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ABSTRACT
Identifying the structure of our Galaxy has always been fraught with difficulties, and while
modern surveys continue to make progress building a map of the Milky Way, there is still
much to understand. The arm and bar features are important drivers in shaping the interstellar
medium (ISM), but their exact nature and influence still require attention. We present results of
smoothed particle hydrodynamic simulations of gas in the Milky Way including star formation,
stellar feedback, and ISM cooling, when exposed to different arm and bar features, with the
aim of better understanding how well newly formed stars trace out the underlying structure of
the Galaxy. The bar is given a faster pattern speed than the arms, resulting in a complex, time-
dependent morphology and star formation. Interarm branches and spurs are easily influenced
by the bar, especially in the two-armed spiral models where there is a wide region of resonance
overlap in the disc. As the bar overtakes the spiral arms it induces small boosts in star formation
and enhances spiral features, which occur at regularly spaced beat-like intervals. The locations
of star formation events are similar to those seen in observational data, and do not show a
perfect 1:1 correspondence with the underlying spiral potential, though arm tangencies are
generally well traced by young stars. Stellar velocity fields from the newly formed stars are
compared to data from Gaia DR2, showing that the spiral and bar features can reproduce many
of the non-axisymmetric features seen in the data. A simple analytical model is used to show
many of these feature are a natural response of gas to rigidly rotating spiral and bar potentials.

Key words: hydrodynamics – ISM: structure – Galaxy: kinematics and dynamics – Galaxy:
structure – galaxies: spiral.

1 IN T RO D U C T I O N

Our home galaxy, the Milky Way, is of keen interest for studies
of both large-scale galactic dynamics and smaller scale properties
of the interstellar medium (ISM). A tremendous quantity of high-
quality observational data is being gathered in hopes of better
understanding the structure of the Milky Way’s stellar and gaseous
media (De Silva et al. 2015; Umemoto et al. 2017; Schuller et al.
2017; Gaia Collaboration et al. 2018a). This has brought with it
remarkable new insights (e.g. Gaia Collaboration et al. 2018c;
Antoja et al. 2018), further reinforcing a need to fully understand the
underlying non-axisymmetric features of the Galaxy: the spiral arms
and inner bar. See recent reviews of Bland-Hawthorn & Gerhard
(2016) and Xu, Hou & Wu (2018) for contemporary discussions of
our current understanding of Milky Way structure.

� E-mail: alex@astro1.sci.hokudai.ac.jp

Our basic picture of the Milky Way’s non-axisymmetric structure
is that there are 2–4 primary spiral arms (though an abundance
of interarm structure persists) with some inner bar feature (be it
long, thin, short, boxy, etc.). This interpretation comes from a
combination of both observational evidence (Georgelin & Georgelin
1976; Drimmel 2000; Churchwell et al. 2009) and inferred by
constraining theoretical models (Fux 1999; Quillen & Minchev
2005; Baba, Saitoh & Wada 2010). Additionally, these non-
axisymmetric features of the Milky Way are believed to rotate
at different pattern speeds. The general consensus is that the bar
rotates faster than the spiral arms (Bissantz, Englmaier & Gerhard
2003; Gerhard 2011; Pettitt et al. 2014; Junqueira et al. 2015; Li
et al. 2016; Vallée 2017), though how much faster is still the subject
of theoretical and observational efforts (Antoja et al. 2014; Portail
et al. 2015; Sormani, Binney & Magorrian 2015b). Summarizing
some of the above works: the Milky Way’s spiral arms are believed
to rotate at speeds between 10 and 30 km s−1 kpc−1, while the
bar rotates somewhere between the spiral arm pattern speed and
70 km s−1 kpc−1, with contemporary measurements putting the

C© 2019 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/491/2/2162/5621508 by H
okkaido U

niversity Library user on 27 M
arch 2020

http://orcid.org/0000-0002-3662-3942
http://orcid.org/0000-0003-4164-5588
mailto:alex@astro1.sci.hokudai.ac.jp


Young stars in the Milky Way 2163

speed at around 40 km s−1 kpc−1 (Portail et al. 2017; Bovy et al.
2019). Observations of extragalactic systems also indicate bars are
significantly faster rotators than arms (Corsini 2011; Ghosh & Jog
2016; Font et al. 2017, 2019).

The mismatch of spiral and bar pattern speeds can cause a variety
of interesting features in the disc. For example, Minchev & Quillen
(2006) look at mismatching pattern speeds (between two- and four-
armed potential) and see they act together to strongly and non-
linearly increases the velocity dispersion, causing a diffusion in
phase space. This was followed up by specifically looking into bar–
spiral overlapping resonant features, where the authors show the
overlap can induce radial migration on Gyr time-scales (Minchev &
Famaey 2010; Minchev et al. 2011). However, more recent work by
Monari et al. (2016) indicates this resonant overlap may not induce
such large perturbations in the stellar dynamics. While the effect
of bar–spiral coupling on stellar kinematics has been the subject to
several past investigations, little attention has been paid to the effect
on the ISM and resulting star formation.

The multiphase ISM offers some of the best constraints on
Galactic structure, either through construction of top-down maps
(e.g. Oort, Kerr & Westerhout 1958; Levine, Blitz & Heiles 2006;
Hou, Han & Shi 2009) or longitude–velocity diagrams (e.g. Dame,
Hartmann & Thaddeus 2001; Jackson et al. 2006; Umemoto et al.
2017). Dense molecular gas emission, and giant molecular clouds
themselves clearly trace out some morphological features of the
Milky Way (Roman-Duval et al. 2009; Garcı́a et al. 2014; Heyer &
Dame 2015; Rigby et al. 2016), though the data hardly seem to
point to a clear underlying grand design. Such tracers of the ISM
have been used to constrain theoretical models for many decades
(Mulder & Liem 1986; Englmaier & Gerhard 1999; Gómez & Cox
2004; Sormani & Magorrian 2015). The properties and evolution of
the ISM in galaxies is of prime importance for the role it plays in star
formation. The evolution of the star-forming ISM is complex, with
shocks induced by spiral arm passages, cloud–cloud collisions, and
stellar feedback playing key roles. Maps of star-forming complexes
in the Milky Way (e.g. Hα emission from H II regions and dust
emission from embedded star formation) show several arm-like
features (Russeil 2003; Hou & Han 2014). It is expected that the ISM
and locations of star formation can divulge key insights in validating
spiral arm theories, with classical density waves driving offsets from
the potential minimum due to shocks in the gas (Lin & Shu 1964;
Roberts 1969). While this is seen in some extra-Galactic systems
(e.g. Egusa et al. 2017), evidence for offsets, gradients in stellar
populations or an increased star formation efficiency associated
with spiral arms is not forthcoming (Foyle et al. 2010; Moore et al.
2012; Eden et al. 2015; Ragan et al. 2018). While some attempts
at modelling how the complex bar/spiral morphology of the Milky
Way will impact the star-forming ISM (Michel-Dansac & Wozniak
2004; Dobbs, Bonnell & Pringle 2006; Khoperskov et al. 2018),
none have focused on the role kinematically independent arms and
bars may play.

The goal of this paper is to investigate the locations and dynamics
of the young stellar population of the Galaxy, specifically looking
into how bar and spiral patterns of differing pattern speeds impact
such features. For instance, how reliable is the young stellar popu-
lation as a tracer of Galactic structure in light of such perturbations?
We do so by performing simulations of the ISM embedded in
analytic background potentials. This paper is organized as follows.
Section 2 describes the simulation methodology. Section 3 presents
our results, and Section 4, a discussion in light of modern observa-
tional efforts. In Section 5, a comparison is made between a simple

analytic model and the simulations results, and we conclude in
Section 6.

2 NUMERI CAL SI MULATI ONS

Simulations are performed using the N-body, smoothed particle
hydrodynamics (SPH) code GASOLINE2 (Wadsley, Stadel & Quinn
2004; Wadsley, Keller & Quinn 2017). Gravity is solved using
a binary tree, and the system integrated using a kick–drift–kick
leapfrog. We use 64 neighbours and the standard cubic spline kernel
for all simulations presented here. Adaptive softening lengths were
used for the gas, and fixed gravitational softening lengths (50 pc) for
the stars. The simulations include stellar feedback, star formation,
and ISM cooling process, identical to those used in Pettitt et al.
(2017), i.e. using the blastwave approach and tabulated cooling
tables (Stinson et al. 2006; Shen, Wadsley & Stinson 2010).

