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A remarkably large depleted core in the Abell 2029 BCG IC 1101
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ABSTRACT
We report the discovery of an extremely large (Rb ∼2.77 arcsec ≈ 4.2 kpc) core in the brightest
cluster galaxy, IC 1101, of the rich galaxy cluster Abell 2029. Luminous core-Sérsic galaxies
contain depleted cores – with sizes (Rb) typically 20–500 pc – that are thought to be formed by
coalescing black hole binaries. We fit a (double nucleus) + (spheroid) + (intermediate-scale
component) + (stellar halo) model to the Hubble Space Telescope surface brightness profile
of IC 1101, finding the largest core size measured in any galaxy to date. This core is an order
of magnitude larger than those typically measured for core-Sérsic galaxies. We find that the
spheroid’s V-band absolute magnitude (MV) of −23.8 mag (∼25 per cent of the total galaxy
light, i.e. including the stellar halo) is faint for the large Rb, such that the observed core is 1.02
dex ≈ 3.4σ s (rms scatter) larger than that estimated from the Rb–MV relation. The suspected
scouring process has produced a large stellar mass deficit (Mdef) ∼4.9 × 1011 M�, i.e. a
luminosity deficit ≈28 per cent of the spheroid’s luminosity prior to the depletion. Using IC
1101’s black hole mass (MBH) estimated from the MBH–σ , MBH–L and MBH–M∗ relations,
we measure an excessive and unrealistically high number of ‘dry’ major mergers for IC 1101
(i.e. N � 76) as traced by the large Mdef/MBH ratios of 38–101. The large core, high mass
deficit and oversized Mdef/MBH ratio of IC 1101 suggest that the depleted core was scoured
by overmassive SMBH binaries with a final coalesced mass MBH ∼ (4–10) × 1010 M�,
i.e. ∼ (1.7–3.2) × σ s larger than the black hole masses estimated using the spheroid’s σ , L
and M∗. The large core might be partly due to oscillatory core passages by a gravitational
radiation-recoiled black hole.

Key words: galaxies: elliptical and lenticular, cD – galaxies: fundamental parameters –
galaxies: nuclei – galaxies: photometry – galaxies: structure.

1 IN T RO D U C T I O N

Many luminous early-type galaxies brighter than MB ∼
−20.5 ± 0.5 mag contain partially depleted cores. Given the high
luminosity of brightest cluster galaxies (BCGs), they are interest-
ing targets for investigating the actions of supermassive black holes
(SMBHs), which are themselves capable of creating such cores
as a flattening in the inner stellar light distributions (e.g. King
& Minkowski 1966; King 1978; Binney & Mamon 1982; Lauer
1985). High-resolution imaging with the Hubble Space Telescope
(HST) subsequently allowed one to better detect and resolve these
cores, including those that are small in angular size and unresolved
from the ground (e.g. Crane et al. 1993; Ferrarese et al. 1994;
Grillmair et al. 1994; Jaffe et al. 1994; Kormendy et al. 1994;
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van den Bosch et al. 1994; Forbes, Franx & Illingworth 1995;
Lauer et al. 1995; Byun et al. 1996; Gebhardt et al. 1996; Faber
et al. 1997; Ravindranath et al. 2001; Rest et al. 2001; Laine
et al. 2003; Ferrarese et al. 2006; Kormendy & Bender 2009;
Dullo & Graham 2012, 2013, 2014; Rusli et al. 2013; Kormendy &
Ho 2013).

Here, we report the discovery of an extremely large (Rb ∼
2.′′77 ± 0.07 ≈ 4.2 ±0.1 kpc) core, in fact, the largest to date,
in the Abell 2029 cluster’s BCG IC 1101 by fitting the core-Sérsic
model to the HST light profile of the spheroid. The core-Sérsic
model describes the light profile of luminous ‘core-Sérsic galaxies’
which have an inner light profile with a shallow negative logarith-
mic slope1 (γ � 0.3) that deviates downward relative to the inward

1 Lauer et al. (1995, see also Faber et al. 1997; Rest et al. 2001) defined the
inner logarithmic slope of the galaxy inner light profiles as −γ .
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extrapolation of the outer Sérsic (1968) R1/n profile (e.g. Graham
et al. 2003; Trujillo et al. 2004; Ferrarese et al. 2006; Dullo &
Graham 2012, 2013, 2014).

Recent works advocated measuring depleted cores of galaxies
using the ‘cusp radius (rγ = 0.5)’, which was introduced by Carollo
et al. (1997) and equals the radius where the negative logarithmic
slope of the Nuker model profile equals 0.5 (e.g. Lauer et al. 2007;
Postman et al. 2012; López-Cruz et al. 2014). While the cusp radius
agrees better with the core-Sérsic radius than the Nuker break radius
(Lauer et al. 2007), Dullo & Graham (2012, 2013) warned that the
light profile of a coreless galaxy can have a radius where γ = 0.5.

Cores measured using the core-Sérsic model have typical sizes
Rb ∼ 20–500 pc (e.g. Trujillo et al. 2004; Ferrarese et al. 2006;
Richings, Uttley & Körding 2011; Dullo & Gra-
ham 2012, 2013, 2014; Rusli et al. 2013), compared to Rb ∼ 4.2 kpc
for IC 1101. López-Cruz et al. (2014) reported an extremely large
(rγ = 0.5 ≈ 4.57 kpc) core for the Abell 85 cluster’s BCG Holm
15A. However, this result has since been questioned (Bonfini,
Dullo & Graham 2015; Madrid & Donzelli 2016). Postman et al.
(2012) fit the Nuker model (Lauer et al. 1995) to the major-axis
light profile of the Abell 2261 BCG and found the hitherto largest
core (rγ = 0.5 ∼ 3.2 kpc), which was recently confirmed by Bonfini
& Graham (2016) who fit a 2D core-Sérsic model to the galaxy’s
image and measured Rb ∼ 3.6 kpc. The Abell 2261 BCG core is
over a factor of 2 larger than the largest core in the Lauer et al.
(2007) sample of galaxies (rγ = 0.5 ∼ 1.5 kpc for NGC 6166, see
also Laine et al. 2003).

Theory predicts that central stellar mass deficits are created
when a coalescing SMBH binary ejects stars with a collective
mass that is on the order of the SMBH mass from the centre of
a newly formed ‘dry’ (gas-poor) galaxy merger remnant via a three-
body gravitational scattering process (e.g. Begelman, Blandford &
Rees 1980; Ebisuzaki, Makino & Okumura 1991; Milosavljević &
Merritt 2001; Merritt 2006). Large depleted cores of galaxies may
be generated by ultramassive (� 1010 M�) BH binaries and/or the
cumulative actions of SMBH binaries that are created during mul-
tiple successive dry mergers (e.g. Milosavljević & Merritt 2001;
Merritt 2006). The energy liberated from the orbitally decaying
SMBH binary typically ejects stars that are on radial orbits, leav-
ing a relative excess of tangential orbits in the galaxy cores (e.g.
Quinlan & Hernquist 1997; Milosavljević & Merritt 2001; Geb-
hardt et al. 2003; Thomas et al. 2014, 2016). Dullo & Graham
(2015) showed that these core regions tend to be round.

