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ABSTRACT

A suite of 432 collisionless simulations of bound pairs of spiral galaxies with mass ratios 1:1 and 3:1, and global properties consistent
with the ACDM paradigm, is used to test the conjecture that major mergers fuel the dual AGN (DAGN) of the local volume. Our
analysis was based on the premise that the essential aspects of this scenario can be captured by replacing the physics of the central
black holes with restrictions on their relative separation in phase space. We introduce several estimates of the DAGN fraction and
infer predictions for the activity levels and resolution limits usually involved in surveys of these systems, assessing their dependence
on the parameters controlling the length of both mergers and nuclear activity. Given a set of constraints, we find that the values
adopted for some of the latter factors often condition the outcomes from individual experiments. Still, the results do not, in general,
reveal very tight correlations, the clearest effect being the tendency of the frequencies normalized to the merger time to anticorrelate
with the orbital circularity. In agreement with other theoretical studies, our simulations predict intrinsic DAGN abundances that range
from ~ a few to 15% depending on the maximum level of nuclear activity achieved, the higher the bolometric luminosity, the lower
the fraction. At the same time, we show that these probabilities are reduced by about an order of magnitude when they are filtered
with the typical constraints applied by observational studies of the DAGN fraction at low redshift. Seen as a whole, our results prove
that consideration of the most common limitations involved in the detection of close active pairs at optical wavelengths is sufficient
alone to reconcile the intrinsic frequencies envisaged in a hierarchical universe with the small fractions of double-peaked narrow-line

systems which are often reported at kpc-scales.
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1. Introduction

Within the current paradigm of galaxy evolution through
hierarchical structure formation the close pairs of active
galactic nuclei (AGNs), which at kpc-scale separations are
usually referred to as dual AGN (DAGN), are widely
believed to be the later stages of major mergers of galaxies
(e.g. Di Matteo et al. 2005; Hopkins et al. 2006; Colpi & Dotti
2011; Fuetal. 2011; Kossetal. 2012; Blechaetal. 2013;
Ellison et al. 2013; Fanetal. 2016; Shangguanetal. 2016;
Weigel et al. 2018), although some works seem to suggest
otherwise (e.g. Cisternas et al. 2011; Schawinski et al. 2012;
Herndndez-Ibarra et al. 2016; Villforth et al. 2017). In binary
mergers, as the progenitor galaxies orbit around each other, they
transfer angular momentum to the dark matter (DM) and to each
other through dynamical friction and start to sink toward the
center of the system. If both members of the pair are gas-rich
and massive enough to contain a central supermassive black hole
(SMBH; Kormendy & Ho 2013), the gravitational torques gen-
erated on each close passage are expected to drive substantial
inflows of gas to the inner regions of the merging objects, where
it can be accreted into the central black hole (BH) and ignite
nuclear activity. As the merger develops, the level of activity
tends to progressively achieve higher values, with its peak likely
at the galaxies’ final approach, when the two SMBH rapidly
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in-spiral to the center of the remnant and coalesce emitting
the most powerful pulses of gravitational waves in the universe
(Mingarelli et al. 2017). Of course, this idealized view does not
prevent the nuclear activity from being (alternatively) restricted
to one of the members of the pair, or triggered occasionally by
interactions not necessarily leading to a merger, as observed
in luminous quasars and radio sources (Ramos Almeida et al.
2011; Bessiere et al. 2012), or by secular (internal) processes
(Moles et al. 1995; Marquez & Masegosa 2008). In any event,
the detection and abundance of DAGN over galaxy-wide scales
not only provides an essential test for the merger-driven scenario
of these systems, but also has important implications for hierar-
chical structure formation theories, the growth and demograph-
ics of SMBH, the accretion and feedback physics, and even for
our understanding of gravity.

Over the last decade a number of systematic studies of
AGN pairs have been conducted at different wavelengths. Many
have relied upon optical data, such as the searches for double-
peaked narrow emission lines in the spectroscopic galaxy sam-
ple of the Sloan Digital Sky Survey (SDSS; e.g. Wang et al.
2009; Liu et al. 2010; Comerford et al. 2011; Ellison et al. 2011;
Rosario et al. 2011; Geetal. 2012). Yet there is no dearth
of examples of studies based on observations at other wave-
lengths, such as those carried out in the X-ray (Koss et al.
2012; Teng et al. 2012), mid-IR (Satyapal et al. 2017), or radio
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windows (Fu et al. 2015; additional references can be found in
Rubinur et al. 2018). In more than a few cases these investiga-
tions have reported a frequency of DAGN at kpc scales surpris-
ingly low according to current observational constraints on the
merger rate of galaxies, even after taking into account selection
effects (e.g. Liuetal. 2011). Naive calculations that compare
typical merging timescales to expected AGN lifetimes suggest
that, in accordance with the plausible scenario described above,
the fraction of DAGN in the local universe should be roughly
one order of magnitude larger than the values <1% typically
observed (e.g. Foreman et al. 2009). It must also not be forgot-
ten that observational DAGN studies suffer from biases related to
the wavelength and methodology used to diagnose the dual BH
activity. They also suffer from incompleteness —in many cases
severe— related to the design of the surveys, the identification of
mergers, and the difficulty in resolving the pairs at small pro-
jected separations.

This work focuses precisely on the triggering and detectabil-
ity of DAGN at kpc-scales in the nearby universe under the
assumption that the dual nuclear activity takes place in bound
pairs of similarly massive spiral galaxies (e.g. Steinborn et al.
2016). Our aim is to investigate the contribution of the limita-
tions associated with the standard methodologies used for the
detection of active SMBH pairs to the aforementioned conflict
between theory and observations. We are particularly interested
in assessing the importance in the selection of DAGN candidates
of the constraints stemming from the observation of double-
peaked narrow emission lines in optical spectra, as well as of
the most common limitations related to the selection of close
active companions around previously detected single AGN. In
order to do so, we have used a large subset of simulated colli-
sions between MW-like galaxies included in the massive suite
of high-resolution isolated binary mergers recently analyzed by
Solanes et al. (2018). While these merger experiments represent
neatly and extensively the sort of gravitational encounters most
likely involved in DAGN activation, they lack a self-consistent
treatment of the complex physical processes that deliver the gas
to the nuclear BH of the interacting galaxies. To solve this defi-
ciency we have adopted the strategy of encoding the physics of
the gaseous component by means of the kinematics of the col-
lisions, representing it through a series of thresholds defined in
the six-dimensional phase space of the relative separation of the
two progenitor galaxies'. In addition, the intergalactic separa-
tions adopted as a proxy for the different levels of BH activ-
ity have been complemented by several sets of constraints, both
along the line of sight (LOS) and in the plane of the sky, intended
to represent the limitations habitually present in the photometric
and spectroscopic, detection of AGN pairs.

The paper is laid out as follows. First, we outline in Sect. 2
the main characteristics and initial conditions of the major
merger simulations used for the present study. Section 3 intro-
duces the strategy devised to estimate from our experiments the
incidence of DAGN in the local universe. We then discuss in
Sect. 4 a number of possible alternatives for the calculation of
this fraction and the different outcomes we obtain, paying special
attention to the assessment of the importance of merger parame-
ters. Finally, in Sect. 5, we analyze the validity of our estimates
of the DAGN fraction from the standpoint of both observational

! In line with this approximation, our experiments neglect the slight

reduction on the dynamical friction timescale that may result in moder-
ately wet mergers (i.e. with gas fractions on the order of 10%) from the
cooling of the gas, which acts to enhance the central mass concentration
of the galaxies, and favors the sinking of the secondary object onto the
primary one (see Colpi 2014 and references therein.)
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studies and theoretical data provided by the latest state-of-the-art
numerical simulations, while Sect. 6 summarizes our work and
discusses the main insights that emerge from it. One long table
and several large figures showing results for DAGN fractions in
close pairs are included in Appendices A and B, respectively. All
probabilities and magnitudes inferred in the present investigation
have been calculated assuming a standard flat A Cold Dark Mat-
ter (ACDM) cosmology with Hy = 70kms™' Mpc™!, Q0 = 0.3
and Qpp = 0.7.

