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Abstract After a brief, critical review of the leading explanationsoposed for
the small but important subset of radio galaxies showing eshaped morphology
(XRGs) we propose a generalized model, based on the jdtisteghction and spin-
flip hypotheses. The most popular scenarios for this intnigigphenomenon invoke
either hydrodynamical backflows and over-pressured cacoomapid jet reorienta-
tions, presumably from the spin-flips of central enginekfoing the mergers of pairs
of galaxies, each of which contains a supermassive black Md& confront these
models with a number of key observations, and thus arguentha of the models is
capable of explaining the entire range of the salient olademwal properties of XRGs,
although some of the arguments raised in the literaturenagtiie spin-flip scenario
are probably not tenable. We then propose a new scenaridalgo involves galac-
tic mergers but would allow the spin of the central engine &intain its direction.
Motivated by detailed multi-band observations of the nstaradio galaxy, Centaurus
A, this new model emphasizes the role of the interactions/&en the jets and the
shells of stars and gas that form and rotate around the meajaxy and can cause
temporary deflections of the jets, occasionally giving tisan X-shaped radio struc-
ture. Although each model is likely to be relevant to a sub§xtRGs, the bulk of the
evidence indicates that most of them are best explainedejetkshell interaction or
spin-flip hypotheses.

Key words: galaxies: active — galaxies: jets — gravitational waves -M IS- radio
continuum: galaxies
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1 INTRODUCTION

The morphologies of powerful extragalactic radio souraeitoparsec and larger scales can typ-
ically be related to a single pair of anti-parallel jets ofat&istic plasma ejected from a “central
engine” located at the active nucleus of a massive earlg-adaxy (e.g. Begelman et al. 1984).
In some rare cases an additional inner pair (or pairs) obrhaties is observed, which is roughly
aligned with the outer, presumably older, lobe pair. Theseadled “double-double” radio galaxies
are believed to be examples of restarted nuclear activayg(et al. 1999; Schoenmakers et al. 2000;
Saripalli et al. 2002; Konar et al. 2006), in which the newgeir broadly retains its alignment with
the older jets. In one scenario, the interruption in jetvdistiis attributed to the disruption of the
accretion disk due to the inspiral of a second supermastaes hole through the disk surrounding
the larger one (Liu et al. 2003).

In the last few years an even more striking morphologicad<laf radio galaxies has drawn
increasing attention. These radio galaxies exhibit twospai radio lobes associated with a single
parent galaxy, such that their axes are grossly misalighkaough the existence of such “winged”
or “X-shaped” radio galaxies (XRGs) has been known for th&t few decades (e.g., Hoghom &
Carlsson 1974; Ekers et al. 1978; Leahy & Williams 1984; Lye&alParma 1992), the recent upsurge
of interest in XRGs stems from the distinct possibility tkta¢ir precursors were potential sites of
the intense gravitational radiation which is expected ineagar of the two supermassive black holes
(SMBHSs) associated with a merged galaxy pair. Another dgimmelous outcome expected from such
a merger is a sudden change in the spin axis of the SMBH, wtaahfind manifestation in the
emergence of a new jet pair at an axis grossly misaligned fhenaxis of the jets prior to the merger,
producing the so called “spin-flip” model for XRGs (e.g., Radnn 2001; Zier & Biermann 2001,
2002; Merritt & Ekers 2002; Biermann et al. 2002; Gergely &Bnann 2009, hereafter GB09). An
earlier explanation, specifically devised for the rare dbeilgalaxies (elliptical galaxies with two
nuclei, such as XRG NGC 326), posited a more gradual reatientof the large-scale jets during a
close passage between two elliptical galaxies (Wirth €t282).

The explanation invoking an SMBH merger accords well with éxtensively discussed model
of powerful double radio sources, which argues that jet fgiom is often triggered by a galaxy
merger, particularly the merger of a gas-rich galaxy witargé elliptical one (e.g. Begelman et al.
1984; Wilson & Colbert 1995; Wang & Biermann 1998). The pb#isy that inversion symmet-
ric radio galaxy morphologies were due to an SMBH binary inngle galactic nucleus was first
suggested by Begelman et al. (1980). Significant additienpport for this scenario comes from
the growing evidence in favor of the presence of binary blagle systems within the nuclei of
active galaxies. One line of evidence comes from recenbdeies of double-peaked broad low-
ionization lines separated by 2000 km s~! (Komossa et al. 2008; Boroson & Lauer 2009; Shields
et al. 2009); however, it must be noted that these systenid gumi be superpositions of two active
galactic nuclei (AGNs) within the same cluster of galaxig(Dotti et al. 2009). X-ray imaging and
spectroscopy indicate that both of the optical nuclei (s&jea by a projected distanceof..3 kpc)
in the ultraluminous infrared galaxy NGC 6240 are active #nts house SMBHs (Komossa et al.
2003). It has been noted that the radio emission from NGC 12¢bnsistent with accelerating jet
precession and this could imply the presence of a binary SMstem with a rapidly changing
orbital separation (Liu & Chen 2007). More interestinglputhle-peaked low-ionization emission
lines in the nucleus of a galaxy hosting an XRG J1130+0058 haen reported (Zhang et al. 2007).
Very recently, the detection of a galaxy containing three/acuclei, SDSS J10271749, has been
reported (Liu et al. 2011); here the secondary emissionriirgei are offset by 2.4 and 3.0 kpc in
projected separation and by 450 and 111 km i velocity. Further evidence for binary SMBHs
comes from models of the periodic intensity variations ohedlazars, notably OJ 287 (Sillanpaa
et al. 1988; Valtonen et al. 2008). The detection in radi@agalRG) 0402-379 of two compact
VLBI sources of variable radio emission, separated by or8yp¢, also presents a strong case for an
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SMBH merger in progress (Rodriguez et al. 2006). An earliage leading to an eventual merger
is very possibly exemplified by the highly disturbed radiorpimlogy in the compact steep radio
spectrum quasar FIRST J164311 315618, which is in a binary system with a projected sepamati

of 15 kpc (Kunert-Bajraszewska & Janiuk 2011).

Notwithstanding the slow accumulation of observationatience, the occurrence of SMBH
mergers has been firmly believed for a long time on the basséngble theoretical arguments. For
instance, the Press-Schechter model (Press & Schechtd) is9Fremised on an ongoing merger
process for galaxy formation and this yields a good appration of the galaxy luminosity function.
When this model (or more sophisticated cosmological sitiaria) is coupled with the more recent
paradigm that a very large fraction of galaxies undergoasrakactivity emitting a compact radio
signature (e.g. Perez-Fournon & Biermann 1984; Nagar @08l1; Nagar et al. 2005; Capetti et al.
2010) and that most galaxies harbor a central black hole (BH) Kormendy & Richstone 1995;
Faber et al. 1997; Magorrian et al. 1998), the expectatitmisSMBH mergers are not uncommon.

