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ABSTRACT

We perform a detailed study of the location of brightest cluster galaxies (BCGs) on the Fun-
damental Plane of black hole (BH) accretion, which is an empirical correlation between a BH
X-ray and radio luminosity and mass supported by theoretical models of accretion. The sample
comprises 72 BCGs out to z ~ 0.3 and with reliable nuclear X-ray and radio luminosities.
These are found to correlate as Ly o LOR'75iO'08, favouring an advection-dominated accretion
flow as the origin of the X-ray emission. BCGs are found to be on average offset from the
Fundamental Plane such that their BH masses seem to be underestimated by the Mgy—Mx
relation a factor ~10. The offset is not explained by jet synchrotron cooling and is independent
of emission process or amount of cluster gas cooling. Those core-dominated BCGs are found
to be more significantly offset than those with weak core radio emission. For BCGs to on
average follow the Fundamental Plane, a large fraction (~40 per cent) should have BH masses
>10'"M¢ and thus host ultramassive BHs. The local BH-galaxy scaling relations would not
hold for these extreme objects. The possible explanations for their formation, either via a
two-phase process (the BH formed first, the galaxy grows later) or as descendants of high-z
seed BHs, challenge the current paradigm of a synchronized galaxy—-BH growth.

Key words: accretion, accretion discs —black hole physics — galaxies: active — galaxies: clus-
ters: general — galaxies: jets — X-rays: galaxies: clusters.

1 INTRODUCTION

The discovery over the past 20 yr of local empirical scaling rela-
tions between the mass of supermassive black holes (SMBHs) and
some of their host galaxy properties (stellar velocity dispersion, o,
bulge luminosity, Ly, and bulge mass, Myyg.; Magorrian et al. 1998;
Ferrarese & Merritt 2000; Gebhardt et al. 2000; Marconi &
Hunt 2003; Haring & Rix 2004; Giiltekin et al. 2009a; Graham
et al. 2011; see McConnell & Ma 2013, Kormendy & Ho 2013
and Graham 2016 for a review) constitutes a major breakthrough in
galaxy evolution. The BH—galaxy scaling relations do not only pro-
vide a means to estimate the BH mass when direct measurements
are not available (e.g. Volonteri & Reines 2016), but suggest the
existence of a common SMBH-galaxy evolution in which star for-
mation and stellar growth could be regulated by active galactic nu-
cleus (AGN) feedback (e.g. Silk & Rees 1998; Di Matteo, Springel
& Hernquist 2005; Hopkins et al. 2005; Springel, Di Matteo &
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Hernquist 2005), hierarchical merging (e.g. Peng 2007; Jahnke &
Maccid 2011) or secular evolution (e.g. Kormendy 2013).

The tightest BH—galaxy relations are found for galaxies with
‘classical’ bulges (formed by mergers; Kormendy & Ho 2013) and
‘core-Sérsic’ spheroids (with Mpy 2> 108 Mg and dominated by
dry mergers; Graham 2012; Graham & Scott 2013), while barred
galaxies, galaxies with ‘pseudo’-bulges (dominated by secular evo-
lution; Kormendy & Ho 2013), and ‘Sérsic’ spheroids (with Mgy
< 108 Mg and dominated by gas-rich processes; Graham 2012,
Graham & Scott 2013) seem to follow a steeper relation with a larger
scatter (e.g. Graham & Scott 2013). Yet, several types of sources
have been found to be outliers of the scaling relations, both at the
low- (e.g. Greene, Ho & Barth 2008; Jiang et al. 2011; Graham &
Scott 2013, 2015; Baldassare et al. 2015, 2017; see Mezcua 2017 for
areview) and high-mass end (e.g. Bogdédn et al. 2012; van den Bosch
et al. 2012; Emsellem 2013; Ferré-Mateu et al. 2015, 2017; Walsh
et al. 2015, 2016; Yildirim et al. 2015; Scharwachter et al. 2016;
Secrest et al. 2017). This is the case for some of the most
luminous and massive galaxies in the local Universe — bright-
est cluster galaxies (BCGs) — for which dynamical BH mass
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measurements are available (the BCGs in A3565 and A1836, Dalla
Bonta et al. 2009; NGC 6086 in A2162, McConnell et al. 2011b;
NGC 3842 in A1367 and NGC 4889 in Coma, McConnell
et al. 2011a; and M87' in Virgo, Gebhardt et al. 2011). These
sources tend to be overmassive with respect to the Mpy—o relation,
but appear more in agreement, with a large scatter, with the Mpy—
Ly and Mpy—Myyg. relations (e.g. Lauer et al. 2007; McConnell
et al. 2011a; McConnell & Ma 2013).

BCGs are giant elliptical galaxies that reside near the gravita-
tional centre of galaxy clusters, at the intersection of cosmological
dark matter filaments. They are located in very dense environments
and thus subject to conditions very different to those of field/isolated
galaxies. The intracluster medium in the core of some galaxy clus-
ters known as ‘cool-core clusters’ (CCs) have very short central
cooling times (.00t < 5 Gyr) and present highly peaked X-ray sur-
face brightness profiles. CCs are thus expected to have high cooling
rates at their centres (i.e. a cooling flow rate of ~10°~10° Mg yr™');
yet, only a few percent of this cooling is observed in the form of
cold gas and star formation at z ~ 0 (e.g. O’Dea et al. 2008; the
so-called cooling flow problem; Fabian 1994). AGN feedback is
thought to provide the necessary heating to counteract the cooling
through radiatively inefficient accretion in a ‘radio-mode’ (e.g. see
reviews by McNamara & Nulsen 2007, 2012; Fabian 2012; Heck-
man & Best 2014). The mechanical heating imparted by the AGN
jets in the radio-mode feedback is favoured by the observation of
large jet-inflated cavities in the X-ray emitting intracluster medium
(e.g. Fabian et al. 2000; McNamara et al. 2000; Hlavacek-Larrondo
et al. 2012a). At z > 0.6, McDonald et al. (2016) find that most
of the BCGs in their sample have star formation rates exceeding
10 Mg yr~! (see also Webb et al. 2015a,b). These ‘star-forming’
BCGs are hosted by unrelaxed, non-cool core clusters (NCCs) lack-
ing a central enhancement in their X-ray profiles, which suggests
that galaxy mergers instead of cooling flows might be triggering
star formation at high z. A strong redshift evolution was hinted for
a sample of 32 BCGs located in clusters with clear X-ray cavities
(i.e. mostly CCs with strong radio-mode feedback) and whose nu-
clear X-ray luminosity has fainted by a factor ~10 since z ~ 0.6
(Hlavacek-Larrondo et al. 2013). This suggests that the fraction of
radiatively efficient BCGs might be higher at z ~ 0.6 than in the lo-
cal Universe and that BCGs with radio-mode feedback might have
transitioned from the analogous low/hard state of X-ray binaries
(XRBs) to a quiescent state over the last 5 Gyr (Hlavacek-Larrondo
et al. 2013).

How BCGs form and evolve is thus not yet clear. They might
have gone through major mergers in the past (e.g. De Lucia &
Blaizot 2007; Webb et al. 2015a,b; McDonald et al. 2016) but
are currently subject to powerful AGN feedback that counter-
acts most of the expected cooling (e.g. McNamara et al. 2000;
Hlavacek-Larrondo et al. 2012a). Do BCGs then follow the same
co-evolutionary galaxy/BH growth as non-BCG AGN? Which is
the behaviour of the BH—galaxy scaling relations in the high-mass
end, where BCGs are located? One powerful means to probe this
is to investigate the location of BCGs on the Fundamental Plane of
BH accretion, which is a correlation between nuclear X-ray lumi-
nosity, core radio luminosity and BH mass that extends from stellar
mass to SMBHs and that thus unifies BHs across all mass scales (e.g.
Merloni, Heinz & di Matteo 2003; Falcke, Kording & Markoff 2004;

' M87 is located at the centre of the Virgo cluster but it is not the BCG; the
brightest galaxy is M49.
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Kording, Falcke & Corbel 2006; Giiltekin et al. 2009b; Plotkin
et al. 2012; Xie & Yuan 2017).

The only dedicated study to the location of BCGs on the Funda-
mental Plane was performed by Hlavacek-Larrondo et al. (2012b),
who studied a sample of 18 BCGs residing in strong cooling flow
clusters (with f.,q < 3 Gyr and X-ray luminosities >10% ergs™';
Hlavacek-Larrondo & Fabian 2011) with no detectable X-ray nu-
cleus. In these strong CCs, the AGN should provide a large amount
of mechanical feedback (Liechanicat > 10* erg s~!) to counteract the
cooling of the surrounding gas. These AGN are expected to accrete
substantially and thus to be detected as an X-ray point source. Yet,
all the strong CCs with a central radio source indicating the presence
of an AGN studied by Hlavacek-Larrondo & Fabian (2011) lack a
detectable X-ray nucleus at their centre. If the BCGs in these strong
CCs had Mgy > IO'OMQ (i.e. were ‘ultramassive’), they would
radiate inefficiently and thus should not necessarily show nuclear
X-ray emission (Hlavacek-Larrondo & Fabian 2011). The existence
of these ultramassive BHs is predicted from theoretical models (e.g.
Inayoshi & Haiman 2016; King 2016) and a few of them have been
found observationally based on dynamical BH mass measurements
(e.g. McConnell et al. 2011b; the record-holder is the BCG NGC
4889, with Mgy = 2.171¢ x 10" Mg, McConnell et al. 2011a).
Their presence in strong CCs could thus explain the lack of an X-
ray point source (although see Hlavacek-Larrondo & Fabian 2011
for alternative explanations such as a very high spin or obscuration).

Using low-resolution radio data, Hlavacek-Larrondo et al.
(2012b) found that the sample of strong CCs from Hlavacek-
Larrondo & Fabian (2011) is on average offset from the Funda-
mental Plane such that the BH masses of their BCGs are underes-
timated by the BH—galaxy correlations by a factor 10. That is, if
the BCGs in strong CCs follow the Fundamental Plane, then they
host ultramassive BHs with Mgy > 10'° M. Another possibility is
that their X-ray luminosities are underestimated due to synchrotron
cooling, or that their radio luminosities are overestimated due to the
low resolution of the radio data (Hlavacek-Larrondo et al. 2012b).
How does this extrapolate to CCs (with cluster X-ray luminosities
<10% ergs™!) and NCCs? CCs are less dynamically disturbed than
NCCs and their BCGs have a higher gas supply; the BCGs in CCs
are thus expected to host more massive BHs than those in NCCs. Is
this reflected by CC-BCGs being more offset from the Fundamental
Plane than NCC-BCGs, or do BCGs sit on the Fundamental Plane
independently of the amount of cluster central cooling gas? Could
it be that BCGs in general do not follow the Fundamental Plane (or
that they follow a different one) because their BH is in quiescence
instead of in a low/hard state (Hlavacek-Larrondo et al. 2013) or be-
cause their BH operates differently than those of AGN (i.e. because
of being surrounded by a substantial amount of hot dense gas)?

To investigate all these possible scenarios and ultimately better
understand the formation and growth of BCGs, we perform the
first systematic study of BCGs using the Fundamental Plane of BH
accretion. For this we use a large sample of 72 BCGs with high-
resolution radio observations and Chandra data (both detections
and upper limits on the nuclear X-ray emission) that includes CCs
as well as NCCs. As reported and discussed in Section 4, we find
that BCGs sit on average above the Fundamental Plane and that
this offset is stronger for those BCGs with core-dominated radio
emission. The description of the BCG sample and data analysis are
detailed in Sections 2 and 3, respectively. Final conclusions and
implications of our findings are given in Section 5. Throughout the
paper, we adopt a ACDM cosmology with Hy = 70km s~ Mpc™!,
Qx =0.73 and 2, = 0.27.
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The fundamental plane of black hole accretion

The Fundamental Planeis an empirical correlation between
2-10keV nuclear X-ray luminosity, 5 GHz nuclear radio lumi-
nosity and BH mass found for stellar mass BHs and SMBHs (e.g.
Merloni et al. 2003; Falcke et al. 2004; Kording et al. 2006; Giiltekin
et al. 2009b; Plotkin et al. 2012; Xie & Yuan 2017). It extends over
six orders of magnitudes in BH mass and has also been observed
in the intermediate-mass BH regime (Giiltekin et al. 2014). The
correlation is supported by theoretical models of accretion that pre-
dicts the existence of a disc—jet coupling mechanism: the radio
luminosity is a proxy of the (optically thick) synchrotron emission
produced by the jet, while the X-ray emission is attributed to ei-
ther coronal emission from the accretion flow (the ‘disc/jet model’;
e.g. Yuan, Cui & Narayan 2005; see Yuan & Narayan 2014 for a
review) or to optically thin synchrotron emission near the base of
the jet (the ‘synchrotron/jet model’; e.g. Falcke et al. 2004; Kording
et al. 2006; Plotkin et al. 2012; Wang & Dai 2017). The correlation
constitutes a strong (if not the strongest) unification of BHs, proving
that they are governed by the same accretion physics independently
of their mass. The Fundamental Plane correlation that includes the
largest and most diverse sample of objects is that from Merloni
et al. (2003): log Lg = (0.60 £ 0.11)log Lx + (0.78 % 0.10)log
Mgy + (7.33 & 4.06), where Ly is the 5 GHz radio luminosity, Lx
is the 2-10keV X-ray luminosity, and it has a scatter of 0.88 dex
in Lg (0.62 dex perpendicular to the plane). Their sample includes
eight XRBs and ~100 AGN, among which there are low-luminosity
AGN (LLAGN), Seyfert galaxies, low-ionization nuclear emission
regions (LINERs), radio galaxies, and radio-loud and radio-quiet
quasars. They include both flat and steep radio sources, hence the
origin of the radio emission is unclear (it could include both core
and radio lobe emission). They exclude BL Lac objects. The BH
masses come from direct (e.g. reverberation mapping) and indirect
(the Mgy — o relation) methods and their sample includes differ-
ent accretion rates. By including only nuclear radio sources with
dynamical mass measurements (i.e. excluding reverberation BH
masses) and with 5 GHz peak radio emission (18 sources in total
compared to the more than 100 of Merloni et al. 2003), Giiltekin
et al. (2009b) reduce the scatter to 0.7 dex.

