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ABSTRACT

Most successful galaxy formation scenarios now postulate that the intense star formation in massive, high-redshift galaxies during
their major growth period was truncated when powerful AGNs launched galaxy-wide out�ows of gas that removed large parts of
the interstellar medium. SINFONI imaging spectroscopy of the most powerful radio galaxies atz � 2 show clear signatures of such
winds, but are too rare to be good representatives of a generic phase in the evolution of all massive galaxies at high redshift. Here we
present SINFONI imaging spectroscopy of the rest-frame optical emission-line gas in 12 radio galaxies at redshifts� 2. Our sample
spans a range in radio power that is intermediate between the most powerful radio galaxies with known wind signatures at these
redshifts and vigorous starburst galaxies, and are about two orders of magnitude more common than the most powerful radio galaxies.
Thus, if AGN feedback is a generic phase of massive galaxy evolution for reasonable values of the AGN duty cycle, these are just
the sources where AGN feedback should be most important. Our sources show a diverse set of gas kinematics ranging from regular
velocity gradients with amplitudes of� v = 200Š400 km sŠ1 consistent with rotating disks to very irregular kinematics with multiple
velocity jumps of a few 100 km sŠ1. Line widths are generally high, typically aroundFWHM = 800 km sŠ1, more similar to the more
powerful high-z radio galaxies than mass-selected samples of massive high-z galaxies without bright AGNs, and consistent with the
velocity range expected from recent hydrodynamic models. A broad H� line in one target implies a black hole mass of a few 109 M� .
Velocity o� sets of putative satellite galaxies near a few targets suggest dynamical masses of a few 1011 M� for our sources, akin to the
most powerful high-z radio galaxies. Ionized gas masses are 1Š2 orders of magnitude lower than in the most powerful radio galaxies,
and the extinction in the gas is relatively low, up toAV � 2 mag. The ratio of line widths,� , to bulk velocity,v, is so large that even
the gas in galaxies with regular velocity �elds is unlikely to be gravitationally bound. It is unclear, however, whether the large line
widths are due to turbulence or unresolved, local out�ows as are sometimes observed at low redshifts. We compare our sources with
sets of radio galaxies at low and high redshift, �nding that they may have more in common with gas-rich nearby radio galaxies with
similar jet power than with the most powerful high-z radio galaxies. Comparison of the kinetic energy with the energy supply from
the AGNs through jet and radiation pressure suggests that the radio source still plays a dominant role for feedback, consistent with
low-redshift radio-loud quasars.

Key words. galaxies: active – galaxies: high-redshift – galaxies: star formation – galaxies: jets – galaxies: kinematics and dynamics –
radio continuum: galaxies

1. Introduction

It is now widely accepted that the supermassive black holes re-
siding in the vast majority of early-type galaxies and bulges
(e.g.,Yu & Tremaine 2002) can have a sizeable impact on the
evolution of their host galaxies. Semi-analytic models require
a strong source of energy to balance the overcooling of gas
onto dark matter halos and to avoid a strong excess in baryonic
mass and star formation in galaxies compared to observations.
The discrepancy is strongest at the high-mass end of the galaxy

� Based on observations carried out with the Very Large Telescope of
ESO under Program IDs 084.AŠ0324 and 085.AŠ0897, and at ATCA
under Program ID C2604.

mass function, which is dominated by early-type galaxies (e.g.,
Benson et al. 2003), whose mass and structural properties appear
closely related to the mass of their central supermassive black
hole (e.g.,Tremaine et al. 2002).

Powerful active galactic nuclei (AGNs) release approxi-
mately the equivalent of the binding energy of a massive galaxy
during their short activity period, either in the form of radiation,
or through jets of relativistic particles, or both. They are thus
in principle able to o� set the excess cooling out to the highest
galaxy masses (Silk & Rees 1998). If su� ciently large parts of
this energy are deposited in the interstellar medium (ISM) of the
host galaxy, they may drive winds (Di Matteo et al. 2005) or
turbulence (Nesvadba et al. 2011a). The mechanisms that cause
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this, however, are still not very well understood. Even very ba-
sic questions, e.g., whether feedback is dominated by radio jets
or the bolometric energy output of radiatively e� cient accretion
disks, are still heavily debated in the literature. There is clear ob-
servational evidence that jets can perturb the ISM strongly even
at kpc distance from the nucleus, while the observational evi-
dence for winds driven by quasar radiation over kpc scales is still
mixed (e.g.,Husemann et al. 2013; Liu et al. 2013; Cano-Díaz
et al. 2012; Harrison et al. 2012). Hydrodynamic models of ra-
dio jets are now �nding deposition rates of kinetic energy from
the jet into the gas that are broadly consistent with observations
(Wagner et al. 2012).

