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ABSTRACT

With Gaia, APOGEE, GALAH, and LAMOST data, we investigate the positional,

kinematic, chemical, and age properties of nine moving groups in the solar neigh-

borhood. We find that each moving group has a distinct distribution in the velocity

space in terms of its metallicity, α abundance, and age. Comparison of the moving

groups with their underlying background stars suggests that they have experienced

the enhanced, prolonged star formation. We infer that any dynamical effects that

gathered stars as a moving group in the velocity space also worked for gas. We pro-

pose for the first time that the ensuing newborn stars from such gas inherited the

kinematic feature from the gas, shaping the current stellar velocity distributions of

the groups. Our findings improve the understanding of the origins and evolutionary

histories of moving groups in the solar neighborhood.

Keywords: Stellar kinematics (1608), Milky Way dynamics (1051), Metallicity (1031),

Stellar age (1581), Chemical abundances (224)

1. INTRODUCTION

Moving groups in the solar neighborhood provide valuable insights into the forma-

tion and evolution of our Galaxy’s disk (Eggen 1996; Dehnen 1998), thanks to their
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retention of birth environment signatures and dynamical histories. Moving groups

are associated with large kinematic structures like arches, ridges, and phase spirals

(Antoja et al. 2018; Gaia Collaboration et al. 2018; Ramos et al. 2018; Fragkoudi et

al. 2019; Khanna et al. 2019; Monari et al. 2019; Laporte et al. 2020; Bernet et al.

2022; Hunt et al. 2022; Khoperskov & Gerhard 2022). Models have shown that many

mechanisms affect the velocity distribution of stars in the solar neighborhood, such

as (a) spiral waves churning both stars and gas, inducing radial mixing (Sellwood

& Binney 2002; Schönrich & Binney 2009); (b) the effect of spiral arms (Quillen &

Minchev 2005; Antoja et al. 2009; Purcell et al. 2011; Hunt et al. 2018; Michtchenko

et al. 2018; Barros et al. 2020); (c) nonlinear effects of orbital resonances (Contopou-

los & Grosbol 1986; Fux 2001; Minchev et al. 2009; Monari et al. 2019; Clarke &

Gerhard 2022; Bernet et al. 2024) like the outer Lindblad resonance of the Galac-

tic bar (Dehnen 2000; Hunt & Bovy 2018; Fragkoudi et al. 2019; Fujii et al. 2019;

Monari et al. 2019; Asano et al. 2022; Trick 2022), corotation resonance of a long bar

(Pérez-Villegas et al. 2017; Monari et al. 2017, 2019; Asano et al. 2020; D’Onghia &

L. Aguerri 2020), and resonance sweeping by a decelerating Galactic bar (Chiba et al.

2021; Chiba & Schönrich 2021); (d) heating of Galactic disks by mergers (Quinn et al.

1993); (e) footprints of the Sagittarius dwarf galaxy passing through the disk (Quinn

et al. 1993; Purcell et al. 2011; D’Onghia et al. 2016; Laporte et al. 2019; Craig et al.

2021); (f) phase-mixing due to external perturbations (Minchev et al. 2009; Gómez

et al. 2012; de la Vega et al. 2015; Antoja et al. 2018; Hunt et al. 2018; Ramos et al.

2018; Laporte et al. 2019, 2020; Khanna et al. 2019); and (g) tidally stripped stars

(Helmi et al. 1999; Sanders & Binney 2013).

