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•   Introduction	


•   Finding proto-clusters	


•   Characteristics of proto-clusters	


•   Proto-cluster galaxies	


•   Summary	




Progenitors of low z massive clusters	
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•  Properties of clusters in formation	


•  Redshift evolution of large scale structures	


•  Emergence of red sequence	


•  Influence of environment on galaxy properties	


•  Many galaxies at single redshift	




What is a proto-cluster?	
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What is a proto-cluster?	
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•  Structure of galaxies that will evolve into 
massive cluster 	


Cluster of galaxies → virialized → hot gas	




What is a proto-cluster?	
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•  Structure of galaxies that will evolve into 
massive cluster	


•  High density of galaxies, clustered in α,𝛿, z	

•  Minimum size ≳ 1 physical Mpc	

•  Not virialised 	

   → no extended X-ray emitting gas	

•  Red sequence: still forming?	

 	




What is a proto-cluster?	
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•  The grey area: 1 ≲ z ≲ 2	


    For example: ISCS cluster Stanford+ (2005):	

    - clustering of galaxies in α,𝛿 and z space	

    - 5 members confirmed	

    → high redshift cluster of galaxies	




What is a proto-cluster?	
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•  The grey area: 1 ≲ z ≲ 2	


    For example: ISCS cluster Stanford+ 2005:	

    - clustering of galaxies in α,𝛿 and z space	

    - 5 members confirmed	

    → high redshift cluster of galaxies	

         or proto-cluster?	




What is a proto-cluster?	
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•  Do we really care?  No	


•  We can still study the effects of environment 
on galaxy properties	




What is a proto-cluster?	
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•  Structure of galaxies that will evolve into 
massive cluster 	


•  High density of (SF) galaxies, clustered in α,𝛿	

•  𝛿galaxy ≳ 2	

•  Minimum size ≳ 1 physical Mpc	

•  Volume should contain >1014 M⊙	




What is a proto-cluster?	
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•  Structure of galaxies that will evolve into 
massive cluster 	


•  High density of (SF) galaxies, clustered in α,𝛿	

•  𝛿galaxy ≳ 2	

•  Minimum size ≳ 1 physical Mpc	

•  Volume should contain >1014 M⊙	

•  z ≳ 2	




Ways to find proto-clusters	
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•  Galaxy overdensities in “blank” fields	


•  Galaxies associated with high density tracers	




Proto-clusters in “blank” fields	
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•  Need to probe large volume	


   - small area → cover large z range (photo-z)	

	

   - large area, small z range (e.g. NB imaging)	




Overdensities in “blank” fields (I)	
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– 26 –

Fig. 5.— LAE candidates distribution found by Ouchi et al. (2008). Masked regions are

shown in red. The size of the field-of-view used in this work is represented by the dashed

box in the bottom-left corner.

Ouchi+ 2005 

Lyman alpha 
emitters at 
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At least two 
overdensities 
𝛿gal>3 



Overdensities in “blank” fields (II)	
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also show that a substantial number of their cluster galaxies exhibit
AGN activity and indicate that differing AGN identification meth-
ods result in significant differences between the measured AGN
fraction in these environments, and therefore its subsequent rela-
tion to that of the field. As the galaxy number density is much
higher in clusters it is reasonable to also expect a higher interaction
and merger rate in these regions, and one hypothesis for the trigger-
ing of AGN activity at high-z also involves mergers (e.g. Springel,
Di Matteo & Hernquist 2005). In this scenario, we might therefore
expect to observe an enhancement in the fraction of galaxies ex-
hibiting signs of AGN activity in high-z overdense regions when
compared to the field – especially as these pre-virialized structures
may be the ideal place for efficient mergers of galaxies to result in
increased AGN activity (e.g. van Breukelen et al. 2009). Also, re-
cent studies of the evolution of the X-ray AGN fraction in clusters
of galaxies (for z < 1.3) show a significant decrease in the ob-
served fraction of cluster galaxies hosting AGN over cosmic time
(Eastman et al. 2007; Martini, Sivakoff & Mulchaey 2009), and so
the limited observations of high redshift (z > 2) overdense regions
become increasingly important in determining the situation in the
early universe.

Studying the precursors of local massive clusters (“protoclus-
ters”) at z > 2 might thus reveal valuable information regarding the
earliest (and most active) stages of cluster formation, the progen-
itors of local massive cluster galaxies and how nuclear activity is
related to the local environment. The highest redshift protoclusters
have been found by searching for an excess of Lyα or Hα emit-
ting galaxies near massive high-z radio galaxies (e.g. Venemans et
al. 2007), or during the course of spectroscopic surveys for high
redshift galaxies (e.g. Steidel et al. 1998). There are relatively few
robustly established overdensities; the z = 3.09 protocluster in the
SSA 22 field is one such structure (Steidel et al. 1998). This field
was found to have both an overdensity of Lyman Break Galaxies
(LBGs) and LAEs. Lehmer et al. (2009) studied the X-ray emission
from the LBGs and LAEs in the protocluster, and when compared
to the field (at z ∼ 3) they claim suggestive evidence for an en-
hancement (for log L8−32keV ! 43.5 erg s−1) by a factor ∼5 and ∼7
for LBGs and LAEs, respectively, significant at a combined level
of ∼95 per cent. The HS 1700+64 field contains a similar overden-
sity of galaxies at z = 2.300 ± 0.015 (Steidel et al. 2005, hereafter
S05; Fig. 1). This structure is predicted to virialize by z ∼ 0 with a
cluster-like mass scale of ∼1.4×1015M$. Due to the available data
in this field, the HS 1700 protocluster is an excellent laboratory for
discerning AGN (and host galaxy) properties in a very high density
large-scale structure environment. Here we use a combination of
optical/near-IR spectroscopy, sensitive Chandra observations and
narrow-band imaging of the protocluster with the aim of testing
these ideas.

