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ABSTRACT

Context. Gaia DR2 has delivered full-sky six-dimensional measurements for millions of stars, and the quest to understand the dy-
namics of our Galaxy has entered a new phase.

Aims. Our aim is to reveal and characterise the kinematic substructure of the different Galactic neighbourhoods, to form a picture of
their spatial evolution that can be used to infer the Galactic potential, its evolution, and its components.

Methods. We take approximately 5 million stars in the Galactic disk from the Gaia DR2 catalogue and build the velocity distribution
in different Galactic neighbourhoods distributed along 5 kpc in Galactic radius and azimuth. We decompose their distribution of stars
in the Vx—V, plane with the wavelet transformation and asses the statistical significance of the structures found.

Results. We detect distinct kinematic substructures (arches and more rounded groups) that diminish their azimuthal velocity as a
function of Galactic radius in a continuous way, connecting volumes up to 3 kpc apart in some cases. The average rate of decrease is
~23kms~' kpc™!. In azimuth, the variations are much smaller. We also observe different behaviours: some approximately conserve
their vertical angular momentum with radius (e.g. Hercules), while others seem to have nearly constant kinetic energy (e.g. Sirius).
These two trends are consistent with the approximate predictions of resonances and phase mixing, respectively. Besides, the overall
spatial evolution of Hercules is consistent with being related to the outer Lindblad resonance of the Galactic bar. In addition, we detect
new kinematic structures that only appear at either inner or outer Galactic radius, different from the solar neighbourhood.
Conclusions. The strong and distinct variation observed for each kinematic substructure with position in the Galaxy, along with the
characterisation of extrasolar moving groups, will allow to better model the dynamical processes affecting the velocity distributions.
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1. Introduction

The velocity distribution of the stars in our Galaxy has been thor-
oughly studied over recent decades (e.g. Eggen 1996; Dehnen
1998; Skuljan etal. 1999; Famaey et al. 2005; Antoja et al.
2008), in an attempt to understand the Galactic potential and its
components. Models of the orbital effects of the Galactic bar
and the spiral arms have shown that they create substructures
and gaps in the velocity distribution, and that these are sensi-
tive to position in the Galaxy (Dehnen 2000; Fux 2001; Bovy
2010; Antoja et al. 2011; Quillen et al. 2011; McMillan 2013;
Hunt & Bovy 2018). All these studies also demonstrate that only
the exploration of regions outside the solar neighbourhood (SN)
would yield a proper constraint on the potential.

The first studies that investigated Galactic regions relatively
distant from the Sun, even with the limitations in the number
of stars and precision of their samples, already presented rel-
evant results. For instance, Wilson (1990) was able to trace
the Hyades and Sirius streams up to 1.3 and 0.8 kpc away
from the Sun, respectively, using K giants. Later, Antoja et al.
(2012) was the first study showing that the kinematic sub-
structures in the SN change their velocities when observed in
other volumes of the RAVE data (Steinmetz et al. 2006). In a
follow-up of that work, Antoja et al. (2014) demonstrated that

* Table B.1 is only available at the CDS via anonymous ftp to
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** Movies associated to Figs. B.1-B.5 are
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the azimuthal velocity of the Hercules stream decreases with
Galactic radius consistently with the effects of the outer Lind-
blad resonance (OLR) of the Galactic bar, as proposed by the
models of Dehnen (2000) and Fux (2001). With data from
RAVE, LAMOST (Cui et al. 2012), APOGEE (Majewski et al.
2017) and GALAH (De Silva et al. 2015), later studies have
also shown that the kinematic groups are position dependent
(Xiaetal. 2015; Liang et al. 2017; Monari et al. 2017, 2018;
Kushniruk et al. 2017; Quillen et al. 2018b; Hunt et al. 2018).

Now, the Gaia mission (Gaia Collaboration 2016b),
which allowed astrophysicists to gain considerable scientific
insight with only a year of observation time (Gaia DRI,
Gaia Collaboration 2016a), has the chance to show its unpar-
alleled scientific value once more with the second data release
(Gaia DR2, Gaia Collaboration 2018a). After 668days of
surveying, the unprecedented quantity, quality, and extension
of the Gaia data has already uncovered a new configuration
of the velocity distribution in the SN. This includes stars
organised in multiple thin arches that have never been seen
before (Gaia Collaboration 2018b) as well as the beautiful
continuity of these substructures through the Galactic disk
(Antoja et al. 2018). All these new findings force us to re-
evaluate the hypotheses behind the existence of kinematic
substructure in the disk, an undertaking that requires a more
detailed characterisation of the velocity distribution.

In this work, we use ~5 million sources in Gaia DR2 with
positions, radial velocity, proper motions and parallaxes to study
the known and the new main features of the velocity distribu-
tion of the SN, as well as to examine the most remote regions in
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Fig. 1. Distribution of the sample in configuration space. We show the
histogram of the 5 136 533 stars (see text) with a binning of 10 x 10 pc.
The Sun is shown as an orange star and the GC is located at (X, Y) =
(0, 0). The golden dots indicate the centres of the volumes used for the
exploration in different Galactic neighbourhoods. Each radial line con-
tains 51 volumes, and each arch at fixed radius has 21 volumes. The
purple patches correspond to the sub-samples from the wider grid for
which we perform a detailed study of their velocity distribution. The
properties of these sub-samples are summarised in Table 1.

the disk explored thus far. For this, we use the wavelet transfor-
mation (WT) to detect overdensities in the velocity distributions
and draw their evolution with Galactic radius and azimuth.

This paper is organised as follows. In Sect. 2, we describe
the observational data used and its partition into sub-samples.
Section 3 presents the formalism of the WT and the methodol-
ogy used to detect structures. Section 4 characterises the kine-
matic distribution of the SN and Sect. 5 explores the evolution
of these in different Galactic neighbourhoods. Then, in Sect. 6
we discuss the implications of our findings and propose possible
future lines of research. Finally, we present the main conclusions
of this work in Sect. 7.

2. Data and sample selection

Gaia is an all-sky astrometric satellite from which we can now
obtain positions in the sky (a, 9), parallaxes (@), and proper
motions (Uy«, Ms), along with the estimated uncertainties (o)
and correlations, for ~1.3 billion sources. Also, line of sight
velocities (vjos) are available for >7.2 million stars with an
effective temperature between 6900 K and 3550 K (Katz et al.
2018), corresponding roughly to spectral types from F2 to M2
(Pecaut & Mamajek 2013).

