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Popular summary

How galaxies form and evolve is one of the fundamental questions of modern as-
trophysics. The information encrypted in the properties of stars such as elemental
abundances, stellar ages, and orbital parameters are useful for characterising stellar
populations and testing hypotheses of galaxy formation. The Milky Way plays a
key role in this aspect as it provides a unique possibility to study individual stars in
a detail that is not possible to do for stars in other galaxies. Although significant
progress has been made in understanding the structure and evolution of the Milky
Way, many pieces of information are still lacking before we can disentangle the
complete history of the Galaxy.

Our current view on the Milky Way is that it is a barred spiral galaxy with
a complex structure of different stellar populations. The Galactic bulge, the bar,
the thin and thick discs, and the stellar halo are its major large-scale stellar com-
ponents. The stars associated with each component differ on average in their
chemical and kinematic properties, although the properties are often overlapping,
making it difficult to distinguish them and fully characterise their properties. In
addition, it has been found that the Milky Way contains a complex plethora of
kinematic structures. These are groups of stars that for some reason share a com-
mon motion, meaning that they form overdensities in velocity space.

Although the origin of many kinematic groups are unknown and some widely
debated, many of the known kinematic structures can be explained with one or sev-
eral of the following hypotheses: dissolving star clusters; dynamical resonances be-
tween stars and the Galactic bar and/or spiral arms; extragalactic origin via merger
events; or phase mixing due to galactic accretion events.

Therefore, one of the approaches to try to understand the detailed structure
of the Milky Way has been to search for and characterise such kinematic struc-
tures. A combination of observations such as the kinematic properties of stars in
the groups with their elemental abundances and ages serves as a test bed for the-



vi Popular summary

oretical models of the kinematic structures. Nowadays, when we have access to
high-precision astrometric data for billions of stars and detailed elemental abun-
dances for hundred of thousands of stars, we have a golden opportunity to trace
and characterise many old an uncertain, and also previously unknown, kinematic
structures in the Milky Way.

The aim of this thesis is to search for kinematic structures in the Milky Way’s
disc and to study in detail the properties and the origin of some selected groups
using large-scale astrometric and spectroscopic surveys. Our results have allowed
us to discover a few new structures and confirm already known structures. Using
advanced statistical methods, we detected dozens of kinematic groups in the solar
neighbourhood and in the inner and outer parts of the Galactic disc. We also
revised the origin of the Arcturus and the HR 1614 moving groups. In both cases
we suggest that the groups were formed under the influence of a combination of
dynamical processes caused by, for example, past accretion events, the Galactic
bar, and the spiral arms, affecting the motions of the stars, forcing them to move
together in space.



Populirvetenskaplig
sammanfattning

Hur galaxer bildas och utvecklas ir en av de mest grundliggande fragorna i mod-
ern astrofysik. Informationen som finns krypterad i stjirnors egenskaper sisom
kemisk sammansittning, dlder, och parametrar f6r omloppsbanor i galaxen ér vik-
tiga for att karakterisera stjairnpopulationer och testa hypoteser om hur galaxer
bildas. Ur denna aspekt spelar Vintergatan en nyckelroll eftersom det ger oss en
unik majlighet att studera individuella stjirnor detalj, vilket inte 4r mojligt att gora
for stjirnor i avligsna galaxer. Aven om det har gjorts betydande framsteg nir det
giller att forstd Vintergatans strukeur och utveckling, saknas det fortfarande ménga
bitar innan vi har en komplett bild av dess historia.

Den mest aktuella bild vi har av Vintergatan ir att det ir en stavspiralgalax in-
nehallande en komplex struktur av olika stjarnpopulationer. Den galaktiska bul-
gen, staven, de tunna och tjocka skivorna, och halon ir de viktigaste storskaliga
komponenterna. Stjirnorna som kan associeras med de olika komponenterna skil-
jer sig i allmdnhet at i sina kemiska och kinematiska egenskaper, men kan dven
overlappa vilket gor det svért att sdrskilja dem och fullstindigt karakterisera de-
ras egenskaper. Det har dessutom visat sig att Vintergatan innchéller en mingd
kinematiska strukturer. Dessa ar grupper av stjarnor som av nagon anledning har
liknande rérelser, vilket gor att de bildar grupperingar i hastighetsrummet.

Aven om ursprunget till manga kinematiska strukturer ir okint och vissa de-
batteras, si kan de flesta antagligen forklaras med en eller flera av féljande hy-
poteser: upplésning av stjirnhopar; resonanser mellan stjdrnor och den galaktiska
staven eller de galaktiska spiralarmarna; extragalaktiskt ursprung via kollisioner
med andra galaxer; fasblandning pa grund av att andra galaxer kolliderat och slag-
its samman med Vintergatan.

Dirfor har en av metoderna for att férstd Vintergatans detaljerade struktur

vii
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varit att soka efter, och karakterisera, sidana kinematiska strukturer. Genom att
kombinera de kinematiska egenskaperna hos stjarnorna i grupperna med deras
grundimnessammansittningar och aldrar s kan man skapa en testbidd for dy-
namiska modeller av hastighetsstrukturen i Vintergatan. Numera har vi tillging
till astrometrisk hdgprecisionsdata fér miljarder stjdrnor och detaljerade kemiska
sammansittningar fér hundratusentals stjirnor. Detta ger oss ett gyllene tillfille
att spara och karakterisera minga gamla, och kanske osikra, och dven tidigare
okinda, kinematiska strukturer i Vintergatan.

Syftet med denna avhandling ir att séka efter kinematiska strukeurer i Vin-
tergatans skiva och att i detalj studera deras egenskaper och ursprung med hjilp
av data fran storskaliga astrometriska och spektroskopiska undersokningar. Vi
har uppticke nagra nya grupper och bekriftat redan kinda strukcurer. Med hjilp
av avancerade statistiska metoder upptickte vi dussintals kinematiska grupper i
solens nirhet och i de inre och yttre delarna av den galaktiska skivan. For Arc-
turusstrommen och HR 1614, som ir tvé kinematiska grupper, sa reviderade vi
deras ursprung och forslar act de bildats genom dynamisk paverkan av vintergatans
stav och spiralarmar, och tidigare kollisioner mellan vintergatan och andra galaxer
som har paverkat hastighetsstrukturen. Dirav har stjdrnorna tvingats in i grup-
peringar som ror sig med liknande hastigheter.



Chapter 1

Introduction

Today we know that the Milky Way is a barred spiral galaxy which has a com-
plex stellar structure and consists of three major components: the Galactic bulge,
the disc, and the stellar halo. Each structural component has its own formation
history, which has led to significant differences in their kinematic, chemical, and
morphological properties (e.g. Bland-Hawthorn & Gerhard 2016).

The Galactic bulge has a boxy/peanut shape and contains the Galactic bar (e.g.
Portail et al. 2017). The metallicity’ distribution of bulge stars is wide and may
have up to five peaks including that it may consist of multiple stellar populations
(e.g. Ness et al. 2013; Bensby et al. 2017). Today it is commonly thought that
a large fraction of the Galactic bulge stars formed from disc material (e.g. Portail
etal. 2017).

The Galactic disc has two components known as the thin and the thick discs,
and there are at least four different ways to define them. The disc can be split into
two sequences by morphology, kinematics, chemical composition, or ages of the
stars (e.g. Martig et al. 2016). The first notion about the thick disc comes from
Gilmore & Reid (1983), who defined it morphologically. They found that the
vertical density distribution of stars in the Galactic disc had to be fitted with two
exponential functions, rather than one, with different scale-heights. In terms of
chemical composition and age the thin disc is metal-rich, a-poor?, and old, while

the opposite holds for the thick disc (e.g. Haywood et al. 2013; Bensby et al. 2014).

In astronomy the term ‘metals’ usually refers to all elements heavier than helium. However,
here the term ‘metallicity’ refers to the amount of iron in a star.
2By v we mean elements which are produced in stars by adding helium nuclei, for example Si,

Mg, Ca, and Ti.
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Figure 1.1: Stellar streams across the northern sky as seen with the Sloan Digital
Sky Survey. The figure is taken from Grillmair & Carlin (2016) and is reprinted
by permission from Springer Nature.

Similar properties of the high- and low-o sequences are observed not just in the
solar vicinity, but across a wide range of Galactocentric radii (e.g. Bensby et al.
2011; Hayden et al. 2015; Queiroz et al. 2020).

The stellar halo is a spheroidal component which contains just about one per-
cent of the total stellar mass of the Milky Way. Even though its stellar density is
very low, it is an important part of the Galaxy that can help us to trace the merger
history of the Milky Way. Our Galaxy is surrounded by satellite dwarf galaxies,
and thus, occasionally undergoes tidal interactions. The Sagittarius stream, discov-
ered by Ibata et al. (1994), is undeniable evidence of an ongoing merger event. To-
day we know that the stellar halo has a complex structure and has formed through
multiple mergers. Figure 1.1 shows the large number of stellar streams that were
discovered with the Sloan Digital Sky Survey (York etal. 2000) including the Sagit-
tarius stream. Among the most recent discoveries of accreted stellar populations
are the remnants of the Gaia-Enceladus-Sausage and Gaia-Sequoia dwarf galaxies
that probably merged with the Milky Way about ten billion years ago (Belokurov
et al. 2018; Helmi et al. 2018; Myeong et al. 2019). Smaller halo streams can be
found in the solar vicinity. For example, Helmi et al. (1999) showed that up to
500 halo streams cross the solar neighbourhood. Such streams can be traced in
velocity spaces. It is therefore important to study velocity distributions of nearby
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stars as well.

Due to the dynamical influence of the large-scale internal components of the
Milky Way and its neighbouring dwarf galaxies not only the Galactic halo contains
stellar streams. The Galactic disc shows a rich structure in velocity space and one
of the first evidences that the velocity distribution of disc stars is not smooth is
the discovery of the Pleiades and Hyades moving groups in the middle of the 19th
century. Further findings such as the moving groups discovered by Olin ]. Eggen,
also suggested a complex velocity distribution in the solar neighbourhood (e.g.
Eggen 1971, 1992, 1998).

Studies of the velocity distribution of the stars in the local Galactic disc were
boosted by the data release of the Hipparcos mission, which provided a high-
precision catalogue of astrometric measurements for more than 100 000 stars (Per-
ryman et al. 1997). Figure 1.2 shows kinematic structures detected by Dehnen
(1998) using Hipparcos data. It shows that the local velocity distribution is much
more complex than a Gaussian distribution with the moving groups forming a
rich branch-like structure in velocity space (e.g. Skuljan et al. 1999). This was
later confirmed by Antoja et al. (2008) who analysed the local velocity distribu-
tion using the wavelet transform method. The analyses of stars in these branches
showed them to have a wide spread of metallicities, questioning the dissolving
open cluster origin for such streams.

Kinematic structures in the Galactic disc is not just a local phenomenon, they
are also present outside the solar neighbourhood (e.g. Antoja etal. 2012). Analyses
of data from Gaia DR2 have revealed a rich structure in the velocity distribution
across a wide range of Galacticentric radii (e.g. Gaia Collaboration et al. 2018b).
For instance, Antoja et al. (2018) and Ramos et al. (2018) showed that kinematic
groups form arches in the radial and azimuthal directions, and form ridge-like
structures when exploring groups across the Galactic disc. Figure 1.3 shows an
example of the kinematic structures detected with Gaia DR2 (Gaia Collaboration
et al. 2018b). In addition, Antoja et al. (2018) discovered a phase-space spiral
which could be evidence of an ongoing phase mixing induced by the merger event
with the Sagittarius dwarf galaxy.

Today there is a variety of numerical models that are able to reproduce the
observed velocity distribution in the solar neighbourhood. For example, Hunt
et al. (2019) show that phase mixing induced by a combined effect of various
transient spiral arms and the Galactic bar can explain the observed velocity dis-
tribution. Khanna et al. (2019) show that phase mixing induced by internal as
well as external mechanisms can reproduce the ridges and arches observed in the
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Figure 1.2: Velocity distribution of stars in the solar neighbourhood seen with
Hipparcos. v, and vy denote radial and azimuthal motion of stars. The figure is
adopted from Dehnen (1998). ©AAS. Reproduced with permission.

disc. Velocity structures were reproduced by simulations performed by Laporte
etal. (2019), who modelled the interaction of the Milky Way with the Sagittarius
dwarf galaxy. Hunt & Bovy (2018) showed that resonances with the bar can also
reproduce many structures.

The availability of a wide range of models leads us to the question of how many
and which processes have actually contributed to the formation of the today ob-
served velocity distribution of stars in the Galactic disc. To answer these questions
we need to detect kinematic structures at high precision and characterise them
chemically. Unlike the kinematic and orbital parameters of stars in the Galac-
tic disc which are often influenced by the secular dynamical processes, the stellar
chemical composition varies less with time (Freeman & Bland-Hawthorn 2002).
Therefore, information about the chemical composition of stars is a long-term pa-
rameter which allows us to study if stars within a kinematic group have a common
origin (Freeman & Bland-Hawthorn 2002).

This thesis is focused on studying kinematic structures, that is, overdensities in
velocity space, as a way to understand the formation and evolution history of the
Milky Way. The aim of this thesis is to study velocity distribution of stars with the
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Figure 1.3: Velocity distribution of nearby stars seen with Gaziza DR2. U and V
denote velocities in the radial and azimuthal directions. The figure is adopted from

Gaia Collaboration et al. (2018b). ©ESO. Reproduced with permission.

most up-to-date large-scale surveys in order to discover new kinematic structures
and study their chemo-kinematic properties in great detail to better understand
the structure of the Milky Way.






Chapter 2

The origin of kinematic structures

Nowadays there are four main hypotheses that are widely discussed in the literature
to explain the origin of kinematic structures seen in the Galactic disc.

2.1 Dissolving open clusters

Stars form in clusters from the same interstellar gas cloud. Most star clusters dis-
solve with time, and this leads to the formation of so-called stellar moving groups.
Stars in such groups share similar chemo-dynamical properties, since they have
a common origin, but are usually spread all over the sky. The idea of dissolving
stellar clusters was the first theory to explain the origin of kinematic structures
and was first proposed in Eggen (1965). The stars in such kinematic structures
should then be chemically homogeneous and have approximately the same age. A
detailed age and elemental abundance analysis of stars in the moving group can
tell us if the structure truly is a dissolved stellar cluster or not.

2.2 Resonant origin

The presence of large-scale density waves, caused by, for example, the Galactic bar
and the spiral arms, influences the movement of stars in the Galactic disc through
resonances. The main resonances are called the co-rotation resonance and the
inner and outer Lindblad resonances. Stars trapped by these resonances will form
overdensities in velocity space.

The co-rotation resonance occurs when the angular velocity of a star, €2, is
equal to the angular velocity of the bar or spiral structure, €2;. The Lindblad res-
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onance occurs when the orbit’s epicyclic frequency, k, is a multiple of the forcing
frequency encountered by a star!. Depending on if the orbit’s epicyclic motion
overtakes or lags the forcing frequency, the system is in the inner Lindblad reso-
nance and the outer Lindblad resonance, respectively (e.g. Minchev 2016). Stars
in the kinematic groups caused by resonances will be from the general disc stellar
populations and usually show chemical and kinematic properties similar to what
is observed for the Galactic thin and thick discs.

2.3 Accretion origin

Numerical simulations of the Milky Way show that our Galaxy may have formed
through a great number of merger events (e.g. Renaud et al. 2020). The discovery
of the Sagittarius stream (Ibata et al. 1994) and recently debris of the massive Gaia-
Enceladus-Sausage galaxy (Belokurov et al. 2018; Helmi et al. 2018) support this
picture. In addition to this large-scale merger debris, we have today the possibility
to observe dozens of remnants of minor accretion events like the Sequoia galaxy
(Myeong et al. 2019) or the Helmi streams (Helmi et al. 1999). Some halo streams
are also present even in the solar neighbourhood. Even though they are already
strongly phase-mixed, it is possible to find them in velocity space (Helmi et al.
1999).

An additional way to study accreted stellar populations is to examine stel-
lar chemical compositions. Stars in accreted structures were formed outside our
Galaxy in gaseous environments such as dwarf galaxies which might have had dif-
ferent chemical enrichment histories and therefore have different elemental abun-
dance pattern from those observed in the Milky Way (e.g. Venn et al. 2004).
Hence, it should be possible to trace accreted stellar populations using the chem-
ical compositions and ages of stars.

2.4 Phase mixing

The Galactic bar, the spiral structure, and nearby dwarf satellite galaxies can dy-
namically heat the Galactic disc, causing velocity overdensities. As shown in nu-
merical simulations by Minchev et al. (2009), the result of a merger event that hap-
pened about two billion years ago can be seen in the velocity space as a wave with

The epicyclic frequency is the frequency of an orbit’s radial motion. The forcing frequency is
the frequency at which a star encounters the forcing from the Galactic bar or spiral arms and it can

be expressed as 2 — €y.
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streams appearing separated by a fixed step in azimuthal velocity. Later, this idea
was confirmed with the discovery of a phase-space spiral, arches, and ridges in var-
ious velocity spaces by Antoja et al. (2018). Numerical simulations performed by
Antoja et al. (2018) suggest that the Galactic disc was likely perturbed by the pas-
sage of the Sagittarius dwarf galaxy and a result of this interaction is the observed
velocity distribution. The external perturbation origin of the observed phase-space
spiral is also favoured in a number of papers studying the origin of nearby velocity
groups (e.g. Laporte et al. 2019; Bland-Hawthorn et al. 2019). However, some
studies show that, in addition to external mechanisms, the observed phase-space
features can also be successfully reproduced by internal dynamical processes that
are related to the Galactic bar and spiral arms (e.g. Khanna et al. 2019; Hunt et al.
2019). Currently there is no unique solution to explain the complexity of the
observed velocity distribution.

2.5 Examples of kinematic structures with different origins

Visible to the naked eye, the Pleiades and the Hyades moving groups have for a
long time been known as classical examples of dissolved open clusters. However,
during the past few decades, their pure cluster origins have been questioned. For
example, Famaey et al. (2008) investigated if stars in the Pleiades and the Hyades
moving groups follow single-age isochrones as can be expected for stars from open
clusters. They found that only about half of the stars in these moving groups follow
the isochrones with the age of the clusters and suggested that the moving groups
could be due to dynamical resonances. A similar result comes from a detailed
elemental abundance analysis of stars in the Hyades moving group performed by
Pompéia et al. (2011). Because of the large scatter in elemental abundances, they
favour a dynamical origin of the Hyades moving group. Numerical simulations of
resonances in the Galactic disc performed by Minchev et al. (2010) show that the
Pleiades, Hyades, Coma Berenices, and Sirius moving groups could be caused by
internal dynamical processes such as resonances with the Galactic bar or the spiral
arms.

The origin of the Arcturus and the HR 1614 moving groups, that were discov-
ered by Eggen (1971) and Eggen (1978), respectively, were also originally linked to
the dissolving open clusters scenario. Later the Arcturus structure was considered
an accreted stellar population due to its low metallicity (e.g. Navarro et al. 2004;
Helmi et al. 2006). Studies by Williams et al. (2009) and Bensby et al. (2014)

suggested a resonant origin due to the high scatter of elemental abundances in the
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structure.

The nature of the Arcturus and the HR 1614 moving groups is investigated
in this thesis as well. In Paper II (Kushniruk & Bensby 2019), using the Guia
Data Release 2 (DR2) (Gaia Collaboration et al. 2018a), we found no evidence
of either the accretion or the dissolving cluster origin and suggested a dynamical
origin for the Arcturus structure. In Paper III (Kushniruk et al. 2020) we revise
the origin of the HR 1614 moving group and refute the dissolving cluster origin
of the structure due to a large spread of metallicities and ages within the group.

The Hercules stream is one of the largest nearby velocity overdensities and it
is widely discussed in the literature as a structure caused by dynamical resonances.
Some studies link the Hercules stream to the resonances with the Galactic bar
(e.g. Dehnen 2000; Antoja et al. 2014; Hunt & Bovy 2018), while others explain
it as a combined effect of spiral arms and the Galactic bar (e.g. Chakrabarty 2007;
Hunt et al. 2019). These findings also confirm the dynamical origin of the Her-
cules stream. A detailed analysis of elemental abundances of stars in the Hercules
stream performed by Bensby et al. (2007) showed that the group is a mix of stellar
populations similar to the thick and thin disc stars. The metallicity and age distri-
butions of the Hercules stream is wide (e.g. Kushniruk et al. 2017, 2020), and its
colour-magnitude diagram can be described by a wide range of isochrones (Kush-
niruk et al. 2020). The studies of the Hercules stream caused a vivid discussion
in the literature if the Galactic bar is short and fast (e.g. Antoja et al. 2014), or
long and slow (e.g. Hunt & Bovy 2018). Thus, the Hercules stream can be used
to trace the length and pattern speed of the Galactic bar and the properties of the
spiral structure.

Dynamical resonances is one of the ways to explain ridges and arches in phase-
space and the phase-space spiral discovered by Antoja et al. (2018) using the Gaia
DR2. Various combinations of the Galactic bar and multiple spiral arms can ex-
plain the observed phase-space distribution of stars (Hunt et al. 2019; Khanna
et al. 2019). As pointed out in Hunt et al. (2019), there is currently no unique
solution, there are simply too many models that can successfully reproduce the
kinematic structures, including the Hercules stream, in the numerical simulations.

Accreted stellar populations usually have peculiar chemical compositions. For
example, Gaia-Enceladus-Sausage stands clearly out in the [a/Fe]? versus [Fe/H]
distribution as a population different from the thin and thick disc stars and the

2Elemental abundances in stars are usually provided relative to the Sun in the following format:
[X/H] = log (%) — log (%) , where X denotes a chemical element. An abundance of
* ©

a star is shown with % symbol. Solar abundance is marked with ® symbol.
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in situ halo stellar population(Helmi et al. 2018). On the other hand, a chemi-
cal composition analysis of the Arcturus stream refuted its extragalactic origin and
showed that the structure is a mix of stars from the Galactic thin and thick discs
(e.g. Williams et al. 2009; Bensby et al. 2014; Kushniruk & Bensby 2019). Ac-
creted halo populations show relatively low aluminium abundance compared to
the majority of stars in the Galaxy (e.g. Koppelman et al. 2019).

Understanding the origin of kinematic structures is a non-trivial task. Com-
plex dynamical processes such as resonances, cluster dissolution, and merger events
form the clumpy velocity distribution that we observe today. Even though many
numerical models are able to reproduce the observed kinematic features, there is
still an ongoing hunt for the unique recipe. The degeneracy of numerical mod-
els leads to a number of questions. Which explanation is the true one? Is the
observed velocity distribution a result of various dynamical processes? If yes, to
what fraction? How can we understand the origin of each individual kinematic
structure? The future Guia data releases together with the spectroscopic data from
the upcoming surveys such as WEAVE (Dalton et al. 2014) and 4MOST (de Jong
etal. 2019) may help to find the true nature of the observed velocity distribution.






Chapter 3

Numerical methods and data sets

3.1 Velocity-action spaces

In this thesis kinematic structures are described using space velocities, angular mo-
mentum components, and actions. We have examined distributions of stars in four

different velocity-action spaces: U =V, V —vU? +2V?2, L, — /L2 + L2, and
L,—+J, spaces.

The space velocity of a star can be represented by three velocity components

U, V,and W, that are defined as follows:
¢ the radial U velocity component is positive towards the Galactic centre,

* the rotational V' velocity component is positive in the direction of the ro-
tation of the Galaxy,

* the vertical W velocity component is positive towards the North Galactic
Pole.

Often these velocities are given relative to the local standard of rest (LSR), which is
an imaginary point at the distance of the Sun that follows a circular orbit around
the Galactic centre with a speed of 220 kms™!. In this work the Sun’s veloc-
ity components relative to the LSR are (Ug, Vo, Wg) = (11.10, 12.24, 7.25)
km s~ ! and were taken from Schénrich et al. (2010).

The angular momentum of a star is a cross product of its position and mo-
mentum vectors. The components of the angular momentum in the X, Y, and

13
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Z* directions, denoted as L, L, and L, can also be used to search for kinematic
structures. Fully conserved quantities in axisymmetric systems are orbital actions
and integrals of generalized momenta around closed paths in phase space (Sanders
& Binney 2016). In this thesis we study stars using the vertical component of the
angular momentum L, which is the azimuthal action, and the radial action J,,
which is a measure of the orbit eccentricity.

In order to quantify the velocity and action components of individual stars,
one needs to know the positions, proper motions, distances, and radial veloc-
ities of each star. We used the astropy? (Astropy Collaboration et al. 2013,
2018) and galpy? (Bovy 2015) packages to perform coordinate transformation
and calculate space velocities, angular momenta components, and actions. Ac-
tions cannot be derived analytically for many potentials. In this work we used the
MWPotential2014 potential which is provided by galpy. To estimate actions
of stars we used a Stackel fudge approximation which is already implemented
in galpy.

Figure 3.1 illustrates the distribution of nearby stars in all four spaces. In all
cases the kinematic structures look like clumps except in the angular momentum
space, where structures remind us of stripes. Each of the spaces has advantages
and disadvantages. Below we discuss the different spaces individually.

3.1.1 TheU — V space

The analysis of stars in the U — V' space is commonly used to search for kinematic
structures (e.g. Dehnen 1998; Antoja et al. 2008, 2012). The advantage of the
analysis of stars in the U — V space is that it is model independent and there is
no need to make any assumptions about the Galactic potential. Studying small
volumes in the U — V' space at different Galactocentric distances allows us to track
sizes and shapes of velocity structures (e.g. Ramos et al. 2018). An example of the
distribution of nearby stars in the U — V' space is shown in the top left plot of
Fig. 3.1. It has a rich structure and one of them is the Hercules stream which is
marked in the plot.

'X, Y, and Z are components of the right-handed Cartesian coordinate system. The X axis
points towards the Galactic centre, the Y axis defines the direction of Galactic rotation, and the Z
axis points towards the Galactic North Pole.

Zhttp://www.astropy.org

3http://github.com/jobovy/galpy
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Figure 3.1: Density plots show distributions of nearby stars in different velocity,
angular momentum, and action spaces, all based on data from Gaiza DR2. Stars
in the Hercules stream which were selected as an ellipse in the U — V' space, are
shown with orange colour.

3.1.2 TheV — +/U? + 2V?2 space

To study stars on planar orbits in axisymmetric potentials in the V' — /U? 4 212
space was proposed by Arifyanto & Fuchs (2006). The advantage of this space is
that in this case V' is proportional to a vertical component of the angular mo-
mentum. Since the angular momentum is an integral of motion in axisymmetric
potentials, the velocity clumps can be easily recognised among field stars. The
second quantity vU? + 2V'2 is a measure of eccentricity in the Dekker’s approx-
imation (Dekker 1976). The disadvantage of this velocity space is that it is appli-
cable only to stars whose orbits are located in the plane of the Galactic disc. The
V' — v/ U? + 2V?2 space has been used in a number of works to search for kine-
matic structures like the Arcturus stream (e.g. Klement et al. 2008; Zhao et al.
2014). The distribution of nearby stars in the V' — v/U? 4 2V space is shown in
the top right plot of Fig. 3.1 and unlike the U — V space, the V' — VU? 4 2V
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space has a V-shaped structure. The Hercules stream is a clump in this space as
well.

3.1.3 The L, — /L% + L space

As proposed by Helmi et al. (1999), kinematic structures can be characterised in
the L, — /L2 + L2 space, where L, is a conserved quantity and /L2 + L2 is
nearly conserved. This method has been used to search for kinematic structures
in the Galactic disc and halo (e.g. Helmi et al. 1999; Klement et al. 2008; Zhao

et al. 2014). This method suits well to search for large-scale groups that have
constant angular momenta across a range of Galactocentric distances since L is

an integral of motion. The disadvantage of this method is that /L2 + L2 is

not fully conserved in axisymmetric potentials. An example of the distribution of
nearby stars in this space is shown in the bottom left plot of Fig. 3.1. Structures in

the L, — /L2 + L2 space look like stripes including the Hercules stream since

the quantity on the Y axis is not fully conserved.

3.1.4 'The L, — +/J, space

Fully conserved quantities in axisymmetric systems are orbital actions. This fact
makes action space advantageous. Following Trick et al. (2019), we examine the
L. — \/J, action space to search for kinematic structures. The radial action, J,.,
characterises the orbit eccentricity. We take the square root of the radial action as
it makes the analysis of the plots more clear. This method suits well for analysis of
large stellar volumes and allows us to detect large-scale structures. The illustrative
distribution of nearby stars in the L, — v/.J; space is shown on the bottom right
plot of Fig. 3.1. The Hercules stream looks like a clump in this space, similarly to

the U — V and V — VU? + 2V?2 spaces.

3.2 Wavelet transform

If one makes a plot of stars in the velocity-action spaces defined in Sects. 3.1.1-
3.1.4, it is not guaranteed that we will see kinematic structures. The kinematic
structures, if present, have to be filtered out from the general background, the
field stars. There are different ways to search for overdensities in the different
spaces and in this thesis the wavelet transform was chosen as the main method. It
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is an advanced statistical tool which allows us to filter the randomly distributed
stars from the kinematic structures. Unlike Fourier transform, which transforms
time-based signals into frequency-based ones in such a way that time domain is
lost, the wavelet transform also provides resolution in time. Infinite functions,
like the sine trigonometric function, are used to represent a frequency domain
of a signal via Fourier transform. The word “wavelet” means “small wave” and
basically denotes a finite function, which allows to characterise a signal in terms
of both scale and time via wavelet transform.

According to Starck et al. (1998), the continuous wavelet transform for a real
one-dimensional signal f(x) can be defined as follows:

w; (b) = \1[7/:0 ) <"”’“’]_b> da (3.1)

where
* w;(b) is the wavelet coefficient of the function f(z),
* U(z) is the analysing wavelet,
* j is the scale parameter,
* b is the position of the point.

The original function, f(z), which in our case is the observed velocity distribu-
tion of the stars, can be represented by wavelet transform through scaling of the
analysing wavelet W (). The original function f(x) can be represented as the sum

2=b) The wavelet coefficients

over j and b of the following product: w;(b) - ¥ (

contain information about the location of the kinematic structures, their sizes, and
their shapes.

