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ABSTRACT

The classical “cooling flow” model historically associateith “cool core” clusters of galaxies
fails in the absence of an external, non-gravitationalihganechanism needed to offset catas-
trophic radiative losses of the X-ray bright intraclustezdium (ICM). Numerous proposed solu-
tions exist, including feedback from active galactic nu¢dsN), which may elegantly calibrate
fundamental relationships such as the coupled co-evaolatidlack holes and the stellar compo-
nent of their host galaxies. AGN feedback cannot compled#é#iet cooling at all times, however,
as the brightest cluster galaxies (BCGs) in cool core clustarsor extensive warm~(10* K)
and cold (10< T < 10* K) gas reservoirs whose physical properties are regulateshfoing star
formation and an unknown, non-stellar heating mechanism.

We present a doctoral thesis broadly related to these isgaggularly as they pertain to cool-
ing flows, the triggering of AGN activity, and the associattergetic feedback that may play
a critical role in heating the ambient environment on tenbBundreds of kiloparsec scales. We
begin with a summary of the relevant background material, iarChapter 2 we present a mul-
tiwavelength study of effervescent AGN heating in the camieccluster Abell 2597. Previously
unpublishedChandraX-ray data show the central regions of the hot intraclustedionm (ICM) to
be highly anisotropic on the scale of the BCG, permeated byveomkof kpc-scale X-ray cavities,
the largest of which is cospatial in projection with exteth@30 MHz radio emission. We present
spectral maps of projected, modeled gas properties fit t&Xthey data. The X-ray temperature
map reveals two discrete, “hard-edged” structures, inopd~ 15 kpc “cold filament” and an arc
of hot gas which in projection borders the inner edge of thgelX-ray cavity. We interpret the lat-
ter in the context of the effervescent AGN heating model, imcl cavity enthalpy is thermalized
as the ambient keV gas rushes to refill the wake of the buoydbiile. The hot arc revealed in the
temperature map may be one of the first instances in which ISM/eating by AGN feedback
is directly observed. The 15 kpc soft excess filament, part of which is cospatial witteeged
1.3 GHz radio emission, may be associated with dredge-upnoéhtropy gas by the propagating
radio source. Results from our study of the hot X-ray gas améd in the context of inferred
young stellar component ages associated with the centrigsiEm line nebula in the BCG. We
find that inferred ages of the young stellar component are ymianger and older than the inferred
ages of the X-ray cavities, suggesting that low levels af ftamation have managed to persist
amid the AGN feedback-driven excavation of the X-ray camgywork.

In Chapter 3 we presertubble Space Telescofa-ultraviolet imaging of seven BCGs in cool
core clusters selected on the basis of elevated star fameattes. We find that even at low levels,



star formation provides a dominant contribution to the zorg photon reservoir required to power
the observed luminosities of the emission line nebula. \Weakpact radio sources are observed
in each of these seven BCGs. The combination of higher SFR areat ladio power is consistent
with a scenario wherein a low state of AGN feedback allowdroreased residual condensation
from the ambient X-ray atmosphere, accounting for the ééelvatar formation rates.

In Chapter 4 we present a comparison study of episodic staratbon and AGN activity in
the giant radio galaxy 3C 236, which is not associated withuater. We find that an episodic
AGN/starburst connection can be fostered by a non-steadgport of gas to the nucleus. These
results are then compared with Abell 2597, enabling a battderstanding of the roles that may
be played by cooling flows vs. mergers and hot vs. cold aceretiodes in depositing the gaseous
reservoirs that fuel both star formation and AGN activity.

In Chapter 5 we broaden the context of the thesis with a searchigh redshift Fanaroff-
Riley class | radio galaxies, which may act as observablectwest for assembling protoclusters.
Probing the epoch of cluster assembly will be critical to #dyeunderstanding of the evolution
of the cool core phenomenon and the history of cluster entregulation in general. The relative
inability of X-ray cluster selection techniques to extendhese redshifts necessitates alternative
detection methods, one of which we describe in this thesis.

Finally, in Chapter 6 we discuss the main conclusions of thesis, which can be summarized
as follows: (1) AGN feedback is real, and likely plays a doamtrole in regulating the pathway of
entropy loss from hot ambient medium to cold gas to star ftiona(2) AGN feedback does not
establish an impassable “entropy floor” below which gas oanaol; and (3) star formation plays
an important role in determining the temperature and iditinaof the warm & 10* K) and cold
(10< T < 10* K) gas phases in brightest cluster galaxies.
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INTRODUCTION

The Heatingof Rapidly Cooling Cluster Cores

And whether or not it is clear to you,
no doubt the Universe is unfolding as it should.
DESIDERATA, 1927

The hierarchical assembly of luminous structure in the Ersg begins with the first stars at the
epoch of reionization and ends with massive clusters okgedafter a Hubble time. Observations
of the latter suggest that the process is inefficient witpeesto the formation of stars and galaxies,
as these comprise only ten percent of the baryonic massdnaata galaxy cluster. The majority
of baryons do not participate in the growth of structural ptexrity, and are instead heated at early
epochs by adiabatic compression and accretion shocks sofanillions of kelvin, roughly the
virial temperature of the cold dark matter halos into whikcbyt collapse. The result is a quasi-
hydrostatic bath of X-ray bright, optically thin plasma apging hundreds of cubic megaparsecs.
The processes regulating the entropy of this intraclusetiom are poorly understood, but surely
fundamental to our understanding of galaxy evolution as alevhThis doctoral thesis presents
new observational insights into these issues, for which eve provide a contextual summary.
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Figure 1.1: Both dark matter halo and baryonic structure grows hierarchically id@BM cos-

mological paradigm. This visualization, from the'f @article Millennium simulation of Springel
et al. (2005), shows the spatial density of dark matter halos at various epotifessimulation. In
the top left panel, the Universe is 0.2 Gyr old, while the bottom right parmisihe distribution
of dark matter as it might exist now. The massive halo at the core of the fitanyaneb would

be host to a rich cluster of galaxies. Each visualization is approximately #0hWpacross and
projects a slice through the density field 15 Mpé thick.
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1.1  An Overview of the Science in this Thesis

For a subset of galaxy clusténaith sharply peaked X-ray surface brightness profiles, tiiei
cluster medium (ICM, e.g., Sarazin 1986) can cool via brerakking processes from 10’ K to
< 10* K on timescales much shorter than-&yr within a radius 0o~100 kp&. Simple models
predict that runaway entropy loss by gas within this radzapanies subsonic, nearly isobaric
compression by the ambient hot reservoir, driving a lomgdiclassical “cooling flow” onto the
central brightest cluster galaxy (hereafter BCG, e.qg.,dteh. 1973; Cowie & Binney 1977; Fabian
& Nulsen 1977; see cooling flow reviews by Fabian 1994; Pete& Fabian 2006). Such a phe-
nomenon might constitute an observable low-redshift anelaooling processes thought to drive
the formation and evolution of massive galaxies at earlychpde.g., Silk 1977; Rees & Ostriker
1977). Amongst the largest galaxies in the Universe, BCGspiallcooling cluster cores (“cool
cores”, hereafter C& therefore represent critical tests for hierarchicaldtice formation models.
Two decades of progress have demonstrated that the coadwgribdel historically associ-
ated with CC clusters fails in the absence of an additional;gravitational heating mechanism.
Uninhibited, catastrophic condensation should drive imassold gas repositories(10'? M,
e.g., Fabian 1994; O’'Dea & Baum 1997) and extreme star foomatites in the BCG (#0-10°
M, yrt, e.g., Perest al. 1998), but results from searches for these mass sinks wiene afders
of magnitude below predictions (e.g., Allen, 1969; De Yodh&roberts, 1974; Peterson, 1978;
Hayneset al,, 1978; Baaret al, 1978; Shostalt al., 1980; O’'Dea & Baum, 1987a; McNamara
& O’'Connell, 1989; O’'Deeet al, 1994b; O’Dea & Baum, 1997; O’Dest al., 1998; Allen, 1995;
Mittaz et al,, 2001; Edge & Frayer, 2003). Moreover, the absence or stuowgr-production of
expected coolant lines in high resolution X-ray spectrpgoof large CC cluster samples effec-
tively proves that no more than 10% of the supposedly cogemactually cools below 1 keV
(e.g., Fig. 1.3 and Tamuret al. 2001; Petersoet al. 2001, 2003; Xwet al. 2002; Sakellioet al.
2002; Sanderst al.2008).

1This section (1.1) provides a focused and brief summary @btickground material that is directly relevant to
this thesis. So as not to distract the reader with too mucbrslsry or contextual detail, some prior knowledge of
galaxy clusters is assumed. A longer, more general revighi®fmaterial can be found in Section 1.2.

20One parsec (pc) is approximately28 light years (ly) o~ 3.09x 108 cm.

3The defining characteristic of a “cool core” cluster is sorhatinconsistent throughout the literature. CC clusters
have been classified as such given (1) an observed centia¢tatare drop (e.g., Sanderseinal. 2006; Burnset al.
2008), (2) a shorinferred central cooling time,, (Shorter than the age of the cluster, itg,e < 1/Ho or sometimes
tcool < 10 Gyr, e.g., Baueet al. 2005; Donahuet al. 2007), or (3) a high classical mass deposition rate (e.genCh
et al.2007). For a recent discussion of the issue, see Huelsah(2010). This thesis exclusively focuses on clusters
whose CC status is unambiguous, regardless of the spedifida@n used (meaning they satisfy all three). See section
1.2.3 for a more detailed discussion of cool core clustedstiaair historical association with the cooling flow model.



4 Chapter 1. Introduction

Figure 1.2: Hubble Space Telescofeptical) andChandra X-ray ObservatorgX-ray, in purple)
composite image of the galaxy cluster Abell 168% 0.18, corresponding to a luminosity distance
of order 2.8 billion light years). The hot (16 10° K or 1-10 keV), X-ray luminous intracluster
gas (in purple) comprises 80—-90% of the cluster'daryonicmass fraction. The entire cluster
resides within a dark matter halo comprising 90% ofttital mass fraction. Clusters of galaxies are
the largest virialized structures in the Universe, containing massesaimge®> M., within radii
that can reach several Mpc. The faint arcs in the image arise from élwéagional lensing effect,
wherein the massive cluster warps spacetime and alters the apparembtyapé@hotons passing
through it. The field of view of the image is 3.2, corresponding to a projected angular size of
order~ 0.5 Mpc. (Credit: X-ray: NASA/CXC/MIT/E. H. Peng et al.; Optical: NASA/SGI%
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1.1.1 Brightest Cluster Galaxies in Cool Cores

Nevertheless, there is circumstantial evidence that sesidual cooling tog 10* K manages to
persist at a few percent of the expected levels. Relative to B@®®n-cool core clusters or
field giant ellipticals (gEs), BCGs in cool cores are far mokellf to harbor H-bright optical
emission line nebulae with complex filamentary morpholegi®ue continuum excess associated
with low levels of ongoing star formationg(10 M, yr?), and compact central radio sources
(e.g., the archetypal NGC 1275 / Perseus, see Fig. 1.4 and\irkowski 1957; Lynds 1970;
Sabraet al. 2000; Conseliceet al. 2001; Fabian 2003). The power of these phenomena appears
to correlate with upper limits on X-ray derived ICM coolingtea (Huet al, 1985; O'Dea &
Owen, 1987; Heckmaat al,, 1989; McNamaraet al, 2004; Raffertyet al, 2006; Salomét al,
2006; Quillenet al., 2008; O’Deaet al, 2008), and the emission line nebulae are almost always
cospatial with the coolest X-ray gas (Crawfatal., 1995, 2005; Fabian, 2003). In a few cases,
estimates of condensation and star formation rates areanagreement (O'Deat al, 2008).
Moreover, repositories of up to 18- 10'* M, of cold* molecular hydrogen have been detected on
20 kpc scales through CO observations ir-B9% of CC clusters (depending on the sample, Edge
2001; Edge & Frayer 2003; Salone¢ al. 2006), as have extended distributions of vibrationally
excited H emission (Donahuet al., 2000; Jaffeet al., 2001; Egamet al,, 2006; Wilmanet al.,
2009). RecentlyHerschel Space Observataspservations of 11 CC BCGs (hereafter Herschel
OTKP sample) have confirmed the presence of substartidlof® M) cold gas reservoirs via
spectroscopic detection of major coolant lines (e.glJ [€157 um, [O 1] A68 xm) stemming from

< 50 K gas (Edgeet al. 2010a,b; Oonk et al. 2011, in preparation; Mittal et al. 20hIpress).
These pools of cold gas appear to be correlated with the hsitin dynamics and morphology of
the Hx nebulae.

While this is strongly suggestive of an intrinsic connectimiween short ICM cooling times
and the presence of these phenomena, debate continues hsttemnthese active gas reservoirs
are direct condensates from a cooling flow (e.g., O’Btal. 2008, and references therein), or are
instead deposited through wet mergers or gas-rich tidigpstig from nearby companions (e.g.,
Sparkset al. 1989; Holtzmaret al. 1996, and references therein). If it were the latter case, a
preferentially high gas rich merger rate in cool cores wdddneeded to reconcile observations
that CC BCGs are more than three times as likely as non-CC BCGs temastion line nebulae

4Throughout this thesis, we will use “hot” to describe x0T < 108 K (X-ray bright) ICM/ISM phases, “warm” to
describe~ 10* < T < 10° K (optical and UV bright) components, and “cold” to describ&é0< T < 10* K (N/M/FIR
bright) components. By nature of the data we will presentwilenot discuss the critically important 26-10” K
regime at great length in this thesis.
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Figure 1.3: Presented here is one of the most important instances in which the classichlbu
ited cooling flow model to fails match observations. Plotted in blue is the high speesolution
XMM-NewtonX-ray spectroscopy of Petersenal.(2003), with I error bars. An empirical model
is fit to the data, and plotted in red. The standard cooling flow model is plottedémgClearly, the
uninhibited cooling flow model severely overpredicts cooling line fluxes stegifinom the soft
X-ray gas. This figure is reproduced from Fig. 4, panel 2 in Petezsah (2003), with permission
from Dr. John Peterson.
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(~ 45% vs.~ 10%, respectively, Crawforelt al. 1999; Beset al. 2006; Edward#t al. 2007) and
central radio sources{70% vs.~ 20%, respectively, Burns 1990), though it is not obvious why
this should be the case.

On the other hand, it is now clear that the emission line rabate not simply the X phase
of a cooling flow. While the bulk of the “baryon budget” for tlegshenomena might be accounted
for by condensation from the ambient hot reservoir, theingdlow model in isolation seriously
underpredicts the observedyHuminosities by orders of magnitude in a pure radiative icapl
scenario (e.g., Heckmaat al., 1989; Voit & Donahue, 1997). The nebulae are also chaiaetér
by low ionization forbidden line flux that greatly exceeds flux emerging from recombination
lines, requiring models to impart a great deal of heatingipeization event (Donahue & Voit,
1991; Woit & Donahue, 1997). The low levels (a féw, yr™) of star formation observed in half
of all CC BCGs can often account for the ionizing photons reqguicepower the observedd
luminosity (e.g., Bildfellet al., 2008; O’Deeet al.,, 2008, 2010; McDonalét al., 2010, 2011), but
another heating mechanism is required to account for trerties forbidden-to-Balmer and other
diagnostic line ratios (e.g., Voit & Donahue, 1997). Cotlisal heating by suprathermal electrons
(cosmic rays) has gained favor in recent years (Fer&ral. 2009; Donahuet al. 2011; Fabian
et al.2011; Mittal et al. 2011, in press).

1.1.2 Heating cluster cores with “effervescent” AGN feedback and catuc-
tion

While the cooling flow model is inconsistent with observasiptinere is no doubt that the ICM in
CC clusters is losing energy at a rate proportional to its haaninosity, which can be extreme
in some casesq 10 ergs set'). A compensatory heating (or reheating) mechanism is there
needed to balance cooling in the majority of cases, therebgumting for the dearth of predicted
warm and cold mass sinks associated with the cooling flow m@ie clusters account far 50%
of the X-ray luminous cluster population bel@aa: 0.4 (e.g., McNamara & Nulsen, 2007), so they
must be heated at an average rate approximately of ordenttray luminosity (heating rates far
in excess of this would push cooling times past the Hubble tidestroying the CC phase). Such
a scenario might naturally arise if the heating and coolgigs were tightly coupled by a self-
regulating feedback mechanism (e.g., Begelman 2001; Ruskké&wBegelman 2002; Churazov
et al.2002; Reynoldet al. 2002; Birzaret al. 2004).

Conductive thermal interfaces that impart radiative ingfficy is a natural and energetically
feasible explanation (Bertschinger & Meiksin, 1986; Bregr&dbavid, 1988; Sparket al., 1989;
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Figure 1.4: Chandra X-ray Observator¥{-ray image {op) andHubble Space Telescogpeptical,

red filaments)Chandra X-ray Observator{X-ray, in blue), and Very Large Array (Radio, in pink)
composite imagebptton) of the central brightest cluster galaxy in the massive Perseus cluster.
This is a canonical example of AGN feedback associated with a radioessubisonically exca-
vating kiloparsec-scale buoyant cavities into the surrounding hot ingt@clgas. AGN feedback

is currently the favored mechanism by which catastrophic radiative coofitite intracluster gas

is balanced by heating associated with phdV work done during cavity excavation by the radio
source. This energy can exceed46rgs, enough to balance radiative losses. Spatial distribution
of this energy is one of many important problems challenging the model.
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Sparks, 1992), though debate is ongoing as to whether oonduction-balanced radiative cooling
can establish stable temperature and density gradientstiah observations for necessarily long
timescales$> 1 Gyr), due to the strong temperature-dependence of caondweiticiency (Spitzer,
1962; Cowie & Binney, 1977; Fabian, 1994; Soker, 2003; VoiQ20 Conversely, pure radiative
cooling does not establish the observed gradients eithkssiconduction efficiency is suppressed
by a (possibly) unrealistic two orders of magnitude (Breg&ddavid, 1988; Malyshkin & Kul-
srud, 2001; Narayan & Medvedev, 2001). Conduction therefanmot be dismissed off-hand, and
may play a particularly important role in the outer regiofshe cool core (Sparkst al,, 1989;
Sparks, 1992; Ruszkowski & Begelman, 2002; Brighenti & Mathe@93; Sparket al,, 2009).

Rosner & Tucker (1989) and Baum & O’Dea (1991) were among thetérsuggest that the
dissipation of active galactic nucleus (AGN) power coultlyfueplenish ICM radiative losses in
regions near radio-loud BCGs. This AGN-driven feedback meisha, in concert with conduction
and heating by cosmic rays, has since become the most fagaretidate model by which cool
cores are heated. The radio-mode feedback model is largetlyated by observations of kilopar-
sec scale X-ray cavities in strong spatial anti-correfatigth radio emission stemming from AGN
outflows (e.g., see Fig. 1.4 and Bohringeral. 1993; Fabiaret al. 2000, 2006; Churazogt al.
2001; McNamaraet al. 2000, 2001; Blantort al. 2001; Nulseret al. 2005; Formaret al. 2005,
2007; Birzaret al. 2004).

In the general radio-mode AGN feedback model, the cooling I&Mapses into the BCG,
reaching the center and triggering black hole (BH) activitye associated outflowing plasma can
subsonically excavate cavities in the thermal gas, drismgnd waves that eventually dissipate into
heat (Fabian, 2003). These cavities are effectively lovesisdy “bubbles” which buoyantly rise
amid the ICM, entraining colder gas phases and magnetic fieddsired to keep them long-lived,
e.g., Robinsoet al.2004; Dursi & Pfrommer 2008), lowering the total mass inflaterin the cool
core and thermalizing cavity enthalpy as the ICM refills itkevéBegelman, 2001; Ruszkowski
& Begelman, 2002; Churazaet al,, 2002; Reynold®t al, 2002; Birzaret al, 2004). Over the
cluster lifetime, enthalpy dissipation associated withityainflation can range from 10°° - 10°*
ergs, theoretically enough to counter radiative lossesenl€CM on average (e.g., Birzaet al.
2004; Raffertyet al. 2006), though spatial distribution of this energy is one@fesal important
problems that challenge the model (see e.g., McNamara &&4W607, for a review). Moreover,
AGN heating is almost certainly episodic at a rate coupleitiéoAGN duty cyclé (10" - 18 yr).
Not only is this naturally expected, it is effectivalgquiredin order to reconcile the model with

SWe define the “AGN duty cycle” to be the fraction of total tinkeat the AGN is “on”.
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observations of (1) entropy gradients that increase momzatly with CC cluster radius (Kaiser &
Binney, 2003), (2) the- 30% of CC clusters that lack detectable X-ray cavities (DuniRakian,
2006) and (3) some “ghost” X-ray cavities that are appayeséoid of cospatial radio emission
(e.g., Abell 2597, McNamaret al. 2001). Regardless, AGN feedback is an attractive heating can
didate, and recent years have seen feedback emerge asal cotnponent in models of galaxy
evolution (e.g., Springeadt al. 2005). The addition of feedback-driven “anti-hierarchicmench-
ing of star formation may elegantly regulate the possiblypted co-evolution of black holes and
the stellar component of their host galaxies (Magoreaml., 1998; Ferrarese & Merritt, 2000;
Gebhardtet al., 2000), in addition to truncating the bright end of the gglaxminosity function
and explaining the bimodality of galaxies in color-magddgtspace (e.g., Silk & Rees, 1998; Scan-
napieccet al., 2005; Bowetret al,, 2006; Crotoret al., 2006; Sijackiet al., 2007).

While only 20% of non-CC BCGs are radio loud, 70% of CC BCGs harborveadentral
radio sources, (Burns, 1990; Beall al, 1993; Mittalet al,, 2009; Sun, 2009), the power of which
appears to correlate with the X-ray luminosity from withiretcooling radius (e.g., Birzaat al.
2004; Mittal et al. 2009). Considering this, an elegant scenario emerges wheogidensation
from a rapidly cooling ambient atmosphere may directly ptewsubstantial components of the
fuel reservoir for multiple episodes of AGN activity, in ation to the active central emission line
nebulae and star formation residing amid pools of cold gadurn, energy input from the AGN
regulates the pathway of entropy loss by heating the ambgeshsuch that the heating rate tightly
regulates the cooling rate (and vice-versa) in a feedbagk lo

1.1.3 Some important outstanding issues

Nevertheless, fundamental open questions remain. Théetkfdysics of feedback are still not
understood. It is still not known whether the spectacularysterious emission line filament com-
plexes are “dragged upward” by radio sources or are assdaveth infalling cold gas (e.g., Mc-
Donaldet al, 2010, 2011; Fabiaet al, 2011). As discussed, additional heating mechanisms such
as photoionization from young stars and possibly collialdreating from energetic particles is re-
quired to regulate the observed temperature and ionizataie of the warm and cold gas phases.
AGN feedback is generally invoked as a mechanism by whiahfetenation isquenchedand yet
there is some evidence that, at least on small size scaéegrdpagation of a radio source through
a dense molecular medium ctigger localized sites of star formation (e.g., van Breugehl.,
2004; O’Deaet al,, 2004). Finally, if a substantial component of the ISM in CC BQ@s in-
deed condensed from a cooling flow, it is clear that AGN feellzannot establish an impassable
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“entropy floor”, and completely inhibit cooling in all CC BCGsalt times. Some cooling must
manage to persist, either during quiescent periods of A@Mstivity, or at constant low levels. Dis-
criminating between the many scenarios requires a bettigratanding of all temperature phases
of the ICM, the transport processes between these phasethaindssociated mass and energy
budgets. Our ability to do so is critically dependent upontiwavelength data that sample these
various discrete temperature phases.

This is a short and highly incomplete contextual summaryhefissues this thesis seeks to
address, at least in part. As a necessary primer for betggrstanding of the results we will
present, the section below provides an abridged reviewroksaf the finer historical and technical
details pertaining to galaxy clusters and cool cores.
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Figure 1.5: The 100 kpc-scale supercavity system in Hydra A. Wéisal. (2007) estimate that the
radio source has returned upwards of4€rg to regions of the cluster that extend even beyond the
cooling radius. Note the strong spatial anti-correlation of the radio sdurgenk) with the X-ray
cavities (in blue). Such correspondence is typical of cool core chistith cavities and extended
radio sources, presenting strong circumstantial evidence in suppth ¢{GN feedback model.
See Birzaret al. (2004) for a comprehensive census of the currently known X-raifycaystems

in groups and clusters of galaxies. (Credit: X-ray: NASA/CXC/U.Watd@oirkpatrick et al.;
Radio: NSF/NRAO/VLA,; Optical: Canada-France-Hawaii-Telescope)DSS
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1.2 A Review of Galaxy Clusters, the Intracluster Medium,
and AGN Feedback

The previous section summarized the contextual backgrdinedtly relevant to this thesis, and
took many opportunities to sacrifice detail for the sake @vlly. Our goal was to provide an
introduction to the various issues addressed in this theglsout distracting the reader with too
much secondary or background detail. Of course, theseilsletae critical to understanding of
the topics at hand, so we attempt to summarize them herasttihepart. This should in no way be
mistaken for a comprehensive review; rather, it is more gfliour” of some of the major aspects
that define our current understanding of galaxy clustersicodarly with regards to the cooling and
heating models that attempt to describe the observed pirepef the intracluster medium. While
we devote more attention to the AGN feedback model than weltdmnative heating scenarios
(like thermal conduction), this should not be construedds®eacy for one model over another, as
that is not the point of this thesis. In each section, we valhpthe reader to more comprehensive
reviews relevant to the subject being discussed.

1.2.1 Galaxy clusters in a cosmological context

Galaxy clusters are the largest gravitationally collapsteactures in the Univer8gwith masses of
order 13° M., and volumes that span hundreds of cubic Mpc. The tens to dimoissof galaxies
inhabiting this volume encode a history of hierarchicalsture assembly in the Universe. At the
earliest epochs, small scale, large amplitude baryonisityeperturbations exceeding the mean
density of the rapidly expanding Universe decouple fromHiabble flow and gravitationally col-
lapse. These sub-stellar clumps coalesce, triggeringiaigical structure growth which proceeds
non-linearly by the accretion of ever larger and more compl@angements of baryonic matter,
including stars, stellar clusters, and eventually gakxigalaxy clusters are the final manifestation
of this 13 billion year-long process, forming at late timesdshiftsz < 2) in massive dark matter
halos. Just as for the baryonic component of the Univers&,datter structure also grows hierar-
chically, and the largest halos (hosting the richest gatdsters) are found at the intersections of
large scale dark matter filaments (see, e.g., Fig. 1.1 anddgpet al. 2005).

6Throughout this thesis we adopt the concordant@@M) cosmological model, withy = 71 km s Mpc™,
Qv = 0.27, andQ, = 0.73. The Hubble constariiy scales the relationship between recessional velogitgnd
distanceD in the expansion of the Universe, such that HyD. Qy is the ratio of the mass density afid is the ratio
of the energy density due to Einstein’s cosmological cardtathe critical density of the Universe. Parameterized in
this fashion, the Universe is 13.7 Gyr old, and was 5.9 Gyabla redshift oz = 1.
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Many of the important properties of galaxy clusters are egped in terms of a cluster’s “virial
radius”, which can be understood in the context of a simpieléwnt relaxation” model (e.g.,
Lynden-Bell, 1967). During cluster assembly, gravitatianteraction between infalling baryonic
clumps produces a time-variable gravitational potenhat yields randomized particle velocities
following a roughly Maxwellian distribution. The resultasstate of “virial equilibrium”, in which
the total kinetic energ¥x and gravitational potential ener@ are related by

2E¢ +Eg = 47Ryrg, (1.1)

wherehB, is the effective pressure aj, the outer boundary of the relaxed systemPJf 0, we
recover the usual form of the virial theorem, e.gex2 Eg = 0. The outer boundaryry) of a
cluster is not especially well-defined in practice, and eréfiore not measurable in the strictest
sense. It can, however, be estimated with a spherical “adprhodel, wherein a uniform, constant
density sphere is assumed to cause the perturbation letgigster collapse. In this case, the
virial theorem posits that a collapsed cluster’'s boundexjus should be of order 0.5 times the
turnaround radiusy,. If all mass in the relaxed cluster resides withjp,/2, then the mass density
within this sphere is®l /713 ., which for an Einstein-deSitter (flat, matter-dominateaBroology
is ~ 178 times the critical density of the Universe, defined as

3H2

Perit = 8:G (1.2)

This is the density threshold above which the expansion efithiverse would stall, leading to
recollapse. Here; is Newton’s gravitational constant, akidaccounts for the redshift dependence
of the Hubble constarty,

H — 3
H—o—\/QM(1+z) +1-Qu, (1.3)

where(y, is the ratio of the mass density of the Universe to its critieansity. The two quantities

are equal (e.g2w = 1) in an Einstein-deSitter Universe. In this case, theumdnclosing 178

would be the virial radius,;;. Sometimes, alternative definitions are used, suahas rogo. In

this nomenclature, is defined to be the radius at which the average cluster gaaitx pgit, SO
3H?

=2 —. 1.4
I'200 = 200 8.C (1.4)
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The virial radius has also been approximated as the “scdies’a
rigav = 180x Q2w (2) pei- (1.5)

If Oy =~ 1, these alternative definitions are very close torthe= 178; derived in the Einstein-
deSitter case, SBgp = I'1gav ~ Ivir. Howevery =~ 0.3 in the currently favored CDM cosmology,
which givesr,;; &~ 100p.i;. Nevertheless,,oo andriggy are still used throughout the literature, for
the sake of consistency. Regardless of the definition uspatatyvirial radii for rich clusters are
on the order of +3 Mpc.

As they are the largest of all structures whose mass canibblyegstimated, galaxy clusters are
among the best laboratories in which cosmological paraimated galaxy formation models can be
constrained by observables. This thesis is broadly relatéte latter. For a more cosmologically-
oriented review of galaxy clusters, see Rosatal. (2002) and Voit (2005). For a review of the
critically important Sunyaev-Zeldovich effect (Sunyaew&ldovich, 1970, 1972) as it pertains to
galaxy clusters and cosmological probes, see e.g., Camstral. (2002).

1.2.2 Properties of the intracluster medium

Galaxy clusters were first associated with extended, luosné-ray sources in the late 1960s
and 1970s after the launch of the Uhuru, Ariel 5, and OSO 8yXsatellites (Giacconet al,
1971; Gurskyet al,, 1971; Formaret al,, 1972; Mitchellet al,, 1976; Gursky & Schwartz, 1977,
Serlemitsogt al, 1977). In observing the Perseus, Coma, and Virgo clustatshdl et al.(1976)
and Serlemitsost al. (1977) were the first to confirm a thermal origin for the X-rawigsion in
detecting collisionally excited Fe-K features above 6 keV.

At the same time, our understanding of hierarchical stmediormation was maturing (e.qg., Silk
1968; Gunn & Gott 1972; Silk 1977; Rees & Ostriker 1977). Thitinated the interpretation that
the ICM itself, which is largely composed of ionized hydrogerd helium, is a relic from the
gravitational collapse at early times of “proto-baryonséttdo not participate in star and galaxy
formation (Gunn & Gott 1972 were among the first to sugges!) thiVe now know that- 85%
of all baryons in galaxy clusters reside in the ICM, though albbf them can be primordial. A
significant fraction of the ICM needs to have been processe&h@or more generations of star
formation in order to account for the presence of heavienelgs in the ICM at abundances0.4
solar (e.g., Arnauet al. 1992). This can be explained by invoking the return of highetallicity
gas from supernovae, as well as ram pressure and tidalisgifpm galaxies as they fall into the
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cluster.

For comprehensive reviews of the ICM, see Sarazin (1986),hblzky (2004), and Arnaud
(2005). What follows is largely an abridged version of tomiosered at length in these reviews.

Radial density and mass profiles

Models of the ICM treat it as an optically thin coronal plagnmeionization equilibrium. Observed
(measured) particle densitiesin the ICM are of order 13 -102 cm™, and increase from the
outer halo inward to the cluster core. The radial densityilerdepends on many subtle physical
processes (the most important of which we will summarizerjabut will generally follow hydro-
static equilibrium to maintain pressure support. Assunsipigerical symmetry, the hydrostatic gas
pressure profile will rise with decreasing radius as

dp_d(nkT) _ GM(<r)
Grc g = PeE my (16)

wherek is the Boltzmann constariL, is the gas temperaturge = num, is the mass densitg, is the
local gravitational acceleratioM (< r) is the mass enclosed within radiyg:m, is the mean mass
per particle, andn, is the proton mass. The hydrostatic approximation allowsdagh estimates
of cluster mass profiles, e.g.,

M(<r)=

KTr (dlogne+dlogT)' (1.7)

_G,ump dlogr dlogr

Observations can be used to parameterize the density (arefdhe temperature) profiles in the
above equations. A common method is to fit an isothermal "lfgfamodel to the observed X-ray
surface brightness profile, as first introduced by Cavaliefeu&co-Femiano (1976); Branduardi-
Raymontet al. (1981); Forman & Jones (1982). In the beta model, the X-rafasa brightness
Yx at projected radius varies as

(-38+1/2)

2
S (r) = Sy (0) [1+ (rﬁo) ] . (1.8)

"The term “coronal plasma” refers to the “coronal approxiordt described by e.g., Mewe (1999), wherein
electron-driven collisional ionization rates are exabi#yanced by recombination rates. See Sarazin (1986) ard Pet
son & Fabian (2006) for more details as they pertain to gatduxsters.
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Here,>x (0) is the central X-ray surface brightness agds the core radius. The model assumes
that the galaxies, ambient hot gas, and underlying darkemiadéilo (assumed to follow a King pro-
file) are hydrostatic and isothermal.is defined as the ratio of galaxy-to-gas velocity dispersion
(effectively the energy per unit mass in galaxies dividedHat in gas) ,

2
_ pMpo

P=—F (1.9)

Here,o is the 1-D velocity dispersion of the galaxies along the bhsight. Typically, the ICM in
galaxy clusters is well-fit by models with~ 0.6 (Sarazin, 1986). The beta model form for X-ray
emissivity can be converted to electron density using

NS
Ne(r) =ne(0) [1+ (r_0> ] . (1.10)

Temperature

At early epochs, adiabatic compression and supersonietamershocks are thought to heat the
ICM to its observed temperature (Kaiser, 1986), which rafiges 10’ < T < 1K (1 < kT < 10
keV). This is roughly the virial temperature of the undemtyigravitational potential, so

GMm,

Ivir

KT ~

2
~ My ~ 6% [ ——— | keV. 1.11
aiad “\ 1 kms? (1.11)
Combining equations 1.11 and 1.3 and applying simple maaijouns (the details for which
can be found in e.g., Rosat al. 2002), we can relate the ICM temperature to the virial mass of
the clusteM, (e.g., the mass contained withig) by

IVlvirh 2/3 1/3
KT =138 e [mAvir (D]Y3(1+2) keV. (1.12)
©

Here,his the dimensionless Hubble param&tatowing for simple conversion between cosmolo-
gies, andA; (2) is the average cluster density within the virial radius did by the mean cosmic
density at redshift. If A (2) is constant (as it is for e.g., an Einstein-de-Sitter cosig), then

8The dimensionless Hubble paramettés related to the Hubble constar by h=Hy /(100 km $* Mpc™).
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the net implication is that there is a fundamental scaliragicn
T x M?3(1+2). (1.13)

This is one of the several examples in which quantities meadsfiom X-ray observations (like
density and temperature) can be used to infer cluster madgsharefore constrain cosmological
models which make independent cluster mass predictions.

Spectrum

The dominant coolant for ionized hydrogercafl0’ K is thermal bremsstrahlung (free-free) emis-
sion driven by Coulomb interactions between electrons ansl idhis powers an extremely bright

X-ray continuum of luminositietx ~ 10*3—10% erg sec?, with the total power radiated per unit

volumeV given roughly by

dL

— ~ 10NNy ergsec cm>, .
5 ~ 10 2’ neny T2 ctem® (1.14)

wheren, andny are the electron and hydrogen densities in;mespectively. In a fully ionized gas
with hydrogen and helium mass fractions>0f 0.7 andY = 0.28 (respectively), the electron and
hydrogen densities are approximately equak{ 1.18ny). The energy loss rate by bremsstrahlung
emission therefore scales with the square of the gas ddttsgyhas very important consequences,
which we will discuss later). Below about>310" K, cooling by iron, oxygen, and silicon re-
combination lines becomes increasingly important anditsogmtly alters the shape of the X-ray
spectrum. Prominent X-ray spectral features include th& B@d L lines at~ 6 and~ 1 keV,
respectively. These are used in X-ray spectral fitting (Wiglays an important role in our Chap-
ter 2) to ascertain elemental abundances in the ICM (whichmeagtioned previously, are usually
~ 0.3-0.4 solar).

Entropy

One of the most important physical quantities dictating stracture and density of the ICM is
entropy, unique in its ability to encode and preserve thetbdynamic history of the gas. Con-
sidered alone, temperature and density fail in this regasdhe temperature largely reflects the
underlying gravitational potential well, and the densijlects the degree to which gas is com-
pressed within the well. Entropy, however, only changesgaims or losses of heat energy, and
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breaks the degeneracy with the underlying potential becatusonstant pressure, the density of the
gas is determined by its specific entropy. Quantitativély,entropyS can be defined by rewriting
the expression for the adiabatic indékd pp~>/3) in terms of the observabléd andne,

S=kTr;?/3. (1.15)

One may also write

K= KT (1.16)

2/37
Mmppg/
whereK is merely the proportionality term in the equation of staiedn adiabatic monatomic
gas,p= Kpg/ % K is also directly related to the standard thermodynamic diefimof entropy per
particle, namelys = kiInK¥2 +s,. One may convert from one definition to the other by

S=KTi?° = 960 keV crd (1034 erchmg—5/3) , (1.17)
Because high entropy gas “floats” and low entropy gas “sink®fit( 2005), the intracluster gas
will convect until it establishes an entropy gradient th@tresponds to the underlying gravitational
potential. In other words, convection will attempt to esisfba match between the isentropic
surfaces of the ICM and the equipotential surfaces of the DM, hend will reach convective
equilibrium wherdK /dr > 0 everywhere (e.g., Voit 2005, and references therein)reléie many
important works which focus specifically on intraclustetrepy and its many consequences, see
e.g., Lloyd-Davieset al. (2000); Voit et al. (2002); Piffarettiet al. (2005); Prattet al. (2006);
Donahueet al. (2006); Cavagnolet al. (2009), and references therein.

Scaling relations

If the ICM is entirely characterized by gravitational proses and bremsstrahlung emission, and
the cosmological model is scale-agnostic, then all clasiévarying masses can be assumed to be
scaled versions of the same “unit phenomenon”. One may thply aonsequences arising from
self-similarity, and construct simple scaling relatioakdwing arguments similar to those yielding
equation 1.12. For example, as shown in equation 1.14, treyXaminosityLy arising from pure
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bremsstrahlung emissivity should scale with cluster madg@mperature as

Lx o< MpgTY2 o T2 (1+2)%? o« MY3(1+2)"/2. (1.18)
Similarly, entropy should scale with temperature as

SxT(1+2)72, (1.19)

and so on.

Decades of observations have shown these self-similaingcadlations to be incorrect. For
example, the actual observed luminosity-temperatur¢ioeldor the 3-10 keV range is of order
Ly o< T8 rather thanx T? (Markevitch, 1998; Arnaud & Evrard, 1999), and is even séedpr
< 1 keV groups of galaxies. The breaking of self-similarityscaling relations could possibly be
explained bypre-heating of the gas prior to virialization at early epochhjala would provide an
entropy excess needed to explain this departure. Earlyhspd@AGN activity and metal-enriching
supernovae are proposed pre-heating candidates (see &ada®002; Voit 2005, and references
therein, for far more detail than we present here).

Magnetic Fields and Thermal Conduction in the ICM

Faraday rotation measurements of radio galaxies embedtieit wlusters confirm that the ICM

is permeated by magnetic fields of a few to tengGfin strength. The strongest fields are found
in cool core clusters (Clarket al., 2001), and are thought to be (1) primordial, initially weeds
amplified over time by intracluster turbulence, convectemd adiabatic compression, and / or (2)
injected by radio galaxies. Even for the strongest fields,ghs pressure greatly dominates over
the magnetic pressure, e.g.,

2

nkT > B—, (1.20)
81

but one must still not underestimate the importance of miégfields in regulating the global
physics of the ICM (see, e.g., Sokatral. 2001, and references therein). For example, an electron
in the ICM will strongly couple to the magnetic field becausaitean free path is far larger than
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its Larmor radiuspe,

|e 4 B Ne T
19 (1) (io7em) (sve0) a2

This will have significant impacts on transport coefficidiks viscosity, and give rise to anisotropic
heat conduction whose efficiency is almost entirely regaldity the magnetic field. The degree to
which this efficiency may be suppressed (e.g., Tribble 1888 area of rigorous debate (to put
it mildly). We will briefly touch upon this later in discusgirthermal conduction as it applies to
inhibiting cooling flows. We hesitate to so briefly summaszeh an important area of study, but
it is at least worth noting that magnetic fields have beenkaddao solve problems related to (1)
the perplexing longevity of buoyant X-ray cavities, whidtosld disrupt on the order of a single
sound crossing time (e.g., Dursi & Pfrommer 2008, see Sedtid.6), as well as (2) the mysteri-
ous filamentary morphologies of emission line nebulae in CC B@G&p, Fabiaret al. 2008) and
(3) the observed presence of large radio relics in the ICM,(Mgrkevitchet al. 2005).

1.2.3 The classical cooling flow model

If the hot ICM is optically thin to its own radiation, it will Ise energy at a rate directly proportional
to its X-ray luminosity. If this energy loss is not balanceddmy other non-gravitational forms of
heating, the gas will radiate away all of its energy on a titaésset by the gas enthalpy divided by
the energy lost per unit volume. The timescale over whichghobuld occut,,,, can be expressed
in terms of the gas pressupe

teool = P
[(v =D neny A(T)]’

(1.22)

where~ is the ratio of specific heats and(T) is the cooling function, which integrates all emis-
sion processes in the plasma (dominated by bremsstrahtuihg ikeV gas), weighted by photon
energy. See, for example, the ICM cooling functions of Suémelr & Dopita (1993); Ruszkowski
& Begelman (2002).

Cool core clusters of galaxies are categorized as such betaasadiative lifetimet{,,) of
their ICM within the “cooling radius” is shorter than the Huelime, e.9.1co0 < Hyt ~ 13.7 Gyr.
The X-ray luminosity within the~ 100 kpc-scale cooling radius,, can reach 18 erg st in
the most extreme cases, for whighy, ~ 3 x 10° yr (which is only 1/30th the Hubble time). The
pressure at the cooling radiug,, beyond which cooling can be considered unimportant, is set
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to first order by the weight of the overlying gas. Energy logghs within the cooling radius is
accompanied by a localized drop in entropy, but it still mustintain pressure support for these
outer layers. This can only happen if its density increasg;h, to first order, is only possible if
it compresses and flows inward. As is obvious from Equati@2 1the cooling time is inversely
proportional to the gas density. This leads to a “runawaféatf wherein the coolingate of gas
within ty iNncreases catastrophically. Cooling times are nonethehesh longer than free-fall
times at common radii, and gas “lost” to the cooling flow is stamtly replenished by the ambient
hot reservoir. Thus, the cooling flow is subsonic, quasirbgthtic, pressure-driven, and long-lived
(e.g., Leaet al. 1973; Cowie & Binney 1977; Fabian & Nulsen 1977; see reviewsdlyidh 1994;
Peterson & Fabian 2006).

As the name implies, entropy loss within the cooling radaiassociated with a loss of heat,
but surprisingly, this does not necessarily mean thatéhgperatureof the gas should decrease
inwards as a direct result of the cooling flow. Rather, the gisool only if its initial temperature
is greater than the local virial temperature of the undegygravitational potential. When the two
temperatures are equal, gravity will “take over”, and adtabcompression associated with the
release of gravitational energy will act as a thermostattergas, keeping it at roughly the local
virial temperature, i.e.,

KT _GM(<r)

1.23
My r ( )

This means that, counter-intuitively, the “cooling flow” effectively isothermal. The observed
(and predicted) temperature of the giesdrop inwards toward the BCG, but this is less a direct
consequence of the cooling flow, and is instead a reflectidineoflattening gravitational potential
as the BCG begins to dominate over the cluster potential abttexmost radii. Stated another way,
as the temperature of gas within the cooling flow matchesaba Virial temperature, we observe
cooler gas in the central regions because the virial tenyreres lower in the BCG than itis in the
ambient cluster. Note that this simple observation is digtuaodel-agnostic, meaning observed
temperature profiles are effectively unrelated to the ogoliow model, regardless of whether or
not it is correct in principle. The term “cooling flow” is thefilore something of a misnomer, and is
better thought of as a runaway cascade of localegdpyloss governed by

ds_ —nenyA(T)

it p (1.24)

To first order, the X-ray luminosity associated with a penpé&tsingle phase, isobaric cool-
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ing flow can be calculated by finding the ratio of the enthalagried along with the flow to the
gravitational potential energy dissipated within the flow,

M (5KT) A KT M 1
Ly ~ 2y 1.3 x 10* (5 kev) (100|v|® yr_l) erg s, (1.25)

whereM = dM/dt is the X-ray derived mass deposition rate associated witftkhssical cooling
flow. It is important to note that this predicted luminosisy/roughly 10% of the gravitational
potential energy release associated with a 0AQ2yr™* accretion rate onto a supermassive®@0
10° M,,) black hole. We will discuss the important implications loitlater.

As mentioned previously, the cooling flow is always subspthiough its Mach number will
steadily increase inward until it reaches approximatet/sbund speed. Prior to this point, any
growth of thermal instabilities associated with the flow greckly “smoothed out” by buoyant
motions (Balbus & Soker, 1989). The instabilities can péfsislonger times as the flow becomes
sonic, however, at which point Rayleigh-Taylor and sheaeiffgcts can disrupt the homogeneous
flow into discrete, thermally unstable clouds which deceupbm the bulk flow. These instabil-
ities, manifest as overdensities, then “lag” behind, ereind grow. The result is expected to
be a long-lived, inhomogeneous “rain” of cold gas cloudsr@véarge central region within the
CC BCG, which should then pool and collect over a small numberyofrhical times. Inho-
mogeneous cooling flow models such as these were histgricalie successful than the steady
state, single-phase cooling flow models which overpreditte central X-ray surface brightness
(Nulsen, 1986). As we summarize below, howeweajor problems remain.

The “failure” of the simple cooling flow model

As discussed in section 1.1, the cooling flow model fails taamabservations in three critical
ways:

1. It predicts that CC BCGs should possess massive repositifrisdd gas of order 102
M. Sensitive searches for these cold mass sinks in the gptikRasub-mm, and radio
returned empty-handed for many years. Since that time, S8hBCGs have been found to
harbor substantial amounts €£010'° M., of cold molecular hydrogen (Edge, 2001; Edge
& Frayer, 2003; Donahuet al., 2000; Salomeéet al., 2006). However, even in those cases
when they are detected, these repositories are one to ttdes@f magnitude smaller than
predictions. Moreover, cold molecular gas has so far ongnlaetected in 1530% of CC
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clusters (depending on the sample), though this could It due to the highly difficult
nature of such observations.

2. Such extreme cooling rates and massive predicted col@pgasitories should drive similarly
extreme star formation rates up4pl10®* M, yrt, two to three orders of magnitude in excess
of results from three decades of observations.

3. There isvery little high resolution X-ray spectroscopic evidence that more th&0% of the
hot phase gas is cooling beldly, /3~ 1 keV (e.g., Petersoet al. 2003). For example, the
very prominent anéxpectedrexvii line at 12 A is very weak or completely absent in most
CC clusters (except for A2597, the subject of the next chapthrlike mostcircumstances in
astronomy (and life, as it turns out), this is one instanaghith “absence of evidence” (i.e.,
the lack or severe under-production of X-ray coolant limeg)ly is “evidence of absence”.

These “three nails in the coffin” gave rise to the now famousofing flow problem”, and
represented a significant challenge for models of galaxy&tion and evolution (e.g., Silk 1977,
Rees & Ostriker 1977). Anecdotally, after the problem’s egeace, a movement began within the
community to rename “cooling flow clusters” to “cool core stiers” (with the same definition that
teool < Hgl), in an attempt to disassociate theenomenorfirom the mode] which now suffered
serious challengé&s

There are two overriding implications of the cooling flow plem:

e The classical cooling flow model is either entirely wrong everely overpredicts mass de-
position rates by factors approaching 1000 (while remaiwciorrect in principle), or

¢ Radiative losses of the ICM are replenished by a non-graettatineating mechanism.

There are, of course, very simple scenarios in which tharmgéibw modelcouldbe considered
“wrong” (loosely speaking). Assuming the ICM to be opticallin, for example, could result
in critical underestimation of the effects of transportfioceents like thermal conduction (which
we will discuss later). What is not arguable, however, is thatICM is unequivocally cooling
given the simple fact that we directly observe it losing ggdhrough its thermally-driven X-ray
radiation. This must, at least in part, support the secoetia® wherein an external heating
mechanism is at play. We review what is currently the mostriag heating candidate below.

9Some, however, still argue that the term “cooling flow” stibnbt be abandoned, even if only for nostalgic
reasons. See, for example, Sokéerl. 2001, who points out that the Planetary Nebula communityndicthange ter-
minology despite PNe being entirely unrelated to planet® Author remains agnostic on the “cool core” vs. “cooling
flow” issue, and finds either term equally catchy.
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Figure 1.6: Another view of the Persesus cluster (and NGC 1275, center left) in bftigi and
X-ray (bottom). The two fields of view are identical. The top optical image is a groundebase
RGB+Hx composite by R. Jay GaBany, reproduced here with his permission. Thg Miage is

a 1.4 MsedChandraexposure kindly provided by A. Fabian and J. Sanders, originally pwgaish
in Fabianet al. (2011).
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1.2.4 Evidence in support of AGN feedback

McNamara & Nulsen (2007) have compiled an excellent revieth@ current evidence in support
of AGN as the heating mechanisms in cool core clusters. W teE reader to that far more
comprehensive work, and merely summarize their conclssene.

Summary of current evidence supporting AGN feedback as the éating mechanism in CC
clusters:

1. Consider the near 70% detection rates of X-ray cavity systi@ cool core clusters (Dunn
et al, 2005), combined with the near 70% detection rates of radisson in cool core
clusters® (Burns, 1990). As “icing on the cake”, the X-ray cavities oftdirectly trace
the projected shapes of the extended radio sources, strengyesting that the former are
created by the latter.