XRGs are now known to constitute a significant fraction (upd#) of the more powerful, edge-
brightened FR Il (Fanaroff & Riley 1974) radio galaxies ie BCRR catalog (see, Leahy & Williams
1984, hereafter LW84; Leahy & Parma 1992). Many new XRGst ¢teast good XRG candidates,
have recently been found and characterized (e.g. Cheurigy B@eafter CO7; Cheung et al. 2009;
Saripalli & Subrahmanyan 2009, hereafter SS09), mostlyguie FIRST radio survey (Becker et al.
1995). Usually, XRGs are found to have radio powers neardb@mduminosity of the Fanaroff &
Riley (1974) division between FR | and FR Il source®ats\im, ~ 2 x 102° W Hz~! sr—! (Landt
et al. 2010 and references therein). Therefore, it is sigikihat not a single case is found where both
lobe pairs are of FR |l type; usually only one (but sometimeithreer) of the two lobe pairs shows
radio hot spots near the extremities of the lobes, while therdobe pair lacks compact features
altogether and is normally distinctly less collimated (elyv84; SS09). That pair is thus termed
“secondary lobes,” or “wings,” in contrast to the other Igd@r, which is called “primary lobes.”

Several authors have argued that the wings arise due to esidmeof the backflow of syn-
chrotron plasma in the two primary lobes. The diversion ddwg preferentially into the cavities
left over by the lobes of a previously active phase (LW84)we to buoyancy pressure driven by a
steep pressure gradient in the ambient medium (e.g. Weitrall 1995; Kraft et al. 2005; Miller &
Brandt 2009; SS09; Hodges-Kluck et al. 2010b). Anotherardrio this buoyant backflow model is
the “over-pressured cocoon” model where a rapid build-ughefpressure within the radio cocoon
leads to a collimated supersonic outflow of the lobe’s syoithn plasma as it squirts out along the
directions of the fastest declining ambient pressure (@Giagteal. 2002, hereafter C02).

In a less discussed variant of this class of models (GopshKa et al. 2003, hereafter GBW03),
the backflow gets diverted as it impinges, from oppositessidato an inclined “superdisk” of ther-
mal plasma around the host elliptical. The existence of suglerdisk structures, with a mean thick-
ness 030 kpc, around a number of FR Il RGs has been inferred fromhhmpsstrip-like emission
gaps seen between their radio lobe pairs (Gopal-Krishna i€a\®@000a, 2009). There are a number
of physically reasonable models for the formation of theesdjsks (e.g. Gopal-Krishna et al. 2007;
Gopal-Krishna & Wiita 2009). One model worth highlighting the present context considers the
physics of the final stage of the spin-flip of merging BHs, vihie marked by a rapid precession of
the BH axis, due to which the jets swing about rapidly (GBO%jese swinging jets can produce a
narrowing cone-like wind through fast and massive entraimnof the surrounding gas, thus poten-
tially giving rise to a superdisk (GB09). If true, this pictucould be useful in identifying the best
candidates for an imminent merger of SMBHSs.

In Section 2 we contrast the different explanations progdse the XRG phenomenon with
the current observational results. In Section 3 we propoasevaadditional mechanism enriching
the phenomenology of galaxy—galaxy interactions when of®th of the galaxies harbor a central
super-massive black holdte jet—shell interaction modédr XRGs. Section 4 summarizes our main
conclusions.
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2 XRG MODELS

In this section we briefly recapitulate the three main exatims, including some of their variants,
that have been proposed for the XRG phenomenon.

First, however, we summarize some of the key results comgethe orientations of radio emis-
sion axes and optical shells with respect to the optical slodpheir host galaxies. For many years,
only rather small samples of RGs (L00) could be used and, while there were claims of a coroglati
between radio emission and the minor axes of the host elipgialaxies (e.g. Palimaka et al. 1979),
no significant correlation was found in some other studias @ansom et al. 1987).

An important result has come from the recent work of Battye@ve (2009) who employed
a much larger sample 0f14 000 galaxies obtained from matching the FIRST radio sunith the
SDSS optical catalog. They demonstrated that late typeigaléear an expected strong correlation
between the optical major axis and the radio emission axésymably arising from the association
of the radio emission with star formation in their disks. @e bther hand, for early type galaxies
they do find a significant correlation between the radio anéthe optical minor axis; however, this
correlation is dominated by the galaxies with lower ratibsadlio to optical powers. For stronger
radio-loud ellipticals, with which we are concerned hersignificant correlation of the radio axis
with the optical axis was found (Battye & Browne 2009).

At the same time, as shown in C02, XRGs are only hosted by auiiestly elongated ellipticals
(ellipticity n 2 0.2). In addition, C02 found that the principal radio axis dedifyy the two hot spots
of the primary lobe pair shows a distinct tendency to be cloghe optical major axis of the parent
elliptical. Perhaps an even tighter alignment exists betwihe host galaxy’s minor axis and the
secondary radio axis as defined by the pair of wings (C02h Butse trends have been confirmed
recently by SS09 and Hodges-Kluck et al. (2010a), here&ft&rl0a, using larger datasets. The
latter authors inferred the minor axis from the distribataf hot, X-ray emitting gas detected with
Chandra around the ellipticals in their sample. Hence f@XRG subset of stronger RGs, all studies
agree that the primary radio lobe pair is preferentiallgntéd toward the major optical axis of the
host elliptical (C02; SS09; H-K10a), though the samples bitlvthis conclusion is based are still
comparatively small.

In certain cases a Z-symmetric morphology of the seconddrgd was observed (i.e. a lateral
offset between the ridge lines of the two secondary lobes,GBWO03). We later show how such
sources can provide a powerful discriminant between @iffeKRG models.

Another more general, important result, but one we beliexdd:be particularly relevant for
XRGs, concerns optical shells around elliptical galaxigsese optical shells, which probably arise
during the course of the merger of an elliptical with a diskagg (e.g. Quinn 1984), are preferen-
tially located along the major axes of post-merger ellgtdqe.g., Malin & Carter 1983; Sect. 3).

Important evidence in favor of mergers playing an importafe in XRGs comes from a recent
study of 29 XRGs which were compared to a control sample of B8 Rith “normal” morpholo-
gies but similar redshifts and optical luminosities (Mezet al. 2011). These authors found that the
members of the XRG sample have, on average, significantlg massive SMBHSs, as would be ex-
pected if a merger engendered the change in jet directioRi@ In addition, more direct evidence
for the merger has recently come from the detection of shetiso XRGs, 3C 403 (Ramos Almeida
et al. 2011) and 4€00.58 (Hodges-Kluck et al. 2010b).

2.1 The “twin-AGN” Model for XRGs

This model is inspired by the existence of elliptical gaésxivith double nuclei, e.g. NGC 326
(Battistini et al. 1980; Worrall et al. 1995). In this modeétpair of twin radio lobes is considered
to be two independent radio doubles associated with a clis@factive SMBHs inside a merging
pair of massive ellipticals (Lal & Rao 2007). This model aggseparticularly appealing when the
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dynamical friction is insufficient, thereby stalling thepmpach of the two SMBHs. However, such
stalling is normally not expected (e.g. Zier 2007; GB09, asferences therein), as also inferred
from extensive VLBI imaging observations (Burke-Spola6i 2). In addition, this situation has a
very low probability, in that it requires both central enggto be simultaneously launching jets.
While this “twin AGN” picture has the advantage of concepai@plicity, it fails to explain why

none of the XRGs has both lobe pairs of the FR Il type. Nor dbegplain the preference of the
primary lobe to be oriented towards the major axis of theaaptiost galaxy (C02; SS09; H-K10a).
Furthermore, it is particularly hard in this picture to unstand the often observed Z-symmetric
morphology of the secondary lobes (GBWO03). On all these mplspit is evident that while this
model might account for a tiny fraction of XRGs, it is untetestor the bulk of the XRG population.

