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ABSTRACT

From a galactic perspective, star formation occurs on the smallest scales_withinsmolecular
clouds, but it is likely initiated from the large scale flows driven by galactic dypamics. To
understand the conditions for star formation, it is important to first discern the/mechanisms
that drive gas from large-scales into dense structures on the smallest scalesof a galaxy. We
present high-resolution smoothed particle hydrodynamics simulations of two model spiral
galaxies: one with a live stellar disc (N-body) and one with a spiral potential. We investigate
the large-scale flows and streaming motions driven by the simulated.spiral structure. We find
that the strength of the motions in the radial direction tends.to.be-higher than in the azimuthal
component. In the N-body model, the amplitude of these motions decreases with galactocentric
radius whereas for the spiral potential, it decreases to a ' minimum at the corotation radius, and
increases again after this point. The results show that in both’simulations, the arms induce local
shocks, an increase in kinetic energy that can drivesturbulence and a means of compressing
and expanding the gas. These are all crucial €léments in forming molecular clouds and driving
the necessary conditions for star formation.

Key words: methods: numerical — ISM: kinematics and dynamics — galaxies: ISM — galaxies:

kinematics and dynamics — galaxies: spiral

1 INTRODUCTION

Molecular cloud formation and the triggering of star” formation
in galaxies results from the interaction of different physical)pro-
cesses operating from galactic scales to cloud scales, ranging
from spiral arms and large-scale gravitational instabilities to cloud-
to-cloud interactions, agglomeration, and collapse, within clouds
(e.g. Elmegreen 2002; Bournaud et al. 2010; Burkert 2017). To un-
derstand molecular cloud formation from a galactic perspective, it
is necessary to study the mechani§ms that drive neutral gas from
the large scales into dense structures,on/small scales taking into
account the entire galactic context:

Spiral galaxies show,a wide variety of morphologies rang-
ing from well-defined grand design arms to flocculent structures.
Galactic-scale gas{lows are sensitive to the physical nature of the
underlying spiralarms. Mainly, two models have been proposed to
describe these structures: spiral density waves (SDW; e.g. Lin &
Shu 19644 Bettin & Lin 1996; Shu 2016) and dynamic or material
arms (exg. Goldreich & Lynden-Bell 1965; Julian & Toomre 1966;
Sellwood. & Carlberg 1984). In the first one, the arm is viewed
as“andensity wave travelling in the stellar disc that rotates with a
relatively constant pattern speed. It extends over the entire galaxy
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and its rotation speed is independent of the individual stellar and
gas motions. It is expected to dissipate on long timescales of ~ 1
Gyr. In the second, the arms are described as dynamic features with
variable amplitudes that grow, evolve, and eventually dissipate on
shorter timescales. The number of arms and pattern speed vary with
radius. See Dobbs & Baba (2014) for a review. The differences in
the gas flows predicted by each model can translate into variations
in the formation and evolution of molecular clouds in an arm.

In the SDW scenario, gas flows into an arm, it forms a shock
(e.g. Fujimoto 1968; Roberts 1969; Shu et al. 1972), and it eventually
leaves the arm due to its relative motion with respect to the arm
(except at the corotation radius). Several works using this model
show that, as gas flows into the arm, its velocity normal to the arm
increases, then falls sharply at the shock’s location, and increases
again as gas leaves the arm. The tangential component decreases and
then increases after passing through the shock region. This model
predicts that molecular clouds and star forming regions should be
observed after the shock (e.g. Roberts 1969; Gittins & Clarke 2004;
Sormani et al. 2017).

In the dynamic arm scenario, the flows can be more complex.
The N-body simulations of Wada et al. (2011); Baba (2015); Baba
etal. (2016) show that gas flows from both sides of an arm, forming
a high density region in its centre. Wada et al. (2011) and Baba
et al. (2016) find streaming motions with noticeable arm-to-arm
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variations, but still showing some periodicity. However, these sim-
ulations differ with respect to spiral potential simulations on the
location of the shock and the turning point of the streaming motions
with respect to an arm’s position. They also show that an arm rotates
with a speed close to the galaxy’s rotation curve instead of having
a constant pattern speed. This means that once the gas settles in an
arm, it will likely stay there until the arm dissipates or it escapes
with the help of energy injected by feedback. In this model, molec-
ular clouds are expected to be centred in an arm (e.g. Wada et al.
2011; Baba et al. 2016).

Both models predict significant non-circular or streaming mo-
tions for the gas in an arm, but with different velocity profiles,
which provides an observational diagnostic of each scenario (Baba
et al. 2016). Molecular clouds and star forming regions can be used
to probe these motions in the Milky Way. Many works have ob-
served high-mass star forming regions to study molecular cloud
kinematics in Galactic spiral arms: for example, Choi et al. (2014)
and Sato et al. (2014) find that, in the Perseus and Scutum arms,
respectively, the clouds are on average moving towards the Galac-
tic centre and slightly slower than the circular velocity; Hachisuka
et al. (2015) find a similar trend in the galactocentric component
in the Outer Arm. These observations are consistent with a Milky
Way spiral arm simulation by Ramén-Fox & Bonnell (2018). A
recent Galactic kinematic analysis by Tchernyshyov et al. (2018),
combining Hy, CO, and dust data, suggests that the Perseus Arm
has the kinematic features of a dissipating arm as predicted by N-
body simulations, differing with the SDW interpretation proposed
by Choi et al. (2014), which shows the importance of characterising
the kinematic signatures of spiral arms.

From an extragalactic perspective, Schmidt et al. (2016) found
significant galactocentric motions ranging from a few to several
~ 10 kms~!in the H kinematics of a galaxy sample from the
THINGS survey (Walter et al. 2008). Using CO data from MS51,
Meidt et al. (2013) found streaming motions in the range of ~ +30
kms~! and Colombo et al. (2014) measured values as high as ~ 70
kms~! for the m = 2 spiral and lower than 30 kms~! for higher
modes. Some observations of molecular clouds in M51 suggest that
streaming motions affect their star formation efficiency (Meidtet als
2013).

A better understanding of the dependence of large=scale flows
on galactic structure can improve our view of the gas dynamics
leading to molecular cloud formation and the conditions for star
formation from a galactic perspective (e.g-\Bennell et al. 2013;
Meidt et al. 2018). It is also important to develop simulations that
help to bridge the gap between those medelling large-scale processes
(e.g. Bournaud et al. 2010; Bonnell et al. 2013) and those resolving
star formation on smaller§cales(e.g- Smilgys & Bonnell 2017).

In this paper, we characterise the differences in the large-scale
flows, streaming‘motiens,and velocity dispersion between different
spiral arm models. We perform N-body and spiral potential simu-
lations with rotation/curves matching as closely as possible; we set
the spiral potential to represent as close as possible the amplitude of
the arms'in the N-body model for a more direct comparison of both
models.:\We perform simulations with higher resolution in compar-
ison tQ previous numerical work. This paper is divided as follows:
§2, introduces the numerical code and the methods applied to ini-
tialise the galaxy models; §3 presents the results comparing both
models; §4 presents a discussion and §5 summarises our results.

