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Abstract. Mergers are decisive processes which occur frequently during the evolution of galaxies and may be correlated with
extreme phenomena such as starbursts and active galactic nuclei (AGN). In order to investigate the influence of mergers on the
nuclear activity, we performed a case study of the interacting system Arp 245, which hosts the active spiral NGC 2992 together with
spiral NGC 2993. We employ hydrodynamical numerical simulations to reproduce and study the merger. The initial conditions of
the simulations are built from photometric and kinematic analysis of the galaxies. A set of possible orbits for the system was also
calculated considering observational positions and radial velocities of the galaxies as constraints. Here, we present and discuss two
simulations which best reproduce the observed tidal features and velocity field of Arp 245.

Resumo. Mergers são processos decisivos que ocorrem com frequência durante a evolução de galáxias e que podem estar correla-
cionados com fenômenos extremos como surtos de formação estelar e núcleos ativos de galáxias (AGNs). De forma a investigar a
influência dos mergers sobre a atividade nuclear, realizamos um estudo de caso do sistema em interação Arp 245, que abriga a galáxia
espiral NGC 2992 juntamente com a espiral NGC 2993. Empregamos simulações numéricas hidrodinâmicas para reproduzir e
estudar o merger. As condições iniciais das simulações foram construídas a partir de análises fotométricas e cinemáticas das galáxias.
Um conjunto de possíveis órbitas para o sistema também foi calculado considerando-se posições e velocidades radiais das galáxias
como vínculos. Aqui, apresentamos e discutimos duas simulações que melhor reproduzem as características de maré e campo de
velocidade do Arp 245.
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1. Introduction

Mergers are some of the more disruptive processes that can oc-
cur during the evolution of a galaxy, and are one of key processes
predicted by the ΛCDM cosmology, in which smaller structures
merge to form larger ones (bottom-up scenario) (e.g. White and
Rees (1978), Springel et al. (2005)). Furthermore, mergers are
among the mechanisms that can cause a flux of gas to the cen-
ter of galaxies, resulting in phenomena such as starbursts and
active galactic nuclei (AGN) (e.g. Mihos and Hernquist (1994),
Di Matteo et al. (2005), Guolo-Pereira et al. (2021)). Such pro-
cesses can cause the exhaustion of gas in the galaxies, result-
ing in a gas-poor remnant galaxy (e.g. Springel et al. (2005),
Hopkins et al. (2010)).

Despite the undeniable role of mergers in the evolution of
galaxies, several uncertainties still surround the discussion. One
of them are about the influence of mergers over AGN. It is a
paradigm today in astrophysics that the vast majority of galax-
ies with masses greater than ∼ 1011M� hold a supermassive
black hole (SMBH) in their centers (Kormendy and Ho (2013)).
When fed with gas coming from the different regions of the
galaxy, these objects can give rise to an AGN (Hopkins and
Quataert (2010), Blumenthal and Barnes (2018)), objects with
great mass-to-energy conversion efficiency whose luminosity
can surpass that of the host galaxy itself. As already discussed,
one of the mechanisms that can fed SMBHs with gas are merg-
ers. However, secular processes such as bars (Regan and Teuben
2004), galaxy disk instabilities (Bournaud et al. 2011) and cos-
mological fluxes of gas (Feng et al. 2014) can also trigger AGNs,
putting into dispute which type of process is more prevalent in
giving rise to nuclear activity in different scenarios.

To understand which properties of galaxies can be explained
or not by the occurrence of a major mergers is primordial to

advance the knowledge about how the evolution of galaxies un-
folds through cosmological time. This involves the comprehen-
sion of the history of star formation in galaxies, the growth of
SMBHs, the exhaustion of gas in these galaxies, morphological
changes through time, etc.

To study in detail the influence of a major merger over the
nuclear activity of one of the galaxies involved, we performed
a case study of the pair of galaxies Arp 245. Arp 245 is a sys-
tem in interaction formed by the spiral galaxies NGC 2992 and
NGC 2993, in addition to the dwarf galaxy Arp 245N. Through
hydrodynamical simulations, Duc et al. (2000) reported that the
system is in an early stage of the interaction, with the perigalac-
ticon having taken place around ≈ 100 Myr ago. Several traces
of the interaction can be observed in the system, specially the
presence of tidal tails extending far beyond the galactic disks.

