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ABSTRACT

This article discusses the effects of the spiral-arm corotation on the stellar dynamics in the
Solar Neighborhood (SN). All our results presented here rely on: 1) observational evidence that
the Sun lies near the corotation circle, where stars rotate with the same angular velocity as the
spiral-arm pattern; the corotation circle establishes domains of the corotation resonance (CR)
in the Galactic disk; 2) dynamical constraints that put the spiral-arm potential as the dominant
perturbation in the SN, comparing with the effects of the central bar in the SN; 3) a long-lived
nature of the spiral structure, promoting a state of dynamical relaxing and phase-mixing of the
stellar orbits in response to the spiral perturbation. With an analytical model for the Galactic
potential, composed of an axisymmetric background deduced from the observed rotation curve,
and perturbed by a four-armed spiral pattern, numerical simulations of stellar orbits are performed
to delineate the domains of regular and chaotic motions shaped by the resonances. Such studies
show that stars can be trapped inside the stable zones of the spiral CR, and this orbital trapping
mechanism could explain the dynamical origin of the Local arm of the Milky Way (MW). The spiral
CR and the near high-order epicyclic resonances influence the velocity distribution in the SN,
creating the observable structures such as moving groups and their radially extended counterpart
known as diagonal ridges. The Sun and most of the SN stars evolve inside a stable zone of the
spiral CR, never crossing the main spiral-arm structure, but oscillating in the region between
the Sagittarius-Carina and Perseus arms. This orbital behavior of the Sun brings insights to
our understanding of questions concerning the solar system evolution, the Earth environment
changes, and the preservation of life on Earth.

Keywords: Galaxy: kinematics and dynamics, Galaxy: solar neighborhood, Galaxy: structure, Galaxy: disk, Galaxy: spiral structure,

methods: numerical

1 INTRODUCTION

The spiral arms are the most beautiful and important structures of the galaxies, and because of them, this
type of galaxies received their name. Evidences for the presence of a spiral arms structure in Our Galaxy,
the Milky Way (MW), were found in the decade of 1950s based on distance measurements of OB star
associations ([1]) and 21 cm observations from H1 ([2, 3]).The spiral density wave theory was proposed
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in mid 1960s by C.C. Lin & and F. Shu ([4]), as a first explanation for the existence of spiral arms. This
theory proposed that the spiral arms are a long-lived structure and rotate like a rigid body with a given
pattern speed, while the stars rotate around the Galactic center with a velocity that depends on the radius of
the orbit.

It was natural, then, to wonder how to determine the spiral pattern speed. Although the density wave
theory does not prevail in its original form, the question of the pattern speed has remained in the center of
debates for many years. One of the purposes of the present work is to show the contribution of our research
group to settle this debate, and to explore the consequences and implications of this.

Several determinations of the spiral pattern speed, €),,, of the MW have been presented in the literature,
based either on the stellar kinematics or on the gas flow in hydrodynamic simulations (for a review, see [3]]
and references therein). {2,—values ranging from 17 to 30 km s~ kpc~! have been adjusted to some Galactic
observable properties, some of these values coming from more direct methods and others more model-
dependent. Once an €),—value is estimated, and considering a given radial profile for the angular velocity
of circular orbits in the MW’s disk, Q(R), the condition Q2 = 2, automatically determines the corotation
radius of the spiral pattern, Rcr. Owing to the lower relative rotational motion between the disk matter and
the spiral arms at radii close to the corotation resonance (CR), the effects of gravitational perturbation are
maximized for stars and gas clouds at these radii, where transfer of energy and angular momentum between
these components and the spiral structure will dictate the orbital behaviour at corotation region. Therefore,
the CR and other resonances are expected to produce some observable features in the disk properties at
radii close to it, from which we can relate: changes in the stellar and gas density distributions, changes in
the star formation rate, breaks and steps in the radial distribution of abundance of elements, features in
the stellar velocity distribution in the solar neighborhood (SN), enhancement of the disk matter due to the
orbital trapping, etc. Moreover, not only the CR but also the Lindblad resonances (LRs), especially the
high-order ones that are close to CR in phase space, contribute to some of the aforementioned features.

From different techniques, there have been several studies showing that the spiral corotation radius in
the MW is close to the solar radius (e.g. [6} 7, 18,19, 10, [11, 12, 13} 14} [15,[16]). We expect, therefore, that
some of the observable disk features related earlier can be attributed to the proximity between the Sun and
the CR. This work is devoted to present a brief review of studies that show the effects of the spiral-arm
corotation in the disk at radii close to the solar radius, and especially the effects of the CR in the SN, being
all of these studies constructed upon an observational background.

This paper is organized as follows. Section [2] presents the Galactic potential model we employed for our
analysis. In Section 3| we present and analyse the Hamiltonian topology. In Section |4, we describe the
dynamics at the corotation region. Section [5|shows the dynamical effects of the spiral-arm corotation in the
SN. Finally, in Section 6] we present the motion of the Sun in the CR and its implications for the life on
Earth.

2 THE GALACTIC MODEL

In order to study the complete stellar orbital dynamics, one must have in hand a 3D description of the
gravitational potential of the MW, which, in turn, can be derived from a realistic 3D Galactic mass model
that discriminates the distribution of matter in the Galactic main components (bulge, disk and halo) (e.g.
[17, 118}, 119, 20, 21]). In the present work, we concentrate the study to the orbits in the mid-plane of the
MW (Z = 0), in a reference frame that corotates with the spiral pattern at the constant angular speed (2,
about the Z—axis; we give the stellar positions and velocities in polar coordinates as functions of time: R
and ¢ being the Galactic radius and azimuth in the rotating frame, respectively, and V' and Vy being the
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radial and tangential Galactocentric velocities, respectively. The relation between the azimuthal coordinates
of the inertial and rotating frames is ¢ = 0 — Q1.

2.1 The axisymmetric potential

The axisymmetric potential ®o(R) at the MW’s equatorial plane, needed to calculate the stellar orbits, is
derived from the observed Galactic rotation curve V;ot(R), shown in Fig.[1] by the relation

dPg/OR = Vioy(R)/R. (1)

For the observation-based rotation curve, we use observational data of Hi-line tangential directions from
[22]] and [23], CO-line tangential directions from [24], and maser sources associated with high-mass
star-forming regions from [25] and [26]. From these data, the rotation velocities and Galactic radii were
calculated adopting the local standard of rest (LSR) constants Ry = 8.0 kpc ([27]) and V = 230 km s
which satisfy the relation Vy = RoQs — ve, where Qn = 30.24kms~!kpc™! is the angular rotation
velocity of the Sun ([28]), and v = 12.24kms~ ! is the peculiar velocity of the Sun in the direction
of Galactic rotation ([29]). From the Galactic longitudes, /, and LSR tangent velocities, vy, of the H1
and CO data, the Galactic radii were calculated from the relation R = Ry sin/ and the rotation velocities
were obtained as Vy = vy + Vjysinl (the LSR tangent velocities were recalculated for the solar velocity
components v and u from [29]], by adding back the standard solar velocity components and following the
steps described in the Appendix of [30], and where u. = —11.1 km s~ is the peculiar velocity of the Sun in
the direction Sun—Galactic center ([29]). From the maser sources data, i.e. Galactic coordinates, parallaxes,
proper motions, and line-of-sight radial velocities, the R and Vj values were calculated following the
Appendix of [30]. The uncertainties on R and Vj of all individual data source (H1, CO and masers) were
calculated from the respective uncertainties on the measured quantities through usual error propagation
formulae.

To the set of data pairs (2, V) in the R—Vj plane, we fit the distribution of points by the sum of two
exponentials in the form

R 0.034

Viot(R) = 298.9 e_(m)_<T) +919.3 e_<13ﬁ.4)—(%)2 o

)

with R given in kpc and V;o; given in kms~!. The fitting procedure relied in a global optimization
technique based on the cross-entropy (CE) algorithm for parameter estimation ([31} 132, 33]]); for a detailed
presentation and description of the CE method, see [34] and [35]. Basically, the CE algorithm applied to
fitting the observed rotation curve searches for the best-fit set of parameters that minimizes a x> quantity
that takes into account the deviations between the fitting rotation curve and the observational data, with
the deviations weighted by the data uncertainties. As a constraint to the fitting procedure, we used the
value of the local angular velocity Qg = V{/ Ry. Taking the uncertainty of +0.25 kpc on the value of Ry as
estimated by [27], which supports recent Ry determinations (e.g. [36} [25]), with the corresponding scaling
of the V{y value, we can construct the boundaries of the confidence region of the rotation curve in Eq. ;
the returned uncertainty on Vj is of the order of 8kms~1. Figurea) shows the observed rotation curve
and the fitted function of Eq. (2)) is represented by the smooth red curve and the violet shaded region in the
figure shows the confidence region of the fitted function.