If the X-ray and radio emission arise predominantly from the
BH jet, then only sources in the low/hard X-ray state and thus
dominated by jet emission (Fender 2001), or with sub-Eddington
accretion (<1072; equivalent to the low/hard state) should be in-
cluded in the Fundamental Plane (e.g. Falcke et al. 2004; Kording
et al. 2006). Kording et al. (2006) found that those sources ac-
creting in the sub-Eddington regime follow the Fundamental Plane
more tightly, while the inclusion of sources in a high state, with
a strong contribution from the accretion disc, increases the scat-
ter of the correlation. Considering a sample of only objects in the
low/hard state, with flat/inverted radio spectra and 5 GHz radio lu-
minosities (five XRBs and ~50 AGN — which include LLAGN,
radio galaxies and BL Lacs, thought to host sub-Eddington BHs
and to be jet-dominated; e.g. Falcke et al. 2004; Ghisellini, Tavec-
chio & Ghirlanda 2009), Kording et al. (2006) found a best-fitting
relationship: log Lx = (1.41 £ 0.11)log Lg — (0.87 £ 0.14)log
Mgy — (5.01 £ 3.20) with an intrinsic scatter of 0.38 dex, which
they reduce to 0.12 dex when considering only XRBs and LLAGN.
Giiltekin et al. (2009b) also reduce the scatter from 0.7 dex (when
considering different accretion rates) to 0.25 dex when consider-
ing only eight sources with low accretion rates (i.e. LINERs and
LLAGN), supporting further that sources with high Eddington ratios
may not be included in the Fundamental Plane.

The tightest correlation is that obtained by Plotkin et al. (2012),
who use the same parent sample limited to sub-Eddington accre-
tion rates as Kording et al. (2006) but apply a Bayesian technique
that allows them to account for correlated measurement errors be-
tween radio and X-ray luminosities and to measure the intrinsic
scatter directly from the data. They derive a relationship that is
the most robust and accurate for BHs with sub-Eddington accre-
tion and with flat/inverted radio spectra: log Lx = (1.45 &£ 0.04)log
Lg — (0.88 £0.06)log Mgy — (6.07 & 1.10) with an intrinsic scatter
about the plane of 0.07 dex. While Merloni et al. (2003) derive a
general expression that covers all accretion rates and where X-rays
are due not only to optically thin synchrotron emission but also in-
verse Compton (corona-dominated) emission, the X-ray emission in
the correlations of Kording et al. (2006) and Plotkin et al. (2012) is
dominated by synchrotron radiation from the jet (the synchrotron/jet
model). The Kording et al. (2006) and Plotkin et al. (2012) corre-
lations should thus not be applied to BHs with high accretion rates
and dominated by coronal X-ray emission.

Radiative cooling can also strongly affect the Fundamental Plane
correlations if the X-ray emission originates predominantly from the
jet (e.g. Falcke et al. 2004; Kording et al. 2006; Plotkin et al. 2012).
For those SMBHs more massive than 10° M, the frequency at
which the synchrotron emitting electrons suffer from significant
cooling is below the X-ray band; the X-ray flux of these sources
is thus smaller than what would be expected from an uncooled
jet. Synchrotron cooling is thus a concern for the most massive
BHs, as those hosted by BCGs. To address it, Kording et al. (2006)
and Plotkin et al. (2012) extrapolate the X-ray luminosities for the
most massive sources in their sample (e.g. BL Lacs) from a lower
frequency band (i.e. the optical) to ensure that optically thin and
uncooled jet synchrotron emission is used across the whole mass
scale. However, synchrotron cooling is not taken into account in
other correlations (i.e. the Merloni one), as no a priori assumption
on the dominant radiative mechanism is made and the origin of the
X-ray emission of their sources is unclear (it is probably a mixture
of jet-dominated, e.g. the LLAGN, and corona-dominated, e.g. the
radio-loud quasars; Plotkin et al. 2012; with the coronal origin most
likely dominating over the jet model; Merloni et al. 2003). Note that
Merloni et al. (2003) do not include BL Lacs in their sample, hence
very few of their sources are expected to emit synchrotron-cooled
X-ray radiation.

In this paper, we will show the location of BCGs on (1) the
correlation of Merloni et al. (2003), as this has the broadest types of
objects, the broadest scatter, is not strongly affected by synchrotron
cooling, and is independent of accretion rate and origin of the X-ray
and radio emission, and (2) on that from Plotkin et al. (2012), as this
is, together with that of Kording et al. (2006), the one that should
better match our sample of BCGs (with sub-Eddington accretion
and flat/inverted radio spectra), includes synchrotron cooling, and
has the least scatter. The behaviour of BCGs on other fundamental
planes (e.g. Kording et al. 2006; Giiltekin et al. 2009b; Xie &
Yuan 2017) will also be discussed.

2 SAMPLE SELECTION

The sample of BCGs included in this paper is drawn from Hogan
etal. (2015a), who performed a multifrequency radio study of BCGs
drawn from an X-ray-selected parent sample of 720 clusters. The
5 GHz core radio flux could be directly measured for those sources
with available very long baseline interferometry (VLBI) radio ob-
servations, while for the remaining sources Hogan et al. (2015a)
used the radio spectral energy distribution (SED) to decompose the
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BCG radio emission into a core (flat radio emission attributed to
active, current AGN activity) and non-core (steep radio emission
that traces more diffuse and aged lobe emission) component. Mor-
phology, extension at other frequencies and variability (indicative
of the presence of a currently active core) were taken into con-
sideration so that core radio fluxes could be reliably determined.
For those sources for which the core component dominated the ob-
served flux, that component was taken a measurement of the core
component and a limit was placed on the non-core component by
extrapolating with a steep spectral index (@non-core = 1.0) from the
lowest observed frequency (see Hogan et al. 2015a for further de-
tails). Since there are some strong core-dominated sources in Hogan
etal. (2015a) where a weak non-core component is still detected, we
use the ratio feore/ faon-core = 0.1, where fior is the 5 GHz core radio
flux and fion-core 1S the 1 GHz non-core radio flux (extrapolated with
non-core = 1.0), as an indication of the core dominance of source. We
then define ‘core-dominated’” BCGs as having fiore/ foon-core = 0.1,
and ‘weak-core” BCGs (with a weak core plus extended radio emis-
SiOIl) as haVing fcore/fnon—core <0.1.

Hogan et al. (2015a) also classified the parent clusters into CC
and NCC based on the presence of (predominantly Ha+ [N 1])
optical emission lines around the BCG. We adopt this same clas-
sification throughout this paper, distinguishing between CC and
NCC clusters and between core-dominated and weak-core BCGs.
We searched in the Chandra archive for available X-ray data for the
129 BCGs with core radio emission (i.e. core-dominated and weak-
core sources) from Hogan et al. (2015a), finding that 85 sources had
been observed by Chandra for more than 2 ks. We derive the 5 GHz
core radio luminosity for these 85 sources. Because the 5 GHz radio
fluxes come either from direct VLBI measurements or robust SED
decomposition, we can be confident that the core radio luminosities
are not overestimated.

3 DATA ANALYSIS

3.1 Chandra data reduction

The Chandra data for the 85 clusters with BCG radio emission
were processed and analysed using the ciao software version 4.7
and caLDB4.6.9. For those sources with more than one Chandra ob-
servation, we selected either the most recent data set or that with the
largest exposure time. In some cases for which the exposure times
were very short, we merged the level 2 event files of several obser-
vation IDs (e.g. A1795; see Table 1). The level 2 event files were
filtered to the 0.5-7 keV energy band and background light curves
were extracted of a field that excludes the chip where the BCG is
located. Light curves were filtered using the LC_SIGMA_CLIP routine.
The flux of the BCG in each cluster was then estimated photomet-
rically and spectroscopically following the same procedures as in
e.g. Hlavacek-Larrondo & Fabian (2011) and Russell et al. (2013).

Photometric X-ray flux. The location of the BCG nuclear X-ray
emission was defined as a square region of 4 pixels x 4 pixels around
the point of maximum brightness in the hard (3—7 keV) band image
of the cluster (in the 0.5-7 keV band in the case of non-detection
in the hard band). A square annulus region around that maximum
location of 6 x 6 inner pixels? and 8 x 8 outer pixels” was taken
as the background. We considered the nuclear X-ray emission as a
detection if the counts in the square region of 4 pixels x 4 pixels are
at least 30 above the background in the hard band. The net number
of counts of the nuclear BCG X-ray emission was calculated by
subtracting the background counts scaled to the same number of
pixels as the source region. The noise in each region was estimated
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as 0 = +/N (where N is the count number) considering Poisson
statistics, and error propagation was applied to estimate the lo
error on the net counts. The net counts were also corrected for the
90 per cent fraction of the point spread function (PSF) that falls in
the 1 arcsec region. The net count rates were converted to flux and
luminosity in the 2-10keV band with piMms, using an unabsorbed
power-law model with no intrinsic absorption, photonindex I' = 1.9
and Galactic column density from coLpen? (see Table 1).

Spectroscopic X-ray flux. The background cluster emission might
be significantly undersubtracted by the photometric approach, es-
pecially in clusters with strong central surface brightness peaks.
To obtain a better estimate of the nuclear X-ray luminosity than
that provided by the count rate, we investigate the presence of a
non-thermal component within the X-ray spectrum of the nuclear
source. For this, we use a circular region of 1 arcsec radius around
the location of the nuclear X-ray source defined in the photometric
method. To estimate the properties (temperature and abundance)
of the thermal component of the cluster, we use as background re-
gion an annulus within an inner radius of 2 arcsec and outer radius
3 arcsec. Both regions were background-subtracted using a big re-
gion (of 250 arcsec) away from the cluster emission and loaded in
Sherpa for consequent spectral fitting. We first keep the Galactic
column density frozen and fit the annulus region with an absorbed
(Galactic) thermal model (xSPHABS*XSAPEC in Sherpa) where the
temperature, abundance and normalization were free to vary. We
used x? statistic with the Gehrels variance function (CHI2GEHRELS,
the default statistic in Sherpa). We extrapolate the temperature ob-
tained in the annulus to the X-ray source region (circular region
of 1arcsec) using the relation T = ar’, where T is the tempera-
ture, r is the radius and b ~ 0.3 (Voigt & Fabian 2004). We then
use this extrapolated temperature, the abundance obtained in the
thermal model (which is not expected to significantly vary from a
radius of 2-3 arcsec to r = 1 arcsec) and power-law index of 1.9
to fit the nuclear emission with an absorbed power-law + thermal
model (XSPHABS * (POWLAWID + XSAPEC) model in Sherpa). The nor-
malization of the thermal and non-thermal components was kept
free with the only constraint that the normalization of the thermal
component could not be less than that of the annulus region scaled
for the same pixel number. Additional intrinsic absorption of the
power law was also allowed (xszpHABS). The photon index was free
to vary; however, in most cases we had to freeze the photon index
and the column density to 1.9 and the Galactic values, respectively,
in order to obtain a good fit (see Table 1). The unabsorbed 2-10 keV
flux of the non-thermal component and 1o uncertainties were de-
rived using the samMPLE_FLUX Sherpa function. For eight of the target
sources, we failed to perform a proper photometric and spectro-
scopic fitting (e.g. because of the cluster being near the edge of chip
or pile-up effects). We use the X-ray luminosities in the 2—-10 keV
band derived from the spectral fitting of the remaining 77 BCGs for
further analysis.

3.2 K -band photometry and BH masses

To calculate the BH masses of the BCGs, we use the Mgy—Mk
correlation from Graham & Scott (2013) found for a sample of 24
core-Sérsic galaxies:

logMgy = (9.05 &£ 0.12) 4 (—0.44 £ 0.08)(Mk + 25.33), (1

2 http://cxc.harvard.edu/toolkit/colden jsp.
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Table 1. Sample X-ray properties.

Name z obsID Nu MNH spec r log Lphot,2-10keV log Lspec,2-10kev
(100 cm—2) (102 cm—2) (ergs™") (ergs™")
A1204 0.1706 2205 0.0138 0 1.9 42,53+ 0.07 4254,
Al1361 0.1167 2200 0.0224 0 1.9 4156+ 0.2 41.4%03
A1367 0.0217 514 0.0239 0 1.9 <39.36 <39.7
A1446 0.1028 4975 0.0150 0 1.9 41.67 £ 0.04 414703
Al644 0.0475 7922 0.0519 0 1.9 <40.51 <412
A1664 0.1276 7901 0.0872 0 1.9 <41.77 <415
A168 0.0443 3203 0.0325 0 1.9 <40.64 <40.2
AL1763 0.2280 3591 0.0092 0 1.9 4221+ 0.09 423103
A1795 0.0632 493,494 0.0117 0 1.9 <4127 <40.8
A1930 0.1316 11733 0.0113 0 1.9 4137+ 0.2 41,9702
A2009 0.1532 10438 0.0327 0 1.9 417+ 0.2 42,0103
A2029 0.0780 4977 0.0315 0 1.9 <41.86 <412
A2033 0.0780 15167 0.0294 0 1.9 4126+ 0.1 41.6103
A2052 0.0355 5807 0.0285 0 2,001 4126+ 0.01 41,0009
A2063 00342 6262,6263 0.0304 0 1.9 <40.21 <40.1
A2110 0.0976 15160 0.0239 0 1.9 413+ 0.1 41.8%03
A2199 0.0310 10748 0.0089 0 1.9 <40.95 <40.7
A2204 0.1514 7940 0.0569 0 1.9 <42.59 <427
A2355 0.2310 15097 0.0475 0 1.9 40.91 £ 0.1 417708
A2390 0.2328 4193 0.0689 0 1.9 <42.22 <423
A2415 0.0573 12272 0.0479 0 1.9 41.69 + 0.06 413403
A2597 0.0830 7329 0.0249 0 1.9 <41.48 <414
A262 0.0166 7921 0.0546 0 1.9 39.82+ 0.04 39.4702
A2626 0.0552 16136 0.0433 0 1.9 41.1+ 0.03 40.87005
A2634 0.0298 4816 0.0506 0 14703 41.35+ 0.02 41.0%03
A2665 0.0567 12280 0.0604 0 1.9 40.86 % 0.1 413102
A2667 0.2346 2214 0.0165 0 1.9 42.86 % 0.08 42,5703
A3017 0.2195 15110 0.0209 0 1.9 424+ 0.09 42,5703
A3526 0.0099 16223 0.0810 0 1.9 <38.45 <39.1
A3528S 0.0574 8268 0.0613 0 1.9 <40.85 <41.4
A3581 0.0218 12884 0.0425 0.09+003 2210 41.56 + 0.007 4141007
A3695 0.0888 12274 0.0370 0 1.9 41.82+ 0.07 423102
A4059 0.0491 5785 0.0110 0 1.9 <40.82 <40.3
A4T8 0.0860 1669 0.1508 0 1.9 <4147 <413
A496 0.0328 4976 0.0480 0 1.9 <40.37 <40.1
AS1101 0.0564 11758 0.0183 0 1.9 <40.76 <40.7
AS780 0.2344 9428 0.0772 6.015% 1.9 42.99 + 0.03 4341008
AS851 0.0095 11753 0.0496 2.0M09 1.9 39.92+ 0.03 40.279)
Hercules-A 0.1550  5796,6257 0.0633 0 1.9 <41.93 <417
Hydra 0.0549 4970 0.0484 20109 14708 41.55+ 0.03 41.9%),
RXJ0058.9+2657  0.0480 6330 0.0573 0 1.9 41.06 £ 0.03 394705
RXJ0107.4+3227  0.0175 2147 0.0541 0 16703 40.94 + 0.02 40.7103
RXJ0123.6+3315  0.0169 2882 0.0523 0 1.9 40.11+ 0.07 39.8703
RXJ0341.3+1524  0.0290 4182 0.1617 0 1.9 40.84 % 0.05 40.5102
RXJ0352.9+1941  0.1090 10466 0.1388 2,013 1.9 4254 0.03 42,9107
RXJ0439.04+0520  0.2452  9369,9761 0.1030 0 1.9 42.68 %+ 0.09 42,6103
RXJO751.3+5012  0.0236 15170 0.0509 0 1.9 <39.56 <40.1
RXJ0819.6+6336  0.1186 2199 0.0416 0 1.9 4153+ 0.1 41.6%01
RXJ1050.4—1250  0.0154 3243 0.04350 0 1.9 39.44+ 03 40.0703
RXJ1304.3-3031  0.0104 4998 0.0601 0 1.9 <39.86 <39.7
RXJ13154-1623  0.0093 9399 0.0494 0.2153 1.9 39.7+ 0.03 39.610Y
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Table 1 — continued
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Name z obsID Nu N spec r log Lphot,2-10keV log Lipec,2-10kev
(102 cm—2) (102 cm—2) (ergs™h) (ergs™)
RXJ1320.1+3308  0.0377 6941 0.0105 0 2.110¢ 41.28 £ 0.02 40.9103
RXJ1501.140141  0.0066 12952 0.0425 0 20101 39.28 + 0.02 39.1102
RXJ1504.1-0248  0.2171 5793 0.0610 0 1.9 <42.83 <429
RXJ1506.4+0136  0.0057 7923 0.0424 0 1.9 38.94+ 0.04 385793
RXJ1522.0+0741  0.0451 900 0.0305 0 1.9 <40.68 <40.8
RXJ15242-3154 01022 9401 0.0844 0 1.9 <42.02 <417
RXJ1539.5-8335  0.0758 8266 0.0768 0 1.9 4136+ 0.2 417403
RXJ1558.4—1410  0.0970 9402 0.1147 0 1.9 41.94+ 0.04 41.670)
RXJ1604.942356  0.0324 9423 0.0499 0 1.9 40.45+ 0.05 39.9793
RXJ1715.3+5725 00282 4194 0.0260 0 1.9%0¢6 40.71 £ 0.06 40.51) 5
RXJ1720.1+2638  0.1611 4361 0.0389 0 1.9 <42.24 <428
RXJ1750.243504 01712 12252 0.0312 0 1.9 4137+ 0.6 42,0102
RXJ1844.144533  0.0917 5295 0.0632 0 1.9 42.16 + 0.03 41,9702
RXJ2129.6+0005  0.2346 9370 0.0416 0 1.9 <42.59 <42.8
Z1665 0.0311 15161 0.0274 0 1.9 <40.86 <40.9
7235 0.0830 11735 0.0391 0 L9 <41.58 <413
73146 02906 9371 0.0293 0 1.9 <43.11 <43.1
Z7160 02578 4192 0.0322 0 1.9 <42.45 <433
7808 0.1690 12253 0.0755 0 1.9 <42.42 <423
78193 0.1754 14988 0.0231 0 1.9 <42.26 <424
78276 0.0750 11708 0.0366 0.7%08 2,570 41,98+ 0.02 41,9709

