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O ABSTRACT

© We present results from an analysis ofChandraobservation of the cluster of galaxies
Abell 3581. We discover the presence of a point-source icéméral dominant galaxy which

— is coincident with the core of the radio source PKS 1404-28i& emission from the intr-

> acluster medium is analysed, both as seen in projection®skiy and after correcting for

= projection effects, to determine the spatial distributidbigas temperature, density and metal-
licity. We find that the cluster, despite hosting a mode erful radio source, shows a

O Yy p g

— temperature decline to aroundiimax within the central 5 kpc. The cluster is notable for the
low entropy within its core. We test and validate th&PECprojct model for determining

o pre)

— the intrinsic cluster gas properties.
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9 1 INTRODUCTION this source might show the effects more clearly than richesters.

However, although we will show that the ICM does not have sig-
nificant amounts of gas below a temperatur&df- 0.8 keV, there
seems to be no other clear evidence for heating of the ICM &y th
AGN.

We note that Abell 3581 has a similar mean temperature and
luminosity to the cluster Abell 1983 which was recently $¢ad
with XMM-Newtonby |Pratt & Arnaud [(2003). The properties of
the inner core of Abell 3581 are however quite different frihnmse
of Abell 1983.

"(7) Abell 3581 is a nearbyz(~ 0.0218), richness class 0, cluster of
(D galaxies. The central dominant galaxy IC 4374 has an exensi
=" optical emission-line filament systemn_(Danziger & Focaréié,
.— Johnstone, Fabian & Nulsen 1987) like that seen around the ce

tral galaxy in more massive clusters (e.g. the Perseusecjust
s [Conselice et al. 2001).

Abell 3581 was previously studied in X-rays, using data from
the ROSAT and ASCA satellites byl Johnstone, Fabian & Taylor
(1998) who found that it had a cool intracluster medium (ICM)
with KT ~ 2 keV, and a short radiative cooling time throughout its
core. Those data admitted a classical cooling flow with aifsazmt
amount of intrinsic absorption. 2 OBSERVATIONS

Recently, (e.g. Peterson eial. 2001, Johnston€ etall 2002,y present ahandraobservation (Obsid: 1650, Sequence num-
Peterson et al. 2003. Kaastra el al. 2004. Sandersietal) 20@$  per: 800118) of the cool cluster Abell 3581 which was made on
been shown that clusters which have short central coolimesi  >001 june 7 with the S3 back-illuminated detector in the ASIS
have much less gas at temperatures below about a third ofithe & jrstrument.
bient cluster temperature compared with that expected Biom Data processing has been done usingathe package avail-
ple cooling. This inconsistency bet\(veen theory a“‘?' obsiens able from theChandraX-ray Centre while spectral fitting used the
has led to the proposal of many different mechanisms to tehea ygpecpackagel(Arnaill 1996). The events file was reprocessed to
the cooling gas. One popular subset of these heating mogels a apply the most appropriate gain file to this observation civhias
peals to energy input from the active nucleus in the cenwai-d made with a focal plane temperature of -120C, and to remosie pe
inant galaxy, which is usually found to harbour a radio seurc 4g of bad background flaring. This resulted in a total of B166
(Burns et all 1997). . good on-source exposure from the nominal 7260s observation

The central dominant galaxy in Abell 3581 hosts the power- p| column of the resulting events file was corrected for theperal
ful radio source PKS 1404-267. Since this is a cool clusteh wi dependence of the gain by using theRRTGAIN package made
a powerful radio source at its centre, it might be expected ith available by Alexey Vikhlinir.

active galactic nuclei (AGN) are able to heat the ICM in atust Analysis of the cluster emission used data processed for bes

* E-mail: rmj@ast.cam.ac.uk 1 http://cxc.harvard.edu/cont-soft/software/corr_tgain.1.0.html
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background discrimination from the ‘very faint’ data modaaly- e
sis of the point-source used standard ‘faint mode’ proogssince
the point-source counts are moderately affected by pileup.

Throughout this paper, we adopt a redshift for Abell 3581 of
z = 0.0218 [Johnstone, Fabian & Taylor 1898) and a cosmology
that assumes a flat universe with = 70km s andQ,=0.3. We
use N Wright's web padeto calculate that the angular diameter
distance to this source is 90.9 Mpc and its luminosity distais
94.9 Mpc. The linear scale is 441pc per arcsec. Wherever s qu
uncertainties these are at the level, unless explicitly stated oth-
erwise. In general we have used the chi-square statistisstesa
goodness of fit and tests for significance of additional p&ense
but have used thg&specimplementation of Cash’s C-statistic to
determine parameter uncertainties and confidence regions

