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Chapter 1

Introduction

1.1 Galaxy Clusters

Clusters of galaxies were originally discovered by Chavlessier and William Herschel. Their
extragalactic nature was first established by Vesto SliphédEdwin Hubble. They are the most
massive (M-10'3-15 M), gravitationally bound structures in the known universd they are
the objects in which the need for dark matter was first poitedby Fritz Zwicky in 1937.
Recent investigations show that the baryonic matter reptesabout 16% of their total mass.
Dark matter makes up the remaining 84% of the mass. About §@Be daryons are situated in
the intracluster medium (ICM). The rest is situated in tlzessthat make up the galaxies within
the cluster (e.g. sdeeterson & Fabian 2006or a recent review).

One of the major goals in modern astronomy is to understamdotfimation of large-scale
structure and the evolution of galaxies. Galaxy clusteowigde us with the means to do just
this. Hierarchical structure formation dictates that thestrmassive objects, i.e. clusters, form
last, which means now. Studying the clustering of galaxikesva us to constrain cosmological
models. The dense and crowded environment strorfigg the evolution of galaxies living in
clusters and allows us to study important physical processeh as gas stripping and kinemat-
ical segregation. The lensing properties of galaxy clgstso make them great tools to study
their mass, the properties of dark matter and the detailggbftedshift galaxies.

In recent years it has become clear that galaxy clustersaatieydarly well suited to study
the feedback processes that are thought to inhibit gasngp{di.g.Peterson & Fabian 2006
McNamara & Nulsen 2007 The cooling of hot gas to form stars is essential for thewncof
massive galaxies. At the same time, cosmological simulatsthow that these galaxies require
an dficient feedback mechanism to halt gas cooling at early timesenting them from be-
coming too massive and too blue. The central galaxies irkgalasters are the most massive
galaxies known. The proximity of these galaxies makes thaalilaboratories in which the
details of gas cooling, galaxy growth and feedback can bdiexuin great detail. These feed-
back processes are the topic of my thesis and they play arriampoole in structure formation
at all physical scales and times.

1.2 Cool-core Clusters

In the same way as for galaxies, clusters grow by either eingrenass from their surroundings

or by cluster mergers. It is estimated that about 20% of alitelrs are currently undergoing or
have recently undergone a cluster merger. The remainderagjuasi-relaxed state and about
half of these have central regions showing hot X-ray engttias at £10° K, that is dense
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enough to cool from its own radiation within a Hubble time. ¢4l these objectsool-core
clusters although they are also referred toa®ling flow clustersAt the heart of these clusters
one finds the centrally dominant (cD) galaxy. These galaaresthe largest known galaxies.
They dominate over the other cluster galaxies in stelldat lignd hence they are also referred to
asBrightest Cluster Galaxie@BCG).

1.3 The hotgas at 10’ K

X-ray imaging of cool-core clusters shows that these objeahtain cool central regions (e.g.
Peterson & Fabian 2006 In these regions radiative cooling models imply that capFows
with mass deposition rates up to about 100§y could operate. Typically the hot €ILCE K)
X-ray gas in a cool-core cluster has a cooling time less th@griwithin a region of a few hun-
dred kpc centered on the BCG. More recently, X-ray speabguvith the latest generation of
satellites (i.e XMM NewtorandChandrg has shown that little to no gas cools belowID’ K,
(e.g.Peterson & Fabian 2006 The processes responsible for halting the cooling of ltlois
X-ray gas are strongly debated, but generally all involveasdorm of reheating the gas.

The currently favored process invokes mechanical inputs fthe central AGN. In this
picture the central AGN acts as the thermal regulator of @M Via energetic outflows, thus
connecting the smallest scales with the largest scaledamyalusters. These outflows present
themselves as radio jets and bubbles. Their interactiom thé hot gas is inferred from their
coincidence with depressions in the distribution of thea)-emission in cool-core clusters.
These depressions are known)asay cavities(e.g. Bohringer et al. 1993McNamara et al.
2000. From a kinematical point of view the outflows contain enowgergy to counter-act
cooling of the hot ICM gasRirzan et al. 2004Dunn & Fabian 2006 However, very little is
known about the detailed interaction between the non-thkrawlio plasma and the surrounding
hot X-ray gas.

For a typical cool-core cluster the amount of radiative oapthat needs to be balanced by
re-heating is about . ~10* ergSs.

1.4 The cool gas at k10* K

Although little to none of the hot X-ray gas cools below’ 1K, cool-core clusters do con-
tain significant amounts of cooler gas witkI0* K. As much as 1811 M, has been found
in cold (T~30 K) Hz from CO observations in the most massive systems (dge 2001
Salome & Combes 2003High spatial resolution observations show that this gémsaked up in
thin, long filamentary structures within a 50 kpc region eeatl on the BCG (e.dponahue et al.
200Q Fabian et al. 2008Salome et al. 2001

Considerably smaller amounts of ionised and molecular ga$~d0** K are also
found in these systems. These gas phases represent a cpaivsigm in their own right,
as they are far too luminous to simply be gas cooling through temperature regime.
This cool gas must therefore also be re-heated and re-wr(eg. Heckman et al. 1989
\oit & Donahue 1997 Jdfe et al. 200k The most problematic phases are the ionised gas at
T~10* K and the warm molecular gas atZ000 K. The ionised gas has a typical luminosity
Lui ~50xLHo ~10%44 erg s (Heckman et al. 198%Crawford et al. 199904fe et al. 2005
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The warm molecular gas has a typical luminosity, l~10xLn, 1-0 s(1) ~10%3 erg sl Here
we have assumed that the molecular gas is in local thermadgnequilibrium (LTE) (e.g.
Jdfe et al. 200500nk et al. 201p

The molecular gas at even lower temperatures does not lootgnmuch to the total lumi-
nosity. If we assume LTE conditions for the molecular gas-a40d0 K, then we find a typical
luminosity of Ly, ~3XLn, 0-0 s(1) ~10*? erg s'. In the temperature regime between the molec-
ular gas at 400 K and the CO emitting gas at 30 K the gas coditagken over by the far-infrared
neutral and ionised lines such as [Ol] at@8 and [CII] at 157um (Maloney et al. 1996 Our
Herschel observations now show for the first time that caneBCGs emit strongly in these
lines. The total emission in these far-infrared lines S R jine ~10%3 erg sl

The cooling problem for the cooler gas phases may seem |esging than the cooling
problem for the hot X-ray gas, because its total radiativaing luminosity never exceeds that
of the hot gas. However, there are importarfietences regarding the physical and temporal
scales on which the heating is required. The hot X-ray gasmesja region with a size of about
200 kpc in diameter to be re-heated. The cool gas requirasitasamount of reheating in a
region with a size of only 50 kpc in diameter. This means thatneed a lot more energy per
unit volume in order to reheat the cool gas.

The temporal scales for the required re-heating alerdvastly. The higher density cooler
gas phases have a much shorter cooling time than the lowsitglefiray emitting hot gas.
While the hot gas may be balanced by sporadic AGN outburstegere continuous re-heating
for the cool gas.

1.5 This Thesis

In the last four years | have worked on observing and undeaigtg the mass, temperature,
excitation and dynamical structure of the baryonic gas @hascool-core clusters. In particular

| have focused on the cool gas atT0?>* K. These observations have allowed me to compare
in detail the distribution and condition of this gas to thear emitting and radio emitting
structures in the central regions of these clusters. Thayemitting gas represents the primary
source of mass in the system and radio emitting gas tracgwithary source of local energy
input.

Chapter 2

In chapter two we discuss near-infrared observations wédaiwvith integral-field spectro-
graphSpectrograph for INtegral Field Observation in the Neafrémed (SINFONI) mounted

on theVery Large Telescopé/LT). We have observed the BCGs in the cool-core clusters
Abell 2597and Sersic 159-03 Using our dedicated, self-written, reduction pipeline nvap,

for the first time, the ionised and warm molecular gas in tltieeensions in these systems.
This gas is found in filamentary structures extending outtd@@c from the nucleus. We find
that the ionised and molecular gas are strongly coupled th Hustribution, intensity and
dynamics. We detect signatures of an interaction betwee &N and this gas in the central
few kpc of the BCGs. However, beyond this region the gas isdyoally cold and its support
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remains to be explained. In agreement with previous two dsiomal investigations we show
that a serious cooling problem exists for the cooler gas gh&s cool-core clusters (e.g.
Heckman et al. 198Qdte et al. 2005 The molecular gas is found to be in LTE at2000 K.
This implies that the K emitting gas is dense $10° cm™3) and not in pressure equilibrium
with the HIl emitting gasJéte et al. 200h

Chapter 3

In chapter three we discuss far-ultraviolet (FUV) imaginigtained with the Advanced
Camera for Survey@ACS) mounted on thelubble Space TelescofldST) and optical imaging
obtained with the=Ocal Reducer and low-dispersion Spectrogrdpl®oRS) mounted on the
VLT. We have observed the BCGs in the cool-core clusédysll 2597and Abell 2204 The
high-resolution HST observations show that the FUV contmuemission is found to be
extended in filamentary structures centered on the BCG usic/e map for the first time the
FUV to optical continuum emission ratio in the central 20 kjfchese BCGs. We find that
this ratio is high in the nuclear and filamentary regions.etpteting the observed emission
directly in terms of young stars requires the presence ofgelaumber of very hot O-stars.
The required amount of O-stars does not contradict cursgithates for the starformation rates
in these systems. However, upon correcting for nebulanimomin emission and dust intrinsic
to the BCG, the temperature of the required stars becomestdepr and a purely stellar
interpretation does not fiice. Likewise, simple, non-stellar models also fail in expleg the
observations. A more detailed investigation is necessamg\eal the origin of the FUV to
optical emission ratio.

Chapter 4

In chapter four we discuss far-infrared (FIR) imaging oféal with the Photodetector
Array Camera and Spectromet@PACS) and the&Spectral and Photometric Imaging Receiver
(SPIRE) mounted on thElerschel Space Telescofiderschel). We have observed the BCGs
in the cool-core cluster&bell 1068 Abell 2597andZw3146(Zw3146 is also known as ZwCl
1021.0+0426). The FIR emission is spatially unresolved in all tregstems at the resolution of
the Herschel detectors. We present the first well-sampletdt spectral energy distributions
for the dust continuum emission in these cool-core BCGs. Wihdi data in the 24-850m
range with simple, modified blackbody spectra. Interpgetimese fits shows that at least two
temperature components are needed to fit the data. The diehist temperatures are very
similar in all three objects. The first component has a teatpee around 20 K and the second
component has a temperature around 50 K. The coldest compominates the derived dust
mass for these systems. The FIR-bright BCGs in Abell 1068ZamBl146 have a dust mass of
about 162 My. The FIR-weak BCG in Abell 2597 has a dust mass that is loweatimut a
factor of ten. The gas to dust mass ratio is about 100 in aktlobjects.
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Chapter 5

In chapter 5 we discuss FIR integral-field spectroscopy inbthwith PACS mounted on
the Herschel Space Telescope. We have observed the BC&sdadhcore cluster&bell 1068
andAbell 2597 We detect, for the first time, the strong, FIR, atomic caplines from [CII],
[NIl] and [Ol] in these cool-core BCGs. The line emission gasally unresolved at the
resolution of PACS and imply cold, molecular gas massesdegxof 18 M. At the current
level of the absolutely flux accuracy for PACS the FIR lingasitdo not difer significantly
from local FIR-bright galaxies and the excitation can belax@d with young stars. However,
with improved calibrations this will need to be reassesgedl the line ratios will also have
to be investigated in the context of other excitation me®@ma such as collisional heating
(Ferland et al. 2009and heating by high-energy photori3ophahue & Voit 1991 The widths
of the FIR lines are found to be consistent with optical andriefrared measurements.
However, they are considerably wider, by about 35 percéat) tower rotational (low-J) CO
lines Edge 2001 Salome & Combes 2003The line profiles in both BCGs show evidence for
more than one velocity component in the gas.

Chapter 6

In chapter 6 we discuss optical spectroscopy with FORS neauoh the VLT in combi-
nation with MAPPINGS III (Groves 200% photoionisation modeling. We have observed
the BCGs in the cool-core clustefdell 2597 Abell 2204and Sersic 159-03 We find that
these BCGs are extreme examples of dusty, Low lonisatiodddu&mission line Regions
(LINERS) over tens of kpc. The optical [Ol] toddratio is remarkably high and constant in
these systems as compared to other types of galaxies. $wctatios can not be produced by
stellar excitation. Using MAPPINGS III, we investigate ietdil three alternative excitation
sources for Abell 2597; (i) AGN, (ii) Bremsstrahlung, and) (& combination of stars and
Bremsstrahlung. In agreement with previous investigatioie find that these models can
explain most of the observed line ratios to within a factotvad. The most problematic ratios
involve lines from Helium and Neon. AGN models are ruled blasat on the decrease in
ionisation with distance from the nucleukfinstone & Fabian 1988leckman et al. 1989 A
single, difuse, ionisation source, such as for example Bremsstraiddagored. Energetically,
this is possible for Abell 2597, but only if we invoke an ulgaft X-ray component. There is
tentative evidence for the existence of such a componenb&ll 597. However, it is not clear
if such a model can be applied to all cool-core BCGs. Altevedy, a collisional heating model
involving cosmic rays has been proposed and may provide ldevigolution Ferland et al.
2009.

1.6 Outlook

In the last decade there has been an enormous increase irvailseal data for cool-core
BCGs. Particularly, high spatial resolution X-ray data amegral-field spectroscopy in the
optical, near-infrared and sub-millimeter regimes. In ¢tbening years, new telescopes, such
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as theAtacama Large Millimeter ArrajyALMA), the James Webb Space telescqp@/ST),
theExtended Very Large ArraEVLA), the Low Frequency ArrayL OFAR) and theEuropean
Extremely Large Telescope (E-ELWil enter the scene.

Observations of cool-core BCGs with these telescopes withér revolutionise the field
and, together with the existing data, allow us to make dedathaps of gas heating versus gas
cooling at a common spatial resolution of 1 arcsec or lesss Will enable us to trace gas
cooling from T=108 K to T=10 K as a function of position in the cluster core and match it t
detailed X-ray and radio maps.

Better measurements of crucial gas properties, such agyeesiperature and metallicity,
are urgently needed. For some gas phases, such as the wayas Hhis will become possible
with the new telescopes mentioned above. For other gas @hsiseh as the optical HIl gas,
new methods still need to be developed in order to furthestcaim these properties.

Bibliography

Bohringer H., Voges W., Fabian A. C., Edge A. C., Neumann D.1993, MNRAS, 264, 25

Birzan L., Rdferty D. A., McNamara B. R., Wise M. W., Nulsen P. E. J., 2004, A&07, 800

Crawford C. S., Allen S. W.,, Ebeling H., Edge A. C., Fabian A. 199, MNRAS, 306, 857

Donahue M., Voit G. M., 1991, ApJ, 381, 361

Donahue M., Mack J., Voit G. M., Sparks W., Elston R., MaloReyR., 2000, ApJ, 545, 670

Dunn R. J. H., Fabian A. C., MNRAS, 373, 959

Edge A. C., 2001, MNRAS, 328, 762

Fabian A. C., Johnstone R. M., Sanders J. S., Conselice Cralyford C. S., Gallagher J. S.,
Zweibel E., 2008, Nat., 454, 968

Ferland G. J., Fabian A. C., Hatch N. A., Johnstone R. M.,d?Pd®t L., van Hoof P. A. M.,
Williams R. J. R., 2009, MNRAS, 392, 1475

Groves B. A., 2004, Dust in Photoionized Nebulae, Ph.D. iBhégistralian National Univer-
sity, Australia

Heckman T. M., Baum S. A., van Breugel W. J., McCarthy, P.,.919&J, 338, 48

Jdate W., Bremer M.N., Baker K., 2005, MNRAS, 360, 748

Johnstone R. M., Fabian A. C., 1988, MNRAS, 233, 581

Maloney P. R., Hollenbach D. J., Tielens A. G. G. M., 1996, AM£5, 561

McNamara B. R., Wise M., Nulsen P. E. J., David L. P., Sarazih.CBautz M., Markevitch
M., Vikhlinin A., Forman W. R., Jones C., Harris, D. E., Ap34% 135

McNamara B. R., Nulsen, P. E. J., 2007, ARA&A, 45, 117

Oonk J. B. R., Jde W., Bremer M. N., van Weeren R. J., 2010, MNRAS, 405, 898

Oonk J. B. R., Hatch, N. A., 3z W., Bremer M. N., van Weeren R. J., 2011, MNRAS, 414,
2309

Peterson J. R., Fabian A. C., 2006, PhR, 427, 1

Salome P., Combes F., 2003, A&A, 412, 657

Salome P., Combes F., Revaz Y., Downes D., Edge A. C., Fahi&h,2011, A&A, 531, 85

\oit G. M., Donahue M., 1997, ApJ, 486, 242

Wrathmall S. A., Gusdorf A., Flower D. R., MNRAS, 2007, 38331



Chapter 2

The Distribution and Condition of the Warm
Molecular Gas in Abell 2597 and Sersic
159-03

We have used the SINFONI integral field spectrograph to mem#ar-infrared K-band

emission lines of molecular and ionised hydrogen in thereén¢gions of two cool core

galaxy clusters, Abell 2597 and Sersic 159-03. Gas is deteamit to 20 kpc from the nuclei
of the brightest cluster galaxies and found to be distribieclumps and filaments around
it. The ionised and molecular gas phases trace each ottsslyglio extent and dynamical
state. Both gas phases show signs of interaction with tliveawticleus.

Within the nuclear regions the kinetic luminosity of thisgafound to be somewhat smaller
than the current radio luminosity. Outside the nuclearaedhe gas has a low velocity
dispersion and shows smooth velocity gradients. There sroag correlation between the
intensity of the molecular and ionised gas emission aneettie radio or X-ray emission.

The molecular gas in Abell 2597 and Sersic 159-03 is welldlesd by a gas in local ther-
mal equilibrium (LTE) with a single excitation temperaturg. ~ 2300 K. The emission
line ratios do not vary strongly as function of position, twthe exception of the nuclear
regions where the ionised to molecular gas ratio is foundedse. These constant line
ratios imply a single source of heating and excitation fahlgas phases.

MNRAS405, 898 (2010)

J. B. R. Oonk, W. Jdfel, M. N. Breme?, R. J. van Weerén

1Leiden Observatory, Leiden University, P.B. 9513, Leid2300 RA, The Netherlands
2Department of Physics, H.H. Wills Physics Laboratory, @ili&/niversity, Tyndall Avenue, Bristol BS8 ITL, United Kgdom
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2.1 Introduction

Cool cores are regions at the centre of rich clusters wheréoh thermal X-ray emitting gas
(T ~ 108 K) is dense enough to cool radiatively within a Hubble timee®eterson & Fabian
2006 Fabian et al. 1994for reviews). Cooling rates of the order of 100,Mr~t and up to
1000 M, yr~! have been estimated for this hot X-ray gas (d2gres et al. 1998However, re-
centChandraandXMM-NewtonX-ray spectra show that little or no X-ray emitting ga$.0%)
cools below one third of the virial temperature (el§aastra et al. 20Q1Peterson & Fabian
2006. The solution most often invoked in the literature is tr@nhe form of reheating balances
the radiative cooling of the X-ray gas.

Substantial cooler gas and dust components exist in thes aafr¢hese galaxy clusters
(Edge 2001 Irwin, Stil & Bridges 2001 Salome & Combes 20030’'Dea et al. 2008 Ex-
tended 10 K emission-line nebulae are found surrounding Brightesis@r Galaxies (BCG)
(Heckman et al. 1989Crawford et al. 1999Jdfe et al. 2005herafter JO5). These nebulae are
observed to extend at least up to 50 kpc from the BCG nucl&i)(JOhis component at ~
10* K emits far more energy than can be explained by the simplémpof the intracluster gas
through this temperature i.e., additional heating is ndgBabian et al. 1981Heckman et al.
1989.

More recently, work in the infrared and mm-wavelengths hasws that there are
large quantities of molecular gas at the centre of thesetethisvith temperatures be-
tween 15 and 2500 K extending at least up to 20 kpc from the BGQ@len (e.g.,
JO5; Jdte & Bremer 1997 Jdte, Bremer & van der Werf 20Q1Falcke et al. 1998 Edge
2001 Edgeetal 2002 Wilman et al. 2002 Salome & Combes 2003Hatch et al. 2005
Johnstone et al. 200Ailman, Edge & Swinbank 2009 The molecular gas has a cool-
ing time of order yearslLepp & McCray 1983 Black & van Dishoeck 1987Maloney et al.
1996. Without some form of heating one would expect this gas tihapee rapidly and
form stars. Although there is strong evidence that starébion does take place at the cen-
tres of cool core galaxy clusters it is not yet observed tocimdhe extended gas nebulae
(McNamara & O’Connell 19920'Dea et al. 200800nk et al. in prep.).

The heating and cooling of the molecular and ionised gasgsha® important elements in
the energetics of the cool core region. An energy source aoaiye to that needed to stop the
hot X-ray gas from cooling is necessary to heat these coldasgs (J05). The primary source
of ionisation and heating of thezHand HIl must be local to the gas (JQlghnstone & Fabian
1988, consistent with a stellar photoionising source. Howgstars are unable to explain the
high temperature of the ionised ga®it & Donahue 1997 hereafter VD97). The molecular
hydrogen lines are much stronger relative to the ioniseddgeh lines than in other types of
extragalactic sources, such as AGN or starburst galaxigs ¢&5;Davies et al. 20032005.

The ratio of B to HIl emission lines (JO3Hatch et al. 200 as well as detailed analysis
of the mid-infrared and optical line ratios (VD9dphnstone et al. 2007ndicate that to ex-
plain both heating and ionisation balance, photons hatdar those available from O-stars are
needed. However, often very high ionisation lines are mgée.g., [Ne V] — typical of AGN
spectra. If present, the source of these photons is elusiternatively shock heating has been
considered, however the characteristic [O 1ll] 4363 Angstiine is missing (VD97). High
energy particles have been invoked to explain this probleenlénd et al. 2009 It is of great
importance to pinpoint the nature of the heating mechanrsarirzclude it in models of cooling
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flows in galaxy clusters as well as models of galaxy growtheradution.

Cool core clusters are the low redshift cluster scale asatddigh redshift galaxy scale
cooling flows. To understand the formation of massive gakaat high redshift and the feeding
and feedback mechanisms in AGNs it is important to undetistta® heating of the cool gas in
BCGs.

All gas phases observed in the intracluster medium reqalreating to avoid catastrophic
cooling. A variety of heat sources to counteract this caplyas have been proposed over
the years: AGN feedback (e.gChurazov et al. 20Q1Blanton, Sarazin & McNamara 2003
Dalla Vecchia et al. 2004McNamara et al. 20Q1Birzan et al. 2004 low velocity shock
waves Fabian et al. 2006 conduction (VD97), hot stars (VD97) and energetic psic
(Ferland et al. 2009 None of these heat sources have so far been able to matdetd&d
characteristics of cool core galaxy clusters. Whatevehtrsd mechanism, the cooling region
extends over hundreds of kpc across the cluster core, ariohdpés unlikely to balance the
cooling exactly over such a large region. Some residualimgalill occur and presumably
corresponds to the emission line nebulae and star clustesusding brightest cluster galaxies
(BCG) at the centres of cool core galaxy clusters (Hdich et al. 2005Rafferty et al. 2005

The BCGs at centres of cooling clusters fall within a regioh tbe BPT diagram
(Baldwin, Phillips & Terlevich 2004 Crawford et al. 1999 VD97) that is occupied by
LINERs and AGN. In our previous samples (JJfe & Bremer 1997 Jdfe et al. 2001 we
have focused on the LINER-like BCGs and we continue to do $e.h&hese clusters were
originally selected based on their high cooling rates ngtda, H> emission and low ionisation
radiation. LINER-like BCGs were chosen because we wish tomise the role that their AGN
have on the global radiation field. In the work presented mexdocus on two LINER-like
BCGs from our previous samples, PGC 071390 in Abell 2597e@fezr A2597) and ESO
0291-G009 in Sersic 159-03 (hereafter S159). Optical ([{PHB and [O IJHa, Baker(2005
VD97;)) and mid-infrared spectra ([Ne ll[Ne 11l and [Ne VJ/[Ne 1], Jaffe & Bremer in prep.)
of these BCGs indicate that their ionising spectrum is veffy ise. they are extreme LINERs
(VD97; Baker 200%.

However, these BCGs do contain radio-loud AGN. Their 1.4 @hlzo specific luminosity
is, 29.3<10°t and 1.&<10%! erg s Hz~1 for A2597 and S159Rirzan et al. 200Brespectively,
which are typical for BCGs in cool core galaxy cluste@u{llen et al. 2008 In this work we
will concern ourselves with the extended molecular andseaigas surrounding the BCGs in
A2597 and S159.

A2597 and to a lesser extent S159 have been the subject ofausiavestigations and have
been observed at many wavelengths from radio to X-rays, §; VD97;0’Dea et al. 1994
2004 Clarke et al. 200p In both clusters ionised and molecular gas was observad least
50 kpc and 20 kpc from their BCG nuclei respectively (JBgckman et al. 1989 Previous
investigations of these objects made use of narrowbandimgand longslit spectra. Using
long slit observations we were only able to sample partsegttiended line emission and with
narrowband imaging no information on the dynamics of theigabtained. Furthermore the
emission sampled with longslits in previous observatignaften strongly dominated by strong
emission from the BCG nucleus. As we will show below, the ainis away from the nuclei
has very diferent characteristics.

There are a number of kinematic problems concerning theecgals phases in cool core
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clusters. In nearby clusters ionised and molecular gasusdan thin, long lived, multi-kpc
scale, filamentary structures surrounding the BCG (Eahbjan et al. 2008Hatch et al. 2005
Crawford et al. 200p These structures show smooth velocity gradients, bubtadion beyond
the central few kpcWilman, Edge & Swinbank 20061atch, Crawford & Fabian 2007 The
molecular clouds in these structures are dense and witheoernatic support should fall to the
galaxy centre. However, they show no signs of infalling.odities barely exceed 100 km's
(JO5;Wilman, Edge & Swinbank 200%nd this work), whereas infall velocities should exceed
~600 km s1. Magnetic support has been invoked Bgbian et al(2008 but there is no ob-
servational evidence yet for the required ordered magtfielits in clusters. There has also
been speculation whether or not all the molecular and idngss is locked up in these dense
filaments or if a more diuse underlying component exists.

2.1.1 This project

Here we present the first deep K-band integral field (IFU) specopic observations of the
cluster cores in A2597 and S159, taken with the SpectrogmapgNtegral Field Observations in
the Near-Infrared (SINFONI) on the Very Large TelescopeT)VWith these observations we
sample the molecular and ionised gas phases over a majtofrat each cluster’s BCG. Our
observations are able to provide information on the distiidm, kinematics and temperature
of this gas. Using these measurements we can compare in tthetdiinematic and thermal
structure of the gas with the X-ray and radio structuresctwhepresent respectively the primary
source of mass in the environment and the primary sourcecaf émergy input. Similar data on
three other cool core clusters has recently been preseptédliman et al.(2009, but we are
the first to make a detailed comparison of such data with radébX-ray observations of cool
core clusters

In Section 2 we describe the observations and the data redudVe discuss the morphol-
ogy and kinematics of the molecular and ionised gas in A26B%&eictions 3 and 4 and similarly
for S159 in Sections 5 and 6. In Section 7 we will discuss tretation of the molecular gas
and in Section 8 we compare the observed gas structure torésgitution X-ray and Radio
maps. We summarise our results in Section 9 and present nalustons in Section 10.

Throughout this paper we will assume the following cosmypjdgo=72 km st Mpc?,
Qn=0.3 andQx=0.7. For Abell 2597 atz0.0821 (VD97) this gives a luminosity distance
363 Mpc and angular size scale 1.5 kpc arc$edor Sersic159-03 at=0.0564 Maia et al.
1987 this gives a luminosity distance 245 Mpc and angular siagest.1 kpc arcseg.

2.2 Observations and reduction

2.2.1 Near Infrared Data

The near infrared (NIR) observations were performed in tHekd with the integral field spec-
trograph SINFONI Eisenhauer et al. 2008onnet et al. 2004on the Very Large Telescope
(VLT). SINFONI is an image slicer, slicing the image intoigsrbefore dispersing the light us-
ing 32 slitlets. The instrument has a spectral resolvingggafR ~ 4000 in the K-band. Opting

for a 8’x8" field of view (FOV) the spatial pixels each cover an area 028/k0.250’. Each
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spectral pixel covers 2.48.0°4 um in wavelength, oversampling the resolution by a factor two
(i.e. Nyquist sampling). The total on-source exposure tianeeach source is listed in Table
2.1

The observations were done in a ’ABBA' pattern{gource, B-sky) and each set was
followed by a pointing observation to keep track of pointdrgts. All observations were done
such that the FOV was oriented with north pointing up. Theiapaxtent of each slitlet is
then oriented east-west. Equal amounts of time were spetiteasky and on the source. Each
science observation has an exposure time of 600 second$. geating observation has an
exposure time of 60 seconds. The observations were camiegid duly and August of 2005 in
photometric sky conditions with a typical seeing of abo@t&rcsec in K-band.

Four fields were observed for A2597 and three fields for S15@s& fields were selected to
lie within areas known to have extended ldmission (JO5). The observed spectral and spatial
resolution, as measured from telluric lines and standad @iservations, is summarised in
Table2.2

Initial Reduction and Slit Definition

The reduction of the data was done using a combination of 8@ SINFONI pipeline recipes
(SINFONI pipeline version 1.7.&nd CPL version 3.6., ECLIPSE Devillard 200} and a
set of dedicated IDL procedures. From the SINFONI pipelimealtain a masterdark frame,
masterflat frame, hot pixel map and a slit curvature modelvalémgth calibration, hot pixel
removal, slit edge detection, distortion correction, skgnoval and illumination correction as
given by the pipeline were found to be inadequate for our @sep and therefore an additional
set of reduction tasks was written in IDL.

The reduction was carried out as follows. Source and skydgsaare corrected for dark
current and flat fielded using the masterflat and masterdanikes from the SINFONI pipeline.
Having estimated the slit edges (by eye) thigailent slits are defined and cut out of the science
frames. Each of these slits is then treated independentlgersubsequent reduction steps.
CCD artefacts are removed from the data. Hot pixels and thfieeted by cosmic rays are
interpolated over.

We correct for the spatial curvature of the slit optics asgethon the detector by apply-
ing the curvature model obtained by the SINFONI pipelinenggshe ECLIPSE taskarping
(Devillard 200). Slit columns which do not contain information across thk Wwavelength
range are removed. This also removes the overlap betwekamedhit slits as imaged on the
CCD.

The spectra are wavelength calibrated using a set of 19ifigehtelluric OH lines in the
wavelength range 1.95-2.30n (Rousselot et al. 2000 The output wavelength scale is set to
2.45¢10~* um per pixel thereby Nyquist sampling the data.

Sky Removal

The K-band night sky is variable on short time scales. We hatlger long exposure times,
as compared to the variations in the sky background. Thisvm#wat there is a complicated
relationship between the sky contribution in our sourcenand the sky observed in our cor-
responding sky frame. This is readily observed by subtngdtivo sky frames taken directly
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after each other, and leads to systematic residuals of up%oit the peak heights of telluric
lines. A scaling between the source and its correspondinfrakne thus needs to be performed
in order to decrease these residuals. The standard skygeaiformed by the ESO SINFONI
pipeline reduces these residuals to about 5% and the si@BIRONI pipeline sky correction
utility reduces the residuals further to about 4%. In botbesat was noted that the sky removal
sufered from poor wavelength matching between the sky and sdtames due to flexure of
the instrument.

In our approach we remove the sky emission after detaile@hagth calibration using the
telluric lines. We a apply a simple scaling function to thg lame before subtracting it from
the source frame. This scaling function consists of a comstad a small, linear, wavelength
dependent factor. The constant is determined from thavelagights, above the continuum, of
the telluric lines and assumed to hold at 2. The small, linear, wavelength dependent factor
is the slope of a linear fit to the ratio of the object spectrunah igs corresponding sky spectrum.

The full wavelength dependent behaviour of the sky emisk&iween an object and a sky
frame is often more complex than the simple linear functisedu Here we are only interested
in line emission and as such a small residual gradient inadh&rmuum emission does noffact
the analysis performed below. Our method leads to residbatsaare<2% in the peak heights
of telluric lines. This is a significant improvement over tither methods mentioned above. In
the final analysis of the line emission we checked our resaltsfully for telluric line residuals
and removed wavelength region$exted by these from our analysis.

[llumination Correction

After correcting for any residual distortion we collapse gky and the sky subtracted source
spectra into cubes with pixel size (0.126.125’,0.000245um). It is known that SINFONI,
after all reduction steps described above, still has a mgmlumination across its FOV and that
this illumination is a function of wavelength (J. Reunanein.pcomm.). This is mostly due to
a difference in the illumination of the various slitlets and mastily observed in the sky cubes.
Defining a reference slitlet in the sky cubes we determin@dhiation in illumination across the
FOV for each wavelength. We then correct for this variatiothie sky subtracted source cubes.
The correction is typically less than 10% and particulaffeets wavelengths below 2.

Flux Calibration

Flux calibration is carried out using one or, if availablayltiple standard star observations per
night. The standard star observations are reduced in the say as outlined for the object
observations above. All standard stars observed werer €Xloe B stars, and brighter than 8th
magnitude in the K-band. The atmospheric transmissiontimmevas determined by dividing
the spatially summed standard star spectrum with a blacl bpdctrum of the appropriate
temperature. The absolute flux scale is set by using 2MAS&ndbmagnitudes, these are
accurate to 0.05 magnitude in K-band.

Extracting the line emission

Following flux calibration the source cubes are combinede marthern and southern edges
of the exposures for the fierent fields overlap well. The eastern and western edgesapver
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less well leading to a higher noise here. The most northedrsanthern slitlet have very low

signal to noise and were removed from the data. Any remaitalgric emission is removed

by defining df-source regions. These are marked by the dotted lines in Eijand2.2
Continuum emission is removed by fitting the continuum initheediate neighbourhood

of the science line. The continuum subtracted line featsife by a single Gaussian function,

using thempfitpeakoutine (Markwardt 2009 within IDL. It is observed that a single Gaussian

always provides a good description of the observed linelprofhe line flux, centre and width

are determined from this Gaussian fit. For selected regioesprofiles and Gaussian fits to

them are shown in Appendik.3. The errors quoted for the fitted line properties are based on

Monte-Carlo simulations.

Constructing the line maps

In order to visualise the surface brightness of the line siois we performed a Gaus-
sian smoothing of four pixels full width at half maximum (FWH in both the spatial (4
pixels=0.5") and the spectral plane (4 pixel8.80x10~* um). To visualise the kinematics of the
line emitting gas a two pixel FWHM Gaussian spatial smodajland no spectral smoothing was
found to be adequate for A2597, whereas for S159 a two pixeHMVGaussian smoothing in
both the spatial and spectral planes was performed. Thadagon of the spatial and spectral
resolution as a function of the smoothing kernel used isrgimerable2.2 The corresponding
noise is given in Table2.3and2.4.

Surface brightness maps for all lines that could be mappedoixel to pixel basis are shown
in AppendixA.1 andA.2. For A2597 the northern field is not shown as the signal toenbese
is inadequate to show the emission on the same spatial tiesoas the central and southern
fields. Velocity and velocity dispersion are shown only floe strongest detected ionised and
molecular gas line. We note that the velocity structure nlexkin all detected emission lines
agrees with that shown for these lines.

2.2.2 X-ray Data

Cool core clusters were first discovered by analysing theiayXemission. These observations
lead to the still unresolved cooling flow problem for the hetay gas (e.gPeterson & Fabian
20006. In this paper we are concerned with the cooler HIl andgds phases and will not
focus on the cooling flow problem related to the hot X-ray daswever, in Section 8 we will
investigate whether there is a spatial correlation betweerX-ray emitting gas and cooler gas
phases. In order to do so we have obtained all available Xtassy from theCHANDRAarchive.
The A2597 image, Fig.2.1, is a co-add of three separate observations having a cothbine
exposure time of 153.7 ks (project codes 7329; 6934; 9228.9159 image, Fig2.2, consists

of only one shallow 10.1 ks observation (project code 1668).

CHANDRAdata for A2597 and S159 has previously been publisheMboiMamara et al.
(2007 and JO5. A very notable fierence in the X-ray emission for the two clusters is that the
peak emission in A2597 is well aligned with the nucleus ofBI&G, whereas in S159 the peak
emission is about’8north of the BCG nucleus.
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2.2.3 Radio Data

Out of the many heat sources proposed, AGN feedback haseedbie most attention in recent
years. The observed anti-correlation between X-ray anid aission, also referred to &s
ray cavitiesandRadio bubbleshas led to models in which the AGN outflows interact strongly
with its surrounding medium (e.@utherland & Bicknell 200) The kinetic energy carried
by these outflows has been calculated based on these X-raiesand recent results show
that the mechanical power of the jet that created the X-raitiea can be orders of magnitude
larger than its radio inferred radiative powBiirzan et al. 20042008 Dunn & Fabian 2006 In
Section 8 we will compare our SINFONI results with high resian radio maps to investigate
how the current AGN outflows interact with the cooler gas m¢bres of A2597 and S159.

A2597: A VLA 8.4 GHz map of A2597 was obtained from C. Sara8arazin et al. 1995
This map has a beam size of 0/2®.21’". The one sigma noise is 5@y beam?. It was
noted that there is a significanffeet of~0.1 seconds in Right Ascension as compared to the
2MASS position of the BCG. Two more 8.4 GHz maps have beerighda Birzan et al. 2008
Donahue et al. 2000 These have a much better agreement with the 2MASS positierthus
conclude that thisféset is an error and shift the 8.4 GHz map accordingly. Detadeio maps
at lower frequencies have been publishedlgrke et al(2005 and show that there is more low
level radio emission present than apparent from the 8.4 Gz rHowever, the 8.4 GHz map
does give a good indication of the current AGN outflows. A mbfher resolution radio map
at 1.3 and 5.0 GHz using very long baseline array (VLBA) ifgemetry has been published
by Taylor et al.(1999. These observations show that the current jet has a positigle (PA)
of 70 degrees.

S159: Archival VLA 8.4 GHz observations of S159 (project endB1190) were reduced
with the NRAO Astronomical Image Processing System (AIP®)e B-configuration obser-
vations were taken in single channel continuum mode withlfvgcentred at 8435 and 8485
MHz. The total on source time was 103 min. The data was flukied using the primary cal-
ibrator 013%4331. We used the Perley & Taylor 1999 extension toBhars et al(1977) scale
to set the absolute flux scale. Amplitude and phase varmti@re tracked using the secondary
calibrator 2314-449 and applied these to the data. The dadamaged using robust weighting
set to 0.5, giving a beam size of 3/260.67’. The one sigma map noise is 28y beam?.
Radio maps of S159 at 1.4, 5.0 and 8.4 GHz were previouslyghéd byBirzan et al.(2008.

2.3 Abell 2597 — Gas Distribution

Four 8’x8” fields were observed on and surrounding the BCG PGC07139®&9A see
Fig. 2.1 The integration time for each exposure is 600 seconds. €hg&at field, which
includes the nucleus of PGC071390, contains 13 exposuhessduth-eastern (SE) and south-
western (SW) field contain 8 and 15 exposures respectivehe forthern field contains 13
exposures. The overlap region between the central andesouiklds is stficient for the line
emission to be mapped without problems. However, the SE &vidi&ds do not completely
overlap everywhere. In various locations along the ovealaga there are small gaps between
the fields of one to two pixels (1 spatial pix€.1253’). We interpolated these before mapping
the emission. Despite this, due to the increased noise ataste west edges of each field, this
overlap region (about 10 pixels in width) between the sautfields has a rather poor signal to
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noise. The northern field igi@et by about & from the central field.

A four pixel spatial and spectral smoothing was applied eéodata prior to fitting the lines.
A single Gaussian function provides a good fit to the obseliwedprofile. Surface brightness
maps for all other lines that could be mapped on a pixel tolfoasis are shown in Appendix
A.l. The northern field is not shown in these images becausedhaldb noise here is inade-
guate to show the emission on the same spatial resolutidreagnhtral and southern fields.

2.3.1 Molecular gas

The integrated line fluxes for all lines detected within tlhs@rved fields for A2597 are given
in Table2.5. AllH2 1-0 and B 2-1 S-transitions redshifted into the K-band (1.95-2u460) are
detected. A flux value for the 42-1 S(4) line has been omitted due to uncertain continuum
subtraction. The bl2-1 S(5) and the Bé# line are too closein wavelength to be separated by our
observations. None of thestB-2 S-transitions were detected. As an example of the fydefit
the data we show the full K-band spectrum of the nuclear regial the south eastern filament
in Fig. 2.4.

The H, surface brightness maps all show the same structure. Assamgde of the molecular
gas distribution we show the surface brightness map for th&-Bl S(3) line in Fig.2.6. This
map clearly shows that the peak of the molecular gas emissiogides with the stellar nucleus
of PGC071390. Two extended gas structures away from theuasialre observed. One extends
north from the nucleus and hence we will refer to this strrectas the northern filament. The
second structure extends from the north-east to the soesiiw the SE field, just south from
the nucleus and hence we will refer to this structure as ththson filament.

We observe that the surface brightness of the molecularagaswather smoothly within the
nuclear region. However, from higher spatial resolutionThHi8aging byDonahue et ali200Q
hereafter DOO) we know, that the molecular and ionised liméssion in the central "4x4”
is concentrated in narrow clumpy, filamentary structuresreHve do not have the resolution
to resolve these structures. We do note some enhanced emissaiures, embedded within
the central field, extending to the north and east away froenntiicleus which are roughly
coincidental with some of structures observed by D0O.

The northern filament extends at least up to the northern efijes central field, i.e.,’6
(9 kpc) from the nucleus. This is well beyond the region in edhimolecular emission was
detected by D00. Using deep K-band longslit spectra JO5 paxeéously observed that theoH
emission extends at least up to 20 kpc towards the north fremticleus. We will see below
that molecular gas can still be found in the northern fieldeobesd by us, i.e., at a distance of
about 22 kpc from the nucleus, thus confirming the JO5 results

The southern filament is clearly detected in the emissiohetronger lines. This southern
filament has not been observed in DOO, but JO5 also find ma@egals south of the nucleus
(see their figures 8 and 11). The extent of the northern antheoufilaments observed here
is bounded by the edges of the observed fields, and it is litkeli/these continue beyond the
regions mapped by us.
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2.3.2 lonised gas

The Paa line is redshifted into the K-band for both galaxy clustexgdged here. The line is
redshifted into a region of poor atmospheric transmisdianit is the strongest ionised gas line
by far in our spectra and unambiguously detected in bothesisin A2597 the Pa emission
globally follows the H emission closely, Fig2.6. Within the nuclear region enhanced emission
is again observed towards the north and east. These fea@esughly coincidental with the
emission line filaments observed in DO0. Beyond the nucksggion the emission extends along
the northern and southern filaments, peaking in the sam#édosaas the K emission.

We also detect the By, Br ¢ and Fe Il (1.810Qum rest wavelength) lines. The Brline
is blended with H2 2-1 S(5) and these cannot be disentangtedtlg by our observations.
In the central field we find that By/Paa = 0.082. This ratio agrees with the dust-free Case
B recombination ratio of these lines fog = 107 cm™ and T = 10* K (Osterbrock & Ferland
2006. The Case B scenario then implies that/r § = 1.5, and we use this ratio to disentangle
the Brg, Ho 2-1 S(5) blend. In the nuclesar region we find thatsBand H 1-0 S(5) are of
similar strength.

A small dust lane has been observed in the nuclear region 8AZD00;Koekemoer et al.
1999. We have investigated whethelff@girential extinction in the K-band maytact our emis-
sion line ratios. From the above value for theyBPaa ratio we find that dterential extinction
is unimportant in the K-band. This is confirmed by deep optgeectroscopy of A2597 by
VD97 andBaker (2005. They find a V-band extinction A ~ 1 across the nebulosity. As-
suming standard galactic dust(R3.1) an A, ~ 1 translates in to A ~ 0.1. This amount of
extinction is negligible.

The Fe Il (1.81um) line is redshifted to the short wavelength edge of our oleskspectrum.

It is unambiguously detected in the nuclear region. Theadess in the Fe Il emission outwards
from the nucleus, in both intensity and dispersion, appiabe much faster than for either the
HII lines or the K lines. The HII emission drops by a factor of 3 and thefldx drops by a
factor 4 from the nuclear region to a region just north of tbelaus. The Fe Il emission drops
by a factor of 10 for the same regions. If the Fe Il emissionehdiferent origin than hydrogen
lines, for example if it is preferably coming from the AGN ati@ associated jet instead of the
gaseous filaments, this may explain th&atience. Our observations do not have the spatial
resolution to investigate this in detalil.

We have searched our spectra for the presence of even haheation lines, such as the
Si VI (1.9634um) line, which one would expect from typical hard AGN spectidone of
these higher ionisation lines were detected. This once monérms the LINER nature of
PGCO071390. It may also indicate that the active nucleustitheomain source of ionisation of
the gas observed in the core of A2597. Alternatively it woliddve to have an atypically soft
ionising spectrum.

2.4 Abell 2597 — Gas Kinematics

A single Gaussian function gives a good description of theeoled line profiles, see Appendix
A.3. From the Gaussian fits of these line profiles we obtain in&tiom about the kinematical
structure of the molecular and ionised gas in A2597. Theoiglovith respect to the systemic
velocity of PGC071390, and the velocity dispersion of the lgave been derived for all emis-



Section 2.4. Abell 2597 — Gas Kinematics 17

sion lines. These all show the same global kinematical &trac The velocity and velocity
dispersion maps shown belowfldir from the surface brightness maps in that only a two pixel
spatial smoothing has been applied, as supposed to a falrgpatial and spectral smoothing.
This is done to preserve as much of the velocity structureoasiple and provides us with a
velocity resolution of 38 kms.

2.4.1 Molecular gas

The molecular gas in A2597 shows a wealth of small scale katiead structure. Velocity and
velocity dispersion maps were made for all khes. All show the same kinematical structure
on all scales observed. As an example of this structure we Heplayed the velocity and
velocity dispersion maps for theoHL-0 S(3) line in Figs.2.7 and2.8. The nuclear region
contains a blueshifted and a redshifted gas component at aB6 km s*. This is seen more
clearly if we place a pseudo slit with a width of land a PA of 105.5 degree, centred 1 kpc
south of the stellar nucleus. The corresponding positieoeity diagram is shown in Fi2.15
The velocity structure observed in Fig&.7 and2.15is reminiscent of gas rotating around the
nucleus and does not appear to be related to an expandin@sA&N outflows.

The average velocity of gas in the nuclear region is appratehy zero with respect to the
systemic velocity of PGC071390£0.0821, VD97). This shows that the gas here is situated at
or near the stellar nucleus. The reason for placing the psglitélightly south of the nucleus is
because east of the nucleus there is a small strongly réei$héfature a+ 150 km s1. Whether
this feature is part of the global gas flow or a single evenhidear. It shows up prominently in
all velocity maps. Projected on to the sky, the feature aggo@abe coincident with the north-
eastern radio jet of PKS2322-12 the radio source in PGCQOY, 1% Fig2.7. The filamentary
structures extending towards the north and the south freamtitleus show smooth velocity
gradients and these will be discussed in more detail below.

The velocity dispersion of the molecular gas also showsesteng structure. Globally the
dispersion of the gas decreases with distance from the usiclg drops from an average of
about 220 km st in the nuclear region to about 100 kmtsa few kpc north and the south of the
nucleus. The velocity dispersion is very high in two narramctures extending towards the
east and south of the nucleus. The two-dimensional dataslis to determine the area which
is disturbed to be an elongated structure of about 2 kpc bycokiented at a PA of about 45
degrees.

Projected on to the sky these high dispersion structuresaap run along the inner, South
East edge of the curved radio lobes of PKS2322-12, see Eig. If we interpret the lobe
morphology as a Wide Angle Tail, caused by the relative nmotibthe AGN and the external
medium, then the dispersion map illustrates for the firsetihe turbulent wake expected from
this motion. Alternatively, the region of maximum dispersj at PA-70 degrees from the nu-
cleus, may represent the interaction of the current, VLBIioget with the surrounding medium,
as has been seen in CentaurusNe@mayer et al. 2007 In this picture we must assume that
the counter-jet has been deflected near the nucleus to tht,S@using the high dispersion
region and radio lobe in this direction. There is, howevereridence for a major kinematic
disturbance at the point of deflection.

The highest velocity dispersion is found for the small, styly red-shifted feature east of
the nucleus. This high velocity and dispersion for thisdeatan be explained if this is gas that
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is entrained within the AGN outflow. The feature aligns weillhathe current, projected jet axis
(PA=70 degreesTaylor et al. 199%

2.4.2 lonised gas

Velocity and the velocity dispersion maps for the ionised BA2597, as traced by the lra
line, are shown in Figs2.7 and2.8. We observe two key features when we compare the Pa
and H derived kinematics. Firstly, globally we find that the #aerived kinematics follows
the H derived kinematics tightly. Secondly, the velocity dispen of the Pax emitting gas
appears on average to be slightly higher than theshiitting gas, especially in the nuclear
region.

It may be possible that on scales below the resolution of bservations the ionised gas
has a diferent distribution than the 4emitting gas. This may be especially true in the nuclear
region where the active nucleus appears to be stronglyaictiag with the gas. The position-
velocity diagram shown in Fig2.15also shows that the ionised gas, as traced by the &
Fe Il lines, reaches slightly higher velocities in the nacleegion. D00 show that within the
nuclear region the pand HIl gas has a very complicated and disturbed morpholagyitas
difficult to say how well these two trace each other on small stees

The kinematics of the molecular and ionised gas for A259ddrhere agrees well with
previous long slitinvestigations by JO5 addckman et al(1989. O’Dea et al (1994 hereafter
094) detected HI in absorption against the radio continuoorce PKS2322-12 in A2597.
The absorption observation represents a line of sight ofraafiesec along the central radio
source. They find a spatially resolved broad HI componertt wit174 km st and a narrow
unresolved HI component witlt ~93 km s1 at the position of the nucleus. The width of the
broad component is somewhat smaller than the width obsenveldl and H,. 094 find that
the widths are consistent if one takes into account that thabldorption measurements only
sample the gas in front of the radio source, whereas the ldiIHarmeasurements sample all of
the gas along the line of sight.

As in our data 094 find a narow and a broad component, but tagwektrength of narrow
component is much stronger in their observation. We do nottse narrow component on the
nucleus. The dominance of the narrow component in the Hilrghsens is probably caused by
the J/Ts dependence of the HI absorption, as pointed out by @98eing the spin temperature
of the HI gas. In the HI absorption spectra the cold gas atlaaglii in front of the nucleus
is probably over-represented relative to the HIl and H2 simaisspectra. We conclude, as do
094, that there is no evidence for a kinematically distinceémponent.

2.4.3 Filaments

In Fig. 2.13we show the surface brightness, velocity and velocity d&pa along the two
filamentary structures we identified in our observations 8687. The regions used for this
investigation are marked by the green and red squares inZR&). The black points in Fig.
2.13correspond to green squares and the red points to the recesqé@llowing the northern
filament from slightly south of the nucleus towards the nemthedge of the central field we
find that the Par/H» 1-0 S(3) is approximately equal to 0.75 in the nuclear regiod rapidly
increases to unity outwards. The northern filament showsom#nvelocity gradient from south
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to north across the nucleus, as the velocity decreases+#&fkm s to -50 km s 2 north
of the nucleus. At this point the velocity gradient reveraed the velocity increases again to
+50 km s1 towards the northern edge of the central field.