Following the most popular galaxy evolution models,
AGN feedback should have been particularly important in the
early evolution of massive galaxies at high redshift, where
AGN-driven winds may have blown out the remaining gaseous
reservoirs that fueled the main phase of galaxy growth, inhibiting
extended periods of subsequent star formation from the resid-
ual gas. Whereas the jets of powerful radio galaxies in the lo-
cal Universe are known to a� ect the gas locally within extended
gas disks (“jet-cloud interactions”, e.g.,Tadhunter et al. 1998;
van Breugel et al. 1985), it was found only recently that out�ows
driven by the most powerful radio jets in the early universe at
z � 2 can encompass very high gas masses, up to about 1010 M�
in the most powerful radio galaxies at high redshift (Nesvadba
et al. 2006, 2008a). This is similar to the typical total gas masses
in massive, intensely star-forming, high-redshift galaxies of a
few 1010 M� (e.g.,Greve et al. 2005; Tacconi et al. 2008). This
gas is strongly kinematically perturbed with full width at half
maximum (FWHM) up to� 2000 km sŠ1 and high, abrupt veloc-
ity gradients of similar amplitude, consistent with the expected
signatures of vigorous jet-driven winds.

Galaxies with extreme radio power at 1.4 GHz of up toP1.4 =
few ×1029 W HzŠ1 like those studied byNesvadba et al.(2006,
2008a) are, however, very rare, which raises the question of the
impact that AGNs may have on their host galaxies when their
radio power is signi�cantly lower. The present paper gives a �rst
answer to this question. It is part of a systematic study of the
warm ionized gas in 49 high-redshift radio galaxies atz � 2
with SINFONI, which span three decades in radio power and
two decades in radio size. Our sources cover the lower half of
the radio power of this sample,P1.4 = few ×1026Š27 W HzŠ1

at 1.4 GHz in the rest frame. Toward lower radio power, con-
tamination from the non-thermal radio continuum of vigorous
starbursts becomes increasingly important. The high-redshift ra-
dio luminosity function ofWillott et al. (2001) andGendre et al.
(2010) suggests that such galaxies are factors of 100 more com-
mon than the very powerful radio sources, with co-moving num-
ber densities on the order of a few 10Š7 MpcŠ3, su� cient to rep-
resent a short, generic phase in the evolution of massive galaxies,
as we will argue below in Sect.9.

The organization of the paper is as follows. In Sect.2 we
present our sample and in Sect.3 our SINFONI near-infrared
(NIR) imaging spectroscopy and ATCA centimeter continuum
observations, and the methods with which we reduced these data.
In Sect.4 we present our methods of analysis and the results
for each individual target, before presenting the overall results
drawn from our sample in Sect.5. In Sect.6 we discuss the AGN
properties, and in Sect.7 we use additional line emitters near our
radio galaxies to estimate dynamical masses of our high-redshift
radio galaxies (HzRGs). In Sect.8 we compare our data with
other classes of HzRGs before discussing the implications of our
results for AGN feedback. We argue in Sect.9 that sources sim-
ilar to those studied here may well be a representative subset of

massive high-redshift galaxies overall, seen in a short but impor-
tant phase of their evolution, and we summarize our results in
Sect.10.

Throughout our analysis we adopt a �at cosmology with
H0 = 70 km sŠ1 MpcŠ1, � � = 0.7, and� M = 0.3.

2. Sample

Our sources have a radio power of a few 1027Š28 W HzŠ1 at
500 MHz in the rest frame, about 2 to 3 orders of magni-
tude fainter than the most powerful high-redshift radio galax-
ies known, which reach up to nearly 1× 1030 W HzŠ1 (Miley
& De Breuck 2008, and references therein), but powerful
enough to safely neglect contamination from intense star forma-
tion. For comparison, an intensely star-forming HyLIRG (hyper-
luminous infrared galaxy) with far-infrared luminosityLFIR =
1 × 1013 L� would produce a rest-frame 1.4 GHz radio power of
1025.0 W HzŠ1, assuming a far-infrared-to-radio luminosity ratio
of 2.0, as found for high-redshift submillimeter galaxies (e.g.,
Vlahakis et al. 2007; Seymour et al. 2009; Thomson et al. 2014),
and a radio spectral index typical of star formation of� = Š0.7 to
Š0.8. This is very similar to the steep spectral indices� � Š 1.0
that are characteristic of high-redshift radio galaxies, making it
even more di� cult to disentangle the contribution of AGNs and
star formation to lower-power radio sources than those studied
here. In spite of their faintness relative to other high-redshift ra-
dio galaxies, the radio power of fainter sources in this present
study is nonetheless comparable to that of the most powerful ra-
dio galaxies known at low redshift (e.g.,Tadhunter et al. 1993).

Our targets come from two di� erent surveys. One is the
southern sample of 234 distant radio galaxies ofBroderick et al.
(2007), Bryant et al.(2009a,b), and Johnston et al. (in prep.),
which we refer to hereafter as the MRCR-SUMSS sample. The
other is the sample of radio galaxies within the �elds of the
ESO imaging survey (EIS) byBest et al.(2003) andBrookes
et al. (2006, 2008), which we call the “CENSORS” sample
(“Combined EIS-NVSS Survey Of Radio Sources”).

The MRCR-SUMSS sources have steep radio spectral in-
dices� 408Š843 � Š 1.0 between 408 MHz and 843 MHz, and
�uxes at 408 MHzS408 � 200 mJy. From this catalogue, we se-
lected 12 moderately low-power sources atz � 2 with P1.4 = few
×1027 W HzŠ1. They have radio sizes between� 2�� and 24�� at
1.4 GHz frequency, a typical range of radio sizes of powerful
HzRG.

