
THE HABITAT SEGREGATION BETWEEN LYMAN BREAK GALAXIES
AND Ly� EMITTERS AROUND A QSO AT z � 51

Nobunari Kashikawa,
2,3

Tetsu Kitayama,
4
Mamoru Doi,

5
Toru Misawa,

6
Yutaka Komiyama,

2
and Kazuaki Ota

7

Received 2007 January 15; accepted 2007 March 21

ABSTRACT

We carried out a target survey for Lyman break galaxies (LBGs) and Ly� emitters (LAEs) around QSO SDSS
J0211�0009 at z ¼ 4:87. The deep and wide broadband and narrowband imaging simultaneously revealed the per-
spective structure of these two high-z populations. The LBGs without Ly� emission form a filamentary structure
including the QSO, while the LAEs are distributed around the QSO but avoid it within a distance of�4.5 Mpc. On
the other hand, we serendipitously discovered a protocluster with a significant concentration of LBGs and LAEs,
where no strongly UV ionizing source, such as a QSO or radio galaxy, is known to exist. In this cluster field, the two
populations are spatially cross-correlated with each other. The relative spatial distribution of LAEs to LBGs in the
QSO field is in stark contrast to that in the cluster field. We also found a weak trend showing that the number counts
based on Ly� and UV continuum fluxes of LAEs in the QSO field are slightly lower than in the cluster field, whereas
the number counts of LBGs are almost consistent with each other. The LAEs avoid the nearby region around the QSO
where the local UV background radiation could be�100 times stronger than the average for the epoch. The clustering
segregation between LBGs and LAEs seen in the QSO field could be due to either enhanced early galaxy formation in
an overdense environment, causing all the LAEs to evolve into LBGs, or local photoionization due to the strong UV
radiation from the QSO, effectively causing a deficit in low-mass galaxies like LAEs.
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1. INTRODUCTION

It is well established that QSOs and/or radio galaxies (RGs)
are good markers for galaxy clusters in the local universe (Yee &
Green 1987; Hall & Green 1998). Although still very rare, there
are some definitely established examples of galaxies strongly
clustering around QSOs/RGs even in the high-z universe beyond
z ¼ 3 (e.g., Zheng et al. 2006; Overzier et al. 2006a, 2006b;
Venemans et al. 2002, 2004, 2005), suggesting that such fields
are indeed special regions of early galaxy formation. This trend
is naively expected from a generic prediction of essentially every
model of structure formation, because the luminous objects tend
to sit in the local high-density peakswhere objects are clustered. A
search for high-z galaxy clustering around QSOs/RGs thus pro-
vides an important test of our basic idea about biased galaxy for-
mation (Kaiser 1984).

In the context of hierarchical galaxy formation, it is easy to
speculate that the merging process triggers the activity of the
central massive galaxy/AGN. Kauffmann & Haehnelt (2000) as-
sert that a QSO represents a brief phase in the early life of every
galaxy and that the QSO activity is triggered by the major mergers
that a galaxy experiences during its assembly. Such coevolution
of QSO and galaxy is also suggested by the tight correlation be-

tween the mass of the central supermassive black hole and the
bulge stellar mass (Magorrian et al. 1998) or velocity dispersion
(Gebhardt et al. 2000) and that the downsizing trend in the lu-
minosity functions of AGNs and galaxies are similar (Ueda et al.
2003). The overdense region of galaxies around high-z QSOs,
which deserves to be called a protocluster, might be the first site
for the coevolution of QSOs and galaxies.

Beyond z ¼ 3, the detection of star-forming galaxies basically
relies on two major diagnostics in their spectral energy distri-
bution (SED): the redshifted Ly� emission line and the strong
Lyman break in the continuum. Both characteristics have been
promising tools for identifying high-z galaxies, calledLy� emitters
(LAEs) and Lyman break galaxies (LBGs), respectively. LAEs
have often been found to be associated with high-zQSOs/RGs or
to be tracing large-scale structures, especially at 2 < z < 3 (e.g.,
Pascarelle et al. 1996; Pentericci et al. 2000; Kurk et al. 2000;
Palunas et al. 2004). Venemans et al. (2005) found 31 LAEs
around the luminous radio galaxy MRC 0316�257 at z ¼ 3:13.
Their narrowband (NB) imaging and very deep spectroscopy
revealed a structure of at least 3:3 ; 3:3 Mpc2. Hu &McMahon
(1996) discovered two LAEs associated with the QSO BR
2237�0607 at z ¼ 4:55, which was the most distant QSO known
at the time. LBGs have also been found clustered around high-z
QSOs/RGs. Zheng et al. (2006) found an overdensity of galaxies,
whose very red color was consistent with that of LBGs, around
a radio-loud QSO, SDSS J0836+0054, at z ¼ 5:8. The fraction
of LAEs among their color-selected red galaxies is expected to
be small based on their SED model simulation. Overzier et al.
(2006a) found that LBGs are more strongly clustered than LAEs
around the most distant known RG, TN J0924�2201 at z ¼ 5:2.
Overzier et al. (2006b) confirmed the trend that LBGs are more
strongly associated with a RG than are LAEs in the case of TN
J1338�1942 at z ¼ 4:1. On the other hand, some discoveries of
high-z protoclusters have occurred in which no QSO/RG activity
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is observed. Shimasaku et al. (2003) discovered a clustering re-
gion of LAE candidates at z ¼ 4:86 in the Subaru Deep Field,
which was not a survey targeted for QSOs/RGs. Ouchi et al.
(2005) also discovered two overdensity regions of LAEs at
z ¼ 5:7 in the Subaru/XMM-Newton Deep Field. Interestingly,
no evidence for either QSOs/AGNs or giant Ly� nebulae is seen
in these structures.

