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Abstract. We have detected CO(4-3) in the z=3.8 radio galaxy 4C 41.17 with the IRAM Interferometer. The CO is in two
massive (Mayn 2 2.5 X 10'"M,) systems separated by 178 (13 kpc), and by 400 km s™! in velocity, which coincide with two dif-
ferent dark lanes in a deep Lya image. One CO component coincides with the cm-radio core of the radio galaxy, and its redshift
is close to that of the He Il 2 1640 AGN line. The second CO component is near the base of a cone-shaped region southwest
of the nucleus, which resembles the emission-line cones seen in nearby AGN and starburst galaxies. The characteristics of the
CO sources and their mm/submm dust continuum are similar to those found in ultraluminous IR galaxies and in some high-z
radio galaxies and quasars. The fact that 4C 41.17 contains two CO systems is further evidence for the role of mergers in the

evolution of galaxies at high redshift.
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1. Introduction

Because of its luminosity and large angular extent, 4C 41.17
has become the most studied high redshift radio galaxy
(HzRG). HST images show that its host galaxy contains several
star-forming components, including (i) a linear radio-aligned
feature with spectroscopic characteristics of a young stellar
population (Dey et al., 1997), (ii) a clumpy system, separate
from the radio source, and (iii) low surface brightness UV
emission extending over 70 kpc (van Breugel et al., 1999). The
entire system is embedded in a giant Lya halo (Reuland et al.,
2003) and diffuse soft X-ray emission (Scharf et al., 2003). In
spite of the detection of its dust emission (Dunlop et al., 1994;
Chini & Kriigel, 1994), searches for molecular gas have been
unsuccessful up to now (Ivison et al., 1996; Evans et al., 1996;
Barvainis & Antonucci, 1996; Scoville, Yun, & Bryant, 1996).
In this letter, we report the first detection of two massive CO
components near the centre of this large forming galaxy'.

2. Observations and data reduction

We observed 4C 41.17 at 3.1 and 1.2mm with the IRAM
Plateau de Bure Interferometer in its compact D configuration
between 1999 August and 2003 August. The spectral correlator

! We adopt Hy=71kms™! Mpc™!, Qy=0.27 and Q,=0.73. At z=3.8,
the luminosity distance D;=34.4 Gpc, and 1" corresponds to 7.2 kpc.

covered a bandwidth of 580 MHz at each frequency. At 3.1 mm,
the 6-antenna equivalent on-source observing time was 29 h,
and the beam was 770 x 4”7 at PA 107°. The central fre-
quency was initially tuned to 96.090 GHz to observe CO(4-3)
(Viest = 461.040 GHz, but later re-centred to 96.250 GHz to
better cover the detected line. After phase and amplitude cali-
bration, we merged the data at different centre frequencies into
a data-set of 36 channels of 20 MHz each. As a result, the outer
140 MHz on each end has ~50% more noise than the central
channels (see Fig. 1). In the final data cube, the zero point of the
velocity scale is 96.093 GHz, corresponding to z = 3.79786,
the redshift of the HeIl A1 1640 line (Dey et al., 1997). We
made naturally weighted maps using the AZPS task IMAGR,
with CLEANing applied only to the velocity-integrated maps.

We observed simultaneously at 1.2mm (241.453 GHz
DSB) to study the dust continuum. We used only 1.2 mm data
taken with a precipitable water vapour content < 3 mm, which
gave a usable on-source observing time of 7.7 h, and an rms
noise of 0.8 mJy/beam. The 1.2 mm beam was 2”9 x 1”5 at PA
100°, but we convolved the image with a 3”0x3”0 Gaussian.

In 2004 March, we also observed the 4C 41.17 field at
1.2mm (~250 GHz) with the 117-element MPIfR Millimeter
Bolometer array (MAMBO-2; Kreysa et al., 1998) at the IRAM
30m telescope. The beam FWHM is 10”7 with an array size of
4’. We made eight on-the-fly maps, with 41 subscans of 40 s
each, while chopping the secondary mirror in azimuth at 2 Hz
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Fig. 1. CO (4-3) spectra at the positions of the red (top panel) and blue
components (bottom). The thin green line shows the data in 62 kms™!
channels, and the thick black line in 184 kms~! channels. Error bars
are 1o, and velocities are relative to 96.093 GHz (zisg = 3.79786).
The red and blue bars indicate the linewidths; the thick part of the red
bar marks channels used in Fig. 3, left. Note that these two positions
are less than a beam size away, and are therefore not fully independent.

Table 1. Observed and derived parameters for CO(4-3) in 4C 41.17.

Parameter Red component Blue component
RAJ2000) (peak) 6150m52:24+0.03  6750™52:12+0.03
DECJ2000) (peak) 41°30"3176+£073  41°3073073+073
[ScodV [Iy kms™'] 1.0£0.2 1.1£0.2
Central velocity * [ km s71] —-130 + 50 -550 + 100
Velocity width [ kms™] 500 + 100 500 + 150
Li5(4-3) [Kkms™'pc?] 3.7x1010 4.1x10'°
M(H,) [Mo] 3.0x10° 3.3x10%°

4 Relative to 96.093 GHz (z =3.79786).

by 39, 42, or 45”. We reduced the data using MOPSIC (Zylka,
1998). The map covers 3'x3’ with an rms noise of 0.8 mJy.