The six galaxies with the lowest radio power (P1.4 �
1026 W HzŠ1) come from the CENSORS survey. This cata-
logue of 150 radio galaxies results from cross-matching the ESO
Imaging Survey (EIS) patch D with the NVSS radio survey
(Best et al. 2003). Radio sources detected in the NVSS were
re-observed at 1.4 GHz with the VLA in the BnA con�gura-
tion at a spatial resolution of 3�� Š4�� , compared to the initial spa-
tial resolution of the NVSS of 45�� , which is complete down to
7.2 mJy. This made it possible to study the structure of the radio
sources and to identify the most likely rest-frame optical coun-
terparts of 102 sources. Optical spectroscopy provided redshifts
of 81 sources (Brookes et al. 2008). Among these, we selected
six sources with a radio power of a few×1026 W HzŠ1 and appro-
priate redshifts for ground-based NIR follow-up spectroscopy.
Three have extended radio morphologies and three have com-
pact, unresolved radio cores.
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3. Observations and data reduction

3.1. Near-infrared imaging spectroscopy

We observed all MRCR-SUMSS galaxies with the NIR imag-
ing spectrograph SINFONI (Eisenhauer et al. 2003) between late
2009 and early 2010 under program ID 084.A-0324 at the ESO
Very Large Telescope. SINFONI observations of the CENSORS
sources were carried out between late 2010 and early 2011 under
program ID 086.B-0571. All data were taken in Service Mode
under variable conditions.

SINFONI is an image slicer that operates between 1.1µm
and 2.4µm. We used the seeing-limited mode with the largest
available �eld of view of 8�� × 8�� and a pixel scale of 250 mas.
All data were taken with theH + K grating which covers wave-
lengths between 1.45µm and 2.4µm at a spectral resolving
power R � 1500 (� 200 km sŠ1). We observed each MRCR-
SUMSS galaxy for 180Š230 min of on-source observing time
(300Š440 min for the CENSORS sources), split into individ-
ual observations of 5 min. Most of our galaxies are smaller than
the �eld of view. We therefore adopted a dither pattern where
the object is shifted between two opposite corners of the �eld
of view, which allows us to use two subsequent frames for the
sky subtraction and makes taking dedicated sky frames unneces-
sary. The spatial resolution of our data is limited by the size of
the seeing disk, which is typically around 1.0�� for both samples.
The FWHM sizes of the point spread functions (PSFs) of indi-
vidual targets are given in TableB.1. They are measured from a
standard star observed at the end of each hour of data taking.

Data reduction relies on a combination of IRAF (Tody 1993)
and our own custom IDL routines (e.g.,Nesvadba et al. 2011b).
All frames are dark-subtracted and �at-�elded. We then remove
the curvature from the spectra in each slit and put them onto a
common wavelength scale by using the bright night-sky lines su-
perimposed on each frame, using only arc lamp spectra to set the
absolute wavelength scale. We then sky subtract our data and re-
arrange them into three-dimensional data cubes, which are then
combined. To account for the variability of the night sky we scale
the total �ux in each sky frame to the total �ux in each object
frame, after masking the target. We use the standard star obser-
vations to correct for telluric and instrumental e� ects and to set
the absolute �ux scale.

In this analysis, we discuss the optical emission-line
properties of 8 of the 12 MRCR-SUMSS galaxies we ob-
served. Two of the other four, NVSS J004136Š345046 and
NVSS J103615Š321659, have continuum emission but no line
emission at the redshifts previously measured in the rest-frame
UV. Their redshifts are relatively high,z = 2.6, placing [OIII]
and H� at wavelengths outside the NIR atmospheric bands,
where the atmospheric transmission is below 10%, and is
strongly variable both in time and in wavelength. At the ex-
pected wavelength of H� , the telluric thermal background is al-
ready a factor of� 10 greater than at 2.2µm. A third source,
NVSS J233034Š330009, was found to coincide with a fore-
ground star after our data had already been taken (Bryant et al.
2009b). The fourth source, NVSS J210626Š314003 shows a
strong misalignment between the radio source and the extended
gas, and no gas along the radio jet axis, which is very di� erent
from the other galaxies presented here. This source has already
been discussed byCollet et al.(2015), so we do not describe its
characteristics in detail again, but we do include it in the overall
discussion of the properties of our sources. For the CENSORS
sources we focus our discussion on the three sources where we
detected line emission at the redshifts previously measured in
the rest-frame UV.

3.2. Radio continuum observations

We observed our MRCR-SUMSS and CENSORS sources in two
runs on 2012 January 28 and February 02 with the Australia
Telescope Compact Array (ATCA, project C2604). Observations
were carried out simultaneously at 5.5 and 9.0 GHz using the
Compact Array Broadband Backend, with bandwidths of 2 GHz
and channel widths of 1 MHz. The array con�guration was 6A,
with baselines between 337 and 5939 m. For �ux density and
bandpass calibration we observed PKS B1934Š638 at the be-
ginning and end of each session. Poor phase stability was due to
heavy rain and high humidity, and this signi�cantly a� ected the
signal-to-noise ratio.