2.2 Backflow Diversion Models

In the backflow diversion model for the formation of a secaydabe pair, (e.g. LW84, Worrall
et al. 1995; Kraft et al. 2005), the (denser) ISM of the hobptital galaxy plays a key role by
exerting buoyancy pressure on the backflowing synchrotiasnpa within the two primary lobes. As
a result, the synchrotron plasma is diverted away from the &xis, along the direction of the fastest
declining ISM pressure. In this way, the strong tendencytferwings to align with the optical minor
axis of the host elliptical can be readily understood. Althlo appealing for its simplicity, as noted
by several authors (e.g. Dennett-Thorpe et al. 2002), trdsddynamic backflow model is severely
challenged by the key observation that in several XRGs tmgsvare found to be distinctiynore
extendedhan the primary lobes, even though the latter are suppodaeladvancing supersonically
with respect to the external medium (whose ram pressur@sausright hot spot marking the leading
edge of the lobe), in contrast to the subsonically growinggsi Examples of such XRGs can be
found, e.g. in Leahy & Parma (1992); SS09 and Section 4.

To circumvent this problem, C02 proposed that the wings cam ue to lateral expansion of
the over-pressured cocoon of the double radio source, sh@gjeepest gradientin the ISM pressure
(i.e. roughly along the host galaxy’s minor axis, assumirag the galaxy has high ellipticity, making
its ISM asymmetric). The lateral expansion of the synclomfrlasma could well occur in the form
of a pair of loosely collimated supersonic flows of the syotton plasma out of the over-pressured
cocoon, via a “de Laval nozzle” formation (e.g. Blandford &d® 197%. This mechanism for
the formation of secondary lobes can possibly allow themrtavgeven longer than the primary
lobes, as argued by C02 based on two-dimensional hydrodgabsimulations. As these simulated
“outflows” may be enhanced by the imposed cylindrical synmpéie result needed to be verified
by the use of three-dimensional (3D) simulations. Very nélgesuch 3D simulations have been
performed and showed that under special circumstancesaufibws with secondary lobes with
lengths comparable to those of the primary lobes could iddeeur (Hodges-Kluck & Reynolds
2011). Furthermore, given the appropriate viewing angiehsecondary lobes could appear to have
a larger projected length than the primary ones (Hodgesk&uReynolds 2011; Wiita et al. 2011).

Secondly, in this scenario, a large misalignment betweeptimary and secondary lobe pairs (a
prerequisite for an XRG classification) would be realizaiity in those cases where the jets happen
to be ejected roughly along the optical major axis of the piediptical galaxy.This selection bias
could possibly force the backflow diversion model to be bt with the observed tendency for
the primary lobes in XRGs to be aligned with the optical majxis of the host galaxyor if the jets
emerged roughly along the host's minor axis to begin witmthey cocoon outflows would tend to
coincide with the original jet direction itself and the soeiwould not be classified as an XRG at all.

The main morphological features of XRGs can be reproducésfaetorily in this model.
Nonetheless, it is evident that such a scenario can only workided the jets are not very pow-

1 We note that this physical concept of a spherical explogioa stratified atmosphere leading to a jet-like formation of
flow goes back to Kompaneets (1960) and was discussed it logtaeldovich & Raizer (1966).
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erful and therefore unable to exit quickly from the densetticd region of the ISM, and possibly
also from the intra-cluster medium (according to H-K10&)fdpe a substantial cocoon has devel-
oped. Indeed, numerical simulations of more powerful jetssing interstellar/intergalactic medium
boundaries show only modest sideways flows from the backiigywiasma and thus only “stubby”
wings (e.g. Hooda & Wiita 1996, 1998). Still, the over-pig®gsl cocoon model does explain why
radio wings do not form in general and, more specifically, wihgy do not usually form in the
weaker, edge-dimmed, FR | sources: such RGs simply do netrgtnthe backflow needed to form
over-pressured cocoons. Note that recently SS09 havedtigdd cases of a few XRGs where even
the better collimated (primary) lobe pair appears to haeeRR | morphology. They suggest that
these lobes probably also had an FR Il past when their hatggoterated strong backflows. Such a
morphological transformation at later evolutionary stbas long been predicted from dynamical
considerations (e.g. Gopal-Krishna & Wiita 1988; 2000; &elgrishna 1991; Falle 1991; Bicknell
1994, 1995; Kaiser & Alexander 1997; Nakamura et al. 2008).

The concept of an over-pressured cocoon finds some supporterecent study of the optical
spectra of 53 XRGs by Landt et al. (2010), who find that unuguat plasma (T> 15000 K)
commonly exists in the nuclear regions of XRGs. Still, it @ns unclear if the over-pressure extends
all the way to their cocoons. The difficulty is further undemed by the case of XRG NGC 326 in
which the wings are not only a few times longer than the prinhalves, but the “foot” of the eastern
wing is located about 50 kpc from the nucleus, i.e. well aéghe ISM of the galaxy (e.g. Murgia
et al. 2001; Worrall et al. 1995). This situation makes itchtr identify a mechanism to ensure
confinement of the hypothesized over-pressured cocoon.

Finally, we note that in support of the backflow origin of XRGngs (vis-a-vis the spin-flip
scenario described in Sect. 2.3), SS09 have highlightesvacéses where an inner pair of radio
lobes is seen fairly well aligned with the primary lobe paidicating that nuclear activity in these
sources has restarted practically along the same axis.dtio8€2.3 we shall propose alternative
interpretations for this result.

2.3 Rapid Jet Reorientation Models

In this radically different scheme, the wings are envisibtwebe a relic emission from the radio lobes
created during an earlier phase of nuclear activity whenetsewere oriented in that direction. The
jet orientation then underwent a rapid change, possiblbamp “flip,” resulting in the currently fed
primary lobe pair. Models proposed for jet reorientatioroke either precession or other realigning
mechanisms (Ekers et al. 1978; Rees 1978; Klein et al. 196BnExt-Thorpe et al. 2002; Falceta-
Gongalves et al. 2010; Hodges-Kluck et al. 2010b). A paldidy detailed model argues that the
central SMBH is realigned with the binary orbital plane dgria process that involves a strong
interaction between the binary and accretion disk thattsaésid warps the disk, which quickly
realigns the spin axis of the SMBH, ejecting the jets (Liu 20@\lternatively, jet realignment can
be a more violent process involving the coalescence of ttedjf&MBH with another SMBH in the
throes of a galaxy merger (Rottmann 2001; Zier & Biermannl2®erritt & Ekers 2002; Dennett-
Thorpe et al. 2002; GBWO03). This latter mechanism is paldity interesting since it also results
in a copious emission of gravitational waves, which for thedr mass range of SMBHs lies in the
Laser Interferometer Space Antenna (LISA) frequency band.

In an earlier paper (GBWO03) we argued how the spin-flip sder@an also readily account
for the Z-symmetry about the nucleus displayed by many ofvilmg-pairs. Pointing out the Z-
distortion, GBWO03 showed how it can arise prior to the spim-fis the jets propagated through
the ISM of the massive elliptical host. The outer portionted 1SM had already been set in slow
rotation by the captured galaxy (roughly along its originddital plane) as it spiraled into the radio-
loud elliptical, eventually culminating in the coalesceraf their BHs (see also Noel-Storr et al.
2003; Heinz et al. 2008). Thus, at large distances from tlecanucleus the two jets, having been
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slowed down, would be diverted by the rotating ISM in oppesirections. The deflected flows can
exist for extended periods and can arise at substantiandiss from the source galaxy. Note that
a recent study of a Z-shaped FR | RG, NGC 3801, provides stewittence for the presence of a
recent merger and a large fast rotating gas disk interautitigthe jets (Hota et al. 2009).