2.2 Spiral arms and the spiral potential

The mapping of the large-scale spiral structure of the MW is not a straightforward task. Owing to the
Sun’s position near the mid-plane of the Galaxy, the large distances and dust extinction along the Galactic
plane, especially in the inner regions, some different results for the spiral-arms geometry have appeared
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in the literature; a number of authors have found different values for the total number of arms and pitch
angle based on different spiral-arm tracers. In a pioneer model, [37] proposed a four-armed spiral pattern
with pitch angle ¢ ~ 12°, based on the distribution of H i regions. In the last decades, their model has been
updated by several authors (e.g. [38, 139,140, 41]). In a model of the Galaxy for predicting star counts in the
infrared, [42] proposed a four spiral-arm structure and pitch angle ¢ ~ 14°. [43] identified a two-armed
stellar structure with pitch angle ¢ = 17° from the COBE/Diffuse Infrared Background Experiment K—band
emission profile of the Galactic plane, and a four-armed structure with pitch angle ¢ = 13° from the 240 ym
dust emission in the interstellar gas. According to the relation tan(i) = mA/(2wRy) (where m is the
number of spiral arms), the two-armed spiral model of [43] to describe the near-infrared observations has
a longer wavelength A than the four-armed structure shown by the dust emission. The authors suggest
that the optical spiral tracers, along with the dust emission, trace the four-arm response of the gas to an
underlying two-armed non-axisymmetric mass distribution in the old stellar disk component, which is the
main contributor to the diffuse near-infrared emission associated with the spiral arms. Two main stellar
arms were also identified by [44] from the Spitzer/GLIMPSE infrared survey. Some external galaxies do
not show pure logarithmic spiral arms over long distances from the center ([45)46]]), presenting straight
arms segments connected in a spiral fashion; this may be true for the MW itself ([47]]). Furthermore, there
is still some disagreement between models that represent the arms in the outer regions of the MW as an
extrapolation of the observed inner arms ([48]). More recent observations of spiral tracers favor four-arm
models ([25} 41]]), which are corroborated by tangent-line data ([49]). Based on a comparison between
different pitch angle determinations in the literature, [SO] proposed the value : = 13°.0 4= 0°.6, which is in
accordance with that derived by [51] (z = 13°.7) from the distribution of maser sources. In this work, we
adopt a spiral pattern consisted of four logarithmic spirals with a pitch angle of + = 14°.0 (to represent
trailing spirals, hereafter we put the negative sign to the pitch angle, so i = —14°.0) ([52])).

The spirals geometry is defined by the shape function f,,(R), which is necessary for the modelling of the
spiral-arms locus in the Galactic plane and that is given by the relation

m R
fm(R) = mln <E> +7, 3)
where m is the number of arms, fixed at 4 in our model, ¢ is the pitch angle, R; is a reference radius chosen
to adjust the phase of the spirals, and v is a phase angle. Here, we adopt the values R; = Ry = 8.0 kpc and
v = 237°.25, so the orientation of the spirals with respect to the Sun is defined ([52]]). The choice of the
~—value is such that the Sun (located at R = 8.0kpc and ¢ = 90°) is 1 kpc distant from the Sagittarius
arm locus in the direction Sun—Galactic center ([52]). As shown in Fig.[2] the loci of the spiral arms (the
minima of the spiral potential) adjust well to the observed distribution of maser sources in the MW.

In the classical spiral density theory of [4]], the spiral structure of galaxies was modeled as a periodic
perturbation term to the axisymmetric potential in the mid-plane of the disk. Their model was constructed
upon the basis that the stars and gas form a single component, responding dynamically in the same way to
the potential perturbation. Besides that, the model works under the assumption that the spirals are tightly
wound, satisfying the WKB approximation for small pitch angles ([53]]). This approximation gives a spiral
potential in the galactic plane of the form

Dep(R, @) = C(R) cos[fm(R) — mg], €

where ((R) is the amplitude function of the perturbation.
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In the kinematic density waves of [54]], the spiral pattern is sustained by some degree of organization
of eccentric stellar orbits that become closed in a reference frame that rotates with the required pattern
speed to close the orbits. Such an organization of elliptical orbits with the successive increasing major axes
displaced from each other by a rotation with a constant angle produces regions of crowded orbits, with
high stellar densities, looking like logarithmic spirals. The spiral arms formed by these zones of stellar
overdensity give rise to elongated gravitational potential wells in the galactic disk, into which the gas falls
and the shock waves will favour star formation. As a consequence of this interpretation of the physics of
spiral arms, the location of the arms is mainly determined by the stellar dynamics, and the hydrodynamics
of the gas plays a minor role. The observed spiral arms in the galaxies can be interpreted in terms of
perturbations similar to grooves in the gravitational potential of the disks, produced by the crowding of
stellar orbits ([47]]).

The spiral potential of the form in Eq. (4] has been used in a number of studies of spiral galaxies as also
of the MW. Self-consistent spiral models using such potential have been presented by [55, 156, 57, [11]].
Departing from this approach, the more recent spiral models of [58]] and [59] were derived from the
modelling of the stellar spiral density in the Galactic disk and the self-consistency were calculated to define
their physical parameters. As pointed out by [S9]], the brightness profiles observed in galactic disks in
circles around the center are not simple sine functions. Indeed, such a sinusoidal density profile could not
correspond to that obtained theoretically from the crowding of stellar orbits. As a more realistic spiral
density profile, the self-consistent model of [S9] represents the spiral arms with Gaussian profiles in the
azimuthal direction, with the surface density excess following logarithmic spirals. In this work, we adopt
the spiral potential model of [59]], which is given by

_R72 —CoOs\myY—Jm —€s
Dep(R, ) = —Co Re~ o2 Lmeostme=fm(B))—ealt. s

where m = 4 is the number of arms, o| sin(i)| = 1.94 kpc is the arm width, with the pitch angle i = —14°
(the arm half-width, in the direction perpendicular to the spiral, is equal to 0.97 kpc), e; ' = 4.0kpc is the
radial scale-length, and (o = 200.0km? s =2 kpc ™! is the spiral-arm strength; f,,(R) is the shape function
given by Eq. (3). Some of the advantages of the spiral potential as described by Eq. () are: 1) its profile is
more realistic when compared to observations; 2) it is more self-consistent in terms of the arm shape; 3)
it is composed only of potential wells, in the form of grooves, whose effect is to add density in the arm
regions. We use the spiral potential of Eq. (5) to study the dynamical effects on the stellar orbits at the
corotation zone and at its immediate vicinity due to the spiral arms.

The spiral parameters values presented above have been widely tested and used in the works by our
group ([21, 152,160} |61}, 162, 163]), as well as found to give a self-consistent picture of the spiral structure
in its original form by [S9]. For instance, the (p—value, which gives the spiral-arm strength, is adjusted
to guarantee the self-consistency of the arm shape ([59]). Besides that, the decrease or increase of its
value dictates the size of the region of influence of the corotation resonance in phase space. The (p—value
used in this work was found by [52] to create a local corotation zone that traps most of the maser sources
associated with the Local Arm, a mechanism that explains the formation of this structure. Another point of
interest is the spiral-arm shape. As pointed out before, some individual spiral arms are observed to not
follow exactly a pure logarithmic spiral, as it seems the case of the Sagittarius-Carina arm. Indeed, the
picture of the Galactic spiral arms traced by the dust emission, presented by [43], shows the deviation
of the Sagittarius-Carina arm from a logarithmic spiral. We expect that such deviations do not bring
strong changes in the results of our integrated orbits and simulations, since we rely the analysis of the
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Galactic properties looking at their overall distributions or at the small volume of the SN. Nevertheless, the
implementation of such logarithmic spiral-arms deviations could improve any future model of the Galaxy.

As stated earlier, our 2D Galactic gravitational potential model, with the description and analysis of
the planar component of the stellar orbits in the Galactic equatorial plane, is an approximation of the
real 3D picture. However, as we restrict the comparisons of the results of our integrated stellar orbits and
test-particle simulations to the distributions of Galactic observable properties that are mainly confined in
the disk mid-plane, selecting, for instance, observational data (e.g. Gaia stars) distributed at low Z heights
and with low vertical velocity components V7, or even using works that studied the Galactic distributions
of H1 gas and young stellar objects (open clusters, Cepheids), the limitations of a 2D model are mitigated
by this manner. Future works extending the study of the corotation resonance effects on the disk stellar
dynamics to a 3D Galactic model are planned by our group. Such a 3D model is suitable for the study of
the role of the spiral perturbation on the structure of the stellar Z—V7 phase space, as well as on the heating
mechanism of the stellar orbits in the Z—direction. It is worth mentioning that some contributions for the
understanding of the Z—V; phase-space structure, in terms of the role of the known moving groups seen
in the SN, have already been given by our group ([64]]), even the moving groups being well-described by

QrEltF t do oélgeépgﬁlﬁ’uch from the Galactic plane.