2. If notregulated by a feedback loop, then heating ratestexceed cooling rates in order
to ensure that no more than 10% of gas can cool from the hoeplaasl thereby match
observations which turn up a dearth of the predicted colervedrs. However, heating rates
that exceed cooling rates would raise the central entropnteally lengthening cooling
times to the Hubble time. This would destroy the CC phase. Cod clusters account
for > 50% of the X-ray luminous cluster population belaw: 0.4, so the phaselust be
long-lived Of course, heating rates cannot be significantly lower ttwoling rates either,
or else the “cooling flow problem” would not exist to beginkwiThe ICM must therefore be
heated at a rate approximately of order its X-ray luminosiyfeedback loop, wherein the
heating rate is directly coupled to the cooling rate, wowddatsimple explanation for this.

3. Two obvious heating mechanisms which could establisreddack loop with the cooling
rate are (1) supernova feedback arising from star formassociated with the cooling flow,
and (2) central AGN in the BCGs that are triggered by accregsenvoirs that stem from
the cooling flow. Supernova feedback has been shown for meassyto suffer crippling
energetics issues, and has effectively been ruled outéadattminant heating mechanism, at
least, e.g., Voit 2005).

4. Nearly 90% of energy radiated away in a cooling time mustepéenished, and this must
happen on timescales roughly as short assti@testcooling time in order to account for
the relative lack of observed mass sinks (star formatiold, gas reservoirs) in CC BCGs.

101t is important to note that these are not the “same 70%” paigih there is significant overlap. The majority of
CC clusters with detected X-ray cavities also possess é&teradio emission.
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5. Entropy profiles in CC clusters (which are generally powess|, Piffarettiet al. 2005) decay
inwards toward the core, where they flatten by levels comsiswtith the supposed amount
of entropy injection by AGN4{ 10 keV cn¥, McCarthyet al. 2004; Voit & Donahue 2005).

6. AGN energy injection estimates based upon measuremgttis ¢ x dV” work associated
with X-ray cavity excavation strongly correlates with Xydlaminosity (see Fig. 6 in Rafferty
et al. 2006). This isconsistent witl{though not necessariluggestive of') the notion that
the AGN heating rate is thermostatically controlled by tbelmg rate, as would occur in a
feedback loop.

7. If oneaveragever both CC cluster population and lifetime, there is appi#yrgust enough
mean heating power from AGN (1 x 10* erg s?) to balance mean cooling power.46 x
10* erg s, Raffertyet al. 2006).

Important qualifiers and caveats to the above lines of evidere

1. Only slightly more than half of CC clusters withhservedX-ray cavities are associated with
enough energy (again, basedmn estimates) to actually offset inferred cooling rates faitth
specific cluster (Dunn & Fabian, 2006; McNamara & Nulsen, 700 his argument, how-
ever, is strongly tempered given (1) extremely strong lsiagminst X-ray cavity detection
frequency due to e.g., the highly variable exposure timesintrates in X-ray images from
Chandraarchival studies; and (2) the highly episodic nature of A@Ny(, pV-estimated
AGN injection rates do not account for cavities which mayeéhbeen inflated in the past and
since dissipated).

2. 30% of all CC clusters do not have detectable X-ray cav{ilesin & Fabian, 2006). This
supposed evidence against AGN heating must of course benaeigith the caveats in
point (1) above. To reiterate, the combination of (1) diffies associated with detecting
X-ray cavities and (2) the fact that AGN heating is almostaiaty episodic (“on again, off

When making mention of any “luminosity vs. luminosity” platne should at least bear in mind the words of
Dr. Robert “Ski” Antonucci, who best paraphrased the iriters of Robert Kennicutt:

“Kennicutt (1990) has extended the L(CO)-L(FIR) correlatfor galaxies by adding points for a
burning cigar, a Jeep Cherokee, the 1988 Yellowstone Nailtibark forest fire, and Venus. | think the
lesson is you get correlations in luminosity-luminositgtpl(even without any sample completeness) just
because big things have more of everything. There is prgbalglood correlation between the number
of bookstores in a city and the number of bars, even with a tetmpample, but no direct correlation is
necessarily implied= Antonucci (1999)

Note that this should not be mistaken for criticism of theadbemt (and convincing) work by Rafferst al. (2006)
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again”) significantly diminishes (though does not completdiminate) the power of this
argument. We must await comprehensive studiegeefperX-ray imaging in order to make
more definitive statements (to the contrary or otherwise).

. Some CC clusters with detected X-ray cavities lack exteémddio emission.

. Itis not clear if the X-ray cavity “method” is truly an acate tracer of AGN power injec-

tion (though it's probably one of the best available meaii$ke efficiency by which cavity
enthalpy is converted to ICM heating is also somewhat unicefitige discuss this below).

. Energy injection from AGN heating is very “spatially diste”. In other words, only the

ICM in the vicinity of (1) X-ray cavities and (2) sound wavessarg from the creation
of these cavities, will benechanicallyheated by the AGN. To quote Dr. Megan Donahue
(private communication), “[this id]ke saying we in principle have enough drywall to block
the drafts without saying where the drywall.is

. Hybrid models which include both AGN feedbaaikd thermal conduction (which may be

more important in the outer regions of the cool core) havegmado be successful in predict-
ing, to some degree, the observed radial temperature,tdessd entropy profiles. In some
cases, these hybrid models aneresuccessful than models that include AGN feedback only
(Ruszkowski & Begelman, 2002; Brighenti & Mathews, 2003; V@@05). The net implica-
tion is that many mechanisms, in addition to feedback, mawdrking in concertto offset
cooling. While this is almost certainly true to some degredade is ongoing as to whether
or not one process clearly dominates over all others.

We return to point (7) above: If one takes averageover CC cluster population and lifetime,

one finds that there is enouglrerageheating power from AGN to offsetveragecooling power.
The mean heating power quoted by Raffeatyal. (2006) was calculated by takingp¥ x tyqy for

the observed cavities. Herg,y is the buoyant lifetime, one of three common estimates used t
determine X-ray cavity ages. We discuss these below.

1.2.5 A qualitative summary of X-ray cavity inflation and age dating

Here we outline a very simple schematic for the excavatioanoX-ray cavity by a radio source.
Although we discuss the details of this model in a confidenéfat is important to keep in mind
that this is a vastly oversimplified “cartoon”, and not neszggy an accurate representation of
reality.
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In this simple schematic, X-ray cavity inflation is expectede initially rapid as the nascent
radio jet expands supersonically into the ambient mediutrihi& stage, cavities excavated by the
jet are small, narrow, and younger than the local soundsarggime, as the (possibly) shocked
ISM gas is found only at the tip of the supersonic propagationt (Heinzet al, 1998; Enf3lin
& Heinz, 2002; McNamara & Nulsen, 2007). These “infant” ¢as would only be associated
with minor and spatially small depressions in the X-ray acefbrightness, and would be difficult
to detect, particularly given a large amount of interveniagay gas along the line of sight. The
jet decelerates to transonic speeds as its ram pressurkzequaith the ambient ISM pressure,
truncating the supersonic inflation stage, typically atatises< 1 kpc from the radio core. The
cavity continues to expand subsonically and will evenyuadhtch up” with the now-decelerated
jet on slightly more than a sound crossing time, at which pihie buoyant force takes over as the
dominant mechanism regulating cavity dynamics.

The buoyant bubble rises amid the ambient pressure graaheinéxpands adiabatically during
its ascent to maintain pressure equilibrium with the surdig gas. It eventually becomes large
enough to cause a detectable, roughly circular deficit imyXsurface brightness. At this stage, the
cavity’s maximum age is set by its terminal velocity in thecdhiuen,

20V
Vi &4/ =C (1.26)

which is set by the balance of the local buoyant and drag $ort¢ere,V is the volume of the
cavity, Sis its cross-sectional area, agds the local gravitational acceleration. The majority of
X-ray cavities (including those in A2597) are cospatialhatite BCG stellar isophotes, implying
that they rise amid a potential dominated by the BCG. The lo@alitational acceleration at radius
R from the center of the host galaxy may therefore be infemrenhfthe stellar velocity dispersion

g,

2
g~ 22 (1.27)

R )
assuming that the galaxy is an isothermal sphere. The talwéhocity v; of the cavity is always
subsonic, as the Kepler spegd= \/gRis of order the sound speeglin the gas

cs:,/z%, (1.28)
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wherey ~ 5/3 is the ratio of specific heats apd~ 0.62 is the mean molecular weight, appropriate
for fully ionized gas.

Based on these simple assumptions, three estimates aralfjenised in age-dating X-ray
cavities. The most simple of these is the sound crossingttime

_R__ [umy
te, = = R, /fykT’ (1.29)

which assumes a direct sonic rise of the bubble along theemé&the sky to its current projected
radiusR. As the initial stages of cavity inflation are thought to bpesonic, followed by subsonic
buoyant rise, this admittedly simple approach may bestatefle “average” of the two stages.
Alternatively, if initial inflation is a small fraction of # cavity’s age, the buoyant rise timigey,
may be used, which takes drag forces into account. Followhegdiscussion of the terminal
buoyant velocity abovey,y is given by

R | SC
tbuoy_ Vt ~R 29_V (130)

Finally, cavity age is constrained by the time it takes fos garefill the bubble’s “wake”, which
can be roughly estimated by the time it would take a bubbleadiusr to rise through its own
projected diameter,

r
trefin = 2\/5 (1.31)

In Chapter 2, we undertake this exercise for the X-ray cavitieAbell 2597. For more compre-
hensive work focusing on the age dating of cavities, see Bital.(2004); Raffertyet al. (2006),
and McNamara & Nulsen (2007) for an updated review.

1.2.6 A note on X-ray bubble longevity and magnetic field draping

As a purely hydrodynamic X-ray bubble buoyantly rises, dunes vortical motions in the ambient
fluid, its leading edge sees the rapid growth of of Rayleigyldrainstability modes, and shear
along the bubble walls gives rise to secondary Kelvin-Hallzhinstabilities (e.g., Sokest al.
2002; Robinsoret al. 2004; Dursi & Pfrommer 2008, and references therein). Togethese
effects should disrupt an initially spherical, hydrodynand-ray bubble into a “smoke ring” on
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one bubble rise time,; (see Eqn. 1.31). Roughly circular, well defined X-ray casitiave been
observed at clustercentric radii many times larger thaim tven radii, however, indicative of ages
far older than one bubble rise time (if they are indeed inflaiethe core, as the AGN heating
model suggests).

Of course, a purely hydrodynamic description of X-ray beisblk not adequate, as magnetic
fields play an important role in the hot ICM (see the discussi@ection 1.2.2). Magnetohydrody-
namic simulations of bubbles have shown that the drapingaafmatic fields over the leading edge
of the bubble can strongly suppress the growth of thesehilisiss, inhibiting bubble disruption
for long timescales (Robinsaet al., 2004; Dursi & Pfrommer, 2008). This is now one of the most
favored scenarios accounting for the apparent longevit{-cdy cavities. For a more compre-
hensive discussion, see Robinsziral. (2004); McNamara & Nulsen (2007); Dursi & Pfrommer
(2008), and references therein.

1.2.7 How heating by AGN feedback might work

We again summarize some of the major points presented by Mekaé& Nulsen (2007), and
references therein. The energy associated with an X-ragyaawequivalent to its enthalpy (“free
energy”)H, which is merely thep x dV work required to “inflate” the cavity, plus the thermal
energyE within the cavity. That is,

H=E+pV=—LpV, (1.32)
v=1

whereV is the cavity volumep is the pressure of the radio lobe which displaced the thegas|
and-~ is the ratio of specific heats, dependent on the (largely onvki) contents of the cavity. If
the bubble is filled by relativistic particles, we may take 4/3, in which case the cavity enthalpy
would beH =4pV. If the contents are magnetically dominated, then2 andH = 2pV. A bubble
filled with non-relativistic particles would be an intermaié case{ =5/3, H = 2.5pV). Cavity
enthalpy is therefore likely to be somewhere in the rangepdf24pV, regardless (to first order)
of cavity contents.

Churazovet al. (2002); Reynold=t al. (2002); Birzaret al. (2004) propose a simple mecha-
nism wherein the enthalpy of a buoyantly rising cavity carebgrely dissipated as the displaced
intracluster gas rushes to refill its wake. This results endbnversion of ICM potential enerdy
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to kinetic energy by a degree given by
oU =MgiR (1.33)

whereM is the mass of the ICM that is displaced by the cavity as it isesughJR, andg is the
local gravitational acceleration, as before. Assuniihg pV, hydrostatic (so thatg = -dp/dR),
and approximately isobaric local conditions (so the pr&sguadient[d p/dR] can be ignored,
giving 60R =9 p), the potential energy dissipation is given by

dp

0U =V (pg) 0R=-V ;=9R=-V3p. (1.34)

The corresponding change in cavity enthalpy is simply givgthe first law of thermodynam-
ics,

SH = T5S+Vap. (1.35)

The cavity is assumed to be entirely adiabatic (non-radigtso entropys remains constant and
0S=0. We therefore see that

§H =Vép=-iU, (1.36)

meaning the amount of kinetic energy associated with therthlegas rushing to refill the cavity
(-6U) wake is equal to the enthalpy (free energy) of the cavityis Ththe general idea behind
“effervescent” cavity heating models like those describgdBegelman (2001); Ruszkowski &
Begelman (2002). In Chapter 2, we explore energy budgets iatstavith this model in the
context of the Abell 2597 X-ray cavities.

Long-lived sound waves and weak shocks associated witlyaafiation are also expected to
heat the ICM. By injectingpotentialenergy into the ICM (effectively the opposite of the cavity
heating model), the waves decrease gas density and theetefeer the cooling rate (which, if you
will recall, is proportional to the square of the gas densityhere is very strong observational
evidence in the Perseus cluster (work by Fabian and cobéts) of sound waves driven during
excavation of its caviti¢d. The waves are expected to dissipate into heat over longestales.

2Anecdotally, the evidence in Perseus is so strong that bledaa rough estimate of the frequency of the sound
waves: 3C 84 may effectively be “playing” a “B-flat” into Perss at~ 60 octaves below “middle C”. This would
be one of the lowest known “musical notes” in the UniverseRabian, private communication; see the press release
from Fabian and collaborators).
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Again, see McNamara & Nulsen (2007) for a more comprehemswiew of the effervescent cavity
heating model.

1.3 Brightest Cluster Galaxies in Cool Cores: Testing Cooling
Flow and AGN Feedback Models

This thesis (particularly the first half) is broadly relatedhe AGN feedback model as it pertains to
star formation in brightest cluster galaxies. It is therefimportant to briefly review the observed
properties of BCGs in a relatively model-agnostic manner.

1.3.1 Observed properties of BCGs

To again quote Dr. Megan Donahue, brightest cluster gadatiethe “trash heaps” of the Universe.
As they reside at the bottom of cluster potential wells, they subject to extremely high relative
merger rates at early times, gas-rich tidal stripping fraarby companions, and (if the cooling
flow model is at least correct in principle), the accretiorcobling intracluster gas at late times.
These factors conspire, yielding masses that can excd€f M., and stellar halos that can extend
hundreds of kpc into the cluster center, making BCGfabyhe largest and most luminous galaxies
in the Universe (e.g., Sarazin 1988).
BCGs clearly stem from more extreme formation histories thatygdical giant elliptical (gE)

field galaxies (e.g., those galaxies not associated witlhigteal), and so their properties differ in
several important ways:

e As stated above, BCGs as a class are generally much more masdit@minous than gEs
by about an order of magnitude.

e Although more luminous, BCGs generally have lower centrdbsearbrightness than do gEs,
and their outer stellar halos do not follow a typic(ﬁi/Re) * de Vaucouleurs’ law (as gEs
do).

e Optically selected BCG& non-cool coreclusters ardesslikely to harbor active central
emission line nebulae than are gEs, by about a factor of t@%o(s. 20%, respectively).

e Optically selected CC BCGa cool core clusterarefar morelikely to harbor active central
emission line nebulae than are gEs, by more than a factoraf4®6 vs. 20%, respectively,
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Bestet al.2006; Edwardet al.2007). It follows that CC BCGs are more likely than non-CC
BCGs to host these systems by a factor of four (45% vs. 10%, cieply).

e CC BCGs are more likely to host radio-loud AGN than are non-CC BCGyEsr(Burns,
1990).

e Radio sources associated with CC BCGs are unusual as comparadiddaud AGN as
a whole: they are generally more compact30 kpc), have steep spectral indices at low
frequencies{ —2), and are more “blob-like” in morphology (O’'Dea & Baum, 188Baum,
1987).

1.3.2 Origin of the Emission Line Nebulae and Star Formation in CC BCGs

The clear connection between cool core clusters and theabgtnission line nebulae in BCGs has
been known for decades (Hai al,, 1985; Baum, 1987; Heckmagt al., 1989), but consensus has
never been reached on tbegin of this phenomenon. Independent of the “cooling flow proBilem
it is now very clear that the emission line nebulae are nolusieely the 18 K phase of a cooling
flow, given the issues discussed at length in section 1.1, fgaguminosities, forbidden-to-Balmer
ratios, etc.). The debate has instead focused upon whethet the gas reservoirs from which the
emission line nebulae and stars form have (a) condenseddrmmoling flow or (b) are deposited
through mergers.

Those who reject the cooling flow model (given its inabilibyreproduce observations) gener-
ally favor some form of the latter argument. Their positismaturally sound, as mergers are the
primary agents of structure growth XCDM cosmology, and their ability to quickly deposit large
gas reservoirs into their merger products make them effitigygers of star formation and black
hole growth periods (this would account for BCGs being so masand luminous). Then again,
the majority of galaxies in the central regions of clusteesgenerally quite gas-poor, possibly be-
cause their gas contents are easily stripped (tidally amdarn pressure) during cluster assembly.
In fact, field gEs, which should have been subject limveger merger rate than BCGs at early times,
aremorelikely than non-CC BCGs to host emission line nebulae and stargtion amid gas-rich
reservoirs (by a factor of two, see above).

Alternatively, there is strong evidence that the emissina hebulae and star formation arise
from gas reservoirs which have condensed from the ICM in coms: While only 10% of opti-
cally selected BCGs in non-CC clusters possess central emikséonebulae (Bestt al., 2006;
Edwardset al, 2007), this fraction spikes te 45% for BCGs in cool cores (Crawfort al., 1999;



1.3 Brightest Cluster Galaxies in Cool Cores: Testing Coolingvllad AGN Feedback Model85
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Figure 1.7: Absorption map of the dust lane in NGC 4696, the brightest cluster galdbg aenter
of the Centaurus cluster of galaxies. The map was made via divisibBlfsdWFC3 F160W and
ACS F435W broadband images. NGC 4696 has a very low FUV-dertaedamation rate, and
may be in the process of a merger, as evidenced by the dynamically yourgirdigtures. At the
redshift of NGC 4696, icorresponds to 0.20 kpc. Figure by Grant Tremblay.
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Edwardset al,, 2007). Of these, about half are known to exhibit ongoing fetanation (detected
by a variety of means; Johnstoeeal. 1987; McNamara & O’Connell 1989; O’Dezt al. 2004,
2008; Quillenet al.2008; O’Deaet al.2010). These pieces of circumstantial evidence are styongl|
supportive of some intrinsic connection between clustetis short central X-ray-derived cooling
times and the presence of emission line nebulae and staafimmin BCGs. The strongest pieces
of direct evidence are:

1. Star formation rates in CC BCGs strongly correlate with ufip@ts on ICM cooling rates
from X-ray spectroscopy (McNamaea al, 2004; Raffertyet al., 2006; Salomét al., 2006;
Quillenet al,, 2008; O’Deeet al,, 2008, 2010).

2. Velocity structures of the cold gas in CC BCGs are consistéhtexpectations for gas that
has cooled from an ambient hot, static atmosphere (éatié, 2005; Salomét al., 2006).

3. The power of central radio sources in CC BCGs correlates witayXderived cooling times
(O’Dea & Baum, 1987b).

4. The H luminosity correlates with the radio luminosity in CC BC&¢Heckmanet al,
1989).

Note that, of course, the above luminosity-luminosity etations must always be considered
in the context of Footnote 8 above (“big things have more efrghing”). Regardless, the tight
cross-correlations and high statistical significance ef ibsults very clearly support a scenario
wherein (1) at least a significant fraction of gas in the BCG emsés from the ICM, (2) coalesces
within the BCG, and (3) provides the reservoir from which emis$ine nebulae arise, from which
stars form, and from which black holes grow in a mutually extad way. It isvery difficultto
imagine a purely coincidental scenario wherein (1) short I&ling times and (2) the highly
active nuclei of exclusively cool core BCGs are not intrinBjcand directly related. If they are
notdirectly related, then gas-rich tidal stripping or wet neggwould need to occur preferentially
in CC BCGs in order to explain the near five-fold increase in stamétion and emission line
activity. It is not obvious why this would be the case, paitéely given the relatively gas-poor
companions of CC BCGs.

There are direct observational tests that can be used todmsdpminate between these two
scenarios. Gas condensing from a cooling flow and being depdblrough a merger are expected

3Then again, this is true of radio galaxies in general (Batial, 1988; Baum & Heckman, 1989a). As mentioned
previously, “bigger is bigger”, so this is not necessarilysising or indicative of an intrinsic connection.



1.3 Brightest Cluster Galaxies in Cool Cores: Testing Coolingvilad AGN Feedback Model87

to have very distinct dynamical properties. Cooling gas fiestatic hot atmosphere should be
associated with low net angular momentum, with a flow vejottiat gradually increases from
the systemic velocity at large radii, outside the BCG, to vi#ikes of order a few hundred kilo-
meters per second at smaller radii, with low levels of obsgmotation. On the other hand, gas
stemming from mergers should possess high net angular ntomeat all stages, and therefore
be associated with rotation and high velocities at distadii.r The now-onlining Atacama Large
Millimeter/submillimeter Array (ALMA), with its unpreceehted sensitivity and spatial resolution
at sub-mm wavelengths, will be critical in discriminatingtlyeen these two scenarios for nearby
cool core and non-cool core clusters.

1.3.3 Star Formation and a Ghost lonization Mechanism in the Cold Reser-
VOoIrs

Despite the strong circumstantial connections discusbedes it is now clear that the emission
line nebulae are not simply the 48& phase of a cooling flow. While the bulk of the “baryon
budget” for these phenomena might be accounted for by caatien from the ambient hot reser-
voir, the cooling flow model in isolation seriously undenmticts the observed &dluminosities by
2-3 orders of magnitude in a pure radiative cooling scenarig.,(éleckmaret al., 1989; Voit
& Donahue, 1997). The nebulae are also characterized bytaa/éorbidden-to-Balmer ratios,
requiring models, independent of or in addition to coolimgpich impart a great deal of heating
per ionization event (Donahue & Voit, 1991; Voit & Donahu897).

Star formation plays a critical but not exclusive role inutaging the physics of both the warm
and cold components of the ISM in CC BCGs. Substantial yountas@mponents have been
observed in half of all CC BCGs, and these can often account éaotkizing photons required to
power the observed luminosity of thexthebulae and extended diffuse components of that are
always observed to be cospatial with the more clumpy and éilary FUV continuum emission
from O and B stars (Johnstome al, 1987; Romanishin, 1987; McNamara & O’Connell, 1989,
1993; McNamaraet al, 2004; McNamara, 2004, Hu, 1992; Crawford & Fabian, 1993; d¢an
et al, 1995; Allen, 1995; Smittet al, 1997; Cardielet al., 1998; Hutchings & Balogh, 2000;
Oegerleet al, 2001; Mittazet al,, 2001; O’'Deaet al,, 2004; Hicks & Mushotzky, 2005; O’'Dea
et al, 2008; Bildfell et al,, 2008; Loubseket al, 2009; Pipinoet al,, 2009; O’Deaet al.,, 2010;
McDonaldet al,, 2010, 2011; Oonlet al,, 2011). However, stellar photoionization almost never
correctly predicts the observed forbidden-to-Balmer giiothe gas, and some emission line fil-
aments are devoid of any observable star formation whatsqevg., many of the NGC 1275
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filaments, Conselicet al. 2001). In addition to star formation, another mechanismesded to
calibrate the ionization state of the gas. Proposed models cluded AGN photoionization
(long ruled out due to lack of radial gradients in ionizatgiate), repressurizing and fast shocks
(Cowieet al, 1980; Binetteet al,, 1985; Davidet al, 1988), thermal conduction (e.g., Spaeksl.
1989; Narayan & Medvedev 2001; Fabianal. 2002; Voitet al. 2008) reconnection of magnetic
fields (Soker & Sarazin, 1990), self-irradiation by gas fraeooling flow (Voit & Donahue, 1990;
Donahue & Voit, 1991) and turbulent mixing layers (Begelmaidbian, 1990), as well as heat-
ing by convective instabilities (e.g., Chandran & Rasera 2@@d, recently, cosmic rays (Ferland
et al. 2008, 2009; Donahuet al. 2011; Fabiaret al. 2011; Mittal et al. 2011, in preparation).

1.4 AGN Feedback in Context

The addition of “anti-hierarchical” quenching of star fation is clearly needed in merger-driven
hierarchical galaxy formation models in order to accountifie@ decades-old “over cooling prob-
lem”, wherein star formation is effectively catastroplgopws along with the complexity of struc-
ture, and makes predictions that are effectivaghpositeto what is observed. Namely, this “anti-
hierarchical” mechanism is needed to explain

e The exponential turnover at the bright end of the galaxy hosity function (e.g., Benson
et al.2003)

e The bimodality of galaxies in color-magnitude space (galaxies inhabit a “blue cloud” or
a “red sequence”, separated from one another by a very wahese “green valley”. Evo-
lution from “cloud-to-sequence” is too rapid to be accodniar by passively evolving star
formation rates. They must instead be actively quenched).

The need for this anti-hierarchical growth mode can be Hyoedntextualized as a need to
explain the “cosmic downsizing” phenomenon, wherein theit@nt contributors to the star for-
mation rate density shifts from high mass galaxies to lowsygadaxies with increasing cosmic
time. The net implication is that more massive galaxies fatmigher redshifts, and less massive
galaxies form at lower redshifts — this “big-to-small” befa is not predicted in cosmological
models based upon hierarchical, “big-to-bigger” growth.

Moreover, theMgy — o relation (Magorriaret al., 1998; Ferrarese & Merritt, 2000; Gebhardt
etal, 2000), if real, suggests that the growth of black holes hant host galaxy stellar components
is not onlytightly coupled but alsoself calibrating To first order, it seems that if thdgy — o
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relation is intrinsic, it must be fostered by mutual growthid gas coalescing in newly formed
galaxies. But in order to explain the very tight calibratitiere may also be a second order effect
wherein this infalling gas triggers, for example, a feeddlaop.

The three most important pieces of evidence which point taNA€edback as a promising
solution are:

e the “AGN cosmic downsizing phenomenon”, wherein lower Inasity AGN peak in co-
moving space density at lower redshifts than do higher lositg AGN, which peak at ~ 2
(Giacconiet al,, 2002; Cowieet al., 2003; Stefferet al,, 2003; Hopkinst al, 2007). The fact
that this observed phenomenon closely resembles the “catoinsizing” of star formation
rate densities is probably not a coincidence.

e The onset of decline in star formation rates occurs at2 (Pérez-Gonzaleet al., 2008),
and the epoch of peak quasar activity izat 2 (Schmidtet al,, 1991, Stefferet al.,, 2003;
Hopkinset al,, 2007).

e The Kormendy relation implies that all bright galaxies r@rbentral black holes and that
these black holes must grow, suggesting that all brightxggdago through active phases
(Kormendy & Richstone, 1995; Haehnelt & Rees, 1993).

The notion that just one solution — AGN feedback — may partigoant for several major
outstanding questions in modern astrophysics is attedtiv obvious reasons, not the least of
which is elegance and simplicity. Given the (literally!)iversal implications of the above issues,
itis clear that the study of BCGs in cool core clusters — wherenagdirectly observe the effects
of AGN feedback — are critical to our understanding of galexglution as a whole.

Although the involved microphysics is poorly understood;M feedback has now become a
necessary component in models of galaxy evolution. Manyeaisodow include AGN powered
by continuous or discrete, merger-driven episodes of blad& growth. While there are many
varieties of modern simulations, consensus is mounting tfumsar-mode feedback” at early times
and “radio-mode feedbatXk at late times yield results which match observations toressaerable
degree, especially given the involved uncertainties astdiraptions. In the so-called “quasar-
mode”, wet mergers drive rapid black hole and stellar bulgevth between 2 z < 3, imprinting

The difference between these two terms is subtle, but iraptrtn “quasar-mode feedback”, powerful winds
associated with a quasar quench star formation on globlssaccounting for the rapid “blue-to-red” evolution of
galaxies. In “radio-mode feedback”, radio-bright AGN ooifk heat the ambient medium and suppress cooling flows
by the mechanisms described in Section 1.2. This thesiséscmore on the radio-model model.
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a persistenMgy — o relation that is fairly consistent with the observed relati Eventually, the
associated quasar winds quench star formatian-e (corresponding with observations), marking
the onset of more quiescent “radio mode” feedback epoclaeade suppress cooling flows at late
times (Springekt al,, 2005; Di Mattecet al.,, 2005; Sijacki & Springel, 2006; Crotaat al., 2006).
The most successful radio-mode models are episodic atecatessponding to the average AGN
duty cycle. For example, models by Sijacki & Springel (200®)lude effervescent, feedback-
driven bubble injection every £Qr, and show that bubble heating successfully preventsiveass
galaxies from growing too large. Not including the bubblatigg results in unphysically massive
galaxies at late times. Critically, while radio-mode feedbsuccessfully suppresses star formation
associated with cooling flows, it also allodesw levels of star formation to persist beyona: 1,
consistent with observations (see Chapters 2 and 3). ThekB§aSpringel (2006) model also
closely reproduces the entropy profiles of CC clusters, diotythe central flattening characteristic
of kinetic energy injection from AGN.

1.5 A Note on Powerful Radio Galaxies

Of course, the radio-mode AGN feedback model exists begamserful radio galaxies are com-
monly associated with BCGs in galaxy clusters (particularlgool cores, Burns 1990). Because
of this, and because the later parts of this thesis dealfsgalyi with radio galaxies in general, it is
important to (very) briefly review our understanding of tagsurces. This is especially relevant as
cluster environments and ICM cooling models may play critiokes in shaping two of the major
observational dichotomies associated with radio galaxiamely the Fanaroff-Riley and high- /
low- excitation divides. We discuss these below, after atstewiew of the orientation-dependent
unification paradigm.

Unified models of radio-loud AGN

Unification schemes for radio-loud and radio-qti&tGN rely on orientation-dependent obscura-
tion to construct a singular model wherein all AGN, regasdlef their many diverse properties, are
intrinsically the same phenomenon viewed at differentesi¢®.g., Barthel 1989; Antonucci 1993;

5Roughly 90% of all AGN are considered “radio quiet” (Seyfgalaxies and radio-quiet quasars). For the pur-
poses of this thesis, we focus on the remaining 10% of AGNidensd “radio-loud” (radio galaxies, BL Lacs, and
radio-loud quasars). For a review of the critically impaottaadio-loud/radio-quiet dichotomy, see e.g., Capetti &
Balmaverde (2010).
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Urry & Padovani 1995). In the most basic, radio-loud scen@he focus of this review), an accre-
tion region about a central supermassive’@00° M) black hole is surrounded by an equatorial
obscuring dusty torus. The liberation of gravitationalgrdial energy from the accreting material
as it falls inward toward the BH powers not only the charasteally intense nuclear emission
associated with AGN, but also collimated bipolar outflowsttare the progenitors of 100 kpc
(and even up to Mpc) scale radio jets (which are of course #séskfor the mechanical AGN
feedback model). For lines of sight nearly perpendiculgheoradio jet axis, the dusty torus ob-
scures the accretion region and the surrounding broaddmiem (BLR), while the more extended
narrow-line region (NLR) remains visible. An observer wikiistline of sight would classify the
object as a narrow-line radio galaxy (NLRG). Conversely, siaisalong a viewing angle nearly
parallel to the jet axis would be dominated by relatividtichoosted, non-thermal synchrotron
processes in the jet, and the object would be classifiedreatha radio-loud flat-spectrum quasar
(QSO) or a BL Lac, depending on the presence or absence (teshgof strong emission lines.
Along intermediate viewing angles, wherein both the BLR ahdRNlemain visible, the observer
sees a steep-spectrum, radio-loud QSO or a broad-line gathay (BLRG) for higher and lower
intrinsic nuclear luminosities, respectively.

The model effectively implies that all type 2 AGN harbor hésictype 1 nucléf, and the spec-
tropolarimetric detection of highly polarized broad erosdines — in some otherwise narrow-line
radio galaxies — has lent important supporting evidencaiswregard (e.g., Robinsaat al. 1987;
Cimattietal.1997; Ogleet al. 1997; Coheret al. 1999; Zakamskat al.2005). Stemming from this
simple geometry-based scenario is the paradigmatic viaiginasars and powerful radio galaxies
intrinsically belong to the same population, viewed atet#int orientations. An extension of this is
the view that low-power radio galaxies may be unified as tlrenggoopulation of BL Lac objects,
but this particular hypothesis has since given way to mognévidence to the contrary. Indeed,
while elegant in its simplicity, the orientation-depentenification scheme has increasingly suf-
fered from major unanswered questions — and even outrighilgams — as understanding of radio
galaxies has evolved. Of course, this is not to say that thaeiiswrong (quite the contrary), but
it clearly requires additional levels of complexity, folms®ns we discuss below.

Current open problems with radio-loud unification models

Extended, 100 kpc scale radio emission associated witlo igalaxies has long been classified
into two morphological groups: lower power, edge-darkeRadaroff-Riley (hereafter FR) class

16Broad-line AGN are typically called “type 1”, while narroline AGN are called “type 2”.
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| objects with (often) two “plume-like” jets, and higher pew edge-brightened FR Il objects
characterized by bright terminal hotspots and the absehae obvious counterjet (Fanaroff &
Riley, 1974). This dichotomy in morphology and luminosityalknost certainly intrinsic (i.e.,
it is not a result of orientation), and the luminosity breaparating the two classes appears to
depend on host galaxy brightness (Owen & Ledlow, 1994; hedoOwen, 1996). FR | are
generally lower redshift than are FR IIs, which is not susimg given the tight redshift-luminosity
correlation wherein higher power sources will preferdiytine selected at higher redshifts (i.e.,
the Malmquist bias arising from flux-limited samples). Thiwuld therefore not be mistaken as
inference that FR | are less numerous at high redshifts tRaltg=in fact, the opposite may be true
(we explore these issues in Chapter 5). Whether or not FR Is BnlésFare intrinsically distinct
objects, or if they represent stages of an evolutionary esecgy should therefore not be inferred
from their redshift distributions.

The Fanaroff-Riley dichotomy is not well understood, andbétter characterization has been a
major pursuit of the field for decades, as it clearly stemmfimportant jet physics. An increas-
ingly popular view is that all initially propagating jetsealaunched relativistically, and FR Is stem
from the disruption of those jets over sub-kpc scales, sigwo possibly trans-sonic speeds, likely
through interaction with the ambient medium through whioéytpropagate (e.g., Bicknell 1995;
Lainget al.2008). In this case, intrinsic differences in jet power vabglp to reconcile the Owen-
Ledlow divide between the high radio luminosities of FR liglahe lower luminosities of FR Is.
In fact, if all jets really are intrinsically FR lls with vanyg total powers (coupled, perhaps, to the
accretion rate or mode), the Owen-Ledlow divide may be areglforcing phenomenon: higher
power, intrinsically FR Il jets might better survive propdign through a dense ISM during the
initial stages of its launch and therefaregain their FR Il morphology on 100 kpc scales. On the
other hand, lower power, a would-be FR 1l jet may become gigdithrough ISM mass loading,
and eventually form a lower-power jet of FR | morphology. Theen-Ledlow divide is more of
a “rough boundary” than it is a true divide, however, so somgé luminosity FR | radio galaxies
approach the brightness of low-power FR Il radio galaxiesbRms with the above interpretation
therefore arise when one observes a high power FR | in a spava@nment or a low-power FR
Il in a dense environment: if the former was disrupted, whgmiiethe latter?

Most evidence is supportive, however, as the vast majofitlyRo Is are associated with cD
ellipticals in clusters (see e.g. Owenhal, 1996, for a review). FR lIs, particularly at low redshifts,
are almost invariably associated with Mpc environments dina far lower density than those for
FR Is. The contrary evidence arises mostly from shell population of FR lIs that are found in
the centers of richer groups or clusters at redshifts hitfear~ 0.5 (Zirbel, 1997). Cosmological
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evolution may certainly be at play (e.g., Sadenl.2007). While consensus has not yet been met,
the clear fact that FR | reside in higher density environménstrongly supportive of the notion
that it is theenvironmentwhich gives rise to the Fanaroff-Riley dichotomy. Currentmjuative
models for mass entrainment in radio jets currently recairentrinsically FR 1l jet to be disrupted
into an FR | onsub-kpcscales, however (e.g., Lairg al. 2008, and references therein). This is
obviously problematic, as these scales are unrelated steclenvironment unless, for example, the
ISM in the BCG is more dense because of a cooling flow (see e.gpté&i® and the dynamically
frustrated radio source associated with the BCG in Abell 2597)

An overriding issue prohibiting better understandingesibecause the actdarmationof the
jets is not well understood, nor is the mechanism by whicly tleenain tightly collimated over
such vast distances. Jet formation models often inclugathng magnetic field lines, coupled to
the accretion flow, through the ergosphere of the Kerr BH. ARwginting flux is carried away by a
relativistic outflow aligned with the BH spin axis, therebyraxting BH spin energy and providing
an outlet for excess angular momentum from the system Blandford & Znajek 1977; Blandford
& Payne 1982; Punsly & Coroniti 1990; Meier 1999; De Villiggsal. 2005).

Equally important as the Fanaroff-Riley dichotomy is thecdigery that the nuclear optical
emission associated with radio galaxies can be charaeteag having either “weak” or “strong”
emission lines, and that the divide appears to depend oo tadiinosity. Weak-lined, low-
excitation radio galaxies (LEGs) tend to have low radio powile strong-lined, high-excitation
galaxies (HEGs) have higher radio luminosities (Hine & Laing1979; Lainget al., 1994; Rec-
tor & Stocke, 2001). As the Fanaroff-Riley dichotomy alsacé&sa divide in radio power, many
years have been spent investigating whether the FR I/FRIIHEG/LEG dichotomies are related.
Indeed, most narrow-line FR lIs and (crucialspmeFR Is harbor hidden quasars with associ-
ated broad lines, and those sources with a hidden quasampacally HEGs, while those sources
lacking a hidden quasar are typically LEGs.

As this understanding was evolving, a confused and now lkaigaccurate picture began to
emerge: paper after paper began to associate FR Is, whicheaerally LEGs, as the parent
population of BL Lacs (which are largely emission-line fre®imilarly, high power FR lls, which
at the time were thought to generally associate with HEGsatne unified with flat-spectrum
quasars. This view is almost certainly false, and some hayeed that it achieved near-paradigm
status because the community continually focused on — amalassumed- that the FR I/FR I
and HEG/LEG dichotomies were directly related (e.g., Hastle et al. 2009, and references
therein). Indeed, the HEG/LEG divide does not trace the idiaRiley divide with a one-to-
one correspondence. There is a significant population of IFRdio galaxies with LEG-type
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optical spectra, and there are sources with FR | radio mdéoglgcand high-excitation optical
properties (Hine & Longair, 1979; Barthel, 1994; Laiagal,, 1994; Jackson & Rawlings, 1997,
Chiabergeet al, 2002; Hardcastlet al, 2004; Whysong & Antonucci, 2004). Examples include
the famous broad-lined FR | radio galaxy 3C 120, quasarskRhmorphology (e.g., Blundell &
Rawlings 2001), and BL Lacs with FR Il morphology (e.g., Rectos#cke 2001), though these
outliers typically reside near the FR I/FR Il luminosity Bke In a way, the Fanaroff-Riley and
HEG/LEG dichotomies have conspired together to vastly dmae and even confuse the field
of radio galaxies in the two decades since the (“official”)eegence of the orientation-dependent
unification schem¥é.

A unifying connection between radio galaxies and cool cordusters?

Now, there is even an emerging notion that LEGs roagpletely lackhe fundamental compo-
nents of the unification scheme, namely the obscuring tordsadiatively efficient accretion disk
(Zirbel & Baum, 1995; Baunet al., 1995; Chiaberget al., 2002; Whysong & Antonucci, 2004;
Hardcastleet al., 2006). Those works instead argue that the X-ray to radiosS&f3uch systems
can be almost entirely reconciled with emission from theehaisthe jet. In such a scenario, the
LEG/HEG dichotomy may stem from different accretion modekerein HEGs arise from the
accretion of a cold gas reservoir stemming from a recent emexith, or tidal stripping from, a
gas-rich companion (Baldi & Capetti, 2008). Following the gesr the cold gas settles into a
symmetry plane of the host galaxy and falls inward towardniiheeus at a rate dependent on the
efficiency with which the gas sheds angular momentum. Ewadlgfuhe cold gas reaches the nu-
cleus and forms the requisite structures required in thentation-dependent unification scheme,
i.e. the cold dusty torus and the geometrically thin acarediisk. On the other hand, work by (e.g.)
Baumet al. (1992, 1995) gave rise to the now widely argued notion (élgrdcastlest al. 2007,
and references therein) that LEG are powered by the “hotethadcretion of hot{ 10” K) gas
stemming from cooling flows in CC clusters. Ignoring the @rtpopulations (for the moment), if
we (dubiously) assume that general “FR | are LEG” and “FR Il are HEG”, a consistent picture
arises wherein CC clusters play a fundamental role in shapmgwo observational dichotomies
(FR I/FR 1l and HEG/LEG) in radio galaxies.

In this scenario, cooling from the hot phase accretes omt@dmtral BH, triggering the AGN,

n truth, implying that Urry & Padovani (1995) marked thefioial” emergence of the orientation-dependent uni-
fication scheme isn't quite fair: more than two decades ofartgmt preceding work lead to the notion that orientation
plays a major role in unification. See, for example, Anton(t884).
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which in turn re-heats any cold gas that may have accumu(ateti radiatively and by the me-
chanical mechanisms discussed above). This effectivadyents the gas from cooling on any
significant scale, inhibiting coalescence of the maten& ithe dusty torus and thin accretion
disk required by the unification scheme. This picture is mohglete, and the hot-mode accretion
model is thus far incapable of sufficiently powering mostroarline radio galaxies (Hardcastle
et al, 2007). Moreover, the argument by Chiaberge and collabaréibat FR | may lack an ob-
scuring torus operates under the assumption that emismionthe base of the jet stems from a
size scalesmallerthan any obscuring torus that may or may not be present. pkieal emission
associated with the base of the synchrotron jet is from aregrger than the size of the torus, then
its presence or absence cannot be directly inferred. Isisabrth noting that settled, kpc-scale
dusty disks and laneme observed in FR | radio galaxy CC BCG hosts. Moreover, the FR Is are
generally more dusty than FR II, and their dust distribwgigenerally appear more “dynamically
settled” (e.g., coherent disks as opposed to filamentaspylanes, de Kofét al. 2000; Tremblay
et al.2007). While these kpc scale dust structures should not desech for obscuring tori on far
smaller scales, it is at least worth questioning why the &ratructures could form but not the lat-
ter. Clearly there is at leasbmeimportant connection uniting the Fanaroff-Riley and HEGA_E
dichotomies with cluster environments (or lack thereofi, the strength of this connection is, as
of yet, entirely unknown. This is certainly an instance vehiere importance of outliers (i.e., FR I
LEGs, FR I HEGs and FR llIs in rich clusters) cannot be dowrgdlayr ignored.

1.6 Inthis Thesis

We have so far provided a very broad contextual summary migbues related to this doctoral
thesis. Much of this is background material, of course, arig a very small fraction of the issues
discussed above will be directly addressed in the forthongrohapters. Before summarizing the
pages to come, it is important to keep in mind timdrder to know an answer, we must first know
the question This thesis will notanswer either fully or in part, any questions pertaining to cool
cores, AGN feedback, or CC BCGs. Rather, it is our hope that theredtsonal results we present
will further our understanding, at least in a small way, oingoof the majolquestiongelated to
these issues. Below we summarize a subset of these questiwhdescribe how their better un-
derstanding may be brought about by the results presentadithesis.

The questions this thesis will address
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e What role does AGN feedback play in regulating star formatian and the entropy of
the ICM? What might be learned by comparing the morphology and maggmitf com-
pact star forming regions in CC BCGs with the energy and timesibatigets associated
with effervescent AGN feedback models?Ghapter 2 we will present an in-depth, unified
study considering the energy, mass, and timescale budfbt#tothe hot and warm/cold
gas phases in the BCG of the cool core cluster Abell 2597. Thisrgaal, well-studied
source exhibits both low levels of ongoing star formatiod aignatures of episodic, effer-
vescent AGN feedback. Using neBhandraand HST observations, we will provide new
insights into the effervescent AGN feedback model, and dthe it may play in regulating
star formation and heating the ambient ICM/ISM.

e What is the role of star formation in regulating the physics d the warm and cold ISM
phases in CC BCGsn Chapter 3we will presenHSTFUV imaging for a sample of seven
CC BCGs selected on the basis of an IR excess thought to be desgogith elevated levels
of star formation. We will show that these young stellar dapans play a critical, even
dominant role in providing the reservoir of ionizing phaosameeded to power the emission
line nebulae in these systems. A comparison with radio dadar@sults from the literature
may reveal clues into the behavior of systems experienciag éevel of feedback from the
AGN, which may allow for increased residual condensatiomfan ambient hot atmosphere,
accounting for the heightened star formation rates.

e How can we disentangle the roles played by cooling flows and mgers in depositing

the gas reservoirs which fuel episodes of star formation andGN activity? What might
we learn by comparing Abell 2597, associated with a modigrateong cooling flow, with
a radio galaxy not associated with a cluster, but also etthgbevidence of episodic star
formation and AGN activity? IrChapter 4 we will present a multiwavelength study of the
giant radio galaxy 3C 236, one such source. Clearly, a codliavg cannot be responsible
for triggering star formation and AGN activity in this objfedlight the differences between
A2597 and 3C 236 yield new insights into hot and cold accreti@chanisms?

e How might we find assembling protoclusters at high redshiftso as to study the cosmic

evolution of (e.g.) the cool core phenomenon? Galaxy clusters assemble at redshifts
1 < z< 2, though to date, very few have been detected in this redsinifje because of

the difficulties associated with extending galaxy clustdestion methods to these depths.
Understanding protoclusters at high redshift will be catito understanding clusters in the
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local Universe, particularly in terms of the cool core/rmel core dichotomy. Studying
the cosmic evolution of FR | radio galaxies, many of which emgbedded in clusters, may
lend new insights into these issues.Ghapter 5 we will broaden the context of this thesis
with a search for high redshift FR | radio galaxies that mayaascobservable “beacons” for
assembling protoclusters.

Finally, in Chapter 6, we will revisit the questions posed above, and assess whhtwe learned.
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Figure 1.8: Radio (pink) and X-ray (blue) composite of M87, the CC BCG in Virgo. Seerid
et al. (2006); Formaret al. (2007); Sparkt al. (2009); Batcheldoet al. (2010) for some recent
papers on this canonical radio galaxy (Credit: X-ray: NASA/CXC/KIPCWerner, E. Million
et al; Radio: NRAO/AUI/NSF/F. Owen).



A CLOSELOOK
Effervescent AGN Feedbaak Abell 2597

Ruddy Stargazers.
Never interested in anythin’ closer'n the moon.
J. K. ROWLING, 1997

In this chapter we present a multiwavelength study of théetypal cool core cluster Abell
2597, accounting for the energy budget associated with ébdliack-driven excavation of the
central X-ray cavity network within the BCG. This study is eleabby previously unpublished
Chandraobservations that are a factor of four deeper than any thet pi@viously been studied,
allowing for more detailed spatial and spectral analysigesE new data, in concert with a rich suite
of archival data includindHubble Space TelescogelST) imaging of ongoing star formation in
A2597, enable a “unified”, cross-spectrum interpretatibtinis canonical CC cluster, particularly
in the context of AGN feedback and its effects on the warm avld gas phases in the central
BCG.

49



50 Chapter 2. A Multiwavelength Study of Abell 2597

2.1 The Brightest Cluster Galaxy in Abell 2597

Abell 2597 (hereafter A2597) is an Abell (Abell, 1958; Abetlal, 1989) richness class 0 galaxy
cluster of total X-ray luminosity_x = 6.45 x 10* ergs s* (2-10 keV, Davidet al. 1993). The X-
ray surface brightness profile is sharply peaked about thgatly dominant (cD, Matthewst al.
1964) elliptical BCG (Fig. 2.1, in red) at redshaft 0.0821 (Voit & Donahue, 1997), whose central
region is host to the compact powerful radio source PKS 2B22{PMN J2323-1207, Wright &
Otrupcek 1990; Griffith & Wright 1994). The radio source has dnd 5.0 GHz flux densities of
~ 1.7 and~ 0.3 Jy, respectively (Owent al, 1992; Ballet al., 1993; McNamaraet al., 2001,
Morris & Fabian, 2005), giving a relatively steep spectralex ofa = 1.3 (whereS, o ). At
8.4 GHz (Saraziret al. 1995, Fig. 2.4, white contours) the source features two lobes extended
~ 5’(~ 8 kpc) approximately NE-S. There is a significant positioglar(P. A.) offset between
the two lobes owing to a sharp bend in the southern lobe an@htlknot immediately south of
the core. There is evidence of spatial anti-correlatiorhie 8.4 GHz source and the emission
line nebula that is extended on approximately the same fdalskmaret al, 1989; Saraziet al.,
1995; Koekemoeet al., 1999; O’Deaet al., 2004; Oonket al., 2011). Assuming a canonical jet
spectral index of0.7, the estimated spectral index of the northern and soutbbes isa: ~ —1.5,
indicative intrinsic compactness arising from frustratity dynamical confinement (as opposed to
compactness arising from simple youth). O’Dedaal. (1994b) suggests that PKS 2322-122 may
be one of the nearest known compact steep spectrum (CSSesdeee O’Deat al. 1998, for a
review). Tayloret al. (1999) observed the central 0.3 arcsec of the radio corethétiery Long
Baseline Array (VLBA) at 1.3 and 5.0 GHz, detecting straigiythmetric jets on~ 50 pc scales
that are aligned along P.A.65° and-110, a significant offset from the major axis of the 8.4 GHz
lobes. Extended 330 MHz and 1.3 GHz emission was observeel ¢m lapproximately the same
position angle as the VLBA jet, suggestive of a common a@gegor the 8.4 GHz source (Clarke
et al, 2005).