While the large misalignment between the two lobe pairsasstically expected in the spin-flip
scenario, it might seem difficult to understand the obsestemhg tendency for the primary lobes to
align with the optical major axis of the host elliptical (CE&S09; H-K10a). However, if the wings
are forced into alignment with the optical minor axis dueh®e buoyancy pressure of the ISM of the
parent galaxy acting on the backflowing synchrotron plagheatrend for the primary lobes to be
broadly aligned with the optical major axis (C02; SS09) ddollow simply from the requirement
of a large spin-flip angle, or else the source would often gnieing classified as a double-double
RG, as for example in the case of J1453+3309 (Konar et al.)2006

Evidence consistent with significant spin-flips comes fro@sRhat appear to have restarted
and have inner and outer structures that are significanthalighed. For example, 14483 shows
a nearly90° misalignment between its pc and kpc structures (Giovaratiral. 2005), although
such differences can be exaggerated if the jet is reldativéstd pointing close to the line-of-sight.
Less severe misalignments, but on much larger scales, aro mot likely to be affected by such
projection effects, are presentin other sources. Exanmptasgle the giant RG J0116473 (Saripalli
et al. 2002), J14583309 (Konar et al. 2006) and 3C 293 (Evans et al. 1999).

In several XRGs an inner compact pair of radio lobes is sednsaroughly aligned with the
primary lobe axis (see, SS09); this double—double morghotf the primary lobes can be eas-
ily reconciled with the spin-flip model and the usual exptotathat double—double RGs involve
restarted jets (e.g. Lara et al. 1999). Note that in a few efdbuble-double XRGs, highlighted in
SS09, the outer lobes lack hot spots and these have beepréitzt as the lobes which previously
had an FR Il morphology (SS09). The possibility of largelsgats/lobes transforming from FR |l
to FR | at a later stage in their lives has also been noted iIreeatudies (Gopal-Krishna & Wiita
1988; Gopal-Krishna 1991; Falle 1991; Bicknell 1994; Kai&eAlexander 1997; Nakamura et al.
2008; Kawakatu et al. 2009).

A modified version of this scheme was proposed by Dennetrféet al. (2002), based on
their analysis of radio spectral variation across two XR&&3223.1 and 3C 403. Although a careful
analysis of photometric and spectroscopic evidence lechB&Thorpe et al. (2002) to conclude that
there is no evidence in the galaxy or its environs for a res@rger activity in either 3C 223.1 or 3C
403 (see also Landt et al. 2010, for a similar assertion abtarger sample of XRGs), they point out
that the backflow models are not consistent with the relaxes and spectra of the wings in these
sources. Hence Dennett-Thorpe et al. suggest that thereelguipid change in the jet axis within
several Myr is either caused by a delayed SMBH merger foligwhe ingestion of a small galaxy
by the radio galaxy, which left no obvious signature in thitelés stellar population, or, alternatively,
the axis flip may have occurred due to accretion disk instegdsl(e.g. Natarajan & Pringle 1998).

In summary, the basic difference between the spin-flip ardkflmwv diversion models is that
in the latter case both the primary and secondary lobe pains &nd evolve quasi-simultaneously.
However, in the spin-flip scenario only the secondary lobe (peesently appearing as the wings)
existed prior to the SMBH spin-flip episode, and the curkeatitive primary lobe pair was created
after the spin-flip.

While discussing the three main approaches to model the XfR&Bgmenon, we have tried to
underscore the difficulties each of these mechanisms etesuahen confronted with the available
range of observations. In Section 3 we shall consider a nemas which appears to surmount the
problems inherent to the existing models. Later, in Sectiare shall contrast all four XRG models
in a condensed tabular presentation.



134 Gopal-Krishna et al.

3 AJET-SHELL INTERACTION MODEL FOR XRGS

While this proposed new mechanism for XRG formation assuthedsa galaxy merger has occurred,
it does not necessarily require a spin-flip of the centralreagn that the entire observed radio struc-
ture may have formed only after the merger is essentiallypteta. Originally mooted in GBWO03,
this mechanism is premised on an interaction between the gadaxy jets and stellar shells (e.g.
Gopal-Krishna & Chitre 1983) of the kind that are detectesuad ~ 10% of nearby early-type
galaxies located in low-density environments (Malin & @att983; Pierfederici & Rampazzo 2004;
Sikkema et al. 2007). The shells are now also known to be/faat in gas (see below). Striking ex-
amples of jet—shell interactions on a kiloparsec scale haea noticed in the nearest RG, Centaurus
A; in particular, the abrupt flaring of the northern innerijigit at the point of its impact on a shell
(Gopal-Krishna & Saripalli 1984, hereafter GS84; Gopaiskna & Wiita 2010, hereafter GW10).
In these papers it was also suggested that the S-shaped synoifrtbe pattern of radio peaks about
the galaxy is indicative of a general clockwise rotationte shell complex. A similar scenario, in-
volving rotating shells is proposed here for XRGs and careéphe observed oppositely directed
geometry of the wings.

We have argued that such interactions in Cen A may be redgeifisi the production of many of
the detected ultra-high energy cosmic rays (Gopal-Krigtra. 2010). In several nearby ellipticals,
radial sequences of such shells straddling the galaxy heme thetected (e.g., Malin & Carter 1980,
1983; Malin et al. 1983; Prieur 1988; Sikkema et al. 2007) efagant interpretation for these shells
in terms of a phase-wrapping formalism has been put forwahich invokes a merger of a disk
galaxy with a massive elliptical (Quinn 1984; Dupraz & Corsli®86; Hernquist & Quinn 1988).

Clear signatures of such a merger indeed exist in the casewfAC(see Israel 1998, for a
review). Since substantial quantities of HI and molecukes bave since been detected in the Cen
A shells (Schiminovich et al. 1994; Charmandaris et al. 2@@sterloo & Morganti 2005), this
very close-by system provides a unique laboratory for shglyhe jet—shell interaction process.
There, at two locations, the northern radio jet is seen tonberriupted by a gaseous shell, and in
each of these encounters the jet is found to bend and flarewgyds the same (north-eastern) side,
giving rise to the two local radio peaks called the “northiemmer lobe” and the “northern middle
lobe” (GW10; GS84). As argued in these papers, such repasaezduptions of the Cen A jets by the
rotating gaseous shells at different distances from thienscan explain the observed multi-peaked,
S-shaped morphology of its radio lobes.

Here we argue that such directly observed jet-shell intenas might hold vital clues for un-
derstanding the XRG phenomenon as well. Shells have alsodetected in the XRGs 3C 403 and
4C +00.58 (Ramos Almeida et al. 2011; Hodges-Kluck et al. 2010bjortunately, since power-
ful RGs are rare in the local universe, all XRGs are suffidyefar away that the vast majority of
shells that they may possess cannot be detected with curstmimentation. However, given the fre-
qguency of their detection around nearby elliptical galaxieat host RGs (e.g. Sikkema et al. 2007),
it is most reasonable to investigate the hypothesis thatdahe present in many such host galaxies
and that suitably oriented jets will interact with them asatter of course.