Additional core depletion mechanisms can enlarge the stellar
mass deficit and the depleted core of galaxies. For example, the
SMBH that is produced from the coalesce of the inspiralling
SMBH binary may recoil to conserve the linear momentum that
is carried away in the other direction by the anisotropic emission
of gravitational wave radiation (Bekenstein 1973; Fitchett 1983;
Redmount & Rees 1989). Most gravitational wave-recoiled SMBHs
have kick velocities lower than their host galaxies’ escape veloci-
ties (e.g. Gualandris & Merritt 2008). Therefore, the recoiled SMBH
ejects yet more stars as it repetitively oscillates in the core region
of its host, resulting in a larger depleted core/mass deficit (Boylan-
Kolchin, Ma & Quataert 2004; Merritt et al. 2004; Gualandris &
Merritt 2008). If the coalesced SMBH does escape the galaxy, then
the core expands as it is no longer so tightly bound. Furthermore,
Kulkarni & Loeb (2012) proposed that the scouring action of mul-
tiple SMBHs generates larger stellar mass deficits than a single
SMBH binary due to the SMBH–SMBH encounters. This scenario
assumes that multiple SMBHs are present in galaxies at high red-
shift because of high galaxy merger rates.

Table 1. IC 1101 basic data.

Galaxy Type BT σ z
(mag) (km s−1)

(1) (2) (3) (4) (5)

IC 1101 BCG 15.3 378 0.0799

Notes. Col. 1: galaxy name. Col. 2: morphological type, the galaxy is
classified as an S0 in the RC3 (de Vaucouleurs et al. 1991). Cols. 3–
4: total B-band magnitude and central velocity dispersion from Hyper-
Leda (http://leda.univ-lyon1.fr; Paturel et al. 2003). Col. (5): redshift (see
Section 1.1).

Using numerical simulations that did not include SMBHs, Goerdt
et al. (2010) proposed core generation by a stalled perturber that
is captured and dragged to the centre of a galaxy (e.g. Arca-Sedda
et al. 2015). In this scenario, the energy transferred from the per-
turber to the stars at the centre of the galaxy would produce a core
(see also Antonini & Merritt 2012; Arca-Sedda, Capuzzo-Dolcetta
& Spera 2016).

1.1 IC 1101

IC 1101 is the BCG of the richness class 4.4 galaxy cluster Abell
2029 (Dressler 1978b) at a redshift of z = 0.0799 (NED,2 Virgo
+ GA + Shapley), see Table 1. A2029 is regarded as one of the
most relaxed clusters in the Universe (e.g. Dressler 1979; Buote &
Tsai 1996).

Our adopted redshift for IC 1101 gives a luminosity distance of
363 Mpc and a scale of 1.51 kpc arcsec−1.

Section 2 describes the data reduction, the surface brightness
profile and isophotal parameter extraction techniques. In Section 3,
we discuss the analytic model fit to the light profiles of IC 1101
together with the analysis of our four-component decompositions.
In Sections 3.3 and 3.4, we discuss the colour map and the isophotal
properties, respectively, of IC 1101 in the context of our light pro-
file decompositions. Section 4.1 discusses past works on IC 1101
and similar BCGs. Section 4.2 compares the large depleted core
of IC 1101 with those of other core galaxies in the literature. In
Section 4.3, we discuss the stellar mass deficit of IC 1101. Sec-
tion 4.4 discusses a possible formation scenario for IC 1101 and
Section 5 summarizes our main conclusions.

2 DATA

2.1 HST imaging

High-resolution HST Wide-Field Planetary Camera 2 (WFPC2) and
Planetary Camera 1 (PC1) images of IC 1101 taken with F450W
and F702W filters were retrieved from the public Hubble Legacy
Archive (HLA).3 These images were obtained under a proposal ID
6228 (PI: Trauger). Fig. 1 reveals the remarkably flattened core of
IC 1101 imaged with PC1 chip of the WFPC2 camera.

While the HST WFPC2 images obtained from the HLA archive
have a 160 arcsec × 160 arcsec L-shaped field of view (FOV) at an
image scale of 0.1 arcsec pixel−1, the PC1 images with a plate scale
of 0.05 arcsec pixel−1 have a 40 arcsec × 40 arcsec FOV (Fig. 2).

2 We assume a cosmology with H0 = 70 km s−1 Mpc−1, �� = 0.7 and
�m = 0.3.
3 http://hla.stsci.edu
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Figure 1. HST PC1 F702W image of the A2029-BCG IC 1101, show-
ing the large depleted core with break radius surface brightness of
μb, F702W ∼ 19.4 mag arcsec−2. The top inset shows the contour levels
18.6, 19.3, 20.1, 20.8, 21.6, 22.5, 23.3 × mag arcsec−2). North is up and
east is to the left.

2.2 Surface brightness profiles

Our 1D data reduction steps, along with the surface brightness pro-
file extraction procedures follow those in Dullo & Graham (2014,
their section 2.3). We used the IRAF4 ELLIPSE task (Jedrzejewski 1987)
to extract surface brightness, ellipticity (ε = 1 − b/a), position
angle (PA), and isophote shape parameter (B4) profiles from the
high-resolution HST WFPC2 F450W and F702W images of IC
1101 (see Fig. 2). A mask was created first by running SEXTRACTOR

(Bertin & Arnouts 1996) on the galaxy image and then combining
this with a careful manual mask to exclude all objects except the
BCG, and to avoid the gaps between individual CCD detectors and
the partially missing quadrant of the WFPC2 images (Fig. 2). We
ran ELLIPSE by holding the isophote centres fixed but allowing ε and
PA to vary. Fig. 2 (middle) shows the resulting isophotes. Fig. 3
(left) shows a residual image that is produced by subtracting the
model image of the ellipse fit from the science image.

2.2.1 Sky background

We focus on the HST WFPC2 F702W-band light profile of IC 1101
in this work instead of the F450W-band light profile to minimize
the effects of young stellar populations and dust contamination,
although this galaxy appears to be dust free. Fig. 2 shows that the
outermost corner of the WF3 chip of the WFPC2 is mostly free
from IC 1101’s light, suggesting optimum sky-background level
determination by the HLA pipeline. However, because IC 1101
extends beyond the WFPC2 CCDs (Fig. 2), poor sky-background
subtraction can bias the extracted profile at low surface brightness.
Concerned about this, we extracted light profiles from the mosaic
SDSS r- and z-band images of IC 1101 (Fig. 4), with a 5 arcmin × 5
arcmin FOV, using ELLIPSE. We found that the HST F702W and

4 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astron-
omy (AURA) under cooperative agreement with the National Science
Foundation.

SDSS z-band profiles agree very well but they differ slightly from
the SDSS r-band profile at large radii (Fig. 5). This discrepancy is
due to a poor background subtraction of the SDSS r-band image
by the SDSS pipeline, resulting in a non-uniform background that
can be seen in the image as dark and bright stripes (see Blanton
et al. 2011). None the less, in Section 3, we model a composite
(HST F702W plus SDSS r band) profile of the galaxy and find that
the discrepancy between the HST and SDSS r-band profiles did not
affect the conclusions in the paper.

We quote all magnitudes in the VEGA magnitude system.

3 D E C O M P O S I N G I C 1 1 0 1

3.1 1D decomposition

We fit a (core-Sérsic spheroid) plus (Sérsic intermediate-scale com-
ponent) plus (exponential halo) plus (smaller inner Gaussian com-
ponent) to the HST F702W and F450W brightness profiles of IC
1101 (Figs 6 and 7).

The Sérsic (1963) model describes the surface brightness profiles
of low- and intermediate-luminosity (MB � −20.5 mag) spheroids
(see the review by Graham & Driver 2005, and references therein).
This model is defined as

I (R) = Ie exp

[
−bn

(
R

Re

)1/n

− 1

]
, (1)

where Ie denotes the intensity at the half-light radius (Re). The
quantity bn ≈ 2n − 1/3, for 1 � n � 10 is defined as a function of
the Sérsic index n such that Re encloses half of the total luminosity.
For n = 0.5 and 1, the Sérsic model is a Gaussian function and an
exponential function, respectively.