Thoughout this work a standard, flat ΛCDM cosmology with
ΩΛ = 0.73 and H0 = 70 km s−1 Mpc−1 is assumed.

2 OBSERVATIONS

2.1 Optical Imaging and Spectroscopy

The Q1700 field (15.3×15.3 arcmin) was observed in theUn,G and
R bands with the Prime Focus Imager on the William Hershel 4.2
m telescope (Steidel et al. 2004). In the Q1700 field, star-forming
galaxies in the foreground to the z = 2.72 QSO HS 1700+643 were
targetted using the ‘BX’ optical photometric criteria (Adelberger et
al. 2004; Steidel et al. 2004; < z > = 2.20 ± 0.32) and the ‘MD’

Figure 1. Redshift distribution for the 178 spectroscopically confirmed
BX/MD galaxies with z > 1.5 in the HS 1700+64 field. The background
shaded curve (yellow) is the expected distribution of redshifts when drawn
from a randomly selected sample of BX/MD galaxies. The vertical dashed
line indicates the redshift of the QSO HS 1700+643. An overdensity of
galaxies at z = 2.3 is observed (Steidel et al. 2005).

criteria of Steidel et al. (2003; < z > = 2.73 ± 0.27). Follow-up
spectroscopy (probing rest-frame UV wavelengths) was taken with
the LRIS-B instrument on the Keck I telescope. There are also 19
Hα redshifts available in the Q1700 field (Erb et al. 2006) from the
near-infrared spectrograph NIRSPEC on the Keck II telescope; Hα
falls in the Ks–band at z = 2.3 and so this was used in the selection
of Hα emitters in the Q1700 field.

In total, there are 1710 photometric BX and MD candidate
galaxies to R = 25.5; 1472 are identified as BX and 238 as MD.
We have secure spectroscopic redshifts for 213 (∼12 per cent) of
these; this sample consists of 175 BX galaxies (∼12 per cent of the
photometric BX sample) and 38 MD galaxies (∼16 per cent of the
photometric MD sample). Of the spectroscopic BX and MD sam-
ples, 147 BX galaxies (∼84 per cent) and 31 MD galaxies (∼82 per
cent) have z > 1.5; the mean redshift of this BX/MD sample is
< z > = 2.28 ± 0.31. Regarding protocluster membership, there are
46 galaxies (40 BX and 6 MD) whose spectroscopic redshifts place
them within the bounds of the structure at z = 2.30 ± 0.04; this is
∼22 per cent of the spectroscopic BX/MD selected sample. Objects
contaminating the spectroscopic BX/MD sample were low redshift
(z < 1.5) star-forming galaxies (∼12 per cent) and stars (∼4 per
cent). The spectroscopic sample discussed here is larger than that
of S05 due to subsequent identifications with Keck/LRIS-B.

2.2 Chandra Observations and Source Detection

The HS 1700+64 field was observed by Chandra in November
2007, using the ACIS-I instrument (16.9×16.9 arcmin). There were
eight individual pointings totalling ∼200 ks of exposure; the obser-
vation numbers (ObsIDs) and other basic information are detailed
in Table 1. The data reduction was completed with the Chandra
X-ray Center (CXC) Chandra Interactive Analysis of Observations
(CIAO) data analysis software, version 3.4, and the Chandra cali-
bration database (CALDB), version 3.3.

Each ObsID was reduced separately in a similar manner to
that described by Laird et al. (2009), hereafter L09. Briefly, the raw
level 1 event files were first corrected for known systematic astro-
metric offsets; hot/bad pixels and cosmic ray afterglows were also
removed. Level 2 (filtered) event files were created by applying the
charge-transfer inefficiency (CTI) calibration and time-dependent
gain correction, then removing the ACIS pixel randomization and
applying the ACIS particle background cleaning algorithm. Stan-
dard screening criteria were applied to the observations (using the

Steidel+ 2005 
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Overdensities in “blank” fields (II)	
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Figure 8. Redshift distribution of 15 spectroscopically confirmed galaxies. The bin size is ∆z = 0.05. The solid (blue) line shows the selection function of our
i′-dropout selection assuming a uniform distribution normalized to the total number of confirmed emitters. The inset is a close-up of the protocluster redshift range,
with a bin size of 400 km s−1. The horizontal axis, ∆v, represents radial velocity. The eight protocluster members are distributed between the vertical dashed (blue)
lines. The dotted lines show the location of sky lines if redshifts are determined by Lyα emission.
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Figure 9. Three-dimensional distribution of protocluster member galaxies. The
upper left panel shows the spectroscopically observed region. The lines and
points are the same as those in Figure 2, and the crosses and triangles are
spectroscopically observed objects, the Lyα emissions of which were detected
and not detected, respectively. The numbers near the points are the IDs (Column
1 of Table 3). The lower right panel is a close-up of the central region of the
protocluster. The vertical axis in the lower left panel and the horizontal axis
in the upper right panel, ∆, represent radial distance with an origin at z = 6.
Note that in this figure, we regarded redshift difference as distance difference,
although redshift difference might be caused by peculiar velocities inside the
protocluster.

