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Thermodynamic Properties of Cavities in Hot X-ray Plasma: A2556
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Abstract: We present X-ray wavelength analysis results of A2556 galaxy cluster. The observation was made by
Chandra observatory with 20 ksec exposure time. A2556 is located in the Aquarius super cluster region with a
redshift value of z=0.0871. The previous studies report the existence of possible sub-structures. We detected X-ray
cavities in the hot plasma around the center of the cluster. We calculated thermo—dynamical properties of cavities to
see how they affect the intra-cluster medium. Our results show that the cavities have higher metal abundance and
entropy than ambient medium, which indicates that the origin of the cavities might be AGN activity.
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1. INTRODUCTION

The clusters of galaxies are the most massive gravitationally bounded structures in the universe. It is widely
accepted that the AGN activities plays a major role in the evolution process of these celestial objects. They
contribute to the heating of the ICM by producing jets and hot bubbles. These AGN interactions can be observed as
x-ray cavities and surface brightness discontinuities (Sonkamble et al. 2015; Nulsen et al. 2005). It is also
discovered that the AGN outburst can affect the general properties of a cluster, not only central region (Gitti et al.
2007). Metal-rich gas can be injected through this process and contribute to the redistribution of elements (Tozzi et
al. 2015; Mernier et al. 2015).

This active state of the AGNs is thought to be triggered by the binding energy of the accreting matter that fuels its
supermassive black hole (SMBH). When the ICM cools down by radiation, accreting matter rate increases, which
triggers the AGN activity. It releases its energy by creating jets and hot bubbles, which heats the ICM and drops the
accretion rate. And the radiative cooling processes dominate again. Although this energy transfer process is not fully
understood yet, this cycle covers the main steps (Patermo et al. 2014).

In this work we present the thermodynamical properties of X-ray plasma cavities detected around the central galaxy
of A2556 galaxy cluster. The cluster hosts a weak shock created by non-merger mechanisms (Qin Z. et al. 2013).
Position of the shock coincides with the cavity direction. In the following sections, we present the observation
information and data reduction methods in Section 2, analysis steps in the subsections, with a brief conclusion in
Section 3. Throughout the study, we adopt the cosmological parameters Hy=68.7, Q\=0.308, Q,=0.692, All quoted
errors are derived at the 68 % confidence level, unless otherwise is stated.

2. DATA REDUCTION and ANALYSIS

A2556 was observed by Chandra Observatory with ~20ks exposure time on 2001/10/05 (Obs.ID. 2226) in VFAINT
mode. The observation was made with ACIS-S detector and the object is centered on S3 chip. Therefore, we
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primarily focus on the S3 chip. The analysis software and the versions of CIAO v4.9 software, HEAsoft v6.22.1 and
CALDB v4.7.7 are used during the research. We followed the standard data reduction routine and removed bad
pixels, and columns. The raw data was reprocessed by chandra-repro to create level 2-event file. After cleaning
procedure, the total filtered effective exposure time is 19.9 ksec. An exposure corrected, adaptively smoothed 0.5 —
7 keV image is shown in the left panel of Figure 1. Right panel shows Aquarius super cluster central crowded region
with A2556 close neighbors of A2554 at northwest and A2550 at southwest by ASCA GIS X-ray data. The image is
from the archival database (http://darts.jaxa.jp/astro/asca/data/index.html).
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Figure 1: Left: Chandra ACIS chip A2556 raw image in 0.5 — 7 keV energy band. Right: Aquarius region and A2556 in ASCA image.

For spectral and further imaging analysis, we masked any X-ray point sources which is significant at 4 ¢ confidence
level. Point source detection was performed by using the CIAO wavdetect tool in the 0.5—7 keV energy band. After
masking procedure, the holes are filled with a locally estimated background from the vicinity of each point sources
which is performed by using the CIAO tool dmfilth. The blank sky observation, which is a stack of observations of
X-ray source free regions in the sky, is used as the background data. Quite often the blank sky spectrum must be
normalized to the source spectrum in order to express appropriate background at the sky position. For this purpose
we use the 10 — 12 keV energy internal in the outer part of the observation. Figure 2, shows A2556 temperature
(red) and metal abundance (green) radial profile.
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Figure 2: A2556 temperature (red) and metal abundance (green) radial profile. The blue solid and dotted lines represent the hot X-ray plasma
average values are related error range.
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2.1 Morphological Parameters