By definition, the Lyman break method should detect both
LBGs without Ly� emission and LAEs, when their continuum
fluxes are sufficiently bright. The physical and/or evolutionary
connection between LBGs and LAEs and the cause of the pres-
ence or absence of Ly� emission in these high-z star-forming
galaxies are still open questions. Shapley et al. (2001) proposed
a plausible scenario of two Ly� bright phases: a galaxy appears
as a LAE during its initial starburst epoch when it is still dust
free and then becomes a dusty LBG with Ly� absorption after
the ISM metal enrichment. It becomes less dusty, and hence a
LAE, again following the onset of a superwind, when it becomes
more than a few 108 yr old. To address the connection between
LBGs and LAEs, we must investigate both populations simulta-
neously at the same place and at the same redshift; a few studies of
high-z protocluster regions (Steidel et al. 2000; Overzier et al.
2006a, 2006b) have been conducted with this motivation in mind.
Galaxies in a high-density environment are likely to start forming
earlier than in the general field, and studies of galaxy formation in
the field only may have missed possible rare active spots associ-
ated with rich protoclusters.

Another unsolved question regarding the nature of high-z gal-
axies is the environmental effects, especially for low-luminosity
galaxies. Low-luminosity galaxies are closely bound up with the
surrounding IGM. Photoionization heating by strong UV back-
ground radiation evaporates the collapsed gas in a galactic halo
and inhibits gas cooling (Barkana & Loeb 1999). This effect is
inefficient for bright (L > L�) galaxies residing in deep potential
wells, but heavily suppresses star formation in lower mass ob-
jects (Benson et al. 2002). This could be an important feedback
process from AGNs to galaxies. At z � 5, when the reionization
of the universe is complete, the formation of low-luminosity
galaxies can be suppressed by strong UV background radiation,
which will be more intense with the presence of nearby strong
UVionizing sources, such asQSOs. Consequently, the luminosity
function of galaxies around a QSO is expected to be flatter than
that of the general field. This problem,which concerns a low-mass
population as a ‘‘building block’’ in the high-z universe, can only
be addressed using 8Y10 m telescopes.

We carried out a targeted search for galaxy clustering in the
vicinity of QSO SDSS J0211�0009 at z � 5, using it as a marker
for early galaxy formation sites. We searched simultaneously for
LAE and LBG clusterings around the QSO over a relatively large
field of view. Although the Lyman break method samples a
broader range of redshift than NB imaging, it can be speculated
that there is a structure associated with the QSO if any over-
densities are found around it (e.g., Zheng et al. 2006). We found
a remarkable contrast between the spatial distribution of LAEs
and LBGs in the strong UV background field.

The outline of the paper is as follows. In x 2, we describe the
observations, data reduction, and LBG/LAE sample selection.We
compare the clustering trends and luminosity functions of the
LBG/LAE in fields with and without strong UV background
sources in x 3. In x 4, we discuss possible interpretations of the
results.

Throughout the paper, we analyze in the flat �CDM model:
�m ¼ 0:3, �� ¼ 0:7, and H0 ¼ 70 h70 km s�1 Mpc�1. These

parameters are consistent with recent CMB constraints (Spergel
et al. 2006). Magnitudes are given in the AB system.

2. THE DATA

2.1. Observation and Data Reduction

The target field to search for a protocluster contains QSO
SDSS J0211�0009 at z ¼ 4:874 (Fan et al. 1999). We choose
this QSO because its redshifted Ly� emission line coincides with
the central wavelength of the NB filter ‘‘NB711’’ (kc ¼ 7126 8:
�k ¼ 738). TheNB711 narrowband filter was carefully designed
to avoid strong OH night sky emission lines and was used in the
study of field LAEs (Shimasaku et al. 2003). The imaging data
were taken with Suprime-Cam (Miyazaki et al. 2002) on the
Subaru telescope. Observations were made on the nights of UT
2004 September and October in Johnson V, SDSS i0, z0, and
NB711 filters. Suprime-Cam has 10 2k ; 4kMIT/LL CCDs and
covers a contiguous area of 340 ; 270, with a pixel scale of
0.20200 pixel�1.We could sample both LAEs at z ¼ 4:86 � 0:03
with this NB filter and LBGs at z � 5 with broadband imaging.
The broadband imaging also helped to discriminate LAEs at
z ¼ 4:87 from low-z H�, [O iii], and [O ii] emitters.
There is another QSO, SDSS J0210�0018 (z ¼ 4:77; Fan et al.

2001), with only a 10.360 separation from SDSS J0211�0009. A
single Suprime-Cam FOV can sample both these QSOs simulta-
neously, although the redshift of SDSS J0210�0018 is out of the
corresponding range of thewavelength coverage of NB711. Thus,
we could only sample LBGs in the SDSS J0210�0018 field. The
actual pointing center of the survey field is 02h10m53:0s,
�00�13044:400 (J2000.0), which is almost the midpoint between
the two QSOs. Our original motivation for targeting the field
was to find a coherent large-scale structure of LBGs bridging
the two QSOs (e.g., Fukugita et al. 2004); however we found no
evidence of such a structure.
The integration time was 12,000Y16,800 s in each band. For

the broadband filters, the typical unit exposure time was 900 s
for B and 240 s for z0; shorter exposures were used for redder
filters because of the increase in sky brightness with wavelength.
For the NB711 filters, the typical exposure time was 1800 s. We
adopted a common dithering circle pattern of a full cycle of
dithering consisting of eight pointings. The sky condition was
fairly good, with a seeing size of 0.500Y0.900.
The data were reduced in almost the same manner as in

Kashikawa et al. (2004), but we used a semiautomatic reduction
system, the Distributed Analysis System Hierarchy (DASH;
Yagi et al. 2002). We performed object detection and photom-
etry by running SExtractor version 2.1.6 (Bertin & Arnouts
1996) on the images. Object detection was made in the z0-band
and NB711-band images for LBG and LAE selections, respec-
tively. For all objects detected in a given bandpass, themagnitudes
and several other parameters were measured in the other band-
passes at exactly the same positions as in the detection-band
image, using the ‘‘double image’’ mode of SExtractor. We de-
tected objects that had 6 connected pixels above 2 � of the sky
background rms noise and took photometric measurements at
the 2 � level. The size of the final images was 7330 ; 9900 pixels
(corresponding to 24:70 ; 33:30) after removal of very low S/N
regions near the edges of the images. Object detection and pho-
tometry is significantly less efficient and reliable close to very
bright stars due to bright halos and saturation trails. A similar
degradation occurs near the edges of the images because of low
S/N ratios. Unfortunately, the target field contained some bright
stars (see Fig. 3). We carefully defined ‘‘masked regions’’
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corresponding to these low-quality areas and removed all objects
falling within them.