Our goal to study the kinematic structure required all six
phase-space coordinates, which means that our sample consists
only of stars with observed radial velocity. On top of that, we
limited ourselves to sources with “good” parallax (@w/o5 > 5)
in order to use the estimator 1/w as distance (this choice and its
effects are discussed in Appendix A). Additionally, we focus on
disk stars by selecting the heights (Z) between +0.5 kpc, which
corresponds roughly to the 10th and 90th percentile of the whole
sample. As a result, our sample is composed of 5 136 533 stars. A
significant fraction of red giants over dwarfs for the most distant
sub-samples is expected, with a more homogeneous mix near
the Sun’s position. We note, however, that the youngest stars are
missing due to the restriction in effective temperature.
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Table 1. Properties of the main subsamples in our study.

Volume R ¢ Counts Fvel
(kpc) ©) (kms™")
SN 8.24-8.44 -1.5~1.5 435801 0.83
Vi1 6.24-6.44 -15~15 6920 3.45
V2 6.74-6.94 -1.5~15 10959 2.53
V3 7.24-7.44 -1.5~15 20743 1.93
V4 7.74-7.94 -15~15 88184 1.99
V6 8.74-8.94 -1.5~15 77457 1.95
V7 9.24-9.44 -1.5~15 13006 1.94
V8 9.74-9.94 -15~15 5994 2.39
V9 10.24-1044 -15~1.5 3340 2.79
V10 8.24-8.44 -12~-9 10579 1.63
V11 8.24-8.44 -6~ -3 72524 1.75
V12 8.24-8.44 3~6 64 849 1.71
V13 8.24-8.44 9~12 9753 1.62

Notes. In the first column, the name of the volume is shown according
to Fig. 1. Columns 2 and 3 contain the ranges of the radial and azimuthal
coordinates. The last two columns show the summary statistics Counts
and & that are, respectively, the number of stars in the subsample
and the square root of the trace of the median velocity error covariance
matrix in cylindrical coordinates.

For simplicity, we adopted a cylindrical Galactocentric coor-
dinate system since it is better suited for systems with rota-
tional symmetry, as is roughly the case for the Milky Way (MW)
disk. We fixed the reference at the Galactic centre (GC) with
the radial direction (R) pointing outwards from it, the azimuthal
(¢) negative in the direction of rotation, and the vertical compo-
nent (Z) positive towards the north Galactic pole. In this sce-
nario, we took the Sun to be at R, = 8.34kpc (Reid et al.
2014), ¢o = 0° and Zy; = 14pc (Binney et al. 1997). Follow-
ing from the choice of coordinate system, we studied the stars
in the R = Vg, Rp = V, velocity plane. To compute these
from the Gaia observables, we adopted a circular velocity for
the Sun of 240kms~! as in Reid et al. (2014), and a peculiar
velocity with respect to the local standard of rest (LSR) in Carte-
sian coordinates of (Uy, Vo, W) = (11.1,12.24,7.25)kms™!
from Schonrich et al. (2010). The uncertainty in velocities was
computed by error propagation with the Jacobian matrix of the
transformation, including the correlations, from ICRS to Galac-
tocentric cylindrical coordinates.

Figure 1 displays the distribution of the sample in the disk
plane, highlighting the isotropy of the Gaia data except for the
radial features related to extinction. Superposed, we plot the 13
sub-samples that we used to study the variation of the veloc-
ity distribution with radius and azimuth. The properties of these
sub-samples are shown in Table 1. The SN has the largest num-
ber of stars and the smallest uncertainties, allowing for a detailed
study of the kinematic structures. Then V1-V9 along R let us
explore the changes with Galactocentric distance and the effects
of the sample size. Finally, we used V10—V 13, located at mir-
rored azimuths with respect to the Sun, to investigate variations
in azimuth. All these volumes are part of a wider grid of sub-
samples, whose centres are represented by the golden dots in
Fig. 1. Their sizes are kept constant, with 200 pc in radius and
3deg in azimuth, resulting in an area of ~0.18kpc?® (smaller
towards the GC and larger in the opposite direction). Overall, we
explored the Galaxy disk with 216 volumes divided into three
sweeps along R (at ¢ = {-6,0,6}deg) and three along ¢ (at
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R = {Ry — 1,Ro, Rs + 1}kpc). To produce smooth results, we
had to balance the step size and overlapping of the volumes with
the range of exploration: we decided to layout the centres every
100 pc between 6.04 and 11.04 kpc, and every 1.5° between —15
and 15°. This translates into an overlapping such that each area
is covered completely by half of the two adjacent areas.

3. Methods

In order to detect substructures in the velocity plane (Vg, Vy), we
used the WT (Starck & Murtagh 2002). Particularly, we used the
atrous algorithm, which allows the treatment of discrete data,
like time series or images, without reducing the number of pix-
els (in our case, a 2D histogram). The WT decomposes the signal
into several layers, or scales, of the same dimensions as the orig-
inal, each comprising a range of frequencies (in case of time)
or sizes (in the case of space). In practice, the WT returns a
map of coefficients for every scale such that zero means that
the signal is constant in a neighbourhood whose size is deter-
mined by the scale (as we shall see below), whereas positive
coefficients correspond to overdensities and negative ones are
related to underdensities. The algorithm works by successive
application of smoothing filters that, when subtracting one from
the previous, results in the mentioned maps of wavelet coeffi-
cients. A more detailed explanation can be found in Antoja et al.
(2008, 2015) and Kushniruk et al. (2017) and references therein,
where the WT is applied to similar and other cases. Here we used
the multiresolution analysis (MRA) software, developed by CEA
(Saclay, France) and Nice Observatory (Starck et al. 1998).

By construction, in the atrous algorithm, structures found
at scale j have sizes between approximately 2/ and 2/*! pixels.
The conversion from pixels to physical units (km s~! in this case)
is given simply by the bin size (A) of the initial 2D histogram.
For our work, we chose A = 0.5kms™! pixel‘l. Structures of a
certain diameter D produce the highest wavelet coefficient at a
scale j such that A2/ < D < A2/*!. However, they also produce
positive (negative) coefficients at other scales, especially if the
overdensity (underdensity) is very significant or isolated. Other
authors have focused on the upper scales (e.g. Antoja et al. 2012;
Kushniruk et al. 2017), motivated not only by the typical sizes
of the structures they were looking for, but also by limitations
imposed by the measurement uncertainties. Now the quality of
the data allows the study of smaller scales and for this work we
investigated the scales j = 2, 3, 4, and 5, corresponding roughly
to the velocity ranges of 2—4km s7!, 4-8kms!, 8-16kms!,
and 16-32kms~!, respectively.

