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4C23.56 @ z=2.5

Data from XMM, HST, Keck, 
VLT, Subaru, Spitzer, JCMT and 
10 radio telescopes.
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4C23.56 @ z=2.5

Data from XMM, HST, Keck, 
VLT, Subaru, Spitzer, JCMT and 
10 radio telescopes.

Emission mechanisms:
•Hot accreating gas (X-ray)
•Stellar photospheres (optical)
•Scattered AGN (P=15%, UV)
•Nebular continuum (optical+UV)
•Emission lines (UV,optical, mm)
•Hot + cold dust (mid+far-IR)
•Synchrotron core,lobes (radio)
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Radio galaxies have massive hosts 
across cosmic time...
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Advantage of type II AGN: 
host galaxy is not dominated by AGN
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 S850µm → SFR increase with redshift at least until z~4. 
 LFIR ~ 1013 LSun → SFR ~ 1500 MSun/yr.
 Needs Herschel to better isolate AGN from stellar far-IR.

... but also high SFR, especially at z>3

Archibald+ 2001, Reuland+ 2004
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Why radio galaxies are ideal laboratories 
to study AGN feedback

They have already 
accumulated most of their 
stellar mass, but are still 
forming stars at z>3.

Needs a strong feedback 
process to stop them 
growing for good: 
powerful radio source.
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Black hole masses & 
Eddington ratios

Radio galaxies at z~2
(Nesvadba et al. 2010B, A&A submitted)

z~6 QSOs?
Walter et al. (2004)

z~2 starbursts? 
Alexander et al. (2008)

TXS1113-178
z=2.23

• BLR are usually completely 
obscured in type II AGN.
• 20% of z>2 RGs show nuclear 
broad-line regions in our IFU data.

• MBH a few 109 MSun
(higher inclination may half MBH)

•Appears slightly offset 
from local Mbulge - MBH 
relation.
• Bolometric luminosity at 
few % Eddington, lower 
than other populations 
with similar MBH

→ nearing end of active 
growth phase?
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Transiting objects from “Quasar” to “Radio” mode?  
•Calculate Lkin using Willott et al 1999 (▲) and Bîrzan et al 2008 (∆) relations.

•Transition from “Quasar” to “Radio” mode marks the end of the phase of 
active growth.
•Cfr. miniquasars: transition from radiatively efficient to inefficient 
accretion at few % Eddington.

following Merloni & Heinz (2008)

Nearby
Radio galaxies

Nesvadba et al. (2010b)
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radio jet
mechanical 

power

inflates
“cocoon”
hot overpres-
surized gas, 

X-ray

embedded cold/
warm clouds

molecular, atomic,
T~10-104 K

accelerates ????
 

  

Fairly good (basic) understanding of how jets may work
“ The Cocoon model ”

MRC0156-252
z = 2.0In agreement with hydro 

models of radio jets
(e.g. Sutherland & Bicknell 2007, 
Krause 2007)

strongest interactions w/ 
young radio sources 
(e.g., Holt et al. 2008)

dissipation times of gas 
kinetic energy ~ jet lifetime
(Nesvadba et al. 2010a)

Gaibler et al. (2008)
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Ionised gas halos with sizes similar to radio jets

(~50 radio galaxies at z~1.5-3.5 with NIR-IFU data
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Radio size  [kpc] 3500

~ SINFONI resolution

Full jet in SINFONI FOV

~50 kpc

always: D(gas) < D(radio)

Imaging spectroscopy with 
SINFONI / VLT

Morphologies of the 
warm ionized gas
([OIII]5007, H, ...)

~50 kpc
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416 N. P. H. Nesvadba et al.: Jet-driven AGN winds in radio galaxies in the “Quasar Era”

Fig. 8. Top: [OIII]!5007 emission line morphol-
ogy of MRC0316-257 at z = 3.13 with con-
tours showing the 1.4 GHz morphology. Bottom
left: velocity map. Color bar shows the rela-
tive velocities in km s!1, contours indicate the
1.4 GHz morphology. Bottom right: maps of
the line widths, color bars show the FWHM
in km s!1, contours indicate the 1.4 GHz mor-
phologies. North is up, east to the left in all
images.

