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ABSTRACT

At least one major merger is currently taking place in the Milky Way (MW). The Sagittarius (Sgr) dwarf galaxy is being tidally
destroyed while orbiting around the MW, whose close passages perturb the disc externally. In this work, using hydrodynamical
simulations, we investigate how massive dwarf galaxies on quasi-polar Sgr-like orbits impact the star formation (SF) inside the
MW-like discs. First, we confirm that interactions with orbiting satellites enhance the SF rate in the host. However, prominent
SF bursts are detected during the very close passages (<20 kpc) of massive (2 x 10'° M) gas-poor satellites. For gas-rich
satellites, while we observe substantial enhancement of the SF, we do not detect prominent peaks in the SF history of the host.
This can be explained by the steady gas accretion from the satellite smoothening short-term variations in the SF. The impact of
the satellite perturbations, especially its first encounters, is seen mainly in the outer (> 10 kpc) disc. We also found that the close
passages of satellites cause the formation of low-metallicity stars in the host, and the effect is the most prominent for gas infall
from the satellites resulting in the dilution of the mean stellar metallicity. Our simulations are in favour of causality between the
recent passages of the Sgr and the bursts of the SF in the solar neighbourhood (1 and ~2 Gyr ago); however, to reproduce the
SF burst at its first infall (=6 Gyr), we require a very close passage (<20 kpc) with subsequent substantial mass-loss of the Sgr

precursor.
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1 INTRODUCTION

The Milky Way (MW) is believed to be a typical disc galaxy with a
central bar and boxy/peanut bulge in the centre (Dwek et al. 1995;
Wegg & Gerhard 2013; Ness & Lang 2016) and extended, likely
flocculent, multi-arm spiral structure (Vallée 2005; Reid et al. 2009;
Bland-Hawthorn & Gerhard 2016). The outer disc of the MW is
warped relative to the disc mid-plane inside the solar circle (Kerr
1957; Drimmel & Spergel 2001; Poggio et al. 2018). The presence
of the warp is believed to be a manifestation of the interaction with a
massive galaxy companion (see e.g. Ibata & Razoumov 1998; Bailin
2003; D’Onghiaet al. 2016; Laporte et al. 2018a, b). Different models
have been proposed to identify the mechanism of its formation, and
it is generally believed that the Sagittarius (Sgr) dwarf galaxy (Ibata,
Gilmore & Irwin 1994, 1995) could have been the most prominent
external perturber of the MW disc (Bailin 2003; Michel-Dansac et al.
2011; Purcell et al. 2011; Gémez et al. 2013; Schonrich & Dehnen
2018). Although some alternative ideas have not been ruled out
(Darling & Widrow 2019; Khoperskov et al. 2019), it is supposed
that the recent passages of the Sgr dwarf galaxy are responsible for
the emergence of the phase-space snail in the solar neighbourhood
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(SNd; Antoja et al. 2018; Bland-Hawthorn et al. 2019; Laporte et al.
2019, but an extensive discussion of lacunae in this theory can be
found in Bennett & Bovy 2021; Bennett, Bovy & Hunt 2022).
Recently, it was also proposed that recurrent perturbations of the
MW disc caused by the Sgr dwarf galaxy can temporally enhance the
star formation (SF) in the disc (Ruiz-Lara et al. 2020). Using the Gaia
Data Release 2 (DR2) data (Gaia Collaboration 2018), Ruiz-Lara
etal. (2020) recovered the SF history (SFH) in a local volume around
the SNd. A striking feature of the recovered SFH (or age distribution)
is multiple distinct bursts (1, 2, and &6 Gyr ago) of the SF (see also
Cignoni et al. 2006, who found the SF bursts in the MW ~2 and 4—
6 Gyr ago), which correlate with the predicted pericentric passages of
the Sgr dwarf galaxy (Law & Majewski 2010; Purcell etal. 2011; de la
Vegaetal. 2015; Laporte et al. 2018b). It is important to note that there
are some other models that expect the pericentric passages to happen
at slightly different times (see e.g. Dierickx & Loeb 2017; Gibbons,
Belokurov & Evans 2017; Tepper-Garcia & Bland-Hawthorn 2018;
Dillamore et al. 2022). The discrepancies between different models
of the Sgr orbital motion naturally arise from the uncertainties in the
mass-loss over time (see e.g. Jiang & Binney 2000; Gibbons et al.
2017; Bland-Hawthorn & Tepper-Garcia 2021), thus affecting the
dynamical friction strength and expected perturbations of the MW
potential (D’Souza & Bell 2022). This affects the Sgr stream used to
constrain the orbit of the Sgr precursor (Gémez et al. 2015; Vasiliev,
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Belokurov & Erkal 2021). Another approach to date the pericentric
passages of dwarfs is based on the timing of SF episodes inside
these satellite galaxies (see e.g. Sohn et al. 2007; Pasetto et al. 2011;
Rusakov etal. 2021). Indeed, grasping the underlying physics driving
increased SF due to interactions holds profound significance, as it
offers means to extract orbital parameters of interacting systems (the
Small Magellanic Cloud-Large Magellanic Cloud system; Massana
et al. 2022) and it enables deeper insights into past events in the
evolution of dwarf galaxies (e.g. Leo I; Ruiz-Lara et al. 2021). In
the case of the Sgr dwarf and its stream, different authors found
several episodes of SF: 0.5, 5, and 11 Gyr ago (Layden & Sarajedini
2000); 5-7, 11, and 13 Gyr ago (de Boer, Belokurov & Koposov
2015); and 2.3, 4, and 6 Gyr ago (Siegel et al. 2007). To summarize,
several recent works report that both MW and Sgr precursor have
experienced several bursts of SF in the last 6 Gyr and some of these
bursts could have happened at the moments of pericentric passages
of the Sgr.