Once the WT was computed, we performed a search for
local maxima at each scale. To that end, we used the method
peak_local_max from the Python package Scikit-image
(van der Walt et al. 2014), which returns a list of peaks separated
by at least d pixels. To filter fluctuations that would correspond
to a smaller scale, we used a minimum distance d = 2/ pixels
to retain only structures of diameters between approximately 2/
and 2/*!. We note that with this approach elongated features will
manifest as a trail of peaks, their precise location being along the
line mostly determined by fluctuations.

Subsequently, to asses the significance of a peak, we
acknowledge that the source of uncertainty in our data (the his-
togram) is Poisson noise. As in previous work (e.g. Antoja et al.
2008, 2012), we selected in the software the option of “Poisson
with few events”, which is based on the autoconvolution his-
togram method (Slezak et al. 1993) and which enables the study
of the low-density regions in the velocity plane without loosing
precision at the centre of the distribution. In short, the method

evaluates the probability (P,) that a given coefficient is not due
to Poisson noise. Since it works in the wavelet space, it takes into
account the number of stars not only at the peak, but also in a
vicinity whose size, again, depends on the scale. Once we spec-
ify a significance threshold, the method returns a binary value
signifying whether that peak is real or not, at that level of confi-
dence (CL). For this work, used four CLs, coded as:

- 0: P p < €lo

- IZEIJSPP<620-

- 2.6y SPP < €y

- 3: Pp 2 6,
where €, corresponds to the area P[N(0, 1) < n], N(0,1) being
the Normal distribution, for instance, €, ~ 0.841.

Additionally, we coded an alternative metric for the signif-
icance of the peaks that is the percentage of times the peak
appears in a bootstrap (BS) of the data. We produced N = 1000
BS of the sample, computed the WT, and searched for all the
peaks. Afterwards, and for each scale, we counted how many
peaks had fallen inside a circle of radius 2/ pixels around the
peak detected in the data'. Subsequently, the ratio between this
number and the number of BS N, gives a value between O (the
re-sampling failed to reproduce the peak every time) and 1 (the
local maximum is always reproduced). We refer to this quantity
as Pgg and is a measure of the probability we had of observing a
particular peak in the data.

The output of the method described is a list of local maxima
detected at each scale, along with the value of the WT coeffi-
cient, and the two measures of significance. We then consider
a peak significant either if CL > 2 or Pgg > 0.8. In addition,
we counted the number of stars closer to the peak than the mini-
mum distance of d = 2/ pixels, since those are the source of the
positive (negative) wavelet coefficient. For these stars, we also
computed their median error in Vi and V, to quantify the data
uncertainty.

4. Solar neighbourhood

In this section, we study the kinematic substructure of the SN
sample described in Sect. 2. The starting point is the 2D his-
togram of the cylindrical velocity coordinates Vg and V5, which
is very similar to Fig. 22 from Gaia Collaboration (2018b). After
applying the methodology presented in Sect. 3 we obtain the
wavelet planes (Fig. 2) and a list of significant peaks at the
scales of j = 2,3,4,5, corresponding to 2-4, 4-8, 8-16, and
16-32kms™!, respectively. The colours in Fig. 2 correspond to
the positive WT coefficients, while the contours are presented
in two styles: solid lines delimit the positive coefficients at dif-
ferent levels (see caption) and dashed lines mark the negative
coeflicients at a single level. The negative contours help track
the valleys and highlight the elongated features, but we did not
plot them for the scale j = 2 to ease visualization.

Panels ¢ and d in Fig. 2 show a bi-modality and an
asymmetric yet structured central distribution formed by sev-
eral large-scale kinematic groups, similarly to previous stud-
ies (e.g. Dehnen 1998; Antoja et al. 2012). However, at lower
scales, panels a and b, we see the recently discovered thin
arches (Gaia Collaboration 2018b) crossing the velocity space
in an almost horizontal direction. Immediately below, we anal-
yse these thin arches (Sect. 4.1) and the larger-scale kinematic
groups (Sect. 4.2) in more detail.

! Here, we assume that all local maxima correspond to structures of
the upper size limit.
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Fig. 2. Wavelet planes highlighting the velocity substructure in the SN at different scales. The panels correspond to scales from j = 2 (panel a) to
Jj =5 (panel d). The colour bar shows only the positive coefficients, just like the solid-line contours, which are shown for different percentages of
the maximum coefficient at levels from 10% to 90% every 10%, plus 5% and 99%. Additionally, the negative coeflicients are represented by the
dashed-line contour at the —1% level. With the values used (see text), the Sun would be located at (—11,-252)kms~!.

4.1. Thin arches in the velocity distribution

The precision of the Gaia data, with uncertainties in the mea-
surements well below 1 kms~!, and the large number of stars in
the SN sample (Table 1) allow us for the first time to appre-
ciate the unprecedented detail of the velocity plane at small
scales. The existence of thin arches in the Gaia DR2 data was
first discovered by simple inspection of the 2D histograms of
the velocity distribution. Here, the WT gives us a new rep-
resentation of the data, allowing for a characterisation of the
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arches and, more importantly, the evaluation of their statistical
significance.

Panels a and b in Fig. 2 clearly show wavelet coefficients
that appear connected and organised in the above-mentioned thin
arches, either composed of overdensities (positive coefficients)
or underdensities (negative coefficients). The scales at which
these elongated features appear indicate that they are intrinsi-
cally thin, at the level of 2-8 kms~!. Another advantage of the
WT is that it highlights overdensities that are otherwise hard to
discern by direct inspection of the histogram, like the arches
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3) with the peaks and arches found. The circles correspond to those local maxima with a Poisson

significance greater or equal to 2 (P, > &), whereas crosses correspond to those with Pgs > 0.8. In both cases, the diameter corresponds to A2+
indicating the highest size expected for the structures at this scale. On the right, we have associated the peaks into arches and fitted a parabola
(dark green lines). The dashed grey lines then correspond to constant kinetic energy tracks.

at high |Vy|. Although panels a and b unveil similar kinematic
substructure, some of the arches appear to be split into two
at the lower scale; for example, the structure passing through
(Vr, V4)=(0, =270) km s~!. However, for the sake of simplicity,
the remainder of this subsection is devoted to the scale j = 3
alone.

