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According to the hierarchical galaxy formation model, galaxies grow through mergers that can
trigger AGN and starburst activity. Binary supermassive black holes (SMBH) are expected to
form in the course of the merger event; however, very few pairs have been detected and the role
they play in the growth of SMBHs and the triggering of AGN activity is still under debate. We
present evidence of merger-triggered AGN activity at z<0.3 from the study of the SMBH mass
and starburst activity in X-shaped radio galaxies, a type of active galaxies with a very peculiar jet
morphology suggested to be the result of a merger event.
We also show that the evolution of the nuclear luminosity of double-nucleus disk galaxies can be
described by a binary BH evolutionary model where the accretion disk of the secondary nucleus
is being disrupted in the course of the merger event. This explains the so far low detection rate of
binary SMBHs. The results also yield some potential sub-kpc AGN pair candidates.
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1. Introduction

Most (if not all) galaxies host a supermassive black hole (SMBH) in their center ([37]), and
the evolution of this SMBH has been found to be closely related to the formation and evolution of
the host galaxy: the mass of the black hole is linked to the host galaxy through the central stellar
velocity dispersion (MBH-σ relationship; e.g., [16] and references therein), the bulge luminosity
(e.g., [31]), and the central concentration of light (e.g., [15]), indicating that some common growth
process or feedback between the SMBH and the host galaxy may exist. On the other hand it is
observed that galaxies suffer frequent galaxy merging, which can enhance starburst activity and
initiate/fuel AGN activity (e.g., [17]; [20]).

If nearly all galaxies host a SMBH at their center and galaxies undergo frequent galaxy
merging, a pair of SMBHs is expected to be found at the center of galaxies that have recently
undergone a merger (e.g., [2]; [44]). The detection and estimate of the number of binary SMBHs
can thus provide important constrains on the existing models of galaxy formation and evolution,
answering key questions such as: which is the galaxy and SMBH merger rate?, how much do they
contribute to the SMBH growth?, or which is the role that mergers play in triggering AGNs?

Many observational evidence have been suggested in order to detect (or infer) the presence
of binary SMBH systems in galaxies. In the case of spatially unresolved binary SMBHs, most
of these evidence are related to peculiar radio jet morphologies like the ones in X-shaped radio
galaxies (e.g., [24]; [36]) or double-double radio galaxies (e.g., [39]). Several studies have focused
as well on observations of double-peaked emission line profiles (e.g., [42]; [26]), and on studies of
quasar pairs (see review from [23]). Despite the numerous observational evidence that could yield
the detection of a pair of SMBHs, only in a few cases have binary SMBHs been directly observed
(e.g., NGC 6240, [22]; 0402+379, [38]; 3C 75, [21]).

With the aim of increasing the number of binary SMBH candidates and understanding their
link to AGN-triggered activity and galaxy mergers, we have studied two type of sources suggested
to harbor binary SMBH systems: X-shaped radio galaxies and double-nucleus disk galaxies.

2. X-shaped radio galaxies

X-shaped radio sources owe their name to two pair of radio lobes (the high-surface-brightness
and the low-surface-brightness ones) that pass symmetrically through the center of the host galaxy
forming an X-shaped or winged pattern. Several scenarios were proposed to explain this peculiar
radio morphology, including backflow models (e.g., [24]; [4]; [18]), reorientation of the jet axis
(e.g., [8]), or a recent merger of two SMBHs (e.g., [32]; [13]; [19]). The imprints of such a merger
should be reflected in the form of higher BH masses and enhanced starburst activity in the X-shaped
radio galaxies when compared to a control sample of canonical double-lobed radio sources. The
occurrence of a major merger event should also have led to early-type host galaxies. This scenario
is tested by a multifaceted study that combines measurements of radio and optical luminosity,
estimates of the BH masses and ages of the radio lobes, and assessments of the starburst histories
in the X-shaped radio sources and in a control sample of radio-loud active nuclei ([33, 34]).
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2.1 Sample and analysis