In this thesis we use a discrete wavelet transform with & #7ous algorithm, which
means “with holes” in French (Starck & Murtagh 2006). The advantage of this al-
gorithm is that it allows us to avoid the direct computation of the product between
the original function f(x) and the analysing wavelet (). In order to calculate
wavelet coefficients, a relation between the analysing wavelet and the scaling func-
tion is used instead (Eq. 1 in Chereul et al. 1999). The method can be easily
adopted from 1-D to 2-D spaces, like the U — V' space. The discrete wavelet
transform is used simply because we analyse velocity spaces presented in a finite
number of bins, thus, scaling and translation parameters are finite as well.
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The input data in any velocity space is a 2-D binned map of stellar velocities.
The bin size has to be smaller than the typical structure size in each velocity space.
For example, in the case of the U — V space, the adopted bin size A was set
to 1 kms™!. The binned data were analysed using the & #rous algorithm, which
decomposed the initial 2-D map into wavelet coefficients via applying filters (h, g)
at different scales j. A scale parameter j, the size of the structure s, and the bin
size A follow the relation: s; = 2/ x A in the & trous algorithm. To perform
the wavelet transform we used the MR (Multi-resolution) software* developed by
CEA (Saclay, France) and Nice Observatory (Starck & Murtagh 20006).

Except for the useful information about the kinematic structures such as po-
sitions and shapes, the wavelet transform also returns an estimation of the noise
that has to be filtered from the output data. This noise comes from the wavelet
transform algorithm itself and is called a Poisson noise “a few events” because it
follows the Poisson statistics and in the situation when most of the bins of the
original velocity map have less than 30 star counts is called the Poisson noise with
“a few events” (Starck & Murtagh 2006). The reduction of Poisson noise with “a
few events” is done automatically by the MR software (Starck & Murtagh 2006).
In addition, the velocity components of individual stars have uncertainties. These
uncertainties add noise to the results of the wavelet transform as well.

In order to get robust results, we perform Monte Carlo simulations, assuming
that each star can be represented with a Gaussian distribution, where the mean is
defined by its velocity and the width by the estimated velocity uncertainty. Then
we applied the wavelet transform to every Monte Carlo generated sample and
over-plotted the central positions of all detected structures. In that way we could
estimate sizes and uncertainties of the detected kinematic groups.

3.3 Data sets

To detect and characterise kinematic structures, we examined the above mentioned
velocity and action spaces using large samples of stars from a number of large-scale
astrometric, spectroscopic, and photometric surveys.

3.3.1 Gaia

Guaia is an astrometric space mission which was launched in December 2013 and
is still ongoing. The aim of the mission is to provide precise astrometric data such

4htep://www.multiresolutions.com/mr/
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as positions, proper motions, photometric measurements, and radial velocities for
over one billion targets. The first Gaia data release (DR1; Lindegren et al. 2016)
contained positions and magnitudes. The combined astrometry of Gaia and the
Tjcho-2 catalogues (Hog et al. 2000) allowed for an improved astrometric solu-
tion and provided parallaxes and proper motions for 2.5 million targets, which
is known as the Tycho-Gaia astrometric solution (TGAS; Michalik et al. 2015).
TGAS data was used in Paper 1.

The second Gaia data release provided astrometric parameters for more than
one billion targets (DR2; Gaia Collaboration et al. 2018a). The parallax and
proper motion uncertainty varies from 0.04 to 0.7 pas and 0.06 to 1.2 pas for
bright and faint targets respectively. Gaia DR2 data was used in Papers II and III.

3.3.2 StarHorse

StarHorse is a Bayesian isochrone-fitting code (Queiroz et al. 2018) which was
applied to the Gaia DR2 stars by Anders et al. (2019). The code combines as-
trometric measurements from Gaiza DR2 and data from a number of photometric
surveys such as 2MASS (Cutri et al. 2003), PanSTARRS-1 (Chambers et al. 2016),
and AIWISE (Cutri et al. 2013) to estimate stellar parameters, distances, and ex-
tinctions for 265 million Gaia objects that are brighter than G = 18. The aim of
the catalogue is to supplement Guaia data with stellar parameters and extinctions
for a large number of stars (Anders et al. 2019). We use extinctions, reddening,
and distances provided by the StarHorse code in Paper III.

3.3.3 RAVE

The Radial Velocity Experiment (RAVE) is a medium-resolution (R ~ 7 500) spec-
troscopic survey carried out with the 1.2-meter UK Schmidt Telescope of the Aus-
tralian Astronomical Observatory (Steinmetz et al. 2006). The RAVE survey pro-
vides radial velocities, elemental abundances, and stellar parameters for hundreds
of thousands of stars in the Southern hemisphere. In this thesis we use the RAVE
data release (DR5; Kunder et al. 2017) which contains 457 588 unique targets in
Paper I.

3.3.4 GALAH

The GALactic Archaeology with HERMES (GALAH) is a high-resolution (R ~
28000) large spectroscopic survey that uses the High Efficiency and Resolution
Multi-Element Spectrograph (HERMES) with the 3.9-meter Anglo-Australian
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Telescope of the Australian Astronomical Observatory (De Silva et al. 2015; Martell
etal. 2017). The main goal of the GALAH survey is to study formation and evo-
lution of the Galactic disc. The survey provides optical observations of 342 682
stars in the Southern hemisphere. Elemental abundances and stellar parameters of
the GALAH targets were estimated using the Cannon code (Ness et al. 2015). In
this thesis we use data from the second GALAH release (DR2; Buder et al. 2018)
in Papers II and III.

3.3.5 APOGEE

The Apache Point Observatory Galactic Evolution Experiment (APOGEE) of the
Sloan Digital Sky Survey is a near-IR (H-band), high-resolution (R ~ 23 000)
and high signal-to-noise spectroscopic survey (Majewski et al. 2017; Wilson et al.
2019). In this work we used data from the fourteenth APOGEE data release
(DR14; Abolfathi et al. 2018) and the sixteenth APOGEE data release (DR16;
Ahumadaetal. 2019). APOGEE DR14 provides elemental abundances and stellar
parameters of 277 371 stars in the Northern hemisphere, while APOGEE DR16
covers 437 485 unique stars in both hemispheres. The observations were carried
out on the 2.5-meter Sloan Foundation Telescope at Apache Point Observatory
and the 2.5-meter du Pont telescope at Las Campanas Observatory with the help
of near-infrared spectrographs described in Wilson et al. (2019). The spectra were
processed with the APOGEE Stellar Parameter and Chemical Abundance Pipeline
(ASPCAP; Garcia Pérez et al. 2016). The advantage of the APOGEE survey is its
wide coverage of Galactocentric distances allowing us to study chemical composi-
tion of stars in the bulge, disc, and halo of the Milky Way. We analyse data from
APOGEE DR14 in Paper II and data from APOGEE DR16 in Paper III.

3.3.6 SkyMapper

The SkyMapper is a photometric survey of over 285 million object with the 1.35-
meter optical telescope at Siding Spring Observatory (Keller et al. 2007). Its main
aim is to survey the southern sky complementing the Sloan Digital Sky Survey in
the Northern hemisphere. In this thesis we use the photometric metallicities by
Casagrande et al. (2019) in Paper III.

3.3.7 Distance estimates

The calculation of velocities, angular momenta, and actions requires knowledge
of distances to stars. Thus, the availability of accurate distance estimates is one of
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the important aspects of this work. In this context it is important to note that the
inverted parallax is a biased estimate of stellar distances (e.g. McMillan 2018).

Widely used distances to Gaia DR2 stars are the estimates provided to all Gaia
stars by Bailer-Jones et al. (2018), who used stellar parallaxes and the expected
distribution of all Gaia stars as a prior. In Paper II we used only stars in the Gaia
DR2 catalogue that had available radial velocity measurements, with distances
from McMillan (2018). These are distances for the radial velocity sample only and
were estimated using parallaxes and G py g magnitudes, that help to better account
for selection effects. The estimates provided by McMillan (2018) and Bailer-Jones
et al. (2018) diverge at larger distances (see Fig. 1 in McMillan 2018).

In Paper III we used magnitudes and colours corrected for extinction and red-
dening, and also distance estimates from the StarHorse code. The motivation
to use distances provided by the StarHorse code was to use the all necessary
data from the same catalogue to reduce the uncertainties of the analysis. Accord-
ing to Anders et al. (2019) these distances are not more precise than the ones by
Bailer-Jones et al. (2018), but more accurate at large distances.






Chapter 4

This work

4.1 Searching for kinematic structures in the solar neigh-

bourhood

This section is a summary of Paper I, where we studied the velocity distribution of
nearby stars using the TGAS and RAVE catalogues.

As discussed in Chapter 2, the origin of kinematic structures is connected to
various internal and external dynamical mechanisms, and to better understand
what causes the overdensities in velocity space, it is important to have an under-
standing of how many kinematic structures there are in the Galactic disc. There-
fore, when the TGAS catalogue became available, we decided to study the velocity
distribution of stars in the Milky Way disc to search for such velocity structures.
To calculate the space velocity components, astrometric data from TGAS were
combined with radial velocities from RAVE. The benefit of this work was the as-
trometric precision that TGAS provided and the relatively high number of stars
compared to what was available in previous studies that searched for kinematic
structures. The stellar sample consisted of roughly 50 000 stars and was split into
four subsamples to better understand the nature of the groups:

* the solar neighbourhood subsample: stars with distances from the Sun less

than 300 pc,

* the beyond the solar neighbourhood subsample: stars with distances from
the Sun larger than 300 pc,

* the chemically defined thin disc subsample: [Mg/Fe] < 0.2,

23
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Figure 4.1: Kinematic structures found with wavelet transform applied to TGAS
data in the U — V space for scale J = 3. Colour map shows structure counts
of 2000 superimposed Monte Carlo simulations. This figure is adopted from
Kushniruk et al. (2017). ©ESO. Reproduced with permission.

* the chemically defined thick disc subsample: [Mg/Fe] > 0.2.

The thin and thick disc separation criteria were adopted from Wojno et al.
(2016), who performed a probabilistic analysis to chemically separate the two discs
in the RAVE catalogue. To search for kinematic structures we applied a wavelet
transform in the U — V velocity space on the total sample as well as on the four
subsamples defined above. We found that scales 2, 3, and 4 were the most suit-
able scales to search for kinematic structures since they most efficiently cover both
small- and large-scale structures (see Sect. 4 in Paper I for more details).

We also performed a convergence test of the results and found that about 1 400
Monte Carlo simulations were needed for the number of detected structures to
converge. To reduce the noise that comes from velocity uncertainties we decided
to increase to 2 000 Monte Carlo simulations.

Figure 4.1 is the key figure of Paper I and shows the 19 kinematic structures
that were found at the J = 3 scale. All these groups were detected at the 30 sig-
nificance level. The velocity distribution of nearby stars is clumpy, with most of
the groups located around U ~ 0 km s~! and negative V velocities. The strongest
detections are the Hyades, Pleiades, Coma Berenices, Sirius, and Hercules struc-
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tures. We confirmed three groups (groups 14, 15, and 16 in Fig. 4.1) that were
recently discovered by Antoja et al. (2012); Bobylev & Bajkova (2016), and found
three new groups (number 13, 18, and 19 in Fig. 4.1). Group 13 has a strong de-
tection, while groups 18 and 19 are slightly weaker. We found that Wolf 630 and
Dehnen98 are connected and form one elongated structure in the U — V' space
structure. The results are presented in Tables 1 and 2 in Paper I. These tables list
all kinematic structures detected at different scales with the names found in the
literature. For scale J = 3 we also indicate if the structure is present in any of the
four subsamples.

The results of the wavelet transform applied to our four subsamples show that
kinematic structures are mainly present in the nearby solar neighbourhood sub-
sample. The thin and thick disc subsamples show that groups consist of mainly
thin disc stars with maybe some contamination of thick disc stars. We did not find
any group that consists of thin or thick disc stars only. Since RAVE provides ele-
mental abundances for the stars, we also analysed the metallicity distributions and
the [Mg/Fe] versus [Fe/H] plane for each of the kinematic structures. This allowed
us to check if any of the structures had a peculiar chemical composition. Our re-
sults show that all structures are a mixture of thin and thick disc stars, pointing to
resonant origins.

4.2 'The origin of the Arcturus stream

This section is a summary of Paper II, where we investigated the origin of the
Arcturus stream.

The Arcturus moving group was first defined in Eggen (1971) as a set of about
50 stars that shared a similar rotational velocity of about V' ~ —100kms~!.
Eggen proposed that the structure was a remnant of a dissolved open cluster since
this was the main hypothesis to explain co-moving groups at that time. Later it
was found that the group consists of mainly metal-poor ([Fe/H] ~ —0.6) and
old (=~ 10 Gyr) stars, and also taking into account its rather high velocity, several
studies proposed that the Arcturus moving group was not a dissolved star cluster,
but rather an accreted population (e.g. Gilmore etal. 2002; Navarro etal. 2004). A
detailed elemental abundance analysis of stars in the Arcturus overdensity showed
a wide scatter in abundances and ages, making resonances within the Galactic disc
the most favourable hypothesis for its origin (e.g. Williams et al. 2009; Bensby
etal. 2014). The nature and origin of the Arcturus stream is, however, still debated.
In Paper II we revised the origin of the Arcturus stream with Gaia DR2 astrometric
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data, distances from the StarHorse code, and elemental abundances from the
APOGEE and GALAH spectroscopic surveys.

First, we searched for the Arcturus stream in four different velocity-action
spaces: the U —V, the V—+/U? +2V?,the L,—, /L2 + LZ, and the L, —+/J,
spaces. The choice of velocity and action spaces was based on previous studies of
the Arcturus stream. For example, Zhao et al. (2014) clearly detected the group
in the V — v/ U? + 2V?2 and Trick et al. (2019) studied structures in angle-action
space. This allowed us to compare our results with previous studies. We also
examined 66 small subsamples of stars in every space to trace shapes and sizes of
kinematic groups at different distances from the Sun. The subsamples were defined
in the R versus ¢ space’. The size of every box is 0.4 kpc in radial coordinate and
3° in azimuthal direction. Figure 1 in Paper II shows the location and sizes of the
boxes.

Our analysis revealed dozens of kinematic structures including the Arcturus
stream. The observed groups form arches in the U — V space. These arches are
observed as clumps in the action and V' — v/U? + 2V?2 spaces and are seen as
lines in the angular momentum space. Figure 4.2 shows the kinematic structures
detected in the solar neighbourhood box in the U — V space. Kinematic structures
can be united into arches, as, for example, proposed in Ramos et al. (2018). We

1in azimuthal velocity.

observe kinematic structures at almost every 20 —30 km s~
This is similar to the results of the numerical simulations performed by Minchev
etal. (2009), and the results of the analysis of the velocity space performed by, for
example, Antoja et al. (2018) and Ramos et al. (2018). These papers explain the
observed velocity features as the result of an ongoing phase mixing in the Galactic
disc triggered by a major merger event.

The Arcturus stream is observed mainly in the solar neighbourhood and can
be seen in all four spaces (see Fig. 6 in Paper II). It is seen as a weak arch in
the U — V space and as a clump in the V' — +/U? + 2V'? space located below
V >~ —100kms ™!, as a stripe in the angular momentum space and as a clump
in the action space located at L, ~ 1100 kms~!. The analysis of the elemental
abundances from APOGEE and GALAH spectroscopic surveys of stars in the Arc-
turus stream and few other nearby groups, known as AF06 and KFR08, showed
that all groups are all a mixture of thin and thick disc stars. This result is in agree-

'R and ¢ are radial and azimuthal components of Galactocentric cylindrical coordinates, where
R points towards the Galactic anti-centre, angle ¢ follows the direction opposite to the Galactic
rotation. The vertical component of cylindrical coordinates is Z, which points at the North Galactic
Pole.
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Figure 4.2: Kinematic structures found with wavelet transform applied to Gaia
DR2 in the U — V space for scale J = 3. Colour map shows normalised wavelet
coeflicients, that is significance of the detected structures. Names of the structures
are provided in the legend. This figure is adopted from Kushniruk et al. (2020).
©ESO. Reproduced with permission.

ment with previous studies (e.g. Williams et al. 2009; Bensby et al. 2014).

We also explored how far the Arcturus stream extends from the Galactic mid-
plane. Monari et al. (2013) predicts that the structures caused by dynamical res-
onances should be located in the plane of the Galactic disc. Figure 7 in Paper II
shows that while the Hercules stream, which is likely caused by resonances with
the Galactic bar (e.g. Dehnen 2000) and is located at low values of Z, the Arcturus
stream extends farther from the plane.

To summarise, the results of Paper II suggest that the Arcturus stream is part
of a phase-space wave. The group has a wide spread of elemental abundances,
extends farther from the Galactic plane than the structures caused by dynamical
resonances, is present beyond the solar neighbourhood, and is one of the groups
that appear in steps of 20 — 30 km s~ in the V velocity.

4.3 'The origin of the HR 1614 moving group

This section is a summary of Paper III, where we investigated the origin of the HR
1614 moving group.
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A group of stars that move with velocities similar to the star HR 1614 was
first discovered by Eggen (1978) and was called the HR 1614 moving group. The
mean U and V velocity components of the stars in the group are about 0 and
—60 km s~L, respectively (e.g. Eggen 1992). The group was studied in detail with
Hipparcos data by Feltzing & Holmberg (2000) who proposed a list of group
member candidates by examining isochrones of stars. An analysis of the chemical
composition of these stars was performed by De Silva et al. (2007) who found that
the group has higher than solar metallicity of [Fe/H] ~ 0.2, that its age is about
two billion years, and that its chemical composition is homogeneous with very
small scatter. These findings suggested a dissolving open cluster origin for the HR
1614 moving group.

While studying velocity-action spaces in Paper II to search for the Arcturus
stream we clearly detected an overdensity of stars below the Hercules stream in the
U — V space. This is the HR 1614 moving group. We decided to re-investigate
the origin of the HR 1614 moving group for several reasons. First, the existence
of a two billion year old and metal-rich stellar population in the solar neighbour-
hood is surprising as most of the nearby moving groups are much younger (e.g.
Cantat-Gaudin et al. 2018). Second, Feltzing & Holmberg (2000) did not see the
HR 1614 overdensity in the U — V' space with Hipparcos data and defined the
group by analysing isochrones. Based on previous studies Feltzing & Holmberg
(2000) searched for a metal-rich stellar population. This could have influenced
the results of the follow-up study by De Silva et al. (2015), who found a chemical
homogeneity of the group. Third, the HR 1614 had not yet been analysed with
data from large-scale surveys such as Gaia, APOGEE, GALAH, StarHorse, and

SkyMapper.

To select stars in the HR 1614 moving group we used the results of the wavelet
transform applied to the velocity distribution of nearby stars in the U — V' space
from Paper II. Figure 4.2 shows kinematic structures detected in the solar neigh-
bourhood, one of them is the HR 1614 moving group. We selected two samples
of stars within the ellipses drawn around the HR 1614 structure and the Hercules
structure in the U — V space. The second structure was used for comparison rea-
sons. Gaia DR2 data allowed us to select thousands of stars in both groups, which
are a much larger stellar samples than what was analysed in previous studies.

To check if HR 1614 is a dissolved open cluster we analysed colour-magnitude
diagrams, elemental abundances, and the ages of its stars. We used colours and
magnitudes corrected for reddening and extinction as well as distances from the
StarHorse catalogue. Our analyses revealed that the stars do not follow a single
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isochrone and most likely are a mixture of stellar populations. Photometric metal-
licities from the SkyMapper survey and elemental abundances from APOGEE and
GALAH show that the metallicity distribution of the HR 1614 moving group is
wide, and the age and [Mg/Fe] versus [Fe/H] distributions show that it consist of
both low- and high-a stars, consistent with what is observed for the thin and thick
disc stellar populations. The same result was obtained for the Hercules stream,
which also is likely to be a structure caused by resonances.

Based on the results of our analysis it is clear that HR 1614 is not a dissolving
open cluster. It is also not likely to be an accreted stellar population. The HR
1614 structure consists of a mixture of the thin and thick disc stars similarly as
the Hercules stream. We suggest that the group has a structure comparable to the
general disc stellar population and could have formed due to resonances with the
bar and the spiral structure, or as a result of phase mixing.






Chapter 5

Conclusions and future work

Our Galaxy has a complex structure consisting of multiple large-scale components
such as the Galactic bulge, disc, and halo that influence each other. In addition, the
Milky Way most likely underwent a number of merger events with dwarf galaxies.
These factors together affect the motion of the stars, leaving imprints in the velocity
distribution of stars that we call kinematic structures.

The main reasons for the clumpy velocity distribution of the Galactic disc are
connected to complex dynamical processes. Among them are resonances with the
bar and/or spiral structure, dissolving open clusters, phase mixing due to internal
or external perturbation, and accretion events. Thus, understanding the origin of
kinematic structures is an important tool for Galactic archaeology.

In this thesis we analysed stars in four velocity-action spaces to search for
kinematic structures using data from astrometric, spectroscopic, and photomet-
ric surveys such as Gaia, TGAS, RAVE, APOGEE, GALAH, SkyMapper, and
StarHorse. This allowed us to reveal new kinematic groups as well as confirm
some recently discovered groups as well as old well-known groups. To search for
kinematic structures we applied an advanced statistical tool, the wavelet transform.
This method is commonly used to search for velocity groups and is advantageous
since it does not require any assumptions on the initial velocity distribution of
stars. To check the significance of the detected structures we performed Monte
Carlo simulations.

The nature and origin of the detected groups were investigated by looking at
the chemical composition of the stars in the groups. If the group is a dissolved
open cluster, its stars should have similar chemical composition, since they were
formed from the same interstellar gas cloud. If the kinematic structure formed
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due to resonances or phase mixing, the chemical composition of its stars should
be similar to the majority of stars in the Galactic disc. If the group is an accreted
stellar population, it is very likely that they will chemically differ from the stars in
the Milky Way.

In Paper I we analysed elemental abundances and metallicities of all groups
from the RAVE catalogue. In Paper II we analysed the origin of the Arcturus
stream by studying elemental abundances of stars in the APOGEE and GALAH
surveys. In Paper III we revised origin of the HR 1614 moving group with data
from the StarHorse, APOGEE, GALAH, and SkyMapper surveys.

The main results of Papers I, 11, and III included in this thesis work are sum-
marised in the following bullet points:

* In Paper I we found 19 velocity overdensities in the U — V' space in the solar
neighbourhood with Gaiza DR1/TGAS and RAVE surveys. Three groups

were detected for the first time.

* In Paper II we found even more groups with Gaia DR2 data and studied
stellar volumes farther away in the disc of the Milky Way and in four differ-
ent velocity-action spaces. Some groups are local structures, others extend
farther through the disc. There are groups that have constant angular mo-
menta and radial actions across all Galactocentric radii.

* The analysis of elemental abundances of stars in the groups that were de-
tected in Paper I shows that velocity structures are not chemically distinct
and are instead, most likely, a mixture of the thin and thick disc stars. This
means that the groups were caused by resonances with the Galactic bar or
the Galactic spiral arm structure.

* The origin of the Arcturus stream was revised in Paper II. The elemental
abundances of the stars in the stream and its kinematic properties show
that the Arcturus stream is likely to be composed of thin and thick disc
stars and is thus not a dissolved open cluster nor an accreted population.

* The results of Paper III suggest that the HR 1614 moving group is not a
dissolved open cluster. Its stars do not follow a single age isochrone and
have wide metallicity and age distributions. The group likely formed due
to dynamical resonances and/or phase mixing.

Today different research groups can successfully model the observed veloc-
ity distribution. Among the most common explanations of the observed velocity
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structures are resonances with the Galactic bar, the spiral structure, phase mix-
ing induced by internal and external perturbations, and various combinations of
these dynamical mechanisms. In order to find out how many and which particu-
lar dynamical mechanisms that have influenced the stellar motions and led to the
formation of velocity overdensities, it is important to carry out further studies of
the kinematic structures.

The upcoming Gaia data releases will provide even more precise astrometry
and radial velocities for even larger number of stars. It will allow us to detect even
more kinematic structures and trace arches and ridges at a higher precision than
ever before. The imminent Gaia EDR3 will provide improved parallax, proper
motion, and coordinates measurements which will be useful for a detailed investi-
gation of the shapes and positions of kinematic structures in velocity spaces. Gaia
DR3 will provide radial velocities for stars with estimated atmospheric parame-
ters and will cover fainter targets than Gaia DR2. This will allow to detect more
groups beyond the solar neighbourhood.

Kinematic structures of the solar neighbourhood form arches in the U — V/
space. Some structures inside these arches, such as Wolf 630 or Sirius, are known
as dissolved stellar clusters. But how do structures within one arch relate to each
other is not clear. Do they have a similar chemical composition? Are they dis-
solved clusters that were later perturbed by the Galactic bar or spiral arms? Also
if more groups will be detected at a wider range of Galactocentric radii, it is im-
portant to chemically characterise them as well. Astrometric data combined with
chemical information from large-scale spectroscopic surveys like the Gaia-ESO
survey Gilmore et al. (2012), GALAH (Buder et al. 2018), APOGEE (Majewski
et al. 2017), and the upcoming WEAVE (Dalton et al. 2014), and 4MOST (de
Jong et al. 2019) surveys, will allow us to further study the chemical properties of
these groups. Together with more advanced numerical simulations we will be able
to unravel more details about the formation history of the Milky Way.
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ABSTRACT

Context. The velocity distribution of stars in the solar neighbourhood is inhomogeneous and rich with stellar streams and kinematic
structures. These may retain important clues regarding the formation and dynamical history of the Milky Way. However, the nature
and origin of many of the streams and structures is unclear, hindering our understanding of how the Milky Way formed and evolved.
Aims. We aim to study the velocity distribution of stars of the solar neighbourhood and investigate the properties of individual
kinematic structures in order to improve our understanding of their origins.

Methods. Using the astrometric data provided by Gaia DR1/TGAS and radial velocities from RAVE DRS we perform a wavelet
analysis with the a frous algorithm of 55831 stars that have U and V velocity uncertainties less than 4 kms™'. An auto-convolution
histogram method is used to filter the output data, and we then run Monte Carlo simulations to verify that the detected structures are
real and are not caused by noise due to velocity uncertainties. Additionally we analysed our stellar sample by splitting all stars into a
nearby sample (<300 pc) and a distant sample (>300 pc), and two chemically defined samples that to a first degree represent the thin
and the thick disks.

Results. We detect 19 kinematic structures in the solar neighbourhood in the range of scales 3—16 kms™' at the 30 confidence
level. Among them we identified well-known groups (such as Hercules, Sirius, Coma Berenices, Pleiades, and Wolf 630), confirmed
recently detected groups (such as Antojal2 and Bobylev16), and detected a new structure at (U, V) ~ (37,8) km s~!. Another three
new groups are tentatively detected, but require further confirmation. Some of the detected groups show clear dependence on distance
in the sense that they are only present in the nearby sample (<300 pc), and others appear to be correlated with chemistry as they are
only present in one of the chemically defined thin and thick disk samples.

Conclusions. With the much enlarged stellar sample and much increased precision in distances and proper motions, provided by
Gaia DR1/TGAS we have shown that the velocity distribution of stars in the solar neighbourhood contains more structures than
previously known. A new feature is discovered and three recently detected groups are confirmed at high confidence level. Dividing
the sample based on distance and/or metallicity shows that there are variety of structures which form large-scale and small-scale
groups; some of them have clear trends on metallicities, others are a mixture of both disk stars. Based on these findings we discuss

possible origins of each group.

Key words. stars: kinematics and dynamics — Galaxy: formation — Galaxy: evolution — galaxies: kinematics and dynamics

1. Introduction

Studies of the velocity distribution of stars in the solar neigh-
bourhood have shown that it contains a plethora of kinematic
structures, with stars that have similar space velocities (U, V, W).
There are several possible reasons to why different stars have
similar kinematic properties: they could be from evaporated
open clusters; they could be due to dynamical resonances within
the Milky Way; or they could even be remnants of accreted satel-
lite galaxies that merged with the Milky Way billions of years
ago. This means that stellar streams retain a lot of information
about the various dynamical processes of the Milky Way’s past
and provide clues to our understanding of the formation of the
Galaxy. Mapping the structure and properties of this benchmark
galaxy, will also aid our attempts to understand the evolution and
formation of large spiral galaxies in general. A detailed char-
acterisation of the kinematic properties together with chemical
composition of the stars of such structures is crucial when trying
to trace their origins (e.g. Freeman & Bland-Hawthorn 2002).

Atrticle published by EDP Sciences

The release of HIPPARCOS catalogue twenty years ago (ESA
1997) boosted the study of kinematic properties of the solar
neighbourhood. For example, Dehnen (1998) studied the distri-
bution of 14 369 kinematically selected stars using a maximum
likelihood estimate method and detected 14 features in the U —V
plane of Galactic space velocities. The W direction did not ap-
pear very rich in structures with only four moving groups de-
tected. The sample was then split based on (B — V) colour in-
dex to study the behaviour of young and old stars separately.
They found that there are moving groups composed of red stars
(supposed to be older), while younger structures were composed
of stars with different colours. This was an argument against
the theory previously proposed by Eggen (1996), that kinematic
structures could be remnants of disrupted open clusters, in which
stars are chemically homogeneous. Instead, Dehnen (1998) pro-
pose that moving groups that follow eccentric orbits could be
formed through resonances with the Galactic bar.

Skuljan et al. (1999) studied a sample of 4597 HIPPARCOS
stars and, unlike Dehnen (1998), used radial velocities provided
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in HIPPARCOS Input Catalogue (Turon et al. 1992). Skuljan et al.
(1999) applied a wavelet analysis method for kinematic group
detection, identified the most significant structures in the U — V
plane, and found that the velocity distribution has a more com-
plicated structure than simply moving groups and has a larger,
branch-like structure.

Later, using a combination of CORAVEL radial veloci-
ties (Baranne et al. 1979) and ages, together with Tycho-2 as-
trometry, Famaey et al. (2005) investigated a stellar sample of
5952 stars and found well-known streams like Hercules, Sirius,
Hyades and Pleiades. They suggest that stellar groups are of dy-
namical origin as isochrones of stars associated with the moving
groups show a large dispersion of ages. A deeper study of the ori-
gin of moving groups provided by Famaey et al. (2008) involved
wavelet transform applied to the same data as in Famaey et al.
(2005) and checked the theory of kinematic groups being rem-
nants of open clusters. After fitting isochrones inherent for open
clusters to stars associated with the Sirius, Hyades and Pleiades
streams, Famaey et al. (2008) claimed dynamical origins for
these groups, as they did not match.

