in units of 1045 erg s−1; Col. [7]: accretion disc luminosity in units of 1045 erg s−1 and
(in parenthesis) in units of LEdd; Col. [8]: magnetic field in gauss; Col. [9]: bulk Lorentz factor at Rdiss; Col. [10]: viewing angle in degrees; Col.
[11] and [12]: break and maximum random Lorentz factors of the injected electrons; Col. [13] and [14]: slopes of the injected electron distribution
[Q(γ )] below and above γ b; The total X-ray corona luminosity is assumed to be in the range 10–30 per cent of Ld. Its spectral shape is assumed to
be always ∝ν−1exp (−hν/150keV).

Name z Rdiss M RBLR P ′
i Ld B ! θv γ b γ max s1 s2

[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [13]

SDSS J142048.01+120545.9 4.034 360 (600) 2e9 725 6e−3 53 (0.18) 2.6 13 3 100 3e3 1 2.5
360 (600) 2e9 725 0.2 53 (0.18) 3.4 10 8 10 3e3 −1 2.5

PMN J2134−0419 4.346 432 (800) 1.8e9 972 7e−3 95 (0.35) 2.9 13 3 70 4e3 0 2.6
540 (1e3) 1.8e9 972 0.08 95 (0.35) 3.0 10 6 70 4e3 −1 2.6

SDSS J222032.50+002537.5 4.216 360 (600) 2e9 671 3e−3 45 (0.15) 2.4 13 3 100 3e3 1 2.2
540 (900) 2e9 671 0.2 45 (0.15) 2.1 10 8 40 3e3 −1 2.2

summarized in Table 2. The best representation of the data is shown
by the blue lines in Figs 1 and 2. In all the three cases, this ‘best fit’
describes a source seen under a viewing angle smaller than the jet
beaming angle, i.e. θv < 1/!. This allows us to classify the three
candidates as blazars, according to our criterion. The corresponding

sets of parameters are consistent with what found for other pow-
erful blazars. The other sets of parameters describe models with
the largest possible jet viewing angle consistent with our data. To
reproduce the same X-ray and radio fluxes, we have to associate
smaller Lorentz factors compared to the ‘best fit’, along with the

MNRAS 446, 2483–2489 (2015)
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Figure 2. SEDs of the two sources from the sample in Sbarrato et al. (2013a), observed by Swift/XRT: SDSS J142048.01+120545.9 (left-hand panel) and
SDSS J222032.50+002537.5 (right-hand panel). In both figures, lines and data are as in Fig. 1, left-hand panel.

Table 2. List of parameters used to construct the theoretical SED. Col. [1]: name; Col. [2]: redshift; Col. [3]: dissipation radius in units of 1015 cm
and (in parenthesis) in units of Schwarzschild radii; Col. [4]: black hole mass in solar masses; Col. [5]: size of the BLR in units of 1015 cm; Col. [6]:
power injected in the blob calculated in the comoving frame, in units of 1045 erg s−1; Col. [7]: accretion disc luminosity in units of 1045 erg s−1 and
(in parenthesis) in units of LEdd; Col. [8]: magnetic field in gauss; Col. [9]: bulk Lorentz factor at Rdiss; Col. [10]: viewing angle in degrees; Col.
[11] and [12]: break and maximum random Lorentz factors of the injected electrons; Col. [13] and [14]: slopes of the injected electron distribution
[Q(γ )] below and above γ b; The total X-ray corona luminosity is assumed to be in the range 10–30 per cent of Ld. Its spectral shape is assumed to
be always ∝ν−1exp (−hν/150keV).