We use the same potentials as in Pettitt et al. (2014) to model the
Milky Way system, but using a slightly different gas distribution.
We employ a more standard exponential surface density disc, rather
than the one exactly tailored to the observed Milky Way (lacking
the sharp decrease near the galactic centre). The disc has a mass of
6 × 109 M� with radial and vertical scale lengths of 7 and 0.4 kpc,
respectively. We perform seven different calculations with an initial
gas resolution of 4 million particles (a mass resolution of 1500 M�
per gas particle). While this resolution is clearly insufficient to
resolve individual star-forming events, it still allows the capture of
global trends seen on Galactic scales.

All calculations are subject to an axisymmetric component
disc+bulge + halo, identical to that used in Pettitt et al. (2014).
We perform a number of different simulations including different
non-axisymmetric components. Simulations denoted Br include
a bar potential of Wada & Koda (2001), rotating at a speed of
60 km s−1 kpc−1 with a scale-length of

√
2 kpc. The model BrStr is

a slower and stronger bar, having a pattern speed of 50 km s−1 kpc−1

and a strength increased by a factor of
√

2. Bar potentials such as
this are known to generate arm features from their corotation radius,
which behave as kinematic density waves (Sormani, Binney &
Magorrian 2015a). Simulations denoted Sp include the spiral arms
from Cox & Gómez (2002), with a pitch angle of 15◦ and pattern
speed of 20 km s−1 kpc−1. Sp2 and Sp4 imply a two- and four-
armed spiral component, with BrSp models having both bar and
spiral features active (with different pattern speeds). All non-
axisymmetric components are assumed to rotate as rigid features.
While there is increasing evidence that a more dynamic and transient
spiral structure exists in disc galaxies from both simulations (Pettitt
et al. 2015; Grand et al. 2015) and observations (Meidt, Rand &
Merrifield 2009; Foyle et al. 2011; Choi et al. 2015), we use fixed
potentials for their simplicity and more canonical acceptance in the
literature. We note that the nature of spiral arms is still a topic of
uncertainty (see Dobbs & Baba 2014 for a review), and different
theories have repercussions for disc kinematics (Grand et al. 2015;
Sellwood et al. 2019), radial migration (Sellwood & Binney 2002),
and giant molecular cloud properties (Dobbs, Pringle & Burkert
2012; Baba, Morokuma-Matsui & Saitoh 2017).

We use the smooth start activation of Dehnen (2000) for the spiral
and bar potentials, where the bar and arms are smoothly activated
over 100 and 300 Myr, respectively. No old stellar population is dy-
namically modelled, as they are represented by the rigid background
potentials. Seven simulations are performed: D, Br, BrStr, Sp2, Sp4,
BrSp2, and BrSp4, where D has only the axisymmetric potential.
Fig. 1 shows the locations of the various resonances associated with
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Figure 1. Rotation frequencies for the adopted model. Black lines indicate
the material rotation frequencies; solid is �(R), dashed are � ± κ/4, and
dotted � ± κ/2. The blue and red horizontal lines indicate the pattern speed
of the arms and bar, with vertical lines showing radii of corresponding
resonances (2:1 and 4:1).

the spiral (20 km s−1 kpc−1) and bar (60 km s−1 kpc−1) perturbations
for our choice of rotation curve. These include the corotation
resonance (CR), inner Lindblad (ILR) and outer Lindblad resonance
(OLR). The former is simply where the rotation of the rigid
spiral/bar pattern matches that of the differentially rotating disc:
�p = �gas(RCR). The I/OLR are where the disc material undergoes
one radial oscillation in passing between symmetric features in
the spiral/bar potential. For a bar and two-armed spiral these 2:1
resonances occurs when κ/[�p − �gas(RLR)] = ±2/1, and for a
four-armed spiral (4:1) when κ/[�p − �gas(RLR)] = ±4/1. The
4:1 resonance for twofold symmetric structures is often called
the ultraharmonic resonance. Such radii play important roles in
gas and stellar kinematics. They can act to reflect and dissipate
density waves, act as drivers of angular momentum transfer and
disc heating, and can lead to the formation of secondary arm
branches and other non-linear features (Shu, Milione & Roberts
1973; Goldreich & Tremaine 1978; Contopoulos & Grosbol 1986;
Elmegreen, Elmegreen & Seiden 1989). It is clear there are locations
where resonances are very close to each other (e.g. the spiral inner
4:1 and bar outer 2:1), and these overlapping resonances have been
shown to drive long-term (order of Gyr) migration and non-linear
heating of stellar discs (Minchev & Famaey 2010).

For real external galaxies, there is surprisingly little data for the
radial dependence of the pattern speeds (i.e. tracing pattern speeds
of bars and arms in a single galaxy). Measurements tend to show that
pattern speeds of features decrease with radius (Merrifield, Rand &
Meidt 2006), and that bars and spiral may be dynamically distinct
from the arms (Speights & Rooke 2016). N-body simulations,
however, allow for more definite measurements. Bars tend to be
rotating at some rapid rotation speed that is constant with radius,
which then transitions into lower pattern speed at the arms (Quillen
et al. 2011; Roca-Fàbrega et al. 2013). The transition is fairly smooth
and is often characterized by a breaking and reconnecting between
the arms and bar due to the pattern speed mismatch at the transition
region (Sellwood & Sparke 1988; Grand, Kawata & Cropper 2012;
Baba 2015). The fact we see arms extending from bars in many
galaxies may point to systems where bars are the key dynamical
driver, or that we see epochs where arms and bars have re-connected.
Indeed, there are also systems where arms and bars show no clear-
cut connection, usually in multi-armed, Milky Way-type galaxies
(e.g. UGC 12158, NGC 1232, and M61). We note that spirals in
N-body simulations also often have a radially decaying pattern

speed, with no strong consensus as to whether grand design, single
mode, constant pattern speed arms are maintainable in simulations
(Dobbs & Baba 2014).

Our choice of bar and bulge models means stars/gas are not
very well aligned along the bar major axis itself. However, we are
specifically looking at the mid/outer disc response of the gas and
stars, rather than the orbits within the bar itself. Other models exist
in the literature that can form thinner bars (e.g. Li et al. 2016) but
they also induce very small forcing/torque time-steps on particles
at the bar end, raising an unnecessary computational hindrance for
our study.

3 R ESULTS

3.1 General morphology

The right six panels of Fig. 2 show the top-down gas column density
of all models with bar or spiral potentials. Gas begins to uniformly
cool and collapse shortly after initialization, with new star particles
forming after only a few tens of Myr, which then deposit feedback
energy back into the ISM, excavating cavities in the gas. The spirals
and bars begin to grow as the simulation progresses, with both
having reached maximum strength by 300 Myr. These rotate as
rigid features, so gas flows through the perturbations at a rate that
changes with galactic radius.1

The two spiral models clearly show dense gas tracing the spiral
arm features, with the two-armed model penetrating deeper into
the centre than the four-armed case due to the contraction of the
ILR caused by different azimuthal symmetry between the two. The
weak bar only lightly perturbs the gas disc in the mid/outer regions,
whereas the stronger bar clearly has a greater impact. Both of these
bars create spiral arm-like features in the gas disc, rotating with the
bar potential. The capability of bars to independently drive spiral
arm features has been identified in numerous previous works (Wada
1994; Lindblad & Lindblad 1994). Such spiral features are not
necessarily log-spirals, with the major arms existing approximately
between CR and the OLR, wrapping to a pitch of 0◦ at the latter
(agreeing with both Br and BrStr maps) and forming additional
arms or rings near the ILR (Piñol-Ferrer, Lindblad & Fathi 2012).
Such bar-driven spirals are unique to the gas, with dissipation-free
stars instead exhibiting orbits either parallel or perpendicular with
the bar (Dobbs & Baba 2014). The stellar maps of Fig. 2 exhibit
spiral-like features for Br and BrStr because these are only maps of
young stars (with even the oldest stars only having experienced a
single Galactic rotation), whose orbits are still seeded by that of the
progenitor gas particles.

