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Tracers of protoclusters 
at high redshifts

L16 Y. Matsuda et al.

Figure 2. Pseudo-colour images (B for blue, NB497 for green, V for red) of the 14 giant LABs. The size of the images is 40 × 40 arcsec2 (∼300 × 300 kpc2).
The yellow contours indicate isophotal apertures with a threshold of 1.4 × 10−18 erg s−1 cm−2 arcsec−2. The white horizontal bar in the lower right-hand
image represents the angular scale of 100 kpc (physical scale) at z = 3.1.

Figure 3. Sky distribution of the 14 giant LABs and smoothed density maps of ∼2000 compact LAEs at z ∼ 3.09. In the left-hand panel (a), the small black
box indicates the SSA22a field by Steidel et al. (2000, S00) and the dashed box indicates the SSA22-Sb1 field by Matsuda et al. (2004, M04). The thick bars
show the angular scale of 20 comoving Mpc at z = 3.1. The blue squares and red circles indicate the giant LABs without QSOs and with QSOs, respectively.
The contours represent LAE overdensity, δLAE ≡ (n − n̄)/n̄ =0, 1, 2, 3, 4, 5 and 6.

Figure 4. Filamentarity of the 14 giant LABs as a function of the overdensity
of LAEs. The blue squares and red circles indicate giant LABs without QSOs
and with QSOs, respectively. The error bars show 1σ uncertainties. The
filamentarity of the LABs shows a weak anticorrelation with the overdensity
of LAEs.

4 D I S C U S S I O N A N D C O N C L U S I O N S

Based on deep, wide-field Lyα imaging, we construct a sample of
14 giant LAB candidates at z = 3.1 from a volume of 1.6 × 106

comoving Mpc3. This is the largest sample of giant LABs and triples
the number of known LABs over 100 kpc. Our giant LAB sample
shows a wide variety of Lyα morphologies and resides not only in
overdense environments, as derived from LAEs, but also in low-
dense environments. We find a possible hint for the ‘morphology–
density’ relation of the LABs: the Lyα filamentarity seems to differ
as a function of the local density environments.

How can we interpret this possible morphology–density relation
of the LABs? The Lyα morphology may relate to the formation
mechanisms of LABs. According to recent numerical simulations,
more filamentary LABs may be good candidates for cold gas ac-
cretion from the surrounding IGM (Faucher-Giguere et al. 2010;
Goerdt et al. 2010). Although direct evidence for such gas inflows
is not found around star-forming galaxies at z ∼ 2 (Steidel et al.
2010), recent studies of the metallicity of star-forming galaxies from
low to high redshifts indicate that gas inflows may still be dominant
in the field environment at z ! 3 (Mannucci et al. 2010). More circu-
lar LABs may relate to large-scale gas outflows, which are driven by
intense starbursts and/or AGN activities (Mori & Umemura 2006).
At high redshift, star-formation and AGN activities in overdense
environments are known to be several times higher than those in
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Table 1
Coordinates of the Candidates of Figure 3 and their Projected

Distances with Respect to the Quasar

Object R.A. Decl. Distance Distance
(J2000.0) (J2000.0) (arcmin) (cMpca)

LAE 1 02:03:38.23 +00:11:09.9 1.97 4.65
LAE 2 02:03:21.02 +00:10:40.2 3.37 7.96
Drop 1 02:03:27.15 +00:10:32.7 2.34 5.52
Drop 2 02:03:19.76 +00:11:25.8 3.33 7.85
Drop 3 02:03:37.12 +00:15:29.9 3.24 7.64
Drop 4 02:03:34.04 +00:14:34.2 2.13 5.02
Drop 5 02:03:39.69 +00:15:35.0 3.60 8.49
Drop 6 02:03:39.92 +00:13:38.5 2.21 5.22
Drop 7 02:03:42.04 +00:12:56.3 2.46 5.78
Drop 8 02:03:32.71 +00:09:58.6 2.51 5.92

Note.a Comoving Mpc at z = 5.7.

3. Significance of the narrow-band excess. To avoid con-
tamination by objects that satisfy the color criteria only
due to photometric errors, we require: |(Z − NB)| >

2.5
√

σ 2
Z + σ 2

NB.

As seen in Figure 2, there is one object that satisfies our
criteria (LAE 1). There is another one that is not detected in
either of the broad-band images (LAE 2). LAE 2 has a lower
limit in the narrow-band excess of Z−NB > 0.62. Additionally,
when visually inspecting the Z-band image of LAE 2 a faint
source is apparent. Forced photometry in the Z-band image at
the position of LAE 2 gives a 1.9σ signal, thus, increasing the
chances of LAE 2 being a real object. We consider LAE 2 to be
a tentative LAE candidate, although deeper observations and/or
spectroscopy are needed to confirm its nature.

3.2. Lyman Break Galaxies

Dropout galaxies are also known as LBGs, given that they
are selected using the Lyman break technique (Steidel et al.
1996). The basis of this method is the fact that hydrogen is
very effective at absorbing radiation at wavelengths shorter than
912 Å (the Lyman limit). Therefore, radiation with λ ! 912 Å is
strongly suppressed by intergalactic and interstellar absorption,
so a very small fraction of these photons will reach us, forming
the so-called Lyman Break. At high-redshifts, the Lyα forest
becomes so optically thick that a large fraction of the light
coming from λrest = 912 Å to λrest = 1216 Å is also absorbed.
At this point the Lyman break selection becomes, in effect, a
selection of objects with a sharp break at λrest = 1216 Å.

Dropout candidates were selected with the following criteria.

1. Continuum break. A prominent break in the continuum is
expected for high-redshift galaxies due to the hydrogen ab-
sorption. We require a continuum break of R − Z > 2.0.
Additionally, in an attempt to bias our high-redshift candi-
dates toward a redshift closer to the redshift of the quasar,
we require a break between the flux in the NB and R filters:
R − NB > 1.5. However, this last criterion has a small
effect and excludes only one candidate.

2. Significance of the break. To avoid contamination by objects
that only satisfy the color criteria due to photometric errors,
we require: |(R − Z)| > 2.5

√
σ 2

R + σ 2
Z .

3. Faintness. Since high-redshift galaxies are expected to be
faint, we impose a minimum magnitude of Z > 21.

As shown in Figure 2, there are eight LBG candidates satisfying
the criteria.

Figure 3. Color image of the 44.4 arcmin2 field centered on ULAS J0203+001.
The objects of interest are highlighted.
(A color version of this figure is available in the online journal.)

The coordinates of the LAE and LBG candidates and their
projected distances to the quasar are presented in Table 1.
Figure 3 shows the color image of the field overlaid with the
positions of the LAE and LBG candidates, and the quasar.
Postage-stamp images of these objects are shown in Figure 4.

4. RESULTS

4.1. Blank Field Comparison

4.1.1. LAEs

The selection criteria used in the present work (see
Section 3.1) is close to that used by Ouchi et al. (2005, 2008).
Thus, it is natural to use their LAE sample for comparison. Their
observations cover a larger area and reach fainter luminosities
than this work: the area they imaged is 1.04 deg2 on the sky
and a 5σ limiting magnitude of NB = 26.0 (λc = 8150 Å,
∆λ = 120 Å). Unlike our field, the Ouchi et al. (2008) sample
is not centered on a quasar, which is why we consider it a blank
field. However, even in blank fields, protoclusters can exist. In
fact, Ouchi et al. (2005) detected two overdensities that could
be clusters in a formation phase.

In Figure 5, we show our cumulative number of LAEs and
also the numbers from Ouchi et al. (2008) scaled to our area.
Our results are in good agreement with the expected number
from Ouchi et al. (2008). Figure 6 shows the distribution on the
sky of the 401 LAEs at z = 5.7 ± 0.05 detected by Ouchi et al.
(2008). Masked regions due to bright stars or image artifacts
are shown in red. The dashed square in the bottom left corner
represents the effective size of the FORS2 field-of-view used
in this work. With the goal of estimating the probability of
detecting, in a blank field, the number of LAEs that we find in
this work, we placed 100,000 FORS2 fields-of-view at random
positions in the Ouchi et al. (2008) field. Only fields where
less than 10% of the region is masked out were considered. We
counted how many LAEs fell in each FORS2 field and the result
is summarized in the histogram of Figure 7. Even considering
that Ouchi et al. (2008) would have detected more galaxies since
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Bañados et al. (2013)
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✤ Hot gas in X-rays (z≲2)!

✤ Galaxy over-densities!

✤ Lyα blobs!

✤ Radio galaxies!

✤ Quasars
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Measuring over 
densities

✤ Over-density measurement 
depends on the view angle!

✤ Projection effects smear out the 
over-density signal!

✤ Redshift uncertainties!

✤ Redshift-space effects

6 G. M. Shattow et al.
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Figure 2. The 3D real-space distributions of the galaxies in and near the most massive z = 2 cluster in our sample at two different viewing
angles in a 25 h−1 Mpc cube, centred on the largest galaxy. The red points are galaxies within the 3D spherical 5 h−1 Mpc aperture.
The green points ringed in black are the galaxies counted in the projected/cylindrical aperture but not the sphere. The black galaxies
are outside both apertures. Figure 2a has two green galaxies and Figure 2b has thirteen.