2 METHODS AND SIMULATIONS
2.1 Numerical Code

We use the smoothed particle hydrodynamics (SPH) method (Gin-
gold & Monaghan 1977; Monaghan 1992) to simulate the gas dy-
namics. We use the code sphNG, which implements the formula-
tion of Benz et al. (1990); Bate et al. (1995). SPH represents a gas
with a particle distribution, where each one has a fixed mass and a
smoothing length 4. This parameter sets the spatial resolution and
is calculated by making sure that each particle has approximately
50 neighbours. In order to treat shock regions, the code uses an
artificial viscosity with the parameters @ = 1 and 8 = 2 (Monaghan
& Lattanzio 1985; Monaghan 1992). The gravitational forces are
calculated with a tree code for the long-range component and di-
rect neighbour forces for the short-range contribution. The thermal
physics implements the cooling function of Koyama & Inutsuka
(2002), which includes losses due to atomic, molecular;and dust
emission. Shock heating is also included. The internal enefgy is
integrated implicitly following the method of*V.dzquez-Semadeni
et al. (2007). For further details refer to Bonnell et al. (2013) and
Lucas et al. (2013).

2.2 N-body galaxy model
2.2.1 Galaxy Components and Density Profiles

We first perform simulations*ef an N-body model composed of a
stellar disc, a central bulge;'and a gas disc. A dark matter halo is in-
cluded as a static potential, which allows to direct the computational
efforts to the disc dynamics. The disc has an exponential-isothermal
density profile\(e:*g. Freeman 1970; van der Kruit & Searle 1981;
van der-Kzuit & Freeman 2011) given by:

Mg R 201 2
p4(R,2) 47TR3124 exp ( Rd) sech (Zd) , €))
wheré R; and z,4 are the radial and vertical scale lengths, re-
spectively. We assume that the disc’s total mass is given by
Mg = Mgas + My, where Mgas and M, are the total gas and stellar
masses, respectively. The gas and stellar mass fractions are ex-
pressed as foas = Mgas/Mg and fx = My /Mg, respectively. This
approach assumes that both the gas and stellar discs have the same
R;. We adopt it for its simplicity for generating the initial condi-
tions. The bulge is modelled by the Hernquist (1990) profile:

My 1
21r3 (rfrp) (1 +r/rp)3

Where M}, and r, are the bulge’s mass and scale radius, respectively.
The static dark matter halo follows a Navarro-Frenk-White (NFW,
Navarro et al. 1997) profile given by:

S | N
(r/r) (L +r/rp)?
where ry, is the scale radius, pq is the central density.
The model galaxy’s physical parameters are summarized in
Table 1 and Figure 1 (black curve) shows the model rotation curve.
The Toomre parameter at R = 1.5R; is set to Q = 1.5 and the
orbital period at R = 2R is Ty = 284 Myr. The parameters are
motivated by previous observations and models of M33’s rotation
curve (e.g. Regan & Vogel 1994; Corbelli & Salucci 2000; Seigar
2011; Hague & Wilkinson 2015; Kam et al. 2015). M33 is a fairly
low-mass spiral galaxy close to the Milky Way. Its inclination pro-
vides an advantageous point of view to map the ISM and the location

@)

pp(r) =

pn(r) = (3)
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Table 1. N -body Model Galaxy Parameters

Disc

My [10° Mo] 9.0
Ry [kpc] 2.5
za |kpe] 0.2
T 85%
Sfoas 15%
Bulge

My, [108 My 3.0
rp [kpe] 0.4
Halo

My [10M Me] 57
Ry, [kpc] 33.8
c 4.0

of molecular clouds with respect to the galaxy’s stellar structure.
Recent surveys have provided detailed observations of M33’s ISM
components (e.g. Druard et al. 2014; Kam et al. 2015; Koch et al.
2018, 2019), which motivates a more detailed comparison with
simulations. We do not aim to exactly reproduce M33 in our simu-
lations. Our model may be viewed as a representation of low-mass
galaxies.

The initial conditions are generated with the method of McMil-
lan & Dehnen (2007), which is implemented in the public code Mk-
cALAXY!. It produces a self-consistent galaxy model composed of
N-body realizations of a halo, a disc, and a bulge. This method has
the advantage of producing a stellar disc with velocities sampled
from a distribution function representative of the kinematics of a
disc, rather than assuming a local Gaussian distribution (Dehnen
1999). The resulting disc has an azimuthal velocity distribution
following the galaxy’s rotation curve.

Since the mass integral of the NFW profile does not converge,
MKGALAXY includes a truncation function 7'(r) at large radii in
equation (3) to allow for a finite mass. 7(r) is defined as:

2
sech(r/ry) + 1/sech(r/ry)

We set r; = 62 kpc in our model. This parameter is‘televant for
simulations using the live halo produced by the'code. We include
this parameter for completeness, but as previouslyydescribed, we
use a static halo for our simulations.

To finalize our setup, we extract only the'disc and bulge parti-
cles from the initial conditions generated by MKGALAXY and evolve
them in a static non-truncated NFW halo? We specified parameters
for MKGALAXY that produce a halopotential in the disc region that
approximates that of the non-truncated NFW profile. We tested this
setup by initializing amoedel.with 500 000 disc and 10 000 bulge and
evolving it in a static hale for approximately 47,. This showed that
the average surface density profile was preserved during this period.
Although M33’s retation curve is bar-unstable (Dobbs et al. 2018;
Sellwood et al2019), this test did not form one during this period,
likely-due to the static halo. The above method does not generate
initial\conditions for the gas. The gas intialization is described in
the following sub-section.

T(r[ry) = )

1 MKGALAXY can be downloaded from the NEMO Stellar Dynamics Toolbox

(Teuben 1995): https://bima.astro.umd.edu/nemo/ .
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Figure 1. Total rotation curve for the N -body model (black), which-results
from the contribution of the halo (blue), stellar disc (red), gas dise (green),
and bulge (cyan); rotation curve for the logarithmic potential (detted line) and
total rotation curve used for the spiral potential simulations(dotted-dashed
line).

2.2.2 Adding a Gas Component

The full galaxy model is built by first'\generating a disc containing
the total number of particles (Ndisc = Nx + Ngas, Where Ny and
Ngas are the number of stellar’and gas particles, respectively) and
the total combined stellar and gas\mass (Mg = My + Mg,s). This
disc is then divided into gas.and stellar components. We specify
the number of gas and'Stellar particles such that Ny is preserved
and the particle masses ‘afe assigned as follows: mgas = Mgas/Ngas
and my = M, /Nynforithe gaseous and stellar components, re-
spectively. Aftenthis step, the particle distribution has two separate
components, butithe total mass and particle numbers are preserved.
The positions and velocities are those from the initial condition
generator of §2.2.1, which do not satisfy the vertical hydrostatic
balance condition for the gas. This means that the system has to
evolve for some time to allow the gas to stabilize in the galaxy’s
potential (e.g Dobbs et al. 2010).

To initialise the disc in hydrostatic balance, we find the vertical
equilibrium density profile for the gas by solving the hydrostatic
balance equation:

1 0P 0@
4= =0 5
pgﬁz+6z ' ©)

coupled to the Poisson equation:
V20 = 47G (on + px +pg) , 6)

where pj, is the dark matter halo density, py« is the density of the
stellar components, and pg is the gas density; P is the gas pressure
and @ is the galaxy’s gravitational potential.

As described in Wang et al. (2010), by assuming a thin disc
approximation and an isothermal equation of state: P = pgcz, the
problem is reduced to the following equations:

pg(R.2) = pg (R, 0)e” /3 [A%u (R2)+20 (R2)] (7)
d’®g4
d_zz = 47TGpg y (8)

where c is the sound speed; ¢y = (kBT/(,ump))l/z, where kp is
the Boltzmann constant, 7" is the gas temperature, y is the mean
molecular weight and m , is a proton’s mass. For a shorter notation,
we define A®(R, z) = ®(R,z) — ©(R,0), which is the potential
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difference between a vertical position z and the mid-plane. In this
notation, A®g, denotes the contribution of the halo and stellar
components and A@y, that of the gas. This approach assumes pure
thermal support and it does not use an effective sound speed to
account for turbulent motions.

