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In this work we explore the new catalog of galactic open clusters that became available recently, containing 1,750 clusters that have been re-analyzed using the Gaia DR2 catalog to determine the stellar memberships. We used the young open clusters as tracers of spiral arms and determined the spiral pattern rotation speed of the Galaxy and the corotation radius, the strongest Galactic resonance. The sample of open clusters used here is increased by dozens of objects with respect to our previous works. In addition, the distances and ages values are better determined, using improvements to isochrone fitting and including an updated extinction polynomial for the Gaia DR2 photometric band-passes, and the Galactic abundance gradient as a prior for metallicity. In addition to the better age determinations, the catalog contains better positions in the Galactic plane and better proper motions. This allow us to discuss not only the present space distribution of the clusters, but also the space distribution of the clusters's birthplaces, obtained by integration of the orbits for a time equal to their age. The value of the rotation velocity of the arms (28.5 ± 1.0 km s−1 kpc−1) implies that the corotation radius (Rc) is close to the solar Galactic orbit (Rc/R0 = 1.01±0.08), which is supported by other observational evidence discussed in this text. A simulation is presented, illustrating the motion of the clusters in the reference frame of corotation. We also present general statistics of the catalog of clusters, like spatial distribution, distribution relative to height from the Galactic plane, and distribution of ages and metallicity. An important feature of the space distribution, the corotation gap in the gas distribution and its consequences for the young clusters, is discussed.
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1. INTRODUCTION

The open clusters are known to constitute one of the best classes of objects to investigate the Galactic structure and Stellar Dynamics, since they have relatively precise ages estimated from isochrone fits. Recently, the Gaia DR2 catalog (Gaia Collaboration et al., 2018) released data on more than 1 billion stars with magnitudes G ≤ 21, with high precision astrometric and photometric data, which allows to improve the stellar membership determination and characterization of thousands of open clusters (Castro-Ginard et al., 2019, 2020; Liu and Pang, 2019; Sim et al., 2019; Cantat-Gaudin et al., 2020; Ferreira et al., 2020; Monteiro et al., 2020), resulting in more reliable determination of their fundamental parameters. The data obtained on velocities, distances and ages allow us to present the analyses of the distribution of the open clusters in the solar neighborhood, exploring the birthplaces and actual positions on the Galactic plane. Additionally, considering the clusters positions above or below the Galactic plane, we determine the solar displacement in the perpendicular direction from that plane. The present day position of the young open clusters shown in Figure 1 reveals the spiral structure of our Galaxy in the extended solar neighborhood.


[image: Figure 1]
FIGURE 1. Distribution of the 1,750 open clusters in the Galactic plane. In the right plot are presented the open clusters with ages lower than 50 Myr. In light-gray are the present zero-age arms positions. The Sun (red cross) is at coordinates (0, 8.3) kpc and the Galactic center is at (0,0). The vector angular velocity is perpendicular to the x-y plane pointing in the direction of the paper.


The knowledge of the present day positions and the birthplaces of the open clusters, from the Galactic orbits integrated backward in time, allow us to revisit the value of spiral pattern rotation speed of the Galaxy (Ωp) and the Galactic corotation radius (Rc). The results show that the corotation radius is very close to the solar radius and, therefore, the solar orbit is under strong influence of this major Galactic resonance. Although we try to avoid complicated models in this paper, we must say that the guidelines followed by our group of research to interpreting the kinematic phenomena that we observe are based on the following ideas: the spiral arms are grooves in the gravitational potential of the disk, and the grooves are due to the excess of star density inside the arms. The star density is explained by the stellar orbits that are not perfectly circular, and come close to each other in some regions of the Galactic disk. The mathematical description of the grooves and of the orbits can be found in Junqueira et al. (2013).

In the following sections, we first describe the sample of open clusters, how it was obtained and its main characteristics, compared to other samples, and the quality of the data (section 2). In section 3, we present the statistics of the sample and the distribution of the clusters in the Galactic plane, as well as the age and the Galactic radial distributions. Section 4 shows the properties related to the height distribution from the plane of the Galaxy. In section 5, we present the method used to determine Ωp and Rc. In section 6, we discuss the general results and we give and explanation for the nature of the 9 kpc gap in the radial distribution of the open clusters, which is presented in section 3.



2. THE SAMPLE OF OPEN CLUSTERS

The present version of the catalog contains 1,750 clusters, which is the first update of the New Catalog of Optically Visible Open Clusters and Candidates (DAML) (Dias et al., 2002) in the Gaia era (see all details in Dias et al., 2021). The distribution of clusters in the Galactic disk is shown in Figure 1, with color proportional to the age, clearly indicating the arms in the solar neighborhood.