Individual sources were observed in 13–15 �ve-minute snap-
shots spread over 8.5 h to ensure gooduv coverage; an excep-
tion was NVSS J144932Š385657, which set early with only
�ve snapshots spanning 3 h. We did not obtain any new data
for CENSORS 072 because we used incorrect coordinates from
Brooks et al. (2008). The ATCA observing log is given in
Table B.2 and lists for each source the date of observation, total
on-source integration time, the secondary phase calibrator used,
and the synthesized beam at each frequency.

The data reduction was done with M����� (Sault et al. 1995)
in the standard way. We �nd typical beam sizes of 4�� × 1.5��

at 5.5 GHz and 2.5�� × 0.9�� with position angles betweenŠ6�

and 13� (except for NVSS J144932Š385657, where PA= Š40� ).
Details are given in TableB.2.

The radio morphologies are shown in Fig.1. They generally
con�rm those previously measured at 1.4 GHz and 2.4 GHz with
larger beams. In NVSS J002431Š303330 we detect a fainter
second component to the southwest of the main radio emis-
sion below the detection threshold of previous observations. In
NVSS J234235Š384526 we tentatively detect a radio core that
is coincident with the galaxy. Radio sizes are given in Table1.
The largest angular scale (LAS) gives the separation between the
two lobes, if the source is resolved, or the deconvolved size, if it
is not.

3.2.1. Relative astrometric alignment of the radio
and SINFONI data

Studying the e� ects of the radio jet on the ISM of high-redshift
galaxies requires an accurate relative alignment between the ra-
dio and NIR data sets to better than an arcsecond, i.e., better than
the absolute astrometry of the VLT. Unfortunately, we did not
detect the radio core of most of our galaxies with extended radio
lobes. Moreover, owing to the small �eld of view of SINFONI,
aligning our data cubes accurately within the World Coordinate
System (WCS) is not trivial. We therefore register our cubes rel-
ative to theK-band imaging ofBryant et al.(2009a), which is ac-
curately aligned with the WCS, and assume that the radio frame
of ATCA aligns well with the WCS, to better than 1�� (Broderick
et al. 2007). For compact radio sources (LAS� 2.0�� in Table1),
we assume that theK-band continuum is aligned with the radio
source, corresponding to the assumption that the radio emission
in compact sources originatesfrom the nucleus of the galaxy.
Figure1 shows the radio contours of the MRCR-SUMSS and
CENSORS sources, and the red box gives the adopted position
of the SINFONI maps based on this method.

4. Results

For each galaxy we show integrated spectra and emission-line
maps of [OIII]� 5007 surface brightness, relative velocities, and
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Fig. 1. Radio morphologies at 5.5 GHz of the MRCR-SUMSS sample. The size and orientation of the restored beam is given in the bottom left of
each panel. The red box indicates the size and location of the SINFONI maps presented in Fig.2. For NVSS J144932Š385657, given the short
observation time of this source and hence the deformed beam, we also present its 4.8 GHz observations fromBryant et al.(2009a), who observed
a part of their sample at 4.8 GHz and 8.64 GHz.
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Fig. 2. Integrated spectra of our sources. Gaussian �ts to detected lines are plotted as solid red lines. Below each spectrum we show a typical
night-sky spectrum to illustrate the position of bright night-sky lines (dashed lines). This spectrum is not to scale; the night-sky lines shown are
brighter than the emission lines from our targets. Thebottom panelshows the �t residuals.
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Table 1.ATCA results.

Source ID S5.5
a S9.0

b � c log L500
d log L1.4

e LASf PAg

[mJy] [mJy] [W HzŠ1] [W HzŠ1] [arcsec] [deg]

NVSS J002431Š303330 21.1 11.1 Š0.99± 0.05 27.9 27.5 16 18
NVSS J004000Š303333 10.0 3.4 Š1.34± 0.06 28.6 27.9 15 91
NVSS J012932Š385433 29.2 14.3 Š1.06± 0.02 28.1 27.6 <1.4 . . .
NVSS J030431Š315308 13.4 5.9 Š1.25± 0.03 28.1 27.5 <3.6 . . .
NVSS J144932Š385657 . . . . . . Š0.99± 0.05 27.9 27.4 13.4 59
NVSS J201943Š364542 11.7 10.2 Š1.13± 0.07 28.0 27.5 31.4 65
NVSS J204601Š335656 9.8 9.1 Š1.14± 0.04 28.0 27.6 3.6 . . .
NVSS J210626Š314003 19.8 22.4 Š1.05± 0.05 28.1 27.6 50.0 98
NVSS J234235Š384526 6.0 2.2 Š1.38± 0.03 28.5 27.9 19.6 54

NVSS J094604Š211508 (CEN 020) 14.5 8.0 Š1.02± 0.04 27.3 26.8 <2.9 0
NVSS J094724Š210505 (CEN 105) 2.2 0.8 Š1.18± 0.09 27.5 26.8 28.4 95
NVSS J094748Š204835 (CEN 118) 1.9 0.6 Š1.29± 0.15 27.6 26.9 10. 0
NVSS J095226Š200105 (CEN 129) 2.7 1.7 Š0.82± 0.01 26.9 26.5 5.0 95
NVSS J094949Š213432 (CEN 134) 2.4 1.0 Š1.08± 0.09 27.0 26.6 4.5 131