2. Numerical models of binary mergers

The runs used for the present investigation constitute the S+S
subset of the suite of simulations of isolated binary galaxy merg-
ers in bound orbits by Solanes et al. (2018; see this work for full
details). The orbital configuration of the mergers is defined from
the initial values of both the orbital energy and the orbital circu-
larity. The former quantity is represented as usual by the dimen-
sionless ratio

Teire(E) __ GMpMs

1
R, 28R, W

Feirep =

with M, and Mj, respectively, being the virial masses of the pri-
mary and secondary progenitor galaxies, R, the virial radius of
the primary’s halo and r.j.(&) the radius of a circular orbit with
the same orbital energy &. Likewise, the initial orbital circularity
acts as a dimensionless proxy of the orbital spin

£ |26«
Lcirc(a) - M GMpMs’

with £ = urvg,, van the tangential component of the time
derivative of the intercentric separation r = r, — r; and p =
MyM/(M,, + M) the reduced mass of the system. The val-
ues chosen for these two quantities are representative of their
probability density functions (PDF) predicted by the currently
favored ACDM cosmological model. For 7 two values are
considered: 4/3, which approximates the peak of the heavily
right-skewed orbital energy distribution found in the cosmolog-
ical simulations by McCavana et al. (2012), and 2.0, intended
to account for the relatively abundant more energetic orbits (we
note that this second value of the orbital energy is applied only
to equal-mass mergers without affecting the conclusions of this
work). We also include collisions along three different orbital
trajectories defined by € = 0.20, 0.45, and 0.70. These val-
ues are arranged more or less equidistantly across the universal
and heavily platykurtic PDF of the orbital circularity shown by
galaxies in bound orbits (e.g. Benson 2005; Khochfar & Burkert
2006; Jiang et al. 2008), whose peak is at € ~ 0.5 (corresponding
to an ellipticity e =~ 0.9). Each initial orbital setup is combined
with four different values of the dimensionless internal spin
(Peebles 1969) of the progenitor galaxies that sample the main
part of its similarly universal P(1) where the probability is high-
est (e.g. Shaw et al. 2006; Hernandez et al. 2007; Bryan et al.
2013): 4 = 0.00, 0.02, 0.04 (~median), and 0.06, and which are
assumed identical for both members of the pair. Finally, when
defining the geometry of the encounters, we have also considered
galaxies with different initial relative orientations. Since cosmo-
logical simulations suggest that the orientations of the spins of
merging halos and of the orbital angular momentum are basically
uncorrelated (Khochfar & Burkert 2006), we have put the focus
on those extreme configurations (twelve) that maximize or min-
imize the coupling between the internal spin vectors of galaxies,
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Table 1. Initial orientations  of the internal spins of progenitor
galaxies.

Galaxy 1  Galaxy 2

—lle—®®00R®00
lTloelele®®0

Notes. O represents a spin oriented along the Z+ direction, ® along
the Z— direction, T along the Y+ direction, — along the X+ direction, et
cetera. In all cases the orbital spin is oriented along the Z+ direction (©).

or rotation axes, and the orbital spin, and hence that maximize
or minimize the duration of the mergers (see Table 1).

Our model galaxies are made up of an extended spherical
Navarro et al. (1997) DM halo whose global properties (mass,
spin and concentration) are used to set the scalings of its central
baryonic (stellar) core. The mass of the central luminous compo-
nent of the galaxies is taken equal to 5% of their total mass and
distributed in the form of an exponential disk of stars surrounding
a non-rotating spherical Hernquist (1990) stellar bulge. We have
adopted two values for the total mass ratio of the primary and sec-
ondary progenitors, n = Mp/M; = 1 and 3, which correspond
to the boundaries of the major merger range. For the largest pro-
genitors, intended to represent a ~10'> M, galaxy of Hubble’s Sb
class, we have taken the bulge mass, My, to be equal to the 25% of
the disk mass, My, while the smallest progenitors, which picture
local Sc galaxies, have My, = 0.1 M4 (Graham 2001).

The largest galaxies are modeled using a total of 210,000
particles, while for the smaller objects this number is scaled
by the factor 1/75. All experiments adopt a 50-50 split in num-
ber between luminous and dark bodies. The Plummer equiva-
lent softening length for the luminous particles is set to 30 pc,
while for the more massive bodies (DM), the softening length
was taken to be proportional to the square root of their body
mass, thereby ensuring the same maximum interparticle gravi-
tational force. Although the galaxy models allow a single extra
particle representing a SMBH to be placed right at the center, the
extent of the DAGN phenomenon has been simulated in prac-
tice by following the temporary evolution of the separation, in
both the configuration (r) and velocity (v) spaces, between the
central regions of the interacting galaxies (see Colpi 2014, and
references therein), which in every snapshot are defined by the
subsets of the 10% most bound stellar particles of each member
of the pair. We also note that by following the center of mass
of a collection of particles we avoid the relocation problems of
the SMBH that arise sometimes in simulations. All the multi-
component galaxy models used in the merger experiments settle
into full dynamical equilibrium in a very short time (less than
one rotation). Besides, we have verified that their structural and
kinematic properties remain statistically unchanged for as long
as a Hubble time when they are evolved in isolation.

The combination of the values of the parameters described
above allows us to build a total of 288 Sb+Sb (n = 1)

and 144 Sb+Sc (7 = 3) distinct merger configurations. Their
evolution was simulated using the serial N-body tree-code
GyrfalcON (Dehnen 2000) with the adaptive time integration
scheme enabled and a longest timestep of ~0.001 simulation
time units, equivalent to about 2 Myr. This figure should not be
confused with the typical rate of the outputs of the simulation
used in the analysis, which is about one snapshot per 30 Myr.
Such rate, however, is increased to one snapshot per ~10 Myr
over the +0.5 Gyr-period around the time of coalescence of the
two nuclei to better capture the evolution of the separation of
the central regions of the galaxies during the final stages of the
merger. All the experiments begin with the galaxies separated
by a distance equal to the sum of the virial radii of their respec-
tive dark halos and are kept running until well after (between
~1-2 Gyr depending on the orbit) the formation of the merger
remnant.

Regarding the merger timescale, T, — a quantity involved in
the calculation of some of the probabilities of detecting a DAGN
outlined in Sect. 4.1 —, it is defined as the interval between the
instant at which the center of mass of the satellite galaxy first
crosses the virial radius of the host’s dark halo and the final coa-
lescence of the baryonic nuclei of both galaxies into a single
luminous core. Following Solanes et al. (2018), the separation
in phase space is quantified by the secular evolution of the prod-
uct of the (dimensionless) moduli, ArAv, of the Euclidean inter-
centric distances of the merging galaxies in the configuration and
velocity subspaces, respectively. Section 4 (in particular) of that
paper, includes a detailed discussion of the role played by the
different parameters that configure a merger, ranging from the
initial orbital circularity and energy, to the mass ratio and mor-
phologies of the progenitor galaxies, or to the magnitude and
orientation of their initial internal spins, on the length of the
merger.

Since gravity is the only physics in our simulations, we could
in principle attempt to extend our predictions to different epochs
(i.e. redshifts) simply by scaling masses, times and lengths. In
practice, however, the fact that we take for both the halos’ con-
centration and the global properties of the stellar component
values that are characteristic of the local universe rend this
extrapolation unfeasible.

3. Setting the scene for the triggering and
detectability of DAGN

The strategy adopted for the assessment of the incidence
of DAGN in the local universe is based on the following
assumptions:
— DAGN are triggered in major (7 < 3) galaxy-galaxy mergers;
— the activity of the nuclear BH is essentially encapsulated
in the intercentric separation in phase space of the merging
galaxiesz; and
— the level of activity increases with decreasing intergalactic
separation.
Since we are interested in comparing our predictions with a vari-
ety of outcomes from observations and simulations, we have
implemented up to three different maxima of intergalactic sep-
aration in the phase space when calculating the DAGN fre-
quencies. In order to provide a sense of the prominence of the
nuclear activity, we assumed that such separations are inversely
correlated in a sensible way with certain thresholds of AGN
bolometric luminosity, thus preserving the trend that more

2 This deliberately ignores the possible effects of the spin and energy
of the colliding galaxies in the BH’s accretion rate and growth.
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luminous duals tend to be closer to each other (Steinborn et al.
2016; Volonteri et al. 2016). The nuclear activity levels adopted
are:

(i) WEAK, usually long-term (>10Myr), DAGN activity,
which we assumed is related to low bolometric luminosity
thresholds of around 10%2 erg s~!, and that we associate with
intrinsic phase-space separations Ar < 50kpc and Av <
200kms~!, in reasonable agreement with the findings of con-
trolled simulations (Van Wassenhove et al. 2012; Capelo et al.
2017) and observations (Koss et al. 2012);

(i) INTERMEDIATE activity, which is expected to occur
at Ar < 10kpc and that likely involves bolometric luminosities
210¥ ergs™!; and

(iii) STRONG activity, triggered when Ar becomes smaller
than about 2 kpc and where it is feasible to expect that the typical
bolometric luminosity Ly of the pair can reach values of at least
10* ergs!.

We stress again that the adopted identifications between
phase-space boundaries and nuclear activity thresholds are only
indicative and merely established to help the reader have a
rough idea of the minimum bolometric luminosities that can
be expected depending on the physical separation of the BH.
Besides, as the luminosity of any AGN pair is expected to basi-
cally reflect the luminosity of its most massive member, we have
not accounted for the possibility that the central BH can have dif-
ferent masses — something that can happen especially in unequal
mass mergers — and therefore experience different feeding rates
that may lead to different luminosities.

