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ABSTRACT

We present a range of new observations of the ‘broad abearatie radio galaxy’ 4C +72.26
(z =~ 3.5), including sensitive rest-frame ultraviolet integralldiespectroscopy using the
Gemini/GMOS-N instrument and Subaru/CISTOband imaging and spectroscopy. We
show that 4C +72.26 is a system of two vigorously star-fogmjalaxies superimposed along
the line of sight separated by1300+200 km s™! in velocity, with each demonstrating spec-
troscopically resolved absorption lines. The most acttee-®orming galaxy also hosts the
accreting supermassive black hole which powers the extbradio source. We conclude that
the star formation is unlikely to have been induced by a stoaelsed by the passage of the
radio jet, and instead propose that a collision is a moreaitebtrigger for the star forma-
tion. Despite the massive starburst, the UV-mid-infraggetsral energy distribution suggests
that the pre-existing stellar population comprise$0'2 M, of stellar mass, with the current
burst only contributing a further2%, suggesting that 4C +72.26 has already assembled most

of its final stellar mass.
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1 INTRODUCTION

Powerful radio galaxies represent an important phase idifine
of all massive galaxies. The tight locus they follow in thieband
Hubble diagram (Lilly & Longair 1982; Jarvis et al. 2001; VWit et

al. 2003; Rocca-Volmerange et al. 2004) suggests that tleela
minous ¢ 3L*) galaxies whose stellar populations formed rapidly
at very high redshift and have evolved passively since. rTthei
scendants must inevitably be the most massive galaxieb it
most massive black holes) and, locally, such galaxies likércen-
tres of galaxy clusters. During their most active formatprase,
they are believed to regulate galaxy formation and growthémt-
ing the intracluster medium with energy released from the- co
tinued accretion of material onto their central supernvasblack
holes (e.g. Best et al. 2006, Nesvadba et al., 2006, Nesy2d08).
However, most of the black hole growth must occur during aemor
luminous episode (or episodes) of activity when the blacle ho
powers two oppositely-directed supersonic jets and hasttheac-
teristic Fanaroff & Riley (1974) Class Il double-lobed mibgtogy.
Although the jets may be weak during most of the mass build-up
(e.g. Martinez-Sansigre et al., 2005), powerful epis@d@st emis-
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emission lines

sion may cast their influence beyond the AGN’s immediate-envi
ronment (e.g. Rawlings & Jarvis, 2004). Understanding #ia-r
tionship between the star-formation and accretion agtigiessen-
tial to our understanding of massive galaxy evolution amplires
observations of distant radio sources.

High-redshift radio galaxies (HzRGs) have generally béen t
most useful class of source, since their favourable oriema&lose
to the plane of the sky means the host galaxy’s stellar ptipuolés
not swamped by the strong non-stellar continuum at ulttavand
optical wavelengths, and ensures the overall spectrafgmstri-
bution is not affected by Doppler boosting of the synchno&mis-
sion. Archibald et al. (2001, and also Reuland et al. 2008hdo
that the submillimetre luminosities of a sample of HZRGsenar
strongly increasing function of redshift, which they claidhwas
due to increasingly youthful stellar populations (althbulis was
subsequently cast in to doubt by Rawlings et al., 2004). The a
parent lag between the assumed formation epech=(5) and the
powerful AGN activity was explained by the time required foe
central black hole to grow td0° M, (Archibald et al. 2002).

Deep spectroscopy of the= 3.8 radio galaxy 4C 41.17 by
Dey et al. (1997) revealed pronounced P Cygni-like featurgise
rest-frame ultraviolet which, coupled with the lack of pitation,
implies that the UV light is dominated by a massive starbwitt
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Figure 1. Hubble Space Telescop&FPC2 Planetary Camera image of
4C +72.26 in the F702W filter, overlaid with the region covktey the
GMOS-N IFU observations. The reason for the misplacemetiteofFU is
given in the text. Some residual cosmic rays are still vésibl the image.
The white contours are from the 4.5HZ radio map of Pentericci et al.
(2000), kindly provided by C. De Breuck. The radio core hasnbaligned
with the peak of the optical emission.

an age less than 16 Myr. Considering the close spatial qgmres
dence between the radio, UV continuum, andvlgmission, Bick-

nell et al. (2000) suggested that 4C 41.17 was undergoing a ra
dio jet-induced starburst. While this scenario had beemestgd
before (Chambers et al. 1987; McCarthy et al. 1987; Rees)1989
4C 41.17 provided the clearest observational example opltiee
nomenon. However, this picture is clearly at odds with that p
posed by Archibald et al. (2002).

In this paper we discuss our observations of thex 3.5
source 4C +72.26, also known as 6C 1909+72, or TX J1908+7220.
Although originially classified as a ‘broad absorption lirelio
galaxy’ fromits optical spectrum spectrum (Dey 1999; deukeet
al. 2001), we demonstrate that the absorption features @egRi
profiles characteristic of a massive starburst which pewithe en-
tire rest-frame ultraviolet continuum.

The format of this paper is as follows. In Section 2 we de-
scribe the new observations of 4C +72.26, and in Section 3 we
present and discuss our major results, including the ecildor
two star-forming systems superimposed along the line dftsig
Section 4 we present a new analysis of the spectral energy dis
tribution of 4C +72.26, and in Section 5 we discuss our inter-
pretation for the source. Finally, we summarize our cornchs
in Section 6. Throughout this paper we adopt a cosmology with
Ho = 72kms™* Mpc™!, andQm = 1 — Q4 = 0.26 (Dunkley et
al. 2009).