Antoja et al. (2008) investigated a larger sample of 24910
stars using wavelet techniques and analysed the age-metallicity
distribution of the kinematic branches of Sirius, Hercules,
Hyades-Pleiades and Coma Berenices. Each branch showed a
wide spread of metallicities, especially Hercules. Sirius group
stars were older and peaked at about 400 Myr, compared to
Hyades-Pleiades which consist of mainly younger stars.

Zhao et al. (2009) later detected 22 structures by apply-
ing a wavelet analysis to a sample of 14 000 dwarf stars from
Nordstrom et al. (2004) and 6 000 giant stars from Famaey et al.
(2005). That study provided a comprehensive comparison of the
positions of all kinematic structures detected by different au-
thors. Eleven those 22 groups had previously been found in the
literature, while the remaining eleven were discovered for the
first time.

Antoja et al. (2012) identified 19 structures in the solar
neighbourhood by analysing a sample of over 200000 stars
with available RAVE radial velocities and compared their results
with those obtained by using the Geneva-Copenhagen survey
(Nordstrom et al. 2004). The latter found 19 structures in the so-
lar neighbourhood from a sample of over 110 000 stars and their
findings support the dynamical origin of stellar branches based
on age-metallicity distribution from Antoja et al. (2008) and the
fact that the main groups are large-scale structures that are de-
tectable even beyond the solar neighbourhood.

An alternative approach (to analyses in the U — V velocity
plane) is to search for streams in the plane defined by the in-
tegrals of motions. This way of searching for kinematic over-
densities is important as one may discover stellar streams of pos-
sible resonant or even extra-galactic origin. Stars in associated
kinematic over-densities keep the same angular momenta and in
the solar neighbourhood behave the same way as moving groups
of the cluster disruption origin. Together with the approxima-
tion of Keplerian orbits (see Dekker 1976), Arifyanto & Fuchs
(2006) and Klement et al. (2008) studied the distribution of
stars in VU2 + 2V2 and V plane as a consequence of the inte-
gral of motion approach, first discussed in Helmi et al. (1999).
Arifyanto & Fuchs (2006) applied wavelet transform to the thin
and thick disk samples that consist of nearby subdwarfs with
metallicities [Fe/H] > —0.6 and [Fe/H] < —0.6. They found
Pleiades, Hyades, and Hercules in the thin disk and Arcturus
stream in the thick disk. Klement et al. (2008) were the first to
use the RAVE DR1 archive. Their sample consisted of 7015 stars
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that allowed them to detect eight groups in the YU2 + 2V?2 and
V plane. Later, Zhao et al. (2014) focused on the search for kine-
matic structures for the thick disk population based on the LAM-
OST survey (see Zhao et al. 2012). Their stellar sample con-
sisted of 7993 stars. Thus, only a few kinematic structures were
detected.

Usually the origin of kinematic structures is studied with
help from our knowledge about other components of the Galaxy,
but Antoja et al. (2014) did the opposite: assuming that the Her-
cules stream was caused by resonances of the Galactic bar, they
used Hercules to constrain the Galactic bar’s pattern speed and
the local circular frequency. This paper further demonstrated the
importance of the study of kinematic structures, a possible key
to a better understanding of the Milky Way formation.

Cross-matching the first astrometric data release of
Gaia DRI (Lindegren et al. 2016) and the radial velocities from
the RAVE DRS catalogue (Kunder et al. 2017), we now have
access to the most up-to-date and precise astrometric measure-
ments for more than 200 000 stars. This is a substantially larger
sample than most samples previously available, and the pre-
cision in the data is also much better than before. Recently,
using TGAS and RAVE, the kinematics of halo stars was in-
vestigated by Helmi et al. (2017), who studied the velocity cor-
relation function and the energy vs. angular momentum space of
about 1000 stars with metallicities [M/H] < —1.5. They found
that the distribution of stars in the space defined by integrals
of motion has complex kinematic structure and more than half
of them follow retrograde orbits. Halo substructure with TGAS
and RAVE was also studied in Myeong et al. (2017). The clump
of 14 co-moving metal-poor giants was discovered. Based on
small spreads of the metallicity within the group, authors ex-
plain its origin as being a dissolving remnant of a globular clus-
ter. Liang et al. (2017) applied a wavelet analysis technique to a
sample that is a combination of the LAMOST DR3 (Zhao et al.
2012) and the Gaia TGAS (Michalik et al. 2015) catalogues.
They detected 16 kinematic structures, identifying four potential
new stream candidates.

The list of works on kinematic groups could be extended
and all of them prove that the velocity distribution in the solar
neighbourhood is inhomogeneous and has a complex, branch-
like structure. The mechanism of how individual stellar streams
were formed remains is unknown. Some of the above-mentioned
papers attempts to resolve this question, and as a result there ex-
ists a variety of theories, but there is no exact agreement among
them even for the well-studied groups, further demonstrating the
importance of the study of kinematic structures.

Using the recent TGAS and RAVE data releases, this study
focuses on the velocity distribution of stars in the U — V plane
to reveal the structures and to further analyse some properties of
each structure in terms of distance and chemistry. The paper is
organised in the following way: in Sect. 2 we discuss the stel-
lar sample and its properties; Sect. 3 contains an explanation of
numerical methods (wavelet analysis) used in this work; Sect. 4
covers the description of input and output maps for the wavelet
analysis; all the results including tables and figures of kinematic
structures we present in Sect. 5; finally, the summary and discus-
sion of this work are in Sect. 6.

2. Stellar sample

To detect stellar structures in velocity space we will perform a
wavelet analysis applied for a data sample in the U~V plane (see
Sect. 3), where U, V, W are the space velocities of the stars in a
right-handed Cartesian coordinate system (X, Y, Z). The X axis
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points towards the Galactic centre, while the Y axis defines the
direction of Galactic rotation, and the Z axis points towards the
Galactic North Pole. The sample should be as large as possi-
ble and contain precise measurements of distances, proper mo-
tions, and radial velocities, for the calculation of accurate space
velocities.

2.1. Distances and radial velocities

Since the Gaia satellite was launched in 2013 we have been ex-
pecting the most precise astrometric measurements for billions
of stars in the Milky Way. The first Gaia data release (DRI;
Lindegren et al. 2016) due to the shortage of observations is
still far from the declared precision: for a star with a magnitude
V = 15 it is expected to obtain positions, proper motions and
parallaxes with the precision up to 5-25 pas (see Michalik et al.
2015). However, adding astrometry from the HIPPARCOS cata-
logue, TGAS gives astrometric solutions for 2.5 million stars
with precise measurements of all required astrometric data
(Michalik et al. 2015). According to Gaia Collaboration (2016)
it is recommended that a systematic error of 0.3 mas be con-
cidered. Later, Lindegren (2017) states that parallax uncertain-
ties already represent the total uncertainty and additional system-
atic error could lead to overestimation. Therefore, in this work
we used original TGAS data. In order to calculate the three-
dimensional (3D) movements of the stars, that is the U, V, and
W space velocities, the TGAS data must be complemented with
radial velocities.

The Radial Velocity Experiment (RAVE) is a medium-
resolution spectroscopic survey with the primary goal of de-
termining radial velocities and stellar parameters for hundreds
of thousands of stars in the Southern Hemisphere using spectra
with a resolving power of R = 7500 (Steinmetz 2003). The final
release of RAVE (DRS5) gives precise measurements of radial
velocities of 457 588 unique stars (Kunder et al. 2017). Cross-
matching RAVE DRS5 with TGAS provides us with a sample of
159 299 stars with known coordinates (@, §), proper motions (i,
Us), positive parallaxes (), radial velocities (vr,q), abundances
of Mg and Fe and their associated uncertainties for all stars. The
RAVE catalogue contains multiple observations for some stars.
In those cases, the median value of every parameter was used in
this work.

To further expand our sample we also explore the op-
tion of including the data releases from the Large sky Area
Multi-Object Fibre Spectroscopic Telescope (LAMOST DR2,
Luo et al. 2015). This is a Northern hemisphere survey which
contains spectra of almost 2 million stars with a resolution of
R = 2000. The cross-matching of A-, F-, G- and K-type stars in
the LAMOST DR2 catalogue with TGAS' leaves us a sample of
107 501 stars with positive parallax.

2.2. Space velocities and their uncertainties

Space velocities and their uncertainties, which are dependent
on the accuracy of the proper motions, the parallaxes, and the
radial velocities, were computed according to the equations in
(Johnson & Soderblom 1987).

Figure 1 shows the distributions of the uncertainties in the U,
V, and W velocities for 159299 RAVE stars (top) and 107 501
LAMOST stars (bottom). Each velocity component is indicated
with a different colour. About 35% (55 831) of the RAVE stars

! Using the gaia_tools Python package developed by Jo Bovy that is

available at https://github.com/jobovy/gaia_tools
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Fig. 1. Distribution of the velocity uncertainties, o is shown in green,
oy in pink, oy in blue. Top: 159299 RAVE stars. Bottom: 107 501
LAMOST stars.

have velocities with uncertainties smaller than 4kms~', while

only 0.8% (905) LAMOST stars belong to the same region. Such
a comparably low accuracy of LAMOST velocities can be ex-
plained with high uncertainties of radial velocities, which are
one of the main components when computing oy, oy and oy.
Tian et al. (2015) cross-matched LAMOST DR1 with APOGEE
and discovered an offset of ~5.7kms™! of LAMOST radial ve-
locities. Schonrich & Aumer (2017) report that LAMOST line-
of-site velocities are underestimated and have to be corrected by
5kms~!. The accuracy of space velocities is crucial for detec-
tion of kinematic groups, shown later in the Sect. 4. Taking into
account high uncertainties for the LAMOST stars we decided to
focus our analysis on the RAVE sample only, which gives us a
sample of 159 299 stars.

The spatial distribution of our RAVE-TGAS star sample in
the X — Y and X — Z planes is shown in Fig. 2. In this plot we
show three distributions: the sample of all 159 299 stars is shown
in blue, 55831 stars with oy, oy < 4kms™' in green, and the
red colour indicates the same stars as the green but with distance
limit <300 pc. As is shown in Sect. 4 we focus on the analysis of
the last two sub-samples. The precision of the parallax distances
provided by TGAS is high enough and additionally the cut on
velocity uncertainties (0y and o) less than 4 kms™' already
cuts stars by parallax too. In Fig. 3 the distribution of parallax-
relative uncertainties 7. /7 for the total sample is shown, where
7 is the parallax and 7. is its uncertainty. Most stars have un-
certainties less than 30%. This cut is necessary to obtain robust
positions of kinematic structures.
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Y [kpc]

Z [kpc]

Fig. 2. Spatial distribution of RAVE stars in the X — Y (rop) and X — Z
(bottom) planes shown as a log-scale density plot. Blue colour shows
a sample of 159299 stars, green colour is for a sample of 55831 stars
with oy and oy < 4 kms™' and red colour describes the distribution
of 31533 stars associated with the solar neighbourhood (d < 300 pc).
The lighter shades of each colour show higher numbers of stars in
distributions.

Whether or not local standard of rest (LSR) should be in-
cluded in the space velocities, or not, in the detection analysis
for kinematic groups is debatable. In several works the space
velocities were not adjusted for the peculiar solar motion (e.g.
Skuljan et al. 1999; Antoja et al. 2008, 2012; Zhao et al. 2009),
while in some papers it was (e.g. Klement et al. 2008; Zhao et al.
2014). We chose not to correct our space velocities to the LSR as
the adopted solar motion relative to the LSR may differ between
studies (e.g. Schonrich 2012) and if so, would make direct com-
parisons of the detected structures more difficult.

3. Numerical methods

Different statistical methods have been used to highlight kine-
matic over-densities: wavelet analysis (e.g. Skuljan et al. 1999;
Antoja et al. 2008, 2012; Zhao et al. 2009), maximum likelihood
algorithm (e.g. Dehnen 1998; Famaey et al. 2005), and adaptive
kernel estimate (e.g. Skuljan et al. 1999). We chose the most
efficient technique for our purposes: the wavelet analysis with
the a trous algorithm (Starck et al. 1998) which gives signal
characteristics in terms of location, both in position and scale
(size of the structure) simultaneously. The utility of this analysis
method applied to the detection of moving groups in the solar
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Fig. 3. Distribution of parallax relative uncertainties for 55831 stars
with oy and oy < 4.0kms™".

neighbourhood has already been demonstrated in several stud-
ies (e.g. Chereul et al. 1998; Skuljan et al. 1999; Famaey et al.
2008; Antoja et al. 2008, 2012). The wavelet analysis part of this
work is done using MR software” developed by CEA (Saclay,
France) and Nice Observatory. It is a powerful tool that has been
developed since the very beginning of the wavelet era.

The analysis consists of applying a set of filters at different
scales to the original data in order to determine wavelet coeffi-
cients. Detected structures, which correspond to local maxima
in the wavelet space can be either physical (kinematic groups)
or “artefacts”. The latter can have two origins: (1) The wavelet
coefficients contain Poisson noise due to the fact that the stellar
sample is finite. Details on the filtering of the Poisson noise can
be found in Sect. 3.2; (2) The space velocities of the stars con-
tain significant uncertainties. Details on the verification of the
robustness of results are given in Sect. 4.2.

3.1. The a trous algorithm

We focused on the wavelet analysis with the a trous algorithm
because it has an advantage compared to other statistical meth-
ods: it does not require any assumptions on the initial stellar
distribution. So, the input data correspond only to the original
star-count map in the U — V plane. The algorithm implies apply-
ing a set of filters at different scales (s; = 2/ x A) in order to
decompose the two-dimensional (2D) signal cy(iy, i,) into a set
of wavelet coefficients (wy, ..., w,) that contain the information
about kinematic structures. Here, (iy, i) is a position at the input
grid, j is the scale index (j € [1, p]), p is the maximum scale
and A is the bin size of the input pixel grid which is used to de-
tect structures which have sizes between s;_; and s; km s7! (for
details on the algorithm see Starck & Murtagh 2002).

For one position (iy, i), a positive wavelet coefficient corre-
sponds to an over-density in the velocity space. We followed the
documentation provided with the MR software and we used a
maximum scale p equal to log,(N — 1), where N, assuming that
the input star count map has a size N X M, is the number of pixels
in the smaller direction.

2 http://www.multiresolutions.com/mr/
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3.2. Image filtering and detection of significant structures

Given that the data sample is finite, wavelet coeflicients at each
scale except the information about the structures contain also
noise which follows Poisson statistics. The procedure to deter-
mine if a wavelet coefficient is significant or not depends on the
kind of data. First, we determined the multi-resolution support
of the resulting image, which is a logical® way to store infor-
mation about the significance of a wavelet coefficient at a given
scale j and a position (i, i,). Our data contains a large num-
ber of pixels with less than 30 star counts, which is called the
case of “few events”. In order to remove the Poisson noise in the
case of “few events” we used the auto-convolution histogram
method (Slezak et al. 1993) which has already been successfully
used to detect structures in data with few events such as low-
intensity X-ray images (Starck & Pierre 1998).

With the final set of wavelet coefficients we used an algo-
rithm provided with the MR software that groups coefficients
into structures that are characterised by the level of confidence
€. A structure detected with a 30~ confidence level corresponds to
a 99.86% probability that the structure was not produced by the
Poisson noise. Then, the algorithm approximates the shape of
the structure by an ellipse, characterised by its centre, its semi-
minor axis, its semi-major axis, and the angle between the major
axis and the horizontal axis of the input map. These parameters
are useful for the estimation of the number of stars belonging to
the structure, assuming that all the stars inside the ellipse can be
associated with the structure.

4. Analysis
4.1. Input data

The constraints on velocity uncertainties and the choice of the
bin size of the input star-count map are linked. First, the un-
certainties have to be simultaneously large enough in order to
provide us with as large a sample as possible, and at the same
time small enough to take advantage of the high-precision data
provided by Gaia DR1/TGAS and RAVE. Second, the bin size
of the star count map has to be consistent with the space veloc-
ity uncertainty of the stars in order to get robust positions of the
structures.

This means that the bin size needs to be roughly equal to
the average velocity uncertainty of the sample, otherwise the
probability that a star falls into a particular bin will be reduced
and therefore the precision of the positions of kinematic struc-
tures will also decrease. If the bin size is higher than ~5 kms™,
the first scale (/ = 1) would be 10-20 kms~!, but from pre-
vious studies it has been shown that the typical size of struc-
tures is of the order 10 kms™! (e.g. Antoja et al. 2012). Thus, a
bin size larger than about 5 kms~' should not be used as too
many structures would be lost. With a restriction on oy and
oy equal to 4 kms™! it should possible to get robust measure-
ments of positions of structures, and that leaves us with a sam-
ple of 55831 stars that have average velocity uncertainties of
(oy) = 1.8 kms™! and (oy) = 1.6 kms~'. We then chose a bin
size of Api, = 1kms™'. With this value the scales of the output
images from the wavelet transform will be: J = 1 (2—4 kms™'),
J=2(@4-8kms™),J=3(8-16 kms™!),J =4 (16-32 kms™"),
J=5(32-64 kms™).

If w;(iy, i) is significant for a given scale j and position (i, i,)), then
M(iy,i,) = 1, otherwise, M (iy, i,)) = 0.
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Fig. 4. Probability density functions of the location of stars in the U -V
plane for different cases and Au, = 1.0 km s7!. Case Al: the star is
located in the centre of a bin and the uncertainty is equal to the average
uncertainty of the stars in our sample (oy = (oy) = 1.80 kms™' and
oy = (oy) = 1.60 kms™"). Case A2: the star is located close to the
edge of a bin and the uncertainty is equal to the average uncertainty of
the stars in our sample (oy = (oy) = 1.80 km s and oy = (o)) =
1.60 kms™'). Case B1: the star is located in the centre of a bin and
the uncertainty is lower than the average uncertainty of the stars in our
sample (oy = (oy) = 0.90 kms™' and oy = (oy) = 0.80 kms™).
Case B2: the star is located close to the edge of a bin and the uncertainty
is lower than the average uncertainty of the stars in our sample (oy =
(oy) = 0.90 kms™' and oy = (oy) = 0.80 kms™"). Numbers at each
concentric circle show the probability as a percentage for the star to fall
inside the circle.

4.2. Monte Carlo simulations

The space velocities of the stars have uncertainties that will in-
fluence the ability to detect kinematic structures and how robust
these detections will be. Figure 4 shows the probability density
function of one star to be located in the centre of one bin in the
U -V plane (plots on the left-hand side) or at the edge of the bin
(plots on the right-hand side) given that the velocity uncertainties
are equal to the average uncertainties of the sample (upper plots)
or half of the average uncertainties (lower plots). The probability
(see numbers at each concentric circle) that a star will fall into
different bins is non-zero and consequently, can lead either to
structures being “fake detections”, or the detection of real phys-
ical structures being missed. Hence, we perform Monte Carlo
(MC) simulations in order to estimate the robustness of the de-
tected structures.

Ny synthetic samples are generated from the original one
by randomly drawing 55 831 new couples (U, V) assuming that
the stars have Gaussian velocity distributions, where mean val-
ues are positions (U;, V;) and the standard deviations are uncer-
tainties (oy,, oy,), where i € [1, Ny refers to the ith star in
the original sample. Then, the wavelet analysis and the structure
detection algorithm are applied to the Nyc synthetic stellar sam-
ples and the positions of all structures at all scales are stored for
each simulated sample.
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Fig. 5. Positions of kinematic stellar structures obtained by wavelet
transform applied for Nyc = 2000 synthetic data samples for levels
J=2,3,4

4.3. Output data

Following the computations described in Sect. 3 and MC sim-
ulations as in Sect. 4.2, the wavelet analysis was applied
to these Nyc samples giving: (1) Nyc sets of wavelet co-
efficients [(w{, wh, eees w}), - (w’lv"'f, w’zv”'(', - wy”"c)]; (2) the
multi-resolution support for J scales and Nyc simulations,
which gives: [(Mll, le, ,M}), ,..,(M{VMC, Mév‘“c, ey My“c)];
(3) positions of detected structures for J scales and Nyc simula-
tions.

The results are presented in two different forms. First as a
structure’s position count map, in which the positions of the de-
tected structures of each of the 2000 samples are superimposed
(see Fig. 5). The detected structures are marked by black boxes.
To quantify the “realness” of each group, the fraction of times
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each group was detected relative to the total number of simula-
tions is calculated.

Figure 5 shows the position count map for the detected struc-
tures at scales J = 2 (-8 kms™!, top plot), J = 3 (8-16kms™",
middle plot) and J = 4 (16-32kms™~!, bottom plot). The highest
number of individual structures, shown by black rectangles with
individual numbers, is for J = 2. However, as can be seen, scale
J = 3 also includes all significant structures detected at scales
J =2and J =4, and covers smaller and bigger scales.

How many Monte Carlo simulations are needed for the re-
sults to converge? To explore this, Fig. 6 shows how the posi-
tions for structure number 13 from the J = 3 map converge as
the number of Monte Carlo simulations increases. We introduce
four different estimators: the first two are mean positions of the
structure Upean and Viean (calculated based on coordinates U
and V of all structures inside the rectangle number 13); The third
one is the number of stars inside structure number 13 which was
calculated as an averaged number of stars from the total num-
ber of Monte Carlo simulations (Nyc runs); The last estimator is
the percentage of structure detection inside the rectangle. Con-
vergence is reached at around 1400 simulations (marked by grey
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Fig. 7. Top: positions of kinematic stellar structures obtained by wavelet transform applied for Nyc = 2000 synthetic data samples for J = 3
in the U — V plane. Structure counts are shown with the orange colour. Black boxes embrace region of individual structures. Blue crosses show
identification of structures in literature if any. Bottom: multi-resolution support count map for Nyc = 2000 synthetic data samples for J = 3 in the

U — V plane. Black boxes represent the same structures as in the top plot.

background in Fig. 6). We therefore chose to run 2000 simula-
tions to have confident results.

The position count map is useful for providing positions of
structures. However, one cannot decipher whether if the struc-
tures are independent, or are connected to other groups. Hence,
another way to represent the results is shown in the bottom plot
of Fig. 7, and is the multi-resolution support for Nyc simulations
by displaying the quantity M defined as follows:

Nwc
Mo (i i) = MG, i)

k=1
Thus, if Mi(ix,i,) = Numc, then w;(iy, i,) is significant for all
the simulations. Conversely, if Mio(ix, i,) = 0, then w;(iy, i,) is
never significant. We explain in more detail the results that can
be gained from Fig. 7 in Sect. 5.

1)

5. Results

In this section we present the detected structures in the U — V
plane for the following samples: the full TGAS-RAVE sample,
the sample split into a nearby and a distant sample, and two
chemically defined samples that to a first degree represent the
stars belonging to the Galactic thin and thick disks.

5.1. Full sample

Figure 5 shows detected structures in the U — V planes for three
different scales, J = 2 (4-8 kms™!): 32 structures, J = 3 (8-
16 kms~"): 19 structures, and J = 4 (16-32 kms™'): 4 struc-
tures. The J = 3 structures are listed in Table 1, and the struc-
tures from the J = 2 and J = 4 scales in Table 2. As can be
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Table 1. 3o-significant kinematic structures detected for level J = 3, 8-16 kms~!, Nyc = 2000.

N Name U VoAU AV {Lg N. SN BSN D TD
(O] 3) 4) (S) (6) (7) 8) ) (10) (11) (12)
55831 31533 24298 36439 11410
1 Sirius 30 -3 3 1 31 434 + + +
2 Sirius 0 8 7 3 154 4821 + + + +
3 Sirius —11 9 3 1 83 879 + +
4 Coma B 9 -12 2 2 52 1102 + +
5 Coma B -2 -11 3 3 70 2753 + +
6 Coma B -15 -7 1 1 79 673 + +
7 Hyades —44 —-18 6 2 90 2344 + +
8 Pleiades -22 -23 7 3 170 4257 + + +
9 Wolf630+Dehnen98 43 =22 9 2 168 1777 + +
10 Hercules -38 -49 9 3 116 1451 + +
11 Hercules -16 -48 2 1 22 197 + +
12 yLeo 52 0 1 2 27 96 + +
13 New 37 8 2 2 74 201 + + +
14 Antojal2(15) 48 -68 1 1 6 8 + +
15 Antojal2(12) 94 -13 1 1 38 10 + +
16 Bobylev16 -94 -5 1 1 17 14 + + + +
17 elnd —88 —48 2 2 12 24 +
18 Unknown -86 -76 2 1 8 12 +
19 Unknown -18 -67 1 1 22 70 + +

Notes. Columns 1-8 are for the total sample. Column 1 gives the order of positions of wavelet coeflicients for J = 3 obtained for 2000 synthetic
data samples. Column 2 is the name of the structure if available in literature. Columns 3 and 4 are central positions of kinematic structures
in km s, their uncertainties (standard deviations) are given in Cols. 5 and 6 respectively also in kms™'. Column 7 is a percentage showing how
many times the structure obtained by MC simulations appears in the wavelet space. The estimated number of stars in each group is given in Col. 8.
Columns 9-12 show the presence of the structure in the SN, BSN, D and TD samples for J = 3 with + sign. Number of stars of each data sample
is indicated in the row 3. Question marks correspond to tentatively new structures with a small detection percentage in MC simulation.

seen, J = 3 appears to cover all the detected features, including
smaller structures at J = 2, as well as larger groups at J = 4.
Therefore, we will from now on consider / = 3 as the main
scale since it covers a range around the typical sizes of kine-
matic structures found in the solar neighbourhood (both small-
and large-scale structures), and secondly focus on J = 2 and
J = 4 that cover even smaller and larger structures, respectively.

The top plot of Fig. 7 shows again the detected kinematic
structures in the U — V plane for J = 3 (as in Fig. 5 middle plot),
but now with previously detected structures found in the litera-
ture (Eggen 1996; Antoja et al. 2008, 2012; Bobylev & Bajkova
2016) marked with blue crosses. Classical structures such as Sir-
ius (structures number 1-3 in Fig. 7), Coma Berenices (struc-
tures 4-6), Hyades (structure 7), Pleiades (structure 8), and
Hercules (structures 10-11), and some smaller structures like
Wolf 630 (structure 9), Dehnen98 (structure 9), yLeo (struc-
ture 12) can be easily recognised. They all have a compara-
bly high percentage of detection (Col. 7 in Table 1) and large
number of stars (Col. 7 in Table 1). The two structures from
Antoja et al. (2012; structures 14 and 15) and one structure from
Bobylev & Bajkova (2016; structure 16) are confirmed. We also

A73, page 8 of 19

present evidence for a new structure (number 13) that is detected
with 74% significance. Structures 18—19 have low percentages
of detection, less than15%, and might be insignificant. In
Sect. 5.4 we discuss how our results agree with those from the
literature.

The way the detected structures are split into groups is
demonstrated with the bottom of Fig. 7 which shows the multi-
resolution support obtained for J = 3 for all stars and 2000
Monte Carlo simulations. In other words, this is the same plot as
the top panel of Fig. 7, but instead of structure counts we show
multi-resolution support counts. This representation allows us
to see whether structures are bound or separated. Structures 1—
3 seem to be connected and thus are united into Sirius stream.
Group 5 is bound to structure 2 in the wavelet case. It should not
be associated with the Sirius stream as its most significant part
is located slightly aside Sirius, but lays on one line with struc-
tures 4 and 6, therefore grouping structures 4-6 into the Coma
Berenices stream. Groups that have percentage detection higher
than 100% (8, 9, 10) show a few distinct peaks in this plot, sup-
porting the statement that these groups consist of a few smaller
structures that overlap in the structure count map. Based on that
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Table 2. Kinematic structures detected in the solar neighbourhood for levels J = 2 and J = 4, Nyc = 2000.

N Name U v AU AV L, % N.
(1) 2) 3) 4) 5) 6) @] 3)
J=2,4-8 kms™!

1 Sirius 31 -3 2 1 12 285
2 Sirius 17 0 1 1 10 377
3 Sirius 8 9 3 2 23 1105
4 Sirius -1 7 1 1 18 511
5 Sirius -11 9 1 1 23 496
6 Sirius -3 2 1 1 7 459
7 Coma B -2 —11 1 1 7 377
8 Coma B -15 -8 3 2 26 1692
9 Hyades —43 -19 8 3 108 3392
10 Hyades -41 -11 1 1 5 257
11 Hyades -33 -10 1 1 7 243
12 Pleiades -19 =25 3 1 30 1262
13 Pleiades -12 =22 1 3 20 1181
14 Pleiades -6 —24 1 1 8 342
15 Wolf 630 16 -18 2 1 6 430
16 Wolf 630 22 -21 1 1 6 153
17 Dehnen98 34 -20 2 1 6 252
18 Dehnen98 45 =22 2 1 10 193
19 Hercules -36 -49 2 1 9 178
20 Hercules -19 =51 2 2 10 266
21 vy Leo 66 -8 1 1 5 14
22 v Leo 53 0 1 1 7 40
23 vy Leo 52 5 1 1 5 40
24 New 38 6 2 2 12 201
25 Antojal2(15) 49 -69 1 1 9 12
26 Antojal2(15) 63 —64 1 1 7 5
27 Antojal2(15) 33 -62 1 1 9 5
28 Antojal2(15) 56 —48 1 1 5 20
29 Antojal2(12) 38 -32 1 1 6 5
30 Antojal2(12) 93 -13 1 1 14 10
31 Bobylevl6 -95 -6 1 1 8 11
32 elnd -89 =52 1 2 7 20
J=4,16-32 kms™!
1 Sirius -3 3 2 3 97 1767
2 New 38 7 1 1 60 106
3 yLeo 55 2 2 1 8 29
4 Hercules -32 —48 7 1 100 437

Notes. For details see Table 1.

we split group 9 into Wolf 630 (to the left) and Dehnen98 (to  nearby solar neighbourhood sample with 31533 stars that have
the right). Group 11 is a part of the Hercules stream. Structures  distances d < 300 pc (SN), and a sample of stars beyond the solar

12—-19 are not connected to other groups.