As noted in the Introduction, luminous (MB � −20.5 mag) galax-
ies possess central stellar deficits such that their inner light profiles
depart downwards relative to the inward extrapolation of the outer
Sérsic profile. The core-Sérsic model,5 a combination of an inner
power-law core and an outer Sérsic profile with a transition region,
describes very well the underlying light profiles of spheroids with
depleted cores. The core-Sérsic model is written as

I (R) = I ′
[

1 +
(

Rb

R

)α]γ /α

exp

[
−b

(
Rα + Rα

b

Rα
e

)1/(αn)
]

, (2)

with

I ′ = Ib2−γ /α exp
[
b(21/αRb/Re)1/n

]
, (3)

where Ib is intensity at the core break radius Rb, γ is the slope of
the inner power-law region and α moderates the sharpness of the
transition between the inner power-law core and the outer Sérsic
profile. Re and b are defined as in the Sérsic model.

Figs 6 and 7 show a four-component decomposition of the HST
F702W geometric mean radius (

√
ab) and semimajor axis light

profiles of IC 1101 into a spheroid, an intermediate-scale com-
ponent, an outer stellar halo and small Gaussian for the extended
nucleus apparent in the ellipticity profile. The fit residuals and the
root-mean-square (rms) residuals are also shown. The best-fitting
parameters that match the data are calculated by iteratively minimiz-
ing the rms residuals using the Levenberg–Marquardt optimization
algorithm (see Dullo & Graham 2014; Dullo, Martı́nez-Lombilla

5 Because the core-Sérsic model gives a good description of galaxies with
depleted cores, we refer to such galaxies as ‘core-Sérsic galaxies’.
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Figure 2. Left-hand panel: HST WFPC2 F702W image of IC 1001. Middle panel: masked regions (i.e. white areas) and isophotes from IRAF ELLIPSE overplotted
on the HST image. Right-hand panel: IMFIT model image of IC 1101 (see Section 3).

Figure 3. Left-hand panel: residual image that is created after subtracting a model image (generated by the IRAF BMODEL task) from the original HST WFPC2
F702W image shows positive and negative residuals to the NE and SW of the core, respectively. This suggests that the core is somewhat offset with respect
to the outer isophotes, consistent with the scenario where the depleted core is enlarged through oscillatory core passages by a gravitational radiation-recoiled
black hole (see Postman et al. 2012 and Section 4). The top right and bottom left regions of this residual image are outside the IRAF BMODEL image of IC 1101
(see Fig. 2, middle panel). Right-hand panel: IMFIT residual image. The residual structure inside R ∼ 10 arcsec is due to IC 1101’s ellipticity gradient which is
not well represented by the IMFIT core-Sérsic model component with ε ∼ 0.24 that dominates at R � 10 arcsec (see the text for details). The count rates in the
residual images that are shown in units of electrons per second and the 2D surface brightness μF702W (mag arcsec−2, Fig. 2) are related as μF702W = −2.5 log
(count rates) + 19.547.

& Knapen 2016). For each iteration, the profiles of individual
model components were convolved with the Gaussian point spread
function (PSF) and then summed to create the final model profile.
The ellipticity was taken into account when convolving the major-
axis light profiles (see Trujillo et al. 2001a,b). The full widths at
half-maximum (FWHMs) of the PSFs were measured using several
stars in the galaxy image. While we focus throughout this paper
on the 1D fit to the HST F702W light profiles convolved with the
Gaussian PSF, we also performed a 1D fit to IC 1101’s HST F450W
light profile and to the HST F702W light profile convolved with the
Moffat PSF to check the discrepancies in fit parameters arising from
using the F702W- and F450W-band images, and our treatment of
the PSF (Fig. 7). We found good agreement between the fits to the

F702W- and F450W-band profiles. Also, Figs 6 and 7 reveal an ex-
cellent agreement between the fits convolved with the Gaussian and
Moffat PSFs. We note that the HST WFPC2 PSF is better described
by the Moffat function than the Gaussian function. However, our
Gaussian and Moffat PSF-convolved fits agree very well because
IC 1101 has a flat core. Tables 2 and 3 list the best-fitting model
parameters from the 1D decompositions.

The four-component (core-Sérsic spheroid) plus (Sérsic
intermediate-scale component) plus (exponential halo) plus
(Gaussian nuclear component) model yields an excellent fit to both
the geometric mean profile and the major-axis profile of IC 1101, re-
vealed by very small rms residuals of 0.016 and 0.013 mag arcsec−2,
respectively (Fig. 6). The initial fit to the light profile of IC 1101
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Figure 4. SDSS z-band image and contour plot of IC 1101 smoothed with
a Gaussian (FWHM ∼1.5 arcsec), highlighting the intermediate-scale and
stellar halo components.

Figure 5. Major-axis HST F702W- and SDSS z- and r-band surface bright-
ness and ellipticity profiles of IC 1101 denoted by black dots, red triangles
and open green circles, respectively. The SDSS r- and z-band data are zero-
pointed to the HST F702W profile. For clarity, we only show the error bars
on the SDSS z-band ellipticities.

using a core-Sérsic model was inadequate, as the intermediate-scale
and halo components caused obvious residual structures. Adding a
halo component improved our fit, but from the fit and the residual
profile it was clear that an additional intermediate-scale component
and a small central Gaussian component are also present in the

galaxy. Our adopted four-component decomposition (Fig. 6, left
and middle panels) is supported by the galaxy colour, velocity dis-
persion profile and isophotal properties (see Sections 3.3 and 3.4).
The fit to the geometric mean radius gives a core-Sérsic spheroid
with a break radius of Rb ∼ 2.′′52 ± 0.07 ≈ 3.8 ± 0.1 kpc and a Sérsic
index of n ∼ 6.3, while the major-axis fit yielded Rb ∼ 2.′′77 ± 0.07
≈ 4.2 ± 0.1 kpc and n ∼ 5.6. IC 1101 has the largest core size
(Rb, maj ∼ 4.2 kpc) to date. The ‘intermediate-scale component’ has
a low (n ∼ 0.62) Sérsic stellar light distribution (Table 2). The outer
halo light of IC 1101 is well fit by an exponential (n = 1) function
(e.g. Seigar, Graham & Jerjen 2007; Pierini et al. 2008), and the
inner Gaussian component has an apparent F702W magnitude of
22.8 mag.

Inside R ∼ 0.2 arcsec, the ellipticity of IC 1101 increases from
ε ∼ 0.1 to ε ∼ 0.4 towards the centre, which seems to suggest the
presence of a nuclear disc (Fig. 6). Also, the isophotes of the galaxy
are discy (i.e. B4 > 0) inside R ∼ 0.1 arcsec. PSF tends to circularize
the isophotes. Using HST WFPC2 images, Rest et al. (2001) noted
that the subpixel interpolation routine of the IRAF task can under-
estimate the isophote ellipticity and generate artificial deviations
from pure ellipses at R � 0.2 arcsec (see also Jedrzejewski 1987).
However, as noted above IC 1101 has isophotes with high elliptic-
ities at R � 0.2 arcsec. The faint nuclear component of IC 1101
may be due to an unresolved double nucleus which is produced
by a low-luminosity active galactic nucleus (AGN) and the left-
over stellar nuclei of an accreted satellite that was tidally disrupted
by the central SMBH. The elliptical galaxies NGC 4486B, VCC
128 and NGC 5419 contain two central point sources separated by
12, 32 and 70 pc, respectively, that created a double nucleus with
high ellipticity and positive B4 values (see Lauer et al. 1996, their
figs 3 and 4; Lauer et al. 2005; Debattista et al. 2006; Dullo &
Graham 2012; Mazzalay et al. 2016). The NRAO VLA Sky Sur-
vey (NVSS; Condon et al. 1998), with a resolution of 45 arcsec,
has detected a radio source at 1.4 GHz with an integrated flux of
527 ± 18.2 mJy. This source has an optimal location 4 arcsec south-
west of IC 1101’s centre, favouring the presence of an AGN in IC
1101. NVSS has also detected a weaker radio source with an in-
tegrated flux of 5.3 ± 0.5 mJy located ∼50 arcsec away from the
stronger source. We cannot rule out the possibility of a dual AGN
near/at the centre of IC 1101.

