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The Color-Magnitude Diagram & Luminosity
Function of the ACT-J0235 Galaxy Cluster

Néstor Espinoza, Undergraduate Student, PUC

Abstract—We present a study of the Color-Magnitude
Diagram and the Luminosity Function of the ACT-J0235
galaxy cluster (z=0.43±0.07), using images taken from the
GMOS/Gemini-South. The data was reduced using SEx-
tractor automatized software and a completeness of detec-
tion study is used to find the limiting magnitude of our mea-
surements. We found, by applying statistical criteria, that
the data had in fact a lower and upper limiting magnitude
of m1

r = 18.7 and m2
r = 22.9, which define our range of statisti-

cally significant study. We also study the Color-Magnitude
Diagram of the cluster and determined the slope of the red
sequence to be −0.042 ± 0.015, which is in good agreement
with the values found in the literature. The Schechter’s
Luminosity Function of the cluster is also studied, and pro-
vided very valuable information about the mass distribution
on the cluster. The parameters adjusted to the LF where
Φ∗ = 3048.63 ± 1566.14 square degrees, M∗ = 20.26 ± 0.44 and
α = −1.145 ± 0.069. Our final conlusion is that, according
to the data, the cluster is mainly dominated by early-type
galaxies.

Index Terms—Galaxy Clusters, Completitude, Number
Counts, Red Sequence, Color-Magnitude Diagram, Lumi-
nosity Function.

I. Introduction

GALAXY clusters are one of the most interesting
objects of study: They are huge gravitation-

ally bound groups of galaxies very close together at
the same epoch, so they are of fundamental importance
for the understanding of galaxy evolution and morphology.

Many studies have been done on galaxy clusters which
try to relate different photometric properties with the evo-
lution and morphology of these large groups of galaxies.
The correlation between color and morphology comes out
as one of the easiest question to ask with today’s data: It
is now known, for instance, that morphology separation in
a cluster can be done by using a simple Color-Color Di-
agram, as shown by Strateva et al. (2001) for the Sloan
Digital Sky Survey (SDSS). The problem centers on how
this changes in time: How do galaxies evolve in a cluster?
How does this change as we look at different redshifts (ages
of the universe)? Two fundamental tools are used in order
to answer these questions: The Color-Magnitude Diagram
and the Schechter Luminosity Function.
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A. The Color-Magnitude Diagram

The Color-Magnitude Diagram (CMD) for galaxies is
today one of the biggest estimators of galaxy evolution in
clusters. Bower et al. (1992a, 1992b) showed for the first
time that the CMD contain valuable information about
the star-formation histories of clusters. In particular,
the data seemed to accumulate in a linear trend for
early-type galaxies, although details on this trend and it’s
interpretation as a probe of cluster evolution where given
by Gladders et al. (1998).

With the arrival of large sky surveys, several clues where
given to understand the properties of this diagram, as
shown by Strateva et al. (2001) wich suggested that the
diagram contained two big density maximums. The first
determination of this property of the CMD for galaxies was
given by Bell et al. (2004): They showed that the distri-
bution of galaxies in the CMD is bimodal at all redshifts
out to z∼1. In other words, it means that the CMD has
two big density maximums, which are usually refered to as
the blue cloud and the red sequence. The former appears
as a big cloud of galaxies in the CMD, usually at fainter
magnitudes, which represents an actively star forming re-
gion while the latter, appears as a linear accumulation of
galaxies with slower star formation (this accumulation was
the linear trend actually studied previously by Bower et al.
(1992a, 1992b) and Gladders et al. (1998)). The study of
this sequence at different redshifts gives us understanding
on how galaxies evolve in galaxy clusters. A recent study
by Gilbank & Yee et al. (2008) shows that star formation
ends earlier (at higher redshifts) for most massive (lumi-
nous) galaxies and more recently (at lower redshifts) for
less massive (fainter) galaxies.

B. The Schechter Luminosity Function

The Schechter Luminosity Function (SLF) in it’s origi-
nal form proposed by Schechter (1976) is a very good ap-
proximation at low redshifts of the number of galaxies per
luminosity interval. Although it was originally written in
terms of the luminosity, it can be easily written in terms
of the absolute magnitude as:

Φ(M) = kφ∗100.4(M∗−M)(1+α) exp
(

−100.4(M∗−M)
)

(1)

Where k = 0.4 ln(10), φ∗ is the normalization term,
whereas M∗ and α are the parameters that define the shape
of the function. The α parameter determines the faint-end
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of the curve (values lower than -1 implies a decreasing loga-
rithmic slope, bigger than -1 implies an increasing logarith-
mic slope and the limiting value -1 implies a flat faint-end
of the luminosity function) and the M∗ parameter repre-
sents the dominant term on the function: When M < M∗,
the luminosity function is dominated by the power law and
when M > M∗ the LF is dominated by the exponential law.
In our present study we’ll use m, the apparent magnitude,
as M in the SLF: Considering that the distance between
the cluster members is small, the apparent magnitude will
serve as an indicator of luminosity inside the cluster.

