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Abstract

This thesis presents a study of the radio luminosity function and the evolution of

galaxies in the Abell 2256 cluster (z=0.058, richness class 2). Using the NED database

and VLA deep data with an rms sensitivity of 18µ Jy.beam−1, we identified 257 optical

galaxies as members of A2256, of which 83 are radio galaxies. Since A2256 is undergoing

a cluster-cluster merger, it is a good candidate to study the radio activity of galaxies in

the cluster.

We calculated the Univariate and Bivariate radio luminosity functions for A2256,

and compared the results to studies on other clusters. We also used the SDSS param-

eter fracDev to roughly classify galaxies as spirals and ellipticals, and investigated the

distribution and structure of galaxies in the cluster.

We found that most of the radio galaxies in A2256 are faint, and are distributed

towards the outskirts of the cluster. On the other hand, almost all very bright radio

galaxies are ellipticals which are located at the center of the cluster. We also found there

is an excess in the number of radio spiral galaxies in A2256 compared to the number

of radio ellipticals, counting down to a radio luminosity of log(luminosity) = 20.135

W/Hz.
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Chapter 1

Introduction

Abell 2256 is a massive galaxy cluster (M ∼ 1015M�) of richness class 2, with a redshift

z = 0.058 and with an X-ray luminosity 1040 to 1041 ergs/s (Sun et al. [2002]). Previous

studies identified ∼ 40 radio galaxies as members of the cluster (Miller et al. [2003b]).

Berrington et al. [2002] proposed that A2256 contains three merging subclusters. Two

of them appear to be at the advanced stage of the merging process, while the third

subcluster is in the early stage of merging with the other two.

This unique merging environment of Abell 2256 makes it an interesting target to

study the merging process and its effect on the intracluster medium (ICM) as well as

the structure of galaxy clusters. For example, the origin of the observed diffuse emission

(which extends for ∼ 1Mpc) from the cluster environment observed in radio (Miller et al.

[2003b], Owen et al. [2014]) and X-ray (Clarke and Ensslin [2006]) is a subject of active

research. There are two kinds of Mpc scale emission. First is the radio relic, which is

diffuse emission that is distributed on the outskirts of the cluster with an irregular and

elongated shape. Second is the radio halo emission which mostly originates from the

center of clusters and has a similar morphology in both X-ray and radio. Figure 1.1

shows the radio relic and halo in Abell 2256 along with all cluster galaxy members. The

source of these diffuse radio emissions are the relativistic particles that are generated

by shocks created in the cluster merging process; seed relativistic particles may also

be provided by the cluster radio galaxies. Simulations have shown that cluster-cluster

mergers are a very energetic process, involving kinetic energies on the order of 1064

ergs. A fraction of this energy can be spent on stimulating the intra-cluster magnetic
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field that accelerates relativistic particles, and produces diffuse synchrotron emission on

large scales (Brunetti and Jones [2015]).

Cluster mergers can affect the environment and evolution of the individual galaxies

in the cluster as well. There are two types of emission from galaxies we can see in the

radio, emission from Active Galactic Nuclei (AGN) and Star Forming (SF) galaxies.

There are three main morphologies observed from radio galaxies: compact, extended,

and jets/lobes. If the radio source is compact it is either an AGN or SF. If the radio

source is extended and has the same size at its optical emission then the galaxy is SF.

It has been suggested that cluster merging can trigger star formation activities in

galaxies. Merging increases the relative velocity between the galaxies and the velocity

of the ICM. As a result, the ram-pressure applied by the ICM to the galaxy interstellar

medium (ISM) increases and transfers gas to galaxy nuclei and enhances star formation.

On the other hand, the ram pressure can also remove the ISM within the galaxies,

decreasing star formation (see Ferrari [2005]).

Our understanding of cluster merging effects is incomplete, and even contradictory

in some cases. While some observations such as Dressler et al. [1999] have shown

that merger activities have a huge effect on the star formation rate within individual

galaxies, other studies such as Yee et al. [1996] claim it does not play a significant role.

Moreover, this contradiction extends to the available models and simulations as well.

Fujita et al. [1999] showed that merger events can stop star formation in galaxies, while

in the simulation by Fujita [1998] cluster merging enhances the star formation activity.

These opposite results are mostly due to the different parameters that are assumed in

different models and simulations.

AGNs can also be triggered by cluster merging. Gilmour et al. [2007] showed that

there are fewer AGNs in the centers of cluster than outer regions. This could be due

to the cold gas that is stripped away from ICM and there will be less fuel for AGNs in

the cluster center (see Pimbblet et al. [2013]). Other studies show no effect of cluster

merging on AGNs (examples are Haggard et al. [2010], Miller et al. [2003a]).

Studying the radio source and its optical counterpart in Abell 2256, as well as the

distribution and structure of individual galaxies, and comparing these to other clusters

may lead us to better understanding of the complex environment of merging clusters.
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In this paper, we identify 83 radio objects as members of Abell 2256. We com-

pute the Univariate and Bivariate Radio Luminosity Function (URLF and BRLF). The

URLF gives us information about the distribution of radio luminosity of cluster mem-

ber galaxies, while the BRLF is one of the best approaches towards understanding how

optical magnitude affects the existence of radio emission . We also compared our re-

sult with the Coma cluster (Miller et al. [2009]), and the 188 galaxies in several Abell

clusters (Ledlow and Owen [1996]). We used the Sloan Digital Sky Survey, SDSS, data

release 10 to identify elliptical and spiral members of the cluster, which helped us to

study and discuss their structure and distribution separately.