5.2. solar neighbourhood and beyond samples

The detected structures are found in velocity space. Do they de-
pend on the distance from the Sun? We divide the sample into a

neighbourhood (BSN), with 24,298 stars that have d > 300 pc
(most distant star at 2kpc). The distance of d = 300 pc that was
arbitrarily chosen to split the sample is also a reasonable value
because it leaves us with almost equal number of stars in both
samples. Both samples are then independently analysed in the
same way as for the full sample: applying the wavelet transform,
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Fig. 8. Positions of kinematic stellar structures obtained by wavelet transform applied for Nyic = 2000 synthetic data samples for level J = 3. The
top left plot is for the SN sample (31533 stars), top right is for the BSN sample (24 298 stars), bottom left is for the D sample (36 439 stars) and
bottom right is for the TD sample (11410 stars). Black boxes indicate regions of detected structures for the total sample and J = 3.

filtering, and structure-detection procedure for 2000 synthetic
data samples.

Figure 8 shows the detected structures associated with the
SN sample (top left plot), and the BSN sample (top right plot)
for the scale / = 3. The rectangles mark the borders for the
structures that were detected for the full sample (see Fig. 7). This
allows an easier comparison how the shapes on kinematic struc-
tures change with the respect to the full sample.

In Table 1 we have indicated “+” signs in Cols. 9 and 10 with
if a structure is present in SN and BSN samples. Almost of all
of the full sample structures are observed in the SN except two
weak Hyades peaks (groups 10, 11). Therefore, the SN results
almost completely reproduce the results from the full sample.
For the BSN sample that has 7000 less stars than the SN sam-
ple, most structures appear to have slightly changed their posi-
tions relative to the SN case. A similar result was obtained by
Antoja et al. (2012) where the structures detected in distant re-
gions were shifted on the velocity plane. Hence, only 6 of 19
kinematic groups can be recognised: strong Sirius peak 2, all
Coma B peaks (4-6), Bobylev16 peak 16, and Pleiades peak 8
are slightly shifted.

In summary, it appears that some kinematic structures are
located only in the SN sample as a few significant groups are not
detected in the BSN sample at all (groups 1, 3, 7, 9-15, 17-19).
These changes in the number of structures, their positions and
shapes in the respect to distance, could be due to the different
in the number of stars falling into the two samples with the SN
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sample containing 10 000 more stars than the BSN sample. The
technique of wavelet analysis is sensitive to the number of stars
in the initial sample; the more stars we have, the more realistic is
the picture of structures that we can get. Mean values of velocity
uncertainties for two samples are also slightly different and are
bigger in the case of the BSN sample: (oy)sn = 1.7, (Ty)sn =
1.6 for the SN sample; (oy)psn = 2.5, (oy)psny = 2.2 for the
BSN sample. Meaning that for the BSN sample, which is at the
same time smaller, velocity uncertainties are slightly higher and
this can lead to some displacements of the structures. This issue
can be investigated further with the availability of the Gaia DR2
in April 2018 which will provide precise astrometric parameters
for 10 stars and radial velocities for bright stars.

5.3. Thin and thick disk structures

Several high-resolution spectroscopic studies of nearby stars
have identified and characterised the thin and thick disks as
distinct stellar populations, not only in terms of kinematics,
but also in terms of elemental abundances and stellar ages
(e.g. Reddy et al. 2006; Fuhrmann 2008; Adibekyan et al. 2012;
Bensby et al. 2014). The two co-existing and largely overlapping
disk populations point to a complex formation history for the
Milky Way. A process which is currently not well understood.
The question is, can we gain further insights into the nature and
origin of this two-disk structure from the kinematic structures
seen in the solar neighbourhood?
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As shown in Bensby et al. (2014) and Haywood et al. (2013)
stellar ages appear to be the best discriminator between the thin
and thick disks. However, stellar ages are not available for the
stars in our sample. Another way would be to use kinematics, as
this is exactly the property that we want to investigate. Another
approach which can reveal more features of the kinematic group-
ing associated with the thin and thick disks is to use their chem-
ical compositions. Several papers have shown that the two disks
follow distinct and well separated abundance trends both in the
solar neighbourhood (e.g. Bensby et al. 2014; Adibekyan et al.
2012; Fuhrmann 2008) and also further away (Bensby et al.
2011; Hayden et al. 2015). All these studies show that thick disk
stars, at a given metallicity, are more @-enhanced than thin disk
stars.

In this paper we do not perform any spectroscopic analysis of
our structures. Instead we separate our stellar sample by magne-
sium [Mg/Fe] abundances provided by RAVE in order to study
our sample in terms of thick (metal-poor) and thin (metal-rich)
disks.

In Fig. 9 (see the last plot on the right-hand side on the bot-
tom line) we show [Mg/Fe]-[Fe/H] diagram for the total RAVE
sample of 47 849 stars that have RAVE S /N > 40. The last limit
is needed to obtain abundances with a higher precision (abun-
dance uncertainties less that 0.2 dex, Kunder et al. see 2017). A
chemical separation of thick and thin disks with RAVE based
on probability density approach has been done in Wojno et al.
(2016) and we define a thin disk sample (D) and a thick disk sam-
ple (TD) samples according their criteria: thin disk [Mg/Fe] <
0.2, thick disk [Mg/Fe] > 0.2. This separation is shown by the
red horizontal line in all plots of Fig. 9. Effective ranges of disk
metallicities obtained for a RAVE sample by Wojno et al. (2016)
are the following: —0.27 < [Fe/H] < 0.38 for an a-poor compo-
nent (thin disk) and —1.15 < [Fe/H] < —0.05 for an @-enhanced
component (thick disk). The metallicity distribution function for
the total sample reaches the maximum value at [Fe/H] ~ —0.1,
which is close to the disk separation values, hence, the total sam-
ple represents a mixture of disk populations. In the thin disk sam-
ple we have 36439 stars, and in the thick disk sample there are
11410 stars. As in the case with SN and BSN samples, we run
the same procedure as for the full sample and the SN and BSN
samples (i.e. applying the wavelet transform, filtering, and struc-
ture detection procedure for 2000 synthetic data samples).

Uncertainties for both [Fe/H] and [Mg/Fe] from RAVE are
stated to be around 0.2dex (see Kunder et al. 2017), which is
comparably large to make a clear separation of the two disks.
The separation line shown in Fig. 9 is therefore only a first ap-
proximation to represent thick and thin disks. Better precision
could be achieved with a detailed spectroscopic analysis of stars
associated with kinematic structures to investigate which disk
population do they belong to.

The bottom panels of Fig. 8 show the structures that were
detected by applying wavelet transform to the 2000 synthetic
samples associated with thick and thin disks, respectively. The
rectangles correspond to the structures detected for the full sam-
ple at scale J = 3. In Table 1 Cols. 11 and 12 show a clear
presence of the structure in T and TD with “+” sign.

Similarly to the SN sample, the thin disk sample (D) con-
tains more stars, so most of the structures detected for the full
sample can be recognised. Only groups 17 and 18 appear to be
missing. Hyades and Pleiades groups 7 and 8 are more distinct
in the D sample, but a few stars are also detected in the TD sam-
ple, so they could be a mixture of the two stellar populations.
The Hercules stream is almost missing in the TD map, so that is
probably constructed mostly of thin disk stars. The same result

was obtained by Bensby et al. (2014) and Ramya et al. (2016)
from a chemical abundances analysis of stars that belong to the
Hercules (for more discussions see Sect. 5.4). Coma Berenices
slightly changed its location in the TD case, being more sig-
nificant in box 4. Groups 11, 12, 14, 15, 17-19 are not seen
at all. These groups consist of mostly D stars which points
towards their possible origin through the outer Lindblad reso-
nance (OLR; for further explanations see Sect. 5.4).

In Fig. 9 we plot individually for each kinematic structure its
[Mg/Fe] — [Fe/H] diagram and its metallicity distribution func-
tion which is a [Fe/H] versus a probability density, computed
with the kernel density estimation (KDE) method. In each con-
tour plot the positions of individual stars are shown as dots. The
numbers in each panel indicate the numbers of the structures as
listed in the legend to Fig. 7. The horizontal red line at each den-
sity plot corresponds to the [Mg/Fe] = 0.2 showing the approx-
imate separation between the thin and thick disks. Black dashed
lines at each histogram show the probability density distribution
for the full sample of 47 849 stars with S /N > 40. The solid vio-
let histogram at the top of each panel shows a probability density
distribution for stars inside the current group. We discuss each
structure in detail in the following section.

5.4. Individual structures

Each case contains an overview of what is known about each
group from the literature and how it compares with the results
from the present study. The number in parentheses at the begin-
ning of each paragraph indicates the number of the structure as
listed in Table 1 and shown in Figs. 7 and 8.

Sirius (1-3): Eggen (1992) studied the properties of the Sirius
super-cluster, which is considered as a part of the larger Ursa
Major stream. They found that its stars fall into two distinct age
groups, 6.3 and 0.2 Gyr, and that its chemical composition dif-
fers from the Hyades and Pleiades open clusters, showing heavy
element abundances close to solar values. Famaey et al. (2008)
tried to reveal the origin of kinematic features including the Sir-
ius stream by probing ages of stars that belong to the Sirius group
and the evaporating Ursa Major star cluster. It was shown that
only 30% of the stars associated with the stellar stream fall on
the same isochrone (300 Myr) as the open cluster, and, as was
concluded in Famaey et al. (2008), not all stars of Sirius stream
have an origin of being a remnant of an open cluster and favour a
dynamical (resonant) origin for the Sirius stream. Later, through
modelling of the dynamics of the Milky Way, Minchev et al.
(2010) showed that the low-velocity features including the Sirius
stream could be reproduced with the OLR of the Galactic bar.
Bovy & Hogg (2010) studied the ages and metallicities of
kinematic over-densities of nearby stars from HIPPARCOS ESA
(1997) to investigate whether stellar streams consist of stars that
belong to the same population, which could indicate that they
originated from dissolved open clusters. Their main result was
negative for the stellar streams they analysed, including the Sir-
ius stream, and that it should not be associated with the Ursa Ma-
jor open cluster. To test possible dynamical origins for the stellar
streams (such as the OLR of the bar, or the inner Lindblad res-
onance (ILR) of the spiral structure) Bovy & Hogg (2010) used
the Geneva-Copenhagen survey (Holmberg et al. 2009) to com-
pare the metallicities of stellar stream stars to the background
population of thin disk stars. Bovy & Hogg (2010) assume that
depending on the type of the resonance, orbits of stellar groups
are located most of the time inside or outside the solar circle,
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Fig. 9. [Mg/Fe]-[Fe/H] diagram for kinematic structures detected for the scale J = 3. Numbers on each panel correspond to structures 1-19 as
stated in the legend of Fig. 7. The last plot corresponds to the total sample with limits on S/N > 40 (47 849 stars). The red line at each density
plot corresponds to [Mg/Fe] = 0.2 and divides the total sample into thick (above the line) and thin (below the line) disks. Dashed black lines show
[Fe/H] = 0 and [Mg/Fe] = 0. Scatter plots at each density map show positions of individual stars on the diagram. Histograms at the top of each
panel show the metallicity distribution for the total sample (black dashed line) and for each group (solid violet distribution). Values of u and o

represent the violet distribution.

and, consequently, these stars show up the properties of different
parts of the Galaxy. Metallicity is one of the main parameters
that varies for kinematic groups that come from different parts
of the Milky Way due to the existence of a metallicity gradient
in the Galaxy. They found “weak evidence” that Sirius stream
stars have lower metallicities than the thin disk population and
could therefore be related to the ILR of the spiral arms.
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We associate the Sirius stream with structures 1-3 (see
Fig. 8). Sirius is elongated in both the U and V directions and is
detected in all maps, although its shape and location vary from
sample to sample. Structure 2 is the most significant sub-stream
with more than 4800 stars located inside the “detection box”,
and 154% of Monte Carlo repeats. As the detection percentage
exceeds 100% the structure may consist of a few smaller groups,
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Table 3. Sirius positions.

U, V) Reference

[kms™']

(30,-3) group 1

(0,8) group 2

(-11,9)  group 3

9,3) Dehnen (1998)
(15,1) Eggen (1992)
(10,3) Eggen (1996)

(7,4) Famaey et al. (2005)
5,2) Famaey et al. (2008)
(10,3) Zhao et al. (2009)
9,4) Bovy & Hogg (2010)
4,4) Antoja et al. (2012)

such as those detected at the scale J = 2 (see Fig. 5) that overlap
with each other at the scale J = 3. In Table 3 we provide a table
of positions of the Sirius stream from this work and from the lit-
erature and a blue cross in Fig. 7 corresponds to the Sirius group
from Antoja et al. (2012).

Our central peak 2 agrees with all the studies listed. Group 1
has a higher U velocity and group 3 a lower U velocity com-
pared to the central peak but all have approximately the same V
velocity, so they could be members of one larger stream. Sirius is
a nearby structure, while only stars from group 2 also appear in
the distant BSN sample. Most of the stars appear to have chemi-
cal compositions comparable to what is observed for the Galactic
thin disk stars, but group 2 is still strong in the thick disk sample.
So Sirius could be a mixture of stars from both disk populations.

Plots 1-3 in Fig. 9 show the [Mg/Fe] — [Fe/H] diagrams for
stars from groups 1-3 that we associate with the Sirius stream
and at the top of each panel the metallicity distribution for each
individual group is shown (solid violet distribution). The Sirius
stream stars appear to have properties similar to the total sample
(black dashed histogram) and do not show any particular metal-
licity trend inherent to the thick or thin disk populations.

Figure 8 also indicates that the Sirius stream is a large-scale
structure that is observed in both SN and BSN samples and ap-
pears to be a mixture of both disk populations. Since we observe
Sirius in both disks, we favour its dynamical origin possibly from
the ILR of the spiral arms, but note that our thin/thick disk sep-
aration is uncertain due to the rather large errors in the RAVE
chemical abundance ratios.

Coma Berenices (4—6): Odenkirchen et al. (1998) carried out
an astrometric and photometric analysis of the region of the sky
where the Coma Berenices open star cluster is located and found
that the luminosity function of the core of the cluster decreases,
while it increases towards fainter magnitudes in the edges of the
cluster. Odenkirchen et al. (1998) assume that there could be a
lot of faint, low-mass members of the moving group that were
not observed. The proximity of the moving group and the open
cluster pointed Odenkirchen et al. (1998) towards the idea that
Coma Berenices moving group was formed due to a dissolution
of the cluster. Conversely, (Minchev et al. 2010) through mod-
elling of the dynamics of the Milky Way, reproduced a few main
stellar streams including Coma Berenices assuming the OLR of
the bar and thus, favour resonant mechanism of formation of also
this kinematic over-density.

Table 4 lists the detection of the Coma Berenices kinematic
over-density in the U — V plane that is available in the literature.

Table 4. Coma Berenices positions.

U, V) Reference

[kms™']

9,-12) group 4

(-2,-11)  group 5

(-15,-7) group 6

(-=10,-5)  Dehnen (1998)

(—10,-10) Famaey et al. (2007)
(=11,-7)¢  Zhao et al. (2009) dwarf sample
(=13,-6),  Zhao et al. (2009) giant sample
(-7,-6) Antoja et al. (2012)

(-7,-6) Bobylev & Bajkova (2016)

In our study Coma Berenices is associated with structures 4-6
(see Fig. 8) and Table 4 shows that the positions we detect are in
agreement with results from the other studies.

All three groups 4-6 share similar space velocities. Peak
6 has higher detection percentage in Monte Carlo simulations
(79%) than peaks 4 and 5. While group 5 is the biggest and
contains over 2700 stars inside the “detection box”. The blue
cross inside box 5 in Fig. 7 corresponds to the detection of Coma
Berenices from Antoja et al. (2012) at (=7, —6) kms™'.

Plots 4-6 in Fig. 9 show the [Mg/Fe] — [Fe/H] diagrams and
metallicity histograms (at the top of each plot) for groups 4-6.
Coma Berenices stream stars show metallicity properties similar
to the total sample, and do not show any particular metallicity
trend to either the thick or the thin disks. Figure 8 shows a similar
result: Coma Berenices unites stars that belong to both thin and
thick disk samples with more stars in the thin disk sample. It
is a large-scale over-density because it is seen in both distance
samples.

As Coma Berenices shares properties similar to the Sirius
moving group, both combining stars of different populations, it
could also originate from the ILR of the spiral arms, again with
the remark that the thin/thick disk separation is uncertain due to
the low precision of the RAVE abundances.

Hyades (7): Being first discovered by Proctor (1869), the
Hyades stream, or Hyades super-cluster, was for a long time con-
sidered to be a remnant of the eponymous Hyades open stellar
cluster. However, recent studies have shown the opposite. For in-
stance, Famaey et al. (2008) found that only half of the stars of
the Hyades stream could originate from the Hyades open cluster
as only about 50% of the stars fall onto the same isochrone as
would have been expected for an open cluster. They favour the
dynamical origin for the Hyades stream.

Later, Pompéia et al. (2011) compared chemical abundances
and metallicities of stars belonging to Hyades stream with stars
that are members of the Hyades open cluster, which is believed
to be chemically homogeneous. It was found that only 2 of the
21 selected Hyades stream stars have similar chemical proper-
ties with the open cluster. Furthermore, Pompéia et al. (2011)
showed that the Hyades stream stars have a metallicity excess of
about 0.06-0.15 dex compared to thin disk stars, which is con-
sistent with an origin caused by the ILR of the spiral arms. They
also performed a particle simulation test that supported the same
conclusion, showing that the Hyades stream could be reproduced
with the 4:1 resonance of the spiral arms.

Another chemical tagging study of the Hyades stream was
presented by Tabernero et al. (2012) that further supported the
idea of a dynamical origin for the Hyades stream. They analysed
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Table 5. Hyades positions.

(U, V) Reference

[kms™"]

(—44,-18)  group 7

(-40,-20)  Dehnen (1998)

(-35,-18)  Famaey et al. (2008)
(=38,-18); Zhao et al. (2009) dwarf sample
(-38,-17), Zhao et al. (2009) giant sample
(—40,-20)  Bovy & Hogg (2010)
(-30,-13)  Antojaetal. (2012)

(=30,-15)  Bobylev & Bajkova (2016)

stellar spectra of 61 Hyades stream stars and compared the re-
sults with a reference star vB 153 that is a verified member of the
Hyades open cluster. Only 26 stars were found to have similar
parameters with the Hyades open cluster. Tabernero et al. (2012)
conclude that the Hyades stream does not completely originate
from the Hyades open cluster.

McMillan (2017) used a simple dynamical modelling of the
Milky Way to study the origin of the Hyades stream and to check
whether it could originate from a Lindblad resonance. The au-
thor concluded that Hyades stream has a resonant (dynamical)
nature, but that it is not possible to say exactly which resonance
due to selection effects associated with the dynamics.

We associate Hyades with group 7 (see Fig. 8). This group
contains 2344 stars inside the detection box and has a high
Monte Carlo detection of 90%. The blue cross in Fig. 7 marks
the detection of Hyades from Antoja et al. (2012). In Table 5 we
show positions of Hyades from this work and from the literature.

The [Mg/Fe] — [Fe/H] diagram and the [Fe/H] distribution
for structure 7 is shown in Fig. 9. The Hyades stream shows
properties that are similar to the full sample. From the analysis
of SN/BSN and D/TD sub-samples (see Fig. 8) it is seen that
Hyades stream sample mostly consists of nearby stars. It is also
more distinct in the thin disk subsample, although the structure
is detected in the thick disk subsample too. So, it appears as if
the Hyades stream is nearby structure which consists of mix-
ture of disk populations. This does not support the hypothesis
for Hyades to be a dissolved open cluster as this theory implies
all stars have a solid chemical composition and could have a dy-
namical origin. Again, the low precision of abundances given in
RAVE should be taken into account.

Pleiades (8): The Pleiades was the first ever moving group to
be discovered. Through observations of Pleiades open cluster,
Midler (1846) found a large number of stars located a few de-
grees from the cluster that were moving in the same direction
(the Pleiades moving group). Its origin has been investigated
in several studies. For example, Famaey et al. (2008) conclude
that Pleiades moving group has a dynamical (resonant) origin,
since only 46% of the moving group’s stars fall onto the 100 Myr
isochrone, the assumed age for the Pleiades open cluster.
Through galactic dynamics modelling, Minchev et al. (2010)
reproduced stellar streams being due to the OLR. However, to be
consistent with the number of stars in the Pleiades they assumed
that the Milky Way bar was formed 2 Gyr ago. This paper stands
against the idea that the Pleiades and the Hyades share a com-
mon dynamical origin. Bovy & Hogg (2010) analysed age and
metallicity properties of the Pleiades moving group and found
that it could not originate through a dissolved Pleiades open
cluster as their stellar populations differ. Bovy & Hogg (2010)
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Table 6. Pleiades positions.

U, V) Reference

[kms™']

(=22,-23)  group 8

(—12,-22)  Dehnen (1998)

(-12,-21)  Eggen (1996)

(-16,23) Famaey et al. (2008)
(—12,-23); Zhao et al. (2009) dwarf sample
(=15,-23), Zhao et al. (2009) giant sample
(—15,-20)  Bovy & Hogg (2010)
(-16,-22)  Antojaetal. (2012)

(—13,-24)  Bobylev & Bajkova (2016)

also compared the metallicity of the Pleiades and Hyades mov-
ing groups with the metallicity of the thin disk population and
found similar metallicities for the Pleiades and the thin disk stars,
while the Hyades shows a higher metallicity than the thin disk.
Hence, also Bovy & Hogg (2010) does not support the idea of a
common dynamical origin for Pleiades and Hyades.

We detect one large structure that we associate with Pleiades,
group 8 in Fig. 8. This group could consist of a few separate
groups that overlap since the percentage of detection in Monte
Carlo simulations is 170%. Interestingly, at the J = 2 scale
the Pleiades detection consists of three separate structures, num-
bers 12—-14 (see Fig. 5). Group 8 (in the J = 3 scale) is one
of the largest groups with about 4200 stars inside the detection
box. Table 6 gives the positions for Pleiades stream from this
work and from the literature. The blue cross corresponding to
Pleiades in Fig. 7 refers to the detection by Antoja et al. (2012).

Plot 8 in Fig. 9 shows the [Mg/Fe] — [Fe/H] diagram as
well as the [Fe/H] histogram for the Pleiades stars. The metallic-
ity distribution is almost equal to the full sample. The structure
that we associate with the Pleiades does not have any particu-
lar distance or abundance dependence as it is observed in both
SN/BSN, and both D/TD samples (see Fig. 8). The structure
has a higher detection percentage for the thin disk sample, but
this could be because the thin disk sample contains three times
as many stars than the thick disk sample. The position and the
shape of Pleiades group do not vary much between the differ-
ent sub-samples leading us to the conclusion that it is a large-
scale structure, composed of a mixture of different populations
of stars. Thus, as it appears to be chemically inhomogeneous;
unlike open clusters and moving groups, it could originate from
the ILR of the spiral arms and not from the Pleiades open clus-
ter. Again, a better thin/thick disk separation could be achieved
with more precise chemical abundances than those provided by
RAVE.

Hercules (10-11): Being the largest and the most elongated
structure in the U direction, the origin of the Hercules stream
has been investigated by many authors. For example, Dehnen
(2000) favour a hypothesis that Hercules stream is a dynami-
cal feature caused by the Galactic bar resonances (the OLR).
Chakrabarty (2007) showed that a combined dynamical effect of
spiral arms and a Galactic bar can explain main kinematic struc-
tures including the Hercules. Bensby et al. (2007) performed a
detailed chemical characterisation of its stars. They favour a dy-
namical origin through the Galactic bar as the Hercules stream
stars appeared to be a mixture of thick and thin disk stars. Also
Bovy & Hogg (2010) investigated whether or not moving groups
consist of a homogeneous population of stars; the result was
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Table 7. Hercules stream positions.

(U, V) Reference

[kms™"]

(-38,-49)  group 10

(—16,-48) group 11

(=30, -50) Eggen (1996)

(—42,-51) Famaey et al. (2005)
(-35,-51) Famaey et al. (2008)
(=32,-48);  Zhao et al. (2009) dwarf sample
(=35,-51),  Zhao et al. (2009) giant sample
(-20,-33) Bovy & Hogg (2010)
(=57,-48); Antojaetal. (2012)
(-28,-50);; Antojaetal. (2012)
(-57,-48); Bobylev & Bajkova (2016)
(-35,-50);; Bobylev & Bajkova (2016)

Notes. ¥ I and 1T mark sub-streams found in the structure.

negative and they further found indications that Hercules stream
stars have a higher average metallicity than the local thin disk,
and concluded that it could be a structure caused by the OLR
of the Galactic bar. Later, Bensby et al. (2014) re-examined the
chemical composition of the Hercules stream and found that it
mainly consists of stars that chemically can be associated with
both the thin and thick disks. Ramya et al. (2016) on the other
hand studied 58 Hercules stream red giants and found that they
are mostly metal-rich stars from the thin disk. The somewhat dis-
crepant results could be explained by the use of different target-
selection methods in the two studies.

Pérez-Villegas et al. (2017) carried out a dynamical mod-
elling of the Hercules stream “in the framework” of a slow bar
and compared obtained results with data from the RAVE and
LAMOST catalogues. They found that Hercules is more promi-
nent in the Galactic inner disk and should consist, on aver-
age, of more metal-rich and older stars compared to the solar
negihbourhood.

Hercules is identified as structures 10 and 11 in this study
(see Fig. 8). This kinematic structure is the most elongated fea-
ture in the U direction and has a detection percentage for group
number 10 that exceeds 100%. An explanation of this result is
that it appears to consist of a few separate structures that overlap
in the Monte Carlo simulations (see the J = 2 scale in Fig. 5,
where Hercules is detected as the two peaks number 19 and 20.
The blue crosses in Fig. 7 (one is inside the Hercules box 10
and another is just outside on the left-hand side) mark the re-
sults from Antoja et al. (2012). Table 7 gives the positions of the
Hercules stream from this work and from the literature.

The (U, V) velocities of groups 10 and 11 are in agreement
with most of the previous studies except Bovy & Hogg (2010),
whose position differs from others by about 10kms~'.
Antoja et al. (2012) and Bobylev & Bajkova (2016) defined two
sub-streams in the Hercules, we have only one centred peak, but
the size of the structure covers both of them.

Panels 10 and 11 in Fig. 9 correspond to the Hercules stream
and show its metallicity distribution and [Mg/Fe] — [Fe/H] di-
agram. It appears to contain more metal-rich stars, and is also
clearly a thin disk structure located in the nearby sample as it is
observed only in the SN sample (see Fig. 8). Our results support
recent findings that the Hercules stream mainly belongs to the
thin disk population and could be due to the OLR of the Galactic
bar.

Table 8. Wolf 630 positions.

U, v) Reference
[kms™']
(43,-22) group9
(23,-33) Eggen (1965)
(28,-21) Antoja et al. (2012)
(29,-21) Bobylev & Bajkova (2016)
Wolf 630 (9): Wolf 630 was first identified by Eggen (1965) and

its origin is still unclear. Bubar & King (2010) analysed spectra
of 34 stars of the Wolf 630 stream and 19 stars were found to be
chemically homogeneous. This sub-sample of 19 stars was fitted
with a 2.7 Gyr isochrone and a metallicity of [Fe/H] = —0.01.
Bubar & King (2010) suggest that the sub-sample of 19 stars
could be a remnant of an open cluster since its stars share simi-
lar features, but the rest of the sample is inhomogeneous, which
makes the origin of Wolf 630 uncertain.

We identify Wolf 630 as the group 9 (see Fig. 8). It has a
168% Monte Carlo detection rate and 1777 stars of our sample
can be associated within the group. At the J = 2 scale the same
region of the U — V plane consists of four individual groups.
This could indicate that group 9 consists of at two structures that
overlap: Wolf 630 and Dehnen98 (to be discussed below). The
result from Antoja et al. (2012) is marked by the blue cross in-
side structure 9 (see Fig. 7). Table 8 gives positions of Wolf 630
obtained in this work and from the literature.

Our U-component differs from other works by at least
10kms~!. This could mean that box 9 corresponds to at least
two independent groups and thus its position represents mean
coordinates for both groups. Plot 9 in Fig. 9 corresponds to
the Wolf 630 stream and shows its metallicity distribution and
[Mg/Fe]-[Fe/H] diagram. It has metallicity properties very sim-
ilar to the full sample, but perhaps with a few more metal-rich
stars. Based on the analysis of SN/BSN and D/TD sub-samples
in Fig. 8, Wolf 630 appears to be a thin disk structure belonging
to the nearby sample. It could have a resonant origin, again con-
sidering the uncertainties of the RAVE abundances that render
the disk separation less reliable.

Dehnen98 (9): This structure is detected inside box 9 in
Fig. 8. It is a small kinematic group that was first discovered
by Dehnen (1998) and was later confirmed by other studies
(e.g. Antoja et al. 2012; Bobylev & Bajkova 2016). Antoja et al.
(2008) found a group with the same (U, V) coordinates, but after
the analysis of the branch structure using modified equations, as
was first proposed by Skuljan et al. (1999) to fit four branches
of groups based on its motion, they concluded that the group
could belong to the Coma Berenices stream. Antoja et al. (2012)
subsequently detected a kinematic over-density which they as-
sociated with the Dehnen98 structure. This result is marked by a
blue cross on the right-hand side of the box 9 in Fig. 7. Table 9
gives positions of this structure found in this work and from the
literature.

Our detection of the Dehnen98 structure is in agreement with
previous works. Dehnen98 has a very high percentage of detec-
tion in the MC simulations compared to other groups that we
have detected: ~168% MC repeats and it contains 1777 stars.
The metallicity distribution and the [Mg/Fe] — [Fe/H] diagram
of Dehnen98 are given in plot 9 in Fig. 9. Dehnen98 has simi-
lar metallicity properties to the total sample, with but more thin
disk stars. From the analysis of Fig. 8, we can see that Dehnen98
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Table 9. Dehnen98 positions.

U, V) Reference

[kms™']

(43,-22) group9

(50,-25) Dehnen (1998)

(48,-24) Antojaet al. (2012)
(43,-24) Bobylev & Bajkova (2016)

Table 10. yLeo positions.