Since the relativistic plasma jets in XRGs are typically 2 orders of magnitude more powerful
than their counterparts in Cen A, they are unlikely to bellp®@isrupted upon encountering the
shells. It is much more plausible that such encounters wslold down the jet and the lateral kick
imparted by the rotating shell would bend it sideways faatbyuptly in a fashion somewhat similar
to the situation seen in Cen A, as mentioned above. It is itapbto note that gas and dust have
been detected in shells around several other nearby edligialaxies (e.g. Schiminovich et al. 1995;
Balcells et al. 2001; Sikkema et al. 2007), while some coal lyas been detected in a very large
number of radio-AGN hosts (e.g. Sadler & Gerhard 1985; Olieet al. 2002), although this
cannot be resolved sufficiently to indicate that much of associated with shells. Thus it is quite
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reasonable to expect that more distant elliptical galaxtiesting more powerful radio jets, also
possess gaseous shells which cannot, however, be detdtiieriment instrumentation.

An additional impetus for pursuing the jet—shell collisiscenario for XRGs comes from the
clear detection of a jet—cloud collision in the RG 3C 321 atdshift ofz = 0.096 (fig. 1 of Evans
et al. 2008). It is seen that the western jet of this powerf@| Rhile being impacted by the ISM
of a northward-moving gas-rich galaxy, has undergone gdbemd (by~ 40°). Both this deflected
jet plume, which lacks a terminal hot spot, and the collirdatain jet which has, post-interruption,
resumed its original course and terminates in a radio/Xhm@tyspot, are presently visible in this
source. Evans et al. estimated that the jet’s interruptiothb moving galaxy lasted for 2 x 10°
yr. Thus, within the XRG terminology, the western half ofsiRG exhibits both an active (primary)
radio lobe and a relic secondary lobe (wing), closely redemithe XRG-type radio structure.

Several powerful radio-loud quasars have long been knowhadav evidence for abrupt bends
on large scales, due to which they have been named “dog-leagays, and interactions with dense
clouds or even nearby galaxies have been suggested torettaimorphology (Stocke et al. 1985).
We note that evidence for jet-cloud interactions on smalbales is also available, for example the
cases of the nearby Seyfert | galaxy 11l Zw 2 (Brunthaler eR@D5) and the broad absorption line
quasar QSO 1045352 (Kunert-Bajraszewska et al. 2010).

In this context we stress that the key requirement of a laeggpbrary deflection of a light
jet colliding with a massive cloud a few times wider, alonghnsubsequent stable flow, has been
shown to be possible by multiple groups performing 3D nuoasimulations using different well
tested hydrodynamic codes (de Gouveia Dal Pino 1999; Higgiral. 1999; Wang et al. 2000).
Detailed simulations of light jets passing through manylspiauds show significant deviations to
the jet flow, though not the large bends that can be achievestriyyng large clouds (Sutherland
& Bicknell 2007). 3D simulations of relativistic jets stiilg massive clouds also show structures
similar to those seen in 3C 321 forming under suitable cistamces (Choi et al. 2007) and lasting
for a significant amount of time. The remarkable observatidimding in 3C 321, taken together
with the two clear incidences of jet/shell collisions olv&etin Cen A (see above), and the results of
the 3D simulations, suggest the following physically matad scenario for the formation of XRGs.

Usually, multiple shells are prominently observed withifieconical region centered at the
elliptical galaxy with its axis broadly aligned with the @&l major axis of the elliptical (Malin
et al. 1983). This is a result that is consistent with comfparia of phase wrapping following a
merger (Quinn 1984). The existence of shells on oppositssiéithe elliptical, forming a bi-conical
pattern broadly aligned with the elliptical’s major axis, particularly conducive for the success
of an XRG formation scenario based on jet—shell interactBuch “aligned” systems of shells are
preferentially found in elongated ellipticals (Prieur 0nd references therein). Accordingly, only
the radio jets emerging along the optical major axis wouliflesisignificant interruptions by the
shells. The resulting lateral impact on the jets, if adegumtstrength and duration, would deflect
them, giving rise to a pair of radio wings typically extrudiat a large angle from the jet’s original
direction, as observed in 3C 321 (see above).

This observationally inspired scenario is capable of érplg the two main trends established
for XRGs, namely, the strong tendency for their wings to bgrald with the optical minor axis
of the host elliptical and for the primary lobe axis to be rblygalong the optical major axis (e.qg.
C02; SS09; H-K10a). Simultaneously, this yields a simplplaxation for the seemingly puzzling
result that the wings are often comparable to, or even latgger, the primary lobes (Sect. 2.2),
which is an embarrassment for the backflow deflection modeXRGs (see below). As discussed
in Section 2.2, C02, in an attempt to address this formidaidbélem, have suggested that the driv-
ing mechanism for the backflow diversion is the over-pressidirthe radio cocoon, out of which
a loosely collimated outflow of the synchrotron plasma woerdue along a direction dictated by
buoyancy forces. Conceivably, the wings forming in this marcan grow (along the optical minor
axis) as rapidly as the primary lobes (Sect. 2.2). Howewenaed above, it is unclear if the ra-



136 Gopal-Krishna et al.

dio lobes are in fact over-pressured (e.g. H-K10a). Morg@snoted by these authors, in the well
known XRG NGC 326, the ISM cannot be the “confining medium”uieed for the hypothesized
over-pressured cocoon, since the northern secondary fagirates well outside the ISM, although
if there is confinement by hot gas associated with a groupustet then this gas might provide
adequate confinement. We recall that in this XRG the secgrdies are again a few times longer
than the primary lobes (Worrall et al. 1995; Murgia et al. 200

We wish to stress that, in this new model, if a post-merger R&ahjet orientation independent
of the optical axis, as seems to be the case for powerful ssyiBattye & Browne 2009), then
only the random fraction of jets launched along the majoisaate likely to encounter shells and
thereby possibly form XRGs through this mechanism. The ntgjof jets would not end up being
intercepted by the shells and would hence evolve as normal B&is of course observed, since
XRGs are a small fraction of all RGs. If the preference fos tetroughly align with the optical minor
axis, as seen in weaker RGs, is at all relevant for XRGs, whogers tend to be near the borderline
between the FR | and FR Il sources, then this preference éomimor axis would imply that the
fraction of sources actually aimed toward the major axeslavba less than expected from purely
random jet/galaxy orientations. Still, we can speculateuala mechanism that would produce an
observed correlation between the jet direction and thexg@laptical major axis, at least as seen in
projection. If the incoming, smaller galaxy has no centidBH, as appears to be the case with M33
and other dwarf galaxies (e.g. Ferrarese et al. 2006), thenglthe merger, the spin of the SMBH
in the primary galaxy would not be altered, nor would the je¢ction be reoriented. Nonetheless,
if one averages over all possible directions, the randoexcton of a jet is expected to be within
30° of any plane. Of course as we can only see the entire confignrat the merged galaxies in
projection, it would therefore not be surprising if the jésta shell.