Fig. 9. Top: [OIII]!5007 emission line mor-
phology of MRC0406-244 at z = 2.42 with
contours showing the 1.4 GHz morphology.
Top right: [OIII]!5007 emission line morphol-
ogy with contours showing the line-free rest-
frame optical continuum. Bottom left: velocity
map. Color bar shows the relative velocities in
km s!1, contours indicate the 1.4 GHz morphol-
ogy. Bottom right: maps of the line widths, color
bars show the FWHM in km s!1, contours in-
dicate the 1.4 GHz morphologies. North is up,
east to the left in all images.

Are these really outflows?

416 N. P. H. Nesvadba et al.: Jet-driven AGN winds in radio galaxies in the “Quasar Era”

Fig. 8. Top: [OIII]!5007 emission line morphol-
ogy of MRC0316-257 at z = 3.13 with con-
tours showing the 1.4 GHz morphology. Bottom
left: velocity map. Color bar shows the rela-
tive velocities in km s!1, contours indicate the
1.4 GHz morphology. Bottom right: maps of
the line widths, color bars show the FWHM
in km s!1, contours indicate the 1.4 GHz mor-
phologies. North is up, east to the left in all
images.

Fig. 9. Top: [OIII]!5007 emission line mor-
phology of MRC0406-244 at z = 2.42 with
contours showing the 1.4 GHz morphology.
Top right: [OIII]!5007 emission line morphol-
ogy with contours showing the line-free rest-
frame optical continuum. Bottom left: velocity
map. Color bar shows the relative velocities in
km s!1, contours indicate the 1.4 GHz morphol-
ogy. Bottom right: maps of the line widths, color
bars show the FWHM in km s!1, contours in-
dicate the 1.4 GHz morphologies. North is up,
east to the left in all images.

Low P = receding

High P = approaching
High P = approaching

Low P = receding

•Laing-Garrington effect: most depolarised radio lobe is 
receding as it passer through longer line-of sight.

•Consistently indicate bipolar outflows with velocity offsets 
~ 1000 km/s and V~1000 km/s.
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Energetics and other constraints

velocities

Line widths 
FWHM

Characteristic: blue / redshifted bubbles
 velocity offset 1000 km s-1 (>> rotation)
 Line widths ~ 1000 km s-1

Gas extends along jet axis to R >> Rstars
 only extended gas where extended radio sources
 aligned with radio source

Mgas,ion ~ 1010 Msun ~ Mgas, mol
 Hα flux, extinction, electron densities measured 
 starburst galaxies: Mmol / Mion ~ 102-3

 Ekin,gas ~ 1059-60 erg 
 ~ binding energy of a massive host galaxy 
 0.1 - 0.2 % of the rest-mass energy equivalent of the SMBH
 1-10% of the jet power

Toutflow few x 107 yrs ~ AGN lifetime
 > characteristic time of a starburst ~ 108 yrs

Expected characteristics of AGN-driven winds quenching 
intense starbursts in massive high-z galaxies
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How about molecular (CO) gas, 
thought to be the main tracer 

of the ISM? 
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Name CO

transition

z S850µm 

[mJy]
ΔVCO

[km/s]

SCO ΔV

[Jy km/s]

M(H2) [1010 
MSun]

MG2037-0011 3-2 1.51 - TBD faint det. TBD 

MRC0156-252 3-2 2.02 - TBD TBD TBD

TN J2254+1857 3-2 2.15 - - offset det. 0.6(offset)

53W002 3-2 2.39 <4.5 420 1.2± 0.2 1.2

3C257 3-2 2.47 5.4 - non det -

USS0828+193 3-2 2.57 - - offset det. (offset)

B3 J2330+3927 4-3 3.09 14 500 1.3± 0.3 7

WN J1123+3141 4-3 3.22 4.9 - non det -

TN J0205+2242 4-3 3.51 <5.2 - non det -

TN J0121+1320 4-3 3.52 8 700 1.2± 0.4 3

6C 1909+72 4-3 3.54 13 530 1.6± 0.3 4.5

MG2144+1928 4-3 3.59 2.3 TBD detected TBD

4C 60.07 4-3, 1-0 3.79 11 >1000 2.5± 0.4 8

4C 41.17 4-3, 1-0 3.80 11 1000 1.8± 0.2 5.4

TN J0924-2201 1-0, 5-4 5.20 <3.2 200-400 2.1± 0.2 ~10
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De Breuck+ 2005

 CO is in 2 components with M(H2)≈3x1010 MSun.
 Each component coincident with a dark lane in Lyα.
 Not detected in CO(1-0) with VLA → n(H2) ≥ 103cm-3.

