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ABSTRACT

X-ray images and gas temperatures taken from a de¥jD ks Chandra observation of the
Centaurus cluster are presented. Multiple inner bubbldsoater semicircular edges are re-
vealed, together with wispy filaments of soft X-ray emittias. The frothy central structure
and eastern edge are likely due to the central radio souoward bubbles in the intracluster

gas. The semicircular edges to the surface brightness n2dgsc3o the east and 17.5 kpc to
the west are marked by sharp temperature increases andaaimendrops. The edges could
be due to sloshing motions of the central potential, or assibdy enhanced by earlier radio
activity. The high abundance of the innermost gas (aboutidx&s Solar) limits the amount

of diffusion and mixing taking place.
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I 1 INTRODUCTION

tro

% The Centaurus cluster (Abell 3526) is X-ray bright, being tiear-
est cluster (redshift = 0.0104) with a 2-10 keV luminosity ex-
ceeding 5x 10*3ergs L. Our earlier 31.7 ks Chandra image of
= = the Centaurus cluster revealed a complex structure in therin
.~ most few arcmin of the core, centred on the brightest clgskxy
NGC 4696 (Sanders & Fabian 2002). The iron abundance of the
L. gas was found to peak at a radius of about 1 arcmin from the cen-
(O tre. The temperature drops from 3.5 to about 1 keV over thislevh
region. A plume-like structure swirls clockwise to the NE/bed
which there is an abrupt temperature increase (i.e. a cohd)frThe
central X-ray emission is surrounded by marked dips in doriss
or bubbles, which coincide with the complex radio sourceyidia
Fabian & Allen 2002).
Previous X-ray observations (e.g. Allen & Fabian 1994) show
a system with smooth, elliptical, X-ray isophotes, inditgtthe
system is relatively relaxed. However, there is evidenceafour-
rent or past merger event (Allen & Fabian 1994; Churazov et al
1999; Furusho et al. 2001; Dupke et al 2001) in the form oftshif
in X-ray isophote centroids with radius and bulk motionshia X- Figure 1. Three colour image of the core of the cluster (24 kpc from N to
ray gas. A neighbouring subcluster, Cen 45 centred on NG@ 470 S). Emission between 0.3 and 1 keV is coloured red, 1 to 2 ke¥rgrand
which is about 15 arcmin E of NGC 4696, has a velocity which 2107 keV blue. The image is 2m 21 s from N to S which is almost @0 k
is 1500 kmsZthigher than the main Centaurus cluster, Cen 30 atthe distance of NGC 4696.
(Lucey, Currie & Dickens 1986). Observations of the Centaur
cluster usinROSAT andASCA show that the central region of the  cluster is particularly rich in metals, with a large abuncigradi-
ent (Fukazawa et al. 1994; lkebe et al. 1998; Allen et al. 2001
Cluster cores are in detail complex but provide us with an ob-
servable analogue of the cooling and heating processegitipl
* E-mail: acf@ast.cam.ac.uk the formation of massive galaxies. The nearness, inteateetém-
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Figure 2. Accumulatively-smoothed images of the core of the clusighiee energy bands. 0.3-1.0 (left), 1.0-2.0 (centre) a@eV D (right). The images
were smoothed to include a signal to noise ratio of 10 in theathing kernel. Each image is2 m 46 sfrom N to S.
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Figure 3. Upper: Detail of the X-ray image in the outer part of the cdiee
image is in the 0.4 to 7 keV band, smoothed with a Gaussian barcsec.
Using an image smoothed with a Gaussian-of5 arcsec, we subtracted
some of the larger scale structure to improve contrastouarfeatures are
marked.

perature, short radiative cooling time and high metallioitake the
Centaurus cluster an excellent candidate for studyingetipes-
cesses and also the enrichment of the intracluster gas. \Were
present images of the Centaurus cluster from a recent 200&s-C
dra observation.

We adoptHg = 70 km s1 Mpc—1 which means that one arc-
sec corresponds to 210 pc at the redshift of the Centaursteclu

2 THE DATA

The data presented here are base@lendra OBSIDs 504, 5310,
4954 and 4955. OBSID 504 was first presented in Sanders &frabia
(2002). The standardc_CLEAN tool was used to remove periods
in the observations with possible flares yielding a totaldytme

of 199.3 ks. Each of the datasets were reprocessed to halatdhbe
gain file, and time dependent gain correction was appliedu¥ee

standard blank sky observations to create background rapiect
use in spectral fitting.

A 3-band X-ray image of the central core is shown in Fig. 1,
with the separate band images in Fig. 2. The images here keave b
accumulatively smoothed (Sanders et al in preparationpgnmg
with a circular top hat kernel with radius determined so et
minimum signal to noise is constant). A whole-band imagevsho
ing the outer parts is in Fig. 3 and temperature and abundaaps
in Fig. 4. The distribution of abundances (scaled to thogenofers
& Grevesse 1989) as a function of temperature is shown ingig.
X-ray and optical images of a disc galaxy seen in X-ray akigmrp
are in Fig. 6.