The mixed models with bars and spiral arms show a more complex
structure, especially in the BrSp2 model. Here, the bar-driven arms
and spiral model overlap over a range of radii, creating additional
arm features due to their mismatching pattern speed. There is a
periodic matching of bar- and spiral-driven arms between the bar
corotation and OLR. BrSp4 is less complex, owing to the four-
armed feature being confined to the outer disc where the bar has little
influence. However, the bar in this model does seem to reinforce
two of the four arms in particular, naturally creating a stronger
arm pair extending from the bar ends and a weaker pair does not.
Similar results were seen in simulations by Bissantz et al. (2003),
who adopted the same pattern speed ratio of 3:1 and see similar

1Movies showing the time evolution of the simulations can be found at:
https://zenodo.org/record/3239994.
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Young stars in the Milky Way 2165

Figure 2. Top-down gas column densities of the six non-axisymmetric models (right) and mock stellar images of the young stellar population (left) after
300 Myr of evolution. The disc with no bar/spiral perturbation is not shown, as the disc structure is axisymmetric on large scales. Models denoted Br and SpN
include bars and spiral arms, where N is the arm number, and BrStr the slower bar.

features in the gas. The features of the four-armed mixed model,
BrSp4, is akin to what has been inferred for the Milky Way’s spiral
arms in the four-armed paradigm, with two out of the four arms
appearing stronger (Drimmel 2000; Churchwell et al. 2009).

It is worth noting that the BrSp2 model displays a four-armed
structure in gas and very young stars, but the old stellar population
(represented here by spiral and bar potentials) only trace a two-
armed morphology. This is because the stellar response to rotating
bars is not believed to drive any arm features, merely orbital families
parallel and perpendicular to the bar, but gas clearly does (Dobbs &
Baba 2014). This is could explain the apparent dichotomy between
two- and four-armed models in the literature, where a strong two-
armed arms are seen emanating from the bar in some studies,
whereas radio surveys tend to see a clearer four-armed structure
(Drimmel & Spergel 2001; Benjamin 2008; Rigby et al. 2016).

Maps of the young stellar material are shown in the left-hand
panels of Fig. 2. The stars tend to trace out the densest regions of
gas relatively well, though show less of the filamentary interarm
features. The star formation histories for each disc are shown in
Fig. 3. While our total star formation rate is somewhat higher than
observed for the Milky Way (Bland-Hawthorn & Gerhard 2016),
we are primarily interested in where stars are forming, not the
absolute rate.2 Each model has effectively the same history, with an
initial onset of star formation as the gas cools from the 1 × 104 K
initial conditions, which progresses at a near constant level for
the remainder of the simulation. The barred models show a slight

2This could easily be fine-tuned via the subgrid physics models, though we
deem this unnecessary for this work.

Figure 3. Total star formation history of each of the simulated discs. The
global star-forming history is effectively the same in all models.

increase once the bar reaches full strength, at around 170 Myr. Even
though models show a strong bar or bisymmetric spiral pattern, they
will form stars at a similar rate.

We note that specific choices of subgrid physics could potentially
impact these aforementioned features. Surprisingly little work has
focused on how such recipes specifically impact specific features
such as bars and spiral arms in the gas, with most simply comparing
results with and without feedback included. Many studies do exist
comparing feedback models in discs (Rosdahl et al. 2017; Smith,
Sijacki & Shen 2018), though they mostly focus instead on the
star-forming potential and resulting scale heights. Preliminary tests
with the feedback model of Keller et al. (2014) did show some
minor differences in gas response, with the main change being
a slight decrease (∼10 per cent) in the total star formation rate
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2166 A. R. Pettitt, S. E. Ragan and Martin C. Smith

Figure 4. Top row: gas density in a number of galactic simulations. Middle row: the divergence of the in-plane gas velocity field, with blue regions indicating
converging gas flows. Bottom row: the locations of young star particles, coloured by age. Arm minima are shown by solid lines, with dashed lines indicating
the mid-point between minima. The rightmost column is an additional snapshot of BrSp2, orientated so the spiral potential is aligned in agreement with the
other panels.

(SFR) systematically across the disc. The calculations from Pettitt
et al. (2014) contain the same potentials used in this study, but
with different subgrid physics (the cooling rates differ, as does the
addition of self-gravity, star formation, and feedback). The smaller
scale features seem most affected by these additions, with the
hydro + cooling only runs of Pettitt et al. (2014) containing much
more small scale bifurcations and branches in the smoother gas disc.
For instance, the Sp2 and simulations in this paper show a clear two-
armed structure, and only a slight indication of branching features
between arms, which are much clearer in the runs of Pettitt et al.
(2014). Being secondary arm features, these seem more sensitive
to disruption by feedback, which dominates the morphology of the
smaller scale ISM. The mixed bar–spiral models also display very
similar morphologies, with the differing pattern speeds giving rise
to time-dependent structures. Our Sp2 and Sp4 models appear very
similar to those of Dobbs, Burkert & Pringle (2011), Dobbs &
Pringle (2013), who utilize the same spiral potential (four- and
two-armed, respectively) but with a different numerical code and
subgrid physics routines. There is a clear need for further work on
the impact of subgrid physics on the detailed gas response to spiral
and bar structures.

3.2 Structures traced by different stellar populations

3.2.1 The distribution of ages at a given instance

The star formation prescription allows us to directly trace where star
formation events occur in our simulations, and due to the potentials
representing the arms and bar, we also know precisely the location

of the potential minima at any given time. In Fig. 4, we show a
zoom-in of gas and young star particles in several simulations. The
top row shows the gas density in a simulations of the axisymmetric
disc, barred and two-armed models. An additional snapshot of the
barred-spiral model is shown 40 Myr prior to the other snapshot, re-
orientated so that the spiral potential is at the same position as the
other panels (spiral minima shown as solid lines, interarm position
as dashed lines). The second row shows the divergence of the in-
plane velocity of the gas particles (∇ · vxy), with a converging
gas flow being a criteria for the star formation prescription. The
bottom row shows the locations of the younger star particles in the
simulation (<50 Myr), colour-coded by their ages.

Star formation in the D model appears uniformly distributed,
though clumpy/filamentary on the smaller scales. The velocity
divergence and gas density are similarly uniform across the disc. The
barred and spiral models have a clear preference for star formation
to be redistributed in non-axisymmetric features. The Br model
gathers gas into arm-like features in the mid-disc, creating ridges of
a converging gas flow that allows for concentrated star formation.
In Sp2, the youngest stellar population is strongly associated with
the spiral arm potential. Most of the blue-coloured particles (those
that have just formed) trace the spiral arms, where the dense gas is
located, which is also well associated with regions of ∇ · vxy<0.
There does remain pockets of star formation off-arm, for instance
the branch lying between the two arms around x = 5 kpc, lying very
near to the dashed lines. Such branches/bifurcations are believed to
be caused by secondary shocking of the gas near the ultraharmonic
(4:1) resonance for sufficiently strong spiral forcing (Shu et al.
1973; Patsis et al. 1994), also showing a very slight overabundance
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Young stars in the Milky Way 2167

Figure 5. The azimuthal position of stars of different ages in all armed simulations at 400 Myr. Azimuthal positions are plotted with respect to the imposed
spiral arm potentials. Each row shows a different radial range: inner, mid, and outer disc in the top, middle, and bottom rows, respectively. On the right-hand
side is the same data collapsed down the azimuth axis as a 1D histogram.

of converging gas flows. In Section 5, we present a more detailed
discussion of the gas morphological response to such perturbing
potentials with a simple analytic model.

The highest concentrations of young stars do not trace the
potential perfectly. The inner disc of Sp2 clearly shows the star
formation front downstream of the spiral potential (see x = 0 kpc
and y = −2 kpc), and slightly upstream in the outer disc (note
corotation lies just beyond the disc edge in these simulations). This
complex relation between the shocked dense gas and spiral minima
has also been observed in previous theoretical studies (Roberts
1969; Shu et al. 1973) and simulations (Gittins & Clarke 2004;
Kim & Kim 2014; Baba, Morokuma-Matsui & Egusa 2015), with
the radial dependence of the mach number playing a key role in
where the downstream–upstream offset transition occurs.

While the locations of stars with respect to the spiral arms is still
relatively unsurprising in Fig. 4, the addition of a bar in the centre
region clearly acts to change the global structure of dense gas. The
addition of the bar to the spiral model acts to alter the locations of
star-forming events. The two epochs of BrSp2 shown here highlight
when the bar-driven spiral arms are midway between the Sp2 arms
(fourth column) and when the are coincident (fifth column). At the
fiducial timeframe,the dense gas is shifted considerably compared
to the spiral minima around x = 4 kpc (also evident by the locations
of low ∇ · vxy and the young stellar population). 40 Myr prior to
this (fifth column) the bar is orientated +90◦ compared to the other
maps, at which point the peak density and young stellar population
lies upstream of the arm located at x = 4 kpc. At this time, both the
converging flow and gas density peak are shifted upstream of the
plots in the fourth column, directly impacting the location of the

youngest stars in the lower panels. Interesting, in both panels the
converging velocity flows trace and unbroken line into the galactic
centre and inner gas disc, with no clear break as the disc evolves,
despite the bar rotating much faster.