3. Results

Figure 1 shows CO(4-3) spectra at two positions. No line emis-
sion is detected in the range —1550 to —1000 kms~! and +250
to +800 kms~™! to 0.75mlJy (3c). In these outer channels, we
find a marginal continuum emission at ~0.3 mJy, which is con-
sistent with the 11 mlJy at 850 um (Ivison et al., 2000) and
3.8 mJy at 1.2 mm (our MAMBO map) extrapolated to 3.1 mm
(~0.2mly), and the non-thermal contribution of <0.2 mJy (over
the 13" source), extrapolated from 6.4 mJy at 2 cm (Chambers
etal., 1990) and 2.7 mlJy at 1.2 cm (Ivison et al., 1996). Because
of these low values (below the first contour in Fig. 2), we do not
correct the CO fluxes for the continuum.
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Fig.2. CO (4-3) position-velocity slice along the radio axis.
Horizontal lines mark the radio core and outer lobes. The position
zero is 6"50™52517 41°30730”9, the beam along this cut is 6", and the
contour steps are 0.4 mJy, with the first contour at 0.4 mJy.

The position-velocity slice (Fig. 2) shows that the CO
emission has two components: (i) a 'red’ component at ~
—130km s~! relative to our zero velocity, and (ii) a *blue’ com-
ponent at —550kms~!. Figure 3 shows the integrated red and
blue components?, separated by 178 (13 kpc projected). Table 1
lists the observed CO parameters, the CO(4—3) line luminos-
ity L&O(4—3), calculated using a CO(4-3)/CO(1-0) ratio of
1.0, and the molecular gas mass M(H;), assuming a conversion
factor Xco=0.8 Mo (K km s~'pc?)~! derived for local ultralumi-
nous infrared galaxies (Downes & Solomon, 1998).

Figure 4 shows three maps of the dust continuum in
4C 41.17. Unlike the solid 100 and 5o detections in the 850 um
SCUBA and 1.2 mm MAMBO maps, our 1.2 mm interferome-
ter map shows a 30~ peak at 0615052524, +41°30’31”9 (J2000;
i.e. at the red CO component) only after convolution with a 3”0
Gaussian. This PdBI map yields a flux S | ym = 3.0+ 0.7 mJy,
consistent with the S | ym = 3.8 £ 0.6 mJy from the MAMBO
map. The S/N in our 1.2 mm maps is insufficient to constrain
the spatial extent of the thermal dust emission reported by
Ivison et al. (2000) and Stevens et al. (2003).

Both CO components are gas-rich systems with My, ~
3x 10'° My (Table 1). Their projected separation of 13 kpc and
apparent relative velocity of ~400 km s~! imply a combined dy-
namical mass RV?/G of > 5 x 10" M, a typical value for the
baryonic mass of HzZRGs (Rocca-Volmerange et al., 2004).

We associate the red CO component with the AGN because:
(1) it agrees within the uncertainties, with the cm-radio core po-
sition (Carilli, Owen, & Harris, 1994) and the hard X-ray point
source (Scharf et al., 2003), (ii) it coincides with the central

% The velocity ranges in Fig. 3 are different, making the red compo-
nent look stronger than the blue. In reality, both sources have similar
CO luminosities.



C. De Breuck et al.: Detection of Two Massive CO Systems in 4C 41.17 atz = 3.8 3

200 400 600

50
| . o
-

o 96.134 GHz

413040 -250<V<0

30

DECLINATION (J2000)

06 50 53.0

52.5
RIGHT ASCENSION (J2000)

52.0 51.5

800 100 150 200

B "
96.274 GHz

-800<V<-300

Fig. 3. Velocity-averaged CO maps (thick/white+black contours) of the red (left) and blue (right) components. CO contours are —3, -2, 2, 3, ...,
100, with 0=0.2 mJy beam™!. The lower left inset shows the CO beam. The two CO maps are superposed on the Lya image, each with its own
colour scheme to show the two dark lanes in the Lya. The thin green contours (left panel) show the 1.4 GHz radio map (Carilli et al. 1994), and
the yellow cross indicates the radio core. The thin straight lines (right panel) indicate a possible AGN or starburst emission-line cone.

dark lane seen in the Lyw image (Fig. 3, left, near the cross)
and the HST R-band image (Bicknell et al., 2000), and (iii)
it has the same velocity offset as the low-ionization interstellar
absorption lines in the deep Keck spectrum of Dey et al. (1997).
The CO redshift of 3.7958+0.0008 is thus likely to be the real
systemic redshift of the host galaxy of 4C 41.17.

The blue CO component peaks at the position of a second
apparent dark lane in the Ly image (Fig. 3, right), which sug-
gests that the Lye may be absorbed by dust of another kine-
matic system, associated with this CO. This apparent Ly ab-
sorption lane is in a region which resembles the emission-line
cones seen, although on smaller scales (a few kpc), in some
nearby AGN (e.g. Cygnus A; Canalizo et al., 2003) as well as
in starburst galaxies (e.g. Veilleux & Rupke, 2002).