Generally speaking, different models suggest that interactions
and mergers with sufficiently massive dwarf galaxies, under certain
conditions, may enhance the SF in the main galaxy (Barnes &
Hernquist 1991; Jog & Solomon 1992; Mihos & Hernquist 1994;
Springel, Di Matteo & Hernquist 2005; Cox et al. 2008; Renaud
et al. 2014; Moreno et al. 2015; Sparre & Springel 2016; Renaud,
Segovia Otero & Agertz 2022). This effect depends on the parameters
of interaction such as the perturber’s orbit, relative mass, and relative
gas fraction (Di Matteo et al. 2007, 2008; Hopkins et al. 2013a;
Moreno et al. 2015; Pettitt et al. 2017). For instance, Di Cintio et al.
(2021) found a reasonable correlation between the peaks of SF and
pericentric passages of massive dwarfs in the CLUES (Constrained
Local UniversE Simulations). A similar effect was demonstrated
using the HESTIA (High-resolution Environmental Simulations of
The Immediate Area) simulations of the Local Group (Khoperskov
et al. 2023a), where it was suggested that not all close passages or
fly-bys of dwarf galaxies enhance the SF (see also Di Matteo et al.
2007; Renaud et al. 2009, 2014). Despite the mounting growth of
arguments in favour of Sgr-driven bursts of SF in the MW, it is
inherently difficult to disentangle the impact of multiple perturbers
moving on different orbits from internal processes (bar formation
and evolution, and spiral arm formation) in cosmological models.

In this work, we aim to investigate the evolution of the SF rate
(SFR) in controlled simulations of interaction between an MW-type
disc galaxy and a massive dwarf galaxy on a nearly polar orbit.
Although our work is inspired by the recent results suggesting
a possible impact of the pericentric passages of the Sgr dwarf
galaxy on the SF activity in the MW, we do not aim to reproduce
the exact parameters of the Sgr dwarf galaxy and the observed
configuration of its tidal streams. The paper is organized as follows.
In Section 2, we describe the initial conditions of our models and the
simulation set-up. In Sections 3.1-3.4, we analyse the SFH features
of the MW-like galaxies depending on the gas content, masses, and
pericentric distances of orbiting satellites. In Section 3.5, we present
the metallicity behaviour of stars in the host galaxy under influence
of massive satellite. In Section 4, we discuss the MW—Sgr interaction
in the context of our simulations. Finally, in Section 5, we summarize
our main findings.

2 MODELS

2.1 Initial conditions for the host and dwarf galaxies

Initial conditions for the host and satellite galaxy were generated
using the AGAMA software (Vasiliev 2019). In all of our simulations,
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Table 1. Parameters of models. The model ISO is an isolated MW-type
galaxy simulation, while others include the dynamics of satellite galaxy
of different mass and different gas amount. Initial coordinates of satellite
galaxies are [125, 0, 0] and vy, = 0 km s~ while the centre of the host galaxy
is located at [0, 0, 0]. The parameters of the host galaxy are the same across
the models and described in Section 2.1.

Model Satellite Satellite Satellite Vy v,
name DM mass stellar mass gas mass
(10°°Mg)  (10°Mp)  (10'°Mg)  (kms™') (kms™!)

130 - - - - -
M1lnoG 5 1 - —10 120
M2noG 5 1 - -30 80
S1noG 1.6 0.4 - —40 50
S2noG 1.6 0.4 - 0 90
M1 5 0.5 0.5 —10 120
M2 5 0.5 0.5 -30 80
Ss1 1.6 0.2 0.2 —40 50
S2 1.6 0.2 0.2 0 90

the initial set-up for the host galaxy is identical and has three
components (dark matter, pre-existing stars, and gas), and has the
following initial settings. The initial stellar disc is represented by a
Miyamoto—Nagai density profile (Miyamoto & Nagai 1975) with a
characteristic scale length of 4 kpc, vertical thicknesses of 0.3 kpc,
and a mass of 6 x 10'® My. The simulation includes a live dark
matter halo (2 x 10° particles) whose density distribution follows a
Plummer sphere (Plummer 1911) with a total mass of 9.2 x 10" Mg,
and a scale radius of 21 kpc. The gas component initially features
10° particles with a mass of 1 x 10* Mg, which can be partially
converted into newly formed stars. The gas is distributed in a thin
disc component following a Miyamoto—Nagai density distribution
with a scale length of 5 kpc. This choice of parameters leads to a
galaxy mass model with a circular velocity of 22230 kms~".