et al. (2007) found that the velocity dispersions of protoclusters
at z ∼ 2−3 and 4−5 are σr ∼ 500−1000 and 300 km s−1,
respectively. The dark matter velocity dispersion is predicted to
increase with cosmic time, based on a numerical simulation
of cluster evolution (e.g., Eke et al. 1998). This is roughly
consistent with observations at z = 2−3 and 4−5, and is

predicted to reach to σr ∼ 200 km s−1 at z ∼ 6. Our estimate of
the velocity dispersion at z ∼ 6 is much larger than this. We will
discuss this discrepancy in the next subsection. The radius of
the protocluster is r ∼ 1 Mpc in physical units. Thus, the virial
mass, Mvir ∼ 3σ 2

r r/G, where G is the gravitational constant
and r is the radius of the structure in physical units, would be
2.9+1.2

−1.0 ×1014 M%, simply assuming that the protocluster region
was in virial equilibrium. However, the protocluster is expected
to be far from virial equilibrium.

Instead, we used another method to estimate the mass,
specifically, M = ρ̄V (1 + δm) (Steidel et al. 1998; Venemans
et al. 2005), where ρ̄ is the current mean matter density of the
universe, V is the comoving volume of the protocluster and δm

is the mass overdensity of the protocluster. The mean density
is ρ̄ = 4.1 × 1010 M% Mpc−3 for the cosmological parameters
assumed in this paper. The mass overdensity, δm, is related to the
galaxy overdensity δgal, through 1 + bδm = C(1 + δgal), where
b is the bias parameter and C takes into account the redshift
space distortions (Steidel et al. 1998). Semi-analytical models
(Baugh et al. 1999; Kauffmann et al. 1999) and hydrodynamic
simulations (Blanton et al. 2000; Yoshikawa et al. 2001) predict
that the bias parameter will increase with increasing redshift.
The bias parameter is predicted to be b = 4.0 ± 0.8 for z = 5.7
LAEs by Orsi et al. (2008) based on their semi-analytical model
in the ΛCDM universe. Thus, we assumed the bias parameter
for LAEs at z ∼ 6 to be b = 4.0 ± 0.8. It should be noted that
the observed bias parameter of LAEs still has a large uncertainty.
Ouchi et al. (2003) derived the bias parameter to be b = 5.0
for z ∼ 4.8 LAEs, and Kovač et al. (2007) derived b = 3.7
for z ∼ 4.5 LAEs, so these results should be interpreted with
caution. C can be approximated by C = 1 + f − f (1 + δm)1/3

(Steidel et al. 1998), where f is the rate of growth of perturbations
at the redshift of the protocluster. At high redshift, this value
is close to 1 (Lahav et al. 1991). If we adopt the volume of
the protocluster as V = 2.3 × 103 Mpc3, with six protocluster
galaxies being identified in the volume (this excludes ID = 8,

9
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Tracers of galaxy overdensities	
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•  Progenitors of BCGs / massive galaxies / …	

	


  - Quasars	

  - Radio galaxies	

  - Lyman alpha blobs	

  - Sub-millimeter galaxies (SMGs)	

  - …	




Overdensities around SMGs	
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Figure 3: Distribution of galaxies near HDF850.1 Left: Distribution of spectroscopic 
redshifts towards the HDF and its surrounding (GOODS-N). HDF850.1 is indicated by a 
red color, the quasar at the same redshift18 is shown in blue. There is an overdensity of 
galaxies in the redshift bin that contains HDF850.1. The high source density at z~5.7 is 
an observational artefact due to narrow-band Lyman-α imaging surveys of the region 
(with spectroscopic follow-up) that are sensitive to this particular narrow redshift range. 
Right: Spatial coverage of the sources in the redshift bin z=5.183-5.213. The small 
border indicates the size of the HDF – the larger border shows the surrounding area of 
GOODS-N. The presence of a strongly star-forming galaxy (HDF850.1) and a quasar18 
in this region provides evidence for cosmic structure formation in the first Gyr of the 
universe. See Supplemental Information for more details. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Walter+ 2012 
Capak+ 2011 



Overdensities around Lya blobs	
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No. 2, 2008 ENVIRONMENT OF LARGE Lya NEBULA L79

Fig. 2.— vs. color-color diagram of the 1500 line-emittingB ! R R ! IW

candidates (open and filled circles). A typical error bar is shown. Expected
color tracks for low-redshift galaxy templates are shown for 0.1 ! z ! 0.3
(Leitherer et al. 1996); the color track for high-redshift LAE/LBG contaminants
is based on a young galaxy template at (25 Myr old simple stellar2.9 ! z ! 4.0
population, solar metallicity, Chabrier IMF; Bruzual & Charlot 2003) with
standard intergalactic absorption (Madau 1995). To remove both low- and high-
redshift interlopers, candidates were required to have . The finalB ! R ≤ 0.8W

sample of 785 LAE candidates is shown (filled circles).