Notes.(a) Flux measured at 5.5 GHz.(b) Flux measured at 9.0 GHz.(c) Radio spectral index. (Sect.6.1). (d) Radio power at 500 MHz.(e) Radio
power at 1.4 GHz in the rest frame.( f ) Largest angular size, corresponding to the separation between the two lobes (when detected) or to the
deconvolved size for compact sources. For unresolved sourcesthe deconvolved sizes at 5.5 GHz and 9.0 GHz are both given.(g) Position angle
measured from north to east.

FWHM line widths (Figs.2 to A.2 and Tables2 and3). Unless
stated otherwise, we give intrinsic FWHMs,FWHMintrinsic, that
are corrected for instrumental resolutionFWHMinst, setting

FWHMintrinsic =
�

FWHM2
obsŠ FWHM2

inst. The instrumental
resolution,FWHMinst, is wavelength dependent and was mea-
sured from the width of night-sky lines. Maps are only given for
spatial pixels where the signal-to-noise ratio of the line core ex-
ceeds 5. We used a Monte Carlo method to con�rm that this was
a good value with which to robustly measure the line properties
in spite of strong non-Gaussianities in the noise related to the
imperfect night-sky line subtraction, bad pixels, and potentially
intrinsic line pro�les.

Integrated spectra include all pixels where [OIII]� 5007 is de-
tected at a signi�cant level. We adopt the redshift estimated from
the brightest pixels near the center of the galaxy as systemic.
Before adding the spectrum of a pixel, we shift it to the systemic
redshift in order to avoid arti�cial broadening of the line in the
integrated spectrum by the large-scale velocity gradient.

For each galaxy we also mapped the surface brightness, rela-
tive velocity to the systemic redshift and the FWHM line widths
of [OIII] � 5007 (Figs.3 to 4) by �tting Gaussian pro�les to the
lines extracted from small apertures across the cube. Aperture
sizes are 3 pixels× 3 pixels, corresponding to 0.4�� × 0.4�� , or
5 pixels× 5 pixels (0.6�� × 0.6�� ) for the faintest regions of the
source. This helps to improve the signal-to-noise ratio of the
data, but still oversamples the seeing disk and avoids loss of
spatial information. Since the sizes of the extended emission-
line regions,Smaj,obs, are typically only a few times larger than
the size of the seeing disk, we list sizes of semi-major and semi-
minor axes that are corrected for the broadening of the PSFSPSF,

Smaj,intrinsic, by settingSmaj,intrinsic =
�

S2
maj,obsŠ S2

PSF along the

same position angle. The same method was applied to the size
along the semi-minor axis, where resolved.

Contours in Fig.3 show the line-free continuum emission
for the galaxies where the continuum was detected. In most
galaxies the continuum is only detected after collapsing the line-
free cube along the wavelength axis. However, we detect rel-
atively bright continuum emission in NVSS J002431Š303330
and NVSS J201943Š364542, which we need to subtract from

the spectra before �tting the emission lines. To perform this sub-
traction, we mask strong emission lines and strong night-sky line
residuals and �t a �fth-order polynomial over their whole spec-
trum, which we subtract afterward.

4.1. Description of individual sources

4.1.1. NVSS J002431Š303330

NVSS J002431Š303330 is a double radio source, dominated by
a bright component associated with the optical counterpart, and
a weaker component at 16�� toward southwest (Fig.1). We �nd
this source at a redshift ofz = 2.415± 0.001, which is in good
agreement with the estimate of Johnston et al. (in prep.) from the
rest-frame UV lines, withz�� = 2.416± 0.001. In theH band,
we detect the [OIII]� 4959, 5007 doublet and H� . In theK band,
we �nd H� and [NII]� 6548,6583, which are strongly blended
owing to their large intrinsic widths. The H� line has a broad
component withFWHM = 3250 km sŠ1. Figure2 shows the
integrated spectrum of this source. All line properties are listed
in Table2.

As shown in Fig. 3, NVSS J002431Š303330 has a
strong continuum associated with a bright emission-line
region with [OIII]� 5007 surface brightness of (5Š25) ×
10Š16 erg sŠ1 cmŠ2 arcsecŠ2. Line widths in this region are
very broad,FWHM � 1200 km sŠ1, and the velocity �eld
is perturbed with two small, unresolved regions that show
abrupt velocity jumps relative to their surroundings with rela-
tive redshifts of about 250 km sŠ1 in each region. This area ex-
tends over� 1.0�� × 1.0�� around the peak of the continuum and
[OIII] � 5007 line emission, corresponding to 8 kpc atz = 2.415.
The H� surface brightness in this region is� H� � (5Š9) ×
10Š16 erg sŠ1 cmŠ2 arcsecŠ2.