In the right plot of Figure 1, are presented 566 young clusters with ages lower than 50 Myr also with colors proportional to the age. Interestingly, the clusters associated with the Perseus arm and older than 10 Myr are situated to the left of the zero age arm position. In contrast, most of the clusters older than 10 Myr associated with the Sagittarius-Carina arm, and particularly with the Scutum arm, are situated to the right of the corresponding arms positions. Compared to the other arms, the clusters of the Local arm are more in line with the arm position. This means that we can qualitatively expect to find the corotation radius between the Perseus and Sagittarius-Carina arms, that is, close to the Sun location. In the inertial frame of reference, the clusters are rotating around the Galactic center with about the velocity given by the rotation curve. In the frame of reference of the spiral arms, the velocity of the clusters have opposite signs on the two sides of corotation.

In this work, we selected the clusters with published individual stellar membership, determined from Gaia DR2 astrometric data by Castro-Ginard et al. (2019, 2020), Liu and Pang (2019), Sim et al. (2019), Cantat-Gaudin et al. (2020), Ferreira et al. (2020), and Monteiro et al. (2020), to estimate distance and ages from isochrone fittings. Most open clusters had stellar membership probabilities determined by Cantat-Gaudin et al. (2018) using the UPMASK procedure (Krone-Martins and Moitinho, 2014) applied to the astrometric parameters (proper motion and parallax) considering their uncertainty and the correlations between those three parameters. The other fraction of open clusters had their stellar membership probabilities recalculated by our group, also considering the astrometric parameters and their uncertainty and the correlations through a variation of the classic maximum likelihood approach described in Dias et al. (2014) and Monteiro et al. (2020).

Based on the member stars with membership probability >0.50, we used Gaia DR2 data to determine mean proper motion and mean radial velocity as well as distance and age of the open clusters. Our experience with memberships is that being more strict in the membership probability (let us say 0.70) decreases the number of stars, eliminating also a number of stars that are members, and does not result in better fits. We adopted as the cluster proper motion the simple mean of the proper motion distribution of the member stars, and considered the standard deviation (1σ) to represent the error.

We found hundreds member stars with radial velocity in the Gaia DR2 catalog and estimated mean radial velocities for hundreds of open clusters. To accommodate different numbers of measurements and also measurements with different errors, the mean radial velocity of each open cluster was obtained by weighting the number of measurements stars and the mean error of a single measurement, according to Barford (1985). In the final catalog, we inserted mean radial velocities for 36 clusters from APOGEE (Carrera et al., 2019), 129 from Soubiran et al. (2018), and 145 from DAML (Dias et al., 2002). This update allowed us to obtain a sample of 327 open clusters younger than 50 Myr with a complete set of data, including mean proper motion, mean radial velocity, distance and age.

Accurate distances and ages are crucial for untangling the features (e.g., main sequence, turn-off, and giant branch) of the cluster in the color-magnitude diagram which clearly was improved with the astrometric membership determined from Gaia DR2 data. In this work, to determine the distances and ages of the clusters, we applied the isochrone fittings of open cluster photometric data with a global optimization algorithm, which generates a set of possible isochrone solutions (simulated open clusters) given a pre-defined initial mass function, binary fraction and metallicity. Each generated solution is then compared to the observed data through an objective function. It selects 10% of the best solutions to generate a new set of solutions and the process iterates until convergence. The procedure uses the stellar membership probability to guide the isochrone fit performed by our global optimization tool which avoids the need of performing fits visually and, thus, removes most of the related subjectivity, and that allows us to obtain error estimates of the fundamental parameters via Monte-Carlo technique. For a detailed description of the cross-entropy optimization technique used, see Monteiro et al. (2020). In this task, we used Gaia DR2 GBP and GRP magnitudes and the updated extinction polynomial for the Gaia DR2 photometric band-passes and the Galactic abundance gradient as a prior for metallicity (see details in Monteiro et al., 2020).

We do not expect significant changes in the parameters distances and ages in our sample with the Gaia DR3 release, since the Gaia distances were used to identify membership, and very few changes are expected in membership. The final distances in the catalog are derived from photometry. However, we must wait for the DR3 data analyses to have a meaningful comparison.

Figure 2 shows the distribution of the total proper motion ([image: image]), radial velocity, distance and age of the whole sample (in black) and of the sample of young clusters (in blue) used to determine Ωp. In the lower panels we show the distribution of internal uncertainties of the same quantities.


[image: Figure 2]
FIGURE 2. Distribution of the total proper motion, radial velocity, distance, and age from the isochrone fits and the respective uncertainties of the open clusters used in this study. The black line refers to the whole sample and the blue line refers to open clusters with age <50 Myr.




