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Importance of galaxy clusters
1. The relation of structure formation of the universe

Galaxy clusters form in the densest peaks of dark matter.
They can be used to estimate cosmological parameters.

Voit, G. M. (2005)

Multiscale phenomenology of the cosmic web 2177

Figure 11. Filamentary network in a slice of 20 h−1 Mpc. Back dots indicate dark matter particles in filaments after the compression algorithm. Grey circles
indicate the location of clusters with M ≥ 1014 M⊙ h−1. The size is scaled proportional to their mass.

above a given density contrast threshold δth ≡ ρth/ρ̄ − 1. By vary-
ing the threshold across the complete range of density values in
the matter distribution, we obtain a systematically evolving popu-
lation of structures, each characteristic for the value δth (Zeldovich
et al. 1982; Shandarin 1983; Shandarin & Zeldovich 1983; Klypin
1988).

We assess the change in filamentary complexes as a function of
the density contrast threshold:

1 + δth ≡
(
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πl3

link

)−1

, (6)

where llink is a linking length between two dark matter particles. By
iteratively associating particles with separations d ≤ llink, we pro-
duce a catalogue of filamentary complexes. This procedure is rather
similar to the identification of clusters using the FoF algorithm. Fol-
lowing their identification, we rank the filamentary configurations
by their mass, i.e. the number of particles they contain. This re-
sults in a mass ordered list consisting of the most massive filament,
second most massive filament, third most massive, etc.

At high densities, filaments are isolated objects with a simple
shape and topology. As the value of δth decreases, the filaments
grow steadily while more mass from their surroundings is added

to them.1 While they grow, they branch into increasingly complex
structures. At some point, at the merging threshold δth ∼ 2, there is
a rather sudden transition in the way the filaments grow. The steady
inclusion of mass from adjacent lower density regions no longer
constitutes the main growth process. Instead, the merging of exist-
ing filamentary complexes into super-filaments becomes the main
mode of structure growth. Descending to even lower densities, the
filaments continue to merge until, rather abruptly, at one particular
density value a single superstructure emerges which spans the entire
volume: this marks the percolation transition. As a result, opposite
faces of the simulation box are connected.

The growth process is illustrated in Fig. 12. It follows the devel-
opment of the 10 most massive filaments along a range of decreasing
density thresholds δ > δth (going from top left to bottom right). The
figure shows the filaments at thresholds 1 + δth = 0.2, 0.4, 0.9, 1.8,
2.9 and 4.2 (from top to bottom and left to right). In order to dis-
tinguish them, each of the filaments is plotted with a different grey
tone, with the lighter shades corresponding to more massive struc-
tures. The panels highlight the non-linear nature of the percolation

1 By restricting ourselves to the filament pixels, the structures remain con-
fined to filaments and do not flood into walls or voids.
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2. Environmental effects on galaxy evolution

Importance of galaxy clusters
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From observations, it is proved that galaxy clusters have distinct properties:
morphology-density relation (Dressler 1980),
red sequence (Visvanathan & Sandage 1977).
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Importance of protoclusters
When and how are galaxy clusters formed?

Protoclusters in the early universe would reveal
                   the primordial condition of clusters at their birth.

z=5.7 z=0

Springel et al. (2005)

clusterprotocluster

?



Importance of protoclusters
When and how are galaxy clusters formed?

Protoclusters in the early universe would reveal
                   the primordial condition of clusters at their birth.The realm of the galaxy protoclusters Page 15 of 57 14

Fig. 5 The distribution of redshifts of protoclusters selected from the literature (large blue symbols). The
data for clusters below z = 1.5 were taken from the compilation of clusters detected in X-ray and SZ
surveys of Bleem et al. (2015). Large red symbols are high redshift clusters at z > 1.6. The position of
objects along the polar axis holds no information and is used for visibility purposes only. Redshifts and
ages (in Gyr) are indicated along the radial axes