Figure 3. Distribution of the number of galaxies measured around the largest cluster at z = 2 from 500 angles of observation using
spectroscopic velocity cuts of 1000 km s−1. We show a range of projected fixed aperture scales (top row) and distances to the Nth nearest
neighbour for a range of N’s (bottom row). They are all arbitrarily normalized to the peak. The ∆ values are the difference between the
highest and lowest measurement of N or r at each scale.

counts seen at small scales of rFA or small to intermedi-
ate values of N. Filaments are typically well defined features
in the large-scale distribution, and hence a small change in
viewing angle can cause a non-trivial number of galaxies to
move in or out of the projected count. On the largest scales
or for the largest N, one is sampling enough of the back-
ground density that the influence of individual filaments is
lessened.

This smoothing is more apparent when photometric
redshifts are considered. In Figure 4 we recompute the distri-
bution of rFA = 5, 8 h−1 Mpc and N= 5, 10 with photomet-
ric cuts of ±∆z/z ∼ 0.1 (dashed lines) and compare them
to the same metrics from Figure 3 (solid lines). Both fixed
aperture examples show a vastly increased number of galax-
ies found inside the cylinder (which is to be expected with
the much larger volume), as well as a more Gaussian dis-

c⃝ 0000 RAS, MNRAS 000, 000–000
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counts seen at small scales of rFA or small to intermedi-
ate values of N. Filaments are typically well defined features
in the large-scale distribution, and hence a small change in
viewing angle can cause a non-trivial number of galaxies to
move in or out of the projected count. On the largest scales
or for the largest N, one is sampling enough of the back-
ground density that the influence of individual filaments is
lessened.

This smoothing is more apparent when photometric
redshifts are considered. In Figure 4 we recompute the distri-
bution of rFA = 5, 8 h−1 Mpc and N= 5, 10 with photomet-
ric cuts of ±∆z/z ∼ 0.1 (dashed lines) and compare them
to the same metrics from Figure 3 (solid lines). Both fixed
aperture examples show a vastly increased number of galax-
ies found inside the cylinder (which is to be expected with
the much larger volume), as well as a more Gaussian dis-
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Quasars and radio 
galaxies as tracers of 
massive structures

✤ Radio galaxies typically found in 
denser environments!

✤ Even denser than average galaxies 
with the same mass (Hatch+2014)!

✤ Emission-line galaxies, such as Lyα 
emitters are ideal tracers of 
environments at high redshift!

✤ Narrow-band and spectroscopic 
detections, low !

✤ Venemans et al. (2005, 2007) 
derived 

Hatch et al. (2014)

6 N. A. Hatch et al.

Figure 3. A comparison of the environment surrounding the CARLA
RLAGN (red and black) and the UDS control sample (blue). The envi-
ronment is assessed using the density of IRAC-selected sources within an
arcmin radius. The black dashed histogram shows the full CARLA sam-
ple. The solid red histogram comprises of the radio galaxy CARLA sub-
sample described in Section 2.2.1. The environments of the subsample and
full CARLA sample are statistically indistinguishable (KS test results in
P = 0.95). However, the environment of the control sample differs signifi-
cantly from both CARLA samples (KS P∼ 10−4).

127 are extended sources (74 with multiple radio components) and
157 are unresolved sources.

2.4.3 Spectral indices

The spectral index of the radio emission was measured by cross-
correlating two radio surveys with similar spatial resolution (45-
80′′): the 1.4GHz NRAO VLA Sky Survey (Condon et al. 1998)
and the 74MHz VLA Low-Frequency Sky Survey (Cohen et al.
2007). Radio-loud quasars may emit time-variable Doppler beamed
emission so it is not reliable to measure their spectral indices from
surveys taken several years apart. Therefore we only measure the
spectral indices for the 158 radio-loud galaxies in the CARLA sam-
ple that are covered by both the NVSS and VLSS radio surveys.

3 RESULTS

3.1 Do RLAGN trace proto-clusters simply because they are
hosted by massive galaxies?

If RLAGN reside in dense environments simply because they are
hosted by massive galaxies, then we expect massive radio-quiet
galaxies to occupy similarly dense environments. In Fig. 3 we com-
pare the environments of CARLA RLAGN to the control sam-
ple. The environments of all 419 RLAGN in the CARLA sample
are very similar to the radio-galaxy subsample (a KS test gives
P=0.95). The environments of the control galaxies are on average
less dense than the surroundings of the RLAGN in both CARLA

Figure 4. The radial profile of the IRAC-selected galaxy density surround-
ing CARLA RLAGN and control galaxies. The top panel displays all
CARLA and control galaxies, the middle panel shows galaxies which have
central arcmin densities between 14 and 18 IRAC-selected galaxies per
arcmin2, and the bottom panel shows galaxies with central arcmin densi-
ties in the range of 7 to 11 IRAC-selected galaxies per arcmin2. The central
RLAGN and massive control galaxy are not included, and uncertainties are√
N. The RLAGN are in denser environments on all scales. In the bottom

two panels the profiles of the central arcmin are similar (by construction),
but at larger radii the RLAGN are denser than the control galaxies indicating
that larger and more massive structures surround the RLAGN. The radius is
shown both in arcmin, and proper angular distance for galaxies at z = 2.2
(which is the median redshift of the CARLA sample).

samples. A KS test results in a probability of < 10−4 (∼ 4σ signif-
icance) that the radio-loud and radio-quiet galaxies reside in similar
environments. This means the high mass of the RLAGN hosts is not
the only reason why they trace rich environments.

Galaxy type may also influence our results as quiescent galax-
ies are located in denser environments than actively star-forming
galaxies, at fixed stellar mass, even up to z ∼ 1.8 (Quadri et al.
2012). We therefore checked the influence of galaxy type on our
results by limiting the control sample to quiescent galaxies only,
and then with star-forming galaxies only. We found no difference
in the results, with both quiescent and star-forming control sam-
ples differing from the CARLA sample with 4σ significance. This
means that RLAGN reside in richer environments than all types of
similarly massive galaxies.

In Fig. 4 we show the difference between the environments of
the RLAGN and the control galaxies in more detail by comparing
their average radial density profiles. The top panel of Fig. 4 shows
that the environments of RLAGN are denser than the control galax-
ies at all scales, having both more nearby neighbours and a larger
excess beyond 0.5Mpc.

We then compare the radial profiles surrounding RLAGN and

c⃝ RAS, MNRAS 000, 000–000

B. P. Venemans et al.: Properties of Lyα emitters around MRC 0316–257 807

Fig. 14. Spatial distribution of Lyα emitters around the radio galaxy
MRC 0316–257 (denoted by a square). The confirmed emitters in
the protocluster are represented by circles (emitters with a redshift
smaller than the median, z < 3.1313) and diamonds (emitters with
z > 3.1313). The triangles show the position of the three Lyα emitting
galaxies with a velocity > 1500 km s−1 from the median velocity of the
emitters. The sizes of the symbols are scaled according to the velocity
offset from the median, with larger symbols representing emitters with
a redshift closer to the median redshift. The pluses are objects satis-
fying the selection criteria (see Sect. 3.3), but are not (yet) confirmed.
The quadrangle represents the outline of the ACS image.

8.1. Velocity dispersion

To determine the velocity dispersion of the emitters, the bi-
weight scale estimator was used (Beers et al. 1990). This is the
most appropriate scale estimator for samples of 20–50 objects
(Beers et al. 1990). The velocity dispersion is 640±195 km s−1,
corresponding to a FWHM of 1510±460 km s−1. This is signif-
icantly smaller than the width of the narrow-band filter, which
has a FWHM of ∼3500 km s−1. Although most Lyα emitters
are likely to be members of the protocluster, the three emitters
with velocities >1500 km s−1 from the peak of the distribution
(Fig. 13) are probably field galaxies. Ignoring these three field
galaxies, the velocity dispersion drops to 535± 100 km s−1. On
the lower redshift side (negative velocities), no clear edge is
visible in the distribution. This could be due to the decrease
in sensitivity of the narrow-band filter on this side of the red-
shift distribution. If the protocluster extends to much lower
redshifts, our estimate of the velocity dispersion is a lower
limit.

8.2. Spatial distribution

The spatial distribution of the emitters is shown in Fig. 14,
where the circles, diamonds and triangles represent the spec-
troscopically confirmed emitters, and with the sizes of the
symbols scaled according to the velocity offset from the me-
dian of the emitters. The pluses are unconfirmed candidate
Lyα emitters satisfying our selection criteria (see Sect. 3.3).

The majority of these candidates (96%) has not yet been ob-
served spectroscopically, while the remaining 4% were too
faint to be confirmed. The imaging field of view (3.3 ×
3.3 Mpc2 at z = 3.13) is not large enough to show clear bound-
aries of the structure.

8.3. Mass

At a redshift of z = 3.13, the age of the Universe is only
2.2 Gyr. Taking the velocity dispersion as a typical velocity for
a galaxy in the protocluster, it would take at least 5 Gyr to cross
the structure, making it highly unlikely that the protocluster is
near virialization. Therefore, the virial theorem cannot be used
to calculate the mass of the protocluster.