3. DISTRIBUTION OF THE CLUSTERS IN THE GALACTIC PLANE

The 2-D distribution of the observed open clusters of our sample in the Galactic plane is shown in Figure 1. The known clusters are situated in a small portion of the Galactic plane within about 5 kpc from the Sun. In the left panel of the figure, it can be noted that the distribution is more extended toward the Galactic anticenter direction (about 5 kpc) than in the direction of the center (about 3 kpc). This can be attributed to the dust extinction, which is stronger in the first and fourth quadrants1 of the Galactic disk (e.g., Amôres and Lépine, 2005).

In the right panel of Figure 1, we present the open clusters with ages lower than 50 Myr. This sample of young objects clearly follows the spiral pattern in the Solar neighborhood, according to the spiral arms log-periodic functions fitted by Reid et al. (2014).

In Figure 3, we present the age distribution of the clusters, in a linear scale of ages. There are a large number of clusters with age smaller than 15 Myr, followed by a sharp decrease of the cluster number density with age. This means that a large number of clusters do not survive longer than 10–15 Myr after their birth. Let us call this phenomenon a “high mortality” of the clusters; this could be due to: high collision rates inside the arms, the gravitational potential gradients at the edge of the arms, or to the relaxation process, described by Binney and Tremaine (1987) (chapter 8), due to clusters that were not born with the more massive stars at the center. The death rate later decreases; from about 30 Myr, when most clusters leave the spiral arm in which they were born, to the end of the age interval that we investigated, there is only a very slow death rate. The clusters are no longer connected with the spiral arms where they were born, and are traveling quietly in the inter-arm regions. The slow death rate is possibly due to evaporation, a process described by Binney and Tremaine (1987) (chapter 8). In addition to this, there can be member stars kicked off from the clusters by some gravitational interactions with objects of the Galactic disk. Apparently, no dramatic event, like a collision with a dwarf galaxy, able to produce an increase of mortality, or on the contrary, a burst of star formation, took place within the time interval that we investigated.


[image: Figure 3]
FIGURE 3. The age distribution of the open clusters of our total sample. Two time-scales are presented, with bin width 5 Myr, extending to 300 Myr (left plot) and with bin width 40 Myr, extending to 1,500 Myr (right plot). The evolution of the number of clusters is quite smooth on the two scales.


In Figure 4, we present the distribution of radial distances from the Galactic Center for the clusters of our sample. There is a broad peak at about 8 kpc, the radius of the Solar orbit, which can be explained by the observational limiting distances of sources around the Sun, as already discussed to explain Figure 1. The distribution is not perfectly symmetric, being more extended in the direction of large radii. Two factors are able to contribute to this asymmetry. One factor is that the interstellar extinction is smaller in the direction of the external quadrants (II and III) of the Galaxy (e.g., Amôres et al., 2013), and the other is the presence of the Local arm, very close to the Sun, also in those external quadrants.


[image: Figure 4]
FIGURE 4. The Galactocentric radial distribution of the open clusters sample with different age intervals. In the left-hand panel, the whole sample is presented. The minimum near 9.5 kpc is the most evident structure. In the right-hand panel, we show the radial distribution of the objects separated in three age ranges: younger than log(age) < 7.7, 7.7 ≤ log(age) ≤ 9.0 and log(age) > 9.0. We can see that the gap at 9.5 kpc is much wider (about 1 kpc width) and deeper in the younger cluster distribution. The gap is smaller in the intermediate age distribution and disappears in the older distribution. We interpret this as being due to open cluster's radial migrations, that tends to fill the gaps with time. Note that the brown color is the effect of superposing blue and yellow.




4. DISTRIBUTION PERPENDICULAR TO THE GALACTIC PLANE

The large homogeneous sample of clusters allows us to investigate and confirm many interesting properties of the structure of our Galaxy. One of these interesting parameters is the distribution of clusters as a function of height from the plane of the Galaxy. To investigate this we show, in Figure 5, the histograms of these distributions separated in three age groups: log(age) < 7.7, 7.7 < log(age) < 9.0 and log(age) > 9.0. Looking at these age groups we have the following statistics for the disc offset obtained from the median of the distributions and their respective standard deviation: (1) log(age) < 7.7: [image: image] pc; (2) 7.7 < log(age) < 9.0: [image: image] pc; and (3) log(age) > 9.0: [image: image] pc. Looking at the sample as a whole we obtain 15.1 ± 4.6 pc for the distance of the Sun to the plane of the Galaxy. If we take only the younger clusters with log(age) < 7.7 we get 15.5 ± 4.1 pc.


