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ABSTRACT

We study the cluster environment for a sample of 21 radio loud AGN from the 3CR catalog at
z > 1, 12 radio galaxies and 9 quasars with HST images in the optical and IR. We use two different
approaches to determine cluster candidates. We identify the early type galaxies (ETGs) in every field
by modeling each of the sources within a 40” radius of the targets with a Sersic profile. Using a simple
passive evolution model, we derive the expected location of the ETGs on the red sequence (RS) in the
color-magnitude diagram for each of the fields of our sources. For seven targets, the model coincides
with the position of the ETGs. A second approach involves a search for over densities. We compare
the object densities of the sample as a whole and individually against control fields taken from the
GOODS-S region of 3D-HST survey. With this method we determine the fields of 10 targets to be
cluster candidates. Four cluster candidates are found by both methods. The two methods disagree in
some cases, depending on the specific properties of each field. For the most distant radio galaxy in
the 3CR catalog (3C257 at z = 2.47), we identify a population of bluer ETGs that lie on the expected
location of the RS model for that redshift. This appears to be the general behavior of ETGs in our
fields and it is possibly a signature of the evolution of such galaxies. Our results are consistent with
half of the z > 1 radio galaxies being located in dense, rapidly evolving environments.

Subject headings: galaxies: active — galaxies: clusters: general — (galaxies:) quasars: general — galaxies:

elliptical and lenticular, cD — galaxies: jets

1. INTRODUCTION
Radio galaxies (RGs) and radio loud quasars (QSOs)

are among the most energetic phenomena in the universe.
The hosts of these objects at low redshifts (z < 0.3) are
massive (M ~ 1011 M) giant elliptical galaxies
11996; Donzelli et al|2007). Their powerful jets are be-
lieved to be produced by rapidly spinning supermassive
black holes (SMBHs, Blandford & Znajek|1977;[Wilson &
|Colbert|[1995; |Ghisellini et al.[2014). There is also grow-
ing evidence that their black hole (BH) masses are above
~ 108M® (ILaor| |2000|; |Dun10p et a1.| |2003|; |Best et al.|
2005}, [Chiaberge & Marconi/[2011} [Calderone et al.[2013}
Castignani et al.|2013; Mao et al.[2015). Radio loud (RL)
active galactic nuclei (AGN) are typically found in rich
Mpc-scale environments. At low redshifts z < 0.3 the
fraction of RGs that reside in clusters is as high as 70%
and a large fraction of them are located
in the cluster ¢D galaxy. At higher redshifts (z ~ 0.5
and above) the fraction of RL AGN in clusters is ~ 50%
(Prestage & Peacock|[1988} [Hill & Lilly|[1991} [Best|[2000}
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\Galametz et al.|2012; [Wylezalek et al|2013). However,
due to the lack of study of statistically meaningful sam-
ples for z > 1, the exact fraction of RGs residing in
clusters at these redshifts is still not firmly known. This
is in fact a central question not only for our understand-
ing of the physics of the RL. AGN phenomenon, but also
for high-z clusters searches. In fact, high-z radio galaxies
are often used as beacons for clusters or proto-clusters at
z > 2 (Miley & De Breuck|[2008| for a review).

A Hubble Space Telescope (HST) Cycle 20 snapshot
program (GO13023, P.I. Chiaberge, M.,
in prep)) was designed to study the environment of a
sample of 3CR (Spinrad et al.||1985) RGs and QSOs at
z > 1 in much greater detail. In particular, one of the
central goals of the project was to determine the frac-
tion of clusters in the high z 3CR sample. Some of the
most commonly used methods for determining the pres-
ence of clusters are based on the X-ray emission from
the intracluster medium (Rosati et al|[2002)), the Sun-
yaev Zel’dovich effect (Sunyaev & Zeldovich|[1972), the
red sequence (RS) method (Gladders & Yee||2000), as
well as the search for over densities of galaxies through
a number of statistical tools (Castignani et al. 2014, and
references therein). The RS technique is known to iden-
tify clusters out to a redshift of z ~ 2. Such a method
is based on a pattern found in color magnitude diagrams
(CMD) due to the passive evolution of early-type galax-
ies.

In this paper we use two different approaches to study
the Mpc scale environment of 3CR sources and deter-
mine their possible association with clusters or groups.
Firstly, we focus on investigating the presence of a RS in
the field of each target. Secondly, we compare the den-
sity of objects in each field against the average density
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of a control sample. The plan of the paper is as follows:
in Section [2] we describe the sample and the HST ob-
servations; in Section |[3| we discuss our method to detect
objects, and perform photometry; Section [ focuses on
detailing the methods we use to assess the presence of a
cluster and describes the results; in Section [5] we discuss
our findings. Lastly, in Section [ we draw conclusions.

Throughout the paper we use the AB magnitude sys-
tem and a ACDM cosmological model with the follow-
ing parameters: Hy = 70 km s~ ! Mpc~'; Q,, = 0.27;
Qp =0.73.

2. OBSERVATIONS AND DATA REDUCTION

Our targets were observed in optical and near-IR with
HST’s Wide Field Camera 3 (WFC3) between Decem-
ber 2012 and May 2013 as part of snapshot program
GO13023. HST snapshot surveys of complete samples
are well suitable for statistical studies, since the obser-
vations are scheduled by randomly picking objects from
the original target list to fill gaps in the HST schedule.
The proposal originally planned for the complete sample
of 58 3CR z > 1 targets and throughout Cycle 20 we
obtained data for 22 of these 58. The observed sample
represent 38% of our proposed sample. Of the 22 ob-
served targets, 12 objects are radio galaxies and 10 are
QSOs. The observed sample spans a redshift range of
1.05 < z < 2.47.