The study covers a sample of 38 X-shaped radio galaxies drawn from a list of 100 candidates
([5]) and a control sample of 36 radio-loud active nuclei with similar redshift (z < 0.3) and optical
and radio luminosities. The optical spectra of the host galaxies are retrieved from the Sloan Digital
Sky Survey Data Release 6 (SDSS DR6, [1]) and from spectroscopic observations carried out by
[6] and [34]. The spectra are modeled using a linear combination of synthetic stellar populations
with the STARLIGHT code ([7]; see also [25]), which provides the stellar velocity dispersion
(from which the BH mass is derived using the MBH-σ relationship; [11]) and the light fraction,
mass fraction, and metallicity of the stellar populations. From these, the starburst history of the
galaxies is derived. To assess the host galaxy spectral classification of the X-shaped and control
sources, the Ca II break of the absorption optical spectrum is measured and the SDSS u, g, and
r-band photometry is used to locate the sources in a color-color diagram ([41]). The dynamic age
of the active lobes is also estimated, from their angular size on the radio maps (see [33]).

2.2 Results

The host of all the X-shaped radio galaxies studied qualify as early-type galaxies, as indicated
by their Ca II break values and their location in the color-color u-g vs g-r diagram ([41]). This
supports the merger hypothesis as the origin of the X-shaped radio sources, since early-type galaxies
are expected to have undergone at least one merger merger during their evolution. To compare
better the properties of X-shaped radio galaxies and the control radio sources, a sub-sample of
control ellipticals that contains the 20 control sources classified as early-type galaxies by the Ca II
break and the color-color diagram is defined ([33]).

A statistical study of the BH masses reveals that the X-shaped radio galaxies tend to have
higher BH mass than the objects in the control sample, as shown by the histograms of the BH mass
distribution (Fig. 1, left). The average BH mass of the X-shaped sample is 1.93+0.42

−0.34 times higher
than the one of the control sample in a tight common range of radio and optical luminosities. This
higher mean BH mass could be the result of a merger event followed by a BH coalescence, which
could be the cause of the X-shaped morphology observed in the radio maps.

The most recent bursts of star formation in the X-shaped sample are found to be statistically
older than those of the control sample, with 50% of the X-shaped sources having starburst ages
older than 108 years, and occurred before the active lobes were formed as indicated by the ratio
of the dynamic age to the most recent starburst age ([33, 34]). Moreover, a peak at ages of 1-3
Gyr is observed in the distribution of the most recent starburst age of the X-shaped sample (Fig. 1,
right). This peak suggests enhanced star formation due to a merger event, and is in agreement
with the time delay between the peak of starburst activity and the end of the merger expected from
simulations of galaxy mergers (e.g., [29]) and observations of individual objects (e.g., [43]; [10]).
A dynamic age of 106 yrs derived for the X-shaped radio lobes is also in agreement with the time
delay between the merger event and the onset of the radio-AGN activity triggered by the merger
(e.g., [10]).

All these results strengthen the merger scenario as the proposed origin of the X-shaped radio
sources, and yield further support to the hierarchical evolutionary model in which galaxy mergers
trigger star formation and AGN activity.
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Figure 1: Histograms of the BH mass distribution (left) and most recent starburst age (right) for the
X-shaped sources (top), the control sample (middle), and the sub-sample of control ellipticals (bottom).
Figures and caption taken from [34].

3. Double-nucleus disk galaxies

According to the models that describe the evolution of binary BH systems (e.g., [28] and
references therein), the nuclear luminosity is expected to be affected by an enhancement of the
accretion rate due to tidal effects and by accretion disk disruption. A tidal enhancement of the
accretion rate is also expected from simulations of un-equal mass mergers (e.g., [3]).

We test this possible link between the evolution of a binary BH system and the strength of
the nuclear activity by studying the optical luminosities of a sample of double-nucleus post-merger
galaxies. A photometric PSF (Point Spread Function) fitting is used to derive the luminosity of each
of the nuclei and the separation between them. We then apply a model, based on the evolution of a
binary BH system ([28]), that is able to explain the observed trend between the nuclear luminosity
and the relative separation between the two nuclei ([35]).