CO emission in 4C41.17 (z=3.8)

Friday 23 July 2010



 No CO at position of radio core and host galaxy.
 8σ detection in 2 velocity components SW1/2 detected 

80 kpc from radio core, just beyond radio lobe.
 No indication for old stars or star-formation in SW1/2.
 Related to Lyα absorbers in the haloes?
 Cloud collapse and excitation by the nearby radio jet?
 Similar to diffuse CO in low z clusters, but ambient 

conditions are very different.

CO in the halo of a HzRG L17

Using the IRAM Plateau de Bure Interferometer (PdBI), we de-
tected luminous CO(3–2) line emission in the halo of the z =
2.6 HzRG TXS0828+193, with a luminosity of 2 !
1010 K km s"1 pc2. Deep photometry from the rest-frame ultraviolet
to mid-infrared including MIPS 24 µm imaging does not reveal a
counterpart within the 5 arcsec beam, implying a very small asso-
ciated stellar mass and low star formation rates. These are very un-
usual properties for a high-redshift CO emitter, and we discuss pos-
sible scenarios for its nature. Throughout the paper, we adopt a flat
H0 = 70 km s"1 Mpc"3 concordance cosmology with !" = 0.7 and
!M = 0.3.

2 O B S E RVAT I O N S A N D A N C I L L A RY DATA

We observed TXS0828+193 with the IRAM PdBI (Guilloteau
et al. 1992) in the D configuration. At z = 2.6, CO(3–2) falls at
96.6 GHz and into the 3 mm atmospheric window. We reached a
0.3 mJy beam"1 rms and a beam size of 5.3 ! 4.6 arcsec2 (42 !
37 kpc at z = 2.6). On-source integration time was 12.9 h under
normal to good conditions with six antennae and system tempera-
tures <150 K. Data were calibrated using the CLIC package and with
MWC349 as flux calibrator. We combined both polarizations and
rebinned the data to a resolution of 30 km s"1. The PdBI receivers
covered a window of #2600 km s"1.

We also include deep Palomar WIRC K-band imaging, and
Spitzer IRAC 3.6 µm and MIPS 24 µm photometry, as well as
archival HST Wide Field Planetary Camera 2 F606W imaging.
C. Carilli kindly provided his Very Large Array (VLA) 8.4 GHz
A-array map of TXS0828+193 first published in Carilli et al.
(1997). We detected the millimetre continuum of the radio core
of TXS0828+193. Thus, we could align the PdBI data with our
line-free K-band continuum image of TXS0828+193 (Nesvadba
et al. 2008), assuming that the AGN is at the centre of the galaxy.
The K-band data then served as a reference to align all other images.

3 C O EM I S S I O N I N T H E H A L O O F A H Z R G

We identify luminous CO(3–2) emission in the halo of
TXS0828+193 at a distance of #10 arcsec (80 kpc) south-west
from the radio galaxy (Fig. 1). The 5 arcsec beam corresponds to
an upper size limit of #40 kpc. The emission-line region is aligned
with the axis of the radio jet but 2.5 arcsec (20 kpc) west-south-west
in projection from the radio lobe, and hence at a larger radius from
the central galaxy. Integrating over the full line, we reach 8# sig-
nificance. To further ensure the robustness of our measurement, we
split the data into two subsamples with consistent results in each
subset.