The total lifetime of the AGN phase triggered by the inter-
actions (i.e., the duty-cycle of the central BH) is controlled by
a parameter T,s; which is allowed to range from 10 Myr up to
a maximum of 100 Myr (Gatti et al. 2015; Capelo et al. 2017;
Blecha et al. 2018). The calculation of probabilities assumes that
there is no correlation between the span and strength of AGN
activity — thus ignoring claims that AGN lifetimes may decrease
with increasing luminosity (Blecha et al. 2018). For this rea-
son, we have chosen to provide predictions for the two extreme
values of this range, which will be hereinafter referred to as
the SHORT and LONG BH duty-cycles, respectively. However,
we have explicitly taken into account in our modeling that the
nuclear regions of the galaxies take a while to perceive the effects
of the interaction once their relative separation falls below the
threshold adopted for the onset of a certain level of AGN activity.
This happens because infalling matter must get rid of its angu-
lar momentum before it can begin to feed the central BH. This
task, which is driven by kinematic viscosity and, most probably,
magnetic fields, makes the accretion of matter into black holes a
relatively slow process. A reasonable estimate, although admit-
tedly crude, of the minimum time delay required for the start of
any nuclear activity associated with a given intercentric distance
in configuration space, Ar, is provided by the free-fall speed
in a typical disk galaxy, which has been approximated by the
expression

[T_} ~ 0.006 [ﬂ} :
Gyr kpc
independently of the mass of the progenitors and the rest of
merger characteristics. Furthermore, we have also assumed that
once the nuclear activity of any level is triggered in a merger it
will continue unaltered as long as the conditions for the feeding
of the SMBH are met. In other words, that there is always enough
material available to power the BH with an accretion rate below
the Eddington limit (Kollmeier et al. 2006; Shen et al. 2008), so
that the fuel supply is not substantially affected by feedback.

3
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In an attempt to mimic the most frequent observational lim-
itations that are encountered when trying to determine the abun-
dance of DAGN, we have also implemented a procedure that
aims to reproduce the incidence of dual systems with double-
peaked narrow emission lines in their optical spectra (Zhou et al.
2004; Gerke et al. 2007; Comerford et al. 2009). Since, as men-
tioned above, there is a plethora of systematic surveys that
apply this technique using as parent samples different data
releases from the SDSS (e.g. Smith et al. 2010; Shen et al. 2011;
Pilyugin et al. 2012; Miiller-Sanchez et al. 2015, see also refer-
ences in the Introduction above), we have modeled the limita-
tions imposed by optical spectroscopic by restricting the detec-
tions to LOS velocity differences, Avp, larger than ~150km s~
and projected separations, Ar;p, smaller than 8 kpc. The first
constraint is set by the resolution of SDSS spectra, while the
second corresponds to the projected distance inferred from an
angle of 3 arcsec, the diameter of a single fiber, at a redshift of
0.15 typical of the SDSS Legacy Survey.

Another common approach to build up observational sam-
ples of DAGN - which is not limited by spectral resolution or
fiber size — is to identify them from a (ideally complete) par-
ent dataset of bona fide merger candidates containing individual
spectral information (e.g. Ellison et al. 2011; Koss et al. 2012;
Teng et al. 2012; Fu et al. 2015; Satyapal et al. 2017). This tech-
nique can be considered complementary of the former because
it is sensitive to galaxy pairs with nuclear separations larger than
those of the double-peak approach. To replicate what is usually
done in practice, we have applied to our binary mergers up to
three different filters — in projected intercentric distances and
LOS velocities — representative of the most typical observational
constraints adopted to define galaxy pairs in surveys at low red-
shift. They are:

(1) The OPEN filter, which applies the constraints adopted
in Liuetal. (2011), who selected pairs with Skpc < Arp <
100kpc and Avjp < 600 km s7!, and where the lower limit on
Aryp is introduced to exclude pairs in advanced mergers with
nuclear separations that are too small to be resolved by the
deblending algorithm of SDSS photometry (Lupton et al. 2001);

(i1) The WIDE filter, which applies to pairs satisfying some-
what stricter criteria: Arop < 80 kpc and Avip < 500kms™'; and

(iii) The CLOSE filter, which is introduced to account
for galaxy pairs selected with the conditions® Aryp <30kpc
and Av;p <500kms™' (e.g. Darg et al. 2010; Patton & Atfield
2008).

For the last two types of predictions we have assumed that
there are no special difficulties when it comes to spatially resolve
duals during the final phase of the mergers, so we have notimposed
any minimum threshold in Ar,p. In any event, none of the results
discussed in the following sections are significantly affected
by the specific values adopted for the phase-space constraints.

As we have just seen, the observational identification of
AGN pairs relies on projected quantities. Therefore, to derive the
likelihoods for dual-activity observability that result from any of
our merger simulations we must integrate the projections of the
intrinsic intercentric distance and velocity vectors along all pos-
sible viewing angles. In practice, this means that it was necessary
for us to deal with the cumulative distribution functions

“

Dy
Fip(@ < < @) =f di’ = i, — iy,
|2

3 30kpc is also the approximate physical scale in projected separation
on which galaxy in pairs start to exhibit significantly higher star for-
mation rates than field galaxies (Barton et al. 2000; Lambas et al. 2003;
Alonso et al. 2004; Nikolic et al. 2004; Perez et al. 20006).
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for projections onto the 1D subspace defined by a given random
LOS (it applies to radial velocities), and
) lI)/ dlI)/

o Vi—a? Ji-2i- 1=, )

for projections onto the 2D subspace defined by the plane per-
pendicular to the LOS (it applies to distances in the plane of
the sky), with @ = w/wsp the magnitude w of the projection of
an arbitrary 3D vector in units of the modulus wsp of the latter,
and 0 < @; < @, < 1. In the present calculations no account
is taken of the possibility that attenuation by dust, and there-
fore viewing angle, can limit the observable phase of AGN to a
fraction of their intrinsic lifetimes (Hopkins et al. 2005; but see
Capelo et al. 2017).

Last but not least, our DAGN model included a tunable
parameter €,, defined as

Fopp(y < < i) =

if DAGN activity is not feasible,
otherwise,

Eagn(i) = { 2 €(0,1] (6)
that measures both the effectiveness of single AGN triggering
and the simultaneity of the activity of the two central BH at each
timestep i. It is ultimately a measure of the detectability of corre-
lated nuclear activity with values ranging from O to 1 that encom-
pass, respectively, the two most extreme possibilities: 1) totally
ineffective triggering; and ii) fully effective triggering and fully
correlated activity. Some hydrodynamic simulations of galaxy
mergers indicate that simultaneous BH activity requires sim-
ilarly massive progenitors (Blecha et al. 2013; Steinborn et al.
2016), while others suggest that the degree of correlation could
be related to the activity strength, in the sense that it decreases
with increasing luminosity (e.g. Van Wassenhove et al. 2012).
In any case, for the present exercise we have kept the value of
this parameter always equal to one whenever the conditions for
DAGN activity are fulfilled, implying that we will be obtaining
probability estimates that operate as upper limits. Let us note that
by proceeding in this way the comparison of our outcomes with
observations can be used, for instance, to constrain the degree
of correlation in the shinning of AGN in pairs provided it is
assumed that the triggering of BH activity is highly effective.

4. Probabilities of DAGN

One of the most important outcomes of any investigation on the
connection between dual BH activity and mergers is the inci-
dence of DAGN represented by the fraction of these systems out
of interacting systems.

4.1. Definitions

Determination of the number of physically bound galaxy pairs
in a region or epoch of the universe is by no means simple. As
a result, most theoretical studies choose to calculate the inci-
dence of DAGN by measuring instead the fraction of the total
encounter time the pairs of active galaxies satisfy certain condi-
tions. This implies invoking the ergodic hypothesis and replacing
the ensemble average over of all the system’s states in its phase
space by temporal averages. In other words, assuming that by
observing a binary merger for long enough time one has access
to many realizations of the system®*.

* One necessary condition that must be met for this to hold is that the
orbital planes and relative orientations of the galaxy pairs have to be
roughly isotropically distributed (Khochfar & Burkert 2006).

This is also the view adopted in the present work. In the
first place, we show results for two probabilities that normalize
the dual activity time to what would be the most natural mea-
sure of the length of the merger phase, the merger timescale,
Tmer> @ quantity which has a relatively standardized definition in
numerical simulations (see e.g. Solanes et al. 2018, and refer-
ences therein, as well as Sect. 2). They are:

1. Pgagn, which provides, for each and every one of our merg-
ers, an estimate of the fraction of the total merger time in which
dual BH activity, observable or not, is feasible, offering therefore
a measure of the intrinsic abundance of DAGN predicted by the
major merger scenario; and

2. Pgagnspec, Which only considers the dual-activity time
when the BH are observable through double-peaked narrow line
features, thus providing an estimate of the frequency of DAGN
that could be detected with optical spectroscopy in surveys free
of other limitations.

These probabilities can be expressed mathematically as

n

1
Pasgn = — D eIt + 1) = 1(0)], )
mer i=1
1 n
Pasgnspee = —— D Pors(Deagn (I + 1) = 1(0)], @®)
mer i=1

where the sums go over all n timesteps in which 7y, is divided
in our simulations and where pops(i) measures the probability of
DAGN detection calculated with the aid of Egs. (4) and/or (5)
for a given set of observational constraints.

