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Abstract— We determine the accuracy of photometric redshifts for the brightest cluster
galaxies (BCGs) identified in the W1 field of the Canada-France-Hawaii Telescope Legacy
Survey (CFHTLS). BCGs were identified from the galaxy cluster sample produced by the
Wavelet Z Photometric (WaZP) cluster finding algorithm between 0.1 < z < 1. Provided
photometric redshifts with the CFHTLS official galaxy catalogs were compared with spec-
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These highly reliable spectroscopic redshifts enabled us to determine the photometric red-
shift accuracy of BCGs as onamap=0.020. The outlier fraction is obtained as 1.40%. The
dispersion obtained in this study is significantly better than typical photometric redshift
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accuracies provided in the CFHTLS releases when all types of galaxies are included, which
suggests the use of BCGs as a control object when determining galaxy cluster redshifts.
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1. Introduction

Redshift is an essential tool in extragalactic astronomy as it indicates galaxy distances. When direct
distance measurements are not applicable or a large number of galaxy distances are needed, redshift
can be used as an alternative measure of distance since the expansion of the Universe is imprinted in

the shifts of the spectral lines of galaxy spectra.

Since the first systematic redshift surveys carried out by [1], there have been many spectroscopic
redshift surveys such as Two-degree-Field Galaxy Redshift Survey (2dFGRS), Sloan Digital Sky Survey
(SDSS), Very Large Telescope Visible Multi-Objects Spectrograph (VIMOS) Public Extragalactic
Redshift Survey (VIPERS), Galaxy and Mass Assembly (GAMA), and Extended Baryon Oscillation
Spectroscopic Survey (eBOSS). Many galaxy spectra are crucial to characterize the Universe’s large-
scale structure using galaxy clustering and identification of galaxy clusters. The launching of the
SDSS has had an enormous impact on this regard, and thus [2] was the first to show baryonic acoustic
oscillations (BAO) imprinted on the galaxy distributions due to the expansion of the Universe. The
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discovery of the BAO signal from large-scale galaxy distributions triggered many other projects and
surveys since the BAO signal is a vital tool to characterize the Universe’s expansion history. The
Dark Energy Spectroscopic Instrument (DESI) will obtain 35 million galaxy spectra in the next five
to ten years [3]. Euclid is a space telescope designed to conduct imaging and spectroscopic surveys to
obtain millions of galaxy spectra from space, specifically at the L2 point of the Earth-Sun system [4].
Nevertheless, obtaining spectra of galaxies is quite expensive in terms of telescope time, meaning
longer exposure times and more extensive observational programs are required. A new era starts with
large-diameter telescopes for extensive spectroscopic surveys, such as the Wide-field Spectroscopic
Telescope (WST) and Mauna Kea Spectroscopic Explorer (MSE).

Another approach to overcome the need for spectroscopic redshifts is to utilize photometric redshifts.
The concept of photometric redshift is based on the galaxy colors as different galaxy populations have
different spectral energy distributions (i.e., SED) [5]. In this case, spectral resolution is not enough to

resolve spectral lines but the overall shape of the galaxy SED.

Nowadays, all large-scale imaging surveys incorporate photometric redshift estimation in their pipelines
or data products. The essential requirement for a photometric redshift estimation is imaging in multi-
bands. As demonstrated in the Cosmic Evolution Survey (COSMOS), the more photometric bands,
the better the accuracy of photometric redshifts [6].

In this work, we determine the accuracy of photometric redshifts of the BCGs. BCGs are giant,
luminous, and hence massive early-type galaxies in the central parts of galaxy clusters. The enormous
potential well at the cluster center makes BCG very special as they grow in mass and size by merging
with other member galaxies of the cluster, a process known as cannibalism [7]. Using galaxy clusters
detected from SDSS, [8] showed that BCGs constitute a distinct galaxy population compared to similar
mass non-BCG galaxies. BCGs have steeper (~ 0.2 dex) size-luminosity relation than regular early-
type galaxy populations [9]. Simulations and observational studies show that most of the stellar mass
of BCGs form before z ~ 1 —2. Thus, BCGs’ recent size growth is primarily due to dry mergers taking
place at the cluster centers [10-12].

We compare the photometric redshifts of our BCG sample with their spectroscopic counterparts.
Determining the accuracy of photometric redshifts is crucial, as most studies rely on them. Even
though accuracy is not required for large-scale studies, most galaxy evolution or galaxy population
studies benefit from photometric redshifts. In this work, we aim to demonstrate the accuracy of BCGs

and compare them with the ones for normal galaxies from the same survey and similar surveys.

