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Abstract

Close galaxy flybys, interactions during which two galaxies inter-penetrate, are frequent and can significantly affect the evolution of indi-
vidual galaxies. Equal-mass flybys are extremely rare and almost exclusively distant, while frequent flybys have mass ratios g = 0.1 or lower,
with a secondary galaxy penetrating deep into the primary. This can result in comparable strengths of interaction between the two classes
of flybys and lead to essentially the same effects. To demonstrate this, emphasise and explore the role of the impact parameter further, we
performed a series of N-body simulations of typical flybys with varying relative impact parameters b/Ryi,; ranging from 0.114 to 0.272 of
the virial radius of the primary galaxy. Two-armed spirals form during flybys, with radii of origin correlated with the impact parameter and
strengths well approximated with an inverted S-curve. The impact parameter does not affect the shape of induced spirals, and the lifetimes of
a distinguished spiral structure appear to be constant, Trp ~ 2 Gyr. Bars, with strengths anti-correlated with the impact parameter, form after
the encounter is over in simulations with b/Ryi,;; < 0.178 and interaction strengths S > 0.076, but they are short-lived except for the stronger
interactions with § > 0.129. We showcase an occurrence of multiple structures (ring-like, double bar) that survives for an exceptionally long
time in one of the simulations. Effects on the pre-existing bar instability, that develops much later, are diverse: from an acceleration of bar
formation, little to no effect, to even bar suppression. There is no uniform correlation between these effects and the impact parameter, as
they are secondary effects, happening later in a post-flyby stage. Classical bulges are resilient to flyby interactions, while dark matter halos
can significantly spin up in the amount anti-correlated with the impact parameter. There is an offset angle between the angular momentum
vector of the dark matter halo and that of a disc, and it correlates linearly with the impact parameter. Thus, flybys remain an important
pathway for structural evolution within galaxies in the local Universe.
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1. Introduction within clusters, the process known as galaxy harassment (Moore
et al. 1996), can cause morphological transformations with galax-
ies moving through the Hubble sequence from late-type discs to
dwarf spheroidals (Moore, Lake, & Katz 1998; Moore et al. 1999;
Mastropietro et al. 2005). It is, thus, clear that the role of non-
merger interactions in the evolutionary process of galaxies should
not be underestimated.

However, there is no rigid classification of interactions, as
almost any non-merger could be classified as a flyby. Not so
close, distant encounters are naturally weaker but happen more
frequently. For their impact on the evolution of galaxies to be
substantial, usually, multiple such events have to occur (Hwang
et al. 2018). Conversely, despite being less frequent, closer pen-
etrating encounters have the potential to leave a lasting imprint
on interacting galaxies in a single event. Several studies exam-
ined rates and types of interactions in a cosmological framework
(Sinha & Holley-Bockelmann 2012; L’Huillier, Park, & Kim 2015;
An et al. 2019), leading to similar conclusions. While the number
of close flybys is comparable or lower than the number of mergers
at higher redshifts, towards lower redshifts (e.g. z < 2) these fly-
bys outnumber mergers, particularly for less massive haloes and
in high-density environments. In their follow-up study Sinha &
Holley-Bockelmann (2015) further explored interaction parame-
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In ACDM universe, mergers are the driving formation and evo-
lution mechanism of galaxies. As a result, interactions that do
not end in a merger were explored to a lesser extent. That does
not imply non-merger interactions are of less importance. By
now, it has become common knowledge that interactions and
tidal effects can produce various tidal and morphological struc-
tures (Toomre & Toomre 1972; Eneev, Kozlov, & Sunyaev 1973;
Barnes & Hernquist 1992; Tutukov & Fedorova 2006; Dubinski
& Chakrabarty 2009) we regularly observe in galaxies. Clusters of
galaxies, given their nature, are ideal environments for frequent
interactions, especially penetrating encounters between satellites
(Tormen, Diaferio, & Syer 1998; Knebe, Gill, & Gibson 2004).
In addition to the collective effects of the cluster itself, Gnedin
(2003) found that peaks of the tidal force do not always correspond
to the closest approach to the cluster centre, but instead to the
local density structures (e.g. massive galaxies or the unvirialised
remnants of in-falling groups of galaxies). These galaxy-galaxy
interactions have comparable effects on the evolution of late-
type galaxies as galaxy-cluster interaction (Hwang et al. 2018).
Additionally, multiple high-speed encounters between galaxies
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~1.6 x Vy; of the primary and the typical mass ratio of interacting
haloes is g ~ 0.1.

Given that frequency and strength of close galaxy flybys suggest
that these interactions have the potential to significantly affect the
evolution of individual galaxies, with the largest contribution at
the present epoch, more studies exploring the role of close flybys
followed. Kim et al. (2014) showed that flybys can create warps
in the primary galaxy disc. Naturally, close flybys are not the only
warp formation mechanism, as distant flybys or even gas accreted
from infalling satellites can also contribute (e.g. Gomez et al. 2017;
Semczuk et al. 2020). Tidal encounters are, however, the most
common mechanism for the formation of strong warps, and most
warped galaxies reside in dense environments (Ann & Bae 2016;
Reshetnikov et al. 2016). In addition to warps, tidal perturbation
induced by flybys can create ring structures (Younger et al. 2008),
kinematically decoupled cores (Hau & Thomson 1994; De Rijcke
et al. 2004) and change the direction of galaxy’s angular momen-
tum (Bett & Frenk 2012; Cen 2014; Lee et al. 2018). Secondary
galaxies can even, through the process of tidal stripping in extreme
cases of these interactions, become dark matter-deficient (e.g.
Ogiya 2018; Shin et al. 2020; Jackson et al. 2021; Maccio et al. 2021;
Moreno et al. 2022).

It is well known that one formation channel of galactic
bars involves interactions between galaxies (Noguchi 1987; Miwa
& Noguchi 1998; Berentzen et al. 2004), and several authors
investigated bar formation in close galaxy flybys. Lang Holley-
Bockelmann, & Sinha (2014) found that bar forms in both galaxies
in flybys with mass ratio g =1, and only in secondary with mass
ratio g =0.1, and noted that induced changes are significantly
stronger in flybys with prograde orbits (as opposed to retrograde
orbits). By contrast, Martinez-Valpuesta et al. (2017) reported
that bars of similar strengths and sizes formed in both prograde
and retrograde encounters. Their result is particularly unusual
as it is long known (ever since the work of Toomre & Toomre
1972) that prograde encounters have a much stronger effect on
the galactic structure than retrograde ones. Lokas (2018) resolved
this controversy confirming the results of Lang et al. (2014) and
demonstrated that the simple impulse approximation (used by
Martinez-Valpuesta et al. 2017) is not a viable approach for study-
ing the effects of galaxy flybys. Both Lang et al. (2014) and Lokas
(2018) reported that flybys also lead to the formation of two-armed
spiral structure, in addition to bars. Pettitt & Wadsley (2018)
carried out a detailed study of bars and spirals in galaxy flybys, util-
ising hydrodynamical simulations and using diverse galaxy models
to achieve different interaction strengths in flyby simulations
while keeping an impact parameter fixed. They found that these
interactions can induce a wide variety of morphological features
and concluded, among other things, that flybys might be respon-
sible for more of the observed morphologies than previously
expected. While also tackling spiral and bar formation, Kumar
Das, & Kataria (2021) drew attention to the evolution of bulges,
both non-rotating classical ones and pseudobulges. They reported
that strong spiral arms form in all simulations, the disc thickens,
and pseudobulges become dynamically hotter. However, the clas-
sical bulges in their simulations mostly remain unaffected—these
structures are, thus, quite resilient to flyby interactions.

As discussed by Oh, Kim, & Lee (2015), (tidal) strength of inter-
action can be quantified either simply, taking into account only
the mass ratio of interacting galaxies, the size of the perturbed
galaxy and impact parameter b, or in a more complex form, taking
into account the interaction timescale with Elmegreen et al. (1991)
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parameter. Regardless of the chosen measure, the strength of inter-
action is the most sensitive to the impact parameter b since it scales
with it like b=, while the scaling is linear with the other parame-
ters. Therefore, even subtle changes of impact parameter in typical,
close galaxy flybys can lead to vastly different outcomes. While
Kumar et al. (2021) addressed different pericentres (i.e. impact
parameters), they did so using three different values ranging from
40 to 80 kpc. To explore the role of impact parameter in typical
close galaxy flybys further, we plan to sample more values ranging
from the lowest one used in similar research up to the half-mass
radius of the primary galaxy. This way, we can also attempt to
determine the functional dependence of various effects on impact
parameter.

The paper is organised as follows. In Section 2, we define
our models and simulations and discuss initial conditions. In
Section 3, we perform a qualitative analysis of the primary galaxy’s
disc structure, while in subsequent sections we focus closely
on quantifying and discussing specific structures: spiral arms in
Section 4 and bars in Section 5. We tackle the effects on spheri-
cal components of the galaxy, dark matter halo and stellar bulge,
in Section 6. Finally, we discuss possible implications in Section 7
and summarise our results and conclusions in Section 8.