The chemical tagging technique (Freeman & Bland-Hawthorn 2002) is a popular

method to uncover the fossil evidence provided by the Galaxy. Bensby et al. (2007)

studied the Hercules moving group with high-resolution spectra of nearby F and G

dwarf stars, supporting its dynamical origin. De Silva et al. (2007) studied the age

and chemical abundances of the HR 1614 group and suggested that it is the remnant

of a dispersed star-forming event. De Silva et al. (2011) used high-resolution spec-

tra to study the Hyades moving group and found that it is made up at least partly

of dispersed Hyades cluster stars. Liang et al. (2017) utilized data from LAMOST

DR3 combined with Gaia DR1 TGAS to unveil a distinct metal-poor gap separating

the Hyades-Pleiades and Hercules moving groups, hinting at underlying Galactic pro-

cesses shaping their compositions. Ramya et al. (2019) studied K giants of the Hyades

and Sirius superclusters and suggested that the Hyades moving group is populated

by stars from the Hyades and Praesepe open clusters, while the Sirius moving group

is populated by stars from the Ursa Major open cluster. Yang et al. (2021) inves-

tigated the chemistry and ages of moving groups using APOGEE DR16, revealing

significant dispersion among them. Liang et al. (2023) suggested that the Hercules 1

and Hercules 2 moving groups have formed primarily through radial migration pro-

cesses according to their radial age and chemical abundance distributions. Nepal
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et al. (2024) proposed a theory that the bar could affect the star formation in the

solar neighborhood. Khoperskov & Gerhard (2022) discovered some moving groups

exhibiting slightly enriched mean metallicity and periodic variations correlated with

angular momentum. They further suggested that these patterns in the (R, Vϕ) plane

(Khanna et al. 2019; Liang et al. 2019; Fragkoudi et al. 2020) are linked to the large-

scale Milky Way spiral arms and main bar resonances. Yang et al. (2023) suggested

that bar dynamics are not enough to explain all ridge properties in the (R, Vϕ) plane.

Wheeler et al. (2022) explored the chemical signatures of bar resonances and associ-

ated some moving groups with the bar’s outer Lindblad and corotation resonances.

Khoperskov et al. (2023) using chemodynamical simulations show that dynamical ef-

fects play a key role in the formation of large-scale metallicity variations across spiral

arms. Haywood et al. (2024) used simulations to show that bar formation in galaxies

is accompanied by an episode of radial migration induced by the bar’s slowing down.

This process is responsible for spreading stars from the inner disc toward the outer

Lindblad resonances. Despite the efforts, the mechanisms governing the formation

and evolution of moving groups, as well as their connections to broader Galactic

structures, remain unresolved. To address the issue, we undertake a comprehensive

analysis of the chemical abundances, ages, and kinematic properties of moving groups

within the thin disk, aiming to unravel their complex origins and evolution histories.

In this study, we adopt the terminology of moving groups in Liang et al. (2017).

Some moving groups listed in Liang et al. (2017) are not studied in this work because

they have only a small number of member stars with available chemical abundances

and age information. We combine the Hyades moving group and the Pleiades moving

group as one entity due to their analogous characteristics and the precision of available

data. Lucchini et al. (2023) suggested that the Pleiades moving group’s radial extent

is only 200 pc, influenced by contributions from the Pleiades cluster’s tidal tail (Lodieu

et al. 2019). Similarly, we do not distinguish between the two density peaks within

the γ Leo moving group. Liang et al. (2018) used high-resolution spectra observed

with the Subaru High Dispersion Spectrograph to study the chemical abundances of

the γ Leo moving group and found that it is composed of local stars. Monari et

al. (2018) suggested that the Coma Berenices moving group must have formed less

than 1.5 billion years ago, possibly related to a pericentric passage of the Sagittarius

dwarf satellite galaxy. Tarricq et al. (2021) showed that the Pleiades, Hyades, and

Coma Berenices moving groups are more populated by young clusters, while the

Sirius region seems to contain a clump of clusters with ages exceeding 300 Myr, and

no cluster populates in the two Hercules moving groups. Liang et al. (2023) showed

that Hercules 1 and Hercules 2 moving groups are two independent structures with

different metallicities and ages. Bernet et al. (2024) measured the azimuthal and

radial gradients of the moving groups and compared them with simulation results.