Another way to compute the mass is to use the (comov-
ing) volume V occupied by the overdensity, the (current) mean
density of the Universe ρ̄ and the mass overdensity of the pro-
tocluster δm:

M = ρ̄V (1 + δm) = ρ̄V (1 + δgal/b). (21)

where b is the bias parameter (b ≡ δgal/δm), relating the ob-
served galaxy overdensity (δgal = n0316/nfield − 1) to the mass
overdensity and ρ̄ = 3.5×1010 M⊙ Mpc−3 for the cosmological
parameters used in this paper.

The weighted mean of the three density estimates in
Sect. 7.1 is n0316/nfield = 3.3+0.5

−0.4, giving an overdensity of
δgal = 2.3+0.5

−0.4. Taking V = 9.3 × 103 Mpc3 (Sect. 2.2) and
b = 3−6 (Steidel et al. 1998; Shimasaku et al. 2003) results
in a mass for the protocluster within the observed volume of
4−6 × 1014 M⊙. Because the size of the protocluster is uncon-
strained (e.g. Fig. 14), this mass estimate is a lower limit.

However, the redshift range of protocluster galaxies is
likely to be smaller than the redshifts for which the narrow-
band filter is sensitive (see Fig. 13). Assuming that the three
outlying galaxies on the red side of the filter as field galaxies,
the redshift range of the protocluster galaxies is 0.029 and the
volume occupied by these emitters is 5.4 × 103 Mpc3. This es-
timate of the volume does not take into account the redshift
space distortions caused by peculiar velocities (Steidel et al.
1998, see below). Assuming that in total ∼10% of the (can-
didate) emitters are field galaxies (see Sect. 7.2), the density
of emitters within this volume with respect to the field density
is 1 + δgal = 3.3+0.5

−0.4 × 0.9 × 9331
5400 = 5.1+0.8

−0.6. In this approach,
the relation between the mass overdensity δm and the observed
galaxy overdensity δgal is (Steidel et al. 1998):

1 + bδm = C(1 + δgal), (22)

where C takes into account the redshift space distortions
(Steidel et al. 1998). Assuming that the structure is just break-
ing away from the Hubble flow, C can be approximated by

C = 1 + f − f (1 + δm)1/3 (23)

(Steidel et al. 1998), with f the rate of growth of perturbations
at the redshift of the protocluster (Lahav et al. 1991). f not
only depends on z, but also on ΩM and ΩΛ. In the cosmology
adopted in this paper (ΩM = 0.3 and ΩΛ = 0.7), f is close to 1
at high redshift (z > 2, Lahav et al. 1991).

Venemans et al. (2005)
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Quasars and radio 
galaxies as tracers of 
massive structures

✤ Quasars typically regarded as 
tracers of massive structures!

✤ Contradictory evidence for 
over densities around QSOs 
(e.g. see Husband+13, Bañados
+13)!

✤ AGN feedback predicted to be 
effective in massive haloes, 
shutting off quasar activity 
(Fanidakis+13)
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Figure 4. Postage stamp images for the QSO and our candidates, each presented
in a 6′′ × 6′′ box. For every stamp, the respective magnitude (or 2σ limiting
magnitude) is given. The signal-to-noise ratio (S/N) in the narrow-band is also
shown.

they were sensitive to fainter magnitudes, we find from Figure 7
that the number of LAEs in our field-of-view is consistent with
the most typical number expected in their blank field, i.e., one
or two galaxies.

Figure 5. Cumulative number of LAEs scaled to our area. Black circles, green
triangles, and red squares correspond respectively to samples from Ouchi et al.
(2008), Hu et al. (2010), and this work. The vertical dashed line shows the 4σ
limiting magnitude in the current work. Our measurements are consistent with
no overdensity in our quasar field.
(A color version of this figure is available in the online journal.)

Figure 6. LAE candidate distribution found by Ouchi et al. (2008). Masked
regions are shown in red. The size of the field-of-view (FORS2) used in this
work is represented by the dashed box in the bottom left corner.
(A color version of this figure is available in the online journal.)

Our results also compare with the study by Hu et al. (2010),
which is based on a sample of 88 spectroscopically confirmed
LAEs at z ∼ 5.7 in an area of 1.16 deg2. Figure 5 shows their
cumulative number of LAEs scaled to our area. The fact that
their numbers are lower than the numbers of the Ouchi et al.
(2008) sample could be explained by the fact that Hu et al.
(2010) could not spectroscopically confirm approximately half
of their photometric candidates. Nevertheless, our results are
still consistent, within the errors, with the number expected
from Hu et al. (2010). We conclude that there is no overdensity
of LAEs in the quasar field.

4.1.2. LBGs

As stated in Section 3.2 and shown in Figures 3 and 4, we
found eight objects satisfying our LBG criteria. These objects

5

The halo environment of luminous quasars 7

Figure 4. Bolometric luminosities and DM halo masses for z = 6.2 quasars
(filled circles). We also plot all haloes with masses greater than 1012 M⊙

that host an AGN (filled squares). Symbols are colour coded according to
the halo mass of the z = 0 descendant, as indicated by the colour bar on
the right. Symbol sizes indicate the ratio of the quasar descendant BH mass
at z = 0 over its BH mass at z = 6.2. The dashed-dotted horizontal line
indicates the mass of the most massive halo at z = 6.2. The hatched area
represents the part of the plane that is not sampled for clarity reasons.

squares) with MHalo > 1012 M⊙ that host an AGN. We sample
these objects from a subvolume of 200Mpc/h of the simulation to
avoid overfilling the plot (yet the volume is large enough to exclude
cosmic variance effects). Objects on the Lbol − MHalo plane are
colour coded according to their descendant halo mass at z = 0, as
indicated by the colour bar on the right. In addition, the size of the
symbols indicates the ratio of the central BH mass at z = 0 to that
at z = 6.2

According to Fig. 4, our model suggests that the halo hosts
of luminous quasars at z = 6.2 span an order of magnitude in
mass, which always remains between∼ 1011−1012 M⊙ (with only
one or two exceptions higher than 1012 M⊙). When considering the
extremes of the quasar population, we find that the brightest quasar
at z = 6.2 has a bolometric luminosity of 1046.9 erg s−1 and a host
halo mass of ∼ 1011.8 M⊙. Its descendant at z = 0 is a central
elliptical galaxy with stellar mass of ∼ 1011.4 M⊙ in a DM halo
of mass 1013.4 M⊙. Interestingly, the BH harboured by this quasar
has grown by a factor of six in mass by z = 0.

The galaxy descendants of the rest of the z = 6.2 quasars
show a wide range of morphologies. Even though the majority
of them (60 percent) evolve in to pure spheroids, we find a non-
negligible fraction (15 percent) of disk galaxies (B/T ! 0.6).
These are usually satellites galaxies in a variety of halos (fre-
quently also in 1015 M⊙ haloes) with relatively low stellar masses
(1012 − 1011 M⊙). Another interesting aspect of these galaxies is
that their central BHs have not grown much since z ∼ 6. The char-
acteristics of pure spheroidal descendants (which at z = 0 are el-
liptical galaxies) are also quite diverse, although they do tend to be
more massive (" 1011 M⊙) and centrals. In these galaxies we find

that BHs usually grow more efficiently and, as seen in Fig. 4, in
some of the descendants the central BH has grown by more than
2 orders of magnitude in mass since z ∼ 6. Interestingly, we find
no apparent correlation between z = 6.2 quasar luminosity and
descendant halo mass, stellar mass or morphology.

Similarly to the low-z universe, the most massive haloes tend
to avoid hosting a quasar. This result is in contrast with what is
usually assumed, as outlined previously. A great fraction of haloes
at z = 6 with masses higher than 1012 M⊙ is found to host an
AGN of moderate luminosity. The most massive halo at z = 6.2
(MHalo = 1012.85 M⊙) does host an AGN, its luminosity though
is relatively low and equal to∼ 1044.6 erg s−1, which makes it too
faint to be detected with current instruments. The halo descendant
of the most massive halo at z = 6 has a mass of 1014.7 M⊙ and
hosts a massive elliptical with Mrmstar = 1011.5 M⊙. Interest-
ingly, this is not the most massive DM halo in our cosmological
volume at z = 0. This is in agreement with recent findings by
Angulo et al. (2012). These authors showed that in a hierarchical
universe, the future growth of a z ∼ 6 DM halo is more determined
by the environment on scales of ∼ 10Mpc than by the actual halo
mass, as the former is expected to be the main factor shaping the
future halo mass assembly.

The lack of quasars in the most massive DM haloes in the
early universe is due to the universality of the AGN feedback mech-
anism. Even at such high redshifts, haloes with masses greater
than ∼ 1012 M⊙ become subject to feedback. Their space den-
sity is very low (< 10−8 Mpc−3), nevertheless, as we shall show
in a forthcoming study, BH growth and quasar activity in these
environments is considerably affected by AGN feedback. Similar
conclusions have been reached by Di Matteo et al. (2012, see also
DeGraf et al. 2012). These authors have employed high resolution
SPH simulations of the growth of BHs in the early universe (with
a box size of 0.75 h−1Gpc) to show that the most massive haloes
(MHalo " 1012 M⊙) by z = 6 have already shut off quasar activity
at their centres due to feedback.