2. Models and simulations

We used these simulations to examine the intruder’s dark mat-
ter mass loss (Mitrasinovi¢ 2022). In this paper, our focus is on the
primary galaxy and its structural evolution. Thus, we will overview
our models and simulations, emphasising parts relevant to this
work. We used GalactICs software package (Kuijken & Dubinski
1995; Widrow & Dubinski 2005; Widrow, Pym, & Dubinski 2008)
for constructing our galaxy initial conditions. In general, the code
generates a self-consistent galaxy model which can consist of up
to three components: NFW (Navarro, Frenk, & White 1997) dark
matter halo, exponential stellar disc, and Hernquist (1990) stellar
bulge.

Our primary galaxy (which will be referred to as, simply,
galaxy) consists of all three components. Dark matter halo with
Ny = 6 x 10° particles has total mass Mg = 9.057 x 10'' M, scale
length ay = 13.16 kpc, and concentration parameter ¢ = 15. Stellar
disc with Np =3 x 10° particles has total mass Mp = 7.604 x
10'°M,, scale length Rp = 5.98 kpc, scale height zp = 0.688 kpc,
and central velocity dispersion o, = 98.9 km s™'. Toomre (1964)
parameter of our disc is Q(2.5- Rp) =1.73, which should make
the disc fairly stable against bar formation at least for a few
Gyr. To additionally stabilise the disc against bar formation, we
include a rather massive bulge component (Shen & Sellwood 2004;
Athanassoula, Lambert, & Dehnen 2005): stellar bulge with N =
1 x 10° particles has total mass My = 2.502 x 10'°M,, and scale
radius Rp = 2.182 kpc. This model is somewhat heavy compared
to typical Milky Way models (see Wang et al. 2020, and references
therein) with the larger and more massive stellar disc and mas-
sive stellar bulge, more akin to those of the Andromeda galaxy
(e.g. Kafle et al. 2018). The choice of parameters is suitable for
this study, as we are considering a general massive disc galaxy
experiencing a flyby encounter.

In this galaxy model, dark matter halo particles are heavier than
those of stellar components (disc and bulge), with particle mass
ratio my /mpg >~ 6, where my = 15 x 10° Mg, is dark matter halo
particle mass, and mpg 2 2.5 x 10° Mg, is particle mass of stel-
lar components. The value of particle mass ratio is well within
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the range of values (1.6,22.2) used in similar, relevant research
(e.g. Lang et al. 2014; Pettitt & Wadsley 2018). Additionally, Oh
et al. (2015) tested the dependence of simulation outcomes on the
particle resolution, comparing the low-resolution model of Ny, =
5.1 x 10° with the high-resolution model of Ny, = 10.2 x 10° total
particles, and found that the resolution does not make a significant
difference in the properties of tidally induced features.

For the sake of simplicity, our secondary galaxy (which will
be referred to as intruder) consists of dark matter halo, and stel-
lar bulge. The intruder model was scaled to be 10 times smaller
than the galaxy model, in both the number of particles and total
mass. This results in dark matter halo with Ny =6 x 10* parti-
cles of total mass My = 9.044 x 10'°M, scale length ay = 4.578
kpc, and concentration parameter ¢ = 20. Stellar bulge with Ny =
4 x 10* particles has total mass Mp = 1.022 x 10'°M, and scale
radius Ry = 3.145 kpc.

Both models were evolved for 5 Gyr in isolation using pub-
licly available code GADGET2 (Springel 2000, 2005), compiled with
the option to calculate and output particle potential energy, with
outputs recorded every 0.01 Gyr. The purpose of this is twofold.
Firstly, we need to ensure the models are stable enough. To
consider the model stable, we require that energy and angular
momentum are conserved, and mass distributions of subsystems
do not change significantly. And secondly, we will compare the
results of flyby simulations with our galaxy in isolation to dif-
ferentiate flyby-induced features or changes from those arising
from secular evolution. General stability requirements are met for
both models: energy and angular momentum change for less than
1% throughout the simulation, and mass distributions remain
the same. However, the basic assessment of mass distributions,
through comparing mass and density radial profiles, does not pro-
vide enough information on bar formation in galaxy disc. To
account for this, we employ the same method which we use for
bar detection in flyby simulations, described in Section 5. A weak
bar starts to show after 3 Gyr but only grows, slowly and steadily,
after 4 Gyr until the end of the simulation when its strength is
still low. This formation time is long after the interaction occurs
in flyby simulations (Section 2.1), so we can consider the galaxy
stable against bar formation. However, aside from studying the
possible early bar formation as a direct consequence of close galaxy
flybys, we can also examine the effect of flybys on this pre-existing
bar instability.

For all our simulations, including flyby ones, we use fixed grav-
itational softening length parameter, € = 0.05 kpc for all particle
types. In general, value of the softening length parameter scales
with the number of particles N and dimension of the system R
as R/N'/? < € < R/N'/? (Binney & Tremaine 2008). However, in
practice, the optimal value for softening length parameter remains
somewhat ambiguous as several criteria have been proposed (e.g.
Merritt 1996; Dehnen 2001; Power et al. 2003; Zhang et al. 2019).
The lowest optimal value of the softening length parameter yields
€4m ~ 0.25 kpc for dark matter particles, and €, ~ 0.05 kpc for
baryon particles in our models. We performed test simulations
with these values, and a fixed value of € =0.05 kpc for all parti-
cle types for the galaxy model and found no significant differences
in disc evolution and bar formation over 5 Gyr. Computational
time is, however, significantly lower for simulation with fixed e.
Tannuzzi & Athanassoula (2013) also find that adopting the fixed
softening length does not affect the evolution of the inner disc
component.
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Table 1. List of flyby simulations with their pericentre distances
(impact parameters) b and velocities vy, impact parameters b/Ry;r,1 rel-
ative to the virial radius of the primary galaxy Ryir,1 and the Elmegreen
parameter S defined with Equation (1).

Name b (kpc) b/Ryir1 vp (kms™1) N

B30 22.50 0.114 660.14 0.177
B35 26.53 0.135 650.86 0.129
B40 30.69 0.156 641.80 0.098
B45 35.07 0.178 632.86 0.076
B50 39.62 0.201 624.25 0.060
B55 44.27 0.224 616.16 0.049
B60 48.99 0.248 608.09 0.040
B65 53.72 0.272 601.28 0.034

2.1. Flyby simulations

To reach the pericentre distance as soon as possible and follow
the evolution of galaxy disc long after the encounter, galaxy and
intruder are initially set as a contact system. Distance from their
centres is equal to the sum of their virial radii, d = Ryi; + Ryirp &
290 kpc. Galaxy remains static in the centre of the simulation
box, while the intruder is set on a prograde orbit with initial rel-
ative velocity vy =500 km s™!, co-planar with the galaxy disc.
By slightly varying angles of initial position and intruder veloc-
ity vector, we achieved different pericentres (impact parameters)
b. We define duration of the interaction as time during which
galaxy and intruder overlap i.e. distance between their centres is
d < Ryir1 + Ryirp. Duration of the interaction remains the same
in all simulations, 1.08 Gyr, and pericentre occurs at the same
time (0.56 Gyr) during simulations. Pericentre distances (impact
parameters) b and velocities v, are different.

In addition to pericentre distance, we use the Elmegreen tidal
strength parameter S (Elmegreen et al. 1991) to characterise the
strength of the interaction:

3

My, Rea \ AT

L = (1)
Mgal (R < Rgal) b T

where My, is intruder (secondary galaxy) mass, b pericentre, Rg
represents disc truncation radius (in our case Ry, = 32 kpc), and
Mga (R < Rgal) is total galaxy mass inside Rgy. AT is the time it
takes the intruder to travel one radian around the galaxy cen-
tre near the pericentre, and T the time it takes stars in the outer
parts of the stellar disc, on R = Rgy, to travel one radian around
the centre and can be calculated as T = (R;al / GMgal)l/ 2. The range
of § we cover is comparable to the range 0.01 < S < 0.25 several
studies found to be the optimal for producing any sort of spiral
arms (Elmegreen et al. 1991; Oh et al. 2008, 2015; Pettitt, Tasker, &
Wadsley 2016; Semczuk, Lokas, & del Pino 2017).

Relevant interaction parameters are listed in Table 1.
Simulations were named after our rough estimate of the impact
parameter, which evidently differs from the actual impact param-
eter (column b). These simulations cover deep flybys, with impact
parameters ranging from 0.114 - Ry;.; to slightly over galaxy’s half-
mass radius (~49 kpc). Impact parameter range, combined with
the mass ratio of 10:1 (i.e. g=0.1), is in line with what Sinha
& Holley-Bockelmann (2015) found to be the typical interac-
tion parameters of galaxy flybys, while our adopted initial relative
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Figure 1. Evolution of the disc scale length Ry, (left panel), scale height z, (middle panel) and thickness z /Ry, (right panel) in flyby simulations relative to the isolated case. Different

simulations are represented with different line colours.

velocity is higher than the most common one. Gnedin (2003)
reported that, in Virgo-type cluster simulation, relative veloci-
ties of interacting galaxies show a skewed distribution, peaking at
~350 km s™!, with median ~800 km s™! and mean value ~1000
km s7!. This was used by Kim et al. (2014) as a basis for their
choice of initial relative velocity, vop = 600 km s~!. Thus, value of
vo = 500 km s~ adopted here, despite not being the most common
one, can still be considered as representative and realistic.