Velocity gradients and even reversals for this filament magiplained in terms of bending
and stretching of the filament, perhaps due to a combinatiats groper motion and gravi-
tational forces. However, it is more likely that we observeltiple flaments, each with its
own characteristic motion, along the line of sight. Our ddtaws that the eastern part of the
northern filament is predominantly blue shifted whereasaestern part is red shifted. Higher
spatial resolution images taken with HST®iDea et al(2004 and Oonk et al. (in prep.) show
evidence that the northern filament observed here congiatdeast two filamentary structures.
We thus favour the latter explanation for the observed vgiatructure of the northern filament

This interpretation also agrees with what is observed forenmearby galaxy clusters such
as Perseus and Centaurus, where a multitude of long, thinefiigs are observed along the line
of sight (Fabian et al. 2008Crawford et al. 2005Hatch et al. 2006 The narrow spatial and
velocity range observed here for the filaments howeversigigest that any substructure in it
will likely have a common origin. If the gas observed in thethern filament is connected to
the gas detected in the northern field its velocity contiriaéscrease to about150 km s, as
also shown by JO5. From the JO5 observations it appeardhgas in the central field is joined
smoothly with that in the northern field, in terms of both swd brightness and dynamics.

The velocity dispersion along the northern filament de@easnoothly from 220 knvs to
100 km s, from the nucleus to the edges of the central field. This deserés fastest near the
nucleus and slows down beyond 3 kpc north of the nucleus. gdirg may mark a change in
the influence of the AGN upon the dynamical state of the gas.

The southern flament has a much lower surface brightnessdrahce detected at a lower
signal to noise. Variations along this filament are thus nalffiecult to detect. Following this
filament from the north-east (NE) to the south-west (SW) we fimat the surface brightness
is highest at its NE edge whereafter it decreases slighthlb@tomes approximately constant.
The velocity decreases frowb0 km s to about -40 km st. The velocity dispersion remains
constant at about 100 knt’salong the filament. We will discuss the stability of the olvser
filaments in more detail below.

2.5 Sersic 159-03 — Gas Distribution

Three 8x8” fields were observed on and surrounding the BCG ES0291-G08359, Fig.
2.2 The integration time for each exposure is 600s. The soasteen (SE) and south-western
(SW) fields contain 8 and 9 exposures respectively. The aortfield contains 8 exposures.
The SE field contains the nucleus of ESO 291-G009. There isvadap between the three
fields observed. A four pixel spatial and spectral smoothiag applied to the data prior to
fitting the lines. A single Gaussian function provides a gébtb the observed line profiles.
Surface brightness maps for all detected emission lingscthdd be mapped on pixel to pixel
basis are shown in Appendix 2.
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2.5.1 Molecular gas

Only two out of five B 1-0 S-transition lines redshifted into the K-band are unigonusly
detected for S159. These are the HO S(1) and H 1-0 S(3) lines. Their resulting integrated
line fluxes are given in Tabl2.6. The presence of thedHL-0 S(2) line can also be confirmed,
see also Fig2.5. This line cannot be fitted reliably due to a strong telluinelresidual in the red
wing of the line profile and as such a flux value has been omitfedtative evidence is found
for the presence of the HL-0 S(0) and H 1-0 S(4) lines. However, both lines lie in spectral
regions of poor atmospheric transmission and are closedogstelluric features, preventing us
from claiming detections. We have searched for the2H. S-transitions, but these and higher
H» transitions remain undetected in our spectra. Except matiove mentioned two-Hines
only the Par line is detected. Full K-band spectra of the nuclear regiahthe western filament
are presented in Fi@.5.

The two H surface brightness maps show the same structure and asraplexa this we
show the map for the #1-0 S(3) line in Fig.2.9. This map clearly shows that the peak of the
H> emission is well aligned with the stellar nucleus of ESOGZHIN9. A filament of molecular
emission extends north-east from the nucleus up to the eidipe GE field. We will refer to
this structure as the northern filament. Clumpy emissioaredd towards the west and the south
of the nucleus, up to the edges of the SE field.

The SW field shows a strong filament of gas having an east-iestjaion, originally
discovered byCrawford & Fabian(1992. We will refer to this structure as the western filament.
The northern field shows two features (i) low signal to noisenpy emission in the southern
and central part of the field, and (ii) a stronger, somewhgelaemission feature at the northern
edge of the field. Both features are treated in more detalbalVhether the clumpy emission
observed in the northern field is part of the northern filanabgerved in the SE field is not
clear from our observations.

The spatial extent of the gas for both the western and nartfiement is bounded by
the edges of our observed fields and it is likely that thesengélats continue beyond the re-
gions mapped here, as seems to be the case from narrowhart!l imaging by JO5 and
Hansen et ali2000.

2.5.2 lonised gas

Paa is the only ionised gas line detected in our K-band specir&1®9. It is redshifted into
a region of poor atmospheric transmission. StrongrRanission is found along the northern
and western filaments, Fi®.9. We detect Pa in all places where blemission is detected.
A noticeable diference concerns the nuclear region. Almost narRemission appears to be
associated with the stellar nucleus. As we will see belomes®ax emission is found here,
but there is a strong decrease of it relative to moleculardyeh emission. The PgH, 1-
0 S(3) ratio is observed to drop from about 0.7 in the filameéatabout 0.2 in the nuclear
region. We note that the nuclear region has a rather highrspheoise, due to the strong stellar
continuum, which fiects our ability to detect emission lines here. The deteatiothe Pax
line is furthermore complicated by it being in a region of patmospheric transmission.

Paa is also present within the northern field and, like thegds, appears to be clumpy. The
strong emission feature observed iptidwards the northern edge of this field is also confirmed
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by Paa emission.

In S159 the Par line is the only ionised gas line detected. An estimate edential
extinction within the K-band can thus not be made directyrfrour observation®Baker(2005
finds finds little variation from A& ~ 1 across the nebulosity. Applying the same arguments to
S159 as for A2597, we conclude thaftdrential extinction in the K-band is negligible for this
cluster.

2.6 Sersic 159-03 — Gas Kinematics

A single Gaussian function gives a good description of theeoled line profiles, see Appendix
A.3. The velocity, with respect to the systemic velocity of ESZR0-G009, and the velocity
dispersion of the gas have been derived for all emissios liidese all show the same global
kinematical structure. The velocity and velocity dispensmaps shown below filer from the
surface brightness maps in that only a two pixel spatial @edtsal smoothing has been applied.
This is done to preserve as much of the velocity structureoasiple and provides us with a
velocity resolution of 51 kmg.

2.6.1 Molecular gas

The kinematical structure observed in the HO S(1) and K 1-0 S(3) maps is the same. As an
example of this structure we show the velocity and veloagpdrsion of the bHigas as traced by
the H, 1-0 S(3) line in Figs2.10and2.11 The nuclear region contains a blue- and redshifted
gas component at abowtl20 km s. This velocity structure is reminiscent of gas rotating
around the nucleus. However, the two gas filaments comingom the north-east and west
towards the nucleus may also explain the observed velotitgtsre. The velocity along the
filaments will be treated in more detail below. The gas extaptowards the west and south
from the nucleus appears to be predominantly blueshiftéw average velocity of the gas in
the nuclear region is equal to the systemic velocity of ESO-@909 ¢=0.0564,Maia et al.
1987 showing that the gas is situated at or near the stellar nscle

Globally the dispersion of the gas is low and decreases wstamce from the nucleus. The
dispersion of the gas in the nuclear region is about 230 ki tsut drops rapidly to about
90 km st along the two filaments. This is similar to what is observed2%97. In projection
the high dispersion structure around the nucleus appeansidental with the radio jets of
ES00291-G009, see Fig.11 The increase in the velocity dispersion here again indgttat
the radio jets are stirring up the gas.

From Figs. 2.10and2.11it is difficult to draw conclusions on the average velocity and
velocity dispersion of the clumpy low signal to noise enossin the northern field. From the
previous investigation by JO5 it appears that the gas obdemere is connected to the strong
filament extending north from the nucleus. Below, we will seat the clumpy emission has
velocities varying between -20 and -60 kmt sind a velocity dispersion less than 100 km.s
If this emission is connected to the filament extending nthihimplies that the line emission
continues to decrease with distance to nucleus as was alsmdyy JO5.
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2.6.2 lonised gas

Velocity and velocity dispersion maps for the ionised gaS1%9 as traced by the ldine are
shown in Figs.2.10and2.11 As for A2597 we find that the Pa derived kinematics follows
that of the H lines closely. The only exception in S159 being the highelisipn nuclear region
observed in H emission, which appears to be missed by the:Ranission. The high noise in
the nuclear region of S159 combined with the poor atmosplemsmission in the wavelength
range of the Pa line makes the fit of this line here ratheifttult.

2.6.3 Filaments

In Fig. 2.14we show the surface brightness, velocity and velocity d&pa along the two
filaments observed in S159. The regions used for this irgastin are marked by the green
squares in Fig.2.3. Following the northern filament from the north-easternesdgthe SE
field southwards toward the nucleus and subsequently toasterm edge of the SE field, we
find that the Pay/H, 1-0 S(3) decreases strongly in the nuclear region and ioappately
constant outside of it. The filament has a smooth velocitgigra. North-east of the nucleus
the velocity decreases very slightly with distance fromutld 30 km st to about+90 km s2.
Across the nucleus the velocity changes from abel®0 km st to -100 km s1. Whether
this velocity reversal is due to rotation or due to the filatagnstructure of the gas can not be
clearly distinguished.

The velocity dispersion of the gas in the northern filametdwseverywhere, except within
the nuclear region. All detected lines show an increase énvitlocity dispersion near the
nucleus, but the increase in the khes is much higher than for the Rdine. The decrease in
the dispersion east of the nucleus iffidult to measure due to low signal to noise here.

The surface brightness of the western filament has two prembjpeaks about 1lfrom the
nucleus. It has a very smooth velocity gradient along thenfiat, from about -100 kni$ to
about+20 km s1. This velocity structure agrees with the possibility thasiconnected to the
nuclear region. The dispersion of the gas in this flamenows éverywhere. All three lines
detected show the same flux and velocity structure along #stesn filament.

2.7 Physical Conditions in the Warm Molecular Gas

Molecular hydrogen emission can be excited by various pseE® (1) thermal excita-
tion produced by kinetic energy injection into the gas duddio example shock heating
(Hollenbach & McKee 198p (2) fluorescence by soft-UV photons, i.e. Photo dissamat
regions (PDR) Black & van Dishoeck 1987Sternberg & Dalgarno 1989(3) high energy X-
ray photons, i.e. X-ray dissociation regions (XDR)dloney et al. 1996and (4) high energy
particles Lepp & McCray 1983 Ferland et al. 2009 If the density of the molecular gas is
above the critical density the gas is in local thermal efyuitim (LTE). It is then not possible
to distinguish between the various Excitation mechanisms and one would observe a thermal
H> spectrum where the excitation temperature is equal to thetiki temperature of this gas.
For the photon and particle processes mentioned above sheagebe thermalised, via heating
through secondary (suprathermal) electrons.
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In order to investigate the fxcitation mechanism we have constructedeidcitation dia-
grams for a number of regions in A2597. Seven regions, Alwefe selected based on having
distinct physical properties in terms of either their envigg spatial location or kinematical
structure, see Fig2.3. Similarly seven regions, B1-B7, were selected in S159,Fge2.3.
Excitation diagrams were not made for S159 since we only halieble detections for two
lines.

All line detections for regions A1-A7 and B1-B7 are presente AppendixA.3. The line
profiles are well described by a single Gaussian functionttlines detected in these regions
their integrated fluxes are given in Tabl2¥ and2.1Q Kinematical information for these
regions are presented for the B-0 S(3) and Pa lines only and these are given in Tabke8
and2.11 Gastemperatures and masses for the selected regionsemergiable®.9and2.12
We will first shortly describe the selected regions below.

2.7.1 A2597: Selected regions

In the central field we have selected four regions, Al, A2, A@A6. Region Al corresponds to
the nuclear region, A2 samples the region where the norfilament connects to the nucleus.
A3, just north of A2, samples that part of the northern filatrtbat appears to not be influenced
(directly) by the nucleus anymore. Lastly, in the centratifeeclump of strong emission is noted
on the western edge of the field, which we selected as regionTA6ére is tentative evidence
for a narrow ridge connecting A6 to the nucleus, but we caeoafirm this with the present
observations. The emission in region A6 itself is also utater due to the increased noise at
the edge of the field. It is only observed significantly in twpllHes and therefore we have not
constructed an excitation diagram for this region.

In the south-eastern field we have selected one region, Adhwdaptures most of the
emission in the southern filament. This region was seleatetl o avoid the noisy overlap
region between the SE and SW fields. The strongest emissiea §howed weak evidence
in their surface brightness maps that the south-eastemdilamay extend across the overlap
region into the SW field. Region A5 was selected to test thgnificant line emission is found
in this region. The kinematical structure of the gas obskimeA5 is similar to that measured
in A4 and thus a connection between the two regions seemsiplau

The northern field also contains significant emission for gtrengest emission lines. A
systematic search for line emission in the northern field pexformed using various binnings.
Region A7 was selected to show that emission does exist ghéisant level in the northern
field. JO5 previously showed that molecular and ionised gastesl out to 20 kpc north from
the nucleus using long slit spectra. The HO S(1), 1-0 S(3) and Ralines are all detected at
the 3.0 sigma level, and the,H-0 S(5) line is observed at the 2 sigma level. All four detdct
lines show the same velocity structure.

The velocity dispersion of the gas in A7 is mordghdult to constrain. Of the four lines the
H» 1-0 S(3) line is observed at the highest significance andHeambst reliable fit. This line
has a dispersion of about 60 km'susing a spatial smoothing of two pixels. The other lines
have higher fitted velocity dispersions ranging from 70 t@ kin s, however within their
large errors (40-60 kn8) they agree with the 51-0 S(3) result.

The positive velocity and low velocity dispersion of the gaakes it plausible that the gas in
A7 is connected with the northern filament. This interpietatigrees with the JO5 results. We
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conclude that molecular and ionised gas is present at |patst tegion A7, i.e. 22.5 kpc from
the nucleus, in good agreement with the JO5 results. Theeniative evidence from regions
investigated north and south of A7 within the northern fidldttline emission is present there
as well.

2.7.2 S159: Selected regions

In the SE field we have selected four regions, B1, B2, B3 andf&gion B1 corresponds to
the nuclear region. B2 samples the tail of the northern filanas it connects to the nucleus.
Region B3, just north of B2, is selected to sample the filammérere it is no longer (directly)
influenced by the nucleus. Lastly, B4 is selected to contaénctump of emission just to the
south of the nucleus. Whether this clump is part of a filamemtab our observations can not
confirm.

As discussed above, the nuclear region B1 is significanilyi@othan surrounding regions.
The spectral noise is higher here by a factor two to three. Hh&-0 S(1) and 1-0 S(3) lines
are still easily detected here. The H0 S(3) line is considerably stronger than thelH0 S(1)
line in this region as compared to any of the other regiong Hé&u line is detected at a much
lower significance and at a much lower flux level. In the SW figldhave selected one region,
B5, which captures most of the western filament.

We have selected two regions in the the northern field, B6 ahddinvestigate the low
level clumpy emission here. Region B7 was selected to captwr strong clump of emission at
the northern edge of this field. Region B6 was selected tcstigate the remaining emission.
The summed spectra clearly show that line emission is ptésehe northern field. We can
thus conclude that molecular and ionised emission is ptegdeast up to 18.0 kpc from the
nucleus. Whether the gas in the northern field is directlyneoted to that in the SE field cannot
be confirmed by our observations, although it seems plaBitin the JO5 results. The velocity
and low velocity dispersion of the gas are such that this gashe connected smoothly to that
in the northern filament.

2.7.3 Thermal excitation of the molecular gas

In the case of a gas in LTE, assuming a ortho:para abundatioeofa3:1, there is a simple
relation between the fluk and the temperaturg, corresponding to the energy of the upper
state of a lineF ~ hy AN ~ hy gAexff—Tu/Texo), (€.9., JO5)dfe et al. 2001 Wilman et al.
2002 20095. Normalising the flux of each Hline flux by the flux of the corresponding
H> 1-0 S(1) line, we find;

In(F)

|n(M) (2.1)

Fs1viAigi
( = )x (Tui— Tus1) (2.2)

Texc
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Here F is the flux of the line,A its transition probability,v its frequency andj the sta-
tistical weight of the transition. If the molecular gas idifE the H, emission lines will lie on

a straight line in a diagram of IR] vs. Ty. Texc, the reciprocal of the slope, will then be the
kinetic temperature of this gas. We have investigatediogldil) for the all regions selected
in Abell 2597 in which we have detected at least 3liHes. We show in Fig.2.12that the
H> lines detected in these regions are well fit by a thermal attoit model, with an average
temperature of about 2300 K. The derived excitation tentpeggor each region is given in
Table2.7.

Besides the best-fitting LTE model for the khe fluxes we plot three additionakbHnodels.
These models are shown for qualitative comparison purpmdgsand are not tuned exactly to
our physical conditions, see Fig.12 The best-fitting LTE model is given by the black solid
line. The red dotted line is a low-density UV fluorescence eldiy Black & van Dishoeck
(1987 that does not include collisions (their model 1¥:3x10% cm™3, a temperatur@=100
K and a UV intensitylyy=10° relative tolyy). The blue dotted line is a high-density UV
fluorescence model yternberg & Dalgarn@l 989 which does include collisions (their model
2D; n=1x10° cm3, a temperatur@=1000 K andlyy =10 relative toly). Lastly the green
dotted line is the cosmic ray model Berland et al(2009, which was developed for the gas
filaments observed in the Perseus cluster.

The Black & van Dishoeck low-density UV and the Ferland casray models have distinct
features that make them deviate from a thermal model. Lawsitle UV fluorescence models
tend to boost the higher S-transitions (2-1, 3-2,...) netdb the 1-0 S-transitions as compared
to a LTE model. The Ferland model is observed to boost the Eyelr0 S-transitions relative
to uneven H 1-0 S-transitions as compared to a LTE model. The high-tiehBf model by
Sternberg & Dalgarno simply shows that at high densitiediscans within the gas will cause
it to become thermalised and thus the line ratios also pmdustraight line in our excitation
diagrams. We thus conclude, qualitatively, that out of ther fmodels investigated here that a
LTE model provides the best description of the data.

As the molecular line ratios in A2597 appear to be in LTE thiplies that the density of
this gas is near its critical densityy, crit ~ 10° cm?® (Shull & Beckwith 1982 and is dominated
by collisional excitation. Information regarding the soeiof excitation is thus not obtainable
from this data set.

There is a trend that on average we find higher LTE tempesatithe molecular gas in the
filaments as compared to the nuclear region. We note thoagkwithin errors the temperatures
agree for all regions, except for A6. Neither the HO nor the H 2-1 S-transitions lie exactly
on a straight line. If we use only pairs of lines like the HO S(1), 1-0 S(3) line pair or the
H> 1-0 S(3), 1-0 S(5) line pair to determine an excitation terapee, assuming LTE, we find
on average a temperature that is a few hundred degrees lowgh@r than when all lines are
used. Typically the first pair gives a lower temperature &edstcond pair a higher temperature.

If the H, gas observed here is at its critical density then there isesspre imbal-
ance between the molecular gpfHs) ~ nT = ngitTexe * 10° and the ionised gas has
p(HIl) ~ nT = 10°x10* = 10°. That the molecular and ionised gas are not in pressureitequil
rium has previously been suggested by JO5 using similanaggts.

For Sersic 159-03 only two Hines were reliably detected in all regions. If we assume tha
the molecular gas here is in LTE, we can calculate an exartaé@mperature for this gas. The
resulting excitation temperatures for the selected regggma given in Tabl@.1Q Again we find
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an average temperature of about 2300 K for thegls in the filaments. In the nuclear region
the strong increase of theoH-0 S(3)H> 1-0 S(1) ratio leads to a very uncertain and physically
unrealistic temperature above the dissociation temperdtu Hy. This either means that our
line fits overestimate this ratio or that dférent excitation mechanism is at work here.

In this work we have only considered the K-band lihes. These Kl lines do not show
strong deviations from a single temperature thermal modal v~ 2000-2500 K. From recent
Spitzer spectroscopy (ffa & Bremer in prep.) we find that anothep Jas component exists in
the nuclear regions of A2597 and S159 with a LTE temperatuabout 300 K. The situation in
these clusters is thus similar to the situation in the Parskister where multiple temperature
LTE components have been invoked to explain thdife ratios (e.g.Wilman et al. 20022005
Johnstone et al. 2007

Whether the need for multiple LTE components tplie ratios hints at a multiphase gas,
a difference in optical depth, or aftBrent excitation mechanism is unclear currently. A more
thorough modelling of the molecular gas, including all of theasured of the Hines in the
infrared and mid-infrared, for A2597 and S159 will be prasdrby us in a future paper.

2.7.4 Luminosity of the Warm Molecular Gas

If we assume that the Hgas is in LTE and can be described by a single kinetic temyperat
of about 2000 K, then the H1-0 S(1) line luminosity represents about 10 percent of oied t
H> luminosity. This is estimated using a list of 312 Hhes, corresponding to all Hemis-
sion lines with an intensity greater than 1 percent of HO S(1) line flux forT < 4000K.
From the total integrated H1-0 S(1) line fluxes in Table&.5 and 2.6 we thus findL(H,
A2597)= 1.1x10* erg s andL(H,, S159)= 1.2x10* erg s within the fields observed by
us.

This is significantly below the total H luminosity estimated by JO5, i.e.
L(H2)~10%44 erg s1. JO5 calculate the total Hluminosity in the same manner as we
do here. The dierence follows from two simple arguments. Firstly JO5 assdithat the H
1-0 S(1) line luminosity represents only about 1 percenheftotal H luminosity. This is true
for low-density UV excitation models such as the Black & vaistideck models. However,
when the gas is in LTE (see above) or in a XDR environmBndine & Woods 199pa fraction
of 10 percent is found. The JO5 results thus need to be cedeatwn by a factor of 10 as
consequence of this. The second argument that JO5 madé thehtd emission coexists with
the Hx emission. This argument follows from the FHl, ratio which is observed to remain
rather constant over large areas (JO5 and this work). J@stddt over a much larger area than
the fields observed by us. Correcting our results upwardchi®atea covered by thesHmap in
JO5 increases the-Huminosity given above by a factor of 10. With these cor@tsi, we find
that the H luminosity obtained in this work is in good agreement wité 805 results.

To conclude, upon correcting our results for the area cavbsethe total extent of the
ionised gas nebulae, we find HiminositiesL (H2, A2597~10* erg s andL(H,, S159)-10*
erg s'* for our clusters. The analysis performed above relies heamithe assumption that the
H, gas is in a single temperature phase. If there is coldega$ present in these clusters, as
expected from CO observations Bgdge(2001) and mid-infrared spectroscopy {ta& Bremer
in prep.) we underestimate the total liminosity here.
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2.7.5 Mass of the Warm Molecular Gas

In the previous section we found that a LTE model provides@gtescription of the observed
H> line ratios in A2597 and assumed that the same is true for 8. 33d@lowingScoville et al.
(1982 and Storchi-Bergmann et al2009 the mass of a bl gas in LTE conditions with a
single kinetic temperature, can be calculated using thevirhig equation,

2mp F H21_05147TD2

M 2.3

i fy=1,3-3An,1-0s1v @3)
Fh,1-0s1 D \?

= (5.08x 10" 2 2.4

( % )(ergslcm—z) ( Mpc) (2.4)

Here m, is the proton massh is the Planck constant and is the distance to the cluster
core. Fp,1-0s1is the flux of the H 1-0 S(1) line andf,_, ; 5 is its population fraction.
A,1-0s1 is the transition probabilityAn,1-0s1 = 3.47x10°7 s71) andv is the frequency of
the H 1-0 S(1) line. The right-hand side of equation (2) is obtdibg assuming a vibration
temperatureT,ij, = 2000 K for the gas, in which cade_; ; 3 = 1.22x1072. In the above
formulaMy, is given in units of solar masses.

The resulting H gas masses for the regions investigated here are given lasia® and
2.12 The total B gas mass integrated over all observed fields is#08 + 4.2x10° M, for
A2597 and 5.210% + 2.9x10° M,, for S159. Since our observations do not cover the entire
cluster core these numbers underestimate the total améumolecular gas present in these
clusters. We furthermore note that there is evidence frotiinfrared spectroscopy from{la
& Bremer (in prep.) that a colderdphase T ~ 300 K) exists in A2597 and S159. If this colder
H> gas coexists with the warmegldas observed here this means that we strongly underestimate
the H, mass present in these clusters. CO observatioilgg(2001) indicate that even colder
H> gas is present in A2597 at a temperature of a few tens of kelMe total molecular gas
mass inferred from CO for A2597 is@0° M, although this value relies heavily on the CO to
H> conversion factor. To our knowledge there is no publishedd@t@ction for S159.

2.7.6 Mass of the lonised Gas

Following Storchi-Bergmann et al(2009 the mass of the ionised hydrogen gas can be
estimated aMy; = mpneVyy . Heremy is the proton massje is the electron density and
Vi is the volume of the HII emitting region. Usirjgg/n3 = 9.788<10°%’ erg s* cm® and
jpar/ing = 0.339 Osterbrock & Ferland 2006for ne = 107 cm3 andT = 10* K), we can write
Fpar = jpa VHIID ™2 = 3.32¢1072"x(n2Vy D~2). HereFpy, is the flux of the Par line, jpy, is

the volume emissivity cdicient of Pax andD is the distance to the cluster core. The HIl gas
mass can be written as:
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Mui = MpneVhi (2.5)
_ 8 FPaaz
= (2.41x101)(—ergglcnr2) (2.6)
D \? ne \1
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Using the right-hand side of equation (3) the mass of the Hihlitteng gas, My, is

given in units of solar masselleckman et al(1989 finds an electron densitgle = 200 cnt?,

for the central regions of A2597. Thus assuming an electemsitlyne = 200 cnT3, the mass of

the HIl emitting gas in the selected regions of Abell 2597 Sedsic 159-03 can be calculated.
The resulting HIl gas masses are given in Tal@®and2.12 The total HIl gas mass inte-

grated over all observed fields is $I0° + 3.2x10° M, for A2597 and 7.610° + 8.4x10% M,

for S159. Since our observations do not cover the entirderlu®re these numbers underes-

timate the total amount of ionised gas present in theseerkisThe total ionised gas mass to

warm molecular gas mass is similar in both clustéfgj /My, ~ 10%. The HII gas mass de-

rived here for A2597 agrees well witheckman et al(1989 who findMy, = 5.8x10° Mg for

a region with radius 2.5 kpc centered on the BCG nucleus.

2.7.7 Stability of the Filaments

From our observations we see that the ionised and molecataisgiocked up in large scale
filamentary structures surrounding the BCG. If the filamemtsur the clusters are similar to
the ones observed in more nearby clusters, such as PeFaduar( et al. 2008then we do not
resolve their true physical thickness. Furthermore if weiage that the filaments observed here
are connected to the global distribution of ionised gas @s¢hclusters then its clear that these
extent far beyond the distance observed here by us Qga et al. 2004

This interpretation is strengthened by higher resolutimages in for example ddand Ly«
emission (DO0QO’'Dea et al. 2001 These show the existence of narrow gas filaments coin-
cidental with the larger scale structures observed herensi@ering this, even if these large
structures consist of many unresolved filaments it seemssitlie that all of these have a simi-
lar origin. The currently favoured picture is that thesedtures are related to past and current
AGN outflows. Another explanation may be that these strestarise in regions of these clus-
ters where heating and cooling rates are not balanced aadhiatuwe observe residual cooling
here.

Not only is the origin of these structures unclear, thereraamy other puzzling aspects
concerning them. On large scales these structures appeantect all the way down to the
nucleus of the BCG. One may speculate on whether this gasifatbwards the black hole
thereby feeding it and sustaining its activity. Howeveg, Welocities observed for the filaments
studied here or in other clustekddtch et al. 200bdoes not agree with gas that is freely infalling
from distances far away from the potential centre. We olesthv® gas to be moving at velocities
of about 100 km st, whereas for freely infalling gas we would expect to obsemlecities of
about 600 km 3.
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We would expect tidal forces to rip these filaments apart saudised ifrabian et al(2008.
These authors suggest that magnetic fields may help statiibse filaments against these grav-
itational forces. For a typical filament in Perseus, or onewfclusters, the required magnetic
field is around a few hundredG. From equipartition arguments the ICM typically has mag-
netic field strengths less than 4@G. Larger magnetic field strengths, up to abou®& have
been found in the centres of clusters but these are usudditedeto current AGN outflows
(Taylor et al. 2007Govoni & Feretti 2004 Significantly higher magnetic field strengths in the
filaments are necessary to stabilise them against grantdtforces.

Some of the gaseous filaments appear, in projection, to btedeto the current AGN out-
flows, see Fig.2.6 and2.9. These outflows maybe be responsible for pushing gas outward
thereby in fact creating the observed filamemtatCh et al. 200p This may explain why some
filaments do not show large infall velocities. However, thare also filaments that are not
related to current radio outflows. If these filaments wereodépd at their current location by
previous AGN outflows, then this gas has had a long time to andlshould now be falling
back at high velocities towards the potential centre. Nasigf high velocity infalling gas is
observed in either of our clusters. We will discuss the i@abetween the filaments and the
radio emission in more detail below.

2.8 X-ray and Radio Emission

In the above sections we have shown that there is a stronglspatl dynamical relation be-
tween the HIl and kKl gas phases in the cores of A2597 and S159. Below we investigat
these gas phases relate to X-ray and Radio emission.

2.8.1 X-ray emission

We find that globally the Kland HlIl line emission in A2597 appears to match the X-ray emis
sion as imaged bHANDRArather well, see Fig2.1 However, upon examining the detailed
distribution, Fig.2.13 we find that the X-ray brightness profile is considerabldlsivar than
that of the colder gas.

In S159, see Fig2.14 we observe that the peak X-ray emission is significanfiyes from
the BCG nucleus and the pealg,HHIl emission. One may perhaps argue for a relation between
the X-ray and Par emission along the northern filament, but&& difficult to detect in the
nuclear region. There appears to be no relation between &al X-ray emission along the
western filament in S159. This leads us to conclude that igneog correlation between the
X-ray and either the Kor HIl phase in A2597 and S159.

The total X-ray luminosity is.x (A2597)= 2.1x10* erg s (de Grandi 19990.5-2.0 keV)
andLy(S159)= 9.6x10™ erg s (de Grandi 19990.5-2.0 keV) in A2597 and S159 respec-
tively. Taking into account the fference in areas between this work and that of JO5, the total
warm H, luminosity for these clusters is a factor 10-100 times lkas their X-ray luminosities
and not of the same order of magnitude as previously claimé@%. Adding the colder fgas
to this analysis (X&e & Bremer in prep.) to obtain a total warm plus cold KHminosity may
change this conclusion.
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2.8.2 Radio emission

In Figs. 2.6, 2.7, 2.8 2.9, 2.10and 2.11, we show VLA 8.4 GHz radio contours on top of
the H 1-0 S(3) and Pa surface brightness, velocity and velocity dispersion mapee total
radio power is 3.£10* erg s for A2597 and 2.%¥10* erg s for S159 Birzan et al. 2008
integrating the radio spectrum between 10 MHz and 10 GHz).

Our observations of the molecular and ionised gas in A2587=4r59 do not have the spatial
resolution to investigate the detailed sub-kpc scale spoedence between the AGN outflows
and the gas. On kpc scales we note small enhancements inlthedHH, intensity along the
lower parts of the projected radio lobes in A2597. Most niytalong the northern lobe. DOO,
using higher resolution HST imaging, have previously sholia in more detail for A2597.
Similarly in S159 we observe that on kpc-scales some of teeagpears to lie along the radio
lobes. In neither S159 and A2597 is there a clear correldt@ween the radio emission and
the cold gas.

It has been postulated that gas observed on the edges ofohdmis gas that was uplifted
and deposited here through AGN outflovksafch et al. 200p Another possibility in which
the AGN outflows may create the observed structures is vigspre driven compression of
the in-situ thermal gas by the outward expanding non-theplaama. In this latter scenario the
pressure driven compression increases the local gas ylaiing to an increase in the cooling
rate here.

That the gas observed along the radio lobes is a purely piapat efect and has nothing to
do with the radio outflow seems unlikely. Strong evidencé @maAGN interacts with the gas in
the nuclear region of a BCG comes, for example, from the fllhaanement and high velocity
dispersion structure observed in A2597 here and in DOO. &k#sictures coincide with the
current radio outflows. Many other observations, mostlyedionX-rays, have shown that there
is a global correlation between the radio outflows in BCGstaedot X-ray gas surrounding it
(e.g.,McNamara et al. 20QFabian et al. 200Xlarke et al. 2005Birzan et al. 2008 We do
caution the reader that even though this global correlasdaund in many cool core clusters
that there are also cases where one observes similar anafgas in structures that appear to
have no relation at all to the current radio outflows. One garaf this is the western filament
in S159.

Alignment of the radio and gas rotation axes ?

In A2597 we note that, in projection, there is a rough alignti@tween the radio axis and
the axis of rotation for the HIl and #Hgas. The same seems to be true for S159 although the
evidence for gas rotation is less clear here. Three othstasts; Abell 1664, PKS 0745-19 and
A2204, have recently been observed with SINFONMiyman et al.(2009. They show that
the HIl and B gas in PKS 0745-19 rotates. High resolution radio imageBduym & O’'Dea
(1991 show us that again that the radio axis and gas rotation exgy agree. For the other
two clusters the situation is unclear. The velocity fielddhe gas in Abell 1664 and Abell
2204 do not show clear evidence for gas rotation, and radag&s byGovoni et al.(2001) and
Sanders Fabian & Tayld2009 do not allow for a reliable identification of the jet axis.dghier
spatial resolution spectroscopy and radio imaging will @guired to investigate the possible
alignment of the radio axis and the gas rotation axis in metaid
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Kinetic energy of the outflows

It has been proposed in the literature that AGN feedback énfdrm of radio outflows,
jets could deliver the required heat that keeps the gas isteslicores from cooling (e.qg.,
Birzan et al. 2004 Dunn & Fabian 2006 The kinetic power in the molecular and ionised
phases may be a useful indicator for estimating the totaiggnaput into the cluster medium
by the current jet. Here we will estimate the kinetic powemfrthe kinetic energy of the
disturbed gas and its turbulent dissipation. The kinetergyEx and kinetic (turbulent) power
Pk may be written as;

MvZ  3Mg2

Ex = - = (2.8)
MV E

P = 5= K:/g‘f (2.9)

Herev = V3o with the o the velocity dispersion of the gas amds the thickness of the
high dispersion features. We will perform this estimatengsiegion Al in A2597. This region
contains most of the gas whose dispersion is clearly retatéte AGN as decribed in Section
2.4, The mass of the Hll gas in Al is 410° M, and its velocity dispersion is 256 knt’s
We use only the HII gas here as this gas component dominateass over the warm Jgas.
We thus find that a total kinetic energy B§ (A2597 :Al) = 8.1x10°* erg and a kinetic energy
powerPy (A2597 :Al) = 5.8x10% erg s, where we used = 2 kpc.

For S159 this calculation is more uncertain due to the lowggriicance of the Pa line
in the nuclear region B1. If we use that the mass of the HIl gaB1 is 5.810* M and
its velocity dispersion is 127 knT's. We then find that a total kinetic energy Bk (S159 :
B1) = 2.8x10° erg and a kinetic powelPk (S159 :B1) = 1.0x10°8 erg s is injected into
stirring up the gas, again usimg= 2 kpc. These numbers are rather low for S159. If we use
the H, 1-0 S(3) velocity dispersion for the Raline and increase the Raflux such that the
Paa/H2 1-0 S(3) ratio is the same as in region Al for A2597 we find thatand Px both
increase by about a factor of 10 for S159.

We compare this mechanical power injected into the cool gdke current radio power.
We assume that the stirring of the gas in the nuclei of A253¥7 3159 is related to the most
recent AGN outburst and thus we look only at the recent radiggon. This is done to avoid
the older radio plasma, from previous outbursts, which ealininate the radio power due to its
emissivity at low frequencies.

The 8.4 GHz radio emission is a good indicator of recent AGtWieg. The synchrotron
lifetime of electrons emitting at 8.4 GHz is about®10years, for a magnetic field strength of
30 uG (Taylor et al. 200y. The 8.4 GHz specific luminositids, in regions Al and B1 are
1.75¢10°! erg s Hz ™! and 3.8&10?° erg s Hz"1. One can then estimate the total current
radio powerP,4q in these regions b¥,,q = vxL,, with v = 8.4 GHz. We findP,4(A2597
Al) = 1.5x10" erg s andP,3q(S159 :B1) = 3.3x10%° erg s'1.

The kinetic power inserted into the cool gas is thus smdilen the radio power in A2597 by
a factor 2-3. For S159 we find thBk is smaller tharP,5q by more than an order of magnitude.
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If we allow for the higher dispersion and flux as mentionedvatiben this ratio becomes similar
to that observed in A2597. Adding the wariin<{ 2300 K) H, gas to the above analysis does not
significantly change the derived kinetic powers due to isheass. We thus find that within the
nuclear regions the current radio jets in A2597 and S159atmting d€ficiently with respect
to the warm HIl and H gas.

The kinetic power deduced here should though be seen as aliovitgto the total kinetic
power of the cool T <10* K) gas in these clusters since the colder gas phases haveeot b
taken into account. 094 find a kinetic eneffry~10°° erg and a kinetic powd?x ~10*? ergs?
for the HI gas in a region with radius 2.5 kpc centered on th&Bcleus in A2597. Similarly
the cold I <10° K) molecular gas may contain a significant amount of kinetiergy. Studies
of X-ray cavities find evidence for ifigciently radiating jets in that the mechanical power of
the jet often can be orders of magnitude larger than the f@alier. However, when looking at
X-ray cavities one may be looking back in time towards an &poavhich the balance between
the mechanical and radiative power of the radio sourcefisrént from the current one.

Low velocity shocks

The argument that AGN feedback is responsible for rehediti@$CM gas in cool core clusters
is made purely on the global energetics of the problem and doeconsider the microphysics
of the energy transfer between the non-thermal radio plasmdahermal ICM plasma, nor does
it consider the various scales involved in this energy fiem$ast shocksv(> 40 km s?1) can
be ruled out based on the absence of typical shock tracershé[O I11] 4363 Angstrom line
in optical spectra (VD97) and the highpHHll ratios (Donahue et al. 2000 However, another
way of delivering the required heat for the cooler gas olehere is via low velocity shocks
in a dense gas. Such a model was recently invoked to explaisttbng H emission observed
in 'Stephan’s Quintet’ Guillard et al. 2009 From X-ray observations (e.fyicNamara et al.
2002, Fabian et al. 2006and jet models Sutherland & Bicknell 200,7e.g.) it is found that
AGN outflows may give rise to low velocity C-type shocks thgbua turbulent cascade of the
expanding jet momentum in a inhomogeneous gas.

We have investigated low velocity C-type shocks HByistensen et al.(2007) and
Flower & Pineau des Foret&003 to model the molecular ratios in region Al for A2597. The
following parameter range was allowed for, shock velogity= [15-30] km s1, pre-shock den-
sity ny = [10%-107] cm~3 and magnetic field streng= [0.05-30] mG. The best-fitting model
to the molecular line ratios i& = 22 km s1, ny = 5x10° cm™3 andB = 5.6 mG. This model is
shown by the purple line in Fig2.16 It implies a pre-shock density above the critical density
and thus that the gas is already in LTE prior to the shock. Toslel furthermore implies a
very high magnetic field in the molecular gas, something tviias not yet been observed in
our objects.

2.9 Summary

Warm molecular gas is observed in the central 20 kpc of thed&2d S159 galaxy clusters.
All of the H, 1-0 S-transitions and H2-1 S-transitions redshifted into the K-band and none
of the higher ro-vibrational Btransitions are detected in A2597. lonised gas is observed i
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A2597 through the detection of the RaBr y, Br § and Fe Il (1.81um) lines. For S159 only
two Ho 1-0 S-transitions are detected. There is tentative evelécthe presence of the other
H> 1-0 S-transitions, but these are strongiiyeated by atmospheridfects. None of the higher
ro-vibrational B lines were detected. lonised gas is observed in S159 thrinegihetection of
the Pax line. Higher ionisation lines, such as [Si IV], are not dételdn either S159 or A2597.

Molecular and ionised gas is detected out to 22.5 kpc frormtleeus of PGC071390 in
A2597 and 18.0 kpc from the nucleus of ES0O291-G009 in S15% fiEids observed by us
do not cover the entire extent over which molecular and sshesmission has previously been
detected in these clusters. Our observations thus missidicigt fraction of the total emission
and gas mass. Based on the mMaps in JO5 we estimate that we have observed about one tenth
of the total HIl and H gas present in A2597 and S159.

The gas morphology in A2597 is mordidise than in S159. In both clusters the ionised and
molecular gas is observed to be distributed in clumps anohditdary structures surrounding
their BCGs. This observation brings these higher redshit core clusters closer to the situ-
ation observed in more nearby clusters, such as Perseusesmautus, that show a wealth of
small scale filamentary structure (ekabian et al. 2008 rawford et al. 200p

In both A2597 and S159 the ionised and molecular gas phaases &ach other closely
on kpc-scales, in both extent and dynamical state. Théirté ratios and the bito HIl line
ratios only vary slowly as a function of position throughdig investigated regions, with the
exception of the nuclear regions. This implies that thera tgght coupling between these
gas phases and that there may be a single excitation megheggponsible for the observed
emission.

In both clusters the Pa to H; ratio is found to be lower within their nuclear regions than
outside. In A2597 this decrease is small as the/Pk 1-0 S(3) ratio decreases from 0:32104
in region A2 to 0.7#0.07 in the nuclear region Al. In S159 the decrease is mugbidand we
find that the Pax/H» 1-0 S(3) ratio decreases from 08612 in region B3 to 0.190.08 in the
nuclear region B1. This may imply that the physical condisidifer within the nuclear regions
as compared to further out.

The velocity structure of the ionised and molecular gasiwitie nuclear regions of A2597
and S159 is consistent with gas rotating around the nucldiee data suggests a possible
alignment between the axis of rotation and the radio axistheu high spatial resolution, spec-
troscopic observations are required to disentangle thasiom from velocity gradients observed
along the filamentary gas structures and to confirm the aistafion.

The high velocity dispersion of the gas within the nucleajioes clearly shows that the
AGNs harboured by these BCGs interact with the moleculariantsed gas situated here.
This is especially obvious in A2597 where the observed emxean the velocity dispersion is
suggestive of a turbulent wake marking the passage of the lales through the surrouding
medium, or of direct acceleration of the dense material ByXGN jet.

We estimate that the mechanical power of the AGN flow is sona¢amaller than its radia-
tive radio power within the nuclear regions of A2597 and S respect to the ionised and
warm molecular gas. If we were to include the mechanicalgneontained within the colder
atomic and molecular gas phases than this situation widrss

The velocities observed for the filamentary structures @se than 150 km$. This does
not agree with freely infalling gas which should have mudaghler velocities, i.e~600 km s*.
The filaments do show smooth velocity gradients. Possibbdaeations for this are; (i) we
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see a single filament that is being stretched and bended pyoiper motion and gravitational
forces, (ii) we see a blend of a number of unresolved filamalaisg the line of sight. From

observations of nearby clusters such as Perseus the lgpl@nation appears most likely (e.qg.
Fabian et al. 200&Hatch et al. 200b

The velocity dispersion of the ionised and molecular gagesses with distance to the
nucleus. It drops below 100 kntsat distances of a few kpc from the nucleus which implies
that the gas is kinematically cold outside the nuclear regitne decrease in velocity dispersion
is strongest within the first2 kpc from the nucleus and slows down after that. This point ma
mark a transition in where the AGN is able to strongly intéraith its surrounding medium.

The low velocity and velocity dispersion of the gas in thenfientary structures indicates
that the gas here resides in well defined structures. The gastifl be clumpy but individual
clumps must have a spread in velocity no larger than the elgdispersion. It also implies that
these structures need some form of support, which can noieenlatical, to keep them from
plummeting towards the potential centre. A possible soofcipport are magnetic fields as
suggested b¥abian et al(2008. This requires magnetic field strengths of a few hungi@d
So far there is no observational evidence for the existehtleese magnetic fields in galaxy
clusters.

The molecular and ionised gas emission observed in A25975468 does not match the
observed X-ray emission very well. In S159 there is no matdihé observed brightness pro-
files. In A2597 there is a rough global agreement in the peakstam but the detailed X-ray
brightness profiles are significantly shallower than obseéfer the H and HIl gas.

There is no evidence for a strong correlation between eiber Hil and the radio emission
in A2597 and S159. If the AGN is main source of heating andtakon for these gas phases,
then we would expect to find this gas near the current AGN owmsflat all times. This is
especially important for the #gas since it has a cooling time of order years. One prime
example where we find Hgas that appears to have no relation to the current outfloweeis
western filament in S159. The emission line spectra for gilores in S159 are similar. This
then implies that the physical proces that is heating thergéese regions is similar and likely
not directly related to the current AGN outflows.

In A2597 the H line emitting gas is well described by an LTE model with a rexcitation
temperaturdey.. We find thatTeyc is about 2300 K for the dlierent regions investigated. We
find slightly higher excitation temperatures for the molacgas in the filaments as compared
to the nuclear region.

In S159 we have only been able to reliably measure twdiks. The temperature and
excitation of the H gas in this cluster thus remains largely unconstrainedussg a single
temperature LTE model, we find th&iyc is about 2300 K for the dierent regions investigated.
The temperature derived in this way for the nuclear regio8189 is above the dissociation
temperature of Bland considered unphysical. No clear trends in temperatithedistance to
the nucleus are observed for S159.

If the molecular gas in A2597 and S159 is in LTE then this implihat the K gas is not in
pressure equilibrium with the HIl gas, as has previouslynlqg@nted out by JO5. We find that
M /Mu, ~ 10?2 in A2597 and S159. We note thisly,, is likely to be seriously underestimated
since only the K-band Hllines tracing the warm molecular gas have been considered he

For a region with radius 2.5 kpc centered on the nucleus cAg®7 BCG we can make an
inventory of the cool gas. In agreement wiHieckman et al(1989 we find an ionised gas mass
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My ~6x10° Mg. We find a warm molecular gas malshy, warm ~3x10* M. O’Dea et al.
(1994 find an neutral hydrogen mab4y ~10° M. Using much lower spatial resolutiddge
(200)) find a spatially unresolved cold molecular gas nM$§,c0|d:8><109 Mg in the central
22" of A2597.

We are able to fit the Fline emitting gas by a low velocity shock model. Such a model
requires high pre-shock densities and very high magnetisfid_ow velocity shocks may be
a viable option for heating thed{as in cool core clusters, but this requires further moaiglli
and observations.

Using recent Spitzer observations we find that another légvaperature bigas component
exists at about 300 K in A2597 and S159ff@a% Bremer in prep.). This shows that a single
temperature LTE model is not a good description for all of iyegas present in cool core
clusters and again brings the situation in our clustersechusthat observed in more nearby cool
core clustersJohnstone et al. 200.7This is also implies that we significantly underestimae t
total Hy luminosity and gas mass by using only the iKktband spectrum.

Our K-band spectra of cool core clusters do not resembleaygi-band spectra of other line
emitting, extragalactic objects such as Ultraluminousdrgd Galaxies (ULIRG) and AGNs
that are not in BCGs. For comparisons we can look at thee Bnd H 1-0 S(1) line. In
ULIRGs theses line have a similar intensity and width and @N& that are not in BCGs the
Br ¢ line usually has a higher intensity and larger width thanHhd -0 S(1) line Davies et al.
2003 2005. In our spectra for Abell 2597 we find that these lines haw&lar widths, but the
H> 1-0 S(1) line is more than ten times brighter than the/Bne.

2.10 Conclusions

Above we have presented the first K-band integral-field spscbpic observations of the ex-
tended molecular and ionised gas distributions in the eg®ns of the A2597 and S159 galaxy
clusters. These observations add one extra dimension tarthkysis of the molecular and
ionised gas in these clusters as compared to our previoastigation in JO5. This allows us to
study the distribution, kinematics and thermal structudrdis gas over a much larger area than
in our previous investigation. The spatial resolution af oliservations limit us to studying this
gas on kpc-scales. Below we summarise our conclusions.

e Line emission from molecular and ionised gas is found inladleyved fields. We confirm
the conclusion in JO5 that molecular and ionised gas ardiytigbupled out to 20 kpc
from the BCG nucleus in A2597 and S159.

e The molecular and ionised gas is distributed in filamentamyctures surrounding the
BCG. The gas morphology is morefidise in A2597 than in S159.

¢ In all regions where we have ficient signal to noise we find that the,lgas can be
described an by an LTE model with a temperatlire 2300 K. LTE implies a high-
density for this gas.

¢ Kinematically there is a fairly clear separation betweandéntral few kpc, energetically
dominated by the AGN, and an area outside where the suppdinedflll and B gas
remains to be explained.
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¢ Within the nuclear region of A2597 and S159 the kinetic luosity of the HIl and warm
H> gas is somewhat smaller than the current radio luminosity.

e The very high dispersion regions observed inafd HIl may represent a turbulent wake
of the relative motion of galaxy and surrounding mediumherinteraction of the current
jet with this medium.

e A2597 shows a better correlation between the morphologhefcbol gas and X-ray
emission than S159. The detailed radial brightness prafflédse X-ray and either the H
or HIl gas do not match in either cluster.

e The high frequency radio emission and cool gas have the saenallscale size. There is
no strong correlation between either the ¢t HIl gas and the radio structures, but there
are weak enhancements in the surface brightness of thisayagsthe northern radio lobe
in A2597.

e The data suggests that the HIl and gas situated within a few kpc from the nucleus
rotates around an axis parallel to the radio jet, this neadidr confirmation.

A more detailed investigation into the heating and coolifithe intracluster medium will need
to take into account the microphysics of the interactioowieen the various phases situated
within the intracluster medium; the hot X-ray gas, the cod| H, gas and the radio emitting
plasma. Once such a model is in place, the next step will bertgpare detailed maps of local
heating versus local cooling in cool core clusters. We willdw this work up in the near future
with optical integral field spectroscopy (Oonk et al. in pjepnd Spitzer IRS spectroscopy
(Jafe & Bremer in prep.). A more detailed investigation of theiaton mechanisms for the
molecular hydrogen gas will also be presented in a futurepap
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Cluster z DL | ® | Lx | LisacHz | tobs
Sersic 159-03 0.0564| 245| 1.1 | 2.1 | 29.3 4.2
Abell 2597 0.0821| 363 | 15| 10| 1.6 8.5

Table 2.1 —Targets. Columns 1, 2 give the cluster name and the reddhitf BCG. In column 3 we
give the luminosity distance to the BCG in units of Mpc. Inwoh 4 we give the angular size scale at
the distance of the BCG, in units of kpc arcskecIn column 5 we give the X-ray luminosity, in units
of 10* erg s, of the cluster in the 0.5-2.0 keV band frase Grandi(1999. In column 6 we give the
radio power, in units 18 erg s Hz 2, of the cluster at 1.4 Ghz fromirzan et al.(2008 In column 7
we give the on-source integration time in units of hours. 4na amount of time was spendf-@ource
observing the sky.