They suggested that a simple model with a fast and a slow bar is not sufficient to
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Table 1. The Properties of the Moving Groups Examined in This Study.

Name Mean Mean Mean Number of Number of Colors in

[Fe/H] [α/Fe] age Mem. stars Bkg. stars Plots

(dex) (dex) (Gyr)

(1) (2) (3) (4) (5) (6) (7)

Hyades-Pleiades 0.018 ±0.200 -0.0087 ±0.044 4.83 ±2.67 448 593 399 343 black

Sirius -0.061 ±0.186 -0.0056 ±0.044 4.57 ±2.62 210 019 150 636 magenta

Hercules 2 -0.007 ±0.226 0.0028 ±0.043 5.83 ±2.77 133 281 193 235 violet

Coma Berenices -0.034 ±0.183 -0.0094 ±0.045 4.58 ±2.66 130 992 213 033 green

Hercules 1 -0.024 ±0.211 0.0033 ±0.045 5.57 ±2.77 62 680 89 070 pink

Wolf 630 0.006 ±0.219 -0.0022 ±0.043 5.36 ±2.68 56 579 43 333 blue

γ Leo -0.092 ±0.214 0.0105 ±0.044 5.85 ±2.69 38 824 88 236 cyan

Dehnen98-6 -0.038 ±0.210 0.0025 ±0.041 5.59 ±2.69 33 614 64 940 red

Antoja12-GCSIII-13 -0.186 ±0.223 0.0231 ±0.048 6.53 ±2.72 10 098 16 655 yellow

Note—Columns (2), (3), and (4) are respectively, the mean metallicity, mean α abundance, and mean
age of member stars in each moving group, while the ± values are the standard deviations. Columns
(5) and (6) are, respectively, the total number of member stars and the number of background stars for
each moving group. The last column (7) lists the colors of ellipses used in Figures 1–4 and 8 for the
corresponding moving groups.

produce the radial gradient of the Hercules moving groups, although it can produce

the azimuthal gradient.

In Section 2, we describe the data used for selecting member stars and underlying

background stars for each moving group, as well as the data used for determining

their metallicity, α abundance, and age. Section 3 presents [Fe/H], [α/Fe], and age

distributions in the (VR, Vϕ) coordinate. We also provide the comparison results of

the member stars and the background sample of each moving group. In Section 4,

we discuss various theories in the literature that are relevant to our findings. Finally,

Section 5 summarizes our new findings and their implications.

2. DATA

2.1. Positions and Velocities

We select stars from the Gaia DR3 catalog (Gaia Collaboration et al. 2016, 2023)

with parallax over error ≥ 5 and ruwe < 1.4, utilizing the astrometric data (par-

allax, proper motion, and radial velocity) to obtain positions and velocities with

the Python package, Astropy (Astropy Collaboration et al. 2022). The spatial co-

ordinates, denoted by x, y, and z, indicate the star’s position within the Galactic

Cartesian coordinate system. VR, Vϕ, and Vz represent the velocity components of

the star within the Galactic cylindrical coordinate system. The Sun’s location is

specified as (x, y, z) = (8340, 0, 20) pc. We select nearby stars with the criteria of
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Figure 1. Velocity distributions of stars in spatial bins. We show here local four panels
as an example; all panels for our total sample are shown in Figure A1. The x and y spatial
ranges in kiloparsec covered by each panel are denoted at the top and left of the figure.
The contour represents wavelet transformation coefficients, and the colored dots represent
selected member stars of each moving group. The concentric ellipses show the velocity
range used to select the background sample for each moving group. The color used for each
moving group is listed in Table 1, column (7).

7840 < x < 8840 pc, | y |< 500 pc, | z |< 200 pc, and | Vz |< 60 km s−1. The total

sample of nearby stars is divided into 100 × 100 pc spatial bins in the (x, y) coordi-

nate. Figure 1 shows the velocity distribution of stars in the spatial bins close to the

Sun as examples. The x and y spatial ranges in kiloparsec covered by each panel are

denoted at the top and left of the figure. Figure A1 in the Appendix displays all the

spatial bins for the total sample.

