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Abstract: We study the angular correlation function of bright (Ks ≤ 19.5) Extremely Red Objects
(EROs) selected in the Subaru GTO 2deg2 field. By applying the color selection criteria of R − Ks >
5.0, 5.5, and 6.0, we identify 9055, 4270, and 1777 EROs, respectively. The number density is consistent
with similar studies on the optical − NIR color selected red galaxies. The angular correlation functions
are derived for EROs with different limiting magnitude and different R−Ks color cut. When we assume
that the angular correlation function w(θ) follows a form of a power-law (i.e., w(θ) = Aθ−δ), the value of
the amplitude A was larger for brighter EROs compared to the fainter EROs. The result suggests that
the brighter, thus more massive high-redshift galaxies, are clustered more strongly compared to the less
massive galaxies. Assuming that EROs have redshift distribution centered at 〈z〉 ∼ 1.1 with σz = 0.15,
the spatial correlation length r0 of the EROs estimated from the observed angular correlation function
ranges ∼ 6-10 h−1Mpc. A comparison with the clustering of dark matter halos in numerical simulation
suggests that the EROs are located in most massive dark matter halos and could be progenitors of L∗

elliptical galaxies.

Key words: galaxies: evolution — galaxies: high-redshift — galaxies: clustering — large-scale structure
of universe

1. INTRODUCTION

The advent of deep and wide near-infrared surveys dur-
ing the last two decades, in addition to the multi-
wavelength data sets, has revealed the existence of a
very red galaxy population in optical − near infrared
colors (e.g., (R−K)Vega > 5.0). Named as extremely red
objects (hereafter EROs; Graham & Dey 1996), early
spectroscopic confirmation showed that these galaxies
are in general located at 0.8 . z . 2 (e.g., Cimatti
et al. 2002; Conselice et al. 2007). The red colors of
EROs suggest that EROs consist of two populations of
galaxies: galaxies with an old, passively evolving stellar
population (Spinrad et al. 1997; Kong et al. 2006) or
dusty star-forming galaxies that are strongly obscured
(Dey et al. 1999; Cimatti et al. 2002). These two
populations of EROs account for a large fraction of the
z > 1 Universe which could be ancestors of present-day
galaxies (Blanc et al. 2008).

Some EROs turned out to be the most massive
(& 1011.5M⊙; Saracco et al. 2005) and old (& 1Gyr;
Cassata et al. 2008) galaxies at z > 1. In addition,
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the EROs show strong clustering that is comparable to
that of local massive ellipticals (e.g., Daddi et al. 2000;
Roche et al. 2002; Brown et al. 2005). This strongly
suggests that EROs could be the progenitors of local
massive ellipticals.

The link between the dark matter halos in numer-
ical simulations and the galaxies in observations can be
studied through the spatial clustering analysis. Sim-
ulations have suggested that dark matter halos evolve
rapidly in mass, but little in (comoving) sizes (Baugh et
al. 1999). Therefore, the similar clustering properties
between EROs and local ellipticals suggest that there
exists an evolutionary link between these two galaxy
populations. The question on the formation and the
growth of massive galaxies has always been a challenge
to hierarchical galaxy formation models. Therefore, the
study of EROs, including the spatial clustering and
their physical properties, provides a useful constraint
to test our current cosmological galaxy formation mod-
els (e.g., Gonzalez-Perez et al. 2011).

As mentioned above, numbers of previous stud-
ies have shown that EROs are strongly clustered (e.g.,
Daddi et al. 2000; Roche et al. 2002; Wilson et al.
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2007). However, the estimate on the r0, the linear
scale where the two-point correlation function equals
unity, varies in the range from that of massive ellipti-
cals (∼ a few Mpc) to that of galaxy groups or clus-
ters (∼ a few tens of Mpc). The large discrepancy is
mainly due to the different selection criteria that are
sensitive to the different classes of EROs, as well as
the cosmic variance. Different selection criteria such as
(R − K)Vega > 5.0 (e.g., Daddi et al. 2000; Palamara
et al. 2013), (I −K)Vega > 4.0 (e.g., Kim et al. 2011,
2014), and (I− [3.6µm])Vega > 5.0 (e.g., Palamara et al.
2013) select different populations of EROs with differ-
ent redshift distribution. For example, EROs selected
using R − K color cut (〈z〉 = 1.05-1.13) and I − K
color cut (〈z〉 = 1.05-1.2) show different mean photo-
metric redshift (Kim et al. 2011; Conselice et al. 2008).
This redshift difference could be the source of the uncer-
tainty in converting the measured angular correlation
function into the correlation length in two-point spatial
correlation function. In addition to this uncertainty,
the limited survey area is another dominant factor that
increases the uncertainty in the observed angular cor-
relation function. The effect from the ‘cosmic variance’
can be overcome only if the survey area is large enough
and the sample selection is complete.