Recently Barnes & Nulskn (2003) have carried out a detailed
investigation of the fluctuations in the Galactic foregrdabsorp-
tion equivalent Hydrogen column density in the directionttus
cluster. They reference two absolute measurements frolitehee-
ture:lmlma, using a 2-degree beamsizeNiing 4.5 x
10°%cm~2, while [Hartmann & Burtdn[(1997) using a 35 arcmin

beam found\y = 4.1 x 107%cm~2. In their investigation ofluctu-
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ationsin the value ofNy towards this cluster, using new data from RA

the Australia Telescope Compact Array, Barnes & Niilsen 3200

find that at the & level fluctations larger thar6.2 x 10 cm—2
are ruled out. Throughout this paper we adopt thereforedahe\of
Ny = 4.1 x 107%cm~2 (from the more compact beam observation)
as the value of the Galactic foreground absorption. ome (3000,
In Fig. we show theChandra X-ray image of the central
~3.5x3.5 arcmin region of Abell 3581 in the 0.3-3.0 keV band.
The X-ray events were binned to have 1 arcsec pixels befang be
adaptively smoothed. A clear detection of an X-ray emittictive
nucleus is seen close to the centre of the cluster X-ray @niss
The presence of the radio source PKS 1404-267 at the centre -z ; -
of this cluster has been known since the 1960s, butChandra
image shows, for the first time, that there is an X-ray engtpnint
source associated with it. In F[g. 2 we show a close-up of thay
image (which has been unsharp masked) with a map of the radio
source obtained from the National Radio Astronomy Obseryéat
archive overlaid in contours. This 700s 20cm (1477 MHz) sadi
image was taken on 1987 September 21 with the VLA in the ‘A’
configuration. The peak flux density is 396 mJy/beam with a syn
thesised beam of 3.341.14 arcsec in position angle27 degrees.
Clear cavities in the X-ray emission are seen to the East aast W T T

14h07m3lz 14h07m30= 14h07m29= 14h07m28s

of the nucleus, coincident with the lobes of the radio source Ra 12000)

Figure 1. ChandraX-ray image of Abell 3581 in the 0.3-3 keV band. The
data have been binned to 1 arcsec pixels and adaptively betbot
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Figure 2. Unsharp masked X-ray image of Abell 3581 (greyscale) with
the 20cm VLA map of the PKS 1404-267 radio source overlaicer&tare
3 THE X-RAY POINT SOURCE 12 contours in the radio map spaced equally in logarithnepsbetween

The X-ray point source is located approximately at O-7 MJy/beam and 390 mJy/beam.

RA(2000)=14:07:29.8, Dec(2000)27:01:04. We extracted

a spectrum from a circular region of radius 1.8 arcsec cdrdre

the point source. The major component of the background for
this source is the surrounding cluster emission, so in thigec
we extracted the background spectrum from an annular region
surrounding the nucleus with radius between 1.97 and 3&kar
Spectra were rebinned to have a minimum of 20 counts per bin.

Redistribution matrices and ancilliary response functiaere
computed using calibration files from thehandra calibration
database version 2.26. This release corrects a previoushamael
offset error in the FITS embedded function file and incorfesa
a correction for the degradation in low-energy quantum iefficy
due to the build-up of a contaminant on the filter wheel.

We have modelled the spectrum of the point source as a power-
2 uttp://www.astro.ucla.edu/ wright/CosmoCalc.html law modified, initially, only by Galactic absorption. Prainary fit
3 http://xspec.gsfc.nasa.gov/docs/xanadu/xspec/manual /manual . hteE UltS were input to the WebPIMMSount rate simulator which
4 The National Radio Astronomy Observatory is operated byogissed
Universities, Inc., under cooperative agreement with tlagiddal Science
Foundation. 5 http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html
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suggested that pileup was important at approximately ther 8gnt
level. This is at a level where pileup is starting to becongmisir
cant, so all subsequent fitting of the point source was dociedn
ing thexspPEcimplementation of the pileup modellof Davis (2001).

The best fit using the pileup model applied to a power-law with
the Galactic absorption column density fixed at 4 1029 cm—2
gives a chi-square value of 11.2 for 20 degrees of freedotowAl
ing the absorption to be freely fitted does not significandgreéase
the chi-square value.

In order to estimate the power-law index and its statistical
certainties we use Cash’s C-statisiic_(Cash 11979, implédein
the XSPEC cstat command) since there are many Pl bins with
the minimum number (20) of counts. The best fitting power-law
model has a photon number index 028" 1%, a 2-10 keV flux of

2.16x 10 13 ergecm?2s1 and a 2-10 keV (rest frame) luminosity
corrected for Galactic absorption of35 x 10*tergs . The 0.1-
10 keV luminosity is 108 x 10*2ergs L.

We can calculate the expected luminosity of the point squrce
assuming that it is a black hole accreting according to stahd
Bondi theory (Bond| 1952) with a radiative efficiency of 10rpe
cent. The bolometric luminosity is given by:

8.50 x 10?5Mppne
T1.5

whereMyy, is the mass of the black hole in solar massrss the
electron density in cm?, andT is the accreting gas temperature
in keV.