2 OBSERVATIONS

2.1 Imaging

Images of 4C +72.26 were taken through thé filter with the
Cooled Infrared Camera and Spectrograph for OHS (CISCO; Mo-
tohara et al. 2002) on Subaru Telescope on the night of UT 2000

July 13. A total of 64 separate 20-second exposures wer@,take
with 8 cycles of an 8-point dither pattern. Due to CISCO’setes
anomaly, the first exposure in each cycle was discardechg@i
total exposure time of 1120 s. These images were dark-stibtha
normalized, and median-filtered to provide a flatfield whicasw
applied to each individual exposure. These were then cabdsle
ing offsets calculated from the centroids of objects degtat each
frame. There was thin cloud at the time of the observatiorzhse
tometric calibration was performed relative to three statke field
which are present in the Two Micron All Sky Survey (2MASS)-cat
alogue. No colour corrections were applied to transfornrmftbe
CISCOK' filter to the 2MASSK: filter since they have very sim-
ilar transmission profiles. The &-magnitude limit of these data is
K = 20.8, measured in a’2aperture.

We have also obtained an archival HST image of 4C +72.26,
taken using the Wide-Field and Planetary Camera 2 with the
F702W filter for two 3000-second integrations (Pl G. MileJhe
two frames were combined with cosmic-ray rejection using th
IRAF/STSDAStaskcr rej and the absolute flux scale was deter-
mined from keywords in the image header. These data arerjiegse
in figure[d.

2.2 Longdlit spectroscopy

A K-band spectrum of 4C +72.26 was taken with CISCO on UT
2000 July 14. A 1-arcsec slit was used at a position angle df 33
to align the slit with the extended radio structure (Pentert al.
2000). This setup provided a resolutiaggAX ~ 300 at a disper-
sion of ~ 8.6Apixelf1. The source was acquired by blind offset-
ting from a nearby USNO star; the offsets of 38Bast and 6.4
North had been measured from theband image taken the pre-
vious night. Twenty exposures of 200 s each were taken, \Wwih t
target alternating between two positions along the sliaszed by
10arcsec. One image in each pair was subtracted from the othe
to provide first-order sky removal. Pixel-to-pixel senasiti varia-
tions were removed by dividing by the normaliz&d flatfield used

in the reduction of the imaging data. Curvature in the skgdin
was corrected by cross-correlating each row (spatial elened

the longslit spectrum against the central row and shiftirgyithe
resulting amount. Residual sky emission was then removd-by
ting a second-order polynomial at each wavelength positiave-
length calibration was performed by fitting a second-ord#ymo-
mial to identified sky lines, with an rms of 7%

A spectrum of the nearby F8 star SAO 9358 was taken and
modelled as a 6140 K blackbody to determine the relativeisens
tivty as a function of wavelength, and the absolute flux scale
rived from a spectroscopic observation of the UKIRT Fairagrst
dard FS 147 (Hawarden et al. 2001). From cuts in the spatit-di
tion of these spectra, the seeing at the time of the obsenstias
estimated to be 0.5 arcsec.

2.3 GMOS-N Integral Field Spectroscopy

4C +72.26 was observed using the GMOS-N instrument in IFU
mode, between 30 May and 27 August 2006 under program ID GN-
2006A-Q-36. The instrument was used in single slit modevigro

ing a field of view of5” x 3.5" at a position angle 33East of North,
with the R400 grating set to a central wavelength of SéBIKgain,
blind offsetting was required, and the Phase 2 documenhé&ob-
servations provided the accurate relative offset from tB&O star

to the target, but included only nominal catalogue posttifor the
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offset star and target. However, the blind offsetting wa$goened

by resetting the telescope pointing after peaking up on ffseto ©| |
star, and then moving to ttebsoluteastrometric coordinates of the °
target. Since the USNO and 6C catalogues have differentubso T:
astrometric calibrations, this introduced a positionédetferror of Y.
1.6” which resulted in the core of the target lying close to thesedg E sl )
of the instrument’s field of view (Fif]1). 8
Ten 3600-second exposures were taken, and the data were 2
reduced using standar@Ar packages as well as making use of N g

customl DL routines specifically designed for the GMOS-N IFU M sy/on) el

(Swinbank et al. 2003, 2006). The data were de-biased, dliakefi, | MJ"‘MM

corrected for the pixel-to-pixel CCD response, and wagtteoal- o Y ‘ W‘l ‘ / ‘ MWW
ibrated based on arc lamp exposures taken with the same-instr 5500 6000 6500 7000 7500 8000
mental setup at the same time as the science observationskyh A (8)

lines were subtracted making use of the sky fibers interegerith TroTorrTmmm T

the science fibers on the combined CCD frames, and cosmic rays
were rejected from the individual frames, with additionalttén-

ing of each exposure making use of empty regions of spectra to
remove any remaining gradients in the frames. The indiVidxa
posures were then mapped into a separate data cube for €@ 36
integration. The cubes were then combined to the neareaxétp
making use of a 3 clipping algorithm, with offsets based on a 2D

fit to the continuum emission profile in each data cube. Tha dat
were flux calibrated based on observations of the specttopted-

ric standard star Wolf 1346 using the same setup as for teacei

Ly«

1.5

£, (107 wm™ &™)

observations, and the generated flux solution was appligtieto T /EW ;L '
stacked cube. 8000 6300 7000 7800 8000
X (R)
Figure 2. GMOS-IFU spectra of 4C +72.26 extracted fr@nx 3-pixel re-
3 RESULTS gions around the continuum peak (top) andchLgmission peak (bottom).