Owing to its close proximity, high X-ray emissivity, and specular central emission line neb-
ula, A2597 has been the subject of three decades of crosstapeanalysis in the literature (X-ray
— Crawfordet al. 1989; Saraziret al. 1995; Sarazin & McNamara 1997; McNamaataal. 2001;
Clarkeet al. 2005; Morris & Fabian 2005; UV/optical — McNamara & O’Conn&B93; Voit &
Donahue 1997; McNamakt al. 1999; Koekemoeet al. 1999; Oegerleet al. 2001; O’Deaet al.
2004; Jaffeet al. 2005; Oonket al. 2011; IR — McNamara & O’Connell 1993; Voit & Donahue
1997; McNamarat al. 1999; Koekemoeet al. 1999; O’'Deaet al. 2004; Jaffeet al. 2005; Don-
ahueet al.2007, 2011; sub-mm — Edg# al.2010a,b; radio — O’Deat al. 1994a; Saraziet al.
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Figure 2.1: Broad-bandHSTWFPC2 F702WR-band) exposure of the central regions of the Abell
2597 galaxy cluster (in orange), with)(VLA 8.4 GHz radio contours tracing radio emission from
PKS 2322-122 (in white) and) Chandra0.5-7 keV X-ray contours (in green) overlaid. North is
up, east is left. At the redshift of the A2597 BC&=0.0821), 1'corresponds te- 1.5 kpc, such
that the full field of view of the figures iss 200x 200 kpc. Note that the spatial anisotropy of the
X-ray emission (in green contours) is largely confined to the scale of thieatdrightest cluster
galaxy.

1995; Tayloret al. 1999; Pollacket al. 2005; Clarkeet al. 2005).

In Section 2.2 of this chapter, we discuss the new and arctiata presented as part of this
analysis, as well as the steps taken to reduce the data entseready” status. In Sections 2.3
and 2.4 we present a spatial and spectral analysis of theXaey observations sampling the
hot 10 -10° K phase of the ICM. In Section 2.6 we compile the local energyget for AGN
feedback in A2597, as inferred from X-ray cavity analysisSkction 2.7 we consider our results
in the context of the central emission line nebula and thd gals reservoir in which it resides.
A discussion, in which we interpret the flagship results @ tthapter in the context of multiple
scenarios, is presented in Section 2.8. A summary and adingluemarks follow. In this chosen
cosmology of this thesis,"Xorresponds te- 1.5 kpc/arcsec at the redshift of the Abell 2597 BCG
(z=0.0821). This redshift corresponds to an angular size distBaer 315 Mpc and a luminosity
distanceD, ~ 369 Mpc.
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Table 2.1. Summary of Observations of Abell 2597
Observatory Instrument Mode/Config  Band/Filter/Line Expn&  Prog. #/Obs. ID Obs. Date Program Pl Reference
(€] @ ©) ()] ®) (6) ) (©)] ©
X-RAY OBSERVATIONS
Chandra ACIS-S FAINT X-ray (05-7 keV) 39.8 ks 922 28 July 2000 McNamara 1
ACIS-S VFAINT  X-ray (05-7 keV) 52.8 ks 6934 1 May 2006 Clarke New
ACIS-S VFAINT  X-ray (05-7 keV) 60.9 ks 7329 4 May 2006 Clarke New
FAR ULTRAVIOLET / OPTICAL / NEAR-INFRARED OBSERVATIONS
HST ACS SBC F150LP (FUV) 8141s 11131 21 July 2008 Jaffe 2
e WFPC2 F410M 2200s 6717 27 July 1996 O'Dea 3
WFPC2 F450W 2500 s 6228 07 May 1995 Trauger 4
WFPC2 F702W R-band) 2100s 6228 07 May 1995 Trauger 4
NICMOS NIC2 F212N 12032's 7457 19 Oct 1997 Donahue 5
NICMOS NIC2 F160W H-band) 384s 7457 03 Dec 1997 Donahue 5
MID- / FAR-INFRARED OBSERVATIONS
Spitzer IRAC Mapping 3.6,4.5,5.8,8m 3600 s (each) 3506 24 Nov 2005 Sparks 6
e MIPS 24,70,16Qum 2160 s (each) 3506 18 Jun 2005 Sparks 6
Herschel PACS Photometry 70,100, 166n 722 s (each) 13421871(18-20) 2009 Nov 20 Edge 7
. SPIRE Photometry 250, 350, 5@@n 3336s 1342187329 2009 Nov 30 Edge 7
PACS Spectroscopy  [@ A68.4um 6902 s 1342187124 2009 Nov 20 Edge 8
[O 1] A88.361:m 7890 s 1342188703 2009 Dec 30 Edge 8
[N n] A121.9pum 7384 s 1342188942 2010 Jan 04 Edge 8
[O 1b] A145.52um 7382s 1342188704 2009 Dec 30 Edge 8
[C ] A157.74um 6227 s 1342187125 2009 Nov 20 Edge 8
[Si1] A\68.47m 11834 s 1342210651 2010 Dec 01 Edge New
RADIO OBSERVATIONS
VLA A array 8.44 GHz 15 min 1992 Nov 30 Sarazin 9
A array 4.99 GHz 95 min 1996 Dec 7 Taylor 10,11
A array 1.3 GHz 323 min 1996 Dec 7 Taylor 10,11
A&B 330 MHz 5.3 hr Jun, Aug 2003 Clarke 9
Note. — A summary of the new and archival observations used iirapalysis. (1) Facility name; (2) instrument used for obs@ma

(3) configuration of instrument / facility; (4) wavelengthtgimme / spectral line observed or filter used; (5) exposure tif@gfacility-specific
observation or program ID; (7) date of observation; (8) gipal investigator (Pl) of observation or program; (9) refare to publication where
the data were first published. Those marked “new” have notget Ipublished, and appear for the first time in this paper.

References. — 1: McNamas al. (2001); 2: Oonlket al. (2011); 3: Koekemoeet al. (1999); 4: Holtzmaret al. (1996); 5: Donahuet al.
(2000); 6: Donahuet al. (2007); 7: Edgeet al. (2010b); 8: Edgeet al. (2010a); 9: Saraziet al. (1995); 10: Taylort al. (1999); 11: Clarke
et al. (2005)

2.2 Observations & Data Reduction

A summary of all new and archival observations used as pahi®analysis is presented in Table
2.1. Below, we discuss those observations we use most giradtlis study.

2.2.1 Chandra X-Ray Observations & Data Reduction

Three Chandra X-ray ObservatonrAXAF CCD Imaging Spectrometer (ACIS) observations of
X-ray emission from Abell 2957 exist in the archive. Only arfehese observations have been
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published, namely the 40 ksec exposure (ObsID 922, PI. Maa)riaken in July 2000 (McNa-
maraet al, 2001). For this exposure, the BCG nucleus was centered onthotlthe ACIS-S3
chip, and the observations were made in FAINT, full-franmaed exposure mode at a focal plane
temperature of -120C. The data were published by McNamataal. (2001) (hereafter MO1) in a
study of the A2597 ghost cavity (which we will discuss late&} noted in MO1, ObsID 922 was
badly impacted by flaring events, yielding only18 ksec of data suitable for spectral analysis.
In May 2006, two new observations were made (ObsIDs 6934 386, PI: Clarke), in VFAINT
mode, for a total of 52.8 and 60.9 ksec. These data appeaisithésis for the first time. Below,
we discuss the steps taken to reduce these data (in additi@reducing the 922 dataset), and
merge the exposures for spatial analysis.

The three observations (ObsIDs 922, 6934, and 7329) weegnglot as primary and secondary
data products from th€handraData Archive. The data were reduced in thesO environ-
ment Chandralnteractive Analysis of Observations, version 4.2, Froseet al. 2006) with ver-
sion 4.3.1 of the calibration database (CALDB). For each Opgl® used theciA0 4.2 script
chandr a_r epr o to automate the creation of a néwvel =1 event file with the latest standard
pipeline calibrations applied. In order, these steps ohelcharge transfer inefficiency (CTI) cor-
rection, time-dependent gain adjustment, applicatioratédst gain maps, creation of a new bad
pixel file, PHA and pixel randomization, VFAINT mode backgral cleaning (for ObsIDs 6934
and 7329), and corrections for continuous clocking modesimof arrival. The new evel =1
event file was then converted (by the script) to a neawvel =2 event file using theciAo tool
aci s_process_events to apply standard grade, status, and good time filters. Ordget
events wWithASCAgrades 0, 2, 3, 4, and 6 are used in this analysis.

For spatial analysis, we combined the three observatiang tlee CIAO 4.2 scriptrer ge_al | ,
which required subtraction of tHeHAS column due to an array size mismatch introduced by dif-
ferences in the FAINT and VFAINT data modes (this has no nieicefs thePHAS column is
not used after reprocessing of the data). The merged datawvas energy space using standard
dntopy techniques, rejecting all channels below 0.5 keV and thbseea7 keV. This filter was
chosen as the high energy particle background is reasoflablyetween the 2-7 keV range, but
rises dramatically between 7-10 keV. As we are interestéalnrsurface brightness features in the
X-ray spatial distribution, this filter was chosen so as taimize background levels. Soft (0.5-1
keV), medium (1-2 keV), and hard (2-7 keV) energy cuts wese atade to enable hardness analy-
sis. The merged and energy filtered data was then spatiatigpthrad with theciA0 toolcsnoot h
using an adaptive kernel whose width was dynamically aégubtsed on the local event density.
We also created versions of these images with contaminatingpact sources removed (including
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X-ray emission associated with other cluster members amd@ehtral weak point source associ-
ated with the AGN). The total effective exposure time of therged data is- 150 ksec, a factor
of ~ 3.8 deeper than any previous X-ray analysis of the source.

Merged exposures cannot be used for spectral analysis despgonse matrix variations, and
because the corresponding exposure maps and the exposweten image lack statistical errors
and meaningful source flux values. Instead, the spectra bausixtracted from the individual
observations, then simultaneously analyzed. To prepa&rénthividual ObsIDs for spectral anal-
ysis, each was filtered for background flaring events, whathadversely effect interpretation of
spectral data. This was done using theo def | ar e script with an iterative sigma clipping
method to create a good time interval (GTI) filter which régethose times associated with three
sigma flares over the mean quiescent background rate. Thigfg strategy retained 18 ksec of
flare-free data (of the original 40 ksec) for the ObsID 922sIDis 6934 and 7329 were not signif-
icantly impacted by flaring events, and no more than 2 kseeitber observation were rejected.
See Fig. 2.2 for an illustration of this flare rejection teicjue. The total net combined flare-free
effective exposure time is 128 ksec (though, as was mentioned previously and will beudsed
later, merged data was not used for spectral analysis: tbe thdividual flare-free exposures were
analyzed simultaneously).

2.2.2 FUV/Optical/NIR Hubble Space Telescope Observations & Data Re-
duction

We have obtained numerous archittibble Space TelescofldST) observations of A2597, and
employ them either in direct analysis or cursory referemcmtorm discussion. Table 2.1 con-
tains a summary of thelSTdata obtained, along with references to the papers in whehwere
originally published. The data we most directly use, in tewhquantitative analysis, is the 8141
sec Advanced Camera for Surveys (ACS) Solar Blind Channel (SBC) ¢thi$€rvation stemming
from HST General Observer (GO) program 11131 (PI: Jaffe). This image taken with the
F150LP filter, with an effective wavelength of 1612 A. Thegdiscale for the SBC is approxi-
mately 0’034 x 0/030/pixel. The camera field of view is 3@ x 30/8. At the redshift of A2597,
the F150LP filter includes FUV continuum but excludesglfyom the bandpass. These data were
recently published and analyzed by Oagtkal. (2011). See that work for more details pertaining
to the observations.
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Figure 2.2: Example of our process of temporal filtering for flaring events in@handradata
prior to spectral analysis. The figure at left is for ObsID 922, while theré at right is for 7329.
Note that ObsID is heavily impacted by strong flaring events, marked withaadgy which we
filter with an iteratives clipping method. The remaining “good” exposure times, in green, were
26.6, 51.9, and 58.4 ksec for ObsIDs 922, 6934, and 7329, regggctiVe do not show a similar
figure for ObsID 6934 as it looks very similar to 7329 (e.g., neither wedéybmpacted by flaring
events).

2.2.3 Other archival datasets used in this analysis

The other data used in this analysis is found in Table 2.1. llinases the paper in which the
these data were originally published is referenced in cal(®) of that table. See those referenced
papers for information regarding the observations and mahaction for those datasets.

2.3 X-ray Spatial Analysis

Previous X-ray studies have been published for A2597 usiegd4D ks (18 ksec of good time)
Chandraobservation 922. M01 was the first to report on the westernramtheastern “ghost”
cavities inferred from localized depressions in the X-ragface brightness. Later work by Clarke
et al. (2005) (hereafter C05) extended this analysis to includetaildd study between the X-
ray spatial distribution and the VLA radio observations & &Hz, 1.3 GHz, and 330 MHz. In
addition to confirming the presence of the M01 ghost caviti3b described an “X-ray tunnel”
apparent in the “unsharp-mask” presented in that work. Rigu2{ (33 kpc) in projected length
and 1.3(2.3 kpc) in projected radius, the “tunnel” appeared to emithe peak of the X-ray sur-
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face brightness distribution, cospatial with the radio B@{ optical core, with the MO1 western
cavity. It was not apparent whether this was a truly disciedture, or was simply part of a larger
cavity encompassing both the tunnel and the MO1 cavity. ritded 330 MHz radio emission was
observed to be cospatial with the tunnel and also the MOlycés® the previously used “ghost
cavity” term may no longer be appropriate). Our deeper Xdata, the results from which we
present in this section, enhance some of the lower surfagbtbess features only faintly visible
in the 922 dataset, enabling a more detailed interpretafitime AGN outburst history.

2.3.1 General X-ray morphology

In Fig. 2.3 we present the new, deeper 0.5-7 keV data. Thesdatsists of the origin&handra
observation merged with the two new53 and~ 61 ksec observations, and is a factor of four
deeper (in terms of combined effective exposure time) timgrifzat has previously been published.
The X-ray image in Fig. 2.3 has been adaptively smoothedsirariable width Gaussian kernel.
As a viewing aid, we overlay black contours with arbitrarydks that trace the surface brightness
distribution. In the chosen color map, “purple” correspeial regions of high surface brightness
(e.g., the center), and “red” corresponds to regions of tosugface brightness (e.g., the outer
regions). The field of view (FOV) of the figure < 60" x 60’, corresponding te- 90 x 90 kpc.

As noted in MO1 and CO5, it is immediately apparent that thea)Xsurface brightness dis-
tribution is highly anisotropic, and exhibits several pinent features which we categorize and
describe in this and later sections. In Fig.[2vie overlay the same 0.5-7 keV X-ray data as green
contours on atHSTWFPC2R-band observation of the central 20R00 kpc of A2597. Cluster
members are visible in the reddish hue. The conspicuousatei€G dominates the WFPC2
FOV and occupies much of the WFPC2 planetary camera (PC) chiptfie smallest “quadrant”).
From this figure it is apparent that the anisotropy of the X-emission is largely confined to the
scale of the BCG, while the outermost regions assume a gensembother and more elliptical
shape. At all scales, the X-ray surface brightness digtdbus extended along a position angle
that matches the major axis of the BCG host galaxy stellar sigsh(which lie on a P.A~ 45°).
This is especially true at the innermost scales where tha fgravitational potential is dominated
by the BGC.

As is evident in Fig. 2.3, the innermost’28 the 0.5-7 keV emission assumes a “butterfly”-
like shape encompassing two high surface brightness knititscares~ 1”7 W and~ 3" SE of
the center of the figure (at = 23 : 25: 19745, =-12 : 07 : 2691, J2000). The knot"1W is
approximately cospatial with the radio core. A fraction log tX-ray emission in this knot stems
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Figure 2.3: X-ray surface brightness map of three mer@dthndraobservations of Abell 2597,
for which the combined effective exposure time is 150 ksec. The databesresmoothed with an
adaptive Gaussian kernel. Black contours have been overlaid to Hetteitise highly anisotropic
inner surface brightness distribution. North is up, east is left. At thehittdsf Abell 2597 =
0.082), T’corresponds te- 1.5 kpc, such that the full field of view of the figure4s90 x 90 kpc.
Choice of the “rainbow” color map is arbitrary and meant only to aid viewingurple” traces
more intense emission, while “orange/red” traces less intense emission.
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from the weak point source associated with the AGN. Two shefizits of X-ray emission- 2"
NE and~ 2" SW define the inner ridges of the “butterfly wings”. As notedwpously, the major
axis along which the X-ray emission is extended stronglgraliwith the major axis of the host
galaxy stellar isophotes. One of the most prominent featuisble in Fig. 2.3 is a I~ 15 kpc
in projection) linear filament extending along a RA45°, effectively perpendicular to the major
axis of the “butterfly” feature and aligned (in projectionittwthe minor axis of the BCG stellar
isophotes (see Fig. 2L The western edge of the primary M01 ghost cavity is faigdgn~ 18’
W, 5” S of the center.

To enable more detailed investigation into the X-ray motpfy we create residual “unsharp
mask” images from the 0.5-7 keZhandradata, and present these in Fig. 2.4. The left panel
is simply the residual left from subtraction of an ellipticaodel from the adaptively smoothed
version of the image. The “unsharp mask” shown in the righiebamploys the edge-enhancement
technique described by Fabian (2003), and is made by stibgac2® Gaussian smoothed image
from a 8’ Gaussian smoothed version. The residual is then dividelddogum of the two smoothed
images. In the left panel, regions of X-ray surface brightnexcess over the subtracted elliptical
background appear in black, while deficits (cavities) appewvhite. In the right panel, this color
scheme is inverted (excesses are in white, deficits are akbla

In both figures, regions of X-ray excess and deficit define ¢lagéuires discussed above in more
detail, and additionally highlight several features natdiey apparent from the broadband X-ray
image in Fig. 2.3. In the unsharp mask we label and roughlynauthe six features we will analyze
in detail in this and following sections. Throughout our lgse we will consistently refer to each
of these features by a common name and number-based labey. aféx: (1) the “MO1 western
ghost cavity”, (2) the “C05 X-ray tunnel”, (3) the “M01 norttmeghost cavity”, (4) the “eastern
ghost cavity”, (5) the “cold filament” (we will discuss why wall it “cold” in later sections),
and (6) the “filament base cavity”. By comparing counts in lgieed regions, we estimate the
significance of each of these labeled features te-ldo deficits (in the case of cavities or the
tunnel) or excesses (in the case of feature 5, the filamest)tbe mean. Using the shor (18
ksec) exposure, C0O5 estimated the significance of featuyen(R(6) to be 18 and & deficits,
respectively. Note that, for “historical” reasons (i.dlpwing for direct comparisons with past
studies), we label the MO1 western ghost cavity and C05 Xaynel as two features (1 and 2,
respectively), but we do not mean to imply that they are nit$tirom one another. The opposite is
most likely true, as we discuss below.
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Figure 2.4: Residual and “unsharp mask” maps of the merged 150 Kéemdra0.5-7 keV ob-
servation. The panel d&ft was made via subtraction of a’ZBaussian smoothed version of the
image from the adaptively smoothed version. The unsharp maghatvas made by subtracting
the same 20Gaussian smoothed version of the image fronf &&ussian smoothed version. The
difference was then divided by the sum of the two images to rescale. The majphological
features which will be the subject of further spatial and spectral aisdigse been labeled 1-5 and
outlined in green. Although we label them separately, we do not mean to implietttares 1 and
2 are necessarily discrete, rather, feature 1 is labeled separatelyote améearer comparison with
the McNamaraet al. (2001) “ghost cavity”. Features 1 and 2 may well be one larger cavity.

2.3.2 Feature (1) and (2) — one large western cavity?

McNamaraet al. (2001), in their study of the short origin@handraimage of A2597, described
feature (1), the “western ghost cavity”, as a discrete featthich was detached from the center-
most regions of X-ray emission. The residual image pubtidhe Clarkeet al. (2005) revealed
the so-called “X-ray tunnel” which apparently “connectéuli’ projection, at least) the MO1 cavity
to the X-ray surface brightness peak cospatial with theoradre. A simple interpretation, as
suggested by Clarket al. (2005), is that the MO1 cavity and the “tunnel” simply make ane
larger X-ray cavity. As is particularly apparent in the {afost panel of Fig. 2.4, our deeper data
unambiguously reveal the M0O1 and CO5 cavities (features 12amo be one larger cavity 24
kpc in projected length. This changes the interpretatiothefAGN outburst history, which we
will discuss in later sections. For the remainder of thisptbg we will typically refer to features
(1) and (2) together as the “western large cavity”.
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Figure 2.5: X-ray surface brightness profile extracted from a series of coricetnuli spanning
from the central regions out to 100 kpc. In the figurelaft), a one component beta model has
been fit, while in the figure atight), a two-component (additive) beta model has been fit, yielding
better overall correspondence to the measured profile. The additiveamponent model is in
red, while the two individual components to the model are shown in yellow.

2.3.3 X-ray surface brightness profile

In Fig. 2.5 we plot azimuthally summed X-ray surface brigis® against projected radius, us-
ing fluxes extracted from narrow concentric annuli spanring—100 kpc (see middle panel in
Fig. 2.7). We fit both singular and additive two-componentdmdz 1-D “beta” models with a
varying power law lpet ald in CIAO Sherpa) to the data, wherein the surface brighthgsat
projected radius varies as

(-38+1/2)

2
Y (F) = 5y (0) [1+ (rﬁo) ] . (2.1)

Here,>x (0) is the central X-ray surface brightness agds the core radius. The model assumes
that the galaxies, ambient hot gas, and underlying darkemla#tio (assumed to follow a King pro-
file) are hydrostatic and isothermadl.is defined as the ratio of galaxy-to-gas velocity dispersion
(effectively energy per unit mass in galaxies divided byt thayas),

_ pmpo?

B=—T (2.2)

wherey is the mean molecular weight in amm, is the mass of the proton, is the 1-D velocity
dispersion, and is the gas temperature. Typically, the ICM in galaxy clusievgell-fit by models
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with 5 =~ 0.6 (Sarazin, 1986). Our data are consistent with this: if wa fine-component beta
model, shown in the left panel of Fig. 2.5, we figd= 0.633 with core radius, = 16”.4 (or ~ 24
kpc). A far better fit is obtained with an additive two-compan beta model, which we plot in
the right panel in Fig. 2.5 (red line). This model consistsagf = 0.686 fit with a core radius
of ro =19".1 (or ~ 29 kpc) and an inner steep component=(10) to fit the cusp (yellow lines).
The small deviations between the model and data arise (i) lpacause the annuli from which
the spectra are extracted effectively give an azimuthalagseof X-ray fluxes that vary wildly as
a function of position angle, owing to the highly disturbeature of the X-ray gas. In the plots,
errors bars are shown, though difficult to see because tieesnaaller than the data points.

2.3.4 Radio/ X-ray correlations

As AGN outflows are thought to be mechanisms by which cavérescreated (see Section 1), it
is important to revisit the radio/X-ray correlations firgsclssed in MO1 and CO05. In Fig. 2.6 we
overlay 8.4 GHz, 1.3 GHz, and 330 MHz radio contours in wtitae, and green (respectively),
on the X-ray residual image from Fig. 2.4. As noted by M01 an8,@Be northern and southern
lobes of the 8.4 GHz source (white contours) are boundecketavdist and east by deficits of X-ray
emission associated with features (6) and (2), respegtiBdyond this, it is difficult to discern
whether or not the 8.4 GHz lobes are interacting with the ka¥ gn these scales. No X-ray
cavities are observed to be directly cospatial with the &# @®bes, though this lack of evidence
should not be interpreted as evidence of absence. Any eatitat may exist on these scales would
be very difficult to detect given a combination of (a) the cactpess of the radio source compared
to the X-ray emission and (b) a great deal of intervening ka¥ @ong the line of sight.

The 330 MHz VLA A-configuration observation (in green conmg)wdoes not resolve structures
at the scale of the 8.4 GHz source, though a prominent arm wfsen extends- 70 kpc to the
west (projected) in strong spatial correlation with the COBaX tunnel (feature 2 in Fig. 2.4) and
the MO1 western ghost cavity (feature 1 in Fig. 2.4). The swtnim 50 pc scale VLBA jets of
Taylor et al. (1999) are approximately aligned (within 5°) with the major axis along which the
330 MHz emission extends as well as the long axis of the CO5yXwnanel, though this of course
involves a comparison at vastly different scales. Theiaahip between the bent 8.4 GHz source
and the 330 MHz emission is difficult to ascertain with theilade data, though we will discuss
possible scenarios in later sections.

The 1.3 GHz contours in blue, also from Claskeal. (2005), exhibit extensions along the same
axis as the 330 MHz eastern extension, the projected VLBAXY&, the western large cavity, as
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Figure 2.6: Residual image of the merged 150®kandra0.5-7 keV observation, made via sub-
traction of a 30 Gaussian smoothed version of the image with the adaptively smoothed version
shown in Fig. 2.3. 330 MHz VLA contours from have been overlaid in gyeéile the 1.3 GHz
radio contours are plotted in blue, and the 8.4 GHz radio contours appehiter All of the radio

data is from Clarkest al. (2005). Note how the extended 330 MHz emission corresponds in both
linear extent and projected P.A. with the apparent X-ray cavity consisfifeatures (1) and (2),

as labeled in Fig. 2.4. Note also that the northeast extension of the 1.3 GHa@M(islue) is
aligned with the “bottom” of the 15 kpc linear X-ray filament. Deficits in X-rayfaoe brightness

as compared with the smooth elliptical distribution appear in white, while excappesr in black.
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well as~ 8 kpc along the “bottom half” of the 15 kpc linear X-ray filamdfeature 5). The NE
1.3 GHz extension, which is 15 kpc from the radio core, also covers the “filament basetygavi
which we highlight as feature (6) in Fig. 24 There is also a- 1 kpc extension to the SW, into
the “bottom opening” of the western large cavity. The prtgecspatial coincidence of all of these
features is strong evidence for a common, “current” jet.aWikile the P.A. of the 8.4 GHz source
is offset from this axis, it is the exception, and may arigerfrdynamical frustration of the jet as
it propagates amid the dense molecular medium harborin@@hgc emission line nebula. That
the 1.3 GHz emission is extended along the bottom edge ofhead X-ray filament (feature 5
in Fig. 2.4) may be evidence for dredge-up of low-entropy k¢ amid propagation of the radio
source, a possibility we will investigate in later sectio®®nket al. (2010) reported reported high
velocity dispersion{ 200-300 km s?') streams of K and HIl coincident with the southern edge
of the northern 8.4 GHz radio lobe and approximately aligwét the projected VLBA jet axis,
were one to extend it from pc to kpc scales (Taydbral, 1999). This could be interpreted as
further evidence for kinematical interaction (e.g., massanment) between the jet and the gas
through which it is propagating.

Our new X-ray data do not necessarily aid in discriminatiaeen these and other scenarios,
though it is worth noting that the close projected alignnar(tl) the western large cavity, (2) the
15 kpc linear X-ray filament, (3) the extended “arms” of the GHz and 330 MHz radio emission,
(4) the projected current VLBA jet axis and (5) the high véijpmolecular gas stream in the Oonk
et al. (2010) data may stem from common dynamical processes @ifi©im propagation of the
radio jet. We will investigate this possibility further iater sections.

2.4 X-ray Spectral Analysis

Our deeper¥$ 120 ksec of good timefhandraobservations enable more detailed spectral analysis
than was previously possible with the origit@andraexposure used in MO1 and CO05, which was
badly impacted by flaring events (as noted before, only 18 kfthe original 40 were suitable for
spectral analysis). In this section, we present an updatalysis that includes, for the first time
(a) detailed spectral fitting of the total X-ray spectrum), i@dial profile analysis using “onion-
skin” spectral deprojection and, most significantly, (dp Zpectral/spatial maps of the projected
temperature, emission measure, and pressure distrisiftothe central regions of the BCG. We
present these results in order below.
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Figure 2.7: (left) The circular aperture from which the 0.5-7 keV X-ray spectrum wasaeted.
The extraction radius, in green, extends to 100 kpc. The weak centralgource, outlined by the
inner red circle, was removed prior to spectral extraction so as to renmyveam-thermal com-
ponents that would otherwise contaminate modeling of the intracluster therrselglgniddle
concentric annular regions used for extraction of spectra used ifl dide modeling; (ight)
the spatially binned image created by tB@&NTBI N algorithm of Sanders (2006). 277 individual
regions were created from this technique, defined such that (a) a Sshtid of 30 is met and
(b) their length can not be more than twice their width. These bins were useedte region files
which were mapped to the two individu@handraexposures used in the creation of 2D spectral
maps. See §2.5 for more information. The field of view of this figure i5>880". East is left,
north is up.

2.4.1 Total 0.5-7 keV spectrum

From each of the three GTI filtered observations, a spectrasmextracted from a single 633

100 kpc aperture encompassing most of the source emissien{g. 2.4). Prior to this, compact
contaminant sources associated with other cluster memlsgesremoved, as was the very central
region harboring the weak X-ray point source coincidenhwiite radio core. The spectra were
extracted using thelAo 4.2 scriptspecext r act , and count-weighted response matrices were
generated for each extraction.

Using simultaneous fitting techniques in XSPEC version {2rhaud, 1996), we fit a variety
of models to the total 0.5-7 keV spectrum extracted from @ Kpc aperture. The most simple
of these is a Mewe-Kaastra-Liedahl thermal plasma mddekKAL in XSPEC) that has been ab-
sorbed to account for attenuation by the galactic hydrogéimen WABS x MEKAL). We also fit
absorbed two-componeMEKAL models WABS x [ MEKAL + MEKAL]) as well as the standard
cooling flow model in XSPECWABS x MKCFLOW. In all cases, the source redshift was fixed to
z=0.08, and the gas temperat& and VEKAL or MKCFLOWnNormalizationN was allowed to
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Table 2.2. Single Aperture Fits to Total X-ray Spectrum

Ny KTiow KThigh ~ Abundance MEKAL Norm. MKCFLOWM red. chi sq.
XSPEC Model 18 cm?)  (keV) (keV) (solar) <1072) Me yrt) (x?/dof)
@ @ (©)] (O] (5) (6) ) (®)

WABS x MEKAL 1.54+0.12 .. 3.42+0.02 043+0.01 15014 0.009 . 745/735=1014
WABS x MEKAL 1.63+0.19 - 3.39+0.04 0.4) 1524+ 0.008 e 754/736 = 1025
WABS x MEKAL (2.48) 3.31+0.03 (0.4) 155+ 0.005 807/737 = 1096
WABS x [ MEKAL + MEKAL]  (2.48) 268+0.13 601+1.05 0.4) 110+ 1.52 & 4.57+2.06 e 759/735 =1032
WABS x MKCFLOW (2.48) 188+0.07 533+0.16 (0.4) . 497+33  763736=104

WABS x MKCFLOW 1.59+0.17 187+£0.08 561+0.17 (0.4) e 454+29  707/735=096

Note. — Examples of simultaneous spectral fitting to 0.5-7\0 Xeray spectra extracted from a single 100 kpc source apegmcompassing
the bulk of the emission in th€handraobservations 6394 and 7329. Prior to extraction, a tempdtat fiias applied to the data to reject
flaring events, and compact sources associated with oth&ecimembers as well as the central weak point source assbuidliethe AGN was
removed. The spectra were rebinned using to a 30 count tHdesbbservation 922 has been excluded from spectral asadys to significant
flaring events and high background levels. One sigma confedenervals are shown on fit parameters. Parameters that haweffozen to a
specific value prior to fitting are shown in parentheses.

vary. We alternated between fixing and freezing the galdgtitogen foreground columy, and

the gas abundan@ Ny was sometimes frozen to the galactic valug8« 10°° cm™), and fits in
which it was allowed to vary always returned best-fit values tvere below this, indicative of a
soft excess that may arise from the cool core. Allowing thenalance paramet@rto vary almost
always found best fit values very near to 0.4 (for example9Q D=8 0.01 solar, in the case of the
simple absorbe®VEKAL). Fixing Z = 0.4 sometimes resulted in a marginal improvement reduced
chi squared.

Results from this model fitting strategy are presented inédfal#t. As evident in column (8) of
that table, the fits are uniformly excellent in terms of reshilig?, indicative of the degeneracy that
almost always arises from this type of X-ray spectral fittiRggardless, excepting tiKCFLOW
normalization, the best-fit values are physically reastmahd consistent with those from MO1.
The MKCFLOWnormalization is the X-ray predicted mass deposition kKt units of Mg, yr™.
This parameter is a relic from the uninhibited cooling flowdah and has more historical signif-
icance than it does physical significance. In reality, highctral resolution X-ray spectroscopy
from XMM-Newtonis needed to better characterize what evidence there mayapnot) be for a
cooling flow. Morris & Fabian (2005) presented that data,clilwe will discuss in later sections.
In Fig. 2.9 we present the best-fit absorddeKAL model we obtained (in terms of chi squared),
for whichkT =3.42+0.2 keV,Z = 0.43+0.01, andNy = (1.5+0.12) x 10?°° cm™. These best-fit
values reflect averages of phase-mixed gas within this 16@gprture.



66 Chapter 2. A Multiwavelength Study of Abell 2597

Theoretical MEKAL Model
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Figure 2.8: The theoreticaMEKAL collisional plasma model, based upon the coronal approxima-
tion (ionization balance).

2.4.2 Radial Profiles and Spectral Deprojection

We obtain radial profiles of best-fit spectral parametersxtsaeting spectra from a series of 20
concentric circular annuli with a”15 inner radius, 36 stacking increment, and 74uter radius
(see Fig. 2.18). As before, the extracted spectra from ObsIDs 7329 and &B83#t simultaneously
in XSPEC.

Spectral deprojection

Of course, the spectra fit from these annuli do not sample ac2@s$ section” like the extraction
region implies: all fit spectral parameters represent asgon-weighted superposition of proper-
ties from the line of sight extending through a 3D distribatof thermal plasma. One may roughly
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Figure 2.9: 0.5-7 keV X-ray spectrum of Abell 2597, extracted fr@handraobservations 6394
(black open circles) and 7329 (red closed circles) from an identi¢dlL6@ kpc source aperture,
centered on the central weak point source. The spectra have bmgredrusing a 30 count bin
size. Background subtraction and removal of contaminating sourcdseleasperformed. Using
the XSPEC package (v. 12.5), a simple absorbed thermal plasma modedgbtukne) has been
fit (WABSx MEKAL). The hydrogen absorbing columNy), temperaturekT), abundance, and nor-
malization have been allowed to vary, while the redshift of the source teasfbed toz= 0.08.
Chandraobservation 922 has been excluded from this analysis due to signifiagngfevents.
The best-fitNy value is below that of the MW absorbing column, possibly due to a soft exoes
trinsically associated with the source (relative to the prediction of the siME#&L model). See
the first entry in Table 2.2 for model parameters associated with this fit.
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account for these projection effects with the “onion peglispectral deprojection technique com-
monly employed in the literature (e.g., Jettaal., 2005; Russelét al,, 2010). Here the ICM is
modeled as a series of concentric spherical shells, suth ti@ometric weight may be applied to
the radial profiles in an attempt to account for blended doumtions from inner and outer shells.
Of course, assuming that the ICM is a sphere is spurious at &#edtalmost certainly incorrect
for the highly anisotropic inner X-ray surface brightnessribution in A2597 (see Fig. 2.3). Itis
nonetheless a worthwhile exercise, the results from whielpresent below.

A script was used to iteratively extract the spectra (botire®and background) from each of
the 20 annuli. Weighted response matrices were generatedbdckground-subtracted spectrum
from each annulus was then iteratively fit with an absorbB#AL model Ny, Z, andz were
frozen to the appropriate values). Taeno Sherpamoduledepr oj ect was used to enact the
onion peeling technique. Often, severe unphysical radi@ilp oscillations can result from the
radial binning process in spectral deprojection, due tortitiphase nature of the gas and its
arrangement in non-spherical distributions that are attaily averaged under the assumption of
spherical symmetry. The effect is more severe at larger, natiere the bins sample ever larger
spatial cross sections of the gas. The method developed IseReisal. (2008) alleviates many of
these issues, however, our profiles cover only the inner pe@kthe cool core, so the differences
were negligible as the oscillations were not severe in tis¢ flace. Furthermore, little difference
was noted between the deprojected spectra and the “defaojgécted spectra. Nevertheless, be-
cause (a) little difference was noted and (b) the innermegbns of the X-ray emitting gas are
permeated by a network of cavities and other spatial amp@s, we choose to show and discuss
only theprojectedgas profiles throughout the remainder of this analysis. Emé¢ral X-ray surface
brightness is so highly anisotropic that the assumptiorpbesgcal symmetry is not reasonable.
Rather than arbitrarily add unquantifiable uncertainty todata by assuming everything to be a
perfect spherical shell (which it most certainly is not), wstead show the data “as is”, with the
caveat that all profiles shown arebjectedgas properties.

Temperature

In Fig. 2.1G we show the projected temperatukd ] profile out to 100 kpc. The projected tem-
perature drops from- 3.8 keV at~ 100 kpc to~ 2.6 keV in the central few kpc. We outline the
region permeated by X-ray cavities, and note that the teatper gradient is steepest within that
region. While this could be interpreted as evidence for AGétfeck heating in this region, as
would be expected theoretically, the radial binning of hygénisotropic X-ray emission in this
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Figure 2.10: (top lef}) Projected temperature artdf right) projected density profiles derived from
MEKAL thermal plasma models fit to radially extracted spectra from the inner 100fkp25897.
The temperatur&T is a fit parameter from th&EKAL model. The electron densityd) was
derived from thevVEKAL normalization, while the pressurB)(and entropy §) profiles, shown at
(bottom lefy and pottom righ}, were calculated using=nkT (assuming = 2ne) andS=KkT r£2/3,
respectively. In each profile we mark the25 kpc region permeated by the X-ray cavity network.
Independent consistency checks on the electron density and entafjpjggare plotted in red. In
the electron density plot, the consistency check is from the two-compodeéitiva beta model fit
to the X-ray surface brightness profile. In the entropy profile, we pltibst-fit entropy profile

from Cavagnolcet al.(2009). All of our profiles are consistent with past X-ray results (Moira
et al, 2001; Morris & Fabian, 2005).
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region will also significantly add to scatter in the overaladient. It should also be noted that,
although the temperature profile predictably declines ftbenouter regions inwards toward the
core, this should not be mistaken as evidence for a coolimg As the name implies, entropy loss
within the cooling radius is associated with a loss of heatt this does not necessarily mean that
thetemperatureof the gas should decrease inwards as a direct result of engdtaw, if one exists
at all. Rather, the gas will cool only if its initial temperagus greater than the local virial temper-
ature of the underlying gravitational potential. When the temperatures are equal, gravity will
“take over”, and adiabatic compression associated withdlease of gravitational energy will act
as a thermostat for the gas, keeping it at roughly the loc&ltemperature. In light of this, we
choose not to draw any conclusions relative to cooling flawmfour derived temperature profile
(preferring instead to defer to high resoluti¥MM-Newtonspectroscopy, which we will discuss
below). It is likely that the temperature profile in Fig. 2ali® merely a reflection of the flattening
gravitational potential as the BCG begins to dominate ovechhster potential at the innermost
radii.

Density and pressure

The MEKAL normalizationNyek is given by

1014
Nuek = W / NyNedV (2.3)
where D, is the angular diameter distance to the source in cm (whichhi® A2597 BCG is

~ 9.716x 10?6 cm or ~ 3149 Mpc), zis the redshift £= 0.08), andny, ne are the hydrogen and
electron densities, respectively, in nNote that theVEKAL normalization is simply the emis-
sion measure (EM¥ nynedV in units of cn1®) of the source scaled by its distance (specifically,
Nvek = EM x 107*/[47D2(1+2)?]). For our purposes, it is sufficient to assume tiat 1.18n,
appropriate for a fully ionized gas witk = 0.7 andY = 0.28 hydrogen and helium mass fractions,
respectively (e.g., Jetret al. 2005). Assuming th&EKAL normalization is fit over a volum¥,

the electron density may therefore be obtained from thefiledgEKAL normalization by

1
_ 47T[DA(1+Z)]2NMEK 2 (2 4)
© 1.18 x 10714V ' '

Subsequently, the density can be used in concert with thefibéesmperature to calculate the

pressurg = nkT (assumingi = 2ne) and entropys= kT /3,
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Following this method, in Fig. 2.10and c we show the projected electron density)(and
pressure ifkT) profiles, respectively. Our best-fit projected electrongiy declines from 0.09
cm2 in the innermost annulus to 0.01 chmat 100 kpc. Our best-fit projected pressure profile
declines from % 107'° dyn cm? in the innermost annulus te 1 x 1071° dyn cni? at 100 kpc.

In the analysis by MO1 of the 922 observation, density andgquee reached central values of
0.07-0.08 cni® and 25 x 1071° dyn cn1?, respectively. Saraziet al. (1995), usingROSATdata,
found a value for the central X-ray pressure of &02° dyn cn? within a radius of 5 kpc. Our
value of 7x 1071° dyn cni? is consistent at the same radius. We note that the derivechten
ray pressure is comparable to the estimated pressure ofDfrell® K gas on 10 kpc scales(
5.5x 1071 dyn cn1?), implying that the two phases are in pressure equilibrikoekemoeet al.,
1999). Saraziret al. (1995) estimated the pressure of the northern radio lobeto b.7 x 10°°
dyn cni?, which would suggest that the radio lobe is somewhat ovespired with respect to the
10* K and 10 K ambient gas. We will discuss this in more detail in latertiges.

An independent check on our radial profiles of density andsanee can be obtained from the
beta model fit to the X-ray surface brightness profile, disedsn Section 2.3.3. The beta model
form for X-ray emissivity can be converted to electron dgnssing

210972
Ne(r) = ng(0) [1+ (r_0> ] : (2.5)

Using our best-fit two component beta model, we plot (in red)above form for electron density
over our density profile in Fig. 2.10 There is close agreement between the two profiles, partic-
ularly in terms of the two extrema at 5 and 100 kpc. The most significant deviation between
the two profiles is found in the region permeated by X-ray ttesi(between- 5-30 kpc), which

we also outline in the plot. X-ray emissivity scales pogiywwith gas density, so X-ray surface
brightness deficits (cavities) are associated with lowasite gas (bubbles). It is therefore not
surprising that the region in which the two profiles disagheemost is also the region permeated
by the X-ray cavity network, which the beta model does naatly take into account (though it
does indirectly, as X-ray surface brightness is lower there

Entropy

In Fig. 2.1@l we show the projected entropkTr:>?) profile, which rises from a central value
of ~ 15 keV cnf at 5 kpc to~ 115 keV cnt at 100 kpc. Entropy is one of the most important
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physical quantities dictating the structure and densitthefICM, and is unique in its ability to
encode and preserve the thermodynamic history of the gas\feit 2005, and references therein).
Considered alone, temperature and density fail in this teges the temperature largely reflects
the underlying gravitational potential well, and the dé@nseflects the degree to which gas is
compressed within the well. Entropy, however, only changagains or losses of heat energy,
and breaks the degeneracy with the underlying potentiauseat constant pressure, the density
of the gas is determined by its specific entropy.

Our derived entropy profile is consistent in terms of valuéh wool core clusters in general,
though lacks a significant “plateau” at small radii that stmes characterizes these systems (e.g.,
\oit, 2005; Cavagnolet al, 2008, 2009). As an independent consistency check, in rexremlot
the fit to the 922 dataset (from M01) made by Cavagrmatlal. (2009), who used a simple power
law,

r

S(r) =S+ Si00 (mc) : (2.6)
The Cavagnolet al. (2009) best fit values wer® = 10.60+ 1.52 keV cn?, Sjgo= 98.8+ 15.18
keV cn?, anda = 1.2640.19. We plot this best-fit in red over our data in Fig. 218nd find that
the two profiles are consistent. We note a very marginal flattpof the entropy profile from our
data (in blue) in the region permeated by X-ray cavities. \Wadak, however, observe a significant
entropy “plateau” characteristic of CC clusters in general.

Comparison of spectral results with other observations

The X-ray derived cooling time for A2597 has been preserggdrsl times in the literature using a
variety of datasets. By far the best constraints on coolirtg®X-ray gas come from high spectral
resolutionXMM-NewtonReflection Grating Spectrometer (RGS) observations, whieltapable
of resolving the critical X-ray coolant lines stemming freml keV gas. Morris & Fabian (2005)
presented th¥MM-Newtordata for A2597, detecting Réll 15-17 A thermometer lines charac-
teristic of ~ 0.3 keV gas. These line fluxes were compared to those predigtethbsical cooling
flow models, and the data were found to be consistent with & miegosition rate on the order
of 100 M., yrt within a radius of 130 kpc. Results from the European Photomging Camera
(EPIC) aboardKMM-Newtonwere also consistent with this mass deposition rate, stiggethat
A2597 may be associated with a moderately strong cooling flow

The results of Morris & Fabian (2005) were consistent VAWSSEFUV spectroscopic observa-
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tions of A2597 presented by Oegedeal. (2001). That work found &1 A\1032 A emission with
an inferred luminosity of 3 x 10%° ergs s*. The OVI A\1032 A resonance line is characteristic
of gas at~ 3 x 10° K, and comparing its luminosity to a cooling flow model yiedde UV-derived
mass deposition rate ef 40 M, yr* within the FUSE effective radius of 40 kpc. Extrapolating
outwards, this result is consistent with tk#M-Newtonmass deposition rate ef 100 M, yr™

at 100 kpc. Note, however, that just because tracers dKl@as have been detected, it is not
necessarily direct evidence of a cooling flow. A conductivermal interface between 18 gas
and embedded K gas phases would establish a temperature gradient whicitdwaturally
include at 18 K component. Sparkst al. (2009) recently detected alZ resonance line emission
filament in M87 which is also a tracer of 100,000 K gas, andpried the result in the context of
conduction models. Oondt al. (2011) enacted a similar search fol\Cemission in A2597, but
did not detect any.

As Chandralacks the spectral resolution to resolve the critical coblimes for< 1 keV X-ray
gas, we will not comment on cooling in interpreting our résuiVe note, however, that our results
are consistent with those frodMM-NewtonRGS spectroscopy, as reported by Morris & Fabian
(2005). For example, our profiles from-300 kpc span -4 keV, 008-0.01 cni3, and 15-115
keV cn? in temperature, electron density, and entropy, respeagti@ver the same span in radius,
the XMM-Newtortemperature, density, and entropy profiles spar-2 keV, 008-0.01 cni®, and
10-100 keV cni, respectively. Clearly, our results froBhandraare very consistent with those
from XMM-Newton

2.4.3 Hardness analysis

In Fig. 2.11 we show soft (0.5-1 keV) through hard (2-7 keMpadn energy space for the adaptively
smoothed 150 kseChandraimage. In each panel we overlay the 8.44 GHz radio map in black
contours, which for reference s 10 kpc from end-to-end. The previously mentioned 15 kpc
linear NE filament becomes fainter at successively hardegssin energy space, and effectively
disappears in the rightmost panel. The filament is theref@@ft excess, and is likely to be colder
than the surrounding gas. The “butterfly” feature also losash of its NE-SW extension at higher
energies while retaining effectively the same extension@the NW-SE axis that is aligned with
the major axis of the BCG stellar isophotes.

Soft X-ray emission along lines of sight that pass throughghalaxy midplane suffers more at-
tenuation from the intrinsic hydrogen column than does ardy emission. Moreover, as the line
of sight moves away from the projected midplane, the abegrhydrogen column gets smaller,
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Figure 2.11: 150 ksec adaptively smooth&handraimage of A2597 at various “slices” in energy
space, including (from left to right) “total” (0.5-7 keV), soft (0.5-1 KgVmedium” (1-2 keV), and
“hard” (2-10 keV) emission. In black contours, we overlay the 8.44 @fio contours of PKS
2322-122, which from end-to-end 4s 10 kpc. Note that the bright linear filament which extends
15 kpc NE from the center in the “total” and “soft” panels is effectivelyatisn the rightmost
“hard” panel. The filament is therefore a soft excess, and is colderttteasurrounding gas. The
hard X-ray “disk” evident in the rightmost panel is aligned in projection withigophotal major
axis of its host galaxy’s stellar component.

resulting in smaller hardness ratios. It is therefore diffito break the degeneracy between (a)
true spatial distribution of soft vs. hard X-ray emittingsgand (b) preferred soft-end absorption by
the BCG's hydrogen column. We will therefore not comment ontivbieor not the apparent hard
excess “disk” aligned with the BCG stellar midplane represarttue spatial excess of hotter keV
gas. This is certainly possible, and similar hard X-ray slis&ve been observed before in elliptical
galaxies (e.g., Statler & McNamara, 2002). The hard excessceated with the projected midplane
could be a reflection of higher local virial temperaturesittireose at higher galactic latitudes.

2.5 X-ray Spectral Maps

We have used our spatially resolv@dhandraspectroscopy to create 2D maps of projected gas
properties such as temperature and pressure. The comt®0ddséc image was cleaned of con-
taminating point sources, cropped to include only the i@®r< 80" (120x 120 kpc), then passed
through theCONTBI Nt adaptive binning algorithm described by Sanders (20069.chule locates
the brightest pixel in the image and creates a spatial biaratat by including all neighboring
pixels of like surface brightness until a user-defined digmanoise threshold is met. We set this
threshold to be S/N 30, or> 1000 counts. The shape of each spatial bin was constraini@iso

Ihttp://wwa xray. ast . cam ac. uk/ paper s/ cont bi n/
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its length could be at most two times its width (to preventip&’-like bins which would sample
an unreasonably large spatial cross section of phase-rolyster gas). The result is a spatially
binned image that closely follows the surface brightnessgidution (see Fig. 2¢j. In addition

to the contour binned image, the algorithm creates a bin m@iphawe used with J. Sanders’
make_regi on_fil es code to create CIAO-compatible region files for each of thei@d@ivid-

ual spatial bins created for our image by t@\TBI N code. The individual evel =2 event files

for ChandraObsIDs 6934 and 7329 (which were similarly cleaned of pomirses) were then
spatially reprojected to identical positions using the geerimage as a coordinate reference. The
region files created from the bin map were then ported to ebtifedwo event files. A script was
used to iteratively extract the source spectrum, backgtdike, and create associated response
files (ARF/RMF) for each of the 277 spatial regions on each ofttfwe event files. The corre-
sponding source and background spectra from like regiorteetwo exposures were then added
together using themt hpha tool in CIAO, and average responses were created wesitatar f
andaddr nf . This procedure is only viable if the exposures were takethersame chip (which

is true for ObsIDs 6934 and 7329). The summed spectra wenerdgeouped to 15 count bins,
and theBACKSCAL andEXPOSURE header keywords were updated.