The work of|Bettoni et al.l (2003) gives the mass of the black
hole in PKS 1404-267 as being in the rangs-89.5 x 10° M,
while the temperature and density of our innermost spaitietl-
culated from theprojct model in section 4.2 arkT = 0.81 keV
andne = 0.066 cnT 3 respectively. These values yield a bolometric
luminosity of 69 x 10*3ergs L. If we assume that most of the ac-
cretion luminosity comes out in the 0.1-10 keV band then #tior
of observed to expected luminosity is 0.016. The nucleusdien
luminous by a factor of- 64. This is much larger than any expected
bolometric correction<{ x10). We note also that part of the ‘point’
source may actually be the innermost parts of the radio getthe
nucleus itself.

We note that appropriate values of temperature and demsity t
put into the formula for the luminosity are those pertainaighe
accretion radius:

acc= €rg st

GM
Racc~ — o2,

S
wherecs is the sound speed, or

-11

Race— 3.705x -1|-0 Mbh.
For the innermost measured valu€eloinh our dataRacc = 0.04 kpc,
which is much closer to the nucleus than our innermost bin can
resolve (5 kpc). The work of Di Matteo etlal. (2003) on M87 has
shown that going in from 5 kpc to the central 1 kpc region the in
acluster medium temperature drops by about a factor of twiewh
the density rises by about a factor of three. If similar tsendcur
in PKS 1404-267 they would increase the expected accratiit |
nosity, and the discrepancy in the observed value, by maue &h
factor of 8.

We note that underluminous accretion is also seen in M87
(in the Virgo cluster) by _Di Matteo et All (2003), NGC 6166 (in
Abell 2199) by Di Matteo et ali (2001), and the Sombrero galax
by Pellegrini et &l.l(2003). However, in these objects thmihos-
ity deficit is rather larger (a factor of 10%) despite the black hole

~ ‘\- .,_,I"‘"" ot 'Q ﬁ ]
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Figure 3. Map of the entire S3 chip showing the concentric regions from
which spectra were extracted. North is to the top, East tdefihe

mass being very similar to the one considered here. Possihle
tions to the discrepancy are discussed_by Di Matteolet alIR0

4 CLUSTER EMISSION

Since the surface brightness distribution of the clustession is
quite circularly symmetric we have extracted spectra froperdes

of concentric circular annuli centred on the nuclear pomirse,
but excluding counts from that point source, and one other at
RA(2000)=14:07:32.6, Dec(2000)27:00:41. FiglB shows the re-
gions used overlaid on an image of the cluster. The radiacsasr
contained almost entirely within the central 5 kpc radiwgion.

It is not possible to use on-chip data from the same obser-
vation as background since the cluster occupies the whotheof
S3 chip. We therefore reprocessed the standard backgroeidd fi
which most nearly matched the observation date and institahe
configuration to have the same gain file as the target obsemvdt
was not possible to apply the time-dependent gain correttithe
background events since the time of observation has beevesm
from the standard background fields.

Background spectra were extracted from identical chip re-
gions of the reprocessed background file by reprojectingl¢tec-
tor coordinates on to the sky coordinates of the target ohtien.

Redistribution matrices and ancilliary response files lese
spatially extended regions were made using ¢ihwo 3.0.2 tools
MKRMF and MKWARF. Background spectra were extracted from
the same regions of the standard background fields as wetdaise
extract the source spectra.
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Figure 4. Absorption, temperature and metallicity profiles as seeprin
jection on the sky. The dashed line shows the Galactic coldemsity.

4.1 Projected quantities

Single temperatur@ekal (Liedahl et all 1995) plasma emission
models, incorporating freely fitting Galactic absorptioare fitted
(separately) to the spectra extracted from each annulesabB$orp-
tion, temperature, metallicity and normalizations are fparame-
ters for each annulus. In FIg. 4 we show the absorption, testyne
and metallicity profiles of the cluster gas derived from thits.

The absorption measured in the annuli beyond 40 kpc from
the nucleus does seem to be slightly systematically low eweth
with the Galactic column density inferred from 21cm obs#dores
which is shown as a dashed line in Aly. 4. This may indicate the
level of uncertainty in the model for the correction of thextzomi-
nant that has caused the degradation of the low-energynsspo
theChandradata. We also note that the absorption column density
increases roughly linearly from 75 kpc in towards the ceofrine
cluster by~ 7 x 10?9 cm~2.

Johnstone, Fabian & Tayldr (1998) found that the centrat 3 ar
cmin region from the ASCA data required a column density of
972 x 10°°cm™2. Such a large value would be consistent with in-
ner 40 kpc or 90 arcsec of tiizhandradata. However, if the instru-
mental absorption has been overcorrected in the curretysima
then a greater degree of agreement between the ASCAhad-
dra data is to be expected. The worklof Barnes & Nulden (2003)
has shown that the Galactic foreground 21cm emission igaons
to within 0.6 x 10?°cm~2 (50 upper limit on the fluctuation) in this
region of the sky so it is unlikely that variations in Galaabsorp-

tion can offer a viable explanation for the increased alismpThe
excess absorption seems to be centred on the cluster whigd wo
argue for a cluster origin rather than a Galactic origin. Mheleus
does not however appear to require any excess absorptiosd€se
tion 3).