. . ) . Both spectra have been smoothed with a 3-pixel boxcar fillee loca-
We present optical spectra of 4C +72.26 in Figs. 2; whilsthger tions of emission lines are shown in the bottom panel, whiéeabsorption

spectrum appears very similar to the long slit spectrumeprtes! features are labelled in the top panel. The two small gapkenspectral
in De Breuck et al (2001), our IFU data also have wavelength cO  coverage centred 06150 and~7600A are due to the chip gaps on the
erage up to~ 8400A. In addition to the narrow emission lines of GMOS CCDs.
Lya and Hell, several deep broad absorption troughs can be seen.
These are the features which led Dey (1999) to refer to 4C2672. x spaxel position
as a ‘broad absorption line radio galaxy’. - -
In Fig.[3 we show two narrow-band images from our stacked
datacube. In the upper panel theaLgmission is shown, whilst
the lower panel shows the spatial distribution of the cantin be-
tween 7067 and 7211A (this region was chosen since it is free
of both absorption and emission line features). Althoughténget
is not centred in our field of view, we can see that thexlgmis-
sion has a greater extent than the continuum emission. Tieeatfit
properties of these two regions are shown more clearly inZig
which shows spectra extracted around the continuum peakl (pi
10,1E] and the Lyv emission peak (pixel 4,1). Comparing to Fig., 1,
we infer that the compact southern knot (which is unresoinede
Planetary Camera image, implying a size500 pc) is the site of
most of the continuum emission, while the diffuse emisseensto
the north and northeast has a significant contribution fioerGiv
and Hell emission lines. At the very edge of our datacube, these
lines are still visible but we do not detect any continuumssiain.

Halo Region

Relotive position ()
y spaxel position

Relative position (")
y spaxel position

Relative position ()

3.1 Theemission lines

. . . . Figure 3. Lyman-« narrow-band (top) and continuum (bottom) images
To better constrain the emission line characteristics 0f+42.26, from the data cube. Itis clear that the extensive Lymamalo is offset from

we extracted several wavelength regions of particularéstesrom the peak intensity of the continuum emission. The obsemativere taken
at a position angle of 33East of North using the GMOS-N instrument in

single-slit IFU mode.
1 We denote the bottom-left pixel of Figl 3 as (0,0).
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Figure4. Lymani216, and CiV 1549, Hell 1640 €mission line intensity, veloc

ity and linewidth as a fuontiof position within the data cube. All values are

given in the rest-frame of 4C +72.26, and each colour barliesame velocity scale. Some of the structure in the widthefymane emission lines is due
to the fact that the Lyman-emission has two separate components (see s€ciibn 3.1pobheositioning of the object within the IFU field-of-view due to
an error in the execution of the observation request. Themtation in each of the figures is the same as in figlire 3.

the datacube, corresponding to the regions exhibitinghiéidd
Lyai216, C V1549, @and Hell1640 €mission. The emission lines in
each wavelength region of interest were fit with a one-diriograd
Gaussian profile, usingy@ minimisation procedure which allowed
the central wavelength, linewidth and normalisation toyvdhe
spectra were weighted using a 2D gaussian profile>db pixels
centred around each spaxel to account for the atmosphegic se
ing (~0.6"~3 spaxels) in these data, and smoothed by 3 pixels
(~ 4.1,&) in the wavelength direction. To determine whether an
emission line was present in a given spaxel, we calculateecesa

of x? for both a flat continuum, and a single Gaussian emission
line profile. We required a minimurfiy? of 25 (S/N of 5) to de-
tect an emission line. In this way, all of the non-blank emoissine
spaxels in figur€l4 are detected>atso. The results of the fitting
procedure (intensity, central wavelength offset and vgloagidth)

are shown in Fid.J4.

It is apparent that the emission lines have their maximum in-
tensity away from the continuum peak. The\dine is, in fact, un-
detectable at the continuum peak due to the deep absorptiaght
We place limits of 368:210 km/s, on any possible velocity shear
of the Lymane emission line over~25 kpc in projection. Ly
(where the signal-to-noise ratio is the highest) shows ardynall
region, roughly a square arcsecond in size, where the ga&slis r
shifted by about 100 kms', approximately 0.8 to the North-East
of the continuum peak; this feature is not seen iniHdespite both
lines showing the same increase in velocity dispersioredoghe
continuum peak.

Unlike the profiles of the He and Qv emission lines, which
are consistent with a single gaussian component at 3.534, it

is clear that the Ly emission line profiles measured in our data
cubes consist of two components. To investigate this furthe fit
the Ly emission in 4C +72.26 with two Gaussian profiles and the
results are shown in Fifj] 5. The model is a good approximation
the observed profiles and, although the relative strendttigedwo
components vary between spaxels, their redshifts arealliytcon-
stant, at = 3.5334+0.0008 andz = 3.5363+0.0005 for the two
components. Their velocity dispersions are also almossteoi,
with the Gaussians having FWHMs of 11450.5 A (625 + 30
kms ') and 4.8+ 0.2 A (260 4+ 10 kms '), respectively. This de-
composition also trivially explains the structure seenim[B. The
increased redshift to the NE of the continuum peak is due ia-an
creased contribution from the redder velocity componehtleithe
increased velocity dispersion is due to the bluer compogveimich
dominates the total flux, and is also broader) being broaatekis
location.

3.2 TheAbsorption Lines

Although the spectrum of 4C +72.26 displays very broad ab-
sorption features similar to those of a broad absorptioe lin
quasar (BALQSO), with the Qv trough extending blueward to
~ 7000 kms™*, more species are seen in absorption in 4C +72.26
than in BALQSOs. In addition to the @/ and Silv troughs,
sharper absorption features are seen just shortward of¢décped
wavelengths of Q1302 and Cii1335. Such features were also seen
in4C 41.17 (Dey et al. 1997) and nearby star-forming gatesigh
as NGC 1741 (Conti, Leitherer & Vacca 1996).