Aperture photometry was performed with a 200 diameter ap-
erture to derive the colors of the detected objects. Photometric
calibration was made with standard stars in the Landolt field SA
92 (Landolt 1992) for the V-band magnitudes, spectroscopic
standard stars GD 50 for the i0 and NB711 bands, and Feige 110
for the z0 band. The target field comprised several stars with SDSS
(DR4) identification and photometry, with which we checked the
zero-point consistency of the i0- and z0-band magnitudes. The 3 �
limiting magnitudes in the 200 apertures were 27.84, 27.18, 26.13,
and 26.76 in V, i0, z0, and NB711, respectively. The final co-added
image had an effective area of 742 arcmin2.

2.2. The LBG Sample

The LBG sample was constructed using a color-selection tech-
nique that distinguishes high-z galaxies with a strongLyman break
in their SEDs. We used the (V � i0) versus (i0 � z0) two-color
plane to identify LBGs at z ’ 5. The exact selection criteria of
the LBG sample were

V � i0 � 1:2;

i0 � z0 � 0:7;

V � i0 � 1:8 i0 � z0ð Þ þ 1:7: ð1Þ

These criteria were almost the same as Yoshida et al. (2006),
except that we did not apply the criterion B > 3 � (where 3 �
means a 3 � limiting magnitude), which did not greatly affect
the sample selection. Therefore, the completeness and contami-
nation of the LBG sample were expected to be almost the same as
evaluated by Yoshida et al. (2006), who estimated the complete-
ness of their LBG sample to be 60%Y50% at z0 ¼ 24:15Y26:15.
According to the estimate by Yoshida et al. (2006), this Vi0z0-
selected LBG sample had a redshift distribution at 3:7 P z P 5:5,
with a peak around z � 4:8 and FWHM �z ¼ 0:8. Our LBG
criteria were incomplete for red continuum LBGs (i.e., larger
i0 � z0 color) due to dust extinction, while the contamination of
galactic stars or low-z galaxies are expected to be negligible
(<20%; Yoshida et al. 2006). Figure 1 shows the distribution of
objects in the (i0 � z0) versus (V � i0) plane; we also show the
evolutionary track of a model galaxy SED. We used the synthetic
galaxy SED templates of the Bruzual & Charlot model (Bruzual
& Charlot 2003).We assumed theMiller & Scalo IMF from 0.1 to
125M�, solar metallicity Z ¼ Z� ¼ 0:02, ages ranging from 106

to 2 ; 1010 yr, a constant star formation rate, no dust extinction,
and Madau’s (1995) formula for continuum depression due to the
intergalactic absorption blueward of Ly� emission.

For cases in which the magnitude of an object was fainter than
the 1 � limiting magnitude, it was replaced with the 1 � limiting
magnitude. A total of 550 objects down to 26.13 mag (3 �) in z0tot,
the z0-band total magnitude, met our criteria. We adopted the
mag_auto value derived by SExtractor for the total magnitude.

2.3. The LAE Sample

The LAE sample was constructed using a NB-excess criterion
due to Ly� emission and a red-color criterion due to the strong
Lyman break in their SEDs. LAEs were selected by the criteria
that met both equation (1) and

Vi� NB711 > 0:5; ð2Þ

where Vi ¼ V ; 0:25þ i0 ; 0:75 is defined as a rough estimate
of the continuum flux at the 7126 8 wavelength. The second

criterion corresponds to a NB excess with a rest-frame equiv-
alent width (EW) of >10 8. Note that the LAE sample con-
tained objects that have a fainter z0 magnitude than 26.13 mag
(3 �), although all the LAE objects were detected at above 2 �
in the i0 band. The first criterion, as in equation (1), excludes
foreground galaxies with emission lines such as H� at z ¼ 0:09,
[O iii] at z ¼ 0:42, [O ii] at z ¼ 0:91, and so on. Figure 2 shows
the distribution of objects in the (V � i0) versus (Vi� NB711)
plane as well as the model SED tracks. We used the same model
tracks as in LBG selection, although we added emission line
fluxes with a rest equivalent width of 70 8 as H�, [O iii], [O ii]
emitters, and LAEs for each corresponding redshift to NB711.

As in the case of LBG selection, the magnitude was replaced
with the 1 � limiting magnitude when it was fainter than the 1 �
limiting magnitude. A total of 221 objects down to NB711tot ¼
26:76 (3�) met our criteria. The detection completeness as a func-
tion of NB711 magnitude was estimated in the same way as in
Kashikawa et al. (2006b), by counting detected artificial objects
distributed on the real NB711 image. The detection completeness
was thus found to be >90% at NB711< 25:5 and 50% at the
limiting magnitude NB711 ¼ 26:5.

2.4. The LAA and LAE Classification

There is a sample overlap between the LBGs and LAEs that
we selected as above. Some LBGs had Ly� emission lines that
also categorized them as LAEs. Some LAEs did not meet the
criteria of LBGs because their z0-band magnitudes were fainter
than the 3 � limiting magnitude.