Notes. Column designation: (1) BCG name, (2) redshift, (3) Chandra obsID, (4) Galactic column density measured by Kalberla
et al. (2005), (5) column density derived from the spectral fitting, (6) photon index, (7) 2—10keV X-ray luminosity derived using the
photometric method and (8) 2-10keV X-ray luminosity derived from the spectral fitting.

where My is the Two Micron All Sky Survey (2MASS) K,-band
spheroid magnitude and the scatter in log Mgy is of 0.44 dex. From
now on, we will refer to the 2MASS K;-band filter as K band.
The My used by Graham & Scott (2013) are extracted from the
2MASS Extended Source Catalog (XSC; Jarrett et al. 2000). The
total apparent magnitudes (or extrapolated magnitudes, k_m_ext)
tabulated in the XSC are derived from a Sersic (1968) fit with
n < 1.5 to the surface brightness profile (Jarrett et al. 2003; Lauer
etal. 2007), which is known to underestimate the actual magnitudes
by —0.33 mag (e.g. Schombert & Smith 2012; van den Bosch 2016).
Graham & Scott (2013) are aware of this offset and correct for it in
equation (1).

We derive K-band Sérsic magnitudes for the BCGs from the
2MASS image ‘postage stamps’. A model two-dimensional Gaus-
sian PSF image was derived from stars on the parent 2MASS data
tile. GaLAIT (Peng et al. 2002, 2010) was used with the galaxy im-
age and model PSF image as inputs to find the best-fitting two-
dimensional Sérsic model. In the fitting, we limit the Sérsic index
to be less than 4, which we find is the best compromise for re-
covering the total extent of the surface brightness profile without
having large residuals (e.g. see also van den Bosch 2016). For two
sources (RXJ2250.0 + 1137 and RXJ2214.7 4+ 1350), the 2MASS
photometry is not reliable because of the galaxy being too close to
a tile corner in one case and being a close pair of galaxies in the
other, while the sources MACS0159.8—0850, MACSJ0547.0—39
and RXJ1347.5—1144 are not bright enough for the 2MASS pho-
tometry to be performed. We thus remove these five sources from
our sample. The final sample of BCGs that constitutes the focus of
this paper contains thus 72 sources (see Table 2). Their redshifts
span from z = 0.006 to z = 0.29 (see Table 1). We note that for

Downl oaded from https://academ c. oup. com rmras/articl e-abstract/ 474/ 1/ 1342/ 4582294
by Durham Uni versity user
on 01 March 2018

A2355 its 2MASS counterpart has a redshift (2MASXJ21351874
+ 0125269; z = 0.2306) that differs from that in the parent cluster
sample of Hogan et al. (2015a). The most recent redshift reported
for this source and used here is z = 0.2310 (Planck Collaboration
XXXII 2015).

We compare the K-band magnitudes derived from the fitofan < 4
Sérsic profile with those K-band magnitudes directly extracted from
the 2MASS K-band photometry in Fig. 1. As expected, the XSC
magnitudes are significantly fainter than our fitted magnitudes. The
offset between the two increases for the faintest sources, for which
the Sérsic index is also less constrained and the uncertainties are
large (Fig. 1, bottom panel). We find an average offset between the
GALFIT and XSC K-band magnitudes of —0.3, in agreement with
that found by previous authors (e.g. Schombert & Smith 2012;
van den Bosch 2016). The K-band magnitudes derived from GAL-
FIT are K-corrected using the total J—K colour from 2MASS and
following the prescription of Chilingarian, Melchior & Zolotukhin
(2010),® and corrected for Galactic extinction using the extinction
law from Schlegel, Finkbeiner & Davis (1998) and the coefficients
from Cardelli, Clayton & Mathis (1989).

We calculate the BH masses using the Graham & Scott (2013)
correlation (equation 1) and the K-band magnitudes derived from
GALFIT. The errors on the BH mass are obtained from propagation
of the errors of each of the terms in equation (1). We then plot
the location of the BCGs on the fundamental planes of (Merloni
et al. 2003, Fig. 2) and (Plotkin et al. 2012, Fig. 3) making a
distinction in between CC/NCC clusters (left-hand panels), and

3 http://kcor.sai. msu.ru.
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Table 2. Sample luminosities and BH masses.

Table 2 — continued

Name log LsH My log MH .k Name log LsgH; My log MgH, k
(ergs™") Mg) (ergs™") M@)
A1204 39.86 + 0.07 —263 £ 0.1 9.49 £+ 0.02 RXJ1844.1+4533  40.83 + 0.01 —26.81 £ 0.04 9.70 £ 0.03
A1361 39.6 + 0.06 —26.77 £ 0.05 9.68 £ 0.03 RXJ2129.64+0005  40.62 £+ 0.05 —27.28 + 0.03 9.91 £ 0.04
A1367 39.88 + 0.07 —25.38 £ 0.01 9.07 £ 0.01 71665 38.96 + 0.05 —26.01 £ 0.03 9.35 £ 0.02
Al446 39.97 £+ 0.009 —2647 £+ 0.05 9.55 £ 0.02 7235 40.42 + 0.02 —26.77 + 0.08 9.68 £ 0.03
Al644 40.46 + 0.003 —27.21 £ 0.03 9.88 £+ 0.04 73146 40.05 + 0.03 —27.37 £ 0.34 9.95 £+ 0.06
Al1664 40.48 + 0.05 —26.28 + 0.05 9.47 £ 0.02 77160 40.35 + 0.04 —279 £ 0.1 10.17 + 0.06
A168 38.58 + 0.05 —26.28 £ 0.03 9.47 £ 0.02 7808 39.78 £+ 0.1 —26.77 £ 0.19 9.68 £ 0.03
A1763 40.46 + 0.06 —27.8 £ 0.1 10.12 £ 0.05 78193 41.61 £+ 0.005 —27.58 &£ 0.02 10.04 £ 0.05
A1795 40.26 + 0.03 —27.00 £ 0.04 9.78 £ 0.03 78276 40.68 + 0.02 —26.60 £ 0.07 9.61 £ 0.03
A1930 40.11 & 0.04 =275+ 02 10.02 + 0.05 Notes. Column designation: (1) BCG name, (2) 2-10keV X-ray luminosity
A2009 40.13 £ 0.003 —213+£01 9.90 + 0.04 derived using the photometric method, (3) 5 GHz radio luminosity, (4)
erived using p s Y,
A2029 39.37 4 0.1 —27.70 £ 002 10.09 + 0.05 2MASS K-band absolute magnitude of the bulge and (5) BH mass estimated
A2033 39.84 4+ 0.005 —27.32 £ 0.05 9.93 £+ 0.04 f g L . .
rom the K-band bulge luminosity using the correlation from Graham & Scott
A2052 40.69 + 0.09 —26.71 £+ 0.02 9.66 £ 0.03 (2013).
A2063 38.43 + 0.2 —26.29 £ 0.04 9.47 £ 0.02
A2110 39.34 £+ 0.02 —26.66 + 0.05 9.64 £ 0.03
A2199 39.33 + 0.01 —26.54 £ 0.01 9.58 £+ 0.02 s 4
A2204 40.57 + 0.02 —27.27 +£ 0.04 9.90 £ 0.04 g 1
A2355 40.38 + 0.1 —274 £ 0.2 9.94 £+ 0.05 8r 1
A2390 42,11 + 0.02 —277 £03 10.11 £+ 0.06 9r 1
A2415 40.79 £ 0.01 —25.49 £ 0.05 9.12 £ 0.02 = 10+ J 1
A2597 40.48 + 0.1 —25.80 £+ 0.05 9.26 £ 0.02 11k O 1115
A262 38.0 £ 0.01 —25.96 £ 0.01 9.33 £ 0.02 121 J
A2626 39.38 4+ 0.004 —26.84 + 0.04 9.72 £ 0.03 B 6 |
A2634 40.42 + 0.009 —26.32 £ 0.01 9.48 + 0.02 1l | 5
A2665 38.8 + 0.1 —26.88 + 0.03 9.73 £ 0.03 } ?
A2667 409 £+ 0.2 —26.8 £ 0.2 9.70 £ 0.04 —1.0} J 8
A3017 40.44 £ 0.05 —262 402 941 £ 0.02 o8l 1142
A3526 39.02 + 0.04 —26.33 £ 0.01 9.49 £+ 0.02 & —0.6) , ]
A3528S 39.01 £ 0.09  —27.17 £ 0.01  9.86 + 0.04 ¥ oo L bee ]
A3581 40.29 + 0.04 —25.6 £ 0.02 9.17 £ 0.01 %:; —oaf %—‘—ﬂ— o ® ;_ o _
A3695 40.8 £ 0.02 —26.64 £ 0.03 9.63 £ 0.03 ~ 0.0k [} o® ©° & ® |
A4059 38.83 + 0.06 —27.38 £ 0.03 9.95 £ 0.04 I + ] 1
A478 39.83 + 0.02 —26.71 £ 0.03 9.66 £+ 0.03 0.2 o
A496 39.79 + 0.02 —2691 + 002 975 & 0.03 o4 X X X X , . ]
AS1101 39.0 £ 007  —26.68 £ 005 9.65 + 0.03 o132 ”k oo 87
AS780 42.06 + 0.006 —27.51 £ 0.05 10.01 £ 0.05 ext
AS851 39.06 + 0.009 —2591 & 0.01 931 £ 002 Figure 1. Top: apparent K-band magnitudes derived from the GaLFIT fit of
Hercules-A 40.27 4 0.07 —2698 £ 007  9.77 + 0.03 a Sérsic profile with n < 4 versus total magnitudes from the 2MASS XSC.
Hydra 41.04 = 0.008 —26.33 4 0.03 9:49 4 0.02 The one-to-one correlation is shown with a black line. Bottom: difference
RXJ0058.94-2657 39.31 + 0.007 —26.66 £ 0.03 9.64 £+ 0.03 b itude and XSC itud SC itude. Th
RXJO107.443227 3946 + 0002  —26.01 + 0.01  9.35 % 0.02 etween GALFIT magnitude and XSC magnitude versus XSC magnitude. The
mean offset of —0.3 is shown with a dashed line.
RXJ0123.6+3315 37.67 £ 0.005 —26.10 £ 0.01 9.39 £ 0.02
RXJ0341.3+1524 39.06 £+ 0.02 —24.86 £ 0.02 8.84 + 0.02
RXJ0352.9+1941 40.07 &+ 0.04 —26.5 £ 0.1 9.57 £+ 0.03 core-dominated/weak-core BCGs (right-hand panels). In Fig. 2, we
RXJ0439.0+0520 4221 £0.07  —27.13 £0.03  9.84 £ 0.04 also include 80 individual SMBHs from Merloni et al. (2003) with
RXJO751.3+5012 38.57 £ 0.05 —2520 £ 003 899 £ 001 direct (dynamical, e.g. stellar and gas kinematics) or indirect (from
ﬁg?gégitg;?f 3;852 i 882 :;Zég i 88‘1‘ ggz i 88‘1‘ the Mgy—o relation) BH mass measurements. These include the
RXJ13043-3031 3842 4+ 0.1 2583 4 001 927 + 0.02 BCGS Cy.gnus A, NGC 1275 in Perseus, NGQ 6166 in A2199 (also
RXJ1315.4—1623 3831 + 0.06 2549 + 001 9.12 + 0.01 included in our sample, and .whos.e BH mass in Merloni et al. 2093
RXJ1320.1+3308 39.14 + 0.09 —25.54 + 0.03 914 + 0.01 of lOg MBH = 9.19 M@ is estimated from the stellar VClOClty
RXJ1501.140141  37.08 + 0.06 —2491 + 001  8.87 + 0.02 dispersion), and the central galaxy M87 (or NGC 4486) in Virgo.
RXJ1504.1-0248 41.41 £ 0.008 —26.7 £ 0.06 9.65 £ 0.03
RXJ1506.4+0136 37.43 £ 0.03 —25.17 £ 0.01 8.98 + 0.01
RXJ1522.0+0741  38.76 % 0.01 —2596 £ 0.04 933 £ 0.02 4 RESULTS AND DISCUSSION
RXJ1524.2-3154 40.58 + 0.005 —26.57 £+ 0.06 9.6 + 0.03
RXJ1539.5—8335  40.3 + 0.0006 —27.14 + 0.07 9.85 + 0.04 Of the 72 BCGs included in our sample and plotted in Figs 2-3, 31
RXJ1558.4—1410 41.83 £ 0.1 —2735 £ 0.05 994 £ 0.04 do not have a detected X-ray nucleus in the hard band and their X-
RXJ1604.94+2356  39.67 £ 0.004  —26.51 £ 0.02  9.57 £ 0.02 ray luminosities are thus taken as upper limits (shown with arrows in
RXJ1715.34+5725  39.4 & 0.07 —26.25 £ 0.01 946 £ 0.02 Figs 2-3). Considering that these sources could lie more leftward,
RXJ1720.1+2638  40.15 & 0.02 —272 £ 0.1 9.86 £ 0.04 the BCGs appear to lie mostly on and above the correlations of
RXJ1750.243504 41.17 £+ 0.0003 —27.3 £ 0.05 9.91 £ 0.04
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Figure 2. Fundamental plane of Merloni et al. (2003). The BH masses are derived from the Mpy—Mx correlation from Graham & Scott (2013). Upper limits
on the X-ray luminosity are shown with arrows. In the left plot, cool cores are shown in blue, non-cool cores in red; in the right plot, core-dominated sources
are shown in magenta, weak-core sources in green. The XRBs and AGNs from Merloni et al. (2003) are shown as black stars and squares, respectively. The
scatter of the correlation is shown in grey. A zoom-in of the AGN region is shown on the right-hand panel and in the inset plot on the left-hand panel. The error
bars show the mean error of the BH mass, nuclear X-ray luminosity and core radio luminosity.