The system is most widely studied due to the nuclear ac-
tivity observed in the NGC 2992 galaxy (e.g. Guolo-Pereira
et al. (2021)). Optical spectroscopic observations have shown
that NGC 2992 can be classified as a Seyfert, having already
passed by the classifications of Seyfert 1.9, Seyfert 2.0 and, more
recently, Schnorr-Müller et al. (2016) classified the galaxy as a
Seyfert 1.8.

Taking into account that the galaxies are still relatively little
affected by the merging process, and also considering the pres-
ence of an AGN in one of them, the system Arp 245 turns out to
be an ideal target for our study, in which one of our main goal is
to determine how the nuclear activity in NGC 2992 was affected
by the merger. We also intend to understand the influence of the
merger over other properties of the galaxies, such as their star
formation rates and morphologies. For that we try to reproduce
the system through N-body numerical simulations with the code
GADGET-3, which includes astrophysical recipes for star forma-
tion and radiative cooling. We built the initial conditions of the
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simulations based on observational constraints of the system, in-
cluding photometric and kinematic data of the galaxies. A set of
possible orbits for the interaction were also built based on obser-
vational inputs.

This paper is organized in two main sections. In section 2, we
describe how the initial condition of the simulations were built,
from the morphological models of the galaxies to the orbital pa-
rameters needed to run the merger. In section 3, we present our
preliminary results regarding the simulations, and a brief discus-
sion of what we obtained.

2. Building initial conditions

The first step to run numerical simulations of the Arp 245 sys-
tem is to build its initial condition. This work can be divided in
two main parts: to establish an adequate morphological descrip-
tion of the galaxies, and to obtain an orbit for the system that
reproduces the system properly. In this section, we describe this
process of obtaining the initial conditions of the system.

2.1. Density profiles

Regarding the density profiles of the galaxies, we assume they
consist of four structural components: a dark matter halo, a stel-
lar bulge, an exponential stellar disk, and a disk of gas divided
in two parts: an exponential disk - similar to the stellar disk -,
and an additional extended disk with constant radial and vertical
density. We also include a central supermassive black hole.

The galaxies are build using the MakeNewDisk code, which
implements the approach described in detail by Springel and
White (1999) and Springel et al. (2005). In summary, we have
the following density profiles for the structural components. The
dark matter halos follow a Hernquist (1990) profile, i.e.

ρdm(r) =
Mdm

2π
a

r(r + a)3 (1)

with cumulative mass profile M(< r) = Mdmr2/(r + a)2. Here,
Mdm is the total mass and a is the scale length of the of the
galaxy’s dark matter halo, respectively. The preference for the
Hernquist (1990) profile over the NFW profile (Navarro et al.
1996) is justified mainly by the faster decline in the outer parts
of the halo in the case of the Hernquist (1990) profile, causing
the total mass to converge and allowing the construction of iso-
lated halos without the need for an ad-hoc truncation, which is
not the case for the NFW profile.

Next, we have the stellar bulge, which, for simplicity, is
taken to be spherical, and also following a Hernquist (1990) pro-
file:

ρb(r) =
Mb

2π
b

r(r + b)3 (2)

Similar to the dark matter halo, Mb here is the total mass
of the galaxy’s bulge, written as Mb = mbMtot, where Mtot is
total mass of the galaxy, while b is the scale length of the bulge,
expressed in units of the disk scale length.

The stellar and gas disk components are described with ex-
ponential surface density profiles, both with a scale length h:

Σgas(r) =
Mgas

2πh2 exp(−r/h) (3)

Σ∗(r) =
M∗

2πh2 exp(−r/h) (4)

where Mgas and M∗ are the total mass of the (exponential) gas
and stellar disks, respectively, and such that Md = (Mgas + Md) =
md Mtot is the total mass of the disk.

The vertical structure of the disk is given in terms of an
isothermal sheet with radially constant vertical scale length z0,
so that the 3D stellar density profile in the disk is given by

ρ∗(R, z) =
M∗

4πz0h2 sech2
(

z
2z0

)
exp

(
−

R
h

)
(5)

In our model galaxies, we set the vertical scale length of stel-
lar disks as z0 = 0.2h.

The gas disk, on its turn, cannot be described in terms of
a free parameter z0, because once we take radiative cooling and
star formation processes into account, we cannot choose the tem-
perature freely, which would be necessary to define a z0 for the
gas. In this sense, the vertical scale of the gas disk will be "natu-
rally" settled by such processes during the simulation.