Name z Rdiss M RBLR P ′
i Ld B ! θv γ b γ max s1 s2

[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [13]

SDSS J142048.01+120545.9 4.034 360 (600) 2e9 725 6e−3 53 (0.18) 2.6 13 3 100 3e3 1 2.5
360 (600) 2e9 725 0.2 53 (0.18) 3.4 10 8 10 3e3 −1 2.5

PMN J2134−0419 4.346 432 (800) 1.8e9 972 7e−3 95 (0.35) 2.9 13 3 70 4e3 0 2.6
540 (1e3) 1.8e9 972 0.08 95 (0.35) 3.0 10 6 70 4e3 −1 2.6

SDSS J222032.50+002537.5 4.216 360 (600) 2e9 671 3e−3 45 (0.15) 2.4 13 3 100 3e3 1 2.2
540 (900) 2e9 671 0.2 45 (0.15) 2.1 10 8 40 3e3 −1 2.2

summarized in Table 2. The best representation of the data is shown
by the blue lines in Figs 1 and 2. In all the three cases, this ‘best fit’
describes a source seen under a viewing angle smaller than the jet
beaming angle, i.e. θv < 1/!. This allows us to classify the three
candidates as blazars, according to our criterion. The corresponding

sets of parameters are consistent with what found for other pow-
erful blazars. The other sets of parameters describe models with
the largest possible jet viewing angle consistent with our data. To
reproduce the same X-ray and radio fluxes, we have to associate
smaller Lorentz factors compared to the ‘best fit’, along with the
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J1420+1205 (z=4.03)

2486 T. Sbarrato et al.

Table 1. Summary of XRT and UVOT observations. The column ‘Exp’ indicates the effective exposure in ks, while NH is the
Galactic absorption column in units of [1020 cm−2] from Kalberla et al. (2005). Fnorm is the normalization flux at 1 keV in units of
[10−4 ph cm−2 s−1 keV−1], !X is the photon index of the power-law model [F(E) ∝ E−!], F obs

0.3−10 keV is the observed flux in units of
[10−13 erg cm−2 s−1]. The next column indicates the value of the likelihood (Cash 1979) along with the degrees of freedom. The last
column reports the observed v magnitude (not corrected for absorption).

Name ObsID Exp NH Fnorm !X F obs
0.3−10keV Cash/d.o.f. v

(ks) (1020) (10−4) (10−13) (mag)

SDSS J142048.01+120545.9 00032625001 21.8 1.74 3.3+2.5
−1.5 1.6 ± 0.3 1.7 64.13/65 20.43 ± 0.10

00032625002

PMN J2134−0419 00032624001 25.1 3.34 2.7+2.5
−1.3 1.6 ± 0.3 1.4 52.36/55 21.11 ± 0.21

00032624002
00032624003

SDSS J222032.50+002537.5 00032626001 30.7 4.41 1.1+1.1
−0.6 1.4 ± 0.3 1.0 53.30/51 21.16 ± 0.18

00032626002
00032626003

Figure 2. SEDs of the two sources from the sample in Sbarrato et al. (2013a), observed by Swift/XRT: SDSS J142048.01+120545.9 (left-hand panel) and
SDSS J222032.50+002537.5 (right-hand panel). In both figures, lines and data are as in Fig. 1, left-hand panel.

Table 2. List of parameters used to construct the theoretical SED. Col. [1]: name; Col. [2]: redshift; Col. [3]: dissipation radius in units of 1015 cm
and (in parenthesis) in units of Schwarzschild radii; Col. [4]: black hole mass in solar masses; Col. [5]: size of the BLR in units of 1015 cm; Col. [6]:
power injected in the blob calculated in the comoving frame, in units of 1045 erg s−1; Col. [7]: accretion disc luminosity in units of 1045 erg s−1 and
(in parenthesis) in units of LEdd; Col. [8]: magnetic field in gauss; Col. [9]: bulk Lorentz factor at Rdiss; Col. [10]: viewing angle in degrees; Col.
[11] and [12]: break and maximum random Lorentz factors of the injected electrons; Col. [13] and [14]: slopes of the injected electron distribution
[Q(γ )] below and above γ b; The total X-ray corona luminosity is assumed to be in the range 10–30 per cent of Ld. Its spectral shape is assumed to
be always ∝ν−1exp (−hν/150keV).