The most direct method of determination of (), relies on the reconstruction of birthplaces of the open
clusters ([3]). Such approach was adopted by [[13]]: from the current positions of the open clusters in the
disk and by integrating their orbits towards the past, for a time equal to their known ages, the birthplaces of
the objects can be found. The underlying hypothesis is that the open clusters are born in the spiral arms, so
that the distribution of birthplaces for some age bin should preserve the spiral-like feature. By measuring
the angular displacement between the current spiral arms traced by very young objects and the spiral
arms traced by the birthplaces of open clusters of a given age bin, the ratio of the angular displacement
and the time given by the age bin informs the angular speed of the spiral pattern. And by comparing
the angular pattern speeds obtained from different age bins, the rotation speed of the spiral pattern can
be estimated. Using a sample of open clusters with known distances, ages, and space velocities (proper
motions and line-of-sight radial velocities), [13] integrated their orbits backwards in time, found their
birthplaces, and discovered that indeed most open clusters are born in spiral arms and that the spiral arms
presents a rigid body-like rotation, with a unique and constant value of €),. The authors estimated the
interval of (0, = 24 — 26 kms~! kpc ™1, for the pair of LSR constants (Ro, Vp) = (7.5kpc, 190 kms™1),
giving the corotation radius of Rcr = (1.06 &+ 0.08) Ry. [L6] revisited the issue of the spiral pattern speed
of the MW using the homogeneous astrometric and photometric data of stars from Gaia DR2 according to
open clusters membership determinations. In this new study, and using the constants (R, Vp) = (8.3 kpc,
240km s~ 1), the authors found the (Qp—value of 28.2 + 2.1km s~ kpc~!, implying a corotation radius of
Rcr = 8.51 + 0.64 kpc, which is close to the solar orbit [Rcr = (1.02 £ 0.07) Rp].

A matter of concern is that it has been pointed out by several authors, whose studies are mainly based
on N-body simulations, that the spiral arms follow the differential rotation of the disk, giving rise to
several corotation radii. This scenario is supported by recurrent, short-lived transient spiral patterns ([65]]).
Notwithstanding, there are also N-body simulations that produce long-lived, quasi-steady patterns (e.g.
(66,167,168, 169]), some of which employing a large number of particles ([70]). On the observational side,
[71] analyzed a sample of normal or weakly barred galaxies and verified that at least 50% of the objects
present azimuthal age/color gradients across spiral arms, which are signatures of long-lived spirals.
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In the present work, we adopt the value of 2, = 28.5km g1 kpc_l, as used by [52], and [61] in a series
of papers by our group. This value is in close agreement with the recent determination by [16] using the
Gaia DR2 data. Based on a Galactic model that relates the formation of the Local Arm with the trapping of
stars in the corotation resonance, [52] constrained the limits to the possible €),—values between 26 and
32km s~ kpc~!. Moreover, the adoption of ), = 28.5km s~1 kpc~! is justified by a number of pieces
of evidence for the proximity between the orbit of the Sun and the corotation resonance, as we present in
Section[5] Furthermore, our study relies on the classical view of a single spiral pattern with a unique and
constant value of €2;,, with the pattern rotating like a rigid body, and in a quasi-steady, long-lived picture of
the spiral structure, which altogether with a smooth Galactic rotation curve give rise to resonances with
well-defined radii, as well as for the corotation radius.

2.2.2 Corotation and Lindblad resonances

In the epicyclic approximation for nearly circular orbits, the resonances between the angular 2( R) and

radial x(R) orbital frequencies are given by the relation

Qp— Q=+, 6)
n

where Q) = Vjot/R, k is the epicyclic frequency (/{ =204/1+ %gj—%) , and n is a given integer. The
resonances that appear in the above approximation are known as Lindblad resonances (LLRs): the inner
Lindblad resonances (ILRs) and outer Lindblad resonances (OLRs) correspond to the negative and positive
signs, respectively. The CR is simply given by the relation €2 = €2,. Figure[T[(b) shows the radial profiles
of the angular and epicyclic frequencies, as well as their linear combinations given by Eq.[6} the vertical
grey lines indicate the nominal radii of the LRs and also of the CR. The gray shaded rectangle in the
figure, along its vertical extension, shows a picture of the range of (2,—values taken from the literature by
employing different techniques, as discussed in Section[I]

2.3 The central bar

Surveys of infrared photometry for millions of stars have led to great advances in studies of the Galactic
central bar. Many authors have presented bar models whose parameters are adjusted to some Galactic
observable properties (e.g. [72} 73, 74,75, 76], among others). While a general trend is to consider a model
of a short bar, with a semi-axis of about 2.5-3.0 kpc and oriented at an angle of about 20°-30° with respect
to the Sun—Galactic center direction ([[74]), Red Clump star maps of the Galactic central region have shown
a much more complex structure than a simple bar and/or a triaxial bulge. For instance, a long, vertically
thin bar with an orientation angle of about 40° and a semi-axis of ~ 4 kpc was proposed by [77]] and [[78]].
Besides that long bar, a very compact one has also been detected, with a shorter half-length of ~ 150 pc
and at a lower inclination (e.g. [[79, 180, 81]). Models of an X—shaped bar are also presented, with two
density maxima extending above and below the Galactic plane and their distance separation increasing
with Galactic latitude (82, 183, 84]).

Concerning the pattern speed of the Galactic bar, (), the estimations presented in the literature are
basically divided in two groups, the fast-rotating bar, with Q; ~ 50 — 60kms~!kpc™', and the slow-
rotating bar, with €2y ~ 25 — 40km s~1 kpc_1 (for a review, see [3]] and references therein). In the
fast bar group, the methods that have been employed are a modified version of the Tremaine-Weinberg
continuity argument, comparison of hydrodynamic simulations with observations of the gas distribution
in lv—diagrams of the central regions of the MW, and the association of the Hercules stream in the stellar
velocity distribution of the SN with resonant orbits near the OLR of the bar (see Section[5.4] for this last
case).
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In the slow or intermediate bar pattern speed scenario, [81]] obtained €, = 30 — 40kms~'kpc~! by
studying the Central Molecular Zone in lv—diagrams and the matching with the spiral arms; [[75] obtained
QO = 39 £ 3.5kms ! kpc~! from the dynamics of the bulge and the long bar and [85]] found a value of
40kms~ ' kpc~! from gas dynamical models; [86] reproduced several features in the observed lv—diagram
of the MW with a bar pattern speed of 33kms~! kpc™'. From a model of the bulge/bar that matches the
3D density distribution and kinematics of Red Clump stars in the inner regions of the MW, and motivated
by the bar lower pattern speed of 39 km s—! kpc_1 from [[75] and the long bar model results from [[78]], [76]]
suggested that the Hercules stream in the U-V" velocity distribution of the SN is made of stars orbiting the
stable Lagrange points of the bar’s corotation located at a Galactic radius of 6 kpc, which move outwards
and reach the vicinity of the Sun.

By studying the dynamical effects due to the coupling between the perturbations from the bar and
the spiral arms on the kinematics of the SN, [61] constrained the physical parameters of an elongated
bar model (size, mass, flattening, orientation) and regarding the bar pattern speed, their model favored
QO < 50km s~ kpc~! for an allowed bar mass of ~ 2 x 10 M. These values were obtained by taking
the requirement for the stability of the Local Arm structure that is a consequence of the dynamical stability
of the corotation zone of the spiral pattern (see Section[5.1)), as well as the stability of the bar itself. Indeed,
their model predicts that for a bar with a pattern speed close to 40kms~! kpc~! and a mass of ~ 10? M,
the spiral corotation zones keep stable and the perturbation at the solar radius is dominated by the spiral
potential. In the special case when the bar pattern speed exactly matches the spiral pattern speed, i.e
2 = Qp, the spiral arms and the bar would form a unique structure. This situation seems to be supported
by images of some external barred galaxies, where two spiral arms depart from the extremities of the bar.
According to the models of [87], the spiral arms emerge from the ends of the bar, resulting in a single
rotating structure; the authors also speculate on the possibility that the “3kpc arm” in the inner Galaxy
could be the result of the physical connection between the spiral arms and the bar. [61] also raise arguments
in favor of a common pattern speed of the bar and the spiral arms in the sense that tidal torques would
tend to slow down a faster bar until a synchronization of the angular motions could be reached. From
the considerations described above, and with the intention to study the isolated effects of the spiral arms
perturbation on the SN, we will neglect, as a first approximation, the dynamical effects due to the Galactic
bar on the SN.

3 HAMILTONIAN TOPOLOGY: ENERGY LEVELS AND EQUILIBRIA

In this section, we present and analyse the topology of the Hamiltonian system and the resulting energy
levels of our Galactic model. The sequence of equations introduced in this section lead to the stationary
solutions of the Hamiltonian, which are used in the construction of representative planes of initial conditions
to study the regimes of motion of the system.