For stars in each spatial bin, we adopt the wavelet transformation to reveal overden-

sities in stars’ velocity distribution in the (VR, Vϕ) coordinate. The contour in each

panel of Figure 1 shows the distribution of wavelet transformation coefficients. The

colored dots represent manually selected member stars for each moving group using
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the contour, with different colors representing different moving groups. This method

of selection does not guarantee that all member stars are selected for each moving

group, but we believe it is sufficient to statistically reveal chemical and age properties

for each moving group. The gray dashed ellipses are plotted using the Matplotlib

package to approximately represent the velocity region covered by the member stars,

using covariance confidence ellipses. The colored dotted ellipses are twice the size

of the dashed ellipses. Stars between the concentric two ellipses are selected as a

background sample for each corresponding moving group. We note that the member

stars of the given moving group and of other moving groups have been removed from

the background sample. The color used for each moving group is listed in Table 1,

column (7).

2.2. Chemical Abundances and Ages

The inclusion of chemical abundance and age information enables a comprehensive

analysis of the moving group properties. To obtain the working catalogs of stars

with [Fe/H] and [α/Fe], we cross-match1 three different catalogs: APOGEE DR17

(Abdurro’uf et al. 2022), GALAH DR3 (Buder et al. 2021), and LAMOST DR9

(Cui et al. 2012; Zhao et al. 2012; Luo et al. 2015). On the one hand, we con-

struct a [Fe/H] catalog by combining the APOGEE, GALAH, and LAMOST data.

First, we construct the APOGEE/GALAH-combined [Fe/H] catalog. To this, we

identify 23,238 common thin disk stars on the [Fe/H] versus [α/Fe] diagram based

on APOGEE and GALAH catalogs. To calibrate GALAH to APOGEE, we derive

the difference between the mean values of [Fe/H] of the common stars from the two

catalogs, i.e., mean([Fe/H]GALAH) − mean([Fe/H]APOGEE) = −0.007, and subtract

the difference from [Fe/H] of all GALAH stars in a lump. We combine the APOGEE

[Fe/H] data and the calibrated GALAH [Fe/H] data, with duplicated sources removed.

Second, we construct the APOGEE/GALAH/LAMOST-combined [Fe/H] catalog.

To this, the LAMOST catalog is cross-matched with the APOGEE/GALAH com-

bined catalog, obtaining 49,411 common stars. To calibrate LAMOST to APOGEE,

we derive the difference between the mean values of [Fe/H] of the common stars

from the two catalogs, i.e., mean([Fe/H]LAMOST)−mean([Fe/H]APOGEE) = 0.005, and

subtract the difference from [Fe/H] of all LAMOST stars in a lump. We combine

the APOGEE/GALAH [Fe/H] data and the calibrated LAMOST [Fe/H] data, with

duplicated sources removed, to construct the final APOGEE/GALAH/LAMOST-

combined [Fe/H] catalog. On the other hand, we construct a [α/Fe] catalog by com-

bining the APOGEE and GALAH. Note that LAMOST does not provide [α/Fe].

For the aforementioned APOGEE–GALAH cross-matched 23,238 common thin disk

stars, we derive the difference between the mean values of [α/Fe] for common stars

from the two catalogs, i.e., mean([α/Fe]GALAH) −mean([α/Fe]APOGEE) = 0.011, and

subtract the difference from [α/Fe] of all GALAH stars in a lump. Then, we combine

1 Different catalogs are cross-matched using the Topcat software (Taylor 2005).
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the APOGEE [α/Fe] data and the calibrated GALAH [α/Fe] data, with duplicated

sources removed, to construct the final APOGEE/GALAH-combined [α/Fe] catalog.