The names and properties of all the observed targets
are listed in Table [

In the case of 3C418, the source is at low galactic lati-
tude and thus the field is contaminated by a large num-
ber of stars. The field is also heavily reddened (Ay = 2.9
Hilbert et al., |[in prep.) making the analysis of the envi-
ronment of this high-z object impossible. For this reason,
we choose to exclude this target from the discussion of
this paper.

Both the UVIS (F606W) and IR (F140W) channels
of WFC3 were used to image each of our targets. The
UVIS observations have a field of view of 162” x 162”
with a pixel scale of 0.04”. The IR observations cover a
field of view of 123” x 136”, corresponding to a projected
distance of 1.0 Mpc x 1.2 Mpc at z = 1.5. The pixel scale
for WFC3 IR is 0.13”.

We first download the data from the Mikulski Archive
for Space Telescopes (MAST). We customize the data
reduction for our data set using two different reductions
for the UVIS and IR images. In the custom reduction
for the UVIS data, we first correct for charge transfer ef-
ficiency losses using the algorithm derived by |Anderson
& Bedin| (2010), which produces the “FLC” (flat fielded
and CTE corrected) calibrated files. The second part of
the custom reduction focuses on the cosmic ray removal
through a multi-step process. To this aim, we use the
Python version of L. A. Cosmic (van Dokkum|2001)) twice
on each image. The first run is made with conservative
parameters, in order to make sure that only the obvi-
ous and brighter cosmic rays are removed, and no real
objects are affected. A second L. A. Cosmic run is then
performed with more stringent parameters to remove the
cosmic rays in the region around the chip gap only. This
is needed since we only have two dither points, and there-
fore while the chip gap is fully covered, there is a region
of the gap that is only imaged once. At least two images
are needed for the Astrodrizzle cosmic ray removal task to

work effectively. Astrodrizzle is then used to combine the
images, and remove residual cosmic rays. However, with
only two dither points, we noticed that not all events
are completely removed. In particular, pixels that are
impacted by cosmic rays in both images cannot be cor-
rected. In order to remove these residual cosmic rays we
first make a mask that includes pixels showing significant
flux excess compared to the surrounding pixels. These
are identified by a simple algorithm that compares each
drizzled image with both the difference and the ratio of
the original two images. The marked pixels in the mask
are then grown using a Gaussian kernel of appropriate
FWHM (generally ~ 1 pixel), in order to fix a slightly
larger area. Pixels in that area are then replaced by
linear interpolation of the surrounding pixels using the
IRAF taks fixpiz.

The reduction for the IR data uses the standard HST
pipeline followed by a persistence correction (Long|2011)).
For more details regarding the steps of the custom reduc-
tion, see [Hilbert et al., | (in prep.).

3. PHOTOMETRY

We first identify sources on the IR images and then we
perform photometry on both IR and UVIS images based
on the object catalog derived from the IR. The emis-
sion of each galaxy in the UVIS images is dominated by
a younger stellar population since the rest-frame wave-
length of the UVIS pass band (F606W) resides in the
UV at z > 1. These young stellar components usually
appear as "blobby” structures (i.e. regions of star forma-
tion), and do not allow a straightforward identification
of the object as a whole. At 1 < z < 2.5 the IR pass
band (F140W) is rest frame optical and thus samples
older stellar populations, resulting in a smooth regular
shape. For this reason, we use the IR images to identify
sources.

The procedure is as follows. We use Source Extrac-
tor (SExtractor) (Bertin & Arnouts [1996) in the MAG
BEST mode for the IR images. Such a mode allows for
measurements of the flux for sources with different mor-
phologies. When set in this mode, SExtarctor uses a
flexible elliptical aperture around every detected object
and measures all of the flux inside that, provided that the
aperture is larger enough. SExtarctor constructs the spe-
cific elliptical apertures using the Kron radius, described
in [Kron| (1980). However, if the elliptical aperture is
smaller than 3 pixels in radius, SExtractor defaults to
a circular aperture of 3 pixels. Also, if the contribu-
tion form other sources is determined to exceed 10%, an
isophote corrected flux/magnitude is used. This method
retrieves the fraction of flux in the wings of an object
that would be missed in the isophotal magnitudes by as-
suming a Gaussian profile. For full technical details see
Bertin & Arnouts (1996) section 7.4.2.

In order to select the optimal parameters we simulate
a 512 x 512 pixel image convolved with a Tinytim (Krist
et al.|[2011)) model PSF consisting of 78 galaxies repre-
sentative of the galaxies within our targets’ fields. We
run SExtractor on this image with varying parameters
(Kron factor, and minimum radius) until we minimized
the difference between the known, simulated magnitudes
and those given as output by SExtractor. After estab-
lishing the ideal parameters, Kron factor of 2.5 pixels and
minimum radius of 3.5 pixels, we run SExtractor on the
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TABLE 1
THE OBSERVED SAMPLE.