3. Qualitative analysis of the disc

Our data pre-processing starts with centring galaxy disc on a parti-
cle with the lowest potential energy, rather than its centre of mass,
to avoid errors in centre of mass determination caused by parti-
cles that left the disc or elongated tidal tails. This step is crucial
in simulations with stronger interactions: the difference between
the location of the lowest potential energy particle and simple cen-
tre of mass determination can be significant, reaching 2-3 kpc.
Additionally, we rotate the galaxy aligning the angular momentum
vector of the disc with a positive direction of the z-axis, ensuring
the disc plane lies on the x — y plane. We exclude particles farther
above and below the disc plane (]z| > 3 kpc) from the further anal-
ysis. For each simulation output (snapshot), we calculate the disc
2D density profile and use exponential fit to determine the value
of disc scale length Rp. We also calculate the disc vertical density
profile in the inner region (where R < 10 kpc) and fit the sech’
function to determine the value of disc scale height zp.

The evolution of these disc scales, as well as the disc thickness
zp/Rp in flyby simulations is shown in Figure 1 relative to their
counterpart in isolation. The decrease of scale length and increase
of scale height is noticeable immediately after the intruder reaches
the pericentre. Both of these effects contribute to disc thickening.
The change of both scales anti-correlates with the impact parame-
ter: it is more pronounced in closer flybys. In the simulation with
the closest flyby, B30, the change of scale length is highly variable,
decreasing up to ~10% compared to the isolated case, and the scale
height continues to grow up to ~27% at the end of the simulation,
which results in ~40% change in disc thickness. These values hint
that the bar forms in B30 and continuously evolves, growing in
length and strength and buckling up.
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While the evolution of scale length we observe is comparable
to the results of Kumar et al. (2021), the evolution of scale height
is not. They note that disc thickening is a result of the decrease in
scale length. We find the opposite: the increase in disc height is
larger and contributes more to the disc thickening. The reason for
this difference is due to the fact that their model with the classical
bulge is bar stable, and the changes in disc scales are mainly driven
by the formation and evolution of spiral arms. In our simulations,
bars most likely form and evolve along with the spiral arms and
significantly affect the disc height in the inner disc region.

3.1. Non-axisymmetric structures

In essence, our method is based on Fourier analysis commonly
used for detection of morphological structures (e.g. Athanassoula
& Misiriotis 2002; Athanassoula, Machado, & Rodionov 2013).
When disc is decomposed in Fourier modes, prominent structures
like bars and two-armed spirals contribute the most to the sec-
ond mode m = 2. Relative (mass normalised, since zeroth mode
C, yields total mass) second mode C, is calculated as:

SR R .
— = ije ]=C21+1C22

G, M @

j=1

where M is the total mass and summation is performed over all
particles with masses m; and angles ¢; (cylindrical coordinate) in
x — y plane. With C;; and G, representing real and imaginary part
respectively, of its complex form, amplitude A, and phase ¢, are
then calculated as:

C
Ay=,/C4+C3 and ¢ = arctan(c—zz>

21

3)

This calculation can be performed globally (accounting for all disc
particles) or semi-globally (accounting for particles residing in a
specific broad radial region). In that case, high amplitude A, would
indicate that some kind of non-axisymmetric morphological fea-
ture or more of them are present, while phase angle ¢, would be
of little use, giving only a rough estimate of the position angle for
the most prominent feature or its part.


https://doi.org/10.1017/pasa.2023.23

Publications of the Astronomical Society of Australia

More detailed information about the feature type (whether it’s
a bar or two-armed spirals) and its region, can be obtained by per-
forming this calculation locally, slicing the disc in annuli in the
x — y plane for each simulation snapshot. This would result in evo-
lution maps for both amplitude A, (¢, R), and phase ¢,(t, R) where
R s the central radius of each annulus and ¢ time of each snapshot.
Upon first inspection, these evolution maps can provide valuable
insight into structure formation and evolution. A high enough
amplitude A, is a characteristic of both bars and two-armed spi-
rals. The behaviour of phase angle ¢, along the radial axis helps
differentiate between the two. Bars have an almost constant phase
angle, while the phase angle of spiral arms is uniformly chang-
ing. Additionally, we calculate pattern frequency evolution maps
,(t, R) based on phase angle temporal changes, and convert them
to appropriate units, [km s kpc™'].

We utilise these evolution maps as a part of our initial quali-
tative analysis and employ additional methods for the quantitative
analysis described in the following appropriate Sections. Evolution
maps are shown in Figure 2 with columns (left to right) for ampli-
tude A, (%, R), phase angle ¢,(t, R) and pattern frequency £2,(t, R).
Different rows correspond to different simulations defined in
Table 1 while the first row, denoted as GAL, represents the isolated
simulation of our galaxy model. To eliminate the noise on phase
angle and pattern frequency evolution maps, we mask regions
where the amplitude is low (4, < 0.1). In all flyby simulations,
tidal tails and remnants of the induced spiral arms (spiral arcs)
are visible in the outer parts of the disc (on R > 24 kpc) until the
end as amplitude is still moderately high, and phase angle changes
uniformly. The higher noise in these regions in simulations with
stronger, closer flybys (compared to simulations with weaker, far-
ther flybys) suggests that remnants of spiral arms are slightly more
stable as the impact parameter increases.

The first peak in amplitude (when the intruder reaches its peri-
centre) signifies the formation of the elongated tidal tail. Shortly
after that and before the encounter is even over two-armed spi-
ral structure forms. There seems to be a clear correlation (and
anti-correlation) between the impact parameter and the strength
and radius of origin of induced spirals. As the impact parameter
increases, the strength of the spiral arms gets slightly weaker, and
their origin shifts towards the outer disc parts. The impact param-
eter most likely does not affect the shape of spiral arms (pitch
angle), as the phase profiles at formation time appear roughly the
same in all simulations. However, stronger spirals in simulations
with closer flybys, especially their inner segments, have higher pat-
tern frequencies suggesting that they might wind up and dissolve
faster.

Contrary to spiral arms, bar formation and evolution appears
much more chaotic. As a direct consequence of the flyby, a short
bar forms almost immediately after the encounter is over in closer
flyby simulations. The strength of that bar decreases with the
increase of the impact parameter. After a period of turbulent bar
evolution, at around 3 Gyr in simulation B30, the bar steadily
grows in strength and length. In simulation B35, there appears to
be along period of double-bar or ring-like feature, likely caused by
winded up spirals around the already formed bar. Such a feature is
possibly also present in simulation B40 (albeit for brief period), in
which the bar evolution overall is turbulent. Simulation B50 is par-
ticularly interesting—it appears that pre-existing bar instability is
constantly being suppressed, and the bar never fully forms. In all
other simulations, bar evolution is stable and steady. Formation
of this bar is mainly caused by the pre-existing instability, as it

https://doi.org/10.1017/pasa.2023.23 Published online by Cambridge University Press

happens long after the encounter. While there are some differ-
ences compared to its counterpart in isolation, there seems to
be no uniform correlation between bar parameters (e.g. length,
strength or formation time) and impact parameter.

4. Two-armed spiral structure

The shape of tidally induced spirals is usually almost perfectly log-
arithmic. This fact makes it convenient to use the widely accepted
method (e.g. Oh et al. 2015; Semczuk et al. 2017; Kumar et al.
2021) discussed by Sellwood & Carlberg (1984) and Sellwood &
Athanassoula (1986) for calculating the spiral strength and pitch
angle. The strength of the spiral arms is given by the formula:

N
AGm,p) = 3 explilmgy + plok,) @

j=1

where m relates to the number of arms (for our case with two-
armed spirals m =2), p is a free parameter that relates to the
spiral pitch angle & and summation is performed over all particles
with cylindrical coordinates {R;, ¢;} within the examined annu-
lus (Rgmin> Rsmax)- The annulus should ideally be chosen from the
middle of the disc to avoid contamination of results caused by the
bar in the inner region. We use (12 kpc, 24 kpc) as it roughly corre-
sponds to the middle disc region (2Rp, 4Rp) at the start. Following
the procedure used by Puerari et al. (2000), we chose (—50, +50)
for the p interval with the step size dp = 0.25. After determining
Pmax Which maximises A(2, p) (Equation (4)), the spiral strength
is defined as |A(2, pmax)| while the pitch angle is calculated as
o = arctan(2/pmay)-

Over time, tidally induced spirals rapidly wind up and eventu-
ally dissolve. It results in exponential decay segments, visible on
the spiral strength and pitch angle temporal profiles, A,(t) and
a(t). We will exploit this fact to estimate the spiral lifetimes based
on the periods of those distinct exponential decay segments. Note
that the lifetimes estimated this way should be considered as an
upper limit as the pitch angle can drop below o 22 10° — 15°, the
values of most observed spirals (Garcia Gomez & Athanassoula
1993; Ma 2002; Binney & Tremaine 2008; Mo, van den Bosch, &
White 2010).