The Hamiltonian that describes the stellar dynamics in the mid-plane of the Galaxy is given by the sum
of the axisymmetric ®o(R) and the spiral g, (R, ¢) potentials as

H(Rv ¥Y,PR, Lz) = HO(RapR7 Lz) + (I)sp(R> gp) (7)
where pr and L, are the canonical momenta, per unit mass, conjugated to R and ¢, respectively. The
unperturbed component of the Hamiltonian H, in the rotating reference frame, is given by Jacobi’s integral

2

1 L2
Ho(R. pr. Lz) = 5 {p% + ﬁ} + ®(R) — QL. 8)
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The equations of motion of a star in the gravitational potential given by the Hamiltonian in Eq. are
written as

dpﬁ o _6_7'[ o L_z _ a(I)O(R) . aq)sp(Ra (10)
dd O0R RS OR OR 7
AR M
dt - PR = PR,
dL.  OH  9%gy(R.yp) ©)
dt dp dp
de oH L. Q
a4 oL,  R2 TV
P 2
where 0%0(F) = VfOt(R), as defined in Eq. H The stationary solutions of the Hamiltonian give the
conditions for a star to be at equilibrium in the rotating frame, and they are ([60])
0Py(R) | 0Psp(R, ¢) L
= = 10
oR ' OR RS (10)
me = @0+ fm(R) (11)
pr = 0, (12)
L, = QR% (13)

where g = tnmand n = 0, 1, ... The symmetry of this problem is 2 7 /m (which in our case is a four-fold
symmetry). The above stationary solutions belong to what we call the “spiral branches”.

A representative plane of initial conditions can be used to visualize the topology of the Hamiltonian in
Eq. (7). On such a plane of initial conditions, all possible configurations of regimes of motion of the system

e PR e

Although the X-Y plane (X = Rcosy,Y = Rsin ) is not essentially a representative plane, since it
is constructed with the initial values of the momenta pr and L, restricted to their stationary values given
in Egs. and (13), respectively, it is widely used in the literature to represent the modeled galactic

structures in the disk mid-plane. The Hamiltonian topology in this plane is equivalent to the level curves
(the zero-velocity curves, or also the Hill’s curves) of the effective potential, given by

1
Peir(R, 0) = Po(R) + Pp(R, ) — SOUR?. (14)

1 .
We define an energy function as h = §[R2 + R%29% + (R, ), where the term inside the brackets is
the velocity of the star in the rotating frame, v? = R? + R%%. The curves h = ®.q define the zero-
velocity curves (v = 0); the star’s motion is restricted to the phase space region where ®.g < h, since
v? must be positive. Figure shows the contours of constant ®.g, for corresponding values of A, for the
effective potential (Eq. (14)) of our Galactic model. The stationary points in this reference frame, called

the Lagrangian points, occur where the components of the gradient of ®.¢(R, ¢) mutually vanish: the
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Lagrangian poits L4 and Lz are maxima of ®.¢ and represent stable equilibrium points, for certain values
of the perturbation amplitude; the Lagrangian points L; and Lo are saddle points of ®.g and represent
unstable equilibrium points; the Lagrangian point L3 corresponds to the global minimum of ®.g at the
center of the frame.

The spiral branches loci on the X-Y plane (black spirals in Fig.[2) are calculated from Eq. and
their orientation is defined by the value of the phase angle y in Eq. (3. The spiral arms loci, associated to
the minima of the spiral potential, are given by the even values of n in Eq. (IT). The corotation domains
appear as banana-like regions and are located between the spiral arms (red levels of ®.g in Fig.[2). These
corotation islands have centers (libration centers) given by the maximal energy stationary solutions. There
are four libration centers, which correspond to the Lagrangian points L4 and L5 mentioned above, and their
positions on the XY plane are given by the corotation radius Rcr and the corotation angles ¢cg + km/2
(cyan dots in Fig.[2) ([52]]). Following [52]], the corotation island around the libration center with coordinates
Rcr = 8.06 kpe and ¢cr = 76° is called the local corotation zone, since the Sun’s orbit evolves inside
this zone (see Section[6)). The minimal stationary solutions (corresponding to the Lagrangian points L;
and L») lie on the spiral arms, separating the domains of successive corotation islands on the X—Y plane
(yellow dots in Fig.[2).

3.2 The R-Vj plane

As a good choice for a representative plane of initial conditions, we take the R—Vjy plane to visualize
the dynamical features of the Hamiltonian system in Eq. (7). We fix the initial values of the momentum
pr at zero (bounded orbits have two turning points with pp = 0) and the azimuthal angles ¢ are, without
loss of generality, initially fixed at 76°, given the circulating behaviour of this angle or its oscillation
around 76° close to one stable stationary solution and because of the four-fold symmetry of the model. The
dynamical map of the representative R—Vj plane is shown in Fig.[3(a). The interpretation of the map is done
in the following way ([61]): lighter grey tones represent regular quasi-periodic orbits, while increasingly
dark tones correspond to increasing instabilities and chaotic motion. Therefore, periodic orbits appear
as white strips on the dynamical map, and resonances appear as dark structures, revealing the chaotic
motion associated to resonances separatrices. As explained in [60], a resonance occurs when one of the
fundamental frequencies of the system or one of the linear combinations of these frequencies tends to zero.
Where a resonance is established, the topology of the phase space is transformed, giving rise to islands of
stable resonant motion that are surrounded by layers of chaotic motion associated with the separatrix of the
resonance ([88]]).

In the dynamical map of Fig.[3[a), the rotation curve of Eq. (2) (blue curve) is surrounded by a white
strip, where we expect harmonic motion, for which the amplitude of the R—mode of oscillation tends to
zero. The corotation resonance appears as one of the largest black strips, formed by the resonance chain
that intersects the rotation curve near the nominal value of the corotation radius. In a similar way, the
corresponding epicyclic (Lindblad) resonances occur at the intersections between the rotation curve and
the various resonance chains that appear on the dynamical map. One can compare their locations with
the predictions from the epicyclic approximation for nearly circular orbits developed in Section[2.2.2]
Figure[3|(b) shows the behaviour of orbits starting with velocities along the rotation curve, where are plotted
the averaged values (red) and minimal/maximal variations (black) of the tangential velocity Vj of the stars
as a function of the initial values of R. It can be seen that the amplitude of oscillation is amplified when the
motion occurs inside a resonance, indicated by the vertical dashed lines in Fig.EKb). In this manner, the
concept of LRs is extended over the whole phase space of the system ([60]). This approach, first presented
in [60], describes with high precision the resonance chains in the whole phase space of the system, and
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provides a more complete dynamical picture when compared to the classical epicyclic approximation. It is
suitable to the identification of dynamical signatures of resonant orbits and on the degree of chaos in the
SN, which can improve our understanding of the origin of kinematic moving groups (see Section[5.4)). For
the details on the construction of dynamical maps, we refer the reader to the Appendices of the papers by
[[60] and [61]].

4 THE DYNAMICS AT COROTATION

As described in the previous sections, the zones of stability of regular motion associated to the CR can
be identified on both the X-Y plane and the R—V} plane of initial conditions. On the X-Y plane, the
banana-like regions represent the contours of the effective potential associated with the domains of orbital
stability inside the CR. The centers of stability (four in our model) are identified with the Lagrangian points
L4/ L5, as described in Section[3.1] The orbits that confine these centers, in the rotating frame, are called
librating, and the stars with this behaviour are trapped inside the CR.

An explanatory description of this libration motion, in terms of angular momentum exchanges between
the spiral structure and the disk stars at corotation, was given by [89]]. Inside the CR, [89] predicted that:
stars interior to the corotation circle, with angular velocities greater than the pattern speed, slow down
when feeling the forward pull of a spiral arm; on average, they will absorb angular momentum from the
wave. On the other hand, stars exterior to the corotation circle, with angular velocities lower than the
pattern speed, accelerate when held back by the arm; on average, they will give angular momentum to the
wave. The authors put together the “donkey behaviour” and an analog of Landau damping phenomenology
to characterize the star’s motion corotating with the perturbation. This mechanism naturally explains the
formation of the librating orbits around the Lagrangian points L4/Ls5: the gain of angular momentum by a
star initially inside and close to the corotation radius is reflected on the increase of its orbital radius, and
eventually, if R > Rcg (€2 < €)p), its motion relative to the wave is reversed. Outside the corotation radius,
the loss of angular momentum caused by the interaction with the subsequent wave leads to the excursion of
the star to a smaller radius (R < RcR), and thus returning to the advanced drift motion relative to the wave.
For a complete description of the orbit, the epicyclic motion of the star must be added to this libration
around L4/Ls.