3.1 Sample and analysis

The sample studied consists of 54 sources drawn from a catalog of double-nucleus disk galaxies
candidates of minor merger events ([14]). The sources have been selected as having optical u, g,
and r-band images available in the SDSS DR8 ([9]). They all have redshift z <0.05 and do not
show strong tidal distortions indicative of major merger events ([14]).

The luminosity of each of the nuclei and their relative separation is derived from the fit of
two gaussian components (PSF fitting) to the r-band image of the center of these double-nucleus
galaxies. The code imfitfits ([30]) is used to fit a 2D photometric model (see Fig. 2), while 1D
gaussian profiles are fitted using the Starlink DIPSO software package for those galaxies that could
not be fitted by a 2D model ([35]).

According to the binary BH model ([27, 28]), the peak luminosity of each AGN can be
described as ([35]):

Lpeak = L0

(
1+

M̃
2− M̃

M̃
r̃2

)
ξ , (3.1)
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where L0 is the canonical luminosity of a single inactive galactic nucleus, and M̃ is the reduced
mass of the binary system. The reduced radius r̃ of the system can be expressed as

r̃ =
r

r+ rc
, (3.2)

where rc is the distance at which the two black holes become gravitationally bound and r is the
relative separation between the two nuclei derived from the PSF fitting. The factor ξ takes into
account that there is a decrease of the nuclear luminosity due to accretion disk disruption ([35]),
and depends on the power-law index β of the radial distribution of spectral intensity of the accretion
disk (F(r) ∝ r−β ).

This binary BH model is fitted to the observed trend between the nuclear luminosity and
nuclear distance using as free parameters the distance rc, the luminosity L0, and the index β .

Figure 2: PSF fitting of Mrk 38. Figures from left to right show the observed SDSS r-band image, the model
image of the 2 nuclei fitted by imfitfits, and the model image of the host galaxy fitted by imfitfits.

3.2 Results

The PSF fitting, the study of a connection between nuclear and host luminosity, and the fit of
the binary BH model to the data, have yielded the following results:

• Of the 54 galaxies analyzed, 19 are found to have a double nucleus with physical separation
≤1 kpc.

• A trend between the nuclear luminosity of each of the nuclei and the host galaxy luminosity
is observed. This trend is in agreement with the MBH ∝ L0.9

bulge correlation derived both for
inactive and active galaxies (e.g., [45]) for r-band luminosities log LR > 8 L�.

• The luminosity of the secondary nucleus versus nuclear distance is satisfactorily fitted by the
model, indicating that the accretion disk of the secondary nucleus is being disrupted. The
value of rc obtained from the fit indicates that the two nuclei become gravitationally bound
at a projected separation of 2 kpc.

• The reduced separation, derived from the value of rc obtained from the fit, is found to
be always smaller than the distance at which the outer parts of the accretion disk of the
secondary nucleus start being disrupted. This indicates that the accretion disk of the secondary
nucleus has started being disrupted in all sources.
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• The value of β obtained from the fit is used to derive the spectral index of radiation (α , where
Fν ∝ ν−α ; see review by [12]) of the accretion disk. We find a value that is in agreement
with the one found in the spectral region of AGNs with a peak in the optical-UV band (the
“big blue bump”; e.g., [40]), reinforcing our identification of the nuclei as SMBHs.

The study of the nuclear luminosity of these double-nucleus galaxies has proved, for the
first time, the binary BH model on post-merger galaxies. The results indicate that both the tidal
enhancement of the accretion rate and disk disruption are at play there, and that the accretion disk
of the secondary nucleus is disrupted during a minor merger event. This indicates that the activity
of the secondary BHs is rapidly quenched in post-merger galaxies, which explains the very low
detection rate of binary BH systems.
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