U,V) Reference

[kms™

(52,0) group 12

(50,0) Dehnen (1998)

(56,2);  Antojaetal. (2012)
(68,1);  Antojaetal. (2012)

(65,1) Bobylev & Bajkova (2016)

Notes. / and /7 mark sub-streams found in the structure.

contains stars of different populations and belongs to the nearby
sample. Concerning the assumption stated in Antoja et al. (2008)
that Dehnen98 is part of a Coma Berenices branch, we can say
that this group has similar properties with Wolf 630 and Coma
Berenices streams, and they all could form to one large-scale
structure that has a dynamical origin. A detailed chemical tag-
ging of stars that belong to these groups is required to properly
speculate on their origin.

yLeo (12): This structure is shown as group 12 in Fig. 8, and
has a relatively low detection percentage of 27% in the Monte
Carlo simulations. It is rather small with only 96 stars from our
sample. Figure 7 shows two blue crosses for this group from
Antoja et al. (2012). Table 10 gives velocity positions of our de-
tection of yLeo together with those from the literature.

Group 12 is consistent with Dehnen (1998) and Antoja et al.
(2012) peak I, while Bobylev & Bajkova (2016) is in agreement
with structure II from Antoja et al. (2012). All the groups have
similar V-velocities. Plot 12 in Fig. 9 shows the [Mg/Fe] —
[Fe/H] diagram and the [Fe/H] distribution for group 12. The
yLeo stream shows metallicity properties similar to the total
sample and it appears to be a nearby thin disk structure (see
Fig. 8) with only a few stars in the TD sample. Thus, it could
have formed via a dynamical mechanism.

New (13): Group 13 at (37,8) kms™! in Fig. 8 has 201 stars
and a high detection level of 74% Monte Carlo repeats. We can-
not find any previous detections in the literature of a structure at
these coordinates, and we therefore identify this as a new struc-
ture. It appears to be a nearby structure and is detected in both
the thin and the thick disk sub-samples. It is, however, not de-
tected in the more distant BSN sample, which could be due to
the smaller number of stars in the BSN sample compared to the
SN sample. The metallicity distribution and [Mg/Fe] — [Fe/H]
diagram for this new group 13 are shown in plot 13 in Fig. 9.
This group contains stars of both disk populations. It could be
an elongation of larger nearby streams such as Sirius or yLeo,
as their properties are similar. A more precise detailed chemical
analysis of stars associated with these groups is required to more
precisely probe the origin of the new group 13.
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Table 11. Position of the new structure detected in this work.

(U, V) Reference
[kms™']
(37,8) group 13
Table 12. Antojal2(15) positions.

U,V) Reference

[kms™']

(48,-68) group 14

(60,-72) Antoja et al. (2012)

(72,-64) Bobylev & Bajkova (2016)

Table 13. Antojal2(12) positions.

U,V) Reference

[kms™']

(94,-13) group 15

(92,-23) Antojaet al. (2012)
(91,-35) Bobylev & Bajkova (2016)

Antojal2(15) (14): This structure was first reported in
Antoja et al. (2012) but was detected only at 20~ confidence level
and needed further confirmation. In Fig. 7 it is shown as a blue
cross close to the box 14. We received a 3o--significant group 14
which is 10 kms™! higher in U, but could be associated with
the one detected in (Antoja et al. 2012). It has only 6% of Monte
Carlo detection and accounts for eight stars. In Table 12 we show
a list of positions we found in the literature for this structure and
included our results.

This group appears clearly in the nearby and the thin disk
sub-samples (see Fig. 9). Taking into account the low number
of stars associated with this group it could not be observed in
the BSN and TD samples as they consist of less stars than SN
and D samples. The metallicity distribution and the [Mg/Fe] —
[Fe/H] diagram for group 14 are shown in plot 14 in Fig. 8 and
both point towards the thin disk population, which is coherent
with the result from Fig. 9. The Gaia DR2 data will provide
astrometric data for more stars, thus, one could verify whether
this group is observed in the BSN and TD samples too. With the
current results a dynamical origin seems favoured.

Antojal2(12) (15): This group was stated as new in
(Antoja et al. 2012) and is marked by a cross in Fig. 7 close to
structure 15. In this study, as in (Antoja et al. 2012), structure 15
was detected with a 30-significance. Table 13 gives the positions
for this group obtained in this work and from the literature.

Our group 15 shares the same U velocity as in the other
studies, but differs in V direction by —10 kms™' compared to
(Antoja et al. 2012). Interestingly, Bobylev & Bajkova (2016)
obtained a structure which also differs by 10 kms™! in the V
direction, but in the negative direction. It could be the same
structure as it is located in the low-density region of the U — V
map, so it cannot be affected by other stronger streams. An-
tojal2(12) has a 38% detection in the Monte Carlo simulations
and includes only ten stars. Group 15 appears to be a thin disk
structure mainly present in the nearby sample (see Fig. 8). The

64



1. Kushniruk et al.: Kinematic structures of the solar neighbourhood revealed by Gaia DR1/TGAS and RAVE

Table 14. Bobylev16 positions.

U, v) Reference

[kms™']

(-94,-5)  group 16

(=96,-10) Bobylev & Bajkova (2016)

Table 15. eInd positions.

U, v) Reference

[kms™']

(—88,-48) group 17

(—81,-42) Antoja et al. (2012)
(-90,-49) Bobylev & Bajkova (2016)

metallicity distribution and [Mg/Fe] — [Fe/H] diagram for group
15 are shown in plot 15 in Fig. 9 and its properties are similar
to the full sample. We suppose that this group is an independent
one, but has to be confirmed in later studies that contain more
stars. The Gaia DR2 data release may help to resolve this case.

Bobylevi6 (16): This group has 14 stars and 17% of Monte
Carlo detection. It was first discovered in Bobylev & Bajkova
(2016) and is shown with a blue cross on the left-hand side of
structure 16 in Fig. 8. We confirm this group and add that it be-
longs to both nearby and distant, thin and thick disk samples,
suggesting that it is a mixture of different types of stars.

The same as group 15, structure 16 is observed far away from
the majority of kinematic groups. This supports the group’s in-
dependence from other structures, but unlike group 15, struc-
ture 16 is present in all samples. The metallicity distribution and
[Mg/Fe]-[Fe/H] diagram for group 16 are shown in pattern 16
(see Fig. 9) and it appears to have more thin disk stars. We pro-
pose its dynamical origin similar to the Sirius group since the
sample properties are alike.

€elnd (17): The closest blue cross to group 17 in Fig. 7 is the one
previously found at 20~ confidence level by Antoja et al. (2012)
that is listed in Table 15. Although the structure is detected at
the 3co-significane level, it has a low percentage of detection,
only 12%, and contains only 24 stars. This group appears to be
detected only in the nearby sample, but this could be due to the
fact that this group contains very few stars.

Group 17 is a small group and is thus easier to detect in
the larger SN sample. However, it is not detected in the larger
thin disk sample that has 5000 more stars than the SN sample.
The metallicity distribution and [Mg/Fe] — [Fe/H] diagram for
group 17 are shown in plot 17 in Fig. 9; it appears to mainly be
a thin disk structure. To speculate on the origin of this kinematic
feature Gaia DR2 data should be used to gain a larger stellar
sample.

Two possibly new structures (18-19), J = 2: these two groups
have a low structure count in Monte Carlo simulations and
contain 12 and 70 stars respectively. Group 19 can be associ-
ated with HR1614 peak detected at (15, —60) km g by Dehnen
(1998; marked by a blue cross in Fig. 7), but none of the groups
have similar velocities. Tentatively we define them as new struc-
tures, but require further confirmation with larger data samples.

Table 16. Position of two possibly new structures.

U, v) Reference
[kms™']

(—88,-76) group 18
(-18,-67) group 19

The metallicity distributions and [Mg/Fe]—[Fe/H] diagrams
for groups 18 and 19 are shown in plots 18 and 19 in Fig. 9.
Structure 19 appears to be a thin disk structure, and structures 18
is seen only in SN sample, which could be a consequence of the
group’s small size. Gaia DR2 will help us to further investigate
the existence and origin of these two structures.

6. Summary and discussion

We have analysed the velocity distribution of 55831
Gaia DR1/TGAS stars in the solar neighbourhood and
sample properties relative to distance and metallicity using
wavelet analyses. Nineteen kinematic structures were detected
at scales of 8-16 kms™', 32 at 4-8 kms~' and 4 structures at
16-32 kms™! in the U — V plane. Our analysis offers several
advantages compared to previous works as it is the first ever
analysis of Gaia DR1 data in such a kinematical context, and the
most important benefit is the precision of astrometry provided
by TGAS itself. The high precision of the input data allow us
to apply the analysis to a larger sample of stars than in previous
works, and even after cutting the sample based on oy and
oy < 4kms™! we still have a competitive number of stars.
This limit on velocity uncertainties is important to obtain robust
measurements of positions of kinematic structures. In previous
works velocity uncertainties were either not regarded at all or
were were established to be too high to retain more stars in the
sample, possibly leading to uncertain results in both cases.

A set of 3o-significant (99.8%) wavelet coefficients that
indicate kinematic structures were received after applying the
wavelet analysis and filtering the data. Although the output
data were already smoothed with the auto-convolution histogram
method, the question of whether obtained structures are real re-
mained due to the existence of velocity uncertainties. We then
run Monte Carlo simulations and applied the same analysis to
them as for the real sample. This step is beneficial for the pro-
cedure in general as it allows us to calculate the percentage of
detection which indicates whether or not the structures are likely
to be real.

To investigate properties of obtained structures with respect
to distance and chemical composition four sub-samples were de-
fined: a solar neighbourhood sample with stars closer than 300 pc
(SN), a sample with more distant stars (BSN), and, based on
[Mg/Fe] enhancement (from RAVE abundances), a thick disk
sample (TD) and a thin disk sample (D). As shown is Sects. 5.2
and 5.3, some structures are SN/BSN and/or D/TD structures.
For example, group 10 (Hercules) is obviously a SN/D structure,
while group 4 (Coma B part) is a BSN/TD structure. Most of the
moving groups are observed at close distances d < 300 pc and
at higher metallicities. This could be a repercussion of the selec-
tion effect since SN and D samples contain more stars compared
to the BSN and TD samples. Some groups change their posi-
tions and shapes when considering distance and metallicity (e.g.
group 7 (Hyades), and group 2 (Sirius)). These variations could
be a consequence of how the sample is split, where the SN and
D samples contain more stars than BSN and TD samples, but
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could also possibly prove the dynamical origin of these groups
since shifts in the velocity plane were also found in Antoja et al.
(2012) when analysing nearby and distant samples of stars. They
found that the observed shifts were consistent with the dynami-
cal models of spiral arm effects discussed in Antoja et al. (2011).
Gaia DR2 data will cover more stars and can possibly resolve the
question of shifted positions.

With a high probability we observe major peaks like Sirius,
Coma B, Hyades, Pleiades, Hercules and Wolf 630. We confirm
group 9 (Dehnen98), which was recently discovered in Dehnen
(1998) and discuss the possibility of being a part of the Coma
Berenices stream together with Wolf 630, since these groups
share similar metallicity properties (see Figs. 9, 8). Groups 14
and 15 (Antojal2(15) and Antojal2(12)) were first reported in
Antoja et al. (2012) at 2 and 30 confidence level. We confirm
both of them at the 30 level. Structure 16, which was first dis-
covered in Bobylev & Bajkova (2016), is also confirmed.

‘We report on a new group (number 13) which has not been
discussed in the literature before. It appeared in 74% of the MC
runs and contains around 201 stars. This group belongs to the
nearby sample and unites stars of both disks. Group 13 is lo-
cated in the proximity to Sirius and yLeo streams. The latest
one, group 12, has rather low percentage of detection, but shares
similar properties to group 13. This new group could be an inde-
pendent structure, but could also be an elongation of the Sirius
or yLeo streams, because the metallicity properties are similar
for all three groups (see Figs. 9, 8). To claim if this structure
is independent, this case should be further investigated, possi-
bly through a detailed chemical analysis of stars that belong to
the structures. The eInd and another two possibly new structures
have weak detection percentages in the Monte Carlo simulations
(less than about 25%). Hence, the possibly new structures, 18
and 19, require further confirmation.

We discuss a possible origin of stellar streams 1-19 based on
our results and previous findings form the literature. If the groups
found showed metallicity homogeneity it would point towards
an origin in remnants of open clusters. Most of the structures do
not show any particular properties inherent to thin or thick disk
populations and thus we consider them to be a mixture of differ-
ent types of stars caused through dynamical resonances. Those
groups that are more likely thick or thin disk structures are either
large-scale structures (e.g. Hercules), or are small-scale groups
located far from the most dense regions in the U — V plane, and
thus, should be independent structures possibly also caused by
resonances. Our conclusions on the origin of kinematic struc-
tures are consistent with previous works, but should be verified
with better data including more stars with high-precision abun-
dances and astrometry.

We also want to discuss a few groups which are not ob-
served in our work, but that were in the centre of discussions
in a couple of recent works. Among them is a debatable struc-
ture at (35, —20) kms~! which was first reported in (Antoja et al.
2008). Taking into account its proximity to Wolf 630, Dehnen98
and bigger stream such as Sirius or Coma Berenices, authors
of the same paper claim that the structure at (35, —20) kms™!
could be en elongation of these bigger groups. At the same
time (Zhao et al. 2009) detected a distinct structure at (38,
—20) kms~! with probability 98% (~307) and suggested that it is
an independent group. However, in our analysis we detected all
of the above streams except the one at (35, —20) kms™', while
Wolf 630 and Dehnen98 share similar metallicity properties to
the Coma Berenices stream. Groups NGC 1901 & IC 2391 were
detected by Dehnen (1998) and Eggen (1996) at (-25, —10) and
(-20.8, —15.9) kms™! respectively. Interestingly, later works
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with larger stellar samples like Antoja et al. (2012), did not de-
tect these structures. Antoja et al. (2008) make the assumption
that these groups are weak compared to super-streams like Sir-
ius, Coma Berenices, Hyades and Pleiades, as they did not de-
tect them. We do not observe these groups either. We note that
while the J = 2 scale (see Fig. 5) is almost two times more
rich with kinematic structure detections than the scale J = 3,
all these smaller-scale J = 2 structures could be associated with
some of the J = 3 streams (see Table 2). Questions remain re-
garding groups 21 (part of yLeo?), and groups 25-30 (parts of
Antoja(12) and Antoja(15)?) detected on the J = 2 scale. These
structures could be also independent and new; the answers may
be provided later when Gaia DR2 data are available.

The next step should be a deeper investigation of the ori-
gin of these moving groups through a better detailed analysis
of chemical composition and ages of stars associated with each
group to better understand the Milky Way formation. This can be
done on small scales for individual structures, but ongoing and
upcoming large spectroscopic surveys such as, for example, the
Gaia-ESO (Gilmore et al. 2012), WEAVE (Dalton et al. 2014),
and 4MOST (de Jong et al. 2016) surveys will provide precise
elemental abundances for millions of stars, that together with
astrometry from Gaia will allow us to probe the kinematic struc-
tures at greater detail throughout the Galactic disk.
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ABSTRACT

Context. The Arcturus stream is an over-density of stars in velocity space and its origin has been much debated recently without any
clear conclusion. The (classical) dissolved open cluster origin is essentially refuted; instead the discussions try to distinguish between
an accretion, a resonant, or an external-perturbation origin for the stream. As kinematic structures are observational footprints of
ongoing and past dynamical processes in disc galaxies, resolving the nature of the Arcturus stream may provide clues to the formation
history of the Milky Way and its stellar populations.

Aims. We aim to characterise the kinematical and chemical properties of the Arcturus stream in order to resolve its origin.

Methods. The space velocities, angular momenta, and actions for a sample of more than 5.8 million stars, composed from Gaia
DR2 were analysed with a wavelet transform method to characterise kinematic over-densities in the Galactic disc. The kinematic
characteristics of each identified group is used to select possible members of the groups from the GALAH and APOGEE spectroscopic
surveys to further study and constrain their chemical properties.

Results. In the velocity and angular momentum spaces the already known Sirius, Pleiades, Hyades, Hercules, AF06, Arcturus and
KFRO8 streams are clearly identified. The Hercules stream appears to be a mixture of thin and thick disc stars. The Arcturus stream,
as well as the AF06 and KFROS streams, are high-velocity and low-angular momentum structures with chemical compositions similar
to the thick disc. These three groups extend further from the Galactic plane compared to the Hercules stream. The detections of all
the groups were spaced by approximately 20—-30km ™' in azimuthal velocity.

Conclusions. A wide spread of chemical abundances within the Arcturus stream indicates that the group is not a dissolved open
cluster. Instead the Arcturus stream, together with the AF06 and KFRO8 streams, are more likely to be part of a phase-space wave,
that could have been caused by a merger event. This conclusion is based on that the different structures are detected in steps of
20-30km s in azimuthal velocity, that the kinematic and chemical features are different from what is expected for bar-originated

structures, and that the higher-velocity streams extend further from the disc than bar-originated structures.

Key words. stars: kinematics and dynamics — Galaxy: formation — galaxies: kinematics and dynamics — galaxies: evolution

1. Introduction

The process by which large spiral galaxies form and evolve into
the complicated structures that are observed today is an active
area of research, and presents many challenges, both theoreti-
cally and observationally. As the Milky Way is the only galaxy
where stars and structures can be studied in great detail, it serves
as a benchmark galaxy when constraining models of galaxy for-
mation. It is therefore of utmost importance to obtain a detailed
map of the Milky Way looks like, and to decipher where the
observed stellar populations and structures come from. Cur-
rently, the Milky Way contains a plethora of structures, both
physical and kinematic, whose nature and origins are unclear.
Many studies have shown that the velocity distribution of stars
in the Milky Way disc is clumpy (e.g. Dehnen 1998; Skuljan et al.
1999; Famaey et al. 2005; Antoja et al. 2008, 2012; Kushniruk
etal. 2017; Ramos et al. 2018). The kinematic and chemical prop-
erties of such structures can be used to constrain the properties
and the formation history of the Milky Way. For example, the Her-
cules stream has been widely used to probe the pattern speed and
the length of the Galactic bar (e.g. Dehnen 2000; Minchev et al.
2007; Antoja et al. 2014; Wegg et al. 2015; Pérez-Villegas et al.
2017). Kinematic structures can be used to study the spiral struc-
ture of the Milky Way (e.g. Quillen & Minchev 2005; Chakrabarty
2007; Sellwood et al. 2019; Quillen et al. 2018). Studies of kine-
matic streams especially in the Galactic halo can tell us about the
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merger history of the Milky Way (e.g. Navarro et al. 2004; Helmi
et al. 2006, 2017, 2018; Koppelman et al. 2018). The analysis of
the Gaia DR2 (Gaia Collaboration 2018a,b) revealed that the kine-
matic over-densities are a part of a much more complicated struc-
ture that is seen as arches and ridges across velocity space and as
clumps in action space (Trick et al. 2019). This structure is pos-
sibly caused by spiral arms (Quillen et al. 2018) or is a result of
the phase-mixing due to a past merger event (e.g. Katzetal. 2019;
Antoja et al. 2018; Ramos et al. 2018; Laporte et al. 2019), as first
proposed by Mincheyv et al. (2009).

This structure is possibly caused by spiral arms or is a result
of phase-mixing due to a past merger event (e.g. Antoja et al.
2018; Ramos et al. 2018; Quillen et al. 2018). As these stud-
ies have shown, learning more about the nature of kinematic
structures can improve our understanding of the evolution of the
Milky Way. In this paper we investigate the properties and origin
of the Arcturus stream.

A set of about 50 stars, including the star Arcturus (@ Boo-
tis), was discovered by Eggen (1971) to have a very similar V
space velocity component of V ~ —100kms~'. Eggen (1971)
proposed that this over-density in velocity space is composed
of stars that escaped from an open cluster and it was therefore
named the Arcturus moving group. Nowadays the hypothesis
of the Arcturus over-density being a moving group is refuted
as there is no chemical homogeneity within the group (e.g.
Williams et al. 2009; Ramya et al. 2012; Bensby et al. 2014),
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which there should be if the stars originate from the same open
cluster (e.g. De Silva et al. 2007; Bovy 2016). We have there-
fore chosen to adopt the “stream” nomenclature when referring
to this Arcturus over-density of stars in velocity space.

Two other possible origins of the Arcturus stream are now
favoured and are widely discussed. The first is an accretion event
scenario, where a small satellite galaxy merged with the Milky
Way and caused this dynamical structure (e.g. Navarro et al.
2004; Helmi et al. 2006; Minchev et al. 2009). The second possi-
bility is that it has originated due to resonances with the Galactic
bar or spiral arms that cause kinematic over-densities (e.g.
Gardner & Flynn 2010; Monari et al. 2013). The chemical prop-
erties of the stream do not show any chemical peculiarities,
which would be expected in the case of an extra-Galactic origin
(e.g. Ramya et al. 2012; Bensby et al. 2014). At the same time
the low angular momentum and the low velocity of the stream
indicate that it could be another substructure of tidal debris in
the Galactic halo (e.g. Arifyanto & Fuchs 2006; Klement et al.
2008; Zhao et al. 2014). Despite numerous approaches to study
the origin of the Arcturus stream (e.g., numerical simulations,
kinematic analysis, and studies of elemental abundances), there
is no consensus on its origin.

The aim of this paper is to characterise the nature of the
Arcturus stream and constrain its origin. We start by detecting
and characterising the velocities of the Arcturus stream using a
large stellar sample constructed from the Gaia DR2 catalogue
(see Sect. 2). We then search for over-densities in the velocity,
angular momentum, and action spaces to obtain the kinematic
characteristics of the stream (see Sects. 3-5). Subsequently,
we investigate the chemical characteristics of the group using
the data from the GALAH (Buder et al. 2018) and APOGEE
(Holtzman et al. 2018) spectroscopic surveys (see Sect. 6). We
conclude by discussing the possible origins for the Arcturus
stream based on the kinematic and spectroscopic findings (see
Sects. 7 and 8).

2. Stellar sample

To search for the Arcturus stream, a wavelet analysis was applied
for a stellar sample defined by velocities, angular momentum,
and action components. To calculate these parameters positions
on the sky, proper motions, parallaxes, radial velocities, and the
corresponding uncertainties for these properties are needed.

The size of the stellar sample and the quality of the astromet-
ric data play a key role when hunting for kinematic structures.
As the size of the samples of stars with available high-precision
astrometric data increases, so does the level of detail with which
it is possible to study kinematical structures of the Galaxy. The
currently best data source is the Gaia satellite, which is an ongo-
ing full-sky mission that aims to provide high-precision astro-
metric parameters for more than a billion targets over the whole
sky. The most recent data release, Gaia DR2 (Gaia Collaboration
2018a), contains astrometric data for almost 1.7 billion targets,
and radial velocities for a small subsample of about 7 million
targets.

A stellar sample of 5844 487 stars was constructed from the
Gaia DR2 catalogue in the following way:

— 7173 615 stars were obtained from McMillan (2018), who
estimated distances for Gaia DR2 stars with measured radial
velocities.

— Stars with bad fits of Gaia DR2 astrometric parameters
were filtered out to avoid possible systematic errors in the stel-
lar sample. Following the procedure suggested in Lindegren
(2018) a re-normalised unit weight error (RUWE) was used to
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estimate goodness of astrometric fits. Selecting those targets
with RUWE < 1.4 leaves us with 6 692 285 targets. Photometric
filtering that rids the sample of stars with poor astrometric solu-
tions (see Eq. (2) in Arenou et al. (2018)) was also applied. This
cut leaves us with 6 683 408 stars.

— Space velocities U, V, W' together with angular momenta
and actions that are used below were computed using the galpy”
package (Bovy 2015). For action estimates we used a MWPoten-
tial2014 axisymmetric gravitational potential model pre-defined
in galpy. Velocity uncertainties oy, oy, ow were computed fol-
lowing equations from Johnson & Soderblom (1987). The veloc-
ities are given relative to the Local Standard of Rest: (Up, Vo,
Wo) = (11.1,12.24,7.25)kms™' (Schénrich et al. 2010).

Taking into account the results from, for example, Zhao
et al. (2014), the typical size of kinematical structures is around
20 km s~!. Therefore we need to cutstars with oy, oy > 20kms ™",
because such large velocity uncertainties will influence the pre-
cision of the results, that is the position in velocity space of the
structures. This leaves us with 6 002 514 stars.

— Next, the sample was constrained to stars that are located
within a distance of 5kpc from the Sun. This filters out stars
that are located in the outskirts or in the very inner parts of the
Galaxy, and thus, cannot be a part of any of the local kinematic
structures. The limit of 5kpc was chosen to avoid regions in
direct contact with for example the Galactic bar, whose half-
length is about 3 kpc (e.g. Dehnen 2000; Minchev et al. 2010;
Monari et al. 2017). According to Bailer-Jones (2015), distance
estimates should not be dominated by using pre-Gaia informa-
tion or so-called priors if fractional parallax uncertainty does not
exceed 20%. Typical parallax uncertainty for bright sources in
Gaia DR2 is about 0.4 uas (Lindegren 2018). Converting the
5kpc cut into pas and calculating fractional parallax uncertainty
we obtain 20% meaning that distance estimates in the sample
should not be effected by priors. This cut leaves 5844 487 that
are used in our analysis.

Since kinematic structures are local phenomena (e.g. Antoja
et al. 2012; Ramos et al. 2018; Trick et al. 2019) and the stel-
lar sample covers a wide range in X and Y, it was divided into
66 smaller volumes that were investigated separately. Each box
is 0.4 kpc in radial coordinates and 3° in azimuthal angle’. The
top plot in Fig. 1 shows the distribution of the 5844 487 stars
in the Galactic Cartesian X—Y plane and how it is divided into
small volumes. The name of each region, the number of stars,
the median distance from the Sun, and median distance uncer-
tainty are given in Table A.1 for each of the 65 volumes. The
bottom plot in Fig. 1 shows the sample in Cartesian X and Z
coordinates, where Z is a vertical component of Galactocentric
coordinate system (points towards the north Galactic pole).

3. Method

Our current knowledge of the Arcturus stream is based on obser-
vations within a small region of about 500 pc around the Sun.
Its origin is unknown, mainly due to the fact that there are
only rough estimates of its kinematic characteristics and its
chemical properties are not well studied. Our strategy is there-
fore to search for streams in four different planes defined by

' U points towards Galactic centre, V velocity defines the direction of

the Galactic rotation, W points at the North Galactic Pole.

2 Available at http://github.com/jobovy/galpy

3 R is the radial coordinate pointing towards the Galactic anti-centre,
and ¢ is the azimuthal angle following the direction opposite to the
Galactic rotation.
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combinations of velocity, angular momentum and action compo-
nents respectively: the U-V plane, the V— VU2 + 2V? plane, the

L.~ \JI? + L plane, and the L.~ V7; plane. This will allows to
characterise structures in terms of velocities, angular momenta,

and actions, and obtain stronger criteria on how to select star
members of kinematic structures.

3.1. Investigated planes

The distributions of stars in all four planes are shown in Fig. 2.
The majority of the stars in our sample have negative V veloc-
ities between V =~ 0 and —200kms~' and angular momen-
tum L, between 0 and 2500kpckms™'. The disc stars are
located at L, ~ 1800 kpc kms™', the halo stars are expected at
L, ~Okpckms™.

t shows Z = O kpc. The bin size is 0.05 kpc for both plots.

3.1.1. The U-V plane

The U-V plane is widely used to search for kinematic structures
(e.g. Dehnen 1998; Antoja et al. 2008, 2012, 2018; Kushniruk
et al. 2017; Ramos et al. 2018; Katz et al. 2019). It allows to
trace kinematic over-densities of different origin without making
any assumptions on orbital parameters of stars or on the Galactic
potential. The only limitation of this method is that stellar vol-
umes must be relatively small (around 0.1-0.5 pc in X and Y; see
Trick et al. 2019), since kinematic structures in the U—-V plane
are local. On the other hand, this limitation is an advantage, since
it allows us to follow how the structures move in physical space
(Ramos et al. 2018). The Arcturus stream is expected to be one of
the arches in the U~V plane localised around V ~ —100kmss™!
in the nearby sample. The stream is likely to cover a wide range
of U velocities (Williams et al. 2009).
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3.1.2. The V- VL2 +2V? plane

Examining the distribution of stars in the V— VU? + 2V? plane
was proposed by Arifyanto & Fuchs (2006). Here, V is propor-
tional to L, a vertical component of the angular momentum, and
is an integral of motion in axisymmetric potentials. VU2 + 2V?2
is a measure of eccentricity in Dekker’s approximation (Dekker
1976). This means that we search for structures that share sim-
ilar orbital eccentricity. This approach is applicable only for
planar orbits in axisymmetric potentials. The method shows
reliable results for nearby stars with eccentricities up to 0.5
(Arifyanto & Fuchs 2006). The V- VU? + 2V? plane was used
by Klement et al. (2008) and Zhao et al. (2014) to search for
kinematic structures and allowed to reveal several structures
including the Arcturus stream. We expect to detect the Arcturus
stream at the velocities around V =~ —100kms™ in the solar
neighbourhood (e.g. Williams et al. 2009).

3.1.3. The L— /L2 + L2 plane

Another approach to search for kinematic groups was proposed
by Helmi et al. (1999) who suggested to examine the distribution

of stars in the plane characterised by the L and /L2 + L inte-

grals of motion, where Ly, L,, and L. are angular momentum com-
ponents in X, ¥, and Z directions. The method is used to search
for phase-mixed stars on similar orbits. The disadvantage of this

method is that (/L2 + L is not fully conserved in axisymmetric
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potentials, but still allows dynamical structures to be revealed (e.g.
Helmi et al. 1999; Klement et al. 2008; Zhao et al. 2014). The
Arcturus stream is expected at L, in the range between 700 and
1100 km s~ kpc (e.g. Navarro et al. 2004).

3.1.4. The L,— v/J; plane

The most general method to search for kinematic structures
is to investigate action space. Actions are conserved quantities
that characterise stellar orbits. In this work we use radial and
azimuthal actions J; and L. that are a measure of orbital eccen-
tricity and orbital angular momentum. As suggested in Trick
et al. (2019) taking the square root of radial action will make
the final plots more clear. The action space was investigated by,
for example, Sellwood (2010) and Trick et al. (2019) and is rich
in kinematic over-densities. We expect to detect the Arcturus
stream at L, in the range between 700 and 1100 kpckms™! (e.g.
Navarro et al. 2004).