Looking now at the temperature profile, it is clear that the-ce
tral region of the cluster is cool, & ~ 1.2 keV and that the tem-
perature rises by nearly a factor ef 2 to reach a maximum at
75 kpc from the nucleus. In the one region exterior to thiscibe-
ter temperature drops again to near 1.9 keV, although nathigt
significance. We note that due to the fact that the clustestisen-
tred on the S3 chip the outermost region is only a partial Rrsnu

The metallicity in the innermost region has a low value
of ~ 0.2 times the solar value (assuming the solar values of
Anders & Grevesse 1989). In the region between 5 and 90 kpt fro
the nucleus we find a much higher value~00.6 — 0.7 times the
solar value. Further out the metallicity falls quickly ¢00.2 times
the solar value again.

In order to assess whether the fall in temperature beyond
90 kpc is cluster wide, we have used an accumulative smapthin
/ contour binning technique due to J. Sanders (to be destchipe
Sanders et al. 2004, in preparation) to define spatial birgveh
signal-to-noise ratio for spectral fitting. This allowed tasdrop
the assumption of circular symmetry. Briefly, a surface litrigss
map was produced from the raw counts using a smoothing algo-
rithm which accumulated counts around each pixel until aaig
to-noise ratio of 15 was reached (“accumulative smoothingftie
binning method (“contour binning”) then grew bins alongedir
tions where the surface brightness is closest to the egistifue,
until the signal-to-noise ratio exceeded 30. Finally, hirse con-
strained to have an edge length less than or equal to thres tim
the circumference of a circle of the same area as the binaBign
to-noise ratios are calculated taking into account noigkeérback-
ground spectrum which is extracted from identical regianship
coordinates from the standard background files.

Spectra were extracted from these regions and binned to 20
counts per spectral bin. New response matrices and angitiéa
sponse functions were made corresponding to these regioich w
were then fit independently using Cash’s C-statistic. Tiseltieng
temperature map is shown in FAg. 5.

It is clear now that the south western part of the cluster is
systematically hotter than the northern part. Since theroust
annulus comes only from the northern part of the cluster iitos
surprising that the outermost annulus has a temperatuoevtibe
one immediately interior to it since that partial annulusers the
hotter region.

In Fig.[d we show a close-up of the temperature map of the
central region of the cluster with the radio intensity camsoover-
plotted. There is some suggestion that the radio sourcelstbe
the coolest gas, which may be a direct indication that théorad
source heats the gas. The precise locations of the bousdxiriee
individual regions selected for fitting are however someveeasi-
tive to the smoothing and signal-to-noise parameters afonéour
accretion technique, and are required to follow the surfaaght-
ness of the cluster emission.

4.2 Correcting for projection effects

We have fit the annular spectra accounting for projectioroahts
from the exterior regions into interior annuli using theojct
model inxsPEG and assuming spherical symmetry. The volumes
of the shells sampled by each annulus are calculated frors FIT



The Galaxy Cluster Abell 3581 as seen by Chandr&

CEC (2000)

-26:56

-26:58 —

=27:00 —

-27:02 —

-27:02 —

T T T
14h07mi0z 14h07m30z 14h07m20z 14h07ml0=
Ea (2000)

1.y 2 2.5
Tempersture (keW)

Figure 5. X-ray temperature map of Abell 3581.
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Figure 6. X-ray temperature map of the central region of Abell 3581hwit
radio intensity contours overlaid.

header items which describe the inner and outer bounddribe o
annuli. We note that the cluster emission extends beyonduttes-
most annulus of our analysis so that the emitting volumecistsa
with the outermost annulus is too small. This causes too muwh
jection on to the next annulus in, so that the fit to that ansulo-
derestimates its brightness. The resulting effect is mahineyond
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Figure 7. Temperature and metallicity profiles for Abell 3581 derivesing
theprojct model.

the outer two annuli because the amount of projection igively
small due to the steep surface brightness profile; see seto

The model which we have fitted consists of a single temper-
aturemekal plasma emission model in which the temperature and
metallicity at each radius are freely fit. A single value of fore-
ground absorption column density is also allowed to fit fyeid
obtains a value of 3+0.7 x 10?°cm~2, consistent with that ex-
pected from the HI 21cm measurements.

In Fig.[[d we show the temperature and metallicity profiles of
the cluster gas derived from these fits accounting for ptigjec
The temperature climbs steadily from 0.8 keV within the caint
5 kpc to around 2.25 keV between 60-90 kpc. We note that the
intrinsic temperature of the central bin is substantiatipler when
taking into account the hotter gas seen in projection ag#inis
the outermost annulus the temperature drops back to 1.5ete
this region is only a part of an annulus, to the north of thestelu
(Fig3), it is not clear whether this decline in temperatgreliie to
substructure or in fact a coherent property of the cluster.