4.1. Results

The evolution of spiral parameters described in this section is
shown in Figure 3, where A, is the spiral strength and « its pitch
angle. Relevant parameters of the spirals are visually represented
in Figure 4 as a function of impact parameter relative to the virial
radius of the primary galaxy b/Ry;;. These parameters include:
maximum spiral strength A, ;,,, reached at time t,,,,x (which varies
between simulations) and with pitch angle t/may, spiral strength
A, (t) and pitch angle «(t) at roughly the formation time ¢ = 0.8
Gyr, all calculated based on data shown in Figure 3. We esti-
mated lifetime periods Tir based on a behaviour of pitch angle
temporal profiles «(t), which represent, as previously discussed,
an upper limit for the lifetimes. Additionally, we estimated the
radius of origin of the spirals Rgo as a minimum radius of distinct
logarithmic segment of phase angle radial profiles ¢,(R) (defined
with Equation (3), included in Figure 2 and discussed in previ-
ous Section) at two different times, t = 0.8 Gyr and t = 1.33 Gyr.
While distinguishable spirals might have formed slightly earlier,
we adopt t = 0.8 Gyr as a formation time as it corresponds to the
earliest maximum spiral strength.
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Figure 2. Evolution maps of Fourier second mode: amplitude A, (t, R) (left column panels), phase ¢,(t, R) (middle column panels) and pattern frequency €,(t, R) (right column
panels). GAL row shows isolated galaxy simulation, while the rest are showing flyby simulations, as defined in Table 1. We mask regions where A, < 0.1 on phase angle and pattern
frequency maps to eliminate the noise.
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Figure 3. Evolution of spiral parameters described in Section 4: the strength A, (upper
panel) and the pitch angle « (lower panel).

Maximum spiral strengths {A; ¢} and strengths at roughly
the formation time {A,(t=0.8 Gyr)} have an evident pattern:
they decrease with the increase of impact parameter. While the
functional relationship is that of an inverted logistic S-curve in
Figure 4, cubic regression can be used alternatively. We exclude
the parameters of those functions as they, most likely, depend
on interaction parameters (e.g. mass ratio, initial relative velocity
and implicitly interaction duration). Moreover, maximum spiral
strengths are delayed more as the impact parameter increases. This
is because the strongest tidal features form in the outer parts of the
disc in weaker flybys, and they need time to evolve, wind up and
migrate into the region where we calculate these parameters. The
pitch angle panel in Figure 4 supports this: values at t = 0.8 Gyr
are comparable, while those at # = f,,,,; are lower for higher impact
parameters, implying that those spirals are more evolved. The evo-
lution of the pitch angle a(t) in Figure 3 suggests that the impact
parameter has little to no effect on the shape of the spirals, only on
their strengths.
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The spiral radius of origin Ryo is directly proportional to the
impact parameter. However, the relationship is steeper at forma-
tion time ¢t = 0.8 Gyr, than at later time t = 1.33 Gyr. This is due to
two factors: in weaker, farther flybys, spiral arms evolve and wind
up migrating into inner disc regions; in stronger, closer flybys, the
spiral radius of origin shifts towards outer parts due to early bar
formation. Note that these values should be considered as a lower
limit since we approximated them based on the phase angle pro-
files disregarding the amplitude (i.e. the spiral strength). Should
we include additional condition for the spiral strength, it would
slightly shift Rgo towards higher values. Despite our crude approx-
imation, it is undeniable that the spiral radius of origin is directly
proportional to the impact parameter.

Lifetime periods Tip are linearly increasing with the impact
parameter, with two outliers, simulations B40 and B50. We pre-
viously mentioned that this estimate represents an upper limit,
as the pitch angle can drop below the values of most observed
two-armed spirals. Additionally, we should factor in the spiral
strength A,: it represents how much this feature is distinguish-
able. At later stages, ¢ > 3 Gyr, this value drops below A, =0.1,
and it is questionable whether such spirals could be easily resolved.
More realistic lifetime periods (when the strength A, is sufficiently
high) appear to be more or less constant in almost all simulations
(B35-B65) ~2 Gyr, except for simulation B30 where it is shorter
~1.5 Gyr. Thus, the answer to does the impact parameter affect
spiral lifetimes is complex: lifetimes of well resolved, prominent
spirals, like the evolution of their shapes, seem to be independent
of the impact parameter. However, those of any weak spiral fea-
ture or its remnant (especially in the outer disc part) have almost
a linear correlation.

4.2. Discussion

The results of our spiral arms analysis are mostly in line with the
previous work on the subject. As Pettitt & Wadsley (2018) noted,
stronger and thus closer (in our case) interactions tend to create
more chaotic and disturbed discs. Two-armed spirals in those sim-
ulations are stronger and tend to dissolve faster, especially their
inner parts. Lokas (2018) briefly discussed a similar observation:
stronger and more persistent spirals were formed in weaker inter-
actions. However, we warn that such a finding can be misleading
and emphasise that this only applies to any spiral fragment or the
remnant of spiral arms (i.e. if spiral arms are loosely defined).
In case the spiral arms are more strictly defined, and we require
that they are well-resolved, their lifetimes do not correlate with
the impact parameter, remaining almost constant between simu-
lations. That constant value should not be considered universal in
galaxy flybys, as it possibly depends on other interaction param-
eters we kept fixed (e.g. interaction duration, intruder’s orbital
inclination).

Similarly, Kumar et al. (2021) observed decay of the max-
imum spiral arms strength in their models with the classical
bulge, which led to comparable strengths at the end in simula-
tions with different impact parameters. The decaying nature of
the spiral arms and their winding-up and dissolution, which we
also observed, is not surprising. This scenario is, in fact, inevitable
for tidally induced spirals (e.g. Oh et al. 2008, 2015). Maintenance
of well-resolved spiral arms typically requires repeated tidal per-
turbations caused by a satellite galaxy, multiple encounters or
collective cluster effects. More specifically, while examining spiral
arms in galaxies orbiting a Virgo-like cluster, Semczuk et al. (2017)
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found that pericentre passages trigger the formation of spiral arms.
These spirals wind up and dissipate only to be triggered again and
regenerated during the next pericentre passage.

Bar formation and evolution (which we will discuss in the fol-
lowing Section) is considered as one of the spiral arms formation
mechanisms (e.g. Buta et al. 2009; Salo et al. 2010). While we did
observe warping of the bar edges along its major axis at later stages
(in three closest simulations: B30, B35 and B40), the effect is very
brief: bars quickly lose their warps and later spiral formation does
not happen. It seems to be in good agreement with Diaz-Garcia
et al. (2019), for example, who found no strong observational
evidence that spirals are bar-driven.

While remnants of the induced spiral structure and tidal tails
are present in the disc outskirts until the end (in all our sim-
ulations), we did not detect any noticeable warp. At first, this
might seem unusual, as close flybys are known to induce disc
warps. However, both Kim et al. (2014) and Semczuk et al. (2020)
found that most warps form in flybys with inclined orbits of the
intruder galaxy. In planar encounters, like the ones we examined,
disc warps are not expected as there is little to no tidal force acting
in the vertical direction on the galaxy.

Idealised N-body simulations we performed are limited as they
lack gas and its proper treatment. In the presence of gas, star-
forming is concentrated in spiral arms (Kim, Kim, & Ostriker
2020) and even enhanced (Pettitt et al. 2017; Yu, Ho, & Wang
2021), which can additionally prolong the lifetimes of spirals and
make spiral patterns more prominent and stronger. However, our
estimated spiral lifetimes are not considerably short, even for well-
resolved spiral arms. They are long enough for the intruder to
leave the proximity of the primary galaxy. While the interaction-
driven nature of grand design spirals is well known, there is still
a number of grand design spiral galaxies lacking observable per-
turbers (Kendall, Kennicutt, & Clarke 2011; Kendall, Clarke, &
Kennicutt 2015). We, thus, argue that very close flybys are ideal
candidates for explaining such cases.

5. Bar formation and evolution

The strength of the bar is frequently measured by the maximum
value of amplitude A, (Equation (3)), with a certain thresh-
old. The threshold is not strictly defined: as the commonly used
value of A; > 0.2 (e.g. Aguerri, Méndez-Abreu, & Corsini 2009;
Kazantzidis et al. 2011; Gajda, Lokas, & Athanassoula 2018) can
be biased towards strong bars, the value of A, > 0.15 is becoming
adopted regularly (e.g. Peschken & Lokas 2019; Zhou et al. 2020),
while the usage of even lower values is not unheard of (Lang et al.
2014; Lokas 2018). Instead of calculating the absolute maximum
value of A,(R) profile, it is better to detect the local maximum in
the inner parts of the disc (e.g. where R < 2Rp) to avoid contami-
nation caused by spiral arcs or tidal tails from the outer disc parts.
This procedure is typically sufficient for the determination of the
bar strength.However, the challenges of the bar length estimation
persist in the presence of two-armed spirals.

Athanassoula & Misiriotis (2002, Section 8) discussed differ-
ent ways to estimate the bar length, with some of them based
on Fourier decomposition. As amplitude profile A(R) declines
after reaching its maximum value A; . it is convenient to find
the radius where A, drops to some fraction of it (e.g. half the
maximum value). With two-armed spirals or elongated tidal tails
present in the disc, that is not always possible as these features keep
the value of A, high. One way around that would be to use the
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radius where A, peaks as the bar length measure. That, however,
represents a lower limit for the estimate and typically corresponds
to half of the real bar extent (Peschken & fokas 2019). A more
suitable method would be to take advantage of the fact that phase
angle ¢, (Equation (3)) remains roughly constant inside the bar
region. Due to noise, the bar phase ¢, varies within the bar region
and is not perfectly constant. To determine the bar region and thus
the bar length, one would first need to define the allowed deviation
of the phase from either the mean phase in the region or the phase
¢2.max (the phase of the amplitude peak Aj.¢). There is no strict
criterion for the allowed deviation A¢,, but the value should fall
within some reasonable range (e.g. 10°-20°). However, the choice
of a fixed value might lead to unexpected issues. If relatively low,
the length of longer bars would be realistic, but shorter bars would
go undetected due to higher noise on lower radii. Alternatively,
higher values of A¢, would make it possible to detect shorter bars,
but it would overestimate the length of longer bars.