Despite the need for a large and complete sur-
vey, ERO selection and clustering studies over the area
larger than 1 deg2 (which covers a few tens of Mpc at
z > 1) have been limited for a long time. However,
thanks to the recent wide-field surveys, the clustering
analysis at a large scale has become possible. For ex-
ample, Kim et al. (2014) presented the clustering anal-
ysis on I − K EROs over ∼ 5 deg2 of the ELAIS-N1
field, and Palamara et al. (2013) worked on the angu-
lar correlation functions of R − K and I − [3.6µm]
EROs in ∼ 8 deg2 of the NDWFS Boötes deep survey.
Adding ERO clustering results using the independent
ERO sample selected over another wide field would pro-
vide a chance to test or confirm the limited number of
previous observational results as well as to test the cur-
rent hierarchical galaxy formation models.

With such an aim, in this paper, we investigate
the clustering properties of relatively bright (Ks ≤

19.5mag) EROs over the large area of ∼ 2 deg2 selected
using R−Ks color. Our ERO sample sizes are 9055 for
R−Ks > 5.0 EROs, 4270 for R−Ks > 5.5 EROs, and
1777 for R − Ks > 6.0 EROs. We derived two-point
angular correlation function of EROs that are selected
using different color cuts and different magnitude limits.
Throughout the paper, we use Vega magnitude system
since R − Ks color cut conventionally used to select
EROs is in Vega system. The cosmological parameters
we use are from Planck 2015 results (Planck collabora-
tion et al. 2016), i.e., ΩM = 0.308, ΩΛ = 0.692, and
H0 = 67.8 kms−1Mpc−1.

2. DATA

2.1. Optical and Near-infrared Data in the Subaru
GTO 2 deg2 Field

The Subaru GTO 2deg2 field is a∼ 2 deg2 area centered
at R.A.= 16h05m00s and Decl.= 43d15m00s where deep
optical (R-band) photometric data and large-volume
spectroscopic data are available. Super-deep R-band
images obtained by Subaru/Suprime-Cam are available
over this region which goes down to ∼ 25.3mag at 5 σ
flux limit (Utsumi et al. 2014), initially for the pur-
pose of weak-lensing analysis. These is also an inten-
sive spectroscopic survey of the galaxies at r < 21.3 in
this region (Kurtz et al. 2012). In this study, we use
the reduced R-band mosaic images for GTO 0, GTO 1,
. . . , GTO 9 field mentioned in Utsumi et al. (2014) as
well as the compiled spectroscopic redshift catalog.

Ks-band images covering the Subaru GTO 2deg2

were obtained using CFHT/WIRCAM under the pro-
gram ID 14AK001 (PI: Jongwan Ko) on April 2014.
The individual images were flux-calibrated through
the CFHT/WIRCAM pipeline after the basic pre-
processing, and then were astrometry-calibrated using
the IRAF/MSCRED package (Valdes 1998). The final
single mosaic image was produced by coadding these
individual images using Terapix/Swarp (Bertin 2010).
Using the photometric zero point from the pipeline,
the blind detection of the point sources shows that the
depth of the final Ks-band mosaic image reaches to
∼ 19.5mag in 3′′ aperture at 5 σ flux limit. Because
the limiting magnitude in R-band image is fainter than
that in Ks-band image by ∼ 5.5mag, the data set is
well-suited for selecting and studying objects which are
faint in optical but bright in near-infrared.

2.2. The ERO Sample

To select the objects with extremely red R − Ks col-
ors, we first constructed a Ks-band based catalog of
sources for the entire ∼ 2 deg2 area. We masked out
the area where the weight map values are less than a
lower limit, i.e., regions containing the edge and gap
of the mosaic CCDs, hence the effective survey area
we used were 1.94deg2. After R- and Ks-band images
are registered to share the same WCS coordinates and
the same pixel scale, we performed dual-mode photom-
etry with SExtractor (Bertin & Arnouts 1996) using
the Ks-band image as a reference for source detection.
The parameters used in source detection by SExtrac-
tor are DETECT MINAREA= 6 (pixel), DETECT THRESH=
1.5, ANALYSIS THRESH= 2, DEBLEND NTHRESH= 64, and
DEBLEND MINCOST= 0.00001. The values are set to de-
tect all Ks-band sources brighter than ∼ 20mag. The
FWHM of a point source ranges 0.65-0.77′′ for both R-
and Ks-band images, with slight variation depending
on the location of a source in the image. Since the
seeings in two band images are consistent with each
other, we did not apply any image filtering to match
the FWHM size. R- and Ks-band fluxes of each source
detected in Ks-band were derived within the 3′′ aper-
ture, a few times of the FWHM. Sources located on the
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Figure 1. Expected R − Ks colors for a sample of model
galaxy templates at different redshifts. The solid line rep-
resents a 1Gyr-old galaxy that is passively evolving after a
single burst. As the redshift increases, R −Ks color of this
galaxy increases to be as large as R−Ks > 5 at z > 1. Older
galaxies (e.g., 10Gyr-old passively evolving galaxy, dotted
line) also show red R − Ks colors. The 10Gyr-old galaxy
color evolution is only marked from its formation redshift
(zf ≃ 0.4) to z = 0. Star-forming galaxies with little dust
extinction (dot-dashed line) cannot be as red as R−Ks > 5.
Highly obscured starburst galaxies (M82; dashed line) also
show red R − Ks colors. The thin dotted horizontal lines
are our color cuts when selecting EROs.

