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ABSTRACT

In major galaxy mergers, the orbits of stars are violently perturbed, and gas is torqued to the centre, diluting the gas metallicity
and igniting a starburst. In this paper, we study the gas dynamics in and around merging galaxies using a series of cosmological
magnetohydrodynamical zoom-in simulations. We find that the gas bridge connecting the merging galaxies pre-coalescence
is dominated by turbulent pressure, with turbulent Mach numbers peaking at values of 1.6-3.3. This implies that bridges are
dominated by supersonic turbulence, and are thus ideal candidates for studying the impact of extreme environments on star
formation. We also find that gas accreted from the circumgalactic medium (CGM) during the merger significantly contributes
(27-51 per cent) to the star formation rate (SFR) at the time of coalescence and drives the subsequent reignition of star formation
in the merger remnant. Indeed, 19-53 per cent of the SFR at z = 0 originates from gas belonging to the CGM prior the merger.
Finally, we investigate the origin of the metallicity-diluted gas at the centre of merging galaxies. We show that this gas is rapidly
accreted on to the Galactic Centre with a time-scale much shorter than that of normal star-forming galaxies. This explains why

coalescing galaxies are not well-captured by the fundamental metallicity relation.
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1 INTRODUCTION

Galaxy mergers play an important role in galaxy formation. A major
merger of gas-rich galaxies can, for example, cause a starburst
(Sanders & Mirabel 1996; Hayward et al. 2013), where the star
formation rate (SFR) is significantly enhanced in comparison to
normal star-forming galaxies. Furthermore, minor and major mergers
of gas-poor galaxies are understood to drive the observed size
evolution of quenched elliptical galaxies (Bournaud, Jog & Combes
2007; Naab, Johansson & Ostriker 2009; Oser et al. 2012; Belli,
Newman & Ellis 2017; Stockmann et al. 2020). Cosmological galaxy
formation simulations also favour a large fraction of mass accreted
through mergers for massive galaxies (Dubois et al. 2013; Rodriguez-
Gomez et al. 2016).

Idealized simulations of the collision of galaxies have given us
a remarkable understanding of mergers. The presence of a strong
merger-induced starburst is well-established (Mihos & Hernquist
1996; Springel, Di Matteo & Hernquist 2005; Lotz et al. 2008;
Hayward et al. 2014; Moreno et al. 2015; Rodriguez Montero et al.
2019; Hani et al. 2020), and the transformation of star-forming disc
galaxies into quenched ellipticals has also been studied (Hopkins
et al. 2008). Whether the fate of a disc galaxy merger is a quenched
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elliptical does, however, depend on the role of black hole feedback
(Di Matteo, Springel & Hernquist 2005), and the orbital parameters
of the merging galaxies (Springel & Hernquist 2005).

The stars in merging galaxies experience forces, which perturb
their orbits. This frequently results in the formation of a bridge
connecting the galaxies, as well as tails of stars stripped from the
disc. The generation of such phenomena has been established in
simple test-particle simulations (Pfleiderer 1963; Toomre & Toomre
1972; Barnes & Hibbard 2009; Privon et al. 2013), and in more
sophisticated simulations with self-gravitating stellar discs (e.g.
Barnes 1992). Visual inspection of the gas distribution in closed-
box simulations of mergers also reveals bridges and tails (see e.g.
images in Cox et al. 2006; Renaud, Bournaud & Duc 2015; Moreno
et al. 2019). Such closed-box simulations do, however, initialize all
the gas in the simulation to be inside the galaxies’ discs, meaning
they do not model the contribution of gas from the circumgalactic
medium (CGM), which is the region outside the galaxy’s disc, but
still within its dark matter halo.

Our understanding of gas flows in and around galaxies has substan-
tially improved in the last decade. Various observational campaigns
have been initiated to map the gas in the CGM, showing it to be a
critical component of the galactic ecosystem. Absorption studies with
the HST/COS instrument have revealed the multiphase structure of
the CGM gas, which makes up a significant fraction of a halo’s baryon
budget (Werk et al. 2014; Richter et al. 2017; Tumlinson, Peeples &
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Werk 2017). Furthermore, simulations reveal a rich structure in the
CGM (Hani et al. 2019; Hummels et al. 2019; Peeples et al. 2019;
van de Voort et al. 2019; Nelson et al. 2020), as well as a continuous
gas transfer between the interstellar medium (ISM), the CGM, and
the cosmological surroundings (Anglés-Alcazar et al. 2017; Suresh
et al. 2019; Hafen et al. 2019, 2020). Idealized merger simulations
therefore miss an important component of the picture of galaxy
interactions.

Studies of mergers in cosmological simulations hint that gas
transfer to the ISM during a merger plays an important role. For
example, the merger remnants in Sparre & Springel (2017) are star-
forming and a fraction of them have a blue disc. This is only possible
because of the accretion of gas after the merger. This is supported
by work of Hani et al. (2018), who found signatures in a separate
cosmological merger simulation that imply a mix of inflows and
outflows in the CGM. This trend is also seen in observational work,
such as that by Ownsworth et al. (2014), who find enhanced gas
accretion in high-redshift mergers.

The aim of this paper is to quantify the gas flows in cosmological
merger simulations. We study the gaseous bridge and determine the
contribution of turbulent, thermal, and magnetic pressure compo-
nents, and we investigate whether the gas in the bridge originates
from the CGM or whether it is purely populated by stripped disc
material. We also track the gas residing in the CGM before the merger,
and determine the fraction of merger-induced star formation whose
gas supply originates from the CGM, rather than from the original
galactic disc. Finally, we track gas which gives rise to an epoch of
metallicity dilution in the mergers. We present the simulations and
methods in Section 2, our results are presented in Section 3, and the
discussion and conclusion in Sections 4 and 5, respectively.

2 METHODS

2.1 Simulations

In this paper, we analyse the four cosmological zoom simulations
from Whittingham et al. (2021). These simulations are run with
the code AREPO (Springel 2010; Pakmor et al. 2016; Weinberger,
Springel & Pakmor 2020), which models magnetohydrodynamics
(MHD) on a moving Voronoi mesh. The simulations have a dark
matter mass resolution of 1.64 x 10° M, and a dark matter softening
of 0.22 kpc. The mass of gas cells is kept within a factor of two of the
baryonic target mass, which is 2.74 x 10* M. The initial conditions
of the simulations were selected from the Illustris simulation (Genel
et al. 2014; Vogelsberger et al. 2014a, b), such that each galaxy had
a major merger (with a merger mass ratio larger than 1:2) at z ~
0.5-1.0. By selecting mergers at this redshift interval, the merger
remnants had time to relax before the end of the simulation at z =
0. The stellar and halo mass at z = 0 roughly match the values for
the Milky Way, and so the merging galaxies are less massive than
the Milky Way. We note, that the mergers are gas-rich, which means
that quenching is not important for the progenitors.