As discussed in Section 2.2.1, the HST F702W and SDSS r-
band light profiles somewhat disagree at large radii (R � 40 arcsec)
due to a poor sky-background subtraction by the SDSS pipeline
(Fig. 5). We checked on the level of this discrepancy between the
profiles by fitting a four-component (core-Sérsic spheroid) plus
(Sérsic intermediate-scale component) plus (exponential halo) plus
(inner Gaussian) model to a composite light profile, i.e. HST F702W
profile at R � 40 arcsec plus SDSS r-band data over R > 40 arcsec
(Fig. 6). This fit agrees with the one done using the HST F702W
light profile (see Fig. 6 and Tables 2 and 3) and therefore suggests
that the sky-background subtraction is not a big issue.

A key point highlighted by Dullo & Graham (2012, 2013)
is the misclassification of (low-luminosity MB � −20.5 mag)
coreless galaxies with low Sérsic index profiles as galaxies with de-
pleted cores by the Nuker model. A PSF-convolved four-component
Sérsic spheroid + Sérsic intermediate-scale component + exponen-
tial halo + (inner) Gaussian fit fails to describe the geometric-mean
light profile of IC 1101 (Fig. 7). This fit yields a near exponential
(n = 1.04) profile to approximate the core-Sérsic spheroid profile,
and an intermediate Sérsic model component with a half-light ra-
dius surface brightness μe ∼ 22.3, ∼0.5 mag arcsec−2 brighter
than that of our adopted geometric-mean fit, μe ∼ 22.8 mag
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Figure 6. 1D multicomponent decompositions of the (i) HST F702W-band geometric mean (
√

ab = a
√

(1 − ε)) surface brightness profile (left), (ii) HST
F702W-band semimajor axis profile (middle) and (iii) composite semimajor axis profile (i.e. HST F702W-band profile at R � 40 arcsec plus SDSS r-band
profile at R > 40 arcsec) of IC 1101. From top to bottom, the panels show Gaussian nuclear component (triple dot–dashed curve) + core-Sérsic spheroid
(dashed curve) + Sérsic intermediate-component (dot–dashed curve) + exponential halo (dotted curve) model fits together with the rms residuals about the
fits, ellipticity (ε), position angle (PA, measured in degrees from north to east) and isophote shape parameter (B4) profiles for the galaxies. The models have
been convolved with the PSF (see the text for details).

arcsec−2 (Table 2). The pattern in the residual profile between
0.2 arcsec � R � 3 arcsec reveals the presence of a depleted core
in the galaxy (Fig. 7).

3.2 2D decomposition

We fit a 2D model, comprising a Gaussian nuclear component, a
core-Sérsic spheroid, a Sérsic intermediate-scale component and an
exponential stellar halo, to the WFPC2 F702W image of IC 1101
using IMFIT6 (Erwin 2015) and the mask image from the IRAF EL-
LIPSE run (Section 2.2). Fig. 2 (right) shows this model image that
was convolved with a TINYTIM WFPC2 PSF (Krist 1995). Fig. 3
(right) shows the pertaining IMFIT residual image created after sub-
tracting the model image from the galaxy image. In general, the
agreement between the 1D and 2D decompositions is good, but the

6 http://www.mpe.mpg.de/erwin/code/imfit/

μ0, h of the 2D halo is brighter than that of the 1D one (see Figs 2
and 3, and Tables 2, 3 and 4). However, because each IMFIT galaxy
component is associated with a single ellipticity, PA and isophote
shape parameter, IC 1101’s ellipticity gradient over R � 4 arcsec
was not well represented by our best ε ∼ 0.24 core-Sérsic model
component that dominates other fit components at R � 10 arcsec,
resulting in the residual structure (see Figs 2, 3 and 6). Bonfini et al.
(2015, their fig. 4) also performed 2D core-Sérsic+exponential and
Sérsic+exponential fits to the 2D light distribution of the BCG
Holm 15A with outwardly rising ellipticity using the GALFIT-CORSAIR

software (Bonfini 2014) and found residual structures similar to
that shown in Fig. 3 (right). Ciambur (2016) presents a discussion
regarding the pros and cons of how galaxy images are modelled,
including a discussion of the benefits of modelling 1D light profiles.
We prefer our 1D decompositions and focus on them throughout
the paper, but the good agreement between the 1D and 2D fit pa-
rameters, except for μ0,h, implies that the main conclusions in this
paper remain unchanged if we choose our 2D decomposition.
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Figure 7. Left-hand panel: similar to Fig. 6 (middle) but showing here a four-component fit convolved with a Moffat PSF. Middle panel: a Gaussian nuclear
component (triple dot–dashed curve) + Sérsic spheroid (dashed curve) + Sérsic intermediate-component (dot–dashed curve) + exponential halo (dotted curve)
fit to the F702W-band geometric mean surface brightness profile of IC 1101. Our fitting code attempts to fit a near exponential (n ∼ 1) Sérsic model to what is
actually a core-Sérsic light distribution of the Spheroid with n ∼ 6.3, yielding a snake-like residual structure at R � 0.2 arcsec and a brighter intermediate-scale
component than that of our adopted fit (see Section 3). Right-hand panel: similar to Fig. 6 (middle) but showing here a four-component fit to the WFPC2
F450W light profile.

Table 2. Structural parameters.

Galaxy μb Rb Rb γ α ncS Re, cS Re, cS μe, S nS Re, S Re, S μ0, h h h mpt

(arcsec) (kpc) (arcsec) (kpc) (arcsec) (kpc) (arcsec) (kpc) (mag)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

1D fit/HST F702W

IC 1101 19.33 2.52 3.8 0.05 2 6.32 5.3 8.0 22.81 0.62 19.5 29.4 23.41 58.6 88.5 22.8

Notes. Structural parameters from the 1D Gaussian nuclear component + core-Sérsic spheroid + Sérsic intermediate-component + exponential halo model fit
to the HST F702W geometric-mean-axis surface brightness profiles of IC 1101 (Fig. 6). The fit was convolved with a Gaussian PSF. Col. 1: galaxy name. Cols
2–9: best-fitting parameters from the core-Sérsic model. Cols 10–13: Sérsic model parameters for the intermediate-scale component. Cols 14–16 best-fitting
parameters for the exponential halo light. Col. 17: apparent F702W magnitude of the unresolved double nucleus. μb, μe and μ0,h are in mag arcsec−2.
The core-Sérsic spheroid has a total F702W-band absolute magnitude MSph ∼ − 24.3 mag. The intermediate component has a total F702W-band absolute
magnitude MInt ∼ − 23.9 mag. These magnitudes are not corrected for Galactic dust extinction, (1+z)4 surface brightness dimming and stellar evolution from
z ∼ 0.08 to the present day. We estimate that the uncertainties on the core-Sérsic parameters Rb, γ , ncS and Re, cS are ∼ 2.5 per cent, 10 per cent, 20 per cent
and 25 per cent, while the uncertainties associated with the Sérsic parameters nS, Re, S and the exponential scalelength h are ∼ 20 per cent, 25 per cent and
10 per cent, respectively. The uncertainties on μb, μe, S and μ0, h are ∼ 0.02, 0.2 and 0.2 mag arcsec−2, respectively. These errors on the fit parameters were
estimated following the techniques in Dullo & Graham (2012, their section 4).

Table 3. Structural parameters.