3.2. Wavelet transform

To search for kinematic structures, the methodology described
in Kushniruk et al. (2017) was used with some additions. To
detect over-densities, a wavelet transform was applied to the

stellar sample in the U-V, V= VU2 +2V2, L,— [L? + L;, and
L.~ \/J; planes. The noise from the wavelet maps was then fil-

tered and Monte Carlo simulations were used to verify whether
the detected structures are real or not.
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The data were analysed by the wavelet transform with the
“a trous” algorithm (Starck & Murtagh 1998) applied to the
stars in all 65 regions in the four different planes separately.
The input data are in the form of a binned stellar density map
in the velocity, angular momentum, and action planes. The bin
sizes A were set to 1 kms™! for the U~V, and the V- VU2 + 2V2
planes, to 2km s~! kpc for the ‘/Lf + Lﬁ—L; plane, and to 0.1 x

10kpc km s™! for the L,— v/J; plane. Due to the limitations of the
usage of the V— VU? + 2V? plane, as discussed in Sect. 3.1.2,
the stars that have orbits with eccentricities e > 0.5 were cut
out. The output data are a set of wavelet coefficients at different
scales that contain information about the presence of substruc-
tures. A higher wavelet coefficient means a higher probability
that the structure is real. The scale J is proportional to the size
of the detectable structures s. Scales J = 1, 2, 3 and 4 were
investigated for all maps. The relation between scale and bin
size s; = 2/ A characterises the typical sizes of detectable struc-
tures. The wavelet coefficient maps were then filtered for Poisson
noise. The wavelet transform part as well as noise filtering from
the output wavelet maps were performed in The multiresolution
analysis software (MR software)* developed by CEA (Saclay,
France) and the Nice Observatory. More details on the algorithm
itself can be found in Starck & Murtagh (2002), and more details
on the methods used to search for over-densities and structures
can be found in Kushniruk et al. (2017).

3.3. Acquiring positions of the detected peaks

Monte Carlo (MC) simulations were performed to obtain the
precise positions of the peaks. Monte Carlo samples were cre-
ated assuming that each star can be represented as a Gaussian
velocity distribution with 4 = (U, V) and o = (oy, oy) for the
two velocity components. To generate MC samples in angular
momentum and action space, the orbits of stars were computed
assuming that positions, proper motions, and radial velocities
can be represented as Gaussians in a similar way to veloci-
ties. Here it is assumed that Gaussians are independent and do
not consider correlations between astrometric parameters. These
MC samples are then analysed in the same manner as the orig-
inal data. Convergence is reached when the number of struc-
tures and their positions do not change as more simulations are
added. Typically, results converge after about 30 simulations, but
to be sure of convergence, 100 MC samples were created for
all regions. Subsequently, MC wavelet maps for different scales
were over-plotted and used to search for peaks by applying the
peak_local_max feature from the scikit-image® Python package
(van der Walt et al. 2014). In this work we focus on the J = 2
and J = 3 scales as they allow us to detect most structures.

4. Results
4.1. Stellar streams in the nearby sample

Figures 3 and 4 show 100 over-plotted wavelet maps for the cen-
tral region 00 in four different planes for scales 2 and 3, respec-
tively. Both scales show richness of kinematic structures for the
nearby sample. The list of the centres of the peaks and the corre-
sponding uncertainties are given in Table A.2 for scale J =2 and
in Table A.3 for scale J=3. The fact that well-known groups
like Sirius, Coma Berenices, Hyades, Pleiades, and Hercules

4 Available at http: //www.multiresolutions.com/mr/
5 https://scikit-image.org/

were identified at the expected positions shows that our method
is sound (see Tables 3-7 in Kushniruk et al. 2017 that sum-
marise literature values for the U and V velocities of Sirius,
Coma Berenices, Hyades, Pleiades, and Hercules). These groups
are detected in all four planes. The detection of other groups
varies between the planes. Figure 3 for scale J=2 shows the
same structures as in Fig. 4 for scale J =3 but in greater detail.
We decided to focus on scale J=2 since it is more sensitive
to smaller structures. By comparing our results in the nearby
region “00” (centred around the Sun; see Fig. 2) for scale J = 2
with what has previously been found in the literature (e.g. Eggen
1998; Navarro et al. 2004; Arifyanto & Fuchs 2006; Klement
et al. 2008; Williams et al. 2009; Antoja et al. 2012, 2018; Zhao
et al. 2014; Kushniruk et al. 2017; Trick et al. 2019; Ramos et al.
2018) we assign names to the structures. Curved lines and boxes
of different colours in Figs. 3 and 4 correspond to the names of
the groups listed in the legend of Fig. 3. The structures found in
the nearby region are discussed below:

— Al1/A2: Groups with V>15kms™' and L,>2000kpc
km s~! welink toarches A1 and A2 detected by Ramos etal. (2018,
see their Table 2). Groups A1 and A2 is shown with yellow lines
and boxes on the plots.

— Sirius: The blue line and boxes correspond to the Sirius
stream. Group 13 in the U — V space is potentially Bobylev16
(see Bobylev & Bajkova 2016) and could be a continuation of
Sirius.

— yLeo: The pink line slightly above Sirius in V is yLeo
stream (see Antoja et al. 2012). Unlike the majority of the
groups, yLeo is located at positive U velocities. The stream
could be a continuation of Sirius arch since both have similar
angular momenta.

— Coma Berenices: The magenta line just below Sirius is
Coma Berenices stream. Unlike arch-like neighbouring Sirius
and Pleiades/Hyades, Coma Berenices is a clump in the U-V
plane and is consequently a shorter line in the angular momen-
tum space.

— Dehnen98/Wolf630: Wolf630 and Dehnen98 (see Antoja
et al. 2012; Dehnen 1998) are two small groups in between
Coma Berenices and Pleiades/Hyades streams. They are shown
in brown colour and could be a continuation of Coma Berenices.

— Pleiades/Hyades: A grey arch in the U—V plane is asso-
ciated with the Pleiades/Hyades stream. Group 29 in the U-V
space linked to Antojal2(15) (see Antoja et al. 2012) could be a
continuation of stream.

— Hercules: Orange lines and boxes correspond to the
Hercules stream, which is likely to be composed of a few sub-
structures that are visible in the angular momenta and action
spaces.

— HR1614: The HR1614 moving group (see Feltzing &
Holmberg 2000; De Silva et al. 2007) we connect to the clumps
just below Hercules in V. The group is shown in lime green.

— € Ind: Groups g34 and g35 in the U-V plane are linked
to a group called eInd (see Antoja et al. 2012). The structure is
marked in black.

— AF06: The AF06 stream was first found by Arifyanto &
Fuchs (2006) in the range between V =~ —70 and —100kms~".
We did not find it in the U-V space, but the group is detected in
the other three spaces and is shown with red boxes.

— Arcturus: Group g36 in the U-V plane could be the
Arcturus stream. Median V velocity and angular momentum of
236 are V~-92kms™! and L, ~ 1118 kpc kms~'. These values
are a bithigher compared to for example values from Navarro etal.
(2004), but are within the uncertainties. In the V- VU? + 2V?
plane the nearest to Arcturus are groups gl and g2 which have
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the same angular momentum and radial action as g36 in the U=V
plane. In the angular momentum space g21 has the parameters
closest to Arcturus. In action space there are two candidates: g9
and g2. The first group is consistent with the groups detected in
velocity spaces, the second one has lower angular momentum
and higher V velocity. Taking into account works by for example
Klementet al. (2008) and Zhao et al. (2014) we link g2 to the Arc-
turus stream and group g9 to the AF06 stream. Arcturus is shown
as green lines and boxes on the wavelet maps.

— KFRO08: Among the detected groups we assign one weak
over-density in action space at L, ~ 575kpc kms™! to the group
called KFROS8. The structure was first detected by Klement et al.
(2008) at V =~ —160kpckms™'. Group gl detected in action
space has exactly the same median V velocity. KFROS8 is shown
in cyan on the wavelet maps.

Overall, 36 groups at scale J = 2 and 16 groups at scale
J = 3 were discovered in the U-V plane that form larger-
scale arches as discussed in Ramos et al. (2018), Antoja et al.
(2018), and Gaia Collaboration (2018b). We also conclude that

these arches correspond to the lines in the L.~ /L2 + L2 plane
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and to clumps in the V- VU2 +2V?2 and L.~ VJ; due to the
very similar properties of the groups (see Tables A.2 and A.3).
In the V- VU? +2V?2, 17 and 8 groups were detected. Action
space very closely mimics the V— VU2 + 2V?2 plane very much
but allows the structures to be detected in greater detail. In the
angular momentum and action spaces, 24 groups were found in
each space at scale J = 2 and 9 and 10 groups at scale J = 3,
respectively.

4.2. Stellar streams outside the solar neighbourhood

The solar neighbourhood volume is well-studied and thus it
is relatively easy to match the detected groups with groups
that have been identified by other studies in the literature. The
behaviour of the groups outside the solar volume was studied by
for example Antoja et al. (2012) and Ramos et al. (2018). Both of
these latter studies found a decreasing trend for V velocity when
moving to the volumes at larger R. In this work we also inves-
tigated the trends of the structures depending on the position in
the Galaxy with a focus on the Arcturus stream.
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If one looks at the small volumes from the left-hand side
of Fig. 2 and move towards positive X values an increase in V
velocity can be observed. As an example of this trend, Fig. 5
shows how the V velocity of the groups evolves with Galacto-
centric distance R in regions 01, Ola, 00, 21, and 21a based on
the analysis of the U—V plane. For example, the Hercules stream
in region 01 is detected at V =~ —70km 5!, and for comparison,
in region 21a the Hercules stream shifts towards positive V and is
located at V ~ —40kms~'. Similar behaviours are observed for
most of the major streams and is shown in the top plot of Fig. 5.
On the wavelet maps for regions Ola and 21a that are shown in
the middle and bottom plots of Fig. 5 we draw the lines from
the top left plot in Fig. 3. Taking volumes at larger R shifts the
groups towards higher V values and vice verse.

If one fixes the Galactocentric distance and starts exploring
the regions at high ¢ moving down towards negative ¢ (e.g.,
start at region 15 and go down to region 35), the streams are
observed at the same position in V. Major streams including
Sirius, Pleiades, Hyades, and Hercules have the same angular
momentum when fixing R and looking at different ¢. This is
different from results in Monari et al. (2019) who found that
the Hercules angular momentum changes with azimuth at solar
radius. We also do not observe this change when fixing R inside
and outside the solar circle.

The shape of the angular momentum and action spaces
changes slightly at different R, but almost all main structures
detected in the solar volume remain at the same positions within
a box defined by volumes 02_12, 22_12, 22_32 and 02_32.
Figure 6 shows wavelet transform maps for regions Ola and 21a

(top and middle rows). Additionally a wavelet transform was
applied to all the stars in the sample in the angular momen-
tum and action spaces (bottom row) and was compared to results
in volumes Ola and 21a. If there are any groups with constant
actions detected in the total sample then it possible to observe
them in smaller volumes. Boxes of different colours mark kine-
matic structures detected in the region 00. The same boxes are
plotted on top of maps for regions 0la and 21a. There is a small
shift in action space when changing R, but generally main groups
are located at the same positions.

The kinematic structures are mainly detected in the central
regions within the rectangle defined by regions 02_12, 22_12,
22_32 and 02_32. The rest of the remaining regions contain
less stars and also have larger distance uncertainties. We tested
whether or not the structures really exist only inside the box
mentioned above or whether or the lack of the groups in the
outer regions is a consequence of larger distances and smaller
numbers of stars in subsamples. To investigate the latter, 10 000
stars were randomly selected in the central region 00 and the
wavelet analysis was repeated. The results were then compared
with Dehnen (1998) who used a sample of 14 000 stars in total.
For our 10000 sample, a similar result to that of Dehnen (1998)
was received. The main conclusion of the test is that with the
small samples it is possible to detect only the large main struc-
tures like Sirius, Hyades, Pleiades and Hercules. The more stars
are in the volume, the higher the probability of detecting high-
velocity structures. Due to this limitation, it is not possible
claim that there is such a radius where some of the groups stop
existing.
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of Fig. 3).

There are many tiny groups detected in the U—V plane that
could potentially be a part of the Arcturus stream. We do not
observe a clear arch that we can connect with the structure.
Unlike the Arcturus stream, an arch at V ~ —80kms™! is clearly
visible inside a box defined by regions 01, 11, 21, and 31 for the
AF06 stream. In the V— VU2 + 2V? plane the structures are bet-
ter resolved at scale J = 3. In the angular momentum and action
space there are strong detections of the high-velocity groups
clearly visible at scale J = 3. The Arcturus and KFROS8 streams
appear stronger at the smaller Galactocentric radii. Based on the
analysis of all stars in action space, the Arcturus stream is an
elongated structure in L.. This means it covers a wider range of
orbits, unlike the Hercules stream for example.
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5. The vertical extent of Arcturus and associated
streams

‘We focus here on three high-velocity structures (g1, g2, and g9)
detected in region 00 in action space between V =~ —70 and
—~160kms™!. The groups that we associate with these velocities
in the solar region are the AF06, Arcturus, and KFROS streams.
‘We would like to know whether or not they are related, whether
or not they are elongations of each other, and how different they
are compared to the Hercules stream. The Hercules stream is
chosen as a reference as it is one of the most studied kinematic
structures and is a relatively metal-rich disc structure with the
dynamical origin with the Galactic bar (e.g. Bensby et al. 2007;
Ramya et al. 2016; Pérez-Villegas et al. 2017). One of the main
peaks of the Hercules stream is group gl8 detected in action
space. We study properties of this group for a comparison with
the high-velocity structures.

To further distinguish the three streams we investigate how
the number density of stars in the Hercules, Arcturus, AF06, and
KFRO8 streams varies with vertical distance from the Galactic
plane. Candidate member stars of the three streams were selected
from the stellar sample constructed as described in Sect. 2 using
the characteristic velocities of the streams that were found for
region 00 (see Table A.2). From now on, it is assumed that kine-
matic groups are defined as stars on similar orbits. We assume
that a star belongs to a group if its radial action and angular
momentum fall into an ellipse around the centre of the group
as shown in Fig. 3.

The leftmost plot of Fig. 7 shows the variation of the nor-
malised number of stars in g1, g2, g9, and g18 streams as defined
in action space (see Fig. A.2) with the module of the distance
from the Galactic plane |Z| for region 00. The Hercules stream is
slightly more concentrated towards the Galactic plane compared
to the three high-velocity structures. To check if this is valid in
the regions outside the solar neighbourhood, stars in regions 01,
11, 21, and 31 (see Fig. 2) that are members of groups g1, g2,
29, and g18 were selected. A star is defined as a member of a
group if it has J; and L, values located within an ellipse around
a group in action space as shown in Fig. 2. Since actions are
conserved quantities along orbits of stars in static potentials, it is
expected that the structures will show up at the same positions
in L, and J;. The right-hand side plot in Fig. 7 is the same as
the one on the left, but for regions 01, 11, 21, and 31. The Her-
cules stream is strongly concentrated to the Galactic plane and
becomes rapidly weaker with distance from the plane. At dis-
tances above |Z| > 0.7 kpc, the density of stars in the Hercules
stream drops to zero. In comparison, the g1, g2, and g9 structures
reach larger heights from the plane. The disappearance of the
Hercules stream after about 0.7 kpc is consistent with the results
from Antoja et al. (2012) that detected the Hercules stream at
a lower confidence level at higher Z. To further probe the ori-
gins of the detected kinematic structures and how they relate to
each other we make use of the detailed elemental abundance data
from recent spectroscopic surveys.

6. Chemical properties of the kinematic streams

In this section we investigate whether or not the detected streams
show distinct elemental abundance patterns. To our aim the
detailed abundance data from large spectroscopic surveys such
as GALAH DR2 (Buder et al. 2018) and APOGEE DR 14
(Holtzman et al. 2018) were used. GALAH DR?2 includes over
340000 stars and APOGEE DR14 around 263 000 stars. Both
GALAH and APOGEE have determined radial velocities for all
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their targets, and those stars overlap to only a limited extent with
the subsample of stars in Gaia that come with measured radial
velocities in Gaia DR2. This means there will be just a few
stars in each kinematic group when cross-matching GALAH and
APOGEE with our sample that are constructed from Gaia DR2.

Therefore, to increase the number of stars that can be
associated with the streams that were detected and that have
elemental abundances in the GALAH and APOGEE data
releases, we compute space velocities U, V, W, angular momenta
L., Ly, L, and radial action J; for all APOGEE and GALAH
stars using astrometric data from Gaia DR2 and radial veloc-
ities from GALAH and APOGEE. The stars with opy,0y <
20kms~' and with good quality flags were then selected. For
GALAH, stars with good data quality flags were included:
flag_cannon = 0 and flag_x_fe = 0, where X is a chemi-
cal element, and for APOGEE the following quality flags were
used: X_FE_FLAG = 0, where X is a chemical element. This
left us with a sample of 101 862 and 72 517 stars for the GALAH
and APOGEE surveys, respectively. To select stars that are pos-
sible members of the detected kinematic streams, we use our
kinematic constraints for action space listed in Table A.2, mean-
ing that a star must be within a specific range in L, and J;
(i.e. must fall into an ellipse around the structure as shown in
Fig. 2).

Figure 8 shows the X-Y distributions for the constructed
GALAH and APOGEE samples. It is seen that APOGEE cov-
ers more stars of the Northern sky and GALAH covers mainly
the Southern part of the sky.

The top plots of Fig. 9 show the [@/Fe]—[Fe/H] diagrams for
stars in groups g1, g2, 29, and g18 selected in nine regions around
the solar neighbourhood (0la_11a, 11a, 11a_21a, Ola, 00, 21a,
31a_0la,31a,and 21a_31a) for GALAH and APOGEE samples.
We over-plot results for these nine regions simply because there
are not enough stars in the high-velocity streams in each region
to present them separately. The stars members of the groups were
selected based on the properties of the groups in region 00 listed
in Table A.2. Since actions are conserved quantities, the groups
are expected at the same positions after correcting L, values for
the shift that arises due to differences in Galactocentric radii. The
solid lines in these diagrams show the running mean for each
stream. The shaded regions around each line show the correspond-
ing 1o dispersions around the mean value.

The bottom plots of Fig. 9 show generalised metallicity distri-
butions for the same groups as in the upper plots. Median values of
the metallicity distributions and the corresponding dispersion of
groups g18, g9, g2, and g1 are presented in Table 1 for the GALAH
and APOGEE samples. The high-velocity streams generally have
wide metallicity distributions and reaching lower metallicities

A47, page 9 of 18

79



A&A 631, A47 (2019)

1.0F P g18: 16975 stars 1.0r 918: 5799 stars
Region: 00 ® 91879 stars ® g9 649 stars
® g2 305 stars ® g2 116 stars
gl 103 stars gl 42 stars
0.81 0.8
=2 =4
g 0.6 '8 0.6
Q2 Q2
© ©
£ £
504t 504f
z z /
0.2+ 0.2 v\
0.01 0.01
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 000 025 050 075 100 125 150 175 2.00
12| [kpcl 12| [kpc]

Fig. 7. Number of stars in Hercules, AF06, Arcturus, and KFRO8 versus module of distance from the Galactic disc |Z| in region 00 (lef) and in

regions 01, 11, 21, and 31 (right).

3

1o’
Py
c
b 5
@
o 1028
I 0
9 ©
£ *
> k)
-2 I}
1018
5
3 3
_al
-5 10°

10°
c
£
@
g
102
5
w
k]
2
v
3
101E
5
=4
— . - 0
4 ~12 = =] =6 &) 10
X [kpc]

Fig. 8. X-Y distributions for GALAH stars (leff) and for APOGEE stars (right) with oy, oy < 20kms™' and good quality flags. The bin size is

0.1 kpc for both plots.

down to [Fe/H] < —1. The Hercules stream is more metal-rich.
These plots show that the high-velocity streams could be high-
alpha thick-disc structures, while the Hercules stream is likely a
mixture of both the thin and thick discs. Two-sided Kolmogorov—
Smirnov tests were then used to check if the metallicity distribu-
tion of any of the streams come from the same distribution. In all
cases the p-values were infinitesimally small, indicating that the
null-hypothesis must be rejected, meaning that all the distribu-
tions are different. Results using APOGEE and GALAH surveys
are similar: the high-velocity streams appear to be thick disc struc-
tures, while the Hercules stream is a mixture of both the thin and
the thick-discs, and is a more metal-rich structure.

7. The origin of the Arcturus stream

In this section, we first provide a brief overview of the debates
around the origin of the Arcturus stream, then summarise the
kinematic and chemical characteristics of the Arcturus stream
from this work, and based on that we discuss the possible origins
of the stream.

7.1. Accretion origin: debris of a disrupted satellite

In Eggen (1996, 1998) it was shown that the Arcturus stream
(then called a moving group) belongs to the old thick-disc
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population. It was fitted with a 10 Gyr isochrone and the metal-
licity of Arcturus was estimated as [Fe/H] ~ —0.6. Similar prop-
erties were observed by Gilmore et al. (2002) and Wyse et al.
(2006) who found a clump of stars at V ~ —100kms™! that
were estimated to be about 10—12 Gyr old and metal-poor with
—2.5 < [Fe/H] < —0.5. This is consistent with the properties of
the Galactic thick disc.

One of the first attempts to explain the phenomenon of the
Arcturus stream numerically was performed by Navarro et al.
(2004). Assuming a merger event that happened 10—12 Gyr ago
Navarro et al. (2004) obtained a structure with similar properties
to the Arcturus stream. Navarro et al. (2004) also estimated the
vertical component of the angular momentum of the group to be
L. ~ 1000kpckms™".

Further evidence for a possible debris origin for the Arc-
turus stream comes from Helmi et al. (2006), who found that
a satellite galaxy with similar orbital properties to the Arcturus
stream can produce three kinematic over-densities. One of the
groups was linked to the Arcturus stream and investigated further
through a detailed elemental abundance analysis by Zenoviené
et al. (2014). These latter authors found that the average metal-
licity of the stream is [Fe/H] =~ —0.42 and that its stars are
about 8—12 Gyr old, which is consistent with the properties of
the thick disc. Considering the results from Helmi et al. (2006),
the Zenoviené et al. (2014) study supported a merger origin
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Table 1. Median metallicities and corresponding dispersions of star
members of the groups located in the square defined by nine regions
around the central region 00 that were selected from APOGEE and
GALAH samples.

Group GALAH APOGEE
[Fe/H]median T [Fe/H] [Fe/H]median O [Fe/H]
gl8 0.0 0.2 0.0 0.2
29 -0.2 0.3 -0.2 0.3
g2 -0.5 0.3 -0.5 0.2
gl -0.6 0.3 -0.5 0.1

for the stream. On the other hand, a comparison with another
detailed elemental abundance study by Ramya et al. (2012), who
applied different selection criteria for possible Arcturus stream
stars, suggested that it is different from the thick disc and the
two groups studied in these works are different.

An alternative approach to search for kinematic over-
densities was proposed by Arifyanto & Fuchs (2006), and then
followed by Klement et al. (2008) and Zhao et al. (2014).
Using wavelet transforms they searched for clumps in the plane

defined by the YU? + 2V and V space velocities , where U and
V are radial and tangential velocity components, respectively.
These latter authors detected many kinematic structures in the
range —200 < V < —80kms™', including candidates for the
Arcturus stream. Following the approach proposed by Helmi
et al. (1999), Klement et al. (2008), and Zhao et al. (2014) stud-
L%+ L2 and L, the
angular momenta components of the stars. They placed the Arc-
turus stream at V ~ —100kms~! and L, ~ 1000 kpc kms~!. The
high eccentricity and low metallicity of the high-velocity streams
lead to a conclusion that the Arcturus has a merger debris
origin.

The above papers provide evidence that the Arcturus stream
and other high-velocity streams can be explained as debris from
disrupted satellite galaxies that merged with the Milky Way in
the past.

ied angular momenta space defined by

7.2. Galactic origin: resonances

If the debris origin for the observed streams is correct, the stars
within a stream should have a distinct elemental abundance pat-
tern different from what is observed for the disc stars of the
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Milky Way. A detailed chemical analysis of possible members of
the Arcturus stream and another group called the AF06 stream,
first assigned by Arifyanto & Fuchs (2006), was performed by
Ramya et al. (2012). No unique chemical features were found
for either of the groups; their chemical compositions are simi-
lar to the background thick disc stars, being metal-poor, alpha-
enriched, and have ages between 10 and 14 Gyr. This indicates
that these structures are likely to have a dynamical origin within
the Galaxy.

Another chemical analysis of the Arcturus stream was per-
formed by Williams et al. (2009). The stellar sample was con-
structed based on results of the N-body simulations, where a
satellite was accreted by the Milky Way. It was also found by
these latter authors that the stream stars are chemically inho-
mogeneous, being similar to the thick disc, and thus, cannot be
called a moving group. The authors discuss a possible origin of
the group within the Milky Way, being dynamically formed due
to Lindblad resonances. At the same time they do not reject the
possibility of a merger origin.

Bensby et al. (2014) studied ages and chemical composi-
tion of the Galactic disc stars and briefly explored those that
could potentially belong to the Arcturus stream (—115 < V <
—85kms~!). These latter authors found no chemical signature of
a merger event, but rather that a dynamical origin is more proba-
ble due to similarities of chemical patterns of the group with the
thick disc.

If the discussed spectroscopic studies question an accretion
origin for the Arcturus, can the structure be reproduced in a
resonant scenario via numerical simulations? Assuming reso-
nances with the Galactic long bar, Gardner & Flynn (2010)
simulated a kinematic group which has properties similar to the
Arcturus stream. Numerical simulations performed by Monari
et al. (2013) show a similar result; the Galactic long bar can pro-
duce a feature that is consistent with the Arcturus stream.

All these findings lead to the question of whether the Arc-
turus stream formed due to resonances or due to a merger event.
Simulations assuming either hypothesis are able to reproduce
a phase-space structure similar to the Arcturus stream. At the
same time there is no clear consensus from the detailed elemen-
tal abundance studies.

7.3. Other hypothesis and recent findings

An alternative opinion on the origin of the Arcturus stream was
proposed by Minchev et al. (2009). Assuming the existence of a
dynamically unrelaxed population which formed after a merger
event, these latter authors simulated how the distribution of stars
in the U=V and V— VU2 + 2V?2 changes with time. They found
ring-like structures that represent a wave with streams appear-
ing almost every 20kms™' in V, placing the Arcturus stream
at —100kms™"'. Based on the kinematics of the simulated struc-
tures, the authors state that the Galactic disc was perturbed about
1.9 Gyr ago and match it with the time when the Galactic bar
could have formed.

Another support of the ringing hypothesis came with the
Gaia DR2 (Gaia Collaboration 2018a) release. The analysis of
Gaia DR2 data revealed a rich arch- and ridge-like substruc-
ture in the phase-space that is strong evidence that the disc of
the Milky Way is far from being in equilibrium and undergoes
phase-mixing (Antoja et al. 2018; Ramos et al. 2018; Monari
et al. 2018; Tian et al. 2018). This phase-mixing could be a
result of external-perturbations due to a passage of the Sagit-
tarius dwarf galaxy (e.g. Antoja et al. 2018). Indeed, Laporte
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et al. (2019) demonstrated, using a state-of-the-art simulation
of the Milky Way-Sagittarius interaction, that a range of com-
plex phase-space structures discovered in Gaia DR2 data can
be explained simultaneously by their model existing prior to the
Gaia DR2 data release, including the disk in-plane velocity field
(Katz et al. 2019), the ridges in the V,—R plane (Antoja et al.
2018; Kawata et al. 2018), and the spiral in the Z—V, plane
(Antoja et al. 2018). Here, V,, and V. are velocities in the Galac-
tocentric coordinate system. At the same time, Hunt et al. (2018),
Quillen et al. (2018), and Sellwood et al. (2019), show that the
phase-space ridges could be a result of an impact of the Galactic
spiral arms, but the simulations do not cover the high-velocity
field. The Arcturus stream is one of the arch-like structures seen
in Ramos et al. (2018), who performed a deeper study of the
substructures with the wavelet analysis. If the Arcturus is a kine-
matic wave in the Galactic disc, then what triggers the formation
of these structures, the bar, spiral arms or a merger event? What
is the nature of the Arcturus stream and how similar is it to the
other kinematic structures?

7.4. The origin of the Arcturus stream in this study

Before discussing possibilities for the nature and origin of the
Arcturus stream (g2), we summarise the properties of the kine-
matic substructures associated with the Arcturus stream that we
have found so far:

— The rotational velocity of the Arcturus stream is V =
—127kms™!, and the vertical component of the angular momen-
tum is L, ~ 840 kpc kms~'. This is in agreement with the results
from Navarro et al. (2004) who found the Arcturus stream at
V =~ —100kms™' and L. = in the range between 700 and
1100kpckms™!, Klement et al. (2008) who found it at V =
—120kms~" and L. ~ 1000 kpc kms~!, and Ramya et al. (2012)
who found it at V ~ —125kms™"' and L, ~ 811 kpckms™'.

— The Arcturus stream (g2), as well as the AF06 and KFR08
streams (g1 and g9), are not only detected in the solar neighbour-
hood. The structures appear in a larger box defined by regions
01_12, 22_12, 22_32, and 02_32. The remaining regions con-
tain significantly less stars and their distance uncertainties are
larger (see Table A.1). Considering the fact stated above it is not
possible to definitely answer whether or not there are kinematic
structures in those regions, or if they are weaker, or if it is a con-
sequence of the properties of the stellar sample.

— The Arcturus stream extends to about 2kpc vertically
from the Galactic plane. At the same time the stars of the Her-
cules stream appear to be disappearing at distances greater than
|Z| > 1kpc. The streams detected at even higher V' velocities
extend to even greater distances from the Galactic plane. This
is consistent with the results from Antoja et al. (2012) who
found that the Hercules stream has a lower detection level after
|Z] 2 0.6kpc.

— The Arcturus, KFRO8, and AF06 streams are alpha-
enhanced in the [@/Fe]—[Fe/H] diagram, and show similarities
to the Galactic thick disc. They are clearly different from the
Hercules stream which appears to be a mixture of the thin and
thick discs. This is in agreement with, for example Bensby et al.
(2007, 2014), Williams et al. (2009), and Ramya et al. (2012).