The structure of the paper is as follows: The selection of the BCG sample, details of our photometric
redshift catalog, and descriptions of spectroscopic redshift sources are given in Section 2. Section 3
compares spectroscopic redshift catalogs and cross-match photometric and spectroscopic redshifts of
BCGs. The accuracy of photometric redshifts is given in Section 3.3. The conclusion of our study is
given in Section 4. Throughout this paper, we use Hy = 70 km s~ Mpc~!, Q,, = 0.3 and Q, = 0.7.

2. Materials and Methods

In this work, we analyze the accuracy of BCG photometric redshifts using spectroscopic redshifts
obtained from public surveys and databases. The present study’s BCG sample is drawn from the
CFHTLS. Among the four wide survey fields, we used W1, which is the largest and the one with the
most extensive spectroscopic redshifts. The coordinates of the CFHTLS-W1 field are given in Table
1.
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Table 1. Coordinates of the CFHTLS-W1 field

RA Dec RA(min) Dec(min) RA(max) Dec(max)
center center (deg) (deg) (deg) (deg)

02:18:00 -07:00:00 30.17771 -11.22814  38.82230 -3.70517

Center coordinates are given in sexagesimal format, whereas coordinates of
the field corners are in degrees. All coordinates in the J2000 epoch.

The data used in this study were taken from the CFHTLS T0007 (final) data release [13]. CFHTLS
is an imaging survey that covers about 155 deg? across four-wide fields (W1, W2, W3 and W4) in
u*, g’ 1, i’/y’, 2’ passbands. Observations were conducted using MegaCam, a mosaic camera of 36
2048x 4612 pixels CCDs, with a pixel scale of 0.186”. The effective field of view of the MegaCam is
0.96x0.94 deg?. The images in five passbands have been homogeneously processed by Terapix (the

former data center at the Institut d’Astrophysique Paris) to construct the final object catalogs.

In the following sections, we describe our BCG sample, the CFHTLS’s photometric redshifts, and
various sources of the spectroscopic redshifts.

2.1. Sample of Brightest Cluster Galaxies

The BCG sample used in this study was drawn within the framework of a TUBITAK (The Turkish
Scientific and Technological Research Council) 1001 project and has been introduced in [14] and [15].
Here, we briefly describe the procedure for selecting BCGs and provide the basic properties of the
sample.

Galaxy clusters in the field of CFHTLS-W1 have been identified by the cluster finder algorithm WaZP.
The algorithm relies mainly on galaxy positions (RA-Dec) and photometric redshifts (zphot). Firstly,
an overdensity of galaxies for a given position in the survey area is determined. The following steps
analyze this position in detail by considering the different redshift slices in the line of sight. Thus, the
peak of the overdensity in the redshift space is obtained. A list of cluster (overdensity) candidates is
provided as an output of the pipeline. Details of the WaZP algorithm can be seen at [16,17]. In this
study, we limit ourselves to cluster candidates with a detection signal-to-noise ratio SNR > 3. This
selection yields 3283 clusters in the CFHTLS-W1.

We define the BCG for each cluster based on the clustercentric distance, redshift, luminosity, and
color. For a member galaxy to be defined as BCG,

1. distance to the cluster center should be less than 500 kpc,
ii. the photometric redshift of the candidate should satisfy | zgq1 — 2¢ [< 0.03(1 + 2¢)

i1i. the (r-i) color of the candidate should be consistent within + 0.3 magnitudes with model elliptical
galaxy colors

The choice of 500 kpc for the search radius around the cluster center is motivated by the fact that BCGs
are located at the centers of galaxy clusters [7]. The cluster core (i.e., central part) is approximately
300-500 kpc around the cluster center. In [18], BCGs are identified at 300 kpc within the peak of
the galaxy density distribution, while in [19], BCGs are identified within 400 kpc of the X-ray peak.
Thus, we adopt the 500 kpc radius for BCG identification as also used by [20].