Figure 6 shows the range of galaxy overdensities (δgal) that have been measured for
a subset of the protoclusters shown in Fig. 5. For each study, we have indicated the
galaxy type that was used to measure the overdensities (LAEs, HAEs, LBGs or other),
and whether the protocluster was found in the field or using a tracer (radio galaxy, QSO
or other). These results show that although there already exists a relatively rich data
set of all kinds of cluster progenitors, these data are rather heterogeneously selected
and cover a wide redshift range. The measurements collected in this figure only serve
to illustrate the range of overdensities typically associated with protoclusters, and
should generally not be compared directly, either in the absolute or in the relative
sense without taking into account the different selection and measurement techniques
used by each study. Nonetheless, the range of overdensities measured for LAEs, LBGs
and HAEs at these redshifts are broadly consistent with the overdensities expected for
galaxy protoclusters based on the simulations of Chiang et al. (2013), who calculated
the overdensities of galaxies with SFRs > 1M⊙ year−1 in a volume of (15 h−1 Mpc)3

around protoclusters.

3.2 Why we believe these are protoclusters

The structures shown in Figs. 3, 4, 5, 6 span a rather large range in redshift, (co-moving)
size, (projected) shape, and galaxy overdensity. In Fig. 7, we show the distribution of
the present-day masses estimated for the protoclusters selected from the literature.
The median protocluster has log(M/M⊙)z=0 = 14.6, and the sample includes some
exceptional protoclusters with (z = 0) masses of ! 1015M⊙ (e.g., Venemans et al.
2002; Steidel et al. 2005; Cucciati et al. 2014; Lemaux et al. 2014; Diener et al. 2015).
These present-day masses of protoclusters span the full range of masses of typical
galaxy clusters found in X-ray and SZ effect surveys (see Bleem et al. 2015, for a
recent compilation), suggesting that the term “protocluster” is justified.

How were these mass estimates obtained? In order to show that some overdense
region of galaxies identified at high redshift will evolve into a present-day cluster, at
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Fig. 5 The distribution of redshifts of protoclusters selected from the literature (large blue symbols). The
data for clusters below z = 1.5 were taken from the compilation of clusters detected in X-ray and SZ
surveys of Bleem et al. (2015). Large red symbols are high redshift clusters at z > 1.6. The position of
objects along the polar axis holds no information and is used for visibility purposes only. Redshifts and
ages (in Gyr) are indicated along the radial axes

Figure 6 shows the range of galaxy overdensities (δgal) that have been measured for
a subset of the protoclusters shown in Fig. 5. For each study, we have indicated the
galaxy type that was used to measure the overdensities (LAEs, HAEs, LBGs or other),
and whether the protocluster was found in the field or using a tracer (radio galaxy, QSO
or other). These results show that although there already exists a relatively rich data
set of all kinds of cluster progenitors, these data are rather heterogeneously selected
and cover a wide redshift range. The measurements collected in this figure only serve
to illustrate the range of overdensities typically associated with protoclusters, and
should generally not be compared directly, either in the absolute or in the relative
sense without taking into account the different selection and measurement techniques
used by each study. Nonetheless, the range of overdensities measured for LAEs, LBGs
and HAEs at these redshifts are broadly consistent with the overdensities expected for
galaxy protoclusters based on the simulations of Chiang et al. (2013), who calculated
the overdensities of galaxies with SFRs > 1M⊙ year−1 in a volume of (15 h−1 Mpc)3

around protoclusters.

3.2 Why we believe these are protoclusters

The structures shown in Figs. 3, 4, 5, 6 span a rather large range in redshift, (co-moving)
size, (projected) shape, and galaxy overdensity. In Fig. 7, we show the distribution of
the present-day masses estimated for the protoclusters selected from the literature.
The median protocluster has log(M/M⊙)z=0 = 14.6, and the sample includes some
exceptional protoclusters with (z = 0) masses of ! 1015M⊙ (e.g., Venemans et al.
2002; Steidel et al. 2005; Cucciati et al. 2014; Lemaux et al. 2014; Diener et al. 2015).
These present-day masses of protoclusters span the full range of masses of typical
galaxy clusters found in X-ray and SZ effect surveys (see Bleem et al. 2015, for a
recent compilation), suggesting that the term “protocluster” is justified.

How were these mass estimates obtained? In order to show that some overdense
region of galaxies identified at high redshift will evolve into a present-day cluster, at

123

Problem: Protoclusters are very rare…



Where are protoclusters?

