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ABSTRACT

Context. Active galactic nucleus (AGN) driven out�ows are invoked in numerical simulations to reproduce several observed properties
of local galaxies. Thez > 1 epoch is of particular interest as it was during this time that the volume averaged star formation and the
accretion rate of black holes were at their maximum. Radiatively driven out�ows are therefore believed to be common during this
epoch.
Aims. We aim to trace and characterize out�ows in AGN hosts with high mass accretion rates atz > 1 using integral �eld spectroscopy.
We obtain spatially resolved kinematics of the [Oiii] � 5007 line in two targets which reveal the morphology and spatial extension of
the out�ows.
Methods. We present SINFONI observations in theJ band and theH + K band of �ve AGNs at 1:2 < z < 2:2. To maximize the
chance of observing radiatively driven out�ows, our sample was pre-selected based on peculiar values of the Eddington ratio and the
hydrogen column density of the surrounding interstellar medium. We observe high velocity (� 600� 1900 km s� 1) and kiloparsec scale
extended ionized out�ows in at least three of our targets, using [Oiii] � 5007 line kinematics tracing the AGN narrow line region. We
estimate the total mass of the out�ow, the mass out�ow rate, and the kinetic power of the out�ows based on theoretical models and
report on the uncertainties associated with them.
Results. We �nd mass out�ow rates of� 1� 10 M� /yr for the sample presented in this paper. Based on the high star formation rates of
the host galaxies, the observed out�ow kinetic power, and the expected power due to the AGN, we infer that both star formation and
AGN radiation could be the dominant source for the out�ows. The out�ow models su� er from large uncertainties, hence we call for
further detailed observations for an accurate determination of the out�ow properties to con�rm the exact source of these out�ows.

Key words. galaxies: active – quasars: emission lines – galaxies: kinematics and dynamics – quasars: supermassive black holes

1. Introduction

It is a well-established fact that most galaxies in the Uni-
verse host a super massive black hole (SMBH) at their nu-
cleus (Magorrian et al. 1998; Kormendy et al. 2011). These
black holes grow by accretion of surrounding gas and
dust (Silk & Rees 1998) and may turn active for a certain
period of time (� 105–107 yrs) (Martini & Weinberg 2001;
Schawinski et al. 2015; King & Nixon 2015). Various galaxy
evolutionary models invoke out�ows driven by active galac-
tic nuclei (AGNs) to reproduce several properties of lo-
cal massive galaxies (Silk & Rees 1998; Granato et al. 2004;
Di Matteo et al. 2005; Croton et al. 2006; Hopkins & Beacom
2006; Menci et al. 2006; Fabian 2012; King & Pounds 2015).
These out�ows couple to the surrounding gas and dust and this
process, named AGN feedback, is invoked to explain various

observed properties such as the black hole and bulge mass rela-
tion and the exponential break in the galaxy luminosity function,
to name a few (Silk & Mamon 2012; Kormendy & Ho 2013).

The coupling between the out�ows and the interstellar
medium (ISM) could be in the form of mechanical energy, com-
monly called jet-mode feedback or radiation energy, called the
radiative-mode feedback (see Fabian 2012 and Heckman & Best
2014 for a recent review). Jet-mode feedback occurs in black
holes with low mass accretion rates. The out�ows from such
black holes are in the form of relativistic jets with narrow
opening angles launched along the axis of the accretion disc.
The impact of this feedback mode has been con�rmed through
X-ray observations of the centres of galaxy clusters or groups
with a radio-loud AGN at their centres (Cavagnolo et al. 2011;
David et al. 2011; Nesvadba et al. 2008, 2011). On the other
hand, black holes with high mass accretion rates are more
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likely to drive the radiative feedback mode since these radia-
tive winds are believed to originate from the accretion disc
(Granato et al. 2004; Di Matteo et al. 2005; Menci et al. 2008;
Nayakshin 2014). Although there is some observational ev-
idence for the presence of radiative feedback in a few ob-
jects (Cano-Díaz et al. 2012; Zakamska et al. 2016; Cresci et al.
2015; Perna et al. 2015a; Carniani et al. 2015), we are far from
reaching a general conclusion on its impact on the host galaxy.