[image: Figure 5]
FIGURE 5. Distribution of the open clusters and their parameters as a function of height relative to the plane of the Galaxy.The upper left panel shows histograms of the distances of the clusters to the Galactic plane in different colors for three ranges of ages. Note that the brown color is the result of superposing blue and orange colors. The other panels are clearly showing the expected trends in age, extinction, and metallicity, as a function of distance to the Galactic plane.


The values obtained of median z are in general agreement with the values obtained by other authors also using samples of open clusters, as Bonatto et al. (2006) (14.8 ± 2.4 pc) and Joshi (2007) (17 ± 3 pc) and more recently by Cantat-Gaudin et al. (2020) who obtained (15.3±5.2 pc), who used stellar membership and distances obtained with data from the Gaia DR2 catalog for open clusters within 4 kpc from the Sun. It also agrees with results obtained with other classes of objects, such as Cepheids (Skowron et al., 2019) (see their Table S2) but is different from those obtained by other methods like using these high-latitude star counts (27 ± 4 pc) (Chen et al., 2001). We remark that this comparison should be taken with caution due to the influenced in the RGC by a combination of intrinsic scatter and the effects of warping, which we do not take into account.

We can also look at the distribution of cluster parameters as a function of height relative to the plane of the Galaxy. To accomplish this we obtain averages of the parameters log(age), AV, and [Fe/H] for the clusters in bins determined from the distribution of heights to the plane. The following plots in Figure 5 show the resulting variations that, despite the large dispersion, confirm general trends expected for the distribution of properties in the Galaxy. For instance, since the dust is strongly concentrated in the galactic plane, the clusters situated in the plane (small Z modulus) have larger mean Av, since their line-of sights cross larger distances in regions of high density Interstellar Medium. On the other hand, it is known that stars (and clusters) situated at larger distances from the plane are older. This is confirmed by the first panel of Figure 5, where we see that only clusters older than 1 Gyr reach distances ≥ 0.4 kpc from the plane. It is usually accepted that the clusters are born in the Galactic plane, and then are scattered during their life to larger |z| by collisions with molecular clouds (Gustafsson et al., 2016). On the other hand, the metallicity enrichment of the Galactic disk is a slow continuous process; as a result, old stars have low metallicities; combined with the scattering process that we just discussed, low metallicities are found in high |z| stars, as confirmed by the last panel of Figure 5. This trend was also seen by Li et al. (2018) using data from the Apache Point Observatory Galactic Evolution Experiment data release 13 (DR13 hereafter) and Gaia Tycho-Gaia Astrometric Solution. Still another process that may contribute to having older clusters at high |z| is that, although they oscillate and cross the Galactic plane, these clusters spend a larger fraction of their time in regions with smaller density of stars and of interstellar matter, which guarantees a longer life.



5. THE SPIRAL PATTERN ROTATION SPEED

The method used in this work to estimate the value of Ωp is the same presented in Dias et al. (2019). Basically, from the birthplace position, we rotate forward this point an angle ΩpT around the Galactic Center, and obtain a point situated on the present-day position of the same arm. We are assuming that the birthplace of a cluster represents a point of a spiral arm, a time T ago, since it has been known for a long time that young open clusters are tracers of the spiral structure, which is also confirmed by Figure 1.

We consider that the shape of the spiral arms is conserved, so that every point of the initial spiral arm has a corresponding point on the present-day arm obtained by a rotation angle Δθ = θf − θi. In this way, clusters with different ages produce independent measures of the rotation velocity, according to the Equation (1), where the unknown parameter is Ωp,

[image: image]

where, in polar coordinates, the azimuth θf is the present-day position angle of the arm, θi the birthplace position angle of a cluster, Ωp the rotation velocity of the arms, and T is the age of the cluster.


5.1. The Birthplace of the Open Clusters

We find the birthplace of each cluster by integrating backward over their orbits for a time interval T equal to their age, starting from the present-day initial conditions (positions and space velocities). The numerical integration of the equations of motion was performed by means of a fifth-order Runge–Kutta integration procedure, with a typical time step of 0.1 Myr.

The birthplaces depend on the adopted rotation curve, which we present and discuss in the next section. All the rotation curves have to be normalized to the adopted rotation velocity of the local standard of rest (LSR; V0) and to the solar radius (R0), of which the values V0 = 240 km s−1 and R0 = 8.3 kpc were taken from Reid and Dame (2016) and Gillessen et al. (2017), respectively. To compute the heliocentric U and V velocities and the respective errors of each open cluster, we use the equatorial coordinates, distances, proper motions, and radial line-of-sight velocities, following the formalism described by Johnson and Soderblom (1987), and in order to pass to the LSR reference frame, we add the components of the solar motion U⊙ = (−11.10 ± 0.75) km s−1 and V⊙ = (12.24 ± 0.47) km s−1 (Schönrich et al., 2010). The errors of ULSR,VLSR velocities were determined by the usual propagation formula.

