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ABSTRACT

This Letter studies the formation of azimuthal metallicity variations in the disks of spiral galaxies in the absence of initial radial
metallicity gradients. Using high-resolution N-body simulations, we model composite stellar discs, made of kinematically cold and
hot stellar populations, and study their response to spiral arm perturbations. We find that, as expected, disk populations with different
kinematics respond differently to a spiral perturbation, with the tendency for dynamically cooler populations to show a larger fractional
contribution to spiral arms than dynamically hotter populations. By assuming a relation between kinematics and metallicity, namely
the hotter the population, the more metal-poor it is, this differential response to the spiral arm perturbations naturally leads to azimuthal
variations in the mean metallicity of stars in the simulated disk. Thus, azimuthal variations in the mean metallicity of stars across a
spiral galaxy are not necessarily a consequence of the reshaping, by radial migration, of an initial radial metallicity gradient. They
indeed arise naturally also in stellar disks which have initially only a negative vertical metallicity gradient.

Key words. galaxies: evolution – galaxies: kinematics and dynamics – galaxies: structure

1. Introduction

The physical origin of spiral arms in disk galaxies is a classi-
cal problem of galactic astronomy (Shu 2016). Spiral structures
can be interpreted as stationary discrete density waves (Lin &
Shu 1964; Bertin et al. 1977; Lau & Bertin 1978; Bertin & Lin
1996, and references therein). Some studies, using N-body sim-
ulations, have pointed out that spiral arms in pure stellar disks
are short-lived structures (e.g., Sellwood 2011; Baba et al. 2013),
but the increase in numerical resolution (e.g., Fujii et al. 2011;
D’Onghia et al. 2013) or the modeling of multicomponent stellar-
gaseous disks (Orlova et al. 2002; Khoperskov et al. 2012; Ghosh
& Jog 2015) have demonstrated that spiral waves can maintain
their morphological structure for a longer time. Independently of
their nature, spiral structures are seen in all disk components of
late-type galaxies (see, e.g., Rix & Zaritsky 1995; Eskridge et al.
2002) where they appear as azimuthal variations in the baryonic
density distribution.

Spiral arms in a stellar component can stimulate the forma-
tion of molecular clouds (e.g., Bonnell et al. 2006) and enhance
star formation (e.g., Bigiel et al. 2008). Spirals can also induce
radial migration of stars (Sellwood & Binney 2002). Hence
their presence in a galaxy disk can generate differences in the
mean chemical composition of stars in the arm and inter-arm
regions. The existence of azimuthal variations in the chemical
composition of stars has been well established by observations
of different external spiral galaxies (e.g., Davies et al. 2009; Li
et al. 2013; Ho et al. 2017; Vogt et al. 2017; Sánchez-Menguiano
et al. 2018). In the Milky Way disk, the detection of azimuthal
metallicity patterns has become possible quite recently through
large spectroscopic surveys. For instance, analyzing RAVE data,

Antoja et al. (2017) detected asymmetric metallicity patterns for
a sample of stars in a cylinder of 0.5 kpc radius from the Sun.
Using APOGEE red clump stars, Bovy et al. (2014) quantified
the strength of azimuthal variations in the median metallicity
of stars at few kiloparsec from the Sun to be on the order of
0.02 dex. Davies et al. (2009) reported strong (0.4 dex) azimuthal
gradients for O, Mg, and Si by combining data from HII regions,
Cepheids, B stars and red supergiant stars in the inner disk in a
region that might be associated with the end of the Milky Way
bar. These trends are usually interpreted to be due to the orbital
effects of the Galactic bar and to the radial metallicity gradients
in the disk.

Despite recent observational progress, only a few theoretical
studies have investigated azimuthal variations in the metallic-
ity (or abundances) of stars in a disk galaxy and their link to
spiral structures. It has been shown that azimuthal variations
can be generated by radial migration in a stellar disk that ini-
tially has a negative radial metallicity gradient. For instance,
Di Matteo et al. (2013) have shown that radial migration induced
by a bar leads to significant azimuthal variations in the metallic-
ity distribution of old stars. The combination of both tangential
and radial velocity asymmetries creates streaming motions along
spirals, with metal-rich stars from the inner disk that migrate
through spiral patterns to the outer parts of the disk (see, e.g.,
Minchev et al. 2012; Kubryk et al. 2013; Kawata et al. 2014;
Grand et al. 2015). Recently, Grand et al. (2016) used a high-
resolution cosmological zoom simulation of a Milky Way-sized
halo to demonstrate that radial flows associated with spiral arms
can produce an overdensity of metal-rich stars on the trailing side
of the spiral and an overdensity of metal-poor stars on the lead-
ing side. This shows that in all these works, azimuthal metallicity
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Fig. 1. Initial profiles of the rotational velocity Vφ and the radial veloc-
ity dispersion σR for the hot (solid lines), warm (dashed lines) and
cold (dotted lines) disk populations.

variations are the result of the transformation of a preexisting
radial negative metallicity gradient under the effect of radial
migration.

