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Abstract: In this work we performed a spectral energy distribution (SED) analysis in the opti-
cal/infrared band of the host galaxy of a proto-brightest bluster galaxy (BCG, NVSS J103023 + 052426)
in a proto-cluster at z = 1.7. We found that it features a vigorous star formation rate (SFR)
of ⇠570 M�/yr and a stellar mass of M⇤ ⇠ 3.7 ⇥ 1011 M�; the high corresponding specific
SFR = 1.5 ± 0.5 Gyr�1 classifies this object as a starburst galaxy that will deplete its molecular gas
reservoir in ⇠3.5 ⇥ 108 yr. Thus, this system represents a rare example of a proto-BCG caught during
the short phase of its major stellar mass assembly. Moreover, we investigated the nature of the host
galaxy emission at 3.3 mm. We found that it originates from the cold dust in the interstellar medium,
even though a minor non-thermal AGN contribution cannot be completely ruled out. Finally, we
studied the polarized emission of the lobes at 1.4 GHz. We unveiled a patchy structure where the po-
larization fraction increases in the regions in which the total intensity shows a bending morphology;
in addition, the magnetic field orientation follows the direction of the bendings. We interpret these
features as possible indications of an interaction with the intracluster medium. This strengthens
the hypothesis of positive AGN feedback, as inferred in previous studies of this object on the basis
of X-ray/mm/radio analysis. In this scenario, the proto-BCG heats the surrounding medium and
possibly enhances the SFR in nearby galaxies.

Keywords: cluster: general; AGN: feedback; radio-galaxies: polarization

1. Introduction

Galaxy clusters are the gravitationally bound structures in the Universe, key environ-
ments in which to trace the formation of the most massive dark matter halos, galaxies and
super massive black holes (SMBHs). Numerical simulations invoke feedback from active
galactic nuclei (AGN) to reproduce the observed properties of massive galaxies in the local
Universe [1,2] and clear signatures of jet-induced AGN feedback are indeed observed
in local galaxy clusters ([3], and references therein). AGN feedback may be even more
important at earlier stages of galaxy evolution, particularly during the so-called “cosmic
noon” (z⇠2), when both AGN and star formation activities peak [4–6]. Among distant
AGN, high-z radio galaxies (HzRGs) are found to be excellent protocluster signposts up
to z⇠4 [7–9]. In these systems the AGN radio jets inject enormous amounts of energy

Galaxies 2021, 9, 115. https://doi.org/10.3390/galaxies9040115 https://www.mdpi.com/journal/galaxies

https://www.mdpi.com/journal/galaxies
https://www.mdpi.com
https://orcid.org/0000-0002-9948-0897
https://orcid.org/0000-0001-9680-7092
https://orcid.org/0000-0003-4120-9970
https://orcid.org/0000-0002-8853-9611
https://orcid.org/0000-0002-8627-6627
https://orcid.org/0000-0001-5544-0749
https://doi.org/10.3390/galaxies9040115
https://doi.org/10.3390/galaxies9040115
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/galaxies9040115
https://www.mdpi.com/journal/galaxies
https://www.mdpi.com/article/10.3390/galaxies9040115?type=check_update&version=2


Galaxies 2021, 9, 115 2 of 13

in the intracluster medium (ICM) and, according to simulations [10], can even enhance
star-formation in the galaxies nearby. Nevertheless the mechanisms behind the interaction
between the several components inproto-clusters, such as galaxies and the hot ICM, are
still poorly investigated, especially prior to virialization [11].

The J1030 Protocluster: Summary of Previous Results
A remarkable structure with which to investigate the role of AGN feedback in regu-

