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ABSTRACT

We have used the visible integral-field replicable unit spectrograph prototype, a new integral field spectrograph,
to study the spatially and spectrally resolved Lyman-α emission line structure in the radio galaxy B2 0902+34
at z = 3.4. We observe a halo of Lyman-α emission with a velocity dispersion of ≈250 km s−1 extending to a
radius of 50 kpc. A second feature is revealed in a spatially resolved region where the line profile shows blueshifted
structure. This may be viewed as either H i absorption at ≈−450 km s−1 or secondary emission at ≈−900 km
s−1 from the primary peak. B2 0902+34 is also the only high-redshift radio galaxy with a detection of 21 cm
absorption. Our new data, in combination with the 21 cm absorption, suggest two important and unexplained
discrepancies. First, nowhere in the line profiles of the Lyman-α halo is the 21 cm absorber population evident.
Second, the 21 cm absorption redshift is higher than the Lyman-α emission redshift. In an effort to explain these
two traits, we have undertaken the first three-dimensional Monte Carlo simulations of resonant scattering in radio
galaxies. We have created a simple model with two photoionized cones embedded in a halo of neutral hydrogen.
Lyman-α photons propagate from these cones through the optically thick H i halo until reaching the virial radius.
Though simple, the model produces the features in the Lyman-α data and predicts the 21 cm properties. To
reach agreement between this model and the data, global infall of the H i is strictly necessary. The amount of
gas necessary to match the model and data is surprisingly high, �1012 M�, an order of magnitude larger than
the stellar mass. The collapsing structure and large gas mass lead us to interpret B2 0902+34 as a protogiant
elliptical galaxy. This interpretation is a falsifiable alternative to the presence of extended H

dio galaxies are found to be associated with some of the largest
stellar mass galaxies at all redshifts (Lilly & Longair 1984; Pen-
tericci et al. 2001). The environments of massive radio galaxies
have also been progressively traced to higher redshifts with ra-
dio galaxies typically residing in cluster environments at all
redshifts (Longair & Seldner 1979; Prestage & Peacock 1988;
Hill & Lilly 1991; Carilli et al. 1997; Best 2000). HzRGs often
show extended Lyman-α emission up to and beyond their radio
emission radii. The Lyman-α emission probes warm, ionized
gas. Against this emission is often seen a line profile structure
which serves as a probe of the neutral gas through scattering and
absorption. The properties of Lyman-α blobs (LABs; Keel et al.
1999; Steidel et al. 2000; Palunas et al. 2004) and the gas halos
of quasars (Heckman et al. 1991; Barkana & Loeb 2003) are
morphologically similar to those in HzRGs. Cooling radiation
may be an important source of extended Lyman-α radiation,
and an indication of ongoing galaxy formation as infalling gas
continues to build the galaxy’s mass (Haiman et al. 2000; Fardal
et al. 2001). The most direct signature of a high-redshift cooling
flow is extended Lyman-α emission powered by the decrease

in gravitational potential energy from infalling material. This
is a challenging observation and interpretation as other sources
of Lyman-α generation are usually stronger than the cooling
radiation, but Nilsson et al. (2006) and Smith & Jarvis (2007)
show promising cases. Low-redshift cooling flows have a long
history of investigation primarily through X-ray observations
(e.g. Fabian 1994), but space-based observations (Kaastra et al.
2001; Peterson et al. 2001; Tamura et al. 2001) have given evi-
dence against most cases of low-redshift, strong cooling flows
and diminished the importance of this mechanism for galaxy
growth. Most massive galaxy growth is now thought to occur