The brightest galaxies that satisfy the above conditions are defined as the BCG of their respective
clusters. Figure 1 gives an example of a galaxy cluster used in this study and its corresponding BCG.
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Figure 1. An example of a galaxy cluster and its BCG from our sample. The cluster shown in the
image is at redshift z=0.29. The field-of-view of the central image is 1.6 Mpc, whereas the small
subset on the right covers a diameter of 100 kpc

Figure 2 shows the final BCG sample’s redshift distribution, and Figure 3 shows the apparent and
absolute magnitude distributions.
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Figure 2. The redshift distribution of the BCG sample
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Figure 3. The i-band apparent (left) and absolute (right) magnitude distributions of the BCGs
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2.2. Photometric Redshifts

In addition to object catalogs and images, Terapix also provided photometric redshifts, computed using
LePhare software [21,22]. LePhare computes the photometric redshift by fitting galaxies’ spectral
energy distributions (SEDs) obtained from the magnitudes in five passbands. While determining
redshift, LePhare also provides a spectral type for each galaxy as a by-product. However, several

spectral types are kept at a minimum to avoid color-redshift degeneracy.

Five spectral types (E, Sbe, Scd, Irr, SB) are associated with galaxies once the best match is obtained
with LePhare during the SED fitting procedure. These spectral types were adopted from the observed
galaxy spectra given by [23] and [24] and used similarly to [22]. Four spectra from [23] and two from [24]
were extrapolated into 66 spectral templates to represent a wide range of galaxies. Photometric
redshifts were computed using these final templates and explicitly optimized for CFHTLS [25] with
the help of a sizeable spectroscopic sample obtained from the VIMOS Very Large Telescope Deep
Survey (VVDS) [26].

2.3. Spectroscopic Redshifts
2.3.1.SDSS

SDSS is an imaging sky survey performed since 2000 with a 2.5-meter telescope in New Mexico, USA,
funded by the Alfred P. Sloan Foundation. The fifth phase (SDSS-V) in the survey is being carried
out. Up to now, via several observing programs, surveys have obtained spectra for more than four
million galactic and extragalactic objects. The latest data release of SDSS is DR18. However, in
this study, we performed a spectroscopic search within the DR17 spectroscopic catalogs [27]. The
main reason is that new galaxy redshifts have not been significantly inhaled into the SDSS database
since DR17, especially in the region of CFHTLS-W1. Using the CFHTLS-W1 coordinates, we used a
Structured-Query Language (SQL) query and obtained spectroscopic redshifts for 14726 galaxies.

2.3.2. GAMA

GAMA survey was mainly an extragalactic survey carried out in five different fields of the celestial
sky [28]. The survey was performed with the 3.9 Anglo-Australian Telescope and the AAOmega multi-
object spectrograph, which can obtain spectra of nearly 400 objects simultaneously [29]. Among the
GAMA observing fields, G02 is the only one overlapping with CFHTLS-W1. GAMA is a flux-limited
spectroscopic survey with completeness at r < 19.8 in the G02 field. Similarly to SDSS, we performed a
SQL search within the GAMA GO02 spectroscopic catalog of the Data Release 4 to obtain spectroscopic
redshifts of galaxies. This yields 36970 redshifts from the GAMA Survey.

2.3.3. VIPERS

VIPERS was a European Southern Observatory Large Program performed using one of the 8.2 m VLT
telescopes and the VIMOS multi-object spectrograph [30]. VIMOS was a very efficient instrument
capable of obtaining spectra of nearly 1000 objects simultaneously. VIPERS survey was conducted in
the two fields of the CFHTLS, namely in W1 and W4. Since the telescope used for the VIPERS is
large, the survey is designed to obtain spectra of galaxies in the redshift range of 0.5 < z < 1.1. This
makes the survey the deepest among the other redshift sources used in this study. VIPERS observed
galaxies with ¢ < 22.5 and published nearly 90000 spectra for galaxies in CFHTLS W1 and W4. For
this study, we used the latest data release of VIPERS (PDR-2), which includes 50017 redshifts for
galaxies in the CFHTLS-W1 [31].
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3. Results and Discussion

3.1. Comparing Spectroscopic Catalogs

Before cross-matching photometric and spectroscopic redshifts for BCGs, we first compared the three
spectroscopic redshift sources described in Section 2.3. We then carried out a pairwise comparison
of spectroscopic redshifts for all three spectroscopic surveys that overlap with CFHTLS W1. Since
the telescope diameters and spectrographic instruments differ, the redshift range and the number of
everyday objects vary between the surveys. For this comparison, we did not restrict ourselves to BCGs
but used all typical galaxies in three surveys.