Figure 3a shows the peaks detected at a scale of 4-8kms™!
Their coordinates and characteristics are listed in Table B.1
(available at the CDS, see Appendix B). Peaks signalled with
a circle are significant in terms of the Poisson noise (signifi-
cance greater or equal to 2, P, > €,); those marked with a cross
are those that appeared in more than 80% of the bootstraps. As
already discussed in Sect. 3, in the case of elongated structures,
our peak finder procedure yields a trail of peaks. Although this
method is suboptimal in detecting entire arches, we can nonethe-
less indirectly detect them as well as define their shape in the
following manner. We selected as members of each arch the sig-
nificant peaks, according either to their CL or their Pgg, that
show continuity in the WT coefficient. With this definition, an
arch ends when the significance of the peaks we detect drops
below the threshold. We note that in some cases where the con-
nectivity of the wavelet coefficients is not clear, this grouping
is slightly conjectural, yet our global conclusions do not vary.
Once the peaks were selected and grouped, we fitted a second-
order polynomial, \7¢(VR), to each arch between its minimum
and maximum V5.

The arches obtained are plotted in Fig. 3b with solid dark
green lines and their characteristics are given in Table 2, includ-
ing the coordinates in velocity space of the first and last peaks,
as well as the zero-order term of the polynomial (which cor-
responds to \7¢(VR = 0)). In the table we also include, for

reference, the name of previously known kinematic groups (dis-
cussed in Sect. 4.2) that are contained within the arches. How-
ever, it is important to note that, since past studies dealt with
more circular moving groups (MGs) (due mostly to the lack of
precision in the astrometry), the classical MGs and our arches
are morphologically different entities.

We detected 12 arches, 6 of which cover a large range of
radial velocities (Al, 4, 7, 8, 9, 12). All of them are roughly
constant in azimuthal velocity. We also see that, while some
parabolas are symmetrical with respect to Vx = 0, others are
inclined and/or present the maximum at Vg # 0, as already
noted by Gaia Collaboration (2018b). We confirm the existence
of Al already reported by Gaia Collaboration (2018b) while
A8 and A9 would correspond to the two branches of Hercules
described in the same study. From all the underdensities seen
in this velocity space, the most prominent known one (the gap
separating Hercules from the central part) is now clearly seen
running between A7 and A8-9. Another gap, just below A12,
hints to a thirteenth arch, although the small number of peaks in
panel (b) does not allow us to constrain it. In contrast, we see
a well organised trail of peaks above Al, at V4 ~ —320km s~
but these only have one star each and therefore we refrain from
connecting them as an arch.

Several models have shown that dynamical processes like
phase mixing can imprint “arc-like features” of constant radial
frequency, wg (Minchev et al. 2009; Gémez et al. 2012). Since
this quantity is basically dependent on the energy for almost
circular orbits, (also on angular momentum for more eccentric
orbits, but not so strongly, see Dehnen 1999), these arches can
be dubbed as structures of nearly constant energy. For this, we
included constant energy profiles in Fig. 3b as grey dashed lines.
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Table 2. Arches found at small scale j = 3 (4-8kms™).

n. Contains Start (Vg,Vy) End (Vg,Vy) 0-cross Reduced y?
Al - 136.5, -254.5 —136.5,-255.0 -293.4 4.09
A2 - 21.5, -276.5 -17.5,-279.0 -2764 1.20
A3 yLeo —47.5,-260.5 -100.0,-239.5 -246.5 335.05
A4 Sirius 129.0, —238.0  —58.5,-244.0 -258.4 25.52
A5  Coma, Dehnen98-6  —0.5, -246.5  -29.5,-230.0 -246.5 44.96
A6  Dehnen98-14 -53.0,-228.0 -73.5,-222.0 -2004 1290.04
A7  Hyades, Pleiades 51.0,-233.0 -103.5,-183.5 -227.7 111.01
A8 - 117.0, =201.5 10.0, —212.0 -209.1 297.48
A9  Hercules, eInd 70.5, -204.0 -71.5,-180.0 -201.9 42.84
Al10 HR1614 21.5,-185.5 -33.5,-1825 -183.3 1.14
All Bobylevl6-22 90.0, -177.0 46.0, -179.0 -203.7 260.49
Al12  Arcturus 45.0, —155.5 -31.0,-149.5 —-159.2 5.50

Notes. The arches are those appearing in Fig. 3, ordered by increasing V,,. For each arch we give a label in the first column, the Classical MGs that
it contains (if any) in the second column, and three of its points in the velocity plane in Cols. 3-5, that is, the coordinates of the first and last peak
of the line, and the expected azimuthal velocity corresponding to zero radial velocity, respectively. The last column shows a reduced y? between

the arch and the corresponding track of constant kinetic energy.

We see how some of the arches found, such as Al for example,
are clearly compatible with having a constant kinetic energy
along their trails. To quantify this similarity, we compared each
parabola (evaluated with a step size of 0.1kms™!) to the corre-
sponding constant kinetic energy line, using the energy of the
parabola at zero radial velocity, that is, %V;(VR = 0), and calcu-
lated a reduced y? statistic (last column in Table 2). For the short
arches, based on the few peaks used for their fit, this quantity
may not be representative. For the remaining arches, according
to the reduced )(2 , arches 1, 10 and 12 are the most compatible,
while A3, 7, and 8 show the largest discrepancy with a constant
energy line.

4.2. Classic and new kinematic groups

From the wavelet planes shown in panels ¢ and d of Fig. 2,
we can see the dominance of more rounded structures as the
elongated features merge or fade away. Nonetheless, in panel ¢
we can still appreciate some imprints of elongated structures.
From both panels, we can clearly recognise a bi-modality formed
by the centre of the distribution and the Hercules MG. Yet, in
panel d the latter presents a peanut-shape, which is in fact related
to two different structures, while the central over-density con-
tains the classical MGs.

In Fig. 4 we show the significant peaks found at j = 4 where,
as before, circles are related to Poisson, and crosses to boot-
straps. For reference, we also plot the arches from Fig. 3b as
grey lines. It becomes obvious that most of the peaks sit on top
of an arch. Some of the known MGs are therefore expected to
belong to the same arch, as we shall see below. All the detections
in Fig. 4 are listed in Table 3, ranked according to their wavelet
coefficient, that is, their relative strength at that scale. The list
also contains the coordinates of the peak and the two measures
of significance. The names of the objects are given according
to the name in the literature that is most commonly assigned to
the group (see Appendix C for details). Finally, if no match is
found, we assign a new name composed of the letters “GMG”
(Gaia Moving Group) and a number according to their position
on the list. The table also contains the number of stars contribut-
ing to the peak, along with their median errors in the radial and
azimuthal velocities.