Major merger simulations with these four initial conditions
were first presented in Sparre & Springel (2016, 2017). The new
simulations from Whittingham et al. (2021) improve upon these
original simulations by including a magnetic field (ideal MHD) and
tracer particles, which can be used to follow Lagrangian gas flows.
Specifically, we track Lagrangian gas flows using Monte Carlo tracers
(Genel et al. 2013; we use five tracers per gas cell at the start of the
simulation). Including a treatment of the magnetic field evolution
is an important addition because it affects the morphology of the
remnant discs (Whittingham et al. 2021), and it can suppress fluid
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instabilities (McCourt et al. 2015; Berlok & Pfrommer 2019; Sparre,
Pfrommer & Ehlert 2020), including in the CGM (van de Voort et al.
2021).

The physics underlying the galaxy formation model is identical
to that used in the Auriga simulations (Grand et al. 2017). Gas
cells with a number density larger than the star formation threshold
density (nspg = 0.13 cm™) are described by a two-phase subgrid
model (Springel & Hernquist 2003), which takes into account a
cold phase with a temperature 10> K and an ambient hot phase.
The equilibrium between the two phases takes into account radiative
cooling and energy evaporated by supernovae. Stellar population
particles in our model are stochastically spawned by cells with a
density larger than ngpg. The free parameters of the subgrid model
are calibrated to reproduce the observed scaling relation between gas
surface density and SFR surface density for disc galaxies in the local
Universe (Kennicutt 1989).

When stars are formed elements are created, and for each gas
cell and stellar population particle we track the abundance of H,
He, C, N, O, Ne, Mg, Si, and Fe. We use radiative cooling of
gas cells and assume a uniform ultraviolet background following
Faucher-Giguere et al. (2009). The Auriga model also includes
an Eddington-limited Bondi—-Hoyle—Lyttleton growth rate for the
black hole (Bondi & Hoyle 1944; Bondi 1952) in the centre of the
galaxies. The simulations use a quasar feedback model, where the
energy injection in the radio mode is designed to balance the X-ray
luminosity (following Nulsen & Fabian 2000). For a full description
of the black hole model and other aspects of the simulation model,
see Grand et al. (2017). For the full details of the simulations,
see Whittingham et al. (2021). We note that our simulations A,
B, C, and D refer to 1330-3M, 1349-3M, 1526-3M, and 1605-
3M in the nomenclature of Whittingham et al. (2021). For an
overview of cosmological galaxy formation simulations, we point
the reader to Somerville & Davé (2015), Naab & Ostriker (2017),
and Vogelsberger et al. (2013, 2020).

2.2 Ionization modelling

The ionization state of a selection of atoms is calculated following the
framework of Hani et al. (2018), which computes a grid of CLOUDY
equilibrium models (Ferland et al. 2013) determining the ion fraction
as a function of density, gas metallicity, and temperature. We assume
the only ionizing radiation source to be the UV background following
Faucher-Giguere et al. (2009). We include self-shielding of dense gas
from the UV background following Rahmati et al. (2013). The result
of the calculation is a determination of the number density of e.g.
Hi1, O1, Ovi, Ovi, O v, Sil, Sil, Sitv, and Felr for each gas
cell. In this paper, we focus on the H1 distribution.

In our subgrid multiphase model for the ISM, each star-forming
gas cell has a contribution from cold star-forming clouds (with a
temperature of 10° K), which dominates the mass budget, and hot
gas surrounding them. In the ionization modelling, we therefore
consider star-forming gas cells to be fully neutral.

2.3 Definition of the CGM

A unique definition of the CGM does not exist but it is commonly
thought of as the gas reservoir, where outflows from the ISM mix
with cosmological inflows. For the purpose of this paper, we define
the ISM and CGM regions based on the variable, s = min (r;/Ra0, 1,
r2/Ry00,2), where r; denotes the distance of a gas cell from galaxy
1, and Ry, 1 the radius at which the spherically averaged density of
galaxy 1’s halo equals 200 times the critical density of the Universe.
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Outside halo
71 > Rogo,1 and 72 > Rago,2

Figure 1. Each gas cell is tagged as belonging to one of the three gas reservoirs: the ISM (if a gas cell is within » < 0.2R; of one of the merging galaxies),
the CGM (0.2R200 < r < Raqp), or as not belonging to any of the merging galaxy haloes (r > Raqg). We use these definitions to trace the origin of the gas mass
budget in bridges in Fig. 7, and for determining the origin of the star-forming gas in Fig. 12.

For galaxy 2, the variables have a subscript of 2. Ry lies in the range
210-249 kpc for the merger remnants at z = 0, and 142—187 kpc at
z=0.69, when the mergers are ongoing. We formulate the definitions
of the ISM, CGM, and the gas outside the haloes as follows:

We define, s = min(ry/Raoo,1, 72/ Ra00,2)-

ISM: Ifs <0.2,a gas cell is assigned to the ISM.

CGM : If0.2 <s < 1.0, a gas cell is assigned to the CGM.

Outsidehalo : If s > 1.0 a gas cell is outside the merging haloes.

Each gas cell in a simulation fulfils exactly one of these definitions.
For two merging galaxies, we sketch our definition of gas in the ISM,
CGM, and outside the halo in Fig. 1.

With the above definitions, the CGM is bounded by two spherical
surfaces. This choice has been made because the volume of the CGM
is usually dominated by warm gas (>~ 10° — 10° K), which has a
nearly spherical distribution with only a weak contribution from
biconical outflows (see e.g. Oppenheimer et al. 2016, 2018).

These thresholds for defining the ISM and CGM are of course
arbitrary, and we note that we have chosen quite conservative limits
for the CGM region because the disc and ISM of a galaxy normally
only extend to 10—15 per cent of Ryyy (Marinacci, Pakmor & Springel
2014). These choices are, however, fully sufficient for our purpose,
which is to demonstrate gas transfer to the bridge and ISM from the
CGM and outside of the haloes.