3CR Name RA Dec

z S178mHz Log LirgsnmH:=
(Jy) (erg/sec/Hz)

Radio Galaxies

3C 210 8:58:10.0 +427:50:52 1.169 9.5 35.85
3C 230 9:51:58.8 -00:01:27  1.487 19.2 36.37
3C 255 11:19:25.2 -03:02:52  1.355 13.3 36.13
3C 257 11:23:09.2  +05:30.19 2.474 9.7 36.30
3C 297 14:17:24.0 -04:00:48 1.406 10.3¢ 36.05
3C 300.1 14:28:31.3 -01:24:08 1.159 10.1 35.87
3C 305.1 14:47:09.5 +76:56:22 1.132 4.6 35.50
3C 322 15:35:01.2  +455:36:53 1.168 10.2 36.19
3C 324 15:49:48.9 421:25:38 1.206 13.6 36.04
3C 326.1 15:56:10.1  420:04:20 1.825 9.0 36.19
3C 356 17:24:19.0 +450:57:40 1.079 11.3 35.85
3C 454.1 22:50:32.9 +71:29:19 1.841 10.2 36.25
QSOs
3C 68.1 02:32:28.9  +34:23:47 1.238 12.1 36.01
3C 186 07:44:17.4 437:53:17 1.069 13.0 35.90
3C 208 08:53:08.6  +13:52:55 1.112 17.0 36.06
3C 220.2 09:30:33.5 +36:01:24 1.157 8.6 35.80
3C 268.4 12:09:13.6  +43:39:21  1.402 9.5 36.01
3C 270.1 12:20:33.9 +33:43:12 1.528 12.7 36.21
3C 287 13:30:37.7  425:09:11 1.055 16.0 35.98
3C 298 14:19:08.2 406:28:35 1.438 47.1 36.73
3C 418 20:38:37.0 +51:19:13 1.686 11.9 36.26
3C 432 21:22:46.3 +17:04:38 1.785 12.5 36.32
NOTE. — In column 1 of the table we give the names of the objects. In columns

2 and 3 we display the coordinates. In column 4 we show redshifts. In column
5 we show the flux at 178 MHz , and in column 6 we show the logarithm of the

luminosity.

IR images to identify sources.

We use the SExtractor catalog produced from the IR
data to select the regions on which we perform aperture
photometry on the UVIS images. As noted above since
the galaxies in the UVIS images are more likely to be
irregularly shaped, we use aperture photometry to mea-
sure the flux of all the components located within the
region covered by the galaxy in the IR image. The aper-
ture size is adopted from the output of the SExtractor
fit for the IR sources. The specific radius used for each
source is 7 = a X R g where R g is the 90% effective light
radius of the corresponding IR source. After testing a
range of values on simulated galaxies of different mor-
phologies, we find that o = 1.2 is optimal to accurately
measure the magnitude of the objects in the IR band.
This value is also appropriate to encompass all of the
flux of the individual components seen in the UVIS im-
age that are co-spatial to a single source in the IR data.
After we complete the photometry we correct for galactic
absorption and work with the AB magnitudes (F606W
zero point 26.0691 , F140W zero point 26.4524).

The final step in producing the source photometric cat-
alog for each field is to remove objects identified as stars
so that the photometric data for each field contains only
galaxies.

4. METHODS FOR FINDING CLUSTERS AND GROUPS

We use two complementary methods to establish which
of our fields may contain a cluster or group. Each ap-
proach has limitations and so in order to find the best
candidates, we compare the results from both methods.

Firstly we look for the presence of a RS in CMDs in
analogy with the so-called RS technique (Gladders &
Yee 2000). This method is sensitive to massive clusters
where the RS is more clearly defined. Secondly we iden-
tify over-densities of objects in the field of our targets
when compared with the object densities from randomly
selected fields. By comparing the results from multiple
methods, we can better identify which fields are the best
cluster candidates. Below we describe the two different
approaches.

4.1. Red Sequences

The existence of a RS in a CMD is a known indica-
tor of clustering. A cluster’s RS is identified as a linear
relationship in CMD where bright (early-type) galaxies,
dominated by an old stellar population, are located. The
position (color and slope) of the RS is determined by the
evolution of the cluster early-type galaxies, and thus de-
pends on redshift. Therefore, to determine the presence
of a RS, we firstly identify the early-type objects and
determine whether their positions on the CMD coincide
with the expected position of the RS at the redshift of
the radio source in that field.

4.1.1. Morphological Classification

The first step in determining whether the CMD ex-
hibits a cluster RS is to determine which objects in the
field are early-type galaxies (ETGs). We morphologi-
cally classify all galaxies inside a 40” (346 kpc at z =
1.5) radius encircled upon the target.
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Fic. 1.— WFC3 IR F140W image of an object in the field of
3C68.1. This object was originally fit and estimated to have a
Sersic index within our early-type range. After visual inspection,
it is clear that this object is in fact not an early-type galaxy and
should not be marked as so in our CMD.

To classify the galaxy morphologies, we fit the IR 2-
D surface brightness profiles of all galaxies in each field
using a Sersic law in Galfit (Peng et al.|[2010). The Sersic

law is given as
1/n
r
- — -1 1

where Y. is the surface brightness at the effective radius
re (half of the total flux is within 7.) and the Seérsic index
is n. We classify a galaxy as early-type if the best fit
results in a Sersic index, n, of 2 < n < 8. For each early-
type galaxy we visually inspect the image as well as the
residuals in order to determine if the fit was appropriate.
In a small number of cases (< 2%) Galfit misclassifies an
object due to low signal to noise, or contamination from
nearby objects. Fig. [1] shows an example of an object
classified as early-type that we reject possibly due to low
signal to noise or contamination.