Resolution no smoothing| ss20| ss22| ss44
Spatial [arcsec] | 0.9 10 |10 |11
Spectral [km s'] | 38 38 |51 |73

Table 2.2 — Spatial and spectral Resolution. Dependence of the spatlspectral resolution on
smoothing. The spatial resolution is given in units of accaad the spectral resolution in terms of
km s1. Column 1 gives the type of resolution. Column 2 gives thelwg®n for no smoothing. Column
3 gives the resolution after smoothing with a two pixel FWHMUGSsian in the spatial domain. Column
4 gives the resolution after smoothing with two pixel FWHMuSsians in both the spatial and spectral
domain. Column 5 gives the resolution after smoothing wathr fpixel FWHM Gaussians in both the
spatial and spectra domain.
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Field [L10" erg sT cm™? um™1] | no smoothing| ss20] ss44
Central 24.9 12.6 | 3.7
South-East 40.0 19.8| 54
South-West 25.8 1291 35
North 30.1 15.0| 4.0

Table 2.3 —ABELL 2597 Sensitivity. The RMS noise is given in units of #6erg s cm 2 um1 for

an area of 0.1280.125 arcsecwhich is equivalent to one spatial pixel. The RMS noise wasutated

in the interval 2.07-2.3@m with a sampling of 2.4610~* um which is equivalent to one spectral pixel.
Column 1 gives the observed field. Column 2 gives the RMS rforseo smoothing. Column 3 gives the
RMS noise after smoothing with a two pixel FWHM Gaussian mghatial domain. Column 4 gives the
RMS noise after smoothing with a four pixel FWHM Gaussian athbthe spatial and spectral domain.
The RMS noise does not vary much across the observed field.

Field [10 17 erg st cm™ um™1] | no smoothing| ss22]| ss44
South-East 33.1 13.2] 9.0
South-West 30.5 10.2| 4.3
North 36.7 12.2| 5.0

Table 2.4 —SERSIC 159-03 Sensitivity. The RMS noise is given in units®@f’ erg s cm2 um~ for

an area of 0.1280.125 arcsecwhich is equivalent to one spatial pixel. The RMS noise wésutated

in the interval 2.07-2.3@m with a sampling of 2.4610~* um which is equivalent to one spectral pixel.
Column 1 gives the observed field. Column 2 gives the RMS rfoiseo smoothing. Column 3 gives
the RMS noise after smoothing with two pixel FWHM Gaussiamnisdth the spatial and spectral domain.
Column 4 gives the RMS noise after smoothing with four piX&llFM Gaussian in both the spatial and
spectral domain. The RMS noise does not vary much acrossereed field.

Line Name Flux [10717erg sT cm™] | Luminosity [1G%erg s
Hy 1-0 S(0) (2.2235m)" 1217113 192418
H, 1-0 S(1) (2.1218m) 669.0:14.6 105.5:2.3
H, 1-0 S(2) (2.033gm) 280.2:8.4 44.2+1.3
H, 1-0 S(3) (1.9576im) 732.0:19.3 115.4¢3.0
H, 1-0 S(4) (1.892uim) 129.77.5 20.5:1.2
H, 1-0 S(5) (1.8358m) 462.2:11.7 72.9:1.8
Hy 2-1 S(2) (2.1542m)? 22.0:4.1 3.5:0.6
Hz 2-1 S(3) (2.073mm)! 38.0£2.2 6.0£0.3
Hp 2-1 S(5) (1.9449m),Br & (1.9451um)! | 39.3:4.2 6.2:0.7
Bry (2.1661um)? 30.1+4.6 4.7+0.7
Paa (1.8756um) 613.0:20.3 96.7+:3.2
Fe Il (1.810Qum)! 86.5:5.6 13.6:0.9

Table 2.5 —ABELL 2597 Integrated line fluxes and luminosities. The gneged line fluxes are obtained
by collapsing the data cube into a single spectrum and fittiedines by a single Gaussian. The data
was smoothed by a four pixel FWHM in both the spatial and spedomain. The results were inspected
by eye and the errors were estimated using Monte-Carlo ationk. The spectrum also hints at the
presence of the $2-1 S(4) line, but a reliable flux could not be derived for tiie. Fluxes are given in
units of 1017 erg s cm 2 and luminosities are given in units of ¥erg s1.

1 The H 1-0 S(0), B 2-1 S(3), B 2-1 S(5), Brs and Fe Il lines have been integrated over the central
field only.

2 The H, 2-1 S(2) and By lines have been integrated over the combined areas A1l andilf2see Fig.
2.3
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Line Name

Flux [10717erg s cm™]

Luminosity [1G%erg s1]

H, 1-0 S(1) (2.1218m)
H, 1-0 S(3) (1.9576m)
Paa (1.8756um)

171.G6:11.9
217.9:18.1
104.4:11.6

12.3+0.9
15.7#1.3
7.5+0.8

Table 2.6 — SERSIC 159-03 Integrated line fluxes and luminosities. Tiegrated line fluxes are
obtained by collapsing the data cube into a single spectmuanfitting the lines by a single Gaussian.
The data was smoothed by a four pixel FWHM in both the spatidlspectral domain. The results were
inspected by eye and the errors were estimated using Maate-8imulations. The spectrum also hints
at the presence of theoH-0 S(0), 1-0 S(2) and 1-0 S(4) lines, but reliable fluxes d@awdt be derived
for these lines. Fluxes are given in units of 0erg s* cm=2 and luminosities are given in units of ¥0
erg st.

Line/Area | Al A2 A3 Ad A5 A6 A7
H, 1-0 S(0)| 69.0:8.5 | 18.6:3.0 | - - - - -
H, 1-0 S(1)| 332.0:6.6 | 84.1:3.0 | 4.9+1.2 | 21.8:6.1 | 4.6x1.1| 12.0:0.9 | 3.2+1.1
H,1-0S(2)| 129.0:4.1 | 31.0:2.1 | (2.1) | 14.6:1.7 | - - -
H, 1-0 S(3)| 335.3:9.2 | 85.2:3.0 | 6.0+1.0 | 32.6:4.3 | 4.8+0.7 | 10.2:1.3 | 2.6:0.9
H, 1-0 S(4)| 69.744.0 | 21.5:2.0 | 1.9+0.9 | 10.9:2.1 | - - -
H, 1-0 S(5)| 223.1:5.4 | 53.0:2.5 | 3.7+1.1 | 25.4t4.5 | 3.5:0.7 | - 1.5:0.7
H,2-1S(2)| 16.262.4 | 55:2.2 | - - - - -
H,2-1S(3)| 26.9:3.0 | 7.5:1.0 | - - - - -
H,2-1S(5)| 13.7+4.1 | 2.8:1.0 | - - - - -
Bro 14.1+4.1 | 4.3:1.0 | - - - - -
Bry 21.1:25 | 6.5:2.1 | - - - - -
Paa 257.9:8.8 | 79.7:3.6 | 5.3:t1.2 | 29.0:7.0 | 3.6£0.7 | - 2.4+0.8
Fell 50.2¢7.2 | 5.0:2.1 | - - - - -

Table 2.7 — ABELL 2597 Integrated line fluxes for regions A1-A7. The igitated line fluxes are
obtained by collapsing the data cube, within the selectgibme into a single spectrum and fitting the
lines by a single Gaussian. The smoothing performed for @engline is specified in the caption of the
line spectra shown in Appendik.3. The results were inspected by eye and the errors were éstima
using Monte-Carlo simulations. If By is detected the §2-1 S(5), Bré complex is disentangled by
assuming that the By/Br ¢ ratio is 1.5 (Osterbrock & Ferland 2006). The uncertainl=D S(2) flux in
region A3 could not be fitted well. The-0 S(2) flux given for A3 is based on fixing the width of this
line to that of the H 1-0 S(4) line. Fluxes are given in units of 26 erg s* cm2.

Line/Area Al A2 A3 A4 A5 A6 A7

V(H2 1-0 S(3)) | +3+£6 | -29+6 +36x19 | -10+13 | +20+14 | +174+17 | +156+£25
o(H21-0 S(3)) | 214+6 | 146+6 | 98+20 | 89+13 | 103x15 | 120£17 | 60+15
v(Paa) -21+8 | -59+8 +59+27 | -4+29 | +22+22 | - +152+52
o(Paa) 256+9 | 177+8.3 | 108+28 | 118+29 | 116+23 | - 109+56

Table 2.8 —ABELL 2597 Kinematics for regions A1-A7. For each line the t@w gives the velocity,
with respect to the systemic velocity, and the bottom rovegithe velocity dispersion. These are derived
from a single Gaussian line fit to the collapsed spectrum feelected region. Here we present results
only for the B 1-0 S(3) and Pa lines. All other lines follow the behaviour observed in thds/o
lines within errors. The smoothing performed for a giverelis specified in the caption of the line
spectra shown in AppendiX.3. The results were inspected by eye and the errors were éstimaing
Monte-Carlo simulations. Velocity and velocity dispers@re both given in units of knTs.
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Line/Area | Al A2 A3 A4 A5 A6 A7
TexcH, 2229:38 2141£59 | 2792:808 | 2660:481 | 2678:640 | 1586t264 | 1863:592
MH, 222.224.4 | 56.3:2.0 | 3.3+0.8 14.6t4.1 | 3.1+0.7 8.0+0.6 2.1+0.6
M 410.0:14.0 | 126.#5.7 | 8.4£1.9 46.1+11.1| 5.7+1.1 - 3.8+1.3

Table 2.9 —ABELL 2597 Gas temperatures and masses for regions A1-A7 e&ch region an exci-
tation temperature, ¢keh, in units of Kelvin, is calculated for the Hgas. Molecular and ionised gas
masses are calculated using the equations in the text. Thezuter gas mass M is given in units of
10? M. The ionised gas massiM is given in units of 16 My, using rp = 200 cnT3 and Ty = 10* K.
The temperature and mass calculations for tagés assume LTE conditions.

Bl
26.6:2.6
42.245.3
8.0+2.4

B2

20.4+1.8
24.1£2.0
12.9+1.5

B7

6.0+1.2
7.1+0.9
5.6+1.2

B3

16.4£1.7
18.8:1.4
12.4+1.3

B4

3.1+0.9
3.5+0.7
3.1+0.8

BS

35.7+2.6
40.2+2.8
25.2£3.2

B6

12.2+5.6
12.6+3.3
11.45.4

Line/Area
H, 1-0 S(1)
H> 1-0 S(3)
Paa

Table 2.10 —SERSIC 159-03 Integrated line fluxes for regions B1-B7. Titegrated line fluxes are

obtained by collapsing the data cube, within the selectgibme into a single spectrum and fitting the
lines by a single Gaussian. The smoothing performed for @ngline is specified in the caption of the
line spectra shown in Appendik.3. The results were inspected by eye and the errors were éstima
using Monte-Carlo simulations. Fluxes are given in unité®f’ erg s cm=.

Line/Area B1 B2 B3 B4 B5 B6 B7
V(H2 1-0S(3)) | -26x29 | +109:12 | +102+8 | -49+17 | -23+8 | -63x21 | -109
o(H, 1-0S(3)) | 250+31 | 132:13 | 103:8 | 78+18 | 100+8 | 65:14 | 62+4
v(Paa) 7+40 | +121+15 | +106£10 | -42+35 | -28+13 | -58+49 | -20+21
o(Paa) 127+40 | 120:16 | 95:10 | 12236 | 10415 | 98+53 | 86+20

Table 2.11 —SERSIC 159-03 Kinematics for regions B1-B7. For each line thp row gives the
velocity, with respect to the systemic velocity, and theidmotrow gives the velocity dispersion. These
are derived from a single Gaussian line fit to the collapsexttspm for a selected region. Here we
present results only for theH -0 S(3) and Pa lines. All other lines follow the behaviour observed in
these two lines within errors. The smoothing performed fgivan line is specified in the caption of the
line spectra shown in Appendi&.3. The results were inspected by eye and the errors were ¢éstima
using Monte-Carlo simulations. Velocity and velocity disgion are both given in units of km's

Line/Area | B1 B2 B3 B4 B5 B6 B7
TexcH, 5655+3632 | 2520:546 | 2391+518 | 2331+1359 | 2321+385 | 20321550 | 252741073
MHh, 8.0+0.8 6.2+0.5 5.0+0.5 0.9+0.3 10.9:+0.8 | 3.7+1.7 1.8+0.4
Mu 5.8+1.7 9.3+1.1 9.0+0.9 2.2+0.6 18.2c2.3 | 8.3+3.9 4.1+0.9
Table 2.12 —SERSIC 159-03 B Gas temperatures and masses for regions B1-B7. For eacim ragi

excitation temperaturdexch, in units of Kelvin, is calculated for the jgas. Molecular and ionised gas
masses are calculated using the equations in the text. Tlezufer gas maskly, is given in units of
10? M. The ionised gas ma$8y is given in units of 16 My, usingne = 200 cnT3 and Ty = 10* K.
The temperature and mass calculations for th@éb assume LTE conditions.
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Figure 2.1 — ABELL 2597 Observed fields.ldft) extent of the X-ray emission in the cluster core as
observed byCHANDRA(exposure time 153.7 ks). VLT FORSband contours are overlayed in black
(solid line). ¢ight) zoom in of the region marked by the black dashed box in thartedge. The fields
observed by SINFONI are indicated with a dashed line in tghtrimage. H 1-0 S(3) contours are
overlayed in grey (solid line), drawn starting at x5.0°%" erg s* cm™2 arcsec? in steps of 2 with
n=0,1,2,... The plus sign marks the position of the stellateus:
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Figure 2.2 — SERSIC 159-03 Observed fields leff) the extent of the X-ray emission in the cluster
core as observed WYHANDRA(exposure time 10.1 ks), has been smoothed slightly. VLT $§&Rand
contours are overlayed in black (solid linelight) zoom in of the region marked by the black dashed box
in the left image. The fields observed by SINFONI are indidatéh a dashed line in the rightimage; H
1-0 S(3) contours are overlayed in black (solid line), dratarting at 1.5< 101" erg s* cm~2 arcsec?

in steps of 2 with n=0,1,2,... The plus sign marks the position of the stellateus:
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Figure 2.3 — Selected regions in ABELL 2597 and SERSIC 159-03. The regéwma shown overlayed
on SINFONI H, 1-0 S(3) surface brightness maps. The left image shows A2887the right image
S159. The fields observed by SINFONI are indicated with a ehdltack line. The dotted black lines
show the regions used for obtaining th&source spatial median in these fields. The solid black lines
show the selected regions A1-A7 for A2597 and B1-B7 for S$88,Section.7.1and2.7.2 The small
grey squares show the regions investigated along the filsmsee Section8.4.3and2.6.3 The plus
sign marks the position of the stellar nucleus.
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Figure 2.4 —ABELL 2597 full K-band spectra. As an example of the qualityoar SINFONI spectra
we show full K-band spectra for two regions. The top imagenshtine spectrum for region A1 and the
bottom image shows the spectrum for region A4, see Ri@.and Sectior2.7.1 These spectra were
obtained after smoothing the data by four pixels in both thetial and spectral planes. The horizontal
axis is given in units ofsm and the vertical axis is given in units of £6 erg cnt? st yum1.
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Figure 2.5 —SERSIC159-03 full K-band spectra. As an example of the tuafiour SINFONI spectra
we show full K-band spectra for two regions. The top imagenshitie spectrum for the combined regions
B1 and B2. The bottom image shows the spectrum for region &5Fgy.2.3and Sectior2.7.2 These
spectra were obtained after smoothing the data by fourgirddoth the spatial and spectral planes. The
horizontal axis is given in units gfm and the vertical axis is given in units of 6 erg cnt? st ym.
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Figure 2.6 — ABELL 2597 Surface brightness. We show surface brightnesgsnfior the H 1-0 S(3)
(top) and Par (bottom) lines in units of 16+ erg s* cm™2 arcsec?. The maps are obtained by fitting
the spectrum for each spatial pixel in the data cube by aesi@glussian. The data was smoothed by four
pixels in both the spatial and spectral planes. The stellelens is indicated by the cross. VLA 8.4 GHz
Radio Continuum contours (solid black lirgarazin et al. 199mndCHANDRAX-ray contours (dotted
black line) are overlayed. The Radio contours startca{¥r = 50 uJy). Consecutive Radio and X-ray
contours double in value. Surface brightness maps for tdotied lines are shown in Append1. The
northern field is not shown.
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Figure 2.7 — ABELL 2597 Velocity. We show velocity maps for the,H-0 S(3) (top) and Pa
(bottom) lines in units of km with respect to the systemic velocity of the BCG. The velooit the
gas is derived by fitting the spectrum for each spatial pimghe data cube by a single Gaussian. The
data was smoothed by two pixels in the spatial plane. Thiastalcleus is indicated by the cross. VLA
8.4 GHz Radio Continuum contours (solid grey liGarazin et al. 199mndCHANDRAX-ray contours
(dotted black line) are overlayed. The Radio contours stadt- (10~ = 50 uJy). Consecutive Radio and
X-ray contours double in value. Velocity maps were made liatetected emission lines. These all show
the same structure and are thus not all shown here. The nofibkl is not shown.
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Figure 2.8 — ABELL 2597 Velocity dispersion. We show velocity dispersimaps for the K 1-0 S(3)
(top) and the Pa (bottom) lines in units of kms. The velocity dispersiowr, of the gas is derived
by fitting the spectrum for each spatial pixel in the data chpea single Gaussian. The data cube
was smoothed by two pixels in the spatial plane. The stellafeis is indicated by the cross. VLA
8.4 GHz Radio Continuum contours (solid grey liGarazin et al. 199mndCHANDRAX-ray contours
(dotted black line) are overlayed on the dispersion maps. Rddio contours start at4(1o- = 50 pJy).
Consecutive Radio and X-ray contours double in value. Ggsedsion maps were made for all detected
emission lines. All show the same structure and are thuslhshawn here. The northern field is not
shown.
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Figure 2.9 —SERSIC 159-03 Surface brightness. We show surface brightmaps for the H1-0 S(3)
(top) and Par (bottom) lines in units of 16+ erg s* cm™2 arcsec?. The maps are obtained by fitting
the spectrum for each spatial pixel in the data cube by aesi@glussian. The data cube was smoothed
by four pixels in both the spatial and spectral planes. Tékestnucleus is indicated by the cross. VLA
8.4 GHz Radio Continuum contours (solid black line) &tdANDRAX-ray contours (dotted black line)
are overlayed. The Radio contours start @t(do- = 25 uJy). Consecutive Radio and X-ray contours
double in value. Surface brightness maps for all detectexs lare shown in Appendi.2.
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Figure 2.10 —SERSIC 159-03 Velocity. We show velocity maps for thg HO S(3) (top) and Pa
(bottom) lines in units of km with respect to the systemic velocity of the BCG. The velooit the
gas is derived by fitting the spectrum for each spatial pimehe data cube by a single Gaussian. The
data was smoothed by two pixels in the spatial plane. Thiastalcleus is indicated by the cross. VLA
8.4 GHz Radio Continuum contours (solid black line) &tdANDRAX-ray contours (dotted black line)
are overlayed. The Radio contours start @t(do- = 25 uJy). Consecutive Radio and X-ray contours
double in value. Velocity maps were made for all detectedssimn lines. These all show the same
structure and are thus not all shown here.
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Figure 2.11 —SERSIC 159-03 Velocity dispersion. We show velocity disgmr maps for the kl1-

0 S(3) (top) and the Pa (bottom) lines in units of km . The velocity dispersiomr, of the gas is
derived by fitting the spectrum for each spatial pixel in tlagadcube by a single Gaussian. The data
cube was smoothed by two pixels in the spatial plane. Thiastelcleus is indicated by the cross. VLA
8.4 GHz Radio Continuum contours (solid black line) &tdANDRAX-ray contours (dotted black line)
are overlayed on the dispersion maps. The Radio contoutsastér (1o = 25uJy). Consecutive Radio
and X-ray contours double in value. Gas dispersion maps meadke for all detected emission lines. All
show the same structure and are thus not all shown here.
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Figure 2.12 —ABELL 2597 Molecular excitation. Excitation diagrams ftwetH, lines in regions Al,
A2, A3, A4, A5 and A7. The figures show the natural logarithniref normalised line fluin(F) versus

the upper state temperaturg (squares). The best-fitting LTE model is given by the solatklline line.

For qualitative comparison reasons we plot three otheexXtitation models. The dotted line shows a
low-density UV fluorescence model by Black and van Dishoed®71(their model 14n = 3x10° cm™3,

T =100 K, lyy = 1x10° relative tolyy). The dash-dotted line shows a high-density UV fluorescence
model by Sternberg & Dalgarno 1989 (their model 2D= 1x10° cm™3, T ~1000 K, lyy = 1x1C?
relative toly). The dashed line shows the Ferland et al. 2009 cosmic ragiadthe Perseus cluster.
For region A3 the uncertain HL-0 S(2) flux value is shown, but it is not used for the fit.
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Figure 2.13 —ABELL 2597 Filaments. We show from top to bottom the flux, ¢ty and velocity
dispersion along the filaments in A2597. The left images shwvnorthern filament and the right
images the southern filament. Each point shown represerits H'larea along a filament. These areas
are marked by the grey thin and thick squares in Ri@ The black points correspond to the thin grey
squares and the grey points to the thick grey squares. Thaendés of the points along the northern
filament are given in kpc from the nucleus, here north is p@sit The distance of the points along
the southern filament are given in kpc from the north-eastigrrof this filament. The black points
trace the southern filament from its north-eastern tip tdaaine south-west. The grey points trace the
southern filament from its north-eastern tip towards thetseast. The plus, asterisk, diamond and
triangle symbols indicate values obtained for the HO S(1), 1-0 S(3), 1-0 S(5) and the Rdines
respectively. The solid lines with the open squares indizalues obtained for the X-ray emission as
observed byCHANDRA These X-ray points have been normalised with respect tondeémum value

of the H, 1-0 S(3) line.
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Figure 2.14 —SERSIC 159-03 Filaments. We show from top to bottom the flelgaity and velocity
dispersion along the filaments in S159. The left images shewbrthern filament and the right images
the western filament. Each point shown represent§>al’l area along a filament. These areas are
marked by the grey squares in F&33. The distance of the points along the northern filament arengi

in kpc to the north-eastern tip of this filament. The distaotthe points along the western filament are
given in kpc from the nucleus. The plus, asterisk and triasgimbols indicate values obtained for the
H, 1-0 S(1), 1-0 S(3) and the Rdines respectively. The solid lines with the open squardgate values
obtained for the X-ray emission as observedGiYANDRA These X-ray points have been normalised
with respect to the maximum value of the B0 S(3) line.
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Figure 2.15 —ABELL 2597 Position-Velocity Diagram. Each point shown megents a 0.25<1.0”
area along a pseudo long slit with a PA of 105.5 degrees. Theesitre is placed 1 kpc south of the
nucleus. This is done to avoid the velocity features justmeast and north-west of the nucleus. The
plus, asterisk, diamond, triangle and square symbols ateligalues obtained for theo,H-0 S(1), 1-

0 S(3), 1-0 S(5), Pa and Fe Il lines respectively. The molecular line velocites shown in black and
the ionised line velocities are shown in grey.
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Figure 2.16 —ABELL 2597 Low velocity shock excitation for region Al. Thegtire shows the natural
logarithm of the normalised line flux(F), normalisation with respect to the,d-0 S(1) line, versus the
upper state temperatuflg. The best-fitting LTE model is given by the solid black linedi The best-
fitting low velocity shock model (shock velocity; = 22 km s, pre-shock densityy = 5x10° cm3
and magnetic field streng® = 5.6 mG) is shown by the grey solid line. The grey dash-doslisigow
what happens to the best-fitting model if we change the poekskensity. Increasing the pre-shock
density from &10° cm3, 1x10° cm3 to 1x10’ cm3 the model becomes progressively flatter. Similarly
increasing the shock velocity from 15 km's 20 km s to 30 km s, grey dashed lines, flattens the
model. However, increasing the magnetic field strength fiolnmG, 3.4 mG to 7.8 mG, grey dotted
lines, leads to a progressive steepening of the model.
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A.1 Abell 2597 Surface Brightness Maps
A.2 Sersic 159-03 Surface Brightness Maps

A.3 Selected Regions: Line Profiles and Gaussian Fits
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Figure 17 — ABELL 2597 Surface Brightness Maps. We show surface brigggnmaps for all de-
tected lines that could be mapped on a pixel to pixel basi® sthiface brightness is given in units of
1017 erg s cm=2 arcsec? and contours are drawn starting at®18 1" erg s cm2 arcsec? in steps

of 22 with n=0,1,2,... The maps are obtained by fitting the spectrum fon epatial pixel in the data
cube by a single Gaussian. The data was smoothed by fousixbbth the spatial and spectral planes.
Maps are shown for $H1-0 S(0), 1-0 S(1), 1-0 S(2), 1-0 S(3), 1-0 S(4), 1-0 S(5), 2A3), Paxr, Br s
and Fe Il (1.81um). The Bré map includes the flux due toJ2-1 S(5). The Bry, H, 2-1 S(2) and
H, 2-1 S(4) lines are too weak and are thus not shown here. Tlienormost observed field is not
shown here.
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Figure 18 — SERSIC 159-03 Surface Brightness Maps. We show surfacathdgs maps for all de-
tected lines that could be mapped on a pixel to pixel basi® sthface brightness is given in units of
1017 erg st cm? arcsec? and contours are drawn starting at®181’ erg s cm2 arcsec? in steps

of 2"/2 with n=0,1,2,... The maps are obtained by fitting the spectrum foh epatial pixel in the data
cube by a single Gaussian. The data was smoothed by fousixbbth the spatial and spectral planes.
Maps are shown for p1-0 S(1) 1-0 S(3) and Ra



62 BIBLIOGRAPHY

H2 1-0 S(0) H2 1-D S(1) H2 1-D S(2) H2 1-0 S(3)
2.0x107"% 131072 4x107"% 1x107"2
il 1 S
1.5x1073f 8x10 31073 4 &0
6x107"7F 4 6x10-3 |
1.0x1077F 23107 F E
ax10-3L 9 4x107"3
5.0x107F 4 1x107°F E
2x1073 9 ax10-3F
mald A L Al ) LT R
DJH’U\[]M S ’r‘].HJE.L 0 7 - P r LA 0
-5.0x107* L L L L —2x107"% —1x107" —2x107" L L L )
2.395 2400 2405 2410 2290 2295 2300  2.305 24195 2200 2205 2210 2110 2115 2120 2125
H2 1-0 S(4) H2 1-0 S(5) H2 2-1 S(5), Br delta H2 2-1 5(3)
2.5x107" T T 6x107" T T 1x107"3 T T T T 1x10” T T
2.0x107*F Bl 8x107"F 4 sxio™Mp
4x107F Bl
1531073 4 Bx107F 4 exio™Mb
1ox107 3k 1 oxiosf 4 axio™b 4x107
5.0x10™F 1 m/f zxwo*“wﬁ 2x107™E
o f Lok
-5.0x107"* Phb‘{ -2x107" ) ) n n —2x107" —2x107" W EJH
2040 2045 2050  2.055 1980 1985  1.990  1.995 2005 2100 2405 2110 2235 2240 2245 2250 2255
Pa alpha Fe Il H2 2-1 5(2), Br gamma
8x107" 15x107 T 4x107
-
6x107" fp 1 1 oxiosf 1 3x10
2x107"

4x107"F

met; ,\,v\,/J . 1 o ]lu"r J‘N{j VEL U“U ﬂu( 7muj ﬁﬁwﬂ‘ﬂvhw Fepr W U

-5.0x107"

-2x107*
2020 2025 2030 2035 1.950 1.955 1.960 1.965 1.970 231 232 233 234 235 236

—2x107"

Figure 19 — ABELL 2597 Line Spectra (Region Al). For the Brand H 2-1 S(2) lines we used a
four pixel spatial and spectral smoothing. For all otheedira two pixel spatial smoothing was used.
The solid black line shows the measured line spectrum. Tttedltine shows the Gaussian fit to the line
profile. The dashed line shows the spectrum from the correlpg spatial median region (this spectrum
has been scaled to match the area of the selected region).
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Figure 20 — ABELL 2597 Line Spectra (Region A2). For,H-0 S(0), 2-1 S(3), 2-1 S(2), Br, Br s
we used a four pixel spatial and spectral smoothing. Foith#érdines a two pixel spatial smoothing was
used. The lines and symbols used are the same as id%ig.
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Figure 21 — ABELL 2597 Line Spectra (Region A3). For all lines we used a pixel spatial smooth-
ing. The lines and symbols used are the same as iniBig.
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Figure 22 —ABELL 2597 Line Spectra (Region A4). For,H-0 S(2) and 1-0 S(4) we used a four pixel
spatial and spectral smoothing. For all other lines a twelmypatial smoothing is used. The lines and
symbols used are the same as in Aig.
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Figure 23 — ABELL 2597 Line Spectra (Region A5). For all lines we used arfpixel spatial and
spectral smoothing. The lines and symbols used are the saimé-ay. 19.
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Figure 24 — ABELL 2597 Line Spectra (Region A6). For all lines we used arfpixel spatial and
spectral smoothing. The lines and symbols used are the samé-ay. 19.
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Figure 25 — ABELL 2597 Line Spectra (Region A7). For the,H-0 S(3) we used a two pixel spatial
smoothing. For all other lines a four pixel spatial and sg#cEmoothing was used. The lines and
symbols used are the same as in Aig.
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Figure 26 — SERSIC 159-03 Line Spectra (Region B1). For all lines a twelpspatial and spectral
smoothing was used. The solid black line shows the measuredpectrum. The dotted line shows
the Gaussian fit to the line profile. The dashed line showsphetsum from the corresponding spatial
median region (this spectrum has been scaled to match thebtiee selected region).
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Figure 27 — SERSIC 159-03 Line Spectra (Region B2). For all lines a twelpspatial and spectral
smoothing was used. The lines and symbols used are the samEigs26.
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Figure 28 — SERSIC 159-03 Line Spectra (Region B3). For all lines a twelpspatial and spectral
smoothing was used. The lines and symbols used are the samEigs26.
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Figure 29 — SERSIC 159-03 Line Spectra (Region B4). For all lines a twelpspatial and spectral
smoothing was used. The lines and symbols used are the samEigs26.
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Figure 30 — SERSIC 159-03 Line Spectra (Region B5). For all lines a twelpspatial and spectral
smoothing was used. The lines and symbols used are the samEigs26.
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Figure 31 — SERSIC 159-03 Line Spectra (Region B6). For all lines a twelpspatial and spectral
smoothing was used. The lines and symbols used are the samEigs26.
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Figure 32 — SERSIC 159-03 Line Spectra (Region B7). For all lines a twelpspatial and spectral
smoothing was used. The lines and symbols used are the samEigs26.






Chapter 3

Far Ultraviolet Emission in the A2597 and
A2204 Brightest Cluster Galaxies.

We use the Hubble Space Telescope ARERC and Very Large Telescope FORS cameras to
observe the Brightest Cluster Galaxies in Abell 2597 andll&&2#04 in the far-ultraviolet
(FUV) F150LP and optical U, B, V, R, | Bessel filters.

The FUV and U band emission is enhanced in bright, filamergamctures surrounding
the BCG nuclei. These filaments can be traced out to 20 kpc fhemmuclei in the FUV.
Excess FUV and U band light is determined by removing emisdige to the underlying
old stellar population and mapped with 1 arcsec spatiallugsen over the central 20 kpc
regions of both galaxies.

We find the FUV and U excess emission to be spatially cointided a stellar interpre-

tation requires the existence of a significant amount of QERIO00 K stars. Correcting
for nebular continuum emission dust intrinsic to the BCGHar increases the FUV to U
band emission ratio and implies that stars alone may rfteuo explain the observations.
However, lack of detailed information on the gas and dugtidigion and extinction law

in these systems prevents us from ruling out a purely stetlgm.

Non-stellar processes, such as the central AGN, Scatteri@gnchrotron and

Bremsstrahlung emission are investigated and found toaable to explain the FUV and
U band measurements in A2597. Contributions from non-thépnocesses not treated
here should be investigated.

Comparing the FUV emission to the opticakine emitting nebula shows good agreement
on kpc-scales in both A2597 and A2204. In concordance withaaher investigation by
O’Dea et al.(2004 we find that O-stars can account for the ionising photongseary to
explain the observed dlline emission.
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3.1 Introduction

Regions at the centre of rich clusters where the het® K, thermal X-ray emitting gas is
dense enough to cool radiatively within a Hubble time aréedatool-cores. Cooling rates of
the order of 183 My, yr~1 in the central few hundred kpc of the cluster have been egtiina
from X-ray imaging for this hot gas (e.gPeres et al. 1998 However, X-ray spectroscopy
implies that at most 10 per-cent of the X-ray emitting gasi€delow one third of the virial
temperature of a system, sdeeferson & Fabian 2006or a review. The solution most often
invoked in the literature is that some form of heating ba¢eibe radiative cooling of the X-ray
gas.

At the heart of these cool-core clusters lie their Bright€stister Galaxies (BCG).
These cD type galaxies are the most massive galaxies in tliers@ and peculiar in many
ways. They contain substantial, cool~T0"* K) gas and dust components within about
30 kpc from their nucleus (e.glgfe & Bremer 1997 Edge 2001 Irwin, Stil & Bridges 2001
Jdte, Bremer & van der Werf 200Edge et al. 2002Wilman et al. 2002 Salome & Combes
2003 Hatch etal. 2005 Jdte, Bremer & Baker 2005 Wilman, Edge & Swinbank 2006
Johnstone et al. 200D’'Dea et al. 2008Wilman, Edge & Swinbank 20Q®onk et al. 201p
Whether this cool gas is the product of the cooling procedhese clusters or has an alter-
native origin, such as minor mergers, is unclear. Howevatissically speaking these cooler
gas nebulae exist only in and around BCGs situated in ca@-dosters (e.gkHeckman et al.
1989.

These gas components atT0'* K in BCGs emit far more energy than can be explained by
the simple cooling of the intracluster gas through thesgratures and some form of heating
is required (e.g.Fabian et al. 1981Heckman et al. 198dte et al. 200500nk et al. 2010
Detailed investigations show that the primary source oifsation and heating of the cool gas
must be local to the gad@hnstone & Fabian 19884dfe et al. 200500nk et al. 2010 This
requirement combined with the observation that BCGs in-coo¢ clusters have significantly
bluer colors in the ultraviolet (UV) to optical regime thdretr peers in non-cool-core clusters
and in the field supports a young stellar origin for the iamgphotons Donahue et al. 2010
and references therein).

Previous studies agree that the UV to optical emission isistent with young stars
(Crawford & Fabian 1993Pipino et al. 2009Hicks, Mushotzky & Donahue 20}0However,
these studies $ier from poor spatial resolution, as the UV part of their detass based on
observations with the International Ultraviolet Explo(BJE) and GALEX.

A number of recent papers, using high resolution FUV imagiiilp the Hubble Space
Telescope (HST), have shown that BCGs in cool-core clugtensain clumpy, asymmetric
FUV emission on scales up 80 kpc from the nucleugs)’Dea et al. 201000nk et al. 201p
This is consistent with the scales on which cool gas has betstiegd in BCGs (e.g.Edge
2001 Salome & Combes 2003Jdte et al. 2005Wilman et al. 20090onk et al. 201 The
clumpy, extended morphology of the FUV emission is consistgth a local stellar origin
and comparison with radio imaging disfavours a direct retatwvith the central active galactic
nucleus (AGN) or its outflows®’'Dea et al. 2011

Based on FUV morpholog®’'Dea et al (2010 andO’Dea et al (2004 argue that the FUV
emission is due to young stars and that the clumpiness magléied to the absence of gas
rotation on large scalef\(ilman et al. 20090o0nk et al. 201p In this picture the FUV lumi-
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nosities indicate a minimum star formation rate (SFR) ofdtder of 1-10 M, yr~! in BCGs.
Deriving the true SFRs is highly dependent on very uncegatmction corrections and as we
will discuss below this uncertainty limits our interpredat of the observations.

O’Dea et al.(2010 andO’Dea et al.(2004 show that FUV continuum and the kyemis-
sion cover the same area, with the FUV continuum emissiamgogumpier than the Ly emis-
sion. They find evidence for significant dust extinction frdme high Hy/Hg ratios observed
towards their BCGs. They also state that they find variatiortee Lya/Ha ratio, which may
be attributed to a non-uniform dust distribution.

3.1.1 This project

Here we present deep far-ultraviolet (FUV) and optical imgdor the BCGs PGC 071390 in
Abell 2597 (hereafter A2597) and ABELL 2204 13:0742 (LARE&alog byPimbblet et al.
(2006 in Abell 2204 (hereafter A2204). We perform the first sptieesolved investigation
into the FUV to optical emission ratio in the central 20 kpgioas of these BCGs.

The two BCGs studied here are part of our previous sample @ $8i@ cool core clusters
(Jafe & Bremer 1997 Jdte et al. 20012005 Oonk et al. 201 The objects were selected
based on their high cooling rates, strong,HH> emission and low ionisation radiation in order
to minimise the role that their AGN have on the global radiatield. A2597 and A2204 have
been the subject of numerous investigations in the past avel lbeen observed at wavelengths
from radio to X-rays (e.g-Heckman et al. 1989/0it & Donahue 1997Koekemoer et al. 1999
Donahue et al. 200@’'Dea et al. 2004Jdte et al. 2005Wilman et al. 20062009 Oonk et al.
2010.

This paper has two main goals: (1) To establish the morplyaddthe FUV emission from
two BCGs and compare it to the emission structures at otheeleagths (2) To establish the
nature of the stars responsible for the FUV emission (if @ttiéarises from stars). For this sec-
ond purpose we compare quantitatively the FUV emission aptical emission in other bands,
particularly U-band. For this comparison there are two ingott intermediate steps: correction
of the longer wavelength (i.e. U-band) fluxes for emissianfithe old stellar population of the
galaxy, and correction of the U- and FUV- band fluxes for dusihetion. This last procedure
in particular requires considerable discussion here.

For the above purposes we present in Section 2 descriptfdhe snethods and reductions
of our observations with the HST ACS-SBC and the VLT FORS, ahdrchival data: radio
data from the VLA and X-ray data from Chandra. In Section 3 vesent the direct qualitative
and gquantitative results of the reductions in the form ofges graphs, and tables. In Section 4
we make a preliminary analysis of the FUV to optical colorsriigrpreting, somewhat naively,
the FUVU ratio on the basis of models of starburst spectra. In Se&iwe present a more
sophisticated analysis of the spectra including the retaivd-band emission of old stars and
different dust scenarios. In Section 6 we discuss the star fammatplied by the FUV emission
and its relation to the ionised gas in these systems.

Because the FUNW ratio in the purely stellar scenario is uncomfortably &rop Section 7
we consider the possibility that some of this emission isfapnventional non-stellar sources.
Finally in Section 8 we compare our results with those of otliraviolet observations, and
discuss in detail the possibility that the high value of tlk@éretion corrected FUYU ratio is
the result of unconventional extinction behaviour of thetdn the UV. Section 9 contains our
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conclusions.

Throughout this paper we will assume the following cosmypjdgo=72 km st Mpc™?,
Qm=0.3 andQx=0.7. For Abell 2597 atz0.0821 Yoit & Donahue 1997 this gives a lu-
minosity distance 363 Mpc and angular size scale 1.5 kpoearts For Abell 2204 at
z=0.1517 Pimbblet et al. 2006this gives a luminosity distance 702 Mpc and angular siaéesc
2.6 kpc arcset.

3.2 Observations and Reduction

We have observed the central BCG in the two cool-core clest597 and A2204 with
ACS/SBC on the HST and with FORS on the VLT. The observations arersrised in Tables
3.1and3.2 Similar, but less deep, FUV and optical data for A2597 havipusly been pre-
sented byoit & Donahue(1997); Koekemoer et al1999; Donahue et a[2000; O’Dea et al.
(2004. Similar data for A2204 has not been published before. Waptement this data set
with archival radio and X-ray observations from the VerygaArray (VLA) and Chandra. The
data reduction is described below.

3.2.1 HST ACS-SBC imaging

Hubble Space telescope (HST) FUV images were obtained hgtBolar Blind Channel (SBC)
of the Advanced Camera for Surveys (ACS) in the F150LP (16)2il&r (effective wave-
length 1612 A). The filter was selected to sample the FUV oomitin emission and not include
the Lya line. Five pointings were performed for the A2204 field, wéltotal an exposure
time of 3.76 hours. Five pointings were also performed fer A2597 field. Two of the five
A2597 pointings were found to be contaminated by a non-umifdark current glow. These
two pointings were excluded from further analysis. Thelteigosure time for the three re-
maining pointings on A2597 is 2.26 hours. No dark currentwglovere found in any of the
A2204 pointings.

Flat-fielded and dark-subtracted single exposure frame® wbétained from theHST
archive. Dither ffsets were calculated for the exposures of each target usiage cross-
correlation and then the exposures were drizzled and cadhising therspas packagevur-
tibrizzLE. Optical distortions were automatically correctedmoyriprizzie during the image
stacking, but no cosmic ray correction was applied sinceMA®A detectors are notféected
by cosmic rays.

The combined images are convolved to an output spatialutsolof a Gaussian with 1
arcsec full width at half maximum (FWHM), in order to matctetbptical images. These
images are then re-gridded and aligned to the optical imagesing the northern star and the
two companion galaxies for A2204. The FUV images of A2597 dbaontain any sources
that can be used to align it to the optical images. We alighedd by comparing the nuclear
structures in the AGSBC image to the FORS U-band image. We convert the/S88 units
elec s to AB magnitude by applying th&Bmagzeropoint (ACS instrument handbook) and
we convert this to flux in units of erg$cm™2 Hz~1 arcsec? by applying the zeropoint for the
AB system.
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3.2.2 Optical data
VLT FORS Imaging

A2597 and A2204 were observed with the Focal Redlmerdispersion Spectrograph (FORS)
in imaging mode on the Very Large Telescope (VLT) in 2001 a2 Images were taken
in the U, B, V, R and | Bessel filters under photometric comatisi with a seeing better than
1 arcsec. The reduction was performed using IRAF and a nuofledicated IDL routines.
The frames are dark and flat corrected. Hot pixels, cosmidsasiefacts are identified and
interpolated over. A linear plane is fitted to the sky backguband subtracted from the data.

All images are convolved to a common output spatial resmtubif a Gaussian with 1 arcsec
FWHM. The point spread function (PSF) was measured usingtaétibstars in each frame, 10
of these stars are common to all observed frames. The zets@oe determined by correcting
the Landolt standard star magnitudes for the colfiedence between the Johnson (Landolt) and
Bessel (FORS) filter systems. Multiple standard stars aagedole in each Landolt field and the
uncertainty given for the zeropoint is taken as the maximawiadion in the zeropoints obtained
from all standard stars within a given field. Only frames oled in photometric conditions are
kept in the subsequent analysis. The results are given ile§ali and3.2

Using bright stars near the BCGs that are visible in all bameslign the FORS images
to the 2MASS World Coordinate System (WCS). The FORS Bessaghitudes are converted
to AB magnitudes. The conversion fac((tORS_AB)nyis calculated using the FORS Bessel
filter curves and the HYPERZ prograrBdlzonella, Miralles & Pello 2000; H. Hildebrandt
priv. comm.). The results are listed in Tal38. We then convert AB magnitude to flux in units
of erg s cm2 Hz 1 arcsec? by applying the zeropoint for the AB system.

VLT FORS Spectroscopy

A2597 and A2204 were observed with FORS in a 2 arcsec widg;$tihspectroscopy mode
on the VLT in 1999 and 2002. The A2597 observations were tateng minor axis of the
BCG and the A2204 observations were taken along an axismgrthe north-south. Both set
of observations intercepted the nucleus of the BCG. Thew#itpresented in a forthcoming
paper (Oonk et al. in prep.). For the purposes of this papevitenly use spatially integrated
spectra. In the case of A2597 we summed the spectrum ovex2 d@seé region and for
A2204 we summed the spectrum over a X2 %rcseé region. Within these regions the lines
ratios do not vary strongly as a function of position.

Here we use these spectra to investigate (i) the contaromatithe U, B, V, R and | Bessel
filters by line emission and (ii) the extinction using the iBal decrements. The spectra were
reduced using a set of dedicated IDL scripts. Emission lumee8 were measured using Gaus-
sian fitting. Broadband fluxes were obtained by convolvirgggpectra with FORS Bessel filter
curves. The contribution of the line emission to the broadiféux is given in Tableg.4and the
measured Balmer decrements are given in Talde

3.2.3 Radio data

A2597: Archival VLA 5 GHz observations of A2597 (project @dAC742) were reduced with
the NRAO Astronomical Image Processing System (AIPS). ThmAfiguration observations
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were taken in single channel continuum mode with two 50 MHdeniFs centred around
4850 MHz. The total on source time was 405 min. The data wascilikrated using the
primary calibrator 013¥331. We used thPerley & Taylor(1999 extension to th®aars et al.
(1977 scale to set the absolute flux scale. Amplitude and phasatizenrs were tracked using
the secondary calibrator 2246-121 and applied to the ddia.data was imaged using robust
weighting set to 0.5, giving a beam size of 0.64 arcsec by @rdSec. The one sigma map
noise is 20uJy beam®. Radio maps of A2597 at 0.33, 1.4, and 8.4 GHz were previously
published by Birzan et al. 2008Clarke et al. 2005Sarazin et al. 1995

A2204: Archival VLA 5 and 8 GHz observations of A2204 (prdjemde: AT211) were
reduced with the NRAO Astronomical Image Processing Sy$fi®S). The 5 GHz observa-
tions were taken in A-configuration in single channel camtim mode with two 50 MHz wide
IFs centred around 4850 MHz. The 8 GHz observations werentekB- and C-configuration
in single channel continuum mode with two 50 MHz wide IFs cethtaround 8115 MHz. The
total on source time was 31 min and 113 min for the 5 and 8 GHerghsons respectively.
The data was flux calibrated using the primary calibratorl:3®5. Amplitude and phase
variations were tracked using the secondary calibratof-£6%4 and applied to the data. The
data was imaged using robust weighting set to 0.0. This qav@14 arcsec by 0.41 arcsec
beam size and one sigma noise of8y beam? at 5 GHz observations and a 0.97 arcsec by
0.86 arcsec beam size and one sigma noise pfigbeam at 8 GHz. Observations of A2204
at 1.4, 4.8 and 8 GHz were previously published Bgriders et al. 2009

3.2.4 X-ray data

We have retrieved all publicly available X-ray data from DEANDRAarchive. For A2597
we combined three separate observations having a totakasxpdime of 153.7 ks (project
codes 7329; 6934; 922). For A2204 we combined three sepalbatrvations having a total
exposure time of 98.1 ks (project codes 7940; 6104; 4THANDRAdata for A2597 and
A2204 has previously been published oNamara et al. 200 Clarke et al. 2005J4fe et al.
2005 Sanders et al. 2009

3.3 Results

3.3.1 FUV: A2597 and A2204.

The combined F150LP images of A2597 and A2204 show FUV caatmemission out to 20
kpc from their respective BCG nuclei, see Figsl, 3.2 3.3and3.4. This emission is observed

to originate in knots that are part of narrow, kpc-scale feéats. These knots and filaments
are embedded in lower-level,ftlise FUV emission centered on the BCG nucleus. The most
prominent knots identified by us are given in Fidand Tabled0and11in AppendixB.1.

In A2597 the filaments appear to be winding around the BCGeauscin a spiral-like man-
ner, perhaps indicative of ongoing gas in- and outflows. &laee three main filamentary struc-
tures extending towards the north-east (NE), the south(8&$ and the south-west (SW) from
the nucleus. With the exception of the SE filament the FUV sioisextends mostly along the
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projected minor axis of the A2597 BCG. The optical nucleas Along the SW filament.

The central knots observed in the our ACS-SBC FUV continuwap of A2597 match those
seen in the lower signal to noise HST-STIS FUV continuum ienag O’Dea et al.(2004.
The central FUV structures observed here also match theaabeptical and near-infrared
line emission observed with HST Woekemoer et al(1999 andDonahue et al(2000. The
extension of the SW filament towards, §)=(23:25:19.5,-12:07:30) is marginally visible in the
Lya+FUV continuum image bp’Dea et al (2004, but it is not visible in th&Koekemoer et al.
(1999 andDonahue et al2000 images.

Convolving the FUV emission to match the resolution of thepjeground-based dimap
by Jdte et al.(2005 we find that there is good agreement betweenand FUV continuum
emission in the central 4810 kpc in A2597, see Fig3.2

There have been no earlier investigations of A2204 in the Rtthe resolution of HST.
There are many small clumps and filaments extending moddiglia away from the nucleus.
There are two main filamentary structures. The first filamens south-east to north-west along
the major axis of the BCG. The second filament runs from thé&souhe north. Both filaments
pass through the nucleus.

Convolving the FUV emission to the match the resolution & Hy map by Jdfe et al.
(2005 shows that also in this object there is good agreement legtide and FUV continuum
emission in the central 4310 kp&, see Fig.3.4.

3.3.2 Optical: A2597 and A2204

The combined optical images of A2597 show that the BCG hawea bbre, see Fig.3.5

In Section3.4 we show that this core consists of three blue filamentarycgiras extending
outwards from the nucleus towards the north-east, sowghaga south-west. These structures
closely follow the morphology of the FUV emission. The optisnages are not as deep as the
FUV image and only allow us to trace these filaments out to eab@kpc from the nucleus.

The combined optical images of A2204 show that this BCG aodblue core, see Fig.
3.5, In Section3.4 we show that there are two blue filamentary structures iaettirsy the
nucleus along an axis running north-south and an axis rgnsmuth-east to north-west. This
is in good agreement with the FUV emission. The quality ofdp&cal imaging again only
allows us to trace these filaments out to about 10 kpc fromescl

The optical images furthermore show that the A2204 cluster strongly lensing system.
Many blue, lensed galaxies are observed and these becomer@re pronounced if the B-
band data is added (not shown here). The lensed galaxty@,Wilman et al.(2006) 8 arcsec
north-east shows up prominently in the U-band image butnbtsvisible in the FUV image.

3.3.3 Radio and X-ray emission

The radio source in the A2597 BCG is known as PKS 2322-12. \Wes shvery deep 5 GHz
radio map of A2597 in Fig3.2 The radio structures are in good agreement with the prsiyou
published deep, but lower resolution, 1.3 GHz mapQgrke et al.(2005. We now clearly
see that besides the well known northern and southern raldesla much weaker double lobe-
like structure appears at a roughly orthogonal positioeang/hether this structure is due to
an older outflow or perhaps a backflow from the current jetsmzdrbe clarified from this data
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alone.Clarke et al(2005 show that more extended radio emission is present in A2bl@war
frequencies.

Previous investigations of A2597 claim a correlation betwéhe radio emission, the UV-
optical excess emission and the central emission line NeNé&mara & O’'Connell 1993
Koekemoer et al. 199Donahue et al. 200@’'Dea et al. 2004 In particular they show that
the U-band excess light follows the radio lobes in the céab&pc, and that some of the FUV
and emission line filaments trace parts of the radio lobes.

In Oonk et al.(2010 we found a strong dynamical interaction between the eomskne
gas and the current radio jet in the central few kpc of A2591nts@e of this central region
there was no sign of a causal relation between the two. The éthérvations presented here
are consistent with this picture. We find that the peak of id¥ Emission agrees with the radio
core in A2597 and that the central FUV filaments overlap withradio structures. This is most
evident for the brightest parts of the northern and southlerments that appear to curve along
the inner edges of the radio lobes. A new feature observedlig¢nat the south-eastern FUV
filament is oriented along the low surface brightness doladtle-like radio structure.

The radio source in A2204 is known as VLSS J163D534. Fig. 3.4 shows that the
5 GHz radio emission extends to the north and south of theenacIThis double lobe structure
is confirmed by the very deep 8 GHz observations shown in in¥ig In the 8 GHz map we
find two new radio features at the 3 sigma level. The first feasiabout 4 arcsec north of the
nucleus and, in projection, coincides with the bright nerthFUV knot. It is discussed further
in Section3.6.2 The second feature is a narrow arc about 3 arcsec southeives nucleus.
This arc does not coincide with any known structures at of@relengths. Both features are
low signal-to-noise and need to be confirmed by future oladiems.