Fig. 1.—Vi0z0 color-color diagram used for the LBG selection. All the objects
detected down to ztot ¼ 26:13 (3 �) are plotted. The objects in the upper left were
defined as LBGs at z � 5. The solid curve indicates themodel SED track (details
are described in the text), and the square on the track denotes the position of a
LBG at z ¼ 4:87. The filled and open circles denote the LAAs in the QSO and
cluster fields, and the filled and open triangles indicate the LAEs in the QSO and
cluster fields, respectively. [See the electronic edition of the Journal for a color
version of this figure.]
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We hereafter distinguish between galaxies with and without
Ly� emission, and we define the ‘‘Ly� absorbers’’ (LAAs) as
Lyman break galaxies at z � 5 with almost no Ly� emission
line (EW< 108) at�71268 , and the ‘‘Ly� emitters’’ (LAEs)
as Ly� emission (EW� 108) line galaxies at z ¼ 4:86 � 0:03.
Therefore, the overlapping samples (89 objects) satisfying both
LBG and LAE criteria were all categorized as LAEs, and these
objects were removed from the LAA sample. Strictly speaking,
the definition of a LAA also includes the galaxy population at
z � 5, but not at z ¼ 4:86 � 0:03. In the following analysis, we
cannot determine whether we happen to see superposition on
the sky, but any overdensities at specific regions, such as the
QSO environment or the protocluster of LAEs, are speculated
to be physically associated with the region. Future spectroscopy
could enable us to clearly determine their accurate redshifts;
however, most of the LAA/LAE galaxies are too faint to be
identified with current spectroscopic capability.

We have 463 LAA samples down to z0tot ¼ 26:13 (3 �) and
221 LAE samples down to NB711tot ¼ 26:76 (3 �). Based on
the redshift distribution of LBGs at z � 5 estimated by Yoshida
et al. (2006), the expected probability of falling within the narrow
redshift range z ¼ 4:86 � 0:03 for a LAA sample is 8:8%, which
gives the expected number of LAAs to have z ¼ 4:86 � 0:03 as
�63.95 down to z0tot ¼ 26:0, after correcting for completeness. On
the other hand, the number of LAEs down to z0tot ¼ 26:0 is 103.5
after correcting for detection completeness. Therefore, the fraction
of NB excess objects to all Lymanbreak selected objects is 61:8%,
which is larger than the 20%Y25% evaluated by Steidel et al.
(2000) for LBGs at z ¼ 3:1 down to a similar absolute magnitude
M ’ �20. The LAE fraction of our estimate decreases to 22:6%
only when the sample is restricted to a bright LAA/LAE sample
with z0 � 24:5. The difference might be caused by either real
evolution of the LAE fraction among Lyman break selected
galaxies or by the LAE sample having a fairly high contamina-
tion of low-z interlopers. Shimasaku et al. (2006) noted from

the rest UV LF of the z ¼ 5:7 LAE sample that �80% or more
of the LBG population would have strong Ly� emission at
z � 6.

3. RESULTS

3.1. Sky Distribution

Figure 3 shows the LAA/LAE distributions in the overall
survey field. The distribution of LAEs gives the visual impres-
sion that they have a more inhomogeneous structure than LAAs.
We should note that NB searches exploring only a small red-
shift coverage are sensitive to large-scale structure, while the
LAA distribution is diluted by the sky projection. We focused
on a12 ; 12 arcmin2 (16 ; 16 h�1

70 Mpc2 in comoving scale) re-
gion around SDSS J0211�0009, which we call the ‘‘QSO
field.’’ Figure 4 shows the LAA/LAE distributions in the QSO
field. We also show smoothed surface number density con-
tours for LAAs and LAEs. The surface number density was mea-
sured in a circle of 6000 radius with a Gaussian smoothing of
� ¼ 1000.
The mean value and the dispersion of the surface number

density in the circle for each population were derived from the
statistics of 10,000 randomly chosen positions over the entire
image. We confirmed that these mean and dispersion values for
LBGs are almost consistent with those measured in a general
blank field using the LBG sample at z � 5 (Kashikawa et al.
2006a), restricting the LBG sample only with z0 < 26:31, the
same limiting magnitude as in this study. The thin and thick
contours in Figure 4 denote 1 � and 3 � excess from the mean
density, respectively. The distributions of LAAs and LAEs
around the QSO were in marked contrast with one another. The
QSO SDSS J0211�0009 lies on a filamentary structure of LAAs,
extending from the northeast to the southwest, while the LAEs
are distributed around the QSO, but avoid its vicinity. Although
the Lyman break method samples a broader range of redshifts

Fig. 2.—V � i0 vs. i0 � NB711 diagram used for the LAE selection. All the
objects detected down to NB711tot ¼ 26:76 (3 �) are plotted. The objects in the
upper right were defined as LAEs at z ¼ 4:87. The solid curve indicates the model
SED track (details are described in the text) with a rest EWof 1008 as H�, [O iii],
[O ii] emitters, and LAEs, and the square on the track denotes the position of a LAE
at z ¼ 4:87. The filled and open circles denote the LAAs in the QSO and cluster
fields, and the filled and open triangles indicate the LAEs in the QSO and cluster
fields, respectively. [See the electronic edition of the Journal for a color version
of this figure.]

Fig. 3.—LAA (circles) and LAE (triangles) distributions over the survey
field, plotted over the i0-band image. The small filled square is the QSO SDSS
J0211�0009. The solid square is the QSO field, and the dashed square is the clus-
ter field. The shaded regions are the masked regions around bright stars and
saturated pixels, in which detected objects were rejected due to low S/N. There
is a very bright star (mR ¼ 9 mag) at the top of the figure, where we had to mask
over a relatively large region because of ghost features, especially in the NB
image. [See the electronic edition of the Journal for a color version of this
figure.]
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than NB imaging, the most probable redshift by this Vi0z0-color
selection is around z � 4:8, almost corresponding to the same
redshift as the NB-excess samples. However, we cannot com-
pletely rule out the possibility that the filamentary structure of the
LAAs around the QSO is attributable to a mere chance of align-
ment or is incidentally caused by the highly clustered contaminant
populations at low-z, until spectra are obtained for the LAAs to
confirm that they have redshifts similar to the QSO.