Age information is obtained from eight spectroscopic surveys (Queiroz et al. 2023)

using the StarHorse code (Queiroz et al. 2018). The StarHorse provides stellar ages

for approximately 2.5 million main-sequence turnoff and subgiant-branch stars, with

typical age uncertainties around 30%. The StarHorse is based on Bayesian inference,

computing the marginal posterior distributions for the data given a set of stellar

models and input stellar parameters. Validation against open cluster ages and other

attempts to derive isochrone ages demonstrate that their ages are reliable for stars

older than 2 Gyr. We combine all catalogs from the StarHorse with duplicated sources

removed.

In summary, we are left with 450 247, 110 008 and 328 347 stars for the [Fe/H],

[α/Fe] and age samples, respectively.

3. RESULTS

3.1. Properties of the Moving Groups

We provide the properties of the moving groups in Table 1, including their mean

metallicity, mean α abundance, and mean age of member stars, along with the corre-

sponding standard deviations. The standard deviations represent internal dispersion

within each moving group. Additionally, the table includes the total number of mem-

ber stars and the number of background stars available for each moving group.

Consistent with the findings of Liang et al. (2017), the Hyades-Pleiades and Wolf

630 moving groups exhibit the highest mean metallicity, while the Antoja12-GCSIII-

13 moving group shows the lowest metallicity. Notably, the γ Leo and Sirius moving

groups also display relatively low metallicity. The Hercules 2 and Antoja12-GCSIII-

13 moving groups show the widest dispersions in metallicity, whereas the Sirius and

Coma Berenices moving groups exhibit the smallest metallicity dispersions. The or-

der of mean α abundance across moving groups does not directly mirror that of their

metallicities. The Antoja12-GCSIII-13 and γ Leo moving groups have the richest

α abundances, while the Coma Berenices and Hyades-Pleiades moving groups have

the poorest α abundances. The Antoja12-GCSIII-13 moving group has the highest

dispersion in α abundance, while the Dehnen98-6 moving group has the smallest α

abundance dispersion. Other moving groups demonstrate similar levels of α abun-

dance dispersions.

The ages of moving groups do not adhere to a strict inverse correlation with

their metallicities or a direct correspondence with their α abundances. Notably, the

Antoja12-GCSIII-13 moving group has the oldest mean age, aligning consistently with

its ranking in terms of the aforementioned parameters. The Sirius, Coma Berenices,

and Hyades-Pleiades moving groups are relatively young, and take up the main part

in the (VR, Vϕ) coordinate. The Hercules 2 and Hercules 1 moving groups have the

largest age dispersions, while the Sirius moving group has the smallest age dispersion.
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Figure 2. The metallicity distribution in the (VR, Vϕ) coordinate. The x and y spatial
ranges in kiloparsec covered by each panel are denoted at the top and left. The color bar
on the right indicates the color corresponding to [Fe/H] values for all panels. The ellipses
approximately represent the velocity range covered by each moving group. The colors used
for ellipses are listed in Table 1, column (7).

Overall, the properties of the moving groups (Table 1) suggest that it is important

to consider multiple stellar parameters when investigating the origins and evolution

history of moving groups in the Milky Way.

3.2. The Moving Groups with Respect to [Fe/H], [α/Fe], and Ages in the Velocity

Space

The metallicity, α abundance, and age samples are divided into spatial bins in

the (x, y) coordinate. The x and y spatial ranges in kiloparsec covered by each

panel are denoted at the top and left of Figures 2–4. Within each spatial bin, stars

are further divided into 1 km s−1 square velocity bins in the (VR, Vϕ) coordinate.

Figure 2 depicts the distributions of the metallicity sample in the (VR, Vϕ) coordinate.