through major mergers. Li et al. (2007) show by a semianalytical
model, for example, the likely growth history of a galaxy such
as the Sloan Digital Sky Survey (SDSS) quasar J1148+5251
at z = 6.42 (Fan et al. 2003) where gas-rich major mergers
dominate as the source of the mass growth and a starburst phase
predates a quasar phase. Observationally checking and challeng-
ing theories for the relative contributions of mergers and steady
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of outflowing gas at a velocity exceeding the halo escape speed
would be an important observation of high-redshift feedback.
B2 0902+34 (Lilly 1988) is a powerful high-redshift (z ≈ 3.39)
radio galaxy of moderate projected radio diameter (40 kpc, 5′′)
with a huge, diffuse Lyman-α halo (≈ 100 kpc) and is one of the
most thoroughly studied HzRGs. Three observations make B2
0902+34 a unique window into HzRG halos as a class. First, 21
cm absorption from H i gas against the radio source continuum
has been observed at z21 cm = 3.3962 (Uson et al. 1991; Briggs
et al. 1993; Cody & Braun 2003; Chandra et al. 2004), but any
corresponding feature from this H i population has not shown
in the Lyman-α emission line structure. This is the only HzRG
for which 21 cm H i absorption has been repeatably measured
with seven other HzRGs giving null detections (Röttgering et
al. 1999; De Breuck et al. 2003). Second, Carilli (1995) used
radio spectral index and polarization mapping to constrain the
approaching, northern radio jet inclination to the observer to be-
tween 30◦ and 45◦. This is a particularly low inclination angle
for a radio galaxy, but it does offer very different lines of sight
to the two radio jets and any other structures that may follow
the radio jets. Third, Villar-Martı́n et al. (2007a) have shown
the emission line ratios in B2 0902+34 to be consistent with
pure AGN photoionization through the Lyman-α, CIVλ1549,
and He ii λ1640 lines. A subsample of their HzRGs shows line
ratios that require stellar photoionization. These systems would
have peculiar and complicated source distributions for Lyman-
α emission, but B2 0902+34 appears to display the relatively
well understood geometry of Lyman-α emission powered by an
AGN. Until recently, longslit spectroscopy had detected only
Lyman-α, C iv, and He ii emission lines (Martin-Mirones et
al. 1995) and shown no sign of a bimodal Lyman-α line pro-
file which is often seen in other HzRGs (van Ojik et al. 1997).
Deeper spectroscopy and a different slit position angle revealed
a spatially resolved region with a bimodal Lyman-α line profile
(Reuland et al. 2007), with most of the emission still from a
simple and quiescent line profile. We will from here forward
define a quiescent Lyman-α line as one with σ < 1000 km s−1

to indicate emission which does not display turbulent, radio-jet-
dominated kinematics. Reuland et al. (2007) have also reported
a weak [O ii] λ3727 detection in the galaxy’s center. Previous
observations in deep Lyman-α narrowband (Reuland et al. 2003)
and K broadband (Eisenhardt & Dickinson 1992) imaging and
spectroscopy of the [O iii] 5007 Å line (Eales et al. 1993) have
led some authors to tentatively interpret B2 0902+34 as a pro-
togalaxy based on its flat spectral energy distribution. Reuland
et al. (2003) showed a diffuse Lyman-α morphology with two
emission peaks roughly perpendicular to the radio axis. Un-
like the two other HzRGs in their sample, B2 0902+34 did not
display filamentary structure in Lyman-α. We present the first
integral field spectroscopy (IFS) data of Lyman-α emission in
B2 0902+34. This is the fourth study of HzRGs halos using
IFS after the works of Adam et al. (1997); Villar-Martı́n et al.
(2007b), and Nesvadba et al. (2008). Le Fevre et al. (1996) and
van Breukelen et al. (2005) have used IFS to search for Lyman-
α Emitters (LAEs) around HzRGs. With knowledge of the full
spatial distribution of the bimodal Lyman-α line profile, we cre-
ate a simulation for resonant scattering of the Lyman-α photons
through a halo of H i. We find a model that reproduces most of
the important spatial and spectral properties of our IFS obser-
vation and strictly requires a collapsing structure with large H i

mass. The natural explanatory power of this picture for other
observations, such as the 21 cm absorption data, leads us to
claim that B2 0902+34 is a protogalaxy still experiencing initial

collapse. In Section 2 we describe our observations. In Section
3 we present our new resonant scattering model and analyze
the impact of our model on 21 cm measurements. We show in
Section 4 that our data are best fitted through resonant scatter-
ing against an infalling halo. In Section 5, we propose further
discriminating observations and review. Throughout, we use a
standard cosmology with H0 = 71 km s−1 Mpc−1, � M = 0.27,
and � � = 0.73. This gives look-back times of 11.8 Gyr, angular
scales of 7.5 kpc arcsec−1, and a luminosity distance of 30 Gpc
for B2 0902+34 at z = 3.4.