4.1.2. Red Sequence Modeling

In order to produce a model red sequence estimate, we
use GalEv (Kotulla et al|[2009), the evolutionary syn-
thesis modeling program. The GalEv input parameters
include mass, metallicity, and redshift of formation. For
our models, we assume a single burst of star formation
followed by passive evolution. Our goal is not to provide
a detailed model of the evolution of single galaxies, but
rather a comparison of different evolutionary states at
the redshifts of our targets. Therefore a simplified frame-
work, with a single star burst and passive evolution is
sufficient. Furthermore, we tested that more complicated
evolutionary models with non-instantaneous or multiple
star forming events would not provide significant changes
for the location of the predicted red sequences unless the
star forming events are very recent. GalEv outputs the
modeled magnitudes starting from the redshift of forma-
tion.

As a reference we use the observed red sequence in the
well-studied X-ray selected cluster RDCS 1252.9-2927 at
z = 1.24 (Blakeslee et al.[|2003]). The cluster was observed
with HST/ACS using the filters F775W and F850LP as
part of program GTO/ACS 9290 and is known to have a
well-defined RS even at such a high redshift. We derive
the parameters that produce the best representation of
the observed RS for two different redshifts of formation
(z1 = 6.5, za= 20). We model the evolutions of galaxies

TABLE 2
GALEV PARAMETERS
Mass (Mg) [Fe / H]
z1 = 6.5
1 x 1010 0.0
5 x 1011 +0.3
zo = 20
1 x 1010 -0.3
5 x 1011 0.0

NoTE. — For the redshifts
of formation (6.5 , 20), each
row shows the GalEv parame-
ters used to generate a galaxy
used in our fit. Other param-
eters that remain consistent
across all GalEv models are
IMF: Salpeter IMF (.1 - 100
Mg), Burst: No Burst, Type:
E (Elliptical), and Extinction
Law: None.

with two different masses ( i.e. corresponding to different
magnitudes), which allow us to identify the slope in the
CMD. The choice of parameters (mass and metallicity),
are consistent with mass-metallicity relations described
in|Lee et al.[(2008)). The derived set of parameters is then
used to obtain the model magnitudes at each redshift
for the two filters used in our WFC3 observations. The
parameters used for the model are listed in Table

In Figs. we show the resulting color (F606W —
F140W) plotted against the F140W magnitude for each
of the objects with mpiqow < 27 within a 40” radius
surrounding the targets. Objects marked with green cir-
cles, indicate early-type galaxies (ETGs). Blue circles
indicate that we originally classify the object as early-
type but establish that the object was misclassified after
visual inspection (as described in section[£.1.1]). In addi-
tion, we display the two model RSs corresponding to the
two redshifts of formation ( z; in black, zg in red). Given
the uncertainties of the models and considering the range
of redshift spanned by our sources, we highlight an area
corresponding to a spread of £0.3 mag where we quali-
tatively expect to observe a RS.

Using the CMD, we define a cluster candidate as any
field in which we observe at least half of the galaxies
classified as early-type lying within the area spanned by
the models. We count all objects whose 1o error bar falls
within the +0.3mag band around either one of our two
red sequence models.

One of our targets (namely 3C 210) is known to re-
side in a well studied high-redshift cluster characterized
by the presence of a red sequence (Stanford et al.|2002).
3C 186 is also known to reside in a cluster, but in that
case the cluster was confirmed by the clear detection of
X-ray emission from the intracluster medium (Siemigi-
nowska et al.[|2010]). We use these clusters to test the re-
liability of our red sequence method. Reassuringly, this
method correctly identifies both fields as cluster candi-
dates because of the presence of a substantial number of
ETGs within the region of the CMD where the corre-
sponding model red sequences lie.
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F1G. 2.— The CMD of the 9 QSOs in our sample. The plots contain all objects with magnitude less than 27 contained within a 40” radius
of the target. The green circles, indicate that we classify the object as early-type, while blue circles represent objects that we originally
classify as early-type but later reject the object due to contamination or another anomaly. The red and black lines represent our model
red sequences using GalEv parameters with a redshift of formation of 20 and 6.5 respectively. The dashed lines surrounding the models
visualize a spread of £ 0.3 magnitudes. The target QSOs are not displayed in the figures.

4.1.3. Red Sequence Results

Using this classification scheme we find 7 cluster candi-
dates associated with 3 QSOs and 4 RGs. Results of this
analysis are summarized in Table For each field, we
report the number of objects falling within the 40” radius
around the target (n4g»), the number of objects within
the region that are classified as early-type (ngrg), the
number of ETGs whose 1o error bar falls within the +0.3
color band around each of the RS models with redshift of
formation 6.5, and 20 (ETG; and ET G4 respectively).
The objects classified as cluster candidates based the RS
method described above are marked in column 6 with
” RS77 .

In addition to the 7 candidates identified with the
RS method, we also point out that two additional fields
(3C220.2 and 3C356, see Fig. [2|and Fig. [3] respectively)
show a significant number of ETGs lying within the area
spanned by the models. Our method does not identify
these objects as cluster candidates because of the pres-
ence in the same field of a large number of bluer ETGs
that do not fall close to the RS models. In 3C356 such
ETGs are relatively bright, thus it is possible that at least
some of them are foreground objects. Only spectroscopy

of these objects can address this issue.