The relation between the FUV and radio emission in A2204nslar to A2597. In A2204
we find that the peak of the FUV emission agrees with the ragie and that the north-south
FUV filament is aligned with the radio lobe®/ilman et al.(2009 show that the emission line
gas in the central few kpc of A2204 has a high velocity disperdlt is likely that the gas here
is stirred up by the AGN, in the same manner as in A2597, bstribeds to be confirmed by
observations a higher spatial resolution.

The observations presented here for A2597 and A2204 arestemiswith the idea of a
strong interaction between the radio source and its imnegiarroundings in the central few
kpc of the BCG. However, outside of this region the FUV enaissand the emission line gas,
does not show an obvious causal relation with the curremd i@aflows and as such remain to
be explained.

The general relation between FUV and radio emission, if arsts is currently not clear for
cool-core BCGs as a class of objed®Dea et al.(2010 present FUV and radio observations
for a sample of 7 BCGs. All of their sources show FUV and radigssion, but only half
of them show enhanced FUV continuum emission at the locatidghe radio source. In our
observations, as well as in those @yDea et al.(2010, it is found that in almost all BCGs
the current radio outflows are active on scales less than ¢@vkereas the FUV emission is
present on scales of about 30 kpc. More and deeper observaitioparticular in the radio, are
necessary to investigate the relation between the FUV @&mnissid the radio outflows in these
objects further.

The radio images of A2597 and A2204 presented here show theibpsly unknown or
unresolved radio structures become visible when imagiad@tBGs to ever-greater depths. At
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present it is diicult to determine the details of these structures as matohéti-frequency
observations at shicient depth and spatial resolution are lacking. At 5 GHz #wia emis-
sion traces young relativistic electrons with a synchmotifetime ~107 yr for a magnetic field
strength of 3Q:G.

The X-ray emission in both clusters is centered on the BC@.pEak of the X-ray emission
agrees with the peak emission observed in the radio, FUV atidab images. The X-ray
emission in these clusters is discussed in deté@landers et a(2009 andClarke et al(2009);
McNamara et al(2001).

3.3.4 Surface brightness profiles

In Fig. 3.7 we compare the FUV, &, V-band, X-ray emission and 5 GHz radio continuum
with each other along 2 arcsec wide pseudo-slits centretch@muclei of the BCGs. The V-
band emission traces the older stellar population in bot&8C he Hr emission is taken from
Jdte et al.(2005 and shown superimposed on the smoothed FUV emission in Bigsand
3.4. The surface brightness profiles obtained from these psslitddiave been normalised at
the position of the optical nucleus and have been computed e@bnvolving all images to a
common spatial output resolution of 1 arcsec FWHM.

In A2597 the slits are placed along the projected major=fQ degrees) and minor
(PA=+50 degrees) optical axis of the BCG. Along the major axis ef BCG the FUV and
Ha and radio emission are more centrally concentrated thastéiar V-band and thermal X-
ray emission. Northwards along the minor axis, excess FU\airtl radio emission is observed
relative to the V-band stellar emission. No excess emis&tative to the V-band stellar light
is observed south along the minor axis. Overall, the 5 GHrathission is more and the
X-ray emission is less centrally concentrated than the Rdlv,and V-band light. The FUV
and Hr emission trace each other better than the stellar V-batd. liffhe sharp decrease in
radio emission outside of the nucleus is in part due to oundamn the 5 GHz radio emission
alone. Clarke et al (2009 show that the radio source is significantly larger at loveetio fre-
guencies. To properly account for the non-thermal, rakite; electron component in BCGs
matched multi-frequency radio imaging needs to be perfdrme

In A2204 the slits are placed along an axis running east-aegtan axis running north-
south. There are no regions with both strong FUV andédicesses observed relative to the
stellar light along these slits. TheaHemission appears to be in excess relative to the FUV
and stellar V-band light. This is unlikely to be physical. Agsible explanation follows from
the filters used byldte et al.(2005 to measure H. These filters are so narrow that part of
the broad k line wings at the nucleus are not included. This will therdléaan artificially
broadened H profile. For A2204 we also find that the radio emission is mome the X-ray
emission is less centrally concentrated than the FUWaHdd stellar light. The northern radio
lobe is largely missed by our north-south slit, this expdime steep drop in the radio surface
brightness profile here. The radio source in A2204 is obsketede more extended at lower
frequencies$anders et al. 2009
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3.4 Total FUV/U emission

BCGs in cool-core clusters are well known to have large ede¢dnionised gas nebulae and
bluer continuum colors than non-cool-core cD galaxies. (eMcNamara & O’Connell 1992
Bildfell et al. 2008.

Johnstone & Fabiaf1988 find that to explain the observed distribution af kihe emission
in NGC 1275, the BCG in the Perseus galaxy cluster, that ordsna source of heating and
excitation which is local to the gas. The same is true forioB&Gs (e.gHeckman et al. 1989
A natural explanation for these observations would be tbgtjoung stars are forming in BCGs
(Crawford & Fabian 1993Pipino et al. 2009Hicks et al. 201D

In the previous section we showed that the ionised gas emi&siA2597 and A2204 on
large scales matches the FUV emission. In this section westvilw that the central 20 kpc
regions of the BCGs in these clusters are very blue by inyastig the FUV/U, flux ra-
tio and by, somewhat naively, comparing it to single steflapulation (SSP) models from
Bruzual & Charlot(2003. We use the FUYJU, ratio as these are the only bands that are free
of contamination by line emission. In Secti8rb we will investigate in more detail what kind
of stars are required in order to reproduce the observed Bptical colors. In SectioB.6
we will study the relation between these stars and the idrgss in these systems.

Prior to computing the FUYU, ratio we remove the background emission from the FUV
images using the background regions shown in RBgh. For consistency we use the same
regions to define and remove a zero-level from the opticajgealn the optical images these
background regions still lie within regions of stellar esas, but the optical colors are not
affected by selecting the background in this way.

3.4.1 Bruzual& Charlot 2003 SSP models

In Fig. 3.8 and 3.9 we model the total observed FUV to U band emission with thession
ratio expected from a single stellar population (SSP). Tiimecdi this SSP investigation is not to
determine what the exact stellar population is, but simplgttow that the emission in the fila-
mentary structures in the cores of the BCGs is blue and itidecaf a young stellar population.

The SSPs used in this investigation are a set of solar natyklemplate spectra published
by Tremonti et al (2003 that are based on the modelsBguzual & Charlot(2003. The ages
of these populations vary from 5 Myr to 11 Gyr. We have cal@dahe FU\j/U, ratio for these
models as function of SSP age usinfelient amounts of extinction for A2597 and A2204. The
results are shown in Fig.9.

If we take into account extinction due to the MW foregroundyome find that the central
10 kpc emission in A2597 and A2204 can be explained with SSeteia that have SSP ages
less than 100 Myr, see Fi@.8. In this analysis most of the blue knots in A2597 and A2204
have SSP ages less than 30 Myr. The most extreme knots, €easiiern knot in the south-
eastern filament in A2597 and northern knot in the northiséitament in A2204, have SSP
ages less than 5 Myr.

We note here that the SSPs are double-valued in terms of thg/BlJratio for ages older
than 640 Myr in A2597 and 290 Myr in A2204. This behaviour o ffUV,/U, ratio is due
to the UV-upturn for stellar populations with ages above ayt. G-or all FUV,/U, ratios in
the range where the SSP models are double valued we have s&$Ehage in Fig3.8to the
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youngest value allowed in this range.

Allowing for additional extinction intrinsic to the BCG ftlrer lowers the allowed SSP ages
for the regions observed. In Fig3.8 we present the FUYU, ratio for SSPs reddened by
different amounts of dust. If all of the extinction attributedhie BCG were to lie in front of the
filaments then all of the filamentary emission in the centfakfc of both A2597 and A2204
would require an SSP age less than 5 Myr. We will discuss thegurce of the dust and to
correct for it in more detail in Sectiad®.5.5

We conclude here that the observations are marginally stamgiwith the existence of a very
young stellar population. Modelling the filamentary enosswith a SSP is not very realistic
as there is a considerable underlying older stellar pojman the BCGs. Any contribution
to the FUV and U band light from the underlying old stellar ptation will lead to a lower
FUV,/U, ratio and hence to an overestimate of the age of the yourigrsteimponent. Trying
to distinguish multiple stellar populations using our emtrset of broadband data, with only two
line emission free bands, is a highly degenerate procesbdse complex systems and we will
not pursue it here. Instead we will attempt to further caistthe nature of the blue filaments
by removing the old stellar population and investigatingydhe FUV, /U, ratio of the excess
emission in terms of simple stellar and non-stellar models.

3.5 Excess FUYU: Stellar Origin ?

In this section we will investigate whether young stars cecoant for the observed colors in
A2597 and A2204. We do this by obtaining the excess FilYU, exc coOntinuum emission
ratio and compare it with main sequence stellar modelkunyicz (1993 (hereafter K93). The
K93 stellar models will allow us to assign stellar temperasiio the stars necessary to explain
the observed emission. In this work we focus on stars, howeeealso present results for
blackbody (BB) models. These BB models can be used to desopbcally thick emission
processes and are given for comparison purposes.

The FUV to U-band ratio is a good discriminator of stellar pmrature, because (i) the
ratio increases strongly with increasing temperature and i single valued in terms of tem-
perature. We show this in the context of BB models in F3glOand this is equally true for
the K93 stellar models. We have verified that the stellar enaipires derived via our broad
band method are consistent with the stellar temperaturageddrom FUV spectroscopy for a
number of main sequence in the nearby HIl region NGC 604 in 88 AppendiB.2.

In order to obtain the excess ratio we will first investigate lcontamination of our images
and then remove emission due to the old stellar populatmm fsur FUV and U-band images.
Having obtained the excess ratio we calculate the stellapégatures necessary to explain the
observations. We then end this section by discussing thédatipns of nebular continuum
emission and dust intrinsic to the BCG.

3.5.1 Contamination by line emission

BCGs contain a significant amount of gas at a large range qidestures. Emission from this
gas is usually dominated by line emission and not by the uyidgrnebular continuum. This
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emission may contribute the observed FEWY, ratio. In this section we will discuss the line
emission and in SectioB.5.4we will discuss the nebular continuum.

Optical to millimetre spectroscopy shows prominent linession from gas at temperatures
T~10"* K (e.g. Voit & Donahue 1997 Edge 2001 Jdfe et al. 2005 We have taken optical
spectra of A2597 and A2204 with FORS on the VLT (Oonk et al. riepp). These spectra
show that the [OIl] 3727 A line is redshifted out of the U-baiod both A2597 and A2204,
see Fig.3.11 No other known strong emission lines are present that coaitminate the U-
band images. Contamination of the continuum by line emmsdaes #&ect the V, R and I-band
images. The fraction of line to continuum emission, as meskirom our FORS spectra, is
summarised in Tabld.4.

The FUV F150LP images of A2597 and A2204 are rfteéeted by Lyr emission. However,
the images could beffected by other emission lines such as CIV at 1549 A. Aftar tlyis
CIV line is usually the most prominent emission line in the\Ftégime. This line is typically
observed in regions where gas is heated to temperatw®® K. Regions near powerful AGN
or heated by strong shocks are examples in which CIV at 1549Aén in emission. Below we
elaborate on why we believe that there is no contaminatidmisyemission in the FUV band.

CIV emission in A2597 and A2204

CIV 1549 A line emission was recently suggested3parks et al(2009 to explain the FUV
emission of the south-eastern filaments in M87. If strong Bmission is present in our FUV
images this means that our method will overestimate théastteemperatures in A2597 and
A2204.

In the case of A2597 anflonuclear FUV spectrum is presenteddDea et al.(2004. This
spectrum shows no evidence for line emission in the wavéheragnge sampled by our F150LP
images. We can calculate what the strength of the CIV 154%d Would have to be in the
O’Dea et al.(2004 spectrum if the FUV emission observed by us in this regiosoigly due
to this line. From our F150LP image we find F10°17 erg s* cm™2 A1 arcsec?. Thisis in
good agreement wit®’'Dea et al(2004. The width of the F150LP filter is 113 A and thus the
integrated F150LP flux isF1071° erg s cm™2 arcsec?.

If we assume that the line has the same FWHM as thellne measured by’Dea et al.
(2004 then the peak flux of this line would be&k~10"1¢ erg s cm=2 A~1 arcsec?. This
would be comparable to the yline and should easily have been visible in the FUV spectrum
presented byD’'Dea et al.(2004). These authors calculate the F@YF(CIV)<0.07 in their
spectrum.

We thus conclude that the CIV 1549 A line or any other line eravelength range sampled
by the F150LP filter can not be responsible for a significant plathe FUV flux observed by
us in A2597. For A2204 there is no measured FUV spectra witicgent quality to investigate
the presence of line emission.

In order to further assess the presence of line emission iinFolyY band we have re-
processed the M87 FUV images frdaparks et al(2009. We find that CIV emission is not
a necessary requirement. Normal main sequence stars wlthrsemperatures 10000 K
are able to explain the observations, see AppeBdix We thus conclude, by extension of the
A2597 and M87 results, that it is unlikely that a significaattpf the FUV emission observed
in A2204 would be due to line emission.
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3.5.2 Removing the old stellar population

BCGs are complex stellar systems. The U band and to a smatieed the FUV band emission
do not just come from young stars. Older stars, such as Kiggigontribute to the observed
emission. In order to determine whether a young stellar [adjom is consistent with the ob-
served FUV/U, ratio we need to first remove the older population.

We do this by identifying regions in our images that are dated by old stars. These
regions are indicated by the blue squares in B¢ or equivalently by the black squares in
Figs. 3.12and3.13 The area in which we can find reliable old-star regions istéchby the
field of view of the FUV observations.

In the case of A2204 there is a companion elliptical galaxtheosouth-west of the BCG.
This elliptical is part of the galaxy cluster and shows I@vel diffuse FUV emission expected
from an old stellar population. We will refer to this old eliical as A2204-SW. The other
elliptical companion north of the A2204 BCG contains a btigh)V point-source associated
with its nucleus. This is not consistent with an old stellapplation and hence we do not use
it.

In the case of A2597 there is no elliptical companion galaxyw the field of view of the
FUV observations. Instead we use two regions within therawgions of the BCG itself to
identify old stellar regions. We will refer to the averageluése two regions as A2597-OFF.

Having identified the old stellar regions in our observatiome can determine their FUV
and UV ratios and use the V image to remove the emission coming fr@runderlying old
stellar population in our FUV and U images. We use the V baraen instead of the R or |
band image, because the line contamination in this bandad samd well determined from our
spectroscopic observations.

However, first we perform a cross-check of the old stellaromg defined by us. We do
this by comparing the ¥ ratios determined here with the/\Jratio for a number of nearby
elliptical galaxies using the larger field of view of the @gati images. The nearby ellipticals
selected are indicated by the red squares in Bi§. We will refer to this sample of nearby
ellipticals as A2597-COMP and A2204-COMP and we find thairtaerage WV ratio agrees
well with that of A2597-OFF and A2204-SW, see TalBe8and3.7.

Next we need to consider line contamination of the FORS V haradje. The V band line
contamination is due tofand Olll emission. The deep narrow-bana khages byldte et al.
(2005 show that the old stellar regions selected by us do not gosignificant line emission,
see also Fig.3.2 Similarly from df-nuclear FORS spectroscopy (not shown here) we know
that the line contamination of the V band decreases shalphgahe major-axis of the BCG,
see also Fig3.7. We thus conclude that that the\Wand the FUVV ratios determined in the
old-star regions are not contaminated by line emission.

We then assume that the line contamination within the FU\yddd bright filamentary
regions is independent of location and well described bytlegage value quoted in Tal8e4.
This assumption is supported by ouw inages and FORS spectra. These show that the line
contamination in the central 20 kpc region along the minas ax the galaxy does not vary
significantly on the scales relevant to this investigatien,~1 arcsec, see also Fig.2

We thus subtract the emission fraction due to line contangindrom our V band images
and use these line subtracted V-band images to compute theaid U excess images, see
Figs. 3.12and3.13 We note that the line contamination correction of the Vébhaas a small
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but systematic fect on the FUVexdU, exc €XCESS emission ratio in that it lowers this ratio
about 5 per-cent. This is easily explained by noting thatalldestellar population contributes
more to the U than to the FUV emission. From here on we will detite total light images as
FUV, 1ot and U, 1ot and the excess light images as Fl\.and U, exc

In Table3.8we give the FUV and U band fluxes integrated over large 18 kgiarapertures
for (i) the total light, (ii) the excess light, (iii) the nelaur continuum and (iv) the & flux in
A2597 and A2204. We see that on large scales only about 2@mestthe total observed FUV
flux can be accounted for by the old stellar population in hatgets. Similarly we find that
about 80 percent of the U flux in A2597 and about 60 percenteliHlux in A2204 can be
accounted for by the old stellar population.

3.5.3 The FUV, exdU, exceXcess ratio

Having subtracted the emission contributed by the oldatg@lbpulation from the FU¥; and
Uiot Images we obtained the two excess images EJ¥nd Wy see Figure8.14and3.15
These images show that excess FUV and U band light trace ¢aehwery well in the central
20 kpc regions of A2597 and A2204.

We will now investigate whether the observed Fl\W/U, exc ratio is consistent with the
emission ratio expected for young stars by comparing it t8 K&llar models. A2597 and
A2204 are at redshifts=£.0821 and 20.1517 respectively. We redshift the K93 stellar models
by these amounts and compute the FY, ratio by convolving the model spectra with the
F150LP and U Bessel filters. For comparison reasons we afepute the FUV/U,, ratio for a
set of BB models. The results for both models are given in Biga

To improve the signal to noise we have re-binned the Ed¥nd Wy images for A2597
and A2204 by a factor 3 so that one pixel now corresponds te@6arcset. We find in the
central region region of A2597 that the observed EMU, exc ratio is between 1.7 and 2.6.
Comparing with the K93 stellar models and invoking extiootby MW foreground dust only,
we find that a FUVexdU, exc ratio between 1.7 and 2.6 corresponds to main-sequence star
with temperatures between 28000 and 50000 K.

We have plotted the observed FL4J/U, exc ratio, its corresponding K93 stellar temper-
ature, and their uncertainties in Fi§.14 The uncertainty in the ratio takes into account the
absolute flux uncertainty and the poissonian noise for ablired images. The uncertainty in
the ratio and in the temperature are non-linear. For the megsented here we have chosen
to represent the uncertainty by the average of the one signperwand lower deviation. The
K93 models allow for stellar temperatures in range 0-50000 Kither the lower or the upper
deviation falls outside of this range, then the uncertagign is set to the deviation that does
fall within the allowed range.

There are a number of pixels that have a ratio greater thaari@l 6hus a best-fit temperature
above the value allowed for normal main-sequence O-stanesd pixels have a low signal-
to-noise mainly because of their low U band flux. The corresiiay large error on these
pixels allows us to reconcile them with a stellar origin. fiéhes not much sub-structure in the
temperature map of A2597. One can argue that there is a seta#tase in temperature beyond
the central 1810 kp& but the low statistics and higher noise here do not allow fong
statements.

In A2204 we find that the observed FUMJU, excratio is between 1 and 1.8. Comparing
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with the K93 stellar models, taking into account extinctmnMW foreground dust only, this
corresponds to main-sequence stars with temperaturesé®e®d000 and 40000 K. The results
are plotted in Fig3.15 The temperatures derived for the FUV and U excess emissid@204
are bit lower than for A2597. The A2204 temperature map dbesvssome substructure in
that the knots west and north of the nucleus have the higbegtdratures being at 30000 to
40000 K. The remaining parts of the central region in A220/rmtemperature corresponding
to 20000 to 30000 K.

Interpreting the observed FU¥y/U,exc ratio terms of BB models requires temperatures
above 35000 K in A2597 and above 30000 K in A2204, if extinctdyy MW foreground dust
only is taken into account.

3.5.4 Nebular continuum emission

Figs.3.2and3.4show that the ionised gas, as traced by therébombination line, is co-spatial
with the FUV emission on kpc-scales. This ionised gas hampéeature £10* K and will emit
continuum emission in the FUV-optical wavelength rangee @mount of nebular continuum
emission depends not only on the temperature and densitysofas but also on whether the
gas is ionisation or density bounded.

The maximum amount of nebular continuum is produced whengide is ionisation
bounded. We have estimated the contribution of nebularimamin to the FUV flux in this
case based on theaHmeasurements bydte et al. (2005 using the NEBCONT program
(Howarth et al. 200% As our input we use an electron temperatuge T0* K, electron density
ne=10% cm3, 10% He abundance and the total extinction estimated frarBeédmer decre-
ments measured in our FORS spectra. The results for 18 kpad egubrtures are presented in
Table3.8

We find that 5% and 11% of the total FUV band flux in A2597 and ARP&spectively is
due to nebular continuum emission. This percentage inese@s6% and 13% if we consider
only the excess FUV emission. The contribution of nebulaission to the total U band flux is
6% and 15% for A2597 and A2204 respectively. This increas88% and 39% if we consider
only the excess U emission.

Removing the nebular continuum emission increases the, gk, exc ratio by a factor
1.5 and 1.4 for A2597 and A2204 respectively. Increasingotbserved FUVexdU, exc ratio
by a factor 1.5 means that most of the central 20 kpc emissioh2697 can no longer be
explained by stars. In the case of A2204 removing the neloolatinuum means that the FUV
bright clumps north and north-west of the nucleus can no p&aaed by stars, but most of the
remaining emission in the central 20 kpc can still be rededaivith a stellar origin.

Above we have calculated the maximum contribution comimgnfthe ionised gas in the
form of nebular continuum emission. We note that currenilymot clear if the gas is ionisation
or density bounded. In the latter case the continuum emmssatributed to the FUV and U-
bands by the ionised gas could be low@iDea et al.(1994 argue that the bl emission arises
from the ionised skins on HI clouds and that as such the gaslaé A2597 is ionisation
bounded. This picture is consistent with low spatial resolumeasurements ofd{ HI and
016300 A. Recent high spatial resolution HST measuremdmM&E 1275, the nearby BCG in
the Perseus galaxy cluster, show that tleedrhission line filaments are very thin, i.e. they have
pc-scale widthsKabian et al. 2008 Such very thin flaments may allow for a density bounded
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state of the gas in NGC 1275 and by extension in A2597 and A2B0rther observations are
necessary to investigate the condition of this gas.

3.5.5 Dustintrinsic to the BCG

Our FORS optical images of A2597 and A2204 do not show strermdgace for dust in these
systems. However, archival optical images from HST do shwat these BCGs are morpho-
logically disturbed at their centres, see Fig.17. This patchy morphology is indicative of
obscuration by dust in these systems.

This is confirmed by measurements of the Balmer decremeoisriRORS spectra, see Ta-
ble 3.5. These decrements deviate strongly from case B recombmatid can be be described
by dust extinguishing light according to an average MilkyyWil\W) type extinction law, such
as described b€ardelli, Clayton & Mathig1989 (hereafter C89).

Results byVoit & Donahue (1997 confirm that in the optical regime the dust in A2597
can be described by an average MW type extinction law wigh~A. For A2204 our Balmer
decrements imply a higher extinction than would be obtafn@a the measurements presented
in Crawford et al.(1999. Contrary toCrawford et al.(1999 we measure the Balmer ratios
within the same slit which is why we prefer our measuremenA204. Interestingly we note
that our spectra do not show strong changes in the Balmeeherits over the centrall5 kpc
regions in A2597 and A2204. A disturbed morphology and Baldecrements that deviate
strongly from case B recombination are typical for coolecBICGs as a class of objects (e.g.
Crawford et al. 19990’'Dea et al. 2011

The C89 extinction law aims to reproduce the global extorctproperties for the diuse
interstellar medium in our galaxy. It is parametrized frorhd® to 3.5um covering the range
in wavelengths important to us. Although there is no reasoa priori assume that the dust
properties in the BCGs is the same as in the MW, there is nceaeal from either optical
spectroscopy or the far-infrared spectral energy digtiobs (Voit & Donahue 1997Edge et al.
201Q Oonk et al. in prep.) that the dust in BCGs iffelient.

Below we will investigate how extinction by dusffacts the FUV and U band fluxes. In
order to do so we will always use the C89 extinction law to dbscthe total extinction as
being due to two components; (i) foreground MW dust and (igtdntrinsic to the BCG. The
extinction due to the MW towards A2597 and A2204 isMw=0.1 and A;mw=0.3 respectively
(Schlegel et al. 1998 In order to explain the observed Balmer decrements weanethe dust
component intrinsic to the BCG to beyAce=1.3 for A2597 and Apcc=1.6 for A2204, see
Table3.5. These values have been calculated by invoking the C89atixtimlaw and by taking
redshift éfects into account.

Up to this point we have considered extinction due to MW fooegd dust only. In Fig3.16
we plot the FU\/U, ratio for varying amounts of extinction. Dust has a dramefiiect upon
the FUV,/U, ratio. The highest ratio values observed in A2597 and A220vle reconciled
with the K93 stellar models in the case where the only dustantfof these regions is the MW
foreground. The average ratio value observed in the ceb@r&pc of A2597 is about 2.1 and
about 1.1 in A2204. If half of the dust intrinsic to the BCG oorma is front of the emitting
regions then normal main sequence stars as described by8medels can no longer explain
the observed emission ratio.

This leads to the following possible explanations; (i) Ther little to no dust in front of
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the high FUV, exdU,exc areas and their emission is due to hot main-sequence stgr$he
emission is due to exotic stars, such as Wolf-Rayet starstuteDwarfs, with temperatures
above 50000 K. (iii) A non-stellar source contributes to diserved wavelength regime or
alternatively this sourcefiects the Balmer decrement measurements. (iv) A MW type @xtin
tion law, although consistent with the optical Balmer dewgats, is not applicable to the FUV
wavelength range studied here.

Explanations (ii-iv) will be discussed in SectioB¥ and3.8 Here we will shortly discuss
explanation (i). A clumpy, dusty medium, such as observedaB97 and A2204, may give
rise to a selectionfeect in that we preferentially observe FUV emission comirmggrfiregions
with low extinction along the line of sight. There are two way which this could arise,
(a) the sightlines along these regions have intrinsicadiyy yow extinction, or (b) the Balmer
decrements trace the dust over a longer column than thev@asEtJV emission i.e. we only
observe the FUV emission coming from the front part of the i sight.

Our optical spectra sample a small, but representativeopéne FUV bright regions. Here
we can rule out option (a) because we do not observe any egitimlow extinction. Option (b)
seems unlikely because the FUV talratio would vary significantly if background HIl regions
exist where high Balmer decrements are observed but the Russen is highly extinguished.
Some spread is observed in the FUV ta Emission, but generally they are found to be well
correlated, se®’Dea et al.(2004 and Figs.3.2 3.4and3.7.

While selection bias may have favored regions with low extton in determining the FUV
to U ratio, the FUV to K ratio seems to indicate that this is not crucial in our analy®ur
optical spectra, ofcourse, only sample a subset of the eegihere we have measured the FUV
to U ratio. Two dimensional integral field observations ¢ tielation between &/Hp versus
FUV/Ha could clarify this issue.

3.6 Star formation

In the previous section we showed that very hot O-stars deetalexplain to observed FUV
and U emission. In this section we investigate whether tlséms can power the ionised gas
nebulae observed inddline emission and what the FUV andvHmplied star formation rates
are.

3.6.1 The Hr nebula

Optical emission line nebulae, usually observed ingtnission, are typical for cool-core clus-
ters (e.gHeckman et al. 198%rawford et al. 1999 Jdfe et al.(2005 show that both A2597
and A2204 contain large ddnebulae. Higher spatial resolution observations of thdrakn
few kpc in A2597 byKoekemoer et al(1999 andDonahue et al(2000 show that the central
ionised gas nebula is very clumpy and filamentary. If we asstinat the FUV light has a stellar
origin then we can ask ourselves whether the observedrHission is quantitatively consistent
with the same stellar origin.

The total FUV fluxes in 18 kpc radial apertures for A2597 and2@& are given in Ta-
ble 3.8 Upon correcting for Milky Way foreground dust and distanee find luminosities
L(FUV,A2597) = 2.5x 10?8 erg s Hz 1 and L(FUV,A2204)= 7.2x 10?® erg s Hz™ L. We
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then assume that the stars responsible for the FUV emisstgonraaverage hot O-stars and
calculate their FUV flux. Here we will perform this calculati for an O3 star with a stellar
radius 15 R. Such a star has a FUV flux F(F150LP,03)0.064 erg st cm™2 Hz™1 in the
F150LP band which then corresponds to a luminosity L(F150BR8.74x1->3 erg s Hz L.
The observed FUV luminosities thus require about 30000 @3 $or A2597 and about 80000
O3 stars for A2204.

Following Beckman, Zurita & Rozag2001) andVacca, Garmany & Shul|1996 the total
Lyman continuum (Lg) flux of an O3 main sequence star is Fly10**8’ photons s* or
equivalently a luminosity L(Lg)=10°%17 erg s1. Assuming Case B downward conversion this
yields L(Ho)=10% erg s. The O3 stars in A2597 and A2204 thus produceagliininosities
L(O3-Ha,A2597)=3x10* erg s1 and L(O3-Hr,A2204)=8x10* erg s1.

This is consistent with the &luminosities measured hiefte et al.(2005 for A2597 and
A2204, i.e. L(Hr,A2597)=0.9x10* erg s and L(H»,A2204)=2.8x10%* erg s**. We conclude
that if all the FUV light is due to hot O-stars, then the ovepdloton budget of these stars is
suficient to produce the observedvHemission. For A2597 this result is in agreement with
earlier results byD’'Dea et al.(2004).

Only the Milky Way foreground extinction was taken into acobin the above calculation.
Dust extinction intrinsic to the BCGs is discussed in mor&illen Sect.3.5.5 Increasing the
amount of dust will increase the amount of extinguished Fld\ssion relative to k4 emission
and thus even more O-stars will be available to produce ilgnighotons. Not all of the total
FUV flux can be attributed to young stars. Below we show thauaB0 per cent of the FUV
flux in F150LP is due to the old stellar population in A2597 #&®#P04. Such a small old star
contribution to the FUV flux does noffect the above conclusion.

3.6.2 FUV and Hx star formation rates

The extinction uncertainty translates to a large uncestdor the derived star formation rates
(SFR) in these systems. In the case of A2597, using the C&%ctgrnh law with a two com-
ponent dust analysis, we find that the maximum fractionahetion at the wavelength of the
FUV F150LP filter @=1612 A) and the K line (1=6563 A) is 28.7 and 2.9 in flux respectively.
The minimum fractional extinction due to the Milky Way foregnd is only 1.3 and 1.1 at the
FUV and Hx wavelengths respectively.

Thus depending on how much of the dust is actually in fronthef EUV and Hr emit-
ting structures means that the FUV derived star formatida e SFR(FUV,A2597A3.5-
77.5 M, yr~! and the H derived star formation rate is SFR¢RA2597)=7.0-18.6 M, yrL.
Here we invoked the SFR relations discusseBail & Kennicutt(2001). Similarly, for A2204
we find SFR(FUV,A2204310.2-476.9 M} yr~! and SFR(kr,A2204)=22.1-75.4 M, yr L.

The Hx SFR range falls within the corresponding FUV SFR range, loth lare poorly
constrained due to the uncertainty in the dust distributfrevious SFR estimates range from
4-12 M, yr~* for A2597 (McNamara & O’Connell 19930’Dea et al. 2004 Donahue et al.
2007 and 15 M, yr~ for A2204 (O’Dea et al. 2008 SFRs deduced by filerent methods are
not expected to agree as they tracedent physical processes, regions and timescales in the
overall star formation scheme. A recent overview of théedent star formation rates estimated
for A2597 and a discussion of them can be foun@ibea et al.(2008.

In Section3.3.3we showed deep radio maps of our BCGs revealing intereséngstruc-
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tures. Here we will briefly discuss the northern 3 sigma fesatn the 8 GHz observations of
A2204. Although it is possible that this feature is simpliated to a background radio source it
is interesting that its location agrees with the bright herh FUV knot. Assuming for now that
the radio emission in this knot is due to synchrotron emis&iom supernova explosions we
can estimate a SFR by invoking the far-infrared radio cati@h (Condon, Anderson & Helou
1991 and the SFR relations discussedall & Kennicutt (2001).

The peak emission of the radio feature is 820 uJy and it has an integrated flux of
110+ 42 uJy at 8 GHz. Assigning a spectral index-0.5 (F~ v%) to this synchrotron emission
we find a 1.49 GHz radio luminosity x40 W Hz1. Applying the above mentioned relations
this translates to a SFR(radio,n-knef)8 M, yr=1. This is much higher than the FUV implied
SFRi.e. SFR(FU\B0.2 M, yr~1. This diference can be accounted for by extinction if most
of the dust lies in front of the emitting area. The radio emissan not be associated with
free-free emission from young O-stars as this would redairéoo many of such stars.

3.6.3 Dust and gas mass estimates fromA

Under the assumption of MW type dust, case B recombinatiahthat the dust is optically
thin everywhere we can derive rough gas and dust mass essiffitatn the amount of visual
Ay extinction. In the dttuse interstellar medium of the Milky Wao6hlin, Savage & Drake
1979 find N(H)/Ay=1.9x10?1 atoms cm? mag* where N(H}:N(HI+H>) is the number of
nucleons.

We find Ay gce=1.3 for Aypcg=1.6 over the central 2010 kpc regions in A2597
and A2204 respectively. Integrating N(H) over this regior anultiplying by two to ac-
count for the dust on the far side of the galaxy we find M(H,A2B9.0x10° M, and
M(H,A2204)=4.8x10° M. Our total gas mass estimates for the central region of A2597
are about an order of magnitude higher than the atomic gas ssisnated byD'Dea et al.
(1999 for this region. Edge (2001 indeed find a much higher molecular gas mass
(M(H2,A2597~10'0 M,,), but the lower spatial resolution of this measurement ra¢hat it
probes a much larger region and makes fiiclilt to compare it to the other measurements
above. All these gas mass estimatefesufrom systematic uncertainties and further obser-
vational constraints are necessary to refine them. Thera@aodld gas mass measurements
published for A2204.

Edge et al(2010 show that the global gas to dust ratio for BCGs is similarhie MW
average i.e. M(HM(dust}=140. This would imply that M(dust,A259%)1.4x10" My and
M(dust,A2204%1.7x10" My. For A2597 this dust mass estimate is in good agreement with
the value deduced from far-infrared emissiormge et al(2010. If the dust is optically thick
in some places in the BCG then the above calculated massésaamelimits for the true gas
and dust masses. There are no dust mass measurementsquiifnish2204.

If we assume constant star formation at a rate df40, yr~! then the gas masses cal-
culated by us above imply a gas depletion time of abodt®.9r. The (residual) mass depo-
sition rates allowed for by X-ray spectroscopy is similathe range in star formation rates
observed here and may thus be able to sustain star formatemlanger time scales (e.g.
Peterson & Fabian 20Q0@eres et al. 1998
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3.7 Excess FUYU: Non-stellar Origin ?

In the previous sections we have showed that young, hotctarsxplain the observations, but
only if the dust content and nebular continuum emissionwsdoough. Especially in A2597
it is difficult, but not impossible, to reconcile the observed FWy ratio with stars alone.
Below we show that the common non-stellar processes thdiremen to take place in cool-
core clusters can not provide an alternative explanatiothi®observations. Stars thus remain
as the only evident option.

3.7.1 Active Galactic Nuclei

Using models bjNagao et al(2001) we have investigated the FUXU,, ratio for AGN emission.
These models correspond tg Fv~%° in FUV-Optical wavelength range. This means that
this model predicts a FUYU, ratio which is always less than unity. Adding the additional
blackbody, infrared and X-ray terms in equation (2) Nggao et al(2001) does not change
this. We thus conclude that the observed F)U, exc ratio in A2597 and A2204 can not be
explained by an AGN.

3.7.2 Non-thermal processes

A significant contribution to the U band excess light by synetton emission andr scattering
of light by dust or hot electrons is ruled out McNamara et al(1999 using U-band polarisa-
tion studies. Since the FUV and U excess light trace eaclr etblt we conclude that neither
synchrotron emission nor scattering contributes signiflgdo the excess FUV and U emission.

Bremsstrahlung is also ruled out because under opticafiyctinditions it produces a spec-
trum that is flat or decreases slowly in flux with increasinggfrency in the FUV to optical
wavelength range. Only in optically thick conditions caersstrahlung produce a spectrum
that increases with frequency. In this case the emergessity will obey the Rayleigh-Jeans
limit of the Planck black body function i.e.,k v2. However, this can also be ruled out as the
integrated bremsstrahlung flux measured with ROSAT (041k2V) for A2597 and A2204 is
an order of magnitude below the measured FUV fluxes hérmKmann et al. 1994Ebeling
1998.

3.8 Discussion

Below we will shortly discuss our results. In the first two ts@as we will compare our results
to two previous investigations into the FUV to optical exxesission in cool-core BCGs. In
the third section we discuss the extinction law and in thd Beation we compare the results
for A2597 and A2204.

3.8.1 Crawford & Fabian 1993

First we will discuss the CF93 results. They use measurenfesin the International Ultra-
violet Explorer (IUE) and combine it with optical spectropy to study the excess emission



Section 3.8. 87

from 1300-5000 A in 4 BCGs. Their spectral coverage of the l@mission in BCGs is wider
and better sampled than our investigation. However, theyadtave spatial information, being
limited by the 1&20 arcset IUE aperture. Their analysis is similar to ours in that dtisé,
old stellar population and line emission is taken into aoto&or the dust correction they use
the Seaton(1979 average MW extinction curve, which is similar to the C89weuused by us
(see Fig. 4 in C89). Their correction for the old stellar plagion is based on a template model
derived from optical spectroscopy of the Abell 4059 BCG axigrding it into the UV.

Their main result is that they find that the excess blue eomnssil BCGs, even if they
allow for reddening by dust, can be explained with star farommdominated by B5 stars i.e.
~15000 K. Their results are based on the Kurucz 1979 stellaletsavhich are identical to the
Kurucz 1993 models used by us.

Considering an aperture with 7 arcsec radius centered oA2687 BCG we compute the
FUV, 10t/Uy 1ot ratio from our data and correct it only for foreground MW du¥te then find
FUV, t0t/U, 10t0.7. This corresponds to a K93 stellar model temperature460Q K. This
means that at low dust extinction we are in reasonable agneewith the CF93 result for
A2597. However, our results are no longer consistent witB&fter correcting for the dust
intrinsic to the BCG and the emission contributed by oldsstdihere are a number of reasons
for this difference.

First CF93 assume an extinction of,Acc=0.3 based on Ly/He results byHu (1992.
We use A/ gce=1.3 based on optical spectroscopy of the Balmer decremémtsadditional
magnitude of intrinsic extinction at visual wavelength &®wsn above has dramatidfects
on the FUVU ratio. We will discuss the extinction law in more detail tn®l The second
important diterence concerns the ratio of excess to total emission in tbarid. CF93 find
that this ratio is 0.55 at 3500 A, whereas we find that thi®nat0.17 in the U-band (3600 A).
This is a large dference and means that either; (i) the old stellar populatigx2597 difers
significantly from the old stellar population template usgdCF93, or (ii) there is significant
excess emission contributing to the total light in our V-th@bservations.

To test the second option we have also computed the B, oxc ratio by using the
R and | band data, which should contain less excess emissi@morapared to the V-band.
Contamination due to line emission was set to 12 per-cen7gret-cent for the R and | band
respectively. In these numbers we have included containinaue to the SIl 6716 A and
6731 A lines that were not included in our spectra, but werasuged byWoit & Donahue
(1997%. We find no significant dierence in the FUYU,, ratio when either the V, R or | band
is used to remove the old stellar population, see Bd.8 We thus conclude the old stellar
population in A2597 is dferent from the template used by CF93.

A further uncertainty in the CF93 work concerns the largatape mismatch between their
optical and UV data which requires them to invoke large, uiag®, scaling factors that can
affect their results. We also note that their 1600 A FUV valueAa697 is about 25 per-cent
larger than predicted by their B5 model value. The CF93 FUDOIA value would thus allows
for higher stellar temperatures than B5 as indicated by esult. Taking into account the
differences due the dust, old stellar population model and it 1600 A flux value then our
results are in rough agreement with CF93.

CF93 discuss that the blue excess emission can be equlyalesit described by a power-
law F, ~ v* with @=[-0.5:0.5]. As noted by CF93 this is no surprise becausetaos san be ap-
proximated by a power law with this slope in the FUV-optiedime.McNamara & O’Connell
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(1993 showed evidence for the blue excess emission to be cardaldth the AGN radio lobes
in two objects a.0. A2597. From our higher resolution datafiwe that although the FUV
emission is roughly extended along the radio axis, thaetigeeno detailed correlation between
the radio and the FUV for A2597. In SectioBs7.1and3.7.2we already discussed that the
AGN and non-thermal processes can be ruled out for our oagens of blue excess emission
in A2597. Stars thus remain as the most plausible option.

3.8.2 Hicksetal. 2010

Hicks et al.(2010 (hereafter H10) recently presented a BCG sample obseritbd@ALEX

in the FUV (~1500 A) and the NUV £2500 A). In their Table 2 they give FUV and NUV
photometry for 16 BCGs within 7 arcsec radial aperturesezedton the BCG nuclei. These
numbers have been corrected for foreground MW extinctiambtfor the dust intrinsic to the
BCG or for emission due to the old stellar population. Thegssrtares correspond on average
to the centrak10 kpc of the BCG which is similar to the area investigated &y u

We have computed the temperature corresponding to tadufl®/,, 1ot/NUV, ot ratio in
H10 in the same way as done above for our FJWY ratios using the K93 stellar models. The
results are given in Tabl8.9. Contamination of the FUV band by byemission for systems
with z>0.1 has not been taken into account and if present would tead bverestimate of the
stellar temperature estimated by us.

The Lye line is not a problem for A2597 and the H10 FUM/NUV, 1ot ratio implies a K93
stellar temperature 14000 K. This value, being uncorrefdeohtrinsic dust and the old stellar
population, is in good agreement with our results and thelteby CF93, see Sectidh8.1

H10 also perform a correction for emission contributed ey dlhd stellar population. This
correction is based on the average UV-J band colors meakuradtontrol sample of elliptical
galaxies measured in the same bands with GALEX. The codddil/, NUV excess emission
is tabulated in their table 7. Interestingly the excess FAYNUV, qxc ratios do not increase
significantly with respect their corresponding total Fy/NUV, ot ratios for most BCGs in
their sample, including A2597.

We do find a significant increase in the FLAJ/U,exc ratio as compared to the
FUV, t10t/Uy 1ot ratio which appears to be in disagreement with H10 resulthar particular
system. We believe that our results are correct becauses (Qbsain the correction for the old
stellar population from the BCG itself and (ii) the correctidoes not depend on which band
(V, R or 1) is used, see Sectidh8.1and Fig. 3.18 This would indicate that the old stellar
population in A2597 dters from the template used in H10. The average old star ¢amnec
performed by H10 is uncertain for individual systems beeahs UV-J colors of BCGs have a
significant scatter, particularly in the FUV band (priv. aomA. Hicks, M. Donahue).

3.8.3 The extinction law in BCGs

An average MW type extinction law certainly does not applyliogalaxies. Detailed obser-
vations of (i) diferent sightlines within the Milky Way, (ii) local group gaias and (iii) lumi-
nous infrared galaxies show significant variations in thinekion law (e.g. C89Calzetti et al.
2000. This is particularly true for emission in the UV regime.réantly we do not know what
the detailed shape of the extinction law in BCGs is. This laicikformation is the most severe
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limitation in interpreting the FUV-optical excess emigsjresented here. However, even with-
out knowing the exact shape of the extinction law we haveionéthinteresting limits on the
origin of this emission in the previous sections. In thisteecwe will discuss the information
that we have on the extinction law in BCGs in a bit more detail.

In this work we have used deep, optied@500-7500 A long-slit spectroscopy to determine
the amount of extinction and the shape of the extinction lemmfthe Balmer decrements.
The reason for using this data set is because of the largelevak coverage and thus being
able to measure the Balmer ratios under the same observirdjtioms and within the same
slit observation. We have shown that these ratios can beibdeddy an average MW type
extinction law such as described by C89, with apn-AL-2, for A2597 and A2204.

The Balmer lines are optically thin and thus we do not know hawch of the dust implied
by these lines is in front of our line of sight to the FUV and Uittimg regions. Star formation
is usually accompanied by dust. Thus if young stars are resple for the observed excess
emission then a significant amount of the total extinctioousth be associated with these stars,
see also the discussion in Sect®b.5

Including MW type dust in our analysis of the excess emisBidhese BCGs has profound
affects on the nature of this emission. If at least half of thet éign front of the emitting
regions, then stellar temperatures above 50000 K are estjtorexplain the observed excess
emission in the central 20 kpc regions of A2597 and A2204.hSugh temperatures can not
be accounted for by normal O-stars. It is unlikely that exdtiotter stars such as Wolf-Rayet
stars are present inicient amounts to dominate the observed excess emissiosusefarge
areas. White dwarfs are an option but these will be distetut the same way as the old stellar
population and as such should not contribute to the excessem.

Measurements of the Ly to Ha ratio appear to contradict the dust properties inferreohfro
the optical Balmer ratiosHu (1992 andO’Dea et al.(2004) find Ly a/Ha ~6 for A2597. A
simple calculation for A2597 based on eq. 7.4 and the stdndaB.1 MW extinction law
tabulated in Table 7.1 i@sterbrock & Ferland2006 shows that this can not be in agreement
with our optical Balmer results. Invoking our measured eatd Ho/HB=4.5 in A2597 and
assuming that the un-extincted value of this ratio is 2.87imethat the constant cin eq. 7.4 is
0.56. Applying this value of ¢ and theR8.1 MW extinction law to the dust-free Ly/Ha ~13
ratio Ferland & Osterbrock1986 we find that the measured value of this ratio in A2597 should
be 0.4. This strongly disagrees with the measuremen@’Dga et al.(2004), which by itself
would imply ¢~0.125 for a R=3.1 MW extinction law.

The C89 extinction law used in the work above correspondéeostandard R3.1 MW
extinction law. It would seem that applying this extincti@mw in the manner described above
overestimates the Ly/Ha ratio by a factor 15. However, there are a number of possipae
nations for this discrepancy.

It is possible that there is a selectioffieet in that the observed Ly emission is weighted
towards regions of lower extinction. We have discussed daimase of this selectionfiect,
involving the FUV emission and the Balmer lines, in Sect8b.5 The same arguments apply
here, (i) our optical spectroscopy does not show eviderrdaliomogeneous extinction, and (ii)
there is a good correlation between &yand Hr emission O’Dea et al. 2001 This indicates
to us that both come from the same regions and are subjec &athe extinction.

Another option to explain the observed &Ha ratio is that the shape of the extinction curve
for the dust intrinsic to the BCG is fierent from the average MW curve. We experimented
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with a much flatter R5.5 extinction curve, such as observed along the line oftsmkards
Orion nebula (e.gOsterbrock & Ferland 2006 This curve, with e0.56, is able to explain the
observed Lyy/Ha ratio and also gives a reasonable fit for all Balmer ratiogpkel/HB which
would have to be 3.9 instead of the measured 4.5.

The standard R3.1 MW type extinction law, with €0.56 i.e. assuming all dust is in front
of the emitting regions, implies that the extinction in tH8\R1600 A) band is a factor 4 and 10
higher than in the U(3600 A) andd46563 A) bands respectively. However, aR5 extinction
law with the same amount of extinction (i.e=@56) would imply that the extinction for the
FUV(1600 A) and U(3600 A) bands are practically the same hatithe FUV(1600 A) would
be a factor 2 more extincted than ther ldmission. Lowering the relative extinction between
the FUV and U band also means that it is possible to recontodeobserved excess emission
with normal stars and that the range in allowed star formatabes decreases.

Finally it is well known that stars alone are not able to expédl the details of the emission
spectra observed from BCGs in cool-core clusters {a & Donahue 1997Jdte et al. 200%h
In particular the strong neutral atomic lines (e.g. Ol 63Q0combination with the weak high
excitation lines (e.g. OIlll 5007 A) are a problem (Oonk et ai.prep.). A strong source
of heating with modest ionisation is required, but the detai this process are currently not
understood. Lyman and Balmer line ratios are known toftected by non-stellar heating pro-
cesses such as strong shocks and AGKtérbrock & Ferland 2006 Our BCGs are not dom-
inated by either of these processes. Alternative non-taemmadels such low velocity shocks
andor heating by energetic particles have been proposed anglayag roleFabian et al. 2006
Ferland et al. 20009 It is possible that these processes could also influeheckne ratios, but
this requires further investigation in the future.

A detailed investigation taking into account both the comtim and line emission over a
broad wavelength regime is needed to investigate the sHape extinction curve in BCGs and
to clarify which of the above explanations for the Lyman aradinBer lines is appropriate. Such
an investigation is beyond the scope of this paper.

3.8.4 A2597 versus A2204

The BCGs in A2597 and A2204 are in many ways typical for thestz nearby (z0.1) BCGs

in massive cool-core clusters. They have blue FUV-optioldrs, strong optical line emission
and balmer decrements implying significant dust obscurafldve peak fluxes of the emission
processes discussed here, i.e. X-ray, FUV, optical ana raahission, all agree and line up
with the BCG nucleus. In both A2597 and A2204 the FUV morpfggloonsists of a clumpy,
filamentary part and a moreftlise part. Each of these accounts for about half of the totsl FU
flux. The FUV morphology for A2597 dliers from A2204 in that A2597 has a more spiral-like
filamentary structure as opposed to the more radially extgrfdaments in A2204.

The total FUV to U emission ratio, i.e. prior to any correagdor emission contributed by
old stars, peaks in FUV bright clumps and is indicative ofsgyung star formation. Correcting
for emission contributed to the U-band by old stars shows ttiea old stellar component in
A2597 is responsible for a larger part of the total U-bandssion than is the case in A2204. In
neither object does the old stellar population contribigeicantly to the total FUV emission.
Excess FUV and U-band emission is defined by correcting tted tdserved emission for
the emission due to the underlying older stellar populationboth cases the location of the
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maximum amount of excess FUV and U-band emission correspwiid the BCG nucleus.

The excess FUV to U emission ratio is found to be significahtgher in A2597 than in
A2204. It also has less spatial sub-structure in A2597 agpaned to A2204. The maximum
ratio of the excess FUV to U emission is found to be locatedfimaclear regions in both
objects. In A2204 this ratio peaks in the bright knots norid aorth-west of the nucleus. In
A2597 this ratio is high across most of the central regiomwihall increases to the south and
south-east of the nucleus.

Interpreteting the excess FUV to U ratio in terms of mainusgge stars, taking into ac-
count only Milky Way foreground extinction, we find that wegtere stellar temperatures up to
40000 K for the bright knots in A2204 and up to the 50000 K far tentral region in A2597.
Correcting for emission contributed by the nebular conimuandor additional extinction by
dust intrinsic to the BCG means that the regions with higredst of excess FUV to U emission
can no longer be explained by normal stars. Contributiams fnon-thermal processes that have
not been treated in this work should be investigated.