image boundaries were removed, and sources with non-
zero photometry flag (i.e., SExtractor parameter FLAGS)
in Ks-band were also removed to avoid sources with bad
photometry quality. Finally, sources that are matched
to the SDSS spectroscopic or photometric star catalogs
were flagged to be stars such that we could be free of
‘red star’ contamination in selecting the extremely red
objects. The spectroscopic star catalog is a catalog of
the objects spectroscopically identified as stars, and the
photometric star catalog is a catalog of the objects clas-
sified as stars in the SDSS pipeline due to their point
source-like morphology (PhotoObjAll.Star).

We used the criteria R − Ks > 5.0-6.0 to select
EROs. Figure 1 shows the expected R−Ks colors for a
passively evolving old galaxy and a star-forming galaxy
(dusty and non-dusty) located at different redshift. The
model galaxy spectral templates are produced using
the BC03 stellar population synthesis model (Bruzual
& Charlot 2003), by generating 1Gyr and 10Gyr-old
galaxies passively evolving after a single burst at the
formation and 1Gyr-old galaxy with continuous star
formation at a rate of ∼ 10M⊙ yr−1. Solar metallicity
and Salpeter initial mass function are assumed. In ad-
dition to the synthesized model galaxies, we calculated
the expected color of the well-known starburst galaxy
M82 at different redshift.

Previous studies have used either R−K (R−K >
5.0 for Daddi et al. 2000, Palamara et al. 2013;
R−K > 5.3 for Daddi et al. 2000, Simpson et al. 2006,
Conselice et al. 2008; R−K > 6.0 for Daddi et al. 2000,
Simpson et al. 2006) or I −K ((I −K)AB > 2.45, 2.95
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Figure 2. R−Ks vs. Ks color-magnitude diagram over GTO
2deg2 field. Contours show the density of Ks-band sources.
The vertical and horizontal solid lines are the various color
and magnitude cuts in our ERO selection.

for Kim et al. 2014; I − K > 4.0 for Palamara et al.
2013) for ERO selection. The different color cuts select
galaxies with slightly different redshift distribution, but
it appears that there is little difference in their stellar
population. According to the calculation of R−Ks col-
ors from model galaxies, we expect that we can select
z > 0.8 galaxies if we use R − Ks > 5 color criterion
(Figure 1). Both the old galaxy and the dusty star-
forming galaxy would be selected using the color crite-
rion. By increasing the color cut, we would be able to
select galaxies located at higher redshifts. In order to
compare our study with previous studies, we used three
criteria – R−Ks > 5.0, R−Ks > 5.5, and R−Ks > 6.0
– to select EROs.

In Figure 2, we present R − Ks vs. Ks color-
magnitude diagram from the Ks-band based catalog.
Overplotted boxes describe the selection range of EROs.
Because most of the selected EROs have R-band mag-
nitude fainter than 22 mag, it is very difficult to tell
their morphology. We visually inspected the postage
stamp images of color-selected EROs both in R- and
Ks-band, in order to make sure that we are not selecting
artifacts. Over the survey area of 1.94deg2, we identi-
fied 4270 EROs brighter than 19.5mag in Ks-band with
R − Ks > 5.5. This corresponds to the surface num-
ber density of ∼ 2200deg−2, comparable with previous
studies that have used similar color cut (Simpson et al.
2006; Conselice et al. 2008; Palamara et al. 2013; see
Figure 3).