lating ICM heating and star formation is the z = 1.7 proto-cluster located in the so-called
“J1030 field”, centered around the z = 6.3 Sloan Digital Sky Survey (SDSS) Quasar (QSO)
J1030 + 0524 [12]. This structure comprises at least 10 star-forming galaxies (SFGs) dis-
tributed around a powerful Fanaroff–Riley type II (FRII; [13]) HzRG at RA = 10h30m25s.2,
Dec = +5�2402800.7, part of the NRAO VLA Sky Survey (NVSS, ID: J103023 + 052426; [14])
and hosting a heavily obscured AGN (X-ray derived column density NH,X⇠1024 cm�2; [15]).
Seven SFGs have been spectroscopically confirmed through Very Large Telescope Multi
Unit Spectroscopic Explorer (VLT/MUSE) and Large Binocular Telescope Utility Camera
in the Infrared (LBT/LUCI) observations [15]. The position of five VLT/MUSE sources is in-
dicated by green circles in Figure 1; a sixth source is located ⇠40 arcsec north from the FRII
core, while a source detected by LBT/LUCI is located ⇠1.5 arcmin south-east, both outside
the image. Based on Atacama Large Millimeter Array (ALMA) observations of the CO(2–1)
transition line, ref. [16] reported the discovery of three new gas-rich members (magenta
circles in Figure 1), in addition to a large molecular gas reservoir (MH2 ⇠ 2 ⇥ 1011 M�)
distributed in a ⇠20–30 kpc structure around the FRII host galaxy and rotating perpen-
dicularly to the radio jets (at least in projection). Furthermore, ref. [16] demonstrated that
the overdensity will collapse in a cluster of at least 1014 M� at z = 0, and that the FRII galaxy
will likely evolve into the future brightest cluster galaxy (BCG). Ref. [15] also reported
the discovery of an X-ray diffuse emission detected by Chandra in both the soft and hard
bands, composed of four major components (Figure 1A–D; the soft and hard ⇠2s emissions
are indicated by the red and blue contours, respectively). The component B is co-spatial
with the FRII core and jet-base, and is well-fitted by a flat-spectrum non-thermal model
(photon index G⇠0.1), while the C and D components are ascribed to thermal emission
(Tgas⇠1 keV). As for the A component, the emission likely arises from a combination of
thermal (gas heating) and non-thermal (inverse Compton with the cosmic microwave
background) processes (see [15] for further details). Remarkably, four SFGs (m1 � m4
in Figure 1) lie in an arc-like shape around the edge of the A component. Moreover, these
galaxies show a specific star formation rate (sSFR) higher than that of the other protocluster
members. Ref. [15] proposed that the X-ray diffuse emission originates from an expanding
bubble of gas, shock-heated by the energy inflated by the FRII jet into the ICM. This could
be the first evidence of AGN feedback enhancing the SFR in nearby galaxies at distances of
hundreds of kpc. Since 2018, the structure has been targeted by deep Jansky Very Large
Array (JVLA) observations at 1.4 GHz (D’Amato et al., subm., ref. [17]) that have revealed
extended radio emission around the lobes of the FRII galaxy (green contours in Figure 1).
The Western lobe (W-lobe) features a clear hot spot in the total intensity map, in addition to
an extended emission the North-East direction, that overlaps with the X-ray component C.
The Eastern lobe (E-lobe) lacks of a classical hot spot (i.e., brightness contrast with the rest
of the radio source � 4, following the definition of [18]) and shows a complex structure,
with the peak emission concentrated at a warm spot and an elongated structure along
the Northern boundary. Finally, the protocluster has been recently observed at 150 MHz
with the Low Frequency Array (LOFAR), showing the presence of a more extended emis-
sion around the FRII lobes owing to low-energy electrons (Brienza et al., subm., ref. [19]).
Coupled with the JVLA observations, the LOFAR data allowed us to build-up a spectral
index map that unveils a spectral index flattening towards the external regions of the lobes,
beyond the eastern and western spots (Brienza et al., subm., ref. [19]). In this work we
present a multiband analysis of the FRII host galaxy to characterize its stellar mass, SFR and
AGN bolometric luminosity. Furthermore, we analyze the polarized emission at 1.4 GHz
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as observed with the JVLA to look for possible signatures of interactions between the radio
galaxy and the ICM. In Section 2 we describe the data used in this work, the data reduction
and the imaging process. In Section 3 we analyze the data and discuss the implications
of our findings for the FRII host galaxy and the FRII positive feedback scenario. Finally,
in Section 4 we summarize our results and we draw our conclusions.

Throughout the work we adopt a concordance LCDM cosmology with
H0 = 70 km s�1 Mpc�1, WM = 0.3, and WL = 0.7, in agreement with the Planck 2015
results [20]. The angular scale and luminosity distance at z = 1.7 are 8.46 kpc/arcsec and
12.7 Gpc, respectively.

Figure 1. Image: ALMA continuum emission at 92.04 GHz, blanked at the 3s level. The black contours indicate the total
intensity emission of the FRII HzRG at 1.4 GHz, starting at the ⇠3s level emission and increasing with a

p
3 geometric

progression. Blue (dashed) and red (solid) contours are the 2–3s soft and 2s hard X-ray diffuse emission, respectively.
The four major components of such emission are labeled in black (A–D). The positions of the sources discovered by
MUSE (m1 � m5) are indicated by the green circles (a sixth source is located outside the image, ⇠45 arcsec north-east from
the FRII core). The positions of the protocluster members discovered by ALMA (a1 � a3) are marked by the magenta
boxes. The Eastern and Western lobes are labeled as E-lobe and W-lobe, respectively. The main morphological features of
the lobes are also reported, indicated by the black arrows. The light blue circle indicates the z = 6.3 QSO (i.e., the center of
the J1030 field). The solid black line at bottom-left corner shows the angular and physical scale, while the dashed ellipse at
the bottom-right corner is the restoring beam of the ALMA image.