1542 N. A. Hatch et al.

Figure 5. Surface overdensity within 1.8 arcmin of the radio galaxies (top)
and beyond 3 arcmin (bottom). JHK galaxies are plotted in red while
ALL-JHK galaxies are plotted in black. The surface overdensity was mea-
sured using galaxies with Ktot < 20.6 and the HzRGs are not included.
Three out of six fields contain significant overdensities in these two colour-
selected populations. None of the fields is overdense beyond 3 arcmin, which
tells us that the overdensities are not due to zero-point errors.

A larger control field is required to determine the uncertainties
due to the field-to-field variation of galaxy number counts. For
this purpose, we use the 0.8 deg2 UDS. Colour transformations are
required to shift the observed UDS colours to HAWK-I colours since
the UDS was observed with filters that have different passbands
than HAWK-I filters. These transformations2 were determined using
stellar population models of high-redshift galaxies, and by matching
the galaxy number counts and colour distributions of the JHK and
ALL-JHK populations in the UDS to the CF+ (i.e. ensuring the
UDS cumulative number counts in Fig. 4 match those of CF+).
Therefore these transformations may not be suitable for sources
with different colours, such as stars.

3.4 Surface density of galaxies in the HzRG fields

The galaxy surface overdensity !g is the excess surface density
of galaxies. It is calculated as !g = (!obs − !̄)/!̄, where !obs is
the observed surface density, and !̄ is the expected surface density
measured from the CF+ control field.

The surface overdensity of the JHK and ALL-JHK galaxies was
measured within 3 comoving Mpc (1.8 arcmin) of the HzRGs. This
distance corresponds to approximately the virial radius of a massive
local cluster. The HzRGs were not included in either the JHK or
ALL-JHK sample. The results are shown in Fig. 5 and the num-
ber and overdensity of each population are listed in Table 2. The
error bars represent 1σ field-to-field variations in the surface den-
sity measured from 10 000 randomly positioned cells within the
UDS. The fields containing USS 1425−148, MG 2308+0336 and

2 KHAWK-I = KUDS + 0.09(H − K)UDS − 0.0635;

(H − K)HAWK-I = 1.08(H − K)UDS − 0.138;

(J − H )HAWK-I = 0.91(J − H )UDS + 0.0673.

MRC 2104−242 are at least 1σ overdense in both JHK and ALL-
JHK galaxies. The other three fields show no significant overdensity
in either population.

The surface overdensity of the JHK and ALL-JHK galaxies were
also measured beyond 3 arcmin of the HzRGs (see bottom panel of
Fig. 5). There are no significant overdensities in the outer regions of
any field, so the overdensities near the radio galaxies are not caused
by zero-point errors or inadequate subtraction of stars.

MRC 0406−244 has a slight overdensity in JHK galaxies within
1.8 arcmin and a 1σ underdensity in the outer regions. Therefore the
1.8-arcmin cell around the radio galaxy is significantly overdense
in comparison to its local surroundings suggesting MRC 0406−244
may have several nearby companions.

The spatial distribution of JHK and ALL-JHK galaxies in the
six radio galaxy fields are shown in Fig. 6. A visual inspection
of these maps confirms that the fields containing USS 1425−148,
MG 2308+0336 and MRC 2104−242 contain significantly more
ALL-JHK and JHK galaxies than expected, whilst the three fields
containing MRC 1324−262, MRC 0406−244 and MRC 2139−292
do not.

3.5 Significance of the surface overdensities

The significance of the galaxy overdensity is the joint probability
of finding an overdensity in both JHK and ALL-JHK populations.
Since the populations are not mutually exclusive, the significance
of each population cannot be simply combined. Instead 10 000 ran-
dom 1.8 arcmin radius cells within the 0.8 deg2 UDS were used
to determine the probability of finding a cell which is as dense
as the regions surrounding the HzRGs in both ALL-JHK and JHK
populations.

The probability of finding a 1.8 arcmin radius cell within the
UDS, with surface overdensities (!obs) equal to or greater than
each of the radio galaxy fields is listed in the bottom row of Table 2.
Between 26 and 43 per cent of all UDS regions were as dense as the
1.8 arcmin radius cells around MRC 1324−262, MRC 0406−244
or MRC 2139−292, so these fields do not contain more galaxies
than expected. The probability of finding regions as dense as those
surrounding USS 1425−148, MG 2308+0336 and MRC 2104−242
is ∼0.3 per cent, so the number of galaxies in these fields deviate
from the expected galaxy density by 3σ .