To better understand the relationship between the starifigr
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Figure 5. The results of fitting our double-Gaussian model to the Lyimvamission in 4C +72.26. The data are shown as the black soédnith the spaxel
indices displayed in the top left corner of each plot, whitet best fit model (green dotted line) is a linear summaticthe@blue and red dotted components,
whose central wavelengths and widths are shown in angstrotheoleft and right sides of each plot, respectively. The bast-fit models vary remarkably
little over the nuclear region of 4C +72.26. Spaxel numbersmt from (0,0) at the bottom left of the IFU as shown in Elgwith the peak of the continuum

being at (10,0).

region(s) and the AGN, we attempted to derive a redshift lier t
starburst by Fourier cross-correlating a spectrum exthftom
the core of 4C +72.26 with that of NGC 1741 (Conti et al. 1996).
Fourier cross-correlation exploits the easily-derivect fdnat the
Fourier transform of the sum of two functions (here, spgdsa
equal to the sum of the transforms of the two functions. F@ th
analysis, only the region between theaLyand Hell lines was
used, to avoid problems with the strong emission lines/(& not
observed at the continuum peak of the source; [Hig. 4). Rhe
taskf xcor was used to perform the cross-correlation, returning
the amplitude of the correlation function at a range of diserve-
locities.

The cross-correlation function suggests the presence @f tw
absorption systems, separated by 139®@00 km s ! along the
line of sight. The results of this modelling are shown in f&y.
The velocities of the two components, corresponding tohigdsof
3.5203+ 0.0011 and 3.5404 0.0027 (where the errors are derived
based on the standard deviation of the individual spaxeihiéid),
suggesting that the continuum emission observed in 4C 678.2
the result of two interacting starburst galaxies, movingtiee to
one another with a line-of-sight velocity 6f 1300 kms™*.

To confirm this interpretation, we have constructed a spactr
of two star-forming regions using NGC 1741 as a template. Ye fi

Restframe Wavelength (&)
1300 1350 1400 1450 1500 1550

NGC1741 @ z=3.521 ———
NGC1741 @ z=3.541 ————
4C72.26 ——

Flux (arbitrary units)

5800 6000 6200 6400 6600 6800 7000 7200
Observed Wavelength (A)

Figure 7. A comparison between the observed spectrum at the core of
4C +72.26 and the spectrum of NGC 1741 at two separate résisioif-
responding to the best-fit redshifts from our Fourier cromselation (blue

and red, corresponding to the lower- and higher-redsh#tesys, respec-
tively). Note how two absorption systems are able to repredbe structure

in the Cii and Civ troughs shown in the spectrum of 4C +72.26 (shown in
black).

a smooth continuum to the unabsorbed regions of the NGC 1741 To achieve this, we had to increase the optical depth in thesis-

and derive the optical depth as a function of wavelength,). A
spectrum can then be constructed as

I\ = e*T(A/(1+21))(1 + fe*T(k/(lJrzz)))

wherez; andz; are the redshifts of the star-forming regions, and
f is the relative luminosity of the background system, coragdo
the foreground one. This assumes that the foreground sysiam
pletely covers the background one, which appears to be e ca
since the observed flux drops to zero in thevGbsorption trough.

tems, compared to that derived from the NGC 1741 spectrum, An
as shown in Fid.]7, this deep trough is seen at a waveleng#iszon
tent with the lower-redshifts = 3.520) system, indicating that it
must lie in front of the higher-redshift (= 3.540) one. The depth
of the Civ trough produced by the background (redder) system sets
f = b, since the continuum here is due to the foreground system
only.

We can also use the rest-frame ultra-violet continuum lumi-
nosity to estimate the star formation rate associated vtk 72.26
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Figure 6. The results of our Fourier cross-correlation between the spaxels of 4C +72.26 (with the positions shown by the pixebrdinates in the
top left of each frame), and the template spectrum of typstaiburst galaxy NGC1741 (redshifted4o= 3.5 before cross-correlating). The peaks in the
correlation function (black solid line) have been approaied by a best-fit model (green dotted lines), which is the s flat continuum and two Gaussian

components (blue and red dotted lines).

using the calibration of Madau, Pozzetti & Dickinson (19%Bince

we have clearly missed some of the continuum in our IFU ob-
servations, we have rescaled the spectrum to make its flia sca
consistent with theHST F702W measurement of 8.18y (in a
4-arcsecond aperture). A factor of 1.75 upward correctforet
quired, which is reasonable since the compact core liesalepe

to the edge of the IFU’s field of view (Fig] 1) and therefore-see
ing will redistribute almost half the flux outside our datheuWe
derive a luminosity density at 15@00f 3.1 + 0.5 x 10> WA !

and hence a star-formation rate of 30D, yr—! (Salpeter IMF) or
680 My yr—! (Scalo IMF), with a~16% uncertainty associated
with each value. Although these numbers differ by a factdoof,
they are both an order of magnitude lower than that deriveunh fr
the far-infrared luminosity4000 & 700 Mg yr—!) or PAH emis-
sion (~ 8000 Mg yr—'; Seymour et al. 2008).

star-forming population with a rate ofM yr—! has a luminos-
ity at 1500A of betweenlog(Lisoo/W A™') = 32.25 — 33.16

for ages of 1-9 Myr. which corresponds to a star formatiorhin t
range 210-170B1, yr—!. Despite a broad range of estimates of
the star-formation rate in 4C +72.26, it is clear that a nvasstar-
burst is underway with a rate 8§1000M, yr—*, comparable with
the most extreme rates seen in the Universe (e.g. in SCUB#gal
ies, Smalil, Ivison & Blain, 1997, or lvison et al., 2007). Iotb
cases, approximately 80% of the total star formation ocitutee
background galaxy.