43— T T T T T T T T T T
* XRBs from Plotkin et al. (2012) .
u LLAGN from Plotkin al. (2012) g ® 3
41}| ¢ SDSS from Plotkin al. (2012) Ll
@ Cool core .
@ Non-cool core
39+ <<~0 i
.l
o &
37+ [} 4
L)
=
2 35t ]
o
o
-l —— T |
42
31 40 ]
* *‘
* 38
29} % ]
*
36
46 47 48 49 50 51 52 53
27 1 1 L 1 1 1

32 36 38 40 42 44 46 48 50 52 54
0.88 log(Myy) + log(Ly)

= LLAGN from Plotkin al. (2012)
¢ SDSS from Plotkin al. (2012)
@ Core-dominated

421 o Weak-core

40t

log(Lg)

38+

36 L 1 I 1 1 L 1
46 47 48 49 50 51 52 53

0.88 log(Mgy) + log(Ly)

Figure 3. Fundamental plane of Plotkin et al. (2012). The BH masses are derived from the Mgy—Mx correlation from Graham & Scott (2013). Upper limits
on the X-ray luminosity are shown with arrows. In the left plot, cool cores are shown in blue, non-cool cores in red; in the right plot, core-dominated sources
are shown in magenta, weak-core sources in green. The XRBs from Plotkin et al. (2012) are shown as black stars; the LLAGN and BL Lacs from SDSS as
squares and diamonds, respectively. The scatter of the correlation is shown in grey. A zoom-in of the AGN region is shown on the right-hand panel and in the
inset plot on the left-hand panel. The error bars show the mean error of the BH mass, nuclear X-ray luminosity and core radio luminosity.

Hlavacek-Larrondo et al. (2012b) found that their sample of 18
BCGs with non-X-ray detections sit on and above the Fundamen-
tal Plane of Merloni et al. (2003) so that their radio luminosities
seem to be too high compared to their X-ray luminosities and BH
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masses. This is now also seen for our sample of 72 BCGs, which
quadruplicates in size that of Hlavacek-Larrondo et al. (2012b)
and includes 41 BCGs with a detected X-ray nucleus. The offset
is even more striking when considering the correlation of Plotkin

MNRAS 474, 1342-1360 (2018)
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Table 3. Average BH mass offset from the Fundamental Plane and significance (in percent and o).

Correlation log AMpy log AMpy log AMgy log AMpy log AMgy log AMpy
All CCs core-dominated weak-core 150 GHz
Merloni et al. (2003) 03+1.2 03+1.2 0.1+ 1.1 05+1.2 0.1+12 1.3+1.0

>98.0percent (>20) >98.3 percent (>20) >59.0percent (>00) >99.1percent (>20) >65.1percent (>00) >99.9 percent (>30)

Plotkin et al. (2012) 22+1.6 23+ 1.7

20£1.6

24+ 1.7 20+ 1.6 34+14

>99.9percent (>80) >99.9percent (>80) >99.9 percent (>40) >99.9 percent (>60) >99.9 percent (>60) >99.9 percent (>50)

Plotkin et al. (2012) 2.1+2.1 2.1+£22 1.8+2.0 23+22 1.8+22 33+20
(no cooling) >99.9percent (>70) >99.9percent (>60) >99.7percent (>30) >99.9 percent (>50) >99.9 percent (>40) >99.9 percent (>40)
Gilltekin et al. (2009b) 0.1+13 0.1+1.3 0.0+1.2 03+1.2 00+13 1.0+ 1.1

>64.9percent (>00) >78.0percent (>10) >64.6percent (>00) >89.4percent (>1c) >68.8percent (>00) >99.8 percent (>30)

Koerding et al. (2006) 20+ 1.5 21+15

1.8+ 14

22+ 1.5 1.8+ 1.5 33+£1.2

>99.9percent (>80) >99.9percent (>80) >99.9 percent (>40) >99.9 percent (>70) >99.9 percent (>60) >99.9 percent (>50)

et al. (2012), as there all the BCGs except for one lie above the
plane.

To probe the significance of these potential offsets we follow the
same procedure as in Hlavacek-Larrondo et al. (2012b) and use a
Monte Carlo technique to derive the average mass offset log AMpy
that would be needed for the BCGs to follow the Fundamental Plane;
that is, we determine which mass offset they need, on average, to
lie above and below the plane. We assume that the measurements of
Lx, Lg and Mgy x used in the Fundamental Plane correlations are
independent and that they follow a Gaussian distribution based on
their values and associated uncertainties. For each BCG, we assign
100 random variables to the distribution of Ly, 100 random variables
to the distribution of Ly and 100 random variables to the distribution
of Mgy, k. We then calculate the log AMpy needed for the BCGs
to follow the Fundamental Plane based on the distribution of 100°
possibilities over the 72 BCGs. The final mass offset and its error
are taken as the median value and standard deviation, respectively,
of the log AMgy distribution (see Table 3). The probability that the
mass offset is larger than zero is also derived (in percentage and
in o; Table 3). The results do not change significantly if the mean
is instead taken nor if the number of random variables is increased
to e.g. 500. Since some of the X-ray luminosities are upper limits
and not detections, the median values obtained in the Monte Carlo
exercise should be taken as the minimum BH mass offset needed
for the BCGs to sit on the Fundamental Plane.

We find that the horizontal offset visually observed in Figs 2—
3 is positive (above the plane) and significant at >20 confidence
level both for the Merloni et al. (2003) and the Plotkin et al. (2012)
correlations, with an average mass offset of 0.3 & 1.2 and 2.2 £ 1.6,
respectively (see Table 3). The offset is also significant for the
Kording et al. (2006) correlation (log AMgy = 2.0 £ 1.5, >80
level) and for the Plotkin et al. (2012) correlation uncorrected from
synchrotron cooling (at a >70 level; see Section 4.2), but not for
the Giiltekin et al. (2009b) correlation (log AMpy =0.1 = 1.3 ata
confidence level of >00). In the next sections, we repeat the Monte
Carlo exercise for different BCG subsamples (CCs versus NCCs,
core-dominated versus weak-core) and discuss some factors that
could affect the location of BCGs on the Fundamental Plane such as
synchrotron cooling or the My—Myx used to estimate the BH mass.

4.1 Eddington ratio and Bondi accretion

We derive the Eddington luminosity (Lggq = 1.3 x 10%¥Mpy) and
the Eddington ratio (Lyoi/Lgad, Where Ly is the bolometric lumi-
nosity) for our sample of 72 BCGs. Ly, is extrapolated from the
spectroscopic Ly assuming a bolometric correction factor ky, =
20 (e.g. Vasudevan & Fabian 2007). The distribution of Eddington
ratios is plotted in Fig. 4. It ranges from Ly /Lgaq = 5 x 1078
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Figure 4. Distribution of Eddington ratios for the sample of 72 BCGs (blue
bars). Those BCGs with upper limits on the nuclear X-ray luminosity are
overploted as hashed bars.

to Lyol/Lgga = 4 X 10~* and peaks at Lyo/Lgga = 107°-1077.
All the 72 BCGs are thus found to be accreting at highly sub-
Eddington accretion rates (Lyoi/Lgaa < 103). We note that the
Eddington ratio does not include jet power but is purely dominated
by radiative emission. The Eddington-scaled accretion rate of most
sources would be typically one order of magnitude higher when
including the jet kinetic power to the total emitted luminosity (e.g.
Mezcua & Prieto 2014; see Russell et al. 2013 for a study of BCGs
that includes cavity power), and thus still be sub-Eddingtonian.
Eddington ratios have been calculated using the BH masses de-
rived from the K-band magnitudes (equation 1). If these BH masses
were underestimated by the Mgy—Mx correlation (see Section 4.6),
the BHs would accrete even more sub-Eddington. Taking for in-
stance log AMpy = 2.0, the distribution of Eddington ratios (Fig. 4)
would peak at Ly, /Lggg = 10781077 and the tail extend down to
Lyor/Lgaa = 107'°. Such low Eddington rates would be of the same
order as that of Sgr A*, which has the lowest known BH Eddington
ratio (~107°).

The central short cooling times and peaked X-ray surface bright-
ness profile of CCs indicate that substantial cooling should occur
in these clusters. However, only a small percentage of this expected
cooling is observed in the form of cold gas and star formation in
the local Universe (see e.g. McDonald et al. 2012, 2013, 2016;
Rawle et al. 2012; Webb et al. 2015a,b for star-forming BCGs at
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high redshifts), mainly in relaxed CCs in regions in which, locally,
the cooling flow dominates over AGN feedback (see McDonald
et al. 2016). CCs have more relaxed and undisturbed X-ray mor-
phologies and, because of their shorter cooling times, their BCGs
have a higher gas supply than NCCs, which are dynamically dis-
turbed systems with large cooling times, no central peaked X-ray
profiles, and thus with no cooling flow. BCGs in CCs may thus host
more massive BHs than those BCGs in NCCs, which should be
reflected as CC-BCGs being predominantly more offset from the
Fundamental Plane than NCC-BCGs.

Most of the BCGs in our sample (58 out of 72) are located in CCs.
The average offset of these CCs seems to be more significant than
that of NCCs for all the Fundamental Plane correlations considered
in Table 3 (e.g. for the Plotkin et al. 2012 Fundamental Plane, log
AMpy = 2.4 £ 2.1 at a >70 confidence level for the CCs and log
AMgy = 2.0 £ 1.0 at a >30 confidence level for the NCCs; for the
Merloni et al. (2003) Fundamental Plane, a significant offset at a
>20 confidence level is found for the CCs but no significant offset
is found for the NCCs). However, this might just be a reflection of
the larger scatter of the CC-BCGs around the plane as a significance
test does not reject the null hypothesis that there is no difference
between the mean BH mass of the AGN in BCGs in CCs and NCCs
with 99 per cent confidence both for the Merloni et al. (2003) and the
Plotkin et al. (2012) correlations (and also for the other Fundamen-
tal Plane correlations considered in Table 3). To further investigate
the different behaviour on the Fundamental Plane of BCGs in CCs
and NCCs, we plot the BH mass of their AGN against nuclear X-
ray luminosity and core radio luminosity in Fig. 5 (top and bottom,
respectively). The BH mass is found to strongly correlate with nu-
clear (2-10keV) X-ray luminosity for BCGs located in CCs (* =
0.5, p-value = 5 x 107°%) with a slope m = 0.19 £ 0.03; how-
ever, no significant correlation is found for those BCGs in NCCs
(p-value = 0.1). The BH mass of the AGN in those BCGs in CCs
is also observed to correlate with the 5 GHz core radio luminos-
ity (> = 0.4, p-value = 1 x 10~7) with a slope m = 0.18 & 0.03,
while no significant correlation is observed for those BCGs in NCCs
(p-value = 0.2). The above correlations imply that those BCGs with
the most powerful (both in terms of nuclear X-ray and radio lumi-
nosity) AGN host the most massive BHs, as suggested by Hogan
et al. (2015a) to explain their finding that more radio-luminous
BCGs tend to inhabit in clusters with higher integrated X-ray lumi-
nosity (and thus presumably higher cluster mass and more massive
BCGs). However, the finding that X-ray and radio luminosity cor-
relate with BH mass in a significant manner only for those AGN in
CC-BCGs suggests that their duty cycle — the time during which the
AGN is active — is higher than that of AGN in NCC-BCGs and thus
that they might be governed by a different accretion mechanism
than that of NCC-BCGs.

Direct Bondi accretion of hot gas could, on average, provide
the necessary fuel of AGN in BCGs, especially those with low-
power jets (Allen et al. 2006); however, it is not enough to feed
the most powerful AGN if these follow the Mpy—o relation (e.g.
Hardcastle, Evans & Croston 2007; McNamara, Rohanizadegan &
Nulsen 2011; Main et al. 2017). Since the Bondi sphere grows as
the square of the BH mass and so the more massive the BH the
more hot gas it can accrete, Bondi accretion might still be able to
power the most energetic AGN if these are overmassive with respect
to the galaxy—BH mass scaling relations. Alternatively, within the
cluster core the cooling flow expected in CCs because of their short
cooling times can deposit large amounts of cold gas, which can
condensate into clumps of cold clouds and infall on to the BH to
feed it (e.g. Pizzolato & Soker 2005; Voit & Donahue 2015). The
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Figure 5. BH mass versus 2-10keV nuclear X-ray luminosity (top) and
BH mass versus core radio luminosity at 5 GHz (bottom) for the BCGs in
cool-core clusters (blue dots) and non-cool core clusters (red dots). Upper
limits on the X-ray luminosity are shown as arrows. The solid blue lines
show the best-fitting linear regressions for the cool-core clusters.

occurrence of such cold accretion in addition to direct Bondi-like
hot-phase gas accretion could explain the higher AGN duty cycle
of CC-BCGs compared to that of NCC-BCGs, which would be fed
only by Bondi accreting gas, and thus the tight correlation between
BH mass and AGN output found for the CC-BCGs. The presence
of both cold and Bondi-like accretion in the AGN of CC-BCGs was
already suggested by Hogan et al. (2015a) to explain the prevalence
of core-dominated AGN in CC-BCGs, which the authors do as well
associate to a high duty cycle. As we shall see in Section 4.4, we
also find that most of the BCGs with core-dominated radio emission
in our sample (91 per cent) are located in CCs.