We study the impact of both high-mass and low-mass satellites
with a total mass of 2 x 10'© and 6 x 10' Mg, respectively.
The dark matter (DM) component of the satellite is represented by
2.5 x 10° particles redistributed following a Navarro-Frenk-White
(NFW) model with a scale length of 10 kpc. Stars (10° particles)
are initially distributed using a Plummer model with a scale length
of 4 kpc. The gas is considered as a Miyamoto—Nagai disc with a
characteristic scale length of 2 kpc with a mass of gas particles of
1 x 10* M. The masses of the DM, stellar, and gas components are
shown in Table 1. In the table, we also provide the initial velocity of
the satellite, which is located in the host galaxy plane at x = 125 kpc
from its centre (similar to Dierickx & Loeb 2017; Tepper-Garcia &
Bland-Hawthorn 2018). In this work, we study the impact of the
satellite on a polar orbit, which is similar to the orbit of the Sgr
dwarf galaxy (e.g. Gomez et al. 2015; Gibbons et al. 2017). In total,
we run a few dozen different models where we varied the initial
velocity component of the satellite in a wide range, but in this paper
we only present eight models, which provide us with an orbit that is
quantitatively similar to the Sgr and, especially in the case of massive
satellites, do not rapidly merge. The full set of models considered
here includes models with gas in a satellite where we can capture the
effects of the gas accretion from the satellite together with gasless
models (inside the satellite) where we can study the purely kinematic
impact on the host galaxy SF. The SFHs of the host galaxies are also
compared to those of the isolated host galaxy evolution (model ISO).

In order to investigate the impact of the satellite passages on the
metallicity distribution in the host galaxies, we initialize the radial
metallicity profile of the interstellar medium (ISM) in both host and
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Figure 1. Orbits of satellites in different models. The top row corresponds to the models with a gasless satellite, while the bottom shows the gas-rich satellites.
The XZ-projections of the orbits are shown where the disc of the host galaxy is located in XY-plane, highlighted by the black line, representing a 15 kpc radial
scale. The orbits of the satellites are colour-coded by the integration time in Gyr as shown in the colour bars. The red squares highlight moments of pericentric

passages of the orbiting satellites.

satellite galaxies. Since newborn stars inherit their abundances from
the gas component, radial redistribution and accretion of gas from the
satellite would affect the metallicity distribution of the host. Since
we do not aim to fit any particular data set in this work, we adopted
the negative metallicity gradients of —0.13 and —0.05 dex kpc™!
with the central value of 0.1 and —0.5 dex for the host and satellite
galaxies, respectively. Nevertheless, the metallicity gradient for the
host galaxy chosen is in agreement with some recent estimations for
the MW disc ~10 Gyr ago (Lu et al. 2022; Ratcliffe et al. 2023). The
adopted metallicity gradient value for the dwarf galaxy is typical for
nearby dwarf galaxies (see e.g. Taibi et al. 2022).

In this work, we run a series of simulations of galaxy mergers that
used the hybrid N-body/hydro code GizMO (Hopkins 2015, 2017).
We invoked the meshless finite mass hydrodynamical solver and
an adaptive gravitational softening for the gas. The Springel &
Hernquist (2003) multiphase interstellar medium (ISM) algorithm
has been used, and the feedback includes the Type I and Type II
supernova. Following Hopkins, Narayanan & Murray (2013b) and
Hopkins (2017), the SF was allowed only in virialized regions.

2.2 Orbits of satellites

In Fig. 1, we present the XZ-projections of the satellites’ orbits
where the host galaxy is placed in the XY plane. Remember that in
this work, we study the interactions of the MW-type galaxies with
satellites on a polar orbit. The top row corresponds to the models
without gas in the satellites, and the bottom row shows the orbits of
gas-rich satellites. Note that the orbits in these two cases are nearly
identical because the total mass of the satellites is the same in both
set-ups. Thus, they experienced a very similar evolution due to a
comparable impact of dynamical friction dragging satellite galaxies
towards the centre of the host. The first two columns show the orbits
of massive satellites, while low-mass satellites are shown in the two
rightmost columns (see Table 1 for the model parameters). In the
case of massive satellites, the merger is completed on a relatively
short time-scale, and we do not study the evolution of these models

MNRAS 527, 2426-2436 (2024)

after that ~3-5 Gyr. In this case, we have access to 3—4 pericentric
passages, marked with red squares in Fig. 1. Meanwhile, the low-
mass satellites experience a long-term evolution, slowly swinging
towards the centre of the host for about 8—10 Gyr. In these models,
we detected more than eight pericentric passages. In all of the models,
the pericentric distances decrease with time, thus making it possible
to study the impact of the satellites on the SF in the host galaxy
at different distances in just a few models. Also, note that although
we do not aim to reproduce the motion of the Sgr dwarf galaxy,
the orbits of our satellite galaxies are quite similar to some previous
models of the Sgr orbit (see e.g. Purcell et al. 2011; Dierickx & Loeb
2017; Tepper-Garcia & Bland-Hawthorn 2018, for reference), thus
suggesting that our conclusions can be extrapolated on the impact of
the Sgr on the SF in the MW.