3 RESULTS

3.1 Orbits and merger-induced star formation peaks

To characterize the simulated galaxy mergers, we plot the distance
between the two main progenitors and the SFR for each merger
simulation in Fig. 2. In the SFR calculation, we include the gas
bound to the two main progenitor galaxies of the merger. All of
the mergers have a close passage at z ~ 0.7, and by z >~ 0.4 they
have all reached the final coalescence. Two mergers, B and D, are
direct collisions, and they merge at the first pericentric passage.
The former is peculiar because multiple galaxies participate in the
merger. Both of the direct collision mergers have a violent starburst
in comparison to the mergers with multiple pericentric passages (A
and C). In simulation A, the two merging galaxies orbit each other
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Figure 2. The evolution of the distance between the two merging galaxies
(upper panel) and the SFR (lower panel). Two mergers have multiple closest
passages (A and C), and two mergers are direct collisions (B and D). In
all cases, we see bursts of star formation at or shortly after the pericentric
passages or the final coalescence. In the legend, we have noted the apocentric
separations, 7apo, for the mergers with multiple passages. The grey-filled
circles indicate instances in time, which will be studied further below.

for approximately 2 Gyr before the final coalescence, and there is
a correspondence with the two pericentric passages and a peak in
the SFR. We note that the SFR peaks approximately 1 Gyr after the
identified time of coalescence. Visual inspection of images reveals
that the late SFR is indeed caused by interaction of the two nuclei of
the merging galaxies. This is because the galaxy nuclei continue to
orbit each other after our halo finder has marked the two galaxies as
merged.
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The overall properties of the merger orbits and star formation
peaks are consistent with the analysis in Sparre & Springel (2016),
which has the same initial conditions but a slightly different physical
model (see Section 2.1).

3.2 Bridges in mergers

The formation of a bridge between the two first passages is expected
from the idealized modelling of stellar orbits in mergers (Toomre &
Toomre 1972) and modern reconstructions of observed mergers
(Privon et al. 2013). Studying the structure of the bridge is interesting
because it opens a possibility to study star formation in extreme
environments outside of galaxy discs (we will return to this in
Section 3.4).

In idealized closed-box models of galaxy mergers, it is evident that
the bridge is formed from stripped gas (or outflows) from the galaxy
discs because gas accretion and gas in the CGM are not included in
such setups. In a cosmological simulation, the gaseous component of
a bridge may, however, be more complicated because of the potential
contribution of gas accreted from the CGM and the cosmological
surroundings.

To identify gas in galaxy bridges in our simulations, we project the
H1 column density of the four mergers in Figs 3—6. The panels have
a width of 150 kpc, and we use a random direction of the projection
(along the z-axis in the simulations). The times plotted in each panel
are marked with circles in Fig. 2. In the case of mergers with non-zero
impact parameters (simulations A and C), we specifically include the
pericentric passage and the apocentre.

3.2.1 Bridges after first coalescence (simulation A and C)

We start by characterizing simulation A and C, which have multiple
passages. At the apocentre, these simulations reveal a bridge connect-
ing the galaxy discs (see Figs 3 and 5, respectively). It is expected,
but still reassuring, to see the formation of a bridge during a merger
in a fully self-consistent cosmological galaxy formation simulation.
To reveal the origin of the gas in the bridge, we select gas cells in
the bridge at the apocentre, where the bridge appears most prevalent,
and track the gas flows using tracer particles.

We decompose the coordinates of each gas cell into a perpendicular
and parallel component of the vector connecting the two merging
galaxies. The former is defined as

_ G —x1) X (Xgas — 1))

d, = , (D
[x2 —x1]

where x| and x, are the coordinates of the primary and secondary
galaxy in the merger, respectively, and x o is the coordinate of a gas
cell. This quantity is unsigned and it measures the absolute distance
from each gas cell to the line, which passes through x; and x,. We
define the parallel component as

dH = (x2_x1)‘(xgas_xl). (2)
X2 —x1]

This quantity is signed, and gas cells between the merging galaxies

have 0 < d < |x2 —x4].

With these quantities, we can select tracers residing in gas cells
in the bridge. For simulation A, we select the tracers at z = 0.60,
which is the time of the apocentre. We select tracers, which satisfy
the following two criteria:

(i) Gas cells should be located between the galaxies. We specifi-
cally require 0.4 < d;/|x> — x| < 0.6 and d, < 20 kpc.
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(i) We furthermore only select dense gas with a number density
of n>0.13 cm™3.

We visualize the tracers by showing contours encapsulating 50,
75, and 90 per cent of their distribution (Fig. 3). Naturally, we see the
most concentrated distribution at the apocentre, where the tracers are
selected. Prior to this, at z = 0.74, these gas tracers are mostly residing
in the two galaxy discs but there is also a visible contribution from
outside the disc region (we quantify the mass fractions in Section 3.3).
At coalescence, tracers are abundant in the central parts of the merger
remnant and outside the galaxy.

For simulation C, we also select tracers from the bridge at the
apocentre (z = 0.74). The colliding galaxies here have a smaller
separation, so we adjust the cutoff of the perpendicular distance to
d < 10 kpc —except for this we use the same selection criteria as for
simulation A. Prior to the merger, the majority of the gas again comes
from the discs (see Fig. 5) but there is also a visible contribution from
a satellite galaxy (see the panels showing z = 0.94 and z = 0.83).

3.2.2 The direct collisions (simulation B and D)

In simulation B, the merger’s two main progenitors undergo a direct
collision. In Fig. 4, we show HT images, which reveal more than
two galaxies to participate in the merger. We note the existence of a
tail forming in one of the merging galaxies (seen below the galaxy
marked with a blue cross at z = 0.75 to z = 0.73), and at z = 0.72
we see that the two main galaxies are connected with a gaseous
bridge-like structure. The field of view is, however, influenced by
other galaxies than the two main progenitor galaxies, so we do not
perform our tracer analysis for this simulation. The fact that it is a
direct collision could also be the reason why a bridge is not appearing
because a bridge is usually most prevalent after the first passage.

We note that the existence of such a merger with >3 galaxies in-
teracting exemplifies how important the cosmological surroundings
of a merger can be.