3.3 K-band spectroscopy of 4C +72.26
Fig.[8 shows our CISC@& -band spectroscopy of 4C +72.26. In or-

We can also derive the SFR based on the starburst models ofder to study the emission lines in 4C +72.26, we approximtted

Leitherer et al. (1995), in a manner similar to that demeustt

in Dey et al. (1997) for 4C 41.17. As with 4C 41.17, we find ev-
idence for Svis02 absorption, although the presence of two su-
perposed absorption systems results in a large width ofdhe f
ture (~ 80 £ 40,5\). This, coupled with its low equivalent width,
may explain why it is not apparent in the Keck spectrum of De
Breuck et al. (2001), which was extracted over a larger apegi
gion. As this feature is only seen in O stars (Walborn, Nishol
Bohlin & Panek 1985; Walborn, Parker & Nichols 1995), it inesl

a young stellar population. However, a single power-lawdfitite
continuum of the top panel of Fifgl 2 over the range 5800-8000
gives F o« A~%-%1%0-05 'implying either substantial reddening or
an additional red spectral component; we return to this tpain
Sectior#. The Leitherer et al. models suggest that a cantsiy

spectrum using a simple model consisting of four Gaussian-co
ponents and a continuum component that is fldinin fitting the
spectrum with this simple model, we required the redshiftthe
narrow H3 and [O111] components to be equal since they arise from
the same emission-line gas, whilst the broad componentizale
wavelength was allowed to vary. The widths of the twa[Qlines
were set to be equal, and their flux ratio constrained to behd. T
best fit model is shown in Fifll 8; we find that our simple model ad
equately describes our data; the broad component of therhis-
sion has a best-fit redshift af = 3.5407 =+ 0.0066, while the
narrow emission lines are blueshifted by460 kms™!, although
this is approximately equal to thier error on the redshift of the
broad H3 component, so the two redshifts are formally consistent.
With the results of our model fitting, we can use the calilorati
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Figure 8. CISCO K -band spectroscopy of 4C +72.26, showing spatially-
extended narrow emission lines ofsiHand [O111]. Top: two-dimensional
spectrum, with [Q11] emission visible on both sides of the unresolved con-
tinuum. TheK-band continuum peak is coincident with the optical peak,
and therefore the assumed position of the radio core. Thkdindicates
the location of the [Q11] line emission discussed in the text. Bottom: one-
dimensional spectrum, extracted through a 1-arcsecomtLia@ewith five-
component fit overlaid. The five components are flat continlewel of
7.2x10~2'Wm—2 A—1, broad H3 (green, dashed line), narrowdHlight
blue dotted-dashed), [OlU}s9 (orange dot-dashed), and [OHp7 (dark
blue dotted).

from McLure & Jarvis (2002) to determine the mass of the antr
black hole from the FWHM of the A emission line:

Myn
Mg

@)

_ yma (Asioo 051 TFWHM(HB)]?
' 103"W kms™? '

The derived value of1.8 & 0.2) x 10'° Mg, (the error quoted
is from the fit) is larger than the most massive black holeén t
McLure & Jarvis (2004) sample, although the Lincertainty in
the calibration is a factor of 2.7. However given that 4C £B2.
was originally discovered through low-frequency radio ssion
we might expect that it is aligned closer to the plane of the sk
than the majority of optically selected quasars. If the Hrthae
region is akin to a rotating disk then we would expect, on ager
broader emission lines (see e.g. Jarvis & McLure, 2006)rdfbee,
although our black-hole mass estimate is subject to urinégs of
order a factor of 5, we can say with certainty that we are olirsgr
an extremely massive black hole.

We note that the line-emitting gas is only present on theiNort
East side of 4C +72.26. We associate this with the foregreimzk
there is a tentative one-sided jet at radio wavelengthshiadstthe
longer radio arm, suggesting a shorter light travel-timé ob-
server, although doubt remains as to whether this is in fectase.
McCarthy, van Breugel & Kapahi (1991) suggested that ewmissi
line asymmetries were due primarily to differences in thasity
on the two sides of the nucleus, supporting this with evideoic
a correlation between the side with the strongest line eamsand
the side with the shortest radio arm. However, this is not#se for
4C +72.26 where the approaching arm is the longer of the tag, a
so we instead suggest that there is an extensive dust disaroizs
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the far side of the emission-line region. The near-sidediméssion
extends for~ 2.5 (18 kpc) from the nucleus, and close inspection
of the longslit spectrum reveals faint line emission lodate2.5”
from the nucleus on the far side of the source, which we spézul
is material just beyond the extent of this putative disc (Bq48).

We also examined an archival WHT-ISIS spectrum of 4C +72.26,
which shows the Lymauwx emission extending fox8” in the NE
direction, without any emission being detected on the SW sid
the core; this is not surprising given the ease with which agm

a photons may be absorbed. Comparing the surface brightfiess o
the [O111] emission on both sides of the nucleus, we conservatively
estimate an asymmetry of 7 (30), implying Ay > 1.9 (adopt-

ing the SMC extinction law of Pei 1992). Assuming the relasioip
between gas column density and extinction derived by BoBlav-
age & Drake (1978), we calculaf¥y > 3.5 x 10! cm™2. If this
column persists across an entire 18-kpc-radius disc, thenotal
mass of gas contained within it &fz.s > 3 x 10'° Mg, which
would be sufficient to power the starburst at its present fiatat
least a few million years. This estimate is consistent withvalue

of 4.5 x 10'° My, of Hy conservatively estimated by Papadopou-
los et al. (2000) from their CO(4—3) observations. Our pegib
extent for the disc is marginally consistent with the uppeiitl of

4" for the extent of the CO, for which Papadopoulos et al. deaive
dynamical mass d x 10" (sin i) > M.