Galaxy μb Rb Rb γ α ncS Re, cS Re, cS μe, S nS Re, S Re, S μ0, h h h mpt

(arcsec) (kpc) (arcsec) (kpc) (arcsec) (kpc) (arcsec) (kpc) (mag)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

1D fit/HST F702W

IC 1101 19.35 2.77 4.2 0.08 2 5.60 7.7 11.6 22.68 0.67 26.2 39.5 22.94 66.70 100.7 23.1

1D fit/HST F702W + SDSS r
IC 1101 19.33 2.76 4.2 0.08 2 6.29 9.8 14.8 22.74 0.58 24.1 36.4 22.80 69.24 104.6 23.1

1D fit/HST F702W (Moffat PSF)
IC 1101 19.33 2.78 4.2 0.08 2 5.70 7.7 11.6 22.67 0.65 26.2 39.5 22.94 67.12 101.4 23.0

1D fit/HST F450W
IC 1101 21.14 2.65 4.0 0.07 2 7.50 13.1 19.8 24.52 0.71 30.0 45.3 24.66 66.83 100.9 24.8

Notes. Same as Table 2 but here showing semimajor axis structural parameters from the fits to the HSTF702W, HSTF450W and composite (HST F702W plus
SDSS r band) profiles of IC 1101. We also provide fit parameters from the 1D fit to the HSTF702W light profile of the galaxy convolved with a Moffat PSF.

3.3 Colour map

Fig. 8 shows the WFPC2 F450W − F702W colour map for IC
1101, indicating that there is no obvious localized dust absorption.
To create this colour map, the WFPC2/F450W and WFPC2/F702W

images were aligned to better than 0.2 arcsec using stars in the
images with the IRAF GEOMAP and GEOTRAN tasks. We did not
worry about the difference between the PSFs of the WFPC2/F450W
and WFPC2/F702W images. The galaxy becomes gradually bluer
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Figure 8. HST WFPC2 F450W − F702W colour map of IC 1101 shows
that the galaxy becomes bluer with increasing radius, in good agreement
with our brightness profile decomposition (Fig. 6). The regions where the
intermediate component and the halo light dominate are bluer than that
dominated by the spheroid.

at larger radii where the intermediate-scale component and the halo
light dominate compared to the inner region with a high concen-
tration of old stars from the spheroid. As noted in Section 3.1, we
found good agreement between the 1D F450W-band and F702W-
band light profile decompositions (Figs 6 and 7). The slight dis-
crepancies in the fit parameters are attributed to the galaxy colour
gradient.

3.4 Ellipticity, position angle and isophote disciness/boxiness

Excluding the most PSF-affected region (i.e. R � 0.2 arcsec, see
Section 3), IC 1101 has an ellipticity of 0.1 ± 0.08 within the break
radius Rb = 2.52 arcsec, in good agreement with the observations
by Dullo & Graham (2015) who showed that core-Sérsic galaxies
tend to have round cores, i.e. ε (R = Rb) � 0.2. The ellipticity of
IC 1101 increases steadily from ∼ 0.2 to 0.5 with increasing radius
over 3 arcsec � Rgeo � 20 arcsec, it remains roughly constant (i.e.
ε ∼ 0.5) at radii dominated by the intermediate-scale component
(20 arcsec � Rgeo � 40 arcsec) and then increases again at large
radii (Rgeo � 40 arcsec) where the halo light dominates (Figs 4, 5
and 6). The trend of increasing ellipticity with radius has been
observed for other BCGs (e.g. Porter, Schneider & Hoessel 1991;
Postman & Lauer 1995; Gonzalez, Zabludoff & Zaritsky 2005, their
fig. 10; Khosroshahi, Ponman & Jones 2006; Bender et al. 2015,
their fig. 7).

The major axis of IC 1101 is oriented in the south-west to north-
east direction (Figs 2, 4 and 6). The spheroid and the intermediate-
scale component are very well aligned with only a modest twist of
∼5◦. The outer halo is twisted by ∼20◦ from the intermediate-scale
component. The shape and orientation of the halo of IC 1101 are
comparable to those of the surrounding cluster galaxies, suggest-
ing a strong connection between the cluster galaxies and the host
cluster’s gravitational potential (Dressler 1978a,b, 1979).

The isophotes of IC 1101 are predominantly boxy (i.e. B4 < 0)
at 0.1 arcsec � Rgeo � 1 arcsec and Rgeo � 20 arcsec (Figs 1, 4
and 6). The galaxy has pure elliptical (i.e. B4 = 0) isophotes over
1 arcsec � Rgeo � 20 arcsec.

MNRAS 471, 2321–2333 (2017)
Downloaded from https://academic.oup.com/mnras/article-abstract/471/2/2321/3906599
by Swinburne University of Technology user
on 08 February 2018



Large depleted core in IC 1101 2329

4 D ISCUSSION

4.1 Past work on IC 1101 and similar BCGs

BCGs have been shown to contain excess halo light at large radii
with respect to the de Vaucouleurs (1948) R1/4 model fit to the
main body of the BCG that is embedded within the halo light
(e.g. Oemler 1976; Carter 1977; Dressler 1981; Lugger 1984;
Schombert 1986). However, a single-component R1/n galaxy will
‘appear’ to have a halo if n > 4.7 Gonzalez et al. (2005) and Zibetti
et al. (2005) fit an R1/4 spheroid plus an R1/4 outer halo light model
to the light profiles of their BCGs before Seigar et al. (2007) showed
that most BCGs in their sample are well described by a Sérsic (R1/n)
spheroid plus an exponential (n = 1) halo model, excluding the core
regions (see also Pierini et al. 2008). Donzelli, Muriel & Madrid
(2011) also found that roughly half of their 430 BCGs are well fit
by a Sérsic spheroid plus an outer exponential model.

IC 1101 and its host cluster (A2029) have been extensively stud-
ied (e.g. Matthews, Morgan & Schmidt 1964; Dressler 1978a,b,
1979; Stewart et al. 1984; Schombert 1987; Porter et al. 1991; Uson,
Boughn & Kuhn 1991; Sembach & Tonry 1996; Carter, Bridges &
Hau 1999; Kelson et al. 2002). As noted in Section 3, IC 1101 has an
intermediate-scale component plus an exponential stellar halo that
dominate over the spheroid’s core-Sérsic stellar light distribution
at large radii. Computing the total integrated flux for each model
component (Fig. 6) using the best-fitting structural parameters
(Table 2) yields total light fractions for the spheroid, intermediate-
scale component and outer halo component equal to 25.1 per cent,
17.4 per cent and 57.5 per cent, respectively. The total flux fraction
of the unresolved double nucleus is negligible.

The intermediate-scale component plus the outer stellar halo and
the outwardly rising ellipticity profile (Fig. 6 and Section 3.4) are the
likely reasons why IC 1101 is classified as a lenticular galaxy in the
RC3 (de Vaucouleurs et al. 1991). IC 1101 shows almost no rotation
(Vrot ∼ 0 km s−1) within 13 kpc (Dressler 1979, his fig. 4b; Fisher,
Illingworth & Franx 1995, their fig. 5b). At R � 13 kpc, Dressler
(1979, his fig. 4b) measured Vrot ∼50–150 km s−1 but he warned that
those results were tentative. Importantly, Dressler (1979, his Fig. 5)
showed that the velocity dispersion (σ ) of IC 1101 increases outward
from 375 km s−1 within R ∼ 5 kpc to ∼ 425 ± 25 km s−1 for 6 kpc
� R � 62 kpc before rising to �500 km s−1 beyond R ∼ 62 kpc
(see also Carter et al. 1985; Sembach & Tonry 1996, their fig. 6).
Not only is this σ (R) profile consistent with our multicomponent
light profile decomposition, the low Vrot/σ ratio also indicates the
absence of a disc confirmed by the boxy isophotes (B4 < 0) at
R � 20 arcsec. Akin to IC 1101, NGC 6166 (A2199-BCG) that
possesses the largest core (rγ ′=0.5 ∼ 1.5 kpc) in the Lauer et al.
(2007) sample of 219 galaxies also has outwardly rising velocity
dispersion and ellipticity profiles (e.g. Fisher et al. 1995; Carter
et al. 1999; Kelson et al. 2002; Bender et al. 2015). The reason
for a radially increasing velocity dispersion profile is the greater
contribution from halo stars, which traces the cluster potential rather
than the BCG potential.