An XSPEC TCL script was used to fit absorbed single temper&tEEAL models WABS x
VEKAL) simultaneously to the two grouped spectra extracted fraoh ef the matched regions
of the two exposures. For each fit, the source redshift wad fize = 0.08, Ny was frozen to
the galactic value (28 x 10°° cm™), andkT andNyex were allowed to vary. The fits were run
iteratively to minimize they? statistic. The best-fit parametekd, Nyex (effectively the emis-
sion measure), gas abundaeand their corresponding upper and lower 90% confidence-inte
vals were written to individual text files named for their i@mponding spatial bin. J. Sanders’
script pai nt _out put _i nages was then used to rescale the spatial bins in the merged 150
ksecCONTBI N output image by their corresponding best-fit parametersjyming temperature,
emission measure, and abundance maps. A projected “faksyse® map was then created by
multiplying the square root of the emission measure mapdlwis proportional to but not exactly
the density, which requires an uncertain volume assumphgrithe temperaturek{’) map. The
maps were then adaptively smoothed with a variable-widthsSian kernel to reduce noise.

In Fig. 2.12 we present the projected X-ray temperature m@fe overplot the adaptively
smoothed X-ray surface brightness contours in black. Ther coap encodes the best-fit sin-
gle MEKAL gas temperature by the scale at the right of the figure. We mbptioe innermost
~ 75x 75 kpc of the cluster. We first note that the overall tempeeagradient is reasonably
consistent with the projected temperature profile (Fig02).bver this spatial range (e.g., 2%
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Figure 2.12: X-ray temperature map created from spatially resol@andraspectroscopy of
A2597. The X-ray surface brightness distribution is overlaid in blackaums. The best-fit single
MEKAL model temperature is encoded via the scaled colorbar at the left of the.figate the 10
“cold filament” extending from the central cold- 2.2 keV) feature, as well as the “hot” arc-shaped
feature 10 to the west. These features and their associated physical interpretatatis@aissed
in the text. At the redshift of A2597,"1corresponds te- 1.5 kpc. East is left, north is up.
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Figure 2.13: (left) The same X-ray temperature map shown in Fig. 2.12, with 330 MHz, 1.3 GHz,
and 8.4 GHz radio emission overlaid in black, green, and white contoursatagely. (ight)
“Fake pressure” map made by multiplying the temperatkifg (nap atleft with the square root of
the emission measure map (effectively MeKAL normalization). This is a rough proxy for a true
pressure map, as the emission measure is proportional to the density.réd,quojection effects
have not been accounted for. 330 MHz and 8.4 GHz radio contouovarkid in black and white,

respectively.

~ 37 kpc). The projected profile falls from 3.5 keV at~ 35 kpc to~ 2.6 keV in the innermost
regions. The outer boundaries of the spectral map are dgner8.3—-3.5 keV, and the innermost
regions fall below< 2 keV. The minor discrepancy on the “cold” end (as comparealtoradial
profile) is largely due to the radial binning process used asterthe radial profiles in Fig. 2.10, as
the innermost annuli do not sample the coldest gas in thecgnier.

The gradient apparent in the 2D projected temperature maptias smooth as the profile in
Fig. 2.1, and is characterized more by an outer “shell’o8 keV gas surrounding a roughly
circular region of~ 2.5 keV gas, and finally an inner region ©f2 keV gas within the central 20
As can be seenin Fig. Z,the spectral extraction regions on this scale are lessif@am arcsec in
maximum size (owing to high X-ray surface brightness andefoee S/N), so the “sharp-edged”
shells we observe are not merely the result of the spatiaifgnprocess.
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2.5.1 The “cold filament” and “hot arc”

We further observe two significant spatial fluctuations fribve “azimuthally averaged” tempera-
ture gradient, namely the “triangle-shaped” coldZ-2.5 keV) central feature and the “hot arc”
structure 10 to the west. As can be seen in comparing the temperature niaphei overlaid X-
ray surface brightness profiles, the central “cold triahg@oughly cospatial with the “butterfly”
feature we previously described in the X-ray surface brighs image (Fig. 2.3). The feature is
primarily characterized by a 1@~ 15 kpc) cold linear filament that is very nearly cospatiahwit
the soft excess linear filament clearly apparent in (Fig. Z:Bere is slight spatial mismatch-match
between the features, but this is not surprising given tlagiadbinning and smoothing processes
undertaken during creation of the maps. Inevitably, thésilts in some loss of spatial information
on at least the scale of the spectral extraction bin sizesafdkgss, Figs. 2.11 and 2.12 make it
clearly apparent that feature (5) in Fig. 2.4 is a “cold filatieIn later sections, we will discuss
the physical implications associated with this feature.

In Fig. 2.13 and we present the same projected temperature map with 8444 153 GHz,
and 330 MHz radio emission overlaid in white, green, andlbmmtours, respectively. We see
discrete, sharp-edged regions of higher-than-ambienpeesture and pressure associated with
the previously described “hot arc” feature. In both maps, “tbpening” of the feature roughly
borders, in projection, the eastern edge of the “westegelaavity” (features 1 and 2 in Fig. 2.4).
The central axis of the extended western arm of the 330 MHip ramission corresponds almost
exactly with the projected center of the “hot arc” structyuost as it does the western cavity. The
1.3 GHz radio emission features a northeastern extensigneal along the same position angle
as the 15 kpc cold filament, seen in the temperature map amadtilar’ cold excess. While the
extended 1.3 GHz emission in this area covers only a smaibesfraction of the cold filament, it
could be interpreted as evidence of dredge-up of low entgaisyby the propagating radio source.
Recall from earlier discussions that this cold filament arel éktended 1.3 GHz emission are
aligned along the same position angle as the western lawyg,¢he extended 330 MHz emission,
the projected VLBA jet axis, and the high velocity dispers&tream of 16 K gas observed in
the Oonket al. (2010) data. While the 1.3 GHz emission is cospatial with ¢hé/“bottom half”
of the cold filament, it isn’t necessarily expected to be clatgby coincident, even in a scenario
wherein the jet is responsible for entraining the cold ke¥ gad creating the filament. The 1.3
GHz emission may sample only a small portion of the real jéilesthe remainder of the emission
may have cooled off to lower frequencies. The lower freqye&389 MHz emission is not resolved
on these scales, so it is difficult to determine whether they toe the case, though it is worth
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noting that the 330 MHz emission does show a slight eastéansion at the same radius as the
“upper end” of the cold filament, although at a slightly offpesition angle. In Fig. 2.18we
show the “fake pressure” map, and note a discrete compdotrefhigher-than-ambient pressure
apparently cospatial with the base of the cold filament.

2.6 AGN Feedback Energy Budget

Kiloparsec scale X-ray cavities provide the best known wnitegics for assessing the energy asso-
ciated with AGN outbursts, and the duty cycle over which ¢hestbursts occur (e.g., Churazov
et al, 2002; Birzaret al,, 2004; Dunn & Fabian, 2006; Raffergt al., 2006; McNamara & Nulsen,
2007). As is apparent in Fig. 2.4, the central 30 kpc of A259pBarmeated by a network of at
least four discrete cavities ranging from 2 to 24 kpc in prtgd linear extent, as well as X-ray
surface brightness excesses, namely the 15 kpc linear fiambich may also be related to prop-
agation of the radio source. In this Section we attempt todecthe relic AGN outburst history by
guantitative study of these X-ray features.

2.6.1 Age dating the X-ray Cavities

We consider the simple model adopted by Birearal. (2004) and Raffertyet al. (2006) in our
estimates of the timescales associated with the X-rayieavitn this very simple model, X-ray
cavity inflation is expected to be initially rapid as the rexgiradio jet expands supersonically into
the ambient medium. At this stage, cavities excavated byethae small, narrow, and younger
than the local sound-crossing time, as the strongly shotkdtigas is found only at the tip of
the supersonic propagation front (Heigtzal,, 1998; Enf3lin & Heinz, 2002; McNamara & Nulsen,
2007). These “infant” cavities would only be associatedhwiinor and spatially small depressions
in the X-ray surface brightness, and would be difficult toedétparticularly given a large amount
of intervening X-ray gas along the line of sight. The jet derates to transonic speeds as its ram
pressure equalizes with the ambient ICM pressure, trurg#tie supersonic inflation stage. The
cavity continues to expand subsonically and will evenyuadhatch up” with the now-decelerated
jet on slightly more than a sound crossing time, at which pihie buoyant force takes over as the
dominant mechanism regulating cavity dynamics.

The buoyant bubble rises amid the ambient pressure graainehexpands adiabatically dur-
ing its ascent to maintain pressure equilibrium with the®unding gas. It eventually becomes
large enough to cause a detectable deficit in X-ray surfaghtiiess. At this stage, the cavity’s
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maximum age is set by its terminal velocity in the medium,

29V
Vt ~ § (27)

which is set by the balance of the local buoyant and drag $ort¢ere,V is the volume of the
cavity, Sis its cross-sectional area, agds the local gravitational acceleration. The majority of
X-ray cavities (including those in A2597) are cospatialhatite BCG stellar isophotes, implying
that they rise amid a potential dominated by the BCG. The la@alightional acceleration at radius
R from the center of the host galaxy may therefore be infemrech fthe stellar velocity dispersion

g,

202
~ 2.8
9~ —, (2.8)
assuming that the galaxy is an isothermal sphere. The talw@hocity v; of the cavity is always
subsonic, as the Kepler spegd= \/gRis of order the sound speegin the gas

~KT
Cs=y/—, 2.9
=\ (2.9)

wherey ~5/3 is the ratio of specific heats apd- 0.62 is the mean molecular weight, appropriate
for fully ionized gas.

Based on these simple assumptions, three estimates arealfjenised in age-dating X-ray
cavities. The most simple of these is the sound crossingttime

R_ o [pmy
o= R /VkT’ (2.10)

which assumes a direct sonic rise of the bubble along theeméthe sky to its current projected
radiusR. As the initial stages of cavity inflation are thought to bpesonic, followed by subsonic
buoyant rise, this admittedly simple approach may bestatefla “average” of the two stages.
Alternatively, if initial inflation is a small fraction of # cavity’s age, the buoyant rise timigey,

may be used, which takes drag forces into account. Followhegdiscussion of the terminal

te,
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buoyant velocity abovey,y is given by

R | SC
~— Ry —. 2.11
1:buoy Vi ng ( )

Finally, cavity age is constrained by the time it takes fos garefill the bubble’s “wake”, which
can be roughly estimated by the time it would take a bubbleadfusr to rise through its own
projected diameter,

r
trefin = 2\/5- (2.12)

Birzanet al. (2004) made all three estimates for the two MO1 ghost cavitig\2597 (features
1 and 3 in Fig. 2.4), using the early sh@handraobservation. So as to provide an independent
check of their results using the deeper X-ray data, we fotlosir procedure almost exactly, and
repeat their calculations for the MO1 ghost cavities, thetem large cavity (features 1 and 2), as
well as the newly detected cavities (4) and (6) (as labeldelgn2.4). Like Birzaret al. (2004),
we adopt the A2597 BCG stellar velocity dispersioncof 2244 19 km s* from Smithet al.
(1990) in our calculation of the local gravitational acecat®n g. Unlike Birzanet al. (2004),
we use thekT inferred from the cavity positions on our X-ray temperatarap (Fig. 2.12) in
calculating the sound speed in the X-ray gas. We choose tohes2-D temperature map over
our 1-D radial temperature profile (Fig. 2d)Dbecause A2597 is azimuthally anisotropic in X-ray
temperature (not to mention surface brightness) on thedess(see e.g. the cold filament and “hot
arc” in Fig. 2.12). Furthermore, in calculating tip¥ work associated with each cavity, we use
the projected density profile (Fig. 2.4to estimate the pressun&T at the radius of each cavity.
The results of these calculations are given in Table 2.3. r@sults are generally consistent with
Birzanet al. (2004), though we find marginally higher cavity ages for latee estimates, owing to
our use of deeper X-ray data, slight differences in cavitg gistimates, and the differing pressure
and temperature estimations discussed previously.

Nonetheless, our results are roughly consistent with tb&irzanet al. (2004), given these
highly uncertain calculations. For example, in age dathegMO01 western ghost cavity we find
te, = 27 My, thuoy = 88 Myr, andt.esiy ~ 66 Myr, while Birzanet al. (2004) finds 26, 66, and 86
Myr, respectively. Of course, none of these estimates attdou projection effects, and assume
that the bubble rises purely in the plane of the sky. Thislteguunderestimation of cavity age by
generally less than a factor of two (Birzahal,, 2004; Raffertyet al, 2006; McNamara & Nulsen,
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Table 2.3. Spatial Properties and Energetics of X-ray Morphological Fetures

R (D) r pV tcs tbuoy trefill F>cav
Label Name (kpc) (kpc) X10°7 ergs) (<107 yr) (x107 yr) (x107 yr) (x10* erg st)
1 ) B3 @ ®) (6) (7 (8) 9)
1 MO1 western “ghost” cavity 24 4.8 3.1 2.7 8.8 6.6 6.52
2 CO05 “X-ray tunnel” (18) 1.5 5.25 e e e e
1+2 Western “large cavity” 9 9 35.9 1.0 1.4 5.6 170.6
3 MOL1 northern “ghost” cavity 21 6.6 7.0 2.7 6.1 7.3 16.5
4  Eastern “ghost” cavity 35 3.6 0.79 3.8 17.8 6.9 1.05
6 Filament base cavity 9 23 0.30 1.1 2.7 2.8 1.73

Note. — (1) Label of morphological feature that correspaiodfiat assigned in Fig. 2a4(2) “name” given to
the corresponding feature; (3) projected radial distatergy(h) of the feature from the radio core to the estimated
center (edge) of the feature; (4) estimated radius of theifedfor the “C0O5 X-ray tunnel” we give the largest
and smallest radii); (5) estimated work associated withtgassuming subsonic inflation; (6) estimated age of
the cavity if it rises at the sound speed (e.g., the soundsitrggime), calculated b, = R/cs = Ry/pumy /~KT;

(7) estimated buoyant, subsonic cavity rise time calcdlatet, oy ~ R\/SC/2gV; (8) estimated time needed to
refill the displaced cavity volume calculated tyi = A/rTg. See 82.6.1 for more details on these calculations.
All estimated values are highly uncertain and rely on séweesaumptions discussed in the text. All estimated
timescales ignore projection effects and assume that thg/saise trajectory is in the plane of the sky; (9) X-
ray cavity power esimated by assumihg, ~ 4pV/(t), where(t) is the average of the three cavity age estimates.
Here we have assumed the cavity to be filled with relativislédsma, so that its enthalpy can be approximated as
4pV.

2007).

Note that we perform independent calculations for feat(t@snd (2) (the MO1 ghost cavity
and CO5 X-ray tunnel, respectively), and then repeat theitzlons for the “western large cavity”
which is effectively these two features put together. Wergetihe true borders of the western large
cavity to define a projected area that is slighgipallerthan features (1) and (2) added together.
This is due to residual X-ray emission found at the “base’hef X-ray tunnel (and therefore the
cavity), possibly suggestive of gas which has begun to thélivake of the buoyantly rising cavity.
The true 10 deficit associated with the western large cavity is sligbffget from the radio core,
suggesting that the bubble may have buoyantly risen. Wealgéieastern border to be offset from
the core by~ 9 kpc. The residual X-ray emission at the base of the cavitybest be seen in the
left-most panel of Fig. 2.18.
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2.6.2 Energy budget

In column (9) of Table 2.3 we calculate the mean instantasi@ower of each caviti.a,

4pV
{t)

where (t) is the average of the cavity ages estimated in the aboveo8e@olumns 6, 7, and

8 of Table 2.3). We have assumed the cavities are filled witfadivistic plasma, such that their
enthalpy can be approximated g®4 The (roughly) estimated instantaneous power of the wester
large cavity (features42) is 17 x 10* ergs s*, which is of order the X-ray luminosity of A2597
and comparable to similar estimates made for the X-rayieavih Hydra A (Wiseet al,, 2007). In

(2.13)

Peav =

the context of that cool core cluster, this power has beewsho be capable of offsetting radiative
losses associated with a cooling flow with mass deposititas exceeding- 100M, yr* (David

et al, 2001; Wiseet al, 2007). The sum of all cavity thermal energies in A2597, \Whige
estimate to bev pV, ranges from(1.6-4.4) x 10°® ergs, depending on whether you count the
MO1 and CO5 cavity and tunnel separately, or as one largeycahis serves as a rough estimate
on the energy injected by the AGN into the ambient gas in tlet p&0 Myr. These estimated
energies are very close to the inferred mechanical energlgeotentral 8.4 GHz radio source,
which Saraziret al. (1995) estimated to bex910°’ ergs. It appears that, at least to within an order
of magnitude and ignoring timescales and ages (for the mtymaachanical input from the radio
source is largely capable of accounting for the energy buidderred from rough measurements
of the X-ray cavities.

Adopting a mass-to-energy conversion efficiency ef0.1, and assuming that the energy as-
sociated with the X-ray cavities is provided by the AGN, wareate the BH mass accretion rate
implied by this mean instantaneous power to be

, P,
Mace~ %’;V ~ 0.003-0.03 M, yr. (2.14)

Raffertyet al.(2006) made a similar estimate for A2597, finding a value @01 M, yr. Using

the stellar velocity dispersion anttband luminosity of the host, they estimated the mass of the
central BH to be~ 3 x 10° M, for which the corresponding Edddington accretion rate ld/de

~ 10M,, yrt. Whether using our results or those from Raffeatyal. (2006), this simple estimate
suggests that the accretion rate is deep within the subaBtih regime. Similar lines of argument
have been made for other CC clusters, with similar resultenEWydra A, which hosts one of the
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most powerful AGN in the Universe, is estimated in the samg twebe strongly sub-Eddington
by two orders of magnitude (e.g., Wisgal. 2007).

2.6.3 Pressure budget

The total mechanical pressure associated with the 8.4 Gitzesaovas estimated to be on the order
of Pg4 chz ~ 107° dyn cni? (Saraziret al, 1995). As noted previously, it appears that the 8.4 GHz
source may be overpressured with respect to the ambientéhgas, whose pressure we estimated
to be px-ray & 5.5 x 107° dyn cn12. Using a radio spectral index of = -2.7 calculated with the
1.3 GHz and 330 MHz sources, Clanrkeal. (2005) estimated that the extended 330 MHz emission
filling the western large cavity (Fig. 2.6) is associatedwétminimum magnetic field strength of
Baso mhz = 29 4G and a non-thermal pressure o wn, ~ 5 x 1071 dyn cni?. Here, the “X-ray
tunnel” was assumed to be a prolate cylinder, the relativishs and electrons were assumed to
have equal energies, and the radio plasma was assumed foydbeuX-ray cavity with a filling
factor of unity. At the general radius of the large westemitggwhere the 330 MHz extended
emission ends), we estimate the X-ray pressure to »d@° dyn cni?, an order of magnitude
higher than the estimated pressure of the 330 MHz source.pélation of low energy electrons
not sampled by the 330 MHz emission may contribute the domiifiaction of pressure support
to the cavity.

2.6.4 Timescale budget

Based on synchrotron loss timescales and assuming a stex@abimelex down to 10 MHz, Sarazin
et al. (1995) and Clarket al. (2005) estimated the lower limit lifetimes of the 8.4 GHz &80
MHz sources to beg 4 grz > 5 X 1CP yr andrssg muz >8x 1CP yr, respectively. Clarket al.(2005)
also estimated a buoyant rise time (e.g., En3lin & Heinz 2200 m,,0y330 mHz > 5 x 107 yr for the
330 MHz source, assuming it was associated with a buoyaetdblplasma rising at 60% of the
sound speed (assumed todge 350 km s?) in the plane of the sky. That the estimated synchrotron
lifetime for the 330 MHz is shorter than the estimated budy&e time may be suggestive of in
situ re-acceleration of electrons within the western |laxgéty (Clarkeet al., 2005), though these
highly uncertain age estimates do not allow for more rolntstrpretation.

Each of these estimated ages is significantly shorter tratatgest estimated age for an X-ray
cavity, which is 18 x 1C® yr (for feature 4 in Fig. 2.4, the eastern “ghost” cavity).i§buggests
that the oldest X-ray cavities were not excavated by theectirepoch of radio activity, but are
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instead associated with a previous period in the AGN dutyecy@here is ample evidence that
cycling times between the triggering of radio activity, tireset of quiescence, and the subsequent
re-ignition of activity are always on the order of 01 yr, and radio sources can rarely live
longer than this unless there is re-acceleration of thdrele@opulation (e.g., Parnet al. 1999).
The fact that no low frequency radio emission is observedetadspatial with the oldest ghost
cavity is consistent with the scenario wherein the previgusch of activity excavated the oldest
X-ray structures, which then buoyantly rose, perhaps duaiperiod of quiescence. The youngest
X-ray cavities would then be associated with the “curreot’dt least recently completed) epoch
of activity. The smallest estimated cavity age is that fa Western large cavity, atx110 yr.
This is fairly close to the estimated age of the 330 MHz sowhih fills the cavity (8< 10° yr,

see above). Whether the 8.4 GHz and 330 MHz sources are coyamsdciated with the same,
perhaps current epoch of activity is not clear, because3dvBHz emission is not resolved on the
scale of the 8.4 GHz compact souree 10 kpc). However, as their (roughly) estimated ages are
similar, and considering the extended 330 MHz emissionigmad along the same position angle
at~ 20 kpc scales as the “current” VLBA jet on 50 pc scales, itaialy seems possible. That the
1.3 GHz emission seems to be an intermediate case spabailtlging” the 8.4 GHz and 330 MHz
sources (see Fig. 2.6, blue contours) is more evidence an td\this interpretation. Alternatively,
the 330 MHz emission could arise from an earlier period winenjét fed radio plasma down the
axis of the western large cavity, before being deflecteddstiuth by interaction with the ambient
dense molecular medium. This might account for the sharp loethe southern 8.4 GHz lobe,

a scenario which Koekemoet al. (1999) explores in detail. That work found the ambient dense
gaseous medium sufficiently massive to significantly defleefet over the radio source lifetime.

2.7 Implications for Cooling, AGN fuelling, and Star Forma-
tion

The cooling time for the ambient X-ray medium on &0 kpc scale of the X-ray cavity network
is ~ 3x 10 yr (McNamaraet al, 2001; Morris & Fabian, 2005). This is close to the typical
~ 10-100 Myr radio cycling timescale of the AGN duty cycle. Theimsited ages of the X-ray
cavity network in A2597 are more consistent with a “bubbledtion timescale” of~ 107 yr. In
this section, we discuss our results and their implicatiortee context of ICM/ISM cooling, and
the origin of the cold gaseous reservoirs fuelling both AGhivity and star formation.
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(a) SBC F150LP (b) WFPC2 F702W (c) WFPC2 F450W

-

FUV Continuum R-band cont. & H-alpha+[NI|] Blue Continuum
(d) WFPC2 F410M (e) NICMOS F212N () NICMOS F160W

[OlI]3727 Line Emission H21-0 S(3) Line Emission NIR (H-band) Stellar Cont.

Figure 2.14: HSTimaging of FUV, optical, NIR, and line emission associated with-thk0 kpc-
scale nebula at the center of the A2597 BCG. The FOV of each figure@isxdmately 10 x 10"

(~ 15 kpcx 15 kpe). Paneld) is FUV continuum emission, attributed to ongoing star formation,
from the ACS SBC F150LP observation of Oceikal. (2011). Ly emission is not included in the
bandpass. Panab)is R-band optical continuum, &[N 1], and [S 1l] emission from Holtzman

et al. (1996). Paneld), also from Holtzmaret al. (1996), contains blue optical continuum and
a small contribution from [O 1}3727 A emission, which dominates the bandpass in the F410M
image, from Koekemoesat al. (1999), shown in panetlj. Panel ) is primarily emission from the
1.956m (rest frame) 1-0 S(3) Hline, originally published by Donahuet al. (2000). Panelff is
H-band NIR stellar continuum emission, also from Donaéual. (2000).

2.7.1 The origin of the warm and cold gas

The circumstantial connection between cool core clustedsaative warm and cold gas phases in
CC BCGs has been known for decades, though consensus has neweeaehed on the nature
of this connection. Relative to BCGs in non-cool core clusterfiedd gés, CC BCGs are-
3-4 times as likely to harbor &bright optical emission line nebulae with complex filansmt
morphologies, 19-10° M., pools of cold molecular gas, low levels of ongoing star faioma
and compact central radio sources. The powers of each dof fitemnomena strongly correlates
with ICM cooling rates, and the warm and cold gas reservogsabmost always cospatial with the
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coolest X-ray gas (Het al,, 1985; Heckmaret al,, 1989; Crawforcet al,, 1995; McNamarat al.,,
2004; Crawforcet al, 2005; Fabian, 2003; Rafferst al., 2006; Salomét al., 2006; Quilleret al.,
2008; O’Deeet al,, 2008). This is the case for A2597. One obvious common ofg@ian intrinsic
cool core / CC BCG connection is residual condensation from @lgapooling ambient ICM,
even at rates that are a few percent of those expected fromiahilited cooling flow scenario.
Reality is more complicated than this, however, as the etiesgend ionization sates of the warm
and cold ISM phases are rarely consistent with isolatedrgohodels (see Chapter 1).

Here we consider results from previous sections in the gbofehe ~ 10 kpc scale emission
line nebula in the A2597 BCG, which has been studied extensfeeldecades (e.g., Heckman
et al. 1989; McNamara & O’Connell 1993; Voit & Donahue 1997; McNameiral. 1999; Koeke-
moeret al. 1999; Oegerleet al. 2001; O’Deaet al. 2004; Jaffeet al. 2005; Oonket al. 2011).
High spatial resolution archivédSTimaging, shown in Fig. 2.14, reveals its complex filamentary
morphology in the FUV and optical (panedghroughd in Fig. 2.14). Deep optical spectroscopy
presented by Voit & Donahue (1997) shows the gas temperabrtendance, and electron den-
sity to be 9,000-12,000 Ky 0.5Z,, andn. ~ 200 cm?3, respectively. Koekemoest al. (1999)
estimated the pressure associated with tHeKl@as on these scales to be

n T _
Prebuia’ 5.5 102 (200 Zm3> (104 K) dyn crr™. (213)

Our estimated central X-ray pressure on the sam&0 kpc scale is & 107'° dyn cm? (see

Fig. 2.1(), very close to what is inferred for the 4®& gas, implying that the two phases are
in rough pressure equilibrium. The abundances of the hatyxgas and the emission line nebula
are approximately the same on these scales, consistenawitenario in which the former con-
denses into the latter. Sarazhal. (1995) estimated the pressure of the 8.4 GHz radio source to
be ~ 107° dyn cn1?, which would suggest that the radio lobes are somewhat m&spred with
respect to the 0K and 10 K ambient gas. Oonkt al. (2010) reported high velocity dispersion
(~ 200-300 km s?) streams of Hand Hil spatially coincident with the projected VLBA jet axis,
suggestive of possible mass entrainment by the radio s@s¢epropagates through the dense
molecular medium.

Energetics of the nebula

The non-detection of [@I] A\4363 and relatively weak [@I] A5007 emission almost definitely
rules out shocks as the ionizing source for the emissionriet®ila, a result independently con-



88 Chapter 2. A Multiwavelength Study of Abell 2597

firmed by Voit & Donahue (1997); O’Deet al.(2004); Oonket al.(2011). To recover the observed
temperatures, a photoionizing source should be hard amd@xnto the X-ray, though the small
Hell/H} ratio is indicative of an at best minor role played by photwih energies> 54.4 eV.
Photoionization by a young stellar component is the only eh@hich as not been ruled out as
the primary heating and ionization source (by e.g., spelit& diagnostics and photon counting
exercises, Voit & Donahue 1997; O’Detal. 2004; Oonket al.2011).

FUV continuum emission associated with this substantiaihgostellar component is seen in
panela of Fig. 2.14. Estimated star formation rates, as alwaysy @acording to the method
used, but range from 212 M., yr™* for A2597 (McNamara & O’Connell, 1993; O’Deet al,,
2004; Donahueet al, 2007; Oonket al, 2011). SFRs estimated from (e.g.) the FUV vs. IR,
etc. are not expected to agree given the effects of extimcéind also because these various tracers
of star formation sample very different components of thengpstellar population. The Balmer
sequence in the Voit & Donahue (1997) data is consistent sutistantial intrinsic extinction by
dust at about one magnitude \frband (i.e.,Ay ~ 1). This substantial dust component can be
seen in absorption in Fig. 2.14, parellt is not likely to have condensed from an ambient KO
atmosphere, where grain destruction timescales are sltoate 16 yr (e.g., Draine 1978; Dwek
& Arendt 1992; Fabian 1994; Koekemoetral. 1999), unless the dust is shielded from interaction
with the ambient X-ray gas. Recentlyerschelobservations revealed the masses and temperatures
of these dust components to be’ M, and 16 M., at 50 K and 20 K, respectively (Edg al.,
2010a,b). Donahuet al. (2011) recently detected PAH features in A2597 (as well asmalrer of
other CC BCGs). PAH molecule lifetime amid1 keV gas with density. 0.1 cni? is on the order
of hundreds of years due to collisions by suprathermal mlastand ions (Micelottat al., 2010;
Donahueet al, 2011). This confirms that a shielding mechanism is almasaicey required.

The inferred column density of the ionized gadig ~ 3 x 10*° cm?, however the 21 cm ab-
sorption from Hi reported by O’Deat al. (1994a) is consistent with a higher neutral column den-
sity (~ 8 x 10?° cm?), suggesting that the nebula is “ionization-bounded”, ieireneutral clouds
are sheathed in thin ionized outer layers. This has sincerbe®ne of the favored “schematics”
by which emission line nebulae in CC BCGs are pictured and mddske e.g., recent work by
Donahueet al.2011; Fabiaret al. 2011, Mittal et al. 2011, in press). O’'Deaal.(1994a) detected
narrow (~ 200 km s?) and broad { 400 km s?') redshifted & 300 km s') 21 cm absorption
components consistent with inwardly streaming clouds ofegcwdar gas. The clumpy and fila-
mentary FUV/optical nebula is further associated with aemiffuse component of NIR-bright
vibrational line emission from molecular hydrogen at inéer vibration temperatures of 1,000-
2,000 K (panekin Fig. 2.14). Shocks and AGN photoionization have beencéffely ruled out
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as possible sources for this excitation, as theHh ratios are too low. As mentioned previously,
shock and AGN photoionization models have also been ruledsthe possible excitation source
for the emission line nebula, given the lack of [ A4363 emission and a lack of radial gradi-
ent in ionization state (Voit & Donahue, 1997; O'Deaal., 2004; Oonket al, 2011). For the
molecular hydrogen, the only model that Donaleti@l. (2000) could not rule out is UV contin-
uum irradiation from the young stellar component, just as tha case for the emission line nebula
(Voit & Donahue, 1997; O’Deat al,, 2004; Oonket al,, 2011). Following this scenario, Donahue
et al. (2000) estimates the mass of tHecomponent to be- 3 x 10° M.,

What we learn from our results

Two results from our spatial analysis of the X-ray emissi@yroarry implications with respect to
the origin of the cold gas reservoir in the central BCG that dliing current and past epochs of
star formation and AGN activity.

That the X-ray emission is elongated along the major axis®BCG stellar isophotes may have
important implications (see Fig. D)L As noted by Saraziat al. (1995), one obvious explanation
for the elongation is that the keV gas is associated with dldmmainonzero amount of angular
momentum. Comparison of o@handraimage (Fig. 2.3) and th€MM-NewtorEPIC image from
Morris & Fabian (2005) will show that the position angle oétlliptical X-ray isophotes does not
twist significantly on any observable scale, even in regeseeral hundreds of kpc beyond the
BCG. Furthermore, at all observable radii, the major axis ef Xaray emission is very closely
aligned with the major axis of the BCG stellar isophotes (FidpR which in turn is elongated
along the same general axis over which the A2597 cluster raedibtribution is extended.

Whether it is through cooling, a gas rich merger, or tidapging, gas acquired by a galaxy is
expected to coalesce, precess, and settle into a symmatg ph a few dynamical times of order
10°-10° yr (Gunn, 1979; Tubbs, 1980; Tohlim¢ al., 1982; Habe & Ikeuchi, 1985). The degree to
which one can expect the dynamics of the gas to couple to thandigs of the host galaxy stellar
component strongly depends on the net angular momentumiassbwith these components. In
a scenario wherein gas cools and condenses from a relashaiy hot atmosphere, one can expect
the coupling to be more efficient than a high angular momeritotd acquisition” scenario in
which gas is obtained through a minor or major merger (ergmblayet al. 2007, and references
therein).

Whatever the case, if gas in the symmetry plane cools and simgadgar momentum, it can be
expected to eventually reach the core and provide a researviniel for accretion onto the central
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Figure 2.15: HSTSBC F150LP~ 8 ksec exposure of FUV continuum emission associated with
the A2597 emission line nebula. This image was originally presented and sindikdail by
Oonket al.(2011). The raw, unsmoothed data is presented in the paledt. &t right we present

a “zoomed in” residual image obtained by subtracting a highly smoothed wevbihe image at
left from a slightly smoothed image, thereby emphasizing the filamentary resiductuses. We
plot the 8.4 GHz radio contours from Saragnal. (1995) in red. East is left, north is up. At the
redshift of A2597, fcorresponds te- 1.5 kpc, such that the total FOV of the left panehis24
kpc, while the FOV of the right panel is 12 kpc on one side.

BH. If the angular momentum of the accreting gas is common aJvarge range of radius, one
might then expect the axis of the jet associated with AGNvagtio be perpendicular to the major
axis of the accretion reservoir (and, in turn, the BCG steBaphotes). This appears to be the
case in A2597, considering that the projected P.A. of theresu” VLBA jet axis is perpendicular
to the major symmetry plane of the host galaxy. Note that veenat suggesting that radio jets,
host galaxy symmetry planes, and kpc-scale disks of gas astdade necessarily expected to be
perpendicular. In fact, one can only expect perpendicelddisk orientations in the very central
regions of the BH sphere of influence, where the dragging ofiaiédrames will force the angular
momentum vector of accreting material to align with the spiis of the BH on short timescales
(e.g., Bardeen & Petterson, 1975). However, the alignmea &it> 50 pc is greater than a Hubble
time, so no such relationship can be expected (Trenmdtay, 2006).

Nevertheless, the VLBA jet axis on 50 pc scales, the nortBetiGHz radio lobe, the extended
1.3 GHz emission, and extended 330 MHz emission are all atedgalong the axis that is nearly
perpendicular to the major axis of the X-ray isophotes and B@as isophotes. Furthermore,
the “cold X-ray filament” and the western large cavity areeexied along the same axis. This is
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consistent with a scenario in which the hot X-ray gas on 100 dgales and the cold accretion
reservoir on<kpc scales share the same net angular momentum becausedhelated through
common origin. If the cooling of hot ambient gas is criticalthe build up of the host galaxy
stellar component, then the fact that the BCG appears to aligntihe same overall net angular
momentum would be consistent with this. Alternatively, mmonundane but equally plausible
explanations exist. For example, the dynamics of the hoayXgas and BCG stellar component
could simply reflect the underlying cluster potential in alhthey have evolved.
Even still, our results are generally consistent with tHewing “schematic” scenario:

1. Hot keV gas cools and condenses from an ambient hot reserimthe BCG.

2. This hot gas settles into a symmetry plane of the BCG, coothdy and spirals inward
toward the center. This may account for the apparent exddssd X-ray emission in the
major axis of the BCG, as is apparent from Fig. 2.11.

3. The cooling gas reaches the center, forming a cool/cadrveir on<kpc scales, which
fuels accretion onto the central black hole, triggering diadget. That the apparent PKS
2322-122 jet axis is perpendicular to the major axis of the B&photes and the X-ray gas
is circumstantially supportive of this.

4. This jet, whether in present or past epochs, dynamicalracts with the ambient gaseous
medium, accounting for the X-ray structures such as theasesdrge cavity and 15 kpc cold
X-ray filament. The jet may also interact with the ambientwaold medium, accounting
for (a) the possible site of triggered star formation aldmg northern edge of the 8.4 GHz
source, (b) the apparent high velocity dispersion streamalécular gas in the Oondt al.
(2010) data, and (c) the deflection of the southern 8.4 GHe.lob

In Fig. 2.15 we show thélSTACS SBC far-ultraviolet image from Oordt al. (2011). Note
that there is an- 8 kpc “arm” of extended FUV emission at a P.A. of 23® the southeast. This
extended arm is aligned (in projection) almost exactly \ilid major axis of the BCG, as well as
the major axis of the X-ray isophotes. If the X-ray gas is guleooling, settling into the BCG,
inspiralling to the center, and providing the reservoirettiuels the AGN, it could also reasonably
provide the cold gas fuelling this epoch of ongoing star fation. Tremblayet al. (2010) noted a
similar correspondence in ages of a young stellar comparehts compact central radio source,
suggesting that episodes of AGN activity and episodes of@taation stem from common events,
namely the infall of gas.
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2.7.2 Ages of the young stellar component compared with ages of the X-ray
cavity network

Oonk et al. (2011), using data frontHST and the VLT FORS imager, estimated single stellar
population ages for the young stellar component (YSP) in925This was done by comparing
measured FU\WW-band ratios with those predicted from Bruzual & Charlot (208ighple stellar
population models. We show the YSP ages inferred by Garalt. (2011) in Fig. 2.16 below.

It is important to note that the estimated ages are probaitlyaccurate in the absolute sense,
and are better considered in tiedative sense (e.g., compared with one another). Bearing this in
mind, we do note that, at least in the age map, the younges atarfound nearer to the radio
source. Looking on smaller scales, there is possible eg&leheven younger (5 Myr, “purple”
on the map) stars found (a) at the northern edge of the norttaetio lobe, and (b) along the
projected axis of the host galaxy stellar isophotes. Koalamat al. (1999) and O’Deeet al.
(2004) quantitatively investigated the possibility thiae thlue excess associated with the upper
boundary of the northern radio lobe was a site of triggeradfetmation by the 8.4 GHz jet. Both
works found the possibility to be energetically feasiblewdver, as we cannot offer new data to
support or refute the possibility that the propagating getriggering star formation by inducing
cloud collapse, we will not discuss the specifics here, astead refer the reader to the above
mentioned papers (Koekemaatral,, 1999; O'Deeet al,, 2004).

2.8 Implications for AGN Feedback

2.8.1 Persistent star formation amid AGN feedback?

In comparing results from our study to the inferred YSP agesifOonket al. (2011), we find
that the range of young stellar component ages entirelyrapasses the inferred age rage of the
X-ray cavity network. Oonlet al. (2011) found ages for the YSP ranging from 300 Myr old,
while our estimates for the X-ray cavity ages range from-200 Myr. Furthermore, estimated
ages for the various radio sources at 8.4 GHz, 1.3 GHz, andvB®0range from 506-100 Myr
(Clarkeet al,, 2005). While the Oonlet al. (2011) stellar ages are merely rough estimates, they
are consistent with those from Koekematral. (1999), who performed an independent analysis
with differentHSTdatasets (WFPC2, in this case).

If these age estimates are even remotely realistic, thembiécation is that low levels of star
formation (2- 12 M., yr!) have managed to persist and survive even amid the AGN fekedba
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Oonk et al. FUV/U Young Stellar Age Map
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Figure 2.16: Single Stellar Population (SSP) age map from Oenél. (2011), made by compar-
ing observed FUW-band ratios (fromHSTand the VLT, respectively), to those predicted from
Bruzual & Charlot (2003) models. The inferred ages are more reliatitesirelative sense, rather
than the absolute sense. Regardless, it is clear that the “youngesthpmfrtie young stellar com-
ponent is found nearer to the central 8.4 GHz radio source, which aréagnin white contours.
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Dredge—up of low entropy gas

along jet propagation axis?
Cold X-ray filament entraineg@ . :

I E1

Figure 2.17: 8.4 GHz radio emission, in black, and 1.3 GHz radio emission, in blue, ovemaid o
the residual X-ray image from Fig. 2.4. The eastern edge of the 1.3 GHziemis extended
along the “bottom half” of the cold X-ray filament. The western edge of theGHZ emission

is extended in the direction along the western large cavity, along with the 339 éiténded
emission, suggestive of a common axis offset from the central 8.4 GHeesolihat the 1.3 GHz
emission is cospatial with the soft excess X-ray filament may be consisterd sa#nario wherein
low entropy gas is dredged up by the propagating radio source (eithagdhis epoch of activity

or a previous one), as has recently been observed in Hydra A éGétj 2011). The center panel

is a VLT SINFONI Paschem- velocity dispersion map on the scale of the 8.4 GHz source, from
Oonket al. (2010). The higher velocity dispersion gas (in red) is aligned with the piegevLBA
small scale jet axis, which we show in the right-most panel from Tagtlat. (1999). This could be
evidence for entrainment of dense molecular material by the propagatitgseurce. The FOV

is of the left-most panel is approximately30 x 30 kpc. The panels subsequently “zoom in” from
there, to 10< 10 kpc and 10& 100 pc, respectively.

driven excavation of the X-ray cavities. Furthermore, & tstimated ages of the radio sources are
correct, then star formation has been ongoing throughoue rfi@an one epoch of AGN activity.
Clearly, AGN feedback does not establish an “entropy flootblwewhich gas cannot cool. The
possible site of jet-induced star formation on the leadidgeeof the northern 8.4 GHz lobe is
further evidence of this.

2.8.2 The “cold filament” — Evidence for dredge-up of low entropy gas by
radio source
The~ 15 kpc northeastern soft excess X-ray filament can be careside the context of multiple

possible interpretations. While reserving the caveat thatféature may be of course be of the
mundane variety (e.g., foreground object, arising fromegution effects and superposition, etc.),
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we consider three possible scenarios and their implicatane.

1. The cold flament may be consistent with a scenario whetaiay gas with low net angular
momentum is cooling and condensing from an ambient hot¢stathosphere, as is predicted
in inhomogeneous cooling flow models.

2. Two X-ray cavities (features 3 and 4) are detected dyeotthe north and east of the fila-
ment. The filament could arise from displaced keV gas “fuimggldown the region sepa-
rating the cavities, or could arise from one larger cavigraipting into two, allowing for gas
flow down what was formerly the center of the larger cavity.

3. The cold filament may be associated with dredge-up of lawopy gas by the propagating
radio source, and “dragged outwards”. The main evidencehisris that the filament is
aligned along the same position angle as the projected igtamxd is partly cospatial with
1.3 GHz emission.

The first possible scenario (1), wherein gas condenses &eadatcooling gas from an ambient
hot atmosphere, may be consistent with inhomogeneousepibdiw models. The cooling flow is
always subsonic, though its Mach number will steadily iaseeinward until it reaches approxi-
mately the sound speed. Prior to this point, any growth afntlaé instabilities associated with the
flow are quickly “smoothed out” by buoyant motions (Balbus &&g 1989). The instabilities
can persist for longer times as the flow becomes sonic, hawate/hich point Rayleigh-Taylor
and shearing effects can disrupt the homogeneous flow istrete, thermally unstable clouds
which may decouple from the bulk flow. In inhomogeneous capfiow models, these instabil-
ities, manifest as overdensities, then “lag” behind, @érsind grow. The result is a long-lived,
inhomogeneous “rain” of cold gas clouds over a large cenégibn within the CC BCG, which
should then pool and collect over a small number of dynanticeds. Without being more quan-
titative, the cold filament may be associated with a “sheétamling gas which has collected as
a local overdensity due to persistent thermal instabslitii is very difficult to be more quantita-
tive in considering this scenario however, as we are limitgthe data in our ability to assess the
dynamics of the cold filament and other local physical preesst play.

The second scenario (2) is similarly difficult to interpretagtitatively, as projection effects
make it impossible to know the exact spatial relationshifveen the two cavities (features 3 and
4in Fig. 2.4) and the filament. Itis easy to imagine that, d d+ray bubbles were buoyantly rising
side-by-side, a large volume of the displaced ambient ked/wgauld be preferentially funneled
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into a column separating the two cavities. A larger bubbléctvinas disrupted may result in a
similar effect. Again, it is difficult to be more quantitagivn considering these scenarios, for the
reasons discussed above.

While again noting that much of this discussion is pure spamn, we note that scenario (3)
is supported by additional observational evidence. In $bsnario, the cold filament may arise
from dredge-up of cooler, lower entropy gas by the propagatdio source, as has recently been
observed in the CC cluster Hydra A (Giét al, 2011). We provide a schematic for this scenario
and some of this supporting evidence in Fig. 2.17. The cadi@nt represents a significant spatial
deviation from the overall smooth temperature gradiente €planation for this is that cold gas
from the center has been displaced, and “dragged upwards. dbvious mechanism by which
such a significant amount of gas could be moved from the cenbgra propagating radio source.
Incidentally, the position angle of the 15 kpc cold filamentvery closely aligned with (1) the
extended “arms” of the 1.3 GHz and 330 MHz radio emission @pthe projected current VLBA
jet axis.

Meanwhile, there have been prior suggestions that theéatirjet associated with PKS 2322-
122 may be entraining ambient matter. Oagtlal. (2010) presente#-band integral field (IFU)
spectroscopy enabling gas kinematics analysis of the migleand ionized gas distribution on the
scale of the A2597 nebula and the 8.4 GHz radio source. Theyrtel high velocity dispersion
(~ 200-300 km s?) streams of Hand HIl coincident with the southern edge of the northern 8.4
GHz radio lobe and approximately aligned with the VLBA jetsaxAnother high velocity disper-
sion filament is coincident in projection with the eastergesdf the southern lobe. Oorgk al.
(2010) considered two possible explanations for these thigfersion features. If PKS 2322-122
is a wide angle tail (WAT), the high velocity filaments maysarirom the turbulent wake caused
by relative motion of the AGN amid the ambient dense mediuiterAatively, the close projected
alignment of the current VLBA jet axis for the northern lolsesuggestive of direct kinematical
interaction (e.g., mass entrainment) between the jet angddh through which it is propagating. In
the latter case, the symmetry and asymmetry of the VLBA add33z counterjets, respectively,
would require significant deflection of the current jet to@aat for the position angle mismatch
between the 8.4 GHz lobes. A gradual bend in the jet owing ladive motion (consistent with
the former scenario) may account for this. Alternativeharp deflection of a rapidly decelerating
counterjet may possibly arise through interaction withdh#&ient medium. The site of this pos-
sible deflection is not visible in the Ooret al. (2010) velocity maps, though the bright knot of
8.4 GHz radio emission immediately SW of the core may beedlaBoth scenarios are consistent
with the steep lobe spectral index suggestive of dynamiaatrfation and confinement.
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The “bottom half” of the cold filament is cospatial with exted 1.3 GHz radio emission
(Fig. 2.17, blue contours). The width of this extended “ocadim” is approximately the width
of the filament & 2 kpc), though it is slightly offset to the south from the filant's major axis.
Of course, the 1.3 GHz emission does not sample the entjreegdrdless of whether or not the
filament was “dragged upwards” during this or a previous gpmfactivity. As noted previously,
the 1.3 GHz emission may sample only a small portion of thejeeawhile the remainder of the
emission may have aged to lower frequencies. The lower &g 330 MHz emission is not
resolved on these scales, so it is difficult to determine advethis may be the case, though it is
worth noting that the 330 MHz emission does show a slighieeagixtension at the same radius as
the “upper end” of the cold filament, so some part of the jdiqi@ otherwise) has made it out to
these radii.

As recently done in Gittet al. (2011) for Hydra A, we can roughly estimate the energy that
would be required to lift cold gas from the core to the pragedteight of the filament. To first order,
this will be the difference in gravitational potential eggibetween the two locations. Assuming
the local hot ISM is isothermal, hydrostatic, and linear émsity with a sound speagd~ 750 km
s1 (estimated from Eqn. 2.9), this will be

AE = MoesCs (E) (2.16)
Y ne,f
We very roughly estimate the mass of the displaced X-ray@as, the mass of the cold filament),
Mgas Dy simply scaling general values for X-ray gas mass withii00 kpc (which are usually
of order 13° M.)). Scaling this down to a radius of 15 kpc, and scaling furtbeaccount for the
rough “filling factor” of the filament, we arrive at a very carsative range of 10-10° M. The
gas density at the bottom and top of the filament andn. ¢, respectively) were estimated from
our radial profile in Fig. 2.10. As before,was taken to be 8. We find the energy required to
“lift” a 10 * M, filament out to 15 kpc to be.d x 10° ergs, while the energy required for a1,
filament is on the order of PDergs. These values are comparable togleenergy of the X-ray
cavities listed in Table 2.3, which themselves are diage®$dor AGN power output. Clearly, the
AGN has been powerful enough in the past to experntD®® ergs to excavate 10 kpc scale X-ray
cavities. It therefore appears energetically feasiblé ith@uld also expend the same amount of
energy to entrain and lift cool X-ray gas out to 15 kpc.
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ICM heated as it rushes to refill buoyant cavity wake?

Figure 2.18: “Zoom in” on (left) the residual X-ray image presented in Fig. 2.4 anghf) the
temperature map to highlight the temperature features associated with thenwasder cavity,
which we highlight with a dashed line in both figures. The FOV of both panetieistical. The
green and black arcs traces the “hot arc” feature previously desciibthe temperature map. In
the temperature map we draw arrows that illustrate our working interpretatrainé “hot arc”
feature. In this interpretation, the keV gas displaced by the buoyantfribe 8101 ghost cavity
“rushes in” to refill the resulting wake, thermalizing cavity enthalpy by heaitiegambient gas
> 1 keV above its ambient surroundings.

2.8.3 The “hot arc” — Evidence for thermalization of cavity enthalpy?

In Fig. 2.18 we provide a schematic for a possible interpiataof the “hot arc” feature observed
in the X-ray temperature map (see Fig. 2.12). In “efferva8cBGN heating models, the enthalpy
(free energy) of a buoyantly rising cavity can be entirelysipated as the displaced thermal gas
rushes to refill its wake (e.g., Churazeval, 2002; Reynoldt al, 2002; Birzaret al., 2004).
The enthalpyH of a cavity is merely the x dV work required to “inflate” the cavity, plus the
thermal energ¥ within the cavity. That is,

H=E+pV=—__pV, (2.17)
v=1

whereV is the cavity volumep is the pressure of the radio lobe which displaced the thegas|
and~ is the ratio of specific heats, dependent on the (unknowrneots of the cavity. Depending
on whether the cavity is magnetically dominated or instelgetifivith relativistic particles, cavity
enthalpy is in the range of®/ —4pV. Using this, we can estimate a lower limit on the enthalpy
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associated with the western large cavity to-b@& x 10°® erg. We can consider this an estimate of
the energy reservoir available to eventually heat the amib&M surrounding the cavity.