(a) Radio halo (b) Radio relic

Figure 1.1 Left: X-ray emission from the radio halo of A2256( in blue), Right: Radio
emission from radio relic (in blue). White circles are optical galaxies in A2256 while red
circles represent radio galaxy members.



Chapter 2

Radio and Optical Measured

Quantities

In this chapter, we list and explain the quantities that we used for our analysis. Tables

A.1 and A.2 list these calculated radio and optical quantities for the 85 radio sources

in Abell 2256, of which we consider 83 to be reliable identification.

Data from Owen et al. [2014] were used to identify radio sources. These data have

been observed with the Karl G. Jansky Very Large Array (VLA) at a frequency range of 1

GHz to 8GHz; only the data at 1-2 GHz are used in this paper. These observations were

obtained in all four VLA configurations (A,B,C and D). Owen et al. [2014] combined

all four configurations to show both extended and compact structures in a single map.

The final image is 0.41 degrees in radius with 3 arcsec resolution. This image is primary

beam corrected, and therefore the noise level in the central regions is approximately 4

microJy while it increases to 26 microJy toward the edges.

Positions of the cluster members: We used the NASA/IPAC Extragalactic

Database (NED) and looked for all the optical galaxies within the 0.41 degrees of the

center of our radio map (RA=255.9317 deg , DEC=78.6666 deg). It should be noted

that there is a 1.8 arcmin offset between the center of the radio and the X-ray maps.

Note that if we change the center to the X-ray center, it will not affect our results.

We only selected galaxies with spectroscopic redshifts of 0.047 ≤ z ≤ 0.069, the same

redshift range as Miller et al. [2003b]. Figure 2.1 shows the redshift distribution of all

4
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galaxies within our search radius.

We selected 257 galaxies as cluster members of Abell 2256. We confirmed the NED

coordinates of these galaxies by using the HST images kindly provided by van Weeren

et al. [2009] (when available), and the SDSS DR10 catalog. It should be noted that we

found two objects with SDSS ids of 1237663269868994575 and 1237663269332058258

where the optical positions were incorrect, but less than 4 arcsec off from the core of

the galaxy, so we changed the optical positions to the correct ones. Figure 2.2 shows

optical images of a few cluster members as an example. The radio intensity contours

are plotted on top of the optical image, and the red cross represents the optical center

of the galaxy.

We visually inspected and compared the radio and optical maps of the region, and

found that 85 out of the 257 optical sources are associated with radio galaxies with a 4.5σ

detection above the local background.The faintest optical galaxies have apparent magni-

tude of 22.16 and absolute magnitude of -14.81. However, the radio and optical centers

of the two galaxies with SDSS IDs of 1237663269868929212 and 123766326933212388

do not match (you can see the images of these two objects in Chapter 7). Therefore,

we decided not to include them in our sample for further analysis. The other 83 objects

are classified as radio sources which belong to the Abell 2256 cluster.

Flux densities: We measured the peak and total flux densities of each galaxy

member using the task “Viewer” from the Common Astronomy Software Applications

(CASA) package. To measure the total flux densities, we manually drew a box around

each object, and measured the total flux within the box, after removing any local back-

ground. In addition, we recorded the peak flux per beam for each object and made sure

all radio sources had a peak flux above 4.5σ of the local background, which is 18 µJy

at the center of the image, and increases to 116 µJy at the edge.

Luminosity: We calculated the luminosity of each galaxy from the measured total

flux assuming all galaxies are located at the redshift of Abell 2256, z = 0.058, and

Hubble parameter of H0 = 70kms−1Mpc−1.

Enclosed Area: Area enclosed by a circle which is centered on the cluster radio

image and extending to the position of radio source.

Number of enclosed optical sources: Number of cluster optical galaxies within

the enclosed area.
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Figure 2.1 Redshift distribution of all galaxies found within 0.41 degrees of the radio
center of the cluster, RA=255.9317 deg, DEC=78.6666 deg.

Sensitive Area: We defined the circular sensitive area as the region where a radio

galaxy with its measured peak flux density could still be detected above 4.5σ. For

example, a galaxy with the peak flux density of 18µJy/beam could be detected above

4.5σ up to a radius of 0.49 Mpc from the center of the radio map.

Number of observable optical sources: Number of cluster optical galaxies in

the sensitive area.

fracDev: This is a fractional parameter from the SDSS survey in different bands,

which classifies galaxies as disk-like or elliptical, and can take values between 0 (for fully

disk-like galaxies), and 1 (for fully elliptical galaxies). FracDev measures the ratio of

the amount of estimated flux density by fitting two different surface brightness profiles,

an exponential and a deVaucouleurs profile to the image of the galaxy. In this study,

we used the SDSS r-band fracDev parameter. We will discuss this with more details in

section 4.
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(a) 16 : 58 : 18.4,+78 : 29 : 34.1 (b) 17 : 03 : 11.9,+78 : 40 : 30

(c) 17 : 02 : 17.8,+78 : 45 : 51.8
and 17 : 02 : 18.5,+78 : 46 : 04.1

(d) 17 : 07 : 27,+78 : 36 : 20.8

(e) 17 : 02 : 16.9,+78 : 54 : 11.2 (f) 16 : 58 : 02.1,+78 : 33 : 48.1

Figure 2.2 Example images of cluster members in optical with radio contours on the
top. The red cross shows the center of the optical source we identified as the cluster
member. Some of the optical images were kindly provided by van Weeren et al. [2009]



Chapter 3

Radio Luminosity Function

The shape of the Radio Luminosity Function (RLF) can tell us about the luminosity

distribution of galaxies in Abell 2256 as well as the environment of the cluster. It also

helps us understand the evolution of galaxies and the radio activity in the cluster. In

the next two sections we calculate and discuss the RLF of Abell 2256, and compare it

to the results from the Miller et al. [2009] work on the Coma cluster as well as Ledlow

and Owen [1996] who studied a sample of different clusters.