We can also use the ratio of the fluxes in the broad and nar-
row components of the Blline to estimate the attentuation to the
broad line region within 4C +72.26. If we assume an intrinmsic
tio of broad to narrow K of 40 (e.g. Jackson & Eracleous 1995),
then the ratio determined from our four-component Gaustan
corresponds to a factor of 4.1 in extinction at 4§61equiva|ent
to Ay = 1.4, although this is highly uncertain given the available
data.

4 SPECTRAL ENERGY DISTRIBUTION OF 4C +72.26

We have compiled archive photometry of 4C +72.26, similahto
results of Seymour et al. (2008), in Table 1. However our nbw o
servations demonstrate that the continuum is dominated@$@
at near-infrared wavelengths, and a luminous starburstaropti-
cal/UV, which were not included in the Seymour et al. SED gnal
sis.

The luminosity of the QSO component is well constrained by
the 10—20um photometry (observed frame), since this wavelength
range is redward of the peak of stellar emission, and blwkwér
the thermal emission from the starburst-heated dust. Ddimgn
that the model QSO component (a median radio-loud QSO model
from Elvis et al., 1994) alone fits the photometry in this cegalso
provides strong constraints on the amount by which it canxbe e
tinguished. The F702W photometry requirds: > 0.7 or else
the QSO emission alone will exceed the total flux. The resné
equivalent width of the broad Hline is 86A, and for this to be con-
sistent (at the & level) with the distribution of local, bright QSOs
from Miller et al. (1992) requires that at least 41 per certhefK -
band continuum light is from the QSO, and this in turn demands
Ay < 1.2. This relatively narrow window of acceptable extinction
values is even smaller if an LMC or Milky Way extinction law is
used, since they are shallower in the ultraviolet and heraggar
visual extinction is needed to produce the required UV a@énon.

With these constraints, the reddened QSO still contribiges
the rest-frame ultraviolet emission, and explains why frexgum
is much redder than would be expected for a young stellarlpepu
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Table 1. Photometry of 4C +72.26 used in our SED fitting analysis {@)gThese data are compiled from several different pulitinatas shown in the table.

The errors are quoted tariwhere limits are given, they correspond .3

Photometric Band Flux Density:0y) Instrument Reference
F702wW 8.18+ 0.16 WFPC2 This work
Ks 134+ 7 CISCO This work
K (line-corrected) 109 11 CISCO This work
3.6um 2004 20 IRAC
4.5um 229+ 23 IRAC
5.8um 241+ 25 IRAC Seymour et al., 2007
8.0um 480+ 48 IRAC
12pm 840+ 100 ISOCAM Siebenmorgen et al., 2004
16um 1320+ 70 IRS Seymour et al., 2008
24um 19104 100 MIPS
70um 16200+ 1900 MIPS Seymour et al., 2007
160um <63300 MIPS
350um 90000+ 15000 SHARCH  Greve et al., 2006
450um 33000+ 17000 SCUBA Reuland et al., 2004
850um 13500+ 1300 SCUBA
125Qum <3000 PdB Papadopoulos et al., 2000
Observed Wavelength (um)
1 10 100 1000
T T T
-1
107" =
7~ B
(\Il -
& L
= e
107 °
A -
LI_ -
R B
10_17...{5 , . Ll L] el
0.1 1.0 10.0 100.0
Rest Wavelength (um)

Figure 9. Spectral energy distribution of 4C +72.26; the best fit mddelid li

ne) is the sum of five components: a 30-Myr old stasbpopulation (blue

dotted line), a 1-Gyr stellar population (light blue dotiew), a radio-loud QSO template (red dashed), a warm duspooent (orange dot-dashed) and a

modified grey-body cold dust profile (green dashed) takem f&@ymour et al.

(2008). The bow-tie above the spectrum imesieframe ultraviolet indicates

the slope of the continuum as measured from the spectrunuefaits of the fitting and the photometry see sedfion 4 ane b

tion (Sectior 3.R). Dey et al. (1999) noted that the ultrketioon-
tinuum emission in 4C +72.26 was unpolarised, consistetht gur
SED analysis in excluding a dominating scattered QSO coeon
at these wavelengths. In fact, the young stellar populatidrich
we model with a 30-Myr-old simple stellar population froneth
BCO03 models of Bruzual & Charlot 2003) must be unreddened for
the overall spectral shape to remain consistent with our GG
servations. The luminosity of the young stellar componsiiére-
fore tightly constrained by the F702W photometry.

As the QSO must contribute between 40—70 per cent akthe
band continuum light, and the young stellar population ady-

tributes~ 10 per cent, there must be a further component which
provides 20-50 per cent of the continuum light. Since thinpo-
nent must peak aX,est ~ 1 um, we assume it is stellar in origin,
and a natural interpretation is a more evolved populaticstanfs.
However, we note that this component alone must have
17.7 < K < 18.7, which places it between 1.1 and 2.1 magni-
tudes brighter than the polynomial fit to tfi&-z relation of Willott
et al. (2003). However, we note that this is consistent withdis-
tribution of K'—band magnitudes at > 1.8 in Jarvis et al. (2001,
and more recently those in Bryant et al., 2009) where there ap
pears to be a slight turnover in tié— relation. Furthermore, the



typical scatter of 0.6 magnitudes across the whole ofkhe dia-
gram and the correlation between host galaxy mass and radio |
minosity previously discussed means that it is not unressen
to observe such a magnitude for this particularly powerfghh
redshift radio source. As th&—z relation closely follows the pas-
sive evolution of a present-day.3 galaxy that formed at a redshift
z¢ = 10, this stellar component would evolve into a very lumi-
nous (8-2@*) galaxy by the present epoch, unless it formed more
recently. We, somewhat arbitrarily, use an unreddened rte@ly
population, whose age correspondste= 6.7. The mass of these
stars required to fit the SED k8 x 10'2 Mg (assuming a Ini-
tial Mass Function from Chabrier, 2003, and Solar metajf)cial-
though this is not very sensitive to the assumed age, sinoeggy
populations, although they possess an intrinsically nedass-to-
light ratio, must be reddened in order to maintain the overape
of the SED. Unfortunately, we lack the detailed spectrakcage
in the 1-2um range to remove the degeneracy between age and ex-
tinction for this population, and we can obtain acceptalewith
a range of values, although all require a mass-of x 102 M.
Populations with exponentially-declining star formati@tes can
also fit this population, provided thefolding time is less than the
age and they are reddened; an additional unreddened youg po
lation is also required, however.