Fig. 3.—Spatial distribution of LAE candidates (filled circles). After smooth-
ing on 3.2! # 2.8! scales, isodensity contours were laid down at 0.7, 1.0, 1.8,
and 2.3 times the average LAE density at the edge of the field. The four circle
sizes represent four bins in IA445 luminosity: LIA445 ≤ 2.5 # 1042, 2.5 # 1042

! LIA445 ≤ 5 # 1042, 5.0 # 1042 ! LIA445 ≤ 1.0 # 1043, and LIA445 1 1.0 #
1043. The position of LABd05 is indicated with a star. Regions masked along
the edge and due to bright stars are shown in gray. There is evidence for an
extended structure stretching from SE to NW and a ∼10 Mpc void at!1h70

[218.36, 33.07].

Fig. 4.—Radial density profile measured in circular annuli centered on
LABd05. The LAB lies in an overdense region that is a factor of ∼3 times
the density at the edge of the field of view. The dashed line represent the
predicted number density at if we assume a uniform redshift distributionz ≈ 3
and no evolution (Gronwall et al. 2007; Ouchi et al. 2008). The shaded areas
correspond to the range covered by 1 j error bars; all three parameters (a,

, ) from Gronwall et al. (2007) were allowed to vary in turn (light shading),∗ ∗L f
while in the comparison to Ouchi et al. (2008) the faint-end slope a is fixed
at !1.5 (dark shading). The predicted LAE number density is consistent with
what we measured at the edge of the field. Since the redshift distribution of
our sample can only be narrower than assumed, the overdensity measured
within the structure is likely a lower limit.

at ). Using the 25 Myr old model above to representÅ z ≈ 2.656
the typical LAE continuum shape, the galaxy luminosityz ≈ 3
function from Reddy et al. (2008), and standard intergalactic
absorption (Madau 1995), we predict that ∼1%–2% of the LAE
sample should have detected at the 5 j level ( p 25.3).U Ud d

Only one LAE candidate (!1%) is detected with ,U ≤ 25.3d

giving us confidence that we have selected a clean sample of
LAEs. More sophisticated interloper rejection would require
deeper imaging over the entire field.Ud

4. RESULTS AND DISCUSSION

Figure 3 shows the spatial distribution of LAEs in the vicinity
of LABd05. We find an overabundance of LAEs in the im-
mediate vicinity of the LAB and clear evidence of an elongated
overdense structure, with what appears to be a ∼10 Mpc!1h70

underdensity at [218.36, 33.07]. In Figure 4, we plot the surface
density of LAEs versus distance from LABd05. This shows a
peak overdensity of a factor of 3.0 relative to the edge of the
field, or a factor of 2.6 when averaged over the central 10

Mpc radius. For comparison, the dashed line shows the!1h70

expected LAE surface density estimated from the lu-z ≈ 3.1
minosity functions of Gronwall et al. (2007) and Ouchi et al.
(2008) assuming a uniform redshift distribution across our
bandpass and no evolution. The overdensity spans at least ≈17
# 47 Mpc (comoving). A study of the LAE population!1h70

around the two S00 LABs, which are of comparable size and
luminosity to LABd05, also found a factor of ∼3 overdensity
relative to the field that was ∼60 Mpc across (Hayashino et al.
2004). Thus, although it was found without any a priori knowl-
edge of its surroundings, LABd05 appears to reside in a sim-
ilarly overdense environment.

Without follow-up spectroscopy, we cannot know the true
redshift distribution of the sample within the intermediate-band
filter. Assuming a uniform distribution across the filter (Dz ≈

, 180 Mpc, comoving, along the line of sight), our!10.17 h70

survey yields a mean number density of r ≈ 2.1 # 10!3 !3h70

Mpc for LAEs with LIA445 " 1.5 # 1042 ergs s cm . The!3 !1 !2

inner contour in Figure 3 corresponds to r ≈ 2.8 # 10!3 !3h70

Mpc while at the edge of the field r ≈ 1.2 # 10!3 !3 !3h70

Mpc . Given the presence of an overdensity, we expect the!3

true redshift distribution to be significantly narrower. If we
assume the overdensity resembles that hosting the S00 LABs,

Prescott+ 2008 
 
𝛿gal~2 



High redshift radio galaxies	
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•  D. Stern and J. Vernet’s talks: 	

   - radio galaxies among most massive galaxies	

   - high SF; surrounded by large halos gas	

	

•  Many objects at z > 2, known redshifts	

   - Lyman alpha imaging	

   - H alpha imaging	

   - Broad band imaging straddling break 	




Overdensities around radio galaxies	
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•  Some results already presented this week	


•  Project: radio galaxies for which Lyman alpha 
imaging was feasible with VLT/FORS2	


   - overdensity easy to catch	

   - spectroscopy quick	

   - not much contamination	
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field of 1338 at z=4.1 
 
37 spec. members 
 
𝛿gal > 4 
 
6/8 radio galaxies in 
overdensities 



Characteristics of proto-clusters (I)	
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•  Mass	

	


   Mpc = 𝜌 V (1+𝛿m)	

     𝜌 = mean density	

     V = Volume	

     𝛿m = mass overdensity 	

         - related to 𝛿gal via bias parameter	


             + add redshift space distortions	




Characteristics of proto-clusters (I)	
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•  Mass	