Another object that shows an interesting population
of blue ETGs is 3C257 (see Fig. , our highest redshift
target (z = 2.474). Interestingly, these blue ETGs lie
exactly on top of the RS models. This will be further
discussed in Sect. 5.1l

4.2. QOwver-densities
4.2.1. Method

In addition to the method using RSs described above,
we investigate the existence of an over-density of galaxies
in the regions surrounding the targets. The presence of
over-densities could be an indication of clustering. Our
method to search for significant over-densities compares
the object counts in a region within 40” of each target
against the average density of objects in control fields. In
the range of redshift between 1 and 2.5, the projected size
corresponding to the radius we adopt changes by about
6% (the smallest and largest size being approximately
347kpc at z=1.6 vs 326kpc at z=1, for the adopted cos-
mology). However, the main concern is that the cluster
core size might undergo a significant evolution between
z=1 and z=2.5. Because of the poorly understood rela-
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. The red and



High-z Radio Loud AGN Environments and Clustering 7

o -
s
o
<
bl —]
u_|‘°
£
v

<
=
(&)
k=l

o

T T T 1
18 20 22 24 26

m_F140W

F1G. 4.— The log N — mag graph for our aggregated fields (blue
dots) as well as the 3D-HST control sample (red dots). The y-axis
is the logarithm of number of objects that have magnitudes less
than or equal to the corresponding value on the x-axis. We fit the
relationships for the region 19 < mpi40w < 24 with linear models
and display the resulting fits (red and blue for 3D-HST and 3C
samples respectively). We shift the 3CR data downward by 2 on
the log N(< m) axis (y-axis) in order to better display both sets of
data that otherwise overlap.

tionship between cluster size and redshift, we prefer to
keep the radius fixed, for the sake of simplicity.

The control fields are derived from a sample of 36 non-
overlapping regions covered by the 3D-HST Survey data
in the GOODS-S area (Brammer et al.|2012). Such a
region was imaged using WFC3 IR and the F140W fil-
ter, i.e. the same configuration used in our 3CR obser-
vations. The selected regions in the 3D-HST data are
chosen to avoid gaps present in the mosaic image. We
create a catalog of objects in such regions using SEx-
tractor. We manually remove any objects detected by
SExtractor that are the result of artifacts.

In order to ensure the completeness of the two samples,
we select objects with mp140w < 24.5 mag in both our
3CR fields, and the 3D-HST images. The upper bound
of 24.5 magnitudes is derived from the log N(< m) vs.
mp140w plot for our sample as well as the comparison
fields in the 3D-HST image. Fig. 4|is a modified version
of the well known log N - Log S diagnostic, which allows
us to determine at which flux (or magnitude) a survey
becomes incomplete. In Fig. [d]the red dots represent the
cumulative source distribution of the entire GOODS-S
field covered by 3D-HST, while the blue dots are the
data from our sample. In the figure we shift the 3CR
data downward by 2 on the log N(< m) axis (y-axis) in
order to better display both sets of data that otherwise
overlap.

We see that significant deviations from the fitted lines
in both cases occur for magnitudes fainter than 24.5.
This is expected, since the exposure time of the 3D-
HST pointings is only slightly longer than that of the
3C SNAPSHOT data.

4.2.2. Qwver-densities: Results

Firstly we test whether the radio loud AGN in our sam-
ple lie in over dense regions on average. Fig. [5|presents
the histograms for the distribution of counts amongst
our sample (red) and the 3D-HST sample regions (blue).

group
3D-HET

count

ac

Object counts per 40" radius

F1a. 5.— The distributions of number of objects within the 40”
radius around the radio sources (blue), and the distribution of

the number of objects in the randomly selected fields within the
GOODS-S region (red).

From visual inspection it is apparent that the number
density of the objects in the 3CR fields is higher than
in the control sample. The mean of the object counts in
the 3D-HST 40” radius regions is 45.9 with a standard
deviation of 10.6 objects. The corresponding mean of
the 3CR fields is 74.8 with a standard deviation of 13.2
objects. By comparing these two values we find that the
environments of the radio sources are on average denser.
This result comes from a student’s t-test where we are
able to reject the null hypothesis, i.e. that the two mean
object densities are equal. We determine that the mean
of the object counts in the 3CR regions is higher than
that of the control fields with very high statistical signif-
icance given by a p-value of 2.2 x 1071%. The test was
performed using the R function t.test in the stats package
(R Core Team|[2014).

In addition, we investigate the individual deviations
of the number of objects in each of our fields from the
average 3D-HST object density. We find that 4 out of
9 QSOs and 6 out of 12 RG environments show an over
density with > 3¢ significance, which corresponds to a p-
value of ~ 0.003 for a normal distribution. In total, this
amounts to 48% + 20% (the error corresponds to a 95%
Bayesian credible interval) of our sample of radio loud
AGN being in over dense regions. The fraction of objects
that lie in over dense regions for both the QSO and RG
groups is highly uncertain due to the small sample sizes.
The two fractions (45%1 35 and 50% *33 for the QSOs and
RGs respectively) are statistically indistinguishable.

Lastly, we perform a Bootstrap Kolmogorov-Smirnov
test in order to rigorously test the difference in the distri-
butions of the object densities in the fields of the QSOs
and RGs. The result of such test is that we fail to reject
the null hypothesis (p=0.904), i.e. that the distributions
are different.

The objects classified as cluster candidates based upon
the presence of an over density are marked in column 6
of Tab. [3| with "OD” (over density).