To obtain the density profile, equation (7) is first substituted in
equation (8) to have a second order non-linear differential equation
for the gas potential ®. Once this is known, the density profile is
calculated with equation (7). The boundary conditions are ®(R, 0),
d®/dz|;—o, and pg (R, 0). The gas density is coupled to the surface
density profile by:

S(R) = /_ " pe(R.2)dz, ©)

00

This is evaluated with numerical integration. Since the correct mid-
plane density profile is not known, it has to be solved iteratively by
coupling equations (7), (8), and (9) (see Wang et al. 2010 for a full
description).

For the non-gaseous term in equation (7), the potentials for the
halo, disc, and bulge are needed. For the halo and bulge models,
algebraic expressions are available (Binney & Tremaine 2008). For
the exponential disc, it is possible to express the potential at a given
point as (Cuddeford 1993; Binney & Tremaine 2008):

®(R,z) = —4(220 / " t(ar / " sin! (G(a)) ako(a/Ry)da
@ ’ (10)
where,
2a
\/z2+(a+R)2+\/zz+(a—R)2 '

{(z) is a normalised function corresponding to the vertical part of
the profile (o sechz(z/zd)), Ky is a modified Bessel function, and
Y is the central surface density.

The numerical solution for pg(R,z) (see equations (7) and
(8)) is obtained just for a discrete set of galactocentric radii. At
each radius, the vertical potential for the disc is calculated using
equation (10) for a set of vertical positions to build an interpolating
function that can be used for a faster calculation at all values of z.
Then, the total potential used in equation (7) includes this interpo~
lating function plus the halo and bulge terms to specify the/galaxy’s
potential.

The resulting vertical density profile is verysimilarto a sech?
profile, but with a scale height dependent on'radius, (hg = hg(R)).
In order to initialise the gas particles’ positions, the vertical density
profile would need to be calculated at the radial position of each
particle in order to sample its position from this profile. We can
simplify our approach by taking advantage of the fact that the initial
conditions generator already samples the particles’ vertical position
from a sech? with a constdnt scale height. For the particles that we
select to be gas, we can rescale their vertical position in terms of
assuming a sech? profile with the local scale height value. To have
a continuous function of'scale height as a function of radius, we
first solve the’ hydrostatic balance equation at a fixed set of radii
and use the results to build a interpolating function /g (R). We use
this functionyto initialise the vertical position of the gas particles.
Finally, the gas velocities are sampled from the circular velocity
function.

We-set the gas and stellar disc particle numbers to Ngas =
3010 and Ny = 2x10°, respectively. The bulge has Nj, = 78 420
particles. In terms of individual particle masses, mg = 45 Mg for
the gas particles and mx = my, = 3825 Mg , for the stellar and bulge

G(a) = (11)
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Figure 2. Surface density map of theigas (top panel) and stellar (bottom

panel) components for the N -body modelatthe time chosen to start the full
simulation with heating and cooling. The column density is in [Mo/kpc?].

particles. A softening length of 5 pc is used for the gravitational
force for all the particles in the simulation. The gas is initialized
with T = 10%K=The model is evolved isothermally for ¢ ~ 747
Myr (x.2.6 orbital periods) to allow the spiral structure to form
(Figure 2 shows the gas and stellar components at this time). Then,
theé-heating and cooling mechanisms are switched on and the system
is alloewed to evolve for an additional period of ~ 42 Myr, but our
analysis is performed at 20 Myr.

2.3 Spiral arm potential galaxy model

We also perform simulations of a galaxy model based on the analytic
expressions for the gravitational potential of the stellar and dark
matter components in order to compare it with the N-body model
of §2.2. The galactic potential is represented by a combination
of an axisymmetric term plus a term for the spiral arms: ®gy =
®@axi + Dgpirar- The first term is given by a logarithmic potential
(e.g. Binney & Tremaine 2008):

1
Pasi(R.2) = 3§ log (RE + B2 + (2/29)%) (12)

where v is the velocity parameter, Ry is the characteristic radius,
and z is the vertical scale factor, and R, z are the radial (galacto-
centric) and vertical coordinates. This produces a flat rotation curve
for R > R(. The gas disc in this model has the same contribution
to the rotation curve as the one in the N-body model.

We use the potential of Cox & Gdémez (2002) for the spiral
arms, which is expressed as:

Dypirat (R, 0,2,1) = )" An(R, 2) cos (n[(R, 6,1)) , (13)
n

where A, is the perturbation’s amplitude and I" determines the arm’s
geometry, which is given by:

In(R/Ref)
tan

F(R,G,t):N(0+Q,,z— -6, (14)
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Figure 3. Relative potential A® (in code units) as a function of azimuth (in
radians) for the N -body arms (blue dots) and spiral potential (green curve)
arms. A® is defined as: A® = ®(¢p) — Ppean, Where Ppeqy is the mean
potential at the specified radius. The values shown for the N -body model
correspond to a selection of stellar particles inside an annulus 100 pc wide
centred on each radius and within |z| < 2 pc.

In equation (13), @gpiry is the summation of n cosine terms. We
use the standard formulation of Cox & Gémez (2002) which uses 3
terms (n = 3). The form of A, (R, z) is given in equation (8) of Cox
& Gomez (2002); this potential produces a density distribution that
falls exponentially in the form exp(—(R — Ryer)/Rs), where Ry is
a scale radius and R, is a reference radius (appearing in equation
14) that allows us to specify the profile using the overall density at
position different than R = 0; also, in equation (14), 6, controls the
initial phase of the pattern at Ryf .

In our model, the number of arms is N = 4, the pitch angle
is @ = 15°, and the pattern speed is Q) = 23km s kpc‘1 - Qp
is chosen to approximately match that of the N-body model at
R ~ 4 kpc. Although the number of arms is fixed, these parameters
ensure that the arm potential amplitude approximately matches that
of the N-body model in the range 4 < R < 6 kpc (see Figure*3).
The gaseous component is assumed to have an exponentialéurface
density profile: X(R) = Zoe_R/ Ra where X is the centfal surface
density and Ry is the scale radius; the central surface,density is
given by X = Mg/(Zanl).

We assign Mg = feasM4 and R, the samevaluesofiTable 1 to
have the same gas disc parameters as the N-body simulation. This
gas disc is initialized with 30 x 10® particles and 7" = 10* K. It is
evolved isothermally and without self-gravity:for’~ 471 Myr before
including heating and cooling. The disc is subject to a logarithmic
potential with the following parametets: vg = 220 km s7! ,Rp=2.5
kpc, and z4 = 0.7. For this step,‘the initial vertical gas distribution
is calculated using only~equation (7) from §2.2. The mid-plane
density is obtained from equation (9) given the surface density
profile. We take this approach for its reduced computational cost
for initializing the disc. At't ~ 471 Myr, self-gravity, heating and
cooling are activated. Once the gas self-gravity is included, it adds
a contribution, to the rotation curve. Thus to preserve its overall
shape .of theyrotation curve, the parameter vq is slightly reduced
to M6kms ! The total rotation curve with self-gravity included
is"shown, in Figure 1. This choice of parameters gives a corotation
radius at’R. = 4.62 kpc. A resolution test is presented in Appendix
A and results of lower resolution versions of both the N-body and
spiral potential models can be found in Ramén-Fox (2019) and
Forgan et al. (2018).
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3 RESULTS

3.1 Evolution of the Disc Structure and Gas Morphology

In this section, we present face-on maps of the gas surface density of
the model galaxies, which show the evolution of the disc’s morphol-
ogy after including heating and cooling. This allows us to examine
from a galactic perspective where cloud-like structures are forming.
Figure 4 shows the N-body (left panels) and spiral potential (right
panels) simulations at t = 20.4 Myr after including heating/cooling.
The galaxies have a counter clockwise rotation. We choose this time
to examine the gas dynamics in the first stages of cloud formation.