There are several ways to characterize the luminosity function of radio sources in

the cluster. We will use the following terminology in this paper:

• Radio Luminosity Function(RLF) The surface density of radio objects within

the radio power bin. This is a classical version of the luminosity function which

is similar to the definition of optical luminosity function (Mobasher et al. [2003]).

• Univariate Radio Luminosity Function (URLF) The sum of the number of

radio sources in the observed bin of the radio power, divided by the total number

of galaxies that could have been detected (as determined by the number of optical

galaxies in the sensitive area for that bin) (Ledlow and Owen [1996]). The URLF

can be interpreted as the probability for the members of the cluster to emit in the

radio as shown in equation 3.1.

φ(P ) =
∑ n(Pi)

N(Pi)
(3.1)
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In this equation, φ(P ) is the URLF, n is the number of radio sources in the radio

power bin, Pi, and N is the number of galaxies that could have been detected. To

measure N we count all the optical galaxy members in the sensitive area of the

radio power bin.

• Bivariate Radio Luminosity Function (BRLF) The fraction of all galaxies

with optical magnitudes between M and M + dM and with radio power between

P and P + dP . For comparison, the URLF is the sum over all magnitudes of the

BRLF for a given radio power. Equation 3.2 from Ledlow and Owen [1996] shows

the BRLF,

φ(P,M) =
n(Pi,Mi)

N(Pi,Mi)
(3.2)

φ(P,M) in this equation is the BRLF, n(Pi,Mi) is the number of radio galaxies

within the radio power bin Pi and the optical magnitude bin of Mi, and finally

N(Pi,Mi) is the number of detectable galaxies in the same optical and radio bin

as n(Pi,Mi).

In Figure 3.1 we plotted the RLF for A2256 (red line) and compared it to the Coma

cluster ( Miller et al. [2009], blue line). Assuming that all galaxies are at the same

distance from us, we calculated the surface density of radio sources as a function of

luminosity. To compare the calculated Abell 2256 RLF properly to the same quantity

of the Coma cluster, we only used radio sources with maximum distance of 0.9 Mpc

from the center of the Abell 2256 radio image. The radius 0.9 Mpc is used to sample

the same area as the Coma cluster in Miller et al. [2009]. As can be seen from Figure

3.1, the Abell 2256 and Coma RLFs have a very similar shape up to the radius of 0.9

Mpc. This coincidence might be the result of the very similar environment of the two

clusters.

Figure 3.2 shows the cumulative (integrated) URLF of A2256 (in black) and the

URLF of the sample of 188 radio sources in the Abell clusters studied in Ledlow and

Owen [1996] (in green). Their sample consist of radio galaxies with z < 0.09, Abell’s

distance class < 3 and integrated flux densities greater than 10 mJy at 20 cm. Ledlow

and Owen [1996] studied the relationship of the radio and optical luminosities of radio
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Figure 3.1 The cumulative Radio Luminosity Function for A2256 and the Coma cluster.
The red line is the RLF of the A2256 while the blue line represents the Coma cluster
from Miller et al. [2009] Figure 9.

sources in a sample of Abell clusters, and calculated the URLF and BRLF. They found

that as the optical luminosity increased the probability of detecting radio sources went

up as well.

As shown in Figure 3.2 the URLF of the galaxy sample from Ledlow and Owen [1996]

is higher than A2256. We think this inconsistency is due to the different normalization

methods used in calculating the URFL. Ledlow and Owen [1996] estimated the number

of elliptical galaxies in the Abell surveyed radius for each cluster using the distribution

and results from Dressler [1980]. Then they used the total number of ellipticals to

normalize their URLFs. However, we used the number of observable optical sources

(as previously defined) for each object as the total number of galaxies that could have

been detected in radio. We used this number for the normalization of our URLFs. We
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Figure 3.2 Cumulative Univariate Radio Luminosity Function. The green line shows the
URLF of 188 sources listed in table A.2 from Ledlow and Owen [1996], and the black line
is the URLF of A2256 calculated in this work. The excess in the green URLF is partially
because Ledlow et al. normalized their URLF only by the elliptical galaxies that could
have been detected while, we normalized by the number of all galaxies. Another major
effect is that our counts of optical galaxies extended down to -14.81, while that for
Ledlow and Owen are limited to -21.62.

used all kinds of galaxies for normalization rather than only ellipticals. Therefore, the

denominator of our URLF goes up, and as a result our URLF is smaller. Another

difference is that our absolute magnitude limit is -14.81 however the faintest galaxy in

Ledlow et al. sample is -21.62, therefore we detected more optically faint galaxies than

they did.

The URLF for A2256 increases to 35%. Most radio sources in Abell 2256 are faint.

In fact, the fraction of faint galaxies in our sample is larger than in Ledlow and Owen

[1996]. However, they found more luminous sources in their collection of radio galaxies

compared to A2256. This is expected since most clusters do not have large number of

luminous galaxies, but looking at a collection of galaxies from multiple clusters increases

the probability of finding more luminous galaxies.