Name z Rdiss M RBLR P ′
i Ld B ! θv γ b γ max s1 s2

[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [13]

SDSS J142048.01+120545.9 4.034 360 (600) 2e9 725 6e−3 53 (0.18) 2.6 13 3 100 3e3 1 2.5
360 (600) 2e9 725 0.2 53 (0.18) 3.4 10 8 10 3e3 −1 2.5

PMN J2134−0419 4.346 432 (800) 1.8e9 972 7e−3 95 (0.35) 2.9 13 3 70 4e3 0 2.6
540 (1e3) 1.8e9 972 0.08 95 (0.35) 3.0 10 6 70 4e3 −1 2.6

SDSS J222032.50+002537.5 4.216 360 (600) 2e9 671 3e−3 45 (0.15) 2.4 13 3 100 3e3 1 2.2
540 (900) 2e9 671 0.2 45 (0.15) 2.1 10 8 40 3e3 −1 2.2

summarized in Table 2. The best representation of the data is shown
by the blue lines in Figs 1 and 2. In all the three cases, this ‘best fit’
describes a source seen under a viewing angle smaller than the jet
beaming angle, i.e. θv < 1/!. This allows us to classify the three
candidates as blazars, according to our criterion. The corresponding

sets of parameters are consistent with what found for other pow-
erful blazars. The other sets of parameters describe models with
the largest possible jet viewing angle consistent with our data. To
reproduce the same X-ray and radio fluxes, we have to associate
smaller Lorentz factors compared to the ‘best fit’, along with the

MNRAS 446, 2483–2489 (2015)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/446/3/2483/2892664 by guest on 03 O
ctober 2018

Sbarrato et al. 2015, MNRAS 446,2483

• SWIFT measurements
• 0.3-10 keV: 1.7x10-13 erg/cm2/s
• v band: 20.43±0.1 mag

• Archival data (e.g. WISE, FIRST)

• MBH=2x109 M⊙

• RBLR=725 x 1015 cm
• Lorentz factor: 13-10
• Viewing angle: 3°-8°
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Table 1. Summary of XRT and UVOT observations. The column ‘Exp’ indicates the effective exposure in ks, while NH is the
Galactic absorption column in units of [1020 cm−2] from Kalberla et al. (2005). Fnorm is the normalization flux at 1 keV in units of
[10−4 ph cm−2 s−1 keV−1], !X is the photon index of the power-law model [F(E) ∝ E−!], F obs

0.3−10 keV is the observed flux in units of
[10−13 erg cm−2 s−1]. The next column indicates the value of the likelihood (Cash 1979) along with the degrees of freedom. The last
column reports the observed v magnitude (not corrected for absorption).

Name ObsID Exp NH Fnorm !X F obs
0.3−10keV Cash/d.o.f. v

(ks) (1020) (10−4) (10−13) (mag)
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−1.5 1.6 ± 0.3 1.7 64.13/65 20.43 ± 0.10

00032625002

PMN J2134−0419 00032624001 25.1 3.34 2.7+2.5
−1.3 1.6 ± 0.3 1.4 52.36/55 21.11 ± 0.21

00032624002
00032624003

SDSS J222032.50+002537.5 00032626001 30.7 4.41 1.1+1.1
−0.6 1.4 ± 0.3 1.0 53.30/51 21.16 ± 0.18

00032626002
00032626003

Figure 2. SEDs of the two sources from the sample in Sbarrato et al. (2013a), observed by Swift/XRT: SDSS J142048.01+120545.9 (left-hand panel) and
SDSS J222032.50+002537.5 (right-hand panel). In both figures, lines and data are as in Fig. 1, left-hand panel.

Table 2. List of parameters used to construct the theoretical SED. Col. [1]: name; Col. [2]: redshift; Col. [3]: dissipation radius in units of 1015 cm
and (in parenthesis) in units of Schwarzschild radii; Col. [4]: black hole mass in solar masses; Col. [5]: size of the BLR in units of 1015 cm; Col. [6]:
power injected in the blob calculated in the comoving frame, in units of 1045 erg s−1; Col. [7]: accretion disc luminosity in units of 1045 erg s−1 and
(in parenthesis) in units of LEdd; Col. [8]: magnetic field in gauss; Col. [9]: bulk Lorentz factor at Rdiss; Col. [10]: viewing angle in degrees; Col.
[11] and [12]: break and maximum random Lorentz factors of the injected electrons; Col. [13] and [14]: slopes of the injected electron distribution
[Q(γ )] below and above γ b; The total X-ray corona luminosity is assumed to be in the range 10–30 per cent of Ld. Its spectral shape is assumed to
be always ∝ν−1exp (−hν/150keV).
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[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [13]