Simulation D, which is also a direct collision, is shown in Fig. 6.
This is a fairly clean merger, with only two massive galaxies
participating. Again, a prominent long-lived bridge does not arise for
the reasons stated above. There are, however, still signs of dense gas
between the galaxies, especially at z = 0.73. This feature could, for
example, be caused by tidal compression (as seen in the simulations
of Renaud et al. 2009), shocks, or ram pressure. Here, we select gas
tracers using the same selection criteria as in simulation A (except
for the different redshift). By examining the image at z = 0.79, we
determine that this gas consists partially of stripped gas from the two
merging galaxies as well as inflows from the CGM. At coalescence
this gas reservoir resides in the inner parts of the merger remnant.

3.2.3 The role of tidal stripping from the disc

Tidal stripping of material from a galaxy’s disc is the standard
mechanism (Toomre & Toomre 1972) for forming a stellar bridge.
If a bridge is present in both HI column density and stellar surface
density, the origin of the bridge is most likely tidal stripping. On the
other hand, if a stellar bridge is absent and an H 1 bridge is present,
gaseous processes (such as ram pressure stripping, shocks, and gas
accretion) must be causing the formation of the bridge. We will refer
to such gaseous processes as collisional processes. In Appendix A
(Figs A1-A4), we plot stellar surface density maps, which can be
directly compared to our HI maps.

For the direct collision merger D, the gaseous bridge origins from
collisional processes because a stellar bridge is absent. The same is
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Figure 3. An image sequence showing the evolution of the H1 column density for the merger in simulation A (rapo = 91 kpc). The x-symbols show the centres
of the two main galaxies participating in the merger. Between the first and second passage (see panels from z = 0.65 to z = 0.54) a bridge of dense H1 gas arises
between the galaxy discs. The contours encompass 50, 75, and 90 per cent of the tracer particles selected to be in the galaxy bridge at z = 0.60; the gas in the

bridge is stripped from the galaxy discs as well as accreted from the CGM.

15 17 19 21

log N(HT)
08 Nl

Figure 4. Multiple galaxies participate in the merger in simulation B. The secondary progenitor, which is marked with a blue x-symbol, reveals a visible tail,
especially at 0.73 < z < 0.75, which arises from the gravitational forces during the merger. Detailed inspection reveals complex gas flows caused by the multiple
galaxies participating in this merger. We do not identify a well-defined bridge in this simulation, so we do not show any contours of gas tracers from the bridge.

the case for merger A at the time of the apocentre. Merger C has both
a remarkable stellar and gaseous bridge at the apocentre, so here
tidal stripping is the dominant process. For an in-depth analysis, see
Appendix A.

In Pearson et al. (2018, see their fig. 3, and the associated text),
it was impossible to explain the observed H1 bridge in between two

MNRAS 509, 2720-2735 (2022)

merging galaxies (NGC 4490 and 4485) using purely collisionless
modelling (following the framework of Barnes & Hibbard 2009). The
authors speculated that the absence of the bridge in their modelling
was mainly caused by the lack of hydrodynamics. Although it
remains to be seen whether this is indeed the reason for them not
being able to reproduce the bridge, our simulations show that mergers
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Figure 5. The merger in simulation C has an impact parameter (r4po) of 28 kpc, and as for simulation A we see a bridge forming at the apocentre at z = 0.74.
Here, we select gas tracers to reveal the origin of the bridge. The majority of the gas comes directly from the discs of the two main progenitors.

Figure 6. Simulation D is a direct collision merger, implying that there is no second passage. Therefore, a long-lived bridge as remarkable as in simulation A
and C never emerges but signs of dense gas resembling a bridge are seen at z = 0.73. Gas tracers in this bridge show that it forms from gas stripped from the

discs and from cosmological inflows.

can have a much more prevalent HI-bridge in comparison to the
stellar bridge.

3.3 Quantifying the mass budget of the gas in bridges

In Fig. 7, we show the evolution of the mass fraction of gas selected
to be in the bridge. Simulation B did not reveal a bridge in our
previous analysis, so we only carry out this analysis for the other

three simulations. The time when we select the tracers in the bridge
is shown by a dashed vertical line. When the bridge is most prevalent
its gas is either characterized as CGM (for merger A and D), or it
is a part of the ISM in the case of merger C, where the apocentric
separation is low enough for the bridge region to be within 0.2R5o of
one of the merging galaxies. 1 Gyr prior to this 47-67 per cent of the
gas was in the ISM, and 33-48 per cent was accreted from the CGM
(and 0-5 per cent comes from outside the haloes). The gas bridge is
therefore not simply consisting of stripped material from the discs,

MNRAS 509, 2720-2735 (2022)
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Figure 7. We trace the gas residing in the bridge at the time marked by the dashed vertical line. These are the same gas reservoirs as tracked in Figs 3, 5, and 6.
Each tracer particle is reassigned to either the ISM, CGM, or outside the halo as a function of time, and this allows us to determine the contribution of the three
gas reservoirs in building the bridge. The gas constituting the bridge has a significant contribution from CGM and ISM gas: 1 Gyr before the bridge was most
prevalent, 47—-67 per cent of the gas was in the ISM, and 33-48 per cent was in the CGM. Shortly after the apocentre, the gas constituting the bridge enters the
ISM of the two galaxies (298 per cent), and at later times significant fractions enter the CGM or leaves the haloes completely.

which would be the simplest and most intuitive Ansatz, but rather a
mix of gas from our three different gas reservoirs.

Shortly after the merger (i.e. within <1 Gyr after the coalescence),
the bridge gas has entered the ISM in all simulations, and a few Gyr
later fractions of it have been ejected to the CGM or out of the halo, as
expected from feedback processes (such as stellar winds, supernovae,
cosmic rays, and black holes) in the contemporary galaxy formation
paradigm.

3.4 Star formation and turbulence under extreme conditions in
the bridge

The gas in the bridge of a galaxy merger is useful for probing star
formation in extreme environments outside of galaxy discs. Renaud
et al. (2015), for example, identified star formation in the bridge
in between two simulated merging galaxies. Observations of the
merging Taffy galaxies reveal a bridge of molecular gas (Braine et al.
2003) with a low star formation efficiency (Vollmer, Braine & Soida
2012; Vollmer et al. 2021). This could be explained by supersonic
turbulence moderating star formation (as seen in turbulence models,
e.g. Federrath & Klessen 2012; Padoan, Haugbglle & Nordlund
2012). In the following, we analyse the role of turbulence in the
bridge of our simulations.