A clearer and more complete picture of where the young stars are
with respect to the spiral arms is shown in Fig. 5. Contours indicate
the density of star particles of a particular age at a given azimuth,
which has been phase-shifted so that the bottom of the spiral
potential traces a vertical line (the grey dashed line). Each column
represents a different model that includes the spiral potential, and the
plots are created at the end of the simulations (400 Myr). Each row
is a different radial annulus of the disc. The oldest stellar material
is at the top of each panel, with the youngest stars at the bottom.

Sp2 tells a similar story as shown in Fig. 4, with the younger stars
tracing a much narrower range of azimuth. The inner-disc shows
the clear offset in the young stellar material to be downstream of the
potential well (smaller values of θ ). Several horizontal features here
and in the mid-disc correspond to the small spur-like features in the
younger population (Fig. 5, top left panel, the horizontal patch of
<50 Myr stars emanating from the arm around [π , 3π /2]). In the
outer disc (bottom left panel), the interarm regions also correspond
with the branching features, seen as a low-density feature almost
equidistant between the spiral arms. With the addition of a bar,
there is not a strong difference in the overall structure of these
stellar count maps in Fig. 5, but their location is shifted in azimuth
due to the rotation of the bar acting to pull the stars away from the
spiral minima in the inner disc, drawing it further downstream of
the arm. This effect is time dependent, with the peaks in the stellar
material moving from upstream to downstream, depending on the
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bar orientation (this will be discussed later in this section). The
bar also acts to strengthen the arms in the mid-disc compared to
the unbarred model (contours are of the same levels throughout the
figure).

For the BrSp2 model, there are overdensities along each arm
at nearly regular intervals (in the inner and mid-disc where both
arm and bar features are present). For instance, in the inner-disc
panel, there are blobs at ages of approximately 50, 120, 200, and
280 Myr. The relative rotation frequency between the arms and bars
is 40 km s−1 kpc−1, which corresponds to a relative time offset of
153 Myr, and as the both components are bisymmetric, that means
the bar will pass the an arm every ∼77 Myr, which is approximately
the spacing between these ‘beats’ for BrSp2. That is, small boosts
in the young stellar population are seen to correspond to the overlap
frequency of the arms and bar, corresponding to when the combined
potential minimum is the deepest. The effect is still rather subtle,
but the vertical histograms all particles binned by age do show
alternating peaks in the mid-disc in particular for BrSp2 and BrSp4.

For the four-armed models, the gas response is less clear. For Sp4,
the younger stars trace the spiral potential fairly well, especially in
the outer disc where the gas response is strongest. The youngest stars
also show different offsets compared to the potential well, with the
mid-disc showing an downstream offset and the outer disc showing
a upstream one. The BrSp4 model shows different features. Stellar
material is also bunched closely together, with vacant regions at 180◦

and 360◦, whereas the other interarm regions host more material.
This can also be clearly seen in the top-down map of Fig. 2, where
two minor arms rest on the convex side of the major arms that are
reinforced by the bar, with a wide dearth of stars downstream. There
is seemingly a change in arm number, with the mid-disc showing
a two-arm morphology, branching out into four arms in the outer
disc. As with BrSp2, this appears to be a result of the bar aligning
with two or the arms in particular. The beats alluded to in the BrSp2
model are much harder to see here in the top contours of Fig. 5,
but can be seen in the vertical histogram in the mid-disc panels,
approximately spaced out as they would be expected (now only
∼38 Myr apart due to the fourfold symmetry).

3.2.2 The impact of differing pattern speeds

The existence of a beat frequency that plays a role in star formation
is clear when the SFRs in Fig. 3 are looked at more closely.
Fig. 6 shows the total star formation rate, summer over all radii
and azimuth, for all armed models. Sp2 is shown in the top panel
and Sp4 in the lower, with the unbarred models artificially offset
vertically by 2 M� yr−1 for clarity. Vertical black dashed lines show
the beat frequency, i.e. the times between the spiral- and bar-arms
overlapping, their horizontal zero-point offset simply chosen to
place the first vertical line at a time where an overlap between feature
is seen by-eye (as while we know the bar/arm positions at all times,
the gas response to the bar that generates the supplementary arms is
non-trivial). There is a clear correspondence between the spacings
of the vertical lines and peaks in SFR in the BrSp models that is
not present in the unbarred ones. This becomes less pronounced
with time as the gas disc is depleted, though there are still clear
troughs between peaks at later times (400 Myr is just prior to the
next overlap, and both BrSp2 and BrSp4 are rising).

As the bars appear to drive a time-dependence in the measured
arm locations in young stars, we plot similar data but across multiple
timeframes in Fig. 7. We again show the azimuthal locations of
stars (plotting the fraction of young stars, fyoung, at a given azimuth),

Figure 6. Star formation rate as a function of time for all spiral models,
with ‘beat’ frequencies shown as vertical dashed lines. The unbarred SFR
are offset vertically by 2 M�yr−1 for clarity.

though this time only showing a younger stellar subset, phase shifted
to the arm potential. Each column shows a different armed model,
and each row a different time in the simulation. We define young
stars as those with ages <50 Myr, thus each row in Fig. 7 shows a
different selection of stars (e.g. the 350 Myr row shows stars born
between 350–300 Myr). Blue dotted lines show the minima of the
arm potential. Red dashed lines show the bar orientation with respect
to the spiral arms. This acts as an indicator of the impact of the bar
rotation, but note that arms driven by the bar will clearly not lie along
the red dashed line, instead spanning a range of azimuth as radius
increases, and also being more tightly wrapped than logarithmic
spirals.

The Sp2 and Sp4 models in Fig. 7 show a relatively simple
picture, with young stars distributed evenly around the minima
of the spiral potential. While offsets clearly exist, as shown in
the previous section, they average out over the disc so that star-
forming regions lie uniformly around the potential minimum. The
barred models show additional peaks in the distribution that move
in phase with the bar orientation. For example, in BrSp2, there
are minor peaks that trace the red dashed lines through azimuth
space, and also causing a skew in the distribution of the primary
peaks when they are just off-centre of the spiral minima. This effect
is even clearer in the BrSp4 simulations, where the bar phase is
clearly associated with an additional stellar peak, causing either
a clear bridging of stellar material between arms (e.g. 320 and
400 Myr) or reinforcing the strength of two of the four arms (350
and 310 Myr).

This, as well as the data in Fig. 5, show that an out of phase
bar can clearly create additional arm-like features in the young
stellar population/gas that may not be present in the old stellar
population. It can also cause two out of four arms to appear stronger
when the spiral- and bar-driven arms overlap, as well as create
interarm features between a two-armed spiral density wave. This
is intrinsically tied to a beat-like feature in the star formation rate,
caused by the superposition of arm and bar features.

In Appendix B (available online), we show similar analysis
for combinations of the spiral potential and the stronger, slower
rotating, bar. The trends and features are very similar to those
described above, and are to be expected for any combination of
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Young stars in the Milky Way 2169

Figure 7. Young stars (less than 50 Myr old) at radii >2.5 kpc placed in azimuthal bins phase-shifted such that the x-axis is the offset with respect to the arm
potential. Each row indicates a different time in the simulation (300–400 Myr). The dashed blue vertical lines indicate the arm potential, and the red lines the
bar potential which moves to the left in the rest-frame of the arms due to faster rotation speed.

rigidly rotating bars and spirals with differing pattern speeds such
that the region between their and ILR and OLR overlap.