We thus propose the choice of allowed deviation variable with
radius R:

A¢y(R) = arcsin(R;H> (5)

where R is arbitrarily chosen free parameter. It represents the
fixed maximum allowed distance from a fixed angle at any given
radius, resulting in variable allowed angular distance on different
radii. For the purpose of this work, we adopted R.,,; = 1.5 kpc, as it
corresponds to A¢, =~ 14.5° on R = Rp. We outline our procedure
and discuss it in detail in the list below:

1. First, we locate the local maxima {Aj .} (peaks of A,(R))
and their corresponding radii {Rp,x} in inner parts of the disc
R < 2Rp. We run the procedure for each of those. Generally,
we would only detect one peak and thus run the procedure
once. However, this generalisation allows us to detect possible
occurrences of double bars.

2. We then locate Ry, < Ry where the amplitude drops to half
of the maximum value, A;(Ruyin) 2 Az max/2. As a measure of
the bar phase, we use the mean phase in the bar region instead
of the phase of amplitude peak. Thus we calculate the mean
phase ¢, in (Rpin, Rmax) range, and deviation of ¢ (Rpy,) from
it. If the real deviation is lower than the maximum allowed one
defined with Equation (5), we adopt Ry,;, as a measure of the
bar width. Otherwise, we increase Ry, in iterative steps until
the condition is satisfied. This iterative part rarely happens,
and it is possibly necessary only for outer bars in the afore-
mentioned scenario of double bars. Note that the condition
defined with Equation (5) is only valid for R > R.. In case our
initially located Ry is lower, Ryin < Reyt, we simply adopt that
value as a measure of the bar width without testing against this
condition.

3. In a similar manner to Rp,, we define rg > Ry, calculate the
mean phase ¢, in (Ruin, 78) range and deviation of ¢, (rg) from
it. We increase rp in iterative steps as long as the real deviation
is lower than the maximum allowed one, and adopt the high-
est value of rg (where the condition is still satisfied) as the bar
length.

4. We implement additional, final condition for the ellipticity of
the bar € = (r5 — Rppin) /75 > 0.3, which is inspired by a similar
condition used in a different bar detection method based on
ellipse fitting (e.g. Jogee et al. 2004; Lee, Ann, & Park 2019),
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while the actual value of 0.3 is chosen ad hoc within reasonable
limits (commonly used values being 0.25, 0.4). Finally, if the
adopted bar width Ry,;, and length rp satisfy this condition we
consider the bar detected.

Our procedure, while solving many of the issues we face in
this work, is overly complex. It might be redundant for simple
cases where usual methods would suffice (e.g. in case of stable and
steady evolution of bars in the absence of spiral arms).

5.1. Results and discussion

The evolution of bar parameters is shown in Figure 5, where A, is
the bar strength, g its length and Qg its pattern frequency calcu-
lated as a temporal change of the bar phase ¢,. Our galaxy model,
denoted as GAL, is unstable, with bar starting to appear around
~3.15 Gyr but only growing steadily after ¢ = 3.92 Gyr. Its strength
continuously grows from A, = 0.1 to A, = 0.157 at the end, which
means that it remains very weak. The length of that bar does not
change drastically, starting with rg = 4.4 kpc and varying around
~4.9 kpc during its evolution. There are also small variations in
pattern frequency around the constant value of Qp >~ 30 km s™!
kpcL.

As a direct consequence of a flyby, a short bar with the length
rg ~ 3 kpc forms almost immediately after the encounter is over
(at £ =1.09 Gyr in simulations B30 and B45, and at t = 1.25 Gyr
in B35 an B40) if the strength of interaction is sufficiently large,
§>0.076. Its strength A, at formation time anti-correlates with
impact parameter (and thus directly correlates with strength of
interaction), ranging from A, =0.24 in simulation B30 to A, =
0.12 in B45. Highly variable pattern frequency Q2 of these bars is
likely caused by the way we calculate this parameter. Specifically,
defining the bar phase as a mean phase ¢, within the bar region
is somewhat unreliable due to the higher noise on small radii.
This bar is short-lived as it dissolves after < 1 Gyr, but it quickly
rebuilds in stronger, closer flybys with S > 0.129 and continues to
grow and evolve. By the end of simulation, at t = 5 Gyr, it reaches
A, =0.42 and rg >~ 7.7 kpc in B30, and A, = 0.26 and r5 >~ 5.3 kpc
in B35, both with comparable pattern frequency Qg >~ 22 km s~!
kpc~!, lower (i.e. slower) than the isolated counterpart.

While Lokas (2018) investigated equal-mass flybys (i.e. with
mass ratio g = 1), four different interaction strengths explored S =
{0.02,0.07,0.15, 0.26} make it suitable, to an extent, for compari-
son with our study. In their simulations, bars formed on prograde
orbits in three strongest interactions, the bar strength correlates
with interaction strength, and there was a brief period of bar dis-
solution. Our results mostly support those findings except for the
weaker interactions. For example, in our simulations B40 and
B45, it is unclear whether the later bar formation is caused by
initially formed but dissolved bar rebuilding itself or accelerated
pre-exisitng bar instability. In particular, in B40 the bar re-emerges
again at t = 3.16 Gyr and grows (with a brief dissolution around
t =4.25 Gyr) until the end, reaching the strength A, =0.15 and
length r >~ 5.3 kpc. On the other hand, in B45, the bar starts to
appear again around ¢ =2.94 Gyr but only grows steadily after
t=4.04 Gyr, reaching the final strength A, =0.18 and length
rg =~ 6.3 kpc.

Contrary to our results, Lang et al. (2014) found that the bar
forms only in the secondary galaxy in flybys with a mass ratio
q = 0.1. They do not provide information on the strength of inter-
action. However, based on the data given, we can estimate that
the interaction with g=1 is almost four times stronger than
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Figure 5. Evolution of bar parameters in flyby simulations and isolated galaxy model
(denoted as GAL), top to bottom: bar strength A,, length rg and pattern frequency Q.
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with g = 0.1. With the strength of interaction accounted for, their
results (and weak bar-like feature they identified with ellipse fits
in the primary galaxy in g=0.1 flyby) become understandable.
For example, despite differences between our simulations in ini-
tial models and interaction setup, we can compare their results
with our simulation B40. And indeed, the bar that initially forms
in that simulation is very weak and short-lived. Later bar forma-
tion and evolution in B40 is most likely a result of pre-existing bar
instability in our galaxy model.

Interestingly, this pre-existing bar instability is suppressed in
simulation B50, having only brief periods when the weak bar (with
the length rg >~ 5 kpc and strength A, = 0.1) appears. As it starts
happening consistently after t =4.84 Gyr, it is possible that bar
formation happening in isolation is significantly delayed in this
simulation. In B55, the bar formation and evolution is mildly
affected by the flyby interaction. The bar starts to appear more
consistently earlier than in isolation, around ¢ =3.54 Gyr, end-
ing its evolution slightly stronger (A, = 0.18), shorter (rg ~4.7
kpc) and slower (25 >~ 27 km s™! kpc™!) than its isolated coun-
terpart. Furthermore, bar formation is significantly accelerated
in both B60 and B65, starting at t =2.59 Gyr and t =2.87 Gyr,
respectively. In both simulations final bars are stronger, longer and
slightly slower than in isolation. The values are A, = 0.24, ry > 7.4
kpc and Qg >~ 24 km s~ kpc™! in simulation B60, and A, = 0.18,
rp 2 7.5 kpc and Qp >~ 26 km s~ ! kpc™! in B65.

Hence, farther and weaker flybys have all the possible effects on
the pre-existing bar instability: its suppression or delay, accelera-
tion, and even almost no effect at all. All of these effects are known
to emerge from tidal interactions (Gerin, Combes, & Athanassoula
1990; Lokas et al. 2016; Pettitt & Wadsley 2018; Zana et al. 2018;
Peschken & Lokas 2019). However, there is no clear and uniform
correlation with the impact parameter (or, alternatively, interac-
tion strength). We argue that the consequences of galaxy flybys can
be of primary and secondary nature. Primary, direct ones happen
early and show a uniform correlation (or anti-correlation) with
the impact parameter (e.g. spiral arms, angular momentum gain
and its redistribution). Those can then, through various internal
processes, lead to secondary, indirect effects and, evidently, vastly
different outcomes. As such, these secondary effects do not nec-
essarily depend directly on the impact parameter or interaction
strength, as a combination of various internal processes can appear
chaotic.

5.2. Interesting case of multiple structures

Simultaneous multiple structures we identified as bars (in some
simulations) can manifest visually as either a double bar (also
known as a bar within the bar) or a ring-like feature around the
main bar. Such occurrences are present in simulations B30 and
B40 only for short periods, but simulation B35 is particularly inter-
esting as these two structures coexist for an exceptionally long
time. Thus, we will showcase this phenomenon in B35 here, in an
illustrative manner as detailed analysis is out of the scope of this
paper.