The errors in the birthplace positions were estimated through Monte Carlo method, by integrating the orbits 1000 times from the generated Gaussian distributions, considering the values and uncertainties of distance, proper motion and velocity. The birthplaces of the clusters were taken as the mean of the distributions of the results of the integrations, with the uncertainties represented by the standard deviations. We obtain a typical error of about 140 pc in the birthplace positions.



5.2. The Galactic Rotation Curve

In this study, we used two analytical expressions for the rotation curve of the Galaxy, that are justified in terms of gravitational potential models of the Milky Way, and were fitted to different types of tracers, such as HI and CO tangent line data (Burton and Gordon, 1978; Clemens, 1985; Fich et al., 1989), and data of maser sources from VLBI observations (Rastorguev et al., 2017; Reid et al., 2019). One of the rotation curves is flat in the region of interest for the present work, the other one is not much different, but presents a narrow Gaussian dip (width 0.39 kpc, depth 12.5 km s−1) centered at 9.2 kpc. In Figure 6, we present the rotation curves used in the present work. The flat rotation curve and the rotation curve with the dip at 9.2 kpc are given by the following expressions (2) and (3), respectively:

[image: image]

[image: image]

with R given in kpc and Vrot given in km s−1. From the above rotation curves, we derive the radial gradient of the axisymmetric Galactic gravitational potential, [image: image], used to integrate the orbits of the clusters and to determine their birthplaces.


[image: Figure 6]
FIGURE 6. Rotation curves of the Galaxy that can be classified as plane and plane with a dip centered at 9.2 kpc. The analytical expressions for both rotation curves are given by Equations (2) and (3), respectively.


For our sample, the two curves did not yield very different results. Note that the dip in the second rotation curve can be fitted adequately by different tracers (masers sources and HII regions) and can be explained as follows. The minimum in the rotation curve has contributions from both the density of gas and of stars. In the case of gas, it is the “vacuum pump” effect promoted by the spiral potential. With little gas at corotation, then few stars will form there (except the portion of matter which must be stuck around the stable Lagrangian point and in the banana orbits). So that is why we see a minimum of density in young clusters. The older clusters, in principle, could fill the void of the corotation. However, we must introduce here the question of the secular transfer of angular momentum between stars and arms: stars within corotation give angular momentum to the arms, reducing their orbital radius and by the other hand, stars out of corotation gain angular momentum by the arms, which increases their orbiting radius. So the net effect on the stars is also a minimum of density in the corotation. This minimum is also seen with older clusters. The minimum of the rotation curve must really be offset from the minimum of density. The reader will find a detailed discussion of the issue in Barros et al. (2013).



5.3. The Zero-Age Arms

Initially, we intended to use the log periodic spiral functions of Reid et al. (2014, 2019) to trace zero-age arms positions. However, the aim of this work is not to obtain a satisfactory fit over a large region of the Galaxy, but the best fit possible over the solar neighborhood. In this way, we preferred to use polynomial fit to the position of the masers from Reid et al. (2014, 2019) which gives more liberty to the adjusted curve to run along the deviations from spirals. The work of Xu et al. (2006) shows strong deviations of the Carina arm from a spiral, and also indicates that the Perseus arm deviates from a pure logarithmic spiral, showing variable pitch angle. Note that the polynomial and logarithmic spirals fits are not in disagreement in the region of interest of our work as shown by Dias et al. (2019).

We applied the same procedure to the four arms to be homogeneous, which gives a second-order polynomial for the Local and Sagittarius-Carina arms and sixth-order polynomial for the Perseus and Scutum arms. Clearly, in our method the values of rotation velocity of the spiral arms (Ωp) and the corotation radius depend on the location of the zero-age arms. Slightly different results can be obtained depending on the choice of the function representing the arms. The selection of the clusters belonging to each arm was done considering the arms with width of ± 0.3 kpc to accommodate the different values estimated for each arm and the uncertainties associated with the present-day and birthplace position of the open clusters.




6. RESULTS AND DISCUSSION

Using the Equation (1) we obtain the Ωp by weighted linear least-squares fit, considering the uncertainty associated with each measurement as the weight. We applied the chi-square error statistic to determine the best angular coefficient to [image: image], as presented in Figure 7.