We characterize the conditions in the bridges in Figs 8, 9, and 10.
We show the projected H1 column density and the SFR surface
density to visualize the mergers. We note that our subgrid star
formation model is tuned to reproduce an ISM characteristics of disc
galaxies. This means our model does not include potential effects
that may impact the star formation law in the bridge.

For further quantitative analysis, we select gas cells within a
distance of d; < 3 kpc from the line connecting the two merging
galaxies. We create bins with width 3 kpc along the dj-axis. The first
bin’s coordinate centre is 5 kpc from the main progenitor, and last

MNRAS 509, 2720-2735 (2022)

bin’s centre is 5 kpc before reaching the secondary progenitor. With
these choices, we obtain cylindrical bins with volumes of  x (3kpc)®
~ 85 kpc® and a linear size of 4.4 kpc (calculated as the volume
to the power of 1/3). Such large volumes correspond to a length-
scale larger than giant molecular clouds (GMCs), so our analysis
does not enable us to study turbulence at the GMC scale. Never-
theless, it still enables a determination of the turbulence on larger
scales.

‘We plot the velocity component along the connecting axis (v), the
pressure (thermal, turbulent, and magnetic), and the turbulent Mach
number. We define the turbulent pressure by calculating the velocity
dispersion (o ,) for the cells in each cylindrical bin (i.e. in the rest
velocity frame for each bin). The turbulent pressure is then calculated
as %pavz. In each cylindrical bin, we determine the turbulent Mach
number, M, = 0,/c¢s (¢ is the sound speed), by first calculating
averages of the kinetic end thermal energy (per unit mass) by mass-
weighing o2 and 2, and subsequently we extract M, from their
ratio.

3.4.1 The mergers with multiple pericentric passages

The state of the gaseous bridge for the mergers with multiple passages
is shown in Fig. 8 (simulation A) and Fig. 9 (simulation C). We show
the redshift of the first apocentre (lower panels) and a time well
before the first pericentric passage (upper panels). As we saw in
Section 3.2.1, the bridge is more pronounced at the apocentre in
comparison to before the first pericentric passage. In these figures,
we additionally show that star-forming clumps exist in the bridge
both in simulation A and C at the apocentre.

In the plot of (d)|, v||), we see a negative gradient in between the two
galaxies at the earliest shown redshift, and a positive gradient is seen
at the apocentre. This means that gas is flowing towards and away
from the centre of the bridge (where d = 0), respectively. At the
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Figure 8. For merger A, we show the H1 column density (measured in cm~2), SFR column density (£ spg, here measured in Mg, yr~! kpc~2), velocity structure,
pressure (turbulent, magnetic, and thermal), and the Mach number of the turbulent velocity component. In the spatial maps, we mark the location of the merging
galaxies with x-symbols, and in the panels with d|| as abscissa we mark the galaxies with a vertical dashed line (with a matching colour). The upper panels show
a time well before the first pericentric passage, and the lower panels show the (first) apocentre.
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Figure 9. Same as Fig. 8 but for merger C.
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Figure 10. Same as Fig. 8 but for merger D at the time where a bridge is most visible (prior to coalescence).

earliest shown redshift, the thermal pressure dominates in the bridge A and C, respectively) is seen in the centre of the bridge (again, at
region, but at later times the turbulent and magnetic pressures reach d| = 0). For the mergers with multiple passages, we indeed see ex-
approximate equipartition as a result of the merging process. At the treme physical conditions in the bridge at the apocentre, and this high-
same time supersonic turbulence (M, >~ 2.0 and 1.6 for simulation lights the fact that mergers are useful laboratories for star formation!
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3.4.2 Direct collisions — and the Taffy galaxies

In Fig. 10, we show merger D, which is a direct collision. We show a
redshift of z = 0.73, which is slightly before the coalescence, when
the bridge is visually most pronounced (following the HI panels
in Fig. 6). The bridge shares some of the characteristics seen for
the mergers with multiple passages. Star formation occurs in the
bridge, and the velocity structure shows that gas is flowing towards
the central point. At 0 kpc > d > 10 kpc, we identify supersonic
turbulence with M, >~ 3.3, which is high in comparison to the
analysed epochs for the mergers with multiple passages.

The Taffy galaxies are observed before the first coalescence, and
their bridges share many properties of our merger D. This simulation
supports the scenario, where the gas in the bridge is supersonic
turbulent. The star-forming clouds in our simulations are not resolved
but instead treated with a subgrid model, which takes into account
the gas density but does not explicitly depend on the velocity
structure around the gas cells. Therefore, our star formation model
is insufficient to address, whether and how the turbulence affects
the star formation efficiency within clouds. But our simulations still
reliably predict the presence of supersonic turbulence in the bridge.

Using idealized non-cosmological simulations, it would be possi-
ble to achieve sufficient spatial resolution to resolve the turbulence
at GMC scales (e.g. as in Li et al. 2021). In combination with
a more sophisticated ISM model, which explicitly includes GMC
formation, such simulations could reveal how our identified large-
scale turbulence in the bridge influences star formation. A limitation
of such an analysis would be that cosmological gas accretion is
omitted.

Simulation B also contains two galaxies undergoing a head-on
collision, but we omit this from our analysis, because more than two
galaxies are participating in this merger.

3.5 Gas kinematics

Kinematic maps showing the gas velocity distribution are a powerful
tool to constrain galaxy mergers. This was, for example, demon-
strated by Richter et al. (2018) who studied the origin of gas around
the Whale galaxy (NGC 4631) with the Green Bank Telescope (with
data from the HALOGAS project, see Heald etal. 2011). Rand (1994)
used similar maps to study the gas around the same galaxy.

Our previously shown HT maps revealed that gas was stripped
and ejected from the galaxies during the merger. To reveal how a
merger can affect the gas kinematics, we study the H 1 mass-averaged
line-of-sight velocity (vyes) in Fig. 11. We only show pixels with
N(HI) > 107 cm™2, so we filter out low-density regions. Before the
merger, we generally see well-behaved profiles revealing the H1 gas
to be rotating in discs. After the merger, the distribution is much
more complex, and clumpy velocity patterns are seen.