As noted in Biermann & Kronberg (1983) the extent of the ofieiges of the ISM in early
Hubble type galaxies can be quite large. However, the pressithe ISM strongly decreases out-
wards and the pressure in the intra-group medium or evea-ahtister medium is very low. The
observed near-orthogonal deflection of the two jets in ojakrections, giving rise to the pair of
secondary lobes, should occur naturally in the jet—sh&lbanter model proposed here. Moreover,
in this model the size of the wings is not determined mainlyheyspeed of the backflow within the
radio lobes (vis-a-vis the speed of the hot spots). Institaduld be determined by the net duration
over which the jet remained interrupted by the shell(s),@amared to the phase(s) during which
the jet advanced uninterrupted by the shell(s).

In Figure 1 (a) striking realization of the scenario progbkere can be seen in the recent VLA
image of RG 3C433 (Miller & Brandt 2009: see also Holt et al020Tadhunter et al. 2000). From
the radio contours, the northern jet certainly appears te fmacently resumed its advance after
successfully boring its way through a (hypothetical) sivdlich has caused a prolonged interruption
of the jet that has quite plausibly resulted in the radio wertgnding to the east. Surviving evidence
for the interruption of the jet in the past is seen in the foffrthe compact radio peak (N3) precisely
at the point of the jet/shell interaction, which can be seethis case thanks to the sub-arc second
resolution of the VLA map by Black et al. (1992). Such high lifyanaps are, unfortunately, not
available for most XRGs so the signatures of jet/shell axtBons are usually less clear, as is the
case for nearby radio galaxies such as 3C 433 and Cen A.

Thus, this simple picture can readily allow for the poséipibf secondary lobes (wings) being
more extended than even the primary lobes (GW10), as olibergeveral XRGs (e.g. 3C 223.1 and
3C 403, Dennett-Thorpe et al. 2002; NGC 326, Murgia et al1200130+0058, Zhang et al. 2007,
4C+00.58, Hodges-Kluck et al. 2010b). At the same time dtéar that even if jets’ interruptions by
the shells (disposed roughly along the optical major axisy@t strong enough to cause significant
diversion of their flow, the repeated stalling of the jets Wionetard their advance. This could well
be why giant radio sources are preferentially seen to aligin thie optical minor axis of the host
galaxy, as found by SS09, Palimaka et al. (1979) and Guth®i&Q). Lastly, the observed Z-shaped
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Fig. 1 Radio contours overlain on X-ray emission for the XRG 3C 48printed with permission
from Miller & Brandt (2009); copyright AAS.

morphology of the secondary lobe pair (GBWO03) about theeugls clearly another natural out-
come of this scenario. We note that this assertion would &t if the Z-deflections of the two jets
occur at vastly different separations from the nucleuspembtance seen in the XRG NGC 326 (see
above). This is because, in this scenario, the deflectiompof the two jets are determined by the
radial locations of the two (partial) shells, on the opp®sides of the galaxy along its major axis,
which were successful in effectively interrupting and detfleg the respective jets.

The jet—shell interaction model proposed here for XRGs nh&y lae invoked for understanding
other intriguing recent results about powerful RGs. It hasrbnoted that the lobes of RGs display
more pronounced lateral distortions when the radio souiseigbetter aligned with the major axis
of the host elliptical (SS09). This can be readily underdtsiace the interaction of the lobe plasma
with the shells that causes the lobes’ distortion would leappostly when the lobes happen to lie
along the host's major axis, i.e. where the shells prefatyform. Finally, the jet—shell collision
scenario for the formation of wings may even apply in the ptio@ally rare case of XRG 4€00.58,
where the jet appears aligned with the optical minor axisyioled a gradual jet reorientation via
accretion, as inferred by Hodges-Kluck et al. (2010b), islgdwdescription of the system. Bearing
in mind the vast potential of this scenario for explainingesal intriguing morphological aspects
of double radio sources, we strongly encourage deep o@zathes for the shells about the host
galaxies of XRGs, whose counterparts in several nearbytielils were already discovered three
decades ago (Malin & Carter 1980, 1983; Malin et al. 1983)whdse relevance to the intriguing
RG morphologies was recognized soon thereafter (GopahKa & Chitre 1983; GS84). In this
context, it is encouraging that a rich system of shells hesnity been discovered in the archetypal
XRG 3C403 (Ramos Almeida et al. 2011). Likewise, it is als@arant to establish the nature of
the environment around XRGs; in the jet-shell interactiariyse they are expected to reside in a
comparatively low-density environment, like the shellay@bs. It may also be noted that even on
the parsec scale, jets seem to get repeatedly interruptgdsglouds, as revealed by the extensive
VLBI observations of the nearby Seyfert | galaxy Il Zw 2 (Bithaler et al. 2005).
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4 SUMMARY AND MAIN CONCLUSIONS

In the foregoing sections we have endeavored to collatewsdvailable clues in order to arrive at an
improved understanding of the mechanism responsible fa8XR hus, we confronted the various
proposed models with the fairly large body of observatidrag aire now available. Although rather
enigmatic, XRGs may not be rare objects when it is realizet ¥RG classification demands not
merely that the primary and secondary lobe axes have a laiggigmment, but also that they are
oriented far from the line of sight. A condensed overviewha principal merits and shortcomings
of the various proposed models is presented in Table 1.

While an occasional XRG might arise from the superpositidwo independent AGNs inside a
merging pair of ellipticals, this explanation does not adawith the bulk of the data. A simple buoy-
ancy aided back-flow diversion model (e.g. LW84) might beqadee to explain RGs with modest
“wings,” where the secondary lobes are short compared Wwélptimary ones. The only way this
class of models could account for the not-infrequent o@nae of secondary lobes comparable to
or even larger than the primary lobes is for the backflow fikedoon to become strongly over-
pressured, so that the relativistic plasma might rapidlyirs@ut and escape along the minor axis
of the host galaxy. If then, the primary jets happen to bauftotisly oriented along the host ellip-
tical’s major axis, the interesting correlation found by23fan probably be understood. However,
the numerical simulations purporting to demonstrate thi is feasible were long restricted to
two-dimensions (C02), and this artificially induced symmeés very likely to exaggerate the colli-
mation and strength of these outflows. However, very recBrgifiulations have demonstrated that
it is possible to obtain lengthy overpressured outflowséf llost galaxy has a very high ellipticity
(Hodges-Kluck & Reynolds 2011; Hodges-Kluck et al. 2010byjewed at particularly favorable
orientations the secondary lobes can even appear to berltragethe primary ones in projection
(Hodges-Kluck & Reynolds 2011; Wiita et al. 2011).

In addition, the over-pressured cocoon model does not segibte of explaining the impor-
tant Z-symmetric subset of XRGs. Moreover, convincing ewice for the requisite over-pressured
regions within the cocoons is still lacking. There is str@widence that mergers are necessary for
triggering at least some AGNs, and several nearby AGNs, asclen A, are prime examples of an
elliptical having recently swallowed a gas- and dust-riefghbor. These mergers are also of great
interest for the generation of gravitational radiation aechaps prompt electromagnetic signals.

The basic spin-flip model can also readily explain why at noody one pair of lobes is ever of
FR Il type. In addition, a simple variant of this basic pi&is able to produce the Z-shaped distortion
clearly witnessed in some of the XRGs, another importanitniEnus it seems likely that at least
some XRGs are indeed created in this manner. The spin-flighatgb produces very interesting and
specific relations between gravitational radiation andtedenagnetic wave signatures (e.g. GB09),
and their detection would be extremely important and woldd arovide proof of the relevance of
such mergers in AGNs. However, this physically well motdaspin-flip model offers no natural
explanation for the correlation of the primary lobe pairtwihe optical major axis of the parent
elliptical, and so probably cannot account, by itself, fue tnajority of XRGs.