Figure 3 shows that the completeness of our Ks-
band data drops significantly at Ks ∼ 19.5mag, consid-
ering the number density of the entire Ks-band sources
as a function of magnitude. Therefore, we applied the
magnitude limit of Ks < 19.5mag to select EROs. The
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Figure 3. Differential number density of the entire Ks-
band sources and EROs selected with different color cut.
Filled circles represent all galaxies detected in Ks-band.
When compared to the other K-band surveys which are
deeper (open circles from Conselice et al. 2008, open tri-
angles from Jarvis et al. 2013), our data is complete until
Ks ∼ 19.5mag, therefore we applied Ks < 19.5mag cut in
ERO selection. Note that our star removal process caused
relatively low density of the full Ks-band sources compared
to other surveys (see text for details). Filled squares, filled
pentagons, and filled stars show the counts of EROs with
R−Ks > 5.0, R−Ks > 5.5, and R−Ks > 6.0, respectively.
The numbers are consistent with the comparable ERO sam-
ples in previous studies (e.g., Simpson et al. 2006; Conselice
et al. 2008; Palamara et al. 2013).

comparison of the Ks-band number density with the
previous surveys also showed that our attempts to re-
move star-like objects did not only remove the stars
but also some of the galaxies. The SDSS photomet-
ric star catalog we used to identify stars is constructed
based on the difference between the PSF magnitude and
cmodel magnitude, which means that the catalog re-
lies on the morphology of the source. For this rea-
son, small size galaxies would have been excluded due
to the limitation of the SDSS spatial resolution. This
would not affect the following analysis though, since the
fraction of R − Ks > 5.0 sources among the Ks-band
sources flagged out to be stars is small enough, ∼ 10%
at Ks = 18mag and ∼ 1% at Ks = 19mag. On the
other hand at Ks = 17mag, a large uncertainty is nat-
urally expected since more than 50% of the R−Ks > 5.0
sources are flagged to be stars. The number is as large
as 90% at Ks = 16.5mag.

At such bright magnitude limit of Ks < 17mag,
the number of EROs still exceeds the extrapolation from
the number of fainter EROs. Therefore we have checked
the effect of red star contamination at this magnitude
bin. The inclusion of Galactic red stars in the ERO
sample would decrease the clustering signal because the

spatial distribution of Galactic stars is close to the ran-
dom distribution. In addition to our initial star-removal
using the SDSS spectroscopic and photometric star cat-
alogs, we tried to identify Galactic red stars from the
selected ERO sample with the help of the stellarity in-
dex from SExtractor (CLASS STAR) and the magnitude
(Ks) vs. half-light radius diagram (rhl) (size-magnitude
diagram; e.g., Coldwell et al. 2014). No object was
identified that satisfies both the stellarity and the size-
magnitude condition for stars, i.e., CLASS STAR≥ 0.85
and where rhl vs. Ks coincides with stellar locus. If we
apply only the stellar locus condition to remove tenta-
tive Galactic stars, ∼ 100 objects are classified to be red
stars that contaminate the ERO sample. This accounts
for 1-5% of the whole ERO sample. Applying the addi-
tional step for removing star-like objects based on the
size-magnitude diagram has little effect on the derived
angular correlation function in next section, i.e., chang-
ing the amplitude of the fitted power law by only a few
percent. This is less than the currently estimated er-
ror scale. Therefore in the following sections, we present
the clustering analysis based on the initial color-selected
ERO sample.

3. TWO-POINT ANGULAR CORRELATION FUNCTION

3.1. Method

The angular correlation function is defined to be the
“excess” of the probability of finding data points within
a given angular scale compared to a random distribu-
tion. Following the technique presented in Landy &
Szalay (1993), we derived the two-point angular corre-
lation function in the angular scale range of 0.001-0.5 ◦

by counting the number of ERO pairs that can be found
in the different angular distance. The angular corre-
lation function is derived from the following equation
from Landy & Szalay (1993):

wobs(θ) =
DD(θ)− 2DR(θ) +RR(θ)

RR(θ)
(1)

where DD (θ) indicates the number of data pairs with
the separation of the given angular scale. We used
the logarithmically spaced angular scale bins with
∆log10 θ = 0.25. DR(θ) and RR(θ) are the number of
data-random and random-random pairs with the same
separation, respectively. The catalog for random data
points was generated using the random number gener-
ator routine ran2 implemented in IDL. For each of the
ERO samples with different R−Ks color cuts, we used
the random catalog of 50 times as many objects (i.e.,
up to 500,000 objects in total) compared to the real
data points. The coordinates of random data points
are to have exactly the same coverage as the real data
points. Numbers such as DD (θ), DR (θ), and RR (θ)
are normalized, i.e., the pair counts were divided by the
total number of pairs in each of the data-data, data-
random, and random-random samples. At each point
of the angular correlation function, errors are estimated
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from the Poisson variance in data-data pairs following
the method presented in Baugh et al.(1996):

δw(θ) = 2
√

(1 + wobs(θ))/DD(θ) (2)

where DD(θ) here corresponds to the unnormalized
value. This is equivalent to the Poissonian error of 2σ.