4. Discussion and Conclusions

What is the relation between the molecular CO-gas, the dust,
the Ly halo, and the massive forming galaxy with its radio-
loud AGN? Our CO velocity profile (Fig. 2) shows a remark-
able similarity to the Lya velocity profile of Dey (1999). Both
the CO and Lya are split into two components, separated by a
projected distance of ~15 kpc, and by ~500 kms~!. This sug-
gests that the Lya emission may also come from two separate
components (rather than a single component split by an asso-
ciated HI absorber). However, Lya traces much less dense gas
(ng ~ 17-150 cm™3; Villar-Martin et al., 2003) than CO, which
must have a density of 103 to 10*cm™ to have enough CO-line
opacity to give a typical brightness temperature of order 30 K.

Hence, the CO and Lya may originate from the same gas-rich
systems, but they do not necessarily trace the total extent of
these regions. This is obvious from the 200 kpc spatial extent
of the Lya, while the CO emission is unresolved with our 6”
(43 kpc) beam. If fact, we can put even stronger constraints on
the size of the CO-line sources, using some basic assumptions.

The FIR dust luminosity of 4C41.17 is very high, Lpr =
1.5 x 10" Lg, a value typical of an ultraluminous starburst.
The FIR fluxes, including our new continuum data points at 3.1
and 1.2 mm, imply a dust temperature of 54 + 10K, in agree-
ment with earlier values (Benford et al., 1999; Scharf et al.,
2003). Although the mm/sub-mm continuum is optically thin,
the CO lines are not, so the observed brightness temperature
of the CO will be about the same as the gas temperature. The
existing interferometer CO maps of ULIRGs, the only nearby
objects with comparable FIR luminosity, show that the bright-
ness temperatures of the low-J CO lines are comparable with
the FIR dust temperature (Downes & Solomon, 1998). Indeed,
for high-z CO detections even to be possible, the gas must
have a significant brightness temperature, typically 30 to 50K,
over several hundred pc. For 4C41.17, this means that if the
CO(4-3) brightness temperature is ~30K, then the observed
CO(4-3) luminosity (Table 1) implies a CO source diameter
d=(4 Lo/ (n Ty AV))?3 of 1.4 to 1.8kpc, or (/2 to 0//25.

This size and H, mass imply a hydrogen column density
of order 10%* cm~2, which is consistent with the observed mm-
FIR dust spectrum becoming opaque near restframe 100 um.
Applying the Stefan-Boltzmann formula with the derived CO
source diameter d~1.6kpc and dust temperature then yields
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Fig. 4. Thermal dust emission in 4C 41.17. The colourscale shows the
1.2 mm PdBI map convolved with a 370 Gaussian (not corrected for
the 20" primary beam). Superposed are the 850 um SCUBA map (thin
black contours; beam 14”) and our 1.2 mm MAMBO map (thick white
contours; beam 11””). Contours are -2, 2, 3,4, 5,6, 7, 8,9 and 100,
with 0=1.2 and 0.8 mJy beam™' for the SCUBA and MAMBO maps,
respectively. The white cross indicates the cm-radio core.

Ler = nod*T*~103 L, similar to the observed value. The
CO source size is also roughly consistent with the total mass
and typical density of the CO gas (103 to 10*cm~?), which im-
ply source sizes of order ~1 kpc, depending on geometry. Note
that these are maximum sizes of the CO. If one assumes the CO
is in more than two sources, then each component will have a
smaller size. We also note that our observations are insensitive
to more widely distributed, cooler CO.

The only known place where such high gas densities over
such dimensions are found are the circumnuclear disks ob-
served in ULIRGs and some quasars. The ‘red” CO source
in 4C41.17 thus finds a natural interpretation as a circumnu-
clear starforming disk around the radio-loud AGN. The fact
that there appears to be a second such CO source, 13 kpc away,
separated by ~400 kms~! in velocity, that also contains about
the same mass of molecular gas, suggests the AGN and possi-
bly starburst activity may have been triggered by the interac-
tion of the two objects. The absence of UV/optical continuum
signatures of starburst activity at the position of the blue CO
component remains surprising. A possible explanation could
be that this starburst has not yet reached its peak UV/optical
emission (Haas et al., 2003).

To summarize: our observations indicate that the 4C 41.17
system contains two massive CO components, each of which
may be associated with an obscured black hole. This is remark-
ably similar to the two CO systems in 4C 60.07 (Papadopoulos
et al., 2000; Greve, Ivison, & Papadopoulos, 2004). There
are three other HzRGs, 6C 1909+72, B3 J2330+3927 and
TN J0120+1320 with detected CO (Papadopoulos et al., 2000;
De Breuck et al., 2003a,b). It will be of interest to determine if

they are also double sources in CO, which would further indi-
cate the role of mergers in triggering AGN activity in the most
massive galaxies at high redshift.
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