Related to the spin-flip scenario, we show in Appendix A tihat probability of any specific
mass ratiqy is close to a flat distribution id\¢/¢; thus mass ratios close to unity should be exceed-
ingly rare. We also address a number of observations whictrdor semi-major mergers (defined
as having the most likely mass ratios, between 1:30 to 1:8 Wil0 being typical). In Appendix
B, we compute the spin evolution of the radio-loud (prima®WIBH as well as the expected in-
tervals between successive semi-major BH mergers. We fatdhb spin reorientations during the
two phases (separated by the time when the declining orbiatentum of the infalling SMBH has
become comparable to the spin momentum of the main SMBH)iariéas in magnitude, but the
rate of spin evolution is aboun? times faster in the second phase, resulting in a duratioh@s s
as~ three years, while the precession timescale is less thay.dfdhe rapidly rotating jets are
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Table 1 Comparison of the Salient Aspects of the Main Models of XRGs

Twin AGN model:

primary & secondary lobes (wings) arise independently

Description

Key merit/evidence
Main caveat
Does not explain

Two AGNs within a core of an elliptical, eachatjeg a jet pair (probably an advanced
stage of ellipticals with a pair of nuclei identified, e.g. NG26).
Double-peaked broad emission lings ¥RG J1130+0058)
Chance superposition of two AGNs in the saméerlus
+ Why both jet pairs are never seen to produce hot spots.
* Z-symmetric distortion of the secondary lobe pair (wings).
+ Clear tendency of the primary lobe pair to align with the
optical major axis of the host elliptical galaxy.

Backflow diversion model:

primary lobes & wings form simultaneously

Description

Key merit/evidence

Does not explain

Pair of wings (secondary lobe pair) arise frém diversion of the synchrotron plasma
back flowing from the hotspots in the primary lobe pair. Theetsion is caused due to
the buoyancy pressure of the ISM of the host elliptical galalong the steepest pressure
gradient, or due to the escape of the backflow into the cauiii by a past episode of the
radio-loud phase.

* Explains why one of the two lobe pairs always lacks hotspots.

+ Explains why the lobes lacking hotspots (or “wings”) tendbéoaligned with the optical
minor axis of the host elliptical galaxy.

+ Secondary lobes (subsonically advancing) often beingddonbe distinctly longer
than (supersonic) primary lobes (e.g. in 3C 223.1, 3C 403CNs26, J1130+0058 and
4C+00.58).

Attempts to explain this “anomaly” by postulating burstiofgover-pressured cocoons of
synchrotron plasma which formed inside the lobes that féifieudty in explaining the
huge secondary lobes seen to originate at extremely laggendies £ 50 kpc) from the
galactic nucleus (e.g. NGC 326).

* SMBHSs in XRGs being statistically more massive than in RGs.

Spin-flip model:

wing formation ceases before the primary lobes begin to form

Description

Key merit/evidence

Does not naturally explain

Jet direction flips due to re-alignment of thiagjf the dominant SMBH, due to its merger
with another SMBH.

+ Explains why hotspots are never seen in both lobe pairs.

* Can explain secondary lobes being larger than primary lobes

+ Post spin-flip, jets can easily propagate straight outwards

* Z-symmetry of the wings can be easily understood.

+ The empirically inferred systematic excess of SMBH massRGX (compared to those
in RGs) fits naturally into this picture.

+ Can also explain the formation of superdisks.

* The correlation of the radio lobe axis with the optical aXishe host elliptical.

Jet—shell interaction model:

primary lobes & wings form intermittently

Description

Key merit/evidence

Main caveat

Jets start after a disk galaxy merges with thygtiel host of the RG, creating a sequence
of shells (usually disposed along the optical major axishef élliptical). Wings form
during the jets’ interruption(s) by the shells.

+ The jet—shell interaction causing the jet's decollimatemd sideways deflection has
been witnessed in Cen A and also probably in 3C 321 and 3C 433.

+ Explains why hotspots are never seen in both lobe pairs.

+ Can explain the observed correlation between the radiodrbs and the host elliptical’s
axes.
+ Can explain cases where the wings are much longer than tinargriobes.
* The observed greater distortion of the lobes in those RGsa/hedio axis aligns with
the host's optical major axis can be understood.
* The empirically inferred systematic excess of SMBH massRG% (compared to RGs)
fits naturally with this model.
+ Explains the Z-shape of the secondary lobes.

So far, shells have been detected in very few X&&Bsh
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relativistic and if they came close to our line of sight, treeuld produce significant variability at
all wavelengths (but are mostly detectable in radio, handyXand gamma-ray) years before the
coalescence. Such systems would provide a detectableogteginetic precursor of thHenpending
strong gravitational wave emission.

A careful scrutiny of the mechanisms leading to XRGs shows while each of them might
play a dominant role in different XRGs, the mechanisms g galaxy mergers, which include
the spin-flip scenario, are likely to have the widest apjplilir, considering their greater overall
compatibility with the observations. More specificallygtrarious observational constraints in some
sources have led us to propose a jet-shell interaction nfodRGs. While this proposed new
alternative mechanism also involves a galaxy merger anghess that each galaxy possesses an
SMBH, as does the spin-flip model, it does not require thexyatia have been radio loud prior to
the merger. However, it may be noted that a spin-flip will tgtly have occurred in the course of
a merger, and the direction of the jets thus triggered wibaibly be along the axis defined by the
angular momentum of the accreted galaxy and therefore alg@ipendicular to any central dust-
lane. The powerful interruptions of jets by moving massikaids in the environments of the host
galaxy, as observed in some nearby RGs, such as Cen A and 3@r82itle fairly persuasive evi-
dence in favor of the jet—shell interaction scenario bempartant in a substantial subset of XRGs.
Here, it is relevant to recall that the stellar shells (whach probably also gaseous) in a bi-conical
pattern are preferentially disposed along the optical mayes of the post-merger galaxy. When
these features are combined with simulations that showtauoties sideways flows from powerful
jets striking massive clouds, the wide range of morpholaigicoperties associated with XRGs can
be understood.
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Appendix A: THE EXPECTED MASS RATIO OF MERGING SMBHS AND THE
CONSEQUENCES

In GB09 the characteristic merger ratio was estimated todbeden 3:1 and 30:1, with the value
of 10:1 being found typical. Here we give independent caersitions supporting the statement that
both equal mass encounters and extreme mass ratio merdpch, qualify as a test particle falling
into a black hole, are rare.

Mergers between two black holes both drawn from a black halgsndistribution can be written
as integrals over a merger rat€M;, M>) multiplied by the density at each of the massds
and M. This approach uses the assumption that the highest deagityns of the universe are in
groups and clusters, where the density depends (actuadly ot depend) on redshift &5+ 2)°
(Cavaliere et al. 1991, 1992; Cavaliere & Menci 1997) up tosaeritical redshift. Silk & Takahashi
(1979) found an analytic asymptotic solution to the merggragion using a merger rate running

ast/QMS/Q. We can reproduce the data to a good approximation with aeneate varying as
M 023, in fact this exponents = 4/3, is the gravitational focusing limit in the analysis of
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Silk & Takahashi. This gives a low mass tail bf —2 for the BH mass distribution, and a high mass
tail, which can be approximated by —3, quite close to what the data show (Caramete & Biermann
2010). These two regimes are joined at a break massf about10® M.