3 RESULTS

In this section, we investigate the connection between the SF evo-
lution of the MW-like hosts and recurrent perturbations by satellite
galaxies orbiting around.

3.1 Models with no gas inside satellite galaxies

First, we discuss the evolution of models with no gas inside satellite
galaxies (models M1noG, M2noG, S1noG, and S2no@G). In Fig. 2,
we show the orbital decay of the satellite galaxies in different models
together with the SFHs of the host galaxies. The SF in the host
considers only stars that are being formed in the disc within Ry =
25 kpc and not beyond 2 kpc from the mid-plane. Also, to ensure that
we do not include any stars formed in the satellite galaxies inside
this region, we count only stars if their absolute value of the initial
vertical velocity is below 50 kms~'. However, the latest criterion
starts to be important at the very last episodes of the merger. In each
panel, the SFR of the host galaxy (blue line) is compared to the
one in the isolated galaxy simulation (grey area), where, in order to
put all the panels on the same scale, we normalize both (interacting
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Figure 2. Orbital decay of satellites and SFHs of the host galaxies. The top sub-panels show the orbital decay of satellite galaxies, while the bottom ones show
the evolution of the SFH in the host galaxies. The SFHs are shown by the blue lines and compared to the SFH in the isolated host simulation, shown by the
grey-filled area. For a better comparison between different models, in each panel, both SFHs are normalized by the mean SFR in the interacting case (SFR),
marked in each panel. The red vertical lines highlight moments of pericentric passages where the pericentric distance (in kpc) is shown in the corresponding red

boxes.

and isolated) SFHs by the mean SFR ((SFR), see the values in each
panel) in the interacting simulation. For each SFH plot, we show
the red vertical lines that correspond to the pericentric passages
of the dwarf galaxies, where the pericentric distances are marked
accordingly.

We start our analysis from the massive dwarf simulations
(76 x 10'° My) shown in the top row of Fig. 2. In model M1noG,
we can see that the SFH is nearly identical to the isolated one until
the latest pericentric passage (19 kpc) at ~4.8 Gyr. In this case, the
SFR rapidly increased by a factor of &2 compared to the isolated
simulation. This suggests that even a very massive dwarf galaxy does
not significantly affect the SFR in the host galaxy while it is orbiting
at distances >20 kpc. The same result is seen in model M2noG, where
the first passage, at 30 kpc, has no impact on the SFR of the host.
However, the next pericentre (18 kpc) corresponds to a prominent
peak of the SF. Note, however, that in this model, the SFR starts
to increase gradually sometime before the second pericentre. The
next sharp peak in the SFH also correlates with the next, even closer
pericentric passage (=11 kpc). Even with no extra gas infall from
the satellite, the overall SFR is much higher compared to the isolated
simulation, which suggests that only the gas of the host is involved
in the SF. Therefore, the increase of the SFR is due to the contraction
of the gas caused by rapidly strengthened tidal forces (Renaud
et al. 2009, 2014, 2022) during the close passages of the satellite
galaxy.

In the lower mass satellite simulations (=1.2 x 10'° M, see
bottom row of Fig. 2), we can see a similar behaviour of the SF
as above. For instance, in model S1noG, we see many peaks of
the SFR corresponding to a number of the pericentric passages,
except for the first one at 18 kpc. This simply shows that lower mass
systems need to come close to the host compared to the higher mass
satellites in order to trigger the SF burst. This is also evident in
model S2noG where most of the pericentric distances are quite far
from the centre of the host, and only the latest two passages (19 and
15 kpc) correlate with the prominent short time-scale increase of the
SFR.

To summarize, in the case of pure tidal interaction between
gasless satellites and massive MW-type disc galaxies, the SF
increases in the hosts if the pericentric distance is smaller than
~20 kpc. At larger distances, we do not detect any signifi-
cant effects, even in the case of massive (6 x 10'© Mgy)
perturber.

3.2 Models with gas-rich satellite galaxies

Next, we discuss the behaviour of the SFR in the simulations, which
include a substantial amount of gas inside the satellite galaxies.
In such models, we can follow the impact of the infall of gas
stripped from the satellite galaxies and thus compare its contribution
to the SFR of the host undergoing the purely kinetic perturbations

MNRAS 527, 2426-2436 (2024)
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Figure 3. Same as in Fig. 2, but for gas-rich satellites. Note that the orbits of gas-rich satellites are identical to the gasless satellite simulations.

in gasless simulations as discussed above. Remember that in this
set of simulations, we use the same mass models of dwarf galaxies
resulting in very similar orbits and pericentric distances over time
(see Fig. 1). Fig. 3 shows the orbital decay and SFH of the hosts
compared to the isolated galaxy simulation. We notice that across
all of the models with gas-rich satellites, the SFR is on average
higher and the SFHs are significantly smoother when compared
to the gasless satellite models and the isolated simulation. This
is likely the result of the immediate interactions between the gas
components of the host and satellite galaxies even at very early
phases of evolution when the gas of the satellite is being stretched
along the direction of the tidal forces (see also Tepper-Garcia &
Bland-Hawthorn 2018). Furthermore, the satellite gas being stripped
along the orbit is constantly infalling on to the host. This results in a
negligible effect of close passages on the SFR, which is seen in Fig. 3.
In particular, although the SF is much higher on average, we do not
detect any prominent bursts in model S1, which is the analogue of
model S1noG, where we observed multiple SF bursts. In gas-rich
satellite simulations, local peaks of the SF are being observed only
in the case of massive satellites (models M1 and M2) at the very
last stages of the merger when the satellite crosses the disc of the
host.