While observational studies indicate that around one-third
of barred galaxies are double-barred (Erwin & Sparke 2002;
Laine et al. 2002; Erwin 2004), their formation is still puzzling.
Numerous formation mechanisms have been proposed, which
could be classified into two cases: inner bars form after gas
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inflow through the outer bar (Friedli & Martinet 1993; Heller,
Shlosman, & Englmaier 2001; Shlosman & Heller 2002; Englmaier
& Shlosman 2004) or they can be formed dynamically from inner
discs (Debattista & Shen 2007; Shen & Debattista 2009; Du, Shen,
& Debattista 2015). The latter case does not restrict the order of the
formation time of two bars: inner bars can form before the outer
ones.

In our case, the origin of the outer structure identified as a bar
is that of a rapidly evolving spiral wrapping around the slowly-
evolving early-formed bar. More specifically, as a bar forms early
on in closer, stronger flybys and the extent of induced spiral struc-
ture is larger, starting on lower radii, inner parts of the evolving
spirals wrap around the bar. This initially leads to a ring-like
feature around the main bar but can evolve into a double bar.
Ilustrative examples of face-on disc projections of an inner disc
(where R <20 kpc) in simulation B35 at three different times
when such structures are present are shown in Figure 6. White
solid lines represent the major axis of the main bar, and white
dashed lines the major axis of the secondary structure. Spiral ori-
gin is the most evident in the early stages, at t = 1.87 Gyr, as the
secondary structure has an almost ring-like or arc-like shape. Later
on, as these two structures evolve, at t = 3.20 Gyr, the spiral origin
is less evident, but two major axes are still perpendicular. Finally,
in later stages at t = 4.37 Gyr, this combined structure becomes a
distinct double-barred feature.

The evolution of bar parameters (as shown in Figure 5) for
these two structures in simulation B35 is shown in Figure 7.
Interestingly, the strengths A, of the two structures are compa-
rable, and as expected, the secondary structure has systematically
higher lengths rg. Despite being highly variable, the pattern fre-
quency Qp of the main bar is higher than that of the secondary
structure, which allows them to coexist and co-evolve for such a
long time as separate structures. Moreover, this result seems to
be in good agreement with Debattista & Shen (2007) who noticed
that, for dynamically formed double bars, inner bars rotate faster.
At t =3.63 Gyr, these two structures sync, merging into a single
bar, which results in abrupt growth of the main bar (which gets
stronger, longer and starts rotating slower). Multiple structures
reappear at t = 4.2 Gyr only to sync and merge again at t = 4.44
Gyr. After this final sync, the main bar grows in strength but gets
shorter without any significant change in its pattern frequency.

Despite Lokas (2018) not reporting about this interesting fea-
ture, such occurrences may be present as well in their simulations
(albeit for shorter periods), especially considering Figure 5 in their
paper, which shows the evolution maps of A,(¢, R) in all simula-
tions. However, without the evolution map of the phase ¢,(t, R),
we cannot claim this is certainly the case.

5.3. The observability of these bars

During our analysis and results, one could easily notice we consid-
ered disc particles only. This is mainly because, in the presence of a
massive bulge, subtle changes in the disc would not be detectable.
However, that raises the question: are these short or weak bars
even observable? For short bars (e.g. when rg < 4 kpc), the answer
should be obvious as those bars are fully embedded into the radius
which encloses 70% of the bulge’s mass. For longer but weaker
bars, the answer is not as clear. As an example, in Figure 8 we
show surface densities, side by side, of the disc particles only and
the disc with bulge particles included for two different simula-
tions, B30 and B40, at t =5 Gyr, in the inner disc region where
R < 15 kpc. All pictures are normalised to the absolute maximum
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Figure 6. Examples of face-on disc projections (of an inner disc where R <20 kpc)
in simulation B35 at three different times (top to bottom) specified on each picture.
White solid lines correspond to the major axis of the main bar while white dashed lines
represent the major axis of the secondary structure.
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Figure 7. Evolution of bar parameters (as shown in Figure 5) in simulation B35. The
blue lines represent the main bar, while orange ones represent outer, secondary
structure.

density that appears ¥ =2.03 x 10% Mg kpc™>. We chose these
simulations in particular, as they illustrate this the best: the bar
in B30 is long and strong enough, while the one in B40 is some-
what long but rather weak. Stronger bars (e.g. when A, > 0.2)
can still be detected in the presence of a massive bulge, but their
shape becomes more ocular. On the contrary weaker bars, despite
their length, are not observable. Although not easily detectable and
observable, these bars should still be able to contribute to the angu-
lar momentum transfer and, in the presence of gas, gas inflow to
the galaxy centre. Inner bars, like the one we showcased in the pre-
vious example of multiple structures, are particularly efficient in
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Disc

Disc + Bulge

Figure 8. Surface densities of disc particles only (left panels) and disc with bulge par-
ticles included (right panels) for two different simulations: B30 (upper panel) and B40
(lower panels), at t =5 Gyr, in the inner disc region where R < 15 kpc. All pictures are
normalised to the absolute maximum density that appears = = 2.03 x 10® Mg, kpc .

transporting gas and can even trigger nuclear activity (Shlosman,
Frank, & Begelman 1989; Shlosman, Begelman, & Frank 1990).

The ability to easily separate the subsystems of the galaxy, disc
and bulge, is evidently an attractive perk of numerical simula-
tions. In practice, while observing the real galaxies, this is not
the case, and the presence of a bulge can contaminate the analy-
sis and make reliable bar detection even more challenging. This
introduces additional problems for research on the role of bars in
AGN fuelling. An extensive number of studies were performed on
this topic, with conflicting results (e.g. Laine et al. 2002; Coelho &
Gadotti 2011; Oh et al. 2012; Alonso, Coldwell, & Lambas 2013,
2014; Cheung et al. 2015; Galloway et al. 2015; Goulding et al.
2017; Silva-Lima et al. 2022). These conflicting results might be
explained partially by the differences in detection methods for
both the nuclear activity and bars. For example, Lee et al. (2019),
while studying bright galaxies from SDSS/DR7, found that the
fraction of bars is dependent on the detection method (visual
inspection, ellipse-fitting, Fourier method). Based on our results,
we argue that there might be an additional problem, related to the
sample selection since some bars are not observable and could not
be detected with any direct, visual method.

Still, it might be possible to detect these weak bars indirectly.
Analysing stellar kinematics, if such data are readily available or
obtainable, would be one of the possibilities. Stellar orbits are, typ-
ically, elongated along the bar resulting in detectable non-circular
(i.e. radial) motions and the velocity dispersion in central regions
of barred galaxies is higher than in its non-barred counterpart
(e.g. Kormendy 1983; Bettoni, Galletta, & Vallenari 1988). As an
example, in Figure 9, we show the distributions of all stellar par-
ticles (disc + bulge) residing inside half mass radius of the stellar
component along azimuth ¢, for both circular v, (upper panels)
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Figure 9. Circular velocity v, (upper panels) and radial velocity v, (lower panels) distributions across azimuth ¢ of all stellar particles (disc + bulge) within half mass radius of the
stellar component (~8 kpc) for three scenarios (left to right): no bar, weak bar and strong bar. Solid white lines represent median values and dashed yellow ones dispersion.

and radial velocity v, (lower panels). We showcase three differ-
ent scenarios (left to right): no bar, weak bar and strong bar. Solid
white lines represent median values, while dashed yellow ones
represent dispersion. Expectedly, a non-barred scenario has con-
stant median values for both velocity types along the azimuth,
with radial velocity v, median value around zero, and constant
dispersion. The wavy pattern of radial velocity in the case of a
strong bar is evident and also expected (e.g. Bettoni & Galletta
1997; Athanassoula & Misiriotis 2002). However, a weak bar case
also shows deviations from the symmetry, making it possible to
detect a weak bar as such. Although not directly measurable in
observational studies, there are techniques for separating these
velocity components (e.g. Maciejewski, Emsellem, & Krajnovi¢
2012; Lopez-Cobd, Lin, & Sanchez 2021) which are not limited to
stars and can be successfully implemented to explore the gas con-
tent of galaxies, its non-circular motions and flows (Lopez-Coba
et al. 2022).

A major drawback of our study is, evidently, the lack of gas.
We already mentioned that the presence of gas could affect our
results, making spiral patterns more pronounced and longer-lived
due to enhanced star formation. There are, however, multiple ways
it can affect our results in the context of bars. In gas-rich galax-
ies, during the early stages of bar evolution and its growth, the
influx of gas to the centre (through the bar region) is expected
(Berentzen et al. 2007). This naturally leads to enhanced star for-
mation, especially in the central region (Diaz-Garcia et al. 2020;
Lin et al. 2020), which can make bars stronger and eases their
detection. The effect is more pronounced in stronger and fast-
growing bars, which leads to efficient gas depletion with shorter
timescales (Géron et al. 2021). Thus, in the later stages of bar
evolution, especially in the case of strong bars, we can expect
quenching of star formation and lower gas fractions in the central
region compared to the non-barred counterparts. It is necessary to
explore the co-evolution of spiral arms and bars, which is particu-
larly important in the presence of gas. Namely, strong spiral arms
can also drive gas inflow to the centre as recently demonstrated by
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Yu et al. (2022), which can lead to additional enhancement of the
central star formation and the build-up of pseudo-bulges or faster
bar growth.