— The Arcturus stream has a wide metallicity distribution
spanning the interval —1.2 < [Fe/H] < 0.2 and peaking at
~—().5, which is not different from what has been found in other
studies. Eggen (1996) found [Fe/H] =~ —0.6, and Ramya et al.
(2012) found a more metal-poor range for the Arcturus stream,
—1.4 < [Fe/H] < —0.37, peaking at [Fe/H] =~ —0.7.
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Considering the chemical properties of the Arcturus stream
(g2) we see that it is not a chemically homogeneous structure.
This indicates that the Arcturus stream is not a moving group,
similarly to what was found by Williams et al. (2009), Ramya
etal. (2012), and Bensby et al. (2014). Also, the metallicity dis-
tributions for the Arcturus, KFROS8, and AF06 streams (g2, g1,
and g9, respectively) are too wide for them to be called mov-
ing groups. At the same time, the mean metallicities are differ-
ent for each stream, meaning that they appear to be independent
structures, which is different from the conclusion by Zhao et al.
(2014) that the Arcturus and AF06 streams should be regarded
as one structure. It was also shown that a two-sided K-S tests
rejected the hypothesis that any of the groups could come from
the same population.

Groups gl, g2, and g9 found in this work appear, at least
chemically, to be thick disc structures. Therefore, we question
the debris origin for the streams. If the streams have a debris
origin, their chemical compositions should be different from the
thick disc stars. This is different from the Liu et al. (2015) con-
clusion of a merger origin for the KFROS8 stream. It is clearly
seen that KFRO8 has a wide metallicity distribution and its kine-
matics and chemistry are consistent with what is seen for the
stars in the Galactic thick disc.

The two remaining possibilities for the origin of the Arcturus
stream and the neighbouring KFR08 and AF06 streams (g2, gl
and g9 respectively) are the external-perturbation origin or being
due to the resonances with the spiral arms or the Galactic bar.
The results we have present here are consistent with the results
from Minchev et al. (2009), who simulated the velocity distribu-
tion in the V— VU? + 2V2 and U-V planes assuming a merger
event that perturbed the Galactic disc and caused an ongoing
phase-mixing, inducing kinematic over-densities to be placed on
the V axis every 20kms™'. This is essentially what we observe
in this work. Arch-like structures are easily recognisable in
Fig. 3 and are similar to what was found in for example Gaia
Collaboration (2018b), Antoja et al. (2018), and Ramos et al.
(2018). The patterns discussed in Minchev et al. (2009) are
observed at the V—VU? +2V? and action space; the arches
observed in the U-V plane become clumps. These clumps and
arches are observed as lines in the angular momentum space.
Within the uncertainties these features (arches, clumps, and
lines) show up 20-30km s~! apart in the V velocity component.
According to Minchev et al. (2009), this could be due to ongoing
mixing in the disc after a merger event. The fact that the high-
velocity groups extend to higher |Z| than the bar-originated struc-
tures leads us to conclude on an external-perturbation (phase-
mixing) origin for the Arcturus stream and its neighbour KFR08
and AF06 streams is a possible scenario.

8. Summary

In order to resolve the nature of the Arcturus stream we analysed
the velocity and angular momenta distributions of the Gaia DR2
stars at different Galactocentric radii. The analysis revealed the
following:

— The analysis of four spaces defined by velocity, angu-
lar momentum, and action components in 65 smaller volumes
allowed us to detect the previously well-studied Sirius, Pleiades,
Hyades, and Hercules streams; a few high-velocity structures
that are associated with the AF06, Arcturus, and KFR08 streams;
and many unknown clumps that might be a part of larger streams.

— The picture observed in the velocity space is consistent
with the results from Minchev et al. (2009). Their model predicts

kinematic structures to be placed every 20~30kms~! in V. This
is similar to what was observed with the Gaia DR2 sample:
starting with the Sirius at 0Okms™' and ending with the KFR08
stream at ~—160kms~! we observe kinematic structures every
V =~ 20-30kms~' (taking into account velocity uncertainties
and the sizes of the structures).

— The arches observed in the U—-V plane are observed as
clumps in the V— VU? + 2V? and action space and lines in the
angular momentum space. Minchev et al. (2009) as well as
Antoja et al. (2018) link these arches to the ongoing phase-
mixing in the disc of the Milky Way due to a strong disc per-
turbation, likely originating from a merger event.

— The high-velocity streams are observed at higher |Z| com-
pared to the Hercules stream which is currently considered to be
a structure caused by the Galactic bar (e.g. Antoja et al. 2014;
Pérez-Villegas et al. 2017). The KFRO8 stream, which has the
highest values of V and lowest L, extends at least 2 kpc further
from the Galactic disc, while the Hercules is located closer to the
Galactic disc |Z| < 0.7 kpc.

— The majority of stars from the sample analysed in this work
are within 1 kpc in |Z| and according to Monari et al. (2013) the
Galactic bar can influence stellar motion up to |Z| ~ 1 kpc in the
thin disc and up to |Z] ~ 2kpc. However, the bar-induced arches
do not cover the observed range of about +100km s~ in radial
Galactocentric velocity V.

— The high-velocity groups are present mainly in the nearby
regions. This is consistent with Ramos et al. (2018), where one
of the discovered arches, that the authors associate with the Arc-
turus group, is located mainly in the solar neighbourhood and
within the solar circle. At the same time this result could be the
consequence of the fact that nearby regions contain more stars
and distance uncertainties are smaller.

— Ramos et al. (2018) discuss the negative gradients of the
rotational velocity of the structures with the Galactocentric radii.
This gradient should be positive for the Cartesian velocities V.
We do observe similar gradients in the U—V plane.

— The analysis of the chemical abundances of stars that are
members of the groups taken from the APOGEE and GALAH
spectroscopic surveys confirmed that the AF06, Arcturus, and
KFRO8 groups have chemical patterns that resemble that of the
thick disc. The groups cover wider metallicity ranges compared
to Hercules, which appears to be a mixture of the thin and thick
disc stars, which is in agreement with the literature (e.g. Bensby
etal. 2014; Ramya et al. 2016). The estimated median metallicity
of Hercules in this work is [Fe/H] ~ 0.0. In comparison, Ramya
et al. (2016), for example, obtained [Fe/H] =~ 0.15.

— The two-sided K-S test performed for different combina-
tions of the groups (Hercules, AF06, Arcturus, KFR08) rejected
the possibility for all of them to be drawn from the same
distribution.

Arcturus, KFRO8, and AF06 are kinematic structures that
have rotational V velocities separated with a fixed step, extend
farther from the Galactic plane compared to other over-densities
such as the Hercules stream, and have chemical compositions
consistent with the properties of the Galactic thick disc. Col-
lectively, this points towards an origin for the structures related
to the ongoing kinematic mixing or ringing in the disc, as was
suggested in Minchev et al. (2009). The recently discovered
ridges and arches in the phase-space (Antoja et al. 2018; Ramos
et al. 2018) found with the Gaia DR2, including the Arcturus
arch, represent further evidence that the high-velocity kinematic
structures such as the Arcturus stream could be a result of the
external-perturbation process and were formed inside the Milky
Way.
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Though a great amount of effort has been made to understand
the nature of these phase-space waves with the Gaia DR2 data,
we are still far from an unambiguous answer. Do these waves
have a merger origin as was originally proposed by Minchev
et al. (2009), or are they caused by the spiral arms as suggested,
for example, by Quillen et al. (2018), Hunt et al. (2018), and
Sellwood et al. (2019)? Numerical simulations together with
the chemical abundances from spectroscopic surveys like the
Gaia-ESO survey (Gilmore et al. 2012), WEAVE (Dalton et al.
2014), and 4MOST (de Jong et al. 2019), in combination with
upcoming Gaia data releases, will broaden the opportunities for
us to better understand the formation of the phase-space warps
and might provide a definitive answer about the origin of kine-
matic structures like the Arcturus stream. Current observational
evidence however points towards a phase-space mixing origin.
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Appendix A: Additional tables

Table A.1. continued.

Table A.1. Number of stars, median distance, and median distance
uncertainty for the stars located in the 65 regions (as defined in Fig. 1).

N  Region  Nstars Dpedian O Dyegin

[pc] [pcl
1 00 666505 212 2
2 01 48759 851 45
3 02 13647 1689 181
4 03 6332 2483 386
5 04 3041 3285 677
6 05 1621 4083 932
7 11 70747 861 38
8 12 22070 1778 164
9 13 8991 2636 375
10 14 3521 3502 669
11 15 1685 4338 918
12 21 81838 771 38
13 22 24823 1602 171
14 23 10 146 2392 410
15 24 3307 3204 803
16 25 1386 4011 1171
17 31 64 875 868 38
18 32 19 806 1778 164
19 33 10747 2624 365
20 34 4307 3489 655
21 35 1873 4329 826
22 2211 18596 1798 209
23 2212 13098 2258 306
24 2213 8223 2853 495
25 22_14 4132 3522 724
26 22_15 2197 4216 898
27 2231 27838 1780 194
28 22 32 18135 2242 284
29 2233 9545 2839 458
30 2234 5646 3507 690
31 2235 2832 4200 922
32 02_11 11447 1942 215
33 02_12 8189 2546 349
34 02_13 3219 3321 608
35 02_14 2267 4145 852
36 02_15 308 4897 954
37 02_31 12179 1939 232
38 0232 9594 2544 372
39 02.33 4786 3306 602
40 0234 1887 4147 868
41 02_35 263 4881 903
42 12.01 13658 2042 217
43 12_03 4287 3177 589
44 1204 1942 3893 847
45 12_05 1125 4605 1024
46 12.21 21401 1864 189
47 1223 6129 2823 538
48 1224 2440 3500 896
49 1225 1195 4206 1173

85

N Region  Nstars  Dpedian 0 Dyegion

[pel [pc]
50 3201 13717 2044 219
51 3203 3988 3176 609
52 32_04 2172 3871 829
53 3205 1290 4592 1081
54 32_21 22441 1856 186
55 3223 3331 3496 855
56 32.24 11387 2806 495
57 3225 1447 4209 1166
58 Ola 211846 453 12
59 11a 271059 444 10
60 2la 317397 387 9
61 3la 256489 448 10
62 Ola_lla 127033 630 22
63 1la_2la 175045 563 18
64 2la_31la 184213 574 18
65 3la_0Ola 127733 636 22
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Table A.2. Kinematic structures found in region 00 in the U~V (Plane 1), V—VU? +2V? (Plane 2), L.~ /L2 + L2 (Plane 3) and L.~ V7; (Plane
4) planes at scale J = 2.

N Plane Group Name N stars U 1% L, N oy oy oL, o

[kms™'] [kms™'] [kpckms™'] [kpckms™'] [kms™'] [kms™!'] [kpckms™'] [kpckms™']
1 1 gl Al/A2 173 39 37 2158 12 2 2 30 0.6
2 1 g2 yLeo 2643 34 8 1926 7 2 2 28 0.5
3 1 23 Sirius 6966 -13 6 1918 3.6 2 2 31 0.5
4 1 o4 Sirius 1659 -53 4 1900 6.3 2 2 30 0.5
5 1 g5 yLeo 2277 47 3 1894 7.9 2 2 31 0.5
6 1 26 Sirius 10303 12 2 1888 4.1 2 2 30 0.5
7 1 g7 Sirius 1416 -61 2 1887 6.9 2 2 30 0.5
8 1 28 yLeo 1080 65 1 1872 9.9 2 2 27 0.5
9 1 29 Sirius 871 -79 0 1858 8.8 2 2 31 0.5
10 1 210 yLeo 785 73 -2 1844 10.6 2 2 28 0.5
11 1 gll yLeo 1881 57 -5 1819 8.5 2 2 32 0.5
12 1 gl2 Coma Berenices 12046 =15 =7 1808 1.3 2 2 29 0.5
13 1 gl3 Bobylev16 180 -118 -10 1776 13.1 2 2 31 0.5
14 1 gl4  Coma Berenices 8439 8 -14 1745 2.4 2 2 30 0.5
15 1 gl5 Pleiades/Hyades 960 =81 -14 1744 8.3 2 2 29 0.5
16 1 gl6 Pleiades/Hyades 14380 -33 -16 1733 2.7 2 2 28 0.5
17 1 gl7 Pleiades/Hyades 11749 —42 -19 1710 3.8 2 2 25 0.4
18 1 gl8 Antojal2(12) 302 98 =21 1695 13 2 2 29 0.5
19 1 g19 ‘Wolf 630 6104 21 =22 1678 4.1 2 2 29 0.5
20 1 220 Dehnen98 4129 41 =25 1664 6.3 2 2 26 0.4
21 1 g21 Pleiades/Hyades 13084 -10 =25 1657 22 2 2 26 0.4
22 1 g22 Hercules 2604 -58 =37 1562 6.5 2 2 24 0.4
23 1 g23  Pleiades/Hyades 3428 25 -37 1561 5.7 2 2 27 0.4
24 1 g24 Hercules 1380 -82 —47 1473 9.5 2 2 27 0.4
25 1 g25 Hercules 3529 -15 —48 1468 5.8 2 2 25 0.4
26 1 226 Hercules 4626 =37 -49 1463 6.6 2 2 22 0.4
27 1 827 Hercules 2816 0 =50 1455 6.2 2 2 24 0.5
28 1 228 Hercules 1593 =70 =51 1450 8.9 2 2 25 0.5
29 1 229 Antojal2(15) 633 65 =52 1441 10.2 2 2 27 0.4
30 1 230 HR1614 1286 9 —-64 1342 82 2 2 25 0.5
31 1 231 HR1614 1989 -16 —64 1343 8.1 2 2 25 0.4
32 1 g32 HR1614 1619 -26 -67 1321 8.5 2 2 24 0.5
33 1 233 HR1614 1345 -36 —-68 1313 8.9 2 2 25 0.5
34 1 234 elnd 498 -83 =75 1252 12 2 2 25 0.4
35 1 235 elnd 626 -73 -76 1247 115 2 2 24 0.5
36 1 236 Arcturus 358 -13 -92 1118 11.6 2 2 23 0.6
37 2 gl Arcturus 1840 -11 -91 1125 11.7 25 2 22 0.6
38 2 :2) AF06 2013 -12 -86 1168 11.1 26 2 24 0.7
39 2 23 Hercules 1483 -85 -54 1431 104 57 2 26 0.8
40 2 g4 HR1614 7629 -10 —65 1337 8.3 20 1 23 0.5
41 2 g5 HR1614 8490 -9 —61 1366 7.8 19 1 24 0.5
42 2 26 Hercules 14 860 -10 —46 1482 5.8 19 2 27 0.5
43 2 g7 Sirius 2459 —-60 1 1876 8 64 2 29 1.4
44 2 g8 Hercules 15404 -5 —40 1539 4.9 21 2 25 0.7
45 2 g9 Al/A2 1129 -5 38 2173 10.6 17 2 30 0.6
46 2 gl0 Pleiades/Hyades 16788 —41 -19 1707 39 34 2 26 1.1
47 2 gll yLeo 4112 45 3 1893 74 49 2 31 1.3
48 2 gl2 Pleiades/Hyades 38181 -7 =25 1660 25 14 2 27 0.7
49 2 213 yLeo 5460 30 7 1921 6.3 34 2 29 1.1
50 2 gl4 Al/A2 3361 -5 22 2044 7 13 1 32 0.6
51 2 gl5 Coma Berenices 26737 -2 -12 1766 12 10 2 29 1
52 2 216 Sirius 19311 0 8 1926 43 9 2 27 0.5
53 2 217 Sirius 19358 0 0 1872 29 5 2 31 0.5

Notes. First column is a line number in the table; the second one denotes the plane; names of the groups as in Fig. 3 are given in Col. 3 and names
of the groups as in the literature are provided in Col. 4; the number of stars in each group is given in Col. 5; median U, V velocities, median
angular momentum L, and the median value of the square root of radial action per group is given in Cols. 6-9; Cols. 8-13 are standard deviations
of the same quantities as in Cols. 6-9.
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N Plane Group Name N stars U \%4 L, VI, oy oy [ oy

[kms™'] [kms™'] [kpckms™'] [kpckms™'] [kms™'] [kms™'] [kpckms™'] [kpckms™']
54 3 gl Pleiades/Hyades 81 -13 =23 1661 3.2 40 2 2 2.8
55 3 g2 Hercules 47 -12 =52 1439 6.6 47 2 2 23
56 3 g3 Hercules 66 -18 —41 1529 5.7 47 2 2 23
57 3 g4 Sirius 86 -6 4 1895 4.4 33 3 2 1.9
58 3 g5 HR1614 41 -17 -67 1325 8.7 45 2 1 19
59 3 g6 Pleiades/Hyades 171 -12 -20 1698 35 34 2 2 2.1
60 3 g7 Hercules 120 =27 =51 1452 6.7 34 2 2 13
61 3 28 Sirius 165 -3 2 1890 4.2 35 3 2 22
62 3 g9 Pleiades/Hyades 264 -19 -20 1698 2.8 36 2 2 25
63 3 glo AF06 17 -22 -94 1109 12.4 45 2 2 1.5
64 3 gll Al/A2 41 -10 24 2064 8.1 38 3 2 2
65 3 gl2 Sirius 263 -2 7 1926 4.6 29 3 2 1.7
66 3 gl3 Al/A2 55 -13 26 2063 7.9 30 3 2 1.5
67 3 gl4 HR1614 119 -11 -62 1350 8.4 38 2 2 1.3
68 3 gl5 Hercules 339 -20 -39 1547 54 39 2 2 1.7
69 3 gl6 Sirius 456 0 6 1914 43 28 3 2 1.7
70 3 217 Al/A2 54 -16 24 2057 7.5 28 3 2 1.5
71 3 gl8 HR1614 108 -17 -62 1349 8.4 39 2 2 1.6
72 3 gl9 Hercules 379 -32 —48 1470 6.5 31 2 2 1.4
73 3 220 Sirius 427 3 5 1919 42 23 3 2 1.5
74 3 g21 Arcturus 8 —44 —111 967 154 60 1 3 0.6
75 3 22 Coma Berenices 644 -9 -7 1806 2 27 2 2 23
76 3 23 Pleiades/Hyades 865 =21 -19 1703 2.5 25 2 2 1.7
77 3 224 HR1614 90 -18 —61 1362 83 39 2 2 1.5
78 4 gl KFRO8 107 -13 -160 575 19.5 49 2 23 0.2
79 4 g2 Arcturus 303 -6 -127 841 16.1 40 3 23 0.2
80 4 g3 Antojal2(12) 122 103 -19 1707 15.1 125 3 22 0.3
81 4 g4 Al/A2 132 31 43 2223 13.3 42 4 22 0.2
82 4 g5 Hercules 326 -111 =50 1460 13 103 3 22 0.2
83 4 26 Al/A2 255 27 30 2110 12.8 69 4 22 0.2
84 4 g7 Antojal2(12) 579 92 -19 1710 129 105 4 23 0.3
85 4 28 yLeo 405 84 =7 1805 12.7 102 4 22 0.2
86 4 g9 AF06 1836 -18 -92 1113 11.9 27 2 21 0.2
87 4 glo yLeo 803 77 -4 1828 11.4 84 4 23 0.3
88 4 gll Al/A2 1026 -7 39 2177 10.9 26 3 20 0.3
89 4 gl2 yLeo 1765 64 0 1867 10 70 4 23 0.3
90 4 gl3 Hercules 3649 =72 =50 1460 9.4 64 4 23 0.3
91 4 gl4 yLeo 3393 48 1 1878 8.3 57 4 24 0.2
92 4 gl5 HR1614 8691 -15 —64 1342 8.3 22 2 21 0.3
93 4 gl6 Al/A2 2922 -13 25 2064 7.7 20 3 20 0.3
94 4 217 yLeo 5271 33 6 1910 7 44 4 23 0.3
95 4 218 Hercules 16701 -21 —-49 1463 6.2 19 2 20 0.3
96 4 219 Dehnen98 7245 36 -23 1679 6.1 47 4 22 0.3
97 4 220 Pleiades/Hyades 15246 -15 -38 1551 4.6 19 3 22 0.3
98 4 221 Sirius 22970 0 6 1916 4.1 15 3 22 0.3
99 4 222 Pleiades/Hyades 21418 -39 -20 1699 39 29 4 22 0.3
100 4 23 Pleiades/Hyades 32987 -13 =25 1664 2.4 11 3 22 0.2
101 4 g24 Coma Berenices 21624 -11 —-11 1769 0.9 6 3 23 0.2
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Table A.3. Kinematic structures found in region 00 in the U — V (Plane 1), V- VU? +2V? (Plane 2), L.~ /L + L? (Plane 3) and L.~ V7; (Plane
4) planes at scale J = 3.

N  Plane Group Name N stars U \4 L. VI oy oy oL, o
[kms™'] [kms™'] [kpckms™!] [kpckms~'] [kms~!] [kms~!] [kpckms~'] [kpc kms~!]

1 1 gl Al/A2 44 -122 17 2003 159 2 2 34 0.5
2 1 g2 Sirius 10806 9 2 1890 39 2 2 30 0.5
3 1 23 yLeo 2325 49 0 1872 7.9 2 2 32 0.5
4 1 g4 Bobylev16 824 -83 -3 1840 9.1 2 2 30 0.5
5 1 g5 Coma Berenices 12027 ~11 -6 1814 1.3 2 2 29 0.5
6 1 g6 Bobylev16 194 -118 -13 1750 129 2 2 29 0.4
7 1 g7  Pleiades/Hyades 14437 -33 -17 1726 2.7 2 2 28 0.5
8 1 g8 Antojal2(12) 332 96 -22 1686 12.8 2 2 30 0.5
9 1 g9  Pleiades/Hyades 14069 —-14 -23 1672 2 2 2 28 0.4
10 1 glo Wolf 630 5913 21 -24 1665 4.2 2 2 28 0.5
11 1 gll Dehnen98 4086 41 -25 1659 6.4 2 2 26 0.5
12 1 gl2 Hercules 4670 =37 —49 1463 6.5 2 2 22 0.4
13 1 gl3 Hercules 1394 —-81 —49 1464 9.6 2 2 25 0.4
14 1 gl4 Hercules 2400 1 -53 1438 6.5 2 2 26 0.5
15 1 gl5 HRI1614 1769 -13 —66 1331 8.2 2 2 25 0.5
16 1 gl6 elnd 544 -76 =71 1239 11.7 2 2 23 0.5
17 2 gl Arcturus 1837 -13 -92 1113 11.9 28 2 22 0.7
18 2 g2 HR1614 7724 —-14 —66 1330 85 24 2 24 0.5
19 2 23 Hercules 15998 -20 -49 1463 6.3 24 2 25 0.5
20 2 g4 Hercules 15702 -12 —42 1524 54 25 2 29 0.7
21 2 g5 Al/A2 1270 -6 37 2167 10.5 21 2 32 0.6
22 2 g6 Al/A2 1835 -7 30 2108 8.8 17 2 36 0.6
23 2 g7  Pleiades/Hyades 40542 -11 -21 1696 2 17 2 29 0.9
24 2 g8 Sirius 21306 6 0 1865 3 10 2 33 0.8
25 3 gl HRI1614 35 -16 —68 1315 8.7 40 2 2 1.7
26 3 g2 Pleiades/Hyades 190 -11 -21 1692 33 39 2 2 2.6
27 3 23 Hercules 125 -26 -50 1457 6.6 42 2 2 1.8
28 3 g4 Sirius 165 -3 2 1890 42 35 3 2 22
29 3 g5 HR1614 85 -33 -68 1308 9.2 37 2 2 1.5
30 3 g6 Sirius 522 6 4 1901 4.1 27 3 2 1.7
31 3 g7 Hercules 383 =31 -49 1464 6.6 33 2 2 1.4
32 3 g8  Pleiades/Hyades 939 -20 -20 1697 2.8 28 2 2 1.8
33 3 29 Arcturus 8 —49 —-106 1000 14.2 38 1 2 0.8
34 4 gl KFR08 94 -14 -159 586 19.3 51 2 21 0.2
35 4 g2 Antojal2(12) 585 91 -18 1718 12.8 104 4 23 0.3
36 4 23 Al/A2 1081 -6 38 2172 10.8 27 3 22 0.3
37 4 g4 Hercules 2939 =71 —49 1463 9.7 70 4 23 0.2
38 4 g5 yLeo 3455 49 0 1869 8.3 58 4 24 0.2
39 4 g6 Al/A2 3076 -14 24 2058 7.6 21 3 21 0.3
40 4 g7 yLeo 4959 35 6 1910 7.2 45 4 24 0.2
41 4 g8 Hercules 17305 -24 —-49 1466 6.3 21 3 21 0.3
42 4 g9 Sirius 23880 0 5 1909 4 15 3 22 0.3
43 4 gl0  Pleiades/Hyades 35424 -17 -22 1687 2.3 13 3 24 0.2

Notes. First column is a line number in the table; the second one denotes the plane; names of the groups as in Fig. 4 are given in Col. 3 and names
of the groups as in the literature are provided in column 4; number of stars in each group is given in Col. 5; median U, V velocities, median angular
momentum L, and the median value of the square root of radial action per group is given in Cols. 6-9; Cols. 8—13 are standard deviations of the
same quantities as in Cols. 6-9.

A47, page 18 of 18

88









A&A 638, A154 (2020)
https://doi.org/10.1051/0004-6361/202037923
© ESO 2020

tronomy
Astrophysics

The HR 1614 moving group is not a dissolving cluster

Iryna Kushniruk!, Thomas Bensby', Sofia Feltzing', Christian L. Sahlholdt!, Diane Feuillet', and Luca Casagrande2

! Lund Observatory, Department of Astronomy and Theoretical Physics, Box 43, 221 00 Lund, Sweden
e-mail: iryna@astro.lu.se, tbensby@astro.lu.se

2 Research School of Astronomy & Astrophysics, Mount Stromlo Observatory, The Australian National University, Canberra,
ACT 2611, Australia

Received 11 March 2020 / Accepted 8 May 2020
ABSTRACT

Context. The HR 1614 is an overdensity in velocity space and has for a long time been known as an old (~2 Gyr) and metal-rich
([Fe/H] =~ +0.2) nearby moving group that has a dissolving open cluster origin. The existence of such old and metal-rich groups in
the solar vicinity is quite unexpected since the vast majority of nearby moving groups are known to be young.

Aims. In the light of new and significantly larger data sets than ever before (astrometric, photometric, and spectroscopic), we aim to
re-investigate the properties and origin of the HR 1614 moving group. If the HR 1614 overdensity is a dissolving cluster, its stars
should represent a single-age and single-elemental abundance population.

Methods. To identify and characterise the HR 1614 moving group we use astrometric data from Gaia DR2; distances, extinction,
and reddening corrections from the StarHorse code; elemental abundances from the GALAH and APOGEE spectroscopic surveys;
and photometric metallicities from the SkyMapper survey. Bayesian ages were estimated for the SkyMapper stars. Since the Hercules
stream is the closest kinematical structure to the HR 1614 moving group in velocity space and as its origin is believed to be well-
understood, we use the Hercules stream for comparison purposes. Stars that are likely to be members of the two groups were selected
based on their space velocities.

Results. The HR 1614 moving group is located mainly at negative U velocities, does not form an arch of constant energy in the U — V/
space, and is tilted in V. We find that the HR 1614 overdensity is not chemically homogeneous, but that its stars exist at a wide range
of metallicities, ages, and elemental abundance ratios. They are essentially similar to what is observed in the Galactic thin and thick
discs, a younger population (around 3 Gyr) that is metal-rich (0.2 < [Fe/H] < 0.4) and alpha-poor. These findings are very similar
to what is seen for the Hercules stream, which is believed to have a dynamical origin and consists of regular stars from the Galactic
discs.

Conclusions. The HR 1614 overdensity has a wide spread in metallicity, [Mg/Fe], and age distributions resembling the general
properties of the Galactic disc. It should therefore not be considered a dissolving open cluster, or an accreted population. Based on
the kinematic and chemical properties of the HR 1614 overdensity we suggest that it has a complex origin that could be explained
by combining several different mechanisms such as resonances with the Galactic bar and spiral structure, phase mixing of dissolving
spiral structure, and phase mixing due to an external perturbation.

Key words. stars: kinematics and dynamics — Galaxy: kinematics and dynamics — Galaxy: formation — Galaxy: evolution

1. Introduction

The Milky Way has a complex structure (e.g. Bland-Hawthorn
& Gerhard 2016). By studying how stars move in the Galaxy we
can trace the formation history of the Milky Way (e.g. Freeman
& Bland-Hawthorn 2002). Stars that share a common motion are
usually called kinematic structures, and studying their origin is
one of the ways of obtaining more information about the for-
mation and evolution of the Galactic disc. The analysis of data
from the HIPPARCOS mission (Perryman et al. 1997) revealed a
rich structure of the local velocity distribution (e.g. Dehnen 2000;
Arifyanto & Fuchs 2006). Later, an even more complex picture
was discovered by the Gaia mission (Gaia Collaboration 2016).
The local velocity field is composed of dozens of kinematic struc-
tures that together form arches and ridges in different velocity
projections (e.g. Antoja et al. 2018; Gaia Collaboration 2018c;
Ramos et al. 2018; Khanna et al. 2019; Kushniruk & Bensby
2019). The origin of the non-smooth local velocity distribution is
directly linked to major formation processes of the Milky Way.
For example, kinematic structures can have different origins,
including resonances with the Galactic bar (e.g. Dehnen 2000;
Monari et al. 2018), resonances with the spiral arms (e.g. Quillen

Atrticle published by EDP Sciences

et al. 2018a), phase mixing as a result of a dynamical interaction
with a merging dwarf galaxy (e.g. Minchev et al. 2009; Antoja
et al. 2018; Laporte et al. 2019), phase mixing as a result of tran-
sient spiral arms and a perturbation with a dwarf satellite (e.g.
Khanna et al. 2019), and phase mixing due to transient spiral
structure (e.g. Hunt et al. 2019).

Another explanation for some kinematic structures is that
open clusters dissolve with time and form moving groups. This
idea was first introduced by Olin Eggen (Eggen 1965). Since
stars in a moving group originate from the same cluster, they
share similar chemical composition, ages, and motion. Two
well-known moving groups are the Pleiades and the Hyades,
which are visible to the naked eye. More contended examples
of moving groups are the Arcturus and the HR 1614 mov-
ing groups that were discovered in Eggen (1971, 1978). The
groups were later confirmed with HIPPARCOS and Gaia data
(e.g. Dehnen 1998; Feltzing & Holmberg 2000; Ramos et al.
2018; Kushniruk & Bensby 2019). For a long time the Arc-
turus structure was considered a dissolving open cluster, later
an accreted stellar population. However, Kushniruk & Bensby
(2019) used the Gaia Data Release 2 (DR2) data and found
no signatures of it being a dissolving cluster or an accreted
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population. Instead, the group was likely caused by phase mixing
induced by a merger, as was proposed by Minchev et al. (2009).