   - Steidel et al. pc:       ~1015 M⊙	

    - Kang & Im z~3.7 pc: 2-5 x 1014 M⊙	

   - Toshikawa z~6 pc:   3 x 1014 M⊙	

   - radio galaxy pc:        2-9 x 1014 M⊙	

	


   → enough mass for a massive cluster	




Characteristics of proto-clusters (II)	
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•  Number density	


   - 1 z~3 LBG pc per 9´x18´ field (Steidel+ 1998)	


     → nproto-clusters ≈ 3x10-6 Mpc-3	


	


   - ~1 LAE pc per S-CAM field (Ouchi+ 2005)	

        → nproto-clusters ≳ 2x10-6 Mpc-3	

	


    - 5-8 LBG pc per S-CAM field (Intema+ 2006)	


         → nproto-clusters ~ 5x10-6 Mpc-3	

	


	




Characteristics of proto-clusters (II)	
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•  Number density	


   - # radio galaxies at z>2 + radio lifetime 	

        → nproto-clusters ≈ 6x10-6 Mpc-3  (BV+ 2007)	

  	

   Various surveys: n = few x 10-6 Mpc-3 	

	

   Locally: comparable to Mcluster ≳ 2x1014 M⊙ 	




Characteristics of proto-clusters (III)	
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•  Sizes	

	


LAEs @ z=3-6	

→ 7-20 cMpc	

	


LBGs @ z=2-6	

→ ≳7-18 cMpc	

	

(e.g. Steidel+ 1998, 2005;	

 Shimasaku+ 2003; Hayashino+	


 2004; Ouchi+ 2005; Douglas+ 2010; Toshikawa+ 2012)	


No. 2, 2003 SHIMASAKU ET AL. L113

Fig. 2.—Spectra of five candidates over the range 6900–7300 Å. The flux
of objects A, B, C, and D has been offset for clarity by ,!184 # 10 3 #

, , and ergs s cm Å , respectively. The (relative)!18 !18 !18 !1 !2 !110 2 # 10 1 # 10
spectrum of the night-sky emission is shown by a dotted line; emission lines
are not present around 7100 Å.

Fig. 3.—Sky distribution of 43 LAE candidates. North is up, and east is to
the left. Areas of relatively poor quality have been trimmed. A bright star in
the upper left-hand corner, around which the detection of LAEs is impossible,
has been masked. LAE candidates are shown by circles. Brighter candidates
are shown by larger circles. The dotted, dashed, and solid lines correspond to
contours of , 1, and 2, respectively (a top-hat smoothing of Mpc!1d p 0 8 hS 70
radius is made over the LAE distribution to compute the local overdensity).
The region with can be approximated by a circle of Mpc radius.!1d ≥ 2 12 hS 70

aration) find that C and D satisfy the selection criteria for LBGs
at in the versus plane.16 Indeed, the′ ′ ′z p 4.7 ! 0.5 V!i i !z

colors of A, B, C, and D are ∼1.7–2.5, being consistent′V!i
with the color expected for galaxies; on the other hand,z ∼ 5
the color of E is ∼0.5. From the above discussion, we estimate
the contamination of our sample to be ∼ .171 p 20%5

As an independent check, we have examined the distribution
of objects with but with , whichRi!NB711 1 0.8 R!i ! 0.4
are probably low-z interlopers, and we have found that their
distribution on the sky is almost uniform and does not correlate
with that of the LAE candidates.

3. RESULTS AND DISCUSSION

3.1. Large-Scale Structure of LAEs

Figure 3 shows the sky distribution of 43 photometrically
selected LAE candidates. We find a remarkable large-scale clus-
tering; an overdense region lies in the east-southeast–west-
northwest direction, and there are few objects outside this re-
gion. To quantify overdensity, we estimate the local surface
density of LAEs, , and compute the surface overdensity,S(x, y)

, where is the mean surface den-   d (x, y) { [S(x, y) ! S]/S SS

sity of LAEs. We adopt as the mean surface density in our S
image, although a larger area is desirable to obtain a more
accurate (i.e., global) estimate of . S

The overdensity contours are drawn in Figure 3. The pro-
jected size of the overdense region ( ) is found to be aboutd ≥ 0S

20 Mpc in width and larger than 50 Mpc in length!1 !1h h70 70
(comoving units) since the region seems to continue outside
the image at either side. This elongated overdense structure
may be a cross section of a wall-like structure that extends
along the sight line (note that the survey depth is Mpc).!133 h 70

16 The five candidates are located in the central part of the SDF, where we
obtained deep images as well in 2001 March–June (M. Ouchi et al.′B, V, z
2003, in preparation).

17 This value is lower than that estimated by Ouchi et al. (2003) for a deeper
sample, ∼40%, on the basis of photometric properties alone. This is probably
because the photometric errors in our sample are smaller than those in Ouchi
et al.