SDSS J142048.01+120545.9 4.034 360 (600) 2e9 725 6e−3 53 (0.18) 2.6 13 3 100 3e3 1 2.5
360 (600) 2e9 725 0.2 53 (0.18) 3.4 10 8 10 3e3 −1 2.5

PMN J2134−0419 4.346 432 (800) 1.8e9 972 7e−3 95 (0.35) 2.9 13 3 70 4e3 0 2.6
540 (1e3) 1.8e9 972 0.08 95 (0.35) 3.0 10 6 70 4e3 −1 2.6

SDSS J222032.50+002537.5 4.216 360 (600) 2e9 671 3e−3 45 (0.15) 2.4 13 3 100 3e3 1 2.2
540 (900) 2e9 671 0.2 45 (0.15) 2.1 10 8 40 3e3 −1 2.2

summarized in Table 2. The best representation of the data is shown
by the blue lines in Figs 1 and 2. In all the three cases, this ‘best fit’
describes a source seen under a viewing angle smaller than the jet
beaming angle, i.e. θv < 1/!. This allows us to classify the three
candidates as blazars, according to our criterion. The corresponding

sets of parameters are consistent with what found for other pow-
erful blazars. The other sets of parameters describe models with
the largest possible jet viewing angle consistent with our data. To
reproduce the same X-ray and radio fluxes, we have to associate
smaller Lorentz factors compared to the ‘best fit’, along with the
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• 0.3-10 keV: 1.7x10-13 erg/cm2/s
• v band: 20.43±0.1 mag

• Archival data (e.g. WISE, FIRST)
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• RBLR=725 x 1015 cm
• Lorentz factor: 13-10
• Viewing angle: 3°-8°
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J1548+3335 (z=4.68)

Figure 1: Left panel: EVN 1.7-GHz image of J1420+1205 from [4]. The first contours are drawn at
±0.3mJy beam�1 (±5� image noise level). The positive contours increase by a factor of 2. The synthe-
sized beamsize is 3.8mas⇥ 3.2mas at a position angle 62�. The peak brightness is 10.41mJy beam�1.
Right panel: Radio images of J2220+0025 (z=4.205) from [4]. Background map is made with the VLA
in A configuration at 1.4 GHz by [11]. The circular Gaussian restoring beam size is 1.008 (FWHM),
shown in the lower left corner of the image. The first contours are drawn at ±0.3mJy beam�1, the
peak brightness is 40.05mJy beam�1. The positive contours increase by a factor of 2. The + symbols
indicate the positions of the two components seen in the 1.7-GHz EVN dirty map of J2220+0025. In
the inset, the 5-GHz EVN map is shown, where only component C was detected. Here, the data from
baseline longer than 50M� were excluded. The first contours are drawn at ±5� (0.19mJy beam�1)
image noise level. The positive contours increase by a factor of 2. The beam size is 8.3mas⇥ 4.4mas
at a position angle 141�. The peak brightness is 1.92mJy beam�1.

Figure 2: EVN 1.7-GHz
image of J1548+3335 from
[6]. Image peak brightness is
8.7mJybeam�1, 1� rms noise
is 0.1mJy beam�1. Restor-
ing beam is 3.4mas ⇥ 9.4mas.
The cross indicates the SDSS
optical position, its size repre-
sents the optical positional ac-
curacy.
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E-MERLIN OBSERVATIONS
• L band: 8 spectral windows, 

1.25 - 1.77 GHz 

• C band: 4 spectral windows, 
4.82- 5.33 GHz 

• Antennas: Mk2, Pi, De, Da, 
Kn, Cm

• 2017.05.13,15

• 2017.06.26, 27, 30
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J1548+3335
 (z=4.68)