2. Observations and Data Reduction

2.1. Broadband Optical/IR Photometry
The J1030 field features exceptional multiband coverage. About 0.15 deg2 around

the z = 6 QSO have been imaged in both optical and near-IR bands. It is part of the Multi-
wavelength Yale–Chile survey (MUSYC; ref. [21,22]) and Canada–France Hawaii Telescope
Wide-field InfraRed Camera (CFHT/WIRCam; ref. [23]) observations, which provide
photometry in the UBVRIzJHK and YJ bands, respectively. It is also covered by the Spitzer
Infrared array Camera (IRAC) and Multiband Imaging Photometer for Spitzer (MIPS)
mosaics [24], and Hershel Photodetecting Array Camera and Spectrometer (PACS) and
Spectral and Photometric Imaging Receiver (SPIRE) observations [25]. The innermost
region is covered by deep Hubble Space Telescope (HST) Advanced Camera for Surveys
(ACS) and Wide Field Camera 3 (WFC3) observations ([16,26]). In this work we exploit
available photometry to perform a spectral energy distribution (SED) analysis of the FRII
host galaxy (Section 3.1). Since the FRII optical/IR emission is located in proximity to
a bright star, the archive photometry in several bands (especially at short wavelengths)
suffers from contamination. Thus, in previous works we re-analyzed the data for HST
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and MUSYC. As for the WIRCam and IRAC channels, we followed the same photometry
measurements as described in [23]. The measured fluxes and their uncertainties are
reported in Table 1.

Table 1. Photometric data-points used to perform the SED fitting. Column 1: observing wavelength.
Column 2: observed flux density. Column 3: observing instrument. Column 4: archive references,
where we specify whether the data have been re-analyzed.

l [µm] Sn [µJy] Instrument Reference

0.9 1.6 ± 0.2 HST/ACS [26], reanalyzed in [16]
1.2 3.6 ± 0.7 CFHT/WIRCam [23] (reanalyzed)
2.1 16 ± 2 CTIO/ISPI [27], reanalyzed in [15]
3.5 36 ± 7 Spitzer/IRAC [24] (reanalyzed, see also [23])
4.5 58 ± 12 Spitzer/IRAC ”
5.7 100 ± 20 Spitzer/IRAC ”
7.8 76 ± 15 Spitzer/IRAC ”

23.5 620 ± 62 Spitzer/MIPS IRSA archive
105.4 7655 ± 3274 Herschel/PACS [25]
169.5 <30,000 Herschel/PACS ”
246.7 33,400 ± 9800 Herschel/SPIRE ”
348.7 43,600 ± 12,600 Herschel/SPIRE ”
495.3 36,100 ± 15,000 Herschel/SPIRE ”

1120.5 2500 ± 500 AzTEC [28]

2.2. ALMA Photometry
We derived 3.3-mm photometry from proprietary ALMA observations, composed

by a mosaic of three pointings performed in Band 3 (84–116 GHz) during Cycle 6 (project
ID: 2018.1.01601.S, PI: R. Gilli). Details about the scheduling blocks and calibrators can
be found in [16]. The 2 ⇥ 4 GHz spectral windows have been set to cover the frequency
ranges 84.1–87.7 GHz and 96.1–99.9 GHz, respectively. Each spectral window consists
of 1920 channels of 976.5 kHz width. The data calibration has been performed using
the calibration pipeline of the Common Astronomy Software Applications (CASA) package
(version 5.4.0-70; [29]).

The observations mainly aimed at detecting the CO(2–1) transition line in the pro-
tocluster members. Refs. [15,30] showed that the protocluster members can be found
in a wide velocity range (⇠1500 km/s) around the mean redshift structure (z = 1.694). Thus,
in order to avoid any possible contamination from line emission in the field, we performed
the continuum imaging in the available bandwidth of the observations, excluding a range
of ±1500 km/s from the mean redshift of the protocluster. The imaging was performed
with the TCLEAN CASA task in multi-frequency synthesis (mfs) mode, resulting in an
observed-frame frequency of the image equal to 92.04 GHz. We used a Briggs weighting
scheme with robustness parameter equal to 0.5, corresponding to a restoring beam with
a major (minor) axis of 1.92 (1.50) arcsec. The average root mean square (rms) within
the primary beam half maximum (PBHM) region is ⇠9 µJy. The continuum emission at
the 3s level is shown in Figure 1.