An existing VLA 1.4 GHz image has been overlaid on a whole
band X-ray image in Fig 7. The X-ray image has been adaptively
smoothed using an algorithm due to H. Ebeling; features|dHme
significant above the 3-sigma level. New VLA observationgeve
obtained on 2004 October 24 with the VLA in its 'A’ configura-
tion. At the observed frequency of 326 MHz this yielded anuaig
resolution of 17.7x 5.6 arcsecond in postion anglet.3 deg. The
total time on source was 178 min. The bandwidth used was 12.5
MHz in a 4 IF spectral line mode so as to allow for interference
excision using the AIPS task FLGIT. Calibration and imagaofg
the data were performed in the standard way within AIPS. The fi
nal image has an rms noise of 4.8 mJy/beam. This image (Fig. 8,
Top) compares well with a 1.4 GHz VLA image previously pub-
lished (Fig. 7, see also Taylor et al. 2002) and shows thatzitie
emission extends nearly 2 arcmin (25 kpc) to the south of the n
cleus. At the extremities the spectrum is quite steep witbvaegp
law index of—1.5 (Fig. 8, Lower).

Strong Faraday Rotation is observed in the central radio
source indicating a mean magnetic field of aboutG8at 10 kpc
radius (Taylor et al 2002). This corresponds to a magnetisqure
there which is about 2 per cent of the thermal pressure.

3 RESULTS

The longer X-ray exposure has enabled us to see more deéply in
the cluster core and resolve much more detail. New features i
clude:

e Filaments extending to the E and NE from the centre are
found in the soft X-ray image below 1 keV (Figs. 1 and 2 leff)eT
inner parts of the filaments correspond to the optical filashand
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Figure 4. Left: Projected, emission-weighted, temperature map efcthster. Excluded point sources are marked by white didos.uncertainties on the
temperatures in individual regions containing 2500 cowaty from ~ 0.01 keV in the coolest regions to around eV in the hottest regions. Right:
Corresponding abundance map measured by fitting spectemions containing> 10* counts. Two-temperature models were tested for each remgidn

where required by an F-test (at better than the 99 per ceelf) Jave have replaced the single temperature abundanceelgothesponding two-temperature

one. Two temperatures were need for most of the regions itethperature map below 2 keV.
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Figure 6. Soft (0.3-0.8 keV) X-ray image (left) of the absorbing distaxy
seen in the red DSS image (right). Each image is 2.5 arcmin Mdo S.

—_
T
e

& Golombek 1989). Comparison with newdHimages of this re-
0 ; > 3 3 R gion will be presented elsewhere (Crawford et al., in pratian).
Temperature (keV) e In the 1-2 keV band the holes corresponding to the radio
lobes are very clear and above 2 keV the rims of these ‘holes’ o

Figure 5. Distribution of abundance as a function of temperature.rAbu  ‘bubbles’ appear bright. The rims do not appear in projectmbe

dances obtained from a two-temperature fit are plotted inset tempera- hotter (Fig. 4; confirmed by a higher resolution temperatues)
tures from the single-temperature fit. The result of usirged-temperature and are therefore not shocked. This is similar to resultsulibles
model for the apparent low abundance regions below 0.8 ke¥aan by found in the Perseus cluster (Fabian et al 2002, 2003). flessi
the blue star. weak ripples in the X-ray surface brightness centred on tictens

can be seen in Fig. 3, particularly on the NE of the E edge (cf.
Fabian et al 2003; Forman et al 2003).
dust lane seen in NGC 4696 (Fabian et al 1982; Sparks, Maochet e A loop of gas to the SE (Fig. 2, left) does not coincide with
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Figure 7. Adaptively-smoothed whole band X-ray image (0.4—7 keV)eih r
with overlaid 1.4 GHz radio image in blue. The image is 125eaccfrom
top to bottom.

any obvious radio structure (Figs. 7 and 8) and could either s
round relativistic plasma where the electrons have ageda@x-
tent that they no longer radiate in the observed bands (& hbs
ble), or could just be a loop of cooler X-ray gas. A slight diefit
this region seen in the harder X-ray bands (Figs. 1 and 2)esigg
that it is most likely a ghost bubble. A larger loop to the NE ap
pears in the adaptively-smoothed image (Fig. 7). Radiosionds
leaking into the inner end (Fig. 8), suggesting that it toa ghost
bubble.

The lop-sided larger scale diffuse emission in the total-0.4
7 keV band was apparent in the earlier image but is now seeh muc
more clearly. It shows a semicircular edge to the E at 83 arcse
(17.5 kpc) from the nucleus (Fig. 3) and a larger semicircetime
tothe W at 153 arcsec (32.1 kpc). While the edge to the E isegnt
on the nucleus of NGC 4696, that to the W is centred 52 arcsec
(10.9 kpc) to the W of the nucleus, suggesting that the gas tke
in motion with respect to the nucleus.

