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Less than 200 radio-loud active galactic nuclei (AGN) are known above redshift
4. Around 40 of them have been observed at milliarcsecond (mas) scale resolution
with very long baseline interferometry (VLBI) technique. Some of them are unre-
solved, compact, relativistically beamed objects, blazars with jets pointing at small
angles to the observer’s line of sight. But there are also objects with no sign of rel-
ativistic beaming possibly having larger jet inclination angles. In a couple of cases,
X-ray observations indicate the presence of relativistic beaming in contrary to the
VLBI measurements made with the European VLBI Network (EVN). J1420+1205
is a prominent example, where our 30 − 100mas-scale enhanced Multi Element
Remotely Linked Interferometer Network (e-MERLIN) radio observations revealed
a rich structure reminiscent of a small radio galaxy. It shows a bright hotspot which
might be related to the denser interstellar medium around a young galaxy at an early
cosmological epoch.
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1 INTRODUCTION

High-redshift (z ≳ 4) AGN play an important role in the study
of the early Universe and the evolution of AGN. Themere exis-
tence of powerful quasars at or above redshift 6 − 7 already
places constraints on the growth of supermassive black holes,
accretion processes and the possible seed black holes (e.g.,
Sbarrato, 2021, and references therein). Roughly 10% of AGN
are radio-loud (Ivezić et al., 2002), these can be studied at pc-
scale resolution even at high redshifts thanks to the VLBI radio
observation technique.

The radio-loud AGNwhose jet points at a small angle to the
line sight (the viewing angle is typically � ≲ 10◦) are called
blazars. In other words, blazars are radio-emitting AGN where
relativistic effects significantly alter the observable features of
the jets. For this to happen, the jet viewing angle has to be
inside the beaming angle, thus �rad ≲ 1∕Γ, where Γ is the bulk
Lorentz factor of the jet. The blazar nature of a radio-emitting
AGN can be verified through fitting the spectral energy dis-
tributions (SEDs), or via VLBI imaging observations. In the
latter case, the detection of a compact radio emitting feature
with brightness temperature exceeding the equipartition limit
(∼ 5 × 1010K, Readhead, 1994) indicates relativistic effects.
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Additionally, rapid variability, and high optical polarization
could also be signs of the blazar nature.
Several z > 4 objects have been identified, which were clas-

sified as blazar candidates via their SED-fitting (for details see
e.g., Sbarrato et al., 2015). However, VLBI observations failed
to reveal a compact high-brightness temperature feature in
two of them (J1420+1205, J2220+0025). They rather showed
widely-separated double structures (Cao et al., 2017). Similar
features were detected by Coppejans et al. (2016) in another
z > 4 source, J1548+3335, which was recently measured by
Chandra to have the highest X-ray luminosity in a sample of
15 radio-AGN at redshifts 4.5 < z < 5.0 (Snios et al., 2020).
We conducted radio interferometric observations of these three
sources with e-MERLIN tomap their intermediate-scale radio-
emitting structures. Preliminary results of the observations
were published in Gabányi et al. (2018).
Here, we focus on J1420+1205 located at a redshift of z =

4.026 (Pâris et al., 2018)1. In the following, we use a ΛCDM
cosmological model with H0 = 70 km s

−1Mpc−1, Ωm = 0.27
andΩΛ = 0.73.We define the radio spectral index � asS ∼ �� ,
where S is the flux density and � is the observing frequency.

2 OBSERVATIONS, DATA ANALYSIS AND
RESULTS

J1420+1205 was observed with e-MERLIN on 2017.07.15
and 2017.06.30 at 1.5GHz, and on 2017.05.13 and 2017.06.27
at 5GHz. For further details of the observations and data
analysis, we refer to Gabányi et al. (2018).
At 1.5GHz, we detected three main radio-emitting regions,

designated as N, C, and S in Figure 1 left. The total extent
of the radio source is ∼ 2.5′′, corresponding to a projected
linear size of ∼ 17.9 kpc in the redshift of the source. The
brightest pixel is located in region N, while according to the
Gaia EDR3 (Gaia Collaboration et al., 2021, 2016) optical
coordinates (shown by white crosses at Figure 1 ), the opti-
cal emission originates from region C. At 5GHz, only the two
regions N and C could be detected (see Figure 1 right).
We used the DIFMAP software (Shepherd, 1997) to describe

the brightness distribution by fitting the calibrated visibility
data with circular Gaussian model components in each spec-
tral window independently. The 8 spectral windows of the
1.5-GHz data can be consistently fitted with 6 model compo-
nents, using two components in each region. At 5GHz, three
Gaussian components were needed to describe the data of
the two lower of the 4 spectral windows (central frequencies
4.88GHz and 5.01GHz), two for region N and one for region
C. These components are positionally coincident with N1, N2,

1We note that a slightly different value, z = 4.034, was reported previously in
Schneider et al. (2010) and used by us in Gabányi et al. (2018).