4 AU TO C O R R E L AT I O N FU N C T I O N A NA LY S I S

If the galaxies responsible for the overdensities in the three over-
dense HzRG fields are physically associated, they should be strongly
clustered. Whereas if the overdensity is caused by a chance line-of-
sight alignment, the clustering signal is not expected to be stronger
than average. This clustering signal was measured using the auto-
correlation function.

4.1 Angular correlation function

The two-point angular correlation function, w(θ ), is defined as the
excess probability of finding two objects, in regions δ%1 and δ%2,
separated by a distance θ ,

δP = !2
obs[1 + w(θ )]δ%1δ%2, (2)

where !obs is the surface density of galaxies in the field consid-
ered. Since !obs is taken into account, w(θ ) will not be stronger in
overdense regions just because there are more galaxies. We use the

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 410, 1537–1549
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Why RLAGN are located in protoclusters 285

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 arcsec): the 1.4 GHz NVSS (Condon et al. 1998) and the 74 MHz
VLA Low-Frequency Sky Survey (VLSS; Cohen et al. 2007). RLQs
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 sample that are covered by both
the NVSS and VLSS radio surveys.

3 R ESULTS

3.1 Do RLAGN trace protoclusters 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 sample.
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 samples. A
KS test results in a probability of <10−4 (∼4σ significance) 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

Figure 3. A comparison of the environment surrounding the CARLA
RLAGN (red and black) and the UDS control sample (blue). The environ-
ment is assessed using the density of IRAC-selected sources within an arcmin
radius. The black dashed histogram shows the full CARLA sample. The solid
red histogram comprises the radio galaxy CARLA subsample 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 significantly from both CARLA
samples (KS, P ∼ 10−4).

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 galaxies at
all scales, having both more nearby neighbours and a larger excess
beyond 0.5 Mpc.

We then compare the radial profiles surrounding RLAGN and
control galaxies that have similar densities within a 1 arcmin ra-
dius, choosing both high-density regions with 14 < " < 18 IRAC-
selected galaxies per arcmin2 (middle panel of Fig. 4) and under-
dense regions with 7 < " < 11 IRAC-selected galaxies per arcmin2

(bottom panel of Fig. 4). The central densities are comparable by
construction, but beyond 1 arcmin (∼0.5 Mpc) the profiles diverge:
RLAGN reside in denser large-scale environments than the control
galaxies.

Figure 4. The radial profile of the IRAC-selected galaxy density sur-
rounding 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 den-
sities in the range of 7–11 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).

MNRAS 445, 280–289 (2014)
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Hatch et al. (2014)

Most of previous works are searching for protoclusters
                                                  around QSOs and radio galaxies.
Are these galaxies really good probes of protoclusters?

number density
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Figure 5. Surface overdensity within 1.8 arcmin of the radio galaxies (top)
and beyond 3 arcmin (bottom). JHK galaxies are plotted in red while
ALL-JHK galaxies are plotted in black. The surface overdensity was mea-
sured using galaxies with Ktot < 20.6 and the HzRGs are not included.
Three out of six fields contain significant overdensities in these two colour-
selected populations. None of the fields is overdense beyond 3 arcmin, which
tells us that the overdensities are not due to zero-point errors.

A larger control field is required to determine the uncertainties
due to the field-to-field variation of galaxy number counts. For
this purpose, we use the 0.8 deg2 UDS. Colour transformations are
required to shift the observed UDS colours to HAWK-I colours since
the UDS was observed with filters that have different passbands
than HAWK-I filters. These transformations2 were determined using
stellar population models of high-redshift galaxies, and by matching
the galaxy number counts and colour distributions of the JHK and
ALL-JHK populations in the UDS to the CF+ (i.e. ensuring the
UDS cumulative number counts in Fig. 4 match those of CF+).
Therefore these transformations may not be suitable for sources
with different colours, such as stars.