While the de Vaucouleurs R1/4 model fit by Schombert (1987, his
fig. 2c) to the ground-based light profile of IC 1101 was limited, the
downward departure of the inner light profile from the model reveals
the partially depleted core. Porter et al. (1991) and Donzelli et al.

7 While Gonzalez et al. (2005) advocated an R1/4 spheroid plus an R1/4

outer stellar halo model to describe the profile of their BCGs, Gonzalez,
Zabludoff & Zaritsky (2003) fit a two-component double-Sérsic model to
the light profiles of BCGs.

Figure 9. Compilation of core-Sérsic fits to the major-axis surface bright-
ness profiles of all core galaxies from Dullo & Graham (2014, their ta-
ble 2) together with the V-band core-Sérsic profile of IC 1101 from this
work (red dashed curve). Red stars mark the break radius of the individual
profiles. Green squares indicate the three galaxies (NGC 3842, Dullo &
Graham 2014; NGC 1600, Thomas et al. 2016; NGC 4889, Dullo et al. in
preparation) which have directly measured SMBH masses MBH � 1010 M�
(McConnell et al. 2011; Thomas et al. 2016). For IC 1101, we show the
major-axis core surface brightness (μb, Table 3), corrected for Galactic dust
extinction, (1+z)4 surface brightness dimming, and stellar evolution using
the MILES stellar library (Vazdekis et al. 2010). For comparison, we include
the hitherto largest core measured for A2261-BCG by Postman et al. (2012,
rγ = 0.5 ∼ 3.2 kpc) and Bonfini & Graham (2016, Rb ∼ 3.6 kpc). IC 1101 and
A2261-BCG follow the narrow sequence defined by the Dullo & Graham
(2014) core-Sérsic galaxies (see Faber et al. 1997, their fig. 8). The (blue)
dashed line is a least-squares fit taken from Dullo & Graham (2014, their
table 3).

(2011) claimed that IC 1101 does not have excess halo light, but
see8 Dressler (1979) and Uson et al. (1991). Donzelli et al. (2011)
fit a single Sérsic model to the light profile of IC 1101, yielding an
extremely large half-light radius Re = 439 kpc and n ∼ 5.8, although
they adopted a two-component Sérsic (R1/n) plus exponential fit for
their BCGs with n � 8 and Re � 300 kpc. The Donzelli et al.
(2011) ground-based data with a seeing of FWHM = 1–2 arcsec
did not have sufficient resolution to adequately resolve the core of
IC 1101.

4.2 The large partially depleted core of IC 1101

Fig. 9 shows a compilation of major-axis core-Sérsic model pro-
files taken from Dullo & Graham (2014, their table 2) together
with that for IC 1101. IC 1101 has one of the faintest V-band
core (at Rb not to be confused with R = 0) surface brightnesses,
μb ∼ 19.83 mag arcsec−2, corrected for Galactic dust extinc-
tion (∼ −0.09 mag arcsec−2), (1+z)4 surface brightness dimming

8 Dressler (1979) interpreted the luminosity, mass distribution and σ (R)
profile of IC 1101 using a three-component isotropic King model to account
for the main body of the BCG, the stellar halo of accreted luminous galaxies
and dark matter which was not included in the luminosity distribution model.
The double nucleus that we modelled (Fig. 6) was not resolved in the Dressler
(1979) image.
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(∼ −0.33 mag arcsec−2) and stellar evolution from z ∼ 0.08 to
the present day, derived using the MILES stellar library9 (Vazdekis
et al. 2010), of ∼ +0.12 mag arcsec−2. For comparison, in addition
to Fig. 9, see Lauer et al. (2007), Postman et al. (2012), Rusli et al.
(2013) and Dullo & Graham (2014).

Although the break radius of IC 1101 (Rb ∼ 4.2 ± 0.1 kpc)
is roughly an order of magnitude larger than those typically
observed in core-Sérsic early-type galaxies, it closely follows the
extrapolation of the Rb–μb sequence defined by other core-Sérsic
galaxies (Dullo & Graham 2014, their table 3; Fig. 9). The next
largest is ∼3.6 kpc in the A2261 BCG (Postman et al. 2012; Bon-
fini & Graham 2016) which is at redshift z = 0.2248, compared
to z = 0.0799 for IC 1101. For comparison, the three core-Sérsic
galaxies (NGC 1600, NGC 3842 and NGC 4889) housing very
massive BHs (MBH � 1010 M�) have break radii Rb ∼ 300–750 pc
(Dullo & Graham 2014, Rb,NGC3842 ∼ 315 pc; Thomas et al. 2016,
Rb,NGC1600 ∼ 746 pc; Dullo et al. in preparation, Rb,NGC4889 ∼ 861 pc).

Using the best-fitting parameters (Table 2), we find an absolute
magnitude MF702W ≈ −24.3 mag for the spheroid of IC 1101. Cor-
recting this for extinction, surface brightness dimming plus stellar
evolution and using V − F702W = 0.8 (Fukugita, Shimasaku &
Ichikawa 1995) yields MV ≈ −23.8 mag. This spheroid luminosity
is very faint for the galaxy’s large break radius, as the major-axis
Rb–MV relation for core-Sérsic galaxies (Dullo & Graham 2014,
their table 3) predicts a small core (Rb,maj ∼ 400 pc) for MV ≈
−23.8 mag, compared to IC 1101’s Rb,maj ∼ 4.2 kpc (Table 3). Given
the 0.3 dex rms scatter (σ s) for the Rb–MV relation in the log (Rb)
direction, the break radius of IC 1101 is 1.02 dex (∼ 3.4σ s) above
the Rb–MV relation. Considering the spheroid + intermediate-scale
component luminosity, the Rb–MV relation (Dullo & Graham 2014)
predicts Rb,maj ∼ 720 pc, i.e. IC 1101’s break radius is 0.77 dex (∼
2.6 σ s) above the Rb–MV relation.

4.3 Central stellar mass deficit (Mdef) of IC 1101

In order to determine the stellar mass deficit of IC 1101, we follow
the prescription in Dullo & Graham (2014, see also Graham 2004
and Ferrarese et al. 2006 who adopted a slightly different approach).
We compute the difference in luminosity between the inwardly ex-
trapolated outer Sérsic profile of the complete core-Sérsic model
(equation 1) and the core-Sérsic model (equation 2). This yields a
luminosity deficit log (Ldef/L�) ∼ 11.04+0.07

−0.07 in the F702W band
which corresponds to ≈ 27.7 per cent of the spheroid’s luminosity
prior to the core depletion. For comparison, Ldef is ∼58 per cent
of the luminosity of the intermediate-scale component. More-
over, Hopkins & Hernquist (2010) determined Ldef using model-
independent analysis of galaxy light profiles. They found values of
Ldef consistent with those of e.g. Graham (2004), Ferrarese et al.
(2006) and Dullo & Graham (2014).