Figure 1: Left panel: EVN 1.7-GHz image of J1420+1205 from [4]. The first contours are drawn at
±0.3mJy beam�1 (±5� image noise level). The positive contours increase by a factor of 2. The synthe-
sized beamsize is 3.8mas⇥ 3.2mas at a position angle 62�. The peak brightness is 10.41mJy beam�1.
Right panel: Radio images of J2220+0025 (z=4.205) from [4]. Background map is made with the VLA
in A configuration at 1.4 GHz by [11]. The circular Gaussian restoring beam size is 1.008 (FWHM),
shown in the lower left corner of the image. The first contours are drawn at ±0.3mJy beam�1, the
peak brightness is 40.05mJy beam�1. The positive contours increase by a factor of 2. The + symbols
indicate the positions of the two components seen in the 1.7-GHz EVN dirty map of J2220+0025. In
the inset, the 5-GHz EVN map is shown, where only component C was detected. Here, the data from
baseline longer than 50M� were excluded. The first contours are drawn at ±5� (0.19mJy beam�1)
image noise level. The positive contours increase by a factor of 2. The beam size is 8.3mas⇥ 4.4mas
at a position angle 141�. The peak brightness is 1.92mJy beam�1.

Figure 2: EVN 1.7-GHz
image of J1548+3335 from
[6]. Image peak brightness is
8.7mJybeam�1, 1� rms noise
is 0.1mJy beam�1. Restor-
ing beam is 3.4mas ⇥ 9.4mas.
The cross indicates the SDSS
optical position, its size repre-
sents the optical positional ac-
curacy.
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Figure 1: Left panel: EVN 1.7-GHz image of J1420+1205 from [4]. The first contours are drawn at
±0.3mJy beam�1 (±5� image noise level). The positive contours increase by a factor of 2. The synthe-
sized beamsize is 3.8mas⇥ 3.2mas at a position angle 62�. The peak brightness is 10.41mJy beam�1.
Right panel: Radio images of J2220+0025 (z=4.205) from [4]. Background map is made with the VLA
in A configuration at 1.4 GHz by [11]. The circular Gaussian restoring beam size is 1.008 (FWHM),
shown in the lower left corner of the image. The first contours are drawn at ±0.3mJy beam�1, the
peak brightness is 40.05mJy beam�1. The positive contours increase by a factor of 2. The + symbols
indicate the positions of the two components seen in the 1.7-GHz EVN dirty map of J2220+0025. In
the inset, the 5-GHz EVN map is shown, where only component C was detected. Here, the data from
baseline longer than 50M� were excluded. The first contours are drawn at ±5� (0.19mJy beam�1)
image noise level. The positive contours increase by a factor of 2. The beam size is 8.3mas⇥ 4.4mas
at a position angle 141�. The peak brightness is 1.92mJy beam�1.
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Core−Jet

CSO

FR I

MSO1 MSO2 LSO

FR II

Figure 1. Radio power vs. the linear extent of large-scale radio sources: compact, medium-sized, and large symmetric objects. Exemplary evolutionary tracks based on
parametric modeling are depicted for the high-radio-power and low-radio-power sources using red and blue dashed lines. The black dashed lines mark the (approximate)
boundary between stable laminar jet flows (above the lines) and unstable turbulent flows (below the lines). Symbols represent different morphological and spectral
classes of radio sources (number of data points in bracket): black square: CSO (46), black circle: low-power GPS (12), red diamond: high-power GPS (27), purple
cross: HFP (12), green circle: low-power CSS (114), blue open triangle: high-power CSS (44), blue filled triangle: FR II (140), and green filled star: FR I (79). Catalog
references for Figure 1: Akujor & Garrington 1995 (High-Power CSS); Black et al. 1992 (FR II); Bogers et al. 1994 (FR II); Bridle et al. 1994 (FR II); Dallacasa
et al. 2002a (High-Power CSS); Dallacasa et al. 2002b (High-Power CSS); de Vries et al. 2009 (Low-Power GPS); Fanti et al. 1987 (FR I and FR II); Fanti et al. 2001
(High-Power CSS); Kunert-Bajraszewska et al. 2010 (Low-Power CSS; K10); Kunert-Bajraszewska et al. 2006 (Low-Power CSS; K06); Laing et al. 1983 (FR I and
FR II); Leahy et al. 1989 (FR II); Leahy & Perley 1991 (FR I and FR II); Liu et al. 2007 (High-Power GPS; L07); Orienti & Dallacasa 2012 (HFP; OD12); Orienti
et al. 2007 (HFP; O07); Orienti et al. 2010 (HFP; OD10); Orienti et al. 2006 (HFP; O06); Stanghellini et al. 1998 (High-Power GPS; S98) and Xiang et al. 2006
(High-Power GPS; L06).
(A color version of this figure is available in the online journal.)