The z = 0 halo descendants of luminous quasars are charac-
terised by a wide range of masses, typically higher than 1013 M⊙.
In particular, we find that 42 percent of the z = 6.2 quasars have a
halo descendant with mass in the range 1013−1014 M⊙, 48 percent
have a mass of 1014−1015 M⊙ (with the majority of them close to
∼ 1014), and 14 percent have a halo descendant more massive than
1015 M⊙. Interestingly, when we consider quasar descendants that
are central haloes we find that the fraction in the 1014 − 1015 M⊙

mass regime decreases to only 15 percent. Also, we do not find
central haloes more massive than 1015 M⊙. This means that a great
fraction of these descendants evolve only to become satellites of the
most massive haloes at z = 0. Hence, the majority of z ∼ 6 quasars
although they have possibly been close to the actual progenitors
of the z = 0 most massive haloes, they do not really coincide
with them at that time. We note that the quasar hosts that evolve
to z = 0 central haloes with mass of 1014 − 1015 M⊙ represent a
fraction of only 0.6 percent of the total halo population at z = 0
with such mass. Thus, the picture that emerges when comparing
z ∼ 6 quasar host haloes and their descendants at z = 0 is the fol-
lowing. The present-day # 1015 M⊙ haloes did not host a quasar
at z = 6.2 (although there is a non negligible probability of 0.14
that a quasar was in their near vicinity), while there is a probability
of 0.153 that the halo descendant of a z = 6 quasars will coincide

3 The probability of 0.15 (which arises from the fact that 15 percent of
quasar halo descendants evolve to 1014 − 1015 M⊙ haloes at z = 0) is
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Figure 1. The spatial distribution of Ly↵ emitters around typical radio galaxies (top) and QSOs (bottom) at redshifts 5.7, 3.0 and 2.2 (from left to right).
Each box shows a slice of 20[Mpc/h] each side and 10[Mpc/h] of depth. The dark matter density distribution is displayed in black and white. Darker pixels
indicate a higher density of dark matter. Magenta circles show the position of the radio galaxies. Red circles show the position of the QSOs. Blue circles show
the spatial distribution of Ly↵ emitters with LLy↵ > 1041[erg s�1 h�2]

optical and radio output from accreting BHs. The model fits the lu-
minosity function of radio-loud AGN remarkably well when low
mass objects have less jet power than high mass objects. This can
be achieved when the jet couples strongly to spin and the lower
mass BHs have lower spin than the most massive BHs. Coupling
the chaotic accretion model to the Blandford-Znajek jet gives an
AGN population which can reproduce the diversity of nuclear ac-
tivity seen in the local Universe. The radio-optical luminosities of
FR-I, BLRG, Seyfert and LINER galaxy populations are in good
agreement with these predictions.

3 RESULTS

We present our results within the redshift range 2 < z < 6. This is
the redshift range where the bulk of the observational data study-
ing the environments around HzRGs with Ly↵ emitters has been
done. At z < 2, statistical samples of Ly↵ emitters are challeng-
ing for low redshifts, and have only recently been explored with the
GALEX satellite (e.g. Deharveng et al. 2008; Cowie, Barger & Hu
2010). At z > 6, our model predicts the existence of only a few
radio galaxies within the simulation cube, compromising their sta-
tistical significance. Also, particular redshifts have been selected,
z = 2.2, 3.0, 4.5 and 5.7. These are the redshifts in which Ly↵
can be detected from the ground with negligible atmospheric con-
tamination. z = 2.2 is particularly important since it is also the

limit at which a ground facility can search for H↵ emitters (e.g. ?,
hayes10)

Fig. 1 illustrates the environment around selected radio
galaxies and QSOs within the redshift range discussed above.
Each image covers a slice of 20 ⇥ 20h�1Mpc

3, which al-
lows us to display the complicated dark matter filamentary struc-
ture, shown in gray. These, as expected, populate the centers of
massive haloes at any redshift. Ly↵ emitters with luminosities
log(LLy↵[erg s�1 h�2]) > 41 are shown in blue.

In GALFORM, star forming galaxies selected by their line
emission have been predicted to "avoid" the centres of massive
structures (Orsi et al. 2010). Their clustering along the line of sight
does not display the ’fingers of god’ effect, a consequence of ran-
dom motions inside virialised structures. This has been measured in
the star-forming galaxy sample of the WiggleZ survey by Contreras
et al. (2013).

Galaxies in massive haloes are predicted to have their AGN
quenching the cooling of gas, and therefore, the formation of young
stellar populations that contribute to the ionizing photon produc-
tion. Also, our model predicts that most of the Ly↵ emitters ob-
servable are starbursts (Orsi, Lacey & Baugh 2012), and these are
more likely to occur in mergers between small or average masses.
Galaxies within massive haloes are expected to suffer the effects
of AGN feedback, making their SFR drop rapidly. Since the pro-
duction of nebular emission occurs within ⇠10 Myr after a given
star-formation event, the emission line fluxes drop rapidly from the

c� 0000 RAS, MNRAS 000, 000–000
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Figure 2. The distribution of halo masses hosting radio galaxies (orange)
and QSOs (gray) in our model. Each panel corresponds to redshifts z =
5.7, 4.5, 3.0 and z = 2.2.

SED of these galaxies. Therefore, these galaxies appear to avoid
populating these massive haloes, since only faint ELGs are likely to
be found in these environments. This implies that the galaxy prop-
erties around a massive structure will be related not only to the
environment itself, but also to the depth of the galaxy sample used
to trace such environment. Hereafter, we study the dependence of
a number of properties with environment splitting our ELG sample
into "faint", i.e. those galaxies with LLy↵ > 1041[erg s�1 h�2]
which would represent a deep, dedicated survey, and "bright", with
LLy↵ > 1042[erg s�1 h�2], which represents a shallower survey.
From an observational perspective, both could represent interest-
ing observational techniques. A deep sample could characterize the
properties of galaxies within their host halo, whereas a shallower,
and thus wider, survey could be used to measure statistical proper-
ties, such as the galaxy clustering around these massive structures.

3.1 The clustering of ELGs around AGN

To quantify the way faint and bright Ly↵ emitters trace the under-
lying dark matter structure surrounding massive structures around
AGN, we compute the cross-correlation function between line
emitters and central QSOs or radio galaxies, ⇠cc. This is defined
as

⇠cc(r) =
DD(r)

Ncngal�V (r)
� 1, (3)

where DD(r) is the total number of galaxies around central
objects at a distance r± �r/2, Nc is the total number of central ob-
jects in the simulation box, ngal is the number density of galaxies,
and �V (r) is the volume of a spherical shell of radius r and width
�r . This width corresponds to the bin size used to compute ⇠cc.

Fig. 3 shows the predicted cross-correlation function between
radio galaxies and Ly↵ emitters, and QSOs and Ly↵ emitters in
four redshifts spanning 2 < z < 6.

Overall, the amplitude of ⇠cc is higher when using radio galax-
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Figure 3. The cross correlation function between HzRGs and Ly↵ emitters.

ies as the central objects than QSOs. This is naturally expected
since the typical mass of the haloes hosting radio galaxies is higher
by almost an order of magnitude to those haloes hosting QSOs,
irrespective of the redshift studied, as shown in Fig. 2.

An interesting feature arises at small scales, where ⇠cc has a
higher amplitude when computed using the sample of faint Ly↵
emitters than when using the bright sample. In particular, at z =
2.2, our model predicts that ⇠cc is almost an order of magnitude
higher in the faint sample at distances of ⇠ 300[kpc/h]. At higher
redshifts, however, the difference between the faint and bright sam-
ple are less notorious. This implies that there is a significant differ-
ence in the way the same environment is traced by faint and bright
emission-line galaxies.

Put simply, in massive structures faint emission-line galaxies
are more abundant than bright ones. Fig. 3 shows that the same
effect is predicted for H↵ emitters at z = 2.2 which are not affected
by the same radiative transfer of resonant photons and, instead, they
are simply assumed to be attenuated just like the continuum around
the wavelength of the line (�H↵ = 6562Å).

Most galaxies predicted by GALFORM to lie within the most
massive haloes at a given redshift have line luminosities as low
as zero due to the quenching of star formation by AGN feedback.
Hence, it is natural that any ELG within a massive halo is likely to
be faint. This does not imply that faint emission-line galaxies are
tracers massive dark matter haloes and bright ones are not. We have
shown previously that the linear clustering bias b of emission-line
galaxies is only weakly dependent on the galaxy’s line luminosity
(Orsi et al. 2008, 2010). On the other hand, semi-analytical mod-
els predict that there is a weak but significant correlation between
galaxy luminosity and halo mass (Le Delliou et al. 2006; Orsi et al.
2014), but the occupation of those massive haloes drop quickly with
increasing luminosity (Orsi et al. 2008).