II. The Data

A. The ACT-J0235 images

The images used in the present work are given in two
AB filters, g and r, and where exposed by a total of 280
and 480 seconds respectively. The details on the obser-
vational setup and optical data reduction can be found
to be in the recently published document by Menanteu
et al. (2010). The considerations on this data that
we need for the present work are the coordinates of the
cluster (RA=02:35:453 & DEC=-51:21:05.2), the redshift
(z = 0.43± 0.07) and the scale of the detector (0.146 arc-
sec/pix). The images are of 1955 x 1966 pixels each, which
gives a total sky coverage of 22.75 arcmin2 or 0.00631
square degrees around the center of the cluster.

B. Data Reduction

We calculated the Photometric Zero Point (ZP) of our
photometry by using standard stars. The ones used to find
the ZP are summarized in Table I in image coordinates.
The FWHM for point-like sources was calculated to be
FWHM = 7.0777, which was obtained using IRAF’s
imexamine task on bright circular point-spread like
objects.

To search for stars and galaxies in our images, we used
the SExtractor (SE) software for source extraction (Bertin
& Arnouts, 1996). The principal feature of SE is the am-
mount of information about the detection and photometry,
so we’ll examine and test it detail. We performed our de-
tection using a 5x5 pixels gaussian-shaped detection filter
and a background mesh of 130 pixels. We used the auto-
mated magnitudes (MAG AUTO) in our images to obtain both
catalogs because they are the best suited for our galaxy
magnitude extraction according to the measurements made
by Kron (1980) on faint galaxies (we’ll discuss this subtle
point in the next sub-section, because we have to be very
carefull with SE’s error estimations). We put several re-
strictions on the flags given by SE (every object with flags
higher than 3 was excluded from our catalog). For the
galaxy/star classification of our data, a plot of magnitude
versus “stellarity” (SE parameter called CLASS STAR that
assigns a probability to every object of being a star where
one means it is, and zero that it is not) is shown in Figure
1.

According to Figure 1 we seriously need to determine
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Fig. 1. Magnitude v/s stellarity for the data obtained with SEx-
tractor for the r-filter image. Notice how data accumulates towards
fainter magnitudes.

X Y r g
727 1507 18.3926 19.8822
1515 1051) 17.5763 18.9809
1409 251) 26.1100 27.3562

TABLE I

Information on the standard stars. The calculated

photometric point was ZP=26.821, which was calculated

using a weighted mean by magnitudes (fainter stars have

less weight).

when to stop believing in SE’s stellarity parameter, so we
need to do a completeness study.

C. Completeness & Limiting Magnitude

According to Harris (1990), we might define the limit-
ing magnitude of CCD photometry as the level at which
the completeness of detection drops to 50%. The study of
completeness provides therefore a maximum magnitude on
which our photometric methods will prove to do statisti-
cally significant criteria in chosing whether an object is a
star or not (in this case, we’ll test that limiting magnitude
for SExtractor). The procedure is as follows. We first sim-
ulate a set of stars at different magnitudes, put them on
our original images of the cluster and then run our photo-
metric method (SExtractor) to search for the stars in the
cluster. The number of stars counted per magnitude in-
terval f(m) will be divided by the total expected number
of stars ftot. The completeness of detection will be the
magnitude at which:

f(m)

ftot

≈ 0.5 (2)

In order to do this we simulated stars in a set of 50 images
with different magnitudes (ranging from 15 to 25 in 0.2
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Fig. 2. The r-filter image objects. The x and y axis shows the objects
coordinates in pixels, the dots represent previously derived objects
from the catalog using SExtractor and the red stars are the ones that
were simulated using IRAF’s tasks.

bins). Each image had 100 stars with uniformly distributed
random coordinates over the r filter (see Figure 2). To cre-
ate the stars, we used IRAF’s task epix and gauss with an
IRAF script that inserted values of 1 on the on the given
coordinates and then executed the gauss command to per-
form gaussians on these values with σ = 2

√
2ln2·FWHM.