[image: Figure 7]
FIGURE 7. The angle between the birthplaces of the clusters, and the present day position of the corresponding spiral arm (zero age) at the same Galactic radius. The birthplaces were obtained using for integration the rotation curve without dip. The points represent the total sample. The slope of the linear fit to [image: image] gives Ωp = 28.5 ± 0.8 km s−1 kpc−1, that we adopt as our final result.


In Table 1, we present the results of Ωp obtained using both rotation curves, flat and with dip. The table also shows the Ωp estimated for each arm. We found an excellent agreement with the value of both Ωp found in our previous work using the same method (Dias et al., 2019). However, the values of Ωp are not directly comparable with those published in Dias and Lépine (2005) since we used the rotation curves scaled to different values of R0 and V0.


Table 1. Ωp7 (in km s−1 kpc−1) obtained with a plane Galactic rotation curve and with the same curve with a dip centered at 9.2 kpc.

[image: Table 1]

The values of Ωp from each rotation curve, presented in Table 1, agree within the estimated errors, showing no statistical distinction. It can also be noted that the value obtained for each arm agree within the errors, which provides an observational evidence in favor of the classical stationary density wave theory where the arms rotates as a rigid body with the same velocity Ωp. The values are also in agreement with the range previously determined in the literature which range from (20.1 ± 5.3) km s−1 kpc−1 to (25.2 ± 0.5) km s−1 kpc−1 presented by Dambis et al. (2015) and Koda et al. (2016), respectively, although none use Gaia data.

The knowledge of Ωp allows us to derive the corotation radius (Rc) by the relation [image: image]. It is the radius in the Galactic disk where the stars rotate with the same velocity of the arms, that is, the strongest Galactic resonance.The value obtained in this work of (28.5 ± 1.0) km s−1 kpc−1 implies (Rc = 8.42 ± 0.46) kpc, close to the solar Galactic orbit (Rc/R0 = 1.01 ± 0.08). It is in excellent agreement with those published in Dias and Lépine (2005) and Dias et al. (2019). It is interesting to note that the corotation radius near the radius of the Local arm was not unexpected since, in the present-day positions (Figure 1) the young clusters lead the Sagittarius-Carina arm, are centered in the Local arm, and lag the Perseus arm.


6.1. The Nature of the 9.5 kpc Gap

The corotation divides the Galaxy into two parts, external and internal with different characteristics due to evolution over time, and at corotation a minimum of density like a gap is expected. The existence of this gap in the distribution of open clusters was already known (e.g., Barros et al., 2013, where the adopted R0 was 7.5 kpc), and is also present in the distribution of Cepheids (Barros et al., 2013). Thanks to the better age determinations available now, we have the opportunity to re-discuss the nature of this minimum. In Figure 4, we present the distribution of Galactic radial distances for open clusters with ages smaller than about 50 Myr [log(age) < 7.7], in which the gap can be seen to be much wider (about 1 kpc) than in the entire sample, without age selection. Our interpretation is that in the Galactic radius range 8.5–9.5 kpc, star formation and cluster formation are inhibited by the existence of a deep minimum in the gas density. A simple model of the gap phenomenon is shown in Figure 8, which helps to understand some basic aspects of it. We call attention to the fact that the interstellar gas flows following circular orbits expressed by the rotation curve, in the inter-arm regions, but there is a component of flow in the radial direction, inside the arms, as shown in the simple model. Note that there is no radial mixing of the gas between the two halves of the disk, which favors independent chemical evolution of the two sides. A more professional hydrodynamic model is presented by Pérez-Villegas et al. (2015) and the gas rarefaction at a radius situated a little farther than the solar radius has been effectively observed by means of the analysis of HI spectral profiles (Amôres et al., 2013).


[image: Figure 8]
FIGURE 8. A schematic model for the Galactic gas gap. A spiral arm is represented in red, it is a groove in the gravitational potential of the disk, which acts like a river for the interstellar gas. Due to the rigid body-like rotation of the spiral arm, and to the flat rotation curve of the Galaxy, the interstellar gas which is being swept, represented by gray arrows, penetrates the arms from opposite sides in the inner and outer regions of the disk, the frontier being the corotation radius, represented by the dashed blue circle. The angle of penetration of the gas determines the direction of the gas flow inside the arm. This results in opposite flow direction indicated by green arrows on the two sides of the corotation circle, a phenomenon which decreases the gas density in the arms near the corotation radius.