The integrated spectrum is shown in Fig. 2. We find two com-
pact components, labelled TXS0828+193 SW1 and SW2, re-
spectively. They have the same spatial position, but different
blueshifts of $vSW1 = "200 ± 40 km s"1 and $vSW2 = "920 ±
70 km s"1 relative to the HzRG, respectively. The systemic ve-
locity was estimated from rest-frame optical integral-field spec-
troscopy of TXS0828+193 (Nesvadba et al. 2008). SW1 and SW2
have linewidths FWHMSW1 = 310±270 km s"1 and FWHMSW2 =
340 ± 270 km s"1, respectively. Integrated fluxes are ICO,SW1 =
0.23 ± 0.08 Jy km s"1 and ICO,SW2 = 0.24 ± 0.06 Jy km s"1, respec-
tively, and correspond to luminosities of L$

CO = 9 ! 109 K km s"1

pc2 per component. (We assumed L$
3"2 = L$

1"0 and r32 = 1).
Molecular gas mass estimates of high-redshift galaxies depend

on the assumption that the conversion factors from CO to H2 (‘X
factors’) established at low redshift will apply. The X-factor of XU =

Figure 1. CO(3–2) line image, integrated over the full wavelength range of
the two components. Line emission is not spatially resolved with a 5 arcsec
beam. Thick yellow and thin white contours show the non-thermal con-
tinuum observed at 3 mm with the PdBI and at 8.4 GHz with the VLA,
respectively.

Figure 2. Integrated spectrum of the CO emitter south-west from
TXS0828+193. The yellow histogram marks the data, with a Gaussian
fit of two components overlaid (black line). The blueshifted and redshifted
components are detected at 3# and 4# significance, respectively.

0.8 M%/(K km s"1 pc2) appropriate for ULIRGs yields estimates
# 5! lower than the Milky Way X-factor (Downes & Solomon
1998). With XU, the ISW1 #SSW2 # 0.25 Jy km s"1 per component
corresponds to 7 ! 109 M% in cold gas per component, or 1.4 !
1010 M% in total.

We will now discuss two possible scenarios for the nature of the
CO emission in the halo of TXS0828+193, namely, that it may be
associated with a satellite galaxy or that it may be related to gas
clouds or filaments within the gas-rich halo of TXS0828+193.

3.1 An extremely gas-rich satellite galaxy?

We searched for the stellar continuum of putative galaxies associ-
ated with SW1/2 in our set of images with rest-frame wavelengths
between #1700 Å and 7 µm (Section 3). SW1/2 was not detected
in any of the data sets (Fig. 3). This is in strong contrast to the
companion of the z = 3.8 HzRG 4C60.07, that was detected in all
bands in a similar study of Ivison et al. (2008). We use the deep
K-band photometry with a 3# limit of K3# = 23.7 mag in a 1 arcsec
aperture and the population synthesis models of Bruzual & Charlot
(2003), to place an upper limit on the stellar mass. Continuous star

C& 2009 The Authors. Journal compilation C& 2009 RAS, MNRAS 395, L16–L20

L18 N. P. H. Nesvadba et al.

Figure 3. Left- to right-hand panel: HST WCPC2 F606W, Palomar K band, Spitzer IRAC 3.6 µm and MIPS 24 µm photometry of TXS0828+193. Thick blue
contours show the position of the SW1/SW2, thin red contours mark radio jets. SW1/SW2 is undetected in all bands.

formation histories with ages between 5 ! 107 and 2 ! 109 yr
(implying a formation at z ! 10), and extinctions AV = 1–5 mag
correspond to a maximum of "3 ! 109 M# in stellar mass. This
covers more than the range of extinctions found for dusty submil-
limetre galaxies (SMGs) at z $ 2 and low-redshift ULIRGs typically
associated with strong CO emission (AV ! 2 mag Scoville et al.
2000; Smail et al. 2004). These extinctions are derived from the
integrated photometry of the galaxies, as appropriate for our pur-
poses. Extinctions along individual sightlines and into a starburst
may be significantly higher.

The rms of "100 µJy in our MIPS 24 µm image is well below the
fluxes measured by Pope et al. (2008) for submillimetre galaxies at
similar redshifts, which are in the range 200–500 µJy. This allows
us to set constraints on the star formation, because the filter covers
the 6.2 µm polycyclic aromatic hydrocarbon (PAH) band, and more
than half of the 7.7 µm band at the redshift of SW1/2. With the MIPS
non-detection, it appears unlikely that SW1/2 is forming stars at the
prodigious rates of several 100 M# typically observed in SMGs.