Another possibility may be that we are seeing a “redder” part
of a structure that is centered at a redshift smaller than that
corresponding to the center of NB711 ( ), since all fivez p 4.86
objects with spectroscopy have . This elongated struc-z ! 4.86
ture includes a region of that is well approximated byd ≥ 2S

a circle of 12 Mpc radius. Since the minimum mass of this!1h70
circular region is computed to be ! 3 14(4p/3)r 12 ! 3 # 100

M, ( is the mean matter density of the universe), later!1h r70 0
it may become a massive cluster of galaxies after collapsing
to a size of a few megaparsecs. In the present-day universe,
clusters are often embedded in large-scale structures. From
these features, it is very likely that this elongated region is a
proto–large-scale structure at .z ! 5

3.2. Implications on Cold Dark Matter Models

In a simple manner, we examine whether or not CDM models
can reproduce the observed structure. We focus on the circular
region of since properties of circular regions are predictedd ≥ 2S

easily. We make a reasonable assumption that this region is a
sphere of 12 Mpc radius in three-dimensional space with a!1h70
spatial overdensity of . We consider three CDM models:d p 2
a L-dominated model with , , kmQ p 0.3 l p 0.7 H p 700 0 0
s Mpc , and ; an open model with ,!1 !1 j p 0.9 Q p 0.38 0

10 cMpc 

Shimasaku+ 03 
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•  Sizes	


	


B. P. Venemans et al.: Protoclusters associated with z > 2 radio galaxies. I. 841

Table 6. Summary of the results of the imaging and spectroscopic observations of the radio galaxy targets. For completeness, the target of the pilot
project, MRC 1138–262 is included.

Field z Na
img Nb

spec Nc
conf Nd

none Ne
low z N f

extra Ngtot nrg/nh
field σi

v M j
pcl

km s−1 1014 M"
1602 2.04 2 – – – – – – – – –
2048 2.06 10 3 2 1 0 1 3 1.2+0.8

−0.7 – –
1138 2.16 37 11 11 0 0 4 15 4 ± 2 900 ± 240 3–4
0052 2.86 57 36 35 1 0 2 37 3.0+0.5

−0.4 980 ± 120 3–4
0943 2.92 65 30 25 4 1 3 28 3.2+0.9

−0.7 715 ± 105 4–5
0316 3.13 77 30 28 1 1 3 31 3.3+0.5

−0.4 640 ± 195 3–5
2009 3.16 21 9 9 0 0 2 11 1.7+0.8

−0.6 515 ± 90 –
1338 4.11 54 36 34 2 0 3 37 4.8+1.1

−0.8 265 ± 65 6–9
0924 5.20 14 8 6 0 2 0 6 2.5+1.6

−1.0 305 ± 110 4–9
a Number of candidate Lyα emitters with EW0 > 15 Å and EW0/∆EW0 > 3. b Number of spectroscopically observed candidates. c Number of
spectroscopically confirmed Lyα emitters. d Number of candidates not detected spectroscopically. e Number of low redshift emission line galaxies
among the observed candidates. f Number of confirmed Lyα emitters not satisfying the imaging selection criteria. g Total number of confirmed
Lyα emitters near the radio galaxy. h Density of the emitters as compared to the field density on the basis of the imaging candidates. Note that the
redshift range of the confirmed emitters is generally smaller than the width of the filter (see Sects. 3 and 5.2). i Velocity dispersion of the confirmed
emitters. j Estimated mass of the protocluster (Sect. 5.2).

Based on the (volume) overdensity and the clustering of
emitters in redshift space, we argue that at least five of the ra-
dio galaxies (MRC 1138–262, MRC 0052–241, MRC 0943–
242, MRC 0316–257 and TN J1338–1942) are associated with
a forming cluster of galaxies (protocluster). We are not able to
make a definite statement about the environment of TN J0924–
2201 at z = 5.2, due to the small number of confirmed galaxies
(Venemans et al. 2004). Recent multi-color observations with
the HST indicate that this field is overdense (at the 99.6% level)
in V-band dropouts (Overzier et al. 2006b), and these dropouts
could represent an additional galaxy population in the protoclus-
ter. Although follow-up spectroscopy is needed to confirm that
the dropouts are at z = 5.2, the richness of Lyman break galax-
ies in the field strengthens our hypothesis that a large structure
is present at z = 5.2. The two remaining radio galaxy fields,
the 2048 and 2009 fields, have Lyα volume densities consis-
tent with the field density. In the 2009 field, clustering can be
seen in the position of the emitters on the sky and in velocity
space. More observations in this field are needed to confirm the
clustering and to identify a possible structure of galaxies. Based
on the results in the eight radio galaxy fields, 75% of luminous
(L2.7 GHz > 1033 erg s−1 Hz−1 sr−1) radio galaxies at z > 2 are
associated with a forming cluster of galaxies.

In the next section, we will describe the properties of the
radio galaxy protoclusters as a whole. The properties of the high
redshift Lyα emitters are or will be discussed elsewhere (Kurk
et al. 2004b; V05; Venemans et al. in prep.).