4 O BSERVATIONA L A NA LOGUES

4.1 Locations of star formation

We will now compare the results of these simulations to observa-
tional diagnostics of Galactic structure and star formation. Fig. 9
shows a 2D histogram of the locations of compact clumps from
the Herschel Infrared GALactic Plane Survey (Hi-GAL) (Molinari

et al. 2010, 2016; Elia et al. 2017), including both star-forming
and quiescent sources. Spiral arms of Hou & Han (2014) are over-
plotted as coloured lines, based on locations of H II regions, where
red is the Norma arm, yellow the Perseus arm, green the Sagittarius-
Carina arm, blue the Scutum-Centaurus arm, and black the local
arm. While the disc is only partially covered (survey extremities
and kinematic distance uncertainties in the Galactic centre limit the
data to 15◦ < |l| < 70◦, excluding shaded regions in the figure), there
is a correspondence between the spiral arms and the locations with
highest counts, but it is by no means a 1:1 tracing. Some caveats
to keep in mind are that uncertainties in positions are of the order

MNRAS 491, 2162–2179 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/491/2/2162/5621508 by H
okkaido U

niversity Library user on 27 M
arch 2020



2170 A. R. Pettitt, S. E. Ragan and Martin C. Smith

of 30 per cent, and the number of nearby clumps is more complete
due to the mass sensitivity and the resolution being poorer for more
distant sources.

The panels of the Fig. 8 show the locations of star formation
within the simulations. For all the results of this section, the Sun
is placed at a distance of 8.5 kpc, and the bar is angled at 45◦ to
the Sun–Galactic centre line. No attempt is made to re-orientate
the arms to similar locations to those seen in the Milky Way, which
would require selecting a specific time period in the simulation with
a specific bar–arm offset, and so results are not expected to perfectly
reproduce Galactic features. Star-forming regions are defined as
those harbouring star particles younger than 50 Myr. Overplotted
are the positions of the spiral arm and bar potentials. The locations
of high counts are clearly correlated to the arm potentials when
present. For the D model, the star formation is effectively uniform
across the disc, and in Br/BrStr there is a clear alignment along the
bar-driven arms. The Sp4 model has a fairly clear-cut structure, with
inter-arm star formation becoming more prevalent within the ILR at
∼7 kpc (though still mainly concentrated along arms until the inner
2:1 resonance at around 3 kpc). The Sp2 model has a considerable
amount of interarm structure, with well-defined branches that lie
between the primary spiral arms. There are also hints of star-
forming regions tracing out spur/feather features in the inner disc.
For instance, at around (4, −2) kpc and there are clear spurs pointing
near-perpendicular to the arms. Such star-forming spurs are seen in
other disc galaxies, most noticeably in M51, where Schinnerer et al.
(2017) show that multiple tracers of star formation are concentrated
in patches in the spurs of the arms.

As the relative orientation of the arms and bars is time-dependent
in the BrSp models, we show the star-forming regions at two dif-
ferent timeframes; 400 and 350 Myr. Looking at the BrSp2 models
there are clear differences between the two timeframes. While there
are interarm star-forming regions in both cases, their location with
respect to the spiral arms is different. At 400 Myr, the interarm
material is concentrated on the concave side of the spiral (upstream
of the arm), whereas at 350 Myr, it is primarily on the convex side
(downstream of the arm). The 350 Myr timeframe displays no clear
interarm branch (as seen in BrSp2 and Sp2 at 400 Myr), as the bar
has effectively swept it into the primary spiral arms. The BrSp4
model shows less differences to the Sp4 model, which is to be
expected as the main resonant features of the four-armed potential
are at larger radii compared to Sp2. Note that Fig. 7 implies that
while 350 and 300 Myr snapshots do have a different arm-bar phase
offset, this should be a maximum at 370 Myr. While we do not show
the map here, it clearly shows spiral arm features not associated with
the m = 2 potential, as seen in the bottom left of Fig. 2.

There is a particular feature of note in the BrSp4 model at
400 Myr. Looking at the star formation in the mid-disc around x =
±5 kpc and y = ∓2 kpc, two of the arms have very little associated
star formation. This is mirrored in the Hi-GAL data, where is a
dearth of star formation in the Norma arm (red) at (− 5, 2) kpc,
though the feature is not as clear in the Sagittarius-Carina arm
(green), though this does lie behind the bar end in the partial shadow
of the Galactic centre. Star-forming regions near this location in the
simulation are instead located in the interarm region rather than
tracing the arms themselves, joining as a branch to the next arm.
This is similarly seen in the Hi-GAL data between the Norma (red)
and Scutum-Crux arm (blue). At this radii in the simulation the
gas response to the four-armed potential is fairly weak (see the
Sp4 map), and so the bar response is what is driving the flow of
gas, which is causing these arm sections to ‘peel away’ from the
underlying spiral potential.

To re-cast this data into a more observable-like manner, we
plot the line-of-sight distribution of star formation regions in our
simulations in Fig. 10. This figure shows locations of young star
particles (those with ages <50 Myr) binned by Galactic longitude
as viewed from the Sun’s location, taken to be y = 8.5 kpc. Data
are binned by fSF: the ratio of mass in young stars divided by
gas mass along a given line of sight. The data are shown for
each model at 370 Myr, chosen for when the bar is orientated
45◦ to the Sun–Galactic centre line and spiral arms lie in regions
approximately corresponding to their measured locations. This bar
angle is suggested by some works (Green et al. 2011), though a
somewhat larger angle than suggested by others (Bland-Hawthorn &
Gerhard 2016). However, out goal here is to show the impact of the
bar–spiral combination, rather than match the observed morphology
exactly. In the right-hand column, a top-down schematic view of
the galaxy is shown, with the Sun shown as the black cross, and the
Galactic centre as the black circle. Spiral arms and bars are indicated
by coloured lines, with their orientation corresponding with the
vertical lines in the left-hand panels. Dotted lines indicate the spiral
arm tangents, which are often used as observational tracers of spiral
arms (Drimmel 2000; Steiman-Cameron, Wolfire & Hollenbach
2010), and these tangencies are overplotted on the count maps in
the left-hand column.

These maps show a general agreement for peaks corresponding
to the spiral arm tangencies, though there is significant noise in the
interarm regions. For instance, in Sp2, the arm tangencies for |l|
< 20◦ seem on the same level as what is seen in the axisymmetric
mode (D). There are a few regions where the peaks are offset from
the spiral arms, such as the arm near −75◦ in each spiral arm model.
This generally agrees with what is seen in the previous figures; that
star-forming regions are not necessarily exactly coincident with arm
potential minima.

The impact of the bar can clearly be seen in Br and BrStr models,
with clear peaks corresponding to bar-driven arms in fSF. These
features are much clearer in BrStr than Br. The stronger bar also
shows an overdensity at l = 30◦ which is not seen at l = −30◦,
resulting from looking along the tangency of an arm beginning at
the bar end in the first quadrant (see Fig. 2). While such bar-driven
arms may be visible in observations, they would be identical to
anything driven by spiral arm features. The inner tangencies of
BrSp2 appear stronger than their its unbarred counterpart (||l <

30◦). At this epoch, the bar-driven arms are coincident with the
inner spiral arms of Sp2, but wind up faster at outer radii and so
have less of an impact on the outer tangencies. See Section 5 for a
more in depth look at the different arm types.

In Fig. 11, we show the luminosity-to-mass ratio of compact
clumps in the Hi-GAL survey, as presented in Ragan et al. (2018),
which serves as an observational analogue to the data in Fig. 10.
Peaks are loosely correlated to the location of supposed spiral arm
tangents (e.g. Norma near −30◦ and Scutum near +30◦), though
some arms such as Sagittarius (l ≈ 50◦) are either strongly displaced
to the tangent locations measured in other tracers, or non-existent.
In the simulated data we also see several instances of peaks in fSF

displaced from the arm minima (a proxy for old stellar tracers),
especially at |l| ≥ 45◦ (e.g. BrSp4 near l ≈ 55◦).

We collapse this data down further by looking at star formation as
a function of Galactocentric radius in Fig. 12, calculated in annuli
of 0.2 kpc width. Each panel shows a different model, with the
locations of the various resonances caused by the arms and bar as
vertical lines. The barred models both exhibit clear peaks in star
formation, loosely associated with the 2:1 and 1:1 resonances (ILR
and CR in particular), while 4:1 features are nearly non-existent. The
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Figure 8. Binned star formation events in the simulated galaxies. Simulation data are simply binned locations of young (<50 Myr) star particles. If all star
particles have approximately the mean stellar particle mass (1400 M�) then a conversion factor for our cell size of (0.26 kpc)2 is 4 × 10−4 M� kpc−2 yr−1 that
will convert counts into a �SFR. Each galaxy is shown at 400 Myr, and the mixed spiral–bar models are shown at an additional time-stamp of 350 Myr. Red
lines indicate the minimum of the spiral potential, and the grey ellipse the orientation of the inner bar. The star symbol corresponds to the Solar position.