A72, page 6 of 18

—290

—240

-190

Vg [kms~1]

—140

-90

[ | PR s = w = B & & & & 0 & = u =
50 0 -50 -100

Vg [kms~1]
Fig. 4. Wavelet plane (j = 4) with the peaks found. The circles and

crosses are defined as in Fig. 3. Also, solid grey lines represent the
arches from the same figure.

As can be seen, the known MGs (listed from selected lit-
erature in Table C.1) are among the peaks with higher coeffi-
cients, consistent with previous samples. Indeed, we confirm 22
previously known objects from Table C.1, including the most
common ones. Regarding those that we do not observe, after
studying each case individually we identify three reasons for
this: i) we detect the MG at a smaller scale (Fig. 3a), for exam-
ple HR 1614 or Hercules I; ii) the over-density is tracing an
elongated feature and, as a consequence, the same structure can
present the peaks at different locations depending on the sam-
ple used, for example Liang17-12 or Antojal2-15; and iii) in the
case of the MG described in Dehnen (1998), their positions were
later determined with higher accuracy and renamed, for example
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Table 3. Groups detected at scale j = 4 (~8—16kms™!).

n. Name Vg Vs Wavelet CL  Pgg Stars Median oyg ~ Median oyy ~ Matches
Gl Hyades 23.0 -2355 7.6575 3 1.00 22422 0.4 0.5 1
G2 Pleiades 2.0 -228.5 5.6147 3 0.58 21524 0.3 0.5 2
G3 Sirius -20.0 -256.5 4.9261 3 1.00 17285 0.3 0.5 1
G4 Coma Berenices -0.5 -246.5 3.0140 3 0.72 19330 0.3 0.5 1
G5 Hercules 11 245 -203.5 2.0481 3 1.00 7602 0.4 0.6 2
G6 Dehnen98-14 -54.0 -227.0 1.5017 3 1.00 6331 0.4 0.5 1
G7 Dehnen98-6 -30.5 -228.0 1.2290 3 1.00 10463 0.3 0.5 2
G8 v Leo -63.5 -253.5 0.5571 3 0.96 3359 0.5 0.4 2
G9 elnd 71.0 -203.0 0.5357 3 1.00 2192 0.6 0.6 1
G10 Liangl7-9 -16.5 -199.0 0.2773 3 1.00 3805 0.2 0.6 1
G11  Antojal2-GCSIII-13 70.0 -250.5 0.1813 3 0.84 1392 0.7 0.4 1
Gl2 GMGI1 66.0 -175.5 0.1510 3 0.98 900 0.7 0.7 0
GI13 GMG2 -6.5 -187.0 0.1266 3 0.52 2672 0.2 0.7 0
Gl14 Antojal2-12 -108.0 -228.5 0.1188 3 1.00 526 0.7 0.5 1
G15 Antojal2-16 106.5 -239.5 0.1119 3 1.00 376 0.9 0.5 1
G16 Bobylev16-22 47,5 -1717.5 0.0928 3 0.66 1260 0.5 0.7 2
Gl17 GMG3 88.5 —174.0 0.0699 3 0.77 428 0.7 0.7 0
G18  nCep (Arct) 36.0 -153.0 0.0596 3 0.89 445 0.5 0.8 1
G19 GMGH4 -50.5 -290.5 0.0553 2 1.00 270 0.5 0.6 0
G20  Antojal2-17 (Arct) -26.0 —149.5 0.0305 2 0.88 291 0.3 0.9 1
G21 GMGS5 -56.0 -176.0 0.0275 1 0.92 452 0.5 0.8 0
G22 GMG6 106.5 -272.0  0.0248 3 0.99 69 1.1 0.6 0
G23 GMG7 —-133.5 -2255 0.0164 1 0.94 86 0.9 0.5 0
G24 GMGS8 129.0 -237.5 0.0155 2 0.98 72 1.0 0.5 0
G25 GMGY 1420 -216.5 0.0131 2 0.96 46 14 0.6 0
G26 GMG10 -75.0 -285.5 0.0120 0 0.83 109 0.6 0.5 0
G27 GMGI11 735 -281.5 0.0110 0 0.88 145 0.7 0.5 0
G28 GMG12 -108.0 -152.0 0.0107 2 0.76 41 0.8 1.0 0
G29 GMGI13 -77.5 -130.0 0.0101 1 0.81 52 0.6 1.0 0
G30 GMG 14 125.,5 -174.5 0.0100 1 0.86 74 1.0 0.7 0
G31 GMGI15 —-125.0 -266.0 0.0092 1 0.97 23 1.0 0.4 0
G32 GMGI16 -23.5 -90.5 0.0084 2 0.91 24 0.5 1.4 0
G33 GMG17 -1.5 -120.0 0.0082 1 0.84 63 0.4 1.1 0
G34 GMGI18 70.5 -92.0 0.0067 2 0.85 19 0.9 1.9 0
G35 GMG19 14.0 -81.5 0.0063 2 0.86 20 0.4 1.1 0
G36 GMG20 122.5 -202.5 0.0060 0 0.86 94 0.9 0.5 0
G37 GMG21 -105.0 -96.0 0.0057 2 0.72 15 1.1 1.6 0
G38 GMG22 -42.0 -118.5 0.0055 0 0.89 53 0.4 1.2 0
G39 GMG23 47.0 -55.5 0.0046 2 0.61 11 0.6 1.1 0
G40 GMG?24 —-126.5 -108.5 0.0040 1 0.81 13 1.0 0.9 0
G41 GMG25 -130.0 -128.0  0.0040 1 0.80 8 0.6 0.9 0
G42 GMG26 475 -=342.0 0.0013 2 0.64 1 2.0 2.2 0
G43 GMG27 -109.0 -339.5 0.0013 2 0.57 1 1.0 1.1 0
G44 GMG28 -56.5 -3225 0.0009 0 0.84 2 1.0 1.1 0