To summarize, in the case of gas-rich satellite interactions, we
observe a higher mean SFR compared to gasless satellite simulations.
However, the pericentric passages do not cause any prominent bursts
of SFin the host galaxies. These results are in agreement with Renaud
et al. (2021) who found that the infall of gas on to the galaxy, at the

MNRAS 527, 2426-2436 (2024)

early stages of the merger, is smooth, does not fuel the star-forming
regions, and does not result in a rapid increase of the SF.

3.3 SF enhancement due to interactions

We showed that the mean SFR is higher in models with orbiting
satellites compared to the isolated galaxy and it is higher even more
if there is gas accretion from the satellites. However, which regions
of the host galaxies are affected the most by the perturbations? In
Fig. 4, we demonstrate the degree to which SF is enhanced in a
given interacting model compared to the isolated galaxy simulation
at different radii over time. The maps in the figure are colour-coded
with the following parameters:

8(Rga, 1) = (Zim(R, 1) — Ziso(R, 1))/ (Eint(R, 1) + Ziso(R, 1)), (1)

where ¥, and Xj, are the SF surface density in interacting and
isolated simulations, respectively. The parameter §(R,,, f) shows
the degree to which the SFR in a pair of models is different. If it
is negative, then the SFR is higher in the isolated galaxy; if it is
close to zero, then the SFRs are comparable; and once it is close
to 1, then the SFR in the isolated galaxy is negligible compared
to the isolated galaxy model. The blue vertical lines highlight the
pericentric passages of satellites if they are within 19 kpc. Otherwise,
the arrows and numbers in blue boxes show the time and pericentric
distance, respectively.

Fig. 4 clearly demonstrates that in our models, the SF is enhanced
mostly in the outer regions of the host galaxy with a small variance
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Figure 4. Relative enhancement of the SF in interacting models compared to the isolated one. The maps are colour-coded with following parameter 6(Rga, ) =
(Zint — Zint)/(Zint + Ziso) showing how much the SFR in the host galaxy is compared to the isolated model. The blue vertical lines highlight the moments
of pericentric passages if the values are below 19 kpc; otherwise, the pericentres are marked by the arrows with the pericentric distance in kpc. Note that the
vertical axis shows the galactocentric distance Rg, in cylindrical coordinates, while the pericentres correspond to a 3D distance to the host centre.

in the innermost region compared to the isolated simulation. In
addition, all our models suggest that the SF starts to increase
at ~10 kpc once the satellites are sufficiently close to the host.
Subsequently, the region of enhanced SF propagates slowly towards
inner regions. However, even in models with strong impact (models
M2noG, S1noG, M2, and S1), the inner regions show larger SF
only several Gyr after the first close passage of the satellite. In
these models, we also observe some SF out to 20 kpc, which is not
the case in the isolated simulations with a weak perturbation from
satellites.

The effect on the SF of the host we detected is strikingly similar to
the kinematic response of the disc reported by Gémez et al. (2013),
where the MW disc hosts prominent vertical density features at
Rga > 8 kpc (see their fig. 6). Carr et al. (2022) also showed the
impact of a massive satellite in the outer disc, where the radial
migration strength increases with radius and the guiding radius
increases by more than 1 kpc explicitly where Ry, > 8 kpc (see
their fig. 9).

In Fig. 5, we depict the proportional increase in gas surface
density and SFR within the host galaxy plane, specifically fo-
cusing on simulation M2noG. This simulation is distinguished
by the occurrence of two pericentric passages by a massive
satellite before merging with the host. The upper panel illus-
trates the decay of the orbital trajectory, while the lower pan-
els portray the instances immediately preceding, during, and im-
mediately following each pericentric passage. The black crosses
show the XY-position of the satellite galaxy at the corresponding
times.

The enhancement, calculated as previously illustrated in Fig. 4,
is referenced relative to the isolated simulation by using snapshots
taken at equivalent time points. The depicted figure highlights that
during the initial passage, there is a commencement of perturbation
in gas density, primarily observable in the outer regions. This
results in a marginal increase of the SFR, evident at distances
greater than 10 kpc. A more recent and closer passage gives rise to
prominent azimuthal variations in the parameters. Notably, the gas

distribution exhibits pronounced tidal structures, concomitant with
a corresponding increase in the SFR. However, caution is exercised
in establishing a direct link between the disc region impacted by a
satellite and the heightened SFR, owing to the fact that interactions
induce tidal structures, which tend to wind up rapidly (Dobbs et al.
2010; Pettitt, Tasker & Wadsley 2016), thus averaging out their
impact along the azimuth. Consequently, even if the interaction
with the Sgr triggers localized enhancement of the SFR within the
MW, particularly within a specific quadrant, the rapid evolution
and subsequent dissipation of tidal structures render such effects
undetectable.