A discovery of a group of stars with mean radial velocity
component U =~ Okms~' and mean rotational velocity com-
ponent V =~ —60kms~! and higher than solar metallicity was
first reported in Eggen (1978). The group was named after the
star HR 1614' which is one of its member stars. It was pro-
posed that the overdensity is a dissolving old open cluster. Later
Eggen (1992) estimated that the HR 1614 moving group is about
5 Gyr old. The origin of the group was re-investigated in Feltz-
ing & Holmberg (2000) using HIPPARCOS data. Candidate mem-
ber stars of the group were carefully selected by examining
Hertzsprung—Russell diagrams (HR diagram) for different slices
of the U — V space velocity distribution. A slice with younger
and more metal-rich stars was found. From dynamical simula-
tions of a disrupting open cluster they could explain the tilt of the
group in the U — V space. They also found the group to be about
2 Gyr old, and that its metallicity is [Fe/H] =~ 0.19. Later, De
Silva et al. (2007) performed a spectroscopic study of stars that
were assigned as members of the group by Feltzing & Holmberg
(2000) and confirmed that HR 1614 is a 2 Gyr metal-rich group
with [Fe/H] > 0.25. It was also found to be chemically homoge-
neous with a scatter of only about 0.01 dex in various chemical
elements. So, from the literature we know that HR 1614 is a
metal-rich, 2 Gyr moving group that is scattered around the Sun.

When searching for the Arcturus stream Kushniruk &
Bensby (2019) were able to clearly identify the HR 1614 mov-
ing group in the velocity distribution. The question is whether
HR 1614 can still be considered a dissolved open cluster if the
much larger and more precise astrometric sample from Gaia
DR2 is used to identify and characterise its properties in more
detail. In this paper we aim to do just that, to analyse kinematic,
chemical, and photometric properties of the 1614 moving group
in order to constrain its origin using data from Gaia DR2 and
spectroscopic surveys such as APOGEE and GALAH.

The paper is structured in the following way. The data sets
used are described in Sect. 2. The selection of candidate member
stars of the HR 1614 moving group is described in Sect. 3, where
we also analyse the HR diagrams, and the metallicity and age
distributions of the HR 1614 moving group stars. In Sect. 4 we
discuss the possible origins of HR 1614, and finally our findings
are summarised in Sect. 5.

2. Data

In this work we use proper motions, sky positions, and radial
velocities from the Gaia DR2 (Gaia Collaboration 2018b) cat-
alogue, Bayesian extinction corrections and distances from
the StarHorse code (Anders et al. 2019). We cross-match
the StarHorse and Gaia DR2 catalogues by Gaia IDs where the
radial velocity is not NULL, where the internal StarHorse qual-
ity flag SH_OUTFLAG s set to ‘90000, and where the Gaia qual-
ity flag SH_GATAFLAG is set to ‘000°. These are recommended
quality flags that are explained in detail in Anders et al. (2019).
In addition, we also cut out stars with parallax_over_error >
10 and visibility_periods_used> 8 as suggested by Gaia
Collaboration (2018a). The final data query is as follows:

SELECT s.*, ¢.*
FROM gdr2.gaia_source AS g,
gdr2_contrib.starhorse AS s

! HR1614 has a Gaia DR2ID: 3211461469444773376. ID in the
Henry Draper Catalogue is HD 32147.
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WHERE
AND

g.source_id = s.source_id
g.radial_velocity IS NOT NULL

AND s.SH_OUTFLAG LIKE ‘00000’

AND s.SH_GAIAFLAG LIKE ‘000’

AND g.parallax_over_error > 10

AND g.visibility_periods_used > 8

The query listed above gives us a sample of 4 790 725 stars.
We use the galpy’ package (Bovy 2015) to calculate: 1)
space velocities U, V, and W* corrected for peculiar motion
of the Sun with (Ug, Vo, Wo) = (11.10, 12.24, 7.25) kms™!
(Schonrich et al. 2010) and 2) Galactocentric cylindrical coordi-
nates R, ¢, and Z* with R, = 8.34 kpc (Reid et al. 2014), ¢, = 0°,
and Z, = 14 pc (Binney et al. 1997).

To characterise the groups chemically, we use elemental
abundances from both the APOGEE (Majewski et al. 2017) and
GALAH (De Silva et al. 2015) spectroscopic surveys. APOGEE
provides stellar atmospheric parameters and elemental abun-
dances derived from near-IR (H-band), high-resolution (R ~
23000) spectra. We use the abundances from APOGEE DR16
(Ahumada et al. 2019), which includes stars in both the north-
ern and southern hemispheres. After applying the same cuts
for quality assurance as in Feuillet et al. (2019) and cross-
matching our sample with APOGEE by Gaia IDs, we have a
sample of 126 690 red giants. GALAH is also a high-resolution
(R ~ 28000) spectroscopic survey operating at optical wave-
lengths in the southern hemisphere that provides stellar atmo-
spheric parameters and elemental abundances. We use GALAH
DR2 Buder et al. (2018), setting the flag_cannon and flag_x_fe
flags to zero as recommended. Cross-matching GALAH with
our set of stars results in a sample of 231725 stars. We also
use data from the SkyMapper (Casagrande et al. 2019) survey,
which provided photometric metallicities for 907 893 stars after
cross-matching it with our sample of Gaia IDs. To navigate on
HR diagrams presented in this paper, we use PARSEC 1.2S
isochrones® re-derived for the Gaia DR2 photometric system
(Maiz Apelldniz & Weiler 2018).

3. Analysis
3.1. The old HR 1614 moving group

The nature of the HR 1614 overdensity was previously investi-
gated by Feltzing & Holmberg (2000). They used HIPPARCOS
data and divided the U — V space into seven smaller boxes. Indi-
vidual HR diagrams for each box revealed one box with a popu-
lation that was younger and more metal-rich than the Sun, which
was connected to the HR 1614 moving group.

In this study we repeat the same procedure, but with our
much larger stellar sample. Figure 1 shows the U — V distribu-
tion of 581 190 stars close to the Sun within a region defined by
Ro+0.2kpe and ¢ +1.5°. This data is sliced into seven boxes, as
was done in Feltzing & Holmberg (2000). The boxes are shown
with dashed lines in Fig. 1. Box 5 is where the group is supposed
to be located according to Feltzing & Holmberg (2000). With
Gaia DR2/StarHorse we clearly see that box 5 contains two
velocity overdensities, whereas in Feltzing & Holmberg (2000)
two separate overdensities were not observed (probably due to a
significantly smaller stellar sample). The inclined overdensity in

2 Available at https://github.com/jobovy/galpy

3 U points at the Galactic centre, V in the direction of Galactic rotation,
and W towards the Galactic north pole.

4 R and ¢ point in the opposite direction to U and V.

> Available at http://stev.oapd.inaf.it/cgi-bin/cmd
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Fig. 1. U - V distribution of 581 190 stars inside a region defined in
Ro +£0.2 kpe and ¢ + 1.5 (see Sect. 3). The color scale is proportional
to the number of stars, as indicated in the bar at the top. Stars in the
HR 1614 moving group from Feltzing & Holmberg (2000) are shown
as blue crosses and their best-selected candidates as black open circles.
We identify stars within the red and black ellipses as members of the
Hercules stream and the HR 1614 moving group, respectively (see dis-
cussion in Sect. 3). Dashed lines and numbers show the same boxes as
in Feltzing & Holmberg (2000).

box 5 in Fig. 1 is what we link to the HR 1614 moving group
(marked by a black ellipse). The horizontal overdensity in box 5
is known as the Hercules stream (marked by a red ellipse). The
identification of the groups is based on results of the wavelet
transform performed in Kushniruk & Bensby (2019).

The Hercules stream has been studied in many works: it is
likely caused by resonances with the bar (e.g. Dehnen 2000;
Bensby et al. 2007; Wegg et al. 2015), and thus, will be used as
a benchmark group in this study. Due to its resonant origin, the
Hercules stream mainly consists of stars from the Galactic disk.
Fig. 1 show stars that are potential members of the HR 1614
group taken from Table 1 in Feltzing & Holmberg (2000). These
are the same stars as the ones shown as filled black circles in
Table 1 in Feltzing & Holmberg (2000). Interestingly, although
Feltzing & Holmberg (2000) did not see HR 1614 as a separate
overdensity in their box 5, the circled crosses that show stars
from their paper and our black ellipse are tilted at similar angles.

Figure 2 shows individual HR diagrams for boxes 1-7 using
extinction corrected colours and absolute magnitudes from the
StarHorse catalogue. Two sets of isochrones are shown: one
with an age of 2 Gyr and metallicity [M/H] = +0.2 and one
with an age of 8 Gyr and [M/H] = +0.0. It is clear that none
of the HR diagrams can be fitted with only one isochrone. This
probably means that the stars in all boxes represent an underly-
ing population of stars with a wide range in metallicity and/or
age. Similarly to what was seen in Feltzing & Holmberg (2000),
boxes 2 and 5 appear to contain younger stars compared to the
other boxes. These are also the boxes with the largest number of
stars. As was shown in Fig. 1, in our larger data set we clearly
see that box 5 consists of two different groups, Hercules and
HR 1614, that were not observed as separate overdensities with
the HIPPARCOS data (Feltzing & Holmberg 2000).

3.2. The new HR 1614 moving group

A more robust way to select candidate member stars in the
HR 1614 moving group is to apply the results of the wavelet
transform analysis presented in Kushniruk & Bensby (2019).

They analysed the Gaia DR2 radial velocity sample in the U — V/
space by individually exploring smaller sub-samples at different
R and ¢. Their analysis is based on the discrete wavelet trans-
form, an algorithm that decomposes data into a set of wavelet
coefficients. These coefficients contain information about the
location and significance of velocity overdensities present in the
data. More details on the wavelet transform can be found in
Starck & Murtagh (2002), and about the procedure in Kushniruk
et al. (2017) and Kushniruk & Bensby (2019).

The locations of the sub-samples (regions 00, Ola, 11a, 21a,
and 31a) from Kushniruk & Bensby (2019) in Cartesian Galac-
tic X and Y coordinate system are shown in the top left plot
of Fig. 3. The other plots in Fig. 3 show wavelet transform
maps for the corresponding regions. The HR 1614 moving group
is observed as four overdensities with mean U = —18kms™!
and V = —65kms~" in region 00. The group is also visible in
regions 11a and 31a at the same location and is slightly shifted
downwards in V in region Ola and shifted upwards in region 21a.
The shift occurs due to the location of the regions at different
Galacticentric radii.

The U - V distribution of stars in Fig. 1 is shown for
region 00. A black ellipse drawn around the HR 1614 mov-
ing group is centred at U = —18kms™ and V = —65kms~!,
and a red ellipse around the Hercules stream is centred at U =
-37kms~" and V = —~49km ™. The positions of the two groups
were taken from Kushniruk & Bensby (2019), and the height
and width of the ellipse were arbitrarily selected to fit the U — V
distribution.

Figure 4 shows HR diagrams for the stars inside the black
and red ellipses that we link to the HR 1614 moving group and
the Hercules stream. The red circles show stars from Feltzing &
Holmberg (2000) that we also could identify in our StarHorse
sample. Most of these stars follow an [M/H] = 0.2 and 2 Gyr
isochrone, the parameters of HR 1614 that were found by
Feltzing & Holmberg (2000) and De Silva et al. (2007). At the
same time it is clearly seen that stars from ellipses around Her-
cules and HR 1614 are also composed of multiple stellar popula-
tions and cannot be fitted with only one isochrone. From now on
we refer to stars inside the black and red ellipses in Fig. 1 as the
HR 1614 moving group and the Hercules stream, respectively.

3.2.1. HR diagrams

Figures 5 and 6 show HR diagrams of the HR 1614 moving
group and the Hercules stream, respectively, for six metallicity
bins in the range —0.6 < [Fe/H] < 0.6. The top panels in each
figure show the APOGEE and GALAH data (red and blue dots,
respectively), and the bottom panels show stars with SkyMapper
data (green dots). We plot isochrones with a metallicity corre-
sponding to the mean metallicity of the stars in each bin. The
HR diagrams show that the HR 1614 moving group and the Her-
cules stream cover a wide range of metallicities and ages. An
age—metallicity gradient appears to be present in both groups.
Metal-poor stars tend to be older and metal-rich stars seem to
be younger, based on a visual inspection of the HR diagrams.
It is worth noting that stars in the most metal-poor and metal-
rich bins do not perfectly match the isochrones. Therefore, in
Fig. 7 we compare metallicities for stars in common between
the GALAH and SkyMapper, and the APOGEE and SkyMap-
per surveys. The difference between SkyMapper and GALAH
or APOGEE metallicities increases for metal-rich SkyMapper
targets. As the SkyMapper metallicities are estimated based on
photometric parameters and calibrated on data from the GALAH
survey. The SkyMapper metallicities are overestimated for
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targets more metal-rich than ~0.5 dex, where the GALAH sur-
vey does not provide any stars (see Fig. 11 in Casagrande et al.
(2019) for more details).

Overall, the HR diagrams presented in Figs. 4-6 show that
the HR 1614 moving group is a more complex structure than
previously thought, and that it does not consist of single-age and
single-elemental abundance population of stars, similarly to the
Hercules stream. This finding contradicts the hypothesis that the
HR 1614 overdensity has a moving group origin, in which case
its stars would show homogeneity in age and elemental abun-
dance.

3.2.2. Abundance trends and metallicity distribution

Figure 8 shows the [Mg/Fe] versus [Fe/H] diagrams for stars
from the GALAH and APOGEE catalogues that are located in
region 00. Candidate members of the HR 1614 moving group
(left panels) and the Hercules stream (right panels) are shown
as red dots. The GALAH data (lower panels) generally show
larger uncertainties than the APOGEE data (upper panels), and
therefore we only show a single error bar representing the mean
uncertainty for the GALAH stars. Background distributions as
well as stars from the groups are composed of two sequences,
low- and high-alpha stellar populations, that can be recognised as
the chemically defined Galactic thin and thick discs (e.g. Bensby
etal. 2011).

The metallicity distributions for the HR 1614 moving group
and the Hercules stream with GALAH, APOGEE, and SkyMap-
per data are shown in Fig. 9. The distributions for the HR 1614
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Fig. 2. Hertzsprung—Russel diagrams
for stars inside the seven boxes as shown
in Fig. 1. The dashed line is an isochrone
for [M/H] = 0 and 8 Gyr, the solid line
shows an isochrone for [M/H]= +0.2
and 8 Gyr. The Colour bar shows the
number of stars in each bin.

moving group look more spiky due to lower number of stars in
the group compared to the Hercules stream. Again, both groups
cover a wide range of metallicities and are likely composed of
stars that come from different stellar populations. We do not
observe the overdensity around [Fe/H]= 0.2 in the metallic-
ity distribution of the HR 1614 moving group. These findings
question the existence of a single metal-rich population of stars
reported in Feltzing & Holmberg (2000) and De Silva et al.
(2007) as well as the dissolving cluster origin of the HR 1614
overdensity.

3.2.3. Age distribution

Figure 10 shows the age—metallicity probability distributions for
the HR 1614 moving group and the Hercules streams. To deter-
mine these distributions, we first calculated the two-dimensional
probability distributions in age and metallicity, Gi(t, [Fe/H]), for
each star i following the method by Howes et al. (2019). In
short, the G function of a star is calculated by fitting a grid of
isochrones (PARSEC) to the observed G magnitude, Ggp — Ggp
colour, metallicity, and distance. Then the age—metallicity dis-
tribution of the sample as a whole, ¢(t, [Fe/H]), is estimated by
maximising the likelihood

L(¢) = I_I f Gi(t, [Fe/H])¢(z, [Fe/H]) dr d[Fe/H], 1)

using an inversion algorithm. The inversion is subject to regular-
isation which means there is a single free parameter governing
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Fig. 4. Hertzsprung—Russel diagrams for
12654 stars from the HR 1614 moving
group (left) and 36656 stars from Her-
cules (right) selected from the black and red
ellipses shown in Fig. 1. An isochrone with
[M/H] = +0.2 and 2 Gyr is shown as a black
solid line, and one with [M/H] = 0 and 8 Gyr
is shown as a dashed line. Red dots in the
top left plot show all the stars from Table 1
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the smoothness of ¢. Figure 10 shows the results for one choice
of this parameter, but we have tested a wide range of values and
find that the results are similar enough to not affect our conclu-
sions. This method will be described in detail in an upcoming
publication (Sahlholdt & Lindegren, in prep.).

Both groups are composed of at least two stellar populations.
The first population is metal-poor and old with the centre at
[Fe/H] ~ —0.2 and an age of about 8 Gyr. The second popu-

L
0.8

in Feltzing & Holmberg (2000). The colour
bar shows the number of stars in each bin
for both plots.

14

L
1.0
BP—RP

1.2

lation is metal-rich and young with the centre at [Fe/H] ~ +0.1
and an age of about 3 Gyr. These two populations can most likely
be associated with the Galactic thin and thick discs. There is also
a third clump at a very young age, less than about 1 Gyr. These
are stars with ages that are located at the edge of the grid and are
artefacts of the age estimation procedure.

From this analysis it is clear that the HR 1614 overdensity
is not a 2 Gyr old stellar population, but rather is composed of a
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Fig. 5. Hertzsprung—Russel diagrams for the stars in the HR 1614 moving group selected from the cross-matched samples between StarHorse
and APOGEE (red), and StarHorse and GALAH (blue), and StarHorse and SkyMapper for different metallicity bins. Black lines show isochrones
for a mean metallicity of each bin and cover ages 0.2 Gyr and from 2 to 12 Gyr with the steps of 2 Gyr.

mix of stars from the Galactic disc. The presence of an age bi-
modality in the HR 1614 overdensity also contradicts the idea of
its dissolving cluster origin.

4. Origin of the HR 1614 overdensity

4.1. Dissolving open cluster origin
Stars that originate from a dissolving open cluster were formed
from the same molecular cloud, and thus, retain similar chemi-

cal compositions and ages (Freeman & Bland-Hawthorn 2002).
As was proposed in Eggen (1971, 1992, 1998), for a long
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time HR 1614 was considered a classical moving group. The
analysis of HIPPARCOS stars accompanied by photometric and
spectroscopic data by Feltzing & Holmberg (2000) and De Silva
et al. (2007) showed that HR 1614 was a unique stellar popula-
tion with a metallicity [Fe/H] =~ 0.2, and age of about 2 Gyr with
a very small scatter in abundances in other elements. However,
we do not see any evidence that the HR 1614 overdensity is a
mono-age and mono-abundance stellar population in our study.
The analysis of HR diagrams, metallicity, and age distributions
presented in Sect. 3 clearly shows that HR 1614 is a mix of
two stellar populations that resemble properties of the Galactic
thin and thick discs. A small scatter in abundances observed in
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Fig. 6. Same as Fig. 5, but for the Hercules stream.

De Silva et al. (2007) is, possibly, a result of the stellar sam-
ple analysed in their work. It is mainly composed of stars from
Feltzing & Holmberg (2000), who selected metal-rich stars from
their Box 5 as possible members of the HR 1614 moving group.
This selection effect can potentially explain the small scatter in
abundances reported in De Silva et al. (2007).

In this work we selected 12654 targets in the HR 1614
moving group from our data sample. This is a significantly
larger number of stars-members of the group than ever analysed
before. Pre-Gaia works studied stars that are located roughly
within 100 pc around the Sun and found that the HR 1614 over-
density is a single age and abundance population (e.g. Feltzing &

BP—RP

A
1.0 12 14 06 08 1.0 12
BP—RP

1.4

Holmberg 2000; De Silva et al. 2007). Since our stellar sample
covers a larger volume around the Sun, we check if young stars
with higher than solar metallicities are located closer to the Sun
in Fig. 11. We do not observe any peculiarities in distributions
shown for SkyMapper stars in Fig. 11. Both distributions look
similar to younger stars in the metal-rich part of the diagram and
older stars in the metal-poor part. It also shows that most of the
stars are located within a 500 pc radius around the Sun. There
is no unique, young, and nearby stellar population with higher-
than-solar metallicity neither in the HR 1614 nor in the Hercules
velocity overdensities. This means that HR 1614 should not be
considered a dissolving open cluster any longer.
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4.2. Accretion origin

Stars that originate from a dwarf galaxy or satellite and were
accreted to the Milky Way retain unique chemical composition,
ages, and velocities that are usually different from the back-
ground Milky Way stars (e.g. Tolstoy et al. 2009; Ruchti et al.
2015; Helmi 2020). Recent examples of such populations are
Gaia-Sequoia (e.g. Myeong et al. 2019), Gaia-Sausage/Gaia-
Enceladus (e.g. Belokurov et al. 2018; Helmi et al. 2018). Based
on the metallicity, velocity, and age distributions discussed in
Sect. 3, it is clear that the HR 1614 and Hercules overdensities
are not accreted stellar populations. The dynamical and chemi-
cal properties of the groups are similar to the vast majority of the
Milky Way disc stars. It is unlikely that HR 1614 is an accreted
stellar population.
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4.3. Resonant origin

Stars that were influenced by resonances with the bar and/or spi-
ral arms can be observed as kinematic structures that consist
of mixed stellar populations. Hercules is a group that is widely
discussed in the context of resonances. As was first proposed in
Dehnen (2000), the Hercules stream is possibly caused by the
outer Lindblad resonance (OLR) of the Galactic bar. Later it was
proposed that the Hercules stream is likely a result of a corota-
tion resonance (CR) with the bar (e.g. Pérez-Villegas et al. 2017,
Binney 2020). Recent results from Hunt et al. (2019) show that
it is possible to reproduce the Hercules stream in simulations
by combining bar and multiple spiral structures. In their Fig. 2
Hunt et al. (2019) call the bottom-most structure a part of the
Hercules stream. If we convert V velocity of the HR 1614 group
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Fig. 9. Metallicity distributions for HR 1614 (left) and Hercules (right) from the GALAH (blue), APOGEE (red), and SkyMapper (green) surveys.
Both regular histograms (upper three panels) and normalised cumulative histograms (bottom panel) are shown.

HR 1614

Hercules

I
IS

.2

0.0

Rel. probability
o

0.4

Age (Gyr)

1.0
0.2 ’
0.0 0.6
z
)
= —o.
0.4
-0.4
-0.6
0.0
0 2 4 6 8 10 12 0 2 4 6 8 10 12

=)
o

Relative probability

=)
N

Age (Gyr)
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to the vertical component of the angular momentum L., assum-
ing that the Sun is located at 8.34 kpc from the Galactic centre,
we get ~1340kpc kms™!. This is similar to the value found in
Hunt et al. (2019). Hunt et al. (2019) and we use the same values
that we do for the peculiar motion of the Sun. It is exactly the
same position in the distribution where the HR 1614 overdensity
is supposed to be located, and thus, should be called the HR 1614
moving group instead.

Many studies show that the Hercules stream conserves a ver-
tical component of angular momentum with Galactocentric radii
which is a signature of a resonant origin (e.g. Ramos et al. 2018;
Hunt et al. 2019; Kushniruk & Bensby 2019). In Figs. 1 and 3
we clearly see that the Hercules stream is not tilted in the U — V/

space. It covers a wide range of negative U velocities, but its V
velocity is —50kms™' and is almost constant. This means that
the vertical component of angular momentum L, is conserved
(taking into account that V is proportional to L;). Unlike the
Hercules stream, the HR 1614 overdensity is tilted in the U — V
space. This tilt was explained in Feltzing & Holmberg (2000) in
dynamical simulations of a dissolving open cluster. At the same
time Feltzing & Holmberg (2000) found that the HR 1614 over-
density is homogeneous in age and metallicity, which we do not
observe in our work. The HR 1614 overdensity is also present
in other four regions shown in Fig. 3. It almost retain L, with
R. Taking into account that the HR 1614 overdensity is mainly
located at negative U and its proximity to the Hercules stream,
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the resonant origin of the HR 1614 overdensity should not be
excluded.

4.4. Phase mixing origin

The concept of phase mixing implies that a phase-space (position
and momentum variables) full of overdensities will evolve with
time to a stationary state (Tremaine 1999). A moving groups is
one example of a phase mixing process. In the recent literature,
phase mixing is mainly discussed in the context of internal or
external perturbation mechanisms that can induce the process on
large scales (e.g. Laporte et al. 2019; Hunt et al. 2019). This
discussion is especially pertinent after the discovery of a phase
spiral by Antoja et al. (2018), which is strong evidence of an
ongoing phase mixing in the Galactic disc.

Symmetric arches of constant energy around U = Okms~
with 20 kms~! separation in V were predicted in the model that
was first proposed by Minchev et al. (2009), where a perturbation
with a dwarf galaxy, that took place roughly 2 Gyr ago, leads to
a phase wrapping. This external perturbation event could have
contributed to a velocity distribution and can be observed as
overdensities aligned across lines of constant energy. Minchev
et al. (2009) discuss the HR 1614 overdensity in the context
of a dissolving cluster and try to fit it into their ringing theory.
They state that the HR 1614 moving group is elongated in U and
curved in V in their Figure 3, which makes is consistent with a
wrapping origin. The fact that the moving group is not symmet-
ric and is elongated towards negative U is explained by Minchev
et al. (2009) as being due to the proximity to the Hercules stream,
which is most likely caused by the Galactic bar. In summary,
Minchev et al. (2009) suggest that the HR 1614 overdensity is a
dissolving open cluster that formed earlier than an external per-
turbation event took place and was distorted by phase wrapping,
forming almost an arch of constant energy, and by resonances
with the bar, causing elongation towards negative U.

Since the arches predicted by Minchev et al. (2009)
are symmetrical and the observed velocity distribution has
non-asymmetries, Quillen et al. (2018b) proposed another expla-
nation, where asymmetric arches are formed due to stars cross-
ing spiral arms. At the same time their theory cannot explain
vertical velocity distribution, and thus external perturbation is
not excluded. Hunt et al. (2019) explored various combina-
tions of spirals and bar resonances, and stars crossing dissolving
transient spirals and found that there are many models that
can successfully explain the main velocity overdensities. Some
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by age for SkyMapper stars in the HR 1614 moving group (left) and the

simulations reproduce a velocity overdensity at the place where
the HR 1614 moving group is supposed to be. Khanna et al.
(2019) showed that phase mixing of disrupting spiral arms and
phase mixing due to external perturbation can generate arches
and ridges, but they do not talk specifically about the HR 1614
moving group in their work.

In our work we clearly see that the HR 1614 overdensity is
not a dissolving open cluster due to chemical and age spread in
the group of stars. We also observe that the HR 1614 overdensity
is located mainly at negative U. At the same time the group is
tilted in V, but does not form a complete arch of constant energy.
This points towards a complex origin of the HR 1614 overden-
sity. The stars could be influenced by transiting spirals and bar
that would shift it towards negative U. Phase mixing due to dis-
rupting spiral structure or ringing due to external perturbation
could have contributed to the tiltin V.

5. Conclusions

In this paper we revised the origin of the HR 1614 moving group.
‘We analysed a combination of Gaia and StarHorse catalogues
and investigated kinematic and photometric properties of stars
in a small volume near to the Sun. To study chemical proper-
ties of the group we accompanied kinematic data with elemental
abundances from the APOGEE and GALAH surveys and pho-
tometric metallicities SkyMapper survey. For SkyMapper stars
Bayesian ages were calculated for stellar populations. Combin-
ing these surveys allowed us to analyse a significantly larger
data set with higher precision in the astrometric, photometric,
and spectroscopic measurements compared to previous studies.
Using the methods developed in Kushniruk & Bensby (2019)
we have improved the selection of potential members. These
two advances allowed us to better explore the possibility that
HR 1614 is or is not a dissolving open cluster. We also compared
the properties of the HR 1614 moving group with the Hercules
stream which is the nearest velocity overdensity to the HR 1614
moving group. The Hercules stream is most likely of resonant
origin, making it a valuable comparison to determine whether
HR 1614 is a single stellar population. The main results of the
paper are the following:

— The HR 1614 overdensity is clearly present in the U — V/
velocity distribution at U =~ =20, V ~ —60 km s~!. This loca-
tion is consistent with the results from previous studies (e.g.
Eggen 1998; Feltzing & Holmberg 2000; Ramos et al. 2018;
Kushniruk & Bensby 2019).
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— The HR diagrams, metallicity, and age distributions show
that HR 1614 consists of two stellar populations that have
properties similar to the thin and thick discs.

— The HR 1614 overdensity is mainly present at negative U
velocities, which could point towards a resonant origin sim-
ilarly to the Hercules stream. At the same time the HR 1614
overdensity is slightly tilted in V, which means that the group
has a variation in its vertical angular momentum distribution.

— The HR 1614 overdensity does not form a complete arch of
constant energy in the U — V space, which would be an indi-
cation of a phase mixing origin.

Based on the above, it is clear that the HR 1614 overdensity is
neither a dissolving open cluster nor an accreted stellar popula-
tion. We conclude that the HR 1614 overdensity has a complex
origin which is a combination of various dynamical mechanisms.
As in the case of the Hercules stream, the HR 1614 overdensity
could have formed due to different types of resonances such as
the CR or OLR with the Galactic bar. This together with phase
mixing due to disrupting spiral arms could explain the shape
and location of the group in the U — V space. Phase mixing
due to external perturbation with a dwarf galaxy or a satellite
that happened 2 Gyr ago, as proposed in Minchev et al. (2009),
is also possible. The mixed populations that we observe in the
HR 1614 overdensity and the Hercules stream are older than a
potential perturbation event. Also in Kushniruk & Bensby (2019)
we observed kinematic structures with roughly 20kms™" sepa-
ration in V, especially at lower V, which is consistent with a
ringing event proposed in Minchev et al. (2009).

In order to disentangle how many different dynamical mech-
anisms have actually contributed to the formation of veloc-
ity structures like the HR 1614 overdensity, further studies are
required. Numerical simulations combined with detailed investi-
gation of elemental abundances from spectroscopic surveys like
WEAVE (Dalton et al. 2014), 4MOST (de Jong et al. 2019),
and the Gaia-ESO survey (Gilmore et al. 2012), and kinematics
from upcoming Gaia data releases will provide more informa-
tion about the origin of kinematic structures.
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