The more useful definition of the RLF is when we use both the radio power and the

optical magnitude together for binning. This way we can simultaneously count galaxies
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based on their optical and radio properties. Figure 3.3 shows the BRLF for three bins of

optical magnitudes in r-band, -23.40 to -20.60, -20.60 to -19.55 and -19.55 to -14.81. We

binned the galaxies in a way that there are always the same number of optical galaxies

in each bin. We also confirm the trend found by Ledlow and Owen [1996] in which the

fraction of galaxies in radio increases by raising the optical luminosity. The number of

detections is higher in the first bin (optically bright galaxies) compared to the other two

bins.

In Figure 3.4 we plotted the cumulative BRLF for A2256 (in black), and compared

it to the BRLF from Ledlow and Owen [1996] (in green). To make a meaningful com-

parison, we used the same three bins of optical magnitudes as Ledlow and Owen [1996],

high (-23.40 to -22.70), medium (-22.7 to -22.0) and low(-22.0 to -21.23).

There is a misleading discrepancy between the BRLF in figure 3.4 and the URLF

we plotted in Figure 3.2. The URLF increases to values of 35% while the BRLF has

a maximum value of 79% and 89% for the low and the middle bins, respectively (we

ignored the high bin since there is only one source). The excess of the BRLF for A2256

partially comes from the fact that we only used the 16 brightest galaxies within the

magnitude range of −23.40 ≥ Mr ≤ −22.0, and did not include faint galaxies. Most of

the galaxies in the A2256 are faint and have absolute magnitudes greater than -22.0.

Consequently, we have detected almost all of the optically bright galaxies in radio. Note

that the Ledlow and Owen results are still biased because they normalized by only the

elliptical galaxies and missing faint galaxies.
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Figure 3.3 The cumulative BRLF for A2256 in three different bins of optical magnitude,
(-23.40 to -20.60), (-20.60 to -19.55) and (-19.55 to -14.81).
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Figure 3.4 The cumulative BRLF for A2256 in three different bins of optical r band
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-21.23). The black line shows the BRLF for A2256, and the green line is for the sample
of galaxies from Ledlow and Owen [1996].



Chapter 4

Classification of galaxies

It is very common for galaxies with the most powerful radio emissions to be AGNs.

As radio luminosity decreases star forming galaxies become dominant (Condon et al.

[2002]; Mauch and Sadler [2007]).

Miller et al. [2009], in their Figure 9, plotted the RLF for the Coma cluster as well as

the RLF for only AGNs and only Star Forming (SF) galaxies separately. They claimed

that at the faint end of the RLF, AGNs become dominant. This is in contradiction with

what most previous studies argued.

We can potentially investigate this issue for A2256, and calculate the RLF for only

AGNs and Star Forming galaxies in the cluster. One of the best and most accurate

methods for classifying galaxies as AGNs or SF is to use the galaxies’ spectra and plot

the famous Baldwin-Phillips-Terlevich (BPT) diagram (Kewley et al. [2001]). We tried

to recover the spectra for our galaxies from the data in Berrington et al. [2002] (kindly

provided by Berrington) since they reported spectroscopic redshifts for most of the

cluster member galaxies. However, only a few of the spectra had high enough signal to

noise to measure emission line fluxes and calculate the line ratios needed for the BPT

diagram. Unfortunately, none of our radio sources were included in these spectra. We

decided instead to classify our galaxies into two morphological groups, elliptical and

spirals. It is known that AGNs are usually associated with the elliptical galaxies while

most star forming activities happen in the spiral galaxies.

We classified our galaxies into ellipticals and spirals using the SDSS parameter

fracDev which we described in Chapter 2. Masters et al. [2010] suggested that galaxies
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with low fracDev can be safely identified as spiral galaxies. They proposed that the best

possible fracDev classification cutoff is 0.6. According to Masters et al. [2010] galaxies

with fracDev < 0.6 that are classified as spirals might have up to 10% contamination

of elliptical galaxies, and objects with fracDev > 0.6 that are classified as elliptical

galaxies could include 40% contamination of spiral galaxies. As a result, fracDev is

a good parameter for identifying spiral galaxies. However, using it to find elliptical

galaxies may not be the best approach.

Using fracDev=0.6 we found 52% of A2256’s radio galaxies are in the elliptical class

and 48% are in the spiral class. If we consider all the optical members of the cluster

the fraction of spiral galaxies decreases to 33% while the remaining 67% are considered

to be ellipticals. As mentioned before, there is always a probability of misclassification

in each category. For example, the galaxy with the SDSS ID of 1237663230678794280

has a clear radio jet coming out from the nucleus but its fracDev is 0 which puts it into

the spiral category. Radio objects with jets are very more likely to be associated with

ellipticals. Another example of misclassification is the SDSS ID 1237663230678794604

which is more likely to be a SF galaxy based on the shape of the optical and radio images.

One can see its spiral arms in the optical image and radio emission that extends beyond

the area of optical emission in our radio map. Despite all this, the SDSS parameter

fracDev is 1 which classifies this object as an elliptical galaxy. We visually inspected all

galaxies, and changed the classification for these obviously misclassified objects as best

we could.

Using our galaxy classification we plotted the URLF separately for spirals and el-

lipticals. Figure 4.1 shows the URLF for each class. The blue line is the URLF for

spirals and the red line represents the elliptical galaxies. Spirals galaxies are mostly

concentrated within the luminosity range of 1020.3 W/Hz to 1022.4 W/Hz while ellip-

tical dominate the low and high end of the luminosity function,L < 1020.3 W/Hz and

L > 1022.4 W/Hz.