3.4 Surface density of galaxies in the HzRG fields

The galaxy surface overdensity !g is the excess surface density
of galaxies. It is calculated as !g = (!obs − !̄)/!̄, where !obs is
the observed surface density, and !̄ is the expected surface density
measured from the CF+ control field.

The surface overdensity of the JHK and ALL-JHK galaxies was
measured within 3 comoving Mpc (1.8 arcmin) of the HzRGs. This
distance corresponds to approximately the virial radius of a massive
local cluster. The HzRGs were not included in either the JHK or
ALL-JHK sample. The results are shown in Fig. 5 and the num-
ber and overdensity of each population are listed in Table 2. The
error bars represent 1σ field-to-field variations in the surface den-
sity measured from 10 000 randomly positioned cells within the
UDS. The fields containing USS 1425−148, MG 2308+0336 and

2 KHAWK-I = KUDS + 0.09(H − K)UDS − 0.0635;

(H − K)HAWK-I = 1.08(H − K)UDS − 0.138;

(J − H )HAWK-I = 0.91(J − H )UDS + 0.0673.

MRC 2104−242 are at least 1σ overdense in both JHK and ALL-
JHK galaxies. The other three fields show no significant overdensity
in either population.

The surface overdensity of the JHK and ALL-JHK galaxies were
also measured beyond 3 arcmin of the HzRGs (see bottom panel of
Fig. 5). There are no significant overdensities in the outer regions of
any field, so the overdensities near the radio galaxies are not caused
by zero-point errors or inadequate subtraction of stars.

MRC 0406−244 has a slight overdensity in JHK galaxies within
1.8 arcmin and a 1σ underdensity in the outer regions. Therefore the
1.8-arcmin cell around the radio galaxy is significantly overdense
in comparison to its local surroundings suggesting MRC 0406−244
may have several nearby companions.

The spatial distribution of JHK and ALL-JHK galaxies in the
six radio galaxy fields are shown in Fig. 6. A visual inspection
of these maps confirms that the fields containing USS 1425−148,
MG 2308+0336 and MRC 2104−242 contain significantly more
ALL-JHK and JHK galaxies than expected, whilst the three fields
containing MRC 1324−262, MRC 0406−244 and MRC 2139−292
do not.

3.5 Significance of the surface overdensities

The significance of the galaxy overdensity is the joint probability
of finding an overdensity in both JHK and ALL-JHK populations.
Since the populations are not mutually exclusive, the significance
of each population cannot be simply combined. Instead 10 000 ran-
dom 1.8 arcmin radius cells within the 0.8 deg2 UDS were used
to determine the probability of finding a cell which is as dense
as the regions surrounding the HzRGs in both ALL-JHK and JHK
populations.

The probability of finding a 1.8 arcmin radius cell within the
UDS, with surface overdensities (!obs) equal to or greater than
each of the radio galaxy fields is listed in the bottom row of Table 2.
Between 26 and 43 per cent of all UDS regions were as dense as the
1.8 arcmin radius cells around MRC 1324−262, MRC 0406−244
or MRC 2139−292, so these fields do not contain more galaxies
than expected. The probability of finding regions as dense as those
surrounding USS 1425−148, MG 2308+0336 and MRC 2104−242
is ∼0.3 per cent, so the number of galaxies in these fields deviate
from the expected galaxy density by 3σ .

4 AU TO C O R R E L AT I O N FU N C T I O N A NA LY S I S

If the galaxies responsible for the overdensities in the three over-
dense HzRG fields are physically associated, they should be strongly
clustered. Whereas if the overdensity is caused by a chance line-of-
sight alignment, the clustering signal is not expected to be stronger
than average. This clustering signal was measured using the auto-
correlation function.

4.1 Angular correlation function

The two-point angular correlation function, w(θ ), is defined as the
excess probability of finding two objects, in regions δ%1 and δ%2,
separated by a distance θ ,

δP = !2
obs[1 + w(θ )]δ%1δ%2, (2)

where !obs is the surface density of galaxies in the field consid-
ered. Since !obs is taken into account, w(θ ) will not be stronger in
overdense regions just because there are more galaxies. We use the
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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 arcsec): the 1.4 GHz NVSS (Condon et al. 1998) and the 74 MHz
VLA Low-Frequency Sky Survey (VLSS; Cohen et al. 2007). RLQs
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 sample that are covered by both
the NVSS and VLSS radio surveys.