Hlavacek-Larrondo et al. (2012b) suggested, based on the lack
of a central X-ray point source detection, that strong CCs with
X-ray luminosities >10% ergs~' and very energetic AGN feed-
back might host ultramassive BHs, as these would radiate ineffi-
ciently and thus do not present a detectable X-ray nucleus. Our
sample includes 10 strong CCs also studied by Hlavacek-Larrondo
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et al. (2012b, A2204, A1664, RXJ1504.1—-0248, A2390, A478,
RXJ1720.14+2638, RXJ2129.6+0005, Z3146,* Z7160,° and
A3526). These strong CCs are not seen to be more offset from the
Fundamental Plane correlations than the CCs nor NCCs; however,
the small sample size does not allow us to draw any conclusions.

4.2 Radiative cooling

The Fundamental Plane correlations derived assuming a jet model
should only be applied if the X-ray emission comes from the
optically thin and uncooled synchrotron radiation (e.g. Kording
et al. 2006; Plotkin et al. 2012). Because of the broad types of
objects and possible diverse origin of the X-ray emission in the
Merloni et al. (2003) sample, with their most massive BHs be-
ing quasars and thus predominantly with corona-dominated X-ray
emission, synchrotron cooling is not corrected for in the Merloni
et al. (2003) Fundamental Plane. The effects of radiative cooling
are however taken into account and minimized in the tightest Fun-
damental Plane from Plotkin et al. (2012), as they include BL Lacs
with the jet-dominated X-ray emission.

Synchrotron cooling could strongly affect those SMBHs with
Mgy > 108 Mg (and thus the BCGs here studied) if their X-ray
emission comes from the jet, such that the measured X-ray lumi-
nosities are lower than the true values expected from the uncooled
jet. To correct for this, the ‘real” X-ray luminosities should be ex-
trapolated (e.g. via fitting of the SED) from a lower energy band
(i.e. the optical) in which the synchrotron emission comes from
the uncooled jet and is optically thin (e.g. Kording et al. 2006;
Plotkin et al. 2012). While this is feasible for BL Lacs (e.g. Mas-
saro et al. 2004; Plotkin et al. 2012), in BCGs the optical emission of
the host galaxy dominates over the AGN emission and thus we did
not succeed in obtaining an optical-extrapolated jet X-ray luminos-
ity via SED fitting. Plotkin et al. (2012) provide the Fundamental
Plane coefficients that would be obtained when not correcting for
synchrotron cooling, that is, when using the real X-ray luminosities,
and find that the slopes are shallower than expected from an opti-
cally thin jet. If BCGs were strongly affected by radiative cooling,
they would be expected to lie closer to this shallower Fundamental
Plane. None the less, using this cooling-uncorrected correlation we
still find that BCGs are on average offset by log AMpy = 2.1 £2.6
and that this offset is significant at a >70 level (see Table 3). A
significance test does not reject either (p-value = 0.66) the null
hypothesis that the offset from the Plotkin et al. (2012) correlation
with and without cooling correction is different. Even if the X-ray
luminosities were higher by an extreme factor 12 (probed by Plotkin
et al. 2012 by simulating that X-ray satellites are able to observe
optically thin synchrotron emission from the jet of a low-mass BH
of <108 Mg but X-ray emission from the synchrotron-cooled jet
of a higher mass BH), they would still be offset from the Plotkin
et al. (2012) correlation (cooling corrected) at >2o0. The BCGs
would be located on the Fundamental Plane if their nuclear X-ray
luminosities were a factor 100 higher; however, in that case the
Eddington ratios and Eddington-scaled accretion rates would be
one order of magnitude higher than the typical values for BCGs
(e.g. Russell et al. 2013). Synchrotron cooling seems thus not to
explain the observed offset of BCGs from the Fundamental Plane.

4 MS1455.0+2232 in Hlavacek-Larrondo et al. 2012b.
5 Centaurus in Hlavacek-Larrondo et al. 2012b.

4.3 Emission processes

The radio/X-ray term (log Lg ~ 0.7log Lx) of the above Funda-
mental Plane relations stems from a correlation originally found
for low/hard and quiescent state XRBs (Corbel et al. 2003; Gallo,
Fender & Pooley 2003; Gallo et al. 2006). Yuan & Cui (2005) ar-
gue that the coefficient £x ~ 0.7 holds only for sources accreting
above a critical X-ray luminosity Ly cigicat ~ 107°=10%Lggq and
whose X-ray emission is dominated by the accretion flow, while for
sources with very low accretion (Lx < Lx_ critica) the X-ray emis-
sion is dominated by the jet and the coefficient should steepen to
log Lg ~ 1.2-1.3 log Lx. This prediction was proven by Yuan, Yu
& Ho (2009) and Xie & Yuan (2017): using a sample of 22 and
75 quiescent AGN, respectively, with Ly /Lggq < 1076, they found
a coefficient in the log Lg/Lx term of the Fundamental Plane of
Ex ~1.22-1.23. Using a sample of 16 LLAGN, de Gasperin et al.
(2011) find that their coefficients in the Fundamental Plane relation
are also consistent with those of Yuan et al. (2009). Xie & Yuan
(2017) additionally explore the radio/X-ray correlation using only
Lg and Lx (i.e. using a My free sample). This allows them to derive
a more direct constrain to the coefficient of £x ~1.36.

To probe whether the steeper slope, and thus different Fundamen-
tal Plane, found by Yuan et al. (2009) and Xie & Yuan (2017) for
quiescent sources could explain the offset of BCGs from the Funda-
mental Plane, we should divide our sources into quiescent (i.e. with
Lx/Lggg < 107%) and non-quiescent and plot their Ly versus Ly.
We find that most of the BCGs are quiescent (44 sources) and 28
are non-quiescent. However, these non-quiescent BCGs are simply
the most X-ray luminous ones: all the BCGs with Lx > 10" ergs™!
are found to be non-quiescent. Given the scatter in Lg versus Ly
for Ly > 10" ergs™! (see Fig. 6, bottom), this subset shows no
significant correlation (p-value = 0.4) and thus the change in slope
predicted by Yuan & Cui (2005) cannot be tested. The fit of a linear
regression to Lr versus Ly for the full BCG sample yields a slope
m = 0.75 £ 0.08 (+* = 0.6) and a probability for rejecting the null
hypothesis that there is no correlation of 7 x 10~!> (>99.9 per cent
confidence). The same slope (m = 0.8 £ 0.1) is found for the sub-
sample of quiescent BCGs (with » = 0.5, p-value = 1 x 1077).
We note that this slope could be flatter given that some of the nu-
clear X-ray luminosities are upper limits. The quiescent BCGs (and
the full sample of BCGs) do thus not follow the steep slope of £x
~1.36 found by Xie & Yuan (2017) using an Mpy-free sample,
which can thus not explain the on average offset of the BCGs from
the Fundamental Plane.

All the BCGs in our sample host BHs accreting at sub-Eddington
rates, which are thought to be fed by radiatively inefficient accre-
tion flows (RIAFs). In such BHs, both optically thin jet synchrotron
emission and inverse Compton off an X-ray corona emission are
present. The fundamental planes coefficients found by Plotkin et al.
(2012), Kording et al. (2006) and Xie & Yuan (2017) favour in-
verse Compton over jet synchrotron as the dominant mechanism of
X-ray emission, while the Merloni et al. (2003) regression favours
an RIAF model with inverse Compton X-ray emission. The specific
RIAF model considered by Merloni et al. (2003) is an advection-
dominated accretion flow (ADAF) with a radiative efficiency of
the accretion flow ¢ = 2.3 (¢ = 1 for radiatively efficient ac-
cretion). However, there exist alternative models to the ADAF
(e.g. convection-dominated accretion flows or CDAFs, Narayan,
Igumenshchev & Abramowicz 2000; advection-dominated inflow-
outflow solutions or ADIOS, Blandford & Begelman 1999) in which
thermal bremsstrahlung with ¢ = 2 is the most likely dominant
mechanism of X-ray emission.
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Figure 6. Top: 5 GHz core radio flux versus nuclear X-ray flux in the 2—
10keV band for the core-dominated BCGs (magenta dots) and weak-core
BCGs (lime dots). Upper limits on the X-ray flux are shown as arrows.
The black solid line shows the slope of the linear regression for the full
sample of 72 BCGs, m = 0.6 & 0.2, p-value = 0.003. Bottom: core radio
luminosity at 5 GHz versus nuclear X-ray luminosity (2-10keV) for the
core-dominated BCGs (magenta dots) and weak-core BCGs (lime dots).
Upper limits on the X-ray luminosity are shown with arrows. The solid lines
show the best-fitting linear regressions for the core-dominated (magenta
line) and weak-core (lime line) BCGs.

In ADAF models with accretion rates <1073, the radio luminosity
is predicted to scale with X-ray luminosity as Lz oc L%® (e.g. Yi
& Boughn 1998). The finding that Lx correlates with Lz with a
slope m = 0.75 £ 0.08 suggests that the X-ray emission originates
predominantly from an ADAF with a small contribution from jet
synchrotron emission. This might explain why the offsets from
the Fundamental Plane are larger for the Plotkin et al. (2012) and
Kording et al. (2006) correlations (which favour the jet model) than
for the Merloni et al. (2003) correlation (which favours an ADAF
model; see Table 3), and also why synchrotron cooling (which
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affects the X-ray emission only if it originates from a jet) cannot
account for the observed offsets (see Section 4.2). Modelling of the
nuclear SED would be required to further disentangle the ADAF
and jet contribution to the origin of the X-ray emission. This was
performed by Wu, Yuan & Cao (2007) for one of the sources in our
sample, A2052 (3C 317), finding that the hard X-ray spectrum can
be well fitted by the sum of a jet and ADAF model. Russell et al.
(2013) argue that the linear trend between nuclear X-ray luminosity
and 5 GHz core radio luminosity they find for a sample of 22 BCGs is
likely a distance effect based on their lack of correlation between the
X-ray and radio flux. By studying a larger sample of 72 BCGs, we
find that the nuclear X-ray flux and 5 GHz radio core flux correlate
at a significant level (> 99.9 per cent confidence) with a slope m =
0.75 £ 0.08 (Fig. 6). As we will see later, this correlation is stronger
when considering only core-dominated BCGs (Section 4.4).

The Fundamental Plane coefficients (of both the corona and the
jetmodels) depend on the radiative efficiency of the accretion flow ¢,
on the power-law index p of the relativistic electrons accelerated in
the jet (p = 2ax + 1 for optically thin synchrotron emission, where
ax is the observed X-ray spectral index and has typical values ax
= 0.5-1), and on the radio spectral index ar. Different accretion
processes imply as well different values of the magnetic field at the
base of the jet as a function of BH mass (al"%) and accretion rate

9InM
( aal‘lﬂ).“ ); however, for most RIAF models 2128 = —1/2 and 2n®e —
nm 9InM 9lnm

1/2 (see table 3 in Merloni et al. 2003). We thus consider different
values of ¢, ax and ar to probe whether the different predicted
Fundamental Plane coefficients can put the BCGs on average on the
Fundamental Plane correlation.

Plotkin et al. (2012) find that increasing (decreasing) ax to 0.7
(0.5), instead of using the ax = 0.6 assumed to extrapolate X-
ray luminosities from optical nuclear luminosities, would increase
(decrease) the X-ray luminosities by a factor 2. While this would
bias the Fundamental Plane towards flatter (steeper) slopes, the
coefficients would still be consistent within 30 with those found
assuming ox = 0.6 (see fig. 3 in Plotkin et al. 2012) and would thus
not significantly change the offset of BCGs from the Fundamental
Plane. Note that an ax = 0.5 (p = 2) is also considered by Merloni
etal. (2003), for which we find that the BCGs are significantly offset
at >20 confidence level (Table 3). The most extreme case would be
that of ax = 1, which would push the coefficients to even shallower
slopes and be equivalent to modifying the X-ray luminosities by a
factor 12 (Plotkin et al. 2012). However, as we saw in Section 4.2,
using the cooling-uncorrected Fundamental Plane of Plotkin et al.
(2012) with shallower slopes does not put them on average on the
Fundamental Plane; they would still be offset from it at a >7¢ level
confidence. We also test whether an ADAF (instead of a jet) model
with ¢ = 2 and ¢ = 2.3 is able to put the BCGs on average on the
Fundamental Plane of Plotkin et al. (2012). We find that the BCGs
keep being on average positively offset from the plane by log AMgy
=19+£12(g= 2)andlog AMgy =6.1 1.1 (¢ = 2.3) at >80.

The radio luminosities of the 72 BCGs are attributed to a core
component and have been derived considering typically a flat or in-
verted radio spectral index (egr < 0.5, where S o v™*R; Hogan
et al. 2015a) in agreement with the canonical ag assumed by
Merloni et al. (2003, flat, g = 0) and Plotkin et al. (2012, in-
verted, g = —0.15) in their best-fitting Fundamental Plane corre-
lations. Different values of ar predict different Fundamental Plane
coefficients (see fig. 4 in Merloni et al. 2003 and fig. 1 in Plotkin
et al. 2012) and thus we could in principle investigate the mod-
ifications induced on the Fundamental Plane coefficients by ag.
However, for this we should assume that the core components of
all the BCGs are characterized by the same spectral index, while
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Hogan et al. (2015a) illustrate a diversity in spectral index for a
large sample of cores (from g = —1 to g = 0.7). It is thus mean-
ingless to perform this analysis by assuming that the spectral index
is a constant, as the core components have spectral turnovers in the
0.5-50 GHz range (Hogan et al. 2015a). The only way to get round
this is to use a higher frequency than 5 GHz (e.g. at 150 GHz), as
we do in the next section.

4.4 Core-dominated BCGs

The tightest Fundamental Plane correlations are found for sub-
Eddington accreting sources with flat or inverted radio spectra and
thus whose radio emission comes from the core of the jet (i.e.
optically thick; e.g. Kording et al. 2006; Plotkin et al. 2012), while
a broader scatter is obtained when the radio luminosity is a mixture
of both core and extended jet emission (e.g. the Merloni et al. 2003
correlation). In the right-hand panel of Fig. 2 we locate the 72 BCGs
on the Fundamental Plane of Merloni et al. (2003) distinguishing
between core-dominated sources (magenta dots) and sources with
significant extended radio emission in addition to the weak core
(weak-core BCGs; green dots).