Disk galaxies contain several populations of stars including
bulge, thick and thin disks as well as stellar halo. Their chemi-
cal and kinematic characteristics provide information about their
formation epochs and the secular and dynamical processes that
shaped them over time (Freeman & Bland-Hawthorn 2002).
Stellar disk populations of different ages have a wide range
of chemical and kinematical characteristics (van der Kruit &
Freeman 2011). In particular, in the disk of our Galaxy, the
velocity dispersion of stars depends on their age and metal-
licity. Although the exact shape of the age-metallicity-velocity
dispersion relation is still debated, it is evident that younger stars
tend to have a higher metallicity and smaller random motions
than older stars, which are on average more metal-poor and
have higher random motions (see, e.g., Meusinger et al. 1991;
Holmberg et al. 2007). Hence metal-rich and metal-poor stars in
a disk like that of our Galaxy can be described as kinematically
cold and kinematically hot components, respectively, and – their
contribution to spiral arms is expected to be different because of
their different kinematics.

We study the differential response of stars in a composite
disk galaxy consisting of kinematically cold and hot popula-
tions to spiral perturbations and the induced azimuthal variations
in the mean metallicity of the disk. We present a model in
which stellar populations with different initial kinematics but the
same radial density distribution, differentiate as a spiral structure
appears in the galactic disk. We wish to make some testable pre-
dictions that can be checked particularly in the Milky Way disk
with ongoing and future spectroscopic surveys (e.g., APOGEE,
Gaia, and WEAVE).

2. Model

We performed a single N-body simulation of the evolution of
a composite stellar disk, embedded in a live dark matter halo.
The disk in this simulation consists of three cospatial pop-
ulations (cold, warm, and hot disks) with different velocity
dispersions, but the same radial density distribution. Each disk
component was represented by 2 × 106 particles redistributed
following a Miyamoto–Nagai density profile, with a character-
istic scale length of 3 kpc and a mass of 2.86 × 1010 M�. The
cold, warm and hot populations have characteristic scale-heights
equal to 0.15, 0.3, and 0.6 kpc, respectively. Our simulation
also includes a live dark matter halo (4 × 106 particles) whose

Fig. 2. Initial metallicity profiles adopted for the different models: radial
profiles in the equatorial plane (left panels) and vertical profiles at R =
7.5 kpc (right panels).

density distribution follows a Plummer sphere, with a total mass
of 4 × 1011 M� and a radius of 21 kpc. This approach is similar
to recent studies by Debattista et al. (2017) and Fragkoudi et al.
(2017). The initial kinematics (circular velocity and dispersion
profiles) of these components is presented in Fig. 1. Initial con-
ditions have been generated using the iterative method described
in Rodionov et al. (2009). We used the parallel tree code devel-
oped by Khoperskov et al. (in prep.) with the adoption of the
standard opening angle θ = 0.7 and a gravitational softening
parameter equal to 50 pc. For the time integration, we used a
leapfrog integrator with a fixed step size of 0.2 Myr.

Our simulation is dissipationless, and as a consequence we
do not model star formation and chemical enrichment. However,
we can trace the metallicity distribution and its temporal evolu-
tion, by flagging each particle in the disk with a corresponding
metallicity. Depending on the way we assign metallicities to our
disk particles, we can generate different models and quantify the
strength of the azimuthal variations and how they are related to
the initial metal distribution in the disk. In particular we ana-
lyze three different models here (see Fig. 2). In Model 1 we
assume that each disk population is characterized by a unique
value of metallicity ([Fe/H]), independent of the distance R from
the galaxy center, and equal, respectively, to −0.6 dex, −0.3 dex,
and 0 dex for the hot, warm, and cold disk, respectively. No
dependency on z, the height above the plane, is modeled, for
any of the three disk components. The choice of these values
is in agreement with the mean characteristics of the stellar pop-
ulations of the Milky Way disk (see, e.g., Bovy et al. 2012). We
note, however, that the exact value of the metallicities of each
population is not critical; their relative variations in metallicity is
more important. However, because the simulations contain pop-
ulations with different initial thickness, and these populations
have different mean metallicities, a vertical gradient naturally
arises in the initial disk when all populations are considered
together. In Model 2 we assume that each population has an
initial radial metallicity gradient equal to −0.04 dex kpc−1 but
different central (i.e., at R = 0) metallicities. This model thus
initially results in both a radial and a negative metallicity gradi-
ent when the disk populations are analyzed all together. Finally,
in Model 3, the three populations all have the same radial gra-
dient (−0.04 dex kpc−1) and the same central metallicity, that is,
identical trends of the metallicity with R. No vertical metallicity
gradient is assigned for any of the three populations. As a conse-
quence of these assumptions, Model 3 initially represents a disk
with a radial metallicity gradient, but no vertical metallicity gra-
dient. We emphasize here that since we analyze the variations of
the mean metallicity, we assume no metallicity scatter in any of
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Fig. 3. Maps of the differential surface density δΣ (first column) and of
the azimuthal metallicity variations δ[Fe/H] for Model 1, Model 2, and
Model 3 (from the second to the fourth column). The different rows
show the δΣ and δ[Fe/H] maps at different times, corresponding to
t = 0.3 Gyr (top), t = 0.5 Gyr (middle), and t = 1.3 Gyr (bottom). In
all panels, the solid black contour represents δΣ = 0, and dashed circles
show the radii R = 5, R = 7.5, and R = 10 kpc.