As the gas refills the cavity, potential energy is convertekinetic energy, heating the gas by a
degree proportional to the potential energy dissipated,

sU = MgiR (2.18)

whereM is the mass of the ICM that is displaced by the cavity as it isesughdR, andg is the
local gravitational acceleration, as before. Assunihg pV, hydrostatic (so thatg = -dp/dR),
and approximately isobaric local conditions (so the pr&gnadient[d p/dR] can be ignored,
giving 60R =9 p), the potential energy dissipation is given by
dp

oU =V (pg) R = —Vﬁ(SR: -Vip. (2.19)

The corresponding change in cavity enthalpy is simply givgthe first law of thermodynam-
ics,

OH =TiS+Vép. (2.20)

The cavity is assumed to be entirely adiabatic (non-radigtso entropys remains constant and
0S=0. We therefore see that

SH =Vép=—-dU, (2.21)

meaning the amount of kinetic energy associated with therthlegas rushing to refill the cavity
(-6U) wake is equal to the enthalpy (free energy) of the cavityis Ththe general idea behind
“effervescent” cavity heating models like those describgdBegelman (2001); Ruszkowski &
Begelman (2002).

The netimplication is that the 10°8 erg associated with the western large cavity is available to
heat the ambient ICM. Even if only a small fraction of this gyetreservoir has so far been tapped,
it would certainly be enough to heat the ambient gas on theefinboundary of the cavity by 1.5
keV, accounting for the “hot arc” feature in the X-ray tengtere map (see, e.g., McNamara &
Nulsen 2007, and references therein). This particuladtresay be one of the very first instances
in which cavity enthalpy dissipation is observed to heataimient X-ray gas, as is predicted in
effervescent AGN feedback models. This is one of the primasylts of this thesis.
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2.9 Summary & Concluding Remarks
The chief results of this chapter can be summarized as fellow

e Our deeper X-ray data confirm that the X-ray emission in timtre€60’ of A2597 exhibits a
high degree of spatial anisotropy on the scale of the cetigthtest cluster galaxy~ 30").

e The degree of spatial anisotropy in the X-ray surface bnigbs$ distribution increases with
decreasing radius from the center of the BCG. At all radii thea)X-emission is extended
along the direction of the BCG’s isophotal major axis.

e The X-ray emission is permeated by a network of X-ray casitie< 30 kpc scales. Within
this radius, the X-ray surface brightness excesses or tafiith > 100 significance include
the (1) “western large cavity” (lengtk 18 kpc), (2) “northern ghost cavity” (diameter12
kpc), (3) “eastern ghost cavity~( 6 kpc), (4) “filament base cavity™~ 5 kpc), and finally
(5) the “X-ray filament" (length- 15 kpc).

e The 18 kpc “western large cavity” is cospatial with exten@8@ MHz radio emission, and
is also aligned along the same position angle as the “X-rayn@int”, a~ 3 kpc-scale high
velocity dispersion stream of molecular gas, the VLBA jesan 50 pc scales, and extended
1.3 GHz radio emission. That the 8.4 GHz source is offset fifisBicommon axis suggests
that the radio jet has only recently (within the pas60 Myr) been deflected, perhaps by
ambient dense gas which has recently been acquired by agdlaw or a merger.

e Our deeper X-ray data confirm the 100 significance of a 15 kpc linear soft excess “fila-
ment” extending from the central regions toward the noghe& hardness analysis and our
X-ray temperature map are consistent with the interpatatiat this is a “cold” filament
~ 1-1.5 keV cooler than its immediate surroundings. We suggestliegeature may arise
from the dredge-up of low entropy gas by the propagatingorgdj with which it is aligned
(in terms of position angle). This scenario is feasible imigof lower limits on the available
energy budget, as inferred from quantitative analysis @Xtray cavities.

e Our X-ray temperature map reveals a 20 kpc “arcl keV hotter than its immediate sur-
roundings. This feature is cospatial with the eastern bapndf the “western large cavity”.
We interpret this feature in the context of effervescent A@dting models, wherein cavity
enthalpy is thermalized as ambient keV gas rushes to refiéke. This may be one of the
first instances in which ISM/ICM heating by buoyantly risingray bubbles is observed.
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e We find that inferred ages for the young stellar populatioth@ emission line nebula are
both younger and older than the inferred ages of the X-raytycaetwork and the radio
structures which supposedly excavated this cavity netwbokv levels (a fewM,, yr?) of
star formation have managed to persist amid AGN feedbackEB¥i excess aligned with
the northern edge of the radio source may be evidence for acmmegions of jet-induced
star formation.



A BROADER CONTEXT
Star Formatiorand theAGN Feedback Model

Nature uses as little as possible of anything.
JOHANNES KEPLER, 1571-1630

In this chapter we present results frétubble Space Telescofs ultraviolet (FUV) imaging of
the luminous emission-line nebulae in seven CC BCGs assoaistie@n infrared excess. These
results were originally published in O'Ded al. (2010), and while we duplicate their presentation
here, we augment the original study in two ways: (1) coromdiare made to the star formation
rates and photon counting exercises. Minor errors are présehe originally published tables
(though, importantly, these errors dotaffect the results or conclusions of O’'Detal.2010). We
also (2) expand discussion of the results, framing themimttie larger context of this thesis. We
pay particular attention to star formation as it pertaingi®@AGN feedback model, and elaborate
upon our original suggestion (in O’De al. 2010) that those sources with elevated star formation
rates could be experiencing lower levels of feedback froenAGN.

102
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3.1 Context

As discussed previously, CC BCGs often harbor intense optioeston line nebulae in their cen-
tral regions. In about half of the cases, low levelsl(—10 M., yrt) of star formation are ongoing
amid these warm/cold reservoirs on scate80 kpc in clumpy and filamentary distributions that
often (but not always) trace the morphology of the emissioa hebulae (e.g., O'Deat al. 2004,
2008; Quillenet al. 2008; Raffertyet al. 2006, 2008; O’'Deat al. 2010). In these star forming
systems, strong Ly emission is observed in extended and more diffuse distoibsithat spatially
traces the more compact underlying FUV emission in all olezkrases, implying that the latter
arises from the former (O'Deat al, 2004; Baumet al, 2005; O’Deaet al, 2010). In several
instances, Ly and FUV emission is closely tied to the radio morphology ssggg that star for-
mation and associated ionization is present at the edgesluf lobes (see e.g., A2597 in the pre-
vious chapter, and A1795, O’'De# al. 2004). As mentioned previously, byand far-ultraviolet
continuum observations provide unique constraints on thesipal properties of the nebulae in
clusters. The far-UV continuum together with optical anilared observations constrain the star
formation history and the properties of young stars assediaith the nebula. The kyto Ha or
Hg flux ratio is a diagnostic of ionization, metal and dust cahi&erland & Osterbrock, 1985;
Binetteet al,, 1993).

UV emission associated with star formation has been knovexitt in CC BCGs for decades
(Johnstoneet al., 1987; Romanishin, 1987; McNamara & O’Connell, 1989, 1993Neimara
et al, 2004; McNamara, 2004; Hu, 1992; Crawford & Fabian, 1993;d¢aet al., 1995; Allen,
1995; Smithet al,, 1997; Cardiekt al,, 1998; Hutchings & Balogh, 2000; Oeges¢ al., 2001;
Mittaz et al, 2001; O’Deeet al., 2004; Hicks & Mushotzky, 2005; Rafferigt al, 2006; Bildfell
et al, 2008; Loubseet al., 2009; Pipincet al., 2009). We now know that nearly all BCGs with
young stellar populations are in cooling flows (Bildfetlal., 2008; Loubseet al,, 2009). However,
some BCGs in cooling flows do not have significant star formaii@uillen et al,, 2008; Loubser
et al, 2009). Hence BCGs exhibiting elevated rates of star formateuld be those experiencing
a low level of feedback from the AGN. Evidence for residuabloty can be inferred from the
reservoirs of cold gas found in BCGs. Alternatively, star fation could also be attributed to
stripping from a gas rich galaxy (Holtzmaat al., 1996). Recent estimates of condensation and
star formations rates show that in a few systems they arean agreement (e.g., O’'Dezt al.
2008). Recent work suggests that star formation tends toragban the central cooling time
drops below a critical value (Rafferst al., 2008; Voitet al,, 2008; Cavagnolet al., 2008). In our
study of 62 BCGs with the Spitzer IRAC and MIPS we found that alhailitof the BCGs in our
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sample showed evidence for mid-IR emission produced byfastaration (Quillenet al.,, 2008).
The IR emission was typically unresolved by the 8 arcsec (FWRBIF of MIPS at 24:m.

In O’'Deaet al.(2010) and this chapter, we enlarge the sample of objedgestby O’Deaet al.
(2004) to include more distant BCGs and those with higher standtion rates (estimated in the
IR). Brightest cluster galaxies with highaHuminosities were chosen from the ROSAT Brightest
Cluster Sample (BCS, Ebelingt al. 1998). Their Hv luminosities are in the range %810%
erg s'. These galaxies have been observed witr@pitzer Space Telescof@uillen et al., 2008;
O’Deaet al,, 2008). The FUMHSTobservations presented here allow us to confirm that onggoin
star formation is present in the BCGs and to determine itsasaale and morphology (subject to
dust extinction).

3.2 Observations

3.2.1 FUV continuum and Ly« images

Observations were obtained with the Solar Blind Channel (SBCMAAletector of the Advanced
Camera for Surveys (ACS) (Clampet al, 2004) on theHubble Space TelescogeST) during
cycle 11 (program 11230, Pl: O’'Dea). Each galaxy was obskrvévo long pass filters, the one
containing the Ly line, the other redward of this line to measure the continudine F140LP
filter containing the Ly line was used for all galaxies except the nearer BCGs, Abelhti1Adell
1664, which were observed using the F125LP filter. The cantimfilter chosen was F140LP for
objects with redshifz < 0.11 , F150LP for objects with redshift Ll < z < 0.19 (ZWCL8193,
Abell 11, and Abell 1664) and the F165LP filter for the remagnobjects with Q19 < z < 0.31
(Abell 1835, ZWCL348, RXJ 2129+00, ZWCL3146). Observations vadriained using a 3 point
position dither. The exposure time in each filter was 1170thabthe observations in the two
filters was approximately onelST orbit per galaxy. Observations were taken between March
2008 and February 2009. The long pass filters, F125LP, F141539LP, and F165LP, have pivot
wavelengths of 1438, 1527, 1611 and 1758 A, respectivetysanilar maximum wavelengths of
2000 A but minimum or cut-off wavelengths of 1250, 1370, 14n@ 1650 A respectively. The
pixel scale for the SBC is approximately@B4 x 0’030/pixel. The camera field of view is 3@
x 30”8. These FUV observations are summarized in Table 3.1.

The ACS/SBC images were reduced with the ACS calibration pipgiroducing calibrated
drizzled images. Continuum images were shifted to the posdf the line images and subtracted
from the line images after multiplication by an adjustedreotive factor larger than 1 to take
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Table 3.1. HST FUV Observations of Star Forming CC BCGs

Source RA Dec z kp€/ Line/Cont Filter

Abell 11 00:12:33.87 -16:28:07.7 0.151 2.60 Line F125LP
Cont. F150LP

Abell 1664 13:03:42.52 -24:14:43.8 0.128 2.26 Line F125LP
Cont. F150LP

Abell 1835 14:01:02.10 +02:52:42.8 0.253 3.91 Line F140LP
Cont. F165LP

ZWCL 348 01:06:49.39 +01:03:22.7 0.254 3.92 Line F140LP
Cont. F165LP

ZWCL 3146  10:23:39.62 +04:11:10.8 0.290 4.32 Line F140LP
Cont. F165LP

ZWCL 8193 17:17:19.21 +42:26:59.9 0.175 2.94 Line F140LP
Cont. F150LP

RXJ 2129+00 21:29:39.96 +00:05:21.2 0.235 3.70 Line F140LP
Cont. F165LP

Note. —HSTobservations obtained under program 11230 (PI: O’'Dea).ekpe-
sure time in each long pass filter was 1170s. Positions aes givdegrees for epoch
J2000 and are measured from radio source positions in atdhilA data at 8.5 or 5
GHz. See Table 3.2 for a summary of the archival radio images.

into account the additional continuum photons presenténlitie images. Our procedure was to
increase the correction factor until regions of the imageab® negative. FUV and continuum

subtracted Ly images are shown in Figures 3.1-3.7. The fluxes of the camtmsubtracted Ly
are given in Table 3.3.

3.2.2 Comparison images

Observed at the same time were optical images with the WPFC@reamn boardHSTusing the

broad band F606W filter for Abell 1664, ZWCL 8193 and RXJ 212905 Visible broad band
images observed with WFPC2 were available from the Hubble dye§achive for the remaining
galaxies in either the F702W filter (Abell 1835) or the F606Wefi (ZWCL 348, ZWCL 3146,

and Abell 11). The broad band optical images are shown fopewison in Figures 3.3-3.7.



106 Chapter 3. Star Formation and the AGN Feedback Model

We have overlaid @m continuum observations as contours in Figures 3.3-3.7henFUV
continuum images. These images were taken with the IRAC @aretheSpitzer Space Telescope
and are described by Egami al. (2006); Quillenet al. (2008). We find that the FUV and by
emission is located near the center of the brightest clgstiexies as seen atf.

Chandra X-ray Observatomgbservations with the (Advanced CCD Imaging Spectrometer GACI
were available from the archive for four of the galaxies; hb664, Abell 1835, ZWCL 3146, and
RXJ 2129+00. Exposure times are 11, 22, 49, and 12 ks resplgctine event files were binned
to 1”pixels and the resulting images smoothed with¢ta® adaptive smoothing routinesmooth
using the algorithm by Ebelingt al. (2006). Constant surface brightness X-ray contours arershow
for these four galaxies in Figures 3.4, 3.5, 3.7 and 3.9 aietdn the continuum subtractedd.y
images.

Where available, we selected high resolution VLA observativsom the NRAO archive. For
some sources we chose an additional data set in order tov@tammplementary lower resolution
image. The NRAO AIPS package was used for the calibrationgiimgga self-calibration, and
deconvolution. The properties of the final images are gimefable 3.2. We detected a faint point
source in all the BCGs. The flux densities of the point sourcegaen in Table 3.4. These high
resolution observations are not sensitive to very diffusession.

Figures 3.3-3.7 have been centered at the location of theatesadio sources as measured from
VLA archival data at 5 or 8.5 GHz (with positions listed in Tal.1). Coordinate errors measured
from HST, Spitzer Space Telescop@d ACISChandra X-ray Observatorgbservations are of
order an arcsecond. The FUV andd.ymages lack point sources that could be used to register the
images at sub-arcsecond scales.

3.3 Results

3.3.1 UV Morphology

We find that all 7 galaxies observed display extended emmssitoth FUV continuum and Ly
emission. The FUV continuum is patchy, as was true for Ab&iISland Abell 2597 (O’Deat al.,
2004). As discussed in that work, the FUV continuum is likedgociated with young stars in star
clusters. The Ly morphology contains both clumps and a more diffuse or fildargrcomponent.
The diffuse component in seen in dybut not in the FUV continuum, e.g., ZWCL 8193 (Figure
3.1). Diffuse or filamentary Ly was also seen by O’Deeat al. (2004) in Abell 1795 and Abell
2597. The association between thexlgnd FUV continuum implies that the source of the FUV
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Table 3.2. VLA Archival Data

Source Date ID v (GHz) Array CLEANBeam/x "@°) rms noise (Jy)

Abell 11 6-Jun-1998 AB878 8.46 A/B .D4x0.38@ 80.7 74
6-Oct-2002  AL578 1.46 B/C 19x72 @-71.7 80

Abell 1664 14-Nov-1994  AE099 4.86 C Bx 42 @ -24.7 100
Abell 1835 23-Apr-1998  AT211 4.76 A .85x0.39 @ 30.0 47
ZWCL 348 28-May-1994  AK359 4.86 A/B JB9%x0.52 @ -72.2 66
ZWCL 3146 14-Nov-1994  AE099 4.86 C Bllx4.42 @ 46.3 60
29-Jan-1997 ACTST 4.86 A/B 82x047 @ -72.2 50

ZWCL 8193  15-Aug-1995 AM484 8.44 A .P8x 0.23 @ -83.1 180
27-Jun-1997  AE110 4.86 C .29x 3.75 @ -34.9 70

RXJ 2129+00 12-Apr-1998 AE117 8.46 A ABx 0.24 @ -15.0 50
07-Jul-2002 AH788 4.86 B 28x120@ 1.7 35

Note. — The data for ZWCL 8193 has poor absolute flux densitipiaion.

continuum contributes to the ionization of thed_gmitting gas.

All our BCGs display asymmetry in the FUV emission. In Abell 1ie FUV continuum and
Lya emission is arranged in an extended clump cospatial witlvigible nucleus, with a more
diffuse component about'@est of the nucleus (also seen in the optical image). The slamp
of emission is slightly offset from the center of tBpitzedRAC 3um isophotes (see Figure 3.3). In
Abell 1664, three large clumps of FUV anddyrace the disturbed morphology of the host galaxy
as observed in the optical. Additionally, there is a low aaefbrightness filament of byemission
extending~ 25 kpc to the south of the three bright clumps. This filamemiasassociated with
any optical counterpart in the WFPC2 image or any FUV contineunission. The @m peak,
cospatial with the galaxy’s nucleus, is also cospatial \h#h dust lanes in the optical image (see
Figure 3.4). Abell 1835 has also been observed by Bilafell. (2008) who measure a size for
the blue star forming region of 12 kpc, which is in good agreement with our measurement of
~ 17 kpc for the size of the Ly emission (Table 3.3). In Abell 1835 the® contours are also not
centered on the brightest regions seen the FUY, ayvisible band images (see Figure 3.5). For
ZWCL 348 the visible and /dm emission peaks are nearly centered and the FUV emissids pea
on the center of the galaxy. However the visible band imagevsihihat the galaxy is disturbed and
the outer contours seen ati@ are not round (see Figure 3.6). Thellgmission extends eastwards
from the nucleus much further than to the west. In ZWCL 3146 ¥ nd Lya emission are
centered on the 3@n contours (see Figure 3.7). For ZWCL 8193 there is a nuclegebul the
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Table 3.3. Lya & FUV Continuum Properties

Aperture Radius Cont. Sub. byFlux FUV Flux L.AS. Lya L.AS. FUV

Source 0 (10 ergecm? sy (10% erg cm? s71) arcsec (kpc) arcsec (kpc) Morphology
Abell 11 2.0 8.8:0.3 18.9+0.2 55(14.5) 4.5(11.7) Lopsided, clumpy FUV, similarLy
Abell 1664 3.0 7.40.4 39.8t0.2 18.0 (40.7) 12.2(27.6) Very clumpy & patchy, long filamengt
Abell 1835 2.0 14.40.3 22.9+0.2 4.3(17.0) 3.8(14.8) Symmetric “core”, outer filaments
ZWCL 348 2.0 9.90.3 11.8:0.3 6.4(24.8) 3.3(12.9) Clumpy, patchy, lopsided
ZWCL 3146 3.0 9.30.3 17.#0.2 6.5(28.1) 5.1(22.0) More symmetric, diffuse
ZWCL 8193 2.0 6.30.4 42.8+0.2 10.8(31.8) 8.8(25.8) Clumpy, filamentary, lopsided
RXJ 2129+00 2.0 190.7 2.10.7 4.1(15.3) 2.0(7.4) Lylopsided “shell”, FUV faint

Note. — Fluxes were measured using aperture photometry angeatuee that covers the bulk of the emission visible in Figure’. Errors are
from count rate statistics. In general, the morphologie$efliyoc and FUV continuum emission were generally similar (unlesemifse noted),
and the FUV emission typically spanned a slightly smallerdimextent than did the Ly as it is less diffuse and extended. See the associated
discussion in Section 3.

optical and am images. However FUV and byemission is brighter north of the nucleus, and has
a spiral shape suggesting that a smaller galaxy has beemntlyedesrupted in the outskirts of the
BCG (see Figure 3.8). The host galaxy is an elliptical in a richirenment with several nearby
dwarf satellites. The disturbed morphology of the hostxgala suggestive of a recent or ongoing
series of minor mergers. RXJ 2129+00 displays: lgmission which extends on only the north-
eastern side of the galaxy. The offset between radio aaddaaks is small and so may be due to
a registration error in thelISTimage (see Figure 3.9).

“Clumpiness” of FUV emission

We find that most of these BCGs display strong asymmetries aremngistributions in their star
formation as seen from the FUV continuum images (see Fig. Bdt these galaxies; &orresponds
to 2—4 kpc (see Table 4.1) thus these asymmetries are oneacfaaider 10-50 kpc. On smaller
scales, the FUV morphology is generally more clumpy and &atary than is the associated Ly-
alpha component. For the purposes of this thesis, we quaadia define a “clump” as a com-
pact region of emission a factor ef 2 brighter than the surrounding lower surface brightness
diffuse component. Abell 11, 1664, ZWCL 8193, and RXJ 2129+09 beadescribed as “clump-
dominated”, in which the majorityX 50%) of the FUV flux is associated with compaet 2 kpc)
bright clumps. For example, the majority of FUV emission ihell 11 is associated with three
bright clumps, the largest of which (the northern-most g)iextends~ 0.6 kpc. The three bright
clumps together contribute~ 60% of the total FUV flux from the source. The FUV morphology
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of RXJ 2129+00 is almost entirely associated with three sald.5 kpc) clumps, and appears
to lack a diffuse component. For Abell 1835, ZWCL 348, and ZWCL&1the distinction be-
tween clumpy FUV emission and the diffuse component is lesar,cand the flux seems to more
gradually peak toward the center than, for example, ZWCL 8Méie also that these galaxies are
vastly more symmetric o 20 kpc scales than are the “clump-dominated” BCGs.

The high star formation rates of the galaxies studied hemepaoed to others in the ROSAT
BCG sample may be related to the large scale X-ray structuraviiMdiscuss this in more detail
in the “X-ray morphology” subsection below . Comparisonsissn Ly and existing kv images
(not shown) suggest that there are large variations in éonide ratio. This can be explained
either by patchy extinction or with shocks, affecting theimsic line ratios.

McNamara (1997) classified the morphology of star forminggaes in cooling core BCGs
(studied using mainly ground based optical observationt®) four classes - point, disk, lobe,
and amorphous. McNamara (1997) noted that the disks weyerasz and that the amorphous
morphologies are the most common. All of the seven BCGs stuukee fall in the amorphous
class. Why are disks so rare? We note that the star formatmr®over a large spatial scale (7-28
kpc). One possibility is that the stars form before the gasamlapse into a disk. In addition,
studies of the kinematics of the optical emission line nabuih cool core BCGs find that the gas
motions are mostly turbulent with very little organizedatdn (e.g., Heckmaat al. 1989; Baum
et al. 1992; Wilmanet al. 2006, 2009). Thus, the lack of star forming disks may refleetack of
systematic rotation in the star forming gas.

Radio Emission

We detect a compact radio point source in all seven of the BOGEWCL 8193 the radio point
source is 3 from the center of the BCG at the location of FUV-bright debaatfires and may
be associated with a merging galaxy (Figure 3.8). The fluxsidies and spectral indexes of the
unresolved emission are given in Table 3.4. We find that tleetsal indexes of the point sources
are steep. This suggests that the point sources are notédletrsm parsec scale beamed jets, but
are possibly extended on at least tens of parsec scaless@fmelude FIRST (Beckest al., 1995)
flux densities and NVSS (Condat al.,, 1998) flux densities and powers in Table 3.4. The FIRST
(~5") and NVSS { 45’) flux densities are in good agreement indicating that thexery little
additional flux density on scales between 5 and 45 arcsecmEa@a value of the NVSS log powers
for the seven BCGs is log P 24.33; while A1795 is log P=24.87 and A2597 is log P= 25.42.
The radio powers for the seven BCGs are typical for our sam@@ ¢Quillenet al., 2008; O’Dea
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Table 3.4. Radio Properties of the Unresolved Emission

Source RA. Dec. v (GHz) S, (Mly) «a FIRSTS, (mly) NVSSS, (mly) NVSSlogP, (W Hz?)
Abell 11 00:12:33.87 -16:28:07.7 8.46 213 079 .- 94.3 24.66
1.46 85.6 -
Abell 1664  13:03:42.52 -24:14:43.8 4.86 145 074 .. 36.4 24.09
Abell 1835  14:01:02.10 +02:52:42.8 4.76 112 -0.84 31.3 339. 24.75
ZWCL348  01:06:49.39 +010322.7 4.86 11 -093 35 ~14 23.31
ZWCL 3146  10:21:03.79 +04 26 23.4 4.86 06 -156 ~42 7.1 24.14
ZWCL 8193  17:17:19.21 +42 26 59.9 8.44 64.8 -0.58 13255 1335 24.94
4.86 89.2 ...
RXJ2129+00 21:29:39.96 +00:05:21.2 8.46 44 -0.86 24.3 425, 24.48
4.86 71 -

Note. — Cols. 2 and 3. The right ascension and declinatiod0@Rof the unresolved radio source. Col 4. The frequencyséovation. Col 5.
The flux density of the point source in mJy. See Table 3.2 fazitdgpertaining to these archival VLA observations. Col eBpectral index of
the point source. We have used (1) the reprocessed archieafat Abell 11, ZWCL 8193 and RXJ 2129+00, (2) the reprocgssehival data and
the FIRST flux densities for Abell 1835, ZWCL 348. and ZWCL 3146d (3) the reprocessed archival data and the NVSS flux gdosif\bell
1664. The spectral index is defined such Batx v. Col 7. The integrated flux density at 1.4 GHz from VLA FIRSTe(®&eret al., 1995). Col
8. The integrated flux density from NVSS (Condetral,, 1998). Col 9. The power at 1400 MHz in the rest frame of the s®using the NVSS
flux density.

et al,, 2008).

We detect faint jets in RXJ 2129+00 and Abell 1835. In RXJ 212P#® jet extends about
1” to the SE of the core and has a flux density of 1.9 mJy at 8.46 GHie. jet in Abell 1835
has a total extent of about'b, and seems to start initially oriented to the West but thewes
toward the NW. The jet flux density is 2.3 mJy at 4.76 GHz. Festhtwo we have overlayed
radio contours on the images showingaLgmission so the orientation of the radio emission can
be seen. In neither galaxy are the radio jets clearly agsali@ith Ly emission or lying near line
emitting filaments as was true for the nearer galaxies Ab&bland Abell 2597 (O’Deet al.,
2004). We suggest that the more powerful radio sources il AB85 and 2597 are able to trigger
star formation in their environments, while the weakeroatiurces studied here are not. The lack
of FUV emission aligned with the radio jet indicates thatterad AGN light (which would be
aligned with the jet) does not contribute significantly.

Govoniet al. (2009) have found a faint, diffuse “mini-halo” around the BGGAIL835 which
extends for several hundred kpc. The diffuse radio emissiggests that the AGN was much more
active in the past and/or that A1835 has experienced a cloggger (e.g., Murgiat al. 2009).
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ZWCL 8193

Continuum Subtracted Lyman Alpha FUV Continuum

Figure 3.1: Comparison of continuum-subtracteddyand FUV continuum images for ZWCL
8193. In general, the kyis more diffuse, extended, and smoothly distributed than is the under-
lying FUV continuum, which is more tightly arranged in clumpy and filamentary mugglies.

The FUV continuum likely traces localized sites of star formation, which in tlnotgionizes the
smoother and more extendedd_halos.

X-ray Morphology

Here we discuss the X-ray structure and its relation to the BCtBa four sources for which we
have X-ray imaging. For Abell 1664, the outerr8 isophotes extend to the south-west where there
is excess X-ray emission (see Figure 3.4). The asymmetriyXnorphology was also noted by
Kirkpatrick et al.(2009). Abell 1835 also displays asymmetric X-ray struefigee Figure 3.5, and
also Schmidet al.2001). Though the FUV and lboyemission are centered on ther8 contours in
ZWCL 3146, again the X-ray emission is lopsided, extendinglseast of the nucleus (see Figure
3.7). RXJ 2129+00 also displays asymmetric X-ray emissionaros extending to the south-west
(see Figure 3.9).

We find that the four BCGs with X-ray imaging display asymmaetitethe X-ray emission with
Abell 1664 previously noted by Kirkpatric&t al. (2009). We also see offsets between the BCG
and the peak in the X-ray emission for all sources, rangiogfs kpc for RXJ 2129+00 to 13 kpc
for Abell 1835, with a median offset of 10 kpc for all four.

In their study of 48 X-ray luminous galaxy clusters, Bildfell al. (2008) observed similar
significant offsets between the centroid of the brightesa)X<contour and that of the BCG. That
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work found a median offset of 14 kpc in their sample (and amaye of 44 kpc). Sanderse al.
(2009) found that line emitting BCGs all lie in clusters with@ffset of < 15 kpc in their sample
of 65 X-ray selected clusters. Loubsdral. (2009), in their sample of 49 optically selected BCGs,
found even larger offsets on average (median 27 kpc, meap®&3 Khe offset of the BCG from
the peak of the cluster X-ray emission is an indication of lotege the cluster is to the dynamical
equilibrium state, and decreases as the cluster evolvasy&maet al., 2003). Our BCGs have
offsets which are below the median for optically selected BC®kifell et al, 2008; Loubser
et al, 2009) and are consistent with the trend for BCGs in coolingdltmhave small offsetg 10
kpc (Bildfell et al,, 2008; Sandersoet al., 2009) (but not seen by Loubsetral. 2009).

Comparison to CO and Hx observations

Emission from CO remained unresolved at a resolution”ofo8 Abell 1835 and ZWCL 3146
(Edge & Frayer, 2003). The Spitzer MIPS observations of@é8SGs did not spatially resolve
the 24.m emission (Quilleret al, 2008; Egamet al, 2006). However, the IRAC observations of
Abell 1664 and ZWCL 8193 did resolve regions of very red colarteeed on the nucleus with a
size of a few arc seconds (Quillenal., 2008). For comparison the point spread function FWHM
for IRAC camera is 17 at 3um (IRAC band 1) and 22 at 8 um (IRAC band 4) and for MIPS
is 7'at 24 um. OurHST FUV continuum images show that the star formation regionthase
galaxies extend over a range of roughly 2 to 12 arcsecondgspmnding to 7-28 kpc (Table 3.3).
These sizes are consistent with the upper limits from the GO&mitzer MIPS observations.

Abell 1664 has been observed using integral field spectpysibp Wilmanet al. (2006) in the
Ha line. The continuum subtracted dyemission image resembles the linage shown as Figure
2 by Wilmanet al. (2006), with a bright spot about’om the nucleus to the south west. The
bright spot we see just north of the nucleus does corresmpad Hy emission feature. However
the Ly emission is brighter north west of the nucleus rathantnorth east of the nucleus as is
true in Ho. Itis likely that a more detailed comparison will reveal gglavariation in Lyv to Ha
ratio suggesting either large variations in extinctionlmock emission as photoionization models
to predict a narrower range of intrinsic emission ratiogl@rel & Osterbrock, 1985, 1986).

In A1835, the Hv and Ly are both elongated along a NW-SE direction (Figure 3.5. \& ste
a dust lane along that orientation in the WFPC2 F702W image Hbhimtegral field spectroscopy
by Wilman et al. (2006) shows a velocity shear ef 250 km s* along that direction which they
suggest may be due to rotation.

Wilmanet al. (2006) also observed ZWCL 8193 and detecteddthission at the galaxy center
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Abell 1664

ZWCL 8193

RXJ 2129+0(

Figure 3.2: HST/ACS FUV images of the BCGs in our sample. Many exhibit clumpy and fila-
mentary morphologies or 10 kpc scales and general asymmetries>0R0 kpc scales. Abell
11, 1664, ZWCL 8193, and RXJ 2129+00 may be described as “clumprdded”, in which the
majority (> 50%) of the FUV flux is associated with compact bright clumps (as oppostteto
lower surface brightness diffuse component). East is left, North is up.
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Table 3.5. Star Formation & Cluster Properties

Mh,) SFRRr SFRya SFReuv Balmer Dec  Central Entropy Central Cooling Time
Source &10Mo yrl)  Meyrl) (Moyrl) Meyr?) (F[Ha/HB)) (KeV cn?) (Gyr)
@ @) ©) 4) 5 6) ™ ®)
Abell 11 1.1 35 9.7 55 .
Abell 1664 1.9 15 5.6 4.65 5.2 14.40 0.81
Abell 1835 7.9 125 40.5 14.66 5 11.44 0.58
ZWCL 348 52 155 7.65 4.27 e
ZWCL 3146 7.0 67 47.1 16.0 3.7 11.42 0.59
ZWCL 8193 15 59 7.6 6.34 5.9 e
RXJ 2129+00 13 2.3 1.11 >2 21.14 0.82

Note. — (1) Source name; (2) Molecular gas mass estimates. Fat K Abell 1665, Abell 1835, and ZWCL 3146, these values are
taken from Edge (2001), and have been corrected to the valihe ¢iubble constant used in this thesis. The ZWCL 8193 madeaubss
is from Salomé & Combes (2003). Note also that Egetral. (2006) detected 26 M, of warm molecular hydrogen in ZWCL 3146; (3)
Infrared estimated star formation rates, from O’[2¢al. (2008) (except for Abell 1835 and ZWCL 3146, which are from iigget al. 2006).
The O’Deaet al. (2008) star formation rates are estimated from the 8 andr24luxes presented by Quillezt al. 2008; (4) Hx-derived star
formation rates, estimated from the limited-aperture obsenvaof Crawfordet al. (1999) (long slit of width 1'3). In the case of ZWCL 348,
the Hx flux is from the Sloan Digital Sky Survey archive/(8liameter fiber); (5) FUV-derived star formation rates, frois tthapter. These
rates have been updated and supersede those presenteckae®dD (2010). Neither the H or UV based star formation rate estimates have
been corrected for internal extinction; (6) Central enigs@and (7) cooling times, from Cavagnabal. (2009).

and in two clumps about”3north of the galaxy (see their Figure 17). Theit ldmission more
closely resembles our FUV continuum image, though theshission is stronger near the galaxy
than north of the galaxy and we see stronger continuum eonisgirth of the galaxy than near the
galaxy center. The H kinematics are complex. Our byimage shows diffuse emission over a
region that is about twice the area than the énission. The Ly emission exhibits a tail curving
to the east from the north and almost looks like a spiral galax

3.3.2 Estimated Star Formation Rates

Pipino et al. (2009) used optical and NUV colors of BCGs to demonstrate thattV light is
produced by a young rather than old stellar population. Wethe FUV continuum flux to es-
timate star formation rates in these galaxies. The contmflux was first corrected for Galactic
extinction. Extinction correction was done using Galaetitinction at the position of each BCG
and the extinction law by Cardebit al. (1989) (as done in Table 5 by O’Detal. 2004 for Abell
1795 and Abell 2597). We then compared the count rate pestifctr the observed filter by the
STSDAS synthetic photometry packaggNPHOT for a spectrum produced byTARBURSTO9!
(Leithereret al, 1999; Vazquez & Leitherer, 2005). More details on this rodtbf star formation

Ihttp://www.stsci.edu/science/starburst99/
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rate estimation can be found in Chapter 4 and in Tremétal. (2010).

The UV continuum estimated star formation rates are listedable 3.5. We compare the
UV continuum estimated star formation with those based enlithited aperture H fluxes by
Crawfordet al. (1999) (using 13 wide slit) or spectroscopic measurements from the SlogitdDi
Sky Survey archive (using &@ameter fiber) and those estimated from infrared obsemativith
the Spitzer Space Telescopg Egamiet al. (2006); Quillenet al. (2008); O’Deaet al. (2008).
Neither the UV continuum estimated ontestimated star formation rates have been corrected for
internal extinction. This Table also lists molecular gasses by Edge (2001); Salomé & Combes
(2003).

Balmer decrements are available for most of the galaxiesideresl here and range from
3-5 (Crawfordet al,, 1999), see Table 5. Assuming an intrinsia/Hj theoretical line ratio
of 2.86 (“case B” recombination, Osterbrock 1989), the ob=@mBalmer decrement allows us
to estimate the color excess associated with the interrialotion in the source, following the
parameterization of Cardebit al. (1989):

2.5 % l0g (2.86/Ryps)

SOV hams = T 0~k )

(3.1)

whereR,ps = F (Ha) /F (Hp) is the observed flux ratio, and the extinction curves atatd H3
wavelengths ar&(\,) ~ 2.63 andk()\ﬁ) ~ 3.71, respectively, as given by Cardedli al. (1989).
One caveat is that if processes other than recombinatign @ocks, cosmic ray heating) con-
tribute to Hy, the intrinsic H/H{ ratio would be higher than the theoretical “Case B” value and
the estimated extinctions would be upper limits. With thesgibility in mind, the upper-limit
intrinsic optical extinction iE£(B-V) ~ 0.6 for a Balmer decrement of 5, corresponding to an
extinction in the FUV ofA-yy ~ 5.5 and therefore a correction factor of 160 to the measured flux

We note from Table 3.5 that IR star formation rates exceeddlestimated in K and these
exceed those estimated from the FUV continuum. This woulddmsistent with patchy but sig-
nificant levels of extinction. The correction factor esttethfor the UV photometry of 160 for a
Balmer decrement of 5 is vastly higher than that required tkemgo the deficit of star formation
rates estimated between the UV and (e.g.) the IR. Large leVelginction are also likely because
of the high molecular gas content in these galaxies and thelaoes seen in the optical images.
Previous comparisons by Hu (1992) betweenatd Ly flux suggested modest extinctions intrin-
sic to the cluster of orde(B—-V) ~ 0.09—-0.25. This was done assuming an unabsorbed/Hyy
ratio of 13 for photoionization and collision models (Fada& Osterbrock, 1986). However the
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Figure 3.3: Abell 11. (upper leftHSTWFPC2 F606W optical image. Note the dust lane. (upper
right) HSTSBC FUV continuum image with;a3n SpitzerlRAC band 1 contours overlayed. Con-
tour separation is a factor of two in surface brightness. (bottom) ContirmulntnactedHSTSBC
Ly« image of Abell 11. At the redshift of Abell 1Z£ 0.151), 2’ corresponds- 2.6 kpc.

BCGs considered by Hu (1992) were not chosen via theirliininosity. As Hy luminosity is
correlated with both molecular gas mass and infrared lusiipn@O’Deaet al.,, 2008) it is perhaps
not surprising that the sample considered here would hayleehiestimated internal extinctions
than the same considered by Hu (1992).

In short, FUV estimated star formation rates are general8/to ~ 12 times lower than those
estimated from th&pitzerobservations. Balmer decrements and molecular gas obesivatug-
gest that internal extinction could be extremely high in sagegions. The discrepancy between the
estimated star formation rates and the internal extinat@mnection factor from the Balmer decre-
ment suggest that internal extinction is patchy. As thearr@d estimated star formation rate is least
sensitive to extinction, it can be considered the most ateuand suggests that about 90% of the
FUV continuum has been absorbed. When taking patchy exdamatto account, the discrepancy
between star formation rates estimated at different wagghes may be reconciled. Moreover, even
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Figure 3.4: Abell 1664. (pper leff HSTWFPC2 F606W optical image of Abell 1664. Note the
dust lane. ¢pper righ) HSTSBC FUV continuum image with;an SpitzerlRAC band 1 contours
overlayed. Contour separation is a factor of two in surface brightiflesger lef) Continuum sub-
tractedHSTSBC Lya image of Abell 1664. Ibwer right) Continuum subtracted lLyimage with
CXO X-ray contours. The peak of the byemission is cospatial with that of the X-ray emission,
although a second peak in the X-ray is detected to the southwest wherésthateficit of Lyv. At
the redshift of Abell 16644= 0.128), 1'corresponds- 2.3 kpc.
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when accounting for internal extinction, a one-to-one egpondence between star formation rates
measured in the UV and IR are not necessarily expected, astoeiated star formation indica-
tors in those wavelength regimes may probe different ptagseand timescales associated with the
young stellar component (e.g., Johnstral. 2007).

O’Deacet al. (2008) found that in gas-rich star forming BCGs the nominal dggdetion time
scale is about 1 Gyr. Since star formation is not highly effitj it seems likely that 1 Gyr is an
upper limit to the life time of the star formation. Pipiebal.(2009) suggest that the star formation
in BCGs is relative recent with ages less than 200 Myr. Thusp&ady star formation rate of 50
M., yrt would result in a total mass of less than'd®., which is a small fraction of the total
stellar mass in a BCG (e.g., von der Lindetral. 2007) as also noted by, e.g., Pipieal. (2009).

O’Deacet al. (2008) noticed a discrepancy between the infrared estidrette formation rates
and the size of the star forming regions. Here we have condirtihat the star forming regions
are not large and remain under 30 kpc. This puts the galagieswhat off the Kennicutt relation
(Kennicutt Jr., 1998) but (as shown by O’'Deaal. 2008 in their Figure 8) only by a modest
factor of a few. While we confirm the discrepancy we find thasismall enough that it could
be explained by other systematic effects such as an oveadstiof the H mass. The CO to H
conversion factor is suspected to be uncertain by a factarfed (e.g., Israeét al. 2006). Thus,
there may be no significant discrepancy between the sizeedtdr forming regions as measured
in the FUV and that predicted with the Kennicutt relation.

3.3.3 Isthe young stellar population sufficient to ionize the nebula?

The fact that the Ly morphology closely traces that of the underlying FUV comtim emission
suggests that the latter provides at least a significartidraof ionizing photons for the former, and
that the nebula is ionized locally. Here we explore this argnt more quantitatively, in considering
whether the observed FUV continuum is consistent with agafft number of hot stars required
to ionize the nebula. This question can be addressed usngesarguments outlined by Zanstra
(1929) and employed in similar contexts by (e.g., Baum & Heakh989a; O’'Deat al. 2004).
We assume a case B recombination scenario (Osterbrock),i88¢ich the medium is optically
thin to Balmer photons but optically thick to Lyman photonsg ahat in 18 K gas,~ 45% of all
Balmer photons will emerge from the nebula as photons. We further assume that all ionizing
photons that are emitted by the stars are absorbed by theTgas makes our estimate a rough
lower limit, as in reality, a significant fraction of ionizgnphotons will escape, increasing the
number of required stars.
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Table 3.6. Can Hot Stars lonize the Nebulae?

Ha Luminosity Qequired SFR(Qequirec)
Source (erggcm?) (photonss) (Mg yr?) <STFS{F§“:—VJ>

(1) (2) 3) (4) (5)
Abell 11
Abell 1664 6.3810% 4.64x 103 2.12 2.17
Abell 1835 1.6810% 1.22x10°* 5.58 2.09
ZWCL 348 1.95¢10% 1.41x10°* 6.47 0.94
ZWCL 3146 3.2%10% 2.39x10°* 1.10 1.13
ZWCL 8193 2.7%10% 2.03x10° 9.29 0.58
RXJ 2129+00 3.3310% 2.42x 10 1.11 8.1

Note. — Results of a photon-counting exercise designed &rmgte whether
there are sufficient hot stars present (giving rise to theetlyishg FUV continuum)
to ionize the emission-line nebula. We have used the Za(ik®2il) method relat-
ing the Hx emission line luminosity with the number of ionizing phosaequired
to give rise to that luminosity, assuming all ionizing phwcare absorbed in 10
K gas obeying a case B recombination scenario. (1) Sourcen@jnHx lumi-
nosities in erg s* cm?, from Crawfordet al. (1999) excepting ZWCL 348, whose
Ha luminosity is from the SDSS archive; (3) number of ionizirtgppons, per sec-
ond, required to ionize the nebula, as estimated using thetZa(1931) method
described in section 3.3; (4) star formation rate requiogplawer the nebula, esti-
mated by comparing @uireaWith @ STARBURSTI9 model calculating the number
of photons with energies greater than 13.6 eV for aykld starburst assuming
a continuous star formation rate of 1.Mr™* and an IMF with an upper mass cut-
off of 100 M, and slopex = 2.35; (5) Comparing the value calculated in column
(4) with the “observed” star formation rate as estimated oygaring our FUV
photometry with the sameTARBURST99 model. A ratio greater than 1 indicates
that enough ionizing photons are present from the yountasispulation to ion-
ize the nebula. Obviously, there are significant uncersrdassociated with these
estimates. As such, this is meant only as an order-of-madmigxercise. That the
ratios are all of order unity indicates that the FUV emisslae to the young stellar
population is of sufficient strength to power the emissioe-hebula.
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Given these assumptions, the number of ionizing photonsined) to power the nebula can
be estimated via its observedhHuminosity using the Zanstra (1929) method, which relales t
emission-line luminosity t®@,, the total number of photons with energies greater than 8.6
needed, per second, to ionize the nebula:

2.2
hv,,

Quot = photons &' (3.2)

whereLy, is the total nebular H luminosity, h is Planck’s constant, is the frequency of the &
line, and 2.2 is the inverse of the 0.45 Balmer photon aogHoton ratio assumed above.

For each galaxy in our sample (save Abell 11, for which we dbohawe an kv luminosity)
we have calculated this value and scaled it in terms of a redustar formation rate as predicted
by the samesTARBURST99 models used to calculate the star formation rates basduedrUV
continuum. We present these results in Table 3.6. In evesg tae ratio of the observed star
formation rate to that required by the Zanstra method is déounity, suggesting that the FUV
continuum provides a significant fraction of ionizing phaédor the nebula. Note that it is likely
that stellar photoionization is not the only source of egday cooling flow nebula (e.g., Voit &
Donahue 1997). This result is consistent with the notiom tika nebula is ionized locally by the
young stars embedded within it, as supported by the simitamphrologies of the Ly emission
and FUV continuum emission. O'Dest al. (2004) undertook a similar exercise in their study
of the cool core clusters Abell 1795 and Abell 2597, findingttthere were enough hot stars
present to within a factor of a few. That work also estimatesldegree to which a hidden quasar
ionizing continuum would contribute ionizing photons, fimgl that a modest AGN luminosity
could contribute~ 10% of what was required.

3.4 Discussion

In this chapter we have presented high angular resoluti@ges in FUV continuum and by
of 7 BCGs selected on the basis of IR emission which suggesgedrédsence of significant star
formation. We confirm that the BCGs are actively forming stdiss confirms that the IR excess
seen in these BCGs is indeed associated with star formationoli3ervations are consistent with
a scenario in which gas which cools from the ICM fuels the stamftion (O’'Deaet al.,, 2008;
Bildfell et al., 2008; Loubseet al, 2009; Pipinoet al, 2009). The FUV continuum emission
extends over a regior 7—28 kpc (largest linear size) and even larger imLyBoth continuum
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Figure 3.5: Abell 1835. (pper leff HSTWFPC2R-band (F702W) image of Abell 1835. Note
the dust lane. pper righ) HSTSBC FUV continuum image overlayed wigpitzerlRAC 3um
contours. lower lef) Continuum subtracte®ST Ly« image of Abell 1835 (gray scale) with 5
GHz VLA radio contours. There is no obvious relation between the &yd the radio jet.l¢wer
right) Continuum subtracted Lyimage withChandraX-ray contours. As in Abell 1664, the two
peaks in X-ray emission are offset from the peak in the lgmission. At the redshift of Abell
1835 ¢=0.253), Y corresponds te- 4 kpc.
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and line emission contains clumps and filaments, but the égission also contains a diffuse
component.

Star formation rates estimated from the FUV continuum rdng@a about 3 to 12 times lower
than those estimated from the infrared. However, both thenBatlecrement in the central arcsec,
the presence of dust lanes seen in the optical images, andethetion of CO in these galax-
ies suggest that there are regions of dense gas and higletextinvithin the central 10-30 kpc.
Thus, the lower star formation rates estimated in the FU\tansistent with the expected internal
extinction.

We find that the young stellar population required by the FUgervations would produce a
significant fraction of the ionizing photons required to @ovthe emission line nebula.

We find unresolved radio emission in each of the seven BCGs.ditiaal, Abell 1835 and RXJ
2129+00 also exhibit weak kpc scale jets. The unresolveid edission in ZWCL 8193 is offset
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from the center of the BCG by 3 arcsec and may be associated mignging galaxy. These BCGs
tend to have fairly compack( 1 kpc), weak, steep spectrum radio structures. The hypistties
the radio source are confined to the sub-kpc scale by dengagasiginally suggested for GPS
and CSS sources, e.g., Wilkinsehal. 1984; van Breugett al. 1984; O’'Deaet al. 1991, 1998)
could be tested via VLBI observations. On the other hand,atemproperties could be explained
if nuclear fueling has been reduced by a previous AGN agtsytcle and we are now seeing the
galaxies following a period of relative AGN quiescence. slttémpting to also account for the
high star formation rate with a period of low feedback. Ramadlmng in the IGM fueling the
current high star formation may be due to a previous redadti@nergy deposited into the IGM.
Kirkpatrick et al. (2009) find that cooling rates could be high enough to fuektiae formation in
Abell 1664. Similar cooling rates have been estimated fostrobthe other galaxies in our sample
(O’Deaet al., 2008).

We note that there is FUV continuum anddgmission in Abell 1795 and Abell 2597 which is
closely associated with the radio sources - suggestingtalootion from jet induced star formation
(O’Deaet al,, 2004). However, the radio jets in Abell 1835 and RXJ 2129+@Msno relationship
with the FUV emission. While both Abell 1795 and Abell 2597 hstar formation, it is at a
lower level than estimated for the 7 of our sample. In additite 7 BCGs studied here generally
harbor less powerful radio sources than those in Abell 1#8bAbell 2597. The combination
of higher SFR and lower radio power in our BCGs suggests thatitiie sources have a smaller
relative impact on the triggering and/or properties of tteg ormation and associated emission
line nebulae. Further, the lack of FUV emission aligned with radio jets indicates that the
contribution from scattered AGN light is small.