Notes. We ordered the objects by decreasing order of wavelet coefficient (Col. 5), as indicated by the index in Col. 1. For each object, we show
the velocity coordinates of the peak (Cols. 3 and 4), as well as the two significance statistics (see Sect. 3) in Cols. 6 and 7. In addition, Cols. §-10
contain the number of stars inside a circle of diameter 16 km s~! along with the associated median error. To assign a name to each peak, we compare
their position in velocity space with the known MGs we have compiled from selected literature (Table C.1). Since some of the known objects have
been reported by more than one author, the last column informs of how many unique MGs are close to our peak. In cases with more than one
match, the name in Col. 2 is chosen according to the criteria given in Appendix C. We found four cases of multiple-matching. The Pleiades have
another match which is, in fact, a MG from Xia et al. (2015) called “Hyades—Pleiades”. In the case of Hercules II, the other source is Dehnen98-8.
Something similar happens with y Leo, for the second match is Dehnen98-13, and with Dehnen98-6 overlapping with Wolf 630. Finally, we have
a double match between Arifyanto05 and Bobylev16-22, the latter being closer to our peak.

Dehnen98-9 (Hercules IT) or Dehnen98-12 (eInd). Therefore, we
can say that all peaks are confirmed in a certain way>. The most
noticeable differences with previous studies are the wavelet coef-
ficients and peaks at the less dense regions on the velocity plane,

2 Except for NGC 1901 from Dehnen (1998) which is out of the SN
sample (Kos et al. 2018).

which Gaia samples now with significantly better statistics. For
instance, the Bobylev16-22 (G16, or Arifyanto05) appears to be
elongated and matches one of the found arches (A11), plotted in
grey beneath. Its relation to groups II and III from Helmi et al.
(2006), however, is still not clear. Also, Arcturus (associated to
G18 and G20) is very conspicuous, while before it was only
detected in specially selected samples (Williams et al. 2009).
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The larger wavelet coefficients for G18 compared to G20 are
consistent with previous findings that Arcturus has a preferen-
tial positive Vi (negative U). Besides, eInd (G9) appears to be
more connected to Hercules than in previous studies (Liang et al.
2017), and similarly for Liang17-9 (G10). Regarding Hercules,
in contrast with other studies of the SN, we detect a single peak
between the two reported previously (e.g. Antoja et al. 2012;
Bobylev & Bajkova 2016). A further point of interest is the con-
nection between y Leo (G8) and Antojal2-12 (G14), which was
not observed in Antoja et al. (2012), following one of the arches
(A3).

Another change with respect to past work, however, is that
approximately 30 candidates MGs are found, roughly half of
which have CL > 2. The increase in the number of stars and
the decrease in the uncertainties are the main reasons behind this
findings, along with the fact that we are looking for peaks in an
elongated structure (see Sect. 3). A more exhaustive cross-match
with the literature is required to find previously detected groups
among them and their definitive existence needs to be confirmed
since the significance is not high enough. However, four of the
detected groups have CL > 3 (GMGI1-3 and GMG®6), and,
remarkably, we find four (GMG-1 to -4) with strength compara-
ble to that of the known MGs. While some of them may very well
be part of the already recognised kinematic structures (e.g. G12
(GMG1) and G17 (GMG?3) related to Bobylev16-22 and struc-
ture 18 from Kushniruk et al. (2017), or G13 (GMG?2) related
to Liang2017-9, HR 1614 and structure 19 from Kushniruk et al.
(2017)), peak G19 (GMG4) is part of the newly characterised
arch (Al). Finally, we observe three peaks with 1 or 2 stars
(G42—44) as aresult of not applying any arbitrary cut to the num-
ber of stars. These latter peaks appear significant due to their iso-
lation from the rest of the distribution but, in any case, they do
not correspond most likely to any kinematic groups, and there-
fore are of no interest for our study.

5. Exploring other Galactic neighbourhoods

In this section, we focus on the abundant kinematic substruc-
ture that we find in different Galactic neighbourhoods and its
variation with azimuth and radius. For this exploration we used
the 216 subsamples described in Sect. 2 (golden dots in Fig. 1).
Most of our exploration in this section is based on the scale of
8-16kms™' since smaller scales appear noisier in the dis-
tant neighbourhoods for several reasons: the number of stars
decreases as we move away from the Sun, the velocity uncer-
tainties increase, and the velocity dispersion at inner Galactic
radius is larger, effectively decreasing the density of stars in the
velocity plane.

Figure 5 shows the wavelet plane at the scale of 8—16km s~
for a small sample of different Galactic neighbourhoods located
at the the Solar azimuth (¢ = 0 deg) but at different radii,
going from 6.34 (V1) to 10.34kpc (V9). It is not necessary
to move very far, though, to notice changes in the substruc-
ture of the velocity plane. For example, Hercules, located at
Vs ~ —200km s7! in the SN, appears to be shifted to
—220kms~! in V4 and to —190kms~! in V6. In fact, we can
trace this structure from V4 to V7, but in V3 it seems to have
mixed with the central part of the velocity distribution. This shift
is consistent with previous findings (e.g. Antoja et al. 2012) but
now we trace it farther from the Sun than ever before. The same
behaviour, shifting to smaller |Vg4| when increasing R, is also
observed for other structures like Sirius and Hyades. In addi-
tion, a prominent arched structure at V,, ~ —260kms~! and pos-
itive Vg is observed at V6, then more strongly at the V7 and V8
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volumes. At the SN, though, it appears quite weak and only rep-
resented by the two peaks that trace Al from Fig. 3.

The changes of the velocity substructure and especially its
smooth evolution with radius can be better seen in an anima-
tion (Animation 1, see Appendix B) which considers now the
51 neighbourhoods at different radii extending in R from ~6 kpc
to ~11 kpc at steps of 100 pc. In this animation, the downwards
movement of the different kinematic structures when increasing
distance from the GC can be perfectly followed as continuous
passages of kinematic waves. The equivalent animations at the
scales of 4-8 (Animation 2) and 16-32kms~! (Animation 3)
show a similar evolution.