and β ! 1.5) of the external (inter-)galactic environment.
The radio luminosity decreases steadily with source size
as Prad ∝ D(8−7β)/12 = D−0.2, while the radio spectrum
would be relatively flat with α = 0.5.
Phase 4—LSO. The fourth evolutionary stage is popu-
lated with fully developed FR II and FR I sources. The
density profile of the IGM follows a power law with
β ! 1.5. The radio luminosity decreases sharply as
Prad ∝ D(−4−β)/(5−β) = D−1.6 and the radio spectra are
steep with α = 1.0. This phase may start around 100 kpc,
where the inverse Compton losses resulting from the CMB
energy density dominate over the synchrotron losses.

The above-described evolutionary stages have been depicted
in the luminosity–size (Prad − D) diagram of Figure 1 for
two representative power levels that represent a complete
CSO–MSO–LSO luminosity evolution. Along these evolution-
ary tracks, it is assumed that the jet power Psrc remains constant
during the whole evolutionary lifetime until the LSO–FR-II
stage is reached. The shape of this radio power Prad track is
fully determined by the (β–D) relation.

2.3. Jet Stability and Flaring Sources

The Prad–D evolution of FR-I-like flaring sources can par-
tially coincide with that of the well-defined FR-II-like double
sources. During the flaring stage, the self-similar modeling for
the morphology and the radiative properties would apply. Al-
though both may coexist in the same region of the (Prad–D)
diagram, the (downward) evolutionary tracks of flaring sources
are determined by the lower radio power and the cooling of the
expanding radio structures.

The stability of the jet flow and the interaction with the ambi-
ent material determine the efficiency of the energy and momen-
tum transport to the lobes as well as the relative radio promi-
nence of the jets and the lobes. After the oblique (reconvening)
shock at the base of the jet converts the expanding flow profile
to a nearly parallel (cylindrical) flow, a relativistic flow may per-
sist over a long distance until eventually a decelerating shock
forms at the entry of the lobe. High-power jets with laminar flow
are most efficient for transporting the energy and momentum,
which makes the jet mostly invisible in the radio maps of most
prominent FR-II-like doubles.

A fluid boundary layer exists between the supersonic and rel-
ativistic core of the jet flow and the stationary ambient medium
that forms the velocity gradient from maximum to minimum ve-
locity. This boundary layer dissipates kinetic energy because of
viscous entrainment and fluid instabilities. With distance trav-
eled the boundary layer grows in thickness and at a certain char-
acteristic scale length after the confining shock this initially lam-
inar boundary layer becomes turbulent, which further increases
the entrainment and the momentum loss and weakens the jet.
Eventually the boundary layer occupies the whole width of the
jet. Under normal conditions, the supersonic jet with boundary
layer forms a stagnation standing shock in the lobe (Kaiser &
Alexander 1997; Wang et al. 2011), which defines the location
of the hotspot. However, a jet with a boundary layer reaching its
centerline has lost much of its energy and momentum and fails
to form a standing shock at a stagnation point. This jet ceases
to supply sufficient energy and momentum to the lobe, which
becomes diffuse and undefined as in FR I sources (Wang et al.
2009).
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SUMMARY AND FUTURE 
WORK

• VLBI can confirm or falsify the blazar nature of 
candidates

• e-MERLIN to map hot spots, lobes and jets

• Can the X-ray emission originate from the hot spots?
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