Both simulations show that high-density regions first form in
the galaxy’s inner regions and in the spiral arms. The N-body model
shows that high-surface density gas is located at galactocentrie dis-
tances as large as 3 kpc. The dense gas tracing the, spiral arms
extends to larger galactocentric distances (top left'panel.of Figure
4). On the other hand, the spiral potential simulationyat the same
time shows that the surface density increases mostly in the arms (top
right panel of Figure 4). Both simulations_show-that high surface
density gas forms within = 5 kpc of the galaxy’s centre, although
this is a particular result of our models.

The lower panels of Figure'4 show/zoom-in views of selected
spiral arms of the N-body«(left).and potential (right) simulations.
Both simulations show that dense clouds are formed in the arms and
their spacing resembles a“‘beads on a string” pattern. However, the
N-body simulation,shows a rich variety of gas structures both in the
arm and interarm tegions while in the spiral potential simulation,
most structure, develops in the arm, with some diffuse features in
the downstream side. This difference may likely be an effect of the
initialization of both models. The spiral potential simulation has a
much smoother surface density profile at ¢ = 0, so it takes longer to
fornrsubstructure. In agreement with previous works (e.g. Fujimoto
1968;Roberts 1969; Clarke & Gittins 2006; Dobbs & Bonnell 2007;
Wada 2008; Wadaetal. 2011; Bonnell et al. 2013; Pettitt et al. 2016),
our simulations also show that spiral arms drive the formation of
dense structures resembling molecular clouds.

It is worth noting that Figure 4 qualitatively shows that the
clouds in an arm of the potential simulation appear to have fairly
regular spacing while those in the N-body model have a more vari-
able separation. This is interesting, considering that at the moment
the where the heating and cooling are included, the gas in the arms
of both models is not fragmented. The width of the gas arms appears
thin in both models, likely an effect of the lack of feedback.

Figure 5 shows two zoom-in panels of the N-body simulation
at t = 20.4 Myr (upper panel) and at ¢t = 30.5 Myr (lower panel).
The snapshots show a rich variety of structures in the dense gas in
the central region and along the spiral arms. The second snapshot
shows that the structures become denser due self-gravity and the
lack of feedback in our simulation. It is worth noting that there are
features resembling spurs and feathers in the interarm regions. See,
for example, the region in the vicinity of (X,Y) = (0,3) kpc and
(X,Y) = (-2,3) kpc. The absence of these features in the spiral
potential simulation at the time shown is likely an effect of our
warm initial conditions. For example, the simulations of Dobbs &
Bonnell (2006) show that spurs tend to form when cold, dense gas
passes through an arm. Ramoén-Fox (2019) performed a simulation
of the spiral potential model without self-gravity that show that the
spurs are already formed in the galaxy’s inner region at t ~ 120
Myr, indicating that these features should appear later in our setup.
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Figure 4. Surface density maps of the model galaxies at ¢ = 20:4 Myr. The top left and right panels show global views of the N-body and spiral potential
simulations, respectively. The middle and bottom panelssshow.zoom-ins of two different regions of a spiral arm in the N -body and spiral potential simulations
on the left and right, respectively. The surface density is\in [Mo/kpc?]. Both simulations show that clouds formed in the arms follow a string-like pattern.

3.2 Radial Distribution of the Gas Phases

The thermal physics of our models,allows the formation of a multi-
phase medium. This section describes how these phases are dis-
tributed in terms of galactocentriC radius and quantifies the overall
change in the mass{raction of each phase as a function of time. The
gas phases are specified as-follows: the cold phase is defined as gas
with p > 10Mg pet? and 10 < T < 2 x 102 K; the intermediate
phase, as.gas'with 1070 < p < 10Mgpc3 and 10 < T < 5% 103
K; theswarm,phase is defined as gas with p < 10Mg pc_3 and
5xA03 < T <1.2x 10* K. The gas with T > 1.2 x 10* K is not
included,in our analysis because we find that most of the particles
in this range trace very low-density gas near the galaxy’s edges. At
these/locations, the SPH smoothing lengths may be artificially en-
larged as the algorithm searches over larger radii to keep the number
of neighbours approximately constant. This may lead to less accu-

rate density calculations at those positions. However, the fraction
of mass in this range is < 2% of the total gas mass in both models.
Our analysis also focuses on the inner disc dynamics.

Figure 6 shows the radial surface density profiles of these
phases at r = 20.4 Myr. The top and bottom panels show the profiles
of the N-body and spiral potential simulations, respectively. In both,
the cold gas surface density decreases with radius whereas the warm
gas shows a slowly decaying profile at large galatocentric distances.
The N-body model has a higher central density of cold gas due to
the bulge. The warm gas tends to have higher surface densities in
the spiral potential simulation. An interesting difference is that the
intermediate phase profile tends to be flat at 1 < R < 4 kpc in
the N-body model, while it has a decreasing profile in the spiral
potential simulation. It is worth noting that the cold and warm
surface density profiles qualitatively agree with the profiles reported
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Figure 5. Zoom-in panels of the N -body simulation at # = 20.4 Myr (upper panel) and ¢ = 30.5 My, (lower panel), which show a rich variety morphological
structure and features resembling spurs in several interarm regions. The surface density is in units of[Me/kpc?].

in Bigiel & Blitz (2012), which show that neutral gas tends to have
flat profiles while molecular gas follows exponential profiles. Gratier
etal. (2010) and Druard et al. (2014) report a similar result for M33¢
The values of the warm gas surface density of the spiral potential
simulation are close to the values reported for M33, although the
values of the N-body model are slightly lower. The value of the
central cold gas central surface density is higher than.that of M33.

Figure 7 shows the mass fraction of gas in eachrphase for the N-
body (top panel) and the spiral potential (bottom panel) simulations.
In both simulations, the cold gas fractionigrows steadily with time.
During this interval, the gas distribution in the N-body simulation
is dominated by gas in the intermediate phase. In the spiral potential
simulation, the warm phase is the most abundant one. It is worth
pointing out that in this simulation, the gas from the cold phase
seems to be coming fromthe intérmediate phase. Figure 7 (bottom
panel) shows that as the dense gas’fraction increases (red curve) the
intermediate gas phase, fraction decreases (green curve). Figure 7
shows that the the N-body'model quickly loses an important quantity
of warm gas,/This effect seems to be a result of the initialization
of the models. Since the N-body model includes gas self-gravity
before heating is included, this drives higher gas densities that cool
fastet once the heating is included.

The surface density profiles of the cold and gas phases in our
simulations have qualitatively similar shapes regardless of how the
axisymmetric and galactic spiral arm components are modelled,
indicating a similar galactocentric distribution of the gas phases.

3.3/ Azimuthal Gas Distribution

The gas flows across an arm establish an azimuthal density profile.
Its shape and the position of its maximum density are sensitive to
the nature of the flow: shocks produce sharp density jumps, with
the peak density position slightly displaced from the arm’s centre;
converging flows produce the highest densities at the arm’s centre.
Figure 8 shows the gas surface density maps in cylindrical coordi-
nates for the N-body (top panel) and the spiral potential (bottom
panel) simulations at # = 20.4 Myr. Both simulations show a surface
density enhancement in the spiral arms. The arms in the N-body
model tend to have slight bends while the ones in the spiral potential
simulation follow a smooth curve.