Note that the density of galaxies in the central region
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TABLE 3
SUMMARY OF CLASSIFICATION METHODS

3CR Name n49» ngrg FETG1 FETG2 Cluster Candidate
QSO
3C68.1 90 9 5 5 RS, OD
3C186 78 8 4 4 RS, OD
3C208 89 15 3 2 OD
3C220.2 50 10 3 4 No
3C268.4 79 11 1 1 OD
3C270.1 75 12 4 4 No
3C287 70 7 1 1 No
3C298 52 4 1 1 No
3C432 65 12 0 0 No
Radio Galaxies
3C210 90 17 9 9 RS, OD
3C230 74 6 3 3 RS
3C255 7 6 2 3 RS
3C257 50 8 7 7 RS
3C297 64 12 2 1 No
3C300.1 99 7 4 4 RS, OD
3C305.1 70 5 0 0 No
3C322 81 4 1 1 OD
3C324 81 15 5 5 OD
3C326.1 79 14 1 1 OD
3C356 73 12 5 5 No
3C454.1 84 9 3 4 OD
NoTE. — The first column shows the name of the 3CR target for a

particular field. In column 2 we report the number of objects falling
within the 40” radius around the target (nsp»). In column 3 we show
the number of objects within the region that are classified as early-type
(ngrc). Columns 4 and 5 refer to the number of ETG whose 1o error
bar falls within the 0.3 magnitude band around each of the RS models
with redshift of formation 6.5 and 20 (ET' G, and ETG> respectively). In
column 6 we indicate with ”RS” and/or ”OD” whether the method based
on the red sequences or the over densities, respectively, classifies the field
as a cluster candidate.

of a cluster may depend on the dynamical state of the
cluster itself, and that might affect our ability to iden-
tify cluster candidates. For example, if the cluster is in

a merging state, its central regions may display a less
pronounced distribution of objects compared to that of

a relaxed cluster. Another possible complication is that
the radio source might not be exactly at the center of the
cluster, in particular for structures that are not relaxed
yet. However, for the specific goals of this work, we do
not consider either of these scenarios in detail.

As for the red sequence method in Sect. we test
our overdensity method against the two confirmed clus-
ters in our sample, which are associated with 3C 186
and 3C 210. Our second method correctly identifies both
fields as cluster candidates because of the presence of a
significant overdensity of objects around the radio source.

5. DISCUSSION

We used two different methods to investigate the en-
vironment of 3CR radio galaxies and QSOs at z > 1.
The method based on the object over densities returns a
larger number of cluster candidates (11) as compared to
the method based on the presence of a RS (7).

In four cases (2 QSOs and 2 RGs, namely 3C68.1,
3C186, 3C210, 3C300.1) both methods return a positive
result. As already discussed above, two of these objects
are already known to reside in clusters comfirmed by ei-
ther the detection of X-ray emission from the intraclus-
ter medium (3C 186, [Siemiginowska et al|[2010) or by
the presence of a well established red sequence (3C 210,

Stanford et al.[[2002). These two clusters are identified
correctly by both methods, i.e. we find both an overden-
sity of sources and a substantial number of ETGs lying
on the region of the CMD where the red sequence is ex-
pected at the redshift of each of the two targets. The
fact that those two confirmed clusters are correctly iden-
tified by both of our methods gives us confidence that
our cluster candidates are robust at least for the cases in
which both of our methods agree on a positive detection.
However, all of our cluster candidates must be confirmed
by other means, e.g., with spectroscopic information on
the redshift of each cluster galaxy member.

For the remaining two objects for which both of our
methods return a positive result, there is no information
in the literature about any association with a cluster of
galaxies, to the best of our knowledge. However, we point
out that the presence of a RS is very clear from their
CMDs in Figs. 2] and This is particularly evident in
the case of 3C68.1 in which 5 out of the 9 ETGs lie close
to the RS models.

Three RGs (3C230, 3C255, 3C257) are identified as
cluster candidates by the RS method but they do not
show an over density of objects. Even if at least half of
the ETGs fall within the area spanned by the models, a
RS is not clearly identified in 3C230, since they show no
clear linear relationship. In 3C255 only 5 objects appear
to define a RS. 3C257 is a peculiar case that we discuss
in section It is possible that these 3 radio sources
reside in small groups that include a small population of
ETGs, but the evidence for the presence of a cluster is
not convincing.

Six objects, two QSOs (3C208, 3C268.4) and four RGs
(3C322, 3C324, 3C326.1, 3C454.1) show significant over
densities but no evidence for a RS. In the case of 3C322
(Fig. [3) only one of the red objects that lie on the RS
models is determined to be an ETG. Conversely, in the
field of 3C324 we see a relatively large number of red
ETGs falling onto the models. However, this popula-
tion does not represent the majority of the ETGs in the
field. Thus our method does not identify this as a cluster
candidate.

The remaining 5 QSOs and 3 RGs are not identified as
cluster candidates according to either of our methods.

In Fig. [6] we show four example fields, one for each
category. In the top left panel the field of 3C68.1 is clas-
sified as a cluster by both the RS and the over density
methods. The presence of a large number of red objects
in this dense field is apparent from visual inspection. In
the top right panel, the field of 3C230 is classified as a
cluster according to a RS method, but there is not a sig-
nificant over density of objects. In this case, it is possible
that a cluster is present, but since the object is located
at z ~ 1.5 a significant number of the cluster galaxies are
below our detection threshold. Alternatively, this object
could be located in a group that includes a smaller num-
ber of galaxies with respect to rich clusters. In the lower
left panel we display an example of a field (surrounding
3(C322) that shows a significant over density, but no RS.
Note that despite the presence of a large number of red
objects, they are not identified as ETGs, and thus the
RS method fails to classify this field as a cluster. In the
lower right panel we show the field of 3C297, in which
neither the RS method nor over density method classifies
this field as a cluster. The paucity of objects in this field
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F1Gc. 6.— Four fields of 3CR RL AGN observed with HST WFC3 as part of program GO13023. The rgb images are made using the
WEFC3 F140W filter for the R channel, and the WFC3 UVIS F606W filter for both the G and B channels. the size of each image roughly
corresponds to the field of view of WFC3 IR. The 10” reference corresponds to 84.6 Kpc, 86.0 Kpc, 83.8 Kpc, and 85.7 Kpc for 3C68.1,
3C230, 3C322, and 3C297, respectively. In the figure we show one case from each outcome of the cluster classification scenarios. In the
upper left panel the field of 3C68.1 is classified as a cluster on the basis of the presence of both a RS and an over density. The field of
3C230 shows a RS but no over density. The field of 3C322 shows an over density but no RS. Lastly, the field of 3C297 shows neither a RS
nor an over density. See Section [5| for details.

is clear from the image.