Figure 9. Star-forming regions from the Hi-GAL survey, with coloured
spiral arms from Hou & Han (2014). Shaded regions show exclusion region
of the survey.

particularly strong peak just beyond the OLR is where the bar-driven
arms wind up completely into a circular pattern (see Fig. 2). BrStr
displays similar but stronger features, shifted outwards in radius
due to the slower pattern speed. The Sp2 and Sp4 models have
their CR and OLR resonances beyond the simulated domain, but
the inner 2:1 and 4:1 resonances show mild increased star formation

activity (clearer in Sp2 than Sp4). The ILR in particular does seem
to correspond to a broad maxima (2:1 dotted–dashed line in Sp2,
and 4:1 dotted line in Sp4). The BrSp models are shown at two
different timeframes, as the bar-arm phase offset is time dependent.
The BrSp4 model shows peaks in star formation at radii similar
to a simple superposition of Sp4 and Br, perhaps not surprising
as the ILR of the arms lies beyond the bar OLR. BrSp2 shows an
interesting differences between timeframes, seen clearest around
3 kpc. At 400 Myr, the arms and bar are quite distinct (similar to
the maps in Figs 2 and 8), while at 350 Myr the bar-driven arms
and spiral potential arms are coincident, with the only spiral arms
appearing to join to the bar end. This creates a strong density contrast
in the gas compared to the interarm region, spurring on additional
star formation. This effect may also be enhanced by the overlapping
resonances where the arm ILR (2:1) lies close to both the CR and
4:1 resonance of the bar.

The distribution of star formation with Galactocentric radius for
the BrSp models in Fig. 12 shows small-scale variations in star
formation rate in the mid-disc, not dissimilar to data from obser-
vations. Distances to Galactic star-forming sources are generally
hard to find, though measurements for �SFR (Kennicutt & Evans
2012) and the distribution of giant molecular clouds (Roman-Duval
et al. 2010) both show gradually decreasing trends with R, with no
clear small-scale variations due to the relatively large uncertainties
(seen also in external galaxies: González Delgado et al. 2016). As
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Figure 10. Left: ratio of the amount of young stars (ages <50 Myr) verses gas as function of longitude in 7 different Milky Way simulations. Arm tangents
are plotted in each panel where applicable. Right: top-down maps displaying the position of the non-axisymmetric features in the old stellar population that
drives gas overdensities, with arm tangents plotted using the same colour scheme as the plots on the left. Dotted histograms show the data from the D model
in each other panel. The Sun is placed at a distance of 8.5 kpc, and the bar is angled at 45◦.

a specific example, Fig. 13 shows the luminosity to mass ratio of
compact Hi-GAL clumps data of binned by Galactocentric radius
(see also Ragan et al. 2016). The data does exhibit small scale
undulations in 4 kpc < R < 8 kpc range, but they do not stray

far outside the error margins, being equally consistent with a flat
distribution. The enhanced Lbol/Mtot around RGC ∼ 7–8 kpc appears
genuine, corresponding mainly to the tangents of the outer spiral
arm (Sagittarius and Centaurus).
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Figure 11. Azimuthally binned luminosity (Lbol) to mass ratio for Hi-GAL
sources along difference lines of sight in the inner Galaxy. Data are binned
into equally populated bins, rather than equal sized ones. See Ragan et al.
(2018) for further details. Shaded regions denote those outside the survey
area. The tangencies for Sagittarius, Scutum, 3 kpc (near), Perseus, Norma,
and Centaurus arms from Hou & Han (2015) are plotted as dashed vertical
lines.

4.2 Gaia DR2 comparison

The release of Gaia DR2 brings with it excellent prospects for
comparing models to Galactic structure (Gaia Collaboration et al.
2016, 2018a). Some of of the most striking visual results are the
maps of the velocity fields of the stars in polar coordinates, as
first shown in Gaia Collaboration et al. (2018c). We reproduce
similar maps in Fig. 14 from the Gaia DR2 data set, with a sample
selection defined in Appendix A. The left-hand panel shows the
median radial velocity; VR, centred about 0 km s−1, and the right
the azimuthal velocity, Vφ , centred about the circular velocity at
the Solar position (≈228 km s−1). In each panel, there are clear
departures from uniform circular motion, which can be interpreted
as the effect of non-axisymmetric perturbations such as arms
and bars.

We present similar velocity field maps for models Sp2, Sp4, Br,
BrSp2, and BrSp4 in Figs 15–19, respectively, constructed after
400 Myr of evolution. All stars in the simulation are used, but
we remind the reader this only corresponds to the young stellar
population due to the lack of a live stellar disc. Stars in the simulation
are binned into a Cartesian grid of resolution 200 pc, and the median
of the velocity distribution in question is calculated. Minima of
spiral potentials are shown as grey lines, and dashed lines show
mid-point between arms in Sp2 models. Non-axisymmetric features
clearly show up in each of the simulated discs, highlighting the
locations of arm and bar features. There also seems to be a similar
correlation between features seen in Vφ and Vr space in each of the
plots, with arm features appearing in both maps. Looking at the
Sp2 plot as an example, there are clear relations between ridges
in velocity space and the arm minima, consistent with the standard
density-wave-like model of steadily rotation spiral arms (Lin & Shu
1964; Roberts 1969). That is: the minimum of Vr is associated with
the potential minimum, whereas Vφ experiences a strong turning
point. These patterns are different to those seen in transient/dynamic
spiral arm models (see Baba et al. 2016 for a comparison between
the two arm models, in particular their fig. 4).

All the models have been rotated to the same orientation as Sp2, to
allow for comparison between models. This orientation was chosen
as the one where Sp2 was the closest match to the data, which also
lines up the spiral minima with the model arms plotted in fig. 19
of Gaia Collaboration et al. (2018c) using the two-armed model of
Drimmel (2000). Maps apart from that of Sp2 serve to illustrate
the differences between each model, and have not been specifically
chosen to be a good match to the data. At this time, the bar is
oriented at 26◦ to the Sun–Galactic centre line.

Figure 12. Radial distribution of star formation (traced by star particles
with ages <50 Myr) as a function of radius for models with imposed bar/arm
potentials. �SFR is evaluated in annuli of fixed width. The resonant radii
shown in Fig. 1 are plotted as vertical lines (blue for spiral and red for bar).
Solid is corotation, dotted the 4:1, and dotted–dashed the 2:1 resonance.
Models are shown at 400 Myr of evolution, with an extra 350 Myr timeframe
for the barred-spiral models.

Arm features seen in the Sp4 model appear weakest out of all
the models shown, with breadths of arms appearing considerably
weaker (and less similar to the Gaia data). Top-down views of this
model resemble a multi-armed or even flocculent disc such as M101,
which gives credence to the picture that the Milky Way has a clear
grand design structure with only a few, well-defined, arm features.
The addition of the rapidly moving bar (BrSp4) does alleviate this
somewhat; allowing for the creation of stronger arm features in
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2174 A. R. Pettitt, S. E. Ragan and Martin C. Smith

Figure 13. The same data as Fig. 11 binned into bins of equal population
in Galactocentric radius. The shaded region indicates the radial limits of the
survey.

Figure 14. Median stellar radial velocity (left) and azimuthal velocity
(right) fields from Gaia DR2. The sample selection is described in Ap-
pendix A.

Figure 15. Stellar velocity maps for the Sp2 model after 400 Myr of
evolution. Solid line shows potential minimum, and dashed lines the mid-
point between minima.

velocity space. The Sp2 model creates some clear velocity features
of similar size to the Gaia data, with some timeframes in particular
showing a very clear match to either the Vφ or Vr data. However;
reproducing both velocity fields proved difficult, as is evident from
Fig. 15 where the azimuthal velocity is decently reproduced but
the radial match is poorer. Though this may simply be due to
some global factor such as pitch angle being incompatible with
this particular arm.

Adding a bar certainly alters the features, either creating weak
interarm patterns or reinforcing the velocity perturbation around the
arms. However, as the effect of the bar in this region is second order

Figure 16. As Fig. 15, but for Sp4.

Figure 17. As Fig. 15, but for Br.

Figure 18. As Fig. 15, but for BrSp2.