The inherent difficulties that observational studies must face
when identifying physically bound pairs of AGN, especially at
large separations, lead them frequently to constrain the charac-
terization of the abundance of DAGN in subsets of close pairs
selected by applying certain specific spatial and/or kinematic
filters. In order to facilitate the comparison of our predictions
with this kind of results, and with those from theoretical studies
inferred along the same lines, we have also inferred the follow-
ing estimates for the fraction of DAGN that take into account
the amount of merger time in which the intercentric separation
of the galaxies falls within the different (projected) phase-space
thresholds set out in the previous section to define galaxy pairs:

3. Pgigﬂ, which gives the probability that a DAGN is included

in a catalog of binaries; and

. g:gn’spec, which measures the fraction of DAGN that can
be expected to satisfy simultaneously the visibility constraints
arising from the phase-space filtering applied for the selection of
galaxy pairs and the double peak-method.

In mathematical form:

. 1 n
Pl = - )€agn (D[2(i + 1) — t(D)], 9
N ©
i 1 C . . . .
szgn,Spec = Trer Z; Deatobs (D €agn (D[ + 1) — £(D)], (10)

where f. is the total fraction of the merger time of a bound
galaxy pair during which it is expected to be included in a given
catalog of binaries, while pcy(i) and pcaobs () measure, respec-
tively, the probabilities at the ith timestep that a merging system
fulfills the conditions for being considered a galaxy pair and at
the same time being detected as a DAGN.
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The individual estimates of the above four probabilities that
arise from our suite of major-merger runs are displayed graphi-
cally. The results for Pyagn and Pgagn spec are shown in Figs. 1-3,

while, because of their length, those for szgn and szgn’spec are
shown in a series of plots (Figs. B.1-B.6) in Appendix B. In
the panels of all these figures each single estimate of the frac-
tional incidence of DAGN is represented by a green dot, while
the large open red symbols and associated error bars show the
location (median) and scale (interquartile range) of the subsets of
results corresponding to the three different initial orbital eccen-
tricities considered in our merger runs. The values of these esti-
mators are listed in Table 2, as well as in the Table A.1. We
note that the latter table only contains the probabilities for the
core tuns (r¢rep = 4/3). The average frequencies for mergers
with reep = 2.0 are presented exclusively in graphic form in

Figs. B.5 and B.6°.

4.2. Results

In the next section we shall compare our data to other theoretical
and observational studies. We first summarize our main findings
regarding the values and behavior of the different probabilities
for DAGN just defined and their dependence on the main param-
eters controlling the length of mergers, namely, the initial orbital
ellipticity and energy, the mass ratio, and the spin and relative
orientations of the galaxies.

1. There is a mild negative correlation of Pg,e, with the
initial orbital circularity and the level of activity, more evi-
dent for 3:1 mass ratios (top three panels of each six-panel
group in Figs. 1-3). For equal-mass mergers, the medians of
the different samples of Pgygn inferred for the LONG BH duty-
cycle reach up to ~7-9% for (moderately) radial collisions and
WEAK/INTERMEDIATE luminosities, while for the Sb+Sc
pairs this percentage raises up to ~13% for the most radial
and less powerful DAGN, with some individual predictions
approaching 20%. As expected, the decrease of the BH duty-
cycle reduces the values of this probability significantly, moving
the medians toward ~4-5% for the WEAK activity regime and
toward clearly lower frequencies for the INTERMEDIATE and
STRONG regimes. Indeed, in this latter case, the median values
of Pgaen become negligible independently of the initial orbital
parameters, the progenitors’ mass ratio or the length of the BH
duty-cycle.

2. Comparison of the previous results with the bottom three
panels of each six-panel group in Figs. 1-3 shows that Pgagn spec
behaves similarly. As in the case of Pg,,, We observe a weak
dependency of this probability on the orbital characteristics, in the
form of a tendency for more circular orbits to lead to lower typical
abundances. This is also true for the mass ratio, despite the con-
siderable increase in the merger times that it entails. Again, the
highest characteristic values of Pgagn spec, NOW in the range ~0.5-
1.3%, are obtained for the lowest X-ray threshold, while not one
of our hundreds of mergers leads to probabilities above 2%.

In the STRONG regime (right-hand panels of Figs. 1 and 2),
where it is not surprising to find null values of Pgygnspec, the
spread of the individual predictions inferred for the LONG BH
duty-cycle is substantial and anticorrelated with the orbital cir-
cularity. For the most radial orbits we recorded quite a number
of results falling in the neighborhood of the interval 0.5-1.5%,
while we barely obtain values above 0.5% in the runs where

5 The fact that all quoted probabilities are directly proportional to €,
means that our results can be rescaled immediately to effectiveness of
dual activity below one hundred percent or correlations less than perfect.
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e = 0.7. Much like Pg,gn, we also see that the SHORT BH
duty-cycle leads to a reduction in the location and scale of the
distributions of values of Pgagn spec, €Xcept in the case of the less
powerful DAGN in 3:1 mergers, which do not seem particu-
larly affected by changes in the duration of the periods of activ-
ity (compare the bottom left panels of the two six-panel groups
in Fig. 2). This indicates that these mergers, regardless of the
orbital configuration, hardly lead to isolated DAGN episodes, so
that once the conditions for WEAK activity are satisfied they
continue to hold until the end of the merger process.

3. In equal-mass mergers both Pgagn and Pgagnspec are inde-
pendent of the modulus and orientation of the progenitors’ halo
spin. However, for 3:1 mergers, especially those taking place
along elliptical orbits, these two probabilities tend to be posi-
tively correlated with the length of the merger phase, which in
turn increases with the angular separation between the spin of the
principal halo and the orbital spin (see e.g. Solanes et al. 2018)
as collisions go from direct to retrograde.

4. Contrary to Pyaen and Pgagn spec, the probabilities that take
into account the activity time spent within a given projected
separation do not appear to correlate with the initial orbital
circularity of the mergers (see Table A.1). As expected, the more
restrictive the separation criteria used in the normalization of

szgn and P’d’zgn’spec the larger their values, while the opposite is
true for both the luminosity threshold and the length of the activ-
ity cycle of the BH (the dependence on the mass ratio shows no
discernible global trend).

We also find that the WIDE and CLOSE filterings lead to

identical results for szlgrn’spec independently of the power emitted
by the BH. This happens because they define pairs with no limi-
tations in the minimum spatial separation, so the main restriction
to the observability of DAGN comes from the low-velocity con-
straint imposed by the double-peak method (see the middle and

right bottom panels of each six-panel group in Figs. B.1-B.6).

In contrast, both Pgair and PP are substantially reduced for
agn dagn,spec

the OPEN filter (see left bottom panels), to the point that just in
a small number of instances involving elongated orbital encoun-
ters and long-term dual activity, it is feasible to first select and
then observe double-peak narrow emission lines at peak lumi-
nosities with a non-zero probability. The fact that in this case we
filtered out small separations makes the outcomes insensitive to
AGN pairs in an advanced state of merger.

5. The top six-panel groups in Figs. B.1-B.6 show that for
WEAK (Lpo 2 10*ergs™) DAGN with Tpe, = 100 Myr the

medians of nggn fall in the ranges ~10-15%, ~15-25% and

~35-50%, as one moves from OPEN, to WIDE, and then to
CLOSE separations, respectively (the upper limits correspond-
ing to 3:1 mergers), while the change from the LONG BH duty-
cycle to the SHORT one reduces them approximately to the half.

On the other hand, szlgrn spec Shows under the same circumstances

medians within ~0.5-1.5% for the WIDE and CLOSE filters
and always below 0.5% in the OPEN case. Moreover, for the
most luminous DAGN we predict short characteristic visibility
periods with all normalizations, particularly those corresponding
to the OPEN filter, for which we find null medians in all cases
investigated (bottom six-panel groups of Figs. B.1-B.6).

For its part, the dispersion of the predicted probabilities tends
to increase with increasing orbital elongation, the physical close-
ness of the pairs, and the progenitors mass ratio, being particu-
larly sensitive to the BH lifetime (all this for the same initial
orbital energy; see also point #6 below). We note however that,
as in the case of Pyagn and Pyagn spec fOr equal-mass mergers, there
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Table 2. Medians (M), lower (Q1), and upper (Q3) quartiles of the DAGN fraction predicted by the major merger scenario at z ~ 0.