2.3. JVLA Observations of Polarized Emission
We performed 11 observations of the J1030 field with the JVLA in the L-band (1–2 GHz,

project ID: VLA/18A-440, PI: I. Prandoni). Details about the observation and total intensity
calibration can be found in D’Amato et al. (subm., ref. [17]). The dataset was found to be
strongly affected by radio–frequency interference (RFI), as expected for the JVLA L-band
(https://science.nrao.edu/facilities/vla/docs/manuals/obsguide/rfi, accessed on 2 De-
cember 2021); this required a careful manual calibration, as well as heavy data-flagging
and four of the 11 observing blocks were entirely discarded. Here, we focus on polariza-
tion calibration.

https://science.nrao.edu/facilities/vla/docs/manuals/obsguide/rfi


Galaxies 2021, 9, 115 5 of 13

2.3.1. Instrumental Calibration
The first step is to determine the instrumental delay and leakage between the two

polarizations for each dataset, before calibrating the position angle using a source with
a known polarization position angle. Standard polarization calibration normally requires
the observation of a polarization calibrator. While the leakage terms can be calculated using
a non-polarized source at the observed frequency, a source with known polarized emission
is required to correct for the instrumental cross-hand delay and calibrate the position
angle. Unfortunately, we did not observe a polarized calibrator, since a polarization
analysis was not in the original intent of the observations. However, one of the observed
calibrators (3C147) is unpolarized in the L-band, so it is possible to use it as leakage
calibrator. In addition, if a significant leakage emission is detected in the linear polarization
image of the unpolarized calibrator, then the leakage signal itself can be used to correct for
the delays. We performed a linear polarization imaging of 3C147, measuring a polarized
emission equal to ⇠1% of the total intensity, significantly higher than the expected upper
limit reported for 3C147 (<0.05%; https://science.nrao.edu/facilities/vla/docs/manuals/
obsguide/modes/pol, accessed on 2 December 2021). Thus, we initially calculated the cross-
hand delays using the GAINCAL task of CASA, and, subsequently, we calculated the leakage
terms, applying, on the fly, the cross-hand delays table. Finally we applied the leakage
and delay tables to the target (J1030) and calibrator (3C147) fields. We re-imaged the total
intensity and linear polarization of 3C147 after the corrections, finding that the total
intensity was conserved, while the polarized emission was strongly reduced (fractional
polarization ⇠0.01%, consistent with the tabulated value of <0.05%).

2.3.2. Polarization Calibration
Once the datasets were corrected for the instrumental effects, we needed to calibrate

the polarized emission and polarization angle. Although this requires the observation of
a polarized calibrator, we, fortunately, found a bright polarized source (signal-to-noise ratio
S/N > 1000, flux density Sn⇠200 mJy) in our target field that is part of the NVSS. The mean
polarized fraction (F ⇠ 4.73 ± 0.3%) and mean polarization angle (t = 6.8 ± 0.9 deg) de-
rived from the averaging of the two NVSS intermediate frequencies (IFs, 42 MHz band-
width centered at 1365 MHz – IF1 – and 1435 MHz – IF2) of this source have been reported
by [14], while the rotation measure (RM = 11.7 ± 7.5 deg/m2) has been reported by [31].
Exploiting the value of t and the relation between the RM and the change in the position
angle between the two IFs (Dt, Equation (1) in [31]), we derived the two position angles
in the IF1 (t1 = 8.4 deg) and IF2 (t2 = 5.2 deg) of J102921 + 051938. We note that we
assumed no wrapping of the magnetic field between the IF1 and IF2, as appropriate for
sources with an RM < 400 deg/m2 [31]. As for the polarization fraction in the two IFs, we
assumed the value of F. Considering the IFs are contiguous and rather narrow, we expect
that assuming an average value provides estimates of the polarized emission in the two IFs
accurate enough for our purposes. Once that we had derived the polarization parameters
of J102921 + 051938 in the two IFs, we shifted the phase center of the target field on this
calibrator, obtaining the new calibrator field. Thus, we split our JVLA dataset in two
subsets, identical to the NVSS IFs. For each subset, we set the polarized emission model
for the calibrator field accordingly to the fractional polarization and polarization angles
derived for J102921 + 051938 (using the SETJY task). Finally, we calculated the gains from
the calibrator field and applied them to the target field. In order to check whether the po-
larized fraction and polarization angle had been correctly applied, we performed a quick
imaging of J102921 + 051938 in the target field, and measured the polarized emission (from
the linear polarization image, i.e.,