the populations. We checked, however, that an initial metallic-
ity dispersion of 0.15 dex does not lead to any differences in the
results.

3. Results

We focus our analysis on two snapshots of the evolution at 0.3,
and 0.6 Gyr, when a well-formed two-arm spiral structure is
present in all three disk components. At later times, the spiral
structure decays, and we show a single snapshot at 1.3 Gyr in
order to underline that the signatures we found are related to
the presence of spiral arms. We show the relative perturbation
of the stellar surface density where quasi-harmonic variations
can be seen; the cooler components show the sharper density
profiles (see Fig. A.1). The reason is that in a comoving rest
frame, stars of warmer components have a higher kinetic energy
within the potential well of the spiral arms. A warmer com-
ponent is therefore less sensitive to spiral perturbations than a
cooler one, with stars from the latter spending a longer time in
the spiral arm regions. Consequently the fraction of dynamically
cold stars inside the spiral arms is higher than that of warmer
stellar components. In the inter-arm regions, we find the oppo-
site, and the warm and dynamically hot components contribute to
these regions for the majority. Thus, stellar disk populations with
initially different random motions are spatially differentiated in
the presence of a spiral perturbation, similarly to what has been
found for cospatial populations in the Milky Way bar (Debattista
et al. 2017; Fragkoudi et al. 2017).

We now consider possible variations in the metallicity dis-
tribution induced by this kinematic differentiation of stellar
populations in the presence of spiral patterns. In Fig. 3 we show
2D maps of the differential surface density, δΣ = (Σ(R, φ) −
〈Σ(R, φ)〉φ)/〈Σ(R, φ)〉φ, and of the azimuthal metallicity varia-
tions, δ[Fe/H] = [Fe/H](R, φ) − 〈[Fe/H](R, φ)〉φ, for the three
models. In the definition of these two quantities, the brackets 〈〉φ
indicate the mean (i.e. azimuthally averaged) value of the quan-
tity at a given radius. As soon as the spirals start to develop,
the spatial distribution of metals becomes asymmetric. We note
that the metallicity patterns do not precisely trace the density
variations. In our Model 1 (without an initial radial metallicity
gradient for any of the disk components, but with an initial global

vertical gradient) we find a very prominent spiral-like period-
ical variations in metallicity with a substantial contamination
of metal-rich stars (cooler components) in spirals and of metal-
poor stars (hotter components) in the inter-arm regions. These
azimuthal variations in metallicity remain strong as long as the
spirals arms are present in the disk (t < 1 Gyr). We emphasize
here that since in this model stars belonging to the same disk
population all have the same metallicity, the azimuthal variations
in the metal distribution found are only a manifestation of the
different responses of these disk populations to the bar and spi-
ral perturbation alone. Results less contrasting but similar are
obtained for Model 2, where the only difference with respect
to Model 1 is that in each disk component, stellar metallicity
depends on their distance R from the galaxy center. For Model 3,
where identical radial metallicity profiles are imposed for all
three populations, and where as a consequence at all radii, stars
in the cold, warm, and hot populations all have the same metal-
licity, the azimuthal variations in the metal distribution are only a
manifestation of the radial migration (by churning and blurring)
of stars in the disk induced by the bar and spiral arms (Roškar
et al. 2008). Stars initially in the inner disk that by construc-
tion have the highest metallicities, can migrate outward through
the spiral arms, and conversely, stars from the outer disk can
migrate inward, which gives rise to the metallicity patterns that
have been observed. We note that Models 2 and 3 show a flatten-
ing with time of the radial gradient, which is a well-known result
of radial migration of stars through resonance scattering (see,
e.g., Sánchez-Blázquez et al. 2009; Pilkington et al. 2012).