Finally, the flat, extended gas disk is determined such that its
mass is Mgas,c = mgas,cMgas and its radial scale length is hgas,c =
f h, where mgas,c and f are the factors by which we multiply the
total gas mass Mgas and radial scale length h to obtain the mass
and scale length of this extended gas component.

2.2. Photometric and kinematic analysis

We applied the methodology described in Hernandez-Jimenez
et al. (2013) and Hernandez-Jimenez et al. (2015) in order to
analyze the photometry, kinematics and dynamics of the inter-
acting galaxies of the Arp 245 system and obtain the paratemers
necessary to build the galaxies using the morphological profiles
described in the previous subsection.

In summary, the method consists of four steps. Starting with
the surface brightness profile of the galaxies in a given band, we
first need to symmetrize the image, so that any tidal features and
other non-symmetric structures of the galaxies that may interfere
with the subsequent analysis are removed. For that, we use a
symmetrization method based on the m-fold concept to separate
both symmetric and non-symmetric parts of the spiral pattern,
by performing successive image rotations and subtractions (see
Elmegreen et al. (1992)).

Next, the inverse Abel’s integral is applied over the sym-
metrized images in order to de-project the brightness profile and
obtain its form in three dimensions. Over the de-projected im-
ages, we finally obtain the density profiles for the different com-
ponents of the galaxies. The third step then consists of obtaining
the potential function of each component. This follows naturally
from the previous step, once the density profiles and the poten-
tial functions are directly linked. The last step also follows nat-
urally: to obtain the velocity fields of each component, which
can be done by means of the Poisson Equation applied on the
potential functions.

We applied Two Micron All Sky Survey (2MASS) H-band
images of NGC 2992 and NGC 2993 to perform their photomet-
ric analysis. The observed velocity curve of NGC 2992, obtained
from a Multi Unit Spectroscopic Explorer (MUSE) observation
of the galaxy was also used to better constrain its kinematic
analysis. The results for the density profiles and for the velocity
curves of the galaxies are shown in figures 1 and 2, respectively.
From the photometric analysis (density profiles), we can derive
most of the parameters needed to build both the stellar disc and
the stellar bulges (their total masses and radial scale lengths).
Parameters such as total galaxy masses (M200), halo concentra-
tion (c) and virial velocity (V200) are derived from the kinematic
analysis (velocity curves). The spin parameters (λ) were set as
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Figure 1: Luminosity density profile fit for NGC 2992 (top) and NGC 2993 (bottom). The leftmost panel shows the symmetrized
image of the galaxies, the middle panel shows the best fit for each galaxy, and the rightmost panel shows the residuals of the fit.

the default value of 0.05, typical for halos in N-body simula-
tions (Springel and White 1999). The same applies for the disk
spin fractions, which were set as equal to the disk mass fractions.
Finally, the black hole mass fraction (mbh) was derived from the
NGC 2992 SMBH mass obtained by Guolo-Pereira et al. (2021).

A summary of the parameters obtained for NGC 2992 and
NGC 2993 is given in table 1.

2.3. Orbital parameters

Another crucial step to properly construct a model of the merger
is the determination of the orbital parameters of the galaxies.
The challenge here is that, in the study of interacting galaxies,
observational constraints are insufficient to fully determine their
orbits. Observations provide just 3 out of 6 phase-space coordi-
nates: the projected position in the sky (X and Y), and the radial
velocities (Vz) of the galaxies. The remaining 3 coordinates (Z,
Vx and Vy) must the figured out.

The approach we applied to engender a set of possible orbits
for the galaxies in the Arp 245 system consists of an algorithm
which takes as input the observed X, Y , the relative radial ve-
locity Vsys of the galaxies and its uncertainty σVsys , the masses
M and m of the main and secondary galaxies respectively, the
unitary spin vector of the main disk galaxy of the system (in our
case, NGC 2992) ŝ, a set of possible values for the orbit eccen-
tricity, e, and a set of possible values for the orbit pericenter,
q. The algorithm then calculates all orbits within this parameter
space, and give as output the ones obeying the available obser-
vational constraints.

From that, a set of thousands of orbits is generated, which
must then be tested to assess the ones which can better describe

the observed system. Fortunately, groups of similar orbits are
very common, and effectively just one from each of such groups
needs to the tested in a simulation.