Dynamical disturbances like deviation from symmetry and/or the displacement of cluster core are reliable indicators
for recent merger events. Therefore to classify the clusters morphology is very crucial and provides critical
information. We used two methods to define A2556 morphology: the emission centroid shift (Mohr et al. 1993;
O’hara et al. 2006; Poole et al. 2006; Maughan et al. 2008, 2012) and the brightness concentration parameter (Santos
et al. 2008). The centroid shift, w, is defined by consecutive circles centered on the peak, and increased by 5% steps
from R,,, by following the formula;
1/2
w= |5 - @)
where A; is the distance between the peak and the centroid of the it aperture. The surface brightness parameter, c, is
defined as the ratio of the peak to the interested annular. We computed the centroid shift till the radius of 400 kpc;
SB(r <40 kpc)
€= SB(r < 400 kpc)
By using the above equations, we calculated the centroid shift and concentration parameters. We used the definitions
and methods described in (Haines et al. 2012; Koulouridis et al. 2014). Centroid shift parameter is an indicator of
disturbance of a cluster. Disturbed clusters have high centroid shift value. Dynamical processes like mergers, in-
falling sub-groups or ANG activities not only effect the symmetric distribution of gas and increase centroid shift
value, they also disrupts the cooling flow and dissipates the cold plasma located around the core. Level of this
dissipation can be measured by concentration parameter. The definition of concentration parameter is the surface
brightness ratio of the central area over the ambient medium. Clusters with compact cool-cores have higher
concentration parameters. By following the above-mentioned definitions, A2556 has a minor disturbance with
w=0.014 + 0.002 centroid-shift value and a compact core with c=0.236 + 0.023 concentration parameter value.

2.2. Imaging Analysis

AGN activities in relaxed clusters can cause cavities by ejecting high-energy plasma with jets. When the plasma
heats up to the higher energies, these regions can be seen as cavities in x-ray band (Sonkamble et al. 2015). In order
to detect possible cavities, we created unsharp-masked image of the cluster with the method described in Sonkamble
et al. (2015). Unsharp-masked image is obtained by subtracting two images of the cluster. First image is smoothed
with a wide Gaussian kernel (4 o) in order to reveal the large-scale features while erasing small-scale features.
Second image is smoothed with a narrow Gaussian kernel (12 o) to preserve small-scale features. By subtracting
these two images, we are able to reveal the x-ray cavities in the [CM. Exposure corrected and background subtracted
images of the cluster are used for this method, and smoothed with the aconvolve task of CIAO. Cavities are detected
around the Brightest Central Galaxy (BCG) of the A2556. These cavities might be caused by AGN activity. The
weak shock, which is detected in previous studies (Qin Z. et al. 2013) is in the direction of the cavities. High-energy
jets can be the origin of weak shocks. The X-ray plasma cavities in A2556 are shown in Figure 3 by green regions.
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Figure 3: A2556 X-ray plasma cavities (left) and thermo—dynamical properties of four sectors (right).
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2.3. Thermo—dynamical Calculations

We examined the thermo—dynamical properties of cavities. In order to do that, we selected annuli shaped area and
divided it into four sectors. The selections were based upon approximate cavity shapes. Inner radius of the annuli is
30 arcsec and the outer radius is 65 arcsec. The regions are covering two cavities and two non-cavity control areas,
for comparison. Figure 3 show the selection of four sectors and the X-ray plasma cavities. Right panel represents the
thermo—dynamical values for each sector; temperature, abundance, pressure and entropy values of each sector.

Temperature and abundance values are derived from the spectral fitting. The pressure and entropy values are
calculated with the method described in Botteon et al. (2018). We detected systematic increase in the abundance and
entropy values of cavities compared to non-cavity regions. This increment can be explained by AGN bubble
injection, which transfers the metals from rich-core to the outer regions of the cluster (Tozzi et al. 2015; Mernier et
al. 2015). We couldn’t find any significant correlation with temperature and pressure values among cavity / non-
cavity areas. The cavity regions are labeled as 2 and 3 for the visual aid.

3. CONCLUSION

Strong AGN activities usually create radio lobes around the core (Cassano et al. 2010, Bottoen et al. 2018). Ogrean
et al. (2015) showed that A2556 doesn’t have radio lobes that can be related with an AGN injection. Since the
lifetime of these kind of radio emissions are relatively short (Chenhao et al. 2016). And thus, the cavity properties of
A2556 can be explained by a weak AGN activity or remnants of an older activity.
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