3.9 Conclusion

Using new, deep FUV imaging with HST and optical imaging apdctroscopy with FORS
on the VLT we present the first two dimensional analysis offfb&/-optical colors at 1 arcsec
spatial resolution in the A2597 and A2204 BCGs.

e We have mapped the FUV continuum emission with HST /B in the F150LP
(1612 A) filter in 30<30 arcset regions centered on the BCGs in A2597 and A2204.
The FUV continuum emission is distributed in clumpy, filartaag structures and is ob-
served out to 20 kpc from the BCG nuclei.

e The total FUV to U-band emission ratio shows that the A253¥A2204 BCG have blue
cores typical of BCGs in cool-core clusters.

e The excess FUV and U emission, obtained by removing emishierto the old stellar
population, is mapped at 1 arcsec resolution throughoutéinéral~20 kpc regions of
the BCGs. The FUV and U excesses are shown to trace each athemvkpc-scales.

e Taking only Milky Way foreground extinction into accountetlexcess FUV to U band
emission ratio ranges between 0.6-3.0 in A2597 and 0.7-230A respectively. Inter-
preting this in terms of K93 main-sequence stellar modeldimeéethat stellar tempera-
tures between 10000 K and 50000 K in A2597 and 15000 K and 4B060A2204 are
required to explain the observations.

e Most of the central 20 kpc regions in A2597 and A2204 have arexFUV to U band
ratio greater than 1. This implies that the AGN and non-tlaemission processes, such
as synchrotron emission or bremsstrahlung can not accoutité observations.

e The morphology of the excess FUV and U band emission, as ejpolarisation limits
deduced for A2597 bivicNamara et al(1999), rule out scattering of light coming from
the AGN. Stars thus remain as the most plausible explan&tiothe observed excess
emission.
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e Spectroscopy shows that the FUV and U-band emission oliségvas for A2597 is not
contaminated by line emission. Recent claims of signifi@it 1549 A line emission in
M87 are investigated and found not to be necessary in ordexglain the observations.
By extension of these results we believe that our FUV and kdlmoservations of A2204
are also free from line emission.

e Nebular continuum emission can account for up to 10 peraithe excess FUV flux and
up to 40 per-cent of the U flux in A2597 and A2204. Correctingli@ maximum amount
of allowed nebular continuum means that most of the cenf&f excess emission in
A2597 and the brightest excess knots in A2204 can no longexkplained by stars.

e Optical Balmer line ratios indicate an average Milky Wayiestion law with A,=1.3 for
A2597 and Ay=1.6 for A2204. Extending the extinction law to the FUV regimeans
that the observed FUMxdU, excratio in the central 20 kpc regions of A2597 and A2204
can no longer be explained by K93 stellar models, if half orenaf this dust is in front
of the excess regions.

e The FUV continuum emission matches the morphology of thered¢d Hr nebula in
A2597 and A2204 on large scales. If the FUV emission is aited to hot O-stars then
these stars are able to account for the observeeérdission in both systems. For A2597
this is in agreement with earlier results [§y’'Dea et al. 2004

e The minimum star formation rate deduced from the FUV continus 3.5 M, yr~! for
A2597 and 10.2 M yr~! for A2204. The maximum star formation rate depends strongly
on the unknown dust distribution and extinction law.

e Assuming optically thin dust with Milky Way properties wetiesate the gas and
dust masses of the BCGs based on their measuked We find Myas ~10° M, and
Mgust~10" Mg, for the central 1810 kp@ regions in both A2597 and A2204.

This investigation shows that under special conditionshenrtebular continuum emission
and the dust obscuration it is possible to reconcile the Fo\dptical colors with a stellar
origin. The conditions are especially stringent for A25@d @ this regard contributions from
non-thermal processes not treated here should be inviestigamore detail.

A more detailed investigation of the possible stellar arifgir the individual knots observed
at the intrinsic spatial resolution of HST requires furthmaging with HST in line-free bands.
Also careful investigation into the dust properties andghape of the extinction law will need
to be carried out in order to resolve the uncertainties iemeining the exact nature of the FUV
to optical excess emission in BCGs.

We note with interest that detailed observations of the maliggy of the FUV continuum,
the excess FUV to U band ratio as well as the properties ofdbeT<10* K gas in BCGs, do
not imply a strong interaction with the central AGN or itstbaivs on scales larger than the cen-
tral few kpc (e.gPipino et al. 20090’'Dea et al. 2010Wilman et al. 200900nk et al. 201
A minor merger or ICM cooling scenario may be more appropriat explain the extended
30 kpc-scale star formation, cool gas and dust propertidsese objects.

If the origin of the cool gas at the centres of BCGs is the @@al) cooling of the hot
ICM then the interaction between this hot gas and the AGN @wf] thought to regulate the
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cooling process of this hot phase, may still be indirectlypansible for the observations at
lower temperatures.
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Date Filter Exptime | Zeropoint
2008-07-21| F150LP | 8141 22.4484
2008-06-23| F150LP | 5419 22.4484

2002-06-16| U_Bessel| 1320
2002-06-16| B_Bessel| 1080
2001-07-26| V_Bessel| 330
2001-07-26| R_Bessel| 330
2001-07-26| |_Bessel | 330

23.4824-0.0530
26.4815-0.0503
27.236%0.0129
27.2484:0.0185
26.48220.0133

Table 3.1 —A2597 observations log. Column 1 lists the date of the oladiEnv in YYYY-MM-DD.
Column 2 lists the filter name. Column 3 lists the exposurestimunits of seconds. Column 4 lists
the FORS Bessel system zeropoint in units of magnitudes.z&rapoint is based upon the average of
at least 3 Landolt standard stars within each observatidre uhcertainty in the zeropoint is taken as
the maximum deviation of these standard stars have witrectdp the quoted average zeropoint. The
SBC F150LP zeropoint is taken from the ACS handbook and givé&yB magnitudes. The photometric
uncertainty according to the most recent investigatio®4s@ the F150LP filter ack et al. 2005 Al
observations listed here were taken in photometric obsgrednditions.

a this data set isféected by low level background glow and has been dropped fuother analysis.)

Date Filter Exptime | Zeropoint
2008-04-30| F150LP | 8126 22.4484
2008-04-22| F150LP | 5409 22.4484

2002-06-10| U_Bessel| 1440
2002-06-10| B_Bessel| 780
2002-06-10| R_Bessel| 400
2001-04-19| V_Bessel| 330
2001-04-19| R_Bessel| 330
2001-04-19| | Bessel | 330

23.586@:0.0197
26.542@:0.0627
27.15620.0329
27.2315%:0.0158
27.25030.0218
26.5046:0.0087

Table 3.2 —A2204 observations log. The column headers are the sameTablie3.1

Filter (FORS_AB)}onv

U_Bessel
B_Bessel
V_Bessel

0.931
-0.042
0.060

R_Bessel| 0.258
|_Bessel | 0.458

Table 3.3 —FORS Bessel to AB magnitude conversion factors. Columnd tie filter name. Column
2 lists the FORS Bessel to AB conversion factor in units of nitagle. It converts the FORS Bessel
magnitudes to AB magnitudes. This conversion factor iswtated for FORS Bessel filter curves with
the HYPERZ programBolzonella et al. 2000, priv. comm. H. Hildebrandt)

Name | U_Bessel| B_Bessel| V_Bessel| R_Bessel| | Bessel
A2597 | - 0.185 0.050 >0.101 >0.034
A2204 | - 0.253 0.067 >0.115 >0.239

Table 3.4 —Line contamination of the FORS Bessel images. Column 1Hestarget name. Columns 2-
6 list the fraction of the total emission in the filter whichdige to line emission. This line contamination
fraction is calculated using the FORS spectra describedeatié 3.2.2 None of the spectral lines
probed by our spectra fall in the U filter, see also F8gl1l The spectra do not probe the Sl lines at
6716 A and 6731 A and thus we can only provide a lower limit ®lthe contamination fraction of the
R and | Bessel filters.
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Name | Aymw | Avece | HO/HB Hy/HpB Ha/HB
A2597 | 0.1 1.3 0.18 (0.19)| 0.37 (0.40)| 4.52 (4.52)
A2204 | 0.3 1.6 0.16 (0.15)| 0.34(0.38)| 5.27 (5.29)

Table 3.5 —Visual extinction A, and Balmer decrements. Column 1 lists the target name. Golum
2 lists the extinction in the V-band for the MW foreground &chlegel et al. 1998 Column 3 lists
the extinction in the V-band intrinsic to the BCG. This valsecalculated by decomposing the Balmer
decrements observed in the FORS spectra (Se8t@1) into two dust components, one related to the
BCG and one related to the MW foreground. Describing bothpmmments by the C89 extinction law
allows us to derive &pcc. The intrinsic dust-free Balmer decrements were set ta #dtellar case B
recombination values i.e. dHB=0.26, Hy/HB=0.47 and H/HB=2.87 Osterbrock & Ferland 2006
Columns 4, 5 and 6 list the reddened Balmer decrement vahtained from this two component dust
analysis for Ay yw and Ay gcg given in columns 2 and 3. The Balmer decrements calculatedisn
manner agree well with the measured decrements from our F<pBR&ra. The latter are given in the
parentheses in columns 4, 5 and 6.

Name FUV, tot/Uytot | FUV,t0t/Vytot | FUV,tot/Rutot | FUV,tot/lytot
A2597-OFF| 0.1564 0.0153 0.0102 0.0068
A2204-SW | 0.1526 0.0105 0.0066 0.0043

Table 3.6 —FUV flux ratios for old star regions. Column 1 gives the namé¢hefregion, see Section
3.5.2 Columns 2-5 lists the flux ratios. The subsctiptrefers to the total flux observed in this region.

Name Uy tot/Vitot | Uytot/Rutot | Urtot/lvtot
A2597-OFF 0.0988 0.0654 0.0439
A2597-COMP| 0.0969 0.0664 0.0470
A2204 SW 0.0706 0.0437 0.0281
A2204-COMP| 0.0710 0.0452 0.0297

Table 3.7 —U flux ratios for old star regions. The column headers are dngesas in Tabl8.6.

Name F(FUV)v,tot F(FUV)v,exc F(FUV)V,NC F(U)v,tot F(U)v,exc F(U)V,NC F(Ha/)v
A2597 12.04 9.60 0.57 21.20 3.60 1.36 41.5
A2204 6.16 5.20 0.67 10.50 4.00 1.57 48.5

Table 3.8 —FUV, U and Hx fluxes. These fluxes are integrated over 18 kpc radial apsrogntered
on the BCG and given in units 1 erg s cm™? Hz 1. Columns 1-3 give the FUV F150LP fluxes.
Columns 4-6 give the U_Bessel fluxes. The subsciiptsexcand NC correspond respectively to the
total flux, the excess flux and the flux expected from the neloalatinuum. The latter is calculated using
the NEBCONT programHowarth et al. 200% see also Sectiof.5.4 Column 7 gives the H flux in
units 10%° erg s* cm~2 (Jafe et al. 200%
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name Z | FUV,t0t/NUV, tot Tkos
A85 0.0557 0.60 | 10656
A1204 0.1706 1.12 | 23226
A2029 0.0779 0.61| 10973
A2052 0.0345 0.54 | 10000
A2142 0.0904 0.63| 11273
A2597 0.0830 0.85] 13771
A3112 0.0761 0.74| 11858
HercA 0.1540 0.73 | 14069
HydrA 0.0549 0.77| 11876
MKW3s | 0.0453 0.67 | 11083
MKW4 | 0.0196 0.67 | 10870
MS0839| 0.1980 0.90| 17951
MS1358| 0.3272 0.91| 20747
MS1455| 0.2578 1.13| 26313
RX1347 | 0.4500 0.76 | 21622
Zw3146 | 0.2906 1.33| 37883

Table 3.9 —Hicks et al.(2010 GALEX BCG sample. Column 1 lists the cluster name for the BCG

observed. Column 2 lists the redshift as giverlioks et al.(2010. Column 3 lists the FUV;ot/NUV,, 1ot

ratio corresponding to the observed 7 arcsec radial ajgsrtand have been corrected for foreground

MW extinction only. Column 4 lists the K93 stellar temperasicorresponding to the flux ratio given in
column 3. The 20.1 BCGs are potentiallyféected by Lyr emission, see also Secti8r8.2
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A2597 F150LP Central region
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Figure 3.1 — ABELL 2597 FUV F150LP emission. Tbp Central bright FUV continuum emission
at the intrinsic resolution of HSTBptton) FUV continuum emission convolved to an output spatial
resolution of 1 arcsec FWHM and scaled to enhance the lovaceitbrightness structures. The BCG
nucleus is atd; 6)=(23 25 19.719 ; -12 07 26.83) (J2000).
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Figure 3.2 — ABELL 2597 FUV F150LP overlays. Top-Lef) CHANDRA X-ray contours on top of
the FUV emission. Top-Righ} FORS U band excess contours on top of FUV emissi@&uottbm-Leff
VLA 5 GHz contours at [1,4,16,64,256)0~* Jy/beam on top of the FUV emissiorB@ttom-Right Ha
contours fromJdte et al.(2005 on top of the convolved FUV emission. The BCG nucleus isdattid
by the cross. The region used for background subtractiardisated by the rectangle.
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A2204 F150LP Central region
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Figure 3.3 — ABELL 2204 FUV F150LP emission. Tbp Central bright FUV continuum emission
at the intrinsic resolution of HSTBpttom) FUV continuum emission convolved to an output spatial
resolution of 1 arcsec FWHM and scaled to enhance the lovasitbrightness structures. The BCG
nucleus is atd; 6)=(16 32 46.938 +05 34 32.81) (J2000).
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A2204 F150LP + X—ray Contours A2204 F150LP + U(excess) Contours
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Figure 3.4 — ABELL 2204 FUV F150LP overlays. Top-Lef) CHANDRA X-ray contours on top of
the FUV emission. Top-Righ} FORS U band excess contours on top of FUV emissi@uottom-Lef}
VLA 5 GHz contours at [2,4,16,258]L0~* Jy/beam on top of the FUV emissionBgttom-Right He
contours fromJdte et al.(2005 on top of the convolved FUV emission. The BCG nucleus isdattid

by the cross. The regions used for background subtracteindicated by the rectangles. The lensed
galaxy north-east of the BCG (e/ilman et al. 200%is visible in the U-band but not in the FUV band.
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Figure 3.5 — FORS V band images (the UVR 3-color images can be found in tiieeoversion).
ABELL 2597 (Top and ABELL 2204 Botton). The dotted squares indicate the old star regions where
we estimated the FUY and UV ratios. The solid squares indicate the nearby clusteptiéls that
were used as comparison sample for th¥ katios determined in the blue squares. The dashed squares
show regions used for determining the background in the Fat/aptical images. The many distorted
galaxies in the A2204 image show that this cluster is a stydegsing system.
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A2204 F150LP + 8 GHz Contours
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Figure 3.6 — A2204 VLA 8 GHz radio continuum emission. Radio contours aigen
at [0.6,1,2,4,16,256J10* Jybeam on top of FUV emission. The one sigma map noise is
0.2x10* Jybeam. This dataset is significantly deeper than the 5 GHzmlas®nted in Fig3.4.
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A2597 MAJOR AXIS A2204 EAST—WEST
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Figure 3.7 — Surface brightness profiles for A259[Zeft) and A2204 Righf). (Top-Lef) Position of
pseudo slits on A2597. The image is 25 arcsec on a side andithdrawn are 25 arcsec long and 2
arcsec wide (north is up and east is to the lefflop-Righ} Position of pseudo slits on A2204. The
image and slit sizes are the same as for A2597. The surfagbtieiss profiles are determined along
drawn pseudo slits in 2 arcsec steps along these slits. Tidébtaxck line is FORS V band emission. The
dashed black line is the background subtracted F150LP FUNstmn. The black dot-dash line isaH
emission fromJdte et al.(2005. The thick grey solid line is CHANDRA X-ray emission and ttgck
grey dashed line is VLA 5 GHz radio emissiorMifldle-Lef) A2597 pseudo slit along the major axis
of the BCG (SE-NW slit). Positive distances are north-wéshe BCG nucleus.Nliddle-Righ) A2204
pseudo slit along an axis running east-west through the BEME glit). Positive distances are east of the
BCG nucleus. Bottom-Leff A2597 pseudo slit along the minor axis of the BCG (NE-SW.sRositive
distances are north-east of the BCG nucleottom-Right A2204 pseudo slit along an axis running
north-south through the BCG (NS slit). Positive distanaesrerth of the BCG nucleus. All profiles
have been extracted from images convolved to a common bped@ution of 1 arcsec FWHM.
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Figure 3.8 — The FUV, t/U, 10t ratio and corresponding SSP age for A2597 and A2204p-_ef)
A2597 observed FUVot/U,10t- (TOp-Righy A2597 SSP age in units of Myr. Bpttom-Leff A2204
observed FUVio/U, 1ot (Bottom-Right A2204 SSP age in units of Myr. In computing the SSP age
we have taken extinction due to the MW foreground only intocamt, see Fig.3.9. The SSP age
vs FUV, 10t/U, 10t ratio is double valued for ages greater than 640 and 290 My2i697 and A2204
respectively. This is due to the UV upturn for a stellar pagioh older than 1 Gyr. For any flux ratios
in the range where the corresponding SSP age is double valibdve set the SSP age to the youngest
age possible in this range. The crosses indicate the BC@inddie black squares indicate the regions
where the W and FUV)V ratios for the old stellar population have been determir@@ehtours show the

5 GHz radio continuum emission. The contours levels aredheesas in Figs3.2and3.4.
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Figure 3.9 —The FUV,/U, ratio as a function of SSP age fBruzual & Charlot(2003 SSP models.
Curves are shown for two redshifts and threffedent amounts of extinction. The dotted and dashed
curves correspond to=0.0821 (A2597) and20.1517 (A2204) respectively. The thin black curves
correspond to MW foreground extinction only. The thick Bacrves assume that all of the extinction
intrinsic to the BCG is in front of the FUV and U emitting regm The thick grey curves assume that
only half of the extinction intrinsic to the BCG is in front ¢ifie FUV and U emitting regions. Dust
extinction has been computed using the C89 extinction lavbdth the MW and the BCG component.
The model ratios are computed for the HST-A6BC F150LP and VLT-FORS U_Bessel filters.
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Figure 3.10 —Blackbody (BB) models in the FUV - Optical regime. The dasheds show the peak
transmission wavelengths of the U (U_Bessel) and FUV (FB3(0ilters. This image illustrates how the
FUV flux changes relative to the U flux as we increase the teatper for a BB model. The fast change
in their relative ratio as a function of temperature shoves ittis a good discriminator of temperature. We
note that the K93 stellar models as function of stellar tenajoee qualitatively show the same behaviour
in the FUV to optical regime as the BB models. The FUV to U baatibris thus a good discriminator
for these models too.
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Figure 3.11 —Line Contamination of the FORS U, B, V, R and | Bessel filtef®p] Spatially integrated
(16x2 arcse®) spectrum of A2597.Rotton) Spatially integrated (12:8 arcse) spectrum of A2204.

Both spectra are centred on their respective BCG nucleus. dashed and dot-dash curves show the
shape of FORS U, B, V, R and | Bessel filters.
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Figure 3.12 —Excess emission in A2597T¢p-Lef) U, 10t/V, 10t ratio. (Top-Righj Excess Uexc band
emission after removal of the old stellar populatioBoitom-Left FUV, 1o/V, 10t ratio. Bottom-Right
Excess FUV,exc emission after removal of the old stellar population. Thesegges have been corrected
for background emission and line contamination. The blajpkages indicate the regions where the
U, tot/Vy 1ot and FUV, 101/V, 101 ratios for the old stellar population have been determined.
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Figure 3.13 —Excess emission in A2204T@p-Lef) U, tot/V .10t ratio. (Top-Righ) Excess ey €mis-
sion after removal of the old stellar populatioBoftom-Leff FUV, 101/V, 10t ratio. Bottom-Right Excess
FUV, exc €mission after removal of the old stellar population. Thages have been corrected for back-
ground emission and line contamination. The black squadisate the regions where the, &l/V, ot
and FUV, it/V, 10t ratios for the old stellar population have been determined.
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Figure 3.14 — FUV, exdU,exc ratio and K93 stellar temperature maps for A2597 Top-Lef)
FUV,.exdU,exc ratio. (Top-Righy Uncertainty in the FUVexdU, exc ratio. Bottom-Leff K93 stellar
temperature corresponding to the FLA/U, excratio. Bottom-Right Uncertainty in K93 derived stel-
lar temperature. Note that in calculating the K93 stellangerature shown here we have only taken
extinction due to the MW foreground into account, see Bid6 The data shown has been re-binned to
0.6x0.6 arcset pixels.
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Figure 3.15 — FUV, exdU,exc ratio and K93 stellar temperature maps for A2204Top-Lef)
FUV,.exdU,exc ratio. (Top-Righy Uncertainty in the FUVexdU, exc ratio. Bottom-Leff K93 stellar
temperature corresponding to the FLA/U, excratio. Bottom-Right Uncertainty in K93 derived stel-
lar temperature. Note that in calculating the K93 stellangerature shown here we have only taken
extinction due to the MW foreground into account, see Bid6 The data shown has been re-binned to
0.6x0.6 arcset pixels.



BIBLIOGRAPHY 113

3.0

2.5

2.0

FUV/U

1.5

1.0

0.5

0.0

FUV/U

El|||I|||||||||||||||||||||||||||
g
H
-

1x10* 2x10* 3x10* 4x10* 5x10*
T [K]

o

Figure 3.16 —FUV,/U, ratio models for A2597 and A2204. Shown are BB modébgp)(and K93
stellar modelslfotton). Curves are given for three redshifts(solid line), z0.0821 (dotted line) and
z=0.1517 (dashed line). For the latter two redshifts, comadmg to A2597 and A2204, we computed
this flux ratio for varying amounts of extinction. The thirabk curves refer to a dust-free environment.
The thin grey curves correspond to extinction by the MW fopegd only. The thick grey curves assume
that all of the extinction intrinsic to the BCG is in front dfeé FUV and U emitting regions. The thick
black curves assume that only half of the extinction intdrie the BCG is in front of the FUV and U
emitting regions. Dust extinction has been computed us$iadX89 extinction law for both the MW and
the BCG component. The model ratios are computed for the ASFSBC F150LP and VLT-FORS
U_Bessel filters.
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whether the V, R or | band image is used to remove the old stetlpulation. This shows that neither
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No. a (JZOOO) 0 (JZOOO) Area FF15q_p,t0t
0 23:25:19.890 -12:07:18.26| 21x21 | 0.0341735
1 23:25:19.864] -12:07:21.11) 21x21 | 0.0499983
2 23:25:19.781] -12:07:25.81| 41x41 1.58047
3 23:25:19.745 -12:07:30.23| 21x21 | 0.0772838
4 23:25:19.637| -12:07:29.88| 21x21 | 0.130110
5 23:25:19.668 -12:07:29.11| 21x21 | 0.147277
6 23:25:19.547| -12:07:28.81| 21x21 | 0.0955810
7 23:25:19.550 -12:07:29.83| 21x21 | 0.0730317
8 23:25:19.762 -12:07:26.73| 41x41 1.72703
9 23:25:19.743 -12:07:27.56| 41x41 1.20056
10 | 23:25:19.941] -12:07:27.36] 41x41 | 0.903357
11 | 23:25:19.885| -12:07:26.93| 41x41 1.21367
12 | 23:25:19.833 -12:07:26.36| 41x41 1.39439
13 | 23:25:19.873| -12:07:24.48| 41x41 | 0.551081
14 | 23:25:20.021] -12:07:24.93| 21x21 | 0.0503924
15 | 23:25:19.815| -12:07:27.58| 41x41 | 0.998714
16 | 23:25:19.656| -12:07:27.06] 21x21 | 0.136095
17 | 23:25:19.777| -12:07:33.46| 15x15 | 0.0155612
18 | 23:25:19.842| -12:07:32.58| 15x15 | 0.0138937
19 | 23:25:19.885| -12:07:30.53| 21x21 | 0.0607091
20 | 23:25:19.486| -12:07:20.98| 15x15 | 0.0148215
21 | 23:25:20.050 -12:07:30.41| 15x15 | 0.0139930
22 | 23:25:19.856| -12:07:25.61| 21x21 | 0.166120
23 | 23:25:19.552 -12:07:26.68| 21x21 | 0.0585360
24 | 23:25:19.549 -12:07:25.18| 21x21 | 0.0363437
25 | 23:25:19.840 -12:07:28.86| 21x21 | 0.146558
26 | 23:25:19.854| -12:07:21.58| 21x21 | 0.0433445

Table 10 —A2597 FUV continuum knots as measured in the A&RC F150LP filter. Column 1 lists the
knot number, see Fidl9. Column 2 lists the right ascension coordinate. Columnt8 tise declination
coordinate. Column 4 lists the aperture used in units oflpif@ne pixel has a length of 0.025 arcsec).
Column 5 lists the flux integrated over the aperture in urlis s*.

B.1 A2597, A2204 FUV continuum knots.

The FUV emission in A2597 and A2204 is observed to consist&@fcomponents, a filamen-
tary component and a morefilise component. To estimate the contribution to the total FUV
flux from each component we assign pixels belonging to thenélatary component as those
pixels having values at least twice the mean flux calculatighinva 5 arcsec aperture centered
on the BCG. We find that the filamentary component contribatesut half of the total FUV
flux in our objects. This agrees with the FUV observation©iyea et al.(2010 for a sample
of BCGs.

Below we have identified knots within the flamentary compan&hese knots have been
selected by eye and are required to have a mean flux per pitehwie specified aperture of
at least twice the root-mean-square (RMS) background.level
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No. @ (32000) 5 (J2000)[ Area| Frisoprot
0% | 16:32:47.076 +05:34:45.97] 21x21 | 0.0488258
1° | 16:32:46.973 +05:34:40.87| 21x21 | 0.1734531
2 | 16:32:46.801 +05:34:36.72| 21x21 | 0.0399950
3 | 16:32:46.948 +05:34:37.42| 21x21 | 0.209281
4 | 16:32:46.977 +05:34:37.05| 21x21 | 0.0986732
5 | 16:32:46.873 +05:34:35.35| 21x21 | 0.116265
6 | 16:32:46.945 +05:34:36.07| 21x21 | 0.0687493
7°¢ | 16:32:46.731] +05:34:30.95| 21x21 | 0.0598593
8 | 16:32:47.049 +05:34:31.10| 21x21 | 0.0863461
9 | 16:32:47.044] +05:34:32.05| 21x21 | 0.172684
10 | 16:32:47.020, +05:34:32.55| 21x21 | 0.337899
11 | 16:32:46.977| +05:34:33.37| 21x21 | 0.455177
12 | 16:32:46.943 +05:34:33.05 21x21 | 0.664247
13 | 16:32:46.903 +05:34:33.37| 21x21 | 0.849183
14 | 16:32:46.868 +05:34:33.80| 21x21 | 0.358830
15 | 16:32:46.970, +05:34:32.40| 41x41 | 2.00912
16 | 16:32:46.908 +05:34:32.07| 21x21 | 0.164597
17 | 16:32:46.967| +05:34:31.32| 21x21 | 0.107333
18 | 16:32:46.997| +05:34:34.87| 21x21 | 0.0610536
19 | 16:32:46.937| +05:34:29.75 21x21 | 0.0322799
20 | 16:32:46.798 +05:34:37.30| 15x15 | 0.0166241
21 | 16:32:47.082 +05:34:34.67| 21x21 | 0.0338256
22 | 16:32:47.054 +05:34:32.45| 21x21 | 0.145208
23 | 16:32:46.851 +05:34:34.75| 21x21 | 0.0631433
24 | 16:32:46.923 +05:34:34.75| 21x21 | 0.103866
25 | 16:32:47.009 +05:34:31.30| 21x21 | 0.0626998
26 | 16:32:46.862 +05:34:36.80| 15x15 | 0.0146095

Table 11 —A2204 FUV continuum knots as measured in the AG&EC F150LP filter. The columns
headers are the same as in Tatde

2 this is a star.

b this is an elliptical galaxy with a bright FUV point source.
¢ this is an elliptical galaxy with diuse FUV emission.
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Name | Type | FUV,/U, | Ayt | Tes Tkos | Teoz |
446A | O7V | 1.70 0.461| 52000 42700 40100
446B | O8V | 1.79 0.384| 51000| 41900| 38000
508A | O7V | 1.82 0.306| 47400| 40200| 38000
508B | O6V | 1.94 0.229| 46900| 39900| 40100

Table 12 — Stellar Temperatures for main-sequence stars in NGC 60lun@ol and 2 give the name
and type of the staBruhweiler et al. 2008 Column 3 lists the FUYU, ratio as measured for each star.
Column 4 lists the total visual extinction in magnitudes aods each star. Columns 5 and 6 list the stellar
temperatures derived from BB and K93 stellar models. Colintiats the spectroscopic temperatures
derived byBruhweiler et al(2003.

B.2 NGC 604 a Test Case

In Section3.5 we have shown that the FYM broad band ratio is a good discriminator of
stellar temperature. In order to verify that the tempeeguterived from the broad band ratio
are consistent with spectroscopically derived tempeeature have tested our method on a few
main sequence stars in the nearby giant HIl region NGC 604 38.M\e retrieved archival
HST/ACS SBC-F150LP and HRC-F330W observations of this objeetndte that the F330W
filter shape is similar to that of our FORS U_Bessel filter dmat it does not contain any line
emission.

We selected four, isolated, main-sequence stars for whidW Bpectroscopic tempera-
tures have been determined Byuhweiler et al.(2003, see Fig. 20. The FUV,/U, ratio
derived for these stars, takes into account correctionthélpackground, the fierence in point
spread function between the two filters. The stellar tentpezas then derived by comparing
the measured FUYU, ratio to the ratio determined for BB and K93 stellar modelshe T
extinction towards each star is taken into account when coimgp the models. The results for
NGC 604 are shown in Fi®2l and Tablel2.

We find that the K93 temperatures derived by our broad banchadetire consistent
with the spectroscopic temperatures determine@tuhweiler et al.(2003. This is expected
as these authors also use the K93 stellar models to deriwvddehgeratures. This thus shows
the equivalence of the two methods and that there are norapéeatures unaccounted for
when using the broad band approach. However, this investighy no means verifies the K93
models as an adequate model for real stars.

Interpreting the measured FYNJ, ratio in terms of BB models leads to much higher
temperatures for the stars investigated. THeedence of the slope in FUV to U-band regime
means that above 10K the BB inferred temperatures are systematically below K88
inferred temperatures whereas below! ¥0they are systematically above the K93 inferred
temperatures.
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models (dash-dot line) are shown. Black lines refer to a-ftest environment. Grey lines refer to
models reddened by MW foreground dust only.
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B.3 MS87 filaments.

Line emission from [CIV] 1549 A is claimed bgparks et al(2009 to represent the bulk
of the FUV emission observed from the south-eastern filasnenM87. They present HST
FUV imaging using the F150LP and F165LP filters. Based on fipaient absence of these
filaments in the F165LP image they suggest that the bulk ofildmmentary FUV emission is
due to the CIV line at 1549 A.

We have re-processed their images (project code 11681) amd ¢co a diferent conclu-
sion. Both the throughput and the exposure time of the F166idge is lower than for the
F150LP image. This means that the sensitivity of the F165h&Yke is significantly lower than
the F150LP image. After re-binning the pixels by a factorfon each side and smoothing the
data with a 30 pixel FWHM Gaussian kernel we do detect thehseastern filament in both
images. The filament is indicated by the dashed square regkeig. 22.

We find F150LE/F165LRB,=0.80+0.04 for the integrated flux in the dotted, 6 arcsec by
6 arcsec region shown in Fig22. This region contains the brightest part of the south-east
filament. We computed the F150}/P165LR, ratio for BB and K93 stellar models, see Fig.
22. We find that the observed ratio is consistent with1D000 K stars in the context of the
K93 stellar models. We thus conclude that [CIV] emissionasgible, but the observed FUV
emission can also be explained by normal stars.
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Figure 22 —M87 south-east.Top-lef) Re-binned and smoothed F150LP imagep-righf) Re-binned
and smoothed F165LP imageBdttom-lefy F150LR/F165LR, ratio image. (textitBottom-right) BB
models (black solid line) and K93 stellar models (grey dddhe) showing the F150LPF165LF, ratio
versus temperature. The dashed rectangle shows the lo@idtibe filament and the dotted rectangle
shows the region used by us to calculate the stellar temperafThe units on the x and y axes are
re-binned pixels with each pixel having a projected sizehaensky of 0.1 arcsec.



Chapter 4

The dust destruction timescales in the cores of clusteralakigs are relatively short given
their high central gas densities. However, substantiatinfrdred and sub-mm emission
has been detected in many brightest cluster galaxies. $nlgtier we presenterschel
PACS and SPIRE photometry of the brightest cluster galaxiee strong cooling flow
clusters, A1068, A2597 and Zw3146. This photometry indisghat a substantial mass
of cold dust is present=(3x 10’ M) at temperatures significantly lower (20-28 K) than
previously thought based on limited MIR @ndsub-mm results. The mass and temperature
of the dust appear to match those of the cold gas traced by @Oavgas-to-dust ratio of
80-120.
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4.1 Introduction

The cores of cluster of galaxies are very energetic regiotisarhigh X-ray emissivity, particle

density, cosmic ray flux, stellar density and AGN radiatidm.this very hostile environment
any dust grains are unlikely to survive for more than a fewliarilyears due to the action of
collisional sputtering (Dwek & Arendt 1992) unless they sngelded (Fabian et al. 1994). Itis
therefore somewhat surprising to find that dust continuuns&ion from the brightest cluster
galaxies in the most rapidly cooling clusters being detketesub-mm and MIR wavelengths
(Edge et al. 1999, Egami et al. 2006, O'Dea et al. 2008). Theearce of cold molecular gas
(Edge 2001, Salomé & Combes 2003) and dust absorption in H&ging (McNamara et al

1996) implies that the dust continuum traces a substantfd,component to the ISM in these
massive elliptical galaxies. However, the origin of thetdarsd how it is shielded are still poorly
understood.

The limitations with the current observations of dust emissnake it dificult to establish
an unambiguous dust mass as they do not sample over the pélag déist emission in the
FIR. The unprecedented sensitivity ldérschel(Pilbratt et al. 2010) to FIR continuuntfers
the opportunity to accurately constrain the full FIR speetrof the dust emission in cluster
cores. The authors were awarded 140 hours of time in an Opea Key Project (Pl Edge) to
investigate the FIR line and continuum properties of a samplll brightest cluster galaxies
(BCGs) in well-studied cooling flow clusters selected onlihsis of optical emission line and
X-ray properties. The full goals of the project are to obseatleast five atomic cooling lines
for each object that cover a range in density and temperdieihaviour and obtain a fully
sampled FIR spectral energy distribution. In this paper wesgnt the Photodetector Array
Camera & Spectrometer (PACS, Poglitsch et al. 2010) andtpend Photometric Imaging
REceiver (SPIRE, Gfiin et al. 2010) photometry for the three targets observedarStiience
Demonstration Phase (SDP), Abell 1068=(0.1386), Abell 2597 £ = 0.0821) and Zw3146
(z=0.2906). In a parallel paper (Edge et al. 2010), we present lRespectroscopy for the
first two of these clusters.

The three clusters observed have quite contrasting muéeagth properties. Abell 1068
and Zw3146 both have strong MIR emission (O’Dea et al. 20@&nk et al. 2006) with a
relatively bright CO detection (Edge 2001) and a weak cénaidio source (McNamara et al.
2004). A1068 lies just below the luminosity threshold of alRG (10 L) and exhibits some
contribution from an AGN (Crawford et al. 1999, O’'Dea et al008). On the other hand,
Abell 2597 is a relatively weak MIR source (Donahue et al. 200ith a weak CO detection
(Salome, priv. comm.) and a powerful central radio sour@ed8n et al. 1995). The implied
FIR luminosity of A2597 is a factor of around 30 below that cf@68 and, in addition, the
fractional contribution from an AGN in the MIR is also lower A2597.

4.2 Observations

We performed photometric imaging of A1068, A2597 and Zw3¥dth PACS and SPIRE.
The data were reduced with therschelinteractive Processing Environment (HIPE) software
version 2.3.1436 (Ott 2010). We used for both PACS and SPhR[Efticial scripts as presented
by the PACS and SPIRE ICC teams during therschelSDP data processing workshop in
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December 2009.

4.2.1 PACS Data

The PACS photometric observations were taken in LargeSeapiig mode in all three bands
of the photometer, BS (70m), BL (100um) and R (16Qum) using the medium scan speed
(20”s™1). The scan maps comprised 18 scan line legs ¢érdgth and cross-scan step of’15
Each observation had a “scan” and an orthogonal “cross-sitgection and we calibrated the
corresponding data separately before combining them isiioge map of 9x9'. The resulting
maps have a resolution of 3.27.7" and 12" at 70, 100 and 16@m, respectively and are
presented in the electronic version of this paper. The PAR@&gmeter performs dual-band
imaging such that the BS and BL bands each have simultandses\ations in the R band so
we have two sets of scans in the R band.

We adopted the PACS Data Reduction Guideline to procesathkevel-0 data to calibrated
level 2 products and used théioial script for PACS ScanMapping mode but with particular
attention to the high pass filtering to remov¢(ﬁ" noise. We choose to use thighPassFilter
method with a filter of 20 readouts which will remove struetwn all scales above 82 The
target BCG and other bright sources in the field were maskied far applying the filter. The
size of the mask was chosen to be less than the filter size sonaiiimize any left-over low-
frequency artefacts under the masks. We used masks withigsrafl13” for our sources.
We tried varying the size for the filter from 10 to 30 readoutd ghe mask radius from 10—
30” and found our results to not change significantly for theagea in values. Finally the task
‘photProject’, was used to project the calibrated data amt@p on the sky in units of Jy pixél
The “scan” and “cross-scan” maps were then averaged to peoithe final coadded map. The
PACS and SPIRE images are included in the electronic versitime paper. The spatial flux
distribution and flux densities of our target sources wewestigated using cumulative flux
curves. The spatial flux distribution for each of our thregrses is consistent with that expected
from a point source. Flux densities in the BS, BL and R banceveatracted using a 33by
33" aperture centered on the BCG. Small aperture corrections agplied as outlined in the
PACS Scan Map release note (PICC-ME-TN-035). Care was takealibrate these derived
flux densities to account for the known flux overestimatiothim used HIPE version by factors
1.05, 1.09 and 1.29 in BS, BL and R bands respectively. Theladesflux accuracy is within
10 % for BS and BL, and better than 20 % for R. These uncer&srare not believed to be
correlated due to the BS and BL bands being takenfétrént times and the R band using a
different detector.

4.2.2 SPIRE Data

The SPIRE photometry was performed in the LargeScanMap mvidtiecross-linked scans in
two orthogonal scan directions. The photometer has a fieliof of 4 x 8, which is observed
simultaneously in three spectral bands, PSW (250, PMW (350um) and PLW (50Q:m) with
a resolution of about 18 25” and 3@, respectively. The resulting maps measurexi®? in
size and are presented in the electronic version of thisrpape

We used the standard HIPE pipeline for the LargeScanMaprahgemode and the naive
map-maker. The pre-processed raw telemetry data wereulgict to engineering conversion



126 Chapter 4. Herschel photometry of brightest cluster gaaxn cooling flow clusters

wherein the raw timeline data were converted to meaningfitbuthe SPIRE pointing product
was created, deglitching and temperature drift correatiere performed, and maps were cre-
ated, the units of which were Jy beai Our targets are unresolved at the spatial resolution of
SPIRE. We derived their flux densities by fitting the sourcéh the SPIRE point source re-
sponse function. Care was taken to de-blend our target ftber aearby sources at the longer
wavelengths, where the sources are most likely to be baakgrto the cluster. We account for
the known flux calibration fiset in the used version of HIPE by applying the following mult
plicative calibration factors 1.02, 1.05 and 0.94 to thewdel flux densities in the PSW, PMW
and PLW bands respectively (see fGn et al. 2010, Swinyard et al. 2010). We also performed
aperture photometry using the HIPE point-source extradiRSE) tool but this method gives
accurate results only for isolated point sources. At@®0and 50Q:m, the BCGs in A2597 and
Zw3146 are close to the detection limit and at the confusiwoit of SPIRE making the PSE
method of determining the fluxes unsuccessful. A1068 hakavay strong compact BCG in
far infrared and so we performed the PSE to find that the flurn@s¢s using AIPS and HIPE
agree with each other to better than 5%.

4.3 Results

In the PACS photometry, A1068, A2597 and Zw3146 have beesctsd in all three bands.
For A1068, 70 and 1Q@dn values are slightly less than tHRAS60 and 10Q:m measurements.
This could be due to nearby sources that cannot be separatadife BCG in the much lower
resolutionlRASobservations but no fliciently bright source is visible in our PACS imaging.
There is a large dlierence between thepitzerMIPS 7Qum flux (Quillen et al. 2008) and our
PACS 7Qum flux, the PACS flux being a factor 1.7 lower than the MIPS flum.tHe case of
Zw3146 the MIPS and PACS 7@m fluxes also dter with the PACS value being a factor 1.4
larger than the MIPS value (Egami et al. 2006). For A2597 tRé P fluxes difer from the
Spitzer70 and 16Qum fluxes reported by Donahue et al. (2007). Part of thifecence was
resolved when the MIPS 70m data were re-analysed and found to be a factor of two too
high (Donahue, priv. comm.). Theftérences observed between the PACS &pitzerfluxes
require further investigation. In the SPIRE photometry0A& is detected in all three SPIRE
bands. A2597 and Zw3146, while clearly detected in PSW andands, have a 1-&
detection in the PLW band. Table 1 gives the photometricltg$or the three galaxies, with
20 upper-limit for A2597 and Zw3146 in PLW. Figure 1 presents thdio to optical spectral
energy distributions (SEDs) for the three targets. Theses@how the significant variation
in the relative radio-FIR-optical contributions for eachooir galaxies. Here we focus on the
sub-mmMIR dust emission as sampled by PACS and SPIRE photometnyplemmented by
publishedSpitzerandIRASmeasurements.

We fit the SEDs of the dust emission using black bodies modifighl a dust emissivity
index,B. The FIR-MIR slopes of our sources require the presence lehat two dust compo-
nents. Previous studies of star-forming galaxies havead@stablished that a single modified
black body (MBB) is inadequate to account for the observest émission (Wiklind 2003).
Hence, our model for the SEDs consists of two MBBs with the éuasissivity index for each
fixed to=2 and a mass absorption ¢beient, «g,, of 2.5 n? kg~* at 10Qum.

For A1068 we fit the 24-850n emission. For A2597 and Zw3146 the SCUBA 860
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Table 4.1 —Log of HerschelObservations. Th&pitzerdata are from Quillen et al. (2008), Donahue
et al. (2007, priv. comm.) and Egami et al. (2006). The SCUB#adare from Edge (priv. comm.),
Zemcov et al. (2007) and Chapman et al. (2002).

Cluster z Instrument A Obsid Flux
(um) (mJy)

A1068 0.1386 PACS 70 1342187051 4@
PACS 100 1342187053 758

PACS 160 7624

SPIRE 250 1342187321  3%6

SPIRE 350 1356

SPIRE 500 5&8

SCUBA 450 3913

SCUBA 850 5.21.1

Spitzer 24 74.5:2.0

Spitzer 70 94130

IRAS 60 57#52

IRAS 100 958144

A2597  0.0821 PACS 70 1342187118 45
PACS 100 1342187120 &7

PACS 160 864

SPIRE 250 1342187329 26

SPIRE 350 156

SPIRE 500 <16

SCUBA 850 14.52.3

Spitzer 24 2.1:0.2

Spitzer 70 49+6

Spitzer 160 523

Zw3146 0.2906 PACS 70 1342187043 1%
PACS 100 1342187045 156

PACS 160 1325

SPIRE 250 1342187326 &6

SPIRE 350 3@6

SPIRE 500 <16

SCUBA 450 <48

SCUBA 850 6.62.6

Spitzer 24 4.1+:0.4

Spitzer 70 68:14

Spitzer 160 15735
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detections have been removed and we fit only the 24x35@nge. In the case of A2597, this
is due to the unknown amount of radio contamination at®%0 In the case of Zw3146 the
BCG is blended with strong background source a88QChapman et al. 2002). The data are
weighted in the fit inversely to the square of their error. Témulting fits are shown in Figure
1. The derived dust temperatures and total FIR luminositiesach source are listed in Table
2.

The results in Table 2 indicate that at least two dust compisnene at 20-25 K and one
at 50-60 K, are present in all three sources. The FIR emissiomuch stronger relative to
the optical in A1068 and Zw3146 as compared to A2597. The SEDL068 and Zw3146
resemble those of strongly star-forming systems and, baiséloe total FIR luminosity derived
here, we find star formation rates (SFR) of 60 and 44! in these two systems using the
Kennicutt (1998) conversion factor. For A2597 a much moreleso SFR of 2 M yr~t is
inferred. These values are comparable to SFRs derived frarting andor UV continuum
emission given the uncertainties of these tracers. HowtheSFR values derived fro8pitzer
data are higher for A1068 and Zw3146. Thé&elience for A1068 is the most pronounced and
can be directly attributed to the stronger AGN contributiomhis object (Quillen et al. 2008)
which boosts the 24flux compared other comparable sources. Therefore, whetothieFIR
luminosity is derived from the 1bn flux infered fromSpitzerit will be overestimated. The
value for Zw3146 from Egami et al. (2006) is higher than owrheir fit includes the SCUBA
85Qum point from Chapman et al. (2002) which appears to be overattd on the basis of our
SPIRE data.

The gas to dust ratio is found to be between 80 and 140 (see 2ablGas temperatures
can be inferred from CO measurements (Edge 2001, Salome &€E»H003). These esti-
mates infer gas temperatures of 25-40 K thus implying theigts and dust share a common
environment and are potentially co-located in the denggons of cold, molecular gas clouds.
We have attempted to determine how much extended emisspwassent from our highest spa-
tial resolution PACS 7@m image but we find no evidence for more than 10% additional flux
beyond a point source. Clearly these limits will improvehndt better characterisation of the
instrument but we believe that we can conclude that the dugtsgon in our targets has an
extent comparable to that the bulk of the CO emitting gas autida emission lines< 5" or
5-20 kpc).

4.4 Discussion and conclusions

Our initial Herschelresults confirm the presence of the striking dust emissi@k gpected
from the observations at sub-mm (Edge et al. 1999, Chapmaln 2002) and MIR (Egami et
al. 2006, O’Dea et al. 2008).

The star formation rates derived from the full-sampled FEEDSare comparable to those
derived fromSpitzer24um fluxes apart from A1068, which has the strongest contidioutiom
an AGN so hot dust dominates to theu2d flux. However, in the sub-mm the contribution from
the radio continuum from an active nucleus must be correxttyounted for before any dust
mass can be estimated from the 860flux. In the case of A2597 here and A2390 in Edge et
al. (1999), the presence of a powerful radio source appeaitribute to the SCUBA 8%0n
flux.
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Table 4.2 —Summary of results and other cluster properties. $pigzerSFR values are from O’'Dea
et al. (2008), Donahue et al. (2007) and Egami et al. (2006 OpticalUV SFR values are from
McNamara et al. (2004), Donahue et al. (2007) and Egami €2@0D6). The CO gas masses are from
Edge (2001) and Salomé (priv. comm.) and thedHt luminosities are from Crawford et al. (1999).

Cluster A1068 A2597 Zw3146
Dust Temperatures 24K 21+6K 23+5K
12
573K 48+1°K 53+22K
Cold Dust Mass 54108 Mg, 2.3x10" Mo, 5.4x10° M,
Warm Dust Mass 3:910° Mo, 2.9x10° Mo, 1.9x10° Mg,

Total FIR Luminosity ~ 3.5%10* L, 8.8x10° L, 2.5x10M L
Star Formation Rate 620 My yrt  2+1Moyrt  44+14 Mg yrt

SFRSpitzer 188 My yrt 4 Mg yrt 70+14 Mg yrt
SFRopticajuV 20-70 My yrt  10-15Mpyr1  47+5Mg yrt
CO gas mass 4x110° M, 2.0x10° Mo, 7.7x10"° M,

He Slit Luminosity 810" ergs! 3x10*ergs! 3x10%ergs?

While it is difficult to draw any general conclusions from just three BCGsnate with
interest that the ratio of dust mass to CO-derived gas massnististent for all three within
a factor of five. If the dust were mostly generated through éjection from evolved stars
then the dust mass should closely correlate with the to&dllastmass. However, our three
galaxies have very similar opti¢ghllR absolute magnitudes. So, unless the ejected dust were
“captured” by the cold gas clouds protecting it from X-rayugpring, this suggests that the
apparent correlation between the molecular gas and dusemasises from a direct connection
between the gas reservoir and star formation.

These results are a limited example of those to come in thenear future fronHerschel
as there are two other Open Time Key Projects (Pl Egami anthpthat are targetting a total
of 70 clusters that cover a broad range of BCG propertiesesavitier context of these initial
observations can be determined. In particular, the amaoudust present in more quiescent
BCGs and other massive cluster ellipticals will be impartarassessing how much of the dust
seen in cool core BCGs orginates from the underlying stpligulation.
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Figure 4.1 — Spectral energy distributions for A1068 (top), A2597 (mé&dand Zw3146 (bottom)
includingHerschel PACSSPIRE Spitzer Radio, NIR photometry from 2MASS and optical photometry
from SDSS. To account for absolute flux uncertainties we s@tethe following errors on the fluxes
derived from the various instruments (unless the quoteat ésrlarger than this); PACS BBL 10%,
PACS R 20%, SPIRE 15%gpitzerl0%, SCUBA 45Qum 30% and SCUBA 850m 20%. The model fit
to the sub-mnFIR/MIR data is shown by the black solid line. Only filled symboés/a been used in the
fit. The two modified blackbodies making up the model are shbwthe black long dash and dash-dot
lines. For A2597 we also show two VLBI measurements (bladssgs) of the BCG core at 1.3 and 5
GHz (Taylor et al. 1999). These points show that the BCG ha&oag inverted radio core.



BIBLIOGRAPHY 131

Donahue, M., Jordan, A., Baum, S. A, et al. 2007, ApJ, 67Q, 23

Dwek, E., & Arendt, R. G., 1992, ARA&A, 30, 11

Edge, A.C., lvison, R.J., Smail, I. R., et al., 1999, MNRAB63599

Edge, A.C., 2001, MNRAS, 328, 762

Edge, A.C., Oonk, J. B.R., Mittal, R., et al. 2010, A&A, thiglume

Egami, E., Misslet, K. A., Rieke, G. H., et al. 2006, ApJ, 6822

Fabian, A. C., Johnstone, R. M., & Daines, S. J., 1994, MNRAS,, 737

Griffin, M., Abergel, A., Abreu, A., et al. 2010, this volume

Kennicutt, R. C. 1998, ARA&A, 36, 189

McNamara, B. R., Wise, M. W., Sarazin, C.L., etal. 1996, Af6,4.9

McNamara, B. R., Wise, M. W., & Murray, S. S., 2004, ApJ, 60231

O'Dea, C.P.,, Baum, S. A, Privon, G., et al. 2008, ApJ, 68B510

Ott, S. 2010 in ASP Conference Series, Astronomical DataysisSoftware and Systems
XIX, Y. Mizumoto, K. I. Morita, and M. Ohishi, eds., in press

Pilbratt, G., et al. 2010, A&A, this volume

Poglitsch, A., et al. 2010, A&A, this volume

Quillen, A. C., Zufelt, N., Park, J., et al. 2008, ApJS, 178, 3

Salomé, P., & Combes, F. 2003, A&A, 412, 657

Sarazin, C. L., Burns, J. O., Roettiger, K., et al. 1995, A@,, 559

Swinyard, B., Giffin, M., Ade, P., et al. 2010, A&A, this volume

Taylor, G.B., O'Dea, C. P, Peck, A.B., etal. 1999, ApJ 5127L

Wiklind, T. 2003, ApJ, 588, 736

Zemcov, M., Borys, C., Halpern, M., et al. 2007, MNRAS, 37673



132 BIBLIOGRAPHY

Zw3146

Al068 A2597

Figure 4.2 — Combined images from the three PACS bands (BS, BL and R inltiee green and red
channels) for the three clusters within radius of 2abthe BCG The top row are images combined in
their original resolution and the bottom row are the imagaalmined with a common smoothing of’12
to match resolution. The images are only available in colotine online version.
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Al1068 A2597 Zw3146

Figure 4.3 — Combined images from the three SPIRE bands (PSW, PMW and Rltii¢iblue, green
and red channels) for full field covered for the three clisstavering approximately 12 12. The top
row are images combined in their original resolution andabigcom row are the images combined with a
common smoothing of 36to match resolution and clipped to remove areas of low exjgosihe BCG

is at the centre of the image and in A2597 and Zw3146 is thesbhlgect present (see text). The images
are only available in colour in the online version.