We found a galaxy overdensity region �90 east of the SDSS
J0211�0009, where both LAAs and LAEs apparently have
strong clustering. We hereafter call this region the ‘‘cluster field.’’
This region has a 6 � excess of local surface number densities for
both LAAs and LAEs. The projected size of the overdense region
is approximately 15 ; 20 h�1

70 Mpc, which is smaller than the NB
sampling depth�33 h�1

70 Mpc.NoQSOs,AGNs, or radio galaxies
are known to exist in the cluster field. Note that the QSO field and
the cluster field slightly overlapwhen an extent of 12 ; 12 arcmin2

is adopted for both fields. Figure 5 shows the LAA/LAE dis-
tributions, as well as their smoothed surface number density con-
tours, in the cluster field. In sharp contrast to Figure 4, the LAAs
and LAEs follow a similar distribution in Figure 5. They have
high number density peaks above 3 � significance in almost the
same position. The coincidence probability that two indepen-
dent �20 ; 20 surface overdensity regions will overlap within
24:70 ; 33:30 is only about 0.001.

To observe the trend more clearly, in Figure 6 we show the
angular cross-correlation functions (CCFs) wAE(�) between
LAAs and LAEs for the entire survey field, the QSO field, and
the cluster field. The CCFs were derived using the same estimator
by Adelberger et al. (2003),

wAE(�)¼
DADE � DAR� DERþ RR

RR
; ð3Þ

where DADE, DAR, DER, and RR denote the number of LAA-
LAE, LAA-random, LAE-random, and random-random pairs
having angular separations between � and �þ ��, respectively.
We generated 100,000 random points to reduce the Poisson
noise in random pair counts and normalized DADE, DAR, DER,
and RR to the total number of pairs in each pair count. The ran-
dom points were created with exactly the same boundary con-
ditions as each field, avoiding the mask regions where saturated
stars dominate. The relative amplitude of the CCF among dif-
ferent regions was essential in this study, irrespective of the
absolute amplitude of the CCF for each region. For example,

Fig. 4.—LAA (blue circles)/LAE (red triangles) distribution and its surface
number density contours (blue for LAAs and red for LAEs) in the QSO field
around SDSS J0211�0009 (central orange square). The QSO field is defined as
a 12 ; 12 arcmin2 region, indicated by dashed lines. The thin and thick contours
denote 1 � and 3 � excess from the mean local density. The small mask regions
are omitted to avoid complexity, except for the largest mask region shown as a
shaded area in the upper right corner.

Fig. 5.—Same as Fig. 4, but for the cluster field. The cluster field is within the
dashed lines. The bottom shaded area corresponds to outside the survey field.

Fig. 6.—Cross-correlation functions between LAAs and LAEs for the entire
field (triangles), QSO field (circles), and cluster field (squares). [See the elec-
tronic edition of the Journal for a color version of this figure.]

LBGs AND LAEs AROUND A HIGH-z QSO 769No. 2, 2007



in the LAA case, the uncertainty of the CCF due to contami-
nation by foreground galaxies was expected to amount to 20% at
most, and we did not correct the incompleteness of the derived
CCF in any way. However, the contamination and completeness
should not be much different among the QSO, cluster, and entire
fields. We estimated the Poissonian errors only (Landy & Szalay
1993) for the CCF as

�w(�) ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ wAE(�)

DADE

s
: ð4Þ

The CCF in the entire field has a slight amplitude excess at
<25000 (�9.3 h�1

70 Mpc comoving scale), indicating that LAAs
and LAEs generally follow nearly identical structures. The CCF
in the cluster field shows a higher amplitude than that of the
entire field, suggesting that LAAs and LAEs closely coexist in
this overdense region. On the contrary, the CCF in the QSO
field shows almost no correlation between LAAs and LAEs on
any scale, which matches the visual impression in Figure 4.

3.2. Number Count

Figure 7 shows comparisons of number counts between the
QSO and cluster fields. The number counts were investigated
with respect to the z0-band magnitude, corresponding to the
rest-frame UV continuum flux (�1540 8) for LAAs and LAEs,
and the NB711-band magnitude, corresponding to the Ly� flux
for LAEs. The number count for each field is shown by shaded

regions indicating the �1 � Poissonian scatter of each count.
We corrected the completeness using the estimation by Yoshida
et al. (2006) for LAAs, and the detection completeness evalu-
ated in x 2.3 for LAEs. We should again note here that no
significant difference in the completeness between the QSO and
cluster fields is expected, even if slight uncertainties occur in
the estimate procedures. The black regions show the number
counts�1 � scatter for the entire field, which are regarded as the
average number count for each magnitude and each population.
Indeed, the number count on the z0 magnitude for LAAs in the
entire field was found to be consistent with Yoshida et al. (2006)
for a z0-bandmagnitude distribution of field LBGs at z � 5. The
number count on the NB711 magnitude for LAEs in the entire
field was also determined to be almost consistent with Ouchi
et al. (2003) for a NB711-band magnitude distribution of field
LAEs at z ¼ 4:86 and with Shimasaku et al. (2004) for a NB704-
band magnitude distribution of field LAEs at z ¼ 4:79. Note that
the sampling field, 12 ; 12 arcmin2, is somewhat larger than the
central overdense region in the cluster field, and therefore the ab-
solute number count in the cluster field might not be significantly
higher than the average.
The number counts of the z0 magnitude for the QSO and

cluster fields are almost consistent with one another for LAAs,
while the z0-magnitude and NB-magnitude counts for LAEs differ
slightly between the two fields. The z0-magnitude number count
of LAEs in the cluster field is higher than in the QSO field, al-
though the significance is as small as 1Y2 �. The difference be-
comes more significant if we take a narrower sampling field for
the QSO and cluster fields. The LAE NB-magnitude number
count also shows the same trend, but it is not as pronounced.
These differences could be interpreted as that either the number
density of LAEs is high in the cluster field and low in the QSO
field, or the Ly� (and probably rest-UV continuum) luminosity
of LAEs is high in the cluster field and low in the QSO field.
This trend was not seen in the rest-UV magnitudes of the LAA
population. A photometric difference could exist between LAEs
in the QSO and cluster fields, although the trend was not suffi-
ciently significant, and the sample in this study was so small that
the effect was not firmly established. We should also note that the
discrepancy in the number count of LAEs between the QSO and
cluster fields could be caused by the difference of the detection
efficiency with the NB-band for slightly different central redshifts
in each overdensity.