In the N-body model (top panel Figure 8), we first focus on
the region where R < 5 kpc. When following a constant radius line
(e.g. R = 4 kpc) in the positive ¢ direction, on the left side of an arm
(upstream), the surface density first sharply increases and gradually
decreases with azimuth on the downstream side (arm’s right side in
this panel). This is better visualised in the azimuthal volume density
profiles in the left panel of Figure 9. The ones for R = 3 kpc (top
left) and R = 4 kpc (second left) clearly show this. In the N-body
model, the gas in the inner 5 kpc rotates slightly faster than the arms,
as shown in Figure 10, which plots the spiral arms’ pattern speed
compared to the galaxy’s angular velocity. The arm pattern speed
is calculated by averaging the angular velocity of the stellar surface
density peaks at the selected radius. This difference in angular speed
may explain the behaviour of the density profiles at R = 3 and 4 kpc.
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Figure 6. Gas surface density profiles of the cold (black line), intermediate
(dotted line), and warm (dashed line) phases in the N -body (top) and spiral
potential simulations (bottom) at ¢t = 20.4 Myr. The dashed-dotted line is
the total surface density at # = 0.

A similar profile still forms at R = 5 kpc, where the local pattern
speed is close to the frequency of the rotation curve.

Figure 10 also shows that at galactocentric distances between
6 and 10 kpc, the angular frequency of the rotation curve is slightly
lower than the pattern speed of the arms. The arms at R =¢10 kpc
almost corotate with the galaxy. On a constant radius line‘at Ry= 7
kpc in the positive ¢ direction in Figure 8, there is a.strong density
contrast at the location of several arms and a high surface,density
tail on the arm’s left side. This is different to,the behaviour of the
arms at R < 6 kpc in the same map. This can be expected from gas
moving slower than the arm’s rotation speed. However, the small
difference between the pattern speed and the gasTotation speed and
the features of the volume density.profile at R = 7 kpc (bottom left
panel of Figure 9) suggests that the gas is mostly clumping in the
stellar arms due the low relative'velocity between the arm and gas.
The sharp surface density€ontrasts at R > 6 kpc seem to be an effect
of the projection of strong velume density changes in some arms.
The four profiles ofithe'V-body simulation in Figure 9 show that the
peak densities in. theyarms’systematically decrease with R, which
results from the falling/amplitude of the arms’ potential (Figure 15
plots the potential as’a function of R).

Insthe ‘spiral potential simulation, at R = 3 kpc (top right
panelyin Figure 9), as gas flows into an arm, it first goes through a
sharp density increase, followed by a slower decrease with respect
to azimuth. The galaxy’s rotation is to the right in this plot. The
density profile is consistent with the shock scenario. At R = 4 kpc,
the density contrast decreases (second right panel of Figure 9) and
the profiles are fairly symmetric with respect to the peak value. This
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Figure 7. Evolution of the,mass,fraction of the cold, intermediate and warm
gas phases for the N=body (top) and spiral potential simulations (bottom).

results from this region being closer to the corotation radius, where
the gas flows into an arm from both sides.

AtR =5 kpc, the density profiles become less symmetric with
respect,to the maximum’s location. On the peak’s left-hand side,
the density decreases more slowly with distance than on the right-
and side. This behaviour is due to gas now entering from the arm’s
right side since at this radius, the arm rotates faster than the gas. At
R =7 kpc (bottom right panel of Figure 9), the density profile has
actually reversed with respect to the shape at R = 3 kpc. However,
the density contrast is much smaller than in the inner regions. These
profiles also show that the peak density values decrease with radius.
The shape of the profiles are comparable to that expected in the
spiral shock scenario (e.g. Fujimoto 1968; Roberts 1969).

From the azimuthal gas profiles of both models, it is worth
noting that, even though different arm models were used, the az-
imuthal profiles in the N-body model at R = 4 and 5 kpc have
qualitatively similar features to those at R = 3 kpc in the spiral
potential simulation.

3.4 Gas Velocity Profiles and Streaming Motions

The velocity profiles as a function of azimuth provide a more de-
tailed picture of the gas dynamics in spiral arms. Such structures are
expected to introduce significant perturbations to the gas velocities,
so streaming motions should be important within them. Addition-
ally, the gas velocities can be used to calculate the local divergence,
which identifies regions of compression and expansion in the flows.
The streaming motions and the local divergence are sensitive to the
underlying nature of the flows. In this section, we analyse the veloc-
ity profiles as a function of azimuth at specific galactocentric radii
and the amplitude of the streaming motions as a function of radius.
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Figure 8. Gas surface density maps in a cylindrical projection for the N -
body (top) and the spiral potential (bottom) simulations at # = 20.43 Myr.
The galaxy rotates to the right hand side. The N -body simulation develops
a richer structure compared to the spiral potential one at the selected time.

3.4.1 Velocity profiles as a function of azimuth

Figure 11 shows the velocity profiles of the N-body and the spiral
potential simulations on the left and right columns, respectively,.at
R = 4,5 and 7 kpc on the top, middle, and bottom rows, respectively.
The blue dots and red dots show, respectively, the radial vg4and the
relative azimuthal v 4oy components at the specified radiusy, We
define this relative azimuthal velocity as v g ey =V 5V The
solid curves show the background potential of the arms.

In the N-body simulation, the spiral arms‘are associated with
sharp jumps in galactocentric velocity vg going from positive (out-
ward) to negative (inward) values. At R =4 kpc, the highest velocity
isvR = 14 km s~ and the lowest is almost VR~ —14 km s71 . The
profile at R = 5 kpc has a similar_range, but with more irregular
profiles due to the more variable arm structure at this radius. At
R =7 kpc, the velocity profile’stamplitude has decreased, but it is
still sensitive to the armsf Thes¢ results show that, in the N-body
simulation, a sharp jump in ‘wg Correlates with the location of the
spiral arms and theamplitude of the velocity perturbation decreases
with radius. In.the spiralypotential simulation, at R = 4 kpc, the
oscillation in/vg has range within ~ £10 km g1 , which is similar
to that of.the smaller peaks in the N-body simulation at the same
radius.<The amplitude of the profile is lower at R = 5 kpc due to its
proximity to the corotation radius, but then shows a higher ampli-
tadejat R = 7 kpc. This is significantly different to the behaviour at
the same'radii in the N-body model.

In terms of the relative azimuthal component, the profile of the
N-body simulation at R = 4 kpc has values within +8kms™! , al-
though close to ¢ = 250° it reaches ~ —10 km s™! . The V ¢ (rel) PIO-
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file’s amplitude also decreases with galactocentric radius. In the spi-
ral potential simulation, v (rel) oscillates between ~ +7 km s~ at
R = 4 kpc. The amplitude is lowest near R = 5 kpc, but increases
again at R = 7 kpc. At R = 7 kpe, vg(re1) peaks near the spiral
potential minimum. A common feature in both simulations is that
when vy reaches a maximum, v 4 re) is at its lowest value, which
can be expected from epicyclic-style motions (e.g. Babaet al. 2016).

In both models, the shape of the velocity profiles is qualitatively
similar at positions inside the corotation radius. These profiles also
show that gas on the downstream side, near an arm’s potential
minimum, tends to have significant inward motions (vg < 0). The
higher-density gas is usually located on this side, which shows that
dense cloud-like structures forming downstream will have a negatiye
vR component, but the densest gas will not necessarily have the most
negative vR.