We do not find any evidence for a statistically signifi-
cant correlation between the number of galaxies detected
within the 40” radius and redshift, or between the num-
ber of ETGs and redshift. However, there are only four
sources in our observed sample at z> 1.6. Therefore it is
difficult to identify any possible trends with redshift. It
is interesting to note that the most distant object 3C 257
lies at the lower end of the galaxy number count distri-
bution, but such an object is not the one for which the
40” radius corresponds to the smallest projected size. It
is possible, in that specific case, that the surface bright-
ness detection limit of our observations may be playing
a role. Alternatively, the smaller number count might be
due to the younger age of the cluster, which may corre-
spond to a significantly larger core radius. But a much
larger number of objects should be observed in order to
statistically test these possible scenarios.

As the statistical analysis shows, a fraction consis-
tent with about one half of our targets are associated
with cluster or group candidates. This is in agreement
with previous results using ground-based observations.

In fact, Hill & Lilly| (1991) found that about 50% of
powerful 3C radio galaxies at z ~ 0.5 inhabit rich clus-
ters. Similar results were also found by Best|(2000) based
on ground-based near IR observations. Two of our ob-
jects (3C324, 3C356) are in common with the sample
presented in that work. Qualitatively, we conclude that
our results are consistent with the published CMDs in
that work.

5.1. Blue ETGSs in the field of 3C257

In the case of the most distant source, 3C257 (z =
2.474), we observe a particularly interesting feature. The
derived RS models for the targets redshift predict that
the ETGs should display an F606W-F140W color ~ 1,
i.e. they should fall in the "blue” region of the CMD.
This is straightforward consequence of the fact that the
models are reproducing the evolution of the stellar pop-
ulations included in these galaxies since the first burst
of star formation. At redshifts above ~ 2 a significant
fraction of stars are still blue even in passive evolving el-
lipticals. Strikingly, a number of relatively bright ETGs
in the field of 3C257 are indeed blue and fall exactly in
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Fic. 7.— HST WFC3 IR image of a 60” x 40” region surrounding 3C257. The 5” reference corresponds to 40.5 Kpc at the redshift of
the target. The yellow circle displays the target (3C257) and the green circles show the three brightest ETGs in the field.
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FiG. 8.— The left panel shows all of the ETGs identified in all of the 3CR fields. Different colors are assigned to different redshift bins.
Red, green and blue represent z < 1.3, 1.3 < z < 1.75 and z > 1.75. Note that the redshifts correspond to the measured redshift of the
radio loud AGN at the center of each of the fields in which the ETG is located. The right panel shows the distribution of the color of the
ETGs for each of the redshift bins previously specified.
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the region spanned by the models. In Fig. [7] we show the
WFC3 IR image of a region of 60” x 40” in the vicinity
of our target. 3C257 is marked with a yellow circle and
the three brightest ETGs are marked with green circles.
These objects lie at a projected distance of 200-300 kpc
from the source. These galaxies may be similar to the
star forming blue ETGs associated with one proto-cluster
and a group recently found by |[Mei et al.| (2015) in the
Hubble Ultra Deep Field.

Interestingly, a population of redder (F606W - F140W
~ 3) objects is present in the field of this galaxy. How-
ever, these objects are not identified as ETGs. Visual
inspection reveals that some of these galaxies, including
the host galaxy of 3C257, are close companions of target
(Fig. . These objects display disturbed morphologies
that is most likely indicating an active merger phase. We
argue that these galaxies are reddened by the presence
of a significant amount of dust. They are not recog-
nized as ETGs because their morphology is very irregu-
lar. In the figure, these are the objects within about 10”
from the target. Other red galaxies are located further
away from the target and their association with the RG
is less obvious. This hypothesis may be further tested
using multi wavelength observations e.g. in the infrared
or at radio wavelengths with ALMA. However, there is
already strong evidence from Herschel observations that
at least for the host galaxy of the radio source, extremely
high star formation activity is present (Podigachoski et
al.||2015).

Without spectroscopic information we cannot exclude
that the blue ETGs in this field are a population of lower
redshift galaxies. We are convinced that these objects are
not foreground ETGs for two reasons: i) a population of
relatively bright blue ETGs is not commonly present in
our sample; ii) their location is consistent with the pre-
diction of the RS models. We speculate that this popu-
lation of blue objects could be galaxies that will evolve
into the RS galaxies observed in lower redshift clusters
(Kodama et al.|[1998] 2007)).

Curiously, 3C257 is one of the very few fields in our
sample in which we do not detect a significant over den-
sity of sources. Since surface brightness depends on red-
shift as (1 + z)~*, this may result from incompleteness
due to the detection threshold of our data. Another pos-
sible scenario that may explain the lack of a significant
over density in this field is that at z > 2 proto-clusters are
significantly more extended than the projected region of
the sky covered by our observations, and less dense than
similar structures at lower redshifts.