Then we performed a SExtractor detection, producing 50
data sets, one for each image. We will modify the complete-
ness limit a little to account for the goodness-of-detection
of SE (i.e. how well are the magnitudes calculated from
SE compared to the ones we expect). First, and because
the data is uniformly distributed, we will search for objects
that are at least at a radius of 2 pixels from our original
randomly generated coordinate data set. Second, we only
want those objects that are considered “stellar” by SEx-
tractor, so we’ll do the completeness study considering only
objects that have stellarities above 0.9. Finally, we will set
a 3− σ detection criteria for magnitude detection, giving
rise to a 99.7% confidence interval: If the magnitude of the
detected object isn’t the expected value considering that
interval, then we won’t count that object as a legitimate
count. The results of this test are shown in Figure 3.

According to the data obtained in the simulation,
the maximum confidence of detection occurs at a finite
interval. The limiting magnitude therefore has two results,
computed extrapolating data close to the f(m)/ftot ≈ 0.5
limit as m1

r = 18.7 and m2
r = 22.9. The main reason for

the two magnitude values is that the simulated objects
are stars and, more important, the automatic magnitude
performed by SE is optimized for faint galaxies as
explained by Kron (1980) (that’s why the completeness
limit at fainter magnitudes is the same in both cases:
Applying the 3σ condition or not doesn’t change the
result). Because of that, the Kron aperture radius for
the calculation of the flux of the source is small in bright
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Fig. 3. Distribution of f(mr)/ftot as a function of magnitude. The
maximum detections occur at 19, 19.2, 19.4 and 19.6 magnitudes.
We also plotted the usual completeness limit when the 3−σ criteria
is not used: We can see that it actually converges to the obtained
data using the 99.7% confidence interval at fainter magnitudes.

objects, underestimating the noise of the measurements.
However, we’ll find this limits very useful in order to
obtain data from the red sequence on the CMD, because
it’ll give us a statistically significant interval to work on.

Finally, Bahcall-Soneira’s model (as cited by Kümmel
and S.J. Wagner, 2001) shows that at faint magnitudes
(mr ∼ 23.13) the point-like to extended sources number
ratio is ∼ 0.1. According to our simulations then, the
approximate probabilty of obtaining a point-like source on
our data is ∼ 5%. Because of this, any object between
m1

r = 18.7 and m2
r = 22.9 with stellarity lower that 0.9 will

be considered a galaxy.

III. Finding Cluster Members

A. Galaxy number counts

In order to determine the cluster’s members we per-
formed a number count reduction on our data with models
of number counts fitted by Metcalfe et al. (1991). The
main reason in chosing this work is because of it’s similar
extinction value with the present region of study. For Met-
calfe et al., the extintion is ∆EB−V = 0.02 while for our
data, following the steps proposed by Schlegel et al. (1998)
the extinction coeficient is ∆EB−V = 0.013. Furthermore,
the data obtained by Metcalfe et al. shows full agreement
with more recent works made on number counts, as showed
by M.W. Kümmel and S.J. Wagner (2001). According to
Metcalfe et al., we can relate the number counts in the r
filter by:

log10 Ngal = αmR + αβγ − η (3)

Where Ngal is the number of galaxies per square degree
per 0.5 magnitude interval in the interval 20 < mR < 23
and:

α = 0.373± 0.010
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Fig. 4. Number of galaxies per magnitude bin for our data in the
interval 20 < mr < 23. We considered poissonian errors on the error
bars.

β = 0.020± 0.009

γ = (B −R)ccd/0.892

η = 4.51± 0.21

Here (B −R)ccd is a characteristic value that depends on
the magnitude bin to be taken. To convert between mR

and mr magnitudes, we use the work done by Fukugita et
al. (1995) to derive:

mR = mr − 0.16 (4)

Which replaced in equation (3) gives:

log10 Ngal = αmr + b (5)

Where:
b = αβγ − α0.16 − η (6)

And the associated error on b can be calculated by
standard methods on partial differentiation, considering
the small numbers on the equation (note that the error
on b is a function of γ). Even tough we derived the
associated errors, we won’t occupy them on the present
study because the numbers are negligible in comparison
to the number counts in our own data.

The next step is to determine the number of galaxies per
square degree per 0.5 magnitude bin in our sample in the
interval ∼ 20 < mr < 23 (equation (4)) (we rounded the
decimals t and observed carefully at SE’s o the closest 0.5
bin). The result of this calculation is shown in Figure 4.