Including mergers between two black holes both below thedp&0% of all mergers occur
within the mass ratio ranges 3:1 and 100:1. Ignoring mergetseen two partner black holes both
below the break mass, we work out the frequency in variousnmets ranges in more detail: for
the ratio rangeg = 1 to 3, 3to 10, 10 to 30 and 30 to 100, the corresponding peagestare 3,
15, 61 and 21%. Therefore the most common mass ratio is 10wotB®1% of all mergers, and an
additional 36% of mergers occur in the two adjoining masgeanTherefore, the mass ratio range
from 3:1 and 100:1 covers 97% of all mergers.

Under specific initial conditions the linear momentum kiglpiarted to the merged SMBHs can
exceed several thousand km'swhich is enough for the merged SMBH to escape from the host
elliptical (Bogdanovic et al. 2007). These large lineamnemta can only be produced when the BH
mass ratio is nearly 1, and for restricted spin configurati@mti-aligned spins, lying in the orbital
plane). We will argue below that such initial conditions ardikely.

First, as seen above, the probability of any specific mags tatis close to a flat distribution in
Ag/q; thus mass ratios close to unity should be exceedingly rare.

Secondly, any gas/circumbinary disk will act toward anmatiggnt of the spins with the orbital
momentum, significantly reducing the kick velocity (Bogdait et al. 2007). This occurs through
the Bardeen-Petterson effect (Bardeen & Petterson 197&ghwn turn is based on the Lense-
Thirring precession. The real situation is expected tolfativeen the two rare extremes, namely an
extremely “wet” merger (i.e. copious amounts of gas assediwith it, leading to this pre-merger
realignment), and a completely “dry” merger with essehtiab gas (hence allowing for random
spin orientations). Therefore it is expected that even thegnce of some gas or a circumbinary disk
will disfavor the spin configuration, leading to a large riédaut will still leave room for a significant
spin-flip.

Consequent to a “semi-major” merger, the SMBH spin couldeugd a large directional “flip.”
The new spin axis would tend to get reoriented towards thigedrhomentum axis of the in-spiraling
massive BH (and therefore the ISM rotation axis: see GBA®)h& geometry would ensure, firstly,
that the post-merger jets, ejected along the new spin axisemcounter little lateral impact from
the rotating ISM and hence propagate essentially straigtvtard. Secondly, the old lobes would
gradually acquire the appearance of wings/relics whichlavdne kept energized at a significant
level as the synchrotron plasma backflowing from the new potsswould find a natural escape
sideways into these pre-existing low-pressure relic I¢GW03; LW84).

Following a semi-major merger (SMBH mass ratiol : 30), the spin axis of the coalesced
SMBH pair is expected to settle down roughly along the dioecof the original orbital angular
momentum of the secondary galaxy about the primary one (EBU®n the same axis is likely
to be retained during any subsequent ejections of restgtedThis is because the probability of
recurring semi-major mergers, each causing a large spiniliquite small, in that the temporal
interval between them is- 1 Gyr for semi-major mergers with mass ratios1 : 30, and even
longer for major mergers (Z. Lippai, private communicatibased on the merger tree program in
Lippai et al. 2009). Whereas, if jets are restarted whileah#ier lobes are still visible, then it is
likely that they have done so within 10® yr of the launch of the original jets, since visible radio
activity seldom lasts much longer than that (e.g. BlundeR&wlings 1999; Gopal-Krishna & Wiita
2001; Barai & Wiita 2007; Kaiser & Best 2007).

In this way, the situations where the incipient inner lob& [ essentially aligned with the
(outer) primary lobes, as shown for a few XRGs (SS09), carxpiamed naturally. An alternative
possibility for such an observed alignment is from a fodu# projection of a real XRG onto the
plane of the sky in such a way that the shorter primary lobggapembedded within the decaying
secondary lobes, thereby giving the appearance of a “daildaiele” source (Wiita et al. 2011).
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Appendix B: THE EXPECTED TIME EVOLUTION OF THE SMBH SPIN

In GBO9 the following evolution of the inclination angle wdsrived

3263 L\?
L A /2, —1 (& .
q~ pa—e T <J> sin (a+ f) (B.1)

with ¢ = Gm/c*r the post-Newtonian parameter (increasing during the iabpith the decreasing
separation; herem = mj + mo is the total mass)y and 3 the angles spanned by the orbital
angular momentum and the spin with the total angular monmerftuiith their suma + 3 being
constant during the inspiraly, = my/m; < 1 is the mass ratiay = myms/m? = v (1 + u)_2 =
u/m, the symmetric mass ratio antithe magnitude of the total angular momentum. For mutually
perpendicular spin and orbital angular momentiitn= L2 + S%. For circular orbits and to leading
order,S; /L = €'/?v~ 'y, holds (wherey; € [0,1] is the dimensionless spin), and we now obtain

L

2

thus the evolution of the inclination angle is described by
&~ Cr 192 (1+ 51/_2)(%)71 , (B.3)

with the constant coefficient given as

3

= 5Gcmnsin (a+pP) . (B.4)

We note thaty as a function ot is monotonically increasing, thus the spin-flip rate inse=awith
increasing post-Newtonian parameter (with decreasinigsad
In order to findda during any part of the inspiral we have to integrate

oo = /d(r) dt = /%dm (B.5)

where byr,,, we mean the rate of the inspiral. As for a Keplerian circuldiitoL? = Gmu>r,
thereforery,, = 2 (Gm;ﬂ)*l LL=". Employing

) 2 5/2
jev _ 332G (Gm) 7 (8.6)

5r cr

which holds in the radial orbit on average (Apostolatos £1994), we get

_Gdn

Tgw = ——ce” (B.7)
thus )
5C —1/2
Sa ~ / c de . (B.8)
6dnve | 1+ev=2x3

For mass ratios about~ 0.1 the inspiral begins at abost ~ 102 (GB09), then proceeds through
theL > S phase until ~ S, is reached (whea ~ /?), then continues through the phdse< S,
until eg, = (Gm/c2rms), wherer,,s is the marginally stable orbit. For high spig,(~ 1) we have
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rms ~ 2Gm/c? thuseg, ~ 0.5. Let us estimate the ratio of the changes in the inclinatiwgiea(the
ratio of spin-flips) during these two phases. We obtain

5 1072 -1/2 R
Qg -3
oar _ Jio—s 141009 _ oy (B.9)
50&11 0.5 e—1/2 de
10—2 1+4100e

Therefore, the respective spin-flips are comparable.
Now let us see how long the phases last. For this we evaluatsimilar way

t2 2 d 5G 2 5G
ot = / dt :/ —T = ——W; 875d€ = —m 874’82 y (BlO)
. | Taw 64nc3 J., 256mc3 €1
to see that the timescale varies linearly with the total m&sghen we have
1072 5
t _ d
Ot _ Jios €70 000 (B.11)

ot flooi e=5de

We conclude that the second part of the spin-flip occurs agimiately 10* times faster than
the first part. Due to the increased post-Newtonian paranaeie increased rate of change of the
inclination angle, a considerable and certainly observphltt of the spin-flip will occur during the
last stages of the inspiral. An estimate for this was giveBB09 as three years.
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