The metallicity as a function of Galactic radius is another interesting aspect to analyse. Here we are focusing on the general distribution of metallicity among the clusters, and not the value of the individual metallicity estimate of any cluster in particular. The metallicity coincides with [Fe/H], the logarithm of iron abundance relative to hydrogen, normalized to the solar value. Although the present sample contains many more clusters, the general aspect of the distribution does not differ much from that which was obtained by Lépine et al. (2011) (see their Figure 3). The metallicity data used in that paper were derived from high resolution spectroscopic observations of giant stars belonging to the clusters, which in some specific cases are more reliable than the isochrone fitting.

The main characteristics of the metallicity distribution are presented in Figure 9. In the upper left panel, we show all individual points with a non-parametric regression LOESS line over-plotted. In the upper right panel, a kernel density estimate in ([Fe/H], radius) space is shown. A gap at 9 kpc can be seen, as well as a slight flattening of the gradient beyond 10 kpc. The flattening is not surprising since this is also a characteristic of the prior used for the metallicity as described in Monteiro et al. (2020). In the lower left panel, the logarithm of the age of the clusters is presented as a function of the Galactic radius, showing a prevalence of old clusters at Galactic radii larger than 11 kpc. In the lower right panel, the distribution of the old and young population of clusters is shown with their respective non-parametric regression LOESS line over-plotted. The flattening of the gradient is more evident in the older population.


[image: Figure 9]
FIGURE 9. Metallicity, equal to iron abundance log [Fe/H] normalized to the Solar value as a function of Galactic radius. In the upper left panel we show all individual points with a non-parametric regression LOESS line over-plotted. In the upper right panel a kernel density estimate in ([Fe/H], radius) space is shown. A gap at 9 kpc can be seen, as well as a slight flattening of the gradient beyond 10 kpc. In the lower left panel the logarithm of the age of the clusters is presented as a function of the Galactic radius, showing a prevalence of old clusters in the region with radius larger than 11 kpc. In the lower right panel, the [Fe/H] distribution of the old and young population of clusters is shown with their respective non-parametric regression LOESS line over-plotted.


The large spread of radius at any given metallicity value is evident. The observed spread is in part due to the low precision of the metallicity estimates, but can also indicate a connection with stellar migrations and with the flow of gas inside spiral arms, understood as grooves in the Galactic potential. Note that at radius 8.5 kpc, for instance, we can find clusters with metallicities ranging from about −0.2 to +0.5! A detailed model is beyond the scope of this work, and large scale, precise data sets will be needed to draw any conclusions. Until the recent past, works on Galactic metallicity used to fit the metallicity distribution of open clusters or other tracers, by a single straight line going from about 6 to 12 kpc. Although they give good overall results, these models do not help to understand the complexity of the transition zone related to corotation, which is now becoming more evident in the newer and larger data sets that are starting to be available.

In Figure 10, we present the results of the backward integration of the orbits of open clusters younger than 50 Myr [log(age) < 7.7], with open clusters separated in colors corresponding to intervals of ages with sub-samples with approximately equal numbers of objects (~ 60 objects in each sub-sample): blue for clusters with age < 11.5 Myr; green for clusters with 11.5 < age < 23.5 Myr; and red for clusters with age > 23.5 Myr. Panel (A) shows the present-day positions of the clusters; panel (B) shows the birthplaces of the younger cluster sub-sample, along with the tracing of their orbits; panels (C) and (D) are the same of panel (B) but for the intermediate-age and older cluster sub-samples, respectively. Since the integration of the orbits was done in the reference frame of the spiral pattern, i.e., rotating with the angular velocity Ωp = 28.5 km s−1 kpc−1, following the sequence of panels, one can see the displacement of the clusters in opposite directions from the corotation circle (green dashed circle in the figure), especially in the older clusters subsample (clusters in red): inside the corotation circle, the clusters reach their birthplaces moving in the counterclockwise direction, approaching the segments of the Sagittarius-Carina and Scutum-Centaurus arms in the fourth quadrant of the Galaxy; outside the corotation circle, the clusters reach their birthplaces moving in the clockwise direction, approaching the Perseus and Outer arms segments in the second quadrant. The clusters near the corotation circle (located in the Local arm) show little displacements mainly due to their low relative angular motion with respect to the spiral arms.
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FIGURE 10. Results of the backward integration of the orbits of open clusters younger than 50 Myr [log(age) < 7.7]. The open clusters are separated in colors by the corresponding intervals of ages: blue for clusters with age < 11.5 Myr; green for clusters with 11.5 < age < 23.5 Myr; and red for clusters with age > 23.5 Myr. The green dashed circle represents the corotation circle. The gray shaded areas show segments of the spiral arms from Reid et al. (2019), which are, from top to down, respectively, the Outer arm, the Perseus arm, the Local arm, the Sagittarius-Carina arm, and the Scutum-Centaurus arm. The integration of the orbits was done in the reference frame of the spiral pattern with angular velocity Ωp = 28.5 km s−1 kpc−1. (A) Shows the present-day positions of the open clusters on the Galactic plane. (B) Shows the birthplaces of the open clusters younger than 11.5 Myr (filled circles), with the tracing of the orbits since their present-day positions. (C,D) Are the same of (B) but for the birthplaces and orbits of the open clusters in the age intervals of 11.5 < age < 23.5 Myr and age > 23.5 Myr, respectively.