Toward the southwest, the line emission becomes fainter, but
can be traced out over another 2�� , with a typical [OIII]� 5007 sur-
face brightness of� [OIII] = (1Š5) × 10Š16 erg sŠ1 cmŠ2 arcsecŠ2.
The gas is more quiescent, with line widths ofFWHM =
300Š400 km sŠ1. We show integrated spectra of both regions
in Fig. 5. The box in the right panel of Fig.3 shows the re-
gion from which we extracted the narrow-line emission. This
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Table 2.Emission-line properties of the MRCR-SUMSS sources.

Source Line � 0
a � obs

b FWHMc Fluxd

[Å] [Å] [km s Š1] [10Š16 erg sŠ1 cmŠ2]

NVSS J002431Š303330 H� 4861.3 16603.4± 5.3 675± 70 4.1± 1.0
[OIII] 4958.9 16936.8± 5.4 903± 40 10.6± 2.1
[OIII] 5006.9 17100.7± 5.4 903± 40 32.2± 6.4
[NII] 6548.1 22364.6± 7.1 220± 25 1.6± 0.3
H� 6562.8 22414.8± 7.1 675± 70 12.9± 2.6
H� b 6562.8 22414.8± 7.1 3250± 300 20.8± 4.2
[NII] 6583.4 22485.1± 7.1 220± 25 4.8± 1.0

NVSS J004000Š303333 [OII] 3727.5 16397.3± 4.0 900± 90 16.5± 3.3
H� e 4861.3 21385.6± 3.7 744± 70 5.8± 1.2
[OIII] 4958.9 21814.9± 3.8 744± 70 22.3± 4.5
[OIII] 5006.9 22026.1± 3.8 744± 70 67.5± 13.5

NVSS J004000Š303333 Bf [OIII] south 4958.9 21794.0± 3.8 760± 80 1.3± 0.7
[OIII] south 5006.9 22005.0± 3.8 760± 80 3.9± 1.9

NVSS J012932Š385433 H� 4861.3 15484.5± 3.5 750± 80 2.0± 0.4
[OIII] 4958.9 15795.4± 3.6 909± 80 8.0± 1.6
[OIII] 5006.9 15948.3± 3.6 909± 80 24.3± 4.9
[NII] 6548.1 20857.4± 4.7 1100± 110 2.5± 0.5
H� 6562.8 20904.6± 4.7 750± 80 7.0± 1.4
H� b 6562.8 20904.6± 4.7 3500± 350 20.1± 4.0
[NII] 6583.4 20970.2± 4.7 1100± 110 7.4± 1.5
[SII] 6716.4 21393.9± 4.8 800± 80 2.9± 0.5
[SII] 6730.8 21439.8± 4.8 800± 80 3.1± 0.5

NVSS J030431Š315308 H� 4861.3 15773.2± 2.8 470± 50 2.5± 0.5
[OIII] 4958.9 16089.9± 2.9 683± 50 9.7± 1.9
[OIII] 5006.9 16245.6± 2.9 683± 50 29.5± 5.9
[NII] 6548.1 21246.3± 3.8 910± 90 2.3± 0.5
H� 6562.8 21294.0± 3.8 470± 50 5.7± 1.1
[NII] 6583.4 21360.8± 3.8 910± 90 6.9± 1.4

NVSS J144932Š385657 H� 4861.3 15310.4± 3.4 350± 35 1.1± 0.2
[OIII] 4958.9 15617.8± 3.5 420± 40 6.4± 1.3
[OIII] 5006.9 15769.0± 3.5 420± 40 19.5± 3.9
[NII] 6548.1 20622.9± 4.6 � 200 0.5± 0.1
H� 6562.8 20669.2± 4.6 350± 35 6.6± 1.3
[NII] 6583.4 20734.1± 4.6 � 200 1.4± 0.3

NVSS J201943Š364542 H� 4861.3 15165.3± 4.4 440± 50 � 0.5
[OIII] 4958.9 15469.8± 4.5 540± 30 1.5± 0.3
[OIII] 5006.9 15619.5± 4.5 540± 30 4.5± 0.9
[NII] 6548.1 20431.6± 5.9 150± 20 0.4± 0.1
H� 6562.8 20477.5± 5.9 440± 50 2.5± 0.5
H� b 6562.8 20477.5± 5.9 8250± 800 35.9± 7.0
[NII] 6583.4 20541.8± 5.9 150± 20 1.1± 0.2

NVSS J201943Š36454 Bg [OIII] south 4958.9 15450.9± 4.0 320± 30 0.5± 0.2
[OIII] south 5006.9 15600.4± 4.0 320± 30 1.6± 0.3

NVSS J204601Š335656 H� 4861.3 17010.6± 5.5 840± 80 1.1± 0.2
[OIII] 4958.9 17352.1± 5.7 820± 80 3.4± 0.7
[OIII] 5006.9 17520.0± 5.7 820± 80 10.2± 2.0
[NII] 6548.1 22913.0± 7.5 650± 70 0.8± 0.2
H� 6562.8 22964.4± 7.5 840± 80 5.8± 1.2
[NII] 6583.4 23036.5± 7.5 650± 70 2.4± 0.5

NVSS J234235Š384526 [OII] 3727.5 16829.6± 5.0 1100± 110 7.7± 1.5
H� 4861.3 21947.0± 5.0 820± 60 2.5± 0.5
[OIII] 4958.9 22387.6± 5.2 820± 60 12.5± 2.5
[OIII] 5006.9 22604.3± 5.2 820± 60 37.8± 7.6

[OIII] blue 4958.9 22333.5± 5.2 1330± 130 5.6± 1.1
[OIII] blue 5006.9 22549.7± 5.2 1330± 130 16.9± 3.4

Notes.(a) Rest-frame wavelength.(b) Observed wavelength.(c) Full width at half maximum.(d) Integrated line �ux.(e) Common �t with [OIII] with
a single redshift and line width.( f ) Companion source. See text for details.(g) Companion source. See text for details.
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Table 3.Emission-line properties of the Censors sources.