Another family of orbits that are also trapped in the CR but not restricted to only one librating island, and
then encompassing the other adjacent resonant islands, are called horseshoe orbits. The dynamical map on
the R—Vjp plane shows that as the distance from the centers of the stability islands along the resonance chain
of corotation increases, layers of increasingly unstable motion are crossed, until the separatrix is reached.
The orbits outside the CR, 1.e. that are not trapped at corotation, are circulating ones (they complete cycles
of 360° around the Galactic center, in the rotating frame): the circulation is prograde when the value of
the angular velocity (in the rotating frame) is higher than €2, and retrograde when the angular velocity is
lower than €2;,.

Figure[] shows examples of orbits of four maser sources identified as belonging to the Local Arm (orange
crosses in Fig.[2). The filled dots indicate the current Galactic positions of the objects. The blue and brown
orbits are of the librating type, and they are confined to the local corotation zone (see Section[3.T]). The
red orbit is circulating in the prograde sense (clockwise in the reference frame), while the orange orbit
circulates around the Galactic center in the retrograde sense (counterclockwise in the reference frame).
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5 DYNAMICAL EFFECTS OF THE SPIRAL-ARM COROTATION
5.1 The origin of the Local Arm

The Local Arm, the nearest spiral arm to the Sun, located between the Sagittarius-Carina and Perseus
arms (see Fig. [2)), has long been suggested to presenting a “spur” nature, a secondary spiral feature. Because
it hosts the Orion stellar association and the Orion complex of molecular clouds, it is also called the
“Orion Spur” or “Orion Arm”. However, in recent years, a large number of star-forming regions have been
discovered to belong to the Local Arm, suggesting that this arm could be a major structure otherwise ([90]).

[S2] explained, for the first time, the dynamical origin of the Local Arm as an outcome of the spiral CR.
With the same Galactic model that is used in the present work (for both axisymmetric and non-axisymmetric
components), [52] recognized the superposition between the Local Arm region in the Galactic plane and the
local corotation zone, in terms of its projection on the X—Y" plane as the local banana-shaped contour of the
effective potential whose center is at the coordinates (Rcr, ¢cr) = (8.06 kpe, 76°) (see Section[3.1)). In this
way, the authors were able to establish a connection between observational and dynamical phenomena, that
is, the Local Arm and the local corotation zone: the Local Arm is an outcome of the trapping mechanism
induced by the CR. This mechanism is similar to that maintains the Trojan asteroids trapped in the L4,
Ls Lagrangian solutions for the Sun-Jupiter system ([91]]). Theoretical studies and recent numerical
simulations of disk galaxies have predicted a trapped mass (both stellar and gaseous) inside the corotation
zones (e.g. [92,93,194,186]). [52] corroborated their arguments by analysing the orbits of a sample of maser
sources associated with the Local Arm. They verified that the majority of these objects, 37 among the
total of 47 objects, are trapped inside the local corotation zone; they librate around the center of the local
corotation zone and evolve within the limits of this zone of stability. The blue and brown orbits of Fig.H]
exemplify these librating—type orbits trapped in one of the Lagrange points.

Figure[5|shows the dynamical map on the RV} plane, the same of Fig.[3(a), zoomed in the region of the
local corotation zone, depicted as the central “oval” region in the figure. The maser sources associated with
the Local Arm are represented by the red crosses. The positions of the masers on the map were obtained by
propagating their current positions and velocities until each object crosses the -V} plane at some given
direction. The blue cross shows one possible solution for the position of the Sun on the plane.

5.2 The ring-shaped gap in Hi density along the corotation circle

A prediction from both hydrodynamic analytical solutions and hydrodynamic simulations is that the
interaction of the gaseous matter of the disk with the spiral perturbation produces a flow of gas that
establishes at the corotation region: an inward flow of gas to the inner regions of the Galaxy and an outward
flow to the outer regions, being the corotation circle the region from which the flows diverge. As a natural
consequence of this dynamical process, a ring-shaped void of gas should form at the corotation radius
([95, 196, 12]). From recent magnetohydrodynamic simulations, [94] and [97] verified the presence of
instabilities at the corotation radius in the gas response to a self-gravitating spiral-arms model, the PERLAS
model ([58]]), and such instabilities led to a decrease in the gas density at corotation.

By investigating the H1 gas distribution in the Galactic disk, using the H1 LAB survey data base ([98]),
[14] evidenced the existence of a ring-like gap in the gas density distribution. The authors calculated the
kinematic distances of minima of H1 density along various line of sights, and the constructed map of gas
density minima in the Galactic disk revealed that the deeper gaps are distributed in a ring-like feature with
mean radius slightly outside the solar circle. Conciliating this observational structure with the predicted
void caused by the pumping out effect of the spiral structure on the gas distribution, as commented above,
the Cassini-like gap in H1density can be regarded as an observational evidence for the proximity of the Sun
to the spiral CR. Since star formation depends on the density of interstellar gas, an expected consequence
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of the ring void of gas is a depletion of young stars at the same radius, which was indeed verified by [14]
as minima in the distributions of young open clusters and Cepheids.

The trapped mass inside the corotation zones, which tends to enhance the density in these regions (see
Section[5.1)), could be in contradiction with the ring void of gas along the corotation circle. To reconcile
these two scenarios, we can hypothesize that part of the gas that is too close to the corotation circle will
remain trapped by this resonance, and the other part will suffer the pumping out effect as it enters the
potential valleys of the spiral arms, thus creating the ring structure. A similar structure of ring close to the
corotation resonance is likely to be present as a minimum density in the distribution of old stellar objects,
but this time, the underlying dynamical mechanism must be the secular angular momentum exchange
between the stars and the spiral structure ([99]).

5.3 The metallicity distribution in the Galactic disk: the local step in the radial gradient
and the azimuthal gradient

The distribution of abundance of elements in the MW’s disk has been studied for several decades, with
both observational and theoretical approaches. Many chemical evolution models were constructed to
reproduce the observed metallicity distribution in the disk. One challenging aspect for the modelling of the
metallicity distribution is its intrinsic dispersion, where we can find, for example, differences of 0.4 dex or
more in the iron abundance at the same Galactic radius, which is much larger than the errors of individual
measurements. One possible cause for the large dispersion of abundances come from the fact that stars
that are currently in a given radial bin have actually originated from different Galactic radii and/or from
different star-forming regions; these radial excursions operate through either non-circularity of the orbits
(‘blurring’) or angular momentum exchange of circular orbits (‘churning’) ([100, [101]). [15] proposed
the connection between the resonant stellar orbits and the clumpy distribution of star-formation centers,
each center with its own well-defined metallicity; due to their non-circular orbits, the stars coming from
different star-formation centers span a range of radius, enhancing the ‘blurring’ effect and also giving rise
to the overlapping of abundance gradients at some radii.

Following this concept, [15] related the abrupt step seen in the metallicity gradient at a Galactic radius
a little further than the solar radius with the corotation radius of the spiral structure. The step was first
reported by [102] from a sample of open clusters, and is also seen in the distribution of Fe abundance from
Galactic Cepheids ([[103]). [15] presented a reanalysis of the abundance distribution in the Galactic disk
and found a step of 0.3 dex in the Fe distribution of open clusters and a step of 0.25 dex in the a—elements
distribution from a sample of Cepheids. On both cases, the plateaux observed on both sides of the step
were interpreted in terms of the ‘blurring’ effect induced by the spiral structure. The cause for the step, as
given in [13)] and [104]], is explained in terms of the ring void of H1 near the corotation circle, presented in
Section[5.2] Since the ring divides the Galactic disk in two regions, and the gas cannot cross the barrier
caused by the flows in opposite directions from the corotation circle, the chemical evolution on the two
sides of the ring establishes independently. Due to the different average star-formation rate on the two sides
of the ring and the absence of communication between them, the stars that are born from the gas near the
corotation circle will present the distinction in abundances depending on the side of the ring that they were
born. However, since stars are not avoided to cross the corotation circle, which depends solely of its total
energy, as we see in the libration motion around the stable centers of the corotation zones, some stars born
on the high metallicity side of the step can reach the low metallicity side, and vice-versa. This explains
the overlapping of abundances that can be seen on both sides of the step, both in the distribution of Fe
abundance of open clusters, as well as in the Fe and also a—elements abundances of Cepheids, as is shown
in Fig.[6[(a) for the Fe abundance case. In the context of external galaxies, [105]] investigated a sample of
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galaxies for which the corotation radius and measurements of oxygen abundance distribution are available
in the literature. The authors found a good correlation between the corotation radii and the radii at which
there are breaks and changes of slopes of the gradients.

But one might question why the step in metallicity is so large? We can speculate on this by thinking the
gas that is trapped in the stable corotation islands as evolving chemically as a closed-box system. In these
regions, the metallicity increases rapidly with time, because the massive stars that reach sooner the end of
their lives return their masses and continuously enrich in metals the material of the interstellar medium
from which the newborn stars are formed. In the future, with more detail models and better observational
data, this should be analyzed in detail.