In the dynamical context, we understand that the spiral arms are like grooves in the gravitational potential of the Galactic disk, and they behave like channels along which there is a gas flow. The arms rotate like rigid bodies and the open clusters are born in the spiral arms, as discussed in this text. Most of the stars and of the molecular clouds in the inter-arm regions move in orbits that do not depart much from circular orbits around the Galactic Center. Note that these objects with differential rotation in the disk define the rotation curve. The rotation curve of the Galaxy crosses the rotation curve of the rigid spiral arm structure at a Galactic radius that we call the corotation radius, which we determined to be close to the radius of Solar orbit. A strong resonance develops at the corotation radius, which is able to capture stars and open clusters in local libration orbits. As the spiral arms sweeps the interstellar medium due to its rotation, the interaction of the interstellar gas with arm's grooves induces gas flows in the arm. The gas flow runs along the arms, in opposite directions on each side (inner or outer) of the corotation radius (see Figure 8). This is at the origin of a low gas density or a gap, in the interior of the arms, at the corotation radius. This gap due the corotation and the gas flow in the arms are able to explain some aspects of the metallicity distribution in the Galactic plane.




7. CONCLUSIONS

We have presented the main characteristics of the recently available sample of 1,750 open clusters, with added radial velocities and high quality of isochrone fitting and age determination. Based on a sample of dozens young clusters, we determined the rotation velocity of the spiral structure, assuming that the clusters are born in the spiral arms of the Galaxy. We recover the birthplaces by integrating backwards the orbits starting from the present position of the cluster, for a time equal to the age of the cluster. Therefore, each birthplace represents the position of the arm at a given epoch, and we compare it with the zero-age arm position of the present day spiral arm traced by a sample of masers. The method applied consists in getting the rotation angle of the spiral arm needed to make it coincide with the present day structure. Each cluster sets out one rotation angle and one time interval (the age). The set of birthplaces and actual positions of the same arms gives the rate of change of angular position of the arms as a function of time. This allows determination of the spiral pattern rotation speed of the Galaxy as Ωp = 28.5 ± 1.0 km s−1 kpc−1, now including the Scutum arm in the analysis.

Interestingly, our analysis points out that the values of Ωp estimated for each arm are similar within 1 σ level error. This means that the arms do not have any significant angular velocity with respect to the others. It is an observational evidence that goes in the same direction of the first historical works on density wave theory (Lindblad, 1938; Lin and Shu, 1964) in which the spiral pattern rotates as a rigid body with angular velocity Ωp. However, these historical works are not used any more in present day research. The interpretation of the nature of the spiral arms that we adopt, in terms of grooves in the galactic gravitational potential of the disk (Junqueira et al., 2013), is quite different from the classical theory, but shares with it the rigid rotation of the spiral structure.

As expected from visual inspection of the positions of the young clusters in relation to the zero-age position of the spiral arms, the corotation radius location is very close to the Solar orbit radius. In this work, the corotation radius, derived from the value of Ωp, is (Rc = 8.57 ± 0.07) kpc, while the ratio between the corotation radius and the solar radius is (Rc/R0 = 1.01 ± 0.08). We show evidence for a gap in the gas distribution of the Galactic disk at about 9kpc. The corotation radius result supports the explanation that we give for the gap and for the strong change of metallicity gradient in the Galactic disk in the vicinity of the Sun. The metallicity gradient is highlighted in Figure 9, a kernel density plot of distribution of [Fe/H] as a function of the Galactic radius.

The results are based on the unprecedented quality of the Gaia DR2 data, and on direct dynamical and chemical analyses that do not involve any complicated or polemical theory. We plan to update the present analyses based on Gaia EDR3, and on the resulting updates of the cluster catalogs. In our opinion, this work contributes to understand the extended solar neighborhood in the context of Galactic dynamics, and will not suffer conceptual changes due to Gaia DR3.
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FOOTNOTES

1quadrant I: 0° < l < 90°; quadrant II: 90° < l < 180°; quadrant III: 180° < l < 270° and quadrant IV: 270° < l < 360°, where l is the Galactic longitude.
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