To analyze the metallicity variations more quantitatively, we
show in Fig. 4 the azimuthal profiles of the metallicity varia-
tions, δ[Fe/H]. The patterns show that azimuthal variations in
the metallicity in all models appear as soon as stellar asym-
metries start to develop. At early times, the amplitude of the
metallicity variations is similar in all our models, but in the inner
disk region, it is more pronounced in Model 1 without the radial
gradient. Since we observe the formation of a bar in the inner-
most part (R < 5 kpc), the impact of the spiral structure can be
better appreciated at R = 7.5 kpc, where the amplitude of the
metallicity variations is ≈0.1, 0.08, and 0.05 dex for Models 1,
2, and 3 respectively. At later stages of the evolution, when the
spiral patterns decay (t > 1 Gyr), the metallicity distribution for
all models becomes more complex and shallow. In this case, sys-
tematic azimuthal metallicity variations can be found only in the
inner bar-region (R < 5 kpc). Some small-scale structures appear
at the outskirts, where inhomogeneities are related to the radial
migration of stars (Minchev et al. 2012; Di Matteo et al. 2013).

In our Model 1, the metal-rich peaks coexist with the maxima
of the density perturbations (Fig. 4), where the contamination
of the kinematically cool (metal-rich) population is highest. For
Model 3 metal-rich peaks lie mostly on the trailing side of the
spiral, as was suggested by Grand et al. (2016). In this regard, we
find a possible qualitative difference between purely kinemat-
ically driven metallicity patterns (Model 1) and the azimuthal
variations shaped by radial migration (Model 3). In reality, both
effects (kinematic differentiation and radial migration) probably
need to be taken into account in the interpretation of the metal-
licity patterns that are found in external galaxies and in the Milky
Way disk.

We can also compare the effect of initial radial and verti-
cal gradients on the amplitude of the azimuthal variations in the
metal distribution. To do this, we varied the initial metallicity
values for the different components in Model 1 (thus effectively
changing the initial vertical metallicity gradient in the model)
and the strength of the radial gradient value in Model 3. In Fig. 5
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Fig. 4. Azimuthal profiles of the metallicity variations (δ[Fe/H]) at
different radii (R = 5 (top panels), R = 7.5 (middle panels), and R =
10 kpc (bottom panels)) for the different models. The profiles are shown
at three times: t = 0.3 Gyr (left columns), t = 0.5 Gyr (middle column),
and t = 1.3 Gyr (right column). The red lines represent the differential
surface density (δΣ) as a function of azimuth at the same radius. To
facilitate comparison with the metallicity variations, the values of δΣ
have been rescaled; see legend.

Fig. 5. Amplitude of the azimuthal metallicity variations vs. the initial
vertical (red squares) and radial (blue circles) metallicity gradients for
a single snapshot at 0.3 Gyr at R = 7.5 kpc. The values correspond-
ing to Model 1 and 3 are shown, with a filled square and a filled dot,
respectively.

we plot the amplitude of azimuthal metallicity variation as a
function of the initial vertical and radial gradients. We show that
the vertical gradient needs to be by a factor of a few larger than
in the radial direction to produce the same azimuthal metallic-
ity variation. In other words, the azimuthal variations are more
sensitive to the radial gradient. Figure 5 also shows a qualitative
agreement with Grand et al. (2016), who reported a more pro-
nounced azimuthal gradient when the radial (or vertical) gradient
was steeper.

4. Conclusions

By means of a high-resolution N-body simulation, we have stud-
ied the large-scale variations in stellar metallicity in the disk of
a spiral galaxy consisting of cospatial populations with different
initial velocity dispersions. We showed, as expected, that spiral
patterns are more sharply defined for dynamically colder popu-
lations and are smoother for dynamically hotter ones. Because
of this different response, significant azimuthal variations in the
metal distribution in a galaxy disk are observed. Thus, preex-
isting radial metallicity gradients are not a necessary condition
for azimuthal metallicity variations, which can indeed also be
produced in disks that initially have zero radial gradients, but

do have vertical gradients. Although the exact shape of the age-
metallicity-velocity dispersion relation of stars in disk galaxies
is debated, it is evident that younger stars have a lower metal-
licity and smaller random velocity component than older stars.
We therefore expect that the mechanism described in this paper
is also able to produce azimuthal age variations in the disk. The
existence and strength of azimuthal variations in the Milky Way
and the influence of the bar and spiral arms on the distribution
of metals are still open questions, but we will soon be able to
investigate them with data from Gaia and follow-up spectro-
scopic surveys. It will then be interesting to verify whether these
variations can be explained by the effect described here.
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Appendix A: Additional figure

Fig. A.1. Azimuthal variations of the density perturbation for the
cold (solid), warm (dashed), and hot (dotted) disk components at dif-
ferent radii: R =5 (top panels), R = 7.5 (middle panels), and R =
10 kpc (bottom panels) and at different times: t = 0.3 Gyr (left column),
t = 0.5 Gyr (middle column) and t = 1.3 Gyr (right column).
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