2. OBSERVATIONS

On UT 2007 March 14 and 15 we observed B2 0902+34 with
the visible integral-field replicable unit spectrograph prototype
(VIRUS-P; Hill et al. 2008) on the 2.7 m Harlan J. Smith Tele-
scope at McDonald Observatory. VIRUS-P is a spectrograph
with an integral-field unit (IFU) of 247 fibers in a hexagonal
pattern close pack with a one-third fill factor. Fed at f/3.65, the
fibers have a diameter of 4.′′1 and a 107×107 arcsec2 field of
view. Seeing was ≈2′′, significantly smaller than the fiber diam-
eter. The first night was nominally photometric, while the sec-
ond was not. The instrument configuration gave us 236 working
fibers spread over the field. Astrometry of the fiber positions has
been calibrated to 1.′′0 rms from a fixed, offset guide field. Obser-
vations of three offset positions (called dithers) fill in the area.
We took three exposures of 1200 s at each of the six subdither
positions. A subdither as defined here is a second dithering pat-
tern centered on the fiber intersections of the first dither set. We
use this mode to decrease the astrometric uncertainty of spatially
unresolved sources, mitigate local CCD cosmetics, and subsam-
ple extended emission. The wavelength range was 3400–5680 Å
with a spectral resolution of 5.0 Å. Wavelength calibration was
done with 11 arc lamp lines of Hg and Ne yielding a σλ = 0.4
Å. Twilight flats were used to remove pixel-to-pixel variation,
fiber-to-fiber variation, and the fiber illumination profile. We
have used our own custom written software for all reductions.
Notably, this reduction does not perform any resampling or
linearization of the data. The estimates of the sky spectrum
were made from neighboring objectless fibers and fitted with B-
splines (Dierckx 1993) in a manner similar to optimal longslit
sky subtraction methods (Kelson 2003). We estimate a spectrally
unresolved 5σ line flux limit of 7 × 10−17 erg s−1 cm−2 and a
surface brightness limit of 24.0 AB mag arcsec−2 for wave-
lengths longer than 4000 Å when under photometric conditions.
We detected Lyman-α emission from the low surface brightness
halo of B2 0902+34 in 15 different fiber positions. We only
include fibers that show emission above a signal-to-noise ratio
(S/N) of 3, calculated from the noise and counts within the
FWHM of a single Gaussian fit. We perform Monte Carlo line
fitting where 100 realizations of our data sampled from normal
distributions with our estimated errors produce distributions in
our fit parameters from which central values and dispersions
are extracted. All uncertainty quotes are 1σ estimates by this
method and similar to the uncertainties from the covariance
matrices. All quotes of line width remove the instrument reso-
lution in quadrature. Table 1 shows single Gaussian fits to each
fiber’s spectrum. Figure 1 shows the positions of the detections
against a narrowband image we have taken and the radio data
of Carilli (1995). We confirm the general line profile proper-
ties reported in Reuland et al. (2007) for the region covering
their slit, but our observations span the entire two-dimensional
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Figure 2. Spectra of both our IFS data and resonant scattering simulation from select fibers. The thin dotted line indicates the redshift measured for 21 cm absorption.
Solid: observed. Thick dotted: simulated. Top: fiber 4, representative of most of the halo area where neither cone directly projects. Middle: fiber 7, representative of
regions spanned by the near photoionized cone. Bottom left: fiber 14, representative of regions spanned by the rear photoionized cone. Only these regions show a
bimodal line profile. Bottom right: a region in the simulation near fiber 14. While we did not have a fiber on this exact position, the bimodal spectrum here is a good
match to its neighbor in fiber 14.

the two red emission peaks. Outflow will produce a mirror im-
age spectrum about the systemic redshift and suppress the two
blue emission peaks and enhance the two red emission peaks.
The relative wavelengths between the stronger, narrower emis-
sion from the near cone and the weaker, broader emission from
the rear cone can then discriminate between infall and out-
flow even if the systemic redshift is unknown. This method
provides constraints on the H i mass and velocity field by mea-

suring the bimodal line properties and the systemic redshift if
available.

The study of Lyman-α resonant scattering can be profitably
attacked through Monte Carlo methods. We base our computa-
tions primarily on DHS, where DHS used Monte Carlo methods
to attempt discrimination between energy sources and condi-
tions in the data on LABs. Our version of the Monte Carlo reso-
nant scattering code differs in three ways from their description.
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Figure 6.Predicted 21 cm maps for B2 0902+34. The 1.65 GHz data of Carilli (1995) are plotted as the dashed contour as a likely source distribution. Top left: column
density where the log of N(H i) in cm−2 is given. Top right: velocity dispersion in km s−1. Bottom: velocity shift in km s−1.

more VLBA dishes or other facilities, such as Greenbank or
Arecibo, does not lower the exposure time as the increased
baselines over-resolve the southern lobe. However, the brighter
northern jet could be measured at an S/N of 5 in 40 hr under
the same configuration, and we are pursuing that observation. A
spatially resolved 21 cm measurement will give important con-
firming or falsifying evidence for a vast and massive infalling gas
halo.