In table 2, we show the parameters of two orbits which
turned out to produce the simulations that best match the ob-
served features of Arp 245.

3. Preliminary results and discussion

In figure 3, we show the snapshots of these two simulations
that best reproduced the observed morphological features in the
galaxies of the Arp 245 system (figure 4).

We judged the simulations based on how well they were able
to match observed features such as: i) the tidal arm of NGC 2992,
which extends northwards; ii) the tidal arm of NGC 2993, ex-
tending eastwards; iii) the bridge of gas connecting the galaxies;
iv) the bridge of stars connecting the galaxies; v) the relative
sizes and positions of the galaxies; vi) the velocity field of the
galaxies.

Comparing the snapshots of the simulations in figure 3 with
the observed galaxies in figure 4, we can see that the simulation
are able to reproduce relatively well at least the features i, ii and
v. The biggest challenge we faced is regarding the bridge of gas
and stars. These two features are present in several simulations
we run, but they often appear exactly in simulations that are not
able to develop the tidal arms of the galaxies. In spite of that, we
can see the tentative formation of a bridge of stars and gas in the
simulations of figure 3.

Finally, considering the velocity field of the galaxies, pre-
sented in figure 5, we see that in general there is a good match
between our simulations and the observed velocity map of Arp
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Parameter NGC2992 NGC2993 Description
c 6.7 14.1 Halo concentration
V200 (km s−1) 182.0 120.0 Virial velocity
λ 0.05 0.05 Spin parameter
md 0.02029 0.02412 Disk mass fraction
mb 0.00005 0.00122 Bulge mass fraction
mbh 0.000024 0.0 Black hole mass fraction
jd 0.00845 0.00870 Disk spin fraction
mgas 0.428 0.428 Gas fraction in the disk
z0(md) 0.2 0.2 Disk height
b(md) 0.181 0.267 Bulge scale length
mgas,c 0.5 0.5 Mass fraction of extended gas disk
hgas,c 6 6 Scale length of extended gas disk

Table 1: Morphological parameters used to build the numerical models of NGC 2992 and NGC 2993. The meaning of each parameter
is described in the fourth column.

Orbit e q rnow vq X Y Z Vx Vy Vz sx sy sz Dir φS O(o) Peric
a 0.9 2 37.75 2714 -10.0 -15.0 -33.17 -36.20 112.3 -95.64 0.95 0.045 -0.31 Prograde 27.75 Pos
b 0.9 2 37.75 2714 -10.0 -15.0 -33.17 -59.58 109.2 -87.17 0.91 0.20 -0.37 Progade 18.16 Pos

Table 2: Orbital parameters of the simulations presented in figure 3. e) orbit excentricity; q) orbit distance of pericenter; rnow) current
relative distance of the galaxies; vq) orbit velocity of pericenter; X, Y, Z) X, Y and Z coordinates of secondary galaxy in the sky
plane, respectively; Vx, Vy, Vz) x, y, and z components of the relative velocity of the galaxies in the sky plane, respectively; sx, sy, sz)
x, y, and z components of the unitary spin vector of the main galaxy disk; Dir) direction of the encounter (prograde or retrograde);
φS O) angle between the spin vector s and the orbit spin vector; Peric) current situation of the merger: pre of post-pericenter.

Figure 2: Rotation curves obtained for NGC 2992 (top) and
NGC 2993 (bottom). The rotation curves for each component
are shown separately, as well as the "total" rotation curve. In the
case of NGC 2992, the observed rotation curve is also shown.

245. For instance, the tidal arm of NGC 2992 presents a ve-
locity around 300 km s−1 in the simulations, which is similar
to the observed value. The remaining regions of Arp 245 have
velocities ranging from around −100 km s−1 to 200 km s−1 of
higher, which is also observed in the simulations, except for
some groups of particles which seem detached from the main
bodies of the galaxies, having higher velocities.

In summary, our conclusions so far is that we were able to
reasonably reproduce the merger in Arp 245, the only major re-
maining challenge being the lack of a proper bridge of gas and
stars between the galaxies.

We also hope to do further analysis of the simulations re-
garding the inflow of gas to galactic centers, the star formation,
the metallicity gradient and other properties of the galaxies that
were probably affected the merging process, meeting the initial
purpose of the project.
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