There is an excess of spiral galaxies for most regions of the URLF. Even if we

consider 10% contamination of ellipticals, the result is overwhelmingly likely to be the

same. There is a deficit of elliptical galaxies for most regions of URLF. However, the high

probability of contamination (40%) means that this is likely a significant overestimate

of the number of ellipticals. As a result there is a possibility that the actual fractional
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number of spirals is even larger than that measured.
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Figure 4.1 Univariate RLF for Spiral (blue) and Elliptical (red) galaxies in A2256. We
classify galaxies as spirals and ellipticals using the SDSS parameter fracDev. Galaxies
with fracDev < 0.6 are identified as spirals and those with fracDev > 0.6 as elliptical
galaxies



Chapter 5

Galaxies in Abell 2256

5.1 Galaxy Distribution

In Figure 5.1 we plot the number of observable optical sources which is the number

of optical galaxies in the sensitive area for radio object vs its radio luminosity, shown

as the solid green line. Blue and red dots represent the number of enclosed optical

sources, defined as the number of optical galaxies within the enclosed area (see Chapter

2 ) of each galaxy in the image. Blue dots represent spiral galaxies and red dots are

elliptical galaxies, identified based on the value of parameter fracDev discussed in the

last chapter.

For randomly distributed galaxies in the cluster we expect half of the radio galaxies

to be above the dashed green line (half of the solid green line) and half of them below.

However, Figure 5.1 shows that there are more galaxies above the dashed green line,

meaning that there is a higher fraction of radio galaxies (60%) located far from the

center than near the center (40%), relative to the optical distribution. If we exclude

the brightest radio sources, then the distribution of radio galaxies below 1022.8 W/Hz

is further biased to the outer optical galaxies, with fractions of 64(36)% above(below)

the line.

Figure 5.1 also shows that there is a small population of faint sources in the radio

that are located at the center of the cluster and are separated from other objects in this

diagram. These faint sources show no obvious differences (such as optical magnitude,

morphology and redshift) from the other galaxies.
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This figure also shows that all very luminous sources in the radio are located at the

center of the cluster. If we make a cut at a luminosity of 1022.8 we see that galaxies

having a luminosity higher than this value are all located towards the center of the

cluster.
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Figure 5.1 Number of cluster galaxies in the ”enclosed area” vs Luminosity of radio
galaxies. The solid green line is the number of cluster galaxies that could have been
detected, which is all of the optical galaxies in the sensitive area for each radio source
given its luminosity. The dashed green line is at half the value of the solid green line.
The red dots are for elliptical galaxies and the blue dots are for spirals based on their
fracDev value.

5.2 Radio Galaxy Structure

The radio emission from galaxies is synchrotron emission that is created as a result

of relativistic electrons formed by AGNs or supernova remnant shocks in star forming
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galaxies. Morphologically, there are three kinds of radio sources compact, extended and

jet/lobe.

Spiral galaxies which are more likely to have star forming activities are extended

over the same area in the radio as in the optical. For example, in Figure 2.2 (a), the

spiral arms that are sites of ongoing star formation also emit in radio. If we observe a

galaxy that is a large spiral or disk galaxy and has emission extending over the galaxy

face then it almost certainly SF. If we observed the compact emission it’s either the

emission, from AGN or SF activities from the center of galaxy and if we observed a

jet or other very extended emission it’s definitely AGN. The classification of galaxies

as compact(comp), extended(ext) and jet, is given in table 2. We also include the

classification of Miller et al. [2003b] for some galaxies in A2256. If the galaxy is already

classified by Miller et al. [2003b] we label them as AGN or SF.

In Figure 5.1 red dots represent the elliptical galaxies and blue dots are spirals, using

the fracDev parameter as we explained earlier. We can see that most galaxies that are

close to the center are elliptical galaxies. All very high radio luminosity sources are

elliptical galaxies. Most of the very low radio luminosity galaxies are elliptical galaxies

as well, although there is an expected 40% spiral contamination rate using fracDev.

Also most of spiral galaxies are distributed far from the center of the cluster.



Chapter 6

Discussion

We now present the summary of our results followed by a discussion of interesting

findings:

i) We identified 275 cluster members for A2256 of which 83 are radio sources with

log(luminosity) > 20.135 W/Hz. The detections are complete above the luminosity of

log(luminosity) > 20.94 W/Hz. Two additional possible radio identifications are not

included.

ii) Most of the radio sources in A2256 have low luminosity, log(Lum) < 22.8 W/Hz.

Comparing the A2256 RLF to a sample of clusters of galaxies from Ledlow and Owen

[1996], we detected more faint sources but fewer of the very brightest ones in the radio.

However, if we only look at the galaxies with optical magnitudes in the same range as

Ledlow and Owen [1996], we detected a greater fraction of galaxies.

iii) The RLF of A2256 is almost the same as that of the Coma cluster.

iv) Most of the radio sources in A2256 are proportionately located further from the

center than the optical galaxies. Also, there is a possibility that the density of radio

sources is lower at the position of the radio relic.

v) Most of the very luminous radio sources that are associated with elliptical galaxies

are located close to the core of the cluster, and most spiral radio galaxies are located

farther from the core of the cluster.

vi) There is a group of very faint sources that are at the center of the cluster. Eight

out of nine are associated with galaxies classified as elliptical, using the fracDev values

from SDSS.
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vii) Only 33% of all cluster members are spiral galaxies and the rest are ellipticals,

using fracDev. Moreover, 47% of radio galaxies are spirals and 53% are ellipticals.