6. The effect on spherical components

Classical bulges are quite resilient to flybys interactions, as already
demonstrated by Kumar et al. (2021). However, for comple-
tion’s sake, we analysed the evolution of the bulge’s shape and
z-component of the angular momentum vector relative to the
z-component of the angular momentum of the disc L,p/L,p. We
show the evolution of these parameters in Figure 10, where a, b,
and c are the lengths of the longest, intermediate, and shortest
axis, respectively, of the bulge’s mass distribution. While the bulge
remains largely unchanged in most flyby simulations, simulation
B30 stands out. The bulge’s shape is mildly affected, and the final
spin-up corresponds to ~0.28% of the disc’s angular momentum.
Both of these effects are not directly caused by the flyby interac-
tion, but the rapidly evolving strong and long bar that forms in that
simulation and the bar-bulge interaction (e.g. Kataria & Das 2018,
2019). To further emphasise this, we remind the reader that the
shortest axis of the mass distribution ¢ is not necessarily aligned
with the angular momentum vector of the bulge. However, the
actual offset angle between them is only a few degrees (2°-4°), and
the angular momentum of the bulge is almost perfectly aligned
with the disc’s angular momentum vector. Moreover, the spin-up
of the bulge is perfectly gradual throughout the simulations, with
no signs of sharp and abrupt angular momentum gain during the
interaction. This suggests that the bulk of the bulge’s newly gained
spin is transferred from the disc and that the intruder is too far
away (even at its pericentre) to affect the bulge directly.

Aside from angular momentum, a non-negligible amount of
mass is transferred between the disc (or, specifically, the bar) and
the bulge, which affects the bulge’s shape. Using a tool for the
structural decomposition of galaxies based on stellar kinematics
(e.g- MORDOR algorithm, Zana et al. 2022) could help us estimate
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Figure 10. Evolution of the bulge, left to right: axis ratio b/a, c/a and z-component of the angular momentum relative to the z-component of the angular momentum of the disc
L,g/L,p, given in percentages. Different simulations are represented with different line colours, as indicated by the legend.

the amount of transferred mass since the majority of particles asso-
ciated with the bar would be flagged as a pseudo-bulge component.
A strong bar in simulation B30, which accounts for roughly 20%
of the total disc mass (or around 30% of the inner disc, where
R < 15 kpc), captures up to 6% of the bulge particles. Based on the
trends seen in Figure 10, specifically the evolution of the bulge’s
axis ratios, it is likely that the amount of the bulge’s mass cap-
tured by the bar is going to increase until a distinct pseudo-bulge
is formed.

Due to its extended nature, the initially non-rotating dark
matter halo is the first to experience flyby effects. The intruder
galaxy transfers its orbital angular momentum to the spin angu-
lar momentum of the dark matter halo during the encounter. At
first, these two angular momenta are aligned due to the so-called
spin-orbit alignment (Moon, An, & Yoon 2021; An et al. 2021).
The initially gained angular momentum of the dark matter halo
is almost perpendicular to the angular momentum of the disc
(Figure 11, lower panel). However, this does not last long, and the
halo spin adjusts to more or less align with the disc spin before
the encounter is over. We show the evolution of the z-component
of the angular momentum of the dark matter halo relative to the
z-component of the angular momentum of the disc L,y/L,p in
Figure 11 on the upper panel. The actual amount of the angu-
lar momentum gain of the dark matter halo is somewhat higher
(due to the offset angle between the vectors of angular momenta
of these two subsystems), and it varies between 14.3% in the sim-
ulation with the closest flyby (B30) and 9.9% in the one with
the farthest (B65). Thus, there is a clear anti-correlation (of halo
spin-up) with the impact parameter.

The offset angle between the angular momenta of the dark mat-
ter halo and the disc after the encounter Z(LEI, L:)), as a function
of the relative impact parameter, is shown on the middle and its
evolution on the lower panel in Figure 11. Orange circles (mid-
dle panel) represent values in different simulations at the end of
the encounter, at t = 1.08 Gyr, and the blue-coloured area further
variations of this offset after the encounter. It is clear that the halo
spin never perfectly aligns with the disc spin and that there is an
almost linear correlation between this offset and impact parame-
ter. Variations in this offset angle are mostly comparable between
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simulations, with an increasing trend in all of them. However, note
that we considered here the whole dark matter halo. The inner
parts are usually prone to the much more frequent short-term
changes of spin orientation (Bett & Frenk 2012). As these changes
can affect the morphological evolution of the galaxy, this effect
could also contribute to the unusual and non-uniform effects far-
ther, weaker flybys have on the pre-existing bar instability. By the
end of simulations, the offset angle between the angular momenta
of the dark matter halo and the disc is correlated with the impact
parameter, ranging from about 35° in B30 to about 50° in B65
(Figure 11, lower panel). Different layers of the dark matter halo
may have different spin orientations. For example, the inner parts,
despite expected frequent short-term spin-flips, could constantly
re-align with the disc spin, while the outermost parts can retain
their initial perpendicular orientation, which results in an overall
offset of around 40°.

We show the evolution of the z-component of the angu-
lar momentum of the disc relative to its initial value L,p(t)/
L,p(t=0) in Figure 12. Note that this z-component of the angu-
lar momentum represents the total angular momentum of the disc
since we rotate the whole system aligning the angular momentum
vector of the disc with the z-axis. After the pericentre, the disc
gains angular momentum anti-correlated with the impact param-
eter, up to ~1.2% of its initial value in simulation B30. However,
the disc does not retain its newly gained angular momentum.
Instead, it transfers it to both spherical components (dark matter
halo and stellar bulge), losing the angular momentum, until the
end, at a constant pace in almost all simulations. Simulation B30,
again, stands out. The loss of angular momentum of the disc is
much steeper and, by the end of the simulation, the disc has ~98%
of its initial angular momentum. This is due to the strong bar
that forms in that simulation, which efficiently transfers angular
momentum to both spherical components. However, while there is
a correlation between angular momentum transfer and the impact
parameter (and B30 is a drastic, special case), the change in angular
momentum of the disc is about 2% at most (over 5 Gyr), making
this effect relatively minor on a global scale.

Finally, the angular momentum evolution of the secondary,
intruder galaxy (stellar qu and dark matter halo ones L;{, ratio of
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Figure 11. Upper panel: Evolution of the z-component of the angular momentum of
the dark matter halo relative to the z-component of the angular momentum of the disc
L,u/L,p, given in percentages. Different simulations are represented with different line
colours. Middle panel: Offset angle between the angular momenta of the dark matter
halo and the disc after the encounter as a function of the relative impact parameter.
Orange circles represent values in different simulations at the end of the encounter
t=1.08 Gyr, and the blue-coloured area further variations of this offset after the
encounter. Lower panel: Evolution of the offset angle between the angular momenta
of the dark matter halo and the disc after the pericentre. Different simulations are
represented with different line colours.

their intensities and the angle between those two vectors) is shown
in Figure 13 for completion’s sake. The stellar component, which
consists only of one spherical subsystem, gains a non-negligible
amount of angular momentum after the pericentre, which remains
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Figure 12. Evolution of the z-component of the angular momentum of the disc relative
toitsinitial value (att = 0) L,p(t)/L,p(t = 0), given in percentages. Different simulations
are represented with different line colours.

almost constant (slightly increases during the simulation in B65)
until the end. This angular momentum gain is anti-correlated
with the impact parameter and hence, correlated with interac-
tion strength. Similarly, the intruder’s dark matter halo also gains
angular momentum after the pericentre anti-correlated with the
impact parameter. However, it is followed by the immediate and
steep angular momentum loss, which coincides with the period of
intense tidal stripping of the dark matter halo (Mitrasinovi¢ 2022).
During this period, two angular momentum vectors are almost
aligned in most simulations (B30-B55). After the dark matter halo
stabilises, its virial mass becomes almost constant (i.e. no mass
loss), and it regains a certain amount of angular momentum. In
this phase, the offset between two angular momentum vectors is
high (£(Ly, Ls) > 140° in most simulations with farther flybys).
This suggests that the perfect observational candidates for galax-
ies residing in counter-rotating dark matter haloes are lower-mass
galaxies in denser environments (given that a frequency of flybys
is higher in such environmental regimes, as demonstrated by An
et al. 2019), in the local Universe, i.e. at lower redshifts (Sinha &
Holley-Bockelmann 2012; An et al. 2019).

7. Implications and overall discussion

We demonstrated that frequent, typical flybys with lower mass
ratios significantly affect the evolution of galaxies, producing var-
ious observed effects. Our results are similar to those of previous
studies which focused on flybys with higher mass ratios (e.g. Lang,
Holley-Bockelmann, & Sinha 2014; Lokas 2018), when we com-
pare interactions based on their strengths. Since the effects on the
primary galaxy are essentially the same for a given strength of the
interaction, there are no observable signatures that would help us
differentiate low-mass ratio flybys from high-mass ratio ones, in a
post-flyby stage.

Ongoing close interaction is typically observed as a close galaxy
pair. Detecting these visually interacting pairs may be biased
towards interactions of higher mass ratios and massive galaxies
in dense environments (e.g. Lotz et al. 2010; Blumenthal et al.
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Figure 13. Angular momentum evolution of the secondary galaxy, where fs is the angular momentum of the stellar component (lower left panel) and Ly, that of the dark matter
halo (lower right panel). Ratio of their intensities is shown in upper left panel, and the angle between them in upper right panel.