Each galaxy redshift catalog is first cross-matched with another catalog, taking into account the
galaxies’ coordinates (i.e., right ascension and declination). As the astrometry of the respective surveys
is very good, we used the matching radius to be 0.5 arcseconds. Once the match has been obtained, the
spectroscopic redshift difference (A z) is calculated as zspecl-zspec2, where 1 and 2 denote different

spectroscopic surveys. Figures 4-6 show the three pairwise spectroscopic redshift comparisons.
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Figure 4. Spectroscopic redshift comparison between GAMA and SDSS
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Figure 5. Spectroscopic redshift comparison between VIPERS and SDSS
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Figure 6. Spectroscopic redshift comparison between VIPERS and GAMA

The resulting comparison is summarized in Table 2. We computed the redshift difference’s mean and
standard deviation (Az). Then, we eliminate galaxies with redshift differences more than three times
the standard deviation (30). Table 2 lists the number of galaxies before and after the sigma-clipping
and the resulting mean and standard deviation after the clipping has been applied. Due to sigma-
clipping, 0. 9%, 0. 9%, and 6. 6% of galaxies are omitted from the comparison for SDSS-GAMA,
VIPERS-SDSS, and VIPERS-GAMA, respectively. The relatively large fraction of galaxies omitted
in the VIPERS-GAMA comparison comes from the fact that most of the galaxies in this comparison
are at higher redshifts; hence, their redshifts can differ in different surveys. It is worth noting that
VIPERS was performed with an 8m telescope, whereas GAMA was performed with a 4m telescope.

Table 2. Statistics for the pairwise survey comparison

Survey Pair NGAL NGAL (30) (Az) o(Az)
SDSS-GAMA 660 654 0.00002  0.00022
VIPERS-SDSS 1488 1474 -0.00064  0.00683
VIPERS-GAMA 151 141 -0.00054  0.00083

The first column represents survey pairs that are compared, the second col-
umn is the number of common galaxies with spectroscopic redshift, the third
column is the number after outliers are removed, the fourth and fifth columns
are mean difference in zspec and its standard deviation, respectively.

In all cases, the mean redshift difference between the survey pairs is much smaller than the typical error
of the spectroscopic redshifts (i.e., 0.001). Therefore, all three surveys have reliable and consistent
spectroscopic redshifts. Thus, combining spectroscopic redshifts from these surveys would not bring
any systematic bias to our study.

3.2. Cross-Matching Photometric and Spectroscopic Redshifts

Since we wanted to assess the accuracy of photometric redshifts of BCGs, we decided to keep the
most reliable spectroscopic redshifts. Thus, we apply a final filtering based on the spectra quality.
Both VIPERS and GAMA surveys provide a redshift quality flag where we only keep redshifts with
a confidence level of a minimum 90% for the redshift determination (zflg > 2 for VIPERS and nQ >
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3 for GAMA). For SDSS, the best approach would be to keep the high signal-to-noise spectra, where
we impose a spectral quality with snMedian > 3.

A cross-matching between our BCG catalog (i.e., photometric redshifts) and the available high-quality
spectroscopic redshifts reveals 94 objects from VIPERS, 447 objects from GAMA, and 682 objects from
SDSS. Thus, 1223 BCGs of our sample have spectroscopic redshifts from various redshift databases.
However, we did a consistency check for the matched objects and found four BCGs with multiple
redshifts from VIPERS, GAMA, and SDSS. We list these BCGs in Table 3 with the corresponding
redshift values. Since the listed spectroscopic redshifts in Table 3 are in good agreement and VIPERS
have been conducted with an 8m telescope, we keep VIPERS redshifts for these four BCGs.

Table 3. Spectroscopic redshifts for four common BCGs from three sources
BCG ID 1z (VIPERS) z (GAMA) =z (SDSS)

D767 0.4967 0.4978 0.4961
6322 0.4553 0.4575 0.4544
7302 0.4708 0.4721 0.4815
7865 0.4299 0.4298 0.4111

After removing multiple occurrences for the BCGs mentioned above, 1215 spectroscopic redshifts are
left for 1215 unique BCGs. We perform our analysis for the photometric redshift accuracy with these

galaxies.

3.3. Photometric Redshift Accuracy of BCGs

The precision of the photometric redshifts is evaluated by the normalized median absolute deviation
[32], which is defined as