The depleted core has an F450W − F702W colour of 1.81 ±0.03
(Fig. 8), which corresponds to a V − I colour of 1.34 ±0.03
(Fukugita et al. 1995). Using the (V − I) colour–age–metallicity–
M/LV diagram (Graham & Spitler 2009) and assuming an old
(12 Gyr) stellar population for the core yields M/LV ∼ 5.2. This
implies M/LF702W ∼ 4.5 (Worthey 1994, his table 5A) and thus a
stellar mass deficit (Mdef) ∼4.9+1.03

−1.03 × 1011 M� in IC 1101. The
quoted 21 per cent uncertainty on Mdef is based on the errors on the
fit parameters (see Table 2).

9 http://miles.iac.es/pages/stellar-libraries/miles-library.php

There is no evidence for the presence of dust lanes in the central
regions of IC 1101 (see Figs 2, 3, 4 and 8) which could mimic a
large apparent core/stellar mass deficit. Comparing fits to optical
and near-IR light profiles, Ravindranath et al. (2001, their fig. 4)
noted that nuclear dust lanes in galaxies typically tend to flatten the
inner negative logarithmic slope (γ ) of the profiles. For IC 1101, we
find that increasing γ from 0.05 (Table 3) to 0.4 reduces the stellar
mass deficit of IC 1101 only by ∼20 per cent.

Merritt (2006) simulated the evolution of SMBH binaries that
are formed in galaxy merger remnants to quantify the relation
between merger histories of core-Sérsic galaxies and their central
stellar mass deficits. His simulations first revealed that the accumu-
lated stellar mass deficit after N numbers of successive ‘dry’ major
merges is Mdef ≈ 0.5NMBH, where MBH is the final mass of the
SMBH.

IC 1101 does not have a directly determined SMBH mass.
Therefore, we estimate the SMBH mass using the MBH–σ relation
(Ferrarese & Merritt 2000; Gebhardt et al. 2000), the MBH–L re-
lation and MBH–M∗ relation (Dressler 1989; Kormendy & Rich-
stone 1995; Magorrian et al. 1998). For σ ∼ 378 km s−1 (Hy-
perLeda), the Graham & Scott (2013) ‘non-barred MBH–σ rela-
tion predicts log MBH/ M� ∼ 9.68 ± 0.47. The McConnell &
Ma (2013) M–σ relation for early-type galaxies including the two
BCGs with very massive black holes (NGC 3842, MBH/ M� ∼
9.7+3.0

−2.5 × 109 and NGC 4889, MBH/ M� ∼ 2.1+1.6
−1.6 × 1010) and the

Saglia et al. (2016, their table 11) M–σ relation for core-Sérsic
elliptical galaxies predict log MBH/ M� ∼ 9.63 ± 0.50 and log
MBH/ M� ∼ 9.82 ± 0.49, respectively. Using the V-band abso-
lute magnitude of IC 1101’s spheroid (MV ≈ −23.8 mag, i.e. M∗ ≈
1.5 × 1012 M�) and B − V = 1.0 (Fukugita et al. 1995), the Graham
& Scott (2013) MBH–L relation for core-Sérsic galaxies gives log
MBH/ M� ∼ 9.99 ± 0.40 and the Savorgnan et al. (2016) MBH–M∗
relation and the Saglia et al. (2016, their table 11) MBH–MBu rela-
tion for core-Sérsic ellipticals yield log MBH/ M� ∼ 10.11 ± 0.47
and log MBH/ M� ∼ 9.68 ± 0.45, respectively. Because MBu

is the total, rather than the stellar, mass of the bulge (Saglia
et al. 2016), the value of log MBH/ M� ∼ 9.68 ± 0.45 derived
here using IC 1101’s M∗ and the MBH–MBu relation is a lower
limit.

It follows that Mdef/MBH ≈ 38, 50 and 73–101 for SMBH
masses determined using the MBH–M∗, MBH–L and M–σ rela-
tions, respectively. This translates to spheroid formation via an
extremely frequent (N � 76) major mergers (Merritt 2006), if
nothing else was occurring. Observations counting close galaxy
pairs have led to estimates that today’s massive galaxies may
have experienced 0.5 to 6 major mergers since z ∼ 3 (e.g. Bell
et al. 2006; Conselice 2007; Bluck et al. 2012; Xu et al. 2012;
Casteels et al. 2014), consistent with numbers estimated by theo-
retical models of galaxy mergers involving SMBHs (Haehnelt &
Kauffmann 2002, their fig. 2). The Mdef/MBH ratio for IC 1101
is an order of magnitude higher than the typical Mdef/MBH val-
ues published in the literature (Graham 2004, Mdef/MBH ∼ 1–2;
Ferrarese et al. 2006, mean Mdef/MBH ∼ 2.4; Hyde et al. 2008,
mean Mdef/MBH ∼ 2.3; Rusli et al. 2013, median Mdef/MBH ∼ 2.2
and Mdef/MBH typically 0.2–10; Dullo & Graham 2013, 2014,
Mdef/MBH ∼ 0.5–4). In Section 4.4, we discuss that if the de-
pleted core of IC 1101 was created by binary SMBHs with final
merged mass MBH > 1010 M� and enhanced core scouring occurred
due to a gravitational radiation-recoiled black hole (Gualandris &
Merritt 2008), then the number of major mergers (N ) that the galaxy
underwent would be � 10, in close agreement with observations and
theories.
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4.4 Formation of the A2029-BCG IC 1101

Massive galaxies are thought to build up hierarchically when
smaller systems merge to form larger ones (Toomre 1977; White &
Rees 1978). The high luminosities of BCGs, and their distinct phys-
ical properties and location near the centre of rich galaxy clusters
suggest that they have experienced a higher number of mergers and
accretion events than other luminous galaxies (e.g. Hausman &
Ostriker 1978; De Lucia & Blaizot 2007; Rines, Finn &
Vikhlinin 2007; von der Linden et al. 2007; Oliva-Altamirano
et al. 2015). A2029, in which IC 1101 resides, is the second rich-
est cluster in the Dressler (1978b, his table 3) sample of 13 very
rich Abell (1958) clusters. Dressler (1978b, his fig. 1) showed that
A2029 and A154 are the two clusters in his sample that have an
excess number density (over R � 4 arcmin) with respect to the best
King model fit to the cluster spatial distribution of galaxies. Dressler
(1978a,b, 1979) also found a deficit of bright galaxies in the A2029
cluster, which led him to conclude that most of the massive galax-
ies in A2029 had been captured by and had merged with IC 1101,
perhaps explaining the presence of the intermediate-scale and outer
exponential halo components of IC 1101 (Fig. 6). Merritt (1985,
see also Tremaine 1990), however, argued that such cannibalism is
less efficient due to the clusters’ high-velocity dispersion (but see
Lauer 1988).

The findings by Dressler (1978a,b, 1979) may suggest that the
extremely large core of IC 1101 is somewhat special and that the
galaxy may have undergone a large number of dry major mergers
involving binary SMBH scouring. None the less, N � 76 seems
unrealistically large. In Section 4.3, we derived N assuming that
(i) the extrapolations of the MBH–σ , MBH–L and MBH–M∗ relations
follow the sequence defined by the most massive BCGs and (ii) the
cumulative scouring action of SMBH binaries is the sole mechanism
that generated the large core in the galaxy. Not to be confused
with galaxies whose MBH/Msph ratio was overestimated because
their disc light was overestimated, and thus their spheroid light was
underestimated (see Savorgnan & Graham 2016); recent studies
have revealed that the BHs in some BCGs are overmassive (MBH �
1010 M�) compared to those predicted from MBH–σ and MBH–L
relations (e.g. McConnell et al. 2011; Thomas et al. 2016). Also,
the extrapolation of the relation between the black hole mass and
the break radius (MBH–Rb) for core-Sérsic galaxies (e.g. Dullo &
Graham 2014, their equations 15, 16 and 17; Rusli et al. 2013,
their equation 13; Thomas et al. 2016, their fig. 4) is such that IC
1101 would host an SMBH with MBH ∼ (4–10) × 1010 M� (see
also Laporte & White 2015) ≈ (1.7–3.2) × σ s (rms scatter) larger
than those estimated by the MBH–σ , MBH–L and MBH–M∗ relations,
thereby reducing the required merger rate for the galaxy to 10–20
major mergers, if the core depletion is only due to binary SMBHs.
This possible existence of an overmassive black hole in IC 1101
supports the recent picture that the MBH–σ and MBH–L relations
for elliptical galaxies and bulges may underestimate the SMBH
masses of BCGs (e.g. McConnell et al. 2011; Hlavacek-Larrondo
et al. 2012; Thomas et al. 2016).