3 R ESULTS

3.1 Do RLAGN trace protoclusters 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 sample.
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 samples. A
KS test results in a probability of <10−4 (∼4σ significance) 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

Figure 3. A comparison of the environment surrounding the CARLA
RLAGN (red and black) and the UDS control sample (blue). The environ-
ment is assessed using the density of IRAC-selected sources within an arcmin
radius. The black dashed histogram shows the full CARLA sample. The solid
red histogram comprises the radio galaxy CARLA subsample 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 significantly from both CARLA
samples (KS, P ∼ 10−4).

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 galaxies at
all scales, having both more nearby neighbours and a larger excess
beyond 0.5 Mpc.

We then compare the radial profiles surrounding RLAGN and
control galaxies that have similar densities within a 1 arcmin ra-
dius, choosing both high-density regions with 14 < " < 18 IRAC-
selected galaxies per arcmin2 (middle panel of Fig. 4) and under-
dense regions with 7 < " < 11 IRAC-selected galaxies per arcmin2

(bottom panel of Fig. 4). The central densities are comparable by
construction, but beyond 1 arcmin (∼0.5 Mpc) the profiles diverge:
RLAGN reside in denser large-scale environments than the control
galaxies.

Figure 4. The radial profile of the IRAC-selected galaxy density sur-
rounding 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 den-
sities in the range of 7–11 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).

MNRAS 445, 280–289 (2014)
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red: radio galaxies
blue: normal galaxies

Hatch et al. (2014)

Most of previous works are searching for protoclusters
                                                  around QSOs and radio galaxies.
Are these galaxies really good probes of protoclusters?

number density

Searching only around RGs or QSOs may make
                                            a biased sample of protoclusters.



Wide-field Survey
We perform an unbiased search of protoclusters
                           by using wide-field imaging of HSC survey.

Hyper Suprime Camera (HSC)
                    on Subaru telescope
 - 1.7 deg2 FoV (104 CCDs)
 - 5 broad-bands (g, r, i, z, y)  
           and many narrow-bands

HSC CCDs

Wide
1400 deg2

i~26.0 mag

Deep
28 deg2

i~26.8 mag

Ultra-Deep (UD)
3.5 deg2

i~27.4 mag

‣ HSC Subaru Strategic Program (HSC SSP) (300 nights in 2014-2019)

~1000 protoclusters will be found at z~4
statistics of protoclusters

~10-20 protoclusters will be found
                     at each redshift from z~2 to z~6
redshift evolution of protoclusters

Systematic Study of Protoclusters at z~2-6
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Based on the initial data of the HSC survey,
               we have searched protoclusters at z~4 in 121deg2 area.



Search for Protoclusters at z~4 in Wide layer

The same analysis applies to a theoretical model
 → the relation between overdensity and descendant halo mass at z=0.
Protocluster candidates are defined as regions with >4σ at the peak.
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76% of candidates will 
be >1014Msun at z=0
     (Toshikawa et al. 2016).
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179 protocluster candidates
                   over 121deg2 area
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Clustering of protoclusters

r0 = 35.7 (+4.6/-5.5) h-1 Mpc
n = 4.6 × 10-7 h3 Mpc-3

We have estimated angular correlation function at z~4 for the first time.

ω(θ)=Aωθ-β

From clustering analysis,
       〈Mh〉 = 2.3×1013 h-1Msun at z~4
Based on EPS model,
        〈Mh〉 ~ 4×1014 h-1Msun at z=0

Our method can certainly identify
            progenitors of local clusters.



Clustering of protoclusters

r0 = 35.7 (+4.6/-5.5) h-1 Mpc
n = 4.6 × 10-7 h3 Mpc-3

We have estimated angular correlation function at z~4 for the first time.
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protoclusters at z ∼ 3.8
clusters at z ∼ 1.5
clusters at z = 0 .1−0 .3
X-ray clusters at z < 0 .2

this study

The spatial distribution (r0 - n) is 
consistent with the ΛCDM prediction.

model prediction: r0∝n-0.2
                         (Younger et al. 2005)



Relation between protoclusters and QSOs

QSO 

~121 deg 2

151 QSOs at z=3.3-4.2

SDSS DR12 QSO (DR12Q)