ONMAD — 1.48 median (Az)
1 + zspec

where Az = |zphot - zspec|. This dispersion measure (i.e., NMAD) has been extensively used to
determine photometric redshift accuracies in different galaxy surveys [6,22,25,33-35]. Using spectro-
scopic redshifts that we obtained for 1215 BCGs and their photometric redshifts, the dispersion of
the redshift accuracy was obtained as onxprap = 0.020. In Figure 7, we compare photometric and
spectroscopic redshifts for the BCG sample. The 1-0 dispersion lines are plotted around the zphot =
zspec line. The scatter that we measure is due to the difference between photometric and spectroscopic
redshifts. The less scatter means a better photometric redshift estimation. A better characterization
of the spectral energy distribution would yield better estimates. This can be done by increasing the
number of bands used to determine photometric redshifts. Table 4 compares our results with relevant
imaging surveys with photometric redshift accuracies.
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Figure 7. Comparison of photometric and spectroscopic redshifts for the 1215 BCGs. The red solid
line corresponds to zphot=zspec, and the blue dashed lines show oxarap dispersion. The bottom
i Jéfpec residuals. The outlier fraction (1) and the 1-o dispersion are given in the
top-left side of the plot

panel shows the

In such studies of photometric redshift assessment, the outlier fraction is used to quantify the fraction of
galaxies with large photometric and spectroscopic redshift offsets. The outlier fraction, 7, (i.e., objects
with catastrophic redshift errors) is computed as the fraction of galaxies with 5 JLSS;' = > 0.15[22]. There
are 17 galaxies in our sample with outlier photometric redshifts according to this definition, which

yields an outlier fraction of n = 1.40%.

Table 4. Comparison of photometric redshift accuracies from the literature

Survey NGAL  oa.a+2) n(%)  Reference
CFHTLS - Deep 2867 0.020  3.80 22]
2COSMOS - bright 4148 0.007  0.70 [36]
CFHTLS - W1 1532 0.037 2.81 [25]
SDSS DR7- LRG  ~ 140000  0.017  0.12 [34]
Subaru HSC-SSP ~ 170000 0.066 1.99 [35]

CFHTLS - BCG 1215 0.020 1.40 This Work

Results given in the last row (i.e., bold-faced) are obtained in this study

Our results are significantly better than those of similar studies for CFHTLS, as shown in Table 4. The
results of some other essential surveys are also given in the table. Among these, zCOSMOS has the
most negligible dispersion (i.e., better accuracy) because the zZCOSMOS survey consists of photometric
data for 30 bands [6]. Including several photometric bands ensures a better characterization of the
spectral energy distribution of galaxies; however, this is not the case for many imaging surveys, where

five bands are used mostly.
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This work presents the photometric redshift accuracy of the BCGs for the first time. Thus, it is not
easy to compare directly with previous studies. Nevertheless, the survey of luminous red galaxies from
the SDSS consists of the most similar galaxy sample to this work. The dispersion for ¢_a. = 0.020
obtained in this study is in good agreement with a( pa = 0.017 obtained with the resp((lezave SDSS
sample (see Table 4). It should be noted that the much smaller outlier fraction of 0.12% obtained

from SDSS is mainly the result of good spectroscopic training of the photometric redshift code used

in SDSS. Many spectroscopic redshifts available in SDSS enable significantly better training for the
photometric redshift code based on neural networks [37, 38].

4. Conclusion

We obtained the accuracy of photometric redshifts of the BCGs using available spectroscopic redshifts
from major spectroscopic surveys. The photometric redshift accuracy of the BCGs is significantly

better 0_a. = 0.020 than that of normal galaxies in the CFHTLS. The accuracy is better, and the
(+2)
outlier fraction is lower than many similar galaxy samples except the zCOSMOS and the luminous red

galaxy sample of SDSS. Our results can represent BCGs or luminous-red galaxies up to redshifts z~1.
Since BCGs are brightest in galaxy clusters, they can easily be detected once a cluster is identified. The
present study’s results suggest relying on photometric redshifts of BCGs for galaxy cluster detection,
especially when spectroscopic redshifts for the other cluster members are unavailable. BCGs were used
to constrain cluster detection in a study based on SDSS data [39]. This study’s results also suggest
investigating the photometric redshift accuracy for different galaxy populations. Current (e.g., DESI,
Euclid) and future large imaging surveys, such as the Large Synoptic Survey of Transients with the
Rubin Observatory, will provide large galaxy catalogs. Thus, assessing the performance of photometric
redshifts will be possible for different subsets of galaxies. Since BCGs are found at the center of
galaxy clusters, their properties are unique. This study suggests using BCGs as control objects to
constrain redshifts when determining redshifts of galaxy clusters. The photometric redshifts used in
this study were obtained with LePhare, one of the most successful codes available in the literature.
Incorporating machine learning techniques, especially neural networks, will probably be the primary
approach in the future, as it is already being used in many surveys. However, obtaining galaxy SEDs
is crucial for galaxy evolution studies; future imaging surveys with multi-bands, including optical and
near-infrared, would be beneficial, increasing the photometric redshift accuracies and enabling a better
SED characterization.
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