Another challenge that poses to chemical evolution models of the MW is the azimuthal gradient, observed
in the abundance of Cepheids by [15]. Restricting the stars to a given radial range, the authors showed
that the average abundance in the first and second Galactic quadrants are somewhat higher than in the
third and forth quadrants. Thinking on the gas trapped in the local corotation zone, evolving chemically
and independently of the neighboring regions, and if the gas density increases as we approach the center
of the corotation zone, we could naturally expect an azimuthal gradient like the one presented by [15]].
Figure[6[b) shows the [Fe/H] distribution as a function of azimuthal angles defined as (90° — ). It can be

seen a_growing Fe abundance of about 0.2 dex in the azimuthal angle range from —10° to +5°.
5.4 oving groups and stellar streams in the SN

The stellar velocity distribution in the vicinity of the Sun is structured in density clumps, which have
been designated as moving groups (MGs). Initially imagined as a result of the disruption of open clusters
([106]), however, the heterogeneity of the MGs’ stellar ages ([107]]) led to the search for a new explanation
of their nature and origin. In the last decades, the MGs and streams in the U-V —velocity distribution of
the SN have been associated with dynamical effects due to resonances produced by non-axisymmetric
structures like the bar and/or the spiral arms. Most of the studies have tried to explain the bimodality in the
U-V distribution that is observed as a separation between the bulk of MGs, known as main component (the
Coma Berenices, Hyades, Pleiades, and Sirius groups) and the Hercules group. Some dynamical models
explain this separation as due to the effects of the bar’s OLR (e.g.[72} 108, [109]) or the bar’s corotation
([76l]), or even due to spiral arms resonances (e.g. [110, 111} 112} 162]).

With a Galactic model similar to that used in the present work, with only small changes in the spiral
parameters, [62]] were able to relate the complex velocity substructure observed in the SN, unveiled with
unprecedented detail by the Gaia second data release (DR2; [113]]), with the resonant domains on the U-V
plane of the CR and the high-order LRs that appear close to the CR. Resonances modify the dynamics
in their environment: the stable resonant zones capture and trap stars inside their dynamical domains,
enhancing the stellar density, and deplete regions close to saddle points and separatrices. [62]] observed
the dominant presence of the CR in the central part of the U-V plane and associated the Coma Berenices,
Hyades, and Pleiades MGs to structures belonging to the CR and its zone of influence. With respect to
the V—velocity values, the U-V plane is separated by the CR in two regions: the inner region that is
populated by severeal high-order ILRs, mainly the 8/1 and 12/1 ILRs, whose V' —values can be associated
with Hercules; and the outer region, dominated by an overlapping of high-order OLRs (8/1 to 16/1 OLRs),
that seems to be responsible for the formation of the Sirius group. More tenuous substructures observed in
the U-V plane from Gaia were also identified by [62] as being associated to the 6/1 ILR and the 4/1 OLR,
which are populated by orbits coming from the inner and outer Galactic disk regions, respectively.
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The findings from [62]] were corroborated by numerical integration of stellar orbits by [63], using the
same Galactic model as proposed here and specific initial conditions for the stellar positions and velocities
in the simulations. In this aspect, a simulated structure of particles resembling the Local Arm led to the
expected result that the kinematics of the SN is significantly affected by the resonant dynamics of the local
corotation zone, which is, in turn, the dynamical generator of the Local Arm according to [52]. The Local
Arm was proposed to be the main origin of stars in the MGs of Coma Berenices, Hyades, Pleiades, and
also of Hercules. The simulated U-V" plane of the SN by [63]] showed significant similarities with the
observed U-V plane from Gaia, both in terms of the positions of the structures in the plane as well as
their relative stellar densities, as it can be observed from the panels of Fig.[7} Figure[7(a) shows the U-V’
velocity distribution in the SN from stars of Gaia DR2 selected within a sphere of 150 pc of radius centered
at the Sun (195,489 stars), with the restriction to stars with relative parallax errors smaller than 20%. The
distribution of stars in the U—V plane is color-coded according to the normalized stellar distribution, as
indicated by the color bar in the figure. The dashed ellipses qualitatively separate some regions of enhanced
stellar density in the plane that are associated to the known MGs and streams. Figure[7(b) shows the U-V'
plane of a snapshot of the test-particle simulation by [63], at the time ¢ = 1340 Myr, with the same dashed
ellipses drawn in Fig.[7(a). The authors identified the regions inside the ellipses with particles evolving
inside different resonances, as indicated in the figure. The recently Gaia Early Data Release 3 (EDR3,[[114])
and the forthcoming data releases, with more precise astrometric and line-of-sight velocity measurements,
is expected to provide a step forward in the characterization of the MGs and in the understanding of their
origin and evolution.

5.5 Diagonal Ridges on the R-Vj plane

From dynamical maps on the R—V plane, [62] showed that their model predicts that the resonant stellar
V—velocities continuously decrease with increasing radius 2, a behaviour that has been proven with the
dependence of the U-V planes constructed with Gaia stars selected from different radial domains. The
main horizontal structures observed on the U-V" plane of the SN, like the streams and arch-like features,
move up/down when the stars are selected around smaller/larger R—values compared to the mean SN’s
radius of R = 8.0kpc. Such a dependence was revealed as diagonal ridge-like structures in the distribution
of Gaia stars on the RV} plane by [115].

Many scenarios have been proposed to explain the dynamical mechanism responsible for the formation
of the diagonal ridges, which [[116] classify in two types: external perturbations, like the Sagittarius dwarf
galaxy perturbation (e.g. [115,[117,118,(119]); and internal dynamics, like spiral-arm resonances, buckling
of the central bar, etc. (e.g. [120, 111} 121} 163]).

As the streams and arches in the U-V velocity space of the SN are not symmetrical with respect to the
U-velocities, and furthermore, due to the fact that the MGs accentuate the density of stars around some
specific U-values, the diagonal ridges are presented on the RV} plane not only as an enhancement in the
stellar number density but also with different values of the mean radial velocity Vg, as is shown in Fig.[§]
constructed with Gaia stars. Actually, the MGs, streams, and arches are just cuts and projections of the
diagonal ridges on the U-V velocity space of the SN when we consider Galactic positions close to the
solar radius. Recently, [116] found that the diagonal ridge pattern contains from very young stars, of few
hundred Myr, to very old populations, with ages greater than 9 Gyr, for example.

The test-particles simulations by [63] were able to reproduce the observed diagonal ridges with reasonable
agreement. The authors found a correspondence between the positions of the ridges on the R—V} plane and
the locations of curves of constant angular momentum L. A summary of their findings is: 1) the ridge
associated with the Hercules stream is formed mainly by orbits that are trapped around the 8/1 ILR; 2) the
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ridge associated with the Pleiades, Hyades, and Coma Berenices MGs is formed by orbits trapped by the
corotation resonance; 3) the ridge associated with the Sirius group is due to the overlapping of high-order
OLRs, mainly the 8/1, 12/1, and 16/1 OLRs. These results agreed with the ones reported by [62]. Figure[§]
shows the R—Vjy plane with the mapping of the mean radial velocity Vi of stars from Gaia DR2. The black
lines indicate curves of constant L, associated with orbits at resonances, according to our model: the CR is
represented by the solid line, and the dotted, dot-dashed, and dashed lines represent, respectively, the 6/1,
8/1 and 12/1 ILRs and OLRs. It can be seen that the observed diagonal ridges follow approximately curves
of constant L. Future works on the diagonal ridges will benefit from the more accurate measurements of
the forthcoming third data release (DR3) of the Gaia mission.

6 THE MOTION OF THE SUN THROUGH THE MW AND THE COROTATION
RESONANCE

6.1 The solar orbit and its dependence on 2,

The orbit of the Sun through the Galaxy is approximately circular, with a radial amplitude not much
greater than ~ 500 pc in the disk mid-plane, and with a vertical oscillation (along the Z—direction) with an
amplitude probably ten times smaller than the radial amplitude ([[122,60]]), considering the current position
and velocity of the Sun and realistic 3D models for the Galactic potential. In the frame of reference where
the spiral pattern is static, i.e., that rotates with the same angular speed €2, of the spirals, the 2D orbit of
the Sun can be classified in any of the three families presented in Section@ libration, horseshoe orbit, or
circulation (prograde or retrograde), being the (2,—value the determinant factor for this classification.