TABLE 1 The radio spectral index of the components of
J1420+1205.

ID �1.731.29 �5.264.88 �5.261.29

C1 −0.44 ± 0.04 −0.69 ± 0.35 −0.48 ± 0.01
C2 +0.10 ± 0.21 – –
N1 −0.97 ± 0.05 −0.55 ± 0.42 −1.01 ± 0.01
N2 −1.94 ± 0.14 –† −2.00 ± 0.06-‡
S1 −2.90 ± 0.25 – –
S2 −1.46 ± 0.50 – –

†N2 could only be fitted in two spectral windows of the 4.9-
GHz band, thus the spectral index is not well constrained.
‡N2 could not be fitted at the two upper spectral windows, this
spectral index is calculated between 1.29GHz and 5GHz.
and C1 identified at 1.5GHz. To adequately fit the data of
the two upper spectral windows (central frequencies 5.14GHz
and 5.26GHz), 2 components, N1 and C1 were sufficient. The
component designations are depicted in Figure 1 . The errors
of the component parameters were calculated according to
Fomalont (1999).
We calculated the in-band spectral indices for the com-

ponents which were detected at least in three spectral win-
dows within one band. Additionally, we calculated the spectral
indices for the positionally coincident components through the
combined frequency range (Table 1 ).

3 DISCUSSION AND SUMMARY

J1420+1205 has been detected in the Faint Images of the Radio
Sky at Twenty-Centimeters survey (FIRST, Helfand, White, &
Becker, 2015) with a flux density of (87.3 ± 6.6)mJy as an
unresolved object. In our e-MERLIN observation, the sum of
the flux densities of the fitted model components in the spec-
tral window closest to the FIRST frequency (at 1.414GHz), is
(80.8 ± 0.4)mJy, agreeing within the errors with the FIRST
value. At ∼ 4mas resolution, 1.7-GHz EVN observations in
2015 Oct detected two features corresponding to C1 and N1
with a total flux density of 47.9mJy (Cao et al., 2017). The
total flux density detected by the e-MERLIN at the closest fre-
quency, 1.67GHz is (69.6±0.4)mJy. The difference is mainly
due to the additional features (C2, N2, S1, and S2) revealed by
the lower resolution observation, while the flux densities of C1
and N1 agree roughly within the errors.
At 5GHz, only component C1 with a brightness tempera-

ture of Tb ∼ 1.6 × 109K is detected with the EVN, hinting the
steeper spectral index and/or possibly more extended nature of
component N1. Our e-MERLIN spectral indices confirm the
former, across the two bands N1 has a steep spectrum, with
�N1 = −1.01 ± 0.01, while C1 has a flatter spectrum with
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N1: RA = 14 20 47.990, Dec = 
+12 05 47.280 (2000.0)
N2: RA = 14 20 47.990, Dec = 
+12 05 46.960 (2000.0)

C1: RA = 14 20 48.009, Dec = 
+12 05 45.980 (2000.0)
C2: RA = 14 20 48.005, Dec = 
+12 05 46.260 (2000.0)

N1

C2

S1

C1

N2

S2

N1

C1

N2

N2: RA = 14 20 47.991, Dec = 
+12 05 46.950 (2000.0)

N1: RA = 14 20 
47.991, Dec = +12 05 
47.280 (2000.0)

C: RA = 14 20 
48.009, Dec = +12 
05 45.980 (2000.0)