Pdagn © Pdagn,spec @
Tcirc,p n Tagn @ Lol ®) € M Ql Q3 M Q1 Q3
4/3 1:1 10? WEAK 0.20 8.74 7.74 9.57 1.35 1.14  1.56

0.45 8.85 8.04 965 129 1.09 1.50

0.70 6.13 5.60 6.65 094 082 1.17

INTERMEDIATE  0.20 7.81 7.00 820 0.87 050 1.19
0.45 7.22 6.52 748 0775 046 1.06

0.70 4.37 3.95 471 058 035 0.70

STRONG 0.20 1.09 0.00 342 0.01 0.00 0.76
0.45 0.41 0.00 1.75 0.10 0.00 0.66

0.70 0.58 0.00 0.67 000 0.00 0.33

10 WEAK 0.20 5.30 4.52 620 1.02 093 1.11
0.45 5.37 4.50 628 1.05 087 1.30

0.70 2.40 1.89 276 0.66 058 0.80

INTERMEDIATE  0.20 2.14 2.07 291 039 0.12 0.63

0.45 1.77 1.13 203 032 0.13 0.64

0.70 1.32 1.17 .72 027 022 033

STRONG 0.20 0.35 0.00 0.69 000 0.00 033

0.45 0.14 0.00 0.86 0.03 0.00 032

0.70 0.19 0.00 022 000 0.00 0.11

3:1 102 WEAK 020 13.18 1239 1429 130 121 147
045 10.19 868 1070 0.62 052 1.09

0.70 8.22 6.85 926 086 076 1.02

INTERMEDIATE  0.20 8.81 7.75 982 097 056 1.39

0.45 5.99 5.37 7.13 061 044 087

0.70 3.59 3.04 421 037 031 044

STRONG 0.20 1.74 0.00 291 023 000 0.73

0.45 1.20 0.00 220 0.00 0.00 0.50

0.70 0.45 0.00 0.83 0.00 0.00 0.04

10 WEAK 0.20 7.40 6.56 814 1.19 1.07 1.38
0.45 3.86 3.08 585 052 043 0093

0.70 4.23 3.25 459 073 0.65 0.81

INTERMEDIATE  0.20 1.24 1.17 198 040 0.19 0.56

0.45 1.20 0.69 143 027 015 040

0.70 1.16 0.85 1.70 022 0.12 030

STRONG 0.20 0.28 0.00 031 0.07 0.00 0.20

0.45 0.20 0.00 023 0.00 000 0.14

0.70 0.13 0.00 0.15 0.00 0.00 0.01

2.0 1:1 102 WEAK 0.20 8.33 7.45 9.18 130 1.18 143
0.45 7.38 7.07 844 1.11 1.02  1.28

0.70 4.25 3.66 478 087 076 093

INTERMEDIATE  0.20 7.30 6.60 765 078 052 1.17

0.45 4.35 3.09 581 056 031 0.88

0.70 2.44 2.06 280 041 030 052

STRONG 0.20 1.01 0.00 206 024 000 0.74

0.45 0.73 0.68 149 033 000 0.63

0.70 0.39 0.38 0.77 0.14 0.00 0.22

10 WEAK 0.20 5.04 4.14 591 099 089 1.07
0.45 4.33 3.38 505 089 060 1.04

0.70 2.21 1.96 245 0.65 055 0.73

INTERMEDIATE  0.20 2.01 1.03 279 038 0.14 053

0.45 1.25 0.71 148 035 0.11 052

0.70 1.04 0.64 1.13 020 0.10 0.32

STRONG 0.20 0.33 0.00 035 008 0.00 0.25

0.45 0.24 0.23 0.71 011 0.00 0.27

0.70 0.13 0.13 020 0.05 0.00 0.09

Notes. PAGN lifetime in Myr. ¥ Activity level expressed as a bolometric luminosity threshold (see text). ©Intrinsic. ”Observable through
double-peaked narrow-line features. Probabilities are normalized to the total merger time.
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does not seem to be any clear correlation between the individual

scores of szlgrn and szgn,spec and the internal spin of the galaxies,
regarding both its initial magnitude and direction, and with the
relative orientation of the latter with respect to the orbital spin
(see also Capelo et al. 2017). This means that it is not easy for
numerical investigations of DAGN relying on idealized binary
mergers to foresee a priori the minimum number of orbital con-
figurations needed to correctly represent the whole plot of pos-
sible results.

6. Changes in the initial orbital energy of mergers within the
limits set out in Sect. 4.1 essentially leave the previous conclu-
sions unchanged (compare Figs. B.1 and B.2 with B.5 and B.6,
respectively), despite corresponding to a variation of up to 50%.

5. Validation of the results

The validation of our results throughout the comparison with
observations is not at all straightforward due to the tendency of
AGN surveys to be affected by selection biases and incomplete-
ness, the lack of a unified estimator of the abundance of dual
systems, and the uncertainties of the measurements, which are
frequently based on small datasets. The latter problems affect
simulations as well.
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reduced orbital energy rircp = 4/3.

To aid clarity in this section we have included two summary
figures, which provide a direct comparison of the global results
of our numerical model for DAGN triggering via major mergers
with the observational results and other theoretical predictions.
Figure 4 shows the two probabilities that normalize the dual
activity time to the total length of the merger phase, while
Fig. 5 shows the probabilities calculated taking into account the
abundance of DAGN in different subsets of close pairs defined
through thresholds in phse space.

5.1. Comparison with observations

One of the few observational studies providing measurements
of the incidence of DAGN relatively close to those defined in
Sect. 4.1 is that by Rosario et al. (2011). These authors, start-
ing from a small sample of (12) imaged AGN with a median
z = 0.35, conclude that the “global” fraction of double-peaked
emitters on kpc-scale pairs should be in the range 0.3-0.65%.
This result shows a more-than-fair agreement with the total
range of individual scores we obtain for Pyaen spec in our simu-
lations, which go from zero to 2%, provided we assume, as they
do, that there has not been major evolution in the population of
AGN between z ~ 0 and z ~ 0.4. In addition, Rosario et al. (2011)
apply population statistics to deliver a rough estimate of the
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fraction of time a merging pair of galaxies spends in a QSO
phase under the assumption that all QSO are associated with a
major merger event. Their calculation of 8% is entirely in line
with the medians of Pg,gq we infer for the WEAK and INTER-
MEDIATE activity levels.

Ellison et al. (2011) directly measure the DAGN fraction in
a large sample of more than 11 000 galaxy pairs extracted from
the SDSS legacy volume, where companionship is defined from
the constraints Arpp < 80kpc and Avrps < 200km s~!. From
the information gleaned from the Kewley et al. (2001) BPT clas-
sification scheme, they find that this fraction increases steadily
with decreasing nuclear distance up to ~10% at the closest sep-
arations (Aryp < 10kpc) for major pairs — this number doubles
when they consider pairs with AGN that are either single or dou-

ble. By using our estimates of Pg:gn for low-luminosity (WEAK)

DAGN in WIDE pairs as a proxy for this quantity (and ignoring
the differences in our respective velocity constraints), we find
that the best agreement — which is actually quite good — is pro-
vided by our predictions corresponding to the SHORT BH duty-
cycle. In contrast, for the LONG BH duty-cycle we infer typical
fractions in the range ~15-25% and individual values that never
fall below 12%.

mass ratio of 3:1.

The results of Ellisonetal. (2011) are corroborated by
Silverman et al. (2011), who find a qualitatively similar evolu-
tion of the fraction of moderate-luminosity (Ly, ~ 104 erg s7h
AGN with projected physical distance using close pairs (Arpp <
75kpc and Avps < 500kms™') of massive galaxies (Mg >
2.5 x 10" M) identified in the zCOSMOS 20k catalog
(Lilly et al. 2007). Similarly to the former work, they provide
measures divided according to mass ratio (though actually only
for global values because their sample is smaller). Thus, accord-
ing to Silverman et al. (2011), the median fraction of galaxy
pairs with a mass ratio less than 3:1 hosting AGN is 11.7+3.2%.
Interestingly, this value is remarkably close to the median of

Pg:gn we obtain for WIDE pairs of INTERMEDIATE activity
and, in this case, LONG BH duty-cycles. It must be kept in
mind, however, that this result is inconclusive, as the obser-
vational values provided by Silverman et al. (2011) are likely
overestimates, because they both do not differentiate between
galaxy pairs with single or double AGN and correspond to red-
shifts 0.25 < z < 1.05 in which gas-rich mergers are expected
to be considerably more frequent than today. We also note
that this survey, as the previous one, is deficient in late-stage
mergers.
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Koss et al. (2012) study in turn the fraction of DAGN from a
sample of 167 nearby (z < 0.05) ultra-hard X-ray-selected AGN
of the all-sky Swift Burst Alert Telescope survey. The good thing
about this work is that it not only identifies the fraction of these
AGN having at least one companion within 100 kpc, but pro-
vides detailed information on the X-ray luminosities of the pairs,
their mass ratios and their projected separation. By examining
these data (see the online-only version of their Table 1) one can
deduce, for instance, that the frequency of DAGN with Ly, ~
10* erg s~ in major pairs at projected separations <30kpc is
about 40% (10/24)°. As in the previous cases, this observational
result is also remarkably in line with our calculations, which on
this occasion are those associated with Pzzgn for WEAK sources
in CLOSE pairs. We find the best agreement for the estimates
that assume a LONG BH duty-cycle, in which Koss et al.’s result
fits perfectly well, while our predictions for the SHORT BH
lifetime are on average a factor of ~1.5-2 smaller. Neverthe-
less, we caution that as with the work of Silverman et al. (2011),
we can only establish an approximated comparison, given that

6 TItis possible to infer frequencies for shorter separations and/or higher
luminosities, but this involves low-number statistics and hence large
uncertainties.
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they consider pairs in which there is always an active nucleus,

a circumstance not included in our normalization for szgn and
that raises their estimates by an amount that is difficult to gauge.