Fig.3 shows that the cross-correlation function between ra-
dio galaxies (and QSOs) and Ly↵ emitters could be used to dis-
criminate the typical dark matter halo mass of these two pop-
ulations of active galaxies. However, high redshift radio galaxy
samples are scarce making difficult to perform a statistical anal-
ysis of their environmental properties. Instead, observations have

c� 0000 RAS, MNRAS 000, 000–000
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Fig. 12. Left: emergent Lyα profile from an expanding shell with central monochromatic source. The different shapes can be described with the
number of back-scatterings that photons undergo: bumps 1a and 2 are built-up with photons that did not undergo any backscattering, the highest
peak located at x = −2Vexp/b (feature 1b) is composed of photons that undergo exactly one backscattering, and the red tail 1c is made of photons
that undergo two or more backscatterings. See text for more details. Right: scheme of an expanding shell showing the origin of photons of different
groups. The observer is on the left side, at infinity.

at the centre of the shell. Once a photon reaches the shell for
the first time, it is seen as redshifted to −xCMF(Vexp) = −7.5
by the H atoms (in the comoving frame, CMF). A fraction of
the photons will diffuse progressively through the shell towards
the exterior and escape without backscattering (left panel of
Fig. 12). Their spectrum (marked as 0 backscattering) gives rise
to an asymmetric double peak with a small blue component cen-
tred at x2 ∼ 10 (feature 2 above) from photons escaping the blue
wing of Lyα in the (blueshifted) shell approaching the observer,
and a somewhat redshifted stronger peak at x1a ∼ −5 (bump 1a
above) corresponding to the photons escaping the red Lyα wing
in the blueshifted shell. Qualitatively this part of the spectrum
is equivalent to the spectrum of a slab with a constant, receding
macroscopic velocity with respect to the emitting source (see
Neufeld 1990, Fig. 6).

Feature 3: direct escape. For sufficiently low column densi-
ties and/or high expansion velocities, a non-zero fraction of pho-
tons directly traverses the shell without interacting. This case ap-
pears with the probability e−τexp(0), where τexp(x) = τ(x− x(Vexp))
is the reduced Lyα optical depth seen by a photon with ob-
server’s frequency x due to Doppler shift of Vexp. For the case
discussed here, τexp(0) = τ(−7.5) = 6.09, so that 0.25% of
the photons will escape without interacting. These photons give
raise to feature 3 in the bin at x3 = 0 labeled in Fig. 12. The
importance of these direct photons increases, of course, with in-
creasing Vexp and decreasing column density, as seen in Figs. 14
and 16. Before comparison with observed spectra, this peaked
flux contribution must obviously be convolved with the instru-
mental resolution.

Features 1b and 1c: photons undergoing one or more
backscatterings. Let us now examine the situation after one
scattering in the expanding shell. After the first scattering the
frequency distribution of the photons in the external frame is
shown by the black solid line in Fig. 13. As the photons are ini-
tially seen by the atoms at the frequency −x(Vexp), i.e. in the
wings, they are basically re-emitted at the same frequency in the
atom’s frame. Depending on their emission direction, this leads
to a range of frequencies in the observer frame reaching from
x ∼ −2x(Vexp) to 0, with more photons re-emitted in the absorp-
tion direction (around x ∼ −2x(Vexp)) or in the opposite direction
(x ∼ 0) because of the dipolar angular redistribution (the fre-
quency distribution for isotropic redistribution would be nearly

Fig. 13. Frequency distribution of the photons in the expanding shell af-
ter the first scattering. The black solid curve contains all photons, and
the blue dotted one represents the histogram of photons which escaped
after only one scattering. bf They form a bump around x ∼ −2x(Vexp),
which explains the appearance of feature 1b. See the text for more
details.

a square profile over x ∼ [−2x(Vexp), 0]). Which of these pho-
tons are now able to escape the medium after just one scattering
is represented by the blue dotted histogram.

Overall, depending on their frequency being in one of the
3 spectral regions indicated in Fig. 13, the fate of the photons is
as follows.

– Frequency range 1: photons with a frequency xobs ∼ 0 cannot
escape the medium. They are emitted outward in the radial
direction with a frequency too close to the line centre (in the
atoms frame). Their escape probability is negligible.

– Range 2: around xobs ∼ −7.5, although their frequency is far
from line centre, no photons escape the medium for geomet-
rical reasons: their emission direction is perpendicular to the
radial direction thus strongly increasing the geometrical path
and the optical depth.

– Range 3: most of the photons escape with frequency xobs <∼
−9, since their frequency is very far from line centre, and
their emission direction is convenient. They cross the in-
ner part of the shell (backscattering), and when they arrive
on the other side, the combination of their frequency and
direction with the local macroscopic motion favours their

Verhamme et al. (2006)

Can galactic outflows explain Lyα emitters? 19

modelling of the presence of neutral hydrogen in the IGM and how
this attenuates Lyα photons. We defer this to a future work.

5.5 Observed Lyα line profiles

Observational measurements of individual and stacked line profiles
of Lyα suggest the presence of outflows in galaxies (e.g. Shapley
et al. 2003; Kashikawa et al. 2006; Dawson et al. 2007; Ouchi et al.
2008, 2010; Hu et al. 2010; Kornei et al. 2010; Steidel et al. 2010;
Kulas et al. 2012). Lyα emitters can be characterized by studying
the spectral features of the composite spectrum from a set of spec-
troscopic observations. The most prominent feature observed are
asymmetric peaks, where the line is extended towards the red side.
Other common spectral features are the appearance of a secondary
peak and P-Cygni absorption features (see e.g. Shapley et al. 2003).

In this section we compare our model predictions with the com-
posite spectra of high-redshift samples of Lyα emitters studied by
Ouchi et al. (2008, 2010) and Hu et al. (2010). Based on the method
used to construct composite spectra in the observational studies, we
construct composite spectra in the model as follows. First, the Lyα

profiles are normalized to their peak values. Then the spectrum is
shifted so that the peaks coincide with the Lyα line centre, λLyα =
1216 Å. Finally, the spectra are averaged at each wavelength bin.

We bin the predicted spectra using the spectral resolution of the
observations: R ≈ 500 and ≈1000 for the set of observations at z =
3 and z = 5.7 by Ouchi et al. (2008). For Ouchi et al. (2010) and
Hu et al. (2010), R ≈ 3600.

The above method for constructing a composite spectrum has
some important drawbacks. Since the redshift of Lyα emitters is
computed from the wavelength of the peak of the Lyα line, any offset
of the peak due to radiative transfer effects is removed (see Figs 1
and 2). On the other hand, the normalization of the line profiles to
the peak value can help enhance certain spectral features inherent
to Lyα emitters by removing any dependence of the composite
spectrum on Lyα luminosity. This also means that spectral features
characteristic of a particular Lyα luminosity could be difficult to
spot.

The top panels in Fig. 14 show a comparison between composite
spectra at redshifts z = 3, 5.7 and z = 6.6 from Ouchi et al. (2008,
2010) with the predictions from both outflow geometries. Overall,
both outflow geometries show very similar composite line profiles,
regardless of redshift or limiting luminosity.

The Lyα line in the composite spectrum estimated at z = 3.1
by Ouchi et al. (2008) is in agreement with our model predictions,
although this is perhaps not surprising given the low spectral reso-
lution of these observations (#λ = 2.43 Å).

Figure 14. Composite Lyα line profiles of samples at different redshifts as indicated in each panel. The grey shaded regions show the Lyα line profiles from
composite observational samples taken from Ouchi et al. (2008, 2010) and Hu et al. (2010) (as indicated in the legend of each box), whereas the solid curves
show the model predictions using the Wind geometry (red) and the Shell geometry (blue). Galaxies in the models used to construct the composite spectra have
been selected in the same way as the observed spectra, with the criteria shown in the legend of each box, where LLyα is shown in units of erg s−1 h−2, and the
EW and spectral resolution #λ in angstroms.

C⃝ 2012 The Authors
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS

Orsi et al. (2012)
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Figure 8. The spatial distribution of galaxies and dark matter in the Bow06(r) model at z = 1. Dark matter is shown in grey, with the densest regions shown
with the brightest shading. Galaxies selected by their Hα emission with log(FHα[erg s−1 cm−2]) > −16.00 and EWobs > 100 Å are shown in red in the left-hand
panels. Galaxies brighter than HAB = 22 are shown in green in the right-hand panels. Each row shows the same region from the Millennium Simulation. The
first row shows a slice of 200 h−1 Mpc on a side and 10 h−1 Mpc deep. The second row shows a zoom into a region of 50 h−1 Mpc on a side and 10 h−1 Mpc
deep, which corresponds to the white square drawn in the first row images. Note that all of the galaxies which pass the selection criteria are shown in these
plots.

spatial correlation length from the angular correlation function.
First, a form must be adopted for the distribution of sources in
redshift. Secondly, some papers quote results in terms of proper
separation whereas others report in comoving units. Finally, an evo-
lutionary form is sometimes assumed for the correlation function
(Groth & Peebles 1977). In this case, the results obtained for the
correlation length depend upon the choice of evolutionary model.
Hence, estimates of the spatial correlation length derived from angu-
lar clustering data are model dependent. Moreover, in the majority
of cases, the errors on the inferred correlation length include neither
the impact of different model choices nor the contribution of sample
variance due to the small volumes typically available.