Protocluster

~121 deg 2

179 protocluster   z=3.3-4.2

HSC-SSP Wide S16A DR

>4σ g-dropout overdense reg. ?

protocluster

g-dropout

QSO



Relation between protoclusters and QSOs

Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 5

SDSS-III quasar catalog. The catalog contains 297,301 spec-
troscopically confirmed quasars over a wide redshift range of
0.041 < z < 6.440 in the area covering approximately 10,200

deg2 of the sky. The quasars have been selected from three
different observational programs, 1) the Baryon Oscillation
Spectroscopic Survey (BOSS; Dawson et al. 2013), 2) ancil-
lary programs such as the SDSS-IV pilot survey, and 3) ob-
jects targeted by chance in other programs, such as the lu-
minous galaxy survey. For the details of target selection for
spectroscopic observation and quasar confirmation, please see
Ross et al. (2012). Within the g-dropout redshift range of
z=3.3−4.2 which corresponds to the g-dropout selection func-
tion with the value over 0.4 (Ono et al. 2017), we find 151

quasars in the effective areas of the HSC-Wide layer used in
our analysis. The i-band absolute magnitudes of this sample
range from ∼ −29 to −26 (see Figure 7). We use the reduced
one-dimensional (1D) spectral data of the quasars which are
available through the SDSS Science Archive Server (SAS) to
estimate the black hole masses for this sample (§3.3). The spec-
tral resolution is R ∼ 1300− 2500 (Pâris et al. 2017). If the
quasars have a match in the FIRST radio catalog (Becker et al.
1995), whose detection limit is 1 mJy, within 2.0 arcsec, the
”FIRST MATCHED” flag in the SDSS DR12 catalog is set to
1 (Pâris et al. 2017). The sample contains 8 FIRST- detected
quasars (FIRST MATCHED = 1) with strong radio emission
of Lν(6.74GHz) > 5.0× 1032 erg s−1 Hz−1, which is about
10 times larger than that of a dichotomy between star form-
ing galaxies and radio active AGNs (Magliocchetti et al. 2002;
Mauch & Sadler 2007). It should be noted that the radio prop-
erty of AGN affects the clustering strength (Donoso et al. 2010).

3 RESULTS

3.1 Cross-correlation between protoclusters and
quasars

First, we measured the projected distance from the quasars to
the nearest protoclusters to determine whether the two popula-
tions are related. The results are shown in Figure 2. The blue
histogram shows the angular separations between quasars and
protoclusters, while the orange line shows the separations be-
tween g-dropout galaxies and protoclusters. The P -value of the
Kolmogorov-Smirnov (KS) test between the two distributions is
0.573, showing that they are not significant different at least on
these scales. We also focus on the smaller scale < 0.2 degrees
to conduct a similar analysis (see small chart in Figure 2). But,
the result does not change : the P -value in the KS test is 0.100.

To measure the environments in detail, we also measured the
overdensity significances at the exact locations of the quasars.
Because it is known that quasars and radio galaxies at these red-
shift are not always right at the center of the overdense regions
(e.g. Venemans et al. 2007), we measured the maximum over-
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Fig. 2. Histogram of distance from quasars and g-dropouts to the nearest
protocluster candidates. The blue rods show the case of quasars and the
red line shows the case of all g-dropout galaxies. On the vertical axis we
show the probability distribution function (PDF) and the cumulative PDF. The
small chart shows the PDF in the region limited to the small scales, < 0.2

deg.

Table 2. Statistical Tests of the Correlation of the separa-
tions between Quasars and Protoclusters, and g-dropouts and
Protoclusters shown in Figures 2 and 3.

