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Galaxy-wide winds of ionized gas have shown that AGN can terminate star formation in the
most powerful radio galaxies at z∼2, but these are rare objects and 1000 times brighter in the
radio than typical dusty high-z starbursts. We have observed 50 high-z radio galaxies with the
VLT/SINFONI IFU to explore the systematics of AGN-driven winds from the most powerful
radio sources to sources with moderate radio power. We report on the latest results of this on-
going study.
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1. Motivations

Feedback is more and more considered to be of crucial importance in our understanding of
galaxy evolution (e.g., Silk & Rees 1998; Croton et al. 2006). The consensus for a scenario
in which massive galaxies experience a strong starburst, triggered by mergers and cooling flows
and soon thereafter terminated by the AGN, which can efficiently heat the gas, is supported by
observations over a large wavelength range. At low redshift, hot X-ray cavities are observed in
galaxy clusters and seem to be inflated by radio jets, thus suppressing gas cooling (e.g., Birzan et
al. 2004; Wise et al. 2007). At higher redshift, rest-frame visible emission lines of ionized gas,
observed with integral field spectrographs, tend to show that radio jets are able to couple with the
surounding gas and drive it out of the potential well of the galaxy (e.g., Nesvadba et al. 2006, 2008).
Observations of some high-redshift sub-millimeter galaxies show that these much more common
objects are also subject to some kind of feedback, plausibly radiatively driven by the AGN and/or
supernovae from a starburst (e.g., Alexander et al. 2010; Harrison et al. 2012).

It is now well established that the key streps in the evolution of massive galaxies were already
completed at high-redshift (z & 2). Their star formation was maximum and has declined then (e.g.,
Karim et al. 2011), the luminosity function of quasars peaks at this period (e.g., Croom et al. 2009)
and a rapidly evolving population of powerful radio galaxies appears at that time with co-moving
number densities orders of magnitude higher than those observed in the local Universe (e.g., Willott
et al. 2001; Gendre et al. 2010).

All these are possible sources of feedback, making it important to investigate which one dom-
inates in what type of object and at what stage of evolution towards “old, red and dead” galaxies.

Figure 1: Left: The case study of MRC0406-244 (Nesvadba et al. 2008), in which radio jets are driving
dramatic outflows. Right: Position angle of the ionized gas versus position angle of the radio jets: it appears
that the ionized gas axis is always well-aligned with the radio jets axis, a strong argument for mechanical
AGN feedback.
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2. Results for powerful HzRG

From observations of powerful high-redshft radio galaxies (HzRG) with L1.4GHz ≥ 1028 W
Hz−1, mechanical feedback through radio jets seems to be the main driver of outflows in these kind
of “monsters” (Nesvadba et al. 2006, 2008). This is well illustrated by the case of MRC0406-244,
reproduced on Fig. 1: Large quantities of ionized gas (Mion gas ∼ 109−10M�) are outflowing with
large velocities (v∼ 1000−1500 km s−1) and large velocity dispersions (σ ∼ 1000 km s−1) from
the galaxy, driven by radio jets.

This example is typical of what is observed for the most powerful radio galaxies observed with
SINFONI, where the gas is always well-aligned with the jet, as shown by Fig. 1.
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Figure 2: Radio luminosity function (from Gendre et al. 2010). It illustrates that the number density of
radio-galaxies dramatically increases when radio power decreases, by a factor 100−1000 between the most
powerful HzRG (already studied by Nesvadba et al., 2006, 2008) and those studied here. It also illustrates
that radio galaxies were much more common (by 1−2 oders of magnitude) in the high-redshift Universe
than locally.

However, at lower radio powers (L1.4GHz . 1024−25 W Hz−1), it is not clear whether radiative
feedback dominates, as possibly illustrated by Alexander et al. (2010); or if radio jets continue to
be the main driver, as postulated by Nesvadba et al. (2011). However, a large gap between those
two examples still exists, all the more since a non-negligeable fraction of high redshift (z ∼ 2)
ULIRGs have radio jets produced by an AGN (e.g., Sajina et al. 2008). In this study, we try to
fill this gap by studying a sample of 9 moderately strong radio galaxies, having L1.4GHz ∼ 1027 W
Hz−1. This kind of HzRG is 100−1000 times more common than those studied previously (see
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Fig. 2) and could therefore shed light on the prevalence of mechanical AGN feedback in more
classical HzRGs.