Estimates of the correlation length of Hα emitters are available
at a small number of redshifts from narrow-band surveys, as shown

in Fig. 9 (Geach et al. 2008; Morioka et al. 2008; Nakajima et al.
2008; Shioya et al. 2008). As remarked upon in the previous para-
graph, these surveys are small and sampling variance is not always
included in the error bar quoted on the correlation length [see Orsi
et al. (2008) for an illustration of how sampling variance can affect
measurements of the correlation function made from small fields].
The models are in reasonable agreement with the estimate by Geach
et al. (2008) at z = 2.2, but overpredict the low redshift measure-
ments. The z = 0.24 measurements are particularly challenging to
reproduce in any viable hierarchical clustering model. The correla-
tion length of the dark matter in the " cold dark matter ("CDM)
model is around 5 h−1 Mpc at this redshift, so the z = 0.24 result
implies an effective bias of b < 0.5. Gao & White (2007) show that
even the lowest mass dark matter haloes at the resolution limit of

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 405, 1006–1024
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Figure 1. Measurements of the redshift-space correlation function for redshift slices 0.1� 0.3 (top left), 0.3� 0.5 (top right), 0.5� 0.7

(bottom left) and 0.7� 0.9 (bottom right), obtained by combining results in the di↵erent WiggleZ Survey regions with inverse-variance
weighting. Only the top-right quadrant of data for each redshift is independent; the other three quadrants are mirrors of this first

quadrant. Noticeable is the lack of “fingers-of-god” prominent in similar measurements for LRGs, owing to the avoidance by WiggleZ

galaxies of high-density regions.
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In order to complete the model, the 2D correlation function
including linear redshift-space distortions, ⇠0
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normalized such that
R1
�1 F (v) dv = 1.

The most common approach in previous analyses of
redshift-space distortions in the galaxy correlation function
has been to use a power-law choice for ⇠

r

and an exponen-
tial 1D velocity distribution for F (v) (Landy & Szalay, 1998;
Hawkins et al., 2003; Cabré & Gaztañaga, 2009). In a com-
panion paper (Contreras et al., 2011) we presented a de-
tailed analysis of the systematic errors resulting from these
assumptions, considering three di↵erent models for the un-
derlying real-space correlation function ⇠

r

:

• Power-law model: ⇠
r

(r) =
⇣

r

r0

⌘��

.

• CAMB model: we use a real-space correlation function
calculated numerically for a given set of cosmological param-
eters (motivated by analyses of the Cosmic Microwave Back-

c� 0000 RAS, MNRAS 000, 000–000
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Figure 2. The distribution of halo masses hosting radio galaxies (orange)
and QSOs (gray) in our model. Each panel corresponds to redshifts z =
5.7, 4.5, 3.0 and z = 2.2.

SED of these galaxies. Therefore, these galaxies appear to avoid
populating these massive haloes, since only faint ELGs are likely to
be found in these environments. This implies that the galaxy prop-
erties around a massive structure will be related not only to the
environment itself, but also to the depth of the galaxy sample used
to trace such environment. Hereafter, we study the dependence of
a number of properties with environment splitting our ELG sample
into "faint", i.e. those galaxies with LLy↵ > 1041[erg s�1 h�2]
which would represent a deep, dedicated survey, and "bright", with
LLy↵ > 1042[erg s�1 h�2], which represents a shallower survey.
From an observational perspective, both could represent interest-
ing observational techniques. A deep sample could characterize the
properties of galaxies within their host halo, whereas a shallower,
and thus wider, survey could be used to measure statistical proper-
ties, such as the galaxy clustering around these massive structures.

3.1 The clustering of ELGs around AGN

To quantify the way faint and bright Ly↵ emitters trace the under-
lying dark matter structure surrounding massive structures around
AGN, we compute the cross-correlation function between line
emitters and central QSOs or radio galaxies, ⇠cc. This is defined
as

⇠cc(r) =
DD(r)

Ncngal�V (r)
� 1, (3)

where DD(r) is the total number of galaxies around central
objects at a distance r± �r/2, Nc is the total number of central ob-
jects in the simulation box, ngal is the number density of galaxies,
and �V (r) is the volume of a spherical shell of radius r and width
�r . This width corresponds to the bin size used to compute ⇠cc.

Fig. 3 shows the predicted cross-correlation function between
radio galaxies and Ly↵ emitters, and QSOs and Ly↵ emitters in
four redshifts spanning 2 < z < 6.

Overall, the amplitude of ⇠cc is higher when using radio galax-
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Figure 3. The cross correlation function between HzRGs and Ly↵ emitters.

ies as the central objects than QSOs. This is naturally expected
since the typical mass of the haloes hosting radio galaxies is higher
by almost an order of magnitude to those haloes hosting QSOs,
irrespective of the redshift studied, as shown in Fig. 2.

An interesting feature arises at small scales, where ⇠cc has a
higher amplitude when computed using the sample of faint Ly↵
emitters than when using the bright sample. In particular, at z =
2.2, our model predicts that ⇠cc is almost an order of magnitude
higher in the faint sample at distances of ⇠ 300[kpc/h]. At higher
redshifts, however, the difference between the faint and bright sam-
ple are less notorious. This implies that there is a significant differ-
ence in the way the same environment is traced by faint and bright
emission-line galaxies.

Put simply, in massive structures faint emission-line galaxies
are more abundant than bright ones. Fig. 3 shows that the same
effect is predicted for H↵ emitters at z = 2.2 which are not affected
by the same radiative transfer of resonant photons and, instead, they
are simply assumed to be attenuated just like the continuum around
the wavelength of the line (�H↵ = 6562Å).

Most galaxies predicted by GALFORM to lie within the most
massive haloes at a given redshift have line luminosities as low
as zero due to the quenching of star formation by AGN feedback.
Hence, it is natural that any ELG within a massive halo is likely to
be faint. This does not imply that faint emission-line galaxies are
tracers massive dark matter haloes and bright ones are not. We have
shown previously that the linear clustering bias b of emission-line
galaxies is only weakly dependent on the galaxy’s line luminosity
(Orsi et al. 2008, 2010). On the other hand, semi-analytical mod-
els predict that there is a weak but significant correlation between
galaxy luminosity and halo mass (Le Delliou et al. 2006; Orsi et al.
2014), but the occupation of those massive haloes drop quickly with
increasing luminosity (Orsi et al. 2008).

Fig.3 shows that the cross-correlation function between ra-
dio galaxies (and QSOs) and Ly↵ emitters could be used to dis-
criminate the typical dark matter halo mass of these two pop-
ulations of active galaxies. However, high redshift radio galaxy
samples are scarce making difficult to perform a statistical anal-
ysis of their environmental properties. Instead, observations have

c� 0000 RAS, MNRAS 000, 000–000
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with an under-dense environment

protoclusters revealed by ELGs around AGN 5

Figure 4. The overdensity of Ly↵ emitters around HzRGs and QSOs at
redshifts z = 5.7, 4.5, 3.0 and 2.2, as a function of the distance from the
central object. The solid curve and the shaded regions show the median and
10-90 percentile of the distribution of overdensities of a sample of Ly↵
emitters with LLy↵ > 1041[erg s�1 h�2]. The dashed line and error bars
show instead the distribution of overdensities of a sample of Ly↵ emitters
with LLy↵ > 1042[erg s�1 h�2]. Orange colours indicate overdensities
around HzRGs, whereas gray colours correspond to QSOs.

focused in measuring the environnments around HzRGs by sim-
ply computing the galaxy overdensity around them, defined as
1 + �Ly↵(r) = NLy↵/V (r)n̄, where n and n̄ are the measured
and field number densitiy, respectively.

Figure 5 shows the overdensity of Ly↵ emitters around
HzRGs and QSOs as a function of distance. Overall, the me-
dian overdensity around HzRGs is predicted to be higher than
that around QSOs, which reflects the higher amplitude of clus-
tering shown in Fig.3. However, the scatter of �Ly↵ is predicted
to span several orders of magnitude at distances smaller than
1 � 2[Mpc/h]. Hence, our model predicts that any measurement
of the overdensity of Ly↵ galaxies around an individual QSO or
HzRG at around those small scales is likely to be subject to a large
scatter, and hence, not being representative of the underlying struc-
ture.

The predicted overdensities obtained with the sample of
"faint" Ly↵ emitters are shown by the shaded coloured regions.
Overall, the median value of �Ly↵ measured using Ly↵ emit-
ters varies only slightly for the faint or bright sample. The scat-
ter, however, spans several orders of magnitude when �Ly↵ is
measured with the bright sample, especially at radii smaller than
⇡ 300[Mpc/h]3. The scatter in the value of �Ly↵ shown in Fig. 5
has multiple causes. First, there is an intrinsic diversity of environ-
ments traced by HzRGs at different redshifts. This, in combination
with the particular clustering bias of the galaxy selection will con-
tribute to obtaining values of a measured overdensity as a function
of both the galaxy population used as a tracer of environment , and
the radio galaxies tracing the centers of massive structures.