However, it should be noted that up to 40% of galaxies classified as ellipticals may

actually be spirals. This means that a much higher proportion of cluster spiral galaxies

show radio emission than the proportion of ellipticals.

We are trying to answer the following questions in this paper. How does cluster-

cluster merging affect the evolution of individual galaxies in the cluster? Do these kinds

of merging trigger more radio activity in the galaxies in the cluster? Are the SF activities

quenched or enhanced due to mergers? Are AGNs going to increase or decrease due to

cluster merging?

Bekki [1999] simulated the merging process of a small group of galaxies with a

cluster and followed the dynamic evolution of a gas-rich late-type spiral galaxy during

this process. The time-dependent tidal gravitational field from the merging activity

perturbs the galaxy disk and makes a stellar bar at the center and gaseous spiral arms

in the galaxy. The increased collisions between clouds due to the new structure and the

dissipation of gas, transfer the gas to the central region of the galaxy and, as a result,

induce starburst activity.

In addition, according to Miller and Owen [2003] the consistency between AGN and

X-ray emission from galaxies shows AGN activity increases due to cluster merging.

There are several studies (for example Miller et al. [2009], Owen et al. [2005]) on

Abell clusters, trying to answer the questions stated previously. Owen et al. [1999] found

that, although A2125 and A2645 are at the same redshift and have same richness class

as each other, A2645 is more virialized with less blue galaxies and A2125 is undergoing

cluster-cluster merging and consists of more blue galaxies. There are more detections of

radio galaxies for A2125 compared to A2156. This leads to the conclusion that cluster

merging can be responsible for these activities. Miller and Owen [2003] also suggested

that the cluster-cluster merging is responsible for the enhancement of SF and AGNs in

A2255.

Abell 2256 is one of the rich clusters with an ongoing cluster-cluster merger. There-

fore, it is a good candidate to examine the hypothesis about the evolution of each galaxy

in the merging cluster. High resolution and deep radio images from VLA help us to

see more details and detect more radio galaxies in the cluster and, as a result we have
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better statistics for our results.

We now discuss our results from our RLF analysis comparison of A2256 and Coma.

Both clusters have similar RLF (with A2256 having a small excess in its RLF). This may

be explained by the following similarities. Both clusters have a richness class of 2; both

are undergoing cluster-cluster merging; and both are known to be dynamically evolved

clusters. Coma and A2256 are both late Bautz-Morgan type (Bautz and Morgan [1970]),

rich and centrally condensed with high velocity dispersions, high X-ray temperatures,

high X-ray luminosities, and X-ray core radii of ∼ 0.5 Mpc.

From the results in Figure 5.1, we can see that most radio galaxies in A2256 are

faint and located on the outer part of the cluster except the group of very faint radio

sources that are located near the center of the cluster. On the other hand, as you can

see in Figure 1.1, the density of sources that are located to the west of the relic is greater

than the density of those in the relic. This may be due to the difficulty of identifying

individual radio sources due to confusion from the filamentary structure of the relic.

Figure 4.1 plots the URLF separately for both spiral and elliptical galaxies. At

high luminosities a large fraction of the galaxies are elliptical, and for lower luminosities

spiral galaxies dominate. The BRLF can give additional information beyond the URLF

since it also uses optical magnitude. From the cumulative BRLF for A2256 we can see

that the probability for a galaxy to have a radio counterpart increases as the optical

luminosity goes up. Ledlow and Owen [1996] obtained the same result and showed that

(figure 8 in Ledlow and Owen [1996] ) galaxies brighter than an absolute magnitude of

-22.4 are about 2.5 times more likely to have radio emission.

To answer the posed questions more precisely, it would be very helpful to break the

sample into SF and AGN to see the effect of merging in more detail for each galaxy type.

Unfortunately, due to the lack of spectra, we were not able to classify our galaxies as SF

or AGN. However, knowing that AGNs are usually associated with elliptical galaxies

and SF activities are much greater in spirals, we classified our galaxies as spiral or

elliptical galaxies (Using SDSS parameter fracDev). It should be taken into account

that fracDev doesn’t give us the most accurate classification for elliptical galaxies since

roughly 40% of these are expected to actually be spirals. However, it can classify spiral

galaxies with only a 10% contamination by ellipticals.

We know from our analysis using fracDev that there are fewer optical spiral galaxies
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than elliptical . However, the number of radio galaxies that are spiral roughly equals the

number of elliptical radio galaxies. Especially when we account for the 40% contamina-

tion rate, the number of radio spirals is likely to exceed the number of radio ellipticals.

As we mentioned, cluster merging can change the morphology of the galaxy from disk

shape to barred shape galaxies (Bekki [1999]). Because of this, the enhancement of

spirals in radio can be due to the cluster merging which triggers more SF activity.

FracDev offers additional information about the color of galaxies. Objects with

higher values of fracDev always have redder face-on colors compare to those with smaller

value of fracDev (Masters et al. [2010]). From the Butcher-Oemler effect, the fraction

of blue galaxies in the core of cluster is low for clusters at lower redshift. We can see

this effect in A2256, since A2256 is considered a low redshift cluster and as we can see

from Figure 5.1, most of spiral galaxies are located at the outskirts of the cluster.