4. DISCUSSION

As seen in x 3.1, the relative spatial distribution of LAEs and
LBGs in the QSO field is in stark contrast to that in the cluster
field. Why do LAEs avoid the vicinity of the QSO? We here
consider two possible interpretations of the observational results.
One is that all LAEs have already evolved to LBGs in the over-
density region. The second is that LAEs cannot form stars due to
the photoionization effect of strong radiation from the QSO.

4.1. Evolutionary Sequence from LAEs to LBGs

Shapley et al. (2001) proposed a plausible scenario of two
Ly� bright phases: a galaxy appears as a LAE during its initial
starburst epoch, when it is still dust free, and then becomes a
dusty LBG with Ly� absorption after ISM metal enrichment. It
becomes less dusty, and hence a LAE again, with the onset of a
superwind as it gets older than a few 108 yr. The first phase of
this evolutionary sequence is consistent with observational evi-
dence that LAEs are generally younger and lower in stellar mass
than LBGs, which have ages >109 yr and stellar masses >1010M�
at z ¼ 3Y6 (Shapley et al. 2001; Stark et al. 2007; Eyles et al.

Fig. 7.—Comparisons of number counts between the QSO and cluster fields.
The number counts are investigated with respect to the z0-band magnitude for
LAAs (upper panel ) and LAEs (middle panel ), and the NB711-bandmagnitude
for LAEs (bottom panel ). Each number count with 1 � Poissonian scatter is
denoted as a circle and a square for the QSO and cluster fields, respectively. The
shaded regions show the �1 � scatter of the number counts for the entire field.
The QSO itself is removed from the number counts. [See the electronic edition
of the Journal for a color version of this figure.]
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2007; Yan et al. 2006). Overzier et al. (2006b) found that LAEs
around a RG at z ¼ 4:1 are generally younger, with smaller stellar
masses (a few 108 M�) than LBGs. Gawiser et al. (2006) also
suggested that field LAEs at z ¼ 3:1 have a lower stellar mass
(�5 ; 108 M�) than LBGs. The stellar mass of LAEs at a higher
redshift, z � 5 (Pirzkal et al. 2006), was also found to be much
smaller (<108 M�) than LBGs. Recently, Pentericci et al. (2007)
concluded that LBGs with Ly� emission are much younger and
less massive than LBGs without Ly� emission, based on a sys-
tematic comparison of spectroscopic samples. Venemans et al.
(2005) and Dow-Hygelund et al. (2007) indicate that LAEs
have, on average, smaller sizes than LBGs, on the basis ofHST/
ACS high-resolution imaging. The transition fromLAEs to LBGs
is also suggested in a numerical simulation by Mori & Umemura
(2006). In addition, the tendency for an overdense environment
to favor early galaxy formation has been suggested by Gao et al.
(2005), and thus an overdense region in a QSO field could
contain a more evolved population. Steidel et al. (2005) showed
direct evidence suggesting that virialization redshift is higher
for galaxies in the protocluster region than for field galaxies.
Therefore, one interpretation might be that all the galaxies around
SDSS J0211�0009 have already passed the first starburst phase
as LAEs and are now observed as LBGs forming a filamentary
structure around the QSO.

However, some evidence contradicts this interpretation. First,
in the cluster field, which shows a more significant overdensity
than the QSO field, LBGs and LAEs coexist. The interpretation
cannot explain the difference between the LBG/LAE clustering
property in the QSO field and in the cluster field. Second, if LAEs
were previously clustered around QSOs, some examples might
be discovered at z > 4:8; however, the observational evidence
appears to suggest exactly the opposite. LAEs are usually found
clustered around QSOs/RGs at z < 3 (Pascarelle et al. 1996;
Pentericci et al. 2000; Venemans et al. 2005), while only a few
examples (Hu & McMahon 1996) of them are seen around
QSOs/RGs at higher redshifts. Instead, LBGs are often found
around QSOs/RGs at z > 3. Venemans et al. (2004) found a LAE
overdensity around RG TN J0924�2201 at z ¼ 5:2, although
Overzier et al. (2006a) reported that LBGs are more strongly
clustered than LAEs in this region. Overzier et al. (2006b) con-
firmed the trend that LBGs are more strongly associated with a
RG than LAEs in the case of TN J1338�1942 at z ¼ 4:1. This
inconsistency between the trend observed and a possible evo-
lutionary sequence from LAEs to LBGs might be caused by
observational bias; NB imaging is difficult for high-z galaxy
surveys, which have usually been carried out with HST/ACS.
More studies, especially on estimates of the age and stellar mass
of LAEs at all epochs and their variation with environment, are
required to validate this hypothesis.

4.2. Photoionization by a QSO

As discussed above, LAEs are generally revealed to be younger
and have less stellar mass than LBGs; however, their dynamical
mass has not been clearly determined. Hamana et al. (2004)
estimated a relatively high halo mass of LAEs at z ¼ 4:86 of
�1012 M�, which was, however, calculated from their cluster-
ing strength in a protocluster region,while Shimasaku et al. (2006)
concluded that LAEs at z ¼ 5:7 are distributed almost homoge-
neously in the same survey area. Large uncertainties still exist
in the estimated dynamical mass of LAEs against the cosmic
variance. In contrast, the dynamical mass of LBGs at z � 5 has
been well determined as 1011Y1012M� based on their clustering
strength and the UV luminosityYhalo mass relation predicted

by a semianalytic model combined with high-resolution N-body
simulation (Kashikawa et al. 2006a).