5. Properties of high redshift protoclusters

5.1. Structure size

As can be seen in Figs. 4, 7, 10 and 11, the sizes of the protoclus-
ters are generally larger than the field of view of the FORS2 cam-
era (>3.2 × 3.2 Mpc2). Only in the 1338 field a boundary can
be seen to the north-west of the radio galaxy (but see below).
Kurk et al. (2004b) found that the surface density of Lyα emit-
ters decreased with increasing distance to the radio galaxy in
their field. Within the limitations of the relatively small number
of objects, we tested each of our fields to see whether there is a
concentration of emitters near the radio galaxy. In two fields, the
0052 and 0316 fields, we found that density did not change with

Fig. 18. Surface density of emitters as a function of proper dis-
tance from the radio galaxy MRC 0943–242. The error bars represent
Poissonian errors. The horizontal dashed line is the surface density of
Lyα emitters in blank fields. The vertical dotted line represents the max-
imum distance measurable in the image.

distance to the radio galaxy, and that the distribution of emitters
was roughly homogeneous over the imaged area. Most likely,
the extent of the protocluster in these fields is larger than the
area covered by our imaging. In the 0943 field at z = 2.9, the sur-
face density of Lyα emitters declines further away from the radio
galaxy, as is shown in Fig. 18. At a proper distance of∼1.75 Mpc
from the radio galaxy, the surface density of Lyα emitters is
consistent with the field density. We regard this radius as the
size of the protocluster. A similar distribution was found in the
1338 field, but only if the average position of the emitters was
taken as centre (see Fig. 19). As mentioned in Sect. 3.8, the radio
galaxy is located at a distance of 1.3 Mpc from the centre of the
emitters. We estimate that the size of this protocluster is 2.0 Mpc
(Fig. 19).

However, these size estimates of the protoclusters are based
only on the position of Lyα emitters. It is possible that other
galaxy populations in the protoclusters are distributed dif-
ferently. As already mentioned in Sect. 3.8, an overdensity
of mm galaxies is located to the north of the radio galaxy
TN J1338−1942 (De Breuck et al. 2004), whereas the high-
est concentrations of Lyα emitters in this field lies south of
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•  Sizes	


LAEs and LBGs around radio galaxies:	

•  >6-10 cMpc  (e.g. Keel+ 1999; Intema+ 2006; BV+ 2007)	


	

→ sizes up to >10 cMpc (>1.5-3.3 physical Mpc)	

	


•  Consistent with models 	

                                      (e.g. Overzier+ 2009; Y.-K. Chiang’s talk)	
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Figure 8. Illustration of a massive protocluster region selected from a large cos-
mological N-body simulation. The protocluster region shown is the progenitor of
the most massive cluster found in the Millennium-II Simulations (corresponding
to an M ! 1015 M" cluster at z = 0). Symbols show the (projected) distribution
of dark matter halos having masses as indicated in the figure legend (values in-
dicate the logarithm of the halo mass in M"). The scale bar indicates a physical
radius of 1 Mpc.

The difference between the low-z and high-z environments
of AGNs perhaps stems from the different halo masses that
host them. Due to the flux-limited nature of observational
surveys, high-z QSOs are much more luminous than local
AGNs, and thus, presumably embedded in a more massive
halo. Indeed, a generic expectation in most models of galaxy
formation is that the most massive density peaks in the early
universe (such as QSOs and massive galaxies) are likely to be
strongly clustered (Kaiser 1984; Efstathiou & Rees 1988). In
the hierarchical formation and evolution scenario of galaxies
and QSOs (Haehnelt & Kauffmann 2000), luminous QSOs are
located in rare overdense regions. This is why high-z QSOs
have been used as beacons to search for high-density regions
(Coldwell & Lambas 2006). Croom et al. (2005) and Shen et al.
(2007) found an increasing clustering of QSOs with redshift.

Surprsingly, at z > 6 the situation appears to change again;
luminous QSOs are not necessarily found in strong density
peaks. Kim et al. (2009) studied the number densities of
i-dropout objects around five SDSS z ∼ 6 QSOs using HST/
ACS. They found an overdensity in two fields and underdensity
in two fields. Zheng et al. (2006) and Stiavelli et al. (2005)
found an overdensities around the QSOs SDSSJ0836+0054
(z = 5.82) and SDSS J1030+0524 (z = 6.28). However, these
overdensities do not appear to be as magnificent structures as
were found at lower redshift, or even in some random regions at
z ∼ 5–6 (e.g., Ouchi et al. 2004b; Kashikawa et al. 2007; Ota
et al. 2008).

One of the major problems of previous work at z ∼ 6 is
the relatively small FOV of the HST/ACS. The 200′′ × 200′′

field can only probe a region of 1 Mpc × 1 Mpc at z ∼ 6
and thus may easily miss any larger structures such as found
in this work. Computer simulations also predict that the largest
structures present at z ∼ 6 span several tens of megaparsecs
(Overzier et al. 2009), while luminosity functions of LBGs
show a large field-to-field variation (Hu et al. 2004; Ouchi et al.
2009). These results suggest that previous non-detections of

overdensities around QSOs may need to be re-examined using a
larger FOV or deeper observations. The difference in the FOV is
perhaps the primary reason why no previous work has detected
a highly significant overdensity around any of the z ∼ 6 QSOs.
Our positive detection may have been facilitated by the large
FOV that allowed us to investigate the structure at scale of
∼3 Mpc.

For an illustration of what such a region at z ! 6 might look
like, we show an example of a large protocluster selected from
the Millennium-II cosmological N-body simulations (Boylan-
Kolchin et al. 2009). Figure 8 shows the (projected) spatial dis-
tribution of strongly clustered dark matter halos associated with
a protocluster at z = 6.2. This protocluster is the progenitor of
the most massive cluster found in the Millennium-II simulations
and corresponds to an M ! 1015 M" cluster when evolved to
z = 0. Figure 8 shows, at least qualitatively, that we may ex-
pect significant enhancements in the density of the galaxies that
are hosted by the dark matter halos shown, provided that QSOs
indeed trace protoclusters. A more quantitative analysis of the
surface density of z-dropout galaxies near QSOs expected in the
simulations is needed for a proper comparison.