The metallicity is consistent with 0.8 solar thoughout most
of the cluster observed in our dataset. The very innermggome
(within 5 kpc, but excluding the nuclear point source) anel it
gion beyond 90 kpc both have much lower values of metal abun-
dance, at around 0.1 times the solar value.

The drop in metallicity in the central bin could be due either
to an extended power-law component, or to the iron-biasceffe

(Buote & Fahiah 1999). The iron-bias effect results fronirfijta
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Table 1. Parameters, for the central spatial bin, of models fittethtpinto
account projection effects. Model 1pgojct * phabs (mekal). Model

2 is projct * phabs (mekal + po). Model 3 isprojct * phabs
(mekal + mekal). In models 2 and 3 the power-law and secarttal
components are only present in the innermost spatial bmp@eatures are
given in keV, abundances are relative to the solar value aharmn densi-
ties are in units of 14 cm~2. “D of F” is the number of degrees of freedom
in the fit.

Model 1 2 3
T 08UGR oea'fy o6 g
kT - - 2507532

Abund 007'3%7  >014  >048
Ny 40705 38755 38753
X? 844.4 837.8 832.7

DofF 714 712 712

plasma containing more than one distinct temperature coergo
with a single temperature model.

We have tested for the possibility of there being a spat&tly
tended power-law or a secom@dkal component by adding them
(separately) to the baselingrojct * phabs (mekal) model
(Model 1), but only in the central bin. The results of thesg dite
compared with the baseline model in Table 1. For the test with
the power-law component (Model 2), both index and normaliza
tion were left as free parameters while for the test with asdc
mekal component (Model 2) we allowed a freely fitting tempera-
ture and normalization but tied the metallicity to that oé tirst
mekal component. For both tests we found that the metallicity was
very poorly constrained and preferred to fit to unphysicédige
values; we have therefore imposed an upper limit of twicestiar
value on this parameter. Indeed the best fit value of the fitetal
ity hits this limit, but we note that allowing much higher uak
of metallicity does not reduce the value of the chi-squaaéistic
significantly. Our lower limits on the metallicity presedta[l cor-
respond to an increase of 1.0 in the C-statistic from theevitted
with the metallicity at twice the solar value.

For the model including the power-law component an F-test
suggests that there is a 6 per cent chance of obtaining sughifa s
icant drop in chi-square if the power-law componemaspresent.
For the model including the secomdkal component an F-test in-
dicates that there is only a 0.7 per cent chance of obtainioh s
a significant drop in chi-square if the secamekal component is
not present.

We conclude that a two-componaiikal model is a signifi-
cantly better fit in the central bin than one with only a sing&al
component and is preferred over one with an extended pawver-I

find that it generally gives good results. In Hij). 8, the ressof one
test which is based upon our dataset are shown.

We start by using the temperature, density and metallicity p
files appropriate for Abell 3581, accounting for projectiffects,
as determined by therojct model. Since the outermost spatial re-
gion shows a significant temperature drop we have only ustd da
from the central seven spatial regions in this test. In otdemon-
struct a smooth synthetic cluster the density profile wasdfittith
the sum of two beta profiles, while the temperature profile fitas
ted with the functional form of Allen et all (2001). In bothses
the outermost point (of the seven) was omitted from the fi¢ (se
discussion at the end of this section).

We then constructed a spherically symmetric cluster assum-
ing the ideal gas equation of state. There were 10,000 radial
equally spaced out to a radius of 2500 kpc, at which point lihe c
ter was truncated.

Spectra appropriate for the physical conditions at eaciusad
were then calculated using thekal plasma code. The emission
was integrated along the line of sight to give a projectectspe
trum at each radius in the cluster. Next the spectra werenagcu
lated radially, in the same annular rings as used in sect@resd
scaled to the luminosity distance appropriate to Abell 3G68ihg
our adopted cosmology. These spectra were then inpyuskEq
multiplied with a uniform Galactic absorption componemigaised
to generate synthetic pulse invariant (Pl) spectra asguthssame
responses and integration time as the Abell 3581 observakite
counts were perturbed following poisson statistics.

The synthetic spectra were then fitted with @ jct model
in xsPEcusing the same techniques as in Section 4.2. IFig. 8 we
have overplotted the synthetic cluster profiles for temipeea den-
sity and metallicity (dotted lines) with those derived frditting
the Pl spectra with theekal and projct models, allowing for
Galactic absorption (points with error bars). It is cleaattthe fit-
ted temperature and density points generally match verlywiil
the ‘real’ synthetic profiles. There appear to be no systemesid-
uals in the temperature or metallicity profiles. In the dgngiofile
we note that the outermost point derived from e jct fits is
very significantly above the cluster profile. This is becahsee are
counts projected on to this region that cannot be taken tount
correctly. Theprojct model requires the projected outer radius for
each annulus to be associated with that data set in ordelcidaiz
the volume and therefore the projection factors. For theroubst
region the volume associated with the counts is wrong in ¢nse
that it is too low. This leads to an overestimate of the serfaight-
ness and density in the outermost annulus. Although thisesaino
much emission to be subtracted off the next inner annulegnitbe
seen that the effect is very small and the errors due to tfestef
quickly damp out. We therefore have confidence in the prigeet
corrected results presented in section 4.2, apart fromehsity in

component. However, in both of the two-component models the the outermost annulus.

metallicity is sufficiently unconstrained that it becomessistent
with that seen in the second to seventh bins, counting odtwvar
from the centre.