p
U2 + Q2, where U and Q are the Stokes parameters)

and polarization angle, finding a good agreement (<1s) with the model values.
We performed the target (i.e., the FRII HzRG) imaging of the Stokes I, U and Q,

separately for the two IFs subsets, with a robustness parameter of 0.5; we applied a mild
tapering of <50 kl (corresponding to a ⇠2.5 arcsec restoring beam), in order to retrieve
the extended emission with sufficient resolution to distinguish the different components

https://science.nrao.edu/facilities/vla/docs/manuals/obsguide/modes/pol
https://science.nrao.edu/facilities/vla/docs/manuals/obsguide/modes/pol
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in the FRII galaxy lobes. We tested several bandwidths (5, 10, 50 and 100 MHz) centered
at 1.4 GHz on the uncalibrated dataset, in order to check at which bandwidth the depo-
larization became significant, vanishing the gain in sensitivity obtained from widening
the frequency range. We found that the bandwidth depolarization started to decrease
the S/N of the polarized flux between 50 MHz and 100 MHz; thus, in the two 42 MHz IFs
bandwidth, depolarization can be considered negligible. The debiased linear polarization
image is calculated as

q
U2 + Q2 � 2.3s2

UQ, where sUQ is the average rms of the U and Q
images, following Equation (5) of [32]. This formula is suited for S/N � 4 polarized emis-
sion. In our map, the only regions above S/N = 4 are the hot and warm spots, while the rest
of the emission has S/N � 3. Despite this implying that the absolute value of fractional po-
larization is less reliable in the low-S/N regions, we stress that the debias applies a general
offset to all pixels. Our analysis aims at showing an increasing of the fractional polarization
in the extended regions with respect to the hot and warm spots, so this offset does not
affect our results. The target polarization maps in the IF1 and IF2 have a sensitivity of
36 µJy and 32 µJy, respectively. In each IF, we computed the fractional polarization map as
the ratio between the debiased linear polarization and the total intensity maps. In Figure 2
we report the fractional polarization map of the FRII (blanked at the 3s level of the linear
polarization) in the IF1 (top) and IF2 (bottom). The magnetic field orientation is calculated
as 0.5 arctan(U/Q) + p/2, in steps of three pixels, and is indicated by the cyan dashes.

Figure 2. Fractional polarization images of the FRII HzRG in the two 42-MHz-wide IFs: IF1 (1365 MHz, top) and IF2
(1435 MHz, bottom), blanked at the 3s level. The black contours indicate the total intensity emission of the high-resolution,
full-band image, starting at the ⇠3s level emission and increasing with a

p
3 geometric progression. The magenta dashes

indicate the orientation of the magnetic field. The dashed ellipse in the bottom-left corner represents the restoring beam.
The solid black line in the bottom is the angular and physical scale. For clarity, in the IF1 image we indicated the Eastern
and Western lobes as E-lobe and W-lobe, respectively, and specify that the Eastern jet is the approaching one.
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3. Results and Discussion

3.1. SED Fitting: A Proto-BCG Caught at the Peak of Its Stellar Mass Building
We modeled the SED of the FRII host galaxy emission using the fitting code originally

presented by [33] and improved by [34]. The code fits the data, simultaneously accounting
for three different components: stellar emission, modeled by means of simple stellar
populations (SSPs); reprocessed emission from the dusty torus surrounding the AGN;
and emission by the cold dust of the host galaxy that is heated by starburst activity.
The fitting code and the libraries used to model the SED are the same ones adopted
by [35] and are described in details in Section 5.2 of their work. In addition, we performed
a second SED fitting with the same models except for the cold dust contribution, which
has been fitted with a simple gray-body model with b = 2 (as generally suited for high-
z, gas-reach-obscured AGN, refs. [36–39] and local starburst-gas-rich starburst galaxies,
ref. [40]). In both fits, we excluded the ALMA data point, due to the uncertain nature
of the ALMA continuum emission (i.e., either due to thermal or synchrotron emission,
see Section 3.2). The reduced c2 is equal to 1.2 and 1.0 for the fitting using the cold dust
template and the simple gray-body model, respectively. In Figure 3 we report the SED of
the FRII host galaxy and the fitting model (black solid line), as well as the three emission
components of the fit. The left panel shows the SED fitting using the cold dust template,
while the right panel shows the SED fitting where the dust emission has been modeled
using the gray-body.