While weak-core BCGs tend to be equally distributed above, on,
and below the Fundamental Plane of Merloni et al. (2003), those
core-dominated BCGs seem to show a higher trend for lying on and
above the correlation (with only one core-dominated BCG lying
below it). When considering the Plotkin et al. (2012) correlation,
the only BCG that sits on the Fundamental Plane is a weak core;
all the others (both core-dominated and weak-core BCGs) sit above
the Fundamental Plane.

We further check whether there are any differences between
core-dominated and weak-core BCGs by plotting their radio lu-
minosity versus BH mass. These two variables were found to be
correlated for samples of SMBHs only (e.g. Franceschini, Vercel-
lone & Fabian 1998; Nagar et al. 2002) and for the full sample of
XRBs and SMBHs of Merloni et al. (2003), leading to the discovery
of a mass segregation and (together with the dependence of Ly also
on X-ray luminosity; e.g. Merloni et al. 2003; Falcke et al. 2004)
consequent Fundamental Plane of BH accretion. We find that the
5 GHz core radio luminosity strongly correlates with BH mass for
the core-dominated BCGs (* = 0.6, p-value = 6 x 1078, see Fig. 7),
but no significant correlation is observed for the weak-core sources
(p-value = 0.1, 2 = 0.07). The 5 GHz core radio luminosity is
also more strongly correlated with nuclear X-ray luminosity for the
core-dominated BCGs (#* = 0.7, p-value = 9 x 10~'!) than for
the weak-core sources (©> = 0.4, p-value = 7 x 107>; see Fig. 6
bottom).

The correlations between Lg and Mgy, and Lg and Ly are ex-
pected if the jet physics is scale invariant, and were already found
in the Fundamental Plane discovery papers (e.g. Heinz & Sun-
yaev 2003; Merloni et al. 2003; Falcke et al. 2004; see also e.g.
Fabbiano, Gioia & Trinchieri 1989; Yi & Boughn 1998; Canosa
et al. 1999). We find that these correlations are more significant for
the core-dominated BCGs, even if the 5 GHz core radio luminos-
ity is always plotted (both for the core-dominated and weak-core
BCGs), which suggests that only core-dominated sources should
be included in the Fundamental Plane analysis. This was already
proven by Merloni et al. (2003) by finding that the scatter of their
correlation is significantly reduced when considering a subsample
of only flat-spectrum sources. For those sources with a flat radio
spectral index, we can be confident that their radio emission comes
from the core of the jet, which is a pre-requisite of scale-invariant
jet models (Heinz & Sunyaev 2003). As we will see later, even
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Figure 7. BH mass versus core radio luminosity at 5 GHz for the core-

dominated (magenta dots) and weak-core (lime dots) BCGs. The solid line

shows the best-fitting linear regression for the core-dominated sources (ma-
genta line).

restricting our sample of BCGs to strongly core-dominated radio
sources, BCGs are still significantly offset from the Fundamental
Plane correlations.

Of the 38 BCGs with core-dominated radio emission, 35 are
located in CCs and in which there might be more gas available for
accretion (compared to NCCs where no gas cooling is expected
to occur because of the larger cooling time). The pre-eminence
of the core radio emission indicates that AGNs in core-dominated
BCGs are currently active and maybe accreting at a significant rate
(Hogan et al. 2015a,b). To test this, we check whether there is any
correlation between radio luminosity or BH mass and Eddington
ratio and whether this correlation is stronger for the core-dominated
than for the weak-core BCGs. The BH mass and Eddington ratio are
found to significantly correlate for core-dominated BCGs (p-value
=4 x 107#, ¥» = 0.3) but not for those BCGs with weak core radio
emission (p-value = 0.1). The core radio luminosity and Eddington
ratio are also found to more strongly correlate for core-dominated
BCGs (p-value = 4 x 1078, ¥ = 0.6) than for weak-core BCGs
(p-value = 8 x 1073, 2 = 0.4; see Fig. 8). We also find that the
core-dominated BCGs have a median Eddington ratio a factor ~3
higher than that of the weak-core sources, further supporting that
AGN:ss in the core-dominated BCGs are currently more active than
those in the weak-core BCGs.

Among the sample of 72 BCGs, there are 14 with radio detections
at 150 GHz, i.e. for which the radio emission comes mostly from
the core (Hogan et al. 2015b). They are the most core-dominated
sources in our sample and they all reside in CC clusters (Hogan
et al. 2015b). In what follows, we will use this subsample of BCGs
with 150 GHz radio emission to further probe the differences so
far observed for the core-dominated BCGs and their offset from the
Fundamental Plane.

InFig. 9, we locate the 14 sources with radio emission at 150 GHz
on the Fundamental Planes of Merloni et al. (2003, left) and Plotkin
et al. (2012, right) using the BH masses derived from Mg and the
5 GHz radio luminosities. We see that all the sources lie above the
correlations, with an average mass offset of log AMpy = 1.3 £ 1.0
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Figure 8. Core radio luminosity at 5 GHz versus Eddington ratio for the
core-dominated BCGs (magenta dots) and weak-core BCGs (lime dots).
Upper limits on the X-ray luminosity are shown with arrows. The solid lines
show the best-fitting linear regressions for the core-dominated (magenta
line) and weak-core (lime line) BCGs.

(probability that the offset is significant >30) and log AMpy =
3.4 + 1.4 (>50) for the Merloni et al. (2003) and Plotkin et al.
(2012) correlations, respectively. The sources are also significantly
offset for the other Fundamental Plane correlations considered in
Table 3. We test whether these offsets are significantly different
that those found for the full sample of BCGs. We find that the
null hypothesis (that there is no difference between the average
mass offsets of the full sample and the 150 GHz subsample) can be
rejected with 99.9 per cent confidence for the Merloni et al. (2003),
Kording et al. (2006), Plotkin et al. (2012) and Giiltekin et al.
(2009b) Fundamental Plane correlations. From all the above, we
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can thus conclude that the offset of BCGs from the Fundamental
Plane is more significant for core-dominated BCGs.

4.5 Mpy—-Mx relation

The BH masses have been calculated from the K-band magnitudes
using the Graham & Scott (2013) correlation for spheroids (see
equation 1), which includes core-Sérsic galaxies, has a scatter of
0.44 dex and is corrected for the underestimation of the K-band
magnitudes provided by the 2MASS XSC (Graham & Scott 2013).
Using the on average 0.3 mag fainter magnitudes k_m _ext tabulated
in the XSC, the mass offset of the BCGs from the Fundamental Plane
would be 1o more significant. The use of an Mpy—Mx relation that
takes into account the 2MASS XSC underestimated magnitudes
is thus required in order to study the location of the BCGs on
the Fundamental Plane. Another recent Mpy—Myk correlation that
corrects for the 2MASS offset is that of Kormendy & Ho (2013,
see their equation 2), which has an intrinsic scatter of 0.31 dex and
includes elliptical galaxies and classical bulges. We find that the
BH masses derived using this correlation are consistent within the
errors with those derived from the Graham & Scott (2013) relation
for those BCGs with M > —25.5 mag. However, for those sources
with M < 26 (or high Mpy) the BH mass derived from Kormendy
& Ho (2013) is ~2 times higher than that from Graham & Scott
(2013, see Fig. 10). This difference can be attributed to the different
slopes of the Mgy—Mx correlation, which Graham & Scott (2013)
found to bend at high Mgy (i.e. for M < 25; see fig. 3 in Graham &
Scott 2013; see also Krajnovi¢, Cappellari & McDermid 2017 for
a bend in the Mgy—M,, correlation) towards a lower value than that
reported by Kormendy & Ho (2013). The exclusion in the sample of
Kormendy & Ho (2013) of sources with BH masses based on ionized
gas rotation curves and the inclusion in the sample of Graham &
Scott (2013) of some sources that could have underestimated BH
masses seems to be the explanation behind the discrepant slopes
(see Kormendy & Ho 2013 for a detailed discussion). The use of
the Kormendy & Ho (2013) Mgy—Mk correlation to derive the BH
masses of our BCGs decreases the significance of their horizontal
average offset from the Fundamental Plane by lo—20; yet, the

0.78 log(Mgy) + 0.60 log(Ly)

0.88 log(Mypy) + log(Ly)

Figure 9. Zoom-in of the AGN region of the Fundamental Plane of Merloni et al. (2003, left) and of Plotkin et al. (2012, right) for the BCGs with 150 GHz
radio emission. The BH masses are derived from the Mgy—Mk correlation from Graham & Scott (2013). Upper limits on the X-ray luminosity are shown with
arrows. The AGN from Merloni et al. (2003) are shown as black squares (left-hand panel). The LLAGN and SDSS BL Lacs from Plotkin et al. (2012) are
shown as squares and diamonds, respectively (right-hand panel). The error bars show the mean error of the BH mass, nuclear X-ray luminosity and core radio
luminosity.
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Figure 10. Ratio of the BH mass derived from the Mgy—Mx relation from
Kormendy & Ho (2013, Mppy,,) and that derived from Graham & Scott
(2013, MpHgg) versus K-band absolute magnitude. The BH mass derived
from Graham & Scott (2013) is shown as a colour bar.

BCGs are found to be still on average positively offset from the
Fundamental Plane correlations of Merloni et al. (2003), Plotkin
et al. (2012) and Kording et al. (2006) by as much as >8c.

When considering the Graham (2007) correlation used by
Hlavacek-Larrondo et al. (2012b, which was the latest one available
at that time), we find that the BH masses are on average a factor
~3 lower than those obtained from the Graham & Scott (2013)
relation, so that using the Graham (2007) relation the BCGs would
move leftwards and lie even more offset (above) the Fundamental
Plane. These differences can be attributed to the sample used by
Graham (2007), whose correlation is based on a sample of ellipti-
cal and disc galaxies while BCGs are hosted by massive elliptical
galaxies. The relations from Graham & Scott (2013) or Kormendy
& Ho (2013) are thus more appropriate for BCGs.

4.6 Ultramassive BHs in BCGs

If, as discussed in the previous sections, the accretion physics gov-
erning BCGs is not different from that of stellar mass/SMBHs be-
cause of e.g. BCGs being surrounded by a large amount of hot
gas, and their radio and X-ray luminosities have not been overes-
timated/underestimated, then BCGs should sit on average on the
Fundamental Plane of BH accretion. The finding that they are pos-
itively offset from it may imply that their BH masses are underesti-
mated by the Mgy—My relation, that is, that BCGs are overmassive
with respect to the BH mass scaling relations (see Fig. 11). This
was already suggested for a few BCGs for which dynamical mod-
elling revealed BH masses larger than predicted from the Mpy—o
and Mpy—Mx relations (e.g. M87, Gebhardt et al. 2011; the BCGs
in A1836 and A3565, Dalla Bonta et al. 2009; NGC 3842 in A1367,
McConnell et al. 2011a), with the most extreme cases being that of
the BCG in Abell 1201 (Smith, Lucey & Edge 2017a,b) or NGC
4889 (in Coma; McConnell et al. 2011a) for which a BH mass of
more than 10'° M was measured.

The average mass offsets needed for BCGs to sit on the Fun-
damental Plane are reported in Table 3 and are as high as log
AMpgy ~ 2 when considering the full sample of 72 BCGs and
the fundamental planes of Plotkin et al. (2012) and Kording et al.
(2006). However, the nuclear X-ray emission of BCGs seems to

13.0

— Graham & Scott (2013)
A Merloni et al. (2003)
@ Plotkin et al. (2012) ".
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Figure 11. BH mass versus K-band luminosity for the sample of 72 BCGs
using the average BH mass offsets estimated from the Fundamental Plane
of Merloni et al. (2013, triangles) and of Plotkin et al. (2012, circles). The
Mpp—Mk relation from Graham & Scott (2013) is shown as a grey line. The
scatter of the correlation (of 0.44 dex) is shown as a shaded area.

come predominantly from an ADAF (see Section 4.3), as favoured
by the Merloni et al. (2003) correlation but not by the other funda-
mental planes reported in Table 3 (e.g. Kording et al. 2006; Plotkin
et al. 2012) which favour the jet model. Therefore, and to be as
conservative as possible, we derive the BH masses implied from
the Fundamental Plane (i.e. those for which BCGs sit, on average,
on the Fundamental Plane) by considering the mass offset obtained
from the Merloni et al. (2003) correlation for the full sample of 72
BCGs (log AMgy = 0.3). We note that, despite of the increase in
sample size and detailed analysis (which includes now nuclear X-
ray detections and NCCs), this offset is consistent with that found
by Hlavacek-Larrondo et al. (2012b) for a sample of 18 BCGs with
no detectable X-ray nucleus and residing in strong CCs. Consid-
ering a minimum average offset of 0.3, we find that the BCG BH
masses derived from the Fundamental Plane lie between 1 x 10°
and 3 x 100 Mg and that ~40 per cent of the BCGs (28 out of 72)
are ultramassive with Mgy > 10'° M. The distribution of these
BH masses is plotted in Fig. 12, where we show for comparison
the BH mass distribution that would be obtained considering the
average mass offset of the Plotkin et al. (2012) correlation. While
the BH mass distribution derived from the correlation of Merloni
et al. (2003) peaks at log Mpy ~ 10'° M, that from Plotkin et al.
(2012) does it at log Mpy ~ 10'? M@ . Assuming o ~ 300km s7!
(e.g. Dalla Bonta et al. 2009; McConnell et al. 2012), the sphere
of influence rinr (kpc) = 4.302 x 10~*Mgy/o? of a 10'° Mg BH
would be of ~0.5 kpc, consistent with observations of the gas and
stellar kinematics of BCGs (e.g. McConnell et al. 2012). However,
a 10"2 Mg BH would have an unrealistic riye of ~ 50kpc, which
reinforces our previous suggestion that the use of a Fundamental
Plane correlation that favours the jet model (i.e. that of Plotkin
et al. 2012 or Kording et al. 2006) is not the most appropriate for
estimating BH masses in BCGs.

The presence of ultramassive BHs in the cores of galaxy clusters
would be expected if SMBHs correlate with their host dark matter
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Figure 12. Distribution of BCG BH masses derived from the Fundamen-
tal Plane of Merloni et al. (2013, log AMpy = 0.3) and Plotkin et al.
(2012, hashed bars, log AMpy = 2.2). Nearly 40 per cent of the BCGs have
Mgy > 1010 M@ when considering the BH mass offset from Merloni et al.
(2003), while all of them have Mgy > 10'° Mg when considering that from
Plotkin et al. (2012).

haloes (e.g. Kormendy & Bender 2011). The existence of a Mgy—V.
(where V. is the circular velocity of the host galaxies and is taken
as a proxy for dark matter halo mass) correlation has been long
debated and, if any (Kormendy & Bender 2011), it seems to be
strongly dependent on BH mass measurement and galaxy type (e.g.
Ferrarese 2002; Baes et al. 2003; Ho 2007; Volonteri, Natarajan &
Giiltekin 2011; Beifiori et al. 2012; Kormendy & Ho 2013; Sabra
et al. 2015). While a large scatter is found for low V. and low BH
masses (i.e. for spiral galaxies; e.g. Sabra et al. 2015), the relation
seems to be tighter for classical bulges and ellipticals, where V, is
however not well known (Kormendy & Ho 2013). The presence of
ultramassive BHs in BCGs would thus support the coupling of dark
matter haloes and central BHs for BCGs with bulges, in agreement
with the recent relationship between jet power (assumed to scale
with BH mass; e.g. Somerville et al. 2008) and halo mass found for
a sample of 45 BCGs with cooling times shorter than 1 Gyr (Main
etal. 2017).