Since any of the survey area where the clustering
is investigated is finite, the observed angular correla-
tion function wobs(θ) is expected to be systematically
underestimated compared to the true w(θ) by:

wobs(θ) = w(θ) − σ2 (3)

where the variance term σ2 is named as an integral
constraint (Groth & Peebles, 1977):

σ2 =
1

Ω2

∫ ∫

w(θ) dΩ1 dΩ2 (4)

By adding the variance term to the observed
wobs(θ), it is possible to correct for the contribution
to clustering from the variance in number counts over
the finite area Ω. When the angular correlation func-
tion is assumed to follow the power law w(θ) = Aθ−δ,
the σ2 can be calculated using the equation in Roche et
al.(1999) from the random-random pair counts RR(θ).

σ2 =

∑

i RR(θi)w(θi)
∑

i RR(θi)
(5)

In order to calculate the integral constraint σ2,
we followed an iterative process presented in Wake et
al.(2011). First, we fit the observed angular correlation
function wobs(θ) with the functional form of a single
power law w(θ) = Aθ−δ, then calculated the σ2 based
on the above Equation (5). Then we added the σ2 to the
observed wobs(θ) (Equation (3)), performed the fitting
again, re-calculated the σ2. These steps were repeated
until the σ2 converges. Another way of estimating the
integral constraint is to fit the angular correlation us-
ing the form of w(θ) = Aθ−δ

− σ2 after calculating σ2

based on the Equation (5) with the w(θ) being Aθ−δ.
Both methods produced the integral constraints con-
sistent with each other within the error. We chose to
use the values from the former method since the fitting
errors were slightly smaller. The values for σ2 ranges
0.014-0.051.

3.2. Result

The derived angular two-point correlation functions of
the EROs are presented in Figure 4. According to the
previous studies, clustering properties of EROs depend
on the magnitude and color which reflects stellar mass
and redshifts, respectively (Daddi et al. 2001, 2002;
Furusawa et al. 2011; Kim et al. 2015). In our re-
sult using EROs in Subaru GTO 2deg2, we also see
that EROs with different R−Ks color cut and different
limiting Ks-band magnitude show different clustering
properties. The left column of Figure 4 shows the an-
gular correlation functions of R−Ks > 5.0 EROs with

different Ks-band limiting magnitude, the central col-
umn shows the result of R −Ks > 5.5 EROs, and the
right column shows R−Ks > 6.0 EROs.

Overplotted lines are power-laws (w(θ) = Aθ−δ)
that best describe the derived angular correlation func-
tion. The parameters – the amplitude A and the slope
δ – were found through the least squares fitting proce-
dure MPFIT1 that uses Levenberg-Marquardt technique
onboard IDL. Dashed lines are obtained by fitting A
only while the slope δ is fixed to the conventional value
of 0.8 (Baugh et al. 1996). For solid lines, both A
and δ were left as free parameters in fitting. The angu-
lar ranges used for fitting the power-law function was
from 0.0006 ◦ to 0.5 ◦. It appears that there exists a
break around 0.01-0.05 ◦ (∼ 1 ′) which also has been re-
ported in previous studies (Kim et al. 2011; Palamara
et al. 2013). This reflects the transition region where
the 2-halo term starts to dominate the 1-halo term. The
1-halo term in the spatial correlation function is due
to the galaxy pairs in the same halo and the 2-halo
term traces clustering of galaxies residing in different
halos. Attempts were made to use a double power-law
in describing the angular correlation function in Kim
et al. (2011), yet it still is an empirical approximation
without a physical basis. Therefore we stick to a sin-
gle power-law fitting in the derivation of the clustering
amplitude, first with the slope δ fixed and next with
the slope δ varied. The angular scale of 1′ corresponds
to a projected distance of ∼ 0.5Mpc at z ∼ 1. In or-
der to understand this apparent break feature in the
correlation of EROs at this physical scale, we need to
have more knowledge on the galaxy-dark matter halo
connection at this specific physical scale and redshift,
which is not possible with our limited information on
these EROs.

Table 1 shows the summary of the clustering anal-
ysis. For each ERO sample with different R − Ks

color cut, we list limiting magnitude, number of galax-
ies used, the fitted A and δ. Note that in case when the
number of EROs is relatively small (NERO < 500), the
errors in the derived A and δ are significantly larger.
These cases with poor statistics should be excluded in
the interpretation of the result.

The derived amplitude A, which is a measure of
clustering strength, is similar to the values derived
in previous studies especially when δ is fixed to 0.8.
We compared the amplitude of the angular correlation
A with that from the previous studies (Daddi et al.
2000; Roche et al. 2002) in Figure 5a. The A val-
ues are very similar to the values previously found, and
match well with the prediction from the galaxy evolu-
tion model including mergers and galaxy number den-
sity negative evolution if the spatial correlation length
r0 is 12.8h−1 Mpc (Roche et al. 2002). The correlation
length r0 calculation will be described later in Section
4.1.