It has been recognized that the formation of low-mass galaxies
is suppressed in the presence of an external UV field because of
photoionization (e.g., Umemura & Ikeuchi 1984; Rees 1986;
Babul &Rees 1992; Efstathiou 1992; Thoul &Weinberg 1996).
If LAEs are generally less massive than LBGs, their formation
can be prevented to a greater extent in the vicinity of such
radiation sources. This effect may explain our finding different
LAE distributions in the QSO field and the cluster field.

We estimated quantitatively the local UV radiation strength
around the QSO. The local flux density at the Lyman limit, � L,
at a radius r from the QSO is

FQ
� (�L) ¼

L(�L)

4�r 2
; ð5Þ

where L(�L) is the QSO luminosity at the Lyman limit. For
SDSS J0211�0009, it can be derived by measurements of the
continuumABmagnitude in the rest frame 14508 corrected for
Galactic extinction, AB1450 ¼ 19:93, and the continuum slope
� ¼ �0:99 � 0:70 (Fan et al. 2001), assuming FQ

� (�) / ��. In
Figure 4, we show LAEs distributed outside r > 770 physical
kpc (corresponding to >4.5 comoving Mpc at z ¼ 4:87). The
local flux density at � L inside a radius of r ¼ 770 physical kpc
was estimated to be

FQ
� (�L) ¼ 9:0 ; 10�19 ergs cm�2 s�1 Hz�1: ð6Þ

This value corresponds to an isotropic UV intensity at the Lyman
limit of

J21 � 72; ð7Þ

when the UV intensity assumes a power-law spectrum of
J (�) ¼ J21(� /�L)

� ; 10�21 ergs cm�2 s�1 Hz�1 sr�1. The in-
tensity of the background radiation at z ¼ 4:5 was evaluated to
be log (J (�L)) � �21:2 by the QSO proximity effect measure-
ments of Cooke et al. (1997) andWilliger et al. (1994). Assuming
that the background radiation at z ¼ 4:87 is almost the same as
this value, the relative strength of the local QSO ionizing radiation
was estimated to be�100 times the background radiation at LAEs
located at distances of 4.5Mpc from theQSO. Therefore, the local
UV radiation is actually enhanced by the QSO at the position
where the deficit of LAEs is observed in the QSO field.

We have investigated how this locally enhanced UV radia-
tion influences the formation of LAEs by means of radiation-
hydrodynamic simulations. The simulations are an improved
version of those described in Kitayama et al. (2000, 2001), with
an addition of helium atoms in the chemical reaction network.
Under the assumption of spherical symmetry, they solve self-
consistently the dynamics of dark matter and baryons, non-
equilibrium chemistry of nine species (e, H, H+, H�, He, He+,
He++, H2, and H

þ
2 ), and the radiative transfer of ionizing photons.

Self-shielding of H2 against photodissociation is also taken into
account. As an initial density contrast for the dark matter and
baryons, we adopt a spherical top-hat perturbation that has just
turned around from the Hubble expansion at z ¼ 8:3 and is des-
tined to collapse (in the absence of thermal pressure) at z ¼ 4:87.
We assume for simplicity that the gas is exposed to constant and
isotropic external UV radiation with a spectral index � ¼ �1,
which is close to the observed mean for SDSS J0211�0009. In
order to cover a wide range of the UV source distance, we vary
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the UV intensities over the range J21 ¼ 0:1Y104. Given large un-
certainties as to when the radiation source turns on, we first
explore the case in which the gas has been exposed to the UV ra-
diation since the turn-around epoch, z ¼ 8:3; the impact of pho-
toionization is likely to be maximal in this case. We also discuss
separately the case in which the radiation source turns on later.

In general, the enhanced UV radiation leads to a considerable
delay in star formation in low-mass halos. Figure 8 illustrates
the delay time of star formation as a function of radiation intensity
for a given virial mass of a halo,Mvir. The delay time is defined as
the time between the epochs at which 1/10 of the baryonmass in a
halo has cooled with and without the external UV radiation. The
gas is regarded as ‘‘cooled’’ when its temperature drops below
1000 K or its density exceeds 106 cm�3. Figure 8 shows that star
formation is completely suppressed in a halo withMvir < 109 M�
under the background UV field with J21 � 1. In contrast, it re-
mains almost unaffected in a massive halo with Mvir > 1011 M�,
even in the vicinity of radiation sources. This is mainly because
photoionization can raise the gas temperature only to several times
104 K. In an intermediate mass halo, the star formation is sup-
pressed during the initial stage of the collapse and the delay time
depends sensitively on the radiation strength. For example, the
UV intensity corresponding to equation (7) will suppress the star
formation for�108 yr in a halo withMvir ¼ 1010 M�. Such a halo
will be able to host bright galaxies�108 yr later than those placed
in the weaker UV field.