The median [Fe/H] value is calculated to represent each velocity bin. The color
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Figure 3. The same as Figure 2 but for α abundance. The color bar at the top of each
panel indicates the color corresponding to the [α/Fe] values.
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Figure 4. The same as Figure 2 but for age. The color bar at the top of each panel
indicates the color corresponding to the age values.

bar on the right indicates the color corresponding to [Fe/H] values for all panels.

Velocity bins with fewer than two stars are left blank. The dashed ellipses are plotted

using the same method as the dashed ellipses in Figure 1 to approximately represent

the velocity regions covered by member stars of moving groups, using covariance

confidence ellipses. The corresponding colors used for ellipses are listed in Table 1,

column (7).

The α abundance sample (Figure 3) and age sample (Figure 4) are analyzed similarly

to the metallicity sample (Figure 2). In Figure 3, larger spatial bin sizes have to be

adopted to include enough stars in each spatial bin. The color bar at the top of each

panel in Figures 3 and 4 indicates the color corresponding to [α/Fe] and age values
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Figure 5. Metallicity comparison with the background sample. The title of each panel
shows the name of the moving group. The dots with error bars represent mean values with
uncertainties of ∆[Fe/H] of different y positions at a given x position. The error bars are
obtained through the jackknife analysis. ∆[Fe/H] is defined as the median [Fe/H] of member
stars minus the median [Fe/H] of the corresponding background star sample within an (x,
y) spatial bin.

for that panel, respectively. Figures 2–4 collectively illustrate that moving groups

tend to be rich in metallicity, low in α abundance, and young in the velocity space.

3.3. Comparison of the Moving Groups with Their Underlying Background Stars

To quantify the tendencies observed in Figures 2–4, background samples are uti-

lized. Metallicity, α abundance, and age information are obtained by cross-matching

member stars and background stars of each moving group with the metallicity sam-

ple, α abundance sample, and age sample. In each panel of Figure A1, ∆[Fe/H] is

calculated as the median [Fe/H] of member stars minus the median [Fe/H] of the
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Figure 6. The same as Figure 5 but for α abundance.

corresponding background stars selected by the concentric ellipse. Consequently, we

obtain 10 × 10 values of ∆[Fe/H] for each moving group at different x-y positions.

Then, as illustrated in Figure 5, the averaged value of ∆[Fe/H] of different y positions

at a given x position is plotted as a dot, and the error bar represents uncertainty ob-

tained through the jackknife analysis. The horizontal red dotted line in each panel

indicates the position of ∆[Fe/H] being zero. The same treatment is applied to the

α abundance and age, and the results are shown in Figures 6 and 7, respectively. We

note that some moving groups do not have α abundance information at certain x-y

positions. We skip those spatial bins when calculating ∆[α/Fe].

As depicted in Figure 5, most moving groups exhibit relatively richer metallicity

than background stars. Some ∆[Fe/H] values for the γ Leo moving group are reaching
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Figure 7. The same as Figure 5 but for age.

zero. The Antoja12-GCSIII-13 moving group shows, on average, no difference in

metallicity distribution compared to its background sample.

Figure 6 shows the distribution of the averaged values of ∆[α/Fe] of different y

positions at a given x position, and the error bar represents uncertainty obtained

through the jackknife analysis. Most moving groups display, on average, relatively

lower α abundance than background samples. The Hyades-Pleiades, Sirius, and Her-

cules 2 moving groups in the top row show significantly lower α abundances than

their background samples. At some x positions, ∆[α/Fe] for the Hercules 1, Coma

Berenices, and Dehnen98-6 is small. The Wolf 630 moving group has positive ∆[α/Fe]

values at two x positions. The Antoja12-GCSIII-13 and γ Leo moving groups show,

on average, no difference.
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Figure 7 shows the distribution of the averaged values of ∆age of different y positions

at a given x position, and the error bar represents uncertainty obtained through the

jackknife analysis. The Hyades-Pleiades, Sirius, Hercules 2, Hercules 1, and Coma

Berenices moving groups tend to have significantly younger ages than background

samples. The Dehnen98-6 moving group is also younger than its background sample,

though ∆age is reaching zero at certain x positions. The Wolf 630, γ Leo, and

Antoja12-GCSIII-13 moving groups in the bottom row do not exhibit significant

differences from their background samples.