Figure 19. As Fig. 15, but for BrSp4.
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Figure 20. Additional velocity fields for the Br model (top) and BrSp2
(middle), but rotated by 90◦ compared to Fig. 17, giving a much better
agreement with the Gaia DR2 maps. The map of BrStr that best appeared
to represent the DR2 data is shown in the bottom panel.

compared to the arms, this is not enough to match the patterns seen
in the Gaia data. The bar model alone recreates reasonably good
radial features in other timeframes (see Fig. 20), but the azimuthal
ones appear quite weak in comparison, indicating the need of some
arm component to drive non-axisymmetric orbits in the mid/outer
disc, with the gaseous response to the bar in this region simply not
enough to perturb the velocity field. Note however that a slower bar
model will result in a more radially extended gas response, which
would drive clearer structures in the outer edges of the disc than
seen here. The combination of bar and spiral features appears to be a
simple superpostion of velocity fields. For instance, Sp2 clearly has
the X = 7 kpc high radial velocity component reduced significantly
by the Br contribution in the BrSp2 model, while the azimuthal
component has been enhanced at the same location due to the Br
and Sp2 models both having strong positive components. Recall the
arms driven by the bar are not log-spiral in shape, so their relative
Vr and Vφ response is different to that of the arms.

We highlight to the reader that we are not insinuating that the
barred-spiral paradigm is unfavourable to the data, merely that the
interplay between these features can strongly impact the observed
velocity distribution (at least in the younger stellar population). In
order to discern the true validity of structure models a full parameter
sweep through different arm and bar morphologies and evolution
epochs would be needed as well as an inclusion of the older stars
to consistently compare, which is outside the breadth of this study.
To illustrate this point we shown additional maps of Br and BrSp2
in Fig. 20 (top and middle panels), at a different orientation to that
shown in Fig. 17 so that features better match the Gaia maps, rather
than simply being selected at the orientation Sp2 gave a good match.
The maps in this figure reproduce the broad features well, though
the bar is now angled angled at 110◦. It may simply be that the
pattern speed adopted here is not conducive to exactly matching all
of such features, at least in the young stars. The bottom panel shows
map of BrStr, rotated to give the best agreement with the DR2 data.
While the bar end still lies in the first quadrant (angled at 82◦), it
creates features in Vφ and Vr space that are seemingly incompatible
with the Gaia data, with the azimuthal peak in velocity being closer
to the Galactic centre than the radial one. This difference compared
to Br is due to the slower pattern speed and resulting different radial
response of the disc, so that the solar position lies very much deep
within the bar-driven arm, while for Br, it is closer to the region
where the arms are wrapping up (this is also why features appear
narrower in velocity compared to those in Br).

There are quite large ranges in the binned velocities compared
to the observed data. This overheating of young stars can be due to
a number of reasons. The spiral potential used may be too strong,
introducing too large streaming motions in R and φ. Additionally,
just picking up on the young stars mean their velocities track the gas
(due to the nature of the star particles spawning from gas particles
directly), which has significantly more turbulent motion than the
stars, despite being kinematically colder than using an older stellar
population. i.e. velocities are inherited from spiral shocks around
the arm, and are influenced by nearby supernova events and cloud–
cloud interactions. Similar maps were made from the live stellar
disc simulations from Pettitt et al. (2017), which showed a much
lower variance in the mean velocities when including an inherent
‘old’ stellar population, more in line with Gaia data. Similarly, the
lack of an old population meant that attempts to measure velocity
dispersions suffered from low counts in some outer bins, and would
thus require a simulation with a resolved stellar component across
the entire age spectrum to properly compare. We attempted to create
similar maps of the observed stellar distribution only using a young
stellar population, but sources with known ages were too few to
garner meaningful velocity maps.

A number of recent studies have investigated the various in-
fluences on the velocity distribution in Gaia-sized fields with
numerical simulations. Grand et al. (2015) performed a numerical
study of numerous different spiral arm models with live N-body
discs. They find that velocity fields can be highly sensitive to the
nature of spiral arms, be they bar driven, density wave-like, or
seeded by disc instabilities. In Laporte et al. (2019), the authors
use N-body simulations of a Milky Way-type disc and the inter-
action with the infalling Sagittarius-like dwarf galaxy, producing
a remarkable correspondence to the Gaia DR2 velocity maps (see
also Bland-Hawthorn et al. 2019). Though the maximum velocity
variations are nearly double what is seen in the DR2 data, similar to
our maps.

Preliminary efforts were made to explore the young stellar
kinematics in greater detail, such as examining features in the
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UV velocity plane (Dehnen 1998; Antoja et al. 2010) and orien-
tation of the stellar velocity ellipsoid (Dehnen & Binney 1998;
Smith, Whiteoak & Evans 2012). However, our gas resolution
and limitation to the young stellar population posed too strong
restrictions on number of stars in the solar neighbourhood for
reliable measurements, especially exterior to the Solar radius. Such
features will be the subject of a future study.

5 A NA LY T I C M O D E L C O M PA R I S O N

We can use simple analytic models to illustrate the effect of bars
and spiral on the ISM, as shown in this study. Such models have
been presented in Lindblad & Lindblad (1994) and Wada (1994),
where the authors use the epicyclic approximation to study orbits
of packets of gas subject some non-axisymmetric background
perturbation. The dissipative nature of the gas is included via a
damping/friction term in the equations of motion, which perturb
the motion of gas particles in the frame of the perturbation by r =
r0 + ξ and θ = θ0 + (� + �p)t + η/r0, where r0 and θ0 are the
undamped orbital solutions. While the magnitude of the damping
term (i.e. damping frequency, λ) is a somewhat free parameter, it
is often chosen to be a number close to the pattern speed. These
approaches suffer from a singularity at CR, which was addressed by
Piñol-Ferrer et al. (2012, hereafter PF2012) through the inclusion
of an additional softening factor. Such models have been used in
the past to constrain bar properties in external galaxies (Sakamoto
et al. 1999; Piñol-Ferrer et al. 2014) as well as the bar and spiral
features of the Milky Way (Sormani et al. 2015a; Sakai et al. 2015;
Honma, Nagayama & Sakai 2015).

We follow the approach of PF2012 altered to include our
specific axisymmetric potentials, bars, and spiral arm features. The
dispersion is chosen to scale with the epicycle frequency, λ = κ ,
by a factor  = 0.1, following Wada (1994) and Sakamoto et al.
(1999), rather than in PF2012 where the authors use a seemingly
arbitrary linear scaling law or constant value throughout the disc.
The CR softening frequency, ε, is a free parameter that we take to
be κ/5 for the bars and κ/2 for the arms, values that appeared to
reproduce the structures in the simulations while avoiding orbital
crossings. The density perturbation is calculated via the continuity
equation, as in PF2012. While the quantitative results will change
for different choices of  and ε, the morphological features are
rather robust to changes in these values.

We show the orbital families and overdensities for our Sp2, Sp4,
Br, and BrStr potentials in Fig. 21. Several of the resonances are
overplotted as coloured circles. The resemblance between these
maps and the gas density in Fig. 2 is quite remarkable. Sp2 and
Sp4 have radial extent of the gas overdensity near identical to that
of the simulation, with Sp2 extending to smaller radii than Sp4.
Branches are clearly present in the Sp2 density maps, a feature
that has been in several past simulations, including Chakrabarti,
Laughlin & Shu (2003), Martos et al. (2004), and Pettitt et al.
(2014), each implementing a different spiral potential model. These
branches are faintly present in our simulations, appearing clearest
in the young stars (Figs 4 and 8). The response to the bar is similar
to what has been shown in other studies, (Wada 1994; Lindblad &
Lindblad 1994), with the steady phase shift in gas orbits between
the ILR and OLR manifesting as a kind of spiral pattern. With
the slower, stronger bar the resonances extend to larger radii, with
both bar maps showing excellent agreement with the simulated gas
density.

As a basic illustration of the time-dependent interplay between
these features, we combine the density perturbations shown in

Figure 21. A selection of orbital families (left) and the resulting density
perturbation (right) for the four different non-axisymmetric potentials
considered in this work. The green dashed circle denotes CR. Blue inner
and outer circles are the inner 2:1 and 4:1 resonances respectively, and the
red inner and outer circles are the outer 4:1 and 2:1 resonances, respectively.
The bars are orientated vertically.