Figure 3. SED fitting of the FRII host galaxy. Photometric points are marked by the filled red circles,
while the total fitting model is the solid black line. In both panels the ALMA point is not included
during the fitting and is marked by the filled cyan circle. (Left panel): The model includes three
components: stellar emission (indicated by the red dotted line), the reprocessed emission of the dusty
torus surrounding the AGN (blue dashed line), and emission by the cold dust of the host galaxy,
heated by starburst activity (green dashed line). (Right panel): same as the left panel, where only
the cold dust template has been substituted by a simple gray-body model with b = 2.

The fiducial errors are 20% for the bolometric and far-infrared (FIR) luminosity,
and 30% for the stellar mass; these uncertainties are based on the error analysis of [35],
who take into account all acceptable solutions within 1s confidence level, that ism within
a given range of Dc2 that depends on the free parameters of the SED-fitting procedure,
and by comparison between different fitting codes (see Section 5.2 of [35] for caveats and
details). The AGN fraction in the 8–1000 µm range of the gray-body model fitting is
significantly higher (24%) that that derived from the dust-template fitting (3.1%), even if
the total FIR luminosity is comparable (L8�1000 µm⇠3.2 ⇥ 1012 L� for the dust-template
and L8�1000 µm ⇠ 3.7 ⇥ 1012 L� for the gray-body, respectively), due to the higher contri-
bution of the dust-template at shorter wavelengths with respect to the gray-body. This
high fraction derived from the gray-body model fitting is more consistent with what is
expected for Type II heavily obscured AGN, where the torus absorbs and re-emits most
of the light originated in the accretion disk [41]; indeed, our source is Compton thick
and [15] derived an edge-on orientation (80�) of the FRII radio-galaxy with respect to



Galaxies 2021, 9, 115 8 of 13

the line of sight. In addition, once the AGN fraction is subtracted, the FIR luminosity
difference is ⇠10%, that is within the 1s uncertainty; thus, the SFRs derived exploiting
the LFIR – SFR linear calibration presented by [42] and subtracting the AGN fraction are
in agreement within 1s for the two fittings (570–630 M�/yr). As for the AGN bolomet-
ric luminosity derived from the SED fitting, we obtain Lbol, AGN ⇠ 1.5 ⇥ 1046 erg/s and
Lbol, AGN ⇠ 1.1 ⇥ 1046 erg/s for the dust-template and gray-body, respectively. Adopting,
as bolometric corrections, the values derived by [43] (see also [44]) for a large samples
of AGN spanning seven dex in luminosity, we predict an intrinsic 2–10 keV luminosity
of L2�10keV ⇠ 3.8 ⇥ 1044 erg/s and L2�10keV ⇠ 3.2 ⇥ 1044 erg/s, respectively, which are
a factor of ⇠3–2.5 higher that the one reported by [15] by fitting the X-ray spectrum. Given
all the uncertainties (just to mention two 0.27 dex dispersion in [43] relation and the correc-
tion for the column density applied in [15]), we may conclude that the AGN luminosity
derived from the SED-fitting is broadly consistent with that derived using X-rays, espe-
cially in the case of the gray-model body. From the two SED fits we derived consistent
(1s) AGN bolometric luminosity, FIR luminosity, stellar mass and SFR. Given the afore-
mentioned considerations about the AGN luminosity and the slightly better c2 = 1.0, we
report here the values derived from the SED fitting with the gray-body model, stressing
the assumption that the values of stellar mass and SFR derived from the dust-template
fitting would not affect the following conclusions about the starburst nature of the galaxy.
We derive: Lbol, AGN ⇠ 1.1 ⇥ 1046 erg/s, L8�1000 µm ⇠ 3.7 ⇥ 1012 L� (24% of which is as-
cribed to the AGN), stellar mass M⇤ ⇠ 3.7 ⇥ 1011 M� and SFR = 570 M�/yr. The high
sSFR = 1.5 ± 0.5 Gyr�1 derived for the FRII host galaxy classifies this object as a starburst
galaxy when compared with other SFGs at the same redshift [45], implying that the proto-
BCG is currently being observed during the brief phase (few 108 yr; ref. [46]) of its major
stellar mass building. Indeed, we note that the derived SFR implies that the molecular gas
reservoir measured by [16] will be depleted in ⇠3.5 ⇥ 108 yr. Moreover, assuming that
the BH is accreting with an efficiency h = 0.3 (as assumed by [15] and as generally thought
for BHs powering jetted AGN; refs. [47,48]), from the bolometric luminosity, we derive an
accretion rate for the SMBH of Ṁ = Lbol, AGN/(hc2) ⇡ 0.6 M�/yr.