3. Our study

We observed 9 galaxies with intermediate radio power (L1.4GHz ∼ 1027 W Hz−1) with the
near-infrared imaging spectrograph SINFONI (Eisenhauer et al. 2003 ; Bonnet et al. 2004) at
the Very Large Telescope of ESO under variable conditions. SINFONI is an image slicer which
operates between 1.1 and 2.4µm. We used the seeing-limited mode with the largest available field
of view of 8"×8" and a pixel scale of 250 mas. All data were taken with the H+K grating which
covers wavelengths between 1.45µm and 2.4µm at a spectral resolving power R∼1500 (∼ 200 km
s−1). We observed each galaxy for 180−230 min of on-source observing time, split into individual
observations of 5 min length. Since most of our galaxies are smaller than the field of view, we
adopted a dither pattern where the object is shifted between two opposite corners of the field of
view. The spatial resolution of our data is limited by the size of the seeing disk, which is typically
around 0.8". They are measured from a standard star observed at the end of each hour of data
taking. Data reduction procedures have been extensively explained in Nesvadba et al. (2006, 2008)
and we do not describe them here.
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Figure 3: Surface brighthness (left, in erg s−1 cm−2 arcsec−2), velocity (center, in km s−1) and velocity dis-
persion (right, in km s−1) of NVSSJ012932-385433, one of the 9 moderate HzRG observed in our program.
The seeing disk (FWHM) is shown in the lower left corner and the solid black line on the velocity map gives
the size and the orientation of the radio jet. This galaxy illustrates how things become more ambiguous at
lower radio powers: velocities are smaller (e.g., consistent with a rotating disk) meaning that gas may not
escape the potential well of the galaxy, but in the same time velocity dispersions are as large as for the most
powerful HzRGs. (see Collet et al. 2013, in prep. for details)

At moderate radio powers, we first note that sources are more diverse than at higher radio
power: Line widths are generally high (∼ 800 km s−1) in regions where we detect radio emission,
and more quiescent where we do not. These values, as large as for the most powerful sources,
indicate that the jets affect the gas, but they do not always seem to produce very extended emission-
line regions with high bulk velocities.

Hydrodynamical models (e.g., Wagner & Bicknell 2011, 2012) show that jets permeate the gas
overall, with a significant energy transfer, but it is not clear if the gas that escapes from the galaxy
has high enough surface brightnesses to be easily seen, which could explain our observations.
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Although radio powers differ by 4 orders of magnitude, we can also compare this observation with
results of Lehnert et al. (2011) who observed low bulk motions (∼ 50 km s−1) but high velocity
dispersions (∼ 500 km s−1) through the Na D absorption line of 260 low-redshift radio galaxies.

Another difference with the most powerful HzRGs arethe lower masses of ionized gas ob-
served in these objects, with Mion gas ∼ 108−9M�. Whether these objects have less gas overall
(i.e., they have similar ionized-to-molecular gas ratio Mion

Mmol
∼ 1, similar to what is observed in

the most powerful systems) or whether their gas content is closer to what is generally observed
( Mion

Mmol
∼ 10−2−3) is still to be tested.

4. Conclusion

We observed 9 high-redshift radio galaxies with the VLT/SINFONI IFU in order to explore the
impact of mechanical AGN feedback in systems with moderate radio power. Extended emission
line regions of ionized gas with high velocity dispersions are the sign that the jets do perturbe the
gas, but observed bulk velocities are not high enough to state that this gas will escape from the
galaxy. Large quantities of ionized gas are observed in these systems (Mion gas ∼ 108−9M�) but this
may not represent the majority of all their gas content. Complementary studies of other phases of
the gas (e.g., molecular) are needed to obtain a global picture of the role of the radio jets in galaxy
evolution.
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