4.4 The issue of entropy

We note that these data are also able to constrain the masyn F|g we show the temperature’ electron density and pynro

profile of Abell 3581. The results from this work will be presed
as part of a larger sample of cluster mass profiles by Voigt Bida
(2005), in preparation.

4.3 Testing the projection correction

We have run a series of tests to check thapthejct xsPECModel
reproduces what is expected when given known synthetic Wéa

profiles deduced from the fits accounting for projection teldt
against the scaled radius. Many authors choose to scaledis r
coordinate byRyoo the radius within which the mean cluster den-
sity is 200 times the mean density of the univeRRgy has been
shown by Cole & Laceyl (1996) to be proportional to the viri r
dius, which is the appropriate scaling quantity in hierarahself-
similar models of structure formation. We have used equoa$io
of Sanderson et Al (2003) as an approximation to the vigidius
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Figure 8. Simulated cluster (dotted lines) and parameters derivied) dise
XSPECprojct model (crosses).

for our scaling. Usinglguste=2 keV (a value which is between
that measured in the two outer bins of our data, and within the
range measured ly Johnstone, Fabian & Tevlori1998, Tablee1) w
find that the virial radius is 1.11Mpkt._Sanderson étlal. (Q0G8e
shown that this equation can significantly overestinfi®g partic-
ularly in small systems with large temperature gradientsceSwe
have used the maximum temperature in the cluster (at ledsiwi
the region covered by our data) rather than an emissionhiezig
average ouRyqg ought to be reasonably accurate.

In calculating the entropy we have used the definition given
bylLloyvd-Davies et &l..(2000), in which the entropy is

s=Trng?/%

The outermost spatial bin atAR, is subject to two problems.
Firstly, as described in section 4.3 theo jct model overestimates
the density. This translates into too small a value of eptinghat
bin. In order to avoid this problem we have estimated the-elec
tron density by fitting the other points in the density profiligh a
double-beta model and extrapolated this to the positiohefihal
spatial bin. This yields an electron density that is a factot.66
times lower than calculated hyrojct for that bin. In Fig[® the
higher electron density is that determined directly froethojct
model while the lower value is our corrected value. The giytro
point (S= 120+ 13 keV cn?) that we plot at QLRy is derived from
this corrected density.

representative of the cluster averaged profile since itlig @par-
tial annulus and there may be azimuthally dependent terapera
structure within the cluster. If the azimuthally averagethpera-
ture profile were to remain flat at the average of the valueken t
sixth and seventh annuli, counting outwards from the cluste-
tre, it would have a value of 2.1 keV (however, we note thatifay
this value into theprojct model would reduce the temperature
of those inner bins). Values &T = 1.8 — 2.2 keV were found by
Johnstone, Fabian & Taylar (1998) from fitting various maedel
the ASCAdata from the central 3 arcmin radius regiorO{@R,) in
this source. Using the value of 2.1 keV for the temperaturalevo
increase the entropy atiR, to 167 keV cnf. We consider this to
be an absolute maximum value for this quantity. We also rae t
the virial radius increases as the square root of the cltestepera-
ture so it is not strongly affected by changes in the adopliestar
temperature.

The entropy profile for Abell 3581 (as a function of radius
scaled by the virial radius) lies well below the profile fousi
ters with similar temperatures as publishecd by _Llovd-Dseal.
(2000) (taking into account th®0 h~1/3 scaling for the different
assumed values ddp). This result stands, despite the presence of
the relatively strong Parkes radio source in Abell 3581. €he
tropy profile for Abell 1983|(Pratt & Arnaud 2003), which has a
similar temperaturek{T = 2.1 keV), has entropy values which are
~ 40keV cn? higher in the region covered by tl@handradata
on Abell 3581 (the entropy scaling fact¢t + z) 2T expected
from self-similar formation models, e.g. Pratt & Arnaud 200s
the same within 1 per cent for these two objects). Many asthor
(see e.g. references lin_Binney & Tdhor 1995, Fabianlet al1,200
Churazov et all 2001) have recently argued that the medianic
heating from an active galactic nucleus with jets can baahe
cooling from high density gas in the cluster and thereby gmév
the formation of a classical cooling flow. Such heating migat
expected to increase the entropy of the clusters, partlgudere
the gas temperature is cool and the radio source is stronghibu
is clearly not the case in Abell 3581.