We have also noted that most of our galaxies exhibit asymeseitn their distribution of star
formation, and four of our sources exhibit10 kpc spatial offsets between the peak of the X-ray
emission and the BCG. Feedback from an AGN (from jets and bepbigght account for these
offsets, however it is worth noting that these sources gopasedly experiencing a “low state” of
Feedback (as inferred from their compact, weak radio sslwrcEhe observed spatial offsets do
not correspond with any observable signature of AGN feekibja&st or present. We should also
note that Abell 2597 (Chapter 2), which clearly exhibits sgy®ignatures of recent or ongoing
feedback, features a BCG core and X-ray surface brightnekdipetzare aligned with one another.
Cluster mergers could account for the spatial offsets olgan/our sources, as could residual “gas
sloshing” which remains long-lived even after virializatiof the cluster. Disturbances in the ICM
could lead to higher cooling rates in the gas as the clusiexes and slowly evolves to equilibrium
(e.q., Russelt al. 2010, and references therein).
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Figure 3.7: ZWCL 3164. (pper lef) OpitcalHSTWFPC2 F606W image of ZWCL 3146uiper
right) HST SBC FUV continuum image overlayed withu contours. lpwer lef) Continuum
subtractedHSTSBC Lya image of ZWCL 3146. Ibwer right) Continuum subtracted kyimage
with X-ray contours. Note the asymmetry in the X-ray emission. At the redshZWCL 3146
(z=0.290), Y corresponds te- 4.3 kpc.
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Figure 3.9: RXJ 2129+00. pper lefy Optical HSTWFPC2 F606W image of RXJ 2129+0p-
per right) HSTSBC FUV continuum image overlayed witlu@ contours. lpwer lef) Continuum
subtractedHST Ly« image of RXJ 2129+00 overlayed with 8 GHz VLA radio contourswer
right) Continuum subtracted Ly image with X-ray contours. At the redshift of RXJ 2129+00
(z=0.235), Y corresponds te- 3.7 kpc.



COMPARISON STUDY

Star Formation & AGN Activityin a Field Galaxy

| refuse to answer that question on the grounds that |
don’t know the answer.
DOUGLAS ADAMS, 1979

We have thus far framed our discussion of star formation aBd Ariggering/feedback in the
context of the cluster cooling flow model. Of course, not alagies are in clusters, and the
cooling flow model may ultimately prove to be incorrect. Itherefore important to consider star
formation and AGN triggering in a purely observational, rebohdependent context. The powerful
radio galaxy 3C 236 shares many similarities with the BCG inlAB897, including (1) direct
observational evidence of episodic AGN activity, (2) a pdwe compact central radio source, and
(3) compact regions of ongoing star formation. There is a@mental difference between the two
sources, however: 3C 236 is a field galaxy, and therefordessn a poor environment. As such, it
serves as an important “comparison source” with which we oagiypare our results from previous
chapters.

127
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4.1 Context

Galaxies occupy a heavily bimodal distribution in colorgndaude space, wherein young, pre-
dominantly disk -dominated galaxies reside in a ‘blue cl@arml evolve onto a characteristically
quiescent, bulge-dominated ‘red sequence’ (e.g.,&eall.2004; Fabeet al.2007). The underden-
sity of galaxies in the ‘green valley’ separating these pajans implies that cloud-to-sequence
evolution is swift, requiring a cessation of star formatimore rapid than would be expected in
passively evolving systems (e.g., Covaeal. 1996). Quasar- and radio-mode feedback models
(see Section 1.4) have been proposed as mechanisms by wéridbrsnation may be truncated
by the heating and expulsion of gas (Silk & Rees, 1998; Hopkirad., 2005; Crotoret al., 2006;
Schawinsket al,, 2006), as it is now known that quasar activity was two or@éreagnitude more
common at redshiftz ~ 2 than at the present time (e.g., Schnedtl. 1991). This, considered
in the context of declining star formation rates in massiakaxgjes atz ~ 2 (e.g., Pérez-Gonzalez
et al.2008), along with the emerging consensus that most popuakatf galaxies harbor quiescent
black holes at their centers (hereafter BHs, e.g, Kormendyd®&one 1995), supports the notion
that all bright galaxies go through several active phases, ([daehnelt & Rees 1993; Cavaliere &
Padovani 1989). In this scenario, the quenching of stardtion via feedback from active galactic
nuclei (AGN) may be one of the primary drivers of cosmic dowimg (e.g., Cowieet al. 1996;
Scannapiecet al. 2005, and references therein).

The relationship between the AGN duty cycle and the reguiatif host galaxy stellar evo-
lution is far more complicated, however, as it can play cotingeroles at successive stages of
galactic evolution. AGN activity has been associated ndy with quenching star formation on
large scales, but also triggering it via ISM cloud compr@s$iom the propagating relativistic jets
associated with radio galaxies (e.g, the so-called “alignneffect”, Rees 1989; Baum & Heck-
man 1989b; Daly 1990; McCarthy 1993; Bextal. 2000; Privonet al. 2008). Moreover, it is
natural to expect a correlated (but not necessarily cavsiafionship between AGN activity and
star formation. The tight relationship between BH mass arstl p@axy bulge velocity dispersion
(Magorrianet al, 1998; Ferrarese & Merritt, 2000; Gebhaedtal, 2000) implies that the growth
of the BH and the galaxy bulge are tightly coupled (e.g., Kaaffin & Haehnelt 2000; Ciotti & van
Albada 2001). It is therefore expected that, throughoufpttoeess of hierarchical galaxy forma-
tion, gas infall due to major mergers or tidal stripping frargas-rich companion can fuel not only
AGN, but also the growth of the host galaxy stellar compoméminfall-induced starbursts (e.qg.,
Di Matteoet al. 2005). A significant fraction~ 30%) of nearby powerful radio galaxies exhibit
evidence of infall-induced starbursts near their nuclaii(s & Heckman, 1989; Alleret al., 2002;
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Baldi & Capetti, 2008; Tremblagt al, 2009), suggesting that the phenomenon is both common
and comperable to the lifetime of the radio soureel(Q’ — 1 yr, e.g., Parmat al. 1999). The
AGN/starburst connection is therefore likely real and fame:ntal to galaxy evolution itself, and
its characterization has been a major pursuit of the pastieeades (e.g., Barnes & Hernquist
1991; Silk & Rees 1998; Fabian 1999; Di Mattebal. 2005; Hopkinset al. 2005; Springekt al.
2005; Silvermaret al. 2008; Quillen & Bland-Hawthorn 2008).

A key discriminant in understanding the nature and evotutibthe AGN/starburst connection
may be found in some radio galaxies whose morphology is @eence for multiple epochs
of AGN activity. Several such examples have been observed @&C 219 — Bridleet al. 1986;
Clarkeet al. 1992, 0108+388 — Baurat al. 1990), and have come to constitute a new class of
“double-double” radio sources, representiacp—10% of predominantly largex{ 1 Mpc) radio
galaxies (e.g., Schoenmaketsal. 2000a,b). Double-doubles are characterized by outergfgld
and inner (‘younger’) radio sources propagating outwandslat the relic of the previous epoch of
activity. This apparently repetitive activity is thougbthe a consequence of the AGN fuel supply
having been interrupted, whether by exhaustion, smothedndisturbance, at some time in the
past (Baunet al, 1990). This scenario is consistent with models of radiaxyapropagation (e.g.,
Kaiseret al.2000; Brocksoppet al.2007). The relative ages of the radio sources (and therdfere
timescale over which the engine was cut off and re-igniteah) lze estimated using size estimates
from radio maps coupled with a dynamical model for the jetbrauilio spectral energy distributions
(SEDs) of the radiating electrons (Schoenmaletial., 2000a,b; O’Deat al, 2001).

4.1.1 Animportant test case: 3C 236

The nearbyZ£ = 0.1005) double-double radio galaxy 3C 236 is an importantdase in studies of
the AGN/starburst connection, and is the basis of both tepter and a previous study by O’'Dea
et al. (2001). 3C 236 is a powerful double-double with a relic ebdgghtened FR Il (Fanaroff &
Riley, 1974) radio source whose deprojected linear extecgens 4 Mpc, making it the second
largest known radio galaxy (only J1420-0545 is larger, Mésli et al. 2008), and even one of the
largest objects in the universe (Schiliztial, 2001). Its inner young Compact Steep Spectrum
(CSS) source, whose apparent origin is cospatial with théenagcis only 2 kpc in extent and
is morphologically reminiscent of a young classical doubfnecdotally, 3C 236 was initially
classified as a pure CSS source before it was associated ggarsvith the massive relic FR 11
source (R. Laing, private communication). The jet propagaéxes of both the Mpc- and kpc-
scale sources are aligned to within1l0° of one another (as projected on the sky). See Fig. 4.1
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Figure 4.1: The two radio sources associated with 3C 236. (a) 326 MHz WSRT radioee (in
green, from Maclet al. 1997) of the “relic” radio emission associated with 3C 236, overlayed on
SDSS imaging of the same region of sky. The deprojected size of theje4.55 Mpc, making it

the largest known radio galaxy and one of the largest objects in theraei@) Global VLBI 1.66
GHz radio contours of the central 2 kpc CSS (“young”) radio souram fSchilizziet al. (2001),
overlayed orHSTSTIS NUV imaging of the star forming knots described by O’'[2¢al. (2001).
The jet axes of the Mpc- and kpc- scale radio sources are alignedady tiee same position angle.

for radio contour overlays of both sources, using 326 MHztéfe®rk Synthesis Radio Telescope
(WSRT) and 1.66 GHz Global Very Long Baseline InterferomelyRgl) Network radio mapping
from Macket al. (1997) and Schilizzet al. (2001) for the relic and CSS sources, respectively.

In addition to its rare radio morphology, 3C 236 is also urigquthat its nuclear dust complex
is made up of an inner circumnuclear dusty disk that is somaéwtisaligned with an apparently
separate outer dust lane (Marétlal,, 1999; de Koffet al,, 2000; Tremblaet al,, 2007). The total
dust mass in the complex is estimated to-b&0’ M., based orHubble Space TelescogeST)
absorption maps and IRAS luminosities (de Keffal,, 2000). In Fig. 4.2 we present a6l;m
/ 0.7 um absorption map of the dust complex, originally presente@remblayet al. (2007) and
made via division oHSTNICMOS and WFPC2 data from Martet al. (1999) and Madricet al.
(2006), respectively.

The work by O’Deaet al. (2001) studiedHdSTNUV and optical imaging of the central few
arcsec of 3C 236, finding four knots of blue emission arrarigegh arc along the dust lane in
the galaxy’s nucleus. Their original NUV data is presentedrieyscale with black contours in
Fig. 4.1p). The lack of an obvious spatial relationship between thetkand the CSS source
suggests that the starbursts are infall-induced rather jitainduced. Martekt al. (1999) had
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Figure 4.2: 1.6 ym / 0.7 um colormap of the outer lane and inner dusty disk in the nucleus
of 3C 236, made via division diSTNICMOS and WFPC2 data from Martet al. (1999) and
Madrid et al. (2006), respectively. This absorption map was originally presenteceimliayet al.
(2007).
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Table 4.1. Summary of Observations of 3C 236

Observatory Instrument Aperture Filter/Config. Wavebaypél Exp. Time [Orbits] Reference  Obs. Date Comment
@ @ ®) 4) ®) (6) 0 ®) ©

NEW OBSERVATIONS

HST ACS HRC F330W  U-band Imaging 2516s [1] HST9897 21 Oct 2003 SF Knots
HST ACS HRC F555W  V-band Imaging 2612s [1] HST9897 22 Oct 2003 Dust Lanes
HST ACS SBC F140LP FUV Imaging 6900s [3] HST9897 21 Oct 2003 SF Knots
HST STIS NUV-MAMA  F25SRF2 NUV Imaging 2520s[1] HST9897 19 Oct 2003 SF Knots
ARCHIVAL OBSERVATIONS
HST WFPC2 PC1 F702W  R-band Imaging 4%140s HST5476 7 May 1995 Galaxy
HST WFPC2 PC1 F555W  V-band Imaging %300s HST6384 12 Jun 1996 Galaxy & Dust
HST STIS NUV-MAMA  F25SRF2 NUV Imaging 1440s HST8275 03 Jan 1999 SF Knots
HST NICMOS NIC2-FIX F160W NIR Imaging 1152s HST10173 02 Nov 2004 Host Isophotes
Note. — A summary of the new and archival observations used iranalysis. (1) Facility name; (2) instrument used for obstéma

(3) configuration of instrument used; (4) filter used; (5) esponding waveband and specification of whether the oltsmmvwaas imaging or

spectroscopy; (6) exposure time (if the observator&T, the corresponding number of orbits also appears in brgck@ts corresponding

reference for observation. If the observatoridiST, the STScl-assigned program number is listed; (8) date afrehton; (9) comment specific to
observation.

also detected the knots of emission in thdi8T Rband imaging, albeit to a lesser degree as
the knots are very blue. O’Degt al. (2001) used their photometry in comparison with stellar
population synthesis models to estimate upper limits tcathes of the individually resolved star
forming knots (seen in Fig. 4b). They found disparate ages between the clumps of emission,
finding two to be relatively young with ages of orderl0’ yr, while the other two were estimated

at ~ 108 -10° yr old, comparable to the estimated age of the giant relitoradurce. O’Dea

et al. (2001) argued that 3C 236 is an “interrupted” radio galaxg has undergone two starburst
episodes approximately coeval with the two epochs of radiivity observed on Mpc- and kpc-
scales. That work motivated follow-up observations WHBT at higher sensitivity and spatial
resolution, the results of which we present in this chapter.

We organize this chapter as follows. In section 4.2 we deedhe new and archival data pre-
sented in this chapter, as well as the associated data iealulct section 4.3 we present our results,
including a comparison of our photometry with stellar p@ian synthesis models, following (in
the interests of consistency) the analysis strategy usé&iDea et al. (2001). We discuss our
results in section 4.4, focusing on the role played by the A&iburst connection in the special
test-case environment of 3C 236. We summarize this work amdde some concluding remarks
in section 4.5.
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4.2 Observations & Data Reduction

We presentHubble Space Telescomdservations of the nucleus of 3C 236 obtained as part of
the Cycle 12 GO program 9897 by O’Dea and collaborators. Theassist ofU- andV-band
imaging with the Advanced Camera for Surveys (ACS) High ResoiuChannel (HRC), FUV
imaging with the ACS Solar Blind Channel (SBC), and NUV imaginghvilie Space Telescope
Imaging Spectrograph (STIS). Below we describe the spedfieach new observation presented
in this chapter, and provide a brief description of the ar@himaging and spectroscopy that we
also include in our analysis. We also describe the steps takeduce the data. A summary of the
new and archivaHSTobservations utilized in this work can be found in in Table. 4.

4.2.1 Cycle 12 ACS and STIS imaging

OurHSTACS observations were designed to enable high sensitiuiicolor photometry allow-

ing for construction of an SED of the blue knots previouslgetved in 3C 236 (O'Deat al.,
2001). The FUV, NUVU-, andV-bands were chosen so as to provide multiple constraints on a
young blue stellar population, while also enabling coesisy checks and estimates on the amount
of intrinsic reddening. At the redshift of 3C 236 0.1005), thdJ- andV- bands are located just
blue-ward and red-ward of the 4000 A break, respectivelypdskre times were chosen to permit
detection of the knots at adequate signal-to-noise (S/Hi) avange of possible ages and intrinsic
properties. Three orbits (6900 s) were obtained for the SB¥ Fhhge using the F140LP long
pass filter. We obtained one orbit eaech 2500 s) for the HRQJ- andV-band images using the
F330W and F555W filters, respectively. The F140LP long pdies bn ACS SBC ranges from

~ 1350 A (with a hard cutoff) tev 2000 A with a pivot wavelength of 1527 A. The SBC Multi-
anode Microchannel Array (MAMA) has a spatial resolutiomdf’034 x 07030 per pixel and a
nominal field of view of 346x30/1. The SBC achieves a peak efficiency of 7.5% at 1250 A. The
F330W and F555W filters on ACS HRC have central wavelengther(filidths) of 3354 (588) A
and 6318 (1442) A respectively. The HRC has a pixel scale’628 x0/025 per pixel and its
field of view is 29 x 26". It reaches a peak efficiency of 29%-a6500 A.

We have also obtained one orbit (2520 s) of NUV imaging with@sTe MAMA detector on
STIS. The F25SRF2 filter has a central wavelength of 2320 A aRweaiM of 1010 A, which
permits geocoronald 1]A1302+ 1306 A contamination in its bandpass, though its contrityuis
far lower than the detector background and is not expectedféat our results. The F25SRF2
cutoff does not permit geocoronal kyemission. The NUV-MAMA has a pixel scale of 024 and
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Figure 4.3: (left) 2500 sV-band exposure of the nucleus of 3C 236, udt®TACS HRC with
the broadband F555W filter. The outer dust lane is seen in white, while tfirdse four knots
of star formation are seen to the south and west of the nucleus along theluste disk, whose
position angle is slightly offset from that of the outaght) combined 6900 8ISTTACS SBC FUV
(F140LP) image of the star forming knots observed along the inner dustugte of 3C 236. The
image has been smoothed with a two pixel Gaussian kernel. North is up, éef$t iShe two
images are on the same scale. At a redshift-of0.1, 1’corresponds te- 1.8 kpc.

a field of view of 28 x25".

4.2.2 Archival data

In this chapter we make use of archivdST Wide-Field Planetary Camera 2 (WFPC2) imaging
in V- andR-band (F555W and F702W filters, respectively) obtained asgiahe 3CR snapshot
programs by Sparks and collaborators (de katftl., 1996; McCarthyet al., 1997; Martelet al,,
1999). We also use the 1440 s STIS NUV-MAMA F25SRF2 image of 36, 2vhich formed

the basis of the study by O'Dest al. (2001), and was formally presented as part of a data paper
by Allen et al. (2002). TheH-band image obtained with thdST Near-Infrared Camera and
Multiobject Spectrograph (NICMOS2) in SNAP program 10178 @parks, Madricet al. 2006;
Tremblayet al.2007; Floydet al.2008) was used for fits to the host galaxy isophotes. Imagidg a
spectroscopy from the Sloan Digital Sky Survey (SDSS) is ated (Yorket al, 2000; Adelman-
McCarthyet al., 2008).
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4.2.3 Data reduction

The previously unpublisheHST data presented in this chapter were reduced using the standa
On-the-Fly Recalibration (OTFR) pipeline provided as pathef Multi-mission Archive at Space
Telescope (MAST). For ACS, the OTFR pipeline combines catéxt and flatfielded dithered ex-
posures using theul ti dri zzl e routine with the default parameters. The task calculatés an
subtracts a background sky value for each exposure, sediatedditional bad pixels not already
flagged in the data quality array, and drizzles the input expes into outputs that are shifted and
registered with respect to one another. From these drizapdsures a median image is created,
which is then compared with original input images so as teatsgosmic rays on the drizzled me-
dian. More information on the specifics otil ti dri zzl e can be found in Koekemoet al.
(2002).

We have not performed post-pipeline processing on the tvesashit ACS HRC drizzled im-
ages (- andV-band), as for the purposes of this work we are concernedapitymwith high
surface brightness emission near the center of the galagythe results from the OTFR pipeline
were sufficiently free of cosmic rays and hot pixels to be degfiscience ready”. For the three-
orbit ACS SBC data, we combined the three individual calilwtated flatfielded files manually
usingmul ti dri zzl e with the default parameters. The single 6900s output imaageleft un-
rotated with respect to North so as to avoid associated pitezpolation errors in our photometry.
Information regarding the reduction of the archival dathzetd in this chapter can be found in the
appropriate references cited in section 4.2.2.

4.3 Results

In Fig. 4.3 we present the ACS/HR&-band (at left in red) and ACS/SBC FUV (at right in blue)
images in panels (a) and (b), respectively. The two imagealagned and on the same scale, with
east left and north up. At the redshift of 3C 236¢drresponds te- 1.8 kpc. In Fig. 4.44) we
present the same data in Fig. 4.3 as an overlay, with the Futbaes rendered in black on the
band image for a clearer sense of the spatial relationsipete® the blue star forming knots (seen
in the FUV) and the dust complex (seenMrband). We have labeled each blue knot following the
scheme in O’'Deat al.(2001) to allow for easier comparison of results. In theioagSTIS NUV
image discussed in O'Dest al. (2001) (see Fig. 44), knots “3” and “4” appeared to be separate,
individually resolved regions of emission. In our new higlsensitivity and spatial resolution
imaging with ACS we detect these two regions as one filamentigston that extends 1”. In
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Figure 4.4: (a) ACS HRCV-band image of the nucleus of 3C 236 with ACS SBC FUV contours
(smoothed with a two pixel Gaussian). The knots of star formation along tlee dust structure
have been labeled so as to be consistent with O'&eal. (2001). That work detected knots “3”
and “4” as two distinct compact regions of emission in their STIS MAMA NUV imagwhile we
detect one continuous filament of emission in our more sensitive and higitel spsolution FUV
imaging. So as to maintain consistency with O’Bsaal. (2001) while making this clear we refer
to this patch as “knot 84" throughout this chapterbf The same HR® -band image (with colors
inverted to better emphasize the outer dust lane) with STIS S25SRF2 NUduesnThe knots of
star formation are nearly morphologically identical in both the FUV and NUMW,giathe higher
sensitivity of ACS is evident in the FUV contours at left, which highlight lowerface brightness
features in the knots. Both panels are aligned and on the same scale. IEfishizrth is up. At
the distance of 3C 236,'torresponds to 1.8 kpc.

the interests of consistency we have nonetheless nametethan with the two labels “3” and
“4” originally assigned in O’Deaet al. (2001), and will hereafter refer to the filament as “Knot
3+4” when discussing both regions as a whole. As in O’'lBeal. (2001), we will also refer
to the “nuclear” FUV emission, seen in Fig. 4.4 as the contmspatial with the nucleus in the
underlyingV-band. In Fig. 4.4§) we overplot the STIS S25SRF2 NUV contours on the same
V-band image (with colors inverted to highlight the continudeficit due to the outer dust lane).
The blue emission is morphologically nearly identical irtththe FUV and NUV, although the
higher sensitivity (and longer exposure time) of the ACS ds&vident in the FUV contours of
Fig. 4.4@), which map lower surface brightness features than areisdég. 4.4(). We utilize the
ACS/HRCU-band image in our analysis, though do not present the intagdigure as it appears
nearly identical to the knots in Figs. 4i@nd 4.4.
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We present an analysis of these new data in the subsectitmvg bamed in the context of past
results from O’Deaet al. (2001).

4.3.1 The outer lane and inner dusty disk

In Fig. 4.3@) a significant deficit of galaxy continuum due to a dust lanemas~ 10 kpc and
runs in a northeast-to-southwest direction south of thdemscat a position angle of 50°. A
steep brightness and color gradient defines a ridge nortieabwter lane, giving way to an inner
circumnuclear disk of gas and dust whose major axis is @tnt30° (offset~ 20° from the outer
lane). It is not apparent whether the lane and disk are disgdiuctures or a continuous, warped
distribution of gas and dust. de Kddt al. (2000) estimated the mass of dust in the complex to be
~ 10’ M, corresponding to a gas massl0’ M, given the standard gas-to-dust ratio from the
literature (Sodrosket al,, 1994).

4.3.2 Properties of the star forming knots

We have measured the total flux from each knot of star formatithe SBC FUV image (Fig. 43

as well as the STIS NUV (Fig. 404 and HRCU-band images. We have also measured the HRC
V-band flux for knots 2, 4, and the blue emission associatell thé nucleus. We have not per-
formedV-band photometry for knots 1 and 3 as they are not clearlycteden this band (see
Fig. 4.3). Fluxes were measured from the drizzled images usingpiphot package in IRAF.
The default drizzled pixel units for ACS are in electron$ svhich scales to counts by a factor
of the gain. As this is corrected for in the pipeline’s caditbon stage, “counts” and “electrons”
can be considered equivalent for the purposes of this stagsrdless of the instrument being dis-
cussed. Count rates were summed in an aperture whose radushasen based on the size of
the source being measured. Background count rates meabuvadh an aperture of the same ra-
dius were subtracted from the sum. Photometric conversitafiux units was applied by scaling
the residual (source minus background) value by the insassitivity (thePHOTFLAM keyword),
converting the value from electrons'go flux units in erg cii¥ s* AL, Statistical & uncer-
taintes were calculated from the measured count rates. B$mde photometric calibration of
the ACS SBC, ACS HRC, and STIS MAMA is 5%, 2%, and 5%, respectiveBur photometry
was corrected for galactic extinction using the scalingtreh by Cardellet al. (1989) and a color
excessE (B-V) = 0.011, as listed in the NASA/IPAC Extragalactic Database (NERummed

IMaybhate, A., et al. 2010, “ACS Instrument Handbook”, iens9.0 (Baltimore: STScl).
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and galactic extinction corrected counts were also coeddd magnitudes normalized to tH&T
VEGAMAG system, defined such that the magnitude of Vega is reall HSTbandpasses.

As estimates on thatrinsic color of each knot is required in our analysis, and as each sta
forming knot is likely embedded in a great deal of dust, weeha@go corrected all photometry for
estimated internal extinction. We had originally propo$edand received STIS low dispersion
long-slit spectroscopy to allow measurement of the Balmeradaent (K / Hj3 flux ratio) in a
2"slit aligned with the knots, however a pointing error remdethe data unusable. In lieu of this,
we use the measured Balmer decrement from Bulttigletred. (2009), who presented line fluxes
for 3C 236 using available Sloan Digital Sky Survey (SDSS®csmscopy.

Assuming an intrinsic H/Hg3 theoretical line ratio of 2.86 (i.e., a “case B” recombinatio
scenario is assumed, Osterbrock 1989), the observed Babuegrdent allows us to estimate the
color excess associated with the internal extinction instin@rce, following the parameterization
of Cardelliet al. (1989) as described in Ate#t al. (2008):

2.5 % log (2.86/Rops)
k(Aa) =k (As)

EB=V)uams = (4.1)
whereRyys = F (Ha) /F (Hp) is the observed flux ratio, and the extinction curves atathd H3
wavelengths ar&(\,) ~ 2.63 andk()\ﬂ) ~ 3.71, respectively, as given by Cardedli al. (1989).
The Balmer decrement for 3C 236 measured by Buttiglienal. (2009) of Ryys ~ 4.54 yields
anE(B-V)y, s ~ 0.465. The spatial resolution of the SDSS spectroscopy, whiler than
that of HST, nonetheless allows for a reasonably believable estinfateednternal extinction in
the nucleus. In Fig. 4.5 we present the SDSS data for 3C 236, avizoom in” on the hk
and H3 lines in Fig. 4.50). As for the purposes of this study we are primarily intezdsn the
spectroscopy solely for the Balmer decrement, we do not fitoditlye lines and instead use only
the analysis from Buttiglionet al. (2009). We do note that a narrowthbsorption feature appears
to be superimposed over thexH[N11] lines, and possibly offset from the peak in the emission in
velocity space. K| absorption has been associated with hot stars (Robietsalh 1990), though
we cannot confidently associate the feature with anythiegifip in the nucleus, as the spectrum
is spatially blended over that size scale.

Moreover, the lower spatial resolution of SDSS prohibitdrosn quantifying how patchy the
extinction may or may not be on size scales of a few kpc (of itttk scale over which the knots
are distributed). It is not unreasonable to think that onet knay be more deeply embedded in
the dust disk (and thus more significantly reddened) thathenoRegardless, we expect that any
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Table 4.2. Photometry of the Blue Knots in 3C 236
FUV Flux  meggop (FUV) MespssrraANUV)  messow (U-band)
Source  ergs cm (mag) (mag) (mag) Mruv —MNuy - MEUY —MU-band  MNUY ~ My-band
(1) 2 3 4 (5) (6) (") (8)
CORRECTED FORGALACTIC EXCTINCTION
Knot 1 8305x 10718 22204+0.025 22165+0.023 220744+0.015 Q039+0.034 Q130+0.029 00914 0.027
Knot 2 1771x 10717 21.38240.017 218404+0.019 21731+0.013 -0.459+0.025 -0.349+0.021 Q109+ 0.023
Knot 3 1134x 10717 21.86640.021 21865+ 0.020 21498+0.012 Q001+0.029 0368+0.024 036740.023
Knot 4 1670x 1017 2142740017 21788+0.019 21813+0.013 -0.361+0.025 -0.386+0.021 -0.025+0.023
Knot3+4 2836x 1017 20.871+0.013 20961+ 0.013 20835+0.009 -0.090+0.018 Q0364+0.0158 0126+0.016
Nucleus 9207x 10718 22092+0.024 21613+0.017 20359+ 0.007 Q480+ 0.029 1733+0.025 1254+0.018
All 9.037x 1017 19.6124+0.008 19703+ 0.007 191254+0.004 -0.091+0.010 Q4874+0.008 05794 0.008
CORRECTED FORGALACTIC & | NTERNAL EXTINCTION

Knot 1 4240% 1016 17.934+0.025 18141+0.023 197114+0.015 -0.2074+0.034 -1.777+0.029 -1.5704+0.027
Knot 2 9044x 10716 17.1124+0.017 17817+0.019 193694+0.013 -0.7054+0.025 -2.258+0.021 -1.5524-0.023
Knot 3 5790x 10716 17.5964+0.021 17841+0.020 191364+0.012 -0.246+0.029 -1.540+0.024 -1.2944+0.023
Knot 4 8674x 10716 17.157+0.017 17764+0.019 194514+0.013 -0.6074+0.025 -2.294+0.021 -1.68740.023
Knot3+4 1448x 10716 16.601+0.013 16937+0.013 184734+0.009 -0.336+0.018 -1.872+0.0158 -1.53540.016
Nucleus 4701x 10716 17.822+0.024 17589+0.017 179974+0.007 02324+0.029 -0.175+0.025 -0.4074+0.018
All 4.614x 1015 1534240.008 15680+ 0.007 167624+0.004 -0.3374+0.010 -1.420+0.008 -1.08240.008

Note. — Photometry of the blue star forming regions in 3C 236. H&fee presented our results corrected only for galactiaetidin,
and then again with galactic and internal extinction cdioes applied. The internal extinction correction wasraatied from the Balmer
decrement using SDSS spectroscopy (see section 3 and Tapldgt.uncertainties have been derived from count rate statistibe table
does not include the systematic errors due to the absolutemletric calibration of the instruments, which are 5%, 2%, B¥dfor the ACS
SBC (FUV), ACS HRCJ-band), and STIS MAMA (NUV), respectively. (1) Source nan®);rfieasured FUV flux of each blue source from
the ACS SBC F140LP image; (3) apparent brightness of the FU\ésam in theHSTVEGAMAG system; (4) apparent brightness in the
NUV; (5) apparent brightness in thé-band; (6) FUV-NUV color; (7) FUMJ-band color; (8) NUW-band color. Larger (more positive)
color values correspond to redder colors.

variation in reddening between knots due to unresolvechyatxtinction will be reasonably small
when compared to the overall intrinsic reddening in the eus! Were this not the case, we would
expect to see more severe color gradient shifts in the atisomap presented in Fig. 4.2. Instead,
the colors of the outer lane and inner disk appear to be gaiteran over their projected lengths.

In Table 4.2 we present the results from our photometricyaigl! including measured FUV
flux, magnitudes, and colors for each knot. The data are pteddirst with only galactic ex-
tinction corrections applied, and then again with both ¢gi&daand internal extinction corrections
applied. These corrections are given in Table 3. As the s@oe always computed in magnitudes
as “shorter wavelength™longer wavelength”, larger (more positive) values cop@sd to redder
knots. As in O’Deeet al. (2001), we find that the knots vary relatively significantlydomparing
colors that haveotbeen corrected for internal extinction (columns 6, 7, and e upper half of
Table 2). We note that knots 1 and 3 are significantly reddsar thand 4. In correcting the colors
using our estimate for internal extinction, however, we timat all knots are intrinsically very blue,
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Table 4.3. Extinction Corrections

Galactic Extinction Internal Extinction

Band A(Nea (Mags)  A(A)uqms (Mags)
FUV (F140LP) 0.1011 4.270
NUV (F25SRF2) 0.0953 4.025
U-band (F330W) 0.0559 2.362
V-band (F555W) 0.0292 1.232
Note. — Estimated and calculated corrections to photome-

try due to galactic and internal extinction. Galactic estion
estimated using (B—-V) =0.011 and the law by Cardelt al.
(1989). Internal extinction calculated from the Balmer @ecr
mentF (Ha) /F (HS) as measured by Buttigliorst al. (2009)
from SDSS spectroscopy, using the method described in-Oster
brock (1989) and in 84.3.3.

as expected. The sole exception is the UV-bright emissiatnistcospatial with the nucleus, which
lies significantly redward of the “dust disk knots” in colgraxe, even after the internal extinction
correction has been applied. This could be due to an oldéarsp@pulation or patchy extinction
leading to higher reddening along the line of sight towardrthclear UV emission (or both).

Again, we are unable to quantify whether or not there may Ibehgaextinction on scales finer
than the SDSS spatial resolution. As there is vastly moreiduke nucleus than in regions of the
galaxy a few kpc outward from the dust complex (determinechfour colormap in Fig. 4.2), we
find it likely that we have systematically undercorrectedifdernal extinction. However, a knot
that is more heavily extincted than we have corrected forlvalintrinsically bluer and therefore
younger. Uncertainty therefore lies far more on the “yound’eof age estimates than it does on
the old, and we are able to estimate upper limits to the agésedinots as done in O’Dezt al.
(2001). We describe these results in the section below.
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Figure 4.5: (left) Sloan Digital Sky Survey (SDSS) spectroscopy of the host galaxyCo235.
Significant emission and absorption lines have been labeled, and the positida and H3, the

lines most relevant for our purposes, have been marked with vertisheddines. The spectrum
has been shifted to the rest frame using the known redshift of 3C 286 @1. (right) “Zoom in”

of the Hx and H3 lines from the spectrum normalized to their local continuum. SDSS data are of
sufficient spectral resolution to resolve the twai[Nines at 6548 A and 6583 A abouttHat 6563

A (marked with a vertical dashed line). Buttiglioeéal. (2009) measured the Balmer decrement
Fra/Frs = 4.54. See Table 4 for other emission line measurements.

4.3.3 Comparison of photometry with stellar population models

We have compared our photometry with evolutionary modelsfthe stellar population synthesis
codesSTARBURSTIY (Leithereret al,, 1999; Vazquez & Leitherer, 2005). The package incorpo-
rates Geneva evolutionary tracks as well as Padova asymgtant branch stellar models, and is
now widely used for its effectiveness in accounting for &lllar phases contributing to the SED
of a young stellar population from the FUV to the NIR. Sevenadwdations were run, with para-
metric variations in stellar initial mass function (IMFe#&vy element abundance, mass range, and
whether or not the starburst continuously formed stars &rd@mation rate (SFR), or whether it
was instantaneous (wherein the starburst is modeled bytafdelction, and the resulting popula-
tion is allowed to age through time).

Simulation results wer&-corrected to the redshift of 3C 236 using its luminositytale of
~ 457 Mpc. The corrected model spectra were then convolvexigjir the relevanHST filter

2http://www.stsci.edu/science/starburst99/
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transmission curve using the photometric synthesis soaeeHOT in the STSDAS IRAF pack-
age. These corrected and convolved models could then balgicempared with our extinction-
corrected photometry.

An inherent challenge in comparing our data to predictiveytation synthesis models lies in
the fact that we cannot know for certain what the absolutensit color of each star forming knot
is. As our internal extinction correction is based solelytba Balmer decrement as measured
from (relatively) low spatial resolution SDSS spectrosgope are able to at best make a rough
correction for internal reddening. As such, running seveiraulations with slight variations in
model parameters was largely an exploratory exercise iolwie qualitatively characterized how
much a model might shift in color-color space given slighamfpes in, for example, the IMF or
heavy element abundance. In general, these variationsfoxeme to be small enough such that
our uncertain photometry would be unable to discriminatevben subtly different models.

Ultimately, however, we are most interested in the rougts aj¢he knots as this study focuses
on a possible coeval relationship between the blue stanfigrregions and the reignition of radio
activity in the central engine. Model variations are sudt thur order-of-magnitude age estimates
are largely independent of slight changes in model paraset®loreover, slight variations in
our estimate for the internal extinction would not affea ghape of the observed SED so much
that we’d associate it with a significantly older or youngerisurst. As such, we will focus our
discussion on the “best fit” model we have found, with the eaveat all results presented in this
section are uncertain and highly dependent upon the itrBIEDs of the knots, which we can
only roughly estimate.

It is also important to note that there is line contaminatiour broad-band filters that we
have not corrected for, and it is necessary to quantify howhrthis might affect our results,
particularly for the FUV emission in the nucleus. In Tablé de list intensities of selected bright
emission lines (both directly measured from SDSS speatmsas analyzed by Buttiglionet al.
2009, and estimated using line ratios from Dopetaal. 1997, measured in the M87 nucleus).
In column (3) of the table we remark on whether or not the lalésfwithin a passband used in
our observations. Relative to this work, there is signifiaamtertainty associated with these line
fluxes given the mismatch between SDSS resolution and fieeepient and the blue star forming
regions we're interested in. Moreover, there are even graaicertainties in the estimated UV
line strengths (as they are derived from ratios measureth®mnucleus of M87, not 3C 236).
We therefore use these fluxes only to roughly address thebp@ssipact of line contamination

Shttp://www.stsci.edu/hst/HST_overview/documentsfsyat/
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on our results. There are relatively bright lines contarmgaour optical and UV passbands,
namely [Q11]1A5007 (in ACS HRC F555W) andi€\1549 (in ACS SBC F140LP and STIS NUV-
MAMA). However, correcting for this contamination would tnchange the overall shape of the
SED relative to the comparis@TARBURST9 model (which itself includes stellar and nebular
emission, and as mentioned above, has been redshifted amdheed through the appropriate
bandpass). Even correcting the photometry by as much asaa &ddwo would not affect the age
estimate we’'d ultimately end up making, both for the knotshi@ dusty disk as well as for the
nuclear FUV emission. We therefore do not correct our phetopfor line contamination, given
the uncertainties mentioned above, and because it ultiyddes not affect our results.

In Fig. 4.6 we present the main result of this chapter, in Wive compare the SEDs of the blue
star forming knots as measured in our data with the syntl$#ios generated byTARBURST99.
We plot four “snapshot” epochs of our best-fit model, norzedito a continuous star formation
rate of 1 M, yrt, a Salpeter (1955) IMF of slope= 2.35, upper and lower mass limits of 100.M
and 1 M., respectively, and solar abundances wizeré.020. These “snapshot” epochs are 1 Myr
(lowest line in blue), 10 Myr (second-to-lowest SED in gred®0 Myr (second highest in yellow)
and 1 Gyr (top SED in red). As discussed previously, otherfetanation models were tested, but
are not plotted in Fig. 4.6 as variation in overall SED slopd aormalization was minimal.

In black we overplot the measured SEDs of the blue star fayrikimots, as well as the blue
emission in the nucleus, using our photometry as corrededdlactic and internal extinction.
Individual knots are identified as per the legend in the upjgdrt corner of Fig. 4.6, using the
naming convention for the knots outlined in Fig. &) (The black symbols on each SED mark the
central wavelengths of the (from left to right) FUV, NWY;, andV-bandHSTfilters, respectively.
As mentioned in the previous section, we were only able taiolf-band flux measurements for
knots 2, 4, and the blue emission associated with the nu@esubey were the only regions clearly
detected in th&/-band image).

The ages of the blue knots cospatial with the dusty disk

We find the SEDs of knots 1, 2, 3, and 4 to best match theyl@nodel SED. Still, significant
variation in color exists among each knot, whose flux in aipalgr bandpass can vary by as much
as a factor of five with respect to the others. Moreover, thBssEompare somewhat inconsistently
with the model (green 10 Myr line in Fig. 4.6), as there is apaapnt deficit of emission in the
FUV, an excess in the NUV, and another deficit in the U-bandh(vaspect to the model).

These variations are due to (1) truly intrinsic differenbesween the colors of the knots, (2)
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patchy extinction, and/or (3) globally under- or over-eating for extinction. While we lack the
ability to quantitatively discriminate between these scers, we find it naturally likely that a
combination of all three work to produce the observed viaat It is also important to note that
we are studying UV emission in a very dusty environment thatgtically thick to UV photons.
The UV emission that we do see is therefore likely emittedrenriear side of the clouds with
respect to our line of sight, and we know little of the regiafighe bursts that are more deeply
embedded in the dusty disk. Nevertheless, we can confidstatly that the observed SEDs of the
knots are more consistent with a’010° yr old starburst than they are with a®16r 10’ yr old
starburst (as modeled ®HTARBURSTO9, anyway).

The age of the UV emission cospatial with the nucleus

Along these lines, we find the nuclear emission to most ¢yaseltch the 1 Gyr SED, though there
is a deficit in its FUV flux with respect to the model (top-mostirl Gyr line). Assuming that the
FUV emission in the nucleus is indeed associated with a 1 Glystarburst (an assumption we
discuss below), it is possible (and even likely) that thisvtigficit is due to an undercorrection
for internal extinction to the nucleus. Such an undercoiwaavould affect the FUV flux the most,
while theV-band flux would remain relatively unchanged. The net resolild be a steepening
of the slope on the blue end, such that the SED of the nuclegistrmore closely correspond with
that of the 1 Gyr model. Moreover, while we cannot quantifywhmatchy the extinction may be
over these scales (as we have discussed several timesysigyiat is reasonable to imagine the
extinction being greater in the nucleus than it is on the eddiee dusty disk, given the inclination
of the disk is more edge-on than face-on, such that the nsieleuld be farther down the line of
sight than the edge of the disk (Trembletyal., 2007). Regardless, we do not expect that heavier
extinction toward the nucleus (in comparison with the knotthe disk) would alter the shape of
the nuclear SED so much that it would better correspond witiff@rent age.

Of course, it is important to estimate how much the AGN maytgoute to the FUV emission
in the nucleus. 3C 236 is a low-excitation radio galaxy (LEMpreover, it lacks broad lines
indicative of a deficit of ionizing photons from the accretidisk (Buttiglioneet al., 2009), sug-
gesting that the accretion region is obscured along ourdirgght (i.e., Urry & Padovani 1995).
Contribution from the AGN to the nuclear FUV emission woul@réfore come in the form of
scattered light, which we do not expect to contribute sigaiftly to the overall UV excess (cer-
tainly not to a degree that would affect our order-of-magphét age estimates). Hat al. (2007)
similarly fit stellar population models to their ground-bdsSED for 3C 236, finding that a good
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Table 4.4. Emission Line Ratios & Radio Measurements

Measurement Value In Passband? Reference
(1) (2) 3) (4)
MEASUREDINTENSITIES
Log L(Ha) 41.13 No 1
HG I Ha 0.22(4) F555W 1
[O111]\5007 / v 0.57(2) F555W 1
[O1]A\6364 / Hx  0.30(3) No 1
[N11]1A6584 / Hx  0.69(1) No 1
[SHIN6716 / Hy  0.49(2) No 1
[SHIN6731/Hy  0.35(3) No 1
LogL(178 MHz) 33.56 N/A 2
Log L(5 GHz) 31.62 N/A 3
ESTIMATED UV LINE INTENSITIES
Lya / Ha ~ 6.7 No

Civ \1549 / Hy ~ 1.2 F140LP, NUV-MAMA 4
Hell A1549 / Hy ~ 0.3 F140LP, NUV-MAMA 4
NIA1750 / Hy ~ 0.1 F140LP, NUV-MAMA 4

4

CiiJA1909 / Hy ~ 0.3 NUV-MAMA
Mgl \2798 /Hv  ~ 0.1 F330W 4
Note. — (1) De-reddened logarithm of luminosity in erg sr

line ratio (with respect to H); (2) measured value, with errors par-
enthetically presented as percentages; (3) remark if tiee(at the
redshift of 3C 236) falls into one of thdST passbands used in this
study; (4) reference. UV line intensities were estimatadgisea-
sured ratios from the nucleus of M87. Significant unceriesnare
associated with these estimates.

References. — (1) Buttiglionet al. (2009); (2) Spinracet al.
(1985); (3) Buttiglioneet al. (2010); (4) Dopiteet al. (1997)
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fit required a red power-law component, suggestive that Mexgess is not likely associated with
scattered light from the AGN and is instead a young, reddeinathr population. Moreover, no
point source is visible in aniSTimaging of the nucleus, an8ipitzer Space Telescofi® spec-
troscopy obtained for 3C 23&pitzerprograms 20719 and 40453 by Pl Baum and collaborators)
does not show evidence for a hidden quasar continuum (gthfmumal presentation of these data
is forthcoming in future papers). Hence, we expect the nigjof the FUV emission in the nu-
cleus to be due to stellar continuum from young stars, whgeene have estimated to bel(® yr

old.

The ages of the knots in context of other works

To summarize, we conclude from Fig. 4.6 that the four stanfog knots cospatial with the dusty
disk are of order~ 10’ yr old, while the stars in the nucleus are older, with an age a0° yr

old. In Table 5 we present the star formation rates assatiaith our “best fit” STARBURST99
continuous star formation model. We also list the mass raegeired for an instantaneous burst
model to reproduce the observed fluxes, while noting thattimtéinuous model is a better match
to our data. Nevertheless, the mass ranges we estimatersisteat with those predicted by the
instantaneous burst models of O’Detal. (2001). Our estimated SFRs are also consistent with
those derived from the O’Dea continuous star formation risydand are always on the order of a
few M., yr. See Table 3 in O’Deat al. (2001) to compare both their derived SFRs and masses
with our results.

Unlike this work, O’Deaet al. (2001) compared their photometry to Bruzual & Charlot stellar
population synthesis models (Bruzual A. & Charlot, 1993; Gitakl Longhetti, 2001) absent
an estimate for internal extinction (the required data watsavailable at the time). They found
bimodality in the ages of the knots, wherein knots 1 and 3 wesasured to be young, of order
< 10" yr old, and 2 and 4 were estimated<atl®®-10° yr old. In contrast, we estimate a nearly
uniform age distribution among the knots in the dust disk-dfo’ yr old, while the FUV emission
in the nucleus is likely to be- 10° yr. The difference in results between this work and that of
O’Deacet al. (2001) likely arises from (1) different data sets (2) theklat internal extinction
correction in the O’Dea work (none was available at the timaayl (3) comparison with Bruzual
& Charlot models vsSTARBURSTO99 models in this work. Whatever the case, the age upper limits
we estimate for our knots are consistent with the “young’tkrdoand 3 from O’Deat al. (2001).
That work also clearly emphasizes that the older ages gsitihiiar knots 2 and 4 are merely upper
limits, and entirely dependent upon the intrinsic colorshef knots.
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The work by Holtet al. (2007) also estimated the ages of the star forming regioBE€iRa36 by
fitting young stellar population models to a ground-based 8&m the ESO Very Large Telescope
(VLT). Their results are consistent both with O’Detal. (2001) and this work, estimating similar
ages for the stellar populations. In examining stellar gitgan features, they further rule out
models with ages> 1.0 Gyr, as those models overpredict the depth of the Gzature.

The work by Koekemoeet al. (1999) performed a similar age dating exercise for the edntr
dominant radio-loud elliptical galaxy in the cooling flonuster Abell 2597. Much like 3C 236,
that object possesses a compact radio source, a signifianefitary dust lane, and a network
of clumpy knots and filaments of blue continuum, which Koekenet al. (1999) interpreted to
be sites of recent star formation. Using single-burst Bru&u@harlot models, that work derived
ages for the knots of 10’ -1C® yr, comparable to the inferred age of the compact radio sourc

4.4 Discussion

4.4.1 Dynamics of the gas and dust in 3C 236

As discussed in section 3.1 and seen in Fig.&),3C 236 possesses both an outer filamentary
dust lane and an inner circumnuclear disk whose semi-mags are misaligned with one another
by ~15° (Martel et al,, 1999; de Koffet al,, 2000; O’Deaet al,, 2001). These morphologies are
strongly indicative of a galaxy that has recently acquirad ffom a companion, suggesting that
the outer lane is dynamically young. Below we motivate thiseatson using simple dynamical
arguments.

Gas and dust acquired through mergers or tidal strippingae@ed to coalesce on a dynamical
timescale £ 10° yr, e.g. Gunn 1979; Tubbs 1980) and precess about a symmiatrg pf the
host galaxy, finally settling into it on a precession timésaz order a Gyr (e.g., Tohlinet al.
1982; Habe & Ikeuchi 1985). During this time the gas will disde angular momentum and fall
inward toward the nucleus at a rate dependent upon the wteust the potential well and the star
formation efficiency of the gas (Barnes, 1996; Bekki & Shioy@97). In the scenario proposed by
Laueret al. (2005), filamentary distributions of dust that have not wetahed the nucleus would
be classified as lanes, which might be thought of as transianttures that would eventually form
a nuclear disk if given sufficient time (e.g., Trembltyal. 2007, and references therein).

The recent study by Tremblagt al. (2007) lent evidence in support of this scenario. That work
described a dichotomy between dusty lanes and disks in asafipw-redshift ¢ < 0.3) 3CR ra-
dio galaxies (including 3C 236), finding round nuclear dusks to preferentially reside in round
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Figure 4.6: SEDs of the blue star forming knots as measured in our data, compared wiitle sy
SEDs as predicted lyTARBURSTI9 stellar population synthesis models. We plot four “snapshot”
epochs of one standasfARBURST99 model, normalized to a continuous star formation rate of 1
Mg yrt, a Salpeter IMF of slope = 2.35, upper and lower mass limits of 100.Mand 1 M.,
respectively, and solar abundances where0.020. Other continuous star formation models were
tested, but are not plotted here as variation in overall SED slope and lizatioen was minimal.

In black we overplot the fluxes of the blue star forming knots, as well asethaucleus, using our
photometry as corrected for galactic and internal extinction (using the Baleweement). Indi-
vidual knots are identified as per the legend in the upper right corrieg thee naming convention
for the knots described in Fig. 4.4.
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Table 4.5. Estimated Star Formation Parameters

Est. Required SFR Est. Required Mass Range
Source (M, yrt, Cont. Model)  (Log M, Inst. Model)

(1) (2) 3)
Knot 1 0.69 73-8.7
Knot 2 1.47 77-9.0
Knot 3 0.94 75-8.8
Knot 4 1.41 77-9.0
Knot 3+4 2.36 ™-9.2
Nucleus 0.47 A-8.7
All 7.51 8.4-9.7

Note. — (1) Source identifier; (2) Estimated star formatiates
(SFRs) using the “best fitS TARBURSTI9 “snapshot” epoch as de-
termined based on Fig. 4.6 and as described in 84.2. We hageich
the 10 year SED as the “best fit” for all of the knots, and theé 10
yr SED for the nucleus. The chosemARBURSTO9 model for this
estimate is normalized to a continuous star formation rateM
yr1, a Salpeter IMF of slope = 2.35, upper and lower mass lim-
its of 100 M, and 1 M,, respectively, and solar abundances where
Z =0.020. Other models were tested, but those results are not pre-
sented here as variation was minimal, and the SFR for eadhigkno
generally of order 1 M., yr~* regardless of the model. (3) Required
mass range of an instantaneous starburst triggered 1@ yr ago.