We have also attempted to extend this comparison to DAGN
studies based on samples extracted from large catalogs of indi-
vidual galaxies. This is the case, for instance, of Comerford et al.
(2009), who examine 1881 red galaxies from the DEEP2 Galaxy
Redshift Survey, and of Ge etal. (2012), who draw a parent
AGN sample from the nearly million objects that constitute the
extragalactic spectroscopic survey of the SDSS-DR7. In such
instances, there is the possibility of using the local value of the
fraction of massive galaxies having a similarly large compan-
ion within a projected separation of 30 kpc given in Man et al.
(2012) (0.07 £ 0.04) to convert the fractions of spectroscopically
detected duals into frequencies that can represent a reasonable

proxy for our estimates of P**" for CLOSE pairs and WEAK

dagn,spec
emission (this conversion onlil Islakes sense if one assumes that
major mergers are behind all AGN fueling). The application of
this simple rescaling suggests that the observed fractions of spec-
troscopically detected duals in tight galaxy pairings should be
around 1.5% and 1.3%, respectively. These percentages, as well
as being consistent with each other, are in very good agreement
with our predictions.
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Fig. 4. Comparison of our results for Py, (f0p) and Pgagnspec (bottom) with observations and other theoretical predictions. The total ranges of
plausible values for these probabilities inferred from all the major mergers in our suite, i.e. regardless of the orbital eccentricity, orbital energy and
mass ratio of the progenitor galaxies, are represented by means of horizontal bands color coded to show the different thresholds of the bolometric
X-ray luminosity adopted in our numerical DAGN model (see the inset in the fop-left panel). The panels on each column depict results for different
durations of the AGN phase, T,g,: 100 Myr (left) and 10 Myr (right). Distributed between this figure and Fig. 5, we show a set of benchmarks formed
by the individual values and/or ranges of values quoted in the observational works by Rosario et al. (2011, Ros11), Ellison et al. (2011, Ell11),
Silverman et al. (2011, Sil11) and Koss et al. (2012, Kos12), which are represented by blue solid circles, those corresponding to our own estimates
based on the large AGN surveys by Comerford et al. (2009, Com09) and Ge et al. (2012, Gel2), represented by blue solid squares, as well as those
stemming from the cosmological simulations by Rosas-Guevara et al. (2019), Volonteri et al. (2016) and Steinborn et al. (2016) that we group
under the same label (Cosmo), and from the isolated merging runs of Capelo et al. (2017, Cap17), which are identified by red solid circles.

5.2. Comparison with simulations

We now compare our results with estimates arising from some of
the most recent numerical studies that look into the abundance
of DAGN, either from cosmological simulations including full
hydrodynamics, or from controlled binary merger experiments
like ours, but with a explicit gaseous component.
Rosas-Guevara et al. (2019) employ a cosmological simu-
lation in the largest comoving volume (100 Mpc)® from the
EAGLE project (Schaye et al. 2015) running it up to z = 0. They
consider a visible DAGN to be an active BH pair with a (intrin-
sic) separation <30kpc powering at Ly, 2 10%¥ ergs™'. How-
ever, instead of normalizing the dual-activity time to the total
time spent below that separation, they choose to define the prob-
ability of detecting DAGN only in the hard X-ray bands as the
average fraction of these objects with respect to the total number
of AGN and calculate it at different cosmic epochs. At z = 0.0—
0.5 they find the fraction of dual systems in which at least one
of the AGN is visible in the hard X-ray band to be about 0.5%.
As these authors point out, their prediction is broadly consistent
with similarly-defined probabilities inferred from the outcomes
of the cosmological hydrodynamic simulation Horizon-AGN by
Volonteri et al. (2016), and of an even larger volume simulation
included in the Magneticum Pathfinder set by Steinborn et al.
(2016). These two studies also find that DAGN constitute less
than 0.5% of all AGN, though in the second case the estimate
corresponds to z = 2. All these results fall considerably short
of both what is inferred from observations — Koss et al. (2012)
find, for instance, that the DAGN fraction defined in this way, but
detected using both X-ray spectroscopy and emission lines diag-

nostics, is ~8% at scales <30kpc — and our estimates of szzn

for INTERMEDIATE DAGN in CLOSE pairs. If we ignore for

a moment that the definition of the fraction of visible DAGN
used in Rosas-Guevara et al. (2019) is hardly consistent with our

ra plausible explanation for this strong dis-

definition of szgn,
crepancy would be the limited effectiveness of correlated nuclear
activity that characterizes AGN in cosmological simulations.
According to Rosas-Guevara et al. (2019) there is a probability
of only 3% that two paired AGN are simultaneously detected, in
other words that they are turned on at the same time, when they
have a separation <30 kpc, which they attribute to the presence
of rapid (on temporal scales of Myr) AGN variability. It is curi-
ous to note, however, that if we had reduced the effectiveness of
the dual nuclear activity adopted in our simulations from 1.0 to
0.03, then the bulk of our predictions for this probability would
have fall between 0.2 and 1%, in much better agreement with
the cosmological outcomes. In contrast, the comparison of our
results with the observations carried out in Sect. 5.1 points to
effectiveness close to 100%.

We additionally include in this appraisal the recent hydrody-
namic simulations of isolated mergers by Capelo et al. (2017).
These authors have build a suite of 12 simulated mergers
(six of them major) and calculated dual-activity observabil-
ity timescales assuming different thresholds for the bolomet-
ric luminosity, adopting different separation filters and, no less
important, translating their 3D outcomes into projected quan-
tities, as we have done too. In particular, in Table 2 of their
paper they list the individual frequencies for DAGN with Ly, 2
10" ergs™! at projected separations larger than both 1kpc and
10kpc normalized to the merger time delimited by the filter-
ing (in an attempt to account for the constraints associated with
DAGN detection via spectroscopy they also apply a Av os >
150km s~ filter that, however, lacks a maximum threshold for
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Fig. 5. Same as Fig. 4 but for the probabilities P, (top) and Py
(bottom). The panels are shown separated into three groups, named
OPEN, WIDE, and CLOSE, which correspond to three different filters —
in projected intercentric distances and velocities — representative of the
most typical observational constraints adopted to define galaxy pairs in

low-redshift surveys (see the text for their definitions).
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the projected intercentric distance, thus preventing a fair com-
parison with our data). Since they consider interacting systems
with separations starting at ~90 kpc, it is acceptable to contrast

their figures with our estimates of Pgmr for, respectively, WIDE
agn

and OPEN pairs in the INTERMEDIATE luminosity regime. At
this level of activity, our predicted median frequencies — taking
into account the different BH duty-cycles, mass ratios and orbital
energies assumed — range between ~4—16% for the WIDE filter
and between ~0.5-9% for the OPEN one, whereas the respec-
tive normalized times for the simulated major encounters of
Capelo et al. (2017) vary from ~4% to 14% and from ~1% to
9%. The high degree of consistency shown by both sets of results
can be described as more than remarkable, especially when one
takes into account that our simulations do not contain an explicit
hydrodynamic component.

6. Summary and concluding remarks

A physically motivated numerical model for DAGN triggering
based on a large subset of the nearly six hundred collisionless
simulations of major mergers presented in Solanes et al. (2018)
has been used to predict the visibility of these systems. Our inten-
tion has been to shed light on the apparent inconsistency between
what observations and theory say in this regard if, as is suspected,
there is a more than probable causal connection between galaxy
collisions and dual nuclear activity (Shen et al. 2010; Koss et al.
2012). The 432 bound S+S pairs selected for this task encompass
awide range of merger parameters (initial geometry and energy of
the encounters, mass ratio, and halo spins) covering a good num-
ber of scenarios representative of the gravitational interactions
between galaxies expected to lead to DAGN activation. The ansatz
at the basis of our investigation is that it is feasible to study the
essential aspects of the major-merger-driven scenario for DAGN
by replacing the complex gas physics involved in the fueling of
nuclear activity by limits on the separation in phase space of the
central regions of the colliding objects. The most outstanding fea-
ture of such treatment is that it enables the obtention of sets of
experiments large enough to permit the statistical assessment of
the role played by the parameters governing dual activity, as well
as the easy and intuitive inclusion of constraints in projected dis-
tance and velocity that mimic the most frequent observational lim-
itations of AGN surveys, thus facilitating the calculation of pre-
dictions directly comparable with the existing data. The simplicity
of our modeling is therefore its main strength since, at present, the
realization of full hydrodynamic simulations capable of resolv-
ing in detail a similarly large number of galaxy mergers while
also addressing the feeding, growing and feedback of the nuclear
SMBH is still prohibitive.