Ponman et al! (2003) discuss the entropy of intergalactc ga
in elliptical galaxies, groups and clusters. Their fig. 4vwstdhe
gas entropy at.QRyqp as a function of temperature for 66 virialized
systems. Below about 4 keV there is a wide spread in this fidluci
entropy. The value of entropy atllR, in Abell 3581 calculated
from the data at that position in the cluster (with the caedwalue
for the electron density) is 12013 keV cn?, or 16718 keV cn?,
if we assume the high value of the temperature in the outdrams
nulus. By either of these measures, Abell 3581 has an enabpy
0.1Ry significantly below that for the mean of clusters at 2 keV
~ 233+ 30keVcn?, as shown in fig. 5 of Ponman ef &l. (2003).
Fig. 4 in that same work shows there is a large range in entropy
for clusters at 2 keV. Our measured value for Abell 3581 would
make it equal to their lowest entropy cluster (Abell 262) &e¥.
Abell 3581 emphasizes the overall spread in propertiesmfém-
perature clusters.

A power-law fit to the entropy as a function of radius=
kr%) gives a sloper = 0.87+ 0.03. Further including a constant
offset in the entropy at zero radius does not produce a signifi
reduction in the chi-square statistic as determined using-test.
We note that this is a much flatter slope than expected for pure
shock heating of the intracluster gas which is expected e gi
slope ofa = 1.1 (Tozzi & Normall 2001). However, Ponman et al.
(2003) have shown, in their fig. 3, that such slopes are ysaaly

Secondly, the drop in temperature seen in this bin may not be seen beyond.@R,, which is outside the region covered by our data.
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Figure 9. Temperature, electron density, and entropy profiles détean
from theprojct model. The radial coordinate has been scaled by the virial
radius, 1.11Mpc. There are two points plotted in the electtensity pro-

file at 01Ry. The upper point is determined directly from theo jct value
while the lower point is determined from an extrapolatioraafouble-beta
profile fit to the seven inner points. The entropy point plbtee Q1R is
calculated using the extrapolated fit value for the denSige text for de-
tails.

The flattening of this slope in the inner regions of clustees/rbe
due to the cooling out of the lower entropy gas.

4.5 A classical cooling flow?

We extracted a spectrum from the inner 3 arcmin (or 79 kpc) of
the cluster (but excluding the point source) for comparigatn

the ASCA spectrum of Johnstone, Fabian & Telylor (1998). Tévis
gion is expected to contain most of the mass deposition iasst!

cal cooling flow is preseni_(Johnstone, Fabian & Taylor 199%)
have fitted a range of models to this region; the results asgnted

in Table[2. Initially we fitted a single temperatutekal model af-
fected only by (freely fitting) Galactic absorption (Modél This

is our baseline model for the region.

Adding in a secondiekal component (Model 2) in which the
metallicity is linked to the first component reduces the sipirare
value to 303.9 for 203 degrees of freedom and gives a signtfica
better fit (F-test significance=11.9 x 10~°).

Next we have substituted a cooling flow model for the sec-
ondmekal component (Model 3) in which the upper temperature
and metallicity of the cooling flow are tied to that of thekal

Table 2. Parameters of fits to cooling flow region. Model 1gBabs
(mekal). Model 2 is phabs (mekal + mekal). Model 3 is phabs
(mekal + mkcflow) with the lower temperature fixed at 0.08 keV. Model
4isphabs (mekal + mkcflow) with the lower temperature allowed to fit
freely. Temperatures are given in keV, abundances areveelat the solar
value, the mass deposition raikis given in solar masses per year and col-
umn densities are in units of {cm 2. “D of F” is the number of degrees
of freedom in the fit.

Model 1 2 3 4
0.02 0.05 0.04 0.06
KTupper 168700, 186702  1.837gq,  1.907,0¢
CTower  — . 08608 008 o600
0.03 0.06 0.07 0.07
Abund  053°3%% 0.75'3%¢ 0.743)_5)6 0.767:03%6
" 04 05 811%% " 7fo2:58
N 4470 39703 5.1 405,35
X2 338.2 303.9 306.2 302.8
Dof F 205 203 204 203
3
o
2
2 gt 1
)
i
~
§
H
[=9
8 SF .
g
=
o I . I . I . I
0.2 0.4 0.6 0.8

Low Temperature Cutoff (keV)

Figure 10. Allowed values of mass deposition rate as a function of low
temperature cutoff in the cooling gas. Contours are plcdtell C-statistic
=2.3,4.61 and 9.21 which correspond to 68, 90 and 99 per caffidence
regions for two interesting parameters.

component, and the lowest temperature in the cooling flowahod
is below theChandraband. Although this model is not a better fit
than the two-temperature model in terms of the chi-squantsst
tic, it only introduces one further fit parameter insteadvad for
Model 2 and an F-test shows the rediction in chi-square fizr th
model to have a greater level of significance-(8.4 x 10~%). The
mass deposition rate fits tol8+ 1.3 M, yr—1. (Note that for com-
parison with previous values of mass deposition rate puétidy
Johnstone, Fabian & Tayldr (1998) this value should be damlitn
account for the different assumed valueHpf)

Finally, allowing the lower temperature of the cooling flow
to be a free parameter allows chi-square to drop further 280
There is an F-test probability of 0.15 of obtaining such géatrop
in chi-square if the additional fit parameter were not resplifThe
allowed mass deposition rate is now.225g M, yr—2. In Fig.[I0
we show contours of constant C-statistic in the mass deposiie
/ lower temperature plane. The three contours hav@-statistic
= 2.3, 4.61 and 9.21 which correspond to 68, 90 and 99 per cent
confidence regions for two interesting parameters.