Several types of sources in addition to BCGs have been found
to be overmassive with respect to their bulge luminosity or mass
(i.e. Mgu/Mpug. > 5percent, while the ratio expected from the
scaling relations is ~0.2-0.3 per cent; Kormendy & Ho 2013; Mc-
Connell & Ma 2013). This is the case of e.g. the massive galaxies
NGC 4291 and NGC 4342 (Bogdan et al. 2012), NGC 1332 (Rusli
etal. 2011), SDSS J151741.75—004217.6 (Lasker et al. 2013), Mrk
1216 (Yildirim et al. 2015; Ferré-Mateu et al. 2017), NGC 1271
(Ferré-Mateu et al. 2015; Walsh et al. 2015), the ultracompact dwarf
galaxy M60-UCD1 (Seth et al. 2014), or the dwarf elliptical Was
49b (Secrest et al. 2017). While these overmassive BHs challenge
the synchronized SMBH-galaxy growth paradigm, they can be ex-
plained by tidal stripping (e.g. Volonteri, Haardt & Giiltekin 2008;
Barber et al. 2016; Volonteri et al. 2016) or by a two-phase formation
mechanism (Naab, Johansson & Ostriker 2009; Oser et al. 2012;
Hilz, Naab & Ostriker 2013; Barber et al. 2016). In the first case,
galaxies formed on the e.g. Mpu—Myulge Scaling relation; however,
their stellar bodies were stripped by tidal interactions, leaving be-
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hind a galactic core with an SMBH that has become an overmas-
sive BH. This could explain the presence of overmassive BHs in
(ultracompact) dwarf galaxies (e.g. Volonteri et al. 2008; Mieske
et al. 2013; Seth et al. 2014; Barber et al. 2016). The loss of stellar
mass could also occur in massive galaxies by tidal stripping (ram-
pressure stripping; e.g. Ginat, Meiron & Soker 2016) in the clus-
ter environment, which could explain the overmassive BH initially
proposed in e.g. NGC 1277 (e.g. van den Bosch et al. 2012; Em-
sellem 2013; Fabian et al. 2013; Yildirim et al. 2015; Scharwachter
et al. 2016; Walsh et al. 2016; also overmassive with respect to the
Fundamental Plane, e.g. Scharwichter et al. 2016). However, the
presence of an overmassive BH in NGC 1277 has been heavily dis-
puted (e.g. Graham et al. 2016) and such stripping is not expected to
occur in BCGs residing at the gravitational centre of galaxy clusters.

In the two-phase formation scenario, the core of the galaxy
formed rapidly in a first phase at z > 2 (when the Mpy—Myuige
relation had a higher normalization; e.g. Jahnke et al. 2009; Decarli
et al. 2010; Caplar, Lilly & Trakhtenbrot 2015; though see Trakht-
enbrot et al. 2015 for an overmassive BH also at high-z). Since then,
dry mergers with satellite galaxies add material to the outer parts of
the galaxy, which grows in size and stellar mass, keeping the cen-
tre almost unvaried (second phase; e.g. De Lucia & Blaizot 2007;
Lidman et al. 2012; Zhang et al. 2016). None the less, the finding
of high levels of star formation in BCGs beyond z ~ 1 suggests
that star formation could also contribute to (or dominate) the as-
sembly of stellar mass (Webb et al. 2015b; McDonald et al. 2016).
The two-phase formation scenario could explain the overmassive
BHs found in massive galaxies (e.g. van den Bosch et al. 2012;
Yildirim et al. 2015; Walsh et al. 2015, 2016), among which BCGs.
The few BCGs with dynamical BH mass measurements tend to be
overmassive with respect to the Mpy—o relation but appear more in
agreement, with a large scatter, with the Mpy—Ly and Mpy—Mpuge
relations (e.g. Lauer et al. 2007; McConnell et al. 2011a; McConnell
& Ma 2013). Such deviation could thus be explained if BCGs grow
via dry mergers, which increase the galaxy mass, luminosity and
radius more than stellar velocity dispersion (e.g. Lauer et al. 2007;
Naab et al. 2009; Oser et al. 2012; Volonteri & Ciotti 2013; but see
Savorgnan & Graham 2015).

A third possibility is that BCGs form from the high-redshift
(z > 6) seed BHs invoked to explain existence of quasars with BH
masses of more than 10° Mg when the Universe was only 0.8 Gyr
old (e.g. Mortlock et al. 2011; Wu et al. 2015; Jiang et al. 2016;
see Reines & Comastri 2016; Mezcua 2017 for recent reviews) and
then grow via mergers following the standard dark matter hierarchi-
cal merging of haloes (e.g. Volonteri, Haardt & Madau 2003; Yoo
et al. 2007; Natarajan & Treister 2009). In this case, BCGs could
significantly exceed Mgy ~ 10" Mg by z ~ 0. However, several
authors argue that there is a limit of a few 10'° M) on the mass a BH
can reach, caused by BH self-regulation processes (e.g. Natarajan
& Treister 2009), accretion disc fragmentation due to gravitational
instabilities (King 2016), or the transition from a standard geomet-
rically thin disc to an ADAF with which strong jets are associated
(Inayoshi & Haiman 2016; Ichikawa & Inayoshi 2017). This limit
could be breached in maximal spinning BHs (a = 1; e.g. Inayoshi &
Haiman 2016; King 2016). The finding that the BH masses implied
from the Fundamental Plane for some BCGs exceeds the maximum
BH mass inferred from analytical models thus suggests that SMBHs
in BCGs might be spinning at their maximum rate.

Both in the ‘high-redshift seed’ and ‘two-phase’ scenario, BCGs
would have been accreting very rapidly and radiating efficiently as
quasars at high redshifts, while in the local Universe they would
become radiatively inefficient and have low accretion rates (i.e.
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because of gas depletion). Such a strong evolution was already sug-
gested by Hlavacek-Larrondo et al. (2013) based on the finding that
the fraction of radiatively efficient BCGs decrease from z~1 to
z~ 0.1, and has been recently being supported by the high star for-
mation rates found in some high-z galaxy clusters (e.g. McDonald
et al. 2012, 2013, 2016; Webb et al. 2015a,b).

4.7 Intracluster light

The cores of galaxy clusters are observed to be surrounded by a
diffuse light made up of stars that are not gravitationally bound
to any galaxy but to the cluster potential. This intracluster light
(ICL) is thought to form from stars that have been tidally stripped
during interactions and mergers between galaxies in the cluster
(e.g. Gregg & West 1998; Conroy, Wechsler & Kravtsov 2007;
Contini et al. 2014). In nearby clusters, the ICL is found to be
concentrated around the BCG, suggesting that the assembly and
evolution of ICL and BCGs are closely linked. If this is the case,
one may wonder whether the ICL could be contributing or should
be added to the BCG stellar mass and therefore be affecting the BH
masses estimated from the BH—galaxy scaling relations (such as the
Mpp—Mk tested in this paper). Both observations and simulations
show that the ICL has had its major growth at z < 1 (e.g. Monaco
et al. 2006; Contini et al. 2014; Montes & Trujillo 2014; Burke,
Hilton & Collins 2015; Morishita et al. 2017) and thus that it has
been formed more recently than the BCG, whose stellar mass grew
mainly until z = 1 as after that most of the stellar mass from
stripping and minor merging contributes to the ICL rather than
the BCG (e.g. Conroy et al. 2007; Burke et al. 2015). Since our
sample of BCGs spans only out to z ~ 0.3 and by then most of
the BCG stellar mass is already in place, the ICL is not expected
to affect the Mx measurement and thus nor to explain the presence
of overmassive BHs in BCGs. We note though that the faint end of
the BCG brightness profile often blends with the ICL, as finding an
unambiguous definition of the transition between the inner bright
region of the central galaxy and the low surface brightness where the
ICL starts is very challenging (e.g. Pillepich et al. 2017). Therefore,
any small contribution of the ICL to the BCG stellar mass might be
already included in the Mx measurement.

5 CONCLUSIONS

We have performed the first systematic study of the location of
BCGs on the Fundamental Plane of BH accretion. For this we have
used archival Chandra observations of a sample of 72 BCGs out to
z ~ 0.3 and for which we have their 5 GHz core radio luminosity.
Most of them (58 sources) are located in CC clusters. Nuclear X-
ray emission is present in 41 of the BCGs while upper limits on the
X-ray fluxes are derived for the remaining sources. All the BCGs
have Eddington ratios Ly /Lggq < 1073,

The nuclear X-ray luminosity is found to correlate with core
radio luminosity as Lx oc Ly "%, which favours an ADAF model
over a jet for the origin of the X-ray emission. Assuming that
BCGs follow the BH—galaxy scaling relations, we derive their BH
masses from the K-band 2MASS magnitudes and the Mpy—My
relation from Graham & Scott (2013). We then locate BCGs on the
Fundamental Plane of BH accretion using this BH mass, the nuclear
X-ray luminosity and the core radio luminosity. BCGs are found
to be significantly offset from the Fundamental Plane of Plotkin
et al. (2012) and Kording et al. (2006), which can be explained by
the fact that these correlations favour a jet model, but also from the

Fundamental Plane of Merloni et al. (2003), which favours an ADAF
model as that found to originate the nuclear X-ray emission of
BCGs. A significant offset is also obtained when considering other
BH scaling relations. The offset is independent of whether BCGs
are located in CCs or NCCs and thus on the amount of gas cooling.
However, those BCGs located in CCs are found to have a higher
duty cycle, which can be explained if cold accretion, in addition
to Bondi accretion, takes place in CCs. Jet synchrotron cooling
seems not to explain either the positive offset of BCGs from the
Fundamental Plane. The offset from the Fundamental Plane is found
to be higher for those core-dominated BCGs (whose radio emission
comes predominantly from the core) in which the SMBH is currently
actively accreting. These BCGs are found to have Eddington ratios
on average ~3 times higher than the weak-core BCGs (who have
extended emission in addition to a weak core), as expected if AGNs
in core-dominated BCGs accrete at higher rates because of being
more currently active.

We derive the mass offset required for the BCGs to sit on average
on the Fundamental Plane and find that it is, in the most conservative
case (i.e. considering the Fundamental Plane of Merloni et al. 2003),
of log AMpy = 0.3. Applying this mass ‘correction’ yields BH
masses Mgy > 10" M for nearly 40 percent of the BCGs in
our sample, suggesting that they are ultramassive. The existence
of ultramassive BHs in BCGs was already predicted by several
analytical models (e.g. Natarajan & Treister 2009; King 2016) and
confirmed for a few BCGs with dynamical BH mass measurements
(e.g. McConnell et al. 2011a; McConnell & Ma 2013; see also Smith
etal. 2017a,b). Hlavacek-Larrondo et al. (2012b) also suggested that
strong CCs BCGs might host ultramassive BHs. By performing
the most detailed study so far of the location of BCGs on the
Fundamental Plane, we conclude that a large fraction of BCGs
could host ultramassive BHs. These could either have formed via
a two-phase formation process in which the core of the galaxy
formed first (at high redshifts) and the rest of the galaxy grew
later through dry mergers and/or in situ star formation (e.g. Lauer
et al. 2007; Volonteri & Ciotti 2013; Webb et al. 2015b; McDonald
et al. 2016), or are the descendants of the high-redshift seed BHs
required to explain the existence of quasars at z > 6 (e.g. Volonteri
et al. 2003; Natarajan & Treister 2009). The finding that BCGs
can host ultramassive BHs has thus important implications for the
BH-galaxy scaling relations and the inferred SMBH-galaxy co-
evolution paradigm.

ACKNOWLEDGEMENTS

The authors thank J.A Ferndndez-Ontiveros for the SED fitting. JHL
is supported by NSERC through the discovery grant and Canada
Research Chair programs, as well as FRQNT through the new uni-
versity researchers startup program. JRL and ACE acknowledge
support from STFC (ST/P000541/1). This publication uses data
products from the Two Micron All Sky Survey, which is a joint
project of the University of Massachusetts and the Infrared Process-
ing and Analysis Center/California Institute of Technology, funded
by the National Aeronautics and Space Administration and the Na-
tional Science Foundation.