3.2. Continuum Emission at 3.3 mm
In the ALMA continuum map at 3.3 mm, we detected the FRII core and the Western

hot spot at >3 s level (Figure 1). The measured flux density of the core is 55 ± 9 µJy. This
measurement is nicely in agreement with the flux density expected from the dust thermal
emission, considering the best fit using the gray-body model (1s), while it is incompatible
at the 3s level with the expected flux density in the case of dust-template fitting, which is
⇥2.4 higher. Considering the best c2 and the more plausible AGN fraction of the gray-body
model (Section 3.1), this result strongly argues for thermal emission from the cold dust
in the ISM as the origin of the observed flux density. In addition, from L8�1000 µm we can
derive the expected flux density due to the star formation at 1.4 GHz and compare it with
our measurement in the JVLA map. Exploiting the stellar mass- and redshift-dependent
L8�1000 µm � L1.4 GHz relation recently presented by [49], we derive a SFR-driven flux
density S1.4 GHz,SFR⇠90 µJy. This value is well below than that measured on the JVLA map
(S1.4 GHz = 315 ± 25 µJy, ref. [17]), confirming that the flux density at 1.4 GHz is dominated
by the AGN. If we subtract S1.4 GHz,SFR from the measured S1.4 GHz, and we assume a wide
synchrotron spectral index range a = 0.5–1.0 (Sn µ n�a, valid from the jet base to the oldest
electron population; refs. [41,50,51]), we derive an expected synchrotron emission at 3 mm
S3 mm,sync = 4–30 µJy. Despite that the upper value (corresponding to a = 0.5) is barely
compatible, within 3 s, with the flux density measured in our ALMA map, we argue
that, even in this limited case with a flat slope, the expected flux is considerably lower
than that measured. This, coupled with the SED-fitting results, strengthens the scenario
in which the dust is primarily responsible for the observed flux density at 3 mm. However,
we cannot completely rule out some minor contribution of synchrotron emission, due
to the large uncertainties on the involved quantities (20% on the L8�1000 µm and 30% on
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the stellar mass), and inherent scatter of the relation (⇠0.2 dex, ref. [49]) used to derive
S1.4 GHz,SFR. In addition, in the Rayleigh–Jeans tail of the gray-body, the flux density is
a function of the b index, as Sn µ n2+b, where b is assumed to be fixed at 2.0 during
the fitting. In summary, the ALMA flux density is likely dominated by the dust emission,
despite the fact that a minor non-thermal contribution may be present.

3.3. Polarized Emission at 1.4 GHz: Signatures of AGN Feedback?
The FRII HzRG shows a patchy structure in polarization (Figure 2). Both the western

and eastern spots are detected, as well as the terminal part of the western jet (clearly visible
in IF2). Patchy polarized emission is also detected in the extended structures of the lobes.
The fractional polarization in the W-lobe hot spot and E-lobe warm spot is in the 10–20%
range in both IFs. In addition, the magnetic field appears to be oriented along the jet
axis in the western jet. Both the level of fractional polarization and the magnetic field
orientation are consistent with that typically found in FRII radio galaxies [52–54]. We note
that the Eastern warm spot shows two regions of significant polarized emission; moreover,
the magnetic field seems to experience a 90-degree rotation going from the southern to
the northern patch, showing a wrapping around the peak emission of the total inten-
sity, as observed in several cases around FRII hot spots [54,55]. We can then argue that
the southern patch may correspond with the terminal region of the eastern jet, which
then bends to the north, due to the impact with the ICM. The polarized emission detected
in the north–east elongated region of the E-lobe extends along the northern edge of the lobe
and shows an enhanced polarization fraction (&50%), suggesting the presence of another
compression front. In this respect, Brienza et al. (subm., ref. [19]) found a flattening of
the JVLA-LOFAR spectral index in the north–east elongated region, possibly ascribed to
the shock re-acceleration of the electrons. This front may be related to the positive feedback
scenario invoked by [15] for the galaxies distributed along the northern edge of the X-ray
component A (see Figure 1). In general, as far as the extended regions of FRII lobes are
concerned, we noticed an increasing of the polarization fraction and a co-spatiality of
the polarized emission with regions where the total intensity emission shows a bending
morphology. Also the orientation of the magnetic field seems to follow the observed
bendings. Considering that the source is seen at an almost edge-on orientation with respect
to the line of sight (⇠80�; [15,17]), these observational features seem, again, to suggest
that these regions experience a compression and an enhancement of the magnetic field,
possibly associated with the impact with components of the external medium. Indeed,
the presence of gas bubbles overlapping with the radio galaxy lobes or located in their
vicinity is testified by the detection of X-ray components (shown in Figure 1). Finally, we
do not detect any significant polarized emission along the Northern edge of the W-lobe.
In this region [15] reported the detection of an X-ray thermal diffuse emission (compo-
nent C in Figure 1) with Tgas⇠1 keV, which is the possible signature of shock-heated ICM.
Moreover, Brienza et al. (subm. ref. [19]) showed a flattening of the spectral index moving
towards this northern edge associated with the total intensity gradient along the same
direction, strengthening the hypothesis of the presence of a shock front. However, we point
out that the simplest explanation for the observed bending morphology in the lobes would
be the peculiar motion of the galaxy through the ICM, if evidence for the shock-heating
mechanism found in previous and upcoming works [15,17,30] is neglected (a summary is
given in Section 1). In addition the hot spots and knots may be partially optically thick,
affecting the orientation of the observed magnetic field. Thus, our interpretation should
be seen in the broad context of the these results, where the shock-induced ICM heating is
able to simultaneously explain all the observed features at different wavelengths. Further
observations at higher sensitivity of the polarization emission would ultimately confirm or
reject this scenario, helping to shed light on the positive feedback mechanism.
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4. Conclusions