4. IMPLICATIONS: INFALL VERSUS OUTFLOW

We are left with two serious, competing pictures: outflow
from a 100 kpc H ii region or infall of a 100 kpc H i region with

embedded cones of H ii. Deciding between these mechanisms
has impact beyond B2 0902+34. The bimodal line profile we
see in B2 0902+34 is fairly common in HzRG halos. van Ojik
et al. (1997) found 11 of 18 such systems to carry the feature in
longslit spectroscopy, although they all have not been studied for
the confirming two-dimensional spatial profiles as can be done
with IFS. The outflow picture requires shells or clumps of H i at
a large radius from the emission halo. This gas scatters a fraction
of the line emission, and the blueshift in the absorption trough
argues for outflow. The energy mechanism might be a starburst-
driven superwind as discussed above. Wilman et al. (2005) has
applied such an explanation to LAB2 as has Reuland et al.
(2007) for several HzRGs including B2 0902+34. If correct,
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Figure 8. Four tests of our three-dimensional Monte Carlo resonant scatter code. Top left: the emergent Lyman-� spectra from uniform density, static halos atT=
10 K with various line center edge-to-center optical depths. The histograms are from our simulations. The lines are from function 9 in Dijkstra et al. (2006a). Top
right: the redistribution function for Lyman-� scattering with a gas temperature ofT= 104 K. The histogram is our code output while the curves are from theory in
Hummer (1962) and Lee (1974). Bottom left: the number of scatterings necessary for a Lyman-� photon to escape a neutral, static slab of Hi. The points are from
our simulations. The line is from theory (Harrington1973). Bottom right: the emergent Lyman-� spectrum from an in�nite, uniform density Hi halo under Hubble
expansion atz = 10 withT = 10 K.

The model mass would place B2 0902+34 as one of the larger
halos that should collapse at the observed redshift. This picture
does not deny HzRGs the role of feedback agents, but does show
that radio emission can be output in a protogalactic phase as well
and that AGN buildup may predate signi�cant star formation.
Further study on B2 0902+34 may be important in deciding
the origin of supermassive black holes (Djorgovski et al.2008),
and their coevolution with stellar bulges. Two likely paths of
early black hole formation are as end biproducts of the earliest
stars (Madau & Rees2001; Ricotti & Ostriker2004) or as gas
that avoided molecular cooling and fragmentation and collapsed
into a black hole without associated star formation (Silk & Rees
1998; Loeb & Rasio1994; Eisenstein & Loeb1995; Bromm &
Loeb2003; Koushiappas et al.2004). In the latter case, a phase
of galaxy evolution may exist where the stellar bulge and black
hole masses are not tightly related. Although we do not have
an estimate of B2 0902+34’s black hole mass, the large radio
continuum luminosity suggests an already large black hole.
B2 0902+34, although we do not observe any associated cluster
LAEs, may yet grow into a rich cluster as the normal cluster
members begin their own star formation, possibly triggered by
B2 0902+34 itself as described in Rawlings & Jarvis (2004).
While we advocate a resonantly scattering, infalling model to
explain the extent of emission and the otherwise con�icting

Lyman-� and 21 cm absorption data, our model does require a
minimum of 1012 M� in H i subject to the modeled constraint of
a maximum infall velocity ofvbulk = vamp × vvir × (r/r vir )�

with vamp � 1.5. Having this much Hi inside a galaxy’s
virial radius con�icts with the classic galaxy formation scenario
(Binney 1977; Rees & Ostriker1977; Silk 1977). In that
picture, a shock near the virial radius should ionize incoming
gas and heat it to� 106 K where it stays in quasi-hydrostatic
equilibrium. Especially in the most massive halos, the low-
density gas is expected to have a cooling time longer than the
galaxy age. This scenario has been adjusted in recent years with
rapidly cooling accretion �ows showing up in semianalytical
simulations (Croton et al.2006) and cold accretion in smoothed
particle hydrodynamics (SPHs) simulations where a virial shock
is mass conditionally unstable (Birnboim & Dekel2003) and
�laments provide many paths where cold gas (less than 105K )
can �ow to the forming galaxy’s center (Fardal et al.2001;
Kere�s et al.2005; Dekel & Birnboim2006; Dekel et al.2008;
Kere�s et al.2008; Ocvirk et al.2008). The ability of cooling and
cold �ows to exist have a redshift and halo mass dependence.
Croton et al. (2006) give Mhalo < (2–3)× 1011 M� for z =
(0–6) and Kere�s et al. (2005) give Mhalo < 1011.4 M� at z =
0 with some redshift evolution. In either case, our advocacy
for an Mhalo > 5 × 1012 M� at z = 3.4 appears to be in
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