We are now ready to randomly eliminate galaxies from
our bins. Considering our total sky coverage of f=0.00631
square degrees around the center of the cluster, and that
equation (5) is written for 1 square degree, we write for
our expected field galaxy number counts:

Ngal = f10αmr10b (7)
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Fig. 5. Color-Magnitude Diagram for objects in our field. White
dots represent every object (mainly objects outside our limiting mag-
nitudes), blue dots represent the galaxies inside our limiting magni-
tudes, red dots represent the cluster member galaxies and red stars
the stars present in our study (defined as objects with stellarity >
0.9).

Range (mr) (B −R)ccd Nfield

20 - 20.5 1.93 5.18
20.5 - 21 1.78 7.92
21 - 21.5 1.71 12.15
21.5 - 22 1.62 18.62
22 - 22.5 1.48 28.50
22.5 - 23 1.34 43.61

TABLE II

Calculated values for field galaxies that we are going to

randomly remove from our data. The total data to

eliminate are 117 galaxies.

(This makes sense if we assume galaxies are a uniformly
distributed variable: If we increase the area, we’ll get more
object counts. On the other hand, if we decrease it, the
number of objects also decreases). Table II summarizes
the number of galaxies that are going to be removed per
magnitude bin, according to the data presented in Metcalfe
et al.

IV. The Color-Magnitude Diagram

We created an algorithm which randomly removed the
number of galaxies presented in Table II for each magni-
tude bin. This proved to be a very good tool because the
distinction between the red sequence and the blue cloud is
very clear. The Color-Magnitude Diagram for our study is
plotted shown in Figure 5.

In our field diagram we can see a clear pattern between
the cluster members. Red objects tend to accumulate to-
wards brighter magnitudes, indicating that they are the
brightest members of the group (and hence the more mas-
sive ones). A detailed study is presented now for the clus-
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Fig. 6. Color-Magnitude Diagram for objects in our cluster. We
pesent the 3−σ confidence interval fitted from the data.
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Fig. 7. Color-Magnitude Diagram for objects in our cluster after a
σ− clipping iteration. We also present the 3−σ confidence interval
and the members that made it through the iteration (red dots).

ter’s members galaxy Color-Magnitude Diagram.

A. The Color-Magnitude Diagram for the galaxy cluster

The Color-Magnitude diagram for our galaxy cluster
is presented in Figure 6. A first linear least-squares
fit is presented for our data, which adjusted a slope of
−0.056±0.015 to all data, with a free parameter equal to
2.56±0.33. After that, we performed a sigma-clipping iter-
ation, where we removed the precence of obvious blue cloud
members. The results of this iteration are shown in Figure
7. The parameters of this iterations are −0.042±0.015 for
the slope and 2.29± 0.33 for the free parameter.

V. The Luminosity Function for the cluster

We calculated number counts of the cluster galaxy mem-
bers in bins of 0.2 from 20 to 23th r-magnitude. Then, we
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Fig. 8. Luminosity Function of our galaxy cluster members using
the mr magnitude as a luminosity indicator inside the cluster. The
adjusted parameters where Φ∗ = 3048.63 ± 1566.14 square degrees,
M∗ = 20.26± 0.44 and α = −1.145± 0.069.

obtained the base 10 logarithm of the Schechter’s function
and propagated the poissonian error. The data and the
corresponding non-linear least squares fit to the data is
shown in Figure 8.

VI. Discussion

A. On the Completeness of Detection and Limiting Mag-

nitude

As we saw, the derivations that gave rise to our two lim-
iting magnitudes where very useful troughout this work.
It was showed that our intervals of interest in magnitudes
were almost in perfect agreement with our analysis. SEx-
tractor resulted of a lot of help to detect, measure and sort
objects in the sky. Although the precision of the software
is not ideal, it was sufficient enough for the present work.
However, we point out that in order to have statistically
significant data working with SExtractor one has to be very
careful with the way in which SE measures and propagates
the error: As we saw, SE didn’t select the real values on
our simulations and even “lied” about the precision of the
measurements in magnitude if they where too faint or too
bright. To account for that, one has to be very carfeull in
selecting what objects we want to detect, so we can pickup
different ways of obtaining magnitudes at different magni-
tude intervals as pointed out by different authors on the
literature (see for example Casertano et al., 2000).