The difference between before and after the merger is most striking
for merger A. Prior to the merger, the gas with a (projected) distance
smaller than 30 kpc follows a dipole pattern indicating that large-
scale gas motions are correlated with the rotation of the galaxy
discs. After the merger, there are multiple gas clumps within 10 kpc
of the merger remnant’s centre, causing a transformation from a
dipole pattern to unstructured gas motions. These are caused by gas
stripping and (magneto)hydrodynamical instabilities. It is therefore
not surprising that Zhang et al. (2020) observed signatures of shocks
in their sample of merging galaxies.

Reproducing the H1 features connecting the Whale galaxy and a
neighbouring galaxy, NGC 4656, at a projected distance of 100 kpc
has proven a theoretical challenge. In between the galaxies are two
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Figure 11. HI mass-averaged velocity projection maps before (left-hand
panels) and after (right-hand panels) the merger for each simulation. Before
the merger, the progenitor galaxies have a line-of-sight velocity profile
characteristic of a rotating disc galaxy. After the merger, the signature of
rotation is weakened and replaced with a map revealing complex patterns
characteristic of stripped gas.

observed spurs connecting them (see spur 1 and 2 in fig. 4 from
Martinez-Delgado et al. 2015 and fig. 1 from Richter et al. 2018). It
has not been possible to reproduce these spurs, by simply modelling
the stellar components of these galaxies (Combes 1978; Martinez-
Delgado et al. 2015). A possible reason is that it requires a full
hydrodynamical treatment of the gas to reproduce the H1 features,
as hydrodynamical effects (gas stripping and instabilities) are not
captured by the modelling of collisionless stellar orbits. From a
qualitative point of view, the bridge connecting the two galaxies in
simulation A at 0.54 < z < 0.68 has a similarity with spur 1 and 2 seen
between NGC 4631 and NGC 4656; noteworthy is the continuous
distribution of H1 with Ny, 2 10" cm™2 filling the area between the
two merging galaxies (compare Fig. 3 in our paper and fig. 1, upper
panel, in Richter et al. 2018). By performing an idealized simulation
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Figure 12. Before the merger (at the redshift indicated in the legends), we tag gas as residing in the ISM, CGM, and outside the haloes, using the definitions
from Fig. 1. In each panel, the largest shown lookback time is when we do this tagging. We then track the SFR from each gas reservoir as a function of time.
At the time of coalescence, a significant fraction of the SFR comes from gas that was in the CGM before the merger (27-51 per cent). At z = 0, well after the
merger, 24-45 per cent of the SFR occurs in gas that was in the ISM before the merger, whereas 19-53 per cent of the SFR is fuelled by gas accreted from
the CGM, and 22-48 per cent from outside the halo. Neither a CGM nor cosmological surroundings of galaxy mergers are included in traditional idealized
simulations of galaxy mergers, so these significantly underestimate the SFR of the merger remnants.

of NGC 4627, 4631, and 4656 (i.e. a modern version of Combes
1978) using MHD, it would likely be possible to settle whether the
lack of success in reproducing the spurs is caused by not including
gas in previous simulations.

3.6 Accretion of gas from the circumgalactic medium

We now turn to studying the contribution of pre-merger CGM gas
to the merger-induced SFR budget. We tag each gas cell well before
the merger as belonging to the ISM, CGM, or as being outside the
haloes of the two merging galaxies. We again use the classification
introduced in Fig. 1. For simulation A, B, and D, we tag each gas
cell following these definitions at z = 0.77, and for simulation C we
pick an earlier time of z = 0.87, as this merger happens at a slightly
higher redshift compared to the other simulations.

We track the gas in time and compute the reservoir’s contributions
to the two merging galaxies (see Fig. 12). When we tag the gas cells,
nearly all the star formation happens in the inner regions of the two
main progenitors (the ISM). An exception is simulation B, where
more than two galaxies are merging, so there is a minor contribution
from gas outside the two main progenitors.

At the time of coalescence, 27-51 per cent of the SFR originates
from gas accreted from the CGM. This means that during the merger
gas is actively accreted from the CGM to the ISM. In the merger
remnants at z = 0, we see that 19-53 per cent of the SFR occurs in
gas that was in the CGM before the merger, and only 24—45 per cent
of the SFR comes from gas that was in the ISM prior to the merger.
The CGM therefore plays a key role in fuelling the merger remnants
and reigniting star formation.

In idealized merger simulations, the transfer of gas from the CGM
to the ISM (and accretion of gas into galaxy haloes) is not accounted
for but our analysis shows that the CGM strongly contributes to star
formation during the merger and in the merger remnant. Therefore,
idealized simulations have most likely overestimated the role of
mergers in quenching galaxies because the replenishment of gas
from the CGM is not accounted for. We obtained similar conclusions
in Sparre & Springel (2017), but in this section we have quantitatively
determined the main reason to be the gas accretion from the CGM
and the halo surroundings.

We have tested how sensitive our quantitative results are to the
ISM and CGM definitions. For example, with our above definition
dense gas in a satellite galaxy residing at 0.2Ryp0 < r < Rypp would
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be characterized as being part of the CGM, but it could be argued
that an ISM designation would also be appropriate. We have repeated
the analysis presented in Fig. 12 by including all dense gas with n >
0.13 cm™ at 0.2R,9 < r < Ry to the accounted ISM gas reservoir.
For simulations A, C, and D, this only changes the contributions of
ISM and CGM by a few percentage points. For simulation B, multiple
galaxies are participating in the merger, so here the sensitivity to the
CGM definition is more important. With this new definition, the ISM
fraction is increased and the CGM fraction is decreased in and after
the merger. However, for typical mergers with only two galaxies
participating our quantities are only mildly sensitive to the CGM
definition.

3.7 Dilution of gas metallicity

Observations reveal that galaxy pairs have a lower metallicity
compared to field galaxies (Scudder et al. 2012) and that this
lower metallicity is sustained even after coalescence (Michel-Dansac
et al. 2008; Rupke, Kewley & Chien 2010b; Ellison et al. 2013).
Simulations also predict the existence of metallicity dilution in
mergers (Rupke, Kewley & Barnes 2010a). Furthermore, integral
field spectroscopy has recently established the spatially resolved
nature of the gas metallicity dilution (Thorp et al. 2019). Observations
also find the metallicity dilution in galaxy mergers (Grgnnow,
Finlator & Christensen 2015) to be stronger than predicted by the
fundamental metallicity relation (FMR; Ellison et al. 2008; Lara-
Loépez et al. 2010; Mannucci et al. 2010), which is a two-dimensional
connection between SFR, gas metallicity, and the stellar mass of
galaxies. The reason is suggested to be faster and more violent
inflows (Bustamante et al. 2020) in comparison to normal star-
forming galaxies. We now proceed with a quantitative analysis of
the gas flows in our simulations to test this scenario.