The STARBURST99 parameters used are the same as in (2), except
the starburst is modeled as a delta function at time zeroerahan
forming continuously with a star formation rate.
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to boxy host galaxies, depending on their inclination webpgect to the line of sight. Conversely,
filamentary dust lanes which had not yet settled into theauscivere found to reside exclusively
in host galaxies with disky isophotes. Numerical simulagiof dissipational mergers have shown
that rotationally supported, disky systems are typicdily tesult of gas-rich mergers, while boxy
galaxies are often formed through dry (gas-poor) mergets, (Barnes 1996; Bekki & Shioya
1997; Khochfar & Burkert 2005). Past studies of both radiedi@and radio-quiet ellipticals have
shown that dust lanes are very often misaligned with the negis of their host galaxy isophotes,
while the opposite is true for dusty disks (e.g., Tetral. 2001, and references therein). These
results support a scenario in which nuclear dusty disks atigento the host galaxy pre-merger,
while dust lanes are far younger structures, having regcéein externally acquired through tidal
stripping or a merger (Tremblast al., 2007).

3C 236 appears to contaboth an outer dust lane and inner dusty disk. Moreover, the outer
dust lane is slightly misalinged with the major axis of thestgalaxy isophotes over a projectéd 4
linear extent centered about the nucleus. We mark the igalpstoucture of the host in Fig. 48)
in which we have plotted isocontours on L& (analog oH-band)HSTNICMOS imaging from
Madrid et al. (2006). In Fig. 4.7¢) we present a “zoomed in” view of the colormap originallypre
sented in Fig. 4.2, with contours marking the misalinge@plaine and inner dusty disk. Note how
the dusty disk appears to be better aligned with the majar @ixihe inner host galaxy isophotes
than the lane (Figs. 4a7and ) are on the same scale). In Figs. 4)74nd () we plot isophote
major axis position angle (P.A.) and isophotal ellipticigspectively, as a function of semi-major
axis. These data stem from fits to the NICMB8$&hand isophotes using the IRAF taskl i pse,
originally performed by Donzelkt al. (2007) and analyzed by Tremblayal. (2007). Note from
Fig. 4.7¢€) that the isophotes are lopsided, particularly to the ssaghbetweer- 2”and 4from
the nucleus. The asymmetric isophotes are indicative oéleaspopulation that has yet to fully
relax dynamically, suggesting a recent minor merger hatakace.

Framed in the context of the results discussed above, theddgsamorphologies in 3C 236
present strong evidence of the host galaxy having recently® yr) acquired gas from a compan-
ion. Following the scenario discussed by Trembdaal. (2007), the inner dusty disk may have
been native to the host galakeforethe recent gas acquision event, while the outer lane may be
been externally acquired as a result of that event, andlighdtie process of migration toward the
nucleus.

As dust traces molecular gas accretion reservoirs thatAG® activity, this scenario works
naturally with the notion that 3C 236 is an “interrupted” imgource. de Koftet al. (2000) es-
timated the mass of dust in the lane and disk to~b&0’ M, corresponding to a gas mass of
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~ 10° M. Such a significant gas mass could supply fuel to the AGN famng lperiod of time,
allowing the radio galaxy to grow to its very large size (4 Mpthe relic radio source also lends
an unrelated argument in favor of a scenario in which a lai@eibn of the gas mass was native to
the host galaxyrior to whatever event cut off or smothered the AGN activity foreaipd of time
(ostensibly the same event responsible for depositing ramsnirgo the system)Somesignificant
fuel source was clearly necessary to power such a large jetdtbough it is not clear whether that
original source is still present and observed in the formhefihner disk, or whether the original
source was exhausted and the dust we observe now traces\adepulsited accretion reservoir.
Imagining for a moment that the inner dust disk is old andvedt the host “pre-interruption”, it is
plausible to imagine the inner disk being perturbed, cgttfi the BH fuel supply, then resettling
back toward the nucleus after a short period of timelQ’ yr), reigniting AGN activity. During
this time the young, newly acquired dust from the “interrapt event would begin to settle into
a filamentary lane, and begin migration inwards toward the#eus on a much larger timescale (a
few times~ 10° yr).

The nature of this “interruption” event is not clear. The thgalaxy of 3C 236 is in a very poor
environment and has no obvious group members within 0.5 Masgd on a statistical correction
for background contamination, Zirbel 1997). This, combingth the fact that the isophotes of
3C 236, while lopsided, are not highly irregular, suggdsas the event was likely a minor merger.
In this scenario, the presumably dust-rich and small doatzngy would have been fully consumed
by the much larger 3C 236. Were the event a major merger, on&vexpect to see more irreg-
ularity in the isophotes, as the “dynamically young” dukg CSS radio source, and the fact that
one can still detect the relic radio source even given sytobm cooling timescales<( 108 - 10°
yr) require the merger event to have happened relativebntgc(no more than 16-10° yrs ago).

A major merger of nearly equal-mass galaxies would likeutein structural irregularities that
would last much longer than that timescale.

4.4.2 Star formation in the nucleus in the context of the relic radio soure

Canonical estimates based on synchrotron cooling timeswadeld suggest that the relic4 Mpc
FR Il radio source is not older than a few time$ $6(e.g., Parmat al. 1999). O’Dezet al.(2001)
attempted to better constrain the age of the relic sourgejrag that a lower limit to its agin relic
could be estimated using simple dynamical arguments:

V, -1
tminselic = 7.8 x 10° ( ";be) yr (4.2)
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Figure 4.7: (top lef) HSTNIC2 1.6 um image of 3C 236 with highlighted isophotal contoutsp(
right) 1.6 um/0.702um (H/R-band) colormap of the dusty disk in the nucleus of 3C 236, made via
division of HSTNIC2 and WFPC2 data. Evidence for two disparate dust structuresandrsthe
colormap. The position angles of the outer dust lane and the inner diskiiiletise are offset by

~ 10°. (bottom lef} Semi-major axis position angles (P.A.) of ellipses fit to H&T7NIC2 H-band
isophotes using the IRAF routired | i pse. The plot shows a several sigma twist in the isophotes
between Tand 3, which is also visibly evident in the contours of the image at top ldfattom
right) Ellipticity of the fit isophotes fronel | i pse over the same scale.
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whereviqpe is the lobe propagation speed. Using a canonical expanpesadsof~ 0.03c (e.g.,
Alexander & Leahy 1987), O’'Deat al. (2001) estimated the dynamical age of the relic source
to be 26 x 10° yr. This would make for an old radio source, near to the timenviynchrotron
cooling would render the lobes unobservable at higher Baqies as the electrons age. Of course,
the relic source associated with 3C 236 is among the largdsiel universe, so the fact that it’s
likely old is not surprising.

If the double-double radio source indeed arises from emsaadivity in the AGN, at some stage
in the life of 3C 236 its nucleus would have entered a dormaasp and halted the collimation
of its jets. This would have deprived the hot-spots of thegrgy supply on a timescale of order
the nucleus-to-hotspot traversal time of the jet matejedted prior to the shut down of the AGN,
assuming it advanced relativistically (e.g., Baemal. 1990; Kaiseret al. 2000; Schoenmakers
et al. 2000a,b). The production of “young electrons” in the hotsgry magnetohydrodynamical
(MHD) turbulence or Fermi acceleration in the Mach disk isught to cease when the hotspot
is no longer fed by a jet, meaning the electron populatioh wain to age once the last of the
remaining jet material has arrived (e.g., Joeeal. 1999, and references therein). If one believes
radio spectral ageing techniques, then the ages of the ysuetectrons in the lobe added to the
jet traversal time from the nucleus to the hotspot shouldflaer the timescale over which the
nucleus has been dormant. O'Detaal. (2001) estimated this timescale to el 0’ yr, an order of
magnitude younger than the62x 10° yr dynamical age of the relic source.

Note that the ages estimated by these two techniques neagneet, as the ages of the youngest
electrons in the lobe will correspond to the time when jepagation ceased, but tell us nothing
about how long the nucleus may have been active. MoreoJeof H#hese age estimates in the
radio are heavily dependent upon assumptions such as thagation speed and the true source
of young electrons. Indeed, the active phase corresponalithg creation of the relic radio source
may have been far longer lived than the dynamical age of fieeseurce itself. We cannot know
for certain how much of the lobes may have already cooledtpagtoint of observability. Obser-
vations at lower frequencies may be enlightening in thisureg

As discussed in section 3.3.2, we have estimated the age ofitiear starburst to be 10° yr
old, given the previously discussed caveats and notingitimady be younger if we have under-
corrected for internal extinction to the nucleus. Nevdebg, the approximate ages of the nuclear
starburst and the- 4 Mpc relic source are just close enough to warrant noting tthey might
possiblybe related to a common gas infall event. Having said that,gaénastress that this is only
a possibility, and we are unable to draw conclusions redainsuch a connection in light of the
significant uncertainties involved.
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4.4.3 The star forming knots in the context of the CSS radio source

O’Deaecet al.(2001) used arguments similar to those discussed in theead®mtion to estimate the
age of the central CSS radio source, operating under the asisarthat it was young and not “old
and frustrated” (a reasonable assumption, especiallgim bf recent results on CSS sources, e.g.
Holt et al. 2009). Their estimate for its aggn csswas given by

Vi -1
tmincss™ 3.2 x 10° ( 'Zbe) yr, (4.3)

where using the same lobe advance speed they found the age GSS source to be very young
indeed, of order 1.0 x 10° yr. As discussed in section 3.3, we have estimated thatainéosming
knots cospatial with the dusty disk axe10’ yr old.

4.4.4 |s the recent episode of star formation coupled to the rebirth of ramh
activity in 3C 2367?

If the recent episode of star formation in the disk were diyeelated to the event resulting in
reignition of radio activity giving birth to the CSS sourceg would not necessarily expect a one-
to-one correspondence among their ages. The dynamicabtinseales of a few kpc, where the
star forming knots are located, is far longer than the dyoahtime on sub-pc scales where the
AGN is fuelled. In this context, the difference in estimaseges of the star forming knots and the
CSS source would constrain the timescale over which the gesnsported from kpc to sub-kpc
scales. This can't be any longer than the age of the young Gtat0’ yr), which corresponds not
only with the dynamical time on kpc scales but also the esgchdormancy period of the nucleus.

The recent work by Wuytst al. (2009) discusses the merger-driven models of Hop&ire.
(2006) in the context of internal color structure in massitag forming galaxies. They find internal
color gradients to be strongest during the merger phasé, blite star formation expected on
scales outside a few kpc (approximately where we observsténdormation in 3C 236). In their
previously mentioned work, Koekemoet al. (1999) derived ages to star forming knots in Abell
2597 that were closely related to the inferred merger and A@ling timescales giving rise to
the compact radio source in that galaxy.

Our observations have yielded similar results, and seenudggest one possible “story” for
the history of 3C 236. In considering its double-double oagiorphology in the context of its
dynamically young dust complex and recently triggered cachptarbursts, we suggest that 3C 236
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has undergone multiple epochs of AGN activity due to a neady supply of fuel to the central
engine. We suggest that the period of activity related tetthkpc relic source was ended when the
fuel supply to the central engine was cut off, whether by eskian, strangulation, or disturbance.
After a subsequent- 10’ yr dormant phase, infalling gas from a minor merger eventhed
kpc scales, where a starburst was triggered via cloud-ctalicsions amid collapse. The gas
not involved in star formation reached the nucleus afterlsseguent dynamical time, triggering
reignition of the AGN and giving birth to the CSS radio source.

We hesitate to make further suggestions relating to thefstaration in the nucleus and its
possible connection with the relic source, nor will we sigigehether or not the outer filamentary
dust lane and inner disk are two distinct structures witfed#nt histories (i.e., recently acquired vs.
native to the host pre-merger). We have argued in sectiothdtdiscriminating between the two
scenarios may shed light on whether the AGN “interruptiorére was due to actuakhaustiorof
its fuel supply, or only dynamicalisturbanceof its fuel supply. Whatever the case, the results of
this work and those of O’Deet al. (2001) strongly suggest that the transport of gas to theeniscl
of 3C 236 has been significantly nonsteady over the past Gynggrise to a unique galaxy that
acts as an important test case in studies of the AGN/startomsection.

4.5 Summary

We have presented follow-ugSTACS and STIS observations of the radio galaxy 3C 236, de-
scribed by O’Deaet al. (2001) as an “interrupted” radio source. The galaxy is aased with a
massive relic~ 4 Mpc FR |l radio source (making it one of the largest objentshie universe),
as well as an inner 2 kpc CSS “young” radio source. This “dowlolgble” radio morphology is
evidence for multiple epochs of AGN activity, wherein the Biefsupply is thought to have been
exhausted or cut off at some time in the past, and has onlyntigdeeen reignited.

We presenHSTFUV, NUV, U-, andV-band imaging of four star forming knots, previously
described by O’Deat al. (2001), that are arranged in an arc along the outer edge qfallasy’s
circumnuclear dust disk (which itself is surrounded by aatigmed outer filamentary dust lane).
We have also detected blue emission cospatial with the nsideelf. We describe these observa-
tions in detail, as well as the steps taken to reduce the d&éapresent photometry of the blue
knots, and discuss our efforts to correct the data for iaeemtinction to the source using the
Balmer decrement available from archival SDSS spectroscopy

We compare the measured four-color SEDs of the star formmugskto synthetic SEDs from
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STARBURSTI9 stellar population synthesis models, with the ultimadal @f roughly estimating
the ages of the knots. We find that the four knots cospatidd thi¢ outer edge of the dusty disk
are likely~ 107 yr old, while the FUV emission cospatial with the nucleuskslly older, at~ 10°

yr old (with the caveat that undercorrection for interndirmstion in the nucleus would lower this
limit). We argue that the ages of the young knots are suggesfia causal connection with the
young central radio source.

We frame these results in the context of 3C 236 as an appafarnérrupted” radio galaxy. Our
results are generally consistent with those of O’Beal. (2001), and we argue along similar lines
that the transport of gas in the nucleus of 3C 236 is nonstedusrein the active phase giving rise
to the 4 Mpc relic source was cut off by exhaustion or distndeaof the AGN fuel supply. We
suggest that this lead to a dormant period punctuated by armmarger event, and the subsequent
infalling gas triggered not only a new episode of star foramgtbut also ushered the galaxy into a
new active phase giving rise to the young CSS radio source.

Results such as these support the natural argument thainigfgas largely fosters the relation-
ship between the growth of the AGN and that of its host gald&lfas component. In time, that
relationship may evolve from mutual growth to the regulatd the latter by the former through
guenching from AGN feedback. As infalling gas is a criticahgponent in merger-driven hier-
archical models, the triggering of AGN may be fundamentafjataxy evolution itself. In this
way, the relevance of 3C 236 might extend beyond studiesisbdj activity in radio galaxies to
studies of AGN in the context of galaxy evolution as a whole.

4.6 Context: 3C 236 compared with A2597

Though they reside in very different environments, 3C 236 Abell 2597 (the subject of Chapter
2) share important similarities and equally importanteténces. It is useful to summarize these,
and in so doing, assess the role that may be played by envenorimshaping the various observed
properties of the two systems.

e 3C 236 is a field galaxy (i.e., in a poor environment), with mbedted group members or
companions within 0.5 Mpc. A2597 resides in a rich clustesoamted with a cool core.
High resolution X-ray spectroscopy is consistent with a arately strong cooling flow.

e Both 3C 236 and the A2597 BCG exhibit evidence of episodic radiivigy: 3C 236 is a
double-double radio source (outer 4 Mpc relic source, irthkpc CSS source), and PKS



4.6 Context: 3C 236 compared with A2597 157

2322-122 in the A2597 BCG is & 10 kpc CSS source with a network of X-ray cavities
suggestive of inflation by at least one previous active @fgso

e 3C 236 possesses a relic, 4 Mpc FR 1l radio source with an upgerdimit estimated at
~ 10 yr. A2597 is far more compact in terms of radio structureutitoit does possess what
could be considered a relic low-frequency soure0 kpc in length. The morphology of
this low frequency radio source can be considered more “H1than “FR II-like”.

e In A2597, low frequency 330 MHz emission, offset in positanmgle from the 8.4 GHz CSS
source, is observed to be cospatial with the largest of tessy cavities. Ghost X-ray
cavities not associated with radio emission are also dedestt more distant clustercentric
radii.

e The estimated duty cycle for 3C 236, by simple age estimaiethé “old” relic source and
the “young” CSS source, is 107 yr (see the discussion in this Chapter), while quantitative
analysis of the X-ray cavity network and radio structured2%97 suggests the AGN duty
cycle is of order 10-1C° yr.

e Both sources harbor compact FUV emission, inferred to ares®a bngoing star formation,
in clumpy and filamentary morphologies spanning the cerésal(< 10) kpc. In A2597,
the FUV emission spatially traces the morphology of the smisline nebula. In 3C 236,
the clumpy FUV emission is cospatial in projection with artesdilamentary dust lane, as
well as with the nucleus, surrounded by an inner dusty ditdebfn position angle from the
major axis of the outer dust lane.

e The compact knots of star formation in 3C 236 are estimatdzbtdd yr and 16 yr old,
respectively. The estimated age range of the young stalaponent in A2597, as inferred
from FUV andU -band observations, is»6 1P to 6 x 1CP yr.

e The FUV-derived star formation rates for the compact knotssamilar for both sources (a
few Mg, yr1), and correspond to a similar total mass of new stars addeddio galaxy (on
the order of~ 10° M,,).

e Both sources can be considered “low excitation” galaxie#) vaspect to their optical spec-
tra.
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e While both sources are dusty (as inferred from optical olzdems), 3C 236 possesses a far
more structured and “kinematically settled” dust complelxich includes the outer filamen-
tary dust lane and an inner dusty disk. There is a small poséngle offset between these
two structures. A2597 harbors a far more morphologicallgtidbed” dust lane spanning an
axis that is nearly perpendicular to the BCG isophotal maj @ contrast with 3C 236).

e While 3C 236 and A2597 share important similarities in the Foptical, and radio, they
are extremely different in the X-ray. This is not surprisiag 3C 236 is not associated with
a cluster and is not embedded within a hot X-ray atmosphehnereas A2597 is a strong,
X-ray bright cool core cluster.

The strong similarities between the two sources immediataggests that a cooling flow is not
exclusively required to provide the gaseous reservoilifgektar formation and AGN activity in
A2597. Having said that, recent star formation and recdntigered AGN activity can be simply
understood in the context of infalling gas, regardless whiecame from. Presumably, 3C 236
acquired the gas reservoir which is fuelling the currensegé of AGN activity and star formation
from a merger-driven “cold accretion” scenario. Gas aaguthrough a merger or tidal stripping
is expected to coalesce in a symmetry plane of the host galadyslowly flow inwards. Similar
behavior can be expected of a cooling flow scenario, with tagraxception being that the gas
is hot as it is acquired, and may be associated with less geti@nmomentum than cold, dusty
gas acquired through a merger. Ultimately, we are not in &ipngo comment further on the
role of mergers vs. cooling flows in providing the gaseousmasrs found in the centers of CC
BCGs. X-ray spectroscopy of A2597 is consistent with a moegratrong cooling flow, so if the
model is correct, that cooling gas certainly needs tsgmewhere On the other hand, 3C 236
almost certainly had to acquire its gas reservoir througheeger. Perhaps the kpc-scale settled
dust complex in 3C 236 and the lack of such a dust complex irO&Z&n be understood in the
context of cold vs. hot accretion scenarios.



THE EPOCH OFCLUSTER ASSEMBLY

Distant FR | Radio Galaxieas Cluster Beacons

On their backs were vermiculite patterns that were
maps of the world in its becoming.
CORMAC MCCARTHY, 2006

Galaxy clusters are thought to assemble at redshiftg & 2, though to date, very few (of order
tens) have been detected in this redshift range (which ha®ppately been named the “cluster
desert”). This is not necessarily surprising, given thédalifties associated with extending typical
galaxy cluster selection methods (e.g., X-ray surveyd)déee depths. The problem is compounded
because spectroscopic confirmation of candidate clusténgi‘desert” is made extremely difficult
when the 4,000 A break is redshifted beyond 10,000 Az@tl.5). In this chapter, we present
a search for FR | radio galaxy candidates at ¥ < 2. As discussed in Chapter 1, FR Is are
ubiquitously associated with cD ellipticals in local gafatusters, though no FR Is are (officially)
known to exist beyond > 1, given (@) the tight redshift-luminosity correlation &iij the low(er)
luminosities of FR Is vs. FR lIs, which are generally foundhigther redshifts. As we will discuss
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below, there are (possibly) ways around this, and the deteot candidate FR | sources at these
distances may act as “beacons” for the assembling protectuthey may be associated with.

Probing the epoch of cluster assembly will be critical to aderstanding of the cosmological
evolution of cool cores, and the “entropy history” of clusten general. As discussed in Section
1.5, FR I radio galaxies seem to require “hot mode” accretdh low accretion rates. Locating
FR Is at highz, particularly those associated with clusters or protdelss would argue for the
presence of such fuelling modes in this redshift range. &dagvopulation of < z< 2 FR |
could be considered surprising and contrary to expectst@smerger-driven hierarchical models
are thought to dominate structure growth at these earlyrepo€inally, the detection of high-
z clusters is critically important for cosmological modeés the cluster mass function at high
redshifts constraindaCDM cosmology. At the moment, our understanding suffersyofrdm poor
statistics, as existing X-ray satellites are incapablextérading X-ray cluster selection methods
to these depths. Moreover, future X-ray missions sucWBeXT are either in their infancy and a
long way off, or have been abandoned altogether (see thettalgle recent cancellation of the¢O
mission). It is therefore necessary to fioitherways by which high redshift clusters can be found,
and this chapter presents one such method. The resultssiotthpter were originally published
in Chiabergeet al. (2009), and have since been put to use in the possible detextticandidate
protoclusters at ~ 1.8 (Chiabergeet al., 2010).

5.1 Context

Extended, 100 kpc scale radio emission associated with gadaxies has long been classified into
two morphological groups: “edge-darkened” Fanaroff-Rd&ss | (FR I) objects with (often) two
“plume-like” jets, and edge-brightened FR 1l objects cletedized by bright terminal hotspots and
the absence of an obvious counterjet (Fanaroff & Riley, 19¥R)| galaxies typically have a radio
power lower than that of FR Il sources, with the FR I/FR |l lrsat atl_17g yn; ~ 2 x 10*3 erg s*
Hz™1. However, the transition is rather smooth, and both radiogpmalogies are observed in the
population of sources whose luminosities are near thiskofea., Bridle, 1984). The FR I/FR I
break (at low redshifts) also depends on the luminosity efttbst galaxy, as shown by Owen &
Ledlow (1994); Ledlow & Owen (1996). Whether this arises framintrinsic relationship or is
merely the result of selection effects is still not obvio8sdrpa & Urry, 2001). From the optical
point of view, FR Is are invariably associated with the moassive galaxies in the local universe
(e.q., Zirbel, 1996; Donzelkt al., 2007), thus they are also most likely to be linked with thesto
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massive black holes in the local universe. Furthermore,d&¢ usually located at the center of
massive clusters (see e.g. Owatnal,, 1996, for a review). On the other hand, at low redshifts,
FR IIs are generally found in regions of lower density, wiidgtically) someFR 1l reside in richer
groups or clusters at redshifts higher tha.5 (Zirbel, 1997).

The discovery (oconfirmed abseng®f high redshift (hereafter “higa*) FR Is will greatly in-
form our understanding of several major unsolved problgmesific to observational dichotomies
in radio galaxies (see Chapter 1), in addition to studies sémbling protoclusters atd z < 2.
However, flux-limited samples of radio galaxies such as {GR &nd its deeper successors (the
6C and 7C catalogs) are limited by the tight redshift-lunsibpocorrelation, i.e. the well known
Malmquist bias. This, along with the steep luminosity fumetof these objects, gives rise to a se-
lection bias resulting in detection of high luminosity sces only at high redshifts and low power
sources exclusively at low redshift. It is therefore unsisipg that, in the above mentioned cat-
alogs, all “high z” objects are FR Il sources (or QSOs), wiiike Is are only found at < 0.2.
Indeed, besides possibly one of the two candidates distuissgnellen & Best (2001a), no FR |
radio galaxies are known to existat- 1. Nevertheless, there is evidence that the population of
radio-loud AGN substantially increases with redshift upzte 2-2.5 (e.g. Uedeet al,, 2003).
Thus, if FR | galaxies do in fact exist at high redshift, theigim be significantly more abundant at
z> 1 than in the local universe. Sadkral. (2007) find that, in the redshift range<0z < 0.7, ra-
dio galaxies with radio poweiR, 4 ¢4, < 10?° W Hz™* undergo significant cosmic evolution. Their
result is consistent with a pure luminosity evolution lamgar to that followed by star forming
galaxies over a similar redshift range. The discovery of pmwer radio galaxies at higher red-
shifts will clearly also inform our understanding of the nadogical evolution of radio galaxies as
compared to “normal”’ galaxies.

The role of FR Is in the framework of the unification schemeé&alio-loud AGN is a significant
matter of debate (see Chapter 1 for a slightly more compraérersview). In particular, the lack
of low redshift “FR | quasar$ (with the possible exception of a few peculiar objects,sas the
broad-lined FR 1 3C 120, e.g., Eracleous & Halpern 1994; @arorenzeet al. 2005), has yet to
be fully understood. It is possible that most (if not all) F&Rinttrinsically lack a broad line region
and are possibly powered by (relatively) radiatively irefint accretion disks (e.g. Bauet al.,
1995; Falckeet al, 2004; Fabiaret al, 2006). This picture is also supported by the discovery
that the large majority of FR | hosts have faint unresolvedl@iun HSTimages. The flux and
luminosities of these nuclei show a tight correlation withge of the radio cores (Chiaberggel.,

We define FR | quasars to be radio galaxies associated wieitisbghowing broad emission lines in their UV-
optical spectrum.
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1999). The existence of such a correlation is explainedringeof a single emission mechanism
(non-thermal synchrotron radiation produced at the batkeofelativistic jet) for both the radio
and optical bands (Chiaberge al, 1999). On the other hand, work by Heywoetal. (2007)
claims that FR | quasars are prevalent in the Universe, barsélde analysis of a sample of QSOs
in the redshift range .6 < z < 2.5 selected from the 7C survey, using both their low-freqyenc
flux density and optical spectral properties. However, sofrtee results from that work are still
unclear. For example, these authors show evidence for iteeege of “high-power” FR | QSO,
whose nature has yet to be completely understood. A searclbdoa fide” low powerradio
galaxies at k z < 2 will clearly inform a better understanding of the FR I-QSk&pomenon and
its role in the AGN unification framework.

From the point of view of the environment, FR | radio galaxaes found in giant ellipticals
often located at the center of clusters of galaxies. Findiigi-z FR | with properties similar
to those found in the local universe may represent a breagr for studies of the evolution of
galaxies and clusters. Using radio galaxies as “beaconshiffh-z clusters is not a new idea.
In the recent past, high+adio galaxies have often been used in searches for pretectuand
massive galaxies at the epoch of their formation (e.g. Pientest al., 2001; Zirmet al., 2005;
Miley & De Breuck, 2008). However, these studies used highgr@ources with extremely high
redshifts £ > 2). These objects are rare (in terms of detection frequepcad their connection
to radio galaxies in the local Universe is not clear. It iDaist obvious whether their protocluster
environment will have virialized by > 2, given the difficulties associated with the X-ray detattio
of their ICM. Powerful FR lls have the disadvantage of exImigistrong emission from the nucleus
and powerful relativistic jets, which may strongly influenthe properties of the host galaxy and
may hamper studies of the environment, particularly in theXband (e.g Fabiaet al., 2003). As
FR Is are less powerful AGNs, they are more similar to “nofnmedctive galaxies than FR lIs, and
enable an easier investigation of the surrounding envieasiinFR Is with distorted morphologies
have been used in previous cluster searches, but only ouetishiftz < 1 (Blantonet al,, 2000).
To date, only a handful (less than 10) of X-ray confirmed etssare known a> 1, none of which
have redshifts higher thar= 1.45 (see Rosaet al,, 2002, for a review). The clusters associated
with our FR | candidates may in fact represent the “missing’libetween the protoclusters at
redshifts> 2 and the well studied clusters of galaxiez at 1.

In this chapter, we present a search for FR | radio galaxiesdsn 1< z < 2 by taking ad-
vantage of the large collection of multiwavelength datdgegd via the Cosmic Evolution Survey
(hereafter COSMOS, Scovillet al. 2007). In section 5.2 we give an overview of our method,
and in section 5.3 we describe our selection procedure eildén section 5.4 we discuss a few
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peculiar objects for which the optical counterpart ideadifion is uncertain, and in section 5.5 we
discuss our candidate highFR Is from the point of view of their radio morphology and lbca
environment. We conclude by presenting several lzightaxy cluster candidates discovered us-
ing our newly developed selection procedure. In sectiondg@ive a summary of this chapter,
draw conclusions, and outline future prospects. Througtios chapter we normalize all listed
magnitudes to the Vega system.

5.2 Overview of our search for highzFR Is

The search for FR | radio galaxy candidates betweerzk 2 is performed using selection criteria
that span multiple wavelengths. As pointed out in the previsection, flux limited samples of
radio galaxies include low power sources at low redshifyyoiihe 3C sample, arguably the best
studied sample of radio galaxies, includes FR | radio gakaginly out taz ~ 0.2 (because its flux
limit is setto 9 Jy at 178 MHz). Deeper catalogs may includargdr number of distant FR Is, but
flux-limited searches based on these catalogs are highfycieat given the dominant population
of faint radio sources associated with e.g. nearby starigataxies. In other words, if we were
to use deep flux-limited samples, we would find a large fractibsources with a radio flux that
is typical of (e.g.) FR Is at ~ 1, but which are in fact love-starburst galaxies (or even possibly
bright FR lIs atz > 2). We would find very few “true” higle FR Is using these samples. In order
to select “bona fide” FR | candidates, it is therefore cruthak our search discriminate not only
by radio power, but also by properties across multiple bands

We focus our search within the overlapping fields of the Veayde Array Faint Images of
the Radio Sky at Twenty-centimeters (VLA FIRST) survey (Beakieal, 1995) and the cross-
spectrum Cosmic Evolution Survey (COSMOS, Scovéleal. 2007). The COSMOS field, a
1.4° x 1.4° square centered at R.A.=10:00:28.6, DEC=+02:12:21.0 (J26@htirely covered by
FIRST. The COSMOS region was selected because its equatosidiiom allows for observations
from northern- and southern-hemisphere observatoriesetss for its low and uniform galactic
extinction ((E(B-V)) ~ 0.02 mag and lack of very bright radio, UV, and X-ray sources. This 2
square degree region of the sky has been extensively imageskahe spectrum with deep obser-
vations from most of the major space- and ground-based wdiseies, yielding a rich dataset of
over 2 million galaxies in multiple bands. The specific COSM@$asets used in our selection
procedure consist of 1.4 GHz radio imaging from the VLA (Sci@reret al., 2007), as well as op-
tical images taken withiSTs Advanced Camera for Surveys (ACS/WFC, Koekeneieal. 2007)
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in the F814W filter (similar to-band),Ks-band from the Kitt Peak National Observatory (KPNO,
Capaket al. 2007), optical bands from Subaru (Taniguehal., 2007), and andu-bands from the
Canada-France-Hawaii Telescope (CFHT, Cagia&d. 2007). We also make use of less sensitive
imaging across multiple optical bands from tBle@an Digital Sky Survef5DSS, Yorket al. 2000)
Data Release 5 (DR5).

Our search procedure begins with the FIRST survey at 1.4 GHe IGw resolution FIRST
data allow us to easily start our selection procedure baedtie“total” radio flux. FIRST was
initially conceived as a radio sky counterpart to the Palo®bservatory Sky Survey (POSS 1),
and so encompasses over 10,000 square degrees of the NtathicX@ap (which includes the full
COSMOS field), imaged in 3 minute snapshots with 2 3-MHz frequency channels centered
at 1.365 and 1.435 GHz in the VLA's B-configuration (Beckeral, 1995). Post-pipeline radio
maps have a resolution of 5and the detection threshold of the survey is of order mJy with
a typical RMS of 0.15 mJy. At redshit= 1.5, 5’ corresponds to 40 kpc. Since FR | radio
galaxies (in the local Universe, at least) exhibit jet stmues at a few times 100 kpc scales, very
little morphological information is discernible from thedlGHz FIRST images. However, higher
resolution maps would have the disadvantage of missing sufntlee extended, lower surface
brightness regions, therefore the FIRST survey is the rigtalag with which to begin our search.

At the 1 mJy detection threshold of the survey90 sources per square degree are detected. The
low angular resolution of FIRST is compensated for by the MCASMOS survey (Schinnerer
et al, 2007), which has a resolution of .5 x 1”.4, corresponding te- 12 kpc for a source at
z=1.5, and a & detection threshold of 10Jy. We therefore use the FIRST images only to obtain
the total radio flux of the sources. We use the deeper and higkelution VLA-COSMOS data
to study the actual radio structure of the sources that meaanitial flux selection and derive their
position, as detailed in the next section.

It is worth reiterating that “step one” of our search for FRdsot based omorphology but
rather onradio flux However, we do use the radio morphology to exclude FR lisr&tore, at
the end of our selection process, we are left with a samplewopbwer radio sources that are FR |
candidates, and whose radio morphology still has to be mted in greater detail.
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Matched to COSMOS counterparts 33 objects rejected

VLA FIRST sources RADIO MORPHOLOGY OPTICAL MAG U-BAND .
with E— FR lIs rejected Bright hosts (m < 21) DROPOUTS 37 High-z FR|
Imly<S<13mly rejected Candidates
72 37
127 39
55 sources rejected 2 objects rejected

Figure 5.1: Flow-chart describing our selection procedure. The number of esufat survive
each rejection step is reported inside each box. See text for more details.

5.3 Selection Procedure

Assumptions

Our search depends upon the assumption that the FR |/FRalk haminosity al_; 4 gn, ~ 4 x 10%2

erg st Hz ! (assuming a spectral index = 0.8 between 1.4 GHz and 178 MHz) does not change
with redshift. Moreover, we assume that the photometriperties of highz FR | host galaxies
are similar to those of FR Il hosts in the same range of redsNibte that photometric redshifts
for COSMOS sources are already available in the literatureb@gheset al., 2007). Photometric
redshifts have proven to be statistically reliable for @éapopulation of objects, but for single
objects (AGN in particular), uncertainties associatedh\photometric redshifts can be (very) large.
Therefore, we use photometric redshifts only as a confideheek (see Sect.5.5), and never used
the publishedz,n in the confirmation or rejection of a candidate. That is, ngecls meeting
our selection criteria are rejected based on photometdishié value. Based on these two basic
assumptions outlined above, we describe our selectioredtoe here. A flow-chart describing
our selection procedure is shown in Fig 5.1.

1. Radio selection: flux limits. We select FIRST radio sources inside the COSMOS field
whose 1.4 GHz total flux corresponds to that expected for F& Is< z < 2. To that end, we
require that our candidate sources reside in a narrow hin £fThe limits of this “allowable” 1.4
GHz luminosity rangel(; 4 min, L1.4max) are set such that the objects we select have a total radio
power typical of FR Is. That is, the radio power must be sigaiftly abovethe level of radio
activity produced by “non radio-loud AGN” and starburstayaég in the target redshift bin, but
safelybelowthe FR I/FR Il break. Based on these criteria, we calculakg,i, andL 4 maxin terms

2Starburst galaxies typically havg 4 < 10 erg s Hz™*.
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of flux limits Fy 4 min andFy 4 max. We setF; 4 min to correspond to the flux observed from a source of
radio powerl, 4 min atz= 2 (e.g. the faintest of the objects we're searching ford, s&tF; 4 max to

the flux of a source of brightness 4 naxatz=1 (e.g. the very brightest sources we wish to find).
The observed flux of the = 1.4 GHz Fanaroff-Riley break luminosity for each valuezafan be
derived using

L, (v) (1 +2)°

FI/ = 9 5.1
(VO) 47TDE ( )

whereL, (vp) is the luminosity of the FR I/FR Il break at. We assume a spectral index= 0.8.

In the formula, a factor of1+2z) accounts for the passband and anothgilefz)™ makes up the
K correction. The flux of the FR I/FR Il break a& 1 isF; 4 ~ 26 mJy. However, we set our upper
“allowable flux” limit K4 a factor of two fainter than this (to 13 mJy) to ensure thathatend of
the process, we select “bona fide” FR | candidates and avoidextally selecting FR lls near the
break luminosity. Any FR lIs that do “slip by” are rejectedrohg step 2, in which we make rejec-
tions based on radio morphology. The flux of the breai=a? is~ 10 mJy, and so we set our lower
limit Ry, to be an order of magnitude fainter (at 1 mJy). This corredpda the detection thresh-
old of the FIRST survey. We searched the FIRST datadaise: / / sundog. st sci . edu/)
for radio sources possessing integrated 1.4 GHz fluxes ketlvenJy and 13 mJy within the COS-
MOS field. The number of sources that match our flux criteria3%. Clearly, a selection based
on flux only allows the presence of bathk< 1 “faint” sources ana > 2 “powerful” sources. The
next selection steps are designed to reject most of thetslifeat fall outside our preferred redshift
range.

2. Radio selection: morphology.The sources selected at step 1 are individually examined for
large-scale radio morphology. Those candidates featwliggyly “edge-brightened” radio struc-
tures are rejected so as to filter out more powerful FR 1l segiat redshifz > 2 which have passed
our initial flux selection. Though the FIRST imaging is at vey resolution, it typically suffices
for the identification of classical doubles, as edge-baghkt lobes or hotspots of FR lls are found
on >100 kpc scales, translating1011” atz= 2. As a result of this, a significant number of pairs of
radio sources that were counted as two “single” objectseapthvious step are now recognized to
be “double” sources. Twenty-two of those FR lIs are iderdifi@ Fig. 5.2 we show three examples
of such sources. Note that these account for 44 “single” FIR&I0 sources. We then check the
VLA-COSMOS radio maps to make sure that objects that appeasrapact in the FIRST images
are not smaller “double” FR Il radio sources. Eleven FR lksidentified using VLA-COSMOS
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Figure 5.2: Examples of sources showing a clear double (FR II) morphology tha¢ weer

jected during our selection step 2. The objects are the FIRST sourc88083924809 (left),

J100217+012220 (center) J100245+024534 (right). The sizectfiezage is 5'x5’, as obtained
from the FIRST image cutouts archive.

radio maps, for a total of 55 such objects rejected basedesnrédio morphology.

3. Optical selection: magnitude.In order to set constraints on the host galaxies’ photometri
properties, the next step involves the identification ofdpgcal counterparts of the radio sources.
Therefore, for our sample, the optical counterpart iderdifon is part of our selection process.
We simply blink the COSMOS-VLA radio data with the opti¢d6 TFCOSMOS image, registered
on the same WCS frame. Despite the short exposure time (singlkeobservations), thélST
COSMOS images represent the best available data for idewgithe optical counterparts. The
significantly higher angular resolution (compared to theugd based optical data) allows for
more certainty in the identification of optical countergarin most cases, it is straightforward
to identify the host galaxy, since the position of the radoecis well set by the VLA-COSMOS
images, and the beam size is small enough that only one galéoynd at the same position on the
HSTimage. We will discuss a few peculiar cases for which thecaptounterparts are not easily
detected in section 5.4. We also unambiguously identifyhtbst galaxy for 24 FR lls. We check
the COSMOS source catalog at the coordinates corresporalihg radio sources that match the
first two selection steps and we obtain the magnitudes fdr &sagviving” candidate at the various
available bands.

We set a lower limit in opticali¢band) magnitude to reject fairly bright, low redshift gats
with intrinsically less powerful radio emission (e.g., pide star forming galaxies). In this step
we make use of the assumption that the properties of the htstigs of FR Is are similar to those
of FR lIs, as is the case for low-redshift radio galaxies. Kiband magnitude of an FR Il radio
galaxy at 1< z < 2 does not exceeMy ~ 17 (e.g. Willottet al,, 2003), and the typicdl - K
color of FR Il hosts is~ 4 or higher. This sets a lower limit to theband magnitude of 21.

In Fig. 5.3 we plot tha-band magnitude against the radio flux for the sources witlo@ical
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counterpart. Note that not all of the FR lls are plotted indregram: some of the FRIIs are left
out because either the host galaxy is not detected in theabpdir it cannot be identified because
it lies somewhere between the location of the two radio laitspnd multiple galaxies are present
in the same region. For the candidate FRIs that do not have tasabpounterpart but for which
the host galaxy is seen in the IR (see Sect 5.4), we plot theualg of the closest optical source.
This can be interpreted as a rough lower limit to the magmeitidts would-be optical counterpart,
and is completely irrelevant from the point of view of ouresglon procedure (as we do not discard
optically faint objects).

Note that, as a result of the magnitude limit, most of the lyadhxies of our candidates are
not detected in the Sloan Digital Sky Survey. This step inglection process is only intended
to reject those host galaxies that are unreasonably bright#bluer” than typical radio galaxies
in the target redshift range. Importantly, setting a limit-band ensures that we are not rejecting
galaxies that are fainter than “normal” radio galaxie&Hband. With this selection step we only
filter out bright nearby galaxies, and we keep distant anghsitally red objects. Thirty-three
objects are rejected at this stage because of the host gapéixgl brightness.

One object withm, < 21 (object 238) is not rejected because it appears to be “stellar-like” in
the HSTimage. Since it completely lacks an extended host galaxynthgnitude of the point
source we observe can be considered as a lower limit to theitndg of the host. The nature of
this source is unclear: one possibility is that it is a QSQ@ tesides in the redshift range<lz < 2.

In that case, because of its low radio poweratld be a “unique” FR I-QSO (see Section 5.5).
Alternatively, it could be a high-power radio-loud QSO Iz at a redshift much higher than 2
(see below).

4. Optical selection: U-band dropouts. As the last step in the selection process, we ensure
that objects with redshifts significantly higher than 2 axeleded from the sample. This is pri-
marily because the radio power of such objects would exde=&R I/FR Il break. We check the
deep COSMOS ground-based images, rejecting two sourcesarthaketected iv and B-band,
but which arenotdetected irJ-band. TheseU-band dropouts” are typically galaxies located at a
redshift significantly higher than our range of interesthva lower limit atz~ 2.5 (e.g. Giavalisco,
2002).

Atthe end of the selection process we are left with 37 cartegjavhich we listin Table 5.1. The
Table reports, for each source, the radio flux at 1.4 GHz, thgnitude of the optical counterpart

3Not to be confused with 3C 236, the subject of Chapter4. Tielilag for this candidate was merely coincidental.
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Figure 5.3: Opticali-band magnitude plotted against the radio flux at 1.4 GHz. Only the sources
for which a host galaxy is clearly detected are plotted. The two vertichledblines are the radio
flux limits for the selection process at step 1. The horizontal line represantswer limit for the
optical selection (step 3). Circles are the FR | candidates, trianglesjactek because of their

FR 1l radio morphology, pentagons are rejected by radio flux, sq@aieesejected by host galaxy
magnitude and crosses ardand dropouts. Note that the QSO is not rejected despite its bright
optical magnitude (see text).
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in Ks—, V- andi—-bands (normalized to the Vega system), the photometrichieas the source
as it appears in the COSMOS catalog (Mobagtex., 2007), and a qualitative description of the
observed radio and optical morphologies.

Radio and optical images for each of the FR | candidates axersimi-igs. 5.4, 5.5, 5.6, 5.7 and
5.8. The radio data at 1.4 GHz (in orange) are taken from th&-ZIOSMOS survey (Schinnerer
et al, 2007). The optical images (in blue) are from tHST-COSMOS programs (GO 9822,
GO 10092) and were taken usiftb TACS ini-band (Koekemoeet al., 2007), unless mentioned
otherwise.

In the following section we discuss issues related to thealtounterpart identifications. Note
that the identification of the optical counterparts is pdmur selection process at steps 3 and 4.
In fact, we look both at the shallow SDSS images (mainly tockhtbat no optical counterpart
is found, as prescribed by our selection step 2) and at theedegound based images from the
COSMOS collaboration (to identify the optical counterpalr)the next section we describe a few
peculiar cases of objects with no detected optical couatgrput which are clearly detected in the
IR.

5.4 IR identifications

As mentioned above, identification of optical counterpargés difficult for a few cases. This is
because (1) no obvious optical source cospatial with thio reate is seen, or (2) it is not clear
whether we are seeing a group of galaxies or a single irrdgudhaped object. In six cases, the
peak of the optical emission is not coincident with the pdak@radio core. This is clearly evident
for candidates 5, 7, 22, 32, 39 and 228 (see Figs. 5.5, 5.6 .&@hdFor object 5, a very low surface
brightness object is only tentatively detected in the ACSgeyaven after significant smoothing.
For object 22, the optical counterpart is also not clearnidied, as three to four relatively bright
galaxies are present in the ACS image, none of which aligrns tvé peak of the radio core. For
objects 7, 39 and 228 no optical counterpart is detected laeggvnear the location of the radio
source. For object 32, an optical source is clearly seereifstibaru-band image, but it is located
~ 2" E of the radio source. However, in all of these caSsstzer Space Telescd[iRAC images
taken as part of the COSMOS program (Sané¢., 2007) clearly reveal the host galaxy at the
location of the radio source. In Fig. 5.9 we show 8tzerimages at 3.:m, together with the
radio contours that indicate the location of the FR | cantid@learly, the optical magnitude listed
in Table 5.1 for the objects that are only identified in the H®w@d be considered a rough lower
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Figure 5.4: FR | candidates with extended 1.4 GHz radio morphology. In these imagesrb”
responds to a linear scale 6f40 kpc atz=1.5. For each object, the image in the left panel are
from VLA-COSMOS survey, while in the right panel we show tHHETFCOSMOS ACS images
(F814W), except for 234 and 285 where the Subarand image is shown.
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Figure 5.5: FR | candidates with compact (only slightly resolved at the resolution prdvige
the VLA images) radio morphology. For each object, the image in the left pariedm VLA-
COSMOS survey, while in the right panel we show thH8TFCOSMOS ACS images (F814W),
except for objects 32 and 37 where the Subdrand image is shown, since tRESTimage is not
available for those two objects.
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Figure 5.6: FR | candidates with compact (only slightly resolved at the resolution prdvige
the VLA images) radio morphology. For each object, the image in the left pariedm VLA-
COSMOS survey, while in the right panel we show thH6 FCOSMOS ACS images (F814W),
except for objects 32 and 37 where the Subidrand image is shown, since tRESTimage is not
available for those two objects.
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Figure 5.7: FR | candidates with compact (only slightly resolved at the resolution prdvige
the VLA images) radio morphology. For each object, the image in the left pariedm VLA-
COSMOS survey, while in the right panel we show tH8T-FCOSMOS ACS images (F814W),
except for objects 32 and 37 where the Subdrand image is shown, since tRESTimage is not
available for those two objects.

limit, since it has been derived from the COSMOS catalog froemdptical object closest to the
radio source.

The lack of an optical counterpart, together with tiear detectionof an IR counterpart is
certainly interesting. The absence of the object in the AC&enmight be explained by the fact
that the host galaxy is a very low surface brightness objaas the short exposure time of the
HSTimages would prohibit its detection. However, we would tegpect to detect it in the deeper
ground based images. This cannot be clearly establishestlynb@cause of confusion problems.
In the IR Spitzer images, the elliptical host is more eas#lgrs since it dominates the emission
with respect to the bluer surrounding galaxies that disappethe IR. An alternate scenatrio is that
these are higher redshift objects, not visible in the opbeaause of Hydrogen absorptiarb@nd
dropouts). In this case, the bluer galaxies seen in thealptata around the position corresponding
to the radio source would not be at the same redshift as theglatsxy of the radio source. For
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Table 5.1. High-Redshift FR | Radio Galaxy Candidates

ID KsMag V Mag [|Mag Socm(mJy) Zphet Radio Morphology — Optical Morphology

@ @ (©)] 4 5) (6) O (C)]

01 17.710 24.423 21.860 1.79 0.94 Compact Smooth
02 19.279  25.835 24.047 1.08 1.59 Extended Compact
03 21.014 25.583 25.008 4.21 1.59 Unresolved Compact
04 18.872  25.473  23.957 5.99 1.85 Extended Compact
05 18.991 24.449 23.789 1.30 2.08 Compact -

07 20.072 24942  23.777 1.14 1.09 Compact -

11 19.716  26.994 24.750 1.13 1.05 Compact Compact
13 18.670 24.711 22.835 151 1.21 Compact Compact
16 18.668 24.860 22.741 5.70 1.10 Unresolved Smooth
18 19.015 24.316 22.479 4.39 0.93 Extended Complex
20 18.276  24.594  21.998 1.33 0.98 Extended Compact
22 19.698 24.043 23.288 2.74 151 Compact -

25 18.787 24952 23.266 2.18 1.40 Compact Complex
26 17.631 24.908 22.332 1.88 1.30 Extended Smooth
27 18.722  24.279 22957 1.91 1.39 Compact Complex
28 20.158 25.127 24.118 1.77 1.23 Compact Compact
29 21.099 25.341 24.610 2.12 1.03 Compact Compact
30 18.360 25.812 23.055 1.26 1.15 Compact Complex
31 18.456  23.948 21.981 3.71 0.88 Compact Smooth
32 20.214 25.095 24.134 1.31 2.17 Compact Compact
34 19.105 25.152 24.082 5.25 2.04 Unresolved Compact
36 18.606  24.782 23.335 3.19 1.42 Unresolved Complex
37 18.176  22.388 21.556 1.87 1.26 Compact Smooth
38 19.489 24.603 23.193 10.01 1.15 Compact Complex
39 18.405 25.268 22.759 1.37 1.36 Compact -

52 17.928 23.132 21.266 1.54 0.84 Unresolved Complex
66 18.149  23.637 21.493 111 0.80 Compact Smooth
70 19.521 24.766 24.109 3.90 2.75 Compact -

202 19.706  26.376  24.049 1.08 1.24 Extended Compact
219 18.256 24517 22.402 1.85 1.20 Compact Complex
224 18.636 25.414 23.196 3.31 1.40 Extended Compact
226 19.879  25.225 24.027 1.19 2.04 Compact Compact
228 19.379 27.163 24.894 2.04 1.45 Compact -

234 18.724  25.399 23.350 4.43 1.42 Extended Complex
236 17.461 20.594 19.965 7.10 1.23 Compact QSO
258 17.860 23.190 21.508 2.24 1.07 Compact Compact
285 19.018 24.022 22.958 2.95 1.24 Extended Complex

Note. — (1) Object ID; (2)Ks-band apparent magnitude in the Vega systemM@jand apparent magni-

tude (Vega). The magnitude for the objects identified in the@mly are that of the closest optical counterpart;
(4) I-band apparent magnitude (Vega). The magnitude for the abjgentified in the IR only are that of the
closest optical counterpart (Capekal, 2007); (5) Integrated radio flux at 20 cm (mJy) from the FIR8fvsy;
(6) Photometric redshiftynet, calculated by Mobashest al. (2007); (7) Qualitative characterization of radio
morphology, based on VLA-COSMOS image. This classificatidleces whether the corresponding image of
this target is located in Figs. 5.4, 5.5, 5.6, 5.7, 5.8 ; (8nl@ative characterization of the morphology of the
optical counterpart to the radio source, based on inspeofithe ACSI-band image. The optical morphology
classification for the host galaxies detected only in thes|Britted.
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Figure 5.8: FR | candidates with unresolved radio morphology (the FWHM of the sadarcen-
sistent with the beam width of the VLA image). For each object, the image in theale# s from
VLA-COSMOS survey. In the right panel we show tHSET-COSMOS ACS images (F814W)

ani-band dropout, the redshift of the host would be aronrdb, therefore these objects would be
very high power radio sources that should not be includedumsample. Further investigation is
needed to assess their nature. It is also worth noting thahése objects with uncertain optical
identification,z,no: is most likely derived from one of the galaxies surroundimg iteal host.