Certainly, there are also some caveats implied by our pro-
cedure. The most important being that the exclusion of the
explicit treatment of the gas physics does not allow follow-
ing the evolution of the AGN in a self-consistent way. This
simplification hinders the applicability of our model to the
study of a single encounter, but it should correctly describe,
in a statistical way, the collective effects of a large num-
ber of them. Thus, it seems reasonable to expect that the
results we have inferred in this work will still hold when
the realization of extensive studies capable of adopting a
fully realistic picture of the SMBH pairing becomes feasible.
The good general agreement obtained between our predictions
and the outcomes of both observations and other theoretical
works can be considered as an endorsement of this expectation.
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Overall, the present work shows that the inconsistency
between the expected fraction of galaxy pairs undergoing syn-
chronized nuclear activity — inferred from arguments based
on the hierarchical build-up of structure — and the order-
of-magnitude-lower abundance of spectroscopic DAGN often
reported by observations (Yu et al. 2011) is, in a good measure,
only apparent. More specifically, our calculations provide a rea-
sonable explanation for coexistence, in a scenario where major
mergers trigger the activity of the central BH of galaxies, of the-
oretical predictions that place the intrinsic frequency of DAGN
at levels on the order of 10% (e.g. Volonteri et al. 2003), and of
nearby AGN surveys based on emission-line diagnostics, which
systematically find fractions of double-peaked narrow-line sys-
tems at kpc-scales around 1% or lower (e.g. Rosario et al. 2011).
Since the AGN phenomenon involves short-range galaxy inter-
actions, it has also been proven that the most radical observa-
tional limitations in the detection of dual activity are those that
cause a deficit in the number of very close companions (inter-
centric distances < few kpc).

On the other hand, our merger simulations further reveal that
peak values of accretion and dual BH activity, that we tentatively
associate with values of Ly, higher than 10** ergs™!, should be
rather difficult to observe in galaxy pairs. This would not result
only from the inherent difficulty that involves identifying dual
systems with small spatial offsets, but also from the fact that,
whatever the orbital configuration of the merger, the required
physical conditions are always reached shortly before the forma-
tion of the remnant and the subsequent SMBH binary (a bound
pair of SMBH at scales of a few pc). Our results point to intrin-
sic frequencies (Pgagn) of high-luminosity DAGN that all too
often fall below 1%, with the majority of merger configurations
actually leading to null values — the detection probabilities in

close pairs, P and P’ also tend to be very small, except
gn agn,spec

when the most restrictive imaging filters, in other words, those
with Arp < 30kpc, are applied. We also independently con-
firm previous findings from both theoretical and observational
studies that variations of certain factors that control the length of
mergers, such as the initial orbital geometry or the mass ratio of
the galaxies, can change the likelihood of DAGN detection (e.g.
Ellison et al. 2011; Capelo et al. 2017). Other factors, however,
such as the initial energy of mergers, seem to play a secondary
role.

The fact that our experiments do not explicitly address the
physics of the BH does not prevent us from drawing a few ten-
tative conclusions in this regard through the comparison of our
outcomes with those of previous works. The first has to do with
the typical duration of the activity phase of the SMBH, for which
we have found marginal evidence in favor of the longer-lasting
periods of about 100 Myr, especially if we take into account that
all our estimates are upper limits. We have also found indica-
tions that the activity of the central BH could be highly corre-
lated, given that those comparisons between our estimates and
other works that suggest otherwise can be attributed to signifi-
cant differences in the way in which the visibility of the DAGN is
defined. It is precisely this heterogeneity in establishing DAGN
abundances, often conditioned by the particular characteristics
of the available data, that results in obstacles for an efficient
comparison between theory and observations, or between the
observations themselves, forcing us to follow a more qualita-
tive than quantitative approach. Undoubtedly, the standardiza-
tion of the measure of the DAGN fraction is something much
needed in the efforts toward making a better use of the avail-
able information. However, there is little point in implement-
ing a standard estimator of a property if it cannot be applied

onto complete datasets. This is indeed the factor that most dis-
torts the observational outcomes, as we have already mentioned
in several points of this paper. Obtaining a complete sample
of AGN is complicated since it is very difficult to quantify the
biases. Even the same dataset can yield mixed results depending
on the wavelength, resolution and sensitivity with which obser-
vations are conducted. In particular, there is growing evidence
that black holes are likely to become heavily obscured behind
merger-driven gas and dust, especially in the final merger stages
when the two galactic nuclei are separated by just a few kilopar-
secs (Koss et al. 2018).

In summary, it has been shown that we need look no further
than the most frequent photometric and spectroscopic constraints
involved in the detection of DAGN to reconcile the theoreti-
cal merger rate of galaxies predicted in a hierarchical ACDM
universe with the paucity of close AGN pairs systematically
observed in the local volume. It has not been necessary to resort
to the uncorrelated shining of the AGN, linked perhaps to a high
variability in the accretion rates, or to a low efficiency in the trig-
gering of the nuclear activity. In addition, no account has been
taken of the many other factors that could disturb the observed
frequency of AGN pairs, either by decreasing it, such as merger-
driven obscuration or the tendency reported for active galaxies at
small separations (i.e., in late-stage mergers) to be detected only
in X-rays (Koss et al. 2012; Satyapal et al. 2014; Blecha et al.
2018), or by increasing it, such as the “false positives” pro-
duced by double-peaked narrow-line emission associated with
jets or outflows from a single AGN (Shangguan et al. 2016;
Liu et al. 2018). Therefore, by reducing the tension between
observations and theoretical predictions arising from the current
cosmological framework, the results of the present work rein-
force the support for the major merger scenario as a plausible
contender among the various mechanisms that may be respon-
sible for powering DAGN. Even so, in no way they should
be taken as a confirmation that gravitational interactions, in
the form of major galaxy collisions, are necessarily the sin-
gle physical process capable of driving the interstellar gas to
the central regions of these objects and fueling their nuclear
SMBH.
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Appendix A: Additional table

Table A.1. Medians (M), lower (Q1), and upper (Q3) quartiles of the DAGN fraction in close pairs predicted by the major merger scenario at z ~ 0
for bound galaxy pairs with an initial reduced orbital energy rcir.p of 4/3.

Ppair () pair (d)
dagn dagn,spec
N Tagn @ Liol Filter ® ¢ M Ql Q3 M QI Q3
1:1 10° WEAK OPEN 020 9.03 763 10.07 0.18 0.10 0.33

045 1136 1040 13.12 023 0.15 045
070 867 765 950 0.26 0.11 0.36
WIDE 0.20 1636 14.70 18.07 131 1.14 1.51
045 1926 1745 21.02 127 1.02 1.49
0.70 1544 1450 16.62 094 0.82 1.17
CLOSE 0.20 33,55 30.17 3659 131 1.14 151
045 44.03 4157 4623 127 1.02 1.49
0.70 36.49 3421 3849 094 082 1.17