To quantify the changes in the velocity distribution with
Galactocentric radius, we collected all peaks detected in the WT
at scale j = 4 with CL > 2 in the 51 different volumes presented
in Sect. 2, and plotted their V; as a function of R in Fig. 6, colour-
coding the symbols according to radial velocity. With the help of
the colour code, we associated all peaks that seemed to follow
a common trend (both in V4 and Vg) and linked them with a
continuous solid black line, each labelled with a number. While
this association of peaks may seem rather subjective, the conti-
nuity in most of the cases is beyond doubt. A simple inspection
of this figure reveals a wide variety of peaks forming a general
trend downwards, consistent with a decreasing |Vy| with R as
mentioned above. The expected uncertainties in the location of
the peaks along the vertical axis are negligible in front of the
variations observed®. We note that lines span a wide range of
Galactocentric radii, meaning that the peaks at the SN have their
counterparts in many other Galactic neighbourhoods, but at a
different azimuthal velocity. Table 4 lists all the prominent lines
in Fig. 6 where we also indicate the name of the kinematic arch
or group that could be linked to each line, based on the peaks
found at Solar radius (marked with squares instead of circles).
Moreover, we used a linear regression to estimate the slope of
the line, along with its associated uncertainty* (penultimate col-
umn in Table 4). Overall, excluding those lines that deviate from
the main trend (L1, 21, 22, 26), we observe a mean slope of
23+2kms ' kpc™!, in good agreement with the estimation by
Quillen et al. (2018b).

By inspecting Table 4, we note some scatter in the measured
slopes. Along with Fig. 6, we see that there seems to be two
different behaviours in the slope of the most prominent lines:
L5 and L9 have slopes of ~25kms~! kpc™!, while L3, 10, 24,
and 25 have smaller slopes between 10 and 20kms~' kpc~.
Developing on this, since the resonant effects of the bar and
spiral arms are expected to create kinematic substructures® that,

3 Even though the algorithm we use does not return an error associated
to the location of the peak, this can be approximated by the error on the
mean velocity of the N stars composing each group: we take the maxi-
mum between their standard deviation and their uncertainty in velocity,
and then divide by the square root of N. These errors are between 0.04
and 1.06kms™! for 80% of the peaks in the SN and between ~0.3 and
5.0kms™! on average for neighbourhoods at 1 kpc from the Sun, with
the low |V, region of the velocity plane being dominated by the larger
errors.

4 1In this calculation, the individual uncertainties of each peak have not
been taken into account.

> As Dehnen (2000) showed, gaps in the velocity distribution are eas-
ier to dynamically associate with resonances. Peaks on the other hand
tend to be more unstable (Minchev et al. 2010). Nonetheless, those gaps
naturally enhance the over-densities at each side of the separatrix and,
as a consequence, the peaks approximately follow the gaps, which is in
line with our focus on the peaks.
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Fig. 5. Wavelet planes of different Galactic neighbourhoods along the zero-azimuth line. Panels a—i: correspond to the volumes V1-V9 described
in Table 1. We show the coefficients in a common colour bar with the significant peaks superposed and contours in the same manner as in Fig. 2.
We notice the change in colour caused by the difference in number of stars of each subsample. Also, for the SN sample, the most crowded regions

of the plane saturate (cf. Fig. 4).

to first order approximation and for small epicyclic amplitudes,
have an almost constant vertical angular momentum Ly = RV
(Sellwood 2010; Quillen et al. 2018b); we over-plot lines of
constant Ly (dashed grey lines) in Fig. 6. As a result, we see
how L5 and L9 follow rather well the lines of constant L,
while other lines such as L3 and L10 do not. Moreover, the
colour of the peaks reveals variations in radial velocity, which
is one of the perquisites of using the WT compared to a direct
plot of V4 against R. For most of the lines, this gradient (or
oscillation in some cases) might be related to noise but, as we
shall see in the discussion, for some cases like Hercules, this

extra information can help us understand the origin of such
structure.

Focusing now on individual structures that traverse the Solar
radius, L3 (Sirius) is the line with the largest reach, extending
from R ~ 7.5 to R ~ 11kpc. Other groups with large extensions
are Hyades (L6), Dehnen98-6, and Dehnen98-14 (respectively,
L7 and L8) or Hercules (L9). Next to Hercules in the SN, is
the MG Liang17-9 (one of the several peaks linked to A9), rep-
resented here by L10. The evolution of this group with radius
differs significantly from that of Hercules, suggesting that these
two substructures are different entities, with a different origin.
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Fig. 6. Evolution of the rotation velocity of the kinematic substructures as a function of the radius. From all the peaks at the 51 volumes along
the Sun-GC line, only significant peaks according to Poisson (CL > 2) with radial velocities in the range [+60,—60] km s~! were considered. The
peaks detected at Solar radius (8.34 kpc) are shown as squares; the remaining peaks are shown as circles, linked together through solid black lines
when observed to belong to the same structure (except for L13, see text). The dashed grey lines correspond to constant angular momentum tracks.

Finally, below those two structures, we have Arcturus which, as
can be seen, has been split into two lines, L13a and L13b. This
is because the elongated nature of this structure, as already men-
tioned, makes our algorithm detect the two ends of the structure
separately. We notice that, even though we detected Pleiades at
SN, we do not observe any continuity with radius for this group
since its relation with L25 or L7 is unclear.

We also find clear lines that do not cross the Solar radius, that
is, new peaks that are detected only in extrasolar volumes. The
clearest examples in outer Galactic neighbourhoods are L15-17,
which correspond to the prominent arch observed in panels g and
h of Fig. 5. Their connection with L2 is only truncated at two vol-
umes, yet is traceable in Fig. 5, and the splitting can be explained
using the same argument as for Arcturus. Referring to L14 and
L18, there is no clear link to any of the structures detected at
SN, and nonetheless they evolve similarly to the lines between
them. There are also prominent new structures at inner radii such
as L23 or L24, which could be associated, by visual inspection
of the animation (Animation 1), to Sirius and Hyades, respec-
tively, and L25 which presents a significantly smaller slope and
does not cross the Solar radius. Finally, there are other structures
with smaller extension in R, such as L1, L19 to 22, and L26,
which show some continuity, meaning they are unlikely to be
sporadic peaks. They are present, however, in a small range of
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R and depict different shapes and trends compared to the promi-
nent lines.

Changing to the variations along azimuth, Fig. 7 shows four
different wavelet planes at scale j = 4, corresponding to the vol-
umes centred at ¢ = 10.5, 4.5, —4.5, —10.5deg. As in previ-
ous works (Antoja et al. 2012), we do not see much variation,
with only more subtle changes in the substructure compared to
their evolution with R. We do observe a drift of Hercules, which
moves to higher |V,| and becomes more prominent when increas-
ing ¢. There is also a structure that at V13 appears as a sin-
gle, almost isolated peak around V, ~ —230, Vg ~ —40km s L
which corresponds to the mixture of Dehnen98-6 and Dehnen98-
14, that for negative azimuth gains strength and forms an elon-
gated structure.