3.4 Star formation enhancement as a function of pericentric
distance

In order to quantify the SF enhancement for each pericentric passage,
we calculate the integrated SFR (ISFR), which is the total mass of
stars formed over 0.5 Gyr after a given pericentric passage (see also
Di Matteo et al. 2007):

74+0.5 Gyr

ISFR = SFR(t)dr, 2)

T

where SFR(?) is the SFR, and t is the time of pericentric passage
of a satellite galaxy. We have chosen a time period of 0.5 Gyr
to capture a pure effect of the interaction and avoid a possible
overlap between two subsequent pericentric passages. In Fig. 6,
different models are shown by different markers and colours. On
the left, for each pericentric passage, the ISFR is normalized by the
ISFR in the isolated simulation calculated over the same period of
time, and it is shown as a function of the pericentric distance. The
figure illustrates the previously described behaviour of the SFR in
all of our simulations. In particular, we do not detect any systematic
increase of the SF until 30 kpc; at closer passages (20-30 kpc), the
SF intensity starts to increase, but it is still not larger by a factor
of 2, relative to the isolated model. Only once the satellite galaxies
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Figure 5. Relative gas density and SF enhancement in interacting models compared to the isolated one. Top panel shows the orbit of the satellite galaxy in
model M2noG with two pericentric passages before coalescence. In bottom panel, the maps are colour-coded as in Fig. 4, showing how the gas density or SFR
in the host galaxy is compared to the isolated model at the same times. The snapshots are chosen just before, during, and after a given pericentric passage.
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Figure 6. SFR enhancement as a function of pericentric distance. In left: the enhancement of the SF is calculated as a ratio between the ISFR (see equation 2)
in interacting and isolated simulations. In both isolated and interacting simulations, the ISFRs are calculated over 0.5 Gyr after the corresponding pericentric
passage. Our simulations show a lack of enhancement of the SF unless the satellites pass closer than 2220 kpc in the case of <6 x 10'0 M, satellite. In right: the
enhancement of the SF is calculated in interacting simulations only as a ratio between the ISFR before and after the pericentric passage of the satellite galaxy.

pass within 20 kpc, the SF is enhanced by a factor of 2—4. For
even closer pericentres, the SFR enhancement is even higher, but
the most massive mergers end up with the SF quenching; however,
the core of the satellite moves inside the disc resembling the very
latest stages of the merger. Since this has not yet occurred with
the Sgr dwarf, this is beyond the interest of our work. In the right
panel of Fig. 6, we show the ratio between the ISFR after and
before the pericentric passage in interacting simulations only. This
allows us to quantify how much the SF changed due to interaction.
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It appears that only in a few models the SFR is increased by a factor
of >3, while in most of the cases, we detect an increase smaller
than 2.

3.5 Metallicity variations caused by the interactions

A number of recent works focus on the effects of mergers in the
metallicity distribution in simulated galaxies (Montuori et al. 2010;
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Figure 7. MDFs of stars formed inside the host galaxy. The grey area is the same across the panels and corresponds to the isolated galaxy simulation. Each
panel shows a pair of simulations with the same orbit of the satellite galaxy where the MDFs are normalized by the total mass of stars formed in isolated
simulation. The blue and red solid lines correspond to the model with a gasless satellite and a gas-rich satellite, respectively.

Rupke, Kewley & Barnes 2010; Torrey et al. 2012; Bustamante et al.
2018; Sparre et al. 2022; Khoperskov et al. 2023b). These works
clearly show the ISM metallicity dilution effect in the central regions
of the galaxy due to metal-poor gas being tidally funnelled into
the centre during mergers. In agreement with the theoretical works,
Bustamante et al. (2020) investigated a large sample of interacting
galaxies from the Sloan Digital Sky Survey Data Release 7 and found
an increasing gas-phase metallicity dilution and enhanced SF activity
with decreasing separation between galaxies (see also e.g. Grgnnow,
Finlator & Christensen 2015).

These works study the major mergers of massive galaxies, which
were completed on a short time-scale. However, the Sgr—-MW
interaction is less violent so far. In this section, we discuss the
behaviour of the metallicity distribution in our simulations and some
significant features caused by the perturbations from the satellites and
corresponding gas infall on to the host galaxy. The particular details
of the metallicity behaviour are dependent on the adopted initial
metallicity; thus, we discuss only some general metallicity trends
without giving any quantitative predictions regarding the metallicity
distribution function (MDF) features caused by the Sgr dwarf galaxy
in the MW.