2020). Moreover, it is not always possible to correctly classify the
interaction type of a galaxy pair based on the outcome (into a
merger or non-merger). To do so, one would need precise mea-
surements of their physical separation and relative velocity. This
process is significantly easier and more direct in numerical simu-
lations, although misclassification can still happen. For example,
An et al. (2019) mentioned that as high as ~20% of galaxy pairs
that appear gravitationally unbound and would, thus, be classi-
fied as flyby if no other condition is applied, end up merging.
Thus, for ongoing close interaction, even if it can be successfully
observed as a close pair, it is not always possible to assess whether
the interaction is a merger or a close flyby.

The mass ratio of interacting galaxies is one of the most impor-
tant parameters describing galaxy mergers. Given that mergers of
different mass ratios produce severely different effects, it is under-
standable that the most common way to classify them (into major
or minor) is based on this parameter. However, this is not the
case for flybys or any non-merger interaction in general. The mass
ratio plays a significant role in identifying the ongoing interaction
but, when it comes to the produced effects, it only plays a part
given that interaction strength depends on a few other parameters
as well (impact parameter, as explored in this work, and inter-
action timescale). It is, thus, more viable to classify non-mergers
based on the interaction strength (ideally with Elmegreen et al.
1991, parameter, since it takes into consideration the interaction
timescale), especially in theoretical works where the procedure is
practical. Classifications based on a single parameter (for example,
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major/minor based on the mass ratio or distant/close based on the
impact parameter) neglect a crucial role of the interaction strength
and may give results that appear counter-intuitive.

Cosmological simulations clearly show that the fraction of fly-
bys becomes significant, compared to the fraction of mergers, at
lower redshifts z < 2 and that flybys can even outnumber mergers,
especially for massive, Milky Way-like primary galaxies (Sinha &
Holley-Bockelmann 2012). Aside from the higher frequency of fly-
bys at lower redshifts, An et al. (2019) also reported that there is a
strong correlation between environmental density and the num-
ber of flybys: in the densest environments (such as big clusters
of galaxies), and for Milky way-like primary galaxies, flybys out-
number mergers by order of magnitude. Non-merger interactions
are, generally, more frequent than mergers in dense environments
such as groups or clusters of galaxies (Gnedin 2003), where some
galaxies can experience multiple and, on average, around 30%
of galaxies experience at least one flyby per orbit (Knebe et al.
2004). Field galaxies can also experience flybys, despite less fre-
quently. This reinforces the idea that flybys are as relevant as ever,
for the structural evolution of galaxies, in the local, present-day
Universe.

The most obvious and observable signature of galaxy flybys is
the formation of distinct, tidally induced features, such as two-
armed spirals and bars. Distinct two-armed spirals form in all
flybys, which appear as grand design spirals in most strong enough
flybys (e.g. S > 0.05), while long-lived bars form only in stronger
flybys (S > 0.129). Note that our work is focused only on the effects
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of a single flyby interaction and, as such, it is mostly applicable
to the field galaxies. In dense environments, galaxies are prone
to constant external perturbations: from multiple flybys, satellite
galaxies and even global environmental effects. Examining lumi-
nous face-on spiral galaxies from the COSMOS survey, Sheth et al.
(2008) found that the fraction of barred galaxies is highly depen-
dent on the redshift, sharply increasing from ~20% at z ~ 0.84
to ~65% in the local Universe, which was confirmed in cosmo-
logical simulations (e.g. Cavanagh et al. 2022; Zana et al. 2022).
Such a high difference cannot be explained by the flybys alone.
Flybys that are strong enough to produce long-lived bars account
for only ~20% of total flybys for massive galaxies (Sinha & Holley-
Bockelmann 2015). However, weaker flybys can still induce mild
bar instabilities, which can lead to bar formation if combined with
other effects in dense environments. Thus, despite not being the
sole contributor to the high population of barred galaxies in the
local Universe, close galaxy flybys still play a significant role in the
build-up of bars in the local galaxies.

The environment can also affect the flyby-induced two-armed
spirals. For example, a galaxy with two-armed, grand-design spi-
rals, which initially formed due to flyby interaction, residing in a
denser environment is less likely to lose those spiral arms due to
their decay. Instead, its spiral structure is going to get revitalised
by environmental effects (Semczuk et al. 2017), further contribut-
ing to the higher fraction of grand design spiral galaxies in dense
environments. On the contrary, the flyby-induced spiral structure
of the isolated field galaxy is going to gradually decay, since there
is a lack of external perturbations and, in the later stages, it might
appear flocculent. This is in line with the observational reports
(e.g. Elmegreen & Elmegreen 1982) that find flocculent spirals
are the most common among isolated galaxies without compan-
ions, while grand design spirals are predominantly found in denser
environments. Moreover, the tidal origin of distinct two-armed
grand design spirals is well known (Kendall et al. 2015; Hart et al.
2018; Sellwood & Masters 2022). There are, however, puzzling
examples of isolated grand design spiral galaxies that challenge this
formation theory (e.g. Elmegreen & Elmegreen 1982; Kendall et al.
2011, 2015). In most of our simulations, distinct two-armed spirals
are visible long after the intruder has left the proximity of the pri-
mary galaxy (i.e. the distance between them can exceed 1 Mpc).
This suggests that we should not easily dismiss the tidal origin of
these puzzling cases of isolated grand design spirals, as they are the
best observational candidates for galaxies that experienced close
flyby in their recent history.

8. Summary and conclusions

Equal-mass flybys, those with mass ratios g =1 or close, sparked
more interest, especially regarding bars and spirals. However,
one has to keep in mind that such flybys are extremely rare
and almost exclusively distant (Sinha & Holley-Bockelmann 2012,
2015). Frequent, typical flybys have mass ratios g = 0.1 or lower
with secondary galaxy penetrating deep into the primary. This can
usually result in comparable strengths of interaction S between the
two classes of flybys, and lead to essentially the same effects. To
demonstrate this, we performed a series of N-body simulations of
typical flybys with a 10:1 mass ratio and variable impact parame-
ter b/Ry;,; ranging from 0.114 to 0.272 of the virial radius of the
primary galaxy, which corresponds to the strength of interaction
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S ranging from $=0.177 in the closest flyby to S =0.034 in the
farthest. We evolved the system for 5 Gyr and studied the evolu-
tion of morphological features long after the encounter. Our main
results and conclusions are as follows.

1. The disc thickens as a result of a decrease in scale length Rp
and an increase in scale height zp. The effect is more pro-
nounced in closer, stronger flybys. Which of these two changes
contributes more to the thickening highly depends on a mor-
phological structure that forms in the disc: spiral arms drive
the change of the scale length, while bars significantly affect
the scale height.

2. Two-armed spirals form in all simulations before the
encounter is even over. Their radii of origin correlate with
the impact parameter, and their maximum strengths are well
approximated with an inverted S-curve (a good alternative is
a cubic regression). The impact parameter does not affect the
shapes and lifetimes of well-resolved spirals. Lifetime periods
of well-resolved spiral arms are Tiy ~ 2 Gyr, and the spirals are
detectable long after the intruder has left the system. However,
lifetime periods of the spiral remnants or weakly resolved
spirals are longer as the impact parameter increases.

3. Asadirect consequence of flyby, a short and weak bar can form
after the encounter is over for impact parameters b/Ry;;,; <
0.178 and corresponding interaction strengths S > 0.076. Its
length appears constant rg ~ 3 kpc, while the strength anti-
correlates with the impact parameter. Such feature is short-
lived (<1 Gyr) except for stronger interactions with § > 0.129
when it continues to grow and evolve with a brief period of bar
dissolution.

4. We observed an interesting feature of multiple bar-like struc-
tures in simulation with interaction strength S=0.129. As
inner parts of evolving spirals wrap around the early-formed
bar, they form a ring-like structure which evolves into a dou-
ble bar feature that survives for an exceptionally long time.
For these two structures to coexist as separate for such a long
time, the criteria are strict: the induced spiral arms have to start
on low enough radii, and the early-formed bar has to evolve
slowly but rotate rapidly.

5. Effects on the pre-existing bar instability, that develops much
later, are diverse: from an acceleration of bar formation, lit-
tle to no effect, to even bar suppression. There is no uniform
correlation between these effects and the impact parameter, as
they are secondary effects happening later in a post-flyby stage.
Primarily induced effects (e.g. spiral arms, angular momentum
gain and its redistribution) heavily influence pre-existing mild
bar instability leading to these secondary effects.

6. Classical bulges are resilient to flyby interactions, but they can
experience mild changes. However, this is not a direct result of
the flyby but a by-product of bar-bulge interaction.

7. Dark matter halos can significantly spin up in the amount anti-
correlated with the impact parameter. There is an offset angle
between the angular momentum vector of the dark matter halo
and that of a disc, and it correlates linearly with the impact
parameter.

8. Intruder galaxy also gains a non-negligible amount of angu-
lar momentum during the interaction. In the later post-flyby
stage, when the episode of intense tidal stripping is over, the
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intruder stabilises, and its dark matter halo is almost counter-
rotating compared to the stellar component.

We demonstrated that the effects of typical flybys with lower
mass ratios could be just as significant as those of equal-mass fly-
bys. These low mass ratio flybys started gaining more attention
recently due to their ability to produce dark matter-deficient or
ultra-diffuse galaxies out of secondary galaxies. One has to keep in
mind that primary galaxies can also get affected and altered. This is
particularly important in the local, present-day Universe when the
frequency of flybys is at its highest. Moreover, close galaxy flybys
can explain the puzzling observational examples of isolated two-
armed grand design spiral galaxies, given that the tidal formation
mechanism is preferred for such structures.
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