5.5 Results and discussion

5.5.1 TheK -zrelation

Radio galaxies are known to obey the so-caletkz relation (Lilly & Longair, 1982), a correlation
between the infrarel-band magnitude and redshift, up to at least4. The origin of theK -z
relation is still unclear, and it is possible that it is jusetresult of selection effect (Lat al,,
2004). Our selection criteria make use of the optical-IRpprties of the hosts of known powerful
radio galaxies, which obey the —z relation. However, while it is important to reject “bright”
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Figure 5.9: Objects identified usin@pitzerIR images. The radio contours are overplotted onto
the 3.6:m image to show the location of the source.
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optical hosts in order to eliminate nearby galaxies fromgaeple, our selection criteria do not
impose any lower limit to th&-band flux of the hosts. In other words, objects that lie gigantly
above or below th& —zrelation are included in our final sample, if they exist at all

In Fig. 5.10 we plot th&s-band magnitude of our FR | candidates’ optical countegpasttheir
photometric redshifz,ne, as derived from the COSMOS photometric catalog by Mobashat.
(2007). The FR | candidates are plotted as filled circles. difjects withm, < 21 are plotted as
squares. The candidates morphologically identified as ERrl not plotted, as in this chapter we
only focus on FR Is.

In addition to our candidates, we also plot in Fig 5.10 (astgropcles) the galaxies from the
3CRR, 6C, and 7C catalogs of radio sources (Wikotl,, 2003). Whereas for our FR | candidates
we plotKs-band magnitude veghotometricredshift, for the Willottet al. (2003) data we ploK-
band magnitude vspectroscopicedshift. The brightness difference betwéerandKs- bands is
typically less than a tenth of a magnitude, therefore theondifferences that arise from comparing
photometric measurements in these two bands are not a concer

As expected from our selection criteria, the objects ptbtie squares are relatively nearby
galaxies (judging from the Figure, at least). With only a fexceptions, the FR | candidates
approximately reside in the correct redshift bin and lie oslightly above thék —zrelation. One
outlier (object 70) is aynot = 2.75, Which is unexpected because our selection procedurgdsho
exclude galaxies a > 2.5 (u-band dropouts), hence the photometric redshift for obj€cmay
be incorrect (this would not be surprising). A few objecte ar2 K-band magnitudes fainter
than the average of the galaxies of Willettal. (2003). These might also be objects for which
the photometric redshift is incorrect. Alternatively, yh@ight be a population of radio galaxies
associated with fainter hosts. A few objects witl2 K-band magnitudes fainter than the bulk of
the radio galaxy population is in fact observed at low refislais well.

In the following section we describe the FR | candidatesyu$ony on their radio morphology,
properties of their host, and on their Mpc-scale envirorimen

5.5.2 Radio Morphology

Here we examine the structure of the 1.4 GHz emission foretl3dsFR | candidates appearing
as filled circles in Fig. 5.10. Even at the resolution of theAYCOSMOS, survey most of our
targets appear as compact radio sources. Nine of them shaseexrmible radio morphology on
scales larger than 57, which corresponds to a projected physical scale dD kpc atz=1.5. We
show the 1.4 GHz VLA-COSMOS maps of these nine sources in HBidléft panels), alongside
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Figure 5.10: TheK —zrelation for radio galaxies. 3C, 6C and 7C sources from Widotl. (2003)
are plotted as open circles. Our FR | candidates are filled circles. Obggetsad by host galaxy
optical magnitude are plotted as squares.

thei-bandHSTACS imaging of their optical counterparts (right panelsheOptical counterparts
are marked with white circles in tHéSTimages.

Even among those sources with extended radio morpholody,tan (objects 04 and 234)
exhibit the radio morphology of “bona fide” FR Is, in which thearface brightness peaks near the
center of the source, and extended jets are visible. In tsh{#t; 18 and 202 the jet seems to be
one-sided and curved, similar to many “asymmetric” nearByl §alaxies (at least as they appear
in shallow observations with poor spatial resolution, ,e3 66B and 3C 129, van Breugel &
Jagers 1982). Objects 18 and 26 have a radio morphologyasitaiso-called “core-jet” compact
radio sources (Conwagt al, 1994), in which the visible jet component is nearly as hraghthe
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radio core. The absence of a counter jet in these objectd ilmegiiue to relativistic beaming effects
if the jet axis is nearly aligned with the observer’s line igfts.

Object 20 has a very peculiar morphology. It shows a brightgact component, with a possi-
ble jet extended roughly to the N-W. The “small-scale” manplgy is embedded in a larger scale
structure with lower surface brightness, similar to an gaird “lobe”. Its peculiar morphology
also roughly resembles an FR Il lobe, in which the brightegian is the so-called “hot-spot”,
usually interpreted as the location where the relativigidmpacts the ISM (or IGM/ICM). We
checked to see whether a “counter-lobe” was present at samge distance along the NW-SE di-
rection. No radio source that could be reasonably integdrat the “counter-lobe” is found, even
if we allow the counter jet to be bent at a reasonably largéeadnis, especially when considering
the clear correspondence of the brightest radio componiémevgalaxy in theHSTimage, allows
us to confidently rule out the possibility of this being an FRdtspot.

All other 28 sources are slightly resolved (Figs. 5.5, 51 &.7) or unresolved (Fig 5.8). As
stated previously, these observations are at 1.4 GHz, wdtizk 1.5 corresponds to 3.5 GHz in
the rest frame. The emission at that frequency is dominayetihd central region of the radio
source, where young, high energy electrons reside and gnuhsotron radiation up to high radio
frequencies with flatd < 0.5) radio spectra. Extended radio components like jets dneslhave
steeper indices, thus the emission rapidly drops as frexyuaoreases. It may therefore be that we
simply do not detect extended, low surface brightness r@ttioand lobes for the majority of our
candidates given the high rest frame radio frequency of biseiwations and the intrinsic faintness
of the extended regions.

Note also that the size of the radio sources with “FR I-likelistures is smaller than the typical
size scales for FR Is at low redshift. Whereas the largesttsire we observe among our 37
candidates is of order 100 kpc from end to end (candidate @#,54), FR Is in the nearby
universe are known to exhibit larger morphologies, up toverse hundreds of kpc, and in a few
cases even Mpc (e.g. B2 1108+27, NGC 6251 Pexteyl,, 1984).

Although it is likely that the non-detection of large-scateuctures is a result of the high fre-
guency at which the COSMOS observations are performed, Isaspssible that our high+R |
candidates are intrinsically small. In fact, even the high@ver FR IIs in this redshift range ap-
pear smaller than their lower redshift counterparts. Frioenwtork by e.g. Kapahi (1985); Gopal-
Krishna & Wiita (1987); Kapahi (1989) it is known that the prated linear distance between the
hotspots appears to scale roughly as £, whereo is between 1 and 2.

Interestingly, Drakeet al. (2004) have found a population of infrared-bright radiorses that
morphologically resemble the so-called compact steepspa¢CSS) sources (see (O’Detal.,
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1998), for areview). CSS objects are believed to be young alirces that will eventually evolve
in the large, powerful FR |l radio galaxies. The sources aikeret al. (2004) are at least 1 dex
less powerful than normal CSS sources, and the derived egpavedocities of the radio sources
are also significantly smaller. From the analysis of therrall properties, these authors claim
that those “mini” radio sources will not evolve into eitheR s or FR Is, but will instead lose
their radio-loudness and will become radio quiet FIR-lumim@&GNs. Should our candidates be
intrinsically small, they might “fill the gap” between thewerful CSS sources and the radio-faint
sources of Draket al. (2004), from the point of view of their radio properties. dttherefore
possible that most of our targets are simply the progenabthe FR Is we observe in the local
universe.

In summary, unlike nearby FR Is, the vast majority of our cdatks exhibit very little ex-
tended morphology in the radio band. Cleatrly, it will be nseeg in future papers to determine
whether this is due to (1) the high radio frequency at whi@dhservations were made, (2) the
faintness of the extended jets and plumes, or (3) the fatotiraobjects may be intrinsically small
and possibly young radio sources. The Extended Very LargayAEVLA) and Atacama Large
Millimeter/Submillimeter Array (ALMA) will achieve a sigal-to-noise and spatial resolution that
enables detailed studies of these faint and distant objects

5.5.3 Host Galaxies and environment

Optical images for each of the candidates are shown in Figs.%5, 5.6, 5.7, and 5.8. The
photometric properties of the hosts, as derived by Capak (2007), are reported in in Table 5.1.

Despite the images being single orHiBTexposures, we attempt to classify the hosts into four
different classes based on optical appearance: (1) smibpticals, (2) complex, (3) compact and
(4) unresolved. A more detailed study will be performed wheaper images are obtained. Class
1 are objects of apparent elliptical shape, with very litteno disturbed morphology; class 2 are
objects that appear to be interacting with close comparamaisor show irregular morphologies;
class 3 are barely resolved galaxies small enough to ptomibiphological classification; and
class 4 includes the object that we classify as a possible, @Q8Qa point source (object 236,
Fig. 5.11).

From visual inspection of the images of the 31 sources witlicalpcounterparts, 6 of our
objects appear as smooth ellipticals, 10 are complex, 1dampact, and 1 is unresolved (stellar-
like). The resolution of the images of the 6 host galaxies éin@ only detected in the IR does not
allow us to derive any morphological classification. It isrthonoting the high fraction of objects
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Figure 5.11: HSTACS F814W image of target 236. The optical counterpart of this objgas
as “stellar-like”. This might be an example of a low power radio galaxy aasstwith a QSO.
This figure was created by Dr. Marco Chiaberge.

with complex optical morphologies among our FR | candidafdss appears to be at odds with
low redshift FR Is, the large majority of which are hosted bgisturbed ellipticals or cD galaxies
(Zirbel, 1996). However, the larger fraction of complex ploologies in our sample may simply
reflect the different stage of evolution of the host, thatmggill be in a very active merging phase
atl<z< 2.

Little can be said about the compact galaxies. Because ofhibe exposure times of the
HST data, we may simply be seeing the core of the galaxies andthesextended regions of
lower surface brightness. Alternatively, these might laneically smaller objects, which would
contrast with local FR | hosts that appear to be invariabg§oemted with giant ellipticals at the
centers of clusters.

The presence of one stellar-like optical counterpart is migiguing. We interpret this object as
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a compact nucleus (possibly the AGN) outshining the hosbgalThis is consistent with QSOs,
though scaled down in luminosity by a few orders of magnitldi@vever, it has been established
that at low redshifts, no FR Is belonging to the 3CR (Spirgtal., 1985) or B2 (Collaet al., 1970)
samples are associated with host galaxies of this kind. Magsbrtantly, from the point of view
of the physics of their active nucleus, none appear to peswesd lines in the optical spectréim
Recently, Zamfiret al. (2008) did not find FR I-QSO in a large sample of SDSS-FIRST/NVS
guasars, reinforcing the idea that FR I-QSOs are extrenaedyin the local universe.

Clearly, this “nucleated” galaxy needs further investigatiimed at determining its nature as a
(possible) quasar through the detection of broad permiitted in its rest-frame optical spectrum.
However, even if the unresolved object was spectroscdpicahfirmed as a QSOs, the fraction of
FR | quasars in our sample (1/37) would be significantly lothen the fraction of FR Il quasars
in the same range of redshift, which is around 40% (e.g. Widbal., 2000). A possible scenario
is that the smaller fraction of FR I-QSO as compared to thetifsa of FR 11-QSO simply results
from the dependence of such a fraction on luminosity (Wilkgtal, 2000). This may reflect
a reduction of the opening angle of the “obscuring torus”uasihosity decreases (the so called
“receding-torus” model). Alternatively, most higt+=R Is may intrinsically lack a significant broad
emission line region and thermal disk emission, as may beabe for FR Is in lonzsamples (e.g.
Chiabergeet al, 1999). These issues can be further explored with d¢®pimaging aimed at
determining the nature of the hosts. Spectroscopy with 8assdlelescopes to can also determine
the presence or absence of any broad emission lines.

Although our sample cannot be considered statisticallypteta, the selection criteria are not
biased against the presence of QSOs. Instead, the selbetsaa on the radio flux at 1.4 MHz
is somewhat biased in favor of core-dominated, relatsadly beamed objects, and none of the
objects that were rejected because their optitind magnitude exceeds our selection limit were
point sources. The existence of a large number of FR I-QSQ#eimediate-to-high redshifts
has been noted by Heywoad al. (2007). This would imply a strong evolution in the physical
properties of radio galaxies with FR | radio morphologycsifrR [-QSOs are essentially absent
at low redshifts. However, besides the different selectioteria, the objects of Heywooet al.
(2007) are mostly high power sources, while here we focusadiorgalaxies of the same power
as lowz FR Is. It is therefore possible that at highthe FR | break shifts towards higher radio
powers.

An in-depth analysis of the properties of the objects in @mgle and, and the associated im-

4This is true with one exception: 3C 120, a peculiar objechwiR | radio morphology associated with an SO host
showing a spiral-like structure. However, 3C 120 is formpalbt part of the 3CR catalog of Spinratial. (1985).
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Figure 5.12: Photometric redshifts distribution of optical sources in the COSMOS catalognwith

100  of candidate 02. The vertical dashed line marks the photometric redshifeafandidate
FR I. A peak in the redshift distribution corresponding to the redshiftwfsource is evident,
and may be interpreted as the presence of an overdensity of galaxiesrat#hift of the FR |
candidate.

plications for the AGN unification scheme, will be the sulbbjetfuture work (see, for example
Chiabergeet al. 2010). However, the limited morphological information wavk at this stage
seems to show that FR I-QSO represent a tiny fraction of tweplower FR | radio galaxies popu-
lation at 1< z< 2.
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Figure 5.13: RGB images of nine cluster candidates found around our higR-| candidates.
The “color” images are obtained usiigpitzerdata at 3.6m for the R channel, z-band for the G

channel, and V-band for the B channel. The projected scale of each imagElON %90 . This
figure was created by Dr. Marco Chiaberge.

5.5.4 FR I candidates as tracers of higlegalaxy clusters?

One of the motivations for our high+R | radio galaxy search is to locate higlelusters of
galaxies. In the local universe, 70% of the entire population of FR Is is associated with d@-li
galaxies (Zirbel, 1996), and almost all la~R Is reside in clusters of various richness (Zirbel,
1997). Only~ 15 clusters are known to exist betweer ¥ < 2, thus a large sample of FR Is may
easily double the number of clusters in that redshift raageuming that the environment of FR Is
does not significantly change with redshift. Although weellef systematic search for clusters to
? and other forthcoming papers, in this section we qualigdyiexplore the Mpc environments
of our candidate FR Is, so as to probe the possibility that thest galaxies reside in clusters (or
protoclusters).

We use two methods in our search for cluster candidated, Wgssearch the COSMOS catalog
for the photometric redshift of objects that are locatedd@s region of projected radius 1 Mpc
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from the FR | candidate. Only in the case of object 02 do we funlitative evidence for an over-
density of galaxies around its photometric redshift, whighinterpret as indicative of th@ossible
presence of a group or a cluster. In Fig. 5.12 we show the phettoc redshift distribution of
optical sources within 1(3/0(corresponding to a projected radius of 855 kpz=atl.6) of candidate
02. The vertical dashed line marks the photometric redsiiithe FR | candidate. A peak in
the redshift distribution corresponding to the redshifbaf source is evident. However, the low
detection rate obtained with the above method is not sungrisOur FR | candidates are quite
possibly among the brightest cluster members, whil&‘agalaxy atz ~ 1.5 is expected to have
m ~ 24. Thus, the COSMOS optical images are in fact not deep entmudhtect a significant
number of cluster galaxies at redshits- 1. Even when they are detected in the images, their
photometric redshift can be highly uncertain because ofdtge errors on the photometry of such
faint objects.

Another more effective method is to search for extremelyalej@cts around our FR | candi-
dates. Although there is still some level of degeneracy eetwobjects that are intrinsically red
and redshifted objects, this method seems to lead to momeigirg results, even at the qualitative
level presented here. In Fig. 5.13 we show nine cluster daes found with the latter method.
We produced RGB “color” images usit8pitzerdata at 3.6m for the R channel-band for the G
channel, an&/-band for the B channel.

We are in the process of creating observational progranesifsgally with the Very Large Tele-
scope) designed to spectroscopically confirm the redshifie(possible) BCGs in these cluster
candidates. More details on these proposed programs cawuhd in Chiaberget al. (2010).
Sensitive and high spatial resolution optical/NIR imagargl spectroscopy will be needed for a
better understanding of these candidate clusters. WFG33Jns ideal for this (at least in terms
of imaging), and proposals are in the process of being stdaniThe launch of a next-generation
X-ray telescope would greatly improve these studies, emgloletailed analysis of any hot ICM
plasma that may have virialized by these epochs. In a fontivog paper by Chiaberge, and col-
laborators (including the Author), we will study thandraCOSMOS data and attempt to detect
candidate cluster ICMs using stacking techniques.

5.6 Summary & Conclusions

In this chapter, we have outlined our search for Z < 2 FR | radio galaxy candidates in the
COSMOS field. Previously, no low power FR | radio galaxies wiarewn to exist in this red-
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shift bin, save for one (or possibly two) candidates in theFH@orth (Snellen & Best, 2001b).
Flux-limited samples are not suitable for finding low-powadio galaxies at higla-because of
the tight redshift-luminosity correlation. Therefore, weed a 4-step, multi-wavelength selection
process. This started with a radio flux selection, and usdid raorphology and optical magnitude
constraints to further narrow the sample of candidates.

The photometric redshift of the bulk of our FR | candidatesiarthe expected range<Zyo <
2. These redshifts must be confirmed with spectroscopicresisens using at least an 8 m class
telescope, future larger instruments, or space-basedvathems that take advantage of the lower
background. We note that, since this initial pilot studye auch spectroscopic confirmation has
been obtained (Chiabergeal, in preparation).

In most cases, the radio images presented in this chapterdbjects with compact morpholo-
gies. These might be intrinsically young sources that wiérgually evolve into the giant FR |
radio galaxies observed at low redshifts. Alternativekteaded emission may not detected be-
cause of the rest-frame high frequency at which the obsenstvere taken. Further investigation
is needed to address this issue. Chiaberge and collabo(atdreding the Author) are currently
planning low-frequency radio observations aimed at detgatxtended emission from “older”
electron populations associated with these sources. Thes®ined with deep, high resolution
data at higher wavelengths @ GHz), will enable the derivation of the radio spectral xder
these sources and allow us to better study their morphology.

The short one-orbit-bandHST observations used in our selection process are not suifi@ble
a detailed morphological study of the host galaxies. Howewe data do exhibit a wide array
of discernible morphologies, ranging from smooth elliplicto complex interacting systems. A
few of our candidates appear to be compact, and one is digarThis object might belong to a
population of FR I-QSOs that are effectively absent in thmldJniverse. However, the fraction
of low-power FR I-QSOs in our sample appears to be signifigdmiver than the overall fraction
of FR 1I-QSOs in the same redshift bin. Optical-IR spectopscof the source is needed to assess
the nature of this candidate QSO.

Although the images from the COSMOS survey are not suitalbldédetection a large fraction
of cluster galaxies a > 1, the environment of several of our FR | candidates showdeewde for
the presence of a cluster. This is apparent when the IR imfagesSpitzerare used in concert
with the optical ground-based data, resulting in a sigmficaumber of “red” objects surrounding
the host galaxies of our FR | candidates.

The search presented in this chapter is a pilot study, ang fabjects to be observed with
existing and future high-resolution, sensitive instrutseihe Extended Very Large Array (EVLA)
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and ALMA, for example, will provide crucial information ohe radio morphology of our sources,
and will enable a better understanding of whether or not andates are intrinsically small and
“progenitors” of the local FR | population. With WFC3 d#iST, it is now possible to study in
greater detail the properties of the host galaxies and thaster environment in the optical and
IR. This will have important consequences with regards toumalerstanding of the most massive
galaxies, clusters of galaxies, and their origins. Sev&rah proposals are now in the pipeline.
Clearly, these studies will be complemented and further motgd shouldWSTeventually launch.
We can also continue to hope that a future high sensitivitgymission will launch.

5The Author regretfully acknowledges the recent canceltatif theIXO mission, as well as the recently an-
nounced proposal to terminate funding 8WwST



LOOKING AHEAD

Summary, Conclusions, & Future Work

Modern science has been a voyage into the unknown,
with a lesson in humility waiting at every stop. Our
common sense intuitions can be mistaken. Our pref-
erences don’t count. We do not live in a privileged ref-
erence frame. Knowledge is preferable to ignorance.
Better by far to embrace the hard truth than a reas-
suring fable.

CARL SAGAN, 1997
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6.1 Summary

In this thesis, we have presented two independent studaellyr unified within the context of
star formation as it pertains to cool core clusters of gasxihe triggering of AGN activity, and
the associated energetic feedback that may play a cribéaim heating the ambient environment
on tens to hundreds of kiloparsec scales. A comparison st@igypisodic star formation and
AGN activity in a field galaxy was then provided so as to bettederstand the role played by
hot X-ray gas accretion and by mergers in triggering thesmpimena. Finally, we broadened the
context of this thesis by describing a search for high rétdBR | radio galaxies which may act as
observable “beacons” for assembling protoclusters. I @hapter, we distill the various results
from these independent studies into a summary, so as tonstigcassess the “lessons learned”.
First, however, it is important to revisit the questionsgubat the conclusion of Chapter 1:

What role does AGN feedback play in regulating star fornraéind the entropy of the ICM?

What is the role of star formation in regulating the physi€th@ warm and cold ISM phases
in CC BCGs?

How can we disentangle the roles played by cooling flows andeneing depositing the gas
reservoirs which fuel episodes of star formation and AGNvag®

How might we find assembling protoclusters at high redstofgsto study the cosmic evo-
lution of (e.g.) the cool core phenomenon?

Recall that it was never our goal emswerthese questions, but rather to better understand
the questions themselves. Below, we provide a summary of #ia results presented in each
chapter (save for the first, which is introductory), so asseeas how we may have broadened our
understanding of the above issues.

6.1.1 Summary of Chapter 2

In this chapter, we presented a multiwavelength study oftioé core cluster Abell 2597. The bulk
of our analysis was based upon a new 150 KSkandraimage of the highly anisotropic X-ray
emitting gas associated with the central brightest clugiéaxy. These new data, in concert with
a rich suite of archival data includingSTimaging of ongoing star formation in A2597, enable a
“unified”, cross-spectrum interpretation of this canohiC& cluster, particularly in the context of
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AGN feedback and its effects on the warm and cold gas phagks mentral BCG.

The question posed for Chapter 2

What role does AGN feedback play in regulating star forrmatind the entropy of the
ICM?

Itemized summary of results

e Our deeper X-ray data confirm that the X-ray emission in timtre€60’ of A2597 exhibits a
high degree of spatial anisotropy on the scale of the cebtigthtest cluster galaxy~30").

e The degree of spatial anisotropy in the X-ray surface bngss distribution increases with
decreasing radius from the center of the BCG. At all radii thea)X-emission is extended
along the direction of the BCG'’s isophotal major axis.

e The X-ray emission is permeated by a network of X-ray casitie< 30 kpc scales. Within
this radius, the X-ray surface brightness excesses or @efith > 100 significance include
the (1) “western large cavity” (lengtk 18 kpc), (2) “northern ghost cavity” (diameter12
kpc), (3) “eastern ghost cavity~( 6 kpc), (4) “filament base cavity’~ 5 kpc), and finally
(5) the “X-ray filament" (lengthv 15 kpc).

e The 18 kpc “western large cavity” is cospatial with exten@80 MHz radio emission, and
is also aligned along the same position angle as the “X-rayngint”, a~ 3 kpc-scale high
velocity dispersion stream of molecular gas, the VLBA jasan 50 pc scales, and extended
1.3 GHz radio emission. That the 8.4 GHz source is offset filisncommon axis suggests
that the radio jet has only recently (within the pasb0 Myr) been deflected, perhaps by
ambient dense gas which has recently been acquired by agdlaiw or a merger.

e Our deeper X-ray data confirm the 100 significance of a 15 kpc linear soft excess “fila-
ment” extending from the central regions toward the noghe& hardness analysis and our
X-ray temperature map are consistent with the interpiatatiat this is a “cold” filament
~ 1-1.5 keV cooler than its immediate surroundings. We suggestlitedeature may arise
from the dredge-up of low entropy gas by the propagatingorgadj with which it is aligned
(in terms of position angle). This scenario is feasible imigof lower limits on the available
energy budget, as inferred from quantitative analysis @tray cavities.
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e Our X-ray temperature map reveals a 20 kpc “arcl keV hotter than its immediate sur-
roundings. This feature is cospatial with the eastern bapnadf the “western large cavity”.
We interpret this feature in the context of effervescent A@dting models, wherein cavity
enthalpy is thermalized as ambient keV gas rushes to refiéke. This may be the first
instance in which evidence for ISM/ICM heating by cavity ealfly dissipation is observed
in an X-ray temperature map. This could be a very importaateiof evidence in favor of
effervescent AGN feedback models.

e We find that inferred ages for the young stellar populatioths emission line nebula are
both younger and older than the inferred ages of the X-raytycaetwork and the radio
structures which supposedly excavated this cavity netwdhe net implication is that low
levels of star formation (a fewl, yr) have managed to persist amid energetic feedback
from the AGN. An FUV excess aligned with the northern edgehefrtadio source may be
evidence for compact regions of jet-induced star formation

The “flagship results” from Chapter 2: Our X-ray spectral analysis reveals both direct and
circumstantial evidence of ISM/ICM heating by a radio-masfeervescent AGN feedback mecha-
nism. The most compelling piece of evidence is the “hot aatire seen in the X-ray temperature
map. The X-ray surface brightness map reveals evidencesdfdrup of low entropy X-ray gas
by the propagating radio source. Low levels of star formatimve managed to persist amid the
feedback-driven excavation of the X-ray cavity network.édwer, compact regions of star forma-
tion may have been triggered by the propagating radio saufdee mass, timescale, and energy
budgets associated with the hot, warm, and cold gas phases,lkbasweany other properties of
A2597, are consistent with a general “AGN heated cooling floag€rgaria

6.1.2 Summary of Chapter 3

In this Chapter we presentétSTimaging of FUV continuum and Ly emission from seven CC
BCGs selected on the basis of an IR excess suggestive of elestatdormation rates.

The question posed for Chapter 3

What is the role of star formation in regulating the physi¢sh@ warm and cold ISM
phases in CC BCGs?
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Itemized summary of results

e We confirm that the IR excess associated with our sample of CC BE&ssociated with
low levels (a fewM, yr™) of ongoing star formation og; 30 kpc scales, as revealed by our
HSTFUV imaging.

e Star formation rates estimated from the FUV are 2 to 10 time®l than those estimated
from the IR. In all cases, the Balmer decrement is consistehtanievel of internal extinction
that is sufficient (but not strictly or exclusively requijed account for the difference.

e The young stellar population required to account for theeolesd FUV continuum emission
can fully contribute an adequate number of ionizing photexgiired to power the Ly and
Ha-bright emission line nebulae (in terms of luminosity, ratization states).

e Unresolved, weak radio sources are observed in each of ttem #CGs. Additionally,
A1835 and RXJ 2129+00 exhibit weak kpc-scale jets.

e The combination of higher SFR and lower radio power is cdestsvith a scenario wherein
a low state of AGN feedback allows for increased residuatleosation from the ambient
X-ray atmosphere, accounting for the elevated star foonattes.

e We observe kpc-scale offsets between the peak of the X-régcaubrightness profile and the
brightest regions of FUV emission in several of our souré€sN feedback is not expected
to cause this offset. It may be due to residual “sloshing”afphase gas, which can remain
long-lived even after virialization of the cluster. Didbances in the ICM could lead to higher
cooling rates in the gas as the cluster relaxes and slowlyev®o equilibrium. This may
account for the elevated star formation rates.

The “flagship results” from Chapter 3: Even at low levels, star formation provides a domi-
nant contribution to the ionizing photon reservoir requir® power the observed luminosities of
the emission line nebula. Our seven CC BCGs were selected oadfsed an IR excess assumed
to be associated with an elevated star formation rate. We morifiat this is the case, and also
note that each of these possess only weak, compact radicesodnae combination of higher SFR
and lower radio power suggests that the radio source has a sma@lative impact on the proper-
ties of the star forming regions. It may be indirectly rethte@owever, in that a low mode of AGN
feedback may allow for increased residual condensatiom fifee ambient hot atmosphere, thereby
accounting for the higher star formation rates
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6.1.3 Summary of Chapter 4

In Chapter 4, we present&tSTACS and STIS observations of the radio galaxy 3C 236, destribe
by O’Deaet al. (2001) as an “interrupted” radio source. The galaxy is aased with a relic~ 4
Mpc FR 1l radio source (making it one of the largest objecthimuniverse), as well as an inner 2
kpc CSS “young” radio source. This “double-double” radio ptalogy is evidence for multiple
epochs of AGN activity, wherein the BH fuel supply is thoughtiave been exhausted or cut off
at some time in the past, and has only recently been reigri@®36 is a field galaxy that is not
associated with a galaxy cluster, and so our analysis ofataration and AGN triggering in this
source serves as a comparison study for the results prdsar@apters 2 and 3.

The question posed for Chapter 4

How can we disentangle the roles played by cooling flows andemeig depositing
the gas reservoirs which fuel episodes of star formation a@dl Activity?

Itemized summary of results

e We confirm the presence of four bright knots of FUV emissioarnnarc along the edge of
the inner circumnuclear dust disk in the galaxy’s nucleasyell as FUV emission cospatial
with the nucleus itself. We interpret these to be sites aéméor ongoing star formation.

e \We estimate the ages of the knots by comparing our extinctiwrected photometry with
stellar population synthesis models. We find the four knotpatial with the dusty disk to
be young, of order 10’ yr old. The FUV emission in the nucleus, to which we do not
expect scattered light from the AGN to contribute signifibgns likely due to an episode of
star formation triggered- 10° yr ago.

e We argue that the young 10’ yr old knots stem from an episode of star formation that
was roughly coeval with the event resulting in reignitiorradlio activity, creating the CSS
source.

e The~ 1(° yr old stars in the nucleus may be associated with the prevépach of radio
activity that generated the 4 Mpc relic source, before beungoff by exhaustion or inter-
ruption.

e The ages of the knots, considered in the context of both thteitied morphology of the
nuclear dust and the double-double morphology of the “ola &oung” radio sources,
present evidence for an AGN/starburst connection thatssipty episodic in nature.
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e We suggest that the AGN fuel supply was interrupted~fat0’ yr due to a minor merger
event and has now been restored. The resultant non-steadgpffigas in the disk is likely
responsible for both the new episode of infall-induced &emnation and also the multiple
epochs of radio activity.

e 3C 236 shares many similarities with A2597 (evidence fosegiic AGN activity, compact
knots of star formation at comparable rates). We discussdtierences as they may pertain
to (a) accretion from an ambient hot X-ray atmosphere (inctise of A2597) and (b) cold
accretion through a minor merger (in the case of 3C 236). niditely, we are not in a
position to comment further on the role of mergers vs. cadiiows in providing the gaseous
reservoirs found in the centers of CC BCGs. X-ray spectroscoépy2697 is consistent
with a moderately strong cooling flow, and does not exhibibrgg evidence for a recent
minor or major merger. On the other hand, 3C 236 almost cdythiad to acquire its gas
reservoir through a merger. While the strong similaritiesMeen the two sources suggests
that a cooling flow is not exclusively required to provide gaseous reservoir fuelling star
formation and AGN activity in A2597, the few but importantfdrences between the two
sources could be understood in the context of cold vs. hoe#don scenarios.

The “flagship results” from Chapter 4: An AGN/starburst connection may be causally related
by a discrete gas infall event, likely stemming from a minerger. A non-steady flow of gas to the
nucleus can account for the apparent episodic activityemmis of both AGN triggering and star
formation. 3C 236 shares many similarities with A2597, aldiio the lack of a kpc-scale, settled
dusty disk in A2597 might be due to a very different gas aicerdtistory (i.e., from residual ICM
cooling, rather than a merger)

6.1.4 Summary of Chapter 5

In Chapter 5 we broadened the context of this thesis with adar high redshift radio galaxies
as observable “beacons” for assembling protoclusters.widnk outlines a new method by which
these “beacons” may be used to probe the “cluster desert<ot & 2, where galaxy clusters are
thought to assemble, but are extremely difficult to detet wyipical selection methods.

The question posed for Chapter 5

How might we find assembling protoclusters at high redstofgssto study the cosmic
evolution of (e.g.) the cool core phenomenon?
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Itemized summary of results

Our search yields 37 low-power radio galaxy candidatesahaipossibly FR Is. Each of
these candidates has a photometric redshift betweer & 2. Spectroscopic confirmation
of these photometric redshifts will be required, as theyodien unreliable.

We show that a large fraction of our low luminosity candidateio galaxies display a com-
pact radio morphology that does not correspond to the FR phadogical classification.
Whether they are too distant to detect extended, possibly-k radio emission is not
known. Deeper radio observations will be needed.

The candidates are apparently associated with galaxieshbw clear signs of interactions,
at odds with the typical behavior observed in laWwR | hosts.

The compact radio morphology might imply that we are obsgrmtrinsically small and
possibly young objects that will eventually evolve into thiant FR Is we observe in the
local universe.

One candidate is associated with a point-like optical cewgatrt. This might belong to a
population of FR [-QSOs, which would represent a small mtgaf the overall population
of highzFR Is.

A search for candidate & z < 2 clusters using our candidate FR | radio galaxies yields nin
weak possibilities that warrant follow-up observations.

The “flagship results” from Chapter 5: Our multiwavelength selection process yielded 37
low-power radio galaxy candidates that are possibly FR Is. phetometric redshift of the bulk
of our FR | candidates are in the expected rardge z,n.: < 2, which would place them within the
epoch of cluster assembly. Nife< z < 2 FR | candidates are associated with local optical/IR
overdensities which may be indicative of association withuater, protocluster, or group.

6.2 Caveats and disclaimers

Of course, we could never hope to address all of the knowrssselated to cool core clusters in
this thesis. Rather, we have focused on a very small subsbeddience pertaining to episodic
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star formation and AGN activity, the role played by the eomiment on these phenomena, and the
impact these phenomena have on each other and their en@nini®o as to not “lose the forest
for the trees”, it is important to at least briefly mentionsbearitical pieces of understanding which
we have only barely mentioned or ignored completely.

¢ We have effectively ignored transport processes in the inacluster medium Processes
like thermal conduction might be critical in dictating thieserved properties of the ICM. In
many cases its effects are strong enough to offset radietioéng, negating the need for
(e.g.) AGN heating, though debate is ongoing as to whetheobconduction can establish
stabletemperature gradients which are sufficiently long-liveee(€hapter 1).

e We have not adequately explored the role played by mergers ithe context of our re-
sults and the cool core/non-cool core dichotomyWe tangentially address this issue in
Chapter 4 with our CC BCG/field radio galaxy comparison study,tborily scratches the
surface. A subset of the community believes that the codlowg model is incorrect in al-
most every respect, and that may indeed be the case (sesthsgion in Chapter 1). Many
believe that mergers can instead account for the pools ohieatd gas in CC BCGs. Much
more work is needed, and we are not necessarily in a posiidavor one scenario over
another in the context of our results.

e We have focused only on a small sample of nearby cool core ctass. In Chapter 3 we
demonstrated that star formation plays an important roléeitermining the properties of
the warm/cold gas phases in CC BCGs. While this has been knowretadés (see the
references in that chapter), the conclusions drawn fronsmall subsample of CC BCGs,
preferentially selected on the basis of elevated star foomaates, cannot be extended into
a general, wide-reaching conclusion. A comprehensiveystfithrger, more representative
samples of CC and, critically, non-CC clusters, groups, atd di@laxies is needed.

e Just because our results are consistent with a particular madel does not mean that the
model is correct Many of our results, particularly those presented in Chaf2eand 3, are
consistent with the general “AGN heated cooling flow” scemaf his does not, however,
mean that cooling flows are exclusivalyquiredto account for the warm/cold gas phases,
star formation, and AGN activity. Instead, mergers may lspoasible for depositing these
gas reservoirs, though we do not adequately explore thisilpbty (see the relevant point
above).
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e We have not addressed several critically important aspectdssues, and phenomenon

related to CC BCGs. This is obvious, as no thesis (exceptexiremelylong one!) could
addressall aspects of CC BCGs. In our case, we have concerned ourselvesvitinia
very small subset of the issues. For example, we have baisgysted the spectacular and
highly mysterious emission line filaments that are very camiy observed in the cores of
CC BCGs, including in A2597. These filaments are poorly undedstand it is not known
(1) how they are formed, (2) what powers their luminositiad aalibrates their emission
line ratios, and (3) what keeps them long-lived. Debateinaet as to whether or not the
filaments are “lifted outwards” by the radio source or ardlitig inwards” from a cooling
flow, perhaps down “tubes” of magnetic fields (an emergingomiigjfavors some version of
the latter scenario). See Chapter 1 for an abridged revieleoftany other critical aspects
of BCGs which we do not address.

This is an incomplete summary of the various caveats andadhsers we could list. For more
detailed considerations concerning complexities in prieting our results, etc., see the discussion
sections in each of the previous chapters.

6.3 What have we learned?

How have the results from this thesis broadened our undedstg of cooling flows, AGN feedback,
and CC BCG8

6.3.1 A thought experiment

Consider this thought experiment: suppose we insist ongreéng the results from Chapters 2
through 4strictly andexclusivelyin the context of the “AGN heated cooling flow” model. In other
words, suppose we wish to make the followitdgfinitive statement”

“All results from Chapters 1 through 4 can be explained in teaihbot X-ray gas
accretion and radio source feedback

1We stress that we're naictually making this statement; it's merely a thought experiment.
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What is consistent with this statement?

Many of our results are indicative of AGN heating via directdmatical interaction between a
propagating radio source and the hot (30T < 10° K) and warm/cold phases (0 T < 10*
K) of the ISM in CC BCGs. This is strong evidence ti#gBN feedback is reain that the AGN
clearly returns energy to the ambient medium, influencing dramatic, observable ways. This
has been known for years (see, for example, the highly cdmgeé{-ray, radio, and optical images
of Perseus in Figs. 1.4 and 1.6). In this thesis, we have pregeimilarly compelling evidence
for directly observed AGN feedback in A2597. This evidenududes:

e The mere existence of spatially anisotropic temperatutesires in the X-ray temperature
map is evidence for AGN heating. Otherwise, one might singxgect the gas to become
cooler towards the center of the BCG in a “smooth” way, as thepérature of the gas
reflects the relatively “smooth” underlying gravitatiomaltential.

e The western large cavity in A2597 is almost exactly cospatiarojection with extended 330
MHz radio emission, suggestive of a causal, intrinsic catioe between the two features.

e The western large cavity is aligned along the same positigieaas (1) the cold X-ray
filament, (2) the high velocity dispersion stream of moleacdas, (3) the extended arms
of the 1.3 GHz emission, and (4) the VLBA jet axis on 50 pc ssé@é=e Fig. 2.17). This
is strong (albeit circumstantial) evidence that the 15 kpld -ray filament arises from
dredge-up of low(er) entropy X-ray gas by the radio jet. Weehshown that the jet can
supply the energy required to lift the estimated mass of theént out to these distances.
Mass entrainment by a radio jet is a form of AGN feedback.

e Timescale and energy budgets associated with the variowasy Xavities and the 8.4 GHz
and 330 MHz radio sources are consistent with one anothesthier words, the ages and
energies associated with the X-ray cavity network can bghtyuaccounted for by the ages
and energies associated with the radio sources.

e The steep radio spectral index of the 8.4 GHz source, togatitie its bent morphology, is
indicative of dynamical confinement by the ambient warm gasenedium through which
the radio source is propagating.

e Futhermore, a compact blue excess spatially associatbdhveileading edge of the northern
8.4 GHz lobe might be indicative of star formation triggebgdhe propagating radio source.
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e We have also presented compelling evidence that the hoyXématting ISM in the A2597
BCG is heated as it rushes to refill the wake of the buoyant laegtesn cavity, as is pre-
dicted in effervescent AGN feedback models. This partictdault may be one of the very
first instances in which cavity enthalpy dissipation is attjuobserved to heat the ambient
X-ray gas. We would argue that this is one of the most excitilagship results” presented
in this thesis.

We have also presented results which are consistent witintegpretation that (1) ambient
hot X-ray gas cools and condenses into the CC BCG and (2) dirpadljdes the gaseous fuel
reservoir for both star formation and the triggering of AGiiaty. The evidence for this that is
exclusive to this thesis includes includes:

e The spatial elongation of the hot X-ray gas aligns with thgomaxis of the A2597 BCG
stellar isophotes, as well as an extende® kpc arm of FUV emission associated with
ongoing star formation. The radio jet axis is perpendictoathis axis. This is consistent
with a scenario wherein (1) gas condenses from the ambieal X@&tmosphere, (2) settles
into a BCG equipotential, and (3) flows inward, fuelling stamfiation and AGN activity.
Note that these results do not necessaslyuire this explanation, but they amonsistent
with it.

e Without exception, those CC BCGs in Chapter 3 with higher stan&tion rates possessed
lower power, unresolved radio sources, while those withelostar formation rates possessed
higher power, extended radio sources.

e The combination of higher SFR and lower radio power is cdestsvith a scenario wherein
a low state of AGN feedback allows for increased residuatleosation from the ambient
X-ray atmosphere, accounting for the elevated star foonattes.

What is not consistent with this statement?

o If the “hot arc” in A2597 is indeed evidence of ICM heating byita enthalpy dissipation,
why do we not see more “hot arcs” associated with other sitypisized cavities in CC
clusters (e.g., Perseus, Hydra A, etc.)?

e Several of the CC BCGs presented in Chapter 3 exhibit kpc-sciet®ibetween the peak
of the X-ray surface brightness and the peak of the FUV epmsdt is not clear that AGN
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outflows could exclusively account for these offsets, ag Hre observed in clusters which
are supposedly experiencing a “low state” of feedback.

e Moreover, if the gaseous reservoirs fuelling star fornrraiod AGN activity were provided
by a cooling flow, to first order one might expect the coolesti{-gas to be cospatial with
sites of star formation and the radio core. For those CC BCGdiixiyg the X-ray/FUV
spatial offset, this is not the case, yet they still haveadled star formation rates.

e It is also worth noting that 3C 236 is a field galaxy with no Hacompanions, and is not
surrounded by an ambient atmosphere of rapidly coolingy<ges. Nevertheless, it shares
manycharacteristics with A2597, such as compact central CS$ sairces, knots of star
formation with SFRs on the order of a feM, yrt, and signatures of episodic AGN activity
(the 4 Mpc relic source in 3C 236 and the ghost cavities in A25€learly, while a cooling
flow can account for the reservoirs of cold gas in CC BCGs (in tehtlse baryon budget,
at least), it may not not strictlyequired In general, mergers are an obvious mechanism by
which gas can be deposited into a galaxy, fuelling an episddsar formation and AGN
activity. A2597 does not exhibit particularly strong evide in favor of a recent minor or
major merger, while other CC BCGs do exhibit evidence of merfgers, NGC 4696/Cen-
taurus). The roles played by cooling flows vs. mergers ibrgitl clear, and far more work is
needed.

6.3.2 The major conclusions of this thesis

We conclude this section by simply listing what we believeédhe three main conclusions of this
thesis.

1. AGN feedback is real, and likely plays a dominant role in reguating the pathway of
entropy loss from hot ambient medium to cold gas to star formé&on.

2. AGN feedback does not establish an impassable “entropy flodbbelow which gas can-
not cool. Some star formation manages to persist even in remas directly affected by
feedback.

3. Star formation plays an important role in dictating the prop erties of the warm and cold
(< 10* K) gas phases in CC BCGs
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6.4 Why is this Important?

Why are cool cores and CC BCGs important?

The 2010 Astrophysics Decadal Survey names a better uaddisg of the “cosmic dawn”,
beginning with the epoch of reionization, as a chief prjodt the coming decade. The growth of
the first stars, galaxies, and black holes at these earlyhepoas very likely driven and mediated
by the cooling and coalescence of gas in dark matter halgs &lk 1977; Rees & Ostriker 1977).
Given the extreme redshifts involved, these systems ardiraattly observable (at least not with
the current generation of space- and ground-based fas)litiBrightest Cluster Galaxies in cool
core clusters provide critical tests for galaxy formatiod @volution models, because they provide
a low-redshift, observable analog to cooling processesghibto drive structure growth at early
epochs.

Why is AGN Feedback important in a the broad context?

As discussed at length in Chapter 1, the addition of “antidi@hical” quenching of star forma-
tion is required in merger-driven hierarchical galaxy fatran models in order to account for the
decades-old “over cooling problem”, wherein star formaim®effectively catastrophic and grows
hierarchically along with structure. This is inconsistenth fundamental observations, includ-
ing the bright-end truncation of the galaxy luminosity ftion and the bimodality of galaxies in
color-magnitude space.

The need for this anti-hierarchical growth mode can be Hyoedntextualized as a need to
explain the “cosmic downsizing” phenomenon, wherein theit@nt contributors to the star for-
mation rate density shifts from high mass galaxies to lowsygadaxies with increasing cosmic
time. The net implication is that more massive galaxies fatrigher redshifts, and less massive
galaxies form at lower redshifts — this “big-to-small” befa is not predicted in cosmological
models based upon hierarchical, “big-to-bigger” growth.

Moreover, theMgy — o relation (Magorriaret al, 1998; Ferrarese & Merritt, 2000; Gebhardt
etal, 2000), if real, suggests that the growth of black holes bhait host galaxy stellar components
is not onlytightly coupledbut alscself calibrating To first order, it seems possible that if tkig,, —

o is intrinsic, it must be fostered by mutual growth amid gaalescing in newly formed galaxies.
However, a second-order effect may be needed to accounhdoagparent tight calibration. A
feedback loop arising from AGN triggering is a natural andrpising possibility.

When we consider (1) the correspondence of the epoch of pesdagactivity with the onset
of declining star formation rates, and (2) evidence thatlblele growth is as anti-hierarchical as
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the cosmic evolution of star formation rate densities, asge emerges wherein AGN feedback
may be one of the primary mechanisms by which cosmic dowmsiaperates. The notion that
AGN feedback may partly account for several major outstagnduestions in modern astrophysics
is attractive for obvious reasons, though much work rem@itee done.

6.5 The Future

Promising though it is, AGN feedback is still largely a bldotx. It has been invoked to solve
various problems by quenching star formation on globales;dbut there is mounting evidence,
some of which has been presented in this thesis, that staatmn may beriggeredby AGN,
or at least persist at low levels amid AGN feedback. We stilhdt understand the microphysics
regulating the possible feedback loop, nor do we even tratlesstand how radio jets form, prop-
agate, and dissipate energy. Even if AGN feedback is theutisol” to the cooling flow problem,
it is becoming clear that yetnotherheating mechanism is required to calibrate the observed ion
ization states of the cold gas reservoirs in brightest elugalaxies. Finally, we must at least
appreciate the irony that a large and vibrant communitylsiag the Author) has formed around
the study of the cooling flow model which fails, in almost gveespect, to match observations.
Are we seriously underestimating the importance of trartgpocesses like thermal conduction in
regulating the entropy of the ICM? Mergers are among the nmogoitant drivers of hierarchical
structure growth, but what specific, subtle roles might thiy in cool core vs. non-cool core
clusters? What is a cool core, really? There is little douat the pathway of entropy loss from
hot primordial baryons to the cold reservoirs from whichrsfarm is of fundamental significance
in the Universe. However, we must temper our certainty witintity. As Dr. Chris O'Dea, a
good friend and the adviser of this Ph.D. Thesis once warniedas a mistake in the past to think
we understood cooling flows and it would be a mistake now to daindg

We conclude this thesis with five fundamental, outstandungstjons that are critical to a better
understanding of clusters, the galaxies within them, amet ¢re Universe as a whole.

e What mechanisms regulate the entropy of the ICM?
e How might environmental factors regulate the triggeringh&N?

e How might AGN outbursts contribute to differences betweaeed and predicted scaling
relations in clusters?
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e What physical processes or mechanisms dictate the presemtEsence of a cool core?

e How does a BCG, its stellar component, and its central blad& goow during the epoch of
cluster assembly? How might this growth differ from that déifgalaxies?

Over the past two decaddsST, Chandrg andXMM-Newtonhave brought about a paradigm
shift in our understanding of cooling flows in galaxy clusteand this will be among their greatest
legacies. The emergence of the next generation of obseie&toay trigger yet another paradigm
shift. Yet, while the now-onlining ALMA is sure to yield saiéfic returns of extraordinary value,
continued investment in space-based facilities IS Twill be needed to foster a scientific future
as bright as the past. We have so much more to learn. It is wisiking hyperbole to always
remind ourselves that, barely more than a century ago, weveel the Universe to be permeated
by a “luminiferous ether”. Imagine what we’ll believe tormow.
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Figure 6.1: HSTWide Field Camera 3 (WFC3) observation of the nearby powerful radaxga
Centaurus A, illustrative of the current state of the art in space-basehamical imaging. Contin-
ued investment in both ground- and space-based observatories wilkdeahto foster the coming
decades of discovery. Thdubble Space Telescojspired the Author to pursue astronomy as a
career. We conclude this thesis with a wish that the next generation ofistsénsimilarly inspired
by the next generation of Great Observatories. (Credit: NASA, ESACBAURA, R. O’'Connell
and the WFC3 Scientific Oversight Committee).
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