Source Line � 0
a � obs

b FWHMc Fluxd

[Å] [Å] [km s Š1] [10Š16 erg sŠ1 cmŠ2]
CEN 072 H� 4861.3 16 662.1± 4.0 518± 70 7.3± 1.6

[OIII] 4958.9 16 989.8± 4.0 612± 40 7.7± 1.5
[OIII] 5006.9 17 161.1± 4.0 612± 40 23.3± 4.5
[NII] 6548.1 22 444.4± 5.2 518± 70 1.9± 0.4
H� 6562.8 22 494.8± 5.2 518± 70 21.1± 4.2
[NII] 6583.4 22 565.4± 5.2 518± 70 5.8± 1.2

CEN 129 H� e 4861.3 16 637.0± 4.0 1107± 30 4.4± 1.0
[OIII] 4958.9 16 964.1± 4.0 635± 30 11.0± 2.2
[OIII] 5006.9 17 135.2± 4.0 635± 30 33.4± 6.6
[NII] 6548.1 22 408.6± 5.2 1107± 50 2.8± 0.6
H� 6562.8 22 458.9± 5.2 1107± 50 12.7± 2.5
[NII] 6583.4 22 529.4± 5.2 1107± 50 8.4± 1.6

CEN 134 H� f 4861.3 16 307.9± 1.9 230± 60 2.3± 0.4
[OIII] 4958.9 16 635.4± 1.9 330± 60 11.0± 2.2
[OIII] 5006.9 16 796.4± 1.9 330± 60 33.2± 6.6
[NII] 6548.1 21 964.4± 2.5 230± 50 1.2± 0.2
H� 6562.8 22 013.7± 2.5 230± 50 9.8± 2.0
[NII] 6583.4 22 082.8± 2.5 230± 50 3.7± 0.7

Notes.(a) Rest-frame wavelength.(b) Observed wavelength.(c) Full width at half maximum, corrected for instrumental resolution.(d) Integrated
line �ux. (e) Common �t with H� with a single redshift and line width.( f ) Common �t with H� with a single redshift and line width.

extended emission-line region to the southwest extends along
the axis between the two radio lobes.

4.1.2. NVSS J004000Š303333

NVSS J004000Š303333 is a double radio source with a size of
17�� (Fig. 1). With SINFONI we �nd the [OIII]�� 4959,5007
doublet and H� in the K band at wavelengths that correspond
to z = 3.399± 0.001. The H� and [NII]�� 6548, 6583 lines fall
outside the atmospheric windows. In theH band, we detect the
[OII] � 3727 doublet. The two lines of the doublet are too close
to each other to be spectrally resolved with our data (Fig.2). All
line properties are listed in Table2.

Line emission extends over 2.5�� × 1.5�� with surface bright-
nesses between� [O���] � 5 × 10Š16 erg sŠ1 cmŠ2 arcsecŠ2 and
3 × 10Š15 erg sŠ1 cmŠ2 arcsecŠ2 (Fig. 3). Faint continuum emis-
sion is found associated with a knot to the very east of the
emission-line region, and about 1.5�� southwest from the center,
outside the bright line emission. TheK-band image ofBryant
et al.(2009a) shows a very similar continuum morphology, like-
wise at low signal-to-noise ratio.

The local velocities of [OIII]� 5007 fall monotonically from
the southwest to the northeast with a total gradient of about
300 km sŠ1. The knot in the far east shows an abrupt velocity in-
crease of 300 km sŠ1 relative to the nearby blueshifted gas. The
line widths are lower in the north (FWHM = 200Š400 km sŠ1)
than in the south (FWHM= 700Š1000 km sŠ1).

At fainter �ux levels than shown in Fig.3, but still above 3� ,
we detect another source of line emission at a distance of about
2�� to the south from the radio galaxy (about 15 kpc atz � 3).
The redshift of this second source iszsouth = 3.395± 0.001, i.e.,
it is blueshifted by 350± 90 km sŠ1 relative to the radio galaxy.
This source is shown in Fig.6 and is discussed in Sect.7.

4.1.3. NVSS J012932Š385433

The SINFONI maps of NVSS J012932Š385433 are shown
in Fig. 3. We �nd the optical emission lines at redshift

z = 2.185± 0.001. The radio source is compact with a
deconvolved size of 0.7�� , and is associated with the optical
counterpart.