Chapter 5

The question of how much gas cools in the cores of clusteralakigs has been the focus
of many, multiwavelength studies in the past 30 years. Is ldtiter we present the first
detections of the strongest atomic cooling linegy][¢O1] and [Nu] in two strong cooling
flow clusters, A1068 and A2597, usirigerschelPACS. These spectra indicate that the
substantial mass of cold molecular gasl0’M,) known to be present in these systems is
being irradiated by intense UV radiation, most probablyrfrgoung stars. The line widths
of these FIR lines indicate that they share dynamics sirbilanot identical to other ionised
and molecular gas traced by optical, near-infrared and 6€3liThe relative brightness of
the FIR lines compared to CO and FIR luminosity is consisteitth other star-forming
galaxies indicating that the properties of the molecula dauds in cluster cores and the
stars they form are not unusual. These results provideiadditevidence for a reservoir
of cold gas that is fed by the cooling of gas in the cores of tlstraompact clusters and
provide important diagnostics of the temperature and tien$ithe dense clouds this gas
resides in.
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5.1 Introduction

The cooling process at the cores of galaxy clusters is higbiyiplex: recenXMM-Newton
andChandraobservations indicate that the cooling rates are reduceshlmrder of magnitude
below the simple cooling flow models at temperatures below 10°K (Peterson & Fabian
2006). These X-ray observations, when linked with the deteof radio jet inflated bubbles
in the cores of many of the strongest cooling flows (see McNamgaNulsen 2007 for a re-
view), suggest that the strong suppression of gas coolirglased to energy injection into the
intracluster medium by the action of jets and related AGNvagt

The detection of substantial masses of molecular gas iroites of the most rapidly cooling
clusters through CO lines (Edge 2001, Salomé & Combes 2G@Byarm H molecular lines
in the NIR and MIR (J&e & Bremer 1997, Egami et al. 2006) indicates that not all iogpis
suppressed and this cooled gas may provide the fuel fordlR@&N activity. These tracers of
molecular gas appear to correlate with the strength of alpiizes from ionised gas (Crawford
et al. 1999, Edge 2001) and the dust continuum at MIR and subamvelengths (O’Dea et al.
2008). However, the excitation of these various emissioasliand the relative importance of
energy input from star formation, AGN, cosmic rays amdhe intracluster medium is poorly
constrained (Ferland et al. 2009).

One as yet unexplored diagnostic of the properties of thé gak are the atomic cooling
lines found in the FIR, [@], [O1] and [N]. The unprecedented sensitivity lderschel(Pilbratt
et al. 2010) to FIR line emissionters the opportunity to assess the ionisation and density of
the colder gas for the first time with thei{line and two principle [@ lines. The authors were
awarded 140 hours of time in an Open Time Key Project (Pl Etgée)vestigate the FIR line
and continuum properties of a sample of 11 brightest clugdaxies (BCGs) in well-studied
cooling flow clusters selected on the basis of optical emisine and X-ray properties. The
full goals of the project are to observe at least five atomating lines for each object that cover
a range in density and temperature behaviour and obtaifyasianpled FIR spectral energy
distribution for systems where significant star format®axpected. In this paper we present the
Photodetector Array Camera & Spectrometer (PACS, Poglésal. 2010) spectroscopy for the
two targets observed in the Science Demonstration Phade)(2bell 1068 £ = 0.1386) and
Abell 2597 = 0.0821). In a parallel paper (Edge et al. 2010), we presentfRe@Rotometry
for these clusters.

The two clusters observed have quite contrasting multileaggh properties. A1068 is a
strong MIR source (O’Dea et al 2008) with a bright CO deteat({iedge 2001) but a weak radio
source (McNamara et al 2004). A1068 lies just below the lasily threshold of a ULIRG
(10'? L) and exhibits some contribution from an AGN (Crawford et 4099, O’Dea et al.
2008). On the other hand, A2597 is a relatively weak MIR se@onahue et al. 2007) with
a weak CO detection (Salomé, priv. comm.) but a powerfuloradurce (Sarazin et al. 1995).
The implied FIR luminosity of A2597 of 8:810° L, is a factor of around 30 below that of
A1068 (3.5¢10' L) and, in addition, the fractional contribution from an AGiNthe MIR is
also lower.
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Table 5.1 —Log of HerschelPACS observations

Cluster Redshift Line Wavelength Obsid Bandwidth Resohluti Beam Size

(um) (kmsh  (kms?
AL068 0.1386  [Q] 179.61 1342186308 1200 201 13/33 kpc
[O1] 71.94 1342186307 600 55 343 kpc
A2597 0.0821 [@] 170.78 1342187125 1100 218 12/80 kpc
[O1] 68.41 1342187124 550 68 B//7.8 kpc
[Nl 13194 1342188942 1200 281 9/a5 kpc
[Ob]  157.56 1342188704 1200 241 1'1/88 kpc
[Om]  95.61 1342188703 108 7'211 kpe

5.2 Observations

We have observed the ifand [Q] lines at 157.74m and 63.18m for A1068 and A2597 with
the PACS spectrometer ditlerschel These are the primary cooling lines of the cold gas at a
temperature ¥40 K (Kaufman et al. 1999). In addition for A2597 we obsenrvee fiNii], [O1]

and [Qn] lines at 121.9Am, 145.52m and 88.36m. These lines are used to constrain the
excitation and temperature of this gas. Table 1 gives a suynofidghe observations.

All spectral line observations were takenPACS chopped line scan (standard faint line)
mode with chopping-nodding. Themple pointed observatiomsode was used for all obser-
vations. The data were reduced following the PACS data temtuguide (PDRG) using the
PACS Line Spectroscopy script for Point Source Ghma Mode as presented by the PACS
ICC team during thélerschelscience demonstration phase data processing workshogpA&t ES
in december 2009. The reduction was performed withirHéeschelnteractive Processing En-
vironment (HIPE) version 2.0.0 (Ott 2010), build RC 3. We é@vocessed the data from level
0 (raw channel data) to level 2 (calibrated spectra) in a rermabsteps as outlined in the PDRG.
Level 0 to 1.0 processing removes the telescope specifictstas from the data. The slopes of
the raw channel data are fitted and removed. The signal isectma/from data units to volts per
second. Sky coordinate information is added and bad pixelghtches are removed from data.
The data is flatfielded and flux calibrated by applying the gcblbased nominal response func-
tion as recommended in the PACS spectroscopy performarioesdibration (PSPC) document.
This ground based response calibration is known to yieldestenated fluxes and following
the PSPC we divide our fluxes by 1.3 and 1.1 in the blue and redsbal'he accuracy of this
flux calibration for the PACS spectrometer, at the time oftwg, is about 50 percent within a
given spectral band (PSPC).

During the final stage of the reduction, level 1.0 to 2.0, tawdre spectrally and spatially
rebinned into a &5xlambda cube. Using the standard®spatial rebinning each spatial pixel
(spaxel) has a projected size of 949.4” on the sky. The spectral rebinning is performed
using the recommended weak line density i.e. oversalrgnd upsamp4. Values between 1
and 10 were tried for the upsamp and oversamp parametersttthéerobustness of the line
profiles. We find that the line profiles do not change signitigeior this range in values.
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Table 5.2 —Spectral line results fdderschePACS observations

Cluster Redshift Line Integrated Line Flux Velocitffget measured FWHM instrinsic FWHM

(1018w m) (km s (kms™?) (kms™)
A1068 0.1386 [@] 104.7+1.8 +25+55 378:40 32055
[O1] 64.8+0.2 +25+50 356:40 352:55
A2597 0.0821 [@] 58.5+1.9 +15+60 463:40 408t55
[O1] 54.7+0.2 +40+55 41140 40555
[Nu] 3.8+£1.3 +30+60 57890 505:110
[O1b] 3.3:1.3 —5%65 484:90 42Q:110
[Omi] <29 - - -

5.3 Results

The [Gi] 157um and [Q] 63um lines are detected at a signal to noise greater than 30 tbr bo
A1068 and A2597. The much weakerifNL22um and [Qb] 145um lines are detected at the
350 level for A2597. The [@i] 88um line was not detected in A2597, an upper limit for this
line is given in Table 2.

The line spectra are fitted by a model consisting of; (i) admieinction to determine the
continuum flux, and (ii) a single gaussian function to detamthe line flux. Continuum sub-
tracted line spectra are shown for the central spaxel in Figr A1068 and Fig. 2 for A2597.
The fitted line centers agree well with the redshift of CO i@ BCG and the fitted FWHM line
widths indicate gas with velocities of 300-500 knit.s

The [Ga] and [Nu] lines in the central spaxel of both objects are well desatiby a single
gaussian. However, the [063um lines, where the PACS spectral resolution is best, have
profiles indicative of weak (2-8) deviations from a single gaussian function. The] [De in
A1068 hints at a two-component structure in the form of aswarcore component on top of a
broad underlying component comparable to the CO(2-1) profiEdge (2001). Both [Plines
observed in A2597 appear to have their dominant flux compicatieghe systemic redshift of the
BCG and a weaker componenfset by about-250 km s1 which is also seen in the CO data
(Salomé, priv. comm). We attribute the shared structurbege atomic and moledular lines to
gas kinematics rather than self-absorption as the obsemweskion is from a large number of
clouds that have much narrower intrinsic line width.

The resolution of PACS at the observed wavelengths vames &bout 5 for the [O] 63um
line to about 14 for the [Cu] 157um line. We have investigated line emission in all 25 spaxels
of the PACS FoV. In all cases the line flux is dominated by thetre¢ spaxel. Summing up
the flux in all 25 spectra and comparing it to the flux in the cardpaxel shows no evidence
of excess line flux as compared to what is expected from a goimtce. In order to properly
recover the full beam line fluxes we have applied point soaoreections (appendix A of the
PSPC document) to the central spaxel integrated line flukbs.results are listed in Table 2.
This spatial resolution matches the best sub-mm interfetgmmesults for CO (Edge & Frayer
2003; Salomé & Combes 2004) which implies that most of thessioin is on scales 5”
so we believe our PACS line fluxes can be compared to litexatalues without large beam
corrections.
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Figure 5.2 —HerschelPACS spectra of [@], [O1] (63um), [Nu] and [Ob] (145um) in A2597.
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5.4 Discussion

The primary result from the SDP observations for this priagethat the atomic cooling lines are
present in both observed clusters. This first detection eseHines in cluster cores reinforces
the importance of the cold gas in these environments. Howeere are a number of questions
that these detections raise.

How do the properties of the FIR lines compare to local LIRGESRGs? There have been
several studies of local galaxies with ISO and high redgjafaxies using ground-based instru-
ment that cover [@] and [O] (Malhotra et al. 1997, Maiolino et al. 2005, Hailey-Dunatteet
al. 2010). These studies show that the ratio of][t© FIR luminosity is a function of luminos-
ity with relatively less [Gi] emission for the most FIR luminous sources. Using the FlR da
from Edge et al. (2010), we calculate thea]@o FIR luminosity ratios are 1¢* and 101°
for A1068 and A2597, respectively. Theif[ZFIR ratios of these two galaxies are comparable
to those measured for galaxies of similaff-(see Fig. 2 of Maiolino et al. (2005)). In partic-
ular, the [G1] to FIR luminosity ratio is lower for the more FIR luminous thfe two galaxies.
The ratio of [Gi] to [O1] shows less variation (1.62 and 1.07) and is again consigti¢im other
comparable galaxies (Luhman et al. 2003). Also our CO(b®IR luminosity ratios of 16>
and 10°° for A1068 and A2597 are consistent with star-forming localegies (Malhotra et
al. 1997). So, despite potentialfidirences in excitation, pressure and metallicity, the ixedat
intensity of the atomic and molecular lines to the FIR lunsitypdo not distinguish the BCGs
studied here from other FIR bright galaxies.

How do the dynamics of atomic and molecular lines compdre® relative velocity width
of the atomic lines compared to the CO and MIR khes can provide important diagnos-
tics for the dynamics and energetics of the various gasrsacErom the line width alone
the resolution corrected line FWHM widths for ther[Gand [Q] lines are~330 km s and
~400 km s for A1068 and A2597 respectively. This compares to243km s (Edge 2001)
and 292:45 km st (Salomé, priv. comm.) for CO(2-1) for A1068 and A2597. Infeaase
the FIR lines are a factor 6§1.35 broader. This is not due to any instrumental broadeining
the PACS instrument as the two lines sampled have similangit line width despite being
observed at very tlierent resolution. Instead, thisfidirence is more likely to be related to the
lines being emitted from étierent regions within the BCG or in shocks. However, thisrityea
needs to be tested in more systems and through direct casupasf the [Gi] and [O] extent
with that of CO.

How do the FIR line ratios constrain the gas propertiesRe relative strength of the FIR
lines can constrain several key properties of the gas phaselbminates the emission. The
main constraint we can determine directly from our curreatads from the [@] 158:m and
[O1] 63 and 14m lines for A2597. Kaufman et al. (1999) present photodisgmn region
(PDR) model predictions for the [0145um/63um and [Gi] 158um to [Or] 63um line ratios.
Combining these two constraints for our observed [25:m/63um ratio of 0.06:0.02 and
[O1] 63um to [Cu] 158um ratio of 0.94:0.05, we estimate a density of 3%%°cm=2 and an
incident FUV flux of G of 150-1000 Habing units. These values of i@ply intrinsic FUV
luminosities of~ 2-5x10* erg s if the clouds subtend 3-5 kpc. This is comparable to the
observed FUV luminosities of these galaxies once dust absaris taken into account (O’'Dea
et al. 2004).
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5.5 Conclusions

These initial results frorierschelindicate that atomic cooling lines are present in the baght
cluster galaxies in cooling flow clusters. The intensity aatbcity width of these lines is con-
sistent with all the other observed tracers of cold gas isdtsystems implying they originate
from the same population of clouds. The only apparent exmepd this in our current observa-
tions is that the FIR lines appear to be systematically eotthn the CO lines impling that the
relativeintensity of these lines varies with position within the BCIe results that will come
from our Open Time Key Project for 11 BCGs will expand greaitythose presented here with
more lines and a greater range of BCG properties. Beyondttiespotential foHerschelto
illuminate the properties of the cold gas that may fuel caldlear accretion in more distant
clusters and local groups is vast.
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Chapter 6

Optical Line Emission in Brightest Cluster
Galaxies

We present new observations in combination with photosation modelling of the optical

line emitting gas for the Brightest Cluster Galaxies in tloelecore clusters Abell 2597,

Abell 2204 and Sersic 159-03. The spectra show that theggnt@st Cluster Galaxies are
extreme examples of low ionisation nuclear emission liggores. Optical line emission is

traced out to about 20 kpc from the nuclei. On large scalesiégree of ionisation and the
density of the optical gas are found to decrease with distéioen the nucleus.

The measured Balmer decrements are constant across teps of A2597 and A2204.
These decrements are consistent with dust obscuratiamwiall a Milky-Way-type extinc-
tion law with Ay ~1. The Balmer decrements measured in S159 imply little to usi d
obscuration. All three systems show strong line emissiomffOl] and [NI]. These lines
indicate the presence of an extended, warm, weakly ionissdobase. The constancy of
these lines relative to the Balmer lines within a single obgs well as for a large sample
of cool-core BCGs is striking.

Photo-ionisation by stars, AGN and bremsstrahlung arestigated using the MAP-
PINGS Il code for A2597. We find that stars cannot reprodime dbservations. Both
an AGN and bremsstrahlung can reproduce most of the opiieatdtios within a factor of
two. A pure AGN model or a model combining stars and bremisktng provides the best
fit to the data. The cooling rates per H-nucleus for the iahiseutral and molecular gas
at T<10* are found to be comparable. Together with the constancyeofitie ratios this
strongly suggests that there is a single heating mechamwisthdse gas phases.

Our models show that this gas can be heated via secondatyoetecreated by primary
photons with energies of about 40-100 eV. We consider a ratrowling flow model in
which an ultra-soft 300 eV component provides the requinedohotons. This model does
not violate the observational limits on a residual coolirogvfin A2597.

(To be submitted)

J. B. R. Oonk, N. Bremet, W. Jdfel, B. Grovesd, M. N. Breme?

1Leiden Observatory, Leiden University, P.B. 9513, Leid2300 RA, The Netherlands
2Department of Physics, H.H. Wills Physics Laboratory, @ili&/niversity, Tyndall Avenue, Bristol BS8 ITL, United Kgdom
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6.1 Introduction

Cool-cores are centratl0? kpc regions of rich galaxy clusters where the hot thermal X-
ray emitting gas (T~ 10® K) is dense enough to cool radiatively within a Hubble time
(seePeterson & Fabian 2006-abian et al. 1994for reviews). Cooling rates of the order of
1072 My, yr ! have been estimated for this hot X-ray gas, but detailedyXsgectroscopy
shows that at most 10% of the X-ray emitting gas cools beloa/ tbird of the virial temper-
ature (e.g.Peterson & Fabian 2006 The solution most often invoked in the literature is that
some form of reheating balances the radiative cooling oXtnay gas, but the detailed nature
of this process is unknown.

A similar problem concerns the cooler {6 K) gas components within 50 kpc of the
centers of these galaxy clusters. These emission-linelaelawe centered on the Brightest
Cluster Galaxy (BCG) and emit far more energy than can beaexgd by the simple gas cooling
(Heckman et al. 1989dte, Bremer & Baker 2005 The optical line emission would imply gas
cooling rates up to ¥OM,, yr~ (Heckman et al. 1989v0it & Donahue 1997 Crawford et al.
1999. Such strong cooling rates do not agree with observatibesld gas in these systems
(Edge 2001Salome & Combes 2003

The observations thus imply that these cooler gas phasesaéd to be reheated. The
detailed reheating mechanism for this gas and whetherirntked to the reheating of the hot X-
ray gas is currently not clear. Observations do show a sttonglation between the existence
of these cooler gas nebulae and the existence of a cool-sar&ared from X-ray observations,
suggestive of a strong link between the two (€gawford et al. 199p

6.1.1 This Project

We present new, deep long-slit spectra of three Low lorosaluclear Emission line Re-
gion (LINER) BCGs in cool-core clusters. The optical spaatontain a wealth of diagnos-
tics. Previous investigation®pnahue & Voit 1991 Crawford & Fabian 1992\/oit et al. 1994
Ferland et al. 200%have used the CLOUDY codé&érland 1993Ferland et al. 19980 anal-
yse the optical line emission in cool-core BCGs. Here we wmilestigate this gas using as an
analysis tool the plasma code MAPPINGS I8utherland & Dopita 1993 The goals of this
initial paper are to use simple photoionisation models fdae the physical conditions at var-
ious radii in the clusters, to verify thatftierent codes yield similar results, and to investigate
possible sources of energy input into the gas.

Our targets are LINER BCGs that we have previously obsemvede infrared Jafe et al.
2005 Oonk et al. 201D These objects were selected based on their high coolieg, rsirong
Ha, Hy, emission and low ionisation emission lines. The latterct&la criterion was chosen
in order to minimise the role that their AGN have on the glotzaliation field. Abell 2597
(hereafter A2597), Abell 2204 (hereafter A2204) and SetSR-03 (hereafter S159) have been
the subject of numerous investigations and have been adatvmany wavelengths from ra-
dio to X-rays (e.gJohnstone, Fabian & Nulsen 198¥eckman et al. 198%€rawford & Fabian
1992 Allen 1995 Voit & Donahue 1997 Edge 2001 Wilman et al. 20020’Dea et al. 2004
Jdfe et al. 2005Wilman et al. 20062009 Oonk et al. 20102011).

The direct goals of this paper are to (i) study the variatiothie emission line ratios with
distance to the nucleus and (ii) to study the impact of knoaurces of energy input on the
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optical line emitting gas. In Section 2 we describe the rédnof the observations. In Section
3 we present the results of the observations. In Section 4hee she results in terms of
diagnostic line ratio diagrams. In Section 5 we perform ahaihanalysis of the properties
for the optical line emitting gas. In Section 6 we investggatgrid of simple stellar, AGN
and bremsstrahlung photoionization models. In Section pmeeent and explore our best-fit
photoionisation model. In Section 8 we discuss our resultsia Section 9 we present our
conclusions.

Throughout this paper we will assume the following cosmypjdgo=72 km st Mpc,
Qm=0.3 andQx=0.7.

6.1.2 Targets

For A2597 the BCG is PGC 071390 at@ 0821 {oit & Donahue 1997 which corresponds
to a luminosity distance 363 Mpc and an angular size scal&gcHrcsec!. For A2204 the
BCG is ABELL2204 13 atz0.1517 Pimbblet et al. 2006which corresponds to a luminosity
distance 702 Mpc and an angular size scale 2.6 kpc artsEor S159 the BCG is ESO 291-
G009 at 0.0564 Maia et al. 198)which corresponds to a luminosity distance of 245 Mpc
and an angular size scale of 1.1 kpc arcsec

6.2 Observations and Reduction

We have observed the central BCG in the three cool-coresstustith the Focal Redugérw
dispersion Spectrograph (FORS) in long-slit mode on the @rge Telescope (VLT). The
observations are summarised in Tabld. Similar, but less deep, optical spectroscopy for
A2597, A2204, S159 has previously been presenteddhnstone, Fabian & Nulsgi987);
Crawford & Fabian (1992 1993; Allen (1995; Heckman et al.(1989; \oit & Donahue
(1997); Crawford et al(1999; Wilman et al.(20086.

The spectra were taken with FORS in long-slit mode using twwelength setups, a blue
(short wavelength) and a red (long wavelength) setting. Jlitgositions are shown in Fig.
6.1 For A2597 two slit positions were observed, we will referthese as A2597-NUC and
A2597-OFF. For A2204 one slit position was observed, whiehmill refer to as A2204-NUC.
For the A2597 and A2204 observations the central wavelsngtre chosen so that the blue
setting covers the wavelength range from [OlI] 3727 A to [PHO07 A and the red setting
covers the wavelength range frong kb [N11] 6584.

An additional red spectrum for the A2597-OFF position waetawith the central wave-
length shifted further to the red so that the spectrum cotfegsrange from [NI] 5200 A to
[SIl] 6731 A. This additional spectrum is only used to obtaiformation on the [SlI] lines at
6717 A and 6731 A and is not discussed further in this work.

For S159 two slit positions were observed, these we willrrefeas S159-NUC and S159-
OFF. For the S159 observations the central wavelengths evereen so that the blue setting
covers the wavelength range from [Oll] 3727 to [Olll] 5007datime red setting covers the
wavelength range from 5300 A to [SII] 6731 A.

The observations were taken in photometric conditions wisieeing better than 1 arcsec.
The reduction is performed using dedicated IDL routinese Trames are dark and flat cor-
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rected. Hot pixels, cosmics and artifacts are identifiediatefpolated over. The wavelength
solution is obtained from arc frames and the spatial distoxtf the slit is corrected.

The flux scale is set using spectroscopic standard stargin@am emission is subtracted
from each BCG by using spectra from elliptical companiorag@s in the cluster. The obser-
vations for these companions were done on the same niglhig iseime weather conditions and
with the same setup as the observations done for the BCGs.

6.3 Observational Results

The reduced spectra are shown in a two-dimensional formdl@agth vs. position) in Figs.2
- 6.4. Five slit positions were observed in three systems, cd. &L Line emission is detected
in all five slits and found to be extended on scales of tens of kp

Optical line emission is detected out to 18 kpc north and 7dqdh of the BCG nucleus
in the A2597-NUC slit. The A2597-OFF slit also shows pronminkne emission in several
connected clumps over 20 kpc. A disconnected, weak clum@iept in Hy, [N11] 6584 A and
[Ol1] 3727 A emission, about 12 kpc northwards from the tiptheé main emission structure
along the slit. This clump is even more pronounced in the A26%F observation for which
the central wavelength was shifted towards the red. Theitotaf this clump corresponds to
the north-eastern filament observed in FUValgnd Hr (O’'Dea et al. 2004Jdte et al. 2005
Oonk et al. 2011

For A2204 only one slit position, centered slightly eastivaf the BCG nucleus, was ob-
served. In this BCG line emission is detected out to 18 kpthreimd 18 kpc south of the peak
in the optical continuum. In S159 two slit positions were@ted. The S159-NUC slit is cen-
tered on the BCG nucleus along an axis with a position angle¢Pabout 40 degrees (relative
to north and measured through east). In this slit most ofitieedmission is detected north-east
of the nucleus, out to 9 kpc. This emission is smoothly coteteto the nucleus. There is also
line emission towards the south-west. This emission is eoimated in a clump about 3 kpc
eastwards of the nucleus. Thertdnd [NII] 6584 A emission indicate the presence of second
clump about 8 kpc south-west of the nucleus.

The S159-OFF slit does not intersect the nucleus, but tithedae emission along an axis
with a PA of about -25 degrees and is centered slightly eadtafthe nucleus. It shows very
extended line emission towards the north of the BCG, out t&@1 There is also a small
amount of line emission south-east of the BCG along this, axisto about 4 kpc.

For the A2597-NUC, A2204-NUC and S159-NUC slit positions tibserved peak intensity
in the line emission agrees with the peak intensity of thécaptontinuum. For A2597-NUC
and S159-NUC this position is consistent with the opticalleus of the BCG. For A2204-NUC
this position is slightly eastward of the nucleus. In alegacases we find that the line emission
decreases rather smoothly with distance to the opticalroaumn.

The peak intensity of the line emission and of the opticaltiomum do not agree for the
A2597-OFF and S159-OFF slit positions. In both cases we fiatlthe decrease in line emis-
sion is not smooth with distance to the optical continuumve®a bright line emitting clumps
are observed at various distances along the slit. With thepton of the northern-most clump
in A2597-0OFF, the clumps are observed to be embedded withora diftuse component of
low surface brightness line emission. From higher resmfutmaging of these systems is it
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known that the line emission is enhanced in narrow filamests Donahue et al. 2000 It is
therefore likely that the clumps observed here represgnme where our slits intersect these
filaments.

Our low-spectral-resolution observations show that thicapline emission in all three
BCGs has a complicated velocity structure. We will not pnése analysis of this velocity
structure hereWilman et al.(2006 present the velocity structure of the optical gas in A2204
using integral-field spectroscopy. @onk et al.(2010 we present the velocity structure of the
ionised and molecular gas in A2597 and S159 using nearrgdriaitegral-field spectroscopy.

6.3.1 Spatially integrated spectra

The integrated spectra are shown in F6g5-6.7 and the area over which they are integrated is
specified in the caption of the corresponding figures. ltegr line fluxes are obtained from
these integrated spectra using Gaussian fitting. We notdhédine profiles at our spectral
resolution are always well described by a Gaussian profilee fluxes are always given relative
to HB flux and the results are summarised in Taliesand6.4. The only exception to this are
the red S159 slits for which fHiwas not measured and the line fluxes are given relativento H
see Tableé.5

Due to the low spectral resolution of our spectra we havetsgdeatures that are blended
lines of the same atoms. These are the [OIl] 3726 A and [OIARA lines, the [SII] 4069 A
and [SI1] 4076 A lines and [NI] 5198 A and [N1] 5200 A lines. Waellwvefer to the sum of these
lines as [OIl] 3727 A, [SII] 4069 and [NI] 5200 A respectively

There are also spectral features that are blended linedTefatit atoms. The HI 3888 A
(H?) line is blended with the Hel 3889 A line and we will refer toetSum of these lines
as (HkHel) 3888 A. Disentangling this blend isfficult. For a standard I10* K and
ne=100 cnT3 gas and assuming case B recombination we find that HI /8888 0.14 and
Hel 5874Hel 3889 A=1.156 Osterbrock & Ferland 200% The observed line blend in our
objects is consistent with almost pure HI 3888, but we canmletthat a significant fraction is
due to Hel 3889.

A second blend of lines detected in our objects is due to [N88i67 A, [Call] 3968 A and
HI 3970 A (He) line and we will refer to this blend as (NedCall+HI) 3966 A. Assuming the
same gas properties as above we find that HI A49560.16. This implies that most, but not all,
of the flux in this blend is due to HI. The remainder is morelijkeontributed by [Nelll] 3967
than by [Call] 3968, because [Nelll] is also detected at 3869

The remaining spectral lines can be separated in our spettréhe innermost nuclear
regions the strong increase in velocity dispersion brosdes lines considerably. In particular
in A2204 where the slit also intercepted multiple velocityrponents. Separating the lines is
more dfficult here, but good multi-component Gaussian line fits weleewed everywhere. In
the case of fitting the [NII] 6548 A-h-[NII] 6584 A line complex we required that the line
widths for all three lines are equal. This constraint is @pplied when fitting the [Oll1] 4959
and 5007 A line pair, the [O1] 6300 and 6363 A line pair, and[BB] 6717 and 6731 A line
pair.



148 Chapter 6. Optical Line Emission in BCGs

6.3.2 Variations along the Slit

We have plotted the spatial variation of the line emissiefative to KB, along each of the slits
in Figs6.8- 6.10for A2597, A2204 and S159. This investigation is limited by signal-to-
noise of the B line. Emission from the stronger lines is present in regioeyond where A
was detected. The red spectra for S159 do not contain ghenkl and hence here we plot line
flux relative to Hu.

Within each of the slits for A2597 the line ratios relativeH@ are observed to not vary
greatly as function of distance. However, comparing the32BlUC slit with the A2597-OFF
slit we find a significant decrease in the ionisation statdefgas. Relative to #ithe highest
ionisation lines, i.e. [OIll] 3727, [Nelll] 3869, [SII] 4068nd [Olll] 5007, decrease by at least
a factor two from the nuclear region to th&-ouclear region.

Interestingly the lower ionisation lines, i.e. [Ol] 6300 Adi[NI] 5200 A, do not show
this behavior. They remain constant relative t6 kbt only within both slits but also upon
comparing the two slits. These two neutral gas lines indita existence of a warm, extended,
weakly ionised gas phase in these systems. We will discispltiase in more detail in Section
6.7.

Similarly the Balmer line ratios also remain constant oheréntire area probed by the two
slits. The Balmer decrements in A2597 are consistent withllayMVay-type extinction law for
Ay ~1 Miller & Mathews (e.g.1972; Cardelli et al.(e.g.1989. For the nuclear emission this
agrees with a previous investigation Wit & Donahue(1997. Our df-nuclear spectra now
show that a similar amount of dust obscuration is preserdrgeldistances from the nucleus.
Values for the Balmer decrements for all the clusters, aett tonversion to extinction values
are given in Tablé.2

The A2204-NUC spectrum is very similar to that of A2597-NU®@e line ratios, relative to
Hp, showing the strongest changes are the highest ionisaties. lIn particular [O1l1] 5007 A
and [SI1] 4069 A both decrease by more than a factor two froamilicleus to the outer regions.
The lower ionisation lines, [Ol] 6300 A and [NI] 5200 A, alsbasv a small decrease relative
to HB, but less than a factor of two. The Balmer decrements in ffstesn do not vary much as
a function of position in this object and are consistent Wiitky-Way-type extinction law for
Ay ~1.

The S159 spectra are also similar to the A2597 spectra. Th8-8UC slit intersects the
BCG nucleus and shows a clear decrease in the ratio of thadmdgation lines relative to Bl
with distance from the nucleus. The ratio of the high iongalines to B is lower in the S159-
OFF slitas compared to S159-NUC slit. There is some evidiEm@ increase in the ionisation
state of the gas in the S159-OFF slit at 10 kpc from the peakeroptical continuum. This
location also shows an increase in line intensity and in gassity. Again we observe that in
this object the lower ionisation lines do not change as siyoThe [OI] 6300 A line emission
is constant, relative to & within both slits and also upon comparing the two slits.

The Balmer decrements in the blue S159 slits are consisiénzero dust obscuration. This
is very diferent from the high dust obscuration inferred for the othersystems. It is possible
that the somewhat poorer stellar continuum subtractiothiisrobject #ects the Balmer lines.
However, the spectra do not allow for strong deviations ftbe measured values. The red
S159 spectra do not contain th¢g line and as such we are not able to investigate thgH4
ratio for this object.
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We thus find that all three BCGs decrease in the ionisatiosl lefthe gas with increasing
distance from the nucleus. The only exception to this is tB&9Y-NUC slit. The gas here
shows a constantionisation within in the central 10 kpc ftbennucleus. This implies that some
process maintains the ionisation level of the gas in thegems. Interestingly these regions
coincide with extended FUV and the radio emission (©gnk et al. 201l The constancy of
the low ionisation lines in A2597 and S159 is in good agredmth our previous near-infrared
spectroscopic investigationdgfe et al. 200500nk et al. 201p

6.4 Diagnostic diagrams

A rough method to spectroscopically classify objects asfstaning or AGN dominated is
to investigate their location in the so-called BPT diagrgiBaldwin et al. 1981 Here we
focus on two such diagrams: (i) the [OI]508¥3 versus [NIl] 6584Ha diagram and (ii) the
[Ol11] 5007/HpB versus [Ol] 630(Ha diagram (see Fig6.12. The line ratios are chosen such
that they are sensitive to the shape of the radiation fieldswbeing insensitive to reddening
by dust.

The y-axis in both diagrams is the [Olll] 5043 ratio. This ratio is a proxy for the ion-
ization parameter U. A large value implies that the photomsdyg is high relative to the gas
density. Values above unity for this ratio are typicallyrs@eobjects dominated by either vig-
orous star-formation or by a powerful AGN. We note that thB#IJG3007/Hg ratio also depends
on metallicity. An increase in the metallicity produces ar@@se in this ratio because the cool-
ing moves from the [OIlII] 5007 line to the infrared fine st lines Stasinska 1980 Here
we will assume that the gas metallicity is constant withiaheaf our BCGs.

In order to further separate star-forming and AGN dominatiejgcts we require a second
line ratio on the x-axis. This could for example be [NII] 6384 or [Ol] 6300Ha. Both ratios
are a proxy for the hardness of the incident radiation argelaralues imply a harder spectrum
i.e. there are relatively many photons with energies higfinean 1 Rydberg that pass unabsorbed
through the primary HIl region and heat the neutral gas beyon

Fig. 6.12shows that our objects have a very low [Olll] 5088 ratio, whilst having very
high [NIl] 6584/Ha and [Ol] 630@H« ratios. This means that we classify these objects as
neither star formation dominated (grey plusses in the figooe as AGN dominated (grey dia-
monds). In fact our BCGs are located in the so-called lows@ation nuclear emission-line re-
gion (LINER) part of the standard BPT diagram (e-geckman 1980Filippenko 1996. In the
original classification scheme an object is classified a?\&ER if (i) [Ol1] 3727/[O111] 5007 > 1
and [Ol] 630Q[Olll] 5007 > 0.3 Heckman 198p In terms of the line ratios used in
Fig. 6.12this translates approximately to [Olll] 50048 < 5, [NIl] 6584/Ha > 0.6 and
[O1] 6300Ha > 0.1.

Many normal galaxies show LINER type propertiéteckman(1980 finds that about one
third of all spiral galaxies are LINERs. However, these gias only show LINER properties
on rather small central scales, typically within a regiogsléhan 2 kpc from the nucleus. Cool-
core BCGs show LINER properties over very extended regiatis typical size of a few tens
of kpc (e.g.Heckman et al. 198 rawford et al. 1999

Evidently from our discussion of the changes in ionizatitates the line ratios at fferent
positions within our objects do not occupy a single positbbthe BPT diagrams. The nuclear
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regions of our objects have higher values of [Olll] 5087 as compared to theflonuclear
regions. This decrease is a factor 2-3 over a distance oftalfbiupc. Similarly there is a
small decrease in the [NIl] 6584« and [Ol] 6300H« ratio when comparing thefionuclear
regions to the nuclear region. The evolution of these ratgoa function of distance to nucleus
is indicated by the arrows in Fig6.12 We thus find that our objects, especially their outer
regions, show extreme LINER conditions.

The constancy of the [OR« ratio within each of our targets is striking. Within a single
system this ratio changes by less than a factor 1.5 overnmegutth sizes of about 20 kpc and
probed with a spatial resolution of about 2 kpc. It is impott note here that [Ol] 6300 line
emission is observed only when a significant amount of waregkly ionised gas is present.
We will discuss the physical conditions necessary to predwch a gas in more detail in Section
6.6. Here we note that classical HIl regions do not produce afsggnt amount of [Ol] 6300
emission. This directly implies that a significant nondstelhigh energy energy component
must be present.

In Fig. 6.12we plot as green circles the BCGs observeddsgwford et al.(1999. The
measurements for most of the BCGs in hewford et al.(1999 sample are dominated by
emission from the nuclear region. Combining Crawford et al(1999 sample with our BCGs
we have a total of 56 BCGs for which the [NII] 658 and [OIll] 5007Hg ratios are reliably
measured. For these objects we find a mean [Olll] A@B#atio of 0.69 0.66 and a mean
[NII] 6584/Ha ratio of 1.11+ 0.50. Similarly, we have a total of 53 BCG measurements for
which the [Olll] 5007HB and [Ol] 630Q0H« ratios are reliably measured. We find a mean
[Ol11] 5007/HB ratio of 0.66+0.66 and a mean [Ol] 6308« ratio of 0.24+ 0.06 for these
objects. We thus observe that the spread in the [Ol] 83@0atio is significantly lower than
in the [NIl] 6584Ha ratio. The very low dispersion in [Ol] 6308« over a large range in
[OIlll] 5007/Hg is intriguing and could be an important clue to the mechartishheats the gas
in cool-core BCGs.

To date it is still not well understood what powers the LINERigsion in diferent objects.
Strong AGN or vigorous star formation is ruled out by thew[®I11] 5007/Hp ratio. A variety
of possibilities ranging from weak AGN (i.e. AGN with a lownisation parameter), Wolf-
Rayet stars, very hot O-stars, bremsstrahlung and shoeldisaussed bideckman et al(e.g.
1989; Filippenko(e.q.1996. In Section6.6 we will use the MAPPINGS Il photoionisation
code to model the LINER emission in cool-core BCGs.

6.5 Gas properties

Some rough estimates for the properties of the gas in ouetsan be directly derived from
the observed line ratios (see Talél€). These estimates will be used as guidelines for our
photoionisation models in Secti@6. Prior to computing these estimates we correct our spectra
for reddening by dust.

6.5.1 Dust

Assuming case B recombination, the reddening by dust carstimated from the observed
Balmer decrements. In A2597 and A2204 the measurementsaiedsignificant reddening
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(see Tables.2). We find that the Balmer decrements in these BCGs are wetlritbes! by a
two-component dust model, consisting of (i) Galactic fooeopd and (ii) dust intrinsic to the
BCG. Both dust components are consistent with an averageyMay extinction law in the
wavelength range covered by our optical spectra. This isistent with previous investigations
by Voit & Donahue(1997 andOonk et al.(2011).

In this work we use the Milky Way extinction law by Miller & Mbaews 1972 to de-redden
our optical spectra. In Tabl&3, 6.4 and6.5 listing our measured line ratios we give values
both corrected for extinction (in parenthesis) and unated: In the case of S159 thexHH3
ratio is not measured in the same slit and therefore we doroweide a value for this ratio. The
remaining Balmer decrements in the blue slits for S159 ansistent with zero reddening.

6.5.2 Temperature

There are several temperature sensitive line ratios in phiead wavelength range covered in
this work (e.g.Osterbrock & Ferland 2006 Here we report gas temperatures derived from
the [NII] (6548+6584)[NII] 5755 ratio. Other temperature sensitive ratios areused in this
work, because only upper limits can be derived from them.tR@ispatially integrated spectra
from the A2597-NUC and A2204-NUC slits we find a temperatudralmut 10000-12000 K in
both objects. For the other slit measurements we can ontyrrapper limits (see Tablé.6).

The relatively high gas temperatures found here are cemsistith previous results by
Voit & Donahue(1997 for A2597. Our measurements of the high [OIl] 377 ratio in these
systems supports this as well. This ratio depends stronglthe temperature and ionisation
parameter gas. It also depends weakly on the metallicithebris. Our spectra indicate a low
ionisation parameter (log(}3) for the the optical gas and in this case the [Oll] 3FFratio
is a good tracer of gas temperature.

6.5.3 Density

Commonly used line ratios to trace gas densities in the apegime are [Ol1] 37280I1] 3726
and [SII] 6717[SIl] 6731. A higher value for either ratio implies a lowergydensity at a given
temperature (e.@sterbrock & Ferland 2006We do not resolve the [Oll] line pair and as such
we cannot use it. The [SII] lines are resolved, but observéd io the S159 and the A2597-
OFF spectra. In the latter case this was done using the wagtblshifted spectrum taken at the
same position.

The A2597-NUC and A2204-NUC spectra do not include the [#ihig¢s. Therefore we
complement our data with the [SII] measurements publisheWddit & Donahue(1997 and
Crawford et al(1999, see Tableé.6. Strictly speaking the measurements\it & Donahue
(1997 and Crawford et al.(1999 do not sample the exact same regions as our slits, but we
believe both to be dominated by nuclear line emission and&@s® be representative.

For spatially integrated spectra from the S159-NUC, S158-@nd A2597-OFF slits we
find the [SII] 6717[SIl] 6731 ratio to be in the range 1.4 to 1.6 (see Tah. This implies
low gas densities in theflonuclear regions for both objects. A tight constraint on dieasity
cannot be provided as the measured [SlI] ratios are so hggtilib measured values are in the
saturated part of the line ratio versus density curve @sjerbrock & Ferland 2006 In our
models below we will use a gas density of 50¢rfor these outer regions.
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We have plotted the [SII] line ratio with distance along tliessn Fig. 6.11 The errors
on [SII] line ratio are large and its use as a diagnostic atdewsities is limited, however an
interesting trend is apparent. The S159-NUC slit shows ttitgas density decreases with
distance from the nuclear region. A similar decrease isddon A2597 upon comparing our
A2597-OFF [SII] measurements with the nuclear A2597 [Skjasurement byoit & Donahue
(1997. Decreasing gas density with distance from the nucleupr@asously been found by
Johnstone & Fabia(1988 for NGC 1275, the BCG in the Perseus cluster.

Both the S159-OFF and the A2597-OFF spectrum show vargiioithe [SlI] line ratio
that are consistent with local density increases away filoenpeak optical continuum. For
S159-OFF there is an increase in the gas density about 10dqtit of the continuum. For
A2597-OFF there is a weak indication for an increase in thedgasity at 5 kpc south of the
continuum. Both cases coincide with regions having lodaltyeased line emission intensity.

Our [SII] measurements are consistent with the range inegattoserved for a larger sample
of BCGs byCrawford et al.(1999. For the 24 BCGs in their sample, where the [SII] lines
were measured with a signal to noise greater than three, weHat the average [SlI] ratio
is 1.45+ 0.47. Crawford et al(1999 also find variations in the [SII] ratio within BCGs. The
variations in [Sll] observed within individual objects a@nsistent with the clumpy, filamentary
nature of the optical gas in these objects.

Future integral field observations will be able to estabiishrelationship between the gas
density and its morphology in more detail. In order to inigegte the low density gas in these
objects in more detail a diagnostidi@irent from the [SII] line ratio is required. We furthermore
note here that the [SII] line ratio also depends weakly orténgperature of the gas. We have
no reliable gas temperature measurements away from theatentleus in our objects and
thus we can not investigate whether a change in gas tempemuld also contribute to the
observed trends.

6.5.4 Metallicity

Gas metallicities can be reliably determined for HIl regiaand star-forming galaxies (e.g.
Kewley & Dopita 2002 Nagao, Maiolino & Marconi 2006 We have applied the relation be-
tween the [OIl] 3727 and [NII] 6584 lines bewley & Dopita (2002 to derive metallicity
estimates for the gas in our BCGs. We find that the gas in thes$eras has a metallicity equal
to or slightly larger than solar metallicity (see Talélié). There is an inherent uncertainty in
this derivation, as it is not known if the metallicity relatis derived for HIl regions apply to
BCGs.

Using stellar population models Bruzual & Charlot(2003 we find that the stellar popu-
lations in these systems have a solar to slightly super-soédallicity. This is consistent with
our estimate of the gas metallicity, but we note that the gemlticity does not need to be the
same as the stellar metallicity.

6.5.5 lonisation Parameter

We use the [OIII] 500/{OI1] 3727 ratio with the relation bKewley & Dopita(2002 to derive
the ionisation parameter U. We find a narrow range of valueshi® ionisation parameter in
our BCGs, i.e. from log(U3-3.6 to log(U)}-3.3 (see Tabl®.6). The nuclear spectra have a
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higher ionisation parameter than thi&ouclear regions. This trend was also observed using the
[Olll] 5007/Hp ratio in Sectiorb.4.

6.6 MAPPINGS Il line modelling

The optical spectra show that the BCGs in A2597, A2204 an® ai&(extreme) LINERS (see
Section6.4). Currently it is not clear what process powers this emissespecially of such
extended regions with sizes up to a few tens of kpc.

In the previous section we derived estimates for the globgsjzal conditions in the opti-
cally emitting gas in these systems. This analysis is to@@ggo lead directly to a specifica-
tion of excitation mechanisms. Towards this end we revdrs@tocedure here; we will model
the distribution of emitting atoms resulting from excitatiby various photoionisation sources.
From the resulting spectra we will find the characteristicthe sources that produce the best
fits to our observations. We will find, as did other authorsg(@ohnstone & Fabian 1988
Donahue & Voit 1991 Crawford & Fabian 1992Voit & Donahue 199)) that stellar sources
cannot explain the data, and we will consider several aterm scenarios.

Here we present an initial investigation into the heatind arcitation of the optical line
emitting gas under the assumption of a local photoionisogee using the MAPPINGS 1l
code. MAPPINGS lll is an updated version of the MAPPINGS ltledSutherland & Dopita
1993. With this code we explore three energy sources; (i) stéis,AGN and (iii)
bremsstrahlung. We will only consider primary energy irggatthe form of photons.

We compute grids of models for these energy sources. Remdtpresented for plane-
parallel, isochoric models with a geometric dilution facbd 0.5. We run the models for two
constant density regimes n@&5§0 cnt3 and n(H}:=300 cnT3. We assume that the gas is in a
dust-free environment with a metallicity equal to one saotetallicity. The detailed abundances
used here are based on modelling of the SuA$gglund, Grevesse & Sauv2005 and these
were previously used b@roves et al(2008 to model starburst galaxies. Models including dust
and with diferent geometries will be presented in a future paper. Theela@ide temperature
bounded and stopped when the temperature becomes less1faf K.

From these grids we extract best-fitting models for the olexEA2597-NUC and A2597-
OFF spectra. The A2204 and S159 spectra are very similar 8®A2and therefore we believe
that by limiting the discussion to A2597 we do not restrictsmlves to a particular case.

A number of spectral features, outside of the optical regimikalso be investigated. These
are the near-infrared K-band ionised gas line ratOsrik et al. 201pand the mid-infrared
[Nelll] 15.5 um to [Nell] 12.8um ratio (Jdte & Bremer in prep.). In particular the latter ratio
is of interest, because we find that this Neon ratio is aboufd@. each of the three systems
considered here.

Several studies find similar values for this Neon ratio ireottool-core BCGs@gle et al.
201Q Donahue et al. 2031 In particular this value for the Neon ratio is not only ohss=l
in the nuclear area but also in gaseous filaments far from tlckens Johnstone et al. 2007
The constancy of this ratio indicates that it could be an irtgga constraint in distinguishing
between dierent gas heating models. We note that our measurementsoN#on ratio in
A2597 disagrees with a recent measuremenbbpahue et al(2011). These authors find the
Neon ratio to be about 1 in A2597. In this work we will use ourasierement.
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Due to the diference in spatial resolution and spatial coverage for tiiared and optical
spectra we will not use the infrared ratios as a hard comgti@i our models. Here we will focus
on fitting the optical lines and check whether the best-ftbptical models can also reproduce
the infrared line ratios.

Our method in this section is to model three types of photsaiion spectra: stellar, AGN
and bremsstrahlung. Within each type we explore a grid ofetsodarying the intensity of
the spectrum and its hardness in order to find: (i) the bdstgfimodels with respect to the
[Ol1] 3727/[Olll] 5007 and the [Nelll] 15.4Nell] 12.8 ratio for the A2597-NUC spectrum,
and (ii) to find the best-fitting models with respect to the IJCG3727/[Olll] 5007 and the
[Ol] 6300/Ha ratio for the A2597-OFF spectrum. The first investigatioaldewith the ioni-
sation state of the gas and the second investigation detdghd heating problem of the gas.
For these models we compare the model predictions for ahgar emission lines with the
observed values. We will find that none of the models satisfdg represents all the major line
ratios. We will then consider combinations of the simplecsfzeand provide a more detailed fit
to the full optical spectrum in Sectidh?.

6.6.1 Stars

It has already been shown in previous studies that starg @lamnot account for the observed
optical spectrum in cool-core BCGs (e.dphnstone & Fabian 198®onahue & Voit 1991
Crawford & Fabian 1992Voit & Donahue 1997. However, recent infrared and ultraviolet
studies suggest that stars could be forming with rates ut® M yr-! in these systems
(e.g.O’Dea et al. 20082010 Donahue et al. 201@onk et al. 201L Young stars may there-
fore contribute significantly to the radiation field heatihg gas and so we deem it important
to take this source as the starting point of our analysis.

We model stars as black body spectra in the energy range frni86 eV. Using MAP-
PINGS Il we investigate a two dimensional grid of stellamfgerature Eg and ionisation
parameter U. The temperature is varied from 40000 to 80009 3€aps of 5000 K. The ioni-
sation parameter is initially varied from log(&6 to log(U)=-1 in steps of 0.5 dex. This grid
is performed for two density regimes, n@H0 cnt3 and n(H}X300 cnt3. In each case the
metallicity of the gas was set equal to solar metallicitye Tesults are summarised in F§4.3
and6.14 These figures are somewhat complicated because they attethgplay information
on four line ratios in a two dimensional plot.

The results of the model calculations for the primary BTR lratios are shown as a grid
of straight lines in the diagrams, as a function of the modeameters. On top of this grid we
show as squares and triangles the loci of models having [[&lell] and [OIlll]/[Ol1] ratios
that lie within 10% of the observed values. The large gresstecshows our data for A2597 and
the smaller grey circles show BCGs from the sampl€bgwford et al(1999. In a successful
model, then, the green observed data point would lie on fldeatya point where the triangle and
square loci cross. We will use the grids to identify modelthdine ratios close to the A2597
measurements. We then explore the permitted parametez eangnd these particular models
further by refining the step size in U.

In the case of A2597-NUC (Fig.6.13 the stellar models can reproduce the measured
[Olll] 5007/[Oll] 3727 and Nelll 15.5\ell 12.8 ratios at the point where the triangles and
squares cross:gk=55000 K and log(U3-3.625. However, this is not the position of the green
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dot in the figure. This model for A2597-NUC severely undedits the emission in the metal
lines relative to the Balmer emission.