With the same Galactic model used in the present work, [52] showed that, with respect to the rotating
frame, for the (},—values of 24 and 30 km g1 kpcfl, the solar orbit circulates around the Galactic center in
the prograde and retrograde senses, respectively; for the 2,—values of 25 and 29 km s~ kpc™!, the solar
orbit is a horseshoe-like orbit, encompassing two resonant corotation islands; for the €2,—values of 26
and 28 km s ! kpc_l, the solar orbit librates inside the local corotation zone; for {2, = 27km g1 kpc_l,
the Sun librates around the center of the local corotation zone with a very small amplitude of oscillation.
All these results are summarized in Fig.@], which shows the projection of the solar orbit on the p—L, /Ly
plane for the different values of (2, listed above. The angular momentum Ly is the equilibrium value of
L, evaluated for the stable fixed points of the Hamiltonian, given by QPR%R, with Rcr dependent on
the value of €2, that is considered. Figure[I0[shows another representation of the dependence of the solar
orbit on the value of €),, but in this case, for a wider interval of the €,—values. The averaged (red) and
minimal/maximal variations (black) of the solar orbit radius show that the amplitude of the radial motion is
amplified inside a resonance region, indicated by the vertical dashed lines in the figure. The (2, interval
where the Sun’s orbit is in corotation with the spiral pattern is ~ 25 — 20km s~ ! kpc™'. The corotation
zone is surrounded by the layers where the motion of the Sun is chaotic, that is indicated by the scattered
dots in Fig.[T0] This fact reinforces our choice of the §2,—value described in Section[2.2.1]

Considering the observational-based determination of €, = 28.2 £+ 2.1km s~ kpc™! by [16] (see
Section, which puts €2, in the interval from 26.1 to 30.3 km s~ kpc~!, additionally to the Galactic
model used in this work (that is, the axisymmetric and spiral potentials together with the local parameters
Rp and 1)) and the Sun’s peculiar velocity from [29], we find that the solar orbit has a great probability of
being confined in the local corotation zone, participating of the stellar density structure that creates the
Local Arm. However, the Sun is also likely to be on a horseshoe orbit, or even in a circulating retrograde
orbit if we take the upper limits of the {),—range.
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6.2 Implications for the life on Earth, climate changes, and the solar system evolution

The concepts of “belt of life” or of “habitable zone” in the Galaxy are based on different approaches to
limit a region of the Galaxy where a civilization like ours could develop. One of these approaches shows
strong concern with what happens when the Sun crosses a spiral arm (e.g. [[123, 124, [125]). A number of
authors have estimated the rate of supernova explosions in star formation regions and computed the effect
of flash of radiation (y— and X—Rays). Examples are [[126], [8] and [127]. Another estimation of supernova
rates was done in the context of climatic changes ([128])).

The basic idea developed by [8,19] and by [[127] is that a civilization like ours takes a time of the order
the age of the Sun to develop. Almost all the stars of the Galactic disk have nearly circular orbit, rotating
around the Galactic center with a velocity given by the rotation curve. These authors address the question
of the time it takes for a star on a circular orbit to go from one crossing of a spiral arm to the next one. They
assume that life, in a stellar system, is destroyed by supernovae and cosmic rays when the star crosses a
spiral arm.

The velocity of a star situated at corotation is zero, with respect to the spiral arms, while a star situated
at a radius close to corotation, Rcr + AR, will have a relative velocity Vs, = Q,AR , where (2}, is the
pattern speed. [8] used the values €2, = 23 km s 1kpc~! and Ry = 10kpc, however, we will illustrate his
calculations using our values, {2, = 28km s~ kpc~! and Ry = 8kpc, close to those used by [52]. Let
us consider that there are four arms, so that the distance between two successive arms at the solar radius
is about 2rR/4 = mR/2 = 12.5kpc . With the velocity given above, taking for instance AR = 100 pc,
we get a crossing time of 4.5 Gyr, equal to the age of the Sun. The same crossing time is obtained on
the other side of the corotation circle, with the velocity in opposite direction. This means that the belt
of life is extremely narrow, extending only 100 pc on each side of the corotation circle, a belt width of
200 pc, which could be extended to 400 pc if we consider that only half the age o the Sun is sufficient to
obtain a civilization like ours. It is interesting to note that in the decades 1980-2000, many good scientists
already knew that the Sun was close to the corotation radius. [[127] cites five works, that based on different
arguments, reached the conclusion of the smallness of A(2 (the difference between the Galactic rotation at
corotation and at the solar radius). In the present work, we adopted Ry = 8.0 kpc and Rcr = 8.06 kpc, so
that we are inside the belt of life as defined by [[127] and by [8]. Nevertheless, the idea of such a narrow
belt of life looked like an odd one.

However, one important piece of information that these authors did not have, and that we are introducing
now, is that the corotation resonance extends its action over a wider range of radius than the above “belt of
life”: the banana corotation regions have a radial extension of 1 kpc (Fig.[2), to be compared with 0.2 kpc
for the “belt of life”. Furthermore, if the Sun is trapped inside the corotation resonance, as we believe it is,
then the concept of crossing time between spiral arms loses its meaning; the stars situated close to the Sun
have much longer time to develop a civilization. We should not use any more the term “belt” of life, since
what we have is a series of four banana-shaped islands of life, which are the corotation zones, for the case
of four-armed spiral structure. Let us call them the “islands of life”. It is a new concept, because it is not
only the Galactic radius that counts, but the Galactic azimuthal direction as well.

If the time required for intelligent life to develop is of the order of 4 billion years, then the Sun is situated
at the best place for this to happen. This seems to be a good explanation of why we are where we are, in
the Galaxy. If we compare the projected area of the 4 corotation zones in the Galactic plane, of the order
of 8 kpc?, with the area of the disk, about 300 kpc? up to a radius of 10kpc, the probability of picking
randomly a star of the same spectral type of the Sun in the Galactic disk, and finding that it is, by chance,
located in one the life islands, is quite small. It is not “by chance” that we are there.
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Possibly, the reason why there were not many publications on the “belt of life” in the last two decades is
that this theory seemed to be the only one to put a strong restriction on the radius range where life could be
expected. In parallel, a number of papers appeared proposing corotation at different radii distant from the
Sun. Furthermore, the concept of intermittent arms reached salient influence. This concept is incompatible
with a well defined corotation radius, and consequently, with the “belt of life” principle.

It was commented at the beginning of the section that there are different approaches to the determination
of the Habitable Zone. A second approach is to recognize that we must have a number of physical and
chemical composition conditions satisfied. [[124] present a very detailed discussion of all the circumstances
that are able to favour the existence of an habitable planet. They adopt the Earth as the reference habitable
planet, noting that in the solar system the Earth’s habitability can be considered as optimal, compared to
the other planets. The mass of a planet is a dominant factor, since this determines the capacity to retain the
atmosphere, and the heat flow and related geophysical processes, like the plate tectonics. They discuss the
factors that determine the mass of the planets, among them, the metallicity of the proto-planetary nebula,
which depends on the metallicity of the Galactic ambient. [[124] affirm that the most abundant element on
Earth is O, followed by Mg and Si (it is not clear if the authors take into account the interior of the Earth).
They give also importance to the radio-isotopes “°K, 235:233U and 232Th, since the radiogenic heating by
the decay of these elements is what stabilizes the temperature of the Earth, against the normal cooling.
Important is also the C/O ratio, since this ratio determines the amount of oxygen in the form of CO and in
the form of water, in the accretion disk. For almost each sub-topic that they analyse, [124] comment that
the question has not yet been sufficiently investigated. They conclude that, not surprisingly, the Galactic
Habitable Zone is an annulus in the thin disk around the solar radius, but they do not specify the radii of
the limits of this region.

Still another approach is to map the regions of the Galactic disk where powerful cosmic events, like
supernovae and y-ray bursts, able to destroy the life of Terrestrial Planets, have larger or smaller probability
to take place. [[129] compute the rate of the events as being proportional to star formation rate and metallicity.
They use an axisymmetric model for these parameters, ignoring the spiral arms. They conclude that the
Earth is situated in a region where the probability of a lethal event for life is about 2 events per 500 Myr,
and is part of a “safer” valley extending from 2 to 8 kpc from the Galactic center. They also suggest that
one event that exists in the records of moderate life extinction on the Earth, some 360 Myr ago, could
originated from a supernova explosion.