In addition, the number density of Ly↵ emitters introduce a
shot-noise in the value of �Ly↵. The predicted scatter in the value
of �Ly↵ decreases significantly when faint Ly↵ emitters are used
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Figure 5. The overdensity of Ly↵ emitters around HzRGs at redshifts z =
5.7, 4.5, 3.0 and 2.2, as a function of the volume of a sphere centered on
each radio galaxy from the model. The solid curve and the shaded regions
show the median and 10-90 percentile of the distribution of overdensities of
a sample of Ly↵ emitters with LLy↵ > 1041[erg s�1 h�2]. The dashed
line and error bars show instead the distribution of overdensities of a sample
of Ly↵ emitters with LLy↵ > 1042[erg s�1 h�2].

as tracers of environment, despite the fact that the clustering bias
of faint and bright Ly↵ emitters being very similar.

The large scatter predicted in the value of �Ly↵ for bright Ly↵
emitters lead a significant fraction of HzRGs presenting an environ-
ment that is underdense with respect to the field. Fig. ?? shows the
fraction of HzRGs with a negative value of �Ly↵ at different scales.
For the sample of bright Ly↵ emitters, the fraction of under-dense
environments is significant. Venemans et al. (2005) reported that 2
out of 8 of their radio galaxies have environments that are consis-
tent with being equivalent with respect to the field. It is important
to notice that this does not mean that those radio galaxies necesar-
ily reside in average or underdense regions, but that the sample of
Ly↵ emitters used is underdense in those particular regions.

3.2 Ly↵ emitters tracing the mass and descendants of
protoclusters

Typically, in order to estimate the dark matter mass enclosed in
a candidate protocluster the number density of galaxies within a
given volume is used as a proxy for the dark matter mass by taking
into account the bias of the galaxy population used. Prior knowl-
edge of the bias is necesary for this calculation, and the assumption
that the linear scale bias adequately describes the clustering at the
scales probed. The total mass of dark matter enclosed in a volume
V is estimated as MDM = ⇢̄V (1 + �g/b), where ⇢̄ is the mean
density of the Universe at the redshift of interest (e.g. Venemans
et al. 2005).

As discussed in the previous sections, the overdensity of
galaxies is, on average, a good estimator of the clustering of the
central objects, but suffers from significant scattering. Hence, in or-
der to characterise the mass of the underlying dark matter structure

c� 0000 RAS, MNRAS 000, 000–000
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high redshifts

✤ Star-formation enhancement at z=4.5?!
✤ More massive galaxies in denser 

environments at high redshifts

to 720 ! 103 Myr in the ‘‘field,’’5 which if taken literally im-
plies average ‘‘formation’’ redshifts of zf ¼ 4:3 and zf ¼ 3:0,
respectively. A two-sample Kolmogorov-Smirnov test on the
CSF model ages yields a probability of only 1 ; 10#4 that the
age distributions are the same inside and outside of the ‘‘spike.’’
As discussed extensively in Shapley et al. (2005) in the context
of the current galaxy sample, the luminosity-weighted age is not
a quantity that is well determined from population synthesis
models, particularly for star-forming galaxies, when the ‘‘cur-
rent’’ star formation rate is high compared to the past average. It
is generally possible to make the inferred age of a galaxy sig-
nificantly younger by assuming an exponentially declining star
formation rate with an e-folding time ! . For the best-fit ! model
applied to each galaxy in the sample, the average galaxy ages
are 790 ! 180 Myr inside the spike and 440 ! 90 Myr outside,
and the K-S test returns a probability of 7:3 ;10#3 that the age
distributions are the same. Thus, while the true star formation
histories of the galaxies both within and outside of the over-
density are almost certainly more complicated than the assumed
models, and the ages of individual galaxies remain uncertain
(Shapley et al. 2005), there is a clear difference in the age-
sensitive spectral signatures between the two subsamples in the
sense that protocluster galaxies are significantly older.

The differences in age are accompanied by significant dif-
ferences in stellar mass, which are much less dependent on the
assumed star formation histories (Fig. 3, right-hand panel )6

with the bluest galaxies Both the CSF and ! fits imply that gal-
axies inside the spike have mean stellar masses roughly twice as
large as those outside. A two-sample K-S test rules out a similar
stellar mass distribution at the$2% level. In contrast, as we will
shortly show, the totalmasses of galaxies inside and outside the
spike should be roughly the same. We can therefore conclude
that galaxies inside the spike have converted a much larger frac-
tion of their baryons into stars than have those outside, presumably
because they have had more time to do so. A naive interpretation
of Figure 3 suggests that a typical ‘‘field’’ galaxy will reach the
same level ofmaturity at z ’ 1:5 that has been attained by a proto-
cluster galaxy at z $ 2:3.

3.3. Theoretical Expectations

A generic expectation of popular galaxy formation models
is that galaxies inside large-scale overdensities should be older
than those outside, since galaxy-scale matter fluctuations inside
the overdensities are sitting on a large-scale pedestal and can
more easily cross the threshold "c ¼ 1:69 for collapse. The theo-
retically expected difference in galaxy ages can be crudely esti-
mated as follows. Given the estimate b $ 2:1 (Adelberger et al.
2004) for the galaxy bias in the BX sample, we use the approach
of Steidel et al. (1998) to estimate the true mass overdensity "m.
This quantity is related to the observed redshift-space overdensity
" zg through the expression 1þ b"m ¼ Cj j(1þ " zg), where Cj j &
Vapp /Vtrue is an estimate of the effects of redshift-space distortions
caused by peculiar velocities, which is itself a function of both
"m and z. In the present case, Vapp ’ 7200 Mpc3 is the comoving
volume in which the measurement is being made, bounded by
the 8A5 ; 8A5 region on the plane of the sky and the comoving
distance, neglecting peculiar velocities, between z ¼ 2:285 and
z ¼ 2:315. A crude approximation for the volume correction
factor (see Steidel et al. 1998) is given by C ¼ 1þ f # f (1þ
"m)

1=3, where f ¼ !m(z)
0:6, which we take to be f ¼ 0:96 at z ’

2:3. From these equations, one obtains "m ’ 1:8 for " z
g ¼ 6:9,

and C ¼ 0:61. To evaluate the linear overdensity relevant to the

Fig. 3.—Inferred age for CSF models (left) and stellar mass (right) vs. redshift for the 72 galaxies in the sample. Note that, on average, objects within the structure
at z ¼ 2:300 ! 0:015 are evidently both older and more massive than galaxies outside of it. The dotted line in the left-hand panel indicates age as a function of
redshift for a galaxy that began forming stars at z ¼ 3:0. [See the electronic edition of the Journal for a color version of this figure.]

5 By ‘‘field’’ we mean simply the 55 galaxies in the spectroscopic sample
that lie outside of the redshift range z ¼ 2:300 ! 0:015 containing the ‘‘spike.’’

6 As discussed extensively in Shapley et al. (2005), there remains the possibil-
ity of systematic underestimates of total stellar mass whose maximum amplitude
depends on the observed galaxy color (underestimates could be larger for bluer
galaxies). In principle it is possible that the stellar masses are comparable inside
and outside the overdensity, but the observed differences instead reflect the level
of dominance of the current episode of star formation over the integral of past star
formation. However, since the UV luminosities and inferred star formation rates
are similar inside and outside the ‘‘spike,’’ this interpretation would require more
extreme differences in star formation history than the more plausible scenario that
both the stellar masses and ages differ.

SPECTROSCOPIC IDENTIFICATION OF PROTOCLUSTER 47No. 1, 2005

Steidel et al. (2005)
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Figure 6. (Left) The Lyα luminosity function (LF) of the observed samples of LAEs. The red triangles show the LF of the total LAE
sample in the TNJ1338 field. The subsample lying within the overdense regions (higher than the average of the field) is shown with the
orange diamonds. The blue squares denotes the SXDS control sample. The black circles shows the LF of z ≃ 3.7 LAEs in the SXDS field,
taken with a narrowband filter (Ouchi et al. 2008). The green diamonds show the LF of the mock LAE catalogue by Orsi et al. (2008),
and the grey lines show the LF derived from the subsample of the mock LAEs residing within the Suprime-Cam-sized fields centred
at the positions of 25 highest-density peaks. The radio galaxy TNJ1338 is omitted to show the luminosity range of the normal LAEs.
Note that the data points are slightly shifted to improve the visibility. We can see that the number of bright LAEs is enhanced in the
radio-galaxy field, and the fraction of the faint LAEs is reduced. The LF within the overdense regions has almost the same shape as that
within the whole field, but the absolute number density agrees with that in the SXDS at a luminosity of log(LLyα[h−2 erg s−1]) ∼ 43.3.
(Right) UV luminosity functions. The symbols are same as the left panel. The LF for the LAEs in our field appear to be enhanced at
the bright end, while being relatively suppressed at the faint end. Note that the lowest luminosity bin shown here has low completeness.
The mock sample is not shown here since the UV LF is still not well calibrated with Lyα-selected galaxies.

may result in a drastic enhancement of the galaxy bias for
bright sources. The excess of extreme starbursts within pro-
toclusters found in some observational studies (e.g. Blain et
al. 2004; Capak et al. 2011; Ivison et al. 2013) is consistent
with this idea. Because of the lack of spectroscopic data, we
cannot discriminate between star-formation and AGN activ-
ities. It is thus also possible that AGNs are dominating the
bright end of the LF, which is highly enhanced in the radio
galaxy field. Such an enhancement of AGN activity in over-
dense environments has been found observationally in some
cases (e.g. Pentericci et al. 2002; Croft et al. 2005; Lehmer
et al. 2009; Digby-North et al. 2010). Since our samples are
relatively biased to bright LAEs, such effects will enhance
the apparent density contrast.