FIGURE 1 Left: 1.5-GHz e-MERLIN image of J1420+1205. Peak brightness is 33.3mJy beam−1, the lowest positive contour
level is drawn at 0.3mJy beam−1 corresponding to 5 times the image noise level, further contour levels increase by a factor of 2.
The restoring beam is 0.41′′×0.14′′ at a major axis position angle of PA = 28◦. Right: 5-GHz e-MERLIN image of J1420+1205
Peak brightness is14.8mJy beam−1, the lowest positive contour level is drawn at 0.15mJy beam−1 corresponding to 6 times the
image noise level, further contour levels increase by a factor of 2. The restoring beam is 0.09′′×0.03′′ at PA = 22◦. White crosses
mark the Gaia EDR3 position (Gaia Collaboration et al., 2021). The restoring beams are shown in the lower left of each image.
�C1 = −0.48 ± 0.01 (Table 1 ). The flux density of C1 in the
5-GHz EVN observation is significantly lower, ∼ 8mJy com-
pared to the one measured by e-MERLIN, (14.4 ± 0.2)mJy.
In principle, this can be due to resolution effect and/or source
variability. The lack of variability seen at 1.7GHz makes the
latter rather unlikely. It is more probable that, similarly to
N1, the VLBI observation resolved out significant flux density
which, however, could be recovered by e-MERLIN.
The Gaia optical point source coincides with C1 (and its

coordinates agree with the more precise EVN localization of
the compact feature), thus it is most probably the position of
the AGN core, and the radio emission is related to the jet
base. Regions N and S probably correspond to the lobe emis-
sions. The reason for the much brighter northern arm may
arise due to asymmetric structure in the interstellar medium of
the host galaxy or due to light-travel time effect (Longair &
Riley, 1979; Taylor & Vermeulen, 1997). In the latter case, the
advancing, thus brighter lobe is seen farther away from the cen-
tral region in the sky, thus the arm-length ratio of the brighter
to fainter lobe exceeds unity. According to this picture, region
N is on the advancing side of J1420+1205.
We calculated the 1.4-GHz radio power of J1420+1205

from the flux density measured at 1.414GHzwith e-MERLIN,
assuming a spectral index of −0.76 ± 0.04 based on the

radio flux density data collected from the literature, cover-
ing a wide frequency range (Figure 2 ). The obtained value,
9.2 × 1027WHz−1 together with the linear extent, ∼ 17.9 kpc
measured in the e-MERLIN image indicate that the source
is a high-power compact steep-spectrum source and can be
regarded as a young (and smaller) version of a Fanaroff–Riley
type 2 radio galaxy according to An and Baan (2012).
Based upon X-ray and UV measurements obtained with the

Swift satellite, Sbarrato et al. (2015) concluded that the SED
of J1420+1205 can be best described as of a beamed blazar
source. Wu et al. (2013) analysed the multi-wavelength prop-
erties of 17 z > 4 radio-loud AGN, including J1420+1205,
for which Chandra snapshot observations were obtained. They
found an X-ray emission enhancement compared to similar
radio-loud quasars at lower redshifts. They showed that this
cannot be explained by the inverse Compton upscattering of
the Cosmic Microwave Background photons (as that would
produce even more X-ray enhancement).
Our radio interferometric observations showed that

J1420+1205 is not a blazar but more likely a young radio
galaxy. This is in tension with previous X-ray measurements
of the source where the X-ray emission was explained as being
related to the relativistically beamed jet. The X-ray emission
may originate either from a region where the jet viewing angle
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FIGURE 2 Broad-band radio spectrum of J1420+1205, with
a fitted power law (solid line) to the archival flux density mea-
surements (black dots). These are the followings: VLA Low
Frequency Sky Survey (Cohen et al., 2007), TIFR GMRT Sky
Survey-ADR (Intema et al., 2017), the Texas Survey (Dou-
glas et al., 1996), the NRAO VLA Sky Survey (Condon et al.,
1998), FIRST (Helfand et al., 2015), preliminary data from the
VLA Sky Survey (Lacy et al., 2020), and the 87GB catalog
(Becker et al., 1991; Gregory & Condon, 1991). For compari-
son, the e-MERLIN (brown triangles) and EVN (blue crosses,
Cao et al., 2017) total flux densities are also shown.
is much lower than that was deduced from our radio observa-
tions, or (partly) created through the interaction between the
jet and the surrounding medium in the lobes. However, in the
latter case no bright radio emission is expected (Ghisellini,
Celotti, Tavecchio, Haardt, & Sbarrato, 2014). In the future,
higher resolution X-ray observation better constraining the
location of the emission may discriminate between these
scenarios.
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