First, in Fig. 7, we show the metallicity distributions for the
stars formed inside the host galaxy. Each panel shows the MDFs
from a pair of simulations with the same satellite orbit with gasless
(blue) and gas-rich (red) satellite, which are compared to the MDF
of the isolated host model (grey area). A striking feature of all
our interacting simulations is the presence of a certain fraction of
relatively low [Fe/H] stars. In gasless satellite simulations (blue
lines), the excess of low-[Fe/H] stars results from the enhanced
SF in the outer disc (see Fig. 4) where the ISM metallicity is low
because of the imposed negative gradient in the ISM of the host (see
Section 2.1 for details). We see that the only perturbation of the outer
disc naturally leads to the formation of a non-negligible amount of
stars with relatively low metallicity inherited from the ISM located
in the outer disc.

The impact of the gas infall from satellites is clearly seen once we
compare a pair of models in each panel of Fig. 7. First, the total mass
of the low-[Fe/H] stars is larger in gas-rich satellite simulations (red
lines) than in gasless satellite simulations (blue lines), thus suggesting
that some of the stars were formed in situ but in gas that was either
directly accreted from satellites and/or mixed with the pre-existing
gas of the host. Also, in most of the gas-rich satellite models, we
see a second peak of the MDFs, which is not observed in the gasless

simulations. This further emphasizes the degree to which the gas from
the satellite pollutes the host ISM and dilutes the metallicity of newly
forming stars of the host, which is in agreement with Ruiz-Lara et al.
(2016).

To highlight the effect of the metallicity dilution, we show the
age—metallicity relation for the stars formed inside the host galaxies
in Fig. 8. The ages of stars are indicative of their formation times
in a manner where the youngest stars originate towards the end of
the simulation, and the highest age corresponds to the simulation’s
duration. The density distributions depict the MDF evolution as a
function of time. The evolution of the mean metallicity in a particular
model (white lines) is compared to the one in the isolated simulation
(magenta lines). The effect of the metallicity dilution is inevitably
linked to the close (<20 kpc) pericentric passages, where the mean
metallicity decreases after the close approaches of the satellites. The
dilution is more prominent in gas-rich satellite simulations because
of the low-[Fe/H] gas accretion on to the host galaxy. Note, however,
that similar to the SFR behaviour (see Figs 2 and 3), the mean
metallicity steadily decreases after the first close passage and does not
show a quick recovery to its previous level. Hence, our simulations
are in agreement with some previous studies (see e.g. Montuori et al.
2010, who showed that fly-bys of galaxies cause some dilution of the
ISM metallicity). Moreover, some recent studies of the MW chemical
compositions suggest a similar effect potentially associated with the
Sgrand Gaia-Sausage-Enceladus (GSE) accretion events (Ciucd et al.
2023; Queiroz et al. 2023; Ratcliffe et al. 2023).

4 DISCUSSION

Using a set of models that are qualitatively similar to the ones we
expect for the Sgr-MW interactions, we now discuss the implication
of our models in the context of the MW evolution.

By using a colour-magnitude diagram (CMD) fitting technique,
Ruiz-Lara et al. (2020) found an excess of stellar populations in
several age bins, which were interpreted as bursts of the SF, ~1, 2,
and 6 Gyr ago [note that Cignoni et al. (2006) and Sysoliatina &
Just (2021) also found recent peaks of the SF in the SNd data].
Although the age distribution of stars in a local SNd-like region may
not perfectly match the SFH of the entire galaxy in part because of
stellar radial migration (Attard et al., in preparation), it was suggested
that the bursts of the SF are real and correlate with the pericentric
passages of the Sgr dwarf galaxy. Most of the dynamical models of

MNRAS 527, 2426-2436 (2024)

20z Iudy gg uo 3senb Aq ¥G682€./9212/2/L2S/P10Me/SEIUW /WO dNO"DlWSPed.//:Sd)Y WOl PEPEOJUMO(



2434 B. Annem and S. Khoperskov

[dex]

[Fe/H]

A3TSusp pPazZTTBULION

[dex]

[Fe/H]

Model 'Sk
TR o

AjTsusp pezTTRWION

Age [Gyr] Age [Gyr]

Age [Gyr]
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the Sgr orbit suggest a couple of recent passages (=1 and ~2 Gyr
ago) with pericentric distances of ~10-20 kpc (e.g. Law & Majewski
2010; Lokas et al. 2010; Vasiliev & Belokurov 2020; Bennett et al.
2022), and since the present-day core of the Sgr galaxy does not
contain gas (Tepper-Garcia & Bland-Hawthorn 2018), these two
conditions met in our models (see Fig. 2). Therefore, we confirm
that the most recent passages of the Sgr dwarf galaxy indeed can
have a significant impact on the SFH of the MW, similar to the one
proposed by Ruiz-Lara et al. (2020). Note, however, that our models
suggest that, in this case, the SF should be enhanced more in the
outer disc (>10 kpc, see Fig. 4), whose magnitude, however, should
depend on the previous passages of the Sgr.

The moments of previous passages (>3 Gyr ago) of the Sgr are
less certain because of the initial mass and the mass-loss of the Sgr
adopted in a given model. For instance, in the low-mass satellite
simulations (<2 x 10'° M; e.g. Johnston, Hernquist & Bolte 1996;
Pefiarrubia et al. 2010; Hunt et al. 2021), we expect many pericentric
passages (nearly for each Gyr back in time), which apparently were
not detected in the SFH (2-5 Gyr ago) of the MW by Ruiz-Lara et al.
(2020).