B. The Color-Magnitude Diagram: The field

As we could see in Figure 5, the number of objects used
for the study of the cluster is only a small part of the
total field (∼ 18% of the total data). This is mainly be-
cause of our upper limiting magnitude (brighter magni-
tudes are just a small part on the diagram). Although
we only considered statistically significant data up to 23th
magnitude, and that on top of that the work presented by
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Metcalfe et al. is magnitude limited, and taking in consid-
eration the low number of stellar counts, the big dispersion
towards fainter magnitudes and bluer colors suggest that
there might be many blue cloud cluster members hidden
within the data that was not taken in the present study
(if we assume a bimodal distribution as proposed by Bell,
2004). This can be solved perhaps by taking a different
or a supplementary method for detecting cluster members,
like the photometric redshift method used by Leitet et al.
(2007).

C. The Color-Magnitude Diagram: The Cluster

Our results on the Color-Magnitude Diagram and spe-
cially on the study of the red-sequence are in good agree-
ment with recent studies on galaxy evolution (Gilbank
et al., 2008). The slope of our curve adjusted to the
red sequence data shows that massive objects are redder
and hence dominate over the gravitationally bounded sys-
tem. According to the studies made in galaxy morphology
(Strateva et al., 2001) we can conclude that the cluster is
dominated by massive early-type galaxies. Although our
results are not sufficient to show the bimodal distribution
proposed by the different authors cited in the present work,
our work clearly shows that assuming it the red sequence
is a clear accumulation of data (we can’t show is bimodal,
but at least we can show that our present data is modal: It
tends to go towards bluer colors). Although there appear
to be redder objects in our CMD (with huge error bars),
the data clearly shows that galaxies with fainter magni-
tudes (i.e. less massive) tends to accumulate to bluer color
objects towards fainter magnitudes (which is even clearer
if we observe the fit done by the Schechter’s Luminosity
Function form). This seems intuitive because high star for-
mation rate requieres high ammounts of mass to be con-
verted into energy, so bluer galaxies tend to be fainter.
This means that, in comparison with their cluster neigh-
bours, they are less massive.

D. The Luminosity Function of the cluster

The results on the fit done to the number counts on our
cluster are in good agreement with studies of different LF’s
done on clusters (Gilban et al., 2008, Smail et al., 1997 as
cited by Kashikawa et al., 2002). Our results show a char-
acteristic magnitude M∗ = 20.26± 0.44, which shows that
manily all of our present data is dominated by the expo-
nential term in the LF. This means that approximately, the
number of galaxies per magnitude interval in the present
data exponentially increases, which in our cluster means
that the number of galaxies increases as luminosity de-
creases: This means that the number of low mass galaxies
increases too (dN/dm = φ(m) ≈ em and for the LF on clus-
ters dN/dm ∝−mdN/dL and hence dN/dL ∝−em/m for
magnitudes m > M∗). This is another measure of our esti-
mation that the cluster is mainly dominated by early-type
galaxies. If we compare our LF with our CMD observing
Figure 7 and Figure 8, we can clearly determine that the
red sequence’s brightest members dominate in luminosity
and hence in mass over the blue cloud members.

VII. Conclusions

The use of automatized software like SExtractor to
analyze large ammounts of data, if taken with care, acts
as an excellent tool of data reduction. Our present work
showed that if the knowledge of the range of magnitudes
to study is known, the tools can be optimized to get low
statistical uncertainties in the magnitude range of study.

The fundamental limitation of our present work was the
galaxy field method to obtain galaxy cluster members. As
proposed, suplementary methods for identifying galaxy
cluster members are needed if one wants to account for the
entire picture of the CMD and also to get better fitting
parameters to the LF: The random field galaxy extraction
of our data set introduced huge errors (which was good
enough for our conclusions) so different methods for
galaxy cluster member search are suggested if a rigorous
study of the cluster is wanted.

Finally, our present study of the ACT-J0235 Galaxy
Cluster shows that it is manily dominated by red sequence
early-type galaxies. The comparison between the CMD
(with fitted parameters of −0.042±0.015 for the slope and
2.29± 0.33 of the free parameter) and the LF (with fit-
ted parameters of Φ∗ = 3048.63± 1566.14 square degrees,
M∗ = 20.26± 0.44 and α = −1.145± 0.069) of this galaxy
cluster presented a remarkably good tool to understand the
galaxy distribution in therms of mass and star formation
rate. If different redshifts are taken into account, the evo-
lutionary description of clusters and hence of galaxies can
be studied in detail as shown by various authors (Gladders
et al., 1998, Bell et al., 2004 and Gilbank et al., 2008 to
name a few). Further studies can lead to the investigation
of galaxy mergers which are galaxies that pass from one
sequence to the other, providing an excelent tool at lower
redshifts bins for the understanding of the nature of the
star formation rate on galaxies.
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