We will now estimate a dynamical mass for SW1/2. With a beam
size of 40 kpc, we do not know whether the CO line emission
may be associated with one or with two galaxies. If SW1/2 repre-
sents a double-horned profile of a single, roughly virialized, rotat-
ing galaxy (as often assumed for SMGs), we can estimate a mass
by setting Mdyn = (v/sin i)2 R1 kpc/G with circular velocity v =
350 km s%1, inclination i, radius R1 kpc and gravitational constant,
G. The radius R is given in kpc. Tacconi et al. (2008) use radii "2–
5 kpc for their mass estimates, which would imply Mdyn "0.6–
1.5 ! 1011 M# for an edge-on disc and, perhaps more realistically,
two to three times higher masses for a more average inclination.
Thus, SW1/2 would have a mass in the typical range of submil-
limetre galaxies or powerful radio galaxies, which are K " 20 mag
or brighter (De Breuck et al. 2002; Smail et al. 2004). This would
also significantly exceed the baryonic (gas and stellar) mass of few
!1010 M#. If alternatively, we assume that SW1 and SW2 are as-
sociated with two different galaxies in the halo of TXS0828+193
(a plausible assumption given the 40 kpc covered by the beam),
then, following Neri et al. (2003), we estimate a dynamical mass
of Mdyn = 4 ! 109 R1 kpc M# per galaxy for a full width at half-
maximum (FWHM) = 300 km s%1 linewidth of each component.
Assuming a radius of a few kpc, the dynamical mass estimate will
be lower than the molecular gas mass by factors of a few, except if
we assume that both galaxies are seen within a few degrees from
being face-on, which does not appear very likely. Each of these
estimates relies on the assumption that the gas is approximately
virialized. This is a common assumption in CO emission-line stud-
ies at high redshift, but whether it is justified has yet to be proven. In

Section 3.2, we discuss a scenario where the virial assumption would
not apply. Likewise Ivison et al. (2008) raised doubts as to whether
this assumption is always justified in the context of high-redshift
galaxies.

In these ‘galaxy’ scenarios, we also need a mechanism to suppress
star formation in the cold gas traced by the CO. If the CO line
emission arises from a disc with a few kpc in radius, then the
observed gas mass of 1.4 ! 1010 M# corresponds to a surface
mass density of few !1000 M# pc%1. Following the Schmidt–
Kennicutt relation (Kennicutt 1998) between gas surface density
and star formation intensity (SFI), we expect SFI = few !10 M#
yr%1 kpc%2. Averaging over the size of the disc, this corresponds to
a total star formation rate of several 100 M# yr%1. This is in the
typical range of submillimetre galaxies, but in contradiction with
our non-detection at 24 µm. Likewise, with star formation rates of
few !100 M# a stellar mass of few !109 M# would be built in
few !107 yr, so that SW1/2 would have to be in a very special, very
young stage of the starburst if it was a galaxy.

Papadopoulos et al. (2008) recently found luminous, but excited
CO line emission in a nearby radio galaxy, 3C293, which does not
seem associated with a starburst. The same is suggested by Spitzer
observations of a small number of nearby galaxies with strongly
enhanced, mid-infrared H2 line emission (e.g. Ogle et al. 2007).
Guillard et al. (2009) argue that this gas may be heated through
the dissipation of kinetic energy. In these cases, it is likely that the
energy was injected by an external mechanism (a merger or AGN).
We will in the following propose a somewhat related scenario, where
the nearby radio lobe may have induced the collapse of gas within
the halo of TXS0828+193.