Johnstone, Fabian & Taylorl_(1998) performed a surface
brightness deprojection of tHROSATHRI data. Within the central
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3 arcmin (110 kpc iHg = 50, qg = 0 used in that paper), a mass
deposition rate of 45 50 M, yr—1 was found. Scaling these values
to our current cosmology would give a value of 225 M yr—1,
around a factor of three higher than fitted in this sectionmthe
gas is allowed to cool to very low temperatures. Similarlitsdave
been found for many other clusters by e.g. Peterson et 801§20
Peterson et all (2003), Kaastra €t al. (2004). a lower ctgafper-
ature to the cooling gas proposed. At a cutoff temperatuseafnd

~ 0.8 keV agreement with the deprojection mass deposition iates
achieved, albeit with a poor chi-square value. We note tl&akéV

is the lowest temperature directly observed in prejct fits of
section 4.2.

thus dense, and has had few recent mergers. Cooling in its hig
density core may absorb all the kinetic energy produced by th
present active nucleus so that little is available for thst of the
gas. d) The dense core may have been introduced into therchsst
aresult of a merger, or €) The dense cool core may have caused t
moderately powerful radio source by more effectively fungllthe
central black hole. Radio source heating as inferred foP#érseus
cluster (by the dissipation of sound waves; Fahianlet alapotay
also apply, and scale, to Abell 3581.

The core of Abell 3581 appears to be similar to that of the
Perseus cluster, except that it is about an order of magniesb
luminous and has a temperature that is about one third oiittiaé

The problem remains as to why the gas appears to cool by Perseus cluster. Somehow the core has avoided the heatiag, o

about a factor ofv 2.5 yet not any further and does not accumulate
at the lower temperature.

5 DISCUSSION

So far we have considered heating in Abell 3581 only from the
point of view of balancing the cooling from the ICM in the core
of the cluster. However, there is a more global property o<l
ters that shows that heating has been important. The oluskrve
minosity/temperaturel§/Ty) relation for clusters, wherkey 0 T,2
(e.g.lArnaud & Fvrald 1999) rather tharf as expected if only
gravitational heating is involved (Kaiser 1986), indicatkeat some
form of extra heating has taken place. The level correspomds
about 2-3 keV per particle (e.g. Wu ef al. 2000). Low tempeat
clusters and groups show a large dispersion inLtfély relation
(Helsdon & Ponman 2000), which may mean that although hgatin
is widespread, it is not the same in all objects. One possitgn
for the heating, which has been suggested by many authdte is
radio source which is often associated with the centralxyala

We have measured the unabsorbed X-ray luminosity in the

central 60 kpc of both the Perseus cluster and Abell 3581 (ex-

cluding the point sources) and find values o5 & 10**ergs!
and 14 x 10*3ergs ! respectively in the 0.3-10 keV band, so the
Perseus cluster is factor of ten brighter than PKS 1404-26fi$
region. By comparison, the 1.4 GHz radio luminosity of the in
ner two radio lobes in the Perseus cluster 821074 WHz 1
while the 1.4 GHz radio luminosity of the lobes in PKS 1404-26
is 25 x 1023W Hz 1, showing that the distributed radio power in
the Perseus cluster is also a factor of ten brighter than & P404-
267.

Abell 3581 is therefore particularly interesting as it is a
low temperature cluster with a strong radio source wherg-hea
ing seems not to have been effective, even close to the autive
cleus! Roychowdhury etlal. (2004) have suggested thatritehti
the AGN should also affect the entropy profile of a clusterdoely
the coolest parts. Even if the radio source has offset radiabol-
ing in the very innermost regions, it is clear that it has rad fa
strong influence on the gas entropy &tRqp, compared with sim-
ilar low temperature clusters.

Various explanations for this are possible. a) The radioc®u
may be very young compared with the radiative cooling time of
hundreds of Myrs, in which case radiative cooling would hdem-
inated in the past. However, no rapidly cooling cluster hetdbgen
found elsewhere. b) The major heating phase in clusters s h
occurred 5 or more billion years ago, beyansd 1, when the cen-
tral active galaxy or galaxies were much more importants Tinay
have been a variable process which has left some clustdnewit
significant heating. c) Perhaps Abell 3581 is particulaity and

least the effects of heating, common to most other low teatpez
clusters and groups.
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