In summary, our best-fit spectral energy distribution cstssi
of five components:

e a 30-Myr-old simple stellar population from Bruzual & Char-
lot (2003), with a mass df x 10'° Mg,

e a 1-Gyr simple stellar population, also from Bruzual & Char-
lot (2003), with a mass of.8 x 10'2 Mg,

e a median radio-loud QSO template from Elvis et al. (1994)
which suffers 1.2 magnitudes of extinction, according ® Small
Magellanic Cloud law of Pei et al. (1992)

e a warm dust component described by a power-law with an in-
dex of two and exponential cutoffs at high and low frequency,

e a modified black body with a temperature of 50K and emis-
sivity index = 1.5 (following the results of Seymour et al. 2008).

It is clear from Fig[® that the overall SED is readily split
into the ultraviolet/optical/near-infrared regime (fitthe first three
components listed above), and the far-infrared regionyfihle last
two components), with effectively no cross-talk betweessthtwo
regimes. Our fit to the far-infrared region is very similarthat of
Seymour et al. (2008), while our fit over the two decades inevav
length from 0.1-1Qum is constrained by nine photometric mea-
surements, plus information from our spectroscopy.

We note that our fit significantly underestimates theuh6-
flux measured bySpitzer but the IRS spectrum of 4C +72.26
clearly shows strong PAH emission which is not included i@ th
QSO SED (Seymour et al. 2008). The need to include warm dust
emission in addition to the QSO SED (whose far-infrared ioent
uum is also produced by thermal dust emission) indicatesha su
stantial extra heating source, consistent with the massamburst
observed in our GMOS spectrum. Finally, we note the goodeagre
ment between our estimates of the foreground extinctiorhéo t
QSO derived from the A emission Ay = 1.4) and the SED
(Ay = 1.2).

5 DISCUSSION

A comparison of the results of our hyfitting and our Fourier
cross-correlation of the continuum properties of 4C +72a26
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COo(4-3)

HBn & [OlIN]

HBb

Ly—a

Continuum —e—

3.520 3525 3530 3.535 3.540 3.545
Component Redshift

Figure 10. A comparison between the redshifts derived for each of the di
ferent observables. The Lymanredshifts and those of the Fourier cross-
correlation analysis between the continuum region of 4C.262nd the
NGC1741 template are shown on respective rows, and thadosanf the
emission lines from our Subaru spectrum of Eif. 8 are alssvshoom-
pared with the CQ4 — 3) redshift from Papadopoulos et al., 2000. The
error bars correspond to the Lincertainties based on our data.

shown in Fig[[ID. The redshift of the broagsidomponent is con-
sistent with the redshift of the redder (background) stesthiat
z = 3.5407 + 0.0066, and we identify this as the redshift of the
radio-loud AGN. Although both Ly emission-line systems are for-
mally consistent with this redshift (due to the large ureieties as-
sociated with the continuum and broad-line redshifts), demntify
them as the approaching sides of two bidirectional outflawit)
the receding sides hidden by the large-scale dust discideddn
Section 3.3. This asymmetric obscuration can also expierack
of spatial coincidence between the peaks of the apd continuum
emission.

The more blueshifted of the Lyman- components &
3.5334) has a redshift consistent with that measured from the nar-
row Ha and [O111] lines, and also the @/ and Hell emission, and
the richness of this emission-line spectrum indicates ithatas-
sociated with the AGN activity. The less strongly bluestdf{and
narrower) Lyx emission-line systenx(= 3.5363) is not associated
with any other emission lines and we infer that this is an owtfl
being driven at a line-of-sight velocity ot 250kms™! by the
starburst in the radio galaxy host. The lower-redshiftgfwound)
starbust £ = 3.5203) has no detectable line emission associated
with it, although we note that around 25% of starburstinggiais
are not associated with an extendedllyalo (Pettini et al. 1997),
so this is not especially surprising.

It is clear that the supermassive black hole and most vigor-
ous star-forming region both lie at= 3.540 & 0.003, while the
CO(4-3) emission has a redshift= 3.53240.006 (Papodopoulos
et al. 2000), which is formally consistent with the highedsiaift
starburst. However, it is reasonably common for the moboghs
to end up between two galaxies undergoing collisons (e.g.eth
al., 2007, and also Ivison et al., 2008), which may explagnstiight
discrepency.

The commonly-proposed scenario of radio jet-induced star
formation, which has been proposed for rapidly star-fognidio
galaxies, does not appear to be appropriate for 4C +72.2600¢e
the lack of similarity between this source and 4C 41.17, Wwiias
been proposed as a jet-induced starburst (Dey et al. 19¢K: Bi
nell et al. 2000); that source displays extended ultravietais-
sion with morphological similarities to the radio struepuwhereas
4C +72.26 has a very compact UV continuum; and the velocity
field of 4C 41.17 is disturbed whereas that of 4C +72.26 is $moo
In addition, the analysis in Sectibn 8.2 has clearly demated the
presence of two star-forming systems aligned closely tditieeof
sight, yet the radio jet is not pointing along this axis; te®getry
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therefore does not favour the foreground system being iniee
by the radio jet and there is no need to demand that the baokdro
system is affected in this way.