Out�ows have been commonly revealed in local and in
high redshift galaxies using X-ray and UV absorption line
studies with velocities reaching>1000 km s� 1 (Crenshaw et al.
1999; Chartas et al. 2002; Ganguly et al. 2007; Piconcelli et al.
2005; Tombesi et al. 2010). Since the radiative mode of feed-
back should be more relevant at 1< z < 3, the epoch of
peak volume averaged accretion density of the black holes and
the star formation density of the galaxies (Shankar et al. 2009;
Madau & Dickinson 2014), there has been an increasing inter-
est to observe galaxies in this redshift range to detect such out-
�ows. In order to quantify their impact on the host galaxy one
needs to determine their spatial extension and energetics. Long
slit spectroscopy has been widely used to detect such out�ows
from the presence of broad and extended emission line pro�les
in the object spectra (Alexander et al. 2010; Harrison et al. 2012;
Brusa et al. 2015a). However, 1D spectroscopy has the disad-
vantage that the spatial information and the out�ow morphology
cannot be inferred from it. Integral �eld spectroscopy (IFS) is
the ideal tool as it can give an idea of both the spatial extension
and the morphology of the out�ow around the host galaxy and
can also provide the total gas content traced by the respective
emission lines. In recent years, there has been extensive work on
this front using IFS on local and on high redshift quasars. A few
examples of such works are described in brief below.

Harrison et al. (2014) used Gemini Multi Object
Spectrograph-Integral Field Unit (GMOS-IFU) observations to
spatially resolve ionized gas kinematics in a sample of 16 local
radio-quiet luminous Type 2 AGNs. They found high velocity
and disturbed gas extended over scales of the host galaxies
in all of their objects. Though no speci�c mechanism behind
such out�ows, i.e. star formation driven or AGN driven, is
favoured for the sample in general, the most extreme ionized gas
velocities seem to be due to the AGNs. Husemann et al. (2013)
also studied the gas kinematics of a sample of� 30 low redshift
quasi-stellar objects (QSOs) using the Potsdam Multi-Aperture
Spectrophotometer (PMAS) where the disturbed gas kinematics
is attributed to small-scale radio-jet and cloud interactions
rather than being AGN-driven. Cano-Díaz et al. (2012) found
an extended kiloparsec scale quasar driven out�ow for a high
redshift Type 1 quasar using Spectrograph for INtegral Field in
the Near Infrared (SINFONI) data. The out�ow was asymmetric
in morphology and the star formation, traced by the narrow
component of H� line, was mostly found in the regions not
directly a� ected by the strong out�ow. This was one of the
�rst instances of direct observational evidence of a negative
AGN-feedback. Cresci et al. (2015) also detected an extended
out�ow for a high redshift Type 2 quasar. However, in this case,
the out�ow seems to a� ect the distribution of star formation
in the host galaxy such that star formation is suppressed in the
regions dominated by ionized out�ows, but enhanced at the
edges of the out�ow, making it one of the �rst observations of
both negative and positive feedback at play in a galaxy. Finally,
Carniani et al. (2015) studied a sample of six high redshift
luminous quasars and found extended kiloparsec scale and high
velocity out�ows in all their objects. These studies demonstrate
the capability of IFS to investigate the impact of AGNs on host

galaxies, both at high and at low redshifts. They also suggest
that out�ows are very common in this redshift range, which
should be ideal for the study of AGN feedback due to radiation
pressure driven out�ows.

In most of these works, the key diagnostic feature for the
presence of kiloparsec scale out�ows is the presence of asym-
metric [Oiii] � 5007 pro�les. The [Oiii] � 4959, 5007 lines are
ideal tracers of ionized gas in the narrow line region (NLR) as
these lines could not be emitted from the high density subpar-
sec scales of the broad line region (BLR). The direction of the
out�ow can be inferred from the presence of a blue or red wing
in the asymmetric [Oiii] � 5007 pro�le, which indicates gas �ow
towards or away from the observer, respectively. Assuming a bi-
conical out�ow morphology in most galaxies, it is not uncom-
mon to observe only the blue wing as the red wing is thought to
be obscured by dust in the host galaxy.

Observations using IFS, like the ones listed above, are very
expensive in terms of telescope time, and therefore previous
studies have always tried to pre-select the targets in order to max-
imize the chances of observing the AGN in an out�owing phase
(Lípari & Terlevich 2006; Brusa et al. 2015a). We have recently
completed a SINFONI program at VLT on a sample of �ve radio
quiet QSOs at 1:2 < z < 2:2. The main goal of this program was
to prove the e� ectiveness of selecting AGNs in an out�owing
phase based on the peculiar values of the Eddington ratio (which
is the ratio of the bolometric luminosity and the Eddington lu-
minosity) or its mass accretion rate and column density of the
surrounding interstellar medium. We selected only radio-quiet
QSOs since the main goal was to use this selection criterion for
studies on the impact of radiative feedback on the host galaxy.

This paper is arranged as follows. In Sect. 2, we present the
selection strategy of our sample. In Sect. 3, we discuss the obser-
vations and the technical details of the data reduction procedure.
Section 4 presents a detailed description of line �tting, creation
of kinematic maps, and the velocity de�nitions used in the pa-
per. In Sect. 5, we describe the properties of individual objects
derived from the line �tting and the kinematic maps. In Sect. 6,
we provide details about the formulas used and the assumptions
that go into our model while deriving the out�ow properties.
In Sect. 7 we discuss our results and compare them with pre-
vious work. Finally, the conclusions are presented in Sect. 8.
Throughout this paper, we use anH0 = 70 km s� 1, 
 � = 0.7
and
 M = 0.3 cosmology.