Figure 12 shows the azimuthal profiles of the divergence of
the velocity field (V - ¥) at R = 4 kpc for the N-body ‘and spiral
potential simulations in the top and bottom panels; respectively. In
both simulations, there is a tendency for V-V to vary from positive to
negative values across a spiral arm. In both models, the arms drive
a strong compression of the gas. However;in the N-body model, the
divergence tends to be more negative downstream across an arm.

3.4.2  Amplitude of the Streaming Motions

The overall amplitude of the.streaming motions can be measured
by calculating the rms“velocity vims by averaging the velocities
along the azimuthal direetion. Figure 13 plots the rms velocity vrms
amplitude as a function of radius for the N-body model in the top
panel and for the,spiral potential in the bottom panel. It provides
a global view ofithe average streaming velocities as a function of
radius’

From a'global perspective, Figure 13 shows some clear differ-
ences between the two simulations in the strength of the motions
as‘a function of radius. In the N-body model, the amplitude of the
streaming motions peaks near R = 4 kpc and gradually decreases
past this point. In the spiral potential model, the amplitude peaks
near R = 2 kpc, then reaches a minimum slightly outside the coro-
tation radius, and then reaches another maximum past this point.
It is worth noting that the amplitude in vg in the spiral potential
at positions outside the corotation radius increases to values com-
parable to those in the inner galaxy. This is interesting considering
that the arms’ amplitude decreases with radius. The velocities in the
N-body simulation tend to be lower than in the spiral potential one.
A common feature in both models is that the amplitude in vg tends
to be higher than in v 4.

3.5 Gas Velocity Dispersion Profiles

The gas velocity dispersion profiles can be used to trace regions
where the flow has a more turbulent behaviour. As gas flows through
a spiral arm, the flow can become turbulent after passing through
shock regions (e.g. Bonnell et al. 2006). This shows that the velocity
dispersion o, is a function of azimuth, where the highest values are
expected to be located in the arms.

Figure 14 shows the azimuthal profile of the gas velocity dis-
persion at R = 3 kpc for the N-body and spiral potential simulations
in the top and bottom panels respectively. The reference particles for
this plot were selected in an annulus with radius of 3 kpc and centred
on the midplane. It has a radial width of 5.0 pc and a height of 10pc.
The velocity dispersion is defined as o, = (v2 — 72), where v is
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Figure 9. Azimuthal gas density profiles for the N-body (left column) and spiral potential (right column) simulations at # = 20.4 Myr for R = 3 kpc (top),
R =4 kpc (second), R = 5 kpc (third), R = 7 kpc (bottom). The particles are selected in an annulus 50 pc wide centred on the reference radius and within +10
pc from the mid-plane. The orange curve in the plots at the left is the average density. In both columns, the black curve is the potential normalized to the peak
at R.= 3 kpc to better visualize the variation with radius.
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Figure 10. Angular frequencies of the circular velocity of the N -body model
(black), the pattern speeds of its spiral arms (blue dots), and the pattern speed
of the spiral potential (dotted). The N -body arm pattern speed is calculated
by averaging the angular velocity of the stellar surface density peaks of the
arms at the specified radius.

the magnitude of the relative velocity with respect to the reference
particle; o, is calculated using all the neighbours in the simulation
within 100 pc of each reference particle.

Both simulations show that o, has peak values of a few
km s~! in the spiral arms. The velocity dispersion tends to decrease
with increasing galactocentric radius, as suggested by the profiles
in the left panels of Figure 15 for the N-body and spiral poten-
tial simulations. In these plots, the velocity dispersion is calculated
within a radius of 100 pc from a given particle selected in a narrow
angular region centred at ¢ = 0° and within |z| < 5 pc. The right
panels of Figure 15 show the relative difference between the local
gas surface density (R, 0) and the azimuthal average Zmean(R).
This difference is expressed as: AX = AZ(R,0) — Zpean(R). This
difference is calculated along a narrow angular region 2.7° wide
and using radial bins 3.5 pc wide. The results of Figure 15 show
a correspondence between regions with a high velocity dispersion
and high surface density.

Our results show that the velocity dispersion tends to be en=
hanced in the spiral arms in both model galaxies. These Ttesults
show that the spiral arms are effectively injecting turbulent motions
regardless of the nature of the underlying spiral arms. However, we
note that the magnitude of the dispersion may be underestimated due
to the lack of energy injection by stellar and stpernova feedback.

4 DISCUSSION
4.1 Gas Disc Morphology and Cold,Gas Distribution

In the N-body simulationj,the gas disc develops a clumpy and fil-
amentary structure after thefirst'few ~ 10 Myr of evolution. The
gas traces well thesstellar spiral arms, consistent with the N-body
and hydrodynamics simulations of, for example, Clarke & Gittins
(2006); Wada et al.42011); Mata-Chavez et al. (2014); Baba et al.
(2017). An interesting result worth pointing out is that structure
resembling “spurs” and “feathers” forms in the N-body simulation
(Figtire 5). These are confined to R < 3 kpc, where the local pattern
speed does not corotate with the galaxy’s circular velocity, so they
could be‘driven by similar mechanisms as suggested by other works
(e.g..Dobbs & Bonnell 2006; Shetty & Ostriker 2006). Although
the medium becomes significantly fragmented due to self-gravity,
these features are visible mainly on the downstream side of an arm.

Large-Scale Gas Flows in Spiral Galaxies 11

In the spiral potential simulation, at the time shown in Figure
4, the gas in the inter-arm regions has a very smooth surface den-
sity field. Other SPH simulations that have used the Cox & Gdémez
(2002) potential such as Dobbs & Bonnell (2006); Bonnell et al.
(2013) and Smith et al. (2014) report the formation of “spurs” and
“feathers”. Other works that analysed hydrodynamical simulations
in spiral potentials have reported these features (e.g. Kim & Os-
triker 2002, 2006; Shetty & Ostriker 2006). The lack of structure in
this simulation may be due to the following factors: first, we have
assumed a slow rotation curve and a pattern speed that places the
corotation radius well inside the disc, whereas other works have
assumed a MW model with corotation at a much larger radius.
Ramén-Fox (2019) performed a simulation with the potential of
§2.3 with cooling/heating but without including gas self-gravity. It
shows that spur-like features appear after ~ 40 Myr and a richvari-
ety of structures comparable to that of other simulations”after 122
Myr. A second factor is that our method for initializing\the spiral
potential simulation allows the disc to evolve forsan initial period
of isothermal stabilisation, where the gas has no. self-gravity. This
produces a very smooth initial density field. Also the size scale for
self-gravity is not necessarily that of the spiralarm. This simulation
will likely form more structure after some. time.

Both simulations show that cloud-likestructures form in a
“beads on a string” fashion. The, N-body simulation shows, at
least qualitatively, variations in the cloud separation along an arm
whereas the spiral potential one'shows a fairly regular separation.
The simulations of Renaud etal. (2013) show that the separation
tends to grow with time. The-formation of clouds by gravitational
collapse can explain a natural separation. However, Dobbs (2008)
shows that the spacing,is a result of agglomeration and orbit con-
vergence as gas crosses a spiral shock, which is sensitive to the disc
kinematies., This may explain some of the differences between our
simulations. The more variable nature of the spiral arms and the gas
kinematics the N-body model can translate into variations in the gas
orbits that can explain the observed spacing. This is worth exploring
in the/future since observations suggest a fairly constant separation
(e.g. Elmegreen & Elmegreen 1983; Elmegreen et al. 2018).