It is clearly seen that EROs show stronger cluster-
ing at brighter limiting magnitude. The amplitude A

1https://www.physics.wisc.edu/∼craigm/idl/cmpfit.html
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Figure 4. Angular two-point correlation functions of EROs with different color cut (left : R−Ks > 5.0, middle: R−Ks > 5.5,
right : R − Ks > 6.0) and different limiting Ks-band magnitude. Overplotted dashed lines represent the best-fit angular
correlation functions assuming the power-law (i.e., w(θ) = Aθ

−δ) with the slope (δ) fixed at 0.08. Solid lines represent the
best-fit power-law approximation derived by varying both the amplitude and the slope as free parameters in fitting.

for R − Ks > 5.0 EROs which are bright (Ks ≤ 18.0)
is a factor of ∼ 4 larger compared to that of the entire
(Ks ≤ 19.5) EROs. There is little difference in A for
EROs with different color cuts. If the slope δ is left as
a free parameter, R−Ks > 5.0 EROs tend to be fitted
with the smaller δ compared to the angular correlation
function of the R − Ks > 5.5 EROs. The δ increases
even more for the case of R−Ks > 6.0 EROs. Kim et
al. (2011) have analyzed the angular correlation func-
tion using the separate power-laws at small (< 0.02◦)
and large angular scales reflecting the break, and sug-
gested that the angular correlation function may consist
of two power laws: one with a large δ at small angular
scale and the other with a small δ at large angular scale.
In our Figure 4, the angular scales where the break ap-
pears are ∼ 0.02 ◦ for R−Ks > 5.0 EROs, ∼ 0.04 ◦ for
R − Ks > 5.5 EROs, and ∼ 0.05 ◦ for R − Ks > 6.0
EROs. Considering this shift of the breaking angular
scale as the color increases, the reason the redder EROs
show larger δ would be the increase of the contribution
to power law at smaller angular scales.

4. DISCUSSION

4.1. Spatial Clustering

The observed two-point angular correlation function is
equivalent to a projection of the real-space two-point
correlation function. Therefore if the redshift distribu-
tion of the EROs is known, the spatial correlation func-
tion ξ(r) can be derived. When the functional form of
the ξ(r) is also assumed to follow the power law

ξ(r) =

(

r

r0

)

−γ

(6)

where γ = 1 + δ (Baugh et al. 1996; Mo & White
1996), the correlation length r0, which is defined as
ξ(r0) = 1, can be calculated from the measured am-
plitude A of the angular correlation function using the
so-called inverse Limber transformation (Limber 1953;
Peebles 1980). The commonly used expression for Lim-
ber transformation when the clustering is assumed to
be fixed in comoving coordinates is as follows (Grazian
et al. 2006; Ishikawa et al. 2015).

Aw = rγ0
√
π
Γ
(

γ−1
2

)

Γ
(

γ
2

)

∫

∞

0

(

dN
dz

)2
[r(z)]1−γ

(

dz
dr

)

dz

N2
obj

(7)

In this equation, Aw is the amplitude of the angular
correlation function w(θ), Γ indicates the mathemati-
cal gamma function, and r(z) is the transverse comov-
ing distance at given redshift. If we adopt γ = 1.8,

then the value of
√
π

Γ( γ−1
2 )

Γ( γ

2 )
is 3.67909.

(

dN
dz

)

is the dif-

ferential numbers of galaxies in each redshift bin, i.e.,
the redshift distribution of sample galaxies, and

(

dz
dr

)

is the reciprocal of the differentiation of r(z). We cal-
culated the transverse comoving distance as a function
of redshift using the IDL routine red for cosmological
calculations2. Nobj is the number of the galaxies being
considered.

2https://code.google.com/archive/p/red-idl-cosmology/
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Table 1
Summary of the ERO Clustering Analysis

R −Ks > 5.0 R −Ks > 5.5 R −Ks > 6.0

maglim NERO A (10−3) δ NERO A (10−3) δ NERO A (10−3) δ

Ks ≤ 18.0 611 40.0 ± 3.7 0.70± 0.04 165 17.2 ± 1.0 0.95 ± 0.16 56 0.3± 2.9 2.16± 2.39
Ks ≤ 18.5 2073 32.6 ± 1.2 0.62± 0.02 676 31.9 ± 3.7 0.62 ± 0.05 193 5.9± 20.5 0.94± 0.91
Ks ≤ 19.0 4894 20.0 ± 0.5 0.66± 0.01 1964 13.8 ± 1.1 0.76 ± 0.03 659 1.3± 0.8 1.32± 0.10
Ks ≤ 19.5 9055 13.4 ± 0.3 0.66± 0.01 4270 9.3± 0.5 0.77 ± 0.02 1777 5.0± 0.8 0.97± 0.04