In Fig. 13, we study the metallicity dilution, and how it relates to
other galaxy quantities. We show the separation of the galaxies (same
as shown in Fig. 2), the SFR-averaged gas metallicity measured in the
central 1.5 kpc, the SFR (same as in Fig. 2), and the H I mass within
0.2R09. To identify epochs of metallicity dilution, we search for a
dip in metallicity at the pericentric passages and final coalescence,
where we expect the metallicity dilution to be strongest. The time
of the strongest dilution is marked with a grey circle. As seen in the
figure, the central gas metallicity is a fluctuating quantity, which is
non-trivially linked to the orbit. There is an anticorrelation between
gas metallicity and H 1 mass, since inflows add low-metallicity gas to
the galaxy. Indeed, our identified metallicity dilution epoch occurs
in all simulations close to the time of a local maximum for the
H1 gas mass. At the same time, a high SFR is also connected to
an increase in the H1 — this is expected, because our ISM model
(Springel & Hernquist 2003) is tuned to reproduce the observed
correlation between gas surface density and SFR surface density
(Kennicutt 1989). On a similar note, our analysis agrees with Torrey
et al. (2018), who identified a comparable variability time-scale for
the SFR and the gas metallicity.

To quantitatively study properties of inflows, we select the metal-
licity diluted gas at the time, where we identify the strongest dilution,
and track the flow back in time using gas tracer particles. For each gas
tracer, we determine its distance to the merger remnant’s progenitor
galaxies (r; and r). In the last 300 Myr before the metallicity dilution
epoch, we show the evolution of the median value of min (7, ;) —
see the lower panel of Fig. 13. 300 Myr before the dilution epoch, the
median distance of the gas cells is 10-15 kpc for the four galaxies
that we have simulated.

MNRAS 509, 2720-2735 (2022)

To generate a control sample indicating the behaviour of this
quantity for normal star-forming galaxies, we plot the same quantity
well before the first pericentric passage and well after the final
coalescence (see thin solid lines in the lower panel of Fig. 13). With
these choices, the controls are representative of normal star-forming
galaxies not undergoing a merger. For the control samples, we do
not see median distances above 8 kpc, with the most common value
being around 5 kpc.

Based on the determined inflow distance, we can construct a
time-scale for gas entering the centre from a fixed distance. We
can, for example, construct a time-scale for gas to migrate from
10 kpc to the central 1.5 kpc. This time-scale is 200-300 Myr for
the metallicity dilution epochs, and 450—-1000 Myr for the control
samples representing normal star-forming galaxies. We conclude
that metallicity-diluted mergers experience more rapid inflows in
comparison to the normal galaxy population, and our analysis hence
supports the scenario from Bustamante et al. (2020). We caution
that our claims that the metallicity dilution is associated with rapid
inflows only apply to low redshift, as our analysis has been performed
at z < 0.7. It also remains undetermined from an observational point
of view as to whether the gas metallicity of mergers at higher redshift
is captured by the FMR, as shown by Horstman et al. (2021).

Simple analytical galaxy models have successfully modelled the
quantities entering the FMR (Davé, Finlator & Oppenheimer 2012;
Lilly etal. 2013). We do, however, note that such models only capture
processes in normal star-forming galaxies and not merger events with
rapid inflows, which may generally be outliers to the relation.

4 DISCUSSION: WHY ARE THE MERGER
REMNANTS STILL STAR-FORMING?

Major mergers are often expected to quench galaxies, yet the merger
remnants in our simulations are all star-forming. This raises the
question: why? All the mergers studied here are, however, wet (gas-
rich), so this makes the lack of quenching less surprising. Also, we
have demonstrated that a key for the galaxies to maintain a high
SFR after the merger is gas, which resided in the CGM ahead
of the merger. Most idealized simulations have not included this
gas reservoir, implying that they have probably overestimated the
importance of quenching in mergers. Another possibility is that a
fraction of previous generations of idealized simulations used more
efficient active galactic nucleus (AGN) feedback. Our AGN feedback
model, like most feedback models used in cosmological simulations,
is calibrated to reproduce observed relations originating from abun-
dance matching or observed scalings. With such a calibration we do
not achieve quenching in mergers.

Our galaxy formation model is able to produce (Milky-Way-mass-
)galaxies being quenched or having an elliptical stellar structure
(Grand et al. 2017). It strengthens our conclusion that a merger may
not imply an elliptical remnant. Our model has, however, not been
applied to cosmological box simulations, so it is unclear whether the
model is overproducing or underproducing the fraction of quenched
ellipticals in different environments.

Other cosmological simulations, which found merger remnants
with similar mass haloes (M =~ 10'> M) to be star-forming,
include the analysis of the disc of merger remnants in the Illustris
simulation (Rodriguez-Gomez et al. 2017), the study of post-
mergers in [llustris-TNG (Hani et al. 2020; Quai et al. 2021), the
mergers in the Auriga simulations (Bustamante et al. 2018), and the
VINTERGATAN simulation (Agertz et al. 2021; Renaud et al. 2021).
There is therefore a consensus in simulations that merger remnants
(at low redshift, having a Milky-Way-like mass) remain star-forming.
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Figure 13. At the pericentric passages and at coalescence, we search for an epoch with a diluted central gas metallicity. By comparing the galaxy separation
(in the upper panel) with the SFR-averaged gas metallicity inside 1.5 kpc, we identify the pericentric passage or coalescence with the strongest metal dilution.
The corresponding time is marked with a grey-filled circle. We also show the SFR and the HI mass. In the lower panel, we trace gas cells in the metal-diluted
gas reservoir back in time to quantify the inflows. The thick-solid lines show the median distance to the galaxy centres in the last 300 Myr leading up to the
metallicity dilution epoch. We compare with control samples of gas selected at an earlier or later time (see the thin-solid lines). The gas in the centre of a
metallicity-diluted merging galaxy has experienced much more rapid inflows in comparison to normal star-forming galaxies (as quantified by our control gas

samples).