In terms of the radial distribution of the ISM phases, the warm
gas surface density has a fairly constant value as a function of radius,
while the cold gas surface density falls exponentially with radius.
These profiles and its range of surface density broadly agree with
the observations of Bigiel & Blitz (2012) and Druard et al. (2014).
Our results show that these profiles’ shape is not strongly sensitive
to the galactic model, suggesting that the large-scale distribution
of the ISM phases is not strongly dependent on the underlying
nature of the galactic potential. A caveat of these profiles is that
they average out the arm-to-arm variations; however, the azimuthal
density profiles at several galactocentric radii in §3.3 still show
some qualitative similarities in both models. On the other hand,
self-gravity plays a role in determining the peak density values in
the arms. Stellar and supernova feedback also contribute to shaping
the gas distribution. Although we cannot analyse their effect in our
simulations, their absence may explain the thinness of the gas arms
in our simulations.

4.2 Large-Scale Gas Flows and Streaming Motions
4.2.1 Gas Flows across Spiral Arms

Both Fujimoto (1968) and Roberts (1969) explored the behaviour
of spiral arm shocks. Roberts (1969) found solutions for the density
and velocity profiles in arm shocks, which predict that the shock is
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Figure 11. Azimuthal gas velocity profiles for the N -body, (left column) and spiral potential (right column) simulations. The blue and red dots show vg and
Ve (rel) » tespectively. The black curves show the potential. The profileés are obtained at: R = 4 kpc (top), R = 5 kpc (middle), R = 7 kpc (bottom) at ¢ = 20.4
Myr. The particles are chosen on an annulus 50 pc wide.centred in the reference radius and with |z| < 10 pc.

followed by a gradual decrease in density as‘a.function of azimuth
and that the velocity perpendiculat to the arm first increases as it
enters the arm and then falls sharplyjat the shock’s location. The
tangent velocity reaches a minimum.near the shock. This model also
predicts that as gas entersithe arm, the shock forms before the gas
reaches the potential minimum.

In the N-bodyssimulation, the azimuthal density (left panels
of Figure©) and velocity, vg and v, profiles (left panels Figure
11) show some of these features, particularly at small galactocentric
radii.\Particularly, vg shows sharp jumps from positive to negative
values atthe same location as the density peaks. These features show
small shifts with respect to the stellar arm’s potential minimum, but
without a specific trend. Our results broadly agree with those of
Wada et al. (2011) and Baba et al. (2015). The velocity profiles in
Baba et al. (2016) do not show the sharp jumps in vg that we find,

which may be an effect of not including feedback in our simulations
(see Appendix A).

In the spiral potential simulation, the density profile at R = 3
kpc (Fig. 9) has some similarities to the Roberts (1969) model, but
the density peak is closer to the arm’s potential minimum and on the
donwstream side, differing with the prediction of Roberts (1969).
In the density profiles at larger radii, the density peaks are not
significantly shifted from the potential minimum, likely due to its
proximity to the corotation radius. This shift is also sensitive to the
nature of the underlying arms (e.g Baba et al. 2015), the strength of
the perturbation (e.g.Shetty & Ostriker 2006), the number of arms
(e.g. Gittins & Clarke 2004; Kim & Kim 2014), to whether the flow
is steady-state or not (e.g. Dobbs 2007; Kovalenko & Levi 1992),
and to the phase of the infalling gas (e.g. Dobbs & Bonnell 2007;
Sormani et al. 2017). Dobbs (2007) finds that the shift decreases
with increasing gas temperature and Dobbs & Bonnell (2007) show
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Figure 12. Divergence profile as a function of azimuth for the N-body
(top) and spiral potential (bottom) simulations at # = 20.4 Myr. Particles are
selected from an annulus 10 pc wide centred at R = 4.0 kpc and with |z| < 5

pc. V - ¥ is calculated using the neighbours inside the smoothing kernel of a
selected particle. In both models, the spiral arms strongly compress the gas.

that the warm and cold phases have different shifts from the min-
imum. It is likely that the smaller shifts in the density profiles in
Figure 9 are a result of the gas entering an arm being warmer at the
analysed time than in other similar simulations.

The vg and v azimuthal profiles in the spiral potential simu-
lation qualitatively agree with the Roberts (1969) model in the sense
that the peak vg coincides with the v 4 minimum. Baba etal. (2016)
explored the vg and v 4 profiles using an m = 2 potential. Although
we use an m = 4 potential, we still find qualitatively"similar profiles
to theirs inside the corotation radius. Howeverywe find some quali-
tative similarities in the shapes of the defisity and velocity profiles
in several arms of our two simulations, which'differs with the results
of Baba et al. (2016). The velocity profiles outside the corotation
radius of our potential simulation qualitatively agree with those of
Kim & Kim (2014) outside this radius.

Both of our simulations show that the spiral arms are effec-
tive in increasing the_velocity, diSpersion, or turbulent flow, of the
gas regardless of the underlying arm. In both models, o, in the
arms shows a tendency to’ decrease with galactocentric distance.
The velocity dispersion results of our spiral potential model agrees
with thoselof previous simulations with a similar model (e.g. Bon-
nell et-al. 2006, 2013), although they did not perform full-galaxy
simulations.

From, a galactic-scale perspective, our simulations show that
the N-body and spiral potential simulations have clear differences
in the'large-scale flow features: although both simulations agree in
the sense that the maximum density in spiral arms decreases with
galactocentric distance, they differ in terms of how the range of
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Figure 13. Gas radial and azimuthal rms velocities vy as a function of
galactocentric radius for the NV -body (top) and the spiral potential (bottom)
simulations at ¢ = 20.4Myr. The dashed-dotted line marks the corotation
radius. vy is caleulated by averaging the velocity components azimuthally
in annular bins and it measures the streaming motions’ amplitude.

VR and vy values in the spiral arms vary with distance. In the N-
body model, these values gradually decrease with distance, while
in the spiral potential they reach a minimum near the corotation
radius and increase past this point. This suggests that the large-scale
features of the flow have some dependence on the nature of the
galactic structure in agreement with previous works. However, on
a smaller scale, the azimuthal flow profiles across individual arms
show certain qualitative similarities, which has not been widely
discussed in previous simulations. Our simulations show that spiral
arms are effective in driving the formation of dense gas regions with
high velocity dispersions. This appears to be not strongly dependent
on the spiral arm model.

4.2.2  Streaming Motions

Both the N-body and spiral potential simulations show that the
spiral arms drive significant non-circular gas motions. However,
in the N-body simulation the amplitude of the streaming motions
peaks in the inner galaxy and decreases at larger distances whereas
in the spiral potential, the amplitude peaks in the inner galaxy, falls
to a minimum near the corotation radius, and increases again at
larger galactocentric radii. Both simulations show that the streaming
velocities” amplitude in the radial direction tends to be higher than
the azimuthal component.

Baba et al. (2016) also compared the gas kinematics in N-body
and potential models of spiral arms in simulations of a Milky Way-
type galaxy. Although we used a different galaxy model, we can
still make a qualitative comparison. The simulations of Baba et al.
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Figure 14. Velocity dispersion as a function of azimuth for the N-body
(top) and the spiral potential (bottom) simulations at # = 20.4 Myr. Particles
are selected from an annulus at R = 3.0 kpc, 5 pc wide and with |z| < 5 pc;
o, is calculated using all the neighbours within 100 pc from a reference
particle. At this distance, 50° corresponds to 2.62 kpc. In both models, the
arms are enhancing the local velocity dispersion, which is indicative of their
role in driving turbulent motions.

(2016) produce a larger amplitude of streaming motions than our
simulations; their spiral potential simulation has a larger amplitude
than their N-body model. In our simulations, we have ensufed that
the spiral potential amplitudes approximately match in”the range
R = 4 — 6 kpc, which results in a similar velocity ‘peak-to<peak
range in the two simulations. The velocity profiles of Baba et al.
(2016) and Pettitt et al. (2020), which show some similarity to those
in Figure 11, suggest that the streaming velocities in yg tend to be
higher than in v 5. However, our resultsShow that this is a global
trend, and that there are differences between'the’two models in the
behaviour of the amplitude as a furction of radius.