The difference between the LFs in the two fields de-
pends strongly on the luminosity. When we examine the LF
for the overdense regions in the TNJ1338 field, the differ-
ence for the luminosity range logLLyα ! 43.6 (correspond-
ing to the brightest two data points for the SXDS field:
! 43.3 if h = 0.7 is assumed) is about an order of mag-
nitude. This luminosity range contains 17 sources for the
TNJ1338 field (all in the overdense regions), while only 7 lie
within this range in the SXDS field. On the other hand, both
LFs agree with each other within their error bars (factor of
∼ 1.6) at logLLyα ∼ 43.3. The difference in the faintest
data point roughly corresponds to the difference in the total
number density for the two fields (the whole SXDS field and
the overdense region of the TNJ1338 field). We estimated
that the mean density within the overdense regions shown
here is ∼ 1.6 times the average of the SXDS, corresponding
to δLAE ∼ 0.6. Since the LF for the overdense regions in

TNJ1338 exceeds the LF in the SXDS field by an order of
magnitude on the bright end, the overdensity of the bright
LAEs is δLAE ∼ 10 or even larger. This means that, if we
assume the galaxy bias for LAEs at logLLyα ∼ 43 to be
b ∼ 2.4− 4 (e.g. Ouchi et al. 2005, 2010; Kovač et al. 2007;
Chiang et al. 2013), and correctly tracing the matter density
of this field, the bias for brighter LAEs must be b ∼ 40−60.
This is quite different from the prediction of the model of
Orsi et al. (2008), which predicted only a modest dependence
of bias on LAE luminosity. This suggests that the bright end
of the LF is dominated by populations other than the nor-
mal star-forming galaxies included in that model, such as
hosts of AGN or AGN-induced star-formation activities.

We here showed only the simplest estimate of the galaxy
bias, since we are heavily affected by small number statistics
due to having only ∼ 30 LAEs in each field. We cannot
probe the scale-dependence of the galaxy bias either: the bias
estimated above is on a comoving scale ∼ 20 − 30h−1Mpc,
which corresponds to the area inside the contour of average
density in Fig. 4. Note again that this is smoothed over
∼ 160h−1 comoving Mpc along the line of sight. We can then
qualitatively say that there apparently exists a large density
contrast within ∼ 50h−1 comoving Mpc scale around the
radio galaxy TNJ1338, apparently enhanced to some extent
by highly biased nature of the bright LAEs including AGN
hosts.

c⃝ 2013 RAS, MNRAS 000, 1–17

Saito et al. (2014)
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Figure 6. The SFRs and SSFRs for our Hα emitters as a function of the local
galaxy density ("10). The density is calculated with all member galaxies
(photo-z members and Hα emitters), while we include only Hα emitters
in the SFR analysis presented here. The top panels (a and b) show the
results from MIPS stacking, while the bottom panels (c and d) show those
from Hα with dust extinction correction. The line-connected circles, squares
and triangles with error bars are the median SFR/SSFR for all, red, and
blue galaxies in each environment bin, respectively. The vertical error bars
show the 1σ distribution from the bootstrap resampling for all cases, and
the horizontal error-bars show the 25–75 per cent distribution for each
subsample.

Using the same environmental subsamples, we also test the SFR–
density relation for star-forming galaxies at z = 0.4. In Fig. 6(a), we
show the SFR(IR, Hα) (from 24 µm stacking analysis) as a function of
galaxy density. It is interesting to note that the SFR(IR, Hα) increases
with increasing galaxy density (by a factor of ∼3–4), and the trend
is confirmed for both red and blue Hα emitter samples. It should
be noted that the star-forming activity of galaxies presented here
only focuses on star-forming galaxies, and that we do not include
passive galaxies in our analysis. Indeed, we showed in Koyama
et al. (2011) that the Hα emitter ‘fraction’ is a strong function of
environment in this CL 0939 field, showing a significant decline
towards the cluster core. The readers should not be confused about
this point – the important message from our current analysis is that

the SFRs of the uniformly Hα-selected galaxies at z = 0.4 do show
an environmental dependence in the sense that galaxies in high-
density environment have higher SFRs. This enhancement of SFRs
in high-density environment amongst star-forming galaxies can (at
least partly) contribute to the ‘reversal’ of the SFR–density relation
in the distant Universe claimed by recent studies (e.g. Elbaz et al.
2007; Cooper et al. 2008).

In contrast to this, the trend becomes much less significant when
we normalize the SFRs by M∗ to compare the SSFR (see Fig. 6b).
It is clear that the SSFR shows a weaker environmental trend than
SFR, implying that the SFR excess detected in the high-density en-
vironment would largely be explained by the M∗ difference between
the different environments. We note, however, that the M∗ distribu-
tion amongst Hα emitters does not seem to be strongly dependent
on environment (as shown by histograms in the right-hand panel
of Fig. 5). We can still find a weak trend that the galaxies in high-
density environment tend to be more massive, but the difference
is at the ∼0.2 dex level at maximum. The weakness or lack of the
environmental dependence of the stellar mass distribution amongst
star-forming galaxies is consistent with some recent studies (Gio-
dini et al. 2012; Greene et al. 2012), but this small M∗ difference may
not be able to fully account for the significant SFR increase towards
high-density environment. We therefore speculate that the SFR ex-
cess in the high-density regions could be explained by a ‘mixed
effect’ of both slightly higher stellar masses and a small SSFR
excess (both at ∼0.2 dex level) in the high-density environment.
Indeed, the small SSFR excess is visible as the remaining positive
slope in the SSFR(IR, Hα) versus log "10 plot (see Fig. 6b), which is
also equivalent to the small positive offset of the stacked data points
for high-density environments in the SFR–M∗ plot (Fig. 5, right).

Interestingly, the increase of SSFR towards high-density environ-
ments is not visible when we use SFRs from Hα alone (SFR(Hα,M∗)).
In Figs 6(c) and (d), we show the same analysis using the SFR(Hα,M∗).
We can still see the increase of SFR towards high-density regions,
but the trend for the SSFR becomes even flatter than that we derived
from the SFR(IR, Hα), showing an apparently contradicting result to
Fig. 6(b). Although the difference is !0.2 dex level, it would be
interesting to investigate the origin of this different result more
in detail. Naively, the different result from different SFR measure-
ments may reflect a possible environmental variations of ‘dustiness’
of galaxies. We remind that we apply the M∗-dependent extinction
correction using the AHα–M∗ relation established in the local Uni-
verse. As we showed in Section 2.3, the SFR(Hα,M∗) agrees well
with the SFR(IR, Hα) (at least in an average sense), but it might be
too simplistic to assume this M∗-dependent extinction correction to
galaxies residing in all environments.

To test this possibility, we show in Fig. 7 (left) the median AHα

value in each environmental subsample. We estimate AHα with two
independent methods: (1) from SFR(IR, Hα)/SFR(Hα, obs) and (2) from
stellar mass. Assuming that the SFR(IR, Hα) can provide more reliable
measurements, Fig. 7 (left) suggests that the star-forming galaxies in
high-density environments tend to be dustier (by ∼0.5 mag at max-
imum), whereas this trend is not visible for the AHα derived from
M∗. Similarly, we show in Fig. 7 (right) a more direct comparison
between SFR(IR, Hα) and SFR(Hα,M∗). These two SFRs are consis-
tent within error bars in the low-density environments (log "10 !
2.0 where most of the galaxies reside), but we tend to underes-
timate SFR(Hα,M∗) for galaxies in high-density environment at the
0.1–0.2 dex level. This would be the right answer to why the two dif-
ferent SFR indicators provide apparently different results in Fig. 6.
It may be possible that the increasing dust extinction with the in-
creasing galaxy number density could be (at least partially) driven
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Impact of dense 
environments at 
high redshifts

✤ Stellar mass of LAEs around radio 
galaxies is larger!

✤ SFR of observed LAEs has no 
significant environmental dependence !

✤ Gas metallicities are higher towards 
denser environments!

✤ sSFRs of LAEs show some 
environmental dependence
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Projected δ(r) at 
high redshift 

✤ Redshift uncertainties can lead 
to significantly different values 
of δ(r) !

✤ New spectrographs have the 
ability to map the environments 
of high redshift protoclusters 
with high accuracy!!

✤ Narrow-band surveys are 
suitable to study larger scales 
(r~10 Mpc/h)



Conclusions

✤ Characterising high redshift protoclusters is a challenging task!

✤ High redshift radio galaxies are predicted to be tracers of the 
most massive protoclusters!

✤ Environmental effects at high redshifts offer new probes of 
galaxy formation physics!

✤ New multi-object spectrographs and IFUs (e.g. MUSE, KMOS, 
MOSFIRE, MOONS) can study the environments of high 
redshift galaxies with great accuracy