Nevertheless, we consider the jet-induced starburst soena
in the manner of Bicknell et al. (2000). We first constrain the
velocity of the shock from the FWHM of the emission lines
in the high-excitation £ = 3.534) spectrum (400-500 kni$)
and their blueshift with respect to the assumed systemiacitgl
(460kms ). This argues for a much lower velocity shock than
in 4C 41.17, and is supported by the lack of\C emission at
the nucleus, since such shocks produce very little emiss@mn
the precursor (Allen et al. 2008), and almost all the\Cflux

induced star formation does not provide a realistic exglandor
4C +72.26. Instead, the kinematics of the two galaxies stgge
that there has been a collision, such as that proposed far the
source 3C 356 (Simpson & Rawlings 2002), that has triggdred t
AGN activity and the star formation.

We finally note that, despite the extreme starburst we are wit
nessing in 4C +72.26, the rest-frame UV/optical/near-I1Bcsal
energy distribution requires a massive stellar populatidth an
age of a few hundred Myr to already be in place. The massive sta
bursts found in high-redshift radio galaxies might therefoot be
directly related to the major assembly of their stellar mass in-
stead due to the presence of a large gas reservoir, absemten: |

comes from the post-shock region where it can be absorbed byredshift systems, within which star formation is inducedabmu-

the starburst-driven outflow. A shock velocity ef 300 kms™!

produces roughly equal fluxes of @ and Hell, as observed in
the halo, and Qv/C 111]~3.5, consistent with the weakness of the
C 1]1909 line (although this lies in a region strongly affected by
night sky lines and therefore we cannot measure a reliabtddtu
it). With the caveat about the night sky lines, we can assuitte w
confidence that Qv/C 111]>2.0, and compare these values with
the results of Bryant et al. (2009 — their figure 13). Thesession
line ratios may readily be explained by photoionisationoading

to their simple model, and this conclusion is not altered $gua-
ing even considerably weakerIC] emission than our deliberately
conservative upper limit.

The absence of vigorous star formation in the halo region
could be explained by a much lower gas density, since the-time
scale for gravitational instability increases with desiag density
(equation 9 of Bicknell et al. 2000; after ElImegreen & Elnesgr
1978), and there may have been insufficient time for them ko co
lapse since the passage of the radio jet.

Using the results of Allen et al. (2008) and the scaling of Do-
pita & Sutherland (1996), we infer that the totaBHuminosity
of a shock with velocity300vsg0 kms™' propagating through a
medium of densitys cm ™3 is Lug = 1.7 x 103%0256'n W kpc 2.

For the specific case of a 300 km'sshock, this produces a He
luminosity Lyerr = 2.0 x 1032n W kpe™2.

Integrating the Hel flux over al.6 x 1.6arcseé (11.3 x
11.3 kpc?) region of the halo produces a value fiferr = 8.0 x
1072° Wm™2. We note that we are likely to have missed some flux
but do not apply any correction to account for this. The lursity
of this line is1 x 103% W, which requiresi A, ~ 5000, whereAg,
is the area of the shock in khcSincen < 1 is needed to prevent
star-formation on short time-scales, this result is ineinat with
the area over which we have measured the line flux.

Similarly, we can consider the situation in 4C +72.26's com-
pact core, where the bulk of the star formation occurs. Hiae,
observed Hel luminosity is5 x 10%® W, although it is certain that
significant emission has been lost due to the poor positipoin
the IFU. Since the core is 500 pc in size, we require a pre-shock
densityn > 10* cm™>. This would result in a recombination den-
sity > 10° cm~3 and hence significant suppression of thel{Q
doublet through collisional de-excitation, for which wees® ev-
idence. In truth, the core density would need to be much highe
since the unresolved core must also include the transiggion
where the density drops from the high core value to the mugkrdo
value in the halo which prevents the collapse of clouds (amté
star formation) in the halo region, and the density is utyjike vary
discontinuously. Further analysis would require assuomgtabout
a density profile in the neighbourhood of the core, which igne
the scope of this paper.

Considering these facts, we therefore conclude that jet-

tual trigger, although jet-induced effects may be impdrtarindi-
vidual cases such as 4C 41.17 (Bicknell et al., 2000).

6 CONCLUSIONS

We have analysed new spectroscopy of thex~ 3.5 ‘broad
absorption-line radio galaxy’ 4C +72.26, and found it to bsaxi-
ated with a system of two vigorously star-forming galaxsspa-
rated from one another by 13@0 200 km s!, and the more ac-
tive of which hosts the supermassive black hole responfiblihe
extended radio source. Both galaxies display P Cygni-lbsogp-
tion line profiles, while the AGN host also showsd.yemission
indicative of a galaxy-wide ‘superwind’ (e.g., Steidel ¢t2000;
Taniguchi & Shioya 2001; Matsuda et al. 2004; Smith & Jarvis
2007, Smith et al., 2008). The AGN host is also the source of a
luminous, highly-ionized outflow.

We have found tentative evidence for a 40-kpc dust disc,
whose size and mass are consistent with being the site of@Ghe C
emission observed by Papadopoulos et al. (2000). From aever
lines of argument, we have ruled out a jet-induced star-&bion
scenario for 4C +72.26, and instead proposed that the staafo
tion is caused by a collision between the two galaxies. Tled fier
an old stellar population suggests that even at 3.5 we are not
witnessing the initial episode of star formation in massilligptical
galaxies.
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