We analyzed the multi-wavelength properties of an FRII HzRG located at the center
of a protocluster at z = 1.7 that is likely going to evolve into the future BCG. In particular,
we performed SED fitting of the FRII host galaxy, investigated the nature of the host galaxy
emission at 3.3 mm, observed by ALMA, and analyzed the polarized emission at 1.4 GHz,
observed by the JVLA across the whole FRII galaxy morphology. Our conclusions are
as follows:

- Thanks to the SED fitting performed in the IR–mm band, we measured the physical
parameters of the FRII host galaxy. From the best-fitting model we measured an
AGN bolometric luminosity of Lbol, AGN ⇠ 1.1 ⇥ 1046 erg/s and a IR luminosity of
L8�1000 µm ⇠ 3.7 ⇥ 1012 L� (24% of which ascribed to the AGN), and a stellar mass of
M⇤ ⇠ 3.7 ⇥ 1011 M�. The SFR corresponding to the AGN-subtracted IR luminosity is
⇠570 M�/yr. The SED-fitting bolometric AGN luminosity is consistent (⇥2.5) with
the X-ray-derived bolometric luminosity found by [15], given the large uncertainties
involved. Considering the redshift of the source, the high sSFR = 1.5 ± 0.5 Gyr�1

unveils that the galaxy is experiencing a starburst phase in which it is assembling
most of its final stellar mass. This represents a rare example of a proto-BCG caught
in one of the most crucial phases of its building-up.

- The flux density at 3.3 mm, measured with ALMA in the FRII core, is nicely in agree-
ment (1s) with the dust thermal emission expected from the best SED-fitting model,
and is significantly higher (⇥1.8–13.7) than the expected SFR non-thermal emission
as inferred from the 1.4 GHz emission. These findings strongly argue for a dominant
thermal emission at the basis of the observed ALMA flux density. However, due
to the large uncertainties in the derived quantities and exploited relations, a minor
non-thermal contribution cannot be completely ruled out.

- We detected polarized emission at 1.4 GHz in both FRII lobes. Both the eastern and
western spots feature a fractional polarization of 10–20% and a magnetic field per-
pendicular to the jet, as is typically found for classical FRII. In general, we found an
increased polarization fraction in the regions where the total intensity shows a bend-
ing morphology, and a magnetic field orientation that seems to follow the direction
of the bendings. Coupled with the X-ray diffuse emission detected in several spots
around the FRII lobes (in part ascribed to shock-heated ICM, see [15]), we interpret
these features as possible signatures of compression produced by the external ICM.
This strengthens the hypothesis of the positive AGN feedback scenario, wherein
the AGN is responsible for the ICM heating, and also, possibly, for the SFR enhance-
ment in the SFGs located at the edge of the major component of the X-ray diffuse
emission around the eastern lobe (see also [15,16]).
Further observations at higher sensitivities of the polarized emission will ultimately
disclose the mechanisms at the origin of the observed features of the structure,
and probe how AGN feedback affects the thermodynamics of the ICM in this early
structure and the physical properties of its member galaxies.
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