5.2. Size of the H ii Region

Next, we compare our finding of an overdensity of LBGs
around a QSO at a characteristic scale of 3 Mpc to spectroscopic
measurements of H ii regions around QSOs.

It has been demonstrated through spectroscopic observations
that there exist large, ionized regions around luminous QSOs.
These are sometimes called H ii regions, Stromgren spheres, or
highly ionized near zones. In this work, we will refer to them as
H ii regions. In order to define the size of the H ii region, Fan et al.
(2006b) proposed a definition as a point in the spectra where
the Lyα transmission first drops to T < 0.1 for spectra binned
in 20 Å pixels. The CFHQS J2329−0301 transmission drops at
T < 0.1 first at 3.6 Mpc and then again at 6.3 Mpc (Willott et al.
2007). Interestingly, the size of this spectroscopically measured
H ii region is comparable to the possible ring shape distribution
of LBGs around CFHQS J2329−0301 (Figure 6). Note that the
size of the spectroscopic H ii region is expected to be larger
(∼10 Mpc) for the SDSS QSOs due to their higher luminosities
(they are brighter by ∼2 mag). In addition to the small FOV of
HST/ACS, this may be an additional reason why no significant
overdensity of LBGs has been found around SDSS QSOs. To
observe an overdensity of galaxies at a scale of >10 Mpc (such
as expected around the luminous SDSS QSOs at z ∼ 6), one
needs multiple FOVs even with the Suprime-Cam. We conclude
that the size of the H ii region is consistent with the apparent
lack of LBG candidates closest to the QSO.

5.3. Possible Physical Mechanisms

If our detection of the lack of LBGs near the QSO is real,
then what created the observed paucity of galaxies within 3 Mpc
from the QSO? One possibility is that the intense emission of
ionizing radiation associated with QSOs ionizes the surrounding
IGM and may even photoevaporate the gas in neighboring dark
halos before it has the opportunity to cool and form stars. In
this scenario, QSOs would suppress galaxy formation in their
vicinity. One would then observe a paucity of galaxies near
a QSO despite the underlying excess of dark matter halos.
Shapiro et al. (2004) presented the first theoretical simulations
of the gas dynamics coupled with radiative transfer, showing
that an ionizing source that emits 1056 photons s−1 (appropriate

Utsumi+ 2010 
Overzier+ 09 

Simulation, z=6.2 



Characteristics of proto-clusters (IV)	


13/09/2012 Growing-up at high redshift: from proto-clusters to galaxy clusters 31 

•  Velocity dispersion	


   - Expensive	

   - Contamination (field, subgroups)	
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•  Velocity dispersion	
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Figure 10.3 — Linear overdensities as a function of redshift based on the observational evidence for protocluster candidates
as summarized in Table 10.1. Points with error bars show the linear overdensities corresponding to the measured galaxy
overdensities (mostly from Lyα emitters) assuming spherical collapse, and the evolution of the overdensities with redshift is
shown by the shaded regions (1σ range). The horizontal bar indicates the critical collapse treshold, δc = 1.686, for forming
bound objects. The available data suggests that the protocluster candidates have varying properties when evolved to the
current epoch: some structures undergo collapse by z ∼ 0.5, others by z ≈ 0, while some structures are not dense enough for
undergoing collapse even by z = 0. See text for details.

to

δL(z2) =
D(z2)δL(z1)
D(z1)

, (10.5)

where

D(z)= g(z)/[g(0)(1+ z)], (10.6)

g(z)= 5
2ΩM,z [Ω4/7M,z −ΩΛ,z +

+(1+ ΩM,z/2)(1+ ΩΛ,z/70)]−1,
ΩM,z = ΩM(1+ z)3/E2(z),
ΩΛ,z = ΩΛ/E2(z),
E2(z)= [ΩΛ + (1−ΩΛ −ΩM)(1+ z)2 + ΩM(1+ z)3].

using the approximations to the cosmological
growth in a ΛCDM universe given by Carroll et
al. (1992).
In each of the panels of Fig. 10.3 we have
indicated the critical linear overdensity for col-
lapse. The simple extrapolation of the measured
overdensities to later epochs illustrates a range
of interesting aspects of these structures. Some
of the structures (e.g. the targets HS1700–FLD
at z = 2.3, TN J1338–1942 at z = 4.1 and SXDF
at z = 5.7) have sufficiently large overdensities
with relatively small uncertainties, that they are
expected to have reached the collapse threshold

R. Overzier 
PhD thesis 
 
Steidel+ 2005 
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•  Already presented in various talks	

	

•  Higher AGN fraction in proto-clusters	

   (e.g. Pentericci+ 2002; Lehmer+ 2009; Digby-North+ 2010)	


	


•  Galaxies older and more massive	

   (e.g. Steidel+ 2005; Hatch+ 2011)	




Galaxies older and more massive	
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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.
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Summary	
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•  Caution linking high-z pc with low-z cluster	


•  Differences found between pc / field galaxies	

   - in place at high-z, cluster still forming 	


•  Need large samples to trace redshift evolution	
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End 