Additional mechanisms, aside from binary SMBH scouring,
may enhance a pre-existing depleted core and produce the large
Mdef/MBH ratio in IC 1101. For example, gravitationally ‘recoiled’
SMBHs, and the ensuing repeated oscillation about the centre of a
‘dry’ major merger remnant is invoked to explain Mdef/MBH ∼ 5
rather than 0.5 (e.g. Redmount & Rees 1989; Boylan-Kolchin
et al. 2004; Merritt et al. 2004; Gualandris & Merritt 2008). There-
fore, if this process has occurred, then N � 10 instead of 10–20
for IC 1101. In Fig. 3 (left), the residual structure reveals that the

core of IC 1101 is slightly offset with respect to the outer isophotes,
in agreement with the recoiled black hole oscillation scenario (see
also Postman et al. 2012, their fig. 3).

We postulate that the intermediate-scale component and the outer
halo of IC 1101 are in part consequences of galaxy merging and/or
accretion of stars that were tidal stripped from less massive galaxies
(e.g. Gallagher & Ostriker 1972). Furthermore, star formation in a
cooling flow can add young stars to the halo of IC 1101. Clarke,
Blanton & Sarazin (2004) found excess X-ray emission and high
cooling flow rates in the A2029 cluster, concluding that the gas
in the cluster has recently started cooling and forming stars (see
also Walker et al. 2012; Paterno-Mahler et al. 2013). In addition,
we find that the ejection of inner stars from the core of IC 1101
due to coalescing SMBHs and other mechanisms have created an
extremely large stellar light deficit of log (Ldef/L�) ∼ 11.04, i.e.
a V-band absolute magnitude of MV ,def ∼ −22.8 mag ≈ 1/3 of the
galaxy’s spheroid luminosity prior to the scouring (Section 4.3).
This high stellar light deficit for IC 1101 implies that ejected stars,
which accumulate at large radii outside the core or escape from the
galaxy at high velocities (Hills 1988), can impact the light profile
outside the core region. This partly explains the presence of the
intermediate-scale component with V-band absolute magnitude of
MV ∼ −23.4 mag.

Overall, the large depleted core, ellipticity, orientation, the boxi-
ness/disciness parameter (B4), the relatively blue colour of the BCG
at large radii (Figs 4, 6 and 8) and the velocity dispersion profile
(Dressler 1979) favour the build-up of IC 1101 via a reasonably
large number of dry major mergers (N � 10) involving SMBHs
(with the final merged SMBH mass MBH � 1010 M�) and a number
of accretion events. In this scenario, the central SMBH tidally dis-
rupts any survived stellar nuclei of accreted/merged satellites, which
otherwise would refill the depleted core (Faber et al. 1997; Boylan-
Kolchin & Ma 2007; Bekki & Graham 2010). Our results suggest
that the extremely large partially depleted core and Mdef/MBH of IC
1101 maybe partly due to the actions of oscillatory core-passages
by a gravitational wave-kicked SMBH.

5 C O N C L U S I O N S

We have provided a detailed discussion of a newly discovered
and extremely large (Rb ∼ 2.77arcsec ≈ 4.2 ± 0.1 kpc) partially
depleted core in the A2029 BCG IC 1101. Extracting the 1D sur-
face brightness profile of IC 1101 from high-resolution HST WFPC2
imaging, we perform a careful four-component decomposition into
a small elongated Gaussian nucleus, a core-Sérsic spheroid, a Sérsic
intermediate-scale component and an exponential stellar halo. We
also perform a 2D spheroid + intermediate-scale component + stel-
lar halo + nucleus decomposition of IC 1101’s HST WFPC2 image
using IMFIT. The main findings from this work are as follows.

(1) The 1D spheroid + intermediate-scale component + stellar
halo + nucleus model yields an excellent fit to the BCG’s light
profile. The rms residual scatter is below 0.02 mag arcsec−2. We
found good agreement between the 1D and 2D decompositions.
In contrast, a 1D Gaussian nuclear component + Sérsic spheroid
+ Sérsic intermediate-scale component + exponential stellar halo
model does not fit the light profile well, instead this fit creates a
residual structure revealing the partially depleted core of the galaxy.

(2) IC 1101 has the largest core size (i.e. measured by the core-
Sérsic break radius Rb ≈ 4.2 ± 0.1 kpc) to date. This break radius
is an order of magnitude larger than those typically measured for
core-Sérsic galaxies (i.e. Rb ∼ 20–500 pc, e.g. Ferrarese et al. 2006;
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Richings et al. 2011; Rusli et al. 2013; Dullo & Graham 2014).
For comparison, Postman et al. (2012) modelled the semimajor
axis profile of A2261-BCG and found the hitherto largest core
(rγ = 0.5 ∼ 3.2 ± 0.1 kpc), this large core was recently confirmed by
Bonfini & Graham (2016) who measured Rb ∼ 3.6 kpc.

(3) This depleted core in IC 1101 follows the extrapolation of the
Rb–μb relation for core-Sérsic galaxies (e.g. Faber et al. 1997; Dullo
& Graham 2014). However, the spheroid contains ∼25 per cent of
the total galaxy light and has a V-band absolute magnitude (MV) of
−23.8 mag, which is faint for the large Rb. As such, the observed
depleted core of IC 1101 is 1.02 dex ≈ 3.4σ s (rms scatter) larger than
that estimated from the Rb–MV relation (Dullo & Graham 2014).

(4) We measured a stellar mass deficit at the centre of IC 1101 ≈
Mdef ∼ 4.9 × 1011 M�, (a luminosity deficit Ldef/L� ∼ 1.1 × 1011

in the F702W band ≈ 28 per cent of the spheroid luminosity before
the core depletion). Estimating the black hole mass of the galaxy
using the spheroid’s stellar mass (M∗ ∼ 1.1 × 1012 M�), luminos-
ity (MV ∼ −23.8 mag) and velocity dispersion (σ ∼ 378 km s−1)
yields Mdef/MBH ratios of ∼ 38, 50 and 73–101, respectively. This
figure translates to spheroid formation via an unrealistically large
(N � 76) number of ‘dry’ major mergers. However, the extrapo-
lation of the relation between the black hole mass and the break
radius (MBH–Rb) for core-Sérsic galaxies (Rusli et al. 2013; Dullo
& Graham 2014; Thomas et al. 2016) suggests IC 1101 hosts an
overmassive BH (MBH ∼ (4–10) × 1010 M�) ≈ (1.7–3.2) × σ s (rms
scatter) larger than those SMBH masses estimated by the MBH–σ

and MBH–L relations, thereby reducing the merger rate for the galaxy
to N � 10, in close agreement with observational and theoretical
merger rates of massive galaxies. An additional mechanism that can
contribute to the large core/mass deficit is oscillatory core passages
by a recoiled SMBH. It is important to investigate the reasons why
BCGs with extremely large depleted cores and stellar mass deficits
similar to IC 1101 are quite rare, especially within a distance of
∼100 Mpc.
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