In the case of A2597-OFF (Fig6.14 we find that none of the stellar models are able
to produce an [Ol] 630®la ratio greater than 0.2. For comparison purposes we therefor
define the best-fitting stellar model for A2597 as the modal tieproduces the observed
[O111] 5007/[Oll] 3727 ratio and is the closest to the measured [Ol] gBl@0ratio. This model
has Tgg=70000 K and log(U3-3.75.

For both of the best-fitting stellar models the model lindosatfor all stronger lines
are compared to the observations in Tabeg and 6.8 The high model value for the
[NI1](6548+6584)NII(5755) ratio shows that the stellar models do not provedeugh heat.
This is confirmed by the low model value for the [Oll] 37”B and [Ol] 630QHg ratios. For
low ionisation parameters (log(&)3) the [OlIJ/HB ratio is a tracer of gas temperature for a
fully ionised gas. The stellar models investigated herenoaiproduce a [Oll] 372/HB above
4. Similarly the [OIJHg ratio is a tracer of a warm, weakly ionised gas.

We can attempt to increase the gas temperature by lowesinggitallicity, which reduces the
cooling dficiency. However,in our models lowering the metallicity Wiblower the emission of
metal lines relative to the Hydrogen even further. Investigyg the same grid of stellar models
with a 0.4 solar metallicity gas shows that this produces everse fits to A2597 observations.

Another way to increase the temperature is to supply highergy photons. The energy of
the photons in excess of that necessary to ionise the gasilalale for heating. At energies
beyond~ 30 eV the ejected electrons can create secondary electnahshen heat the gas
further via collisions. If the flux of high energy photons @M enough then this process can
provide a lot of heat whilst keeping the ionisation low. Tveaigces that can provide high-energy
photons are AGN and bremsstrahlung and we will investidgeged now.

6.6.2 AGN

Johnstone & Fabiafl988 andHeckman et al(1989 show that an AGN in the form of a point-
like radiation source cannot simultaneously explain treeolred change of the optical line ratios
and the distribution of line emission in cool-core BCGs. sTimplies that an AGN cannot be
responsible for the heating of the gas at large distances ffiecleus. However, radio observa-
tions show that cool-core BCGs have an AGN at their centres.optical spectra display that
there is an increase in the ionisation state in the centigeskt systems. This could indicate that
the AGNs do contribute to radiation field here and hence wendeenportant to also include
this source in our investigation.

We model an AGN as a power law spectrum in the energy rangeD%=80The shape of
the AGN spectrum is given by, k v*, with v the frequency and the spectral index. Using
MAPPINGS Il We investigate a two dimensional grid in spatindex and ionisation param-
eter. The spectral index is varied from -2.4 to -0.6 in stefp@.2. The ionisation parameter
is initially varied from log(U}-5 to log(U)=-1 in steps of 0.5. This grid is performed for the
same metallicity and densities as in Sectto6.1 The results are summarised in Fgy43and
6.14 After identifying good models for A2597 within this grid erexplore the parameter space
further by refining the step size in U.

In the case of A2597-NUC (n(HB00 cnT?3) we find that the AGN models cannot simulta-
neously reproduce the measured [Oll]50Mil] 3727 and Nelll 15.ANell 12.8 ratios. Inde-
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pendent of the spectral index, the measured [OIlIl] 3[0IT] 3727 ratio only allows for a very
narrow range in the ionisation parameter around log{B)75. At the same time the measured
Nelll 15.5Nell 12.8 ratio requires log(y-4.5. The best-fitting AGN model for A2597-NUC
is defined as the model that reproduces the observed [OI0T/BDII] 3727 ratio and is clos-
est to the observed [NIl] 6584« and [Ol] 6300H« in Fig. 6.13 This model hagr=-1 and
log(U)=-3.75. It produces too much emission in the Helium and mateklrelative to the
Balmer emission, but it is able to reproduce most optica fatios to within a factor of 2. The
most problematic ratio is Nelll 38693, which is a factor of three higher than measured.

In the case of A2597-OFF (n(H50 cnt3), the AGN models can reproduce both the
[Ol1l] 5007/[Oll] 3727 and [Ol] 6300Ha ratios for a single combination at=-1.2 and
log(U)=-4. This best-fitting A2597-OFF model reproduces most aplioe ratios to within
a factor of two. It has the same problem as the best-fittingahimd A2597-NUC. In addition
this model also produces too much emission in the Sll 6717638134 lines. The AGN mod-
els for A2597-OFF also allow for only a very narrow range inigation parameter around the
best-fitting value. The line ratios for the best-fitting AGNMdels are summarised in Tabgg
and6.8

6.6.3 Bremsstrahlung

Several authors have previously considered bremsstrglalsia mechanism to provide the high
energy photons necessary to heat the gas Jelinstone & Fabian 198Bleckman et al. 1989
Donahue & Voit 1991 Crawford & Fabian 199 It is not clear whether or not there is enough
bremsstrahlung present in order to account for all of theired energy. We will discuss this
issue in more detail in Sectidh7

We model bremsstrahlung as an exponential law in the enarger5-300 eV. The shape of
the spectrum is given by kexp(hv/kpTet ), with v the frequency and ¥ the dfective tempera-
ture of the X-ray emitting plasma. Using MAPPINGS Il we istigate a two dimensional grid
in effective temperature and ionisation parameter. Tifectve temperature is initially varied
from log(Tx)=6 to log(Tx)=8 in steps of 1. The ionisation parameter is initially varfezsm
log(U)=-5 to log(U)=-1 in steps of 0.5. The results are summarised in see@igand6.14

After identifying good models for A2597 within this grid, wexplore the parameter
space further by refining the step size for both @and U. The results for A2597-NUC
(n(H)=300 cnT3) and A2597-OFF (n(HY50 cnT?) are similar to the best-fitting AGN mod-
els. This is expected as the shape of a bremsstrahlung spestsembles that of an AGN for
a ~0.

In the case of A2597-NUC (n(HB00 cn13) we find that the bremsstrahlung models cannot
simultaneously reproduce the [Olll] 500@11] 3727 ratio and the Nelll 15/ell 12.8 ratio.

In fact, none of the bremsstrahlung models produce a [NgNK]I] ratio as low as the observed
value. The best-fitting bremsstrahlung model for A2597-Nig@efined as the model that re-
produces the observed [Olll] 500@11] 3727 ratio and is closest to the observed [NII] 6384
and [Ol] 630QH« in Fig. 6.13 This model ha¥x=10° K and log(U)=-3.75.

In the case of A2597-OFF (n(H50 cnt?) the bremsstrahlung models can reproduce both
the [OI11] 5007/[Ol1] 3727 and the [Ol] 630« ratio for a single combination ofyg=7x10° K
and log(U3}=-4. This best-fitting model reproduces most optical linesatvithin a factor of two.

The line ratios for the best-fitting bremsstrahlung modetdssammarised in Tablés7 and
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6.8 The best-fitting bremsstrahlung models have the samegrabas the best fitting AGN
models. The bremsstrahlung models also allow for only a venyow range in ionisation
parameter around the best-fitting value.

6.7 Combining Stars and Bremsstrahlung

A number of interesting issues emerge from the modellingfopered in the previ-
ous section. Unsurprisingly, we find that all three sourcas teproduce the observed
[Oll1] 5007/[Oll] 3727 ratio. A pure stellar model is able to simultanslyureproduce the ob-
served [OIlIl] 5007[OI1] 3727 ratio and Nelll 15.8\Nell 12.8 ratio, but not simultaneously with
the observed [Ol] 6306l ratio. This indicates that higher energy photons such asetpoo-
duced by an AGN or bremsstrahlung are necessary and thigbaskbown from previous stud-
ies of infrared and optical emission line spectra (@éahnstone & Fabian 198Bleckman et al.
1989 Donahue & Voit 1991 Crawford & Fabian 1992/oit & Donahue 1997Johnstone et al.
2007 Hatch et al. 2005)dfe et al. 200500nk et al. 2011

We have shown that pure AGN or pure bremsstrahlung modelpande the high en-
ergy photons necessary reproduce the measured [O1)id30énd [Olll] 5007[Oll] 3727 ra-
tios, but not simultaneously with the Nelll 13Nell 12.8 ratio. The best-fitting AGN and
bremsstrahlung models give very similar results. Both &fe 8 reproduce most optical line
ratios within a factor of two, but both also systematicalipguce too much emission in the
Helium and metal lines. In particular the Nelll 3869 line isch too bright relative to Bl

Although pure AGN and bremsstrahlung models provide a reside fit to the optical spec-
tra we believe that there is still room for improvement inragfucing the A2597 observations.
One possible solution to the above mentioned problems &optite AGN and bremsstrahlung
models could be to combine a low ionisation source, suchas,swith a higher ionisation
source, such as AGN or bremsstrahlung. This leads us todmmaihybrid model combining
stars and bremsstrahlung.

We do not investigate a combination of stars and AGN becauseiqus studies by
Johnstone & Fabiafil988 have shown that a distributed source of heating is requifiéds
distributed source needs to provide the high energy phdt@iproduce the strong Oll and Ol
emission. Stars can not do this and thus a hybrid model cangpstars and AGN seems
unlikely. Alternatively, a hybrid model combining AGN andédmsstrahlung will produce
an ionising spectrum similar to the combination of stars bremsstrahlung. An AGN and
bremsstrahlung hybrid model will be investigated in a fatpaper.

6.7.1 The combined model grid

The combined models start from a pure stellar model to whidtaetion of a Tx=10" K
bremsstrahlung model is added in incremental steps. Teim$strahlung temperature is con-
sistent with X-ray observations of the central 10 kpc for 82%e.g.McNamara et al. 20Qbut

see also the discussion in Sect®i7.3. The exact temperature of the bremsstrahlung compo-
nent should notfiiect the modelling if it is high enough-(10° K) because the bremsstrahlung
spectral shape will not change much with increasing tempex@&xcept for the addition of very
hard photons whose absorption cross sections are very low.
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We investigate a three dimensional grid in stellar tempeeaigg, bremsstrahlung fraction,
and ionisation parameter U. In this case U corresponds tothsation parameter for the com-
bined ionising spectrum of stars and bremsstrahlung. Télastemperature is varied from
40000 to 80000 K in steps of 5000 K. The ionisation paramstiitially varied from log(U}--

5 to log(U)=-1 in steps of 0.5 and the bremsstrahlung fraction is ine@&®m 0% to 80% in
steps of 20%. The metallicity of the gas is kept constant@talar metallicity. Two density
regimes, =300 cnT3 and ny=50 cnT3, are investigated.

For this combined investigation we use a set of six (stromg fatios to constrain the
models. These line ratios are given in Tabl&0 A model is accepted if it produces a line ratio
within 10% of the measured value, with the exception of thBIJG007/[OIl] 3727 ratio for
which we accept the model if it is within 30% of the measureldeaThe best-fitting model is
defined as the model that has the most line ratios within tbepable margins.

For both A2597-NUC and A2597-OFF, the best-fitting combinasblels provide equally
good or slightly better fits to the observed spectrum thanbi-fitting pure AGN model.
Similar to the pure AGN and bremsstrahlung models we find tti@tcombined models also
allow for only a very small range in ionisation parameterr B&@597-NUC we find that any
acceptable combined model must have a log(U) between -8.836. Similarly for A2597-
OFF we find that log(U) must be between -3.9 and -3.7.

In the case of A2597-NUC (n=300 cnt?) the best-fitting combined model, that satisfies
all six line ratios, consists of stars witlsg=68000 K and a bremsstrahlung fraction of 80% for
log(U)=-3.7 (see Fig6.19. In terms of total flux the stars contribute 39% and bremaddting
contributes 61%. In terms of ionising flux the stars conteb83% and bremsstrahlung con-
tributes 67%. This combined model produces a marginalltebét to the spectrum than the
best-fit AGN model. In particular it manages to produce shgbetter values for the [Ol], [NI]
and [SII] lines relative to the Balmer lines. However, [NgI[Mgl], [Call] and the Helium
lines remain a problem (see Tali€).

In the case of A2597-OFF (=50 cnt3) the best-fit combined model, that satisfies all six
line ratios, consists of stars withgg=60000 K and a bremsstrahlung fraction of 40% for a
log(U)=-3.8 (see Fig6.19. In terms of total flux the stars contribute 44% and brenabdting
contributes 56%. In terms of ionising flux the stars conteb86% and bremsstrahlung con-
tributes 64%. This model produces an equally good fit to tleetspm as best-fit pure AGN
model. Emission from the Helium and metal lines, in parac(iNelll], remains a problem (see
Table6.9).

6.7.2 Exploring the best-fit combined models

In the previous sections we have shown thatidteemsstrahlung photoionization models pro-
duce acceptable fits to the strongest measured line ratiasigally the ratios of Oxygen lines
to Hydrogen lines. This situation is unsatisfying for sedeeasons. First, some of the weaker
lines are not well fit. More importantly, the modelasl ho¢ we have no justification for in-
cluding the bremsstrahlung radiation except that it impeathe spectral fit.

In the following sections we try to improve this situation inyestigating the nature of the
successful MAPPINGS models in more detail. We cannot yetgmea single self-consistent
model for the gas phases that we observe, but (i) we will tdetermine in detail which aspects
of the incident spectra in the models are important to predhe correct output spectra, (ii)
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we will explore possible explanations for the low observegiNline ratios, and (iii) we will
consider the overall energetics of the various gas phasmsler to constrain the nature ahy
proposed heating mechanism.

An important limitation of these models is that they amatifiedin ionisation structure and
radiation spectrum. In other words there is a regular pssjoa of ionisation states as we pass
further into the gas, and photons absorbed in the initiabregyare not available deeper into the
gas. This type of model does not include the possibility thastellar spectrum might follow
this stratified scheme, but theemsstrahlungpectrum arises from afélise source and enters
the gas from a dilerent direction.

Which photons are important?

In this section we use the MAPPINGS models to explore whiabtqi energies contribute to
the gas heating and the Meline ratios in two areas of A2597. The results will deterenihe
nature of any pure photoionization model of the warm gas gions We will follow the spectral
changes due to absorption and emission as we pass deepteicioud.

Fig. 6.15shows the model spectra incident on the front of the modetiyasl for A2597-
NUC and A2597-OFF. In the following we will refer to the urettated model spectrum in-
cident on the cloud as the incident spectrum. The attenuatédient spectrum after passing
through (part of) the model cloud will be referred to as tharse spectrum. The best-fitting
model fluxes incident on the model gas clouds for A2597-NU@ ABR597-OFF, in units of
erg st cm2 Hz™1, differ by about a factor of 10. This is mostly due to th&etience in gas
densities used in the two models.

In Figs.17 and18 we show four spectra as a function of distance into the cloud2597-
NUC and A2597-OFF. In consecutive columns these givesthace spectruntheabsorption
spectrumthe [OIl] differential emission and the [Ol] fikerential emission. The absorption
spectrum represents the photons removed passing throogthdesdance step, i.e. the photons
used to ionise and heat the gas at that distance. Tezeltial emission spectra show the total
emission in the two lines in each slab. Together these spatibw us to determine in which
regions this emission arises, and which photons are regperier heating the gas there. In
addition we plot in Fig19the ionisation state of the important species.

Inspecting particularly the third and fourth columns of .Figj7 we can for A2597-NUC
identify that the [OIll] emission, characteristic of clasdiHII regions, arises at distances less
than~ 7x 106 cm, equivalent tdNy < 2x 10%° cm™2, while the [OI] emission comes predom-
inately from 2< 101" cm < D < 3x 10" cm, with a mixed transition region between. From the
second column we can characterize the energy inputs as gdroim photons absorbed by in
several specific spectral regions: HI absorption above ttmean continuum limit at 13.6 eV,
Hel absorption above 24 eV; mixed metal absorptions in thge®0-50 eV; Hell Lyman con-
tinuum at 54 eV; and again mixed metals~al00 eV. The “mixed metals" are ionisations of
[CII](24.4 eV), [N11](29.6 eV) and [OIlI](35.1 eV) and at thkigher energies ionisations of
higher ionization states, or of non-outer electrons. lyastle first row of column one shows
us that the stellar model spectrum contributes most of tleegois below~ 40 eV, while the
bremsstrahlung spectrum contributes the more energedtops.

From these plots we see that the classical Hll region is dgatemarily by photons absorbed
by HI, Hel and Hell. The first two absorptions lie in the stekanission region; we know that
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this input spectrum cannot explain the [Oll] line strengthative to the Balmer lines. Hence
we conclude that, within the restrictions of the type of medee consider here, photons near
and above the Hell Lyman limit are needed to explain thifeedknce in line ratios relative to
those of a standard HIl region. In the transition region phetare mostly absorbed in the
lower mixed metal region of 30-50 eV because the Hell photeane already been removed
from the spectrum. The region where most of the [Ol] emissiases is heated by the harder
mixed metals absorption near 100 eV. At the end of the caiomawhere the gas is too cool
to emit the optical [Ol] lines there is still a substantial@amt of these harder photons. These
would contribute to warming the moleculap Hines seen in the infrared spectra, which are not
modelled in these calculations.

Inspecting in detail the columns in Fig8 we find that the same heating process proceeds in
A2597-OFF as in A2597-NUC. This becomes clear when the nsaatel viewed in Hydrogen
column density instead of distance. The only real physid&ince in the two heating models
is therefore the gas density used in the two models.

From this discussion we can conclude that in order to expeivarious Oxygeflydrogen
line ratios in astratifiedmodel, we must add photons between 30 and 100 eV. Over this ent
range the energy fluxed=, are only slightly below that of the stellar input near 13.6 &kle
absorption in these energy ranges has previously beenvelolsiey Crawford & Fabian(1992.

In agreement with our result§€rawford & Fabian(1992 note that a model aiming to explain
the optical line emission in A2597 does not require photoitls energies above about 136 eV
(10 Ry). We have tested this by repeating our best-fittingetsaith a high energy cutfbat

100 eV and find that indeed photons above this energy areniaityshecessary. This can also
be deduced from Figs7 and18where we observe that the flux of photons with energies above
100 eV is not significantly absorbed in the model.

The best-fitting models were optimised mainly to reprodiiee@xygen lines relative to the
Balmer lines. In doing so, we find that these models cannabdege all of the observed line
ratios. The most problematic ratios are those involving[Mell], Hell and [Call] lines. It
is particularly surprising that the [Olll] 500MB and [Nelll] 3869Hp ratios behave so fier-
ently in the model. The physical constants for these twositenms are very similar and their
ionisation potentials dlier by only about 6 eV.

To further investigate this issue, we show in FIf the ionisation state of Oxygen, Neon
and Helium as function of distance into the cloud for the Higshg combined models. From
these figures it is clear that Nelll is the dominant ionisatsbate for Neon over most of the
distance into the model cloud. On the other hand [Olll] nel@ninates the O ionisation state.
The observed spectra show that the [Olll] 5007 line is begtitan the [Nelll] 3869 line. Only
models with a high energy cutfgust below the energy necessary to ionise [Nell] to [Nellg (

41 eV) can produce an [Olll] 50@QNelll] 3869 ratio that is greater than one. However, these
models fail in producing the necessary level of [Ol] emissi@cause photons with energies
above 54 eV are no longer present.

The low observed value of the [Nelll] 38693 ratio in the cooling cores could be caused
by underabundant Neon in these systems (see also the distusSection6.8), but this still
would not explain the low observed infrared [NellNell] ratio. We have investigated possible
problems in the way MAPPINGS lll code treats Neon. We fourat thodel grids derived for
pure stars and AGN are in fact able to reproduce the [Nell§|9&83 and [Olll] 5007HS ratios
for a sample of AGN and starburst galaxies obtained from tbarSDigital Sky Survey (M.
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Shirazi & J. Brinchmann in prep.). The cooling core probleittieds from the AGHstarburst
problem in the extended outer low ionisation zone. Whgiine is not very small (i.e> 1073)
then charge exchange recombination of highly ionized atdamsinates over direct radiative
recombination Qsterbrock & Ferland 20Q&hapter 2.7). Thus an underestimate of the charge
exchange cdécients for [Nelll] would appear as an overestimate of thel[[lemission in
cooling cores, but not in classical HIl regions.

The MAPPINGS lll code considers charge exchange recombmagactions of [Nelll]-
[NeV] with HI and Hel Dopita & Sutherland 2003 Charge exchange is afficult process
to model and it is unclear how accurate the current treatmserfeurther investigation of this
subject falls outside the scope of this paper.

We can summarize the results of our study of stratified pbatsation models as: To match
the observed [OI}[OIIl] and [Oll]/HB line ratios, we require additional energy fluxes in the
30-60 eV spectral region of the same order of magnitude astétiar source in the 13-24 eV
region. Expressed as energy fluxes these are both of ordE0# erg cnm? s~ whenne ~ 300
cm3. To explain the [OljHa ratios we need a similar energy flux in tkel00 eV region. The
models cannot explain the low observed [Nelll] strength.

Stratified versus non-stratified models

We have not computed in detail any models where the radiaiomwt stratified, i.e. where
the higher energy photons come from &elient direction than those that ionise most of the
Hydrogen. This is because this situation required 2-D or Bx@lelling and the geometry is
uncertain. It is likely in this case that the distinctionween the intermediate energy photons
that heat the [Oll] region and the high energy photons that tiee [Ol] regions disappears; the
intermediate photons are not necessarily removed by paskagugh the [Oll] region before
reaching the [Ol] region.

There are no well known single photon sources with spectrachimeg the stel-
lar+bremsstrahlung models. One possibility would be a bluefA@N (Elvis et al 1994, but
such a source is ruled out by the requirement for an extendaddourceJohnstone & Fabian
1988 Heckman et al. 1989c.f. Section6.8). Therefore it is tempting to assume that the ex-
citation spectrum is in fact the superposition of two distisources, probably non-stratified.
This assumption opens a new problem, namely the observedaestancy of the [OJHa line
ratio. If the higher energy photons come from, say, fiude XUV background (c.f. Section
6.7.3 we would expect to find warm neutral gas heating by this sour@reas where there is
no stellar ionisation. In these regions [} would have a much higher value. In this model
we might assume that neutral gas in the cooling-cores isdfamty in regions close to areas of
star-formation. This eliminates the problem of regionsténg [Ol] but no Hr, but does not
explain the constancy of the line ratio; variations in th&taice from the stars to the end of the
Hydrogen clouds would be reflected in a variation in the [B4 ratio.

6.7.3 Gas heating in A2597

The previous section was limited to specific photoionisatitodels of the cooling core gas.
Here we quantify the excess, non-stellar, heating (per étyeln nucleus) necessary to balance
cooling in the diferent gas phases. The results should give us insights iatodture of the
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energy sources which are more general than the specific randehay apply to other LINER-
like BCGs. The gas phases we consider are:

1. The X-ray gas

2. The Hll region where HIl and [OIll] emission arise
3. The low ionization [Ol] emission region

4. The warm £ 2000 K) molecular regions

5. The cooler{ 500 K) molecular regions

The results of this discussion are summarized in Téldé&

Starting from the warmest gas phase, i.e. the X-ray emitilagma, we find a cooling rate
of about 2.410°2* erg s H™1 in the region probed by the nuclear spectrum. Here we use the
cooling curve fronRaymond et al(1976), a temperature o210’ K and a density of 0.08 cnd
for the plasmaCavagnolo et al. 2009 Since most of this gas does not appear to cool to lower
temperatures, a heating source of the same magnitude ischetalance the X-ray emission.
Over the central 20 kpc region in A2597 the density decrelbgésss than a factor 1.5 and the
temperature increases by less than a factor of 2 Rallack et al. 2005Cavagnolo et al. 2009
The radiative cooling for a hot X-ray emitting plasma, vieBrsstrahlung, increases with the
square of the density and decreases with the square roat tdrtiperature. The X-ray emitting
phase in the region probed by ouf-auclear spectrum thus requires a heating rate, at most a
factor of 2 lower than in the nuclear region.

Next we investigate the HIIOII] regions observed near the nucleus of A2597, i.e. A2597
NUC. From Fig. 17, we identify this as the region with < 7x 10'® cm, or equivalently
Ny < 2x 10 cm since in our modelling we assumad = 300 cnt3. The first column of
this figure shows that 4x 1072 erg s cm™2 has been removed from the incident spectrum.
Most of this has been absorbed in the ionization of HI, Hel Biedl at energies just above
13.6, 24, and 54 eV, respectively. We estimate that rougfayt.this flux has a stellar origin.
The other half represents excess radiation from the ndlastegh-energy component, here
modeled in the form of bremsstrahlung, that is necessarydate the peculiar cooling-core
spectra, i.e. in particular the high [OM3 ratios. Dividing this result by the column density we
find that the excess radiation removed by the gas amountd to102! erg s1 H-1. We also
estimate that only abouy2 of this excess represents actual heating of the gas by ¢hted)
electrons, the rest being radiated away as optically thendéimission when the ions recombine.
We conclude that the cool-core spectra of the/[@ll] regions require excess heating rates of
~5x1022 erg st H™1. The OFF model spectra are very similar in form to the NUC 8pec
The column densities at the ends of the [Oll] and [Ol] zonessamilar in both cases, but the
incident fluxes in the OFF spectra are approximately a fauft8rlower than the NUC spectra.
The heating rates in Tab&11are proportional to this reduction.

The calculation of the heating in the [Ol] zone is similaig.FA7 shows this to be the region
from D ~ 8x 10 cm to D ~ 3x 10!’ cm, representingNy ~ 6x 10'° cm™2. The radiation
absorbed in this zone amounts405x 1072 erg s cm™2, mostly by metals in the energy
range 60-150 eV. Thus the average absorbed energyis 10722 erg s H1. The physics
of ionisation and recombination in this energy range iseqaamplicated, and it is flicult to
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estimate the fraction of this energy which is available toegal heating of the gas, especially
Oxygen atoms, and how much is immediately reradiated asmeic@tion line emission. For
this work we will again assume that a fraction-ol/2 or 4x 10722 erg s H™1 is available for
heating.

Next we consider the warmdyas emitting in the near-infrared. This gas was not included
in the MAPPINGS Ill modelling. We estimate the cooling ratesn the graphs presented by
Maloney et al(1996 based on temperature estimates derived from the obsenesH ratios
(Jdfe et al. 200500nk et al. 201P These ratios indicate that the gas is in LTE with temper-
atures~ 2000 K and densitiesy > 10° cm™3. Maloney et al.(1996 find an H vibrational
cooling rate k10 %%erg s H~! for H, gas at 2000 K and a density;810° cm3. In this
temperature range the cooling rate is approximately ptapwl to the temperature. At the
higher density implied by our measurements theuibrational cooling rate will increase to
~5x10%%erg s H™L. This is due to (i) a small increases in the cooling rate pefemge
and (ii) an increase in the molecular fraction of the gas.s@etthe central 10 kpc the warm
H> phase is less well constrained. However, within unceisnie find that its properties are
consistent with those derived in the central region and ws #ssign the same cooling rate to
this gas Jdfe et al. 200500nk et al. 201D

The final temperature phase that we will consider here is tdw E, phase measured
with Spitzer in the mid-infrared (#&e & Bremer in prep.). Our spectra of A2597 show that
this gas in the nuclear region is consistent with being in [aIE& temperature 9500 K and
a density >10° cm™3. There are no f-nuclear measurements of the cooj phase for
A2597. Maloney et al.(1996 find the total cooling rate for a gas at 500 K with a density
nu=10° cm~3 to be about %1023 erg s H™1, once again approximately proportional to the
assumed temperature. The rate is dominated by [Ol] linergak 63um, and not by H rota-
tional cooling. This neutral ion transition has a relatieigh critical densityne ~ 5x 10° cm?,
(Boreiko & Betz 1996, so we take the cooling rate to increase a factor 8fwhen increasing
the density to~ 10° cm™3. Thus we find the specific cooliffteating rate of this phase to be
~2x10%%ergstHL,

Table 6.11 indicates the specific cooling rates for the near-nucleniseén, neutral and
molecular gas in the temperature regime500-10000 K are all very similar, and consider-
ably higher than for the X-ray gas. Th&-muclear warm gas exhibits cooling rates a factor of
8 or so lower, with the exception of the somewhat higher, ameertain, value for the warm
molecular gas. These values suggest that there is a sirgfiadp@rocess balancing the cooling
in the non-X-ray phases, that this process is per H-nucledispendently of the temperature
or density, and that the heating rate decreases roughlydem of magnitude from the nuclear
regionr < 5 kpc to the halo region 18r < 20 kpc.

Photon heating of the warm gas

Above we showed that the excess heating rates for thiereint gas phases at temperatures
below 1¢ K are very similar. This similarity, and the actual speciféting rates are probably
valid outside the context of the specific models we used ablve independence of the heating
rate on density, ionisation state and temperature suggestchanism involving ionisation of
lower lying electrons of metal atoms or ions by energetictphs or particles. These ejected
electrons then heat the surrounding medium. This type ofeioals been considered by (e.g.
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Johnstone & Fabian 1988leckman et al. 1989oit & Donahue 1997 Jdfe & Bremer 1997
Ferland et al. 2009 In this section we assume that the heating in the [Ol] apdéddions is
caused by extreme ultraviolet (XUV) photons without theilghof the specific spectral models
used above. These photons with energies above say 60 eV gatrgie into any of the warm
gas phases. We will calculate the necessary flux of such pe@t® a function of their energy,
and explore the possible connection to the soft X-ray cgadiore emission.

We find above that we need a specific heating rate 4t 1022 erg s H™1 in the each
of the gas phases. Including energy that is immediatelydratad the necessary XUV flux
is about 1x 102! erg s H~1. For photons falling on gas of solar metallicitvialoney et al.
(1996 find absorption cross sections per H-ator &x 10-1° cn? at 60 eV, dropping aB 2 to
~1.2x10729 cn? at 150 eV. Thus the required XUV flux varies fronx40-3 erg s cm2 for
60 eV photons, to 2 1072 at 100 eV and & 1072 for 150 eV photons. In the stratified models
each gas phase absorbs about this much flux at somewteredi wavelengths, so the total
absorbed flux is somewhat higher, sa9.08 erg s cm™2 at 100 eV or~ 0.02 erg s cm™2 at
60 eV.

These fluxes are consistent with the spectra determined ByRIKRGS IIl, but indicate how
the required flux changes with the assumed principal photengg. The ionized gas seen in
our A2597-OFF spectra has a lower density and a lower cooéitey the required fluxes are
about a factor of 10 lower than in the nuclear region. The Buxe similar but slightly lower
than those found biponahue & Voit(1991) from CLOUDY simulations. The dlierence may
lie in small diferences in the code or in the assumed spectra.

We can now ask whether an extrapolation of the observed softyXlux from A2597 is
consistent with the required XUV flux just found. The A259idster has an X-ray luminosity
of about 1.%10* erg s'1, in the 0.1-2.4 keV rangédavagnolo et al. 2009 The temperature of
this gas in the central 10 kpc radius is about 2 keV (Eayagnolo et al. 200dMcNamara et al.
2001. From Chandra archival images we estimate that withinrduasus the BCG has an X-
ray luminosity of about 1% erg s at~2 keV. This corresponds to a 0.5-2 keV X-ray flux of
about 10° erg s cm2. At these temperatures, free-free bremsstrahlung acsamty for a
small fraction of the emission, and to estimate the XUV fluxesuse the models calculated in
Kaastra et al(2008 for gas at temperatures of 0.2, 1, and 5 keV. For the 1 keMVispde XUV
emission is principally near 100 eV and the integrated fluxrrieis energy is about 0.3 times
that in the 0.5-2 keV range, i.e.>x3L0°* erg s cm™2. For 2 keV X-ray gas, the extrapolated
XUV flux will be somewhat lower. This value just quoted is abadiactor of 20 lower than that
required to heat the OFF nuclear gas, and a factor 200 bekwehuired for the nuclear gas.
This conclusion agrees with that found @yawford & Fabian(1992. XUV heating of the gas
can only be considered plausible if there is a much softesy<eomponent.

Gonzalez-Martin et al2009, in their analysis of Chandra and XMM observations of LIN-
ERS, find evidence for a very soft emission component in tiérak2 arcsec (3 kpc) radius
of A2597. This component has a temperature o£RTO0 eV and contributes 40% of the total
0.5-2.0 keV luminosity of the galaxy,410*? erg s'1. When we interpolate between the spectra
plotted inKaastra et al(2008 we estimate that the bulk of the XUV emission from this gal wi
be at~ 60 eV. The XUV flux in this soft component will be about threedis the 0.5-2 keV
flux. For a radius of 3 kpc, the estimated 60 eV flux then becdb@k erg s cm2. This is
about a factor of two lower than the level found necessary@ab@e can conclude that XUV
heating of the gas is plausible but only if the ultrasoft X-mmponent is confirmed, is not
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associated with the AGN itself, and if the emitted lumingsstconfined to a small fraction of
the projected surface area of the galaxy.

Other studies of A2597 have also indicated the presence ®fwgih temperatures be-
tween the hot X-ray plasma at 1& and the optical HIl emission at $K. Most notably
Morris & Fabian(2005 find tentative evidence for soft X-ray emission at aboutke®, and
Oegerle et al(2001) detect [OVI] emission indicative of gas at temperatureahut 3<10° K.

If these conjectures are true, then the emission regionsrepgsent the trueooling flow
the small fraction of the X-ray halo of the BCG which avoideeating and actually cools to
the temperature phases we observe here. The XUV and optieaéiitting regions would
be filamentary and physically closely associated with edblkrpbut both would have a low
average surface filling factor. The emitted luminosity frims XUV component corresponds to
a mass cooling rate of 40M,, yr~1. An cooling rate at this level is supported by the formation
rate of young stars in several cooling core clusters, inomd2597, and is not inconsistent
with the X-ray datalflcNamara et al. 200/Rafferty et al. 200%

6.8 Discussion

In this section we will shortly discuss our results and coraplaem with previous investigations.
In Section6.8.1we discuss the low ionisation state of the cool gas in BCGsvemat works
and what does not for our photoionisation models of this faSection6.8.2we compare our
results with previous investigations and alternative ni&de

6.8.1 Warm, low-ionisation gas in BCGs

Optical spectra show that the BCGs in the A2597, A2204 an® S1iEsters exhibit extreme
LINER-like characteristics over tens of kpc in the opticawslength regime. The spectra for
these three objects are very similar. Constraints on theepties of the gas are obtained from
individual line ratios involving Nitrogen, Sulphur and Qggn (c.f. Sectior6.5). We find that
the gas is very warm (¥11000 K), and has a density and ionisation degree that dezseeth
distance. A warm, weakly ionised gas phase, as traced bygRi}sion, is identified in all
regions sampled by our spectra. The ratio of this [Ol] eroisselative to kr as a function of
distance is found to be very constant in our BCGs.

It is difficult to determine accurate values for the gas temperatureansity from single
line ratios in the @-nuclear regions. Methods ftikrent from the ones used in Secti6rb
are necessary. For gas with a low ionisation parameterUleg@) it may be possible to use
[Ol1] 3727/HB, in combination with [Olll] 5007[Oll 3727], as a temperature tracer instead of
the [NII] lines. It is also important to obtain a tracer betiigan the [SlI] lines for low density
(n<100 cnT?) gas.

Using the MAPPINGS l1ll plasma code we have investigatedihgaiy photoionisation
for three sources that are available in BCGs; (i) starsA@N and (iii) bremsstrahlung. The
models were computed for a dust-free gas with a constanitgdearsd solar metallicity in a
plane-parallel geometry. The models are tuned to A2597tdaimilarity to other LINER-like
BCGs allow the results to have a more general character.llarsteodel can not reproduce the
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observations as it lacks the high energy photons needeatahesgas to high temperatures and
create the warm, weakly ionised gas phase.

AGN and bremsstrahlung models can reproduce most of the@zkéne ratios within a
factor of two. The AGN models provide a better fit to the spattthan bremsstrahlung. A
systematic issue for both is that they produce too much eonigs the Helium lines and some
of the metal lines, i.e. [Mgl], [Call] and [Nelll], relativeo Hydrogen. The overproduction of
[Mgl] and [Call] in our models is likely related to the lowebandance of these elements in the
gas phase when this gas is dusty (&goves et al. 2008 Our models models assume dust-free
conditions. However, the Balmer decrements in A2597 and0AZhow evidence for a large
amount of dust in these systems. The data for S159 does nateexqsignificant amount of
dust, but here the constraints are not very strong. We vetiuis gas abundances in more detalil
in Section6.8.2

The optical [NelllJHB and infrared [NelllJ[Nell] ratios are too high in our models involv-
ing AGN andor bremsstrahlung. Neon is a noble gas which under normalitons is not
depleted onto dust grains. Also a lower abundance of Neomagexplain why [Nelll][Nell]
is measured to be much lower than computed in our models. @smlyplity to explain the ob-
servations is that the charge transfer recombinatiofficents for [Nelll] are underestimated
in the MAPPINGS Il code (c.f. Sectio8.7.2.

The reason for the overproduction of the optical Hell and Keds in our models is not
clear. An overestimate of the charge transfer recombinatasficient for Helll to Hell can
possibly increase the Hell emission in the models. Sinyilaah overestimate of the charge
transfer recombination cé&ient for Hell to Hel may increase the Hel emission in the niede
The latter reaction is not likely to contribute significantb the Hel emission, because this
reaction has a small cross-secti@sterbrock & Ferland 2006 The mismatch of the observed
and modelled Hel emission could also be due to the relatisghple treatement of the Hel
emission spectrum in MAPPINGS lll, but we caution that angnparison is weak due to the
difficulty in actually measuring these diagnostic lines.

We prefer bremsstrahlung over an AGN model, because thatiarin the degree of ionisa-
tion for the gas is not consistent with ionisation by a cdrgoairce Johnstone & Fabian 1988
Heckman et al. 1989In an attempt to improve the bremsstrahlung fit to the daanereased
the level of lower energy<(40 eV) ionising photons in our bremsstrahlung models by aomb
ing it with a stellar model. We find that this combination capnoduce the observations with an
accuracy similar to the AGN spectra. The combined modelsatreery tightly constrained in
terms of stellar temperature and bremsstrahlung frac#ohigher fraction of bremsstrahlung
requires a warmer stellar temperature in order to fit the misens. The best-fitting models
require very high stellar temperatures, but combinatioite & stellar temperature as low as
45000 K and a bremsstrahlung fraction of 20% can still precacxeptable results.

The advantage of combining stars and bremsstrahlung isttatsources are distributed
and their combined spectrum naturally explains the higkukaaviolet to U-band fluxes in
cool-core BCGs (e.gCrawford & Fabian 19930onk et al. 2011 The disadvantage of any
combined model is that the optical spectra require a rathestant ionisation over large spatial
scales. In particular the tight correlation between [Olfl &y is a problem for our model.
Bremsstrahlung will contribute to both [OI] andHemission, but stars contribute only taxH
emission. The strong link between [Ol] andrkvould therefore require these sources to be
distributed in the same way in cool-core BCGs. The existefisech a correlation we deem to
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be unlikely.

The combination of stars and bremsstrahlung may not be Vaugible. However, the shape
of the combined ionising spectrum is still of interest, ais iable to reproduce the character-
istic line spectra for cool-core BCGs. The heating requietbalance cooling of the optical
line emitting gas in A2597 can be derived from our best-fifttombined model. The heating
required in the nuclear region of A2597 is about a factor afrteore than in the fé-nuclear
region.

The observed X-ray spectrum at 0.5-2 keV shows that in oexplain the 60 eV pho-
tons, required by our model, we need an ultra-soft X-ray comept. This component could
be related to a residual cooling flow in A2597. The photon fleguired by our model does
not violate the observational limit&ponzalez-Martin et al. 2009 orris & Fabian 2005, if we
assume a small filling factor for the ultra-soft X-ray compot

An alternative way of supplying additional ionising phosan the nuclear region of A2597
could be the AGN. A combination of bremsstrahlung and AGNratdeen investigated here,
but is expected to provide a good fit to the data. Such a modeienthe bremsstrahlung takes
care of the large-scale heating and the AGN boosts the Iggatihe central few kpc may also
aid in explaining the observed spread in the [Olll] 5047 ratio observed for cool-core BCGs.

The best-fitting combined models require a Hydrogen coluemsity of about 2107° cm2
in both the nuclear and thdfenuclear region of A2597. This column density is in good agre
ment with HI absorption measuremen@'Dea et al. 199%and shows that the only real dif-
ference in the required heating for the two regions is theirassl gas density. This strong
dependence of the gas heating on the gas density means thabtddetter observational con-
straints on the actual gas density structure in cool-cor&&COur current models are very
simplistic in this sense, because they assume a constadegasy.

We find that the heating required to balance cooling in theeswdhr gas at 2000 K and
500 K in A2597 is of a similar magnitude as the optical gas iitsuof erg s* per H-nucleus.
This suggests that single source of heating can balanceghsgin all of the warm (k10* K)
gas phases. The heating of the hot X-ray plasma-a0f-8 K is of course not explained by any
of our models. We use the bremsstrahlung emission from thsna to heat the optical gas,
but this plasma itself also needs to be heated. Currentlyatlwed picture for this feedback
process is kinetic energy from AGN outflows (e.g. 3deNamara & Nulsen 20Q7or a recent
review).

6.8.2 Comparison with previous studies

A large number of studies aimed at explaining the opticalssion line gas in cool-core
BCGs have been carried out in the past (elghnstone & Fabian 1988Heckman et al.
1989 Donahue & Voit 1991Crawford & Fabian 1992\/oit et al. 1994 \oit & Donahue 1997
Crawford et al. 1999Ferland et al. 2009 These studies first showed the low ionisation char-
acter of the optical line emission in BCGs. They also poirgatithat this line emission is
too large to simply be gas cooling through this phase andshawed that a heating source is
necessary. Many fferent heating models were proposed and here we will sharthngarise
some of the main results of these investigations.

Photoionisation by hot stars was first investigatedlojainstone, Fabian & Nulsgi987)
and Johnstone & Fabiafi1988. In agreement with our results they found that stars can not
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reproduce the observed line ratios. Large-scale photsadion by a central point source was
ruled out byJohnstone & Fabiaf1988 andHeckman et al(1989. They showed that the radial
variation of the ionisation parameter U is much smaller tbapected for a central ionising
source.

Having ruled out photoionisation by Stars and AGN, many exglproceeded to inves-
tigate bremsstrahlung (e.¢dleckman et al. 1989 These investigations focused mainly on
self-irradiated cooling flows with gas condensing througkraperature phase of=1L0°~/ K.

In this context Johnstone & Fabian(1988; Donahue & Voit (1991); Crawford & Fabian
(1992; Voitetal. (1999 find that they can reproduce the observed line ratios in BCGs
Crawford & Fabian(1992, using methods similar to those presented here, foundstict a
model required X-ray fluxes inconsistent with the obseorati The dierences between the
models and X-ray data in their work and what is presented fieepa@res further investigation.

Crawford & Fabian(1992) also pointed out that the reason that ionisation by brawaisising
can explain the optical spectra is that in termseF, it provides a flat ionising spectrum in
the 10-100 eV regime. They find that photons above this eramgwyot strictly necessary and
this is in agreement with our results. Any source with a bignasilung-like photoionisation
spectrum will be able to reproduce the optical spectra fol-core BCGs and this also explains
why our AGN models are able to fit the observations.

Photoionisation is not the only way in which energy can beipit the gas. Alternative
models include shocks and particle heating. Shocks arstigeded byDonahue & Voit(1991)
and Voit & Donahue (1997. They find that shocks in principle can produce optical spec
similar to the observations, but due to the very large masssfiavolved and the absence of
typical shock lines (i.e. [Ol1]] 4363 A), they conclude thhts is an unlikely scenario. Itis also
unlikely that shocks would produce the similar heatingséiteat we find in the dierent density
and temperature phases for the warallT* K gas.

RecentlyFerland et al(2009 have presented a detailed high-energy particle (i.e. @msm
rays) heating model for the ionised and molecular gas in trséshoe filament of NGC 1275.
This is the first model that is able to fit both the ionised arartiolecular gas emitting in the
optical to mid-infrared regime. The model successfullyroejpces most emission line intensi-
ties and ratios for this filament to within a factor of two. Quodels reach a similar accuracy
for A2597 but only for the ionised gas in the optical regimeséf-consistent model heating
both the ionised gas and the molecular gas in BCGs with bitealndsng can currently not be
done with the MAPPINGS Il code.

The optical spectrum of NGC 1273dhnstone & Fabian 1988latch et al. 200pis very
similar to the optical spectra of our objects. This suggtesistheFerland et al(2009 model
and our model are both viable solutions to heat the warm alpgi&s in cool-core BCGs. Com-
paring the two models we notice that the particle model nmetd¢he Helium and metal line
emission in the optical spectra better than our models. diffisrence is surprising, because the
heating mechanism is essentially the same in the modelgalksional heating via secondary
electrons (only the primariesftir).

We find that part of this dierence is likely due to the fllerent abundances used in the
two models. We use the 1.0 solar abundances from the MAPPIN@§Stribution, see Table
6.12 These abundances are based on modelling of the Suksplund, Grevesse & Sauval
(2005 and were previously used Igyroves et al(2008 to model starburst galaxies. We have
experimented with lowering the overall metallicity in ouodels by using 0.4 solar abundances
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from the MAPPINGS llI distribution (Tabl®&.12. This does not resolve the problems and in
fact provides a fit which is much worse than for the 1.0 solamalances. In particular the
Nitrogen and Oxygen abundances are too low in a 0.4 solardanoe gas to explain their
observed line ratios relative to Hydrogen.

Comparing our 1.0 solar abundances with the Orion abundaunsed byFerland et al.
(2009 shows that Orion has significantly lower abundances of Né&agnesium and Cal-
cium, see Tablé&.12 We have experimented with these Orion abundances in ouelsadd
find that indeed we obtain more satisfactory results for besé lines relative to Hydrogen.
As discussed in Sectiof.8.1lower abundances for Magnesium and Calcium can arise from
depletion of these elements onto dust grains, but this dotesark for Neon (e.gGroves et al.
2008.

A lower abundance for Neon does not change the infrared [M&#[11] ratio in our models.
However, it is possible that charge exchange reactionsagragnportant role for this ratio, see
the discussion in Sectio®7.2). The abundance of Helium is very similar for our models and
Orion. It is therefore unlikely that the mismatch betweea tibserved Helium lines and the
models is caused by an abundance issue. Finally we note tiwatt © somewhat overabundant
in Nitrogen, relative to the 1.0 solar abundances (T&bl®). If the same is true in cool-core
BCGs, then this will make it easier to reproduce the high][8884/Hq ratios.

Currently it is not clear what the actual abundances of thieadine emitting gas in cool-
core BCGs are. Detailed observations are necessary tdigmtesthis. In particular we need
to determine the Neon abundance in these objects. Also gedkitavestigation is necessary to
determine why the Neon and Helium lines have much highensities relative to Hydrogen in
our models as compared Eerland et al(2009.

6.9 Conclusions

In this work we present new, deep, optical, long-slit obagons for the BCGs in the cool-core
clusters A2597, A2204 and S159. We combine these measutemih a pilot investigation

of the gas heating in these systems using the MAPPINGS lltqibioisation code. This is to
our knowledge the first time that this code has been used t@htiogl optical line emission in
cool-core BCGs.

¢ Optical line emission is traced out to about 20 kpc from theeiun the BCGs of A2597,
A2204 and S159. This line emission is centred on the nuclkeosy which it extends
outwards in clumpy filaments.

e The optical spectra show that these BCGs are extreme exawigt@v ionisation nuclear
emission line regions over the entire area where opticalémission is detected. This is
probably a consequence of their selection on the basis geratio molecular to ionized
gas emission lines.

e The Balmer decrements in A2597 and A2204 are consistentanitliiky-Way-type ex-
tinction law for Ay ~1. These decrements are observed to be constant acrosditee en
line emitting area, indicating that a significant amountwedtds present in these systems.
The Balmer decrements in S159 are consistent with no dusigthit should be noted
that, unlike A2597 and A2204,&IHp could not be measured in this system.
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Chapter 6. Optical Line Emission in BCGs

The degree of ionisation for the gas decreases with distaocethe nucleus in all three
systems. This decrease is slower than expected for phataimm by a central point
source such as an AGN. The gas along the A2597-NUC slit shawsistant degree of
ionisation out to 5 kpc from the nucleus. The region samplethis slit lies within the
FUV and radio bright area of A2597 (e @Qonk et al. 20100’Dea et al. 200%

The strength and constancy of the [O1] 6300 A and [NI] 5200 Assion relative to the
Balmer lines indicates the presence of a warm, weakly ioigses phase extending out to
about 20 kpc from the nucleus in all three BCGs.

The tight correlation between [Ol] andaHvithin individual cool-core BCGs, as well as
for cool-core BCGs as a sample, is suggestive of a singlengesdurce common to all
cool-core BCGs.

Measurements of the [SII] line ratio indicate that on largalss the density of the gas
decreases with distance from the nucleus in A2597 and S15® otiter regions in both
systems show bright clumps that coincide with local incesas the gas density.

We have used the MAPPINGS Il code to model photoionisatibthe optical line
emitting gas in cool-core BCGs. The results are consistdhtpvevious investigations
(Johnstone & Fabian 198®onahue & Voit 1991 Crawford & Fabian 1992Voit et al.
1994 Ferland et al. 200using the CLOUDY codeKRerland et al. 1998nd can be sum-
marised as follows;

1. Pure stellar models cannot explain the observationgusecstars do not produce
the high-energy photons necessary to heat the gas to thevedsemperatures.

2. Pure AGN and bremsstrahlung models can supply the negebggh-energy
photons and both are able to reproduce most optical linesratithin a factor of
two.

3. A pure AGN model provides a better fit to the observatioresntlthe pure
bremsstrahlung models.

Pure AGN and bremsstrahlung models systematically prothecenuch emission in the
Helium lines and in some of the metal lines. In particularhfe®n and Helium lines are
problematic. Charge exchange reactions in a partiallyseshigas may be important for
these lines and needs more investigation.

Discarding the best-fitting AGN models on argumentgdoblnstone & Fabiaf1988 and
Heckman et al(1989 we find that a combination of stars and bremsstrahlung can pr
duce an equally good fit to observations. However, we argatehiese combined models
are not very plausible, because they require very hot stailsaa uncomfortable link
between these stars and th&wase X-ray emission on 1-20 kpc scales.
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e The best-fitting combined model may not be physically plalesihowever it still pro-
vides insights into how the optical line emitting gas in BC&® be heated using pho-
tons. In particular the model shows that photons in the gnemgge 40-100 eV are
required to explain the observed [Ol] emission. This agra#sa previous investigation
by Crawford & Fabian1992.

e Based on the Oxygen ionisation fraction in the best-fittiagbined model we have split
the optical line emitting gas into two components, a fullgiged phase (traced by [Oll])
and a weakly ionised phase (traced by [Ol]). Comparing tisegas phases with the
cooler molecular gas @10%2 K) we find that the cooling rates, in units of ergtdd 1,
for all these phases are within an order of magnitude of ettwdr.o

e The best-fitting combined model implies that a high-eneigy (~60 eV) photon flux
of about 101° erg s Hz 1 is necessary to heat the optical gas in the nuclear region of
A2597. The df-nuclear region in A2597 requires a high-energy photon fawelr by
about a factor of ten. A remnant cooling flow model with ana#oft 300 eV component
can provide the required photons. Such a model does notithla observational limits
on the residual cooling flow in A2597.

We have obtained optical integral field spectroscopy in oraéurther investigate spatial vari-
ations in the gas properties of these systems. We will alsghis data, in combination with
deep X-ray maps, to present a detailed two-dimensionaysisabf the thermal balance for the
optical line emitting gas in a future paper.
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Date Source Grism Slit Width | Exptime
1999-07-14| A2597-NUC | 600R600B | 2.0'2.0 100Q1000
1999-07-14| A2597-OFF | 600R600B | 2.52.5 36003600
1999-07-15| S159-NUC | 600R600B | 2.52.5 100Q1000
1999-07-15| S159-OFF | 600R600B | 2.52.5 27003600
2002-05-04| A2204-NUC | 600R 25 540
2002-05-05| A2204-NUC | 600R600B | 2.52.5 12001200

Table 6.1 —VLT FORS long-slit spectroscopy. Observations summary.