KS P -value

Figure 2 0.573
Figure 3 (within 1 arcmin) 0.105

Figure 3 (within 3 arcmin) 0.645

Figure 3 (within 10 arcmin) 0.712

density significance within a circle of radius a = 1 arcmin (2.5
comoving Mpc; cMpc). Figure 3 (a) shows the probability dis-
tribution of the nearest maximum overdensity significance of
quasars and g-dropouts. We found that only two quasars co-
incide with protocluster candidates. These protoclusters have
overdensity significances of 4.51σ and 4.56σ, and are shown
in Figure 4. It is interestingly to note that one of these pro-
toclusters has two nearby quasars (”quasar pair”) at the same
redshift of z ≈ 3.6. This system will be discussed in detail in
Onoue et al. (2017). The typical radius of protoclusters with
Mz=0

>∼1014 M⊙ is >∼1.8 arcmin at z=4 (Chiang et al. 2013) ;
therefore we also check the distributions of the maximum over-
density significance found within a circle of radius a = 3 and
a = 10 arcmin centered on the quasars, shown in panel (b) and
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Fig. 10. Histogram of overdensity significance of bright quasars. The panel (a), (b) and (c) show the histograms of the maximum overdensity significance
centered on quasars with the radius of 1(0.42), 3(1.25), and 10(4.2) arcmin(pMpc), respectively.

Table 4. Statistical Test for Correlation of Position between bright quasars and protoclusters

KS P -value Median quasar Median g-dropout

local peak within 1 arcmin 0.0392 0.189 0.474
local peak within 3 arcmin 0.702 1.78 1.94
local peak within 10 arcmin 0.849 3.06 3.12

4.2 The relation between density and quasar
properties

We found that UV brighter quasars statistically tend to reside in
lower dense regions of g-dropout galaxies. In addition, quasars
with the most massive black hole tend to avoid overdense re-
gions. Figure 10 shows the distributions of overdensity signifi-
cances of bright quasars which are defined by brighter than the
median of the absolute i-band magnitudes of quasar sample. In
fact, the brighter quasars significantly reside in lower dense re-
gions than g-dropout galaxies at least in the 1 arcmin-scale en-
vironment. The results are summarized in Table 4. Earlier work
has suggested that the strong radiation from quasars may pro-
vide negative feedback and suppress nearby galaxy formation,
especially for low-mass galaxies (Kashikawa et al. 2007). We
use the near zone sizes (e.g. Fan et al. 2006; Mortlock et al.
2011) of our quasar sample to evaluate the scale of AGN feed-
back. We estimate the intrinsic flux by fitting a single power
law to the continuum free of line emission at ∼ 1340− 1360

Å, 1440− 1450 Å and 1700− 1730 Å. The IGM transmission
curves are calculated by the observed fluxes divided by the in-
trinsic fluxes blueward of Lyα, and then fitted by a single power
law. Then, the near zone size is defined by the proper radius at
which the fitted transmission first falls below 10 % (Fan et al.

2006; Mortlock et al. 2011). Figure 11 shows the relation be-
tween the overdensity significance and near zone size for each
quasar. Although the scatter is large, it appears that quasars tend
to have much smaller near zones when their overdensity signif-
icance is larger than ∼ 2σ. On the other hand, quasars in lower
density regions can have the full range of near zone sizes. The
statistical coefficient ρ and the P -value are −0.232 and 0.00798

in the Spearman rank correlation test. These findings may in-
dicate that perhaps galaxy formation is delayed in overdense
regions due to the quasar feedback. Another possibility is that
the near zones in overdense regions are smaller due to the much
higher gas densities that are more difficult to fully ionize.

Considering the viewing angle of type-1 quasars, this effect
should be the most significant on the number density of galaxies
along the quasar line of sights (LOS), and become weaker as it
goes away from the LOS. The tendency towards low-density at
< 1 arcmin as seen on Figures 6 and 10 could also be caused by
the effect. Our statistical test to see the possible UV luminosity,
black hole mass and near zone size dependence on the distance
to the nearest overdense region (see Figures 7, 8, and 11) agrees
with the hypothesis although projection effects may smear out
this small-scale over (under) density signal.

overdensity [σ]
from protocluster candidates

There is no significant difference between QSOs and g-dropout galaxies.
  → QSOs do not tend to reside in high dense environments.



Summary

・We have searched protoclusters in the 121deg2 area of the HSC-WIDE.

・179 protocluster candidates at z~4 are identified.

・Clustering analysis was applied for the first time.

・The spatial distribution (r0-n) is consistent with the prediction of ΛCDM.

・The dark matter halo mass is found to be 2×1013Msun.

・QSOs do not tend to be located in high dense environments.

This study will expand into 
              wide redshift range to trace redshift evolution.