Observations also identify star-forming merger remnants. Alatalo
et al. (2016), for example, found a reservoir of molecular gas and a
normal SFR 0.5 Gyr after a merger, and Ellison, Catinella & Cortese
(2018) found notable HI reservoirs in post-mergers, implying that
the gas-blowout-phase from the scenario of Hopkins et al. (2008)
is questionable. We note that a significant amount of HI gas
both during and after a merger is consistent with our simulations
(see Fig. 13).

Furthermore, the Galaxy Zoo project found mergers not to be the
main pathway to quenching (Weigel et al. 2017). While merging
galaxies approach each other, their molecular gas mass is also
consistent with normal galaxies (Pan et al. 2018; Violino et al. 2018),
further supporting a scenario, where mergers are not evacuating gas
from galaxies.

Even though mergers are not necessarily the main pathway to
quenching, it is possible that mergers may be efficient in quenching
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galaxies at higher masses or at higher redshift. Belli, Newman &
Ellis (2019), for example, observed quenched galaxies at z 2 1.5
and identified a slow and a rapid mode of quenching, where only
the latter is expected to be associated with mergers (or a starburst
event).

5 CONCLUSION

We have used cosmological simulations to study gas flows in and
around gas-rich major mergers. Galaxy formation models predict
continuous transfer of gas between the ISM and CGM of galaxies,
and we have shown here that mergers are no exception to this
phenomenon. Our main conclusions are:

(i) At the time of coalescence of the merging galaxies, there is a
contribution of 27-51 per cent to the SFR from gas accreted from
the CGM during the merger. Idealized merger simulations without a
CGM therefore underestimate the SFR of the starburst associated
with the coalescence. The gas accreted from the CGM and the
cosmological surroundings is also important for maintaining and
reigniting star formation in merger remnants. At z = 0 only 24—
45 per cent of the SFR comes from gas which was in the ISM prior
to the merger.

(ii) The gas in bridge primarily comes from the ISM of the
two progenitor galaxies (47-67 of the gas was in the ISM
1 Gyr ahead of being in the disc) but our simulations also
reveal a significant contribution (33-48 percent) coming from
the CGM.

(iii) The gas in bridges between mergers is supersonic turbulent
with a Mach number of 1.6-3.3 at the mid-point in between the
galaxies. This is important because star formation theories predict
supersonic turbulent clouds to have a lower star formation efficiency
in comparison to gas in galaxy discs.

(iv) We identify gas metallicity dilution in the mergers. We
confirm the suggestion from Bustamante et al. (2020) that the
central metallicity diluted gas has experienced rapid inflows in
comparison to normal star-forming galaxies. This is the reason
why the mergers are not captured by the FMR. All our mergers
are at a relatively low redshift (z < 0.7), so this result only
applies to low redshift. Observationally, it has also not been es-
tablished whether or not the FMR well captures the behaviour of
high-redshift mergers. Understanding major mergers in the con-
text of the FMR at high redshift remains a challenge for future
work.

(v) In merger events, the H I-averaged line-of-sight velocity goes
from revealing signatures characteristic for a rotating disc to showing
a complex clumpy structure. Just as expected for the orbit of stars,
gas is randomized in the mergers.

The results in this paper rely on galaxies merging between z = 0.3
and z = 0.8. Our quantitative results will therefore not necessarily
hold for galaxies outside this redshift range. A further inspection
of the progenitors reveals that the merging galaxies have a disc
morphology, e.g. with visible spiral arms. We therefore expect our
results to apply to low-redshift, gas-rich galaxies. At higher redshift
dense clumps (Agertz, Teyssier & Moore 2009; Ceverino, Dekel &
Bournaud 2010; Bournaud et al. 2014; Buck et al. 2017) and bursty
star formation (Sparre et al. 2017; Faucher-Giguere 2018; Flores
Veldzquez et al. 2021) are important, so it is unclear whether gas
accretion in mergers occurs on similar time-scale as at lower redshift.
Further simulations would therefore be necessary to address mergers
at higher redshift.
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APPENDIX A: STELLAR MAPS

Figs A1-A4 show stellar surface density maps during the merger for
our four simulations. By comparing these to our H1 maps (Figs 3—
6), we can assess the origin of the bridges connecting the merging
galaxies.

For merger A, there is a visually remarkable bridge in the H1
map at the time of the apocentre but in the stellar map this is absent
(Fig. A1). This shows that collisional processes (e.g. shocks and ram
pressure) and gas accretion may be important for the formation of a
gas bridge, since a stellar bridge would be prominent if tidal stripping
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Figure A1. The stellar surface density of merger A. The H1 bridge at the apocentre (see Fig. 3) is not accompanied by a visual stellar bridge. This shows that
the collisional nature of the gas behaves significantly different than the collisionless nature of the stars.

Figure A2. Same as Fig. Al but for merger B. At z = 0.71, a gaseous structure connecting the galaxies is visible in HI (Fig. 4) but this is not visible for the
stellar distribution. The stripped distribution of stars in the upper right part of the z = 0.60 panel is also visible in H1, implying that tidal forces are responsible

for this stripping.

from the disc was the main mechanism. For merger B, we reach the
same conclusion for the gas between the two main progenitors at z =
0.71 (Fig. A2).

At the time of the apocentre in merger C, there is a visual
bridge present in both the HI column density and stellar surface
density (Fig. A3). Tidal stripping of gas and stars from the disc
therefore plays an important role (as in the bridge formation scenario
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presented in Toomre & Toomre 1972). Prior to the pericentric
passage at z = 0.79, the HI gas reveals a bridge between the
galaxies, but this is absent in the stellar distribution, so here
we expect collisional processes to be important. For merger D,
the same is the case at z = 0.72 ahead of the coalescence
(Fig. A4).
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Figure A3. Same as Fig. Al but for merger C. The H1 bridge seen prior to the pericentric passage at z = 0.79 (Fig. 5) is not visible in the stellar distribution,
again implying that collisional processes are responsible for this features. At the time of the apocentre there is both a bridge seen in H1 and the stellar distribution.

log = [Mokpe 2

25 kpc

z = 0.69 Coalescence

Figure A4. Same as Fig. A1l but for merger D. At z = 0.73 and z = 0.72, the H1 distribution reveals dense gas between the galaxies but this is not accompanied
by a similar increase in stellar surface density. The reason is again collisional processes, or alternatively it could be caused by gas accretion, as studied in Fig. 7.
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