In summary, the mean ∆[Fe/H] values for the top six moving groups in Figure 5

range from 0.02 to 0.08, mostly around 0.05. This means that more irons are produced

by enhanced star formation compared to background stars. The mean ∆[α/Fe] values

for the top six moving groups in Figure 6 range from -0.006 to -0.014, mostly around

-0.01. Meanwhile, the mean ∆age values for the top six moving groups in Figure 7

range from -0.4 to -1.2 Gyr, mostly around -1 Gyr. The ∆age range and ∆[Fe/H]

range agree reasonably well with the simulated age–metallicity relation for the solar

neighborhood by Rana (1992).

4. DISCUSSION

The observed variations of metallicity, α abundance, and age among the moving

groups in the velocity space distributions suggest diverse mechanisms influencing

the formation and evolution of the groups. The similarity between the γ Leo and

Antoja12-GCSIII-13 moving groups and their surrounding background stars in terms

of the chemical and age distributions implies that these groups may have formed

from locally born stars (Liang et al. 2018). These groups could have been dynam-

ically gathered in the velocity space by gravitational interactions, such as the bar

or spiral arms. In contrast, the other moving groups exhibit distinct chemical and

age signatures, suggesting more complex formation histories. We propose that these

groups are not only affected by dynamical interactions but also by the accumulation

of gas from the interstellar medium, leading to enhanced star formation. The richer

metallicity, lower α abundance, and younger age support this hypothesis, indicating

these groups have experienced more star formation episodes than their background

stars.

Several mechanisms can increase the star formation rate in the solar neighborhood,

including the passage through spiral arms (Roberts 1969), pericentric passage of the

Sagittarius dwarf satellite galaxy (Ruiz-Lara et al. 2020), and long-term effects such

as resonance sweeping by the decelerating bar (Chiba & Schönrich 2021), corotation

resonance of the main spiral arms (Lépine et al. 2017), and the outer Lindblad res-

onance of the bar (Elmegreen et al. 1996). Some simulations suggest that mergers

like the Sagittarius dwarf galaxy can induce enhancement of star formation, but they

may also dilute the metallicity of the central region, which is not evident from our

observation (Bustamante et al. 2018; Annem & Khoperskov 2024). Newborn stars
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Figure 8. Comparison of velocity distributions of moving groups, open clusters, and
young associations. Ellipses are moving groups. The colors used for ellipses are listed in
Table 1, column (7). Red circles are open clusters, while stars are young associations. The
x and y spatial ranges in kiloparsec covered by each panel are denoted at the top and left.

via these mechanisms should not be randomly distributed in the velocity space but

prefer regions taken by moving groups. We assume that newborn stars triggered by

transient density waves or shocks from the collision of a satellite galaxy with the disk

carry distinct kinematic features compared to background stars. Even after these

stars fully disperse into the background, moving groups could inherit some of these

features. We suggest that different moving groups may have been born from different

historical events or may have inherited varying numbers of stars from those events.

In Figure 8, we show the velocity distributions of our moving groups along with

open clusters and young associations. The colored ellipses represent the moving

groups with corresponding colors listed in Table 1, column (7). Red circles are nearby

open clusters listed in Qin et al. (2023) with | z |< 200 pc. Star symbols represent

young associations within 150 pc from the Sun (Gagné et al. 2018). The x and y

spatial ranges in kiloparsec covered by each panel are denoted at the top and left.