However, a very large mass of the Sgr progenitor (>4-6 x 10'°
M) at its first infall has been proposed in a number of different
studies (see e.g. Jiang & Binney 2000; Gibbons et al. 2017; Read &
Erkal 2019; Dillamore et al. 2022). The models that reproduce the
best the correlation between the SF burst and pericentric passages
of the Sgr are presented in Laporte et al. (2018b), where we focus
on the first encounter. According to their models (L1, L2, H1, and
H2), the Sgr’s infall #;,s,;; should have happened 4-6 Gyr ago. Model
L1 (finran = 5.5 Gyr ago) was already ruled out due to its inability
to reproduce the outer structure of the MW (Laporte et al. 2018b).
Models L2 and H2 show fiu & 4 Gyr ago, which is by ~1.5 Gyr
off from the first and the most significant SF burst (=6 Gyr) found
by Ruiz-Lara et al. (2020). At the same time, the remaining model
H1 (fjnran & 5 Gyr ago) marginally reproduces the Monoceros Ring
(Laporte et al. 2018b).
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Nevertheless, one could imagine that some models with param-
eters similar to H1/H2 and L2 from Laporte et al. (2018b) can
simultaneously reproduce the outer MW disc features and predict
the first pericentric passage exactly at the time expected from the
MW SFH (x6 Gyr ago). In this case, the first pericentre should be
in the range of 30—40 kpc from the MW centre (see fig. 2 in Laporte
et al. 2018b), otherwise, the dynamical friction would have already
dragged a still quite massive Sgr to the MW centre because of a rather
moderate mass-loss during pericentric passages (Tollet et al. 2017).
At the first infall, the Sgr should be still relatively gas rich, which is
supported by the SFH of the galaxy (Siegel et al. 2007; de Boer et al.
2015; Hasselquist et al. 2021). In this case, however, our models do
not predict a coherent burst of SF (see Fig. 6). Therefore, in order to
simultaneously account for a massive Sgr precursor at the first infall,
its close first passage (<20 kpc), and to avoid its fast subsequent
coalescence with the MW, we require a substantial mass-loss during
the first encounter (see e.g. Johnston, Spergel & Hernquist 1995),
which is possibly even more significant than the one suggested by
Bland-Hawthorn & Tepper-Garcia (2021).

5 CONCLUSIONS

In this work, we have conducted a series of hydrodynamical simula-
tions of interactions of the MW-type galaxies with massive satellites
on quasi-polar orbits. We studied the purely dynamical impact of
gasless satellites and a more complex evolution in the case of gas-
rich satellites. The aim of our models is to address whether pericentric
passages of satellites cause short-time-scale bursts of SF in the host
galaxies. Although we found a substantial increase in the SFR in the
host compared to isolated galaxy simulation, the details of the SFHs
are highly dependent on the orbit and amount of gas in the satellite
galaxies. Our main conclusions are summarized below.

(1) Perturbations caused by the close passages of a massive satellite
result in enhanced SF inside the MW-type discs. Prominent and short-
term bursts of SF are the results of very close (<20 kpc) pericentric
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passages of massive (2-6 x 10'° My,) satellites, which do not contain
gas (see Figs 2 and 6). For a given pericentric distance, the effect on
SF is stronger in the case of a more massive satellite.

(ii) Interactions with gas-rich satellites result in even higher SFR
enhancement; however, in this case, we do not detect prominent
SF bursts unless the satellite passes through the disc of the host at
the latest stages of coalescence. The reason for such behaviour is
the steady accretion of gas from the satellite, which smoothens the
overall SFR evolution in the host (see Fig. 3).

(iii) Independent of the gas content of the satellite, the SFR is
mostly enhanced in the outer disc regions of the host after the first
close (<20 kpc) pericentric passage. In particular, soon after the close
pericentric passage, the SF is enhanced in the outer disc (>10 kpc),
and then the SF propagates towards the centre of the host over the
course of several Gyr. Therefore, we do not see an imminent impact
on the inner SF of the host galaxy in case of close passages of gas-rich
satellites (see Fig. 4).

(iv) The increase of the SF in the outer disc of the host results in the
excess of stars with lower [Fe/H], which is being inherited from the
ISM at the outskirts (see Figs 7 and 8). The effect of stellar metallicity
dilution is seen in both gasless and gas-rich satellite simulations,
where it is more prominent in gas-rich satellite simulations due to
low-[Fe/H] gas accretion on to the host galaxy.

(v) Our simulations are in favour of the causality between the
latest passages of the Sgr galaxy and the bursts of the SF in the SNd
at ~1 and ~2 Gyr (Ruiz-Lara et al. 2020; Sysoliatina & Just 2021).
However, according to our model, a potential burst at 6 Gyr (Ruiz-
Lara et al. 2020) requires a very close passage (<20 kpc from the
MW centre) of a massive (>2 x 10'© M) Sgr precursor with a very
substantial mass-loss allowing to prevent a rapid coalescence with
the MW until the present.
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