Does the ongoing cluster merging in A2256 trigger more SF and AGN activity? This

important question has yet to be answered. Getting spectra for galaxies in the cluster

and classifying them as SF or AGNs can be the first step to better understand changes

due to merging in A2256. This will also allow us to determine the fractional occurrence

of AGN and SF in elliptical and spiral galaxies in dynamically active clusters. This

information may be useful for other studies which don’t have spectra and therefore

cannot classify AGN and SF.

Future work will also confirm or reject the important result of Miller et al. [2009]

who argue that, in the Coma cluster, at values log(Lum) < 21 W/Hz, AGNs dominate

over SF. However, their study suffers from the low number of galaxies detected as cluster

members and therefore has a large uncertainty. Since our study of A2256 doesn’t have

this problem, we can test this result and see if the same phenomena happen in this

cluster.

Last but not least, getting X-ray data with higher resolution can help us to under-

stand the evolution of AGNs during the merger.



Chapter 7

Notes on individual radio galaxies

In this section we provide more explanation on some of the radio objects where there is

a possible ambiguity with the optical identification. We show the corresponding optical

images in Figure 7.1, where the cyan contours are radio emission, and the red cross

shows the position of the galaxy we include in our sample.

a) 1237663269332058258: The optical position from NED is off from the nucleus of

the galaxy. We changed the optical position to the correct one.

b) 1237663269868994575: There are two interacting optical sources but only the

southern source is a radio object. According to NED, there is only one position and

redshift assigned to these two sources. The position from NED is located somewhere

between the two galaxies. We considered the southern radio source as a member of the

cluster, and changed the optical position to the position of its optical nucleus.

c) 1237663269868929419: The center of the radio source associated with the galaxy

does not match with the optical nucleus. However, given the optical structure in the

south east, there is a possibility of interaction of this galaxy with another galaxy, so we

include this in the radio sample.

d) 1237663269868994834: Optical and radio centers are not at the same position,

and are separated by 2.4 arcsec; it is included in the radio sample.

e) 1237663269868994713 and 1237663269868994714: There are two radio sources,

but only the eastern source (1237663269868994713) has a redshift in NED. Their en-

velopes are overlapping which could be a sign of an interacting system. We assumed

both sources are at the same redshift, and are members of the cluster. Both of these
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sources are included in our sample.

f) 1237663269868994760: There are three galaxies, but we only have the redshift

of the southern-western one. Since the envelope of the optical galaxies are touching

we included the nothern-eastern object that has a radio counterpart in our sample. It

seems they all belong to one interacting system.

g) 1237656565428060410 : There are two radio sources which could be associated

with each other. However there is only one optical counterpart. It should be noted

that these radio sources are located in the vicinity of the radio relic, and their measured

radio flux densities might be contaminated.

h) 1237656565428060275 , 1237656565428060276 and 1237656565428060273: This is

the NGC6331 triple system. More detailed information about this system can be found

in Owen et al. [2014]. There is another radio source to the North-east of this system; it

has no available redshift, so we did not include the radio source in our sample.

i) 1237663230678794442: There is an additional radio source at the north-west of

the optical galaxy with no measured redshift so we did not include it in our sample.

However, it is possible that the north-west source also belong to the cluster.

j)1237663230678794725 : There is a additional radio source at the North-East of the

optical galaxy with no redshift. We did not include it in our sample.

k)1237663269868994759 : There is a second radio source six arcsec away to the east

side and very close to the jet of the large tailed radio source. They have a common

envelope in their optical images, and therefore, they both might be cluster members

However, we do not use it in our sample.

l) 1237663230678794786: Near this radio object, there are several extra radio sources

with unknown redshift. We did not include them in our sample as cluster members.

m)1237663269868929212: This source is a cluster member but since the optical and

radio centers did not match we did not include it in our radio sample.

n)1237663269332123887: This source is a cluster member but since the optical and

radio centers did not match we did not include it in our radio sample.
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(g) (h)
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(k) (l)

(m) (n)

Figure 7.1 Optical images of galaxies that have been mentioned in section 9. The cyan

contours are radio contours. The red cross is the galaxy we used in our sample
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Appendix A

Tables

Table A.1: Optical information for radio galaxy members

SDSS ID RA DEC Redshift Magr fracDevr

(degree) (degree)

1237656565428060275 255.90000 78.62890 0.054 13.73 0.78

1237656565428060276 255.89210 78.63000 0.056 16.69 0.00

1237656565428060273 255.87290 78.63190 0.059 14.92 1.00

1237656565428060594 255.76210 78.59890 0.055 14.91 1.00

1237656565428060462 255.87540 78.66530 0.059 15.14 1.00

1237656565427995029 255.21750 78.68920 0.058 15.58 0.97

1237663230678794604 256.41290 78.62560 0.054 15.32 1.00

1237663269868994759 256.73460 78.68580 0.056 15.51 1.00

1237663230678794280 256.68040 78.59920 0.050 17.14 0.00

1237663269868929406 255.98580 78.74560 0.057 15.65 0.83

1237656565428060249 255.56290 78.59640 0.062 15.50 1.00

1237656565427994941 255.84290 78.78220 0.065 16.54 0.04

1237663269868929086 256.20040 78.64140 0.063 14.77 1.00

1237656565427995051 255.34710 78.68750 0.054 15.77 0.00

1237655749380800844 254.57670 78.49280 0.060 15.07 0.10

1237655749380866230 254.69500 78.42280 0.052 15.21 0.38

1237656565428060200 255.79960 78.67500 0.052 15.86 0.92

1237663269868929392 256.06830 78.67920 0.052 15.69 0.96

1237656565428060284 256.11330 78.64030 0.059 13.41 0.48

Continued on next page
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Table A.1 – Continued from previous page