Ks ≤ 18.0 611 28.0 ± 1.9 0.8 (fixed) 165 30.3 ± 7.2 0.8 (fixed) 56 26.2 ± 25.4 0.8 (fixed)
Ks ≤ 18.5 2073 16.5 ± 0.6 0.8 (fixed) 676 16.4 ± 1.7 0.8 (fixed) 193 12.3± 7.7 0.8 (fixed)
Ks ≤ 19.0 4894 11.7 ± 0.2 0.8 (fixed) 1964 12.1 ± 0.6 0.8 (fixed) 659 14.7± 1.8 0.8 (fixed)
Ks ≤ 19.5 9055 7.9± 0.1 0.8 (fixed) 4270 8.4± 0.3 0.8 (fixed) 1777 9.9± 0.7 0.8 (fixed)

Table 2
Correlation length r0 of the EROs

r0 (h−1 Mpc)

maglim 〈z〉 σz R −Ks > 5.0 R −Ks > 5.5 R −Ks > 6.0

Ks ≤ 18.0 1.0 0.15 12.1± 0.9 12.8± 3.0 . . .

Ks ≤ 18.5 1.05 0.15 9.1± 0.3 8.8± 0.9 . . .

Ks ≤ 19.0 1.1 0.15 7.4± 0.1 7.6± 0.4 8.4± 0.9
Ks ≤ 19.5 1.15 0.15 6.0± 0.1 6.2± 0.2 6.6± 0.4

We do not have spectroscopic redshifts for most of
the selected EROs, and the deep multi-wavelength pho-
tometry that enable photometric redshift derivation is
limited. Therefore we assumed that the redshift dis-
tribution

(

dN
dz

)

of our ERO sample is comparable with
that of the previously known R−Ks EROs. For exam-
ple, the mean (photometric) redshift for R−Ks selected
EROs is 〈z〉 = 1.05-1.13 (Palamara et al. 2013) with the
standard deviation of σz = 0.12-0.24. Using the mean
and the standard deviation value in the photometric
redshift distribution of EROs from previous studies, we
constructed a Gaussian function that describes

(

dN
dz

)

of which the total number of objects is the same as
the size of our ERO sample. We used the different
mean redshift as the Ks-band magnitude limit changes,
〈z〉 = 1.0, 1.05, 1.1, and 1.15 for Ks < 18.0, 18.5, 19.0,
and 19.5mag EROs. The redshift dispersion σz was
fixed to 0.15. It is possible that the redshift distribu-
tion depends on the color cut of the EROs as well as
the magnitude limit. Still we used the same redshift
distribution for EROs selected based on different color
cuts.

One way to test whether the assumed redshift dis-
tribution for our ERO sample is reasonable is to check
the spectroscopic redshifts of a few EROs that are
matched to a spectroscopic redshift catalog. The Sub-
aru GTO 2deg2 field is covered by a dense spectro-
scopic observation at r < 21.3 (Kurtz et al. 2012).
Among the entire R −Ks > 5.0 EROs, we could iden-
tify spectroscopic redshifts for 14 objects. Their spec-
troscopic redshifts range z = 0.6-0.9. Considering that
the R-band magnitude should be relatively bright in
order to be targeted for spectroscopic observation, the
number of matched objects (14) would be a few per-

cent of the EROs at the brightest magnitude bin (e.g.,
611; Ks ≤ 18.0). If the redshift distribution of our
ERO sample has the mean value of 〈z〉 = 1.1 and the
standard deviation value of σz = 0.15, the number of
objects at z = 0.6-0.9 accounts for ∼ 5% of the whole
sample, which is quite similar to the fraction of spectro-
scopically identified objects. From this, we think that
the assumption of 〈z〉 = 1.1 and σz = 0.15 is reasonable
for the redshift distribution of our ERO sample.

By inserting the redshift distribution, comoving
transverse distance, and the derived amplitude Aw from
the angular correlation function analysis, we calculated
r0 for EROs (Table 2). Note that the uncertainty in
our value of r0 is underestimated since the true redshift
distribution of the EROs is not known. The redshift
distribution of the EROs would be affected by both the
magnitude limit and the color cut. However, we did not
apply a different mean redshift for EROs with different
color cuts while we varied the mean redshift for differ-
ent Ks-band limiting magnitude. In the calculation of
r0, increasing the mean redshift (〈z〉) results in the de-
crease of the r0 if other conditions remain the same. On
the other hand, the increase of the σz increases the r0.