The edges are clearly evident in the projected temperatape m
(Fig. 4) and emphasise that the temperature abruptly jubmg® t
by almost 1 keV. They appeared in the radial temperaturel@sofi
made from the earlier data (Sanders & Fabian 2002) to bothdE an
W separately. The simplest explanation for them is as caoldt$;
such as seen in other clusters (e.g. Markevitch 2000; \fikhiet
al 2002). Separate deprojection of spectra across the eultesE
and W shows that the pressure across the edges is consistient w
being continuous. The abundance drops across both edgeplyst
in the case of the W edge (Fig. 4), unlike the cold front in A496
(Dupke & Bregman 2003). The sharp abundance change is simila
to behaviour seen in NGC 507 by Kraft et al (2004), although th
edge there coincides with a radio lobe, which is not the case.h
The large extent of the edges argues against them beingesawiol
fronts. Sloshing motions of the gas within the central poéémell
(e.g. Markevitch et al 2001) could account for them and ferERW
asymmetry of the appearance. However, the semicirculgresbf
the eastern one (see particularly Fig. 3) suggests thatahisast,
may have been shaped by disturbances from the nucleus.
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Figure 8. The VLA total intensity image at 330 MHz is shown overlaid on
the X-ray image (upper) and on a spectral index map (lowet) eontours
starting at 20 mJy/beam and increasing by factors of 2. Téteniag beam

is 17.7x 5.6 arcseconds in position angtel.3 degrees. The radio spectral
index (definedS, 0 v¥) has been computed between 330 and 1565 MHz
after convolving the 1565 MHz image to the resolution of t3® 3MHz
image.

(Fig. 8) which may be following the path of least resistanite (
optical image of NGC 4696 shows it significantly flattenedhe t
N-S direction).

The temperature and abundance maps (Fig. 4) reveal that the
core of the cluster consists of at least 4 distinct partsyTre a)
the region immediately around the nucleus, b) a high abuwelan
region extending 18 kpc to the end of the eastern plume, casiqu

The radio source on the other hand appears to be moving to thespherical region of radius 32 kpc with its centre displack#c to

N, although that may just be an impression from its outercsting

the W of the nucleus, and d) the outer region. Each part oesupi
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different part of the abundance—temperature plane (Figith)a)
< 1keV, b) 1- 2 keV, c) 2— 3 keV and finally d)> 3 keV.

In the present multi-temperature analysis, the abundance

peaks at~ 2.5Z; in b) and drops by about 1Zbetween b) and
¢) and c¢) and d). There cannot be any large turbulent or stecha
tic motions in the core or these high abundances would hase be
smoothed out. Following the work of Rebusco et al (2005), who
have estimated the diffusion coefficidhin the core of the Perseus
cluster. we can obtain a limit from the much higher gradier@rs
in Centaurus. Assuming stochastic diffusion only, theerggradi-
ents over a distanaare smoothed out on a timescaleddf/D. If
we first look at the outer, western edge and rely only on diffus
to smooth it and adopt a minimum time equal to the local cragsi
time of the structure of- 5x 108 yr thenD < 6 x 1078 cmés 1.
This is smaller than the resul}, ~ 2 x 10?%cn? s~ 1, of Rebusco
et al (2005). Since the region is displaced from the centibdxy
it is unlikely that any current enrichment has a noticealflece
Detailed modelling including metal enrichment should gieltight
constraint from the inner, high abundance, region. The aloon-
straint from the outer region means that the level of tunhbcgeand
stochastic motions in the Centaurus cluster is low (the yeodf
velocity and lengthscale of the motions beirg3D). Smallscale
motions need continual pumping or they would rapidly die, out
temporarily heating the gas, as noted by Rebusco et al (2005)
The lowest energy image reveals delicate filaments of X-ray
emitting gas which are only 1-3 arcsec (200—600 pc) wide. The
temperature of these structures is about 0.7 keV while thelgy
are embedded in has a temperature of about 1.5 keV. Conductio
is presumably much reduced and magnetic fields help maititain
integrity of the structures.

5

ing past as a result of the ongoing merger with Cen 45 (whiadlts
otherwise seen), could contribute.

The dense, metal-rich centre of the Centaurus cluster is re-
vealed as more complex than in previous observations. Tdie ra
source clearly has an impact immediately around the centtieei
frothy bubble structure and the Eastern edge, althoughathg- |
term nature of the interaction and its contribution to thergy bal-
ance of the central intracluster medium is elusive. Giveat th
equilibrium temperature contours follow equipotentigie asym-
metric temperature structure around the central galaxy ME3®
means that some major part of the mass or gas distributioa the
dynamically changing.
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