2. Sample selection

As mentioned before, to maximize the chance of observing out-
�ows driven by an AGN, we need to pre-select our objects based
on peculiar values of the physical properties of the black hole
such as its mass accretion rate or the Eddington ratio and the col-
umn density of the surrounding ISM. Radiatively driven winds
are believed to originate from the acceleration of the disc out-
�ows by the AGN radiation �eld (Begelman 2003). Therefore,
our selection criterion is skewed towards objects showing high
mass accretion rates or, equivalently, objects having higher Ed-
dington ratio. An object at higher Eddington ratio, will have a
tendency to induce a larger radiation pressure on the surround-
ing ISM. The additional constraint on the column density is mo-
tivated by the impact of the radiation pressure generated by the
SMBH on the cold gas responsible for the nuclear obscuration
(Fabian et al. 2008). The ISM might be able to withstand the
high radiation pressure from the AGN provided it has enough
gravitational support, an estimate of which can be obtained from
the hydrogen column density measurements. The coupling area
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errors also increase for high redshift and faint sources, which could
lead to the Eddington bias. As shown by Santini et al. (2017),
correcting for the Eddington bias would increase sSFR atz > 3.
Finally, as with any sSFR measurement the systematic uncertainty
of measuring SFR (e.g. lack of direct tracers such as dust-corrected
H
 , uncertainties due to unknown IMF) andM� (e.g. uncertainties
due to unknown IMF) using photometry remains. The detailed
explorations of sSFR at highest redshifts will thus have to await
the launch of theJames Webb Space Telescope(JWST).

5 CONCLUSIONS

In this paper, we present and publicly release photometric catalogues
of two HFF clusters, Abell 370 and RXC J2248.7� 4431. The
catalogues includeHST, HAWK-I/Ks band, andSpitzerdata. We
measure photometric redshifts for all sources and compare them
to spectroscopic data from the literature. Comparison shows a rea-
sonable agreement with� 	z/ (1+ zspec) � 0.05 and an outlier fraction
of 10�20 per cent. The fraction is higher for A370, likely due to
larger ICL contamination. We have also explored the accuracy of
photometric redshifts for strongly lensed systems and conclude that
their errors can cause a signi�cant bias in lens modelling.

Finally, we explore the stellar properties of galaxies using
samples from all six HFF clusters, containing 20 000 galaxies. The
magni�cation from a foreground cluster allows for the detection of
objects with stellar massM� � 107 M � and intrinsic SFRs� 0.1�
1 M� yr� 1 at z > 6. Photometric redshifts, magni�cation values,
rest-frame properties, and supporting information are all made
publicly available as described in Appendix A.
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APPENDIX A: PUBLIC RELEASE OF THE
CATALOGUES

All the catalogues and derived quantities described in this paper
are publicly released and can be obtained from these URLs.4,5

Photometric redshift catalogues contain all the photometry as

4https://doi.org/10.17909/t9-4xvp-7s45
5http://www.astrodeep.eu/frontier-�elds/
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Photometric catalogues of A370 and RXJ2248107

described in Section 3. These catalogues also contain photometric
redshift properties usingEAZY (Brammer et al.2008).

Stellar properties catalogues contain the same information as
catalogues released by Castellano et al. (2016) and Di Criscienzo
et al. (2017).

(i) ID: identi�cation number that matches the number in the input
photometric catalogues.

(ii) ZBEST: corresponds to the reference photo-z value used in
�tting stellar properties (zbest). We use spectroscopic redshift where
available, and photometric redshift fromEAZY otherwise. Sources
for which the photo-z run did not converge to a solution or have
unreliable photometry are set toZBEST= � 1.0.

(iii) MAGNIG: median magni�cation from all the models with
version 4 data from this URL.3

(iv) CHI2 NEB: � 2 of the SED �tting with stellar plus nebular
templates at redshift �xed toZBEST.

(v) MSTAR NEB, MSTAR MIN NEB, MSTAR MAX NEB: stellar mass
(109 M � ) estimated from stellar plus nebular �ts.

(vi) SFR NEB, SFR MIN NEB, SFR MAX NEB: star formation rate
(M � yr� 1) estimated from the stellar plus nebular �ts.

(vii) CHI2 NONEB, MSTAR NONEB, MSTAR MIN NONEB,
MSTAR MAX NONEB, SFR NONEB, SFR MIN NONEB,
SFR MAX NONEB: similar to the quantities above, but SED
�tting was performed using stellar templates only. Throughout
the paper we quote all results from SED �tting using stellar
plus nebular templates, but add these values to the catalogue for
convenience.

This paper has been typeset from a TEX/LATEX �le prepared by the author.
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