The presence of a trend between the color of the ETGs
and redshift seems to be confirmed by the results shown
in Fig.[8] In the left panel we show the CMD for all of the
ETGs identified in all of our 3C fields. Different colors
identifies the redshift range of the radio galaxy in which
each ETG is found. Red is for z < 1.3, green for 1.3 <
z < 1.75, and blue is for z > 1.75. The lower redshift
ETGs are clustered around a color mpegogwy — ME140W ~
3. The higher redshift ETGs are instead around ~ 1.
The intermediate objects are scattered of a large range
of colors. This is even more clearly visible in the right
panel of Fig. which shows histograms for the color
distribution of the ETGs. This may be evidence that the
ETGs in the fields of radio galaxies between z=1 and 2.5
undergo dramatic evolution from star forming to passive

evolving red sequence galaxies.

5.2. Location of 3CR Targets in the color-magnitude
diagrams.

The location of the hosts of the 3CR radio galaxies in
the CMDs with respect to the areas spanned by the RS
models differs across the sample. We find that most of
the radio galaxies have a color (F606W-F140W) ~ 2-3
mag. The evolutionary models for red sequence ETGs
predict bluer colors as redshift increases. For the low-
est redshift radio galaxies (z < 1.3), the hosts are bluer
than the RS models for the corresponding redshift. In
the case of 3C255 and 3C297, with redshifts z = 1.35
and z = 1.41 respectively, we find that the host falls
within the area spanned by the models. In the highest
redshift RG in the sample, 3C326.1, 3C454.1, and 3C257
(2 =1.83, 2 = 1.84, and z = 2.47 respectively) the hosts’
positions lie above the models in the CMD. The fact that
the colors of the radio galaxy hosts do not follow the pre-
dictions of simple passive evolution directly implies that
modeling the evolution of these objects requires addi-
tional parameters. For example, it is possible a major
role in defining the stellar population is played by galaxy
mergers, which appear to be closely connected to radio
loud AGN activity (Chiaberge et al.|[2015). Therefore
the combined presence of dust and enhanced star forma-
tion associated with those events may be responsible for
the observed color of each object at different redshifts.
Detailed modeling of these effects is beyond the scope of
this work, and will be performed in a forthcoming paper.

6. CONCLUSIONS

We studied the environments of 21 3CR radio loud
AGN in the redshift range 1.05 < z < 2.47 using HST
Snapshot observations taken with WFC3 UVIS and IR at
rest frame UV and optical wavelengths, respectively. We
derived color vs. magnitude diagrams for all of the fields
in order to search for red sequences defined by early-
type galaxies at the corresponding redshift of each radio
source. We find that for seven targets the majority of
the ETGs are located within the area spanned by red
sequence passive evolution models. The second method
classifies fields around the targets as being over-dense if
the object density is significantly higher than that of a
control sample taken from 3D-HST GOODS-S. We deter-
mined that 3CR radio loud AGN at z > 1 are associated
with over-dense fields, on average. We also compare sin-
gle targets with the average density of the control fields
and we conclude that in 10 out of 21 cases the fields
are over dense at more than 30. Our results are consis-
tent with a fraction of ~ 50% of objects being associated
with clusters or groups, in agreement with previous re-
sults (e.g. [Hill & Lilly|[1991}; [Best|{2000)).

For a number of objects the two methods do not agree
on the cluster classification. In the cases where only the
RS method classifies the field as a cluster, one possible
explanation may be that the target resides in a lower
density cluster or a group that includes a population of
passively evolving ETGs. Alternatively, and particularly
for the higher redshift objects, we may be missing a sub-
stantial number of faint cluster galaxies because of the
inherent detection threshold of our data. Since most of
our targets are clustered at z < 1.5, it is difficult to statis-
tically test if such an hypothesis is viable using our data.
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A larger number of high-z 3C fields must be observed to
allow for proper statistical analysis. This would allow
us to both firmly establish whether the observed num-
ber density of galaxies around each radio source depends
on redshift, and understand whether that is due to the
detection limit of the survey. Alternatively, the lower
number density of objects around more distant targets
might be a result of the different dynamical status of
those clusters.

For the opposite case in which an over density is
present but there is no RS, the most likely explanation
is that evolution is playing a role. A significant pop-
ulation of red objects are usually present but they are
not classified as ETGs, likely because of their distorted
morphologies, possibly as the result of mergers. The fact
that our RS cluster candidates are all at z < 1.5 seems
to confirm that the redshift range of 3 to 1.5 is crucial for
the formation of the RS and the evolution from proto-
clusters to clusters of galaxies (Miley et al.|2006; Zirm et
al.||2008; |Galametz et al.[2010)).

Perhaps the most important result of this work is the
discovery of the presence of a population of blue ETGs
in the field of the most distant objects in the 3CR cata-
log. This is apparent in particular for 3C257 at a redshift
z=2.47. The location of these early-type galaxies in the
CMD is consistent with the predictions of our assumed
simple passive evolution model for the redshift of the
target. We also found evidence for a general trend with

redshift for the color of the ETGs identified in all of our
fields. The galaxies are typically bluer at higher redshifts,
while they cluster around redder colors at z< 1.3. This
implies that these ETGs include a significant component
produced by a younger and thus bluer stellar popula-
tion that is rapidly evolving towards the redder part of
the diagram. Clearly such a finding must be further in-
vestigated using narrow band imaging centered on Ly«
(e.g [Venemans et al|2004) and spectroscopy in order to
both confirm these objects as cluster members and better
study their stellar populations.
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