3.2 Cold gas in the halo?

TXS0828+193 was the first HzRG where an outer halo was found
(Villar-Martı́n et al. 2002), which extends beyond the turbulent,
luminous inner emission-line region that is likely powered by energy
released from the powerful AGN (e.g. Villar-Martı́n et al. 1999;
Nesvadba et al. 2008). Diffuse gas in the outer halo is fainter, and
has more moderate velocity gradients and linewidths, which may
indicate rotation in the potential of the underlying dark matter halo
(Villar-Martı́n et al. 2003, 2006), or perhaps gas infall (Humphrey
et al. 2007). Villar-Martı́n et al. (2002) find C IV emission in the
outer halo of TXS0828+193 and suspect that metallicities may be
up to nearly solar, perhaps representing gas that has previously been
driven out from the central galaxy.

Fig. 4 shows the relative velocity and radial distance of SW1
and SW2 from TXS0828+193 relative to the two-dimensional Ly!

C& 2009 The Authors. Journal compilation C& 2009 RAS, MNRAS 395, L16–L20

Nesvadba+ 2009

CO in the halo of USS 0828+193 (z=2.6)
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4C41.17
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FIG. 3.ÈTotal light spectrum of the central 2A ] 1A of 4C 41.17 compared with the UV spectrum of the B1 star-forming knot in the nearby Wolf-Rayet
starburst galaxy NGC 1741 from et al. The ordinate is labeled with the Ñux density scales for 4C 41.17 and NGC 1741B1 on the left and rightConti (1996).
axes respectively. The two spectra show many similarities in their absorption line properties, although the emission line spectrum of 4C 41.17 is dominated by
processes related to the AGN. The absorption spectrum is also similar to that of the recently discovered population of starburst galaxies at z [ 3.

Doradus et al. NGC 4214 et al.(Vacca 1995), (Leitherer
and the B1 star-forming knot in the nearby starburst1996)

galaxy NGC 1741 (hereafter referred to as NGC 1741B1,
Leitherer, & Vacca see also and to theConti, 1996 ; Fig. 3),

FIG. 4.ÈUnsmoothed total light spectrum of the central 2A ] 1A of 4C
41.17 compared with the HST spectrum of NGC 1741B1 et al.(Conti 1996)
in the spectral region surrounding the S V j1502 stellar photospheric
absorption line. Formal 1 p error bars are plotted for the spectrum of 4C
41.17. The spectrum of NGC 1741B1 has been scaled to the match the
continuum level of the 4C 41.17 spectrum, and then o†set by 0.7 units. A
Gaussian Ðt to the S V absorption line feature is shown.

z D 2È3 population of star-forming galaxies recently dis-
covered by virtue of their Lyman limit absorption (e.g.,
Steidel et al. Steidel, &1996a, 1996b ; Giavalisco,
Macchetto et al.1996 ; Lowenthal 1997).

The parameters of the strongest detected absorption lines
are listed in along with limits on the strengths ofTable 3
known stellar absorption features. The absorption lines that
are largely uncontaminated by strong emission have rest-
frame equivalent widths of B1È2 and are there-A� (Table 3)
fore slightly smaller than in most starbursts systems (e.g.,
NGC 1741B1 has equivalent widths of B2 for these lines ;A�

et al. Many of the absorption features haveConti 1996).
asymmetric proÐles with blue wings extending to more than
2500 km s~1 from the line centroid, and some show P
CygniÈlike proÐles. If we deÐne the systemic velocity to be
that measured from the He II emission line, then the absorp-
tion troughs associated with Lya and C IV are blueshifted
relative to the systemic velocity by B1700 km s~1, whereas
the absorption in the low-ionization species of Si II, C II, and
O I are at the systemic velocity, or perhaps slightly blue-
shifted by B135 ^ 43 km s~1. The blueshifts observed in
Lya and C IV are somewhat difficult to determine accurately
since these absorption features are contaminated by very
strong line emission.

In addition to the absorption lines that are clearly associ-
ated with P CygniÈlike emission, there are a few features for
which we have only tentative identiÐcations. These features
are likely to be either very high-velocity blueshifted absorp-
tion arising in a outÑowing gas, or due to foreground
(intervening) metal-line systems. The strong absorption
feature at 6555 appears to be (at the present resolution) aA�
composite of three absorption lines at 6544.3, 6560.0, and
6573.6 The ratios of the Ðrst two features suggestA� (Fig. 5).
that these may be Mg II jj2796.35, 2803.53 in an inter-
vening system at z \ 1.340. We tentatively identify the

The occasional positive feedback: 
jet-induced star formation

Fig. 4.—PFCam R-band co-add, cropped to highlight the faint bridge of stars that connects NGC 541 with the interacting pair NGC 545/547. MO lies in this bridge,
close to NGC 541.