The above results imply that if the observed LAE deficiency
around the QSO is due to photoionization and the age of the
LAE is 106Y108 yr (Gawiser et al. 2006; Overzier et al. 2006b;
Pirzkal et al. 2006), the LAE mass is Mvir � 1010 M�. This is
somewhat smaller than previous observational estimates (Hamana
et al. 2004). As mentioned already, the dynamical masses of the
LAEs are still poorly determined from observations, and we do

not consider this difference to be critical. Our results further
suggest that photoionization cannot delay the star formation in
massive LBGs with Mvir � 1011Y1012 M�.
Note that our model is restricted to the case in which stars

form at the center of a nearly spherical halo. If star formation
takes place after a disklike collapse or in substructures (e.g.,
Susa & Umemura 2000; Mori & Umemura 2006), the impact of
photoionization will be greater and the inferred mass of the host
halo can be larger.
Another important aspect of the photoionization efficiency

by a local ionizing source is the time difference between the QSO
activity phase and the collapse time of galaxies. Even low-mass
galaxies could collapse if they form before the QSO activity has
grown. To examine this possibility, we also performed runs in
which halos that have already collapsed at z ¼ 4:87 with a gas
density profile /r�2 are exposed to an external UV field. In this
case, star formation cannot be delayed even in a halo as small as
Mvir ¼ 109 M�. Hence, another possible interpretation of the
observational result is that LAAs have already formed, or are in
the process of formation, at the time of the active phase of the
QSO host galaxy, whereas LAEs are young, having formedmuch
later than the QSO/LAA formation. This scenario is supported by
previous results suggesting that the stellarmass of LAEs is smaller
than LBGs and is almost unchanged at all epochs (Overzier et al.
2006b; Gawiser et al. 2006; Pirzkal et al. 2006), although more
accurate estimates of the stellar mass of high-z LAEs should be
accumulated in the future. This picture is also consistent with the
idea that a galaxy first appears as a LAE during its initial dust-free
starburst phase (Shapley et al. 2001). This interpretation also re-
quires accurate estimates of the formation epochs of LAAs/LAEs
relative to the evolutionary timescale of QSO activity, which have
not yet been determined. Kawakatu et al. (2003) proposed a QSO
evolution model with a prediction of a timescale for a QSO
active phase to be� a few ; 108 yr. Shen et al. (2007) estimated
the timescale of the luminous accretion phase to be � a few ;
107Y108 yr for QSOs at z > 3:5. These timescales are compa-
rable to the LAE age�108 yr (Gawiser et al. 2006) and is shorter
than the LBG age k109 yr (Shapley et al. 2001) estimated by
multicolor SED fitting.
Overzier et al. (2006b) concluded that LAEs prefer regions

that are devoid of UV-bright LBGs in their protocluster region
at z ¼ 4:1. Their result is inconsistent with ours in the cluster
field, where we found that LBGs and LAEs coexist in an over-
dense region. The LAEs in their study might not have avoided
LBGs, but rather the much brighter central radio galaxy, which
has a UV luminosity of 6L�z¼4, although the photoionization
effect was less significant than for QSOs.
The importance of radiative feedback from a local strong UV

ionizing source is suggested by several lines of observational
evidence. The QSO proximity effect emerged in nearby QSOs,
where the relative strength of the local QSO ionizing radiation
is only >0.1 times the background (e.g., Bajtlik et al. 1988; Lu
et al. 1991), which is much more sensitive to the QSO intensity
than we found in this study. Adelberger et al. (2003) found that
LBGs are associated with H i underdensities at a separation of
<0.5 h�1 Mpc, based on the statistics of several LBG samples
and IGM absorption lines in the spectra of background QSOs.
This result was interpreted as being caused by either photo-
ionization from LBGs or by the LBG galactic wind. Francis &
Bland-Hawthorn (2004) detected no Ly� emission within 1 Mpc
of a luminous QSO at z ¼ 2:2, and the neutral hydrogen clouds
near the QSO may have been photoevaporated. Along with
these examples, the observational result suggests that the
photoionization effect from a local strong UV ionizing source

Fig. 8.—Delay time of star formation, tdelay, as a function of the radiation
intensity, J21, for a given virial mass, Mvir, according to the hydrodynamical
model of Kitayama et al. (2000, 2001). The delay time is counted from the time
when 1/10 of the baryon mass of each halo was cooled without UV radiation.
The local radiation density in the region where LAEs are deficit around the QSO
corresponds to J21 k 72. [See the electronic edition of the Journal for a color
version of this figure.]
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could play an important role in making a possible ‘‘habitat
segregation’’ between LAAs and LAEs in the high-z universe.

5. CONCLUSIONS

In this paper, we have presented a possible clustering seg-
regation between LAAs and LAEs around a high-z QSO. We
carried out a wide-field target survey for LAAs and LAEs si-
multaneously around the QSO SDSS J0211�0009 at z ¼ 4:87.
Our main conclusions can be summarized as follows:

1. LAAs form a filamentary structure including the QSO,
while LAEs distribute around the QSO, but avoid its vicinity.

2. LAAs and LAEs are spatially cross-correlated in a proto-
cluster field where no strongly UV ionizing source, such as a
QSO or radio galaxy, is known to exist.

3. We found a weak trend that number counts based on Ly�
and UV continuum fluxes of LAEs in the QSO field are slightly
lower than in the cluster field, whereas number counts of LAAs
are almost consistent with each other.

4. The LAEs avoid the region around the QSOwhere the UV
background radiation could be 100 times greater than the average
intensity at the epoch. The clustering segregation between LAAs
and LAEs seen in the QSO field might be caused by either all the
LAEs having already evolved into LAAs in the QSO field, or
photoionization around the strong UV source effectively causing
a dearth of low-mass galaxies, such as LAEs.

These results can only be achieved by wide-field imaging
targeting QSO/RG fields. For example, in the J0211�0009 field,
small FOV imaging revealed only the filamentary structure of
LAAs around the QSO, without showing the larger surrounding
structure formed by LAEs (it ‘‘fails to see the forest for the
trees’’). Recently, similar large FOV imaging revealed a cosmic
web of LBGs around the RGTN J1338�1942 at z ¼ 4:1 (Intema
et al. 2006). Although our sample cannot, in isolation, allow the
derivation of a general picture of the properties of high-z galaxies
in an overdense field around known high-z objects, it provides a
potentially important perspective for understanding the nature
of high-z galaxies in different environments. Future comparative
studies of different fields and different UV background fluxes
(different QSO/RG luminosity) would permit more quantitative
discussions.
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