Fig. 21, with the appropriate time-dependent phase offset, in Fig. 22.
Maps of the combined density perturbation are shown in the frame
of the spiral pattern. The bar rotates faster than the spiral, as seen
in the time-series in the top row. The second and third rows show
the BrSp2 and BrSp4 combinations, respectively. The impact of
the different pattern speeds is clearly seen by comparing features
between timeframes. As the bar rotates in BrSp2, it enhances either
the primary spiral pattern (as seen at 50 Myr) or enhances the
interarm branches of the two-armed spiral, creating a four-armed
morphology. This agrees with what is seen in the simulations in
this study. For BrSp4 the bar pattern creates an alternation in the
strength of a pair of the arms, also similar to what is seen in
the simulations. This is clearest in the lower left quadrant, with
the arm around (− 5, −5) kpc changing in strength as the bar
passes by.
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Figure 22. Analytic model of the perturbation from the bar added to that of the different spiral models. Each row indicates a different model, and each column
a different time, which in turn determines the arm-bar phase offset.

6 C O N C L U S I O N S

We have performed simulations of gas embedded in background
potentials representing possible morphologies of the Milky Way
galaxy, with the aim of investigating the influence of arm and bar
feature on the star-forming ISM. Spiral arms and bars are clearly
dominating features in moulding the star-forming ISM, with young
stellar material strongly associated with the arm and bar features.
The star-forming regions are not uniformly coincident with the
bottom of the spiral arms, showing offsets that vary as a function
of radius, similar to what has been seen in previous works that
have studied the location of shocked gas with respect to arms (e.g.
Gittins & Clarke 2004; Baba et al. 2015). The inclusion of an inner
bar moving at a higher pattern speed than the arms (as is expected
in the Milky Way) acts to disrupt the locations of star formation
from what is seen using just arm potentials. This is especially
prominent for the two-armed models, where there is significant
arm/bar resonance overlap. The faster bar can have a direct impact
on the secondary features, such as locations on interarm spurs and
arm branches. There is a mild beat-like frequency observed in the
star formation due to the overlap between the bars and arms in both
two- and four-armed models. These could explain the dichotomy
between major and minor spiral arms seen in different tracers in
the Milky May discussed in the literature (Drimmel & Spergel
2001; Benjamin 2008), where the major arms are observed at an
epoch where the spiral arm and bar-driven features overlap. Such
patterns would not be expected in short-lived transient arm features,
as individual spiral patterns would wind up on time-scales similar
to the bar rotation (e.g. Grand et al. 2012).

Top-down maps of the locations of star formation show a variety
of features in the interarm regions, as well as a lack of 1:1 tracing
of arms in a few instances, with the morphology again being a
function of the position of the bar relative to the arms due to
the differing pattern speeds. Comparison to several observational
analogues shows similar features, such as a lack of star formation
in the Norma arm in the fourth quadrant. Spiral arm tangencies
are well traced by the young stars in the outer disc, though the
inner disc is somewhat more ambiguous, especially in the four-
arm models. The bar can act to strengthen arm features in the
inner disc, making some tangencies more pronounced (e.g. l = 20◦

tangent in Sp2 and BrSp2), though also diminishing the strength of
others depending on the exact orientation of the bar with respect to
the arms.

Analogues to the recent Gaia DR2 velocity maps were con-
structed, though with the caveat of being confined to the young
stellar population. Spiral arms clearly show up in both azimuthal
and tangential velocities, and once again the bar can act to alter
the features considerably. While we do not attempt to fit to the
DR2 maps or perform a parameter sweep, the simulated maps show
promising reproductions of features seen in the data for both barred
and unbarred discs. The four-armed models show quite a poor match
to the data, with features that are too thin compared to the observed
maps, and too many velocity minima in the Gaia field. The Gaia
data clearly hold excellent potential for constraining the arm and
bar morphology, highlighting the continued need for simulations,
especially those that can additionally constrain the gas distribution
and star-forming properties of the Galaxy.
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Cox D. P., Gómez G. C., 2002, ApJS, 142, 261
Dame T. M., Hartmann D., Thaddeus P., 2001, ApJ, 547, 792

De Silva G. M. et al., 2015, MNRAS, 449, 2604
Dehnen W., 1998, AJ, 115, 2384
Dehnen W., 2000, AJ, 119, 800
Dehnen W., Binney J. J., 1998, MNRAS, 298, 387
Dobbs C., Baba J., 2014, PASA, 31, 35
Dobbs C. L., Pringle J. E., 2013, MNRAS, 432, 653
Dobbs C. L., Bonnell I. A., Pringle J. E., 2006, MNRAS, 371, 1663
Dobbs C. L., Burkert A., Pringle J. E., 2011, MNRAS, 417, 1318
Dobbs C. L., Pringle J. E., Burkert A., 2012, MNRAS, 425, 2157
Drimmel R., 2000, A&A, 358, L13
Drimmel R., Spergel D. N., 2001, ApJ, 556, 181
Eden D. J., Moore T. J. T., Urquhart J. S., Elia D., Plume R., Rigby A. J.,

Thompson M. A., 2015, MNRAS, 452, 289
Egusa F., Mentuch Cooper E., Koda J., Baba J., 2017, MNRAS, 465, 460
Elia D. et al., 2017, MNRAS, 471, 100
Elmegreen B. G., Elmegreen D. M., Seiden P. E., 1989, ApJ, 343, 602
Englmaier P., Gerhard O., 1999, MNRAS, 304, 512
Evans D. W. et al., 2018, A&A, 616, A4
Font J. et al., 2017, ApJ, 835, 279
Font J., Beckman J. E., James P. A., Patsis P. A., 2019, MNRAS, 482,

5362
Foyle K., Rix H.-W., Walter F., Leroy A. K., 2010, ApJ, 725, 534
Foyle K., Rix H.-W., Dobbs C. L., Leroy A. K., Walter F., 2011, ApJ, 735,

101
Fux R., 1999, A&A, 345, 787
Gaia Collaboration et al., 2016, A&A, 595, A1
Gaia Collaboration et al., 2018a, A&A, 616, A1
Gaia Collaboration et al., 2018b, A&A, 616, A10
Gaia Collaboration et al., 2018c, A&A, 616, A11
Garcı́a P., Bronfman L., Nyman L.-Å., Dame T. M., Luna A., 2014, ApJS,

212, 2
Georgelin Y. M., Georgelin Y. P., 1976, A&A, 49, 57
Gerhard O., 2011, Mem. Soc. Astron. Ital. Suppl., 18, 185
Ghosh S., Jog C. J., 2016, MNRAS, 459, 4057
Gittins D. M., Clarke C. J., 2004, MNRAS, 349, 909
Goldreich P., Tremaine S., 1978, ApJ, 222, 850
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Appendix B. Arms and a stronger bar.
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content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.

APPENDI X A : GAIA DR2 SELECTI ON

We select stars with full 6D velocity information, vetting by spurious
velocities as recommended in Boubert et al. (2019). Sources are re-
stricted to those with relative parallax errors better than 20 per cent,
must have at least five transits to compute the radial velocity, and
exclude sources with bright neighbours within 6.4 arcsec (70 365
sources). Sources with Renormalized Unit Weight Error greater
than 1.4 were discarded, and magnitudes were corrected following
Evans et al. (2018) and Maı́z Apellániz & Weiler (2018). A giant
subsample was selected to highlight large scale structure, using the
same colour–magnitude selection as used in Laporte et al. (2019).
The in-plane velocity maps were then made by selecting sources
within ±200 pc of the mid-plane, resulting in a sample of 861 259
sources. The ASTROPY package was used to convert to a galacto-
centric coordinate system (Astropy Collaboration et al. 2013, 2018).
This sample selection and vetting was heavily based on the ‘gold
sample’ created by A. Brown at the 2019 Santa Barabra Gaia Sprint:
https://github.com/agabrown/gaiadr2-6dgold-example.

The resulting sample successfully re-creates familiar plots from
the Gaia DR2 literature, and produces top-down velocity maps
with near identical to those of Gaia Collaboration et al. (2018c)
and Laporte et al. (2019), despite the latter using the improved
parallaxes of Bailer-Jones et al. (2018).

We additionally attempted to construct maps using only a younger
stellar population of DR2 stars, defined by applying a colour cut-off
of GBP − GRP < 0.5 to pull out only OBA stars (as indicated in Gaia
Collaboration et al. 2018b). This only returned 21 454 sources,
before any latitude vetting, and most of which were confined to
1 kpc from the Solar position, making this subselection unsuitable
for the task of comparing large-scale galactic structure.
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