REFERENCES

Allen S. W., Dunn R. J. H., Fabian A. C., Taylor G. B., Reynolds C. S.,
2006, MNRAS, 372, 21

Baes M., Buyle P, Hau G. K. T., Dejonghe H., 2003, MNRAS, 341, L44

Baldassare V. F,, Reines A. E., Gallo E., Greene J. E., 2015, ApJ, 809, L14

Downl oaded MM}%A§S47AJCLéé‘g‘f.lg’u%ocwmr)as/ article-abstract/ 474/ 1/ 1342/ 4582294

by Durham Uni versity user
on 01 March 2018



Baldassare V. F.,, Reines A. E., Gallo E., Greene J. E., 2017, ApJ, 836, 20

Barber C., Schaye J., Bower R. G., Crain R. A., Schaller M., Theuns T.,
2016, MNRAS, 460, 1147

Beifiori A., Courteau S., Corsini E. M., Zhu Y., 2012, MNRAS, 419, 2497

Blandford R. D., Begelman M. C., 1999, MNRAS, 303, L1

Bogdin A. et al., 2012, ApJ, 753, 140

Burke C., Hilton M., Collins C., 2015, MNRAS, 449, 2353

Canosa C. M., Worrall D. M., Hardcastle M. J., Birkinshaw M., 1999,
MNRAS, 310, 30

Caplar N., Lilly S. J., Trakhtenbrot B., 2015, ApJ, 811, 148

Cardelli J. A., Clayton G. C., Mathis J. S., 1989, AplJ, 345, 245

Chilingarian I. V., Melchior A.-L., Zolotukhin I. Y., 2010, MNRAS, 405,
1409

Conroy C., Wechsler R. H., Kravtsov A. V., 2007, ApJ, 668, 826

Contini E., De Lucia G., Villalobos A., Borgani S., 2014, MNRAS, 437,
3787

Corbel S., Nowak M. A., Fender R. P., Tzioumis A. K., Markoff S., 2003,
A&A, 400, 1007

Dalla Bonta E., Ferrarese L., Corsini E. M., Miralda-Escudé J., Coccato L.,
Sarzi M., Pizzella A., Beifiori A., 2009, ApJ, 690, 537

de Gasperin F., Merloni A., Sell P, Best P, Heinz S., Kauffmann G., 2011,
MNRAS, 415, 2910

De Lucia G., Blaizot J., 2007, MNRAS, 375, 2

Decarli R., Falomo R., Treves A., Labita M., Kotilainen J. K., Scarpa R.,
2010, MNRAS, 402, 2453

Di Matteo T., Springel V., Hernquist L., 2005, Nature, 433, 604

Emsellem E., 2013, MNRAS, 433, 1862

Fabbiano G., Gioia I. M., Trinchieri G., 1989, AplJ, 347, 127

Fabian A. C., 1994, ARA&A, 32,277

Fabian A. C., 2012, ARA&A, 50, 455

Fabian A. C. et al., 2000, MNRAS, 318, L65

Fabian A. C., Sanders J. S., Haehnelt M., Rees M. J., Miller J. M., 2013,
MNRAS, 431, L38

Falcke H., Kording E., Markoff S., 2004, A&A, 414, 895

Fender R. P, 2001, MNRAS, 322, 31

Ferrarese L., 2002, ApJ, 578, 90

Ferrarese L., Merritt D., 2000, ApJ, 539, L9

Ferré-Mateu A., Mezcua M., Trujillo 1., Balcells M., van den Bosch R. C.
E., 2015, ApJ, 808, 79

Ferré-Mateu A., Trujillo 1., Martin-Navarro I., Vazdekis A., Mezcua M.,
Balcells M., Dominguez L., 2017, MNRAS, 467, 1929

Franceschini A., Vercellone S., Fabian A. C., 1998, MNRAS, 297, 817

Gallo E., Fender R. P, Pooley G. G., 2003, MNRAS, 344, 60

Gallo E., Fender R. P., Miller-Jones J. C. A., Merloni A., Jonker P. G., Heinz
S., Maccarone T. J., van der Klis M., 2006, MNRAS, 370, 1351

Gebhardt K. et al., 2000, ApJ, 539, L13

Gebhardt K., Adams J., Richstone D., Lauer T. R., Faber S. M., Giiltekin
K., Murphy J., Tremaine S., 2011, ApJ, 729, 119

Ghisellini G., Tavecchio F., Ghirlanda G., 2009, MNRAS, 399, 2041

Ginat Y. B., Meiron Y., Soker N., 2016, MNRAS, 461, 3533

Graham A. W., 2007, MNRAS, 379, 711

Graham A. W., 2012, ApJ, 746, 113

Graham A. W., 2016, in Astrophysics and Space Science Library, Vol. 418,
Galactic Bulges. Springer-Verlag, Berlin, p. 263

Graham A. W., Scott N., 2013, ApJ, 764, 151

Graham A. W., Scott N., 2015, ApJ, 798, 54

Graham A. W., Onken C. A., Athanassoula E., Combes F., 2011, MNRAS,
412, 2211

Graham A. W., Durré M., Savorgnan G. A. D., Medling A. M., Batcheldor
D., Scott N., Watson B., Marconi A., 2016, ApJ, 819, 43

Greene J. E., Ho L. C., Barth A. J., 2008, ApJ, 688, 159

Gregg M. D., West M. J., 1998, Nature, 396, 549

Giiltekin K. et al., 2009a, ApJ, 698, 198

Giiltekin K., Cackett E. M., Miller J. M., Di Matteo T., Markoff S., Richstone
D. O., 2009b, ApJ, 706, 404

Giiltekin K., Cackett E. M., King A. L., Miller J. M., Pinkney J., 2014, ApJ,
788, 1.22

Fundamental Plane BCGs 1359

Hardcastle M. J., Evans D. A., Croston J. H., 2007, MNRAS, 376, 1849

Haring N., Rix H.-W., 2004, ApJ, 604, L89

Heckman T. M., Best P. N., 2014, ARA&A, 52, 589

Heinz S., Sunyaev R. A., 2003, MNRAS, 343, L59

Hilz M., Naab T., Ostriker J. P., 2013, MNRAS, 429, 2924

Hlavacek-Larrondo J., Fabian A. C., 2011, MNRAS, 413, 313

Hlavacek-Larrondo J., Fabian A. C., Edge A. C., Ebeling H., Sanders J. S.,
Hogan M. T., Taylor G. B., 2012a, MNRAS, 421, 1360

Hlavacek-Larrondo J., Fabian A. C., Edge A. C., Hogan M. T., 2012b,
MNRAS, 424, 224

Hlavacek-Larrondo J. et al., 2013, ApJ, 777, 163

Ho L. C., 2007, ApJ, 668, 94

Hogan M. T. et al., 2015a, MNRAS, 453, 1201

Hogan M. T. et al., 2015b, MNRAS, 453, 1223

Hopkins P. F., Hernquist L., Cox T. J., Di Matteo T., Martini P., Robertson
B., Springel V., 2005, ApJ, 630, 705

Ichikawa K., Inayoshi K., 2017, ApJ, 840, L9

Inayoshi K., Haiman Z., 2016, ApJ, 828, 110

Jahnke K., Maccio A. V., 2011, ApJ, 734, 92

Jahnke K. et al., 2009, ApJ, 706, L215

Jarrett T. H., Chester T., Cutri R., Schneider S., Skrutskie M., Huchra J. P.,
2000, AJ, 119, 2498

Jarrett T. H., Chester T., Cutri R., Schneider S. E., Huchra J. P., 2003, AJ,
125, 525

Jiang Y.-F, Greene J. E., Ho L. C., Xiao T., Barth A. J., 2011, ApJ, 742, 68

Jiang L. et al., 2016, ApJ, 833, 222

Kalberla P. M. W., Burton W. B., Hartmann D., Arnal E. M., Bajaja E.,
Morras R., Poppel W. G. L., 2005, A&A, 440, 775

King A., 2016, MNRAS, 456, L109

Kording E., Falcke H., Corbel S., 2006, A&A, 456, 439

Kormendy J., 2013, Falc6n-Barroso J., Knapen J. H., eds, Secular Evolution
in Disk Galaxies. Cambridge Univ. Press, Cambridge, p. 1

Kormendy J., Bender R., 2011, Nature, 469, 377

Kormendy J., Ho L. C., 2013, ARA&A, 51, 511

Krajnovi¢ D., Cappellari M., McDermid R. M., 2017, preprint
(arXiv:1707.04274)

Lasker R., van den Bosch R. C. E., van de Ven G., Ferreras 1., La Barbera
F., Vazdekis A., Falcon-Barroso J., 2013, MNRAS, 434, .31

Lauer T. R. et al., 2007, ApJ, 662, 808

Lidman C. et al., 2012, MNRAS, 427, 550

McConnell N. J., Ma C.-P,, 2013, ApJ, 764, 184

McConnell N. J. et al., 2011a, Nature, 480, 215

McConnell N. J., Ma C.-P., Graham J. R., Gebhardt K., Lauer T. R., Wright
S. A., Richstone D. O., 2011b, ApJ, 728, 100

McConnell N. J., Ma C.-P., Murphy J. D., Gebhardt K., Lauer T. R., Graham
J.R., Wright S. A., Richstone D. O., 2012, ApJ, 756, 179

McDonald M. et al., 2012, Nature, 488, 349

McDonald M., Benson B., Veilleux S., Bautz M. W., Reichardt C. L., 2013,
AplJ, 765, L37

McDonald M. et al., 2016, ApJ, 817, 86

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

McNamara B. R., Nulsen P. E. J., 2012, New J. Phys., 14, 055023

McNamara B. R. et al., 2000, ApJ, 534, L135

McNamara B. R., Rohanizadegan M., Nulsen P. E. J., 2011, ApJ, 727, 39

Magorrian J. et al., 1998, AJ, 115, 2285

Main R. A., McNamara B. R., Nulsen P. E. J., Russell H. R., Vantyghem A.
N., 2017, MNRAS, 464, 4360

Marconi A., Hunt L. K., 2003, ApJ, 589, L21

Massaro E., Perri M., Giommi P., Nesci R., 2004, A&A, 413, 489

Merloni A., Heinz S., di Matteo T., 2003, MNRAS, 345, 1057

Mezcua M., 2017, Int. J. Mod. Phys. D, 26, 1730021

Mezcua M., Prieto M. A., 2014, ApJ, 787, 62

Mieske S., Frank M. J., Baumgardt H., Liitzgendorf N., Neumayer N., Hilker
M., 2013, A&A, 558, Al14

Monaco P., Murante G., Borgani S., Fontanot F., 2006, ApJ, 652, L89

Montes M., Trujillo 1., 2014, ApJ, 794, 137

Morishita T., Abramson L. E., Treu T., Schmidt K. B., Vulcani B., Wang X.,
2017, ApJ, 846, 139

Downl oaded from https://academ c. oup. com rmras/articl e-abstract/ 474/ 1/ 1342/ 4582294 MNRAS 474’ 1342-1360 (2018)

by Durham Uni versity user
on 01 March 2018


http://arxiv.org/abs/1707.04274

1360 M. Mezcua et al.

Mortlock D. J. et al., 2011, Nature, 474, 616

Naab T., Johansson P. H., Ostriker J. P., 2009, ApJ, 699, L178

Nagar N. M., Falcke H., Wilson A. S., Ulvestad J. S., 2002, A&A, 392, 53

Narayan R., Igumenshchev I. V., Abramowicz M. A., 2000, ApJ, 539, 798

Natarajan P., Treister E., 2009, MNRAS, 393, 838

O’Dea C. P. et al., 2008, ApJ, 681, 1035

Oser L., Naab T., Ostriker J. P., Johansson P. H., 2012, ApJ, 744, 63

Peng C. Y., 2007, ApJ, 671, 1098

Peng C. Y., Ho L. C., Impey C. D., Rix H.-W., 2002, AJ, 124, 266

Peng C. Y., Ho L. C., Impey C. D., Rix H.-W., 2010, AJ, 139, 2097

Pillepich A. et al., 2017, preprint (arXiv:1707.03406)

Pizzolato F., Soker N., 2005, ApJ, 632, 821

Planck Collaboration XXXII, 2015, A&A, 581, Al14

Plotkin R. M., Markoff S., Kelly B. C., Kording E., Anderson S. F., 2012,
MNRAS, 419, 267

Rawle T. D. et al., 2012, ApJ, 747, 29

Reines A. E., Comastri A., 2016, PASA, 33, e054

Rusli S. P, Thomas J., Erwin P.,, Saglia R. P., Nowak N., Bender R., 2011,
MNRAS, 410, 1223

Russell H. R., McNamara B. R., Edge A. C., Hogan M. T., Main R. A.,
Vantyghem A. N., 2013, MNRAS, 432, 530

Sabra B. M., Saliba C., Abi Akl M., Chahine G., 2015, ApJ, 803, 5

Savorgnan G. A. D., Graham A. W., 2015, MNRAS, 446, 2330

Scharwichter J., Combes F., Salomé P., Sun M., Krips M., 2016, MNRAS,
457, 4272

Schlegel D. J., Finkbeiner D. P., Davis M., 1998, AplJ, 500, 525

Schombert J., Smith A. K., 2012, PASA, 29, 174

Secrest N. J., Schmitt H. R., Blecha L., Rothberg B., Fischer J., 2017, ApJ,
836, 183

Sersic J. L., 1968, Atlas de galaxias australes. Observatorio Astronomico,
Cordoba

Seth A. C. et al., 2014, Nature, 513, 398

Silk J., Rees M. J., 1998, A&A, 331, L1

Smith R. J., Lucey J. R., Edge A. C., 2017a, MNRAS, 467, 836

Smith R. J., Lucey J. R., Edge A. C., 2017b, MNRAS, 471, 383

Somerville R. S., Hopkins P. F., Cox T. J., Robertson B. E., Hernquist L.,
2008, MNRAS, 391, 481

Springel V., Di Matteo T., Hernquist L., 2005, ApJ, 620, L79

Trakhtenbrot B. et al., 2015, Science, 349, 168

van den Bosch R. C. E., 2016, ApJ, 831, 134

van den Bosch R. C. E., Gebhardt K., Giiltekin K., van de Ven G., van der
Wel A., Walsh J. L., 2012, Nature, 491, 729

Vasudevan R. V., Fabian A. C., 2007, MNRAS, 381, 1235

Voigt L. M., Fabian A. C., 2004, MNRAS, 347, 1130

Voit G. M., Donahue M., 2015, ApJ, 799, L1

Volonteri M., Ciotti L., 2013, ApJ, 768, 29

Volonteri M., Reines A. E., 2016, ApJ, 820, L6

Volonteri M., Haardt F., Madau P., 2003, ApJ, 582, 559

Volonteri M., Haardt F., Guiltekin K., 2008, MNRAS, 384, 1387

Volonteri M., Natarajan P., Giiltekin K., 2011, ApJ, 737, 50

Volonteri M., Dubois Y., Pichon C., Devriendt J., 2016, MNRAS, 460, 2979

Walsh J. L., van den Bosch R. C. E., Gebhardt K., Yildirim A., Giiltekin K.,
Husemann B., Richstone D. O., 2015, ApJ, 808, 183

Walsh J. L., van den Bosch R. C. E., Gebhardt K., Yildirim A., Richstone
D. O., Giiltekin K., Husemann B., 2016, ApJ, 817, 2

Wang F. Y., Dai Z. G., 2017, MNRAS, 470, 1101

Webb T. et al., 2015a, ApJ, 809, 173

Webb T. M. A. etal., 2015b, ApJ, 814, 96

Wu Q., Yuan E, Cao X., 2007, ApJ, 669, 96

Wu X.-B. et al., 2015, Nature, 518, 512

Xie F.-G., Yuan F,, 2017, ApJ, 836, 104

Yi L, Boughn S. P, 1998, ApJ, 499, 198

Yildirim A., van den Bosch R. C. E., van de Ven G., Husemann B., Lyuben-
ova M., Walsh J. L., Gebhardt K., Giiltekin K., 2015, MNRAS, 452,
1792

Yoo J., Miralda-Escudé J., Weinberg D. H., Zheng Z., Morgan C. W., 2007,
ApJ, 667, 813

Yuan F., Cui W., 2005, ApJ, 629, 408

Yuan F., Narayan R., 2014, ARA&A, 52, 529

Yuan F., Cui W., Narayan R., 2005, ApJ, 620, 905

Yuan F,, YuZ., Ho L. C., 2009, ApJ, 703, 1034

Zhang Y. et al., 2016, ApJ, 816, 98

This paper has been typeset from a TEX/IATEX file prepared by the author.

Downl oaded MM%A%S“?A&CL&&%El;&OC@QJﬂ%)aS/ article-abstract/ 474/ 1/ 1342/ 4582294

by Durham Uni versity user
on 01 March 2018


http://arxiv.org/abs/1707.03406