SDSS ID RA DEC Redshift Magr fracDevr

(degree) (degree)

1237656565428060521 255.70540 78.64140 0.056 16.19 0.95

1237663269868929591 256.23750 78.71830 0.062 17.37 0.01

1237656565427994915 255.57420 78.76440 0.066 16.28 0.61

1237663230678728929 256.39130 78.58670 0.063 15.20 0.84

1237656565427994914 255.57710 78.76780 0.065 15.95 0.36

1237656565428060547 255.37380 78.60190 0.060 15.94 1.00

1237663269868929533 256.20290 78.80580 0.066 15.27 1.00

1237663269868994713 256.30000 78.80390 0.066 16.59 0.41

1237663269868994714 256.31370 78.80370 0.066 18.28 0.00

1237656565427995060 255.13420 78.67000 0.060 15.58 1.00

1237656565427994887 255.24630 78.74970 0.053 15.37 0.97

1237656565427994707 255.24960 78.75890 0.057 17.59 0.37

1237656565428060420 255.12210 78.63470 0.059 16.12 1.00

1237663230678794582 256.54920 78.54720 0.061 15.11 1.00

1237663269868994575 256.24370 78.83300 0.065 16.80 0.13

1237656565428125957 255.97380 78.48670 0.054 17.59 0.12

1237663231215599976 255.89380 78.84860 0.063 16.28 0.00

1237663230678794442 256.86250 78.60580 0.059 16.38 0.22

1237663269868994718 256.23130 78.85220 0.067 17.44 0.07

1237656565427929453 255.69500 78.86280 0.055 15.35 1.00

1237663269868994787 256.61830 78.82080 0.063 17.28 0.18

1237656565427929429 255.55130 78.85920 0.064 16.10 0.13

1237656565427929436 255.39290 78.84610 0.065 16.79 0.63

1237663269868994741 256.39000 78.85470 0.066 16.01 0.28

1237663230678794779 257.04540 78.65330 0.050 17.36 0.14

1237656565427929475 255.08130 78.81030 0.051 15.80 0.89

1237656565427929441 255.10630 78.82420 0.051 16.85 0.00

1237663230678794662 256.81580 78.50220 0.063 16.92 0.00

1237663231215665398 256.06040 78.91000 0.063 18.14 0.34

1237663230678794725 257.01330 78.54420 0.060 17.61 0.00

1237656565427929379 255.57040 78.90310 0.065 17.88 0.40

1237655749380800875 254.90630 78.49530 0.053 16.12 0.32

Continued on next page
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Table A.1 – Continued from previous page

SDSS ID RA DEC Redshift Magr fracDevr

(degree) (degree)

1237655749380735063 254.58670 78.72390 0.053 16.90 0.33

1237663269332058258 256.63960 78.42190 0.060 15.71 0.47

1237663269332058626 256.54790 78.41060 0.061 17.52 0.00

1237663230678794417 257.13960 78.49830 0.062 14.92 1.00

1237663269869060123 257.24210 78.83750 0.054 15.43 0.99

1237656565427929306 255.13460 78.93610 0.051 16.11 0.65

1237663230678794786 257.32790 78.50470 0.056 16.91 0.82

1237656565428191416 255.85330 78.34420 0.063 16.70 0.00

1237663230678859802 257.43000 78.51780 0.062 16.35 0.87

1237656565428060410 255.78880 78.68890 0.048 16.37 1.00

1237663231215665231 256.15630 78.88890 0.060 17.55 0.46

1237663231215599942 255.45500 79.03780 0.064 19.06 0.00

1237663269868994834 256.97960 78.74690 0.057 16.45 0.77

1237663230678860038 257.41460 78.55220 0.054 15.37 0.76

1237663230678794278 256.70420 78.59280 0.058 16.24 1.00

1237663269868994760 256.75210 78.68970 0.057 17.52 0.86

1237655749380800577 254.50500 78.56280 0.064 15.18 1.00

1237656565427995115 255.33420 78.75560 0.057 18.21 0.14

1237656565427863896 255.04460 79.00440 0.058 16.28 0.99

1237656565427864068 254.95420 78.97220 0.059 18.12 0.00

1237663269869060336 257.29130 78.87560 0.063 15.54 0.04

1237663269868929419 256.14960 78.66810 0.066 17.18 0.73

1237663269868929423 255.90920 78.78280 0.066 17.53 0.92

1237655749380669721 254.19670 78.78310 0.057 15.95 0.80

1237655749380800829 254.71420 78.51670 0.062 15.99 0.85

1237663269332189441 257.63000 78.48610 0.053 16.35 0.33

1237663269332123864 257.19830 78.43220 0.056 16.70 0.65

1237663269332123998 257.17420 78.39580 0.057 17.52 0.15

1237655749380931763 255.53040 78.29170 0.059 15.53 0.40

1237663230678794711 256.78250 78.64280 0.063 15.64 0.99

1237656565428060463 255.89880 78.66500 0.052 16.34 0.96

1237656565428061022 255.95200 78.64570 0.057 19.97 1.00

Continued on next page



37

Table A.1 – Continued from previous page

SDSS ID RA DEC Redshift Magr fracDevr

(degree) (degree)

1237663269868929212 256.28580 78.68500 0.059 16.66 0.00

1237663269332123887 257.34130 78.36830 0.054 16.68 1.00
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