Our N-body simulation also agrees with those of Wada et al.
(2011) and Baba et al. (2009)\insthe sense that the streaming mo-
tions show arm-to-arm variations and are more unorganized when
compared to a spiral potential simulation. Our spiral potential sim-
ulation qualitatively agrees with the velocity predictions of Gittins
& Clarke (2004); Kim, & Kim (2014), and Sormani et al. (2017).

The gas’ kinematics in M51, as reported by Meidt et al.
(2013) using \CO observations, show significant radial and az-
imuthalstreaming motions: in the radial component, they gradually
incréase from—20 kms~!to 10 kms™! , with some oscillations in
between;, in the azimuthal component, the streaming motions vary
between’~ —10 kms~!and ~ 20 kms~!. The values in our sim-
ulations agree with these observations, but a direct comparison is
not possible due to the fact that M51 shows evidence of interaction
with a neighbouring galaxy. The Hj kinematics of nearby spiral

galaxies observed by Schmidt et al. (2016) show that v oscillates
around zero for several objects, ranging approximately between —20
kms~!and 20 kms~!, except for some particular cases. The gas in
some galaxies show a net radial motion, which is attributed to a mi-
nor interaction, as predicted by some simulations (e.g. Ramén-Fox
& Aceves 2020). The vg range of our simulations agrees with these
values and it is not strongly sensitive to the spiral potential model.

Both the N-body and spiral potential simulations show that
gas tends to move radially inward as it crosses an arm. Although
the densest gas does not necessarily have the most negative vg,
the dense gas after the compression tends to have a negative vg
component, at least inside the corotation radius. This agrees with
the kinematics in the simulation of a Milky Way spiral arm by
Ramoén-Fox & Bonnell (2018). This net inward motion has been
observed in high-mass star forming regions in some arms“of the
Milky Way (e.g. Choi et al. 2014; Sato et al. 2014; HachiSuka-et al.
2015). Although our results cannot be directly compared to these
since we assumed a different galaxy model, it is worth noting that
they show similar kinematic features. Another key, result is that
this inward motion is not strongly dependént on the underlying
arm potential, it is more sensitive to the-galactocentric distance in
the N-body model and on the relative location with respect to the
corotation radius in the spiral potential simulation. Our simulations
also model the gas kinematicsat distances outside the corotation
radius, which may be relevant for,characterizing spiral structure in
extragalactic observations/{(e.g Clarke & Gittins 2006; Kendall et al.
2011).

Our N-body simulationywith cooling/heating was evolved for
a short time (up to,~ 40 Myr) and the arm’s amplitude may not
change significantly mythis period. However, before this, the model
was first evolved isothermally for ~ 2.6 orbital periods from an
initiallyssmooth exponential profile to allow spiral structure to form
(see§2.2). By visual inspection of its evolution, we see that the spi-
ral ‘arms,evolve during this time. In this sense, our N-body model
shows,\at least qualitatively, features of dynamic arms (e.g. Wada
et al2011; Pettitt et al. 2015; Baba et al. 2015, 2016). We leave
for future work to rerun our N-body simulation at a point where
the spiral arm structure presents more significant changes or even
dissipates (e.g. Baba et al. 2016; Pettitt et al. 2015), which can in-
troduce different kinematic signatures in the local gas flows. The
kinematics in dissipating arms certainly has implications for un-
derstanding spiral arms both in our Milky Way and other galaxies
(e. g. Tchernyshyov et al. 2018).

5 CONCLUSIONS

We have performed high-resolution hydrodynamical simulations of
a spiral galaxy with physical parameters representative of a low-
mass galaxy like the Local Group spiral M33. Our simulations were
aimed at comparing the large-scale flows and streaming motions
driven by N-body and analytic potential models. Cooling and heat-
ing mechanisms were included to produce a two-phase ISM.

The results show that in both the N-body and spiral potential
simulations, the spiral arms induce local shocks, an increase in ki-
netic energy and provide a means of compressing and expanding the
gas. These are all crucial elements in forming molecular clouds and
driving the necessary conditions for star formation. The simulations
also show that the cold gas surface density falls with galactocentric
distance, while the warm gas surface density has a fairly flat profile.
This is qualitatively consistent with observations of nearby galax-
ies. The large-scale surface density profiles of the gas phases are
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Figure 15. The left column shows the gas velocity dispersion o as a function of radius for the NV-body (top leftipanel) and the spiral potential (bottom left
panel) simulations at # = 20.4 Myr. The particles are selected from a narrow angular region centredyat ¢ ‘= 0°, ~ 0.57° wide and with |z| < 5 pc. The
velocity dispersion is calculated using neighbours within a radius of 100 pc from a given particle. This length islarger than the typical smoothing length of the
individual particles. The right column shows the difference between the local gas surface density andithe azimuthal average as a function of radius, labelled as
AX. This shows the local density enhancements due to arms and clouds. There is a correspondence between the positions with high velocity dispersion and a
higher gas surface density. The vertical dashed-dotted line marks the location of the corotation radius.

not strongly sensitive to the galaxy model. Both simulations show
that clouds form on a string-like pattern along the spiral arm.

In terms of gas flows, the arms drive significant streaming ve-
locities in both the radial and azimuthal directions. We find that
cloud-like structures in the downstream side of an arm.tends to
have significant inward velocity components. The amplitude of the
streaming velocities tends to be stronger in the radial component
regardless of the model. The magnitude of these.motions is con-
sistent with values reported in observations“of a‘sample of spiral
galaxies. These motions have implications for observers mapping
out the spiral structure of the Milky Way aswell/as for those mod-
elling the kinematics of spiral galaxies. Their large-scale behaviour
has some dependence on the galaxyymodel: in the N-body model,
the streaming velocities peak imithe innet galaxy and decrease with
distance whereas in the spiral potential model, they decrease with
distance up to the radius of\corotation and increase with distance
beyond this point.
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APPENDIX A: EFFECT OF RESOLUTION ON THE
AZIMUTHAL VELOCITY PROFILES

We performed a low-resolution version of our simulations to analyse
the effect of resolution on the vg and v profiles as a function of
azimuth. For the N-body model, we assigned 2 x 100 particles to the
disc and 78420 particles to the bulge. For the gas, we used 2 x 10°
particles. We assign the same number of gas particles to the spiral
potential simulation. Each particle has a mass of 675 Mg .

Figure A1 shows the test results for the N-body model in the top
panel and the spiral potential simulation in the bottom one. In the N-
body model, the stellar potential profile has 4 arms, with amplitudes
different to those of the higher resolution models. The velocity
profiles for this simulation clearly show sharp jumps in vg near
potential minima. The low-resolution spiral potential simulation
shows an almost identical profile to that of Figure A1l at the same
galactocentric radius, although the peak vg has slightly lower value
at a lower resolution.

Our test shows that the low-resolution simulation still captures
sharp jumps in vg and vy and produces similar velocity profiles
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Figure Al. Azimuthal velocity profiles for the N -body (top) and the spiral
potential (bottom) simulations at R = 4 kpc, at ¢+ = 20.4 Myr with a

resolution of 2 x 10% gas particles. Particles are selected with the same
criteria as Figure 11.

as a function of azimuth. Other simulations (e.g. Baba et al. 2016)
show less pronounced jumps. This difference may be attributed to
feedback mechanisms, which are not included in our simulations.
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