Name Avmw | Avece | HO/HB Ho/HB Ha/HB
A2597-NUC | 0.10 1.10 0.19 (0.25)| 0.40(0.49)| 4.52 (2.95)
A2597-OFF | 0.10 1.10 0.19 (0.25)| 0.42 (0.51)| 4.44 (2.90)
A2204-NUC | 0.31 1.40 0.15(0.22)| 0.38 (0.50)| 5.29 (2.92)
S159-NUC | 0.04 0.00 0.34 0.63 -
S159-OFF 0.04 0.00 0.26 0.51 -

Table 6.2 —Dust in A2597, A2204 and S159. The Milky Way foreground dsdiaken from Schlegel

et al. (1998). The Dust intrinsic to the BCG is calculatechgsihe MM72 extinction law in combi-
nation and assuming the dust-free case B stellar Balmeehants i.e. k/HB=0.26, Hy/HB=0.47,
Ha/HB=2.87 Osterbrock & Ferland 2006 The observed Balmer decrements are given in columns 4-6.
In parentheses the de-reddened values are given for casnparNote that for S159 thedAHB was
measured in the same slit and therefore we do not give a valtuihis ratio. The remaining Balmer
decrements in S159 are consistent with zero dust.
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Line Wavelength| A2597-NUC A2597-OFF A2204-NUC

oll 3727 5.06+ 0.05 (7.36) | 3.11+0.15 (4.51) | 3.52+ 0.05 (6.04)
Nelll 3869 0.22+ 0.01 (0.31) | <0.11(0.16) 0.19+ 0.01 (0.30)
HZ+Hel 3888 0.09+ 0.01 (0.12) | <0.11 (0.15) 0.12+0.01 (0.19)
Nelll+Call+He | 3966 0.17+0.01 (0.23) | 0.20+0.05 (0.27) | 0.17+0.01 (0.26)
Sl 4069 0.21+0.01 (0.27) | <0.13(0.17) 0.17+0.01 (0.25)
HS 4104 0.19+0.01 (0.25) | 0.19+0.04 (0.25) | 0.15+ 0.01 (0.22)
Hy 4340 0.40+ 0.01 (0.49) | 0.42+0.04 (0.51) | 0.38+0.01 (0.50)
Hell 4686 0.02+ 0.01 (0.03) | - 0.02+ 0.01 (0.02)
HB 4861 1.00 (1.00) 1.00 (1.00) 1.00 (1.00)

olll 4959 0.21+0.01 (0.20) | 0.09+ 0.04 (0.09) | 0.17+0.01 (0.16)
olll 5007 0.65+ 0.01 (0.61) | 0.19+0.05 (0.18) | 0.57+0.02 (0.53)
NI 5200 0.34+ 0.01 (0.313 | 0.24+0.05 (0.22% | 0.49+0.02 (0.42%
NII 5755 0.06+ 0.01 (0.05) | <0.09 (0.07) 0.08+ 0.01 (0.06)
Hel 5874 0.08+ 0.01 (0.06% | 0.16+0.03 (0.12% | 0.12+0.01 (0.08}
ol 6300 1.41+0.02 (0.97) | 1.09+0.08 (0.75) | 1.41+0.03 (0.83)
ol 6363 0.41+0.01 (0.28y | 0.25+0.05 (0.17% | 0.57+0.03 (0.33)
NII 6548 1.44+ 0.03 (0.94) | 1.04+0.09 (0.68) | 2.12+0.06 (1.17)
Ha 6563 452+ 0.05 (2.95) | 4.44+0.21 (2.90) | 5.29+0.10 (2.92)
NII 6584 3.75+ 0.04 (2.44) | 2.84+0.14 (1.85) | 6.66+0.12 (3.65)
Sl 6717 - 1.43+0.09 (0.91) | -

Sl 6731 - 0.93+0.07 (0.59) | -

Table 6.3 —A2597 and A2204: Measured line ratios relative #®fidr the spatially integrated slits. The
corresponding observedsthtensities are 8107%° erg s cm~2 for A2597-NUC, X101 erg st cm

for A2597-OFF and %101 erg s cm 2 for A2204 (all uncorrected for extinction). In parenthe-
ses we give the extinction corrected line ratios. Uppertéinior undetected lines are calculated as

3*RMS*FWHM.

aline is dfected by stellar absorption.
bline is afected by telluric emission.

Line Wavelength| S159-NUC | S159-OFF
oll 3727 4.43+0.37| 3.17+0.16
Nelll 3869 <0.23 <0.12
HZ+Hel 3888 <0.23 <0.12
Nelll+Call+He | 3966 0.48+0.10| 0.27+ 0.05
Sl 4069 0.18+ 0.08 | 0.08+ 0.04
Ho 4104 0.34+ 0.09| 0.26+ 0.05
Hy 4340 0.63+0.11| 0.51+ 0.06
Hell 4686 - -

HB 4861 1.00 1.00

ol 4959 0.25+ 0.09 | 0.09+ 0.05
ol 5007 0.43+0.10| 0.18+ 0.05
NI 5200 <0.24 0.27+ 0.06*

Table 6.4 —S159: Measured line ratios relative tg@lfor the spatially integrated blue slits. The corre-
sponding integrated fintensity is 21071° erg s cm™ for S159-NUC and 21071° erg s cm~2 for
S159-OFF (all uncorrected for extinction). The measurelinBadecrements are consistent with zero
dust and hence we do not provide extinction corrected litiesaUpper limits for undetected lines are
calculated as 3*RMS*FWHM.

2line is dfected by stellar absorption.
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Line | Wavelength| S159-NUC | S159-OFF
NIl | 5755 <0.04 <0.03

Hel | 5874 -a -a

Ol 6300 0.24+0.02 | 0.20+ 0.01
Ol 6363 0.09+ 0.02 | 0.08+0.01
NIl | 6548 0.33+0.02 | 0.28+0.01
He | 6563 1.00 1.00

NIl | 6584 1.18+0.03 | 0.92+ 0.02
Sl | 6717 0.55+ 0.02 | 0.32+ 0.01
Sl | 6731 0.38+£0.02 | 0.22+0.01

Table 6.5 —S159: Measured line ratios relative tarHor the spatially integrated red slits. The corre-
sponding integrated &intensity is &101° erg s cm 2 for S159-NUC and 8101 erg s cm2 for
S159-OFF (all uncorrected for extinction). We note we measelative to kv because these slits did
not cover HB. The blue slits showed that the S159 measurements are tesisth zero dust and hence
we do not provide extinction corrected line ratios. Upperits for undetected lines are calculated as
3*RMS*FWHM.

aline is dfected by stellar absorption.

Slit Temperature | Density | Metallicity | lonisation parametef
A2597-NUC | 11100+ 1100 | 30C° 0.92 -3.39
A2597-OFF | <16900 <50 1.07 -3.59
A2204-NUC | 10900+ 1000 | 1000 1.27 -3.35
S159-NUC | <16300 <50 1.39 -3.34
S159-OFF | <15800 <50 1.44 -3.50

Table 6.6 —Gas properties. Estimates from single line ratios. The &atpre in units of Kelvin is
estimated from the NII(6548584)NII(5755) ratio, using the relation given @sterbrock & Ferland
(2006. For the temperature derived in A2597-NUC and A2204-NUGeasity of 300 cm' was as-
sumed. For the remaining cases a density of 50%amas assumed. The density is estimated in units of
cm3 from the SII(6717)SI1(6731) ratio, using the relation given Msterbrock & Ferland2006). For
the derived densities a gas temperature of 11000 K was adsUrhe metallicity in units of solar metal-
licity Z, is estimated from the NII(658/)1I( 3727) ratio, using the relation given Kewley & Dopita
(2002. For the S159 observations we assumed thaHA4=2.87 (case B recombination with no dust)
to link the NIl and OIll lines. The ionisation parameter in tltoem of log(U) is estimated from the
Oll(5007)y0lI(3727) ratio using the relation given Kewley & Dopita (2002).

a8 For A2597-NUC the measurement of the Sl lines\mjt & Donahue(1997) is used.

b For A2204-NUC the measurement of the Sl lines@rawford et al(1999 is used.
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Line Wavelength| Observed| Stars | AGN | bremsstrahlung Combined
oll 3727 7.36 2.24 | 6.17 | 8.04 6.45
Nelll 3869 0.31 0.05 | 0.90 | 1.19 0.87
HZ+Hel 3888 0.12 0.21 | 0.24 | 0.24 0.24
Call 3934 <0.02 0.12 | 0.56 | 0.77 0.58
Nelll+Call+He | 3966 0.23 0.23 | 0.72 | 0.92 0.72
Sli 4069 0.27 0.04 | 0.16 | 0.19 0.14
Hs 4104 0.25 0.26 | 0.26 | 0.26 0.26
Hy 4340 0.49 0.46 | 0.47 | 0.47 0.47
Mgl 4567 <0.02 0.54 | 0.28 | 0.17 0.23
Hell 4686 0.02 <0.01| 0.19 | 0.30 0.15
HB 4861 1.00 1.00 | 1.00 | 1.00 1.00
olll 4959 0.20 0.05 | 0.19 | 0.27 0.22
olll 5007 0.61 0.15 | 0.55 | 0.78 0.63
NI 5200 0.3% 0.02 | 0.49 | 0.43 0.44
NII 5755 0.05 0.01 | 0.03 | 0.04 0.03
Hel 5874 0.08 0.14 | 0.19 | 0.18 0.18
ol 6300 0.97 0.07 | 1.23 | 1.25 1.07
Ol 6363 0.28 0.02 | 0.40 | 0.40 0.35
NIl 6548 0.94 0.40 | 0.83 | 1.03 0.83
Ha 6563 2.95 294 | 294 | 2.94 2.93
NII 6584 2.44 1.18 | 2.44 | 3.03 2.43
Sli 6717 151 0.63 | 214 | 2.20 1.70
Sl 6731 1.2¢ 0.55 1.67 | 1.74 1.34

Table 6.7 — The best-fitting MAPPINGS IlIl models for A2597-NUC with gasoperties ZZ, and
n(H)=300 cnT3. The observed line ratios are corrected for extinction bgtdirhe stars model has
Tee=55000 K, log(U¥-3.625. The AGN model hag=-1.0 and log(U}-3.75. The bremsstrahlung
model has %=1 K and log(U)x-3.75. The combined model consists of a stellar model with
Tee=68000 K and 80% of a bremsstrahlung model with=I0’ K. This combined model has log(&)
3.6875. For the models we report all lines with a flux at leas tenth of K within the wavelength
range probed by our observations.

aline is dfected by stellar absorption.

bline is afected by telluric emission.

€ These [SII] line values are taken frovoit & Donahue(1997) and extinction corrected.
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Line Wavelength| Observed| Stars| AGN | bremsstrahlung Combined
oll 3727 451 2.84 | 453 | 5.44 4.55
Nelll 3869 <0.16 0.13 | 0.54 | 0.68 0.54
HZ+Hel 3888 <0.15 0.22 | 0.24 | 0.25 0.24
Call 3934 <0.15 0.16 | 0.38 | 0.53 0.40
Nelll+Call+He | 3966 0.27 0.28 | 0.52 | 0.64 0.53
Sli 4069 <0.17 0.05 | 0.12 | 0.16 0.11
Ho 4104 0.25 0.26 | 0.26 | 0.26 0.26
Hy 4340 0.51 0.46 | 0.46 | 0.46 0.46
Mgl 4567 <0.16 0.50 | 0.22 | 0.18 0.23
Hell 4686 <0.16 0.02 | 0.15 | 0.21 0.11
HB 4861 1.00 1.00 | 1.00 | 1.00 1.00
ol 4959 0.09 0.07 | 0.09 | 0.08 0.09
Olll 5007 0.18 0.21 | 0.26 | 0.23 0.25
NI 5200 0.222 0.03 | 0.29 | 0.29 0.35
NIl 5755 <0.07 0.01 | 0.02 | 0.03 0.02
Hel 5874 0.122 0.16 | 0.18 | 0.19 0.19
Ol 6300 0.75 0.13 | 0.75 | 0.88 0.82
Ol 6363 0.17° 0.04 | 0.25 | 0.29 0.27
NIl 6548 0.68 0.47 | 0.68 | 0.82 0.65
Ho 6563 2.90 2.94 | 293 | 2.93 2.94
NIl 6584 1.85 1.38 | 2.00 | 2.42 1.92
Sl 6717 0.91 0.93 | 2.04 | 2.57 1.79
Sli 6731 0.59 0.67 | 1.44 | 181 1.26

Table 6.8 — The best-fit MAPPINGS Il models for A2597-OFF with gas prdjes Z=Z, and
n(H)=50 cnT3. The observed line ratios are corrected for extinction bgtduThe stars model has
Tee=70000 K and log(U¥-3.75. The AGN model hag=-1.2 and log(U¥-3.875. The bremsstrahlung
model has k=7x10° K and log(U)=-4. The combined model consists of a stellar modglF60000 K
and 40% of a bremsstrahlung model wit=T10" K. This combined model has log(&)3.8125. For the
models we report all lines with a flux at least one tenth ghithin the wavelength range probed by our
observations.

2line is dfected by stellar absorption.

bline is afected by telluric emission.

Line Wavelength im] | Observed| Stars| AGN | bremsstrahlung Combined
Nelll/Nell | 15.512.8 0.39 0.41 | 2.61 | 4.39 3.18
Bry/Pax 2.161.88 0.08 0.08 | 0.08 | 0.08 0.08
Bro/Pax 1.951.88 0.05 0.05 | 0.05 | 0.05 0.05
Fell/Pax 1.87/1.88 0.19 0.32 | 1.76 | 1.57 1.46

Table 6.9 —The best-fitting MAPPINGS Il models for A2597-NUC. The paeters for the best-fitting
models are specified in the caption of Tabl&

aThe [Nell] 12.8um and [Nelll] 15.5um line data is from Xée & Bremer (in prep.). The near-infrared
line data is fromOonk et al.(2010.
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Line Ratio A2597-NUC | A2597-OFF
Ol 5007/011 3727 | 0.08+0.02 | 0.04+ 0.02
Oll 3727/HpB 7.36+0.74 | 4.51+0.45
Olll 5007/HB 0.61+0.06 | 0.18+0.02
NI 5200Hg 0.31+0.03 | 0.24+0.02
Ol 630QH« 0.33+£0.03 | 0.26+0.03
NIl 6584Hx 0.83+0.08 | 0.64+0.06

Table 6.10 —Line ratio constraints for combined stars and bremsstrghinodels. Column 2 specifies
the line ratio constraints for the A2597-NUC spectrum. $&nhy, Column 3 specifies this for the A2597-
OFF spectrum. The tolerance on the line ratios for an acblepfit have been set to 10%. This also takes
into the systematic uncertainties. The only exception iwiththe [Ol11] 5007[OlI] 3727 ratio where we
accept the model value if it is within 30% of the measured @alu

Gas phase | T(NUC) | n(NUC) | nxA(NUC) | T(OFF) | n(OFF)| nxA(OFF)

K cm3 | ergsTH? K cm2 | ergstH?
X-ray 2x10" | 8x 1072 2x107%% | 3x10’ | 6x1072 2x107%4
[on] 12000| 3x10+? 5x10722 | 12000 5x10*! 6x10723
[O1] 4000 | 3x10%? 4x10722 4000 | 5x 101 5x10723
H2(2000 K) 2000 | 1x 106 5x10722 2000 | 1x 10 3x10722
H2(500 K) 500 | 1x10*6 2x10722 - - -

Table 6.11 —Radiative cooling rates for A2597. Columns 2-4 give the terajure, density and specific
cooling rates for gas in the nuclear region. Columns 5-7 gieesame quantities for thefenuclear

region.
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Element| MAPPINGS 111 (1.0 ) | MAPPINGS Il (0.4 2) | FERLAND-2009 (Orion)
He -1.01 -1.079 -1.022
Li -11.3 -11.69 -10.268
Be -10.9 -11.29 -20.000
B -9.0 -9.39 -10.051
C -3.59 -4.25 -3.523
N -4.22 -4.91 -4.155
0] -3.34 -3.74 -3.398
F -6.10 -6.49 -20.000
Ne -3.91 -4.30 -4.222
Na -5.75 -6.15 -6.523
Mg -4.47 -4.82 -5.523
Al -5.61 -6.00 -6.699
Si -4.49 -4.85 -5.398
P -6.48 -6.88 -6.796
S -4.79 -5.19 -5.000
Cl 6.40 -6.79 -7.000
Ar -5.20 -5.59 -5.523
K -7.05 -7.45 -7.959
Ca -5.64 -6.04 -7.699
Fe -4.55 -4.76 -5.523
Ni -5.68 -6.08 -7.000

Table 6.12 —Gas abundances in lggrelative to H. Column 2 shows the abundances for 1.0 solar
metallicity gas cloud in MAPPINGS Ill. Column 3 shows the satout now for a 0.4 solar metallicity gas

cloud. Column 4 shows the abundances used arkeeband et al(2009. The are significant élierences
between these abundances and they have a strong impact @h mesalts. Of particular importance

here is the dierence in ratio of the Oxygen to Neon abundances in our abgedaand those used by

Ferland et al(2009
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Figure 6.1 —FORS long-slit positions shown overlaid on optical images2697, A2204 and S159.
(Top left) A2597, the A2597-NUC slit is in grey and A2597-OiHin black. (Top right) A2204, the
A2204-NUC slit is in grey. (Bottom) S159, the S159-NUC diim grey and S159-OFF is in black.
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Figure 6.2 —A2597: Continuum subtracted FORS 2D Spectra. The peakabmtimntinuum position
corresponds to pixel 60 on the y-axis for A2597-NUC and tepi0 on the y-axis for A2597-OFF.
Increasing values on the y-axis are northwards along tte dlhe spectra have been smoothed lightly
and are scaled to enhance the low surface brightness fluxx-Blxés corresponds to the spectral axis
along the slit and it is given in units of pixels, with one gdikeing approximately 1 Angstrom. The
y-axis corresponds to the spatial axis along the slit insumiitpixels, with one pixel being 0.2 arcsec.
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Figure 6.3 —A2204: Continuum subtracted FORS 2D Spectra. The peakabmiimtinuum position
corresponds to pixel 75 on the y-axis for A2204-NUC. Inciegivalues on the y-axis are northwards
along the slits. The same smoothing and pixel-scale as in62dhas been applied.
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Figure 6.4 —S159: Continuum subtracted FORS 2D Spectra. The peak bpticinuum position cor-
responds to pixel 70 on the y-axis for S159-NUC and to pixed35he y-axis for S159-OFF. Increasing
values on the y-axis are northwards along the slits. The sanu®thing and pixel-scale as in Fi§.2
has been applied.
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Figure 6.5 — A2597: FORS spatially integrated spectra. (Top) A2597-NU@e spectra were in-
tegrated from pixel 40 to pixel 90 on the y-axis in Fi§.2 (Bottom) A2597-OFF. The spectra were
integrated from pixel 20 to pixel 90 on the y-axis in F&2
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Figure 6.6 —A2204: FORS spatially integrated spectra for A2204-NUCe Fhectra were integrated
from pixel 40 to pixel 110 on the y-axis in Fi§.3.
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Figure 6.7 —S159: FORS spatially integrated spectra. A light smootloig pixels FWHM along the
spectral axis has been applied to the data. (Top) S159-NUE spectra were integrated from pixel 50

to pixel 100 on the y-axis in Figh.4. (Bottom) S159-OFF. The spectra were integrated from [@gebo
pixel 160 on the y-axis in Fig6.4.
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Figure 6.8 — A2597: Measured line ratios relative tgsHas a function of distance along the slits.
The centre of the distance axis is defined as the positiongalos slit that corresponds to the peak
in the optical continuum emission. Note that for th@&muclear slits this peak does not correspond
to the position BCG nucleus. (Top-Left) Blue slit for A258JC. (Top-Right) Blue slit for A2597-
OFF. (Middle-Left) Red slit for A2597-NUC. (Middle-Righfed slit A2597-OFF. (Bottom-Left) The
hydrogen Balmer lines for A2597-NUC. (Bottom-Right) Thedhygen Balmer lines for A2597-OFF.
The centers of the emission in A2597-NUC and A2597-OFF aremgivith respect to the peak in optical
continuum emission in each of the slits.
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Figure 6.9 —A2204: Measured line ratios relative tg@Hds a function of distance along the slits. (Top-
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Balmer lines for A2204-NUC. The center of the emission in B2NUC is given with respect to the
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Figure 6.10 —S159: Measured line ratios relative t@ s a function of distance along the blue slits and
relative to Hr as a function of distance along the red slits. (Top-left)eBdiit for S159-NUC. (Top-Right)
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for S159-OFFM1-NUC. The centers of the emission in S159-Nld@ S159-OFF are given with respect
to the peak in optical continuum emission in each of the.slits
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Figure 6.11 —[SII] 6717/[Sll] 6731 line ratio as a function of distance along the glfop-Left) A2597-
OFF. The Sll lines here are obtained from an exposure forlwtie position is the same, but the central
wavelength was shifted with respect to the A2597-OFF spettliscussed in the text. Note that there is a
weak decrease of the line ratio at -5 kpc, this location isstant with the bright blob south of the optical
continuum. (Top-Right) S159-NUC. The line ratio increaseth distance to the nucleus. (Bottom-
Middle) S159-OFF. The line ratio shows a prominent decread® kpc . This location coincides with
a bright blob to the north of the optical continuum. From tobttom the dashed horizontal lines in
each figure show the Sl line ratio value corresponding tadgasities of 20, 100, 300 and 600 tnGas
temperatures of 11000 K were assumed.
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Figure 6.13 —Model BPT diagrams for A2597-NUC (density;#300 cnt3) and metallicity Z1.0
Zs). The left column shows [Ol11] 50QHS vs. [NI] 6584/Ha. The right column shows [O 1] 50QH3
vs. [Ol] 6584Ha. The top row shows the stellar models, the middle row showsAGN models
and the bottom row shows the bremsstrahlung models. The Imade coded according to the two
parameter investigation. For the stellar models the lihesvshow the models evolve forfiierent values
of the ionization parameter log(Uyldshed and temperature g (solid). For the AGN models the
lines show how the models evolve forflidirent values of the ionization parameter log(daghed and
spectral indexx (solid). For the bremsstrahlung models the lines show how the racelalve for
different values of the ionization parameter log(daghed and temperature xI (solid). The black
circle shows the measured position of A2597-NUC. The tlem@nd squares show the locus in the
parameter space of the models producing the measured Vatuas [Olll] 5007/[Ol1] 3727 (triangles)
and [Nelll] 15.5[Nell] 12.8 (squares) ratios. The grey circles are BCGs forawford et al.(1999.
We note that for the bremsstrahlung models the [N¢NB 11] ratio is always larger than 0.4 and hence
no squares are plotted.
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Figure 6.14 — Model BPT diagrams for A2597-OFF (density;850 cm?3 and metallicity Z1.0
Z5).The left column shows [Oll1] 50QHAHS vs. [NII] 6584/Ha. The right column shows [O 111] 500HARB

vs. [Ol] 6584Ha. The top row shows the stellar models, the middle row showsAGN models
and the bottom row shows the bremsstrahlung models. Thelmade represented in the same way
as in Fig. 6.13 The black circle shows the measured position of A2597-CFie coloured trian-
gles and squares show where in the parameter space of thdsnobiiin the measured values for the
[Ol11] 5007/[Oll] 3727 (triangles) and [Ol] 63Q®la (squares) ratio. The grey circles are BCGs from
Crawford et al(1999. We note that for the stellar models the [Ol] 6384 ratio is always less than 0.2
and hence no squares are plotted.
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A2597 Incident Spectra
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Figure 6.15 —A2597: Best-fitting combined stars and bremsstrahlung i&uktra incident on front
side of the model gas cloud for A2597-NU€&b(id line) and A2597-OFFdashed ling The stellar bump
near 10 eV and the flat bremsstrahlung curve at higher eseagéeevident.
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Figure 6.16 —A2597: (Left columi) Zoom-in on the source spectrum at three distances for tee be
fitting combined stars and bremsstrahlung model for A25QCGNTop-lef) and A2597-OFF Bottom-
left). The solid line corresponds to the photon spectrum aftssgquge through the first step of the model
cloud, i.e. after a distance o&20" cm for A2597-NUC and 810 cm for A2597-OFF. The dashed
line corresponds to the spectrum at the transition regiam fihe Oll to the Ol zone, i.e. after a distance
of about &10'® cm for A2597-NUC and 810" cm for A2597-OFF. The dot-dash line corresponds
to the spectrum at the backside of the cloud, i.e. after amiist of &10'" cm for A2597-NUC and
3x10'8 cm for A2597-OFF. Note that the total Hydrogen column déesitraversed by the photon spec-
tra for A2597-NUC and A2597-OFF are very similar, i.e.qy N2x10?° cm=2. (Right columi Flux
weighted, average, absorbed photon energy as a functioistahde for the best-fitting combined stars
and bremsstrahlung model for A2597-NUp-right) and A2597-OFFBottom-righ). A more detailed
picture showing what photon energies are absorbed at a dig&ance is presented in Appendix1.1
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C.1 Best-fitting models.

In this appendix we show the photon spectra and ionisatewstitms as a function of distance
into the model cloud for our best-fitting combined Stars arahisstrahlung model for A2597.

In SectionC.1.1we show the model photon spectra for A2597-NUC and A2597-axrr
number of selected distances into the model cloud. Each emvtpanels and corresponds to
one specific distance into the model cloud. This distanceWriisen on top of the first panel.
The first panel shows the attenuated incident spectrumgdssing through (part of) the model
cloud. This spectrum is referred to as swirce spectrunirhe second panel shows the photons
removed passing through each distance step, i.e. the ghosea to ionise and heat the gas at
the distance D. The width W of this distance step is writtertamof the second panel. This
spectrum is referred to as thbsorption spectrumPanels three and four show respectively the
emission in the Oll and Ol lines for the distance step withttvid/ at a distance D into the
model cloud, as specified in the previous panels one and two.

Note that the total Hydrogen column density traversed bi bog A2597-NUC and A2597-
OFF is similar, i.e. Ny ~2x10%0 cm™2. Also note that the transitions and thus widths of the Ol
and Ol zones happens at similar Hydrogen column densitidse ohly important physical
difference in the two models is therefore the assumed gas defs@yhoton spectra presented
here are discussed in mode detail in Sec60oh?2

In SectionC.1.2we show the ionisation fractions of important elements asnatfon dis-
tance into the model cloud for A2597-NUC and A2597-OFF. Ehiemisation fractions are
discussed in more detail in Secti6rv.2

C.1.1 Photon spectra A2597
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Figure 17 —A2597-NUC: Photon spectra for the best-fitting combinedsstad bremsstrahlung model
for selected model slabs at distances fromxa@* to 3.5<10 cm into the cloud. Each row corresponds

to a single slab with width W at a distance D into the model dlolihese rows consist of four panels
showing in squence the source spectrum, the absorptiotrgpeche [Oll] 3727 line spectrum and the

[Ol] 6300 line spectrum. The relevant values for D and W ariten on top of panels 1 and 2 in each
row. The x and y axes in each panel are photon energy in unag¥ @nd photon energy fluxx F, in

units of erg st cn?.
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Figure 17 — (Continued Photon spectra for the best-fitting combined Stars and $stathlung model

for selected model slabs at distances fromx&@6 to 1.0x10 cm into the cloud.
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Figure 17 — (Continued Photon spectra for the best-fitting combined Stars and $stathlung model

for selected model slabs at distances fromx1@’ to 6.7x10 cm into the cloud.
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Figure 18 —A2597-OFF: Photon spectra for the best-fitting combinedsStad bremsstrahlung model
for selected model slabs at distances fromx2®° to 1.5<10'’ cm into the cloud. Each row corresponds
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Figure 18 — (Continued Photon spectra for the best-fitting combined Stars and $stathlung model

for selected model slabs at distances fromx2@’ to 4.6x10 cm into the cloud.
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Figure 18 — (Continued Photon spectra for the best-fitting combined Stars and $stathlung model

for selected model slabs at distances fromx@ @’ to 3.5<108 cm into the cloud.
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Figure 19 — A2597-NUC. Fractional lonisation of Hydrogen, Helium, iégen, Oxygen, Neon and
Sulphur as a function of distance into the best-fitting caratliStars and bremsstrahlung model cloud.

C.1.2 lonisation fractions A2597
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Clusters van Sterrenstelsels

Clusters van sterrenstelsels zijn oorspronkelijk ontd#dor Charles Messier en William
Herschel. Hun extragalactische aard werd voor het eersshigd door Vesto Slipher en
Edwin Hubble. Deze clusters zijn, voor zover bekend, de meassieve (M1013-15 M,
waarbij 1 M, gelijk is aan de massa van onze zon), gravitationeel gelvosidecturen in het
heelal. Zij zijn ook de eerste objecten waarvoor werd orttdiek er donkere materie nodig
is. Fritz Zwicky wees ons hierop in 1937. Recente onderzaeken zien dat de baryonische
(ofwel zichtbare) materie maar 16% van de totale massa stasl vertegenwoordigt. De
resterende 84% bevindt zich in een onbekende vorm die denkaterie genoemd wordt.
Ongeveer 80% van de baryonen bevindt zich in het intragluséglium (ICM), dit is het gas
tussen de sterrenstelsels in de clusters. De resterendd@@#dt in de sterren die tezamen
de sterrenstelsels in de clusters opmaken (zie Bgterson & Fabian 200&oor een recente
samenvatting).

Een van de hoofddoelen in de moderne Sterrenkunde is hejdeggvan de vorming van
de grote-schaal structuren in het heelal en de evolutietearesstelsels. Clusters van sterrens-
telsels bieden ons de mogelijkheden om juist dit te doen. dMled van hiérarchische formatie
van structuren voorspellen dat de meest massieve objattgrz. clusters, het laatst en dus
nu vormen. Onderzoeken naar de samenklontering van steztesls maakt het ons mogelijk
om kosmologische modellen te verfijnen. De dichte en drukkgeving heeft een grote in-
vloed op de evolutie van sterrenstelsels in clusters en nfelons mogelijk om belangrijke
process zoals het strippen van gas (frictie) en kinematiselgregatie (dynamische frictie). De
lens-dfecten van clusters maakt het tevens mogelijk om clusteraisasise eigenschappen van
donkere materie en de details van sterrenstelsels op hodearschuiving te bestuderen.

Het is in de laatste jaren duidelijk geworden dat clustersstarrenstelsels vooral geschikt
zijn om de terugkoppeling (feedback) processen te bestndeaarvan verondersteld wordt dat
die de koeling van gas verhinderen (zie biReterson & Fabian 20Q0®&1cNamara & Nulsen
2007. Het koelen van heet gas om sterren te vormen is essenteelde groei van ster-
renstelsels. Tegelijkertijd laten kosmologische simatarien dat in deze sterrenstelsels een
efficiénte vorm van terugkoppeling nodig is om stervorming gtijpeig te stoppen. Dit is
noodzakelijk om ervoor te zorgen dat de sterrenstelselstaienassief worden en dat hun
helderheden niet te blauw worden. De centrale sterreesdeis clusters zijn, voor zover
bekend, de meest massieve sterrenstelsels. De nabijretteza objecten maakt hun tot ideale
laboratoria waar gas koeling, de groei van sterrenstelselgerugkoppelingsprocessen in zeer
veel detail bestudeerd kunnen worden. Deze terugkopsglingessen zijn het onderwerp van
mijn proefschrift en ze spelen een belangrijke rol in formaan structuren voor all lengte- en
tijdschalen.
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Cool-core Clusters

Clusters van sterrenstelsels groeien, op dezelfde marfsestarrenstelsels, door massa
van hun omgeving op te nemen of dor middel van fusies met andesters. Naar schatting
hebben 20% van alle clusters nu of zeer recent een fusie gemler De rest is in een (bijna)
ontspannen (quasi-relaxed) toestand. Ongeveer de halitieze ontspannen clusters hebben
centrale gebieden waar heet Rontgen gas met een tempevatuinonderd miljoen Kelvin
(T~1C® K) een dichtheid heeft die hoog genoeg is zodat deze, via éigen straling, kan
koelen op een tijdschaal die kleiner is dan de leeftijd varheelal. Wij noemen deze objecten
cool-core clustersofwel clusters met koele kernen. In de literatuur worderedabjecten ook
wel cooling flow clustergenoemd. In het centrum van de koele kern bevindt zich hetaien
dominante (cD) sterrenstelsel. Deze cD sterrenstelsgls\mor zover bekend, de grootste
sterrenstelsels. Ze domineren in helderheid over de arstereenstelsels in de cluster en
daarom worden ze ook w8lrightest Cluster Galaxie@BCG) genoemd.

Heet gas met een temperatuur $10’ K

Rontgen afbeeldingen van cool-core clusters laten ziendéakt objecten koele kernen
hebben (zie bijvPeterson & Fabian 2006 Modellen voor gas koeling voorspellen dat in de
koele kernen koelstromen met massa’s tot 10QQjdé&r kunnen plaats vinden. De tijdschaal
waarop het hete X-ray (honderd miljoen graden kelvin) kiselypisch een miljard jaar binnen
een gebied ter grootte van een paar honderd kiloparsec dfiakgdec is 3260 lichtjaren wat
overeenkomt met ongeveex B0'® meter). In het afgelopen decennium iRgen spectroscopie
metXMM NewtorenChandraheeft ons laten zien dat vrijwel niets van dit hete gas atkosedr
een temperatuur minder dan tien miljoen graden Kelvin (gie Beterson & Fabian 2006De
mechanismen die verdere koeling verhinderen worden maakhevig bediscussieerd, maar
in het algemeen bevatten zij allemaal een vorm van vergittan het gas.

Het momenteel meest populaire machanisme verhit het gaswddel van het werk ver-
richt door de jets welke ontstaan bij het actieve zwarte atN) in the centrum van de BCG. In
dit model werkt de AGN als een thermostaat voor het ICM, Vig, j@aarbij de kleinste schaal
structuren nauw verbonden zijn met de grootste schaaltstarc De AGN jets manifesteren
zich zelf als radio jets en bubbels. De interactie tusseretdeen het hete gas is afgeleid uit het
feit dat de jets zich daar bevinden waar er locaal minder g&gimgas is. Deze gebieden noemt
men ook welX-ray cavities ofwel Rontgen gaten. Vanuit een kinematisch oogpunt bevake
jets genoeg energie om het hete gas te verhitten en koelwmpt&omen, er is echter weinig
bekend over hoe dit in detail zou moeten gebeuren.

In een typische cool-core cluster moet een energiestroonbya 10** erg's (koeling door
middel van straling) gecompenseerd worden door verhitting

Koel gas met een temperatuur K10* K

Ook al koelt vrijwel niets van het hete Rontgen gas in coskcdusters onder een tem-
peratuur van tien miljoen graden Kelvin, bevatten de koede&n toch wel degelijk een
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significante hoeveelheid koel gas met een temperatuur maatetienduizend graden Kelvin.
Koud (30 graden Kelvin) gas met massa’s tot%td! M, afgeleid uit metingen van koolstof-
monoxide, is gevonden in de meest massieve objecten (zidbige 2001 Salome & Combes

2003. Metingen met hoge ruimtelijke resolutie laten zien datgadis opgesloten zit in dunne,
lange filamenten in een gebied ter grootte van 50 kiloparseergreerd op de BCG (e.g.
Donahue et al. 20Q@-abian et al. 2008Salome et al. 2011

Aanzienlijk kleinere hoeveelheden geioniseerd en mo&cglas met temperature tussen
de honderd en tienduizend graden Kelvin worden ook in degtesen gevonden. Deze gas
fasen hebben ook een probleem met koeling ten gevolge vaimgtr De emissie van dit gas
is veel te helder om overeen te komen met gas dat door dit t@tooe regime koelt. Dit
gas moet daarom ook verhit worden (zie bijeckman et al. 1989\Voit & Donahue 1997
Jdfe et al. 200h De gas fasen die het meest problematisch zijn, zijn heingseerde gas
met een temperatuur van tienduizend graden Kelvin en hehwanoleculaire gas met een
temperatuur van 2 duizend graden Kelvin. Het geioniseeadehgeft een typische helderheid
Lui ~50xLHa ~10%44 erg s (Heckman et al. 198%Crawford et al. 199904fe et al. 2005
Het warme moleculaire gas heeft een typische helderhgjd-LlOXLH, 10 s(1) ~10% erg s1.
Hier hebben we aangenomen dat het moleculaire gas zichahtleermisch evenwicht (LTE)
bevindt (zie bijv.Jdte et al. 200500nk et al. 201D

Het koudere moleculaire gas draagt niet veel bij aan deetdialiderheid van het koele gas
en dus draagt het ook niet veel bij aan het koeling probleemdieh we aannemen dat het
moleculaire gas met een temperatuur van 400 graden KeleiniziLTE bevindt dan vinden
we een typische helderheidil ~3xLH, 0-0 (1) ~10* erg st voor dit gas. In het temperatuur
regime tussen dit gas en het koude gas met een temperatu@duérwordt de gas koeling
overgenomen van de moleculaire lijn emissie door de veaiatle emissie lijnen van neutrale
en geioniseerde atomen, zoals [Ol] op88 en [CII] en 157um (Maloney et al. 1996 Onze
metingen met de Herschel-ruimtetelescoop laten nu vooeteskeer zien dat BCGs in cool-
core clusters sterk stralen in deze lijnen. De totale emisgile ver-infrarode lijnen is ongeveer
Lrirjine ~10% erg s1,

Het koeling probleem voor de koele gas fasen ziet er op hsteegezicht misschien minder
moeilijk uit dan het koeling probleem voor het hete Rontgas, @mdat de totale koeling ten
gevolge van straling nooit meer is dan dat van het hete gasjnEachter belangrijke verschillen
met betrekking tot de lengte- en tijdschalen waarop venlgithodig is. Het hete Rontgen gas
vereist verhitting voor een gebied met een diameter vanvaege200 kiloparsec. Het koele
gas vereist een vergelijkbare hoeveelheid verhitting mgebied met een diameter van maar
ongeveer 50 kiloparsec. Dit betekend dat een veel grotesgeletheid energie per volume
eenheid nodig is om het koele gas te verhitten.

De tijdschalen waarop deze verhitting nodig is verschilbek zeer veel. De koele gas
fasen met hun hoge dichtheden hebben een veel kortere gsiglihdan het hete Réntgen gas
met zijn lage dichtheid. Dit betekent dat daar waar het mpgslom het hete gas te verhitten
met sporadische AGN uitbarstingen, dat dit niet zal werkaor\het koele gas. Het koele gas
vereist een continue vorm van verhitting.
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Dit proefschrift

De laatste vier jaar heb ik gewerkt aan metingen en inteapeetvan de massa, temper-
atuur, excitatie en dynamische structuur van de baryoaigels fasen in cool-core clusters. In
het bijzonder heb ik mij gericht op het koele gas met een teatper T~10°~4 K. De metingen
gepresenteerd in dit proefschrift hebben het mij mogelgkngakt om in detail de distributie
and toestand can dit gas te vergelijken met Rontgen en radictgren in de koele kernen van
deze clusters. Het gas dat straalt in het Rontgen regimegepteert de primaire bron van
massa in het systeem. Het gas dat straalt in het radio regionesenteert de primaire bron van
energie-input.

Hoofdstuk 2

In hoofdstuk 2 bespreken wij nabij-infrarode metingen gektamet de integral-field
spectrograafSpectrograph for INtegral Field Observation in the Neafrémed (SINFONI)
gemonteerd op d¥ery Large Telescop@/LT). We hebben de BCGs in de cool-core clusters
Abell 2597 en Sersic 159-03geobserveerd. Met behulp van onze eigen reductie scripts
hebben wij, voor het eerst, het geioniseerde en warme maleegas in deze systemen drie-
dimensionaal in kaart gebracht. Het gas bevindt zich in Biaraire structuren tot op afstanden
van 20 kiloparsec van de kern van de BCG. We vinden dat hebhgeierde en moleculaire gas
sterk met elkaar verbonden zijn in zowel distributie, irsiezit en dynamica. We detecteren
indicaties voor een interactie van de AGN met het gas in déralen2-3 kiloparsec. Buiten
dit gebied is het gas in een dynamisch koude toestand. Waditaignamisch koude gas niet
naar de centrum van de BCG valt zal nog verklaard moeten woideovereenstemming met
eerdere twee-dimensionale onderzoeken laten wij zienrdegre serieus koeling probleem is
voor het de koele gas fasen in cool-core clusters (zie bigckman et al. 1984dfe et al.
2005. Het moleculaire gas blijkt in LTE met een temperatuw2000 graden Kelvin te
zijn. Dit impliceert dat het moleculaire gas een hoge dieftl{r>10° cm3) heeft en niet in
drukevenwicht met het geioniseerde gaslaté et al. 200h

Hoofdstuk 3

In hoofdstuk 3 bespreken wij ver-ultraviolette (FUV) bemidgemaakt met dé&dvanced
Camera for Surveyg$ACS) gemonteerd op delubble ruimtetelescooHST) en optische
beelden gemaakt met #cal Reducer and low-dispersion Spectrogrdp®RS) gemonteerd
op de VLT. We hebben de BCGs in de cool-core clustsogll 2597 en Abell 2204geob-
serveerd. De hoge ruimtelijke resolutie observaties gkhvaat de HST laten zien dat de
FUV continuum emissie zich in uitgestrekte filamentaireiciren bevindt. Deze structuren
zijn gecentreerd op de kern van de BCG. We hebben, voor hst, ek twee-dimensionale
distributie van het ratio van FUV tot optisch licht in de aate 20 kiloparsec van de BCGs
in kaart gebracht. Wij vinden dat dit ratio in de kern van de@e€n in de uitgestrekte
filamenten hoog is. Als de emissie wordt geinterpreteerdimén van jonge sterren, dan is de
aanwezigheid van een grote hoeveelheid zeer hete O-stameist. Het vereiste aantal is hoog



209

maar niet in tegenspraak met de huidige schattingen vootesieosming in deze systemen.
Echter, indien we onze metingen corrigeren voor stof en dérmoaum emissie van het gas in
de BCG dan vinden wij dat de temperaturen van de vereistestenredelijk hoog worden en
dat een puur stellaire interpretatie niet volstaat. Simpgkt-stellaire modellen, falen eveneens
om de metingen te verklaren. Een meer gedetaileerd onderzo®dig om de herkomst van
het hoge ratio van het FUV tot optisch licht te bepalen.

Hoofdstuk 4

In hoofdstuk 4 bespreken wij ver-infrarode (FIR) beeldemmgakt met dePhotodetector
Array Camera and Spectromet@PACS) en deSpectral and Photometric Imaging Receiver
(SPIRE) gemonteerd op dderschel ruimtetelescoofilerschel). We hebben de BCGs in de
cool-core clusterdbell 1068 Abell 2597 en Zw3146(Zw3146 is tevens bekend als ZwCl
1021.6-0426) geobserveerd. De FIR continuum emissie wordt ruijkteiet opgelost door
de instrumenten aan boord van Herschel. We presenterem, hebceerst, goed bepaalde
spectrale energie verdelingen voor de FIR stof emissie ae ®CGs. We passen simpele,
gemodificeerde zwarte-lichaam stralingsmodellen toe omeéengen van stof emissie in het
24-850um gebied. Dit laat zien dat ten minste twee temperatuur commpen nodig zijn om
de data te kunnen verklaren. Deze twee componenten hebbgglijbdare temperaturen in
alle drie objecten. De eerste component heeft een tempenzn ongeveer 20 graden Kelvin
en de tweede component heeft een temperatuur van ongeveead#h Kelvin. De koudste
component domineert de totale stof massa in deze systemeklRDheldere BCGs in Abell
1068 en Zw3146 hebben een stof massa van ongevée? M),. De FIR zwakke BCG in
Abell 2597 heeft een stof massa die ongeveer een factoragar Is. Het ratio van gas tot stof
massa is ongeveer honderd in alle drie de BCGs.

Hoofdstuk 5

In hoofdstuk 5 bespreken wij FIR integral field spectrogdfes metingen gemaakt met
PACS gemonteerd op de Herschel ruimtetelescoop. We hebdbdC&s in de cool-core
clustersAbell 1068en Abell 2597geobserveerd. We detecteren, voor de eerste keer, de sterke
atomaire koelingslijnen van [CII], [NII] en [Ol] in deze B&GDe lijn emissie wordt ruimtelijk
niet opgelost door PACS en impliceert de aanweizigheid valeaulaire gas massa’s groter dan
10° Mo. De FIR lijn ratios in deze BCGs verschillen niet significaan lokale, FIR-heldere
sterrenstelsels en de excitatie kan dan ook verklaard waorg een stellaire bron. Het huidige
niveau van absolute flux calibratie voor deze metingen isdamrde van 50% en dus niet
erg goed. In de toekomst zal deze absolute calibratie sertketerd worden en zullen de lijn
ratios opnieuw geanalyseerd moeten worden. Tevens zudldijndratios in de context van
niet-stellaire modellen, zoals verhitting door hoog epésghe deeltjesHerland et al. 2009

of hoog energetische fotone®d@nahue & Voit 199), getest moeten worden. De breedtes
van de FIR lijnen zijn consistent met optische en nabijardde metingen. Echter, deze zijn
aanzienlijk breder (ongeveer 35%) dan de lagere rotagohglen van koolstofmonoxide
(Edge 2001Salome & Combes 2003De FIR lijn profielen in beide BCGs tonen bewijs voor
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het bestaan van meerdere snelheids componenten in het gas.

Hoofdstuk 6

In hoofdstuk 6 bespreken wij optische, spectroscopischéngen gemaakt met FORS
gemonteerd op de VLT, in combinatie MdAPPINGS III (Groves 200%photoionisatie mod-
ellen. We hebben de BCGs in de cool-core clustdrell 2597 Abell 2204en Sersic 159-03
geobserveerd. We vinden dat deze BCGs extreme voorbeedjdemaz stdfige,Low lonisation
Nuclear Emission line RegiofiINERS) over schalen van tientallen kiloparsec. Het abies
[Ol] to Ha ratio is zeer hoog en constant in deze systemen in vergedijkiet andere soorten
van sterrenstelsels. Dit soort lijn ratios kunnen niet dsterren geproduceerd worden. Met
behulp van MAPPINGS III hebben wij drie alternative bronmnam excitatie onderzocht voor
Abell 2597; (i) AGN, (ii) Bremsstrahlung, (iii) een combiti@van sterren en Bremsstrahlung.
In overeenstemmign met eerdere onderzoeken vinden wij ela# chodellen de meeste lijn
ratios tot op een factor 2 nauwkeurig kunnen verklaren. Desneroblematische ratios
komen van lijnen die afkomstig zijn van Helium en Neon. AGNdalben kunnen uitgesloten
worden op basis van de afname in de graad van ionisatie ntahdftot de kern van de BCG
(Johnstone & Fabian 198Bleckman et al. 1989 Een, enkele, diuse bron van ionisatie, zoals
bijv. Bremsstrahlung, is waarschijnlijker. Energetis@zign is dit mogelijk voor Abell 2597,
maar alleen als we aannemen dat er een zeer zwakke Réntgkngstcomponent bestaat.
Er zijn indicaties voor het bestaan van een dergelijke camapbin Abell 2597. Het is echter
niet duidelijk of dit model op alle cool-core BCGs toegepemt worden. Er is een alternatief
model voorgesteld waarin hoog energetische deeltjes devao ionisatie zijn Ferland et al.
2009. Dit model kan de data ook verklaren.

Vooruitzicht

De laatste tien jaar is er een enorme toename geweest in dedlioeid observationele
metingen voor cool-core BCGs. Met name hoge resolutie Rinigetingen en integral-field
spectroscopie in het optisch, nabij-infrarrod en submiier regime. In de komende jaren
zullen nieuwe telescopen, zoals Aiacama Large Millimeter ArrayALMA), de James Webb
Space telescop@lWST), deExtended Very Large ArrafEVLA), de Low Frequency Array
(LOFAR) en deEuropean Extremely Large Telescope (E-Ebp)het podium verschijnen.

Observaties van cool-core BCGs met deze telescopen zutlendkrzoeksveld verder rev-
olutioneren. Samen met reeds bestaande meetingen zal petijnavorden om gedetailleerde
kaarten van gas verhitting versus gas koeling te maken metgeschappelijke ruimtelijke res-
olutie van 1 boogseconde of beter. Dit zal het ons mogelijkenam als functie van positie in
de cluster de gas koeling te volgen van een temperatuur ®hdmderd miljoen graden Kelvin
tot tien graden Kelvin, en om deze koeling te vergelijken gextetailleerde Rontgen en radio
kaarten.

Betere metingen van belangrijke gas eigenschappen, zchtheid, temperatuur en metaal
gehalte, zijn dringend nodig. Voor sommige gas fasen, zelsvarme H gas, zal dit mogelijk
zijn met de nieuwe telescopen die hierboven genoemd zijor ®adere gas fasen, zoals het
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geioniseerde gas in het optische regime, zullen nieuwe adethontwikkeld moeten worden
om de eigenschappen van dit gas beter te bepalen.
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European Southern Observatory (ESO) in Chile. Deze tetgsstaat in de Atacama woestijn.
Dit is de droogste plek op aarde, maar tijdens mijn verblgbar regende en het sneeuwde het
zoveel zodat we geen enkel lichtdeeltje op hebben kunnegevanlk heb tevens twee keer
mogen waarnemen met de Giant Metre-wave Telescope (GMRmjlia.

Het observeren van clusters van sterrenstelsels met oraradmtelescopen is zeker iets
wat ik in de komende jaren zal voortzetten bij Stichting Astsmisch Onderzoek in Nederland
(ASTRON).






Nawoord

In de 10 jaar tijd die ik in Leiden heb doorgebracht is de $t@acht een stabiele factor in
mijn leven geweest. De onderzoeken die ik heb mogen uitma@nder de supervisie van Frank
Israel en H. Rottgering waren gekenmerkt door een hoge naatgnjheid. Deze vrijheid, mits
goed beheerd, vindt ik van groot belang voor fundamentedaoek.

Reinout, Ernst en Maarten bedankt voor de discussies sjdenvele lunches en Kie-
kwartiertjes die we samen doorbrachten. Niruj, Nina, Margkehdi, Sarah, Cyril and Rowin
thanks for being greatftice mates over the years. | greatly enjoyed being part of sdghamic
and creative fiice atmosphere. David, Tycho, Aart en Erik, zonder een gogésgbeheer kan
er geen goed onderzoek gedaan worden.

| wil hier tevens graag iedereen verbonden aan de Sterréweaten bedanken voor jullie
hulp gedurende de laatste tien jaar. Ik ben het Leids Kerih@osscha Fonds dankbaar voor
hun financiéle steun.

Mam en pap bedankt voor jullie steun tijdens dit hele trajgonder jullie was dit alles niet
mogelijk geweest. Ondanks de vele, lange reizen vanuit lestem van het land is het altijd
fijn om weer thuis in het oosten te zijn. Zusjes, Yvonne eniaal bedankt voor jullie hulp.
Zonder jullie was mijn leven waarschijnlijk een stuk sagjeweest.

Stephanie you came into my life as afficemate during a grey and cold winter day. You
immediately captured my heart and mind. | would like to thgol for your love and support.
A life without you is unimaginable, | love you and | always kil would also like to take this
opportunity to thank my family in law for warmly welcoming nir&o their lifes.
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