While the passage of the Sun across spiral arms has to be eliminated as a source of life extinction in view
of the present knowledge that the Sun is very close to corotaion radius, it is still worth paying attention
to the events that could be associated with the solar librating orbit. A number of authors do not focus on
life destruction, but look for periodicity in the climate changes on the Earth, that could be associated to
changes in the cosmic rays flux or other effects. [130] finds a periodicity of 143 Myr based on exposure of
Iron Meteorites to the Cosmic Rays. There is evidence for a periodicity of about 150 Myr in the records
of enrichment in elements produced by supernova ([[128]). Dominant periods of 62 Myr and 140 Myr
exist in fossil records during the past 500 million years ([[131]). [122] presents an extensive review of the
literature on astronomical impacts on climate change and a critical analysis of the data. The periods which
seem to be real are 26 Myr, 62 Myr, and a weaker one of 144 Myr; the order of magnitude of the errors
on periods is about 10%. [122]] cites several calculations of the period of the oscillatory motion in the
Z—direction crossing the Galactic plane and suggests that the 62 Myr period could be explained in this way.
The dust clouds are concentrated in a short scale-height around the Galactic plane. Encounters of the solar
system with interstellar clouds, with some gas/dust reaching a distance close to the Sun, could produce
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global cooling as dust from the cloud lowers the solar irradiation. We basically agree with this plausible
explanation and with the calculated period. The period of oscillation of the solar motion in the R—direction,
related to the epicyclic frequency, is 168 Myr, not far from the 144 Myr period found by [122]] and other
authors. Since the the distribution of molecular clouds is not homogeneous in the Galactic plane, it may
happen that the solar libration orbit crosses regions of high density of molecular clouds situated close to the
edge of the corotation zone, approximately once per period. The elongated region of stellar formation in
Scorpius, Centaurus, Lupus and Chameleon, that passes at only about 150 pc from the Sun could be such a
zone ([132]). This is only an hypothesis. A deeper study not only of the frequency and the periodicity, but
also of the position of the Sun at the epochs of the events, would be needed to associate them to regions
crossed by the solar orbit.
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Figure 1. (A) MW’s observed rotation curve: H1and CO tangential directions data are shown as blue dots;
maser sources associated with high-mass star-forming regions are shown as grey dots (the references for
the observational data are given in Section[2.1]). The red curve is the rotation curve given by the function in
Eq. (2); the violet curves and the violet shaded region show the confidence intervals of the rotation curve
(part of it is hidden behind the H1 and CO data points). (B) Galactic frequencies as a function of radius: the
angular €, epicyclic x, and the (2, frequencies are shown as solid curves; the dashed curves represent the
linear combinations between €2 and x. The locations of the LRs are indicated by the grey vertical lines,
where the intersections between the dashed curves and the (2,—curve occur. The 2/1, 4/1, 6/1, 8/1, and
12/1 ILRs and OLRs occur, respectively, at radii smaller and greater than the corotation radius, located
at Rcr = 8.06 kpc in the model. The gray shaded rectangle pictures the range of {},—values found in the
literature.
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Figure 2. Schematic representation of the Galactic X-Y plane. The effective potential of Eq. (T4) is
represented by the grey levels, with the spiral potential (Eq. (5)) shown in grey background and its intensity
indicated by the color bar in units of kpc? Myr—?2; the banana-like levels of the effective potential, shown
in red, emphasize the corotation zones. Green crosses indicate the distribution of masers sources on the
Galactic plane. The black logarithmic spiral curves indicate the loci of the main spiral arms (the minima of
the spiral potential). The blue crosses indicate the positions of the Galactic center and the Sun, at (X,Y) =
(0,0) kpc and (0, 8.0) kpc, respectively. The cyan dots represent the Lagrangian points L4 and Ly, and the
yellow dots represent the Lagrangian points L1 and Lo. The central ellipse is only a schematic view of the
central bar, which is not included in our Galactic model. Adapted from [52]].
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Figure 3. (A) Dynamical map on the R-Vj plane constructed with the parameters of the Galactic model
described in Section[2]and the initial pr = 0 and ¢ = 76° (see text). The light grey tones represent regular
orbits, while increasingly dark tones correspond to increasing instabilities and chaotic motion. The rotation
curve of Eq. (2) is shown by the blue curve. (B) The averaged (red) and minimal/maximal (black) values
of the Vj—variable calculated over 10 Gyr as function of initial values of R. The vertical dashed lines
indicate the locations of the epicyclic (Lindblad) resonances, as well as of the CR. One can compare the
correspondence of the resonances with the ones shown in the bottom panel of Fig.[I]
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Figure 4. Examples of orbits of some maser sources belonging to the Local Arm. The blue and brown
orbits illustrate librating—type orbits in the Lagrange points, which evolve around the equilibrium center
of the local corotation zone. The red and orange orbits are of the circulating type, in the prograde and
retrograde senses, respectively. The filled dots indicate the current positions of the maser sources. The
grey spirals indicate the loci of the spiral arms, and the blue crosses show the positions of the Sun and the
Galactic center, as in Fig.[2]
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Figure 5. Dynamical map on the R-V} plane, as in Fig.[3[), zoomed in the region of the local corotation
zone. The central “oval” region represents the local corotation zone. The locations of maser sources
associated with the Local Arm are shown by red crosses, while the blue cross shows one possible position
of the Sun. The positions of the masers and the Sun on the map are obtained by propagating their current
positions and velocities until each object crosses the representative plane, i.e. with the conditions pr = 0
and ¢ = 76°. The blue curve is the rotation curve of Eq. (2).
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Figure 6. (A) The iron abundance of Cepheids, normalized to the solar abundance (0, in log scale), as
a function of Galactic radius. The data are taken from different authors (see [[15]). The Galactocentric
distances have been re-calculated using Ry = 8.0 kpc. The gap in the distribution of Cepheids in the Cassini-
like gap can be noticed. The metallicity gradient is zero between 6.5 and 10 kpc, although, apparently,
there are groups of stars with distinct metallicities (dashed lines). There are many Fe-rich stars in the
8—10kpc range. The Cassini gap is a barrier for the gas, but not for the stars. There is no contact between
the gas of the inner and outer regions. The gas metallicity enrichment was slower in the outer part, due to
lower star formation rate, and consequently, the Cepheids born in that region show smaller metallicities.
Possibly, a number of Cepheids born in the Fe—rich region migrated to the Fe—poor one, producing some
overlap of Cepheids of different origin. (B) The iron abundance of Cepheids as a function of Galactocentric
azimuthal angle (90° — ¢). Angle 0 is the Galactic center—Sun direction, positive angles are in the direction
of Galactic rotation. Only the stars situated in the Galactic radius range 7.5 to 10 kpc are represented.
There is a growing Fe abundance from azimuthal angles —10° to +5°, of about 0.2 dex, and then a broad
maximum. Adapted from [15].

32



Barros et al.

Spiral-arm corotation and the Sun

li i 10"
normaized denmt% (x10")

V km s7]

20 0
Ukms7]

V [km s7]

-40-]
L ;
60, LA ST

-80

li i 107
normaized densn%(x )

10

40

20

-20 12Ny

: slars‘evolving ™ rh‘e:.
{-8/1apd12/11LRS" ~_

stars evolving in the

12/1 and 16/1 OLRs

-80 -60 -40

20 0
Ulkms]]

Figure 7. (A) U-V —velocity distribution from the Gaia stars within 150 pc from the Sun. The density
distribution of stars in the plane is obtained by a kernel density estimation technique in two-dimensions,
giving the normalized densities. The dashed ellipses separate regions of enhanced stellar density, which
are associated to the MGs of Coma Berenices, Hyades, Pleiades, Sirius, and the weaker but important
Hercules stream. (B) U~V plane of the SN resulting from the test-particle simulation by [63]]. The same set
of dashed ellipses on panel (A) is overlaid; each ellipse is associated to stars evolving at some high-order
LRs, either ILRs or OLRs, as well as the CR. Adapted from [63]].
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Figure 8. R-Vj plane of Gaia stars with the mapping of the mean value of the radial velocity V, calculated
in bins of 0.1 kpc x 2.0kms~'. The pattern of diagonal ridges can be recognized in the distribution of
mean V. The black lines indicate families of orbits with constant angular momentum L associated with
spiral resonances: solid for the CR, dotted for the 6/1 ILR (lower) and OLR (upper), dot-dashed for the 8/1
ILR (lower) and OLR (upper), and dashed for the 12/1 ILR (lower) and OLR (upper). The vertical cyan
dashed lines enclose the radial range used for the construction of the observed U-V plane of the SN from
Gaia stars shown in Fig.[7[a).
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Figure 9. Families of orbits for the Sun on the p—L. /L plane, parameterized by different values of the
pattern speed 2,; Lo is the angular momentum of the corotation center, given by QPR2 . The orbits
in black are circulating: prograde for (2, = 24, and retrograde for {2, = 30. The orbit in red is of the
horseshoe—type orbit, which occur for the 2,—values of 25 and 29; these orbits oscillate around L. /Lo = 1
and enclose two resonant islands. The orbit in blue is librating inside the local corotation zone, and occur
for the Q2,—values of 26 and 28. The orbit in green is for the 2,—value of 27 and it shows a libration motion
with a very small amplitude of oscillation, indicating that the Sun would be very close to the corotation
center. All the {2,—values given above are in units of km s~ kpc~!. Adapted from [52]].
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Figure 10. Dependence of the orbital radius of the Sun on the value of the spiral pattern speed (2;,. The
averaged (red) and minimal/maximal (black) values of the R—variable calculated over 10 Gyr are presented
as a function of €2;,. The vertical dashed lines indicate the locations of the epicyclic (Lindblad) resonances,

as well as the (2, interval where the solar orbit is in corotation with the spiral pattern (25-29 km s~ kpc™).
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