Fig. 3.—Zoom of Fig. 2 to show in more detail the region surrounding MO.
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HIGH-REDSHIFT RADIO GALAXY 4C 41.17 679

Carilli et al. (1994) in referring to the radio features
(components, knots, etc.).

2. HST OBSERVATIONS OF 4C 41.17 AND THE

RELATIONSHIP TO THE RADIO EMISSION

The details of HST imaging of 4C 41.17 are given in van
Breugel et al. (1998). Here, we summarize some of the perti-
nent details of these images and their relationship to the
radio emission in order to facilitate the following theoretical
discussion.

The montage in Figure 1 shows three HST images in
di†erent bands with the X band radio images of Carilli et al.
(1994) superimposed in the form of contours. The top
image is a deep rest-frame UV image (F702W !lter, jrest D6.0 hr exposure) ; the middle image was acquired1430 A! ;
through the F569W !lter, which includes Lya (2.0 hr
exposure) ; and the bottom image is a Lya image (Linear
Ramp Filter [LRF] !lter at 2.0 hr exposure).j

c
D 5830 A! ;

All of these images show strongly aligned nonthermal and
thermal components. The direct association of the radio
components with both UV continuum and Lya emission,
together with the spectroscopic evidence for young stars
from the Keck observations, strongly points to jet-induced
star formation. In particular, the radio knot B2 (the second
from the left in these images) is associated with a Lya ““ hot

spot.ÏÏ The F702W and F569W images reveal an interesting
knotty and bifurcated feature (approximated with a by0A.8

[D8.6 kpc ] 2.6 kpc] oval or parabola, shown0A.24
enlarged on the right of Fig. 1). It is natural to interpret this
enhanced UV continuum as tracing the locus of newly
formed stars. We comment further on this in the context of
our model in ° 3.

In Figure 2, a smoothed version of the F702W image0A.3
is displayed. This brings out an additional star-forming
region to the south of the regions evident in the
unsmoothed version. Van Breugel et al. (1998) have esti-
mated the star formation rates in these regions from the UV
luminosity, using the relationship between ultraviolet Ñux
and star formation rate determined by Conti, Leitherer, &
Vacca (1996). The estimated star formation rates in the
various regions are given in Table 1.

In the smoothed image, the region of UV continuum near
both of the radio components B2 and B3 is even more
marked, consistent with enhanced star formation in associ-
ation with these components.

Following van Breugel et al. (1998), we adopt the follow-
ing nomenclature for the components in the HST image :
the NE component is the region of edge-brightened UV
emission located on the core side of the bright radio knot
B2 ; NEE is the more di†use component to the east of this ;

FIG. 1.ÈMontage of three HST images taken through the F702W, F569W, and Lya !lters. The X band radio images of Carilli et al. (1994) are
superimposed in the form of contours.

• Increased star formation along the radio jets.
• Strong evidence at low z in Minkowski’s object (Croft + 2004). 
• At z=3.8 in 4C41.17 (Dey + 1997, Bicknell + 2000).
• Predicted from hydrodynamic simulations (Fragile + 2004).
• Total mass of stars formed ~109 Msun, mostly negligible.
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Summary

• High z radio galaxies have massive host galaxies, and are close to 
the MBH-Mbulge relation ⇒ need strong feedback process to stop 
accretion: powerful radio AGN.
• They are on the critical point between “quasar” and “radio” mode.
• VLT/SINFONI observations of 50 HzRGs show bipolar outflows 
aligned with radio source & sizes up to 50 kpc ~ radio source.
• Outflow kinetic energies close to the binding energy of the host. 
• Ionised gas mass similar or greater than CO mass.
• We have found a CO component within the halo of a z=2.8 RG, 
along the radio jet direction, but without star formation.
• Feedback is predominantly negative, though occasional positive 
feedback may occur in the form of jet-induced star formation.
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