We confirm that open clusters and young associations tend to occupy the velocity
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regions associated with the Hyades-Pleiades (black ellipse) and Coma Berenices (green

ellipse) moving groups. Additionally, some open clusters are found in the velocity

regions of the Sirius (magenta ellipse), Dehnen98-6 (red ellipse), and Hercules 1 (pink

ellipse) moving groups. In the leftmost column, open clusters are predominantly

found in the velocity region of the Coma Berenices moving group. Conversely, in

the rightmost column, open clusters are more commonly associated with the Hyades-

Pleiades moving group. With the age information listed in Qin et al. (2023), we find

that open clusters in the velocity region of the Coma Berenices moving group are,

on average, younger than those in the velocity region of the Hyades-Pleiades and

Sirius moving groups, which is consistent with our results (Table 1, column (4)). In

the middle panel of the rightmost column, the open cluster in the velocity region of

the Dehnen98-6 moving group is the oldest one in all open clusters plotted in Figure

8, and the open cluster in the velocity region of the Hercules 1 moving group in

the same panel is also old. In this regard, Liang et al. (2020) found a new moving

group associated with the Orion star-forming complex. The mechanism behind such

association is supposed to be density waves of the spiral arms.

Throughout the history of the solar neighborhood, many open clusters have been

created during star formation events and subsequently dissolved due to natural evolu-

tion. Stars from dissolved open clusters and the tidal tails of open clusters may have

not been completely digested by the Milky Way. Some stars can still share common

kinematic features, explaining the observed connection between open clusters and

some moving groups. This indicates that the past star formation events continue to

influence the present-day velocity distributions of stars in the solar neighborhood.

5. SUMMARY

This study examined the chemical abundances, ages, and kinematic properties of

nine moving groups in the solar neighborhood. Our investigation into the positional,

kinematic, chemical, and age properties of the moving groups highlights the involve-

ment of various mechanisms in their formation and evolution.

Through our investigation, several key findings have emerged:

• The observed metallicity, α abundance, and age of thin disk stars in the solar

neighborhood have patterns that coincide with moving groups in the velocity

coordinate.

• The variations observed in metallicity, α abundance, and age among moving

groups suggest diverse formation mechanisms.

• The majority of our moving groups show chemical and age signatures distinct

from surrounding background stars, which can be readily explained by enhanced

star formation.
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• The mechanism behind the moving groups, whether it is radial migration pro-

cesses, dynamical resonance of the bar and spiral arms, or pericentric passage

of a satellite galaxy, should gather not only stars but also gas.

• Dynamical effects gather gas and the ensuing star formation plays an important

role in shaping the stellar velocity distributions.

By tracing the spatial and kinematic properties of moving groups, it is possible to

constrain the processes driving stellar migration and star formation across different

regions of the Galaxy. Further investigations, including detailed chemical tagging

studies and dynamical simulations, are needed to disentangle the relative importance

of these mechanisms and understand their implications for the Galactic evolution.

We anticipate that the combined database from future data releases of Gaia, LAM-

OST, APOGEE, GALAH, and DESI (Koposov et al. 2024), and upcoming surveys

like CSST (Sun et al. 2021) and LSST (Ivezić et al. 2019) will be helpful to better

understand the Milky Way (Speagle et al. 2024).
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APPENDIX

Figure A1 is similar to Figure 1 but for our total sample. Each subplot shows the

VR versus Vϕ distribution of stars in each spatial bin. The x and y spatial ranges in

kiloparsec covered by each panel are denoted at the top and left. The position of the

Sun is at x = 8.34 kpc and y = 0 kpc. For stars in each bin, wavelet transformation

is applied to stars’ velocity distribution in the VR − Vϕ coordinate. The wavelet

transformation coefficients are shown as contours in each panel. The colored dots

represent manually selected member stars for each moving group, with different colors

representing different moving groups. These concentric ellipses are used to select the

background sample for each moving group.



22 Liang, Yoon and Zhao

Figure A1. Velocity distributions of stars in spatial bins for the total sample. These
subplots are similar to those in Figure 1, but for all spatial bins.
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