Figure 5b shows the comparison of our result with
that from the previous observational studies (Brown et
al. 2005; Palamara et al. 2013) and the expectation of
the semi-analytical galaxy formation model (Gonzalez-
Perez et al. 2011). The r0 value range is 6-10h−1 Mpc,
consistent with the expectation of the semi-analytic
galaxy formation model. This is close to the r0 of the
local L∗ early type galaxies (Zehavi et al. 2011). Like
in other ERO observations, the correlation length r0
of the EROs decreases as we include the fainter EROs.
Comparison of the r0 for R−Ks > 5.0 and R−Ks > 5.5
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Figure 5. (a) The amplitude of the angular correlation as a
function of the limiting Ks magnitude. Filled squares, filled
pentagons, and filled stars show log

10
A for R − Ks > 5.0,

R − Ks > 5.5, and R − Ks > 6.0 EROs, respectively. The
data point for R − Ks > 6.0, Ks < 18.0mag EROs is ex-
cluded due to the large error that exceeds 100% of the value.
The values are compared with the results from previous ob-
servational studies, i.e., R − K > 5 EROs from Daddi et
al.(2000; open triangle) and from Roche et al.(2002; filled
triangle). The overplotted line is the expected Aw and K-
band magnitude limit correlation from the model assuming
merging with negative density evolution of galaxies with co-
moving clustering fixed to r0 = 12.8 h−1 Mpc (see Roche et
al. 2002). (b) The correlation length r0 for different Ks-
band limiting magnitude. Symbols for EROs selected with
different color cuts in this study are the same as in above
panel. Open circles (Palamara et al. 2013), open diamonds
and filled diamonds (Brown et al. 2005) are r0 from pre-
vious observational studies on EROs selected using R − K

colors. The expected r0 for R−K > 5 ERO from the semi-
analytical galaxy formation model is overplotted using the
gray and dark gray crosses assuming that the mean redshift
of the EROs are z ∼ 1.1 and z ∼ 1.5 respectively (Gonzalez-
Perez et al. 2011).

EROs shows that there is little difference in r0 of the
EROs with different color cuts, which suggests that the
redshift evolution of the EROs is rather weak.

4.2. Mass of Dark Matter Halos Hosting EROs

Galaxies are embedded in dark matter halos, which
makes it possible to trace the mass distribution from
the galaxy distribution with the help of the galaxy bias
factor. As the brighter galaxies show stronger clus-
tering than the fainter galaxies, Λ cold dark matter
(LCDM) model suggests that more massive halos are

more strongly clustered which implies that more lumi-
nous galaxies reside in more massive halos. If we match
the correlation length r0 of the galaxy correlation func-
tion to that of the dark matter halo correlation function,
it is possible to estimate the mass of the dark matter
halos that host the EROs.

Comparing r0 with the predictions of the dark mat-
ter halo correlation function presented in previous stud-
ies (e.g., Wake et al. 2011; Palamara et al. 2013;
Durkalec et al. 2015), our ERO sample with r0 = 6-
10 h−1Mpc would reside in dark matter halos with mass
of a few 1012M⊙ to 1013M⊙. This is comparable to L∗

galaxies in the local Universe that are likely to be old,
passive elliptical galaxies. Although we could not con-
strain the stellar mass of these EROs, we expect that
R−Ks selected EROs reside in the most massive dark
matter halos that must have formed early which could
be the progenitors of today’s elliptical galaxies.

5. SUMMARY

We constructed a magnitude-limited (Ks ≤ 19.5) ERO
sample from ∼ 2 deg2 of the Subaru GTO 2deg2 field
using the color cuts R − Ks > 5.0, R − Ks > 5.5,
and R − Ks > 6.0 in order to study their clustering
properties. Two-point angular correlation functions are
derived for EROs with different color cuts and differ-
ent limiting magnitudes. Assuming that the angular
correlation function is described by a single power law
(w (θ) = Aθ−δ), we estimated the two parameters: the
amplitude A and the slope δ. Then the two parameters
are used to estimate the spatial clustering and the dark
matter halo mass that hosts the EROs. We summarize
our main results below:

1. The differential number density for Ks-band
sources are consistent with previous Ks-band sur-
veys down to Ks ∼ 19.5mag. At this magnitude
limit, we selected 9055, 4270, and 1777 EROs with
R − Ks > 5.0, R − Ks > 5.5, and R − Ks > 6.0
color cuts, respectively.

2. As suggested in previous studies, the brighter
EROs show stronger clustering. Changing the lim-
iting magnitude from Ks ≤ 19.5 to Ks ≤ 18.5 re-
sults in a factor of ∼ 2 increase in the clustering
amplitude A in all three ERO samples with differ-
ent color cuts. If the slope of the power-law (δ)
is left as a free parameter, R − Ks > 5.0 EROs
tend to have a shallower power-law slope while
R−Ks > 6.0 EROs prefer a steeper slope.

3. If the redshift distribution of our EROs is con-
sistent with that found in previous studies using
R − Ks color, the spatial correlation length r0 of
the EROs is 6-10h−1 Mpc. This corresponds to
1012-1013M⊙ dark matter halos, which supports
the idea that EROs reside in most massive dark
matter halos and could be the progenitors of local
L∗ ellipticals.
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