[OIII] �� 4959,5007 is bright in theH band. H� is detected
at 5.6� . In theK band, H� and [NII]�� 6548,6583 are detected
and strongly blended. H� also shows a broad component with
FWHM � 3500 km sŠ1. The [SII] doublet is clearly detected.
The two components are also strongly blended owing to their
intrinsic width (Fig.2). All line properties are listed in Table2.

The emission-line region is extended over 1.6�� × 1.2�� .
It is brighter in the center with� H� � (1.0Š1.7) ×
10Š15 erg sŠ1 cmŠ2 arcsecŠ2 and fades toward the periphery. We
detect continuum emission coincident with the emitting gas. The
[OIII] � 4959,5007 lines show a clear, relatively regular veloc-
ity gradient of� v � 350 km sŠ1 along a northeast-southwest
axis. The lines are more narrow toward the southeast, with
FWHM � 700Š800 km sŠ1. In the northwest FWHMs are
higher,� 900Š1000 km sŠ1.

4.1.4. NVSS J030431Š315308

NVSS J030431Š315308 is a single, relatively compact source at
9 GHz and 5.5 GHz, with a deconvolved size of 1.8�� in our high-
est resolution data at 9 GHz (Fig.1). The [OIII]�� 4959,5007
doublet is clearly detected in the H band with SINFONI and is
well �tted with single Gaussians (Fig.2). The same holds for the
H� and [NII]�� 6583 lines. The [SII] doublet is not detected. All
line properties are listed in Table2.

The line emission is marginally spatially resolved with a size
of 1.5�� × 1.5�� , and a PSF withFWHM = 1.2�� × 1.0�� , the largest
in this program (TableB.1). Faint continuum emission is also
detected, at a slightly di� erent position (� 0.5�� to the west) from
the peak in [OIII]� 5007 surface brightness, but at the same po-
sition as the peak of H� surface brightness. The velocity maps
show two small redshifted (by 50Š100 km sŠ1) regions north and
south of the continuum, and uniform velocities in the rest of the
source. Line widths are between 500 and 1200 km sŠ1 and higher
in the western parts of the emission-line region associated with
the continuum.
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Fig. 3. Maps of [OIII] surface brightness (left), velocity (center), and FWHM line width (right) of our nine sources (from topto bottom). All
maps are 4�� × 4�� wide, except for NVSS J144932Š385657 and NVSS J210626Š314003, where they are 5�� × 5�� wide. The circle in the bottom left
represents the FWHM size of the seeing disk. Contours mark the continuum where detected. Continuum levels begin at 3� and then increase in
steps of 1� . The solid black line in the velocity maps indicates the axis of the radio emission from our ATCA data, or fromBroderick et al.(2007)
if the source is compact. Numbers give half the largest angular size in arcsec.

4.1.5. NVSS J144932Š385657

NVSS J144932Š385657 has one of the largest radio sources in
our sample; the lobes are o� set by 7.5�� relative to each other.
We �nd the [OIII] line at z = 2.149 ± 0.001. In theH band,
we detect the [OIII]�� 4959,5007 doublet and H� (Fig. A.1).

In the K band, H� and [NII]� 6583 are narrow enough not to
be blended.FWHM = 350 km sŠ1 for H� , and the width of
[NII] � 6583 is dominated by the spectral resolution.

NVSS J144932Š385657 has a very extended emission-
line region of nearly 4�� (� 30 kpc at z � 2) along a
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Fig. 4. Maps of [OIII] surface brightness (left), velocity (middle), and FWHM line width (right) of the three sources from the CENSORS sample.
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emission, detected in the same datacube, beginning at the 3� level and increasing by steps of 3� .
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Fig. 5. Spectra extracted from the subregions of NVSS J002431Š303330 shown in Fig.2. a) Spectrum from the continuum region, with broad
[OIII] lines (FWHM � 1150 km sŠ1). b) Spectrum of the quiescent gas, with much more narrow lines (FWHM � 450 km sŠ1).

northeast-southwest axis (Fig.3). We identify two parts: a
large, elongated region, which coincides with the continuum
and extends over another 2�� toward the southwest, and a
fainter, smaller region in the northwest. Surface brightnesses of
[OIII] � 5007 are between 1× 10Š16 erg sŠ1 cmŠ2 arcsecŠ2 and
10 × 10Š16 erg sŠ1 cmŠ2 arcsecŠ2. The northwestern region is
near the edge of the SINFONI data cube, and it is therefore pos-
sible that it extends farther beyond the �eld of view of our data.
Both emission-line regions are aligned with the axis of the radio
jet.

The velocity o� set between the two regions is about
800 km sŠ1. While the compact northeastern part has a uniform
velocity �eld with a redshift of aboutv � 400 km sŠ1, the kine-
matics in the very extended southwestern region are more com-
plex with a maximum blueshift of aboutŠ400 km sŠ1, before
the velocities approach the systemic redshift again at the largest
radii. Line widths areFWHM = 200Š500 km sŠ1 in the south-
west, and up to 800 km sŠ1 in the northeast. In the southwestern
region we �nd elevated widths in particular near the continuum
and at about 1.5�� , a distance associated with the sudden velocity
shift fromŠ400 km sŠ1 to the systemic velocity.
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