INTERMEDIATE OPEN 020 810 752 849 0.12 0.08 0.20
045 936 833 9.68 0.14 0.07 0.21

070 6.05 517 649 0.10 0.02 0.22

WIDE 0.20 14.60 13.19 1493 0.83 0.50 1.14

045 1546 1407 16.17 0.75 046 1.02

0.70 11.07 10.17 12.03 058 0.35 0.70

CLOSE 020 29.84 27.03 30.71 0.83 050 1.14

045 3511 31.77 3680 0.75 046 1.02

0.70 26.18 2439 2810 0.58 0.35 0.70

STRONG OPEN 020 000 0.00 169 0.00 0.00 0.00
045 000 0.00 0.00 0.00 0.00 0.00

0.70  0.00 0.00 0.00 0.00 0.00 0.00

WIDE 020 202 0.00 646 0.01 0.00 0.74

045 088 0.00 381 0.10 0.00 0.58

070 147 000 177 0.00 0.00 0.33

CLOSE 020 4.09 0.00 1351 0.01 0.00 0.74

045 207 000 920 0.10 0.00 0.58

070 339 000 412 0.00 0.00 0.33

10 WEAK OPEN 020 545 446 6.12 0.14 0.09 0.28
045 6.65 537 790 0.19 0.13 042

0.70  2.61 1.81 345 0.14 0.05 0.25

WIDE 0.20 10.07 858 11.76 097 0.88 1.11

045 11.60 9.84 1339 1.03 0.85 1.30

070 6.18 487 7.06 0.66 0.58 0.80

CLOSE 020 20.61 1723 23777 097 0.88 1.11

045 27.65 24.09 3087 1.03 0.85 1.30

0.70 1434 1146 1646 0.66 0.58 0.80

INTERMEDIATE OPEN 020 1.85 1.02 221 0.03 0.02 0.08
0.45 1.42 .00  2.17 0.04 0.02 0.10

070 131 076 1776 0.03 0.00 0.11

WIDE 020 398 393 554 037 0.12 0.63

045 382 240 433 032 0.13 0.60

070 335 295 438 027 022 033

CLOSE 020 830 8.03 11.29 037 0.12 0.63

045 937 585 1058 032 0.13 0.60

070 7770 6.78 1035 0.27 0.22 0.33

STRONG OPEN 020 0.00 0.00 0.00 0.00 0.00 0.00
045 000 0.00 0.00 0.00 0.00 0.00

070 000 0.00 0.00 0.00 0.00 0.00

WIDE 020 066 0.00 122 0.00 0.00 0.29

045 025 000 181 0.03 0.00 031

070 049 0.00 058 0.00 0.00 0.11

Notes. Y AGN lifetime in Myr. ®’Observational filters used to set the closeness of pairs (see text). “Measured within the phase-space filter limits.
@Simultaneously satisfying the constraints arising from both the filter and the double-peak method.
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Ppair ) pair (d)
dagn dagn,spec
N Tagn @ Liol Filter ® ¢ M QI Q3 M QI Q3
CLOSE 020 135 0.00 253 0.00 0.00 0.29
045 062 0.00 437 0.03 0.00 031
070 112 0.00 136 0.00 0.00 0.11
3:1 102 WEAK OPEN 020 15.62 1476 17.17 030 0.25 044
045 1493 1379 1632 0.17 0.11 0.24
0.70 1421 10.65 1542 037 029 043
WIDE 0.20 24.08 22.70 2527 130 121 147
045 2211 19.13 2332 0.62 0.52 1.09
0.70 2191 1823 2429 0.86 0.76 1.02
CLOSE 020 43.89 4215 4545 130 121 147
045 41.02 3244 4688 0.62 0.52 1.09
0.70 49.18 44.83 5292 0.86 0.76 1.02
INTERMEDIATE OPEN 020 958 888 1026 0.25 0.12 0.34
045 856 7.60 925 0.11 0.06 0.19
070 482 3.33 5.85 0.11 0.07 0.17
WIDE 0.20 1595 1441 1775 097 056 1.29
045 1322 1199 1528 0.61 044 0.86
0.70  9.36 818 11.39 037 031 044
CLOSE 020 3196 2893 3545 097 0.56 1.29
045 3048 2797 3483 0.61 044 0.86
0.70 23.07 20.62 2691 037 031 044
STRONG OPEN 020 0.00 0.00 295 0.00 0.00 0.06
045 000 0.00 233 0.00 0.00 0.04
070 000 0.00 0.00 0.00 0.00 0.00
WIDE 020 3.19 000 533 023 0.00 0.70
045 257 000 485 0.00 0.00 048
070 120 0.00 221 0.00 0.00 0.04
CLOSE 020 645 0.00 1096 0.23 0.00 0.70
045 6.15 0.00 1295 0.00 0.00 0.48
070 296 0.00 553 0.00 0.00 0.04
10 WEAK OPEN 020 796 7.1 904 029 025 043
045 470 393 762 0.3 007 023
070 6.67 494 7.63 034 024 039
WIDE 020 1326 1231 1475 1.19 107 138
045 831 669 1282 052 043 093
070 11.05 8.69 1223 0.73 0.65 0.81
CLOSE 020 25.64 2356 2746 1.19 1.07 1.38
045 1838 1486 30.26 052 043 0.93
0.70 25.02 21.17 2728 0.73 0.65 0.81
INTERMEDIATE OPEN 020 1.19 087 150 004 001 0.17
045 088 071 133 001 000 007
070 092 071 149 004 002 O0.11
WIDE 020 228 213 363 038 019 054
045 262 153 306 027 015 039
070 3.1 227 458 022 0.12 030
CLOSE 020 465 421 735 038 0.19 0.54
045 688 4.01 801 0.27 0.15 0.39
070 782 571 1086 022 0.12 0.30
STRONG OPEN 020 0.00 0.00 0.00 0.00 0.00 0.00
045 000 0.00 0.00 0.00 0.00 0.00
0.70 0.00 0.00 0.00 0.00 0.00 0.00
WIDE 0.20 0.1 0.00 056 0.07 0.00 0.20
045 042 000 051 0.00 0.00 0.14
070 033 000 040 0.00 0.00 0.01
CLOSE 0.20 1.01 0.00 1.14 0.07 0.00 0.20
0.45 1.02 000 133 0.00 0.00 0.14
0.70 0.77  0.00 1.00 0.00 0.00 0.01
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Appendix B: Additional figures

In this Appendix we provide additional figures showing esti-
mates of the incidence of DAGN in major mergers of spiral
galaxies included in local surveys of galaxy pairs as a function

of the merger timescale, Tp,. In these figures, Pg;lgn
tion of ongoing binary mergers with active BH pairs that can

be expected in such datasets (no matter they are observable as

spectroscopic duals or not), and Pg:gn’spec is the expected frac-
tion of these DAGN that simultaneously satisfies the condition
for detection by the double peak-method in the optical window.
Each group of six panels refers to one of the three representa-

tive levels of nuclear activity adopted, which correspond to dif-

is the frac-

ferent thresholds of X-ray bolometric luminosity, from top to
bottom: WEAK, INTERMEDIATE, and STRONG. Within these
groups of panels, the labels OPEN, WIDE, and CLOSE refer
to the criteria used in the definition of the apparent separation
of the pairs (see text). As in the Figs. 1-3 of the manuscript,
the green dots of the panels show the predictions derived from
individual simulations, while the large red circular symbols and
associated error bars illustrate the location (median) and scale
(interquartile range) of the subset of predictions corresponding
to the same initial orbital configuration, i.e. when only the mod-
uli and relative orientation of the internal spins of the merg-
ing galaxies are allowed to change, whose values we collect
in Table A.1.
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Fig. B.1. Probabilities Pg:‘grn and Pg::n spec €Xpected for equal-mass Sb+Sb mergers with an initial reduced orbital energy rcir,p equal to 4/3 and an

AGN lifetime Tagy of 10? Myr.
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Fig. B.2. Same as Fig. B.1 but for an AGN lifetime of 10 Myr.

A86, page 19 of 23


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833767&pdf_id=7

A&A 624, A86 (2019)

Sb+Sc 3:1, rgjrcp = 4/3 Lpol > WEAK Tagn = 102 Myr

LI R R R I I I L I R L I I I R N RS IS I R RRRRN AN A
[ oPEN | wipe | CLOSE |
60 [ + T . . 4
[ I I 2 ° a0 ]
- | I I o £z e ]
€ ol I 9 .? Y, ]
c r T . T+ s q
.zﬁa L 1 P . L S < N 4
o [ . I D T o i
e sy g 17 X w® ]
[ - o) I ! I ]
G O B R
L T = T =~ ]
15l ERES B ]
g I 18 . 1 é - e ]
81.0 [ Te ¥ Ta ¥ £eh,
% - 1 T .-\"é 1
— .. 1 . 1 . Pl 4
cosf ¥ ¢ ct. T o T o ]
6: ; N 1 ]
SRAEE: RS 1 1 ]
0'0_‘\HH\HH\HH\HH\HHmm\m__wmm‘Hmm\mmm\HH\H‘_T\HH\HH\M‘\HH\HH\HH\M—
3 4 5 6 7 8 9 3 4 5 6 7 8 9 3 4 5 6 7 8 9

tmer (Gyr) tmer (Gyr) tmer (Gyr)
Sh+Sc 3:1, rgjrep = 4/3 Lpol > INTERMEDIATE Tagn = 102 Myr
T T T T T T T T T T T T T T T T ]
[ OPEN I WIDE T ¢ CLOSE ]
40 T T . E
L + I e A LI
[ I ::% ;-é e o]
S T 1% TR O
Bl EAPR B SRRNCE" B
fon ¥ 1 Q A PRI . i
Uood T ﬂ‘ T . 1
10 £ I " . - I ]
:ﬂ ’Q Lo a1 c . '-‘.=."’-0 T 1
r o . @ T : T 1
0_\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\__\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\__\ |
I I I R A A R R R A AR A il
15 |- T T ]
g I 1 . 1 ]
810 T §_:l T ]
a
=5 [ T N o T ]
58 [ T PR T ]
8051 . T - S de s T ]
LA -,,,..* A
L@ A e siten 1 vl eVt 1
0'0_‘\.‘mm?mm\ml‘.m.mumm__wmm‘HT‘m\mmm\HH\H‘_T\HH\HH\M‘\HH\HH\HH\M—
3 4 5 6 7 8 9 3 4 5 6 7 8 9 3 4 5 6 7 8 9
tmer (GYr) tmer (GYr) tmer (GYr)

Sb+Sc 3:1, rgjrep = 4/3 Lpol > STRONG Tagn = 102 Myr
I R R B I I I L B I L IR I I R I IS IS I RN RN RN R
OPEN I WIDE T CLOSE ]
40 T T 1
g 1 1 . ]
-5 T T 1
g8 20 T T 1
o T . T 1
10 I . . I A
T seg . T 1
0 m}::mﬁ?ﬁ'}'::fﬂg:}:#-::::}:::’F}:ﬁ::ﬁ‘}.:::;: A
15 T T ]
g T T ]
1.0 I I ]
% Iy " Iy " ]
&8 i P i PR ]
€os TV oF: TY oF ]
I S I Y ]
0.0 Hm';‘*m\HT\""'&"‘-"\'M—_‘\H"‘\M ‘mm:'\-""g".u-"\"u__‘m"mH Huwuﬁﬁ."""\"u—

3 4 5 6 7 8 9 3 4 5 6 7 8 9 3 4 5 6 7 8 9
tmer (GYI) tmer (GYI) tmer (GYI)

Fig. B.3. Same as Fig. B.1 but for Sb+Sc mergers having a mass ratio of 3:1.
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Fig. B.4. Same as Fig. B.2 but for Sb+Sc mergers having a mass ratio of 3:1.
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Fig. B.5. Same as Fig. B.1 but for mergers with 7., = 2.0.
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Fig. B.6. Same as Fig. B.2 but for mergers with 7., = 2.0.
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