In an analogous way to Fig. 6, in Fig. 8 we now plot V4
against ¢ of the peaks found in each of the 21 different Galac-
tic neighbourhoods that cover different azimuths ¢, for three
different radii. Focusing on the middle panel, corresponding to
the Solar radius, we confirm that most of the structures do not
present significant variation with ¢, except for L5 and L9 cor-
responding to Hyades and Hercules, respectively. The varia-
tion in azimuthal velocity in these cases is of about 13kms™!
in 30deg, or equivalently, ~0.43kms~' deg™!, which at Solar
radius means ~3kms~' kpc™!, and is thus much smaller than
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Fig. 8. Evolution of the rotation velocity as a function of azimuth. Here,
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we show the peaks of the 63 volumes (21 at each radius) that fulfil the

same conditions of Fig. 6. The central panel corresponds to the exploration at the Solar radius, while in the left panel we explore an outer radius

and on the right we show the results for an inner radius.

the average 23kms~' kpc™! in the radial direction. As for the

variations in radial velocity revealed by the colours, we see
a slight shift of the peak towards larger positive Vi at ¢ =
7.5 deg for Hercules. In contrast, Sirius (L3) remains relatively
unchanged.

In the left and right panels of Fig. 8, we show the azimuthal
evolution in two different radii, where we see all peaks moving

to larger or smaller Vi, in agreement with previous figures. In

panel (a), corresponding to outer radius, at Vs ~ —175km s71,

the slope of Hercules with azimuth is still appreciable. In the
same panel, among all the peaks at ¢ > 7.5°, we distinguish
a new feature at ~—205kms~!, worth investigating because
it seems to be related to Dehnen98-14 when inspecting the
animations.

6. Discussion

Although other studies have proposed links of rounded kine-
matic groups in the shape of a few diagonal branches
(Skuljan et al. 1999; Antoja et al. 2008), ripple-like structures
(Xiaetal. 2015) or elongations (Kushniruk et al. 2017), the
arched distribution depicted by the WT of the Gaia data is radi-
cally distinctive and clear.

Arches of almost constant energy. We have seen that some
arches appearing in the SN velocity distribution have roughly the
same kinetic energy at all its points in the velocity plane. This
matches the models of Minchev et al. (2009) and Gémez et al.
(2012) who showed how a phase-mixing process after a
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perturbation of the potential, possibly due to a satellite passage,
naturally leads to arches in the velocity plane of nearly constant
energy.

Instead, some other arches that we detect do not follow lines
of constant energy and are not symmetric in their Galactocen-
tric radial velocity. In these lines, Antoja et al. (2009) showed
with simulations that a barred potential acting on a disk suffering
from phase mixing will make the arches deviate from symmetry.
Also, a non-axisymmetric potential (i.e. with bar and/or spiral
arms) by itself can create similar arches not centred with respect
to the Galactocentric radial velocity. For instance, the studies by
Fux (2001), Quillen & Minchev (2005), Antoja (2010), Monari
(2014) and Hattori et al. (2018) demonstrated that periodic orbits
in the velocity plane have mostly an elongated locus with a
peculiar arched shape. Nevertheless, while these are mostly the-
oretical studies analysing the regularity of the orbits, simula-
tions of orbit integrations with realistic phase space distributions
fail to distinctively populate many of these arches with particles
(e.g. Antoja et al. 2011; Hattori et al. 2018), especially for spiral
arms. Instead, some simulations with bars show few yet clear
overdensities (and gaps) in the shape of arches (e.g. Dehnen
2000; Fux 2001). Quillen et al. (2011, 2018a) observed arches
in the velocity distribution varying with position in the galaxy,
which they attributed to the spiral arms.

Decrease of |V,| with R. We also note that most of the peaks
detected by the WT decrease their azimuthal velocity with
Galactocentric radius, that is, they have a negative %- Since
the peaks that we detect are overdensities in phase space, their
change in R is consistent with the diagonal ridges found in
the R—V, projection of the recent study by Antoja et al. (2018;
their Fig. 3). We also confirm the large gradient measured by
Quillen et al. (2018b) in the velocity of the peaks, and the exten-
sion of some of them hinted by their study. Moreover, we find
that the change in R of some of the peaks, such as Hercules
and Hyades for example, is consistent with them being struc-
tures of roughly constant angular momentum (L), i.e. follow-
ing lines of constant Lz in the R—Vj plane, in contrast to, for
instance, Sirius. This is to be expected in a resonance (Sellwood
2010; Quillen et al. 2018b) since resonant features are composed
of stars following similar orbits (roughly the same eccentricity)
but at different amplitudes and phases. Given that not all of the
arches found in the velocity plane of the SN evolve in the same
manner, this could indicate that some are due to resonances and
some to a phase-mixing event. In turn, this would reduce the
number of phase-mixing “waves” and, thus, increase their veloc-
ity separation. A larger separation would reduce the estimated
time of perturbation of ~2 Gyr in Minchev et al. (2009), poten-
tially reconciling their assessment and the one by Antoja et al.
(2018) from the curling of the “snail shell” in the vertical pro-
jection of phase space.

The Hercules stream. Other authors have observed a correla-
tion between the azimuthal velocity of Hercules and R, which
was used in Antoja et al. (2014) and Monari et al. (2017) to con-
strain the pattern speed of the bar. Our analysis returns a slope
in the V,,—R plane for Hercules of 26.5 + 0.2 kms™" kpc™!, com-
patible with those studies. Nonetheless, we traced this trend for
~2kpc as opposed to the ~0.6 kpc from previous studies. Addi-
tionally, we observe changes in the radial velocity Vg of Hercules
with Galactocentric distance and azimuth, which varies from
~0kms~! (R ~ 7.5kpc) to ~40kms~! (R ~ 9 kpc). This gradient
is in agreement with the behaviour predicted by Dehnen (2000),
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where a structure caused by the OLR of the bar evolves from zero
radial velocity towards smaller |V and positive Vi with increas-
ing radius. This model also predicts an increase of the azimuthal
velocity with ¢, which we also observe in the Gaia data. There-
fore, assuming that the gap between L5 and L9 in Fig. 6 is caused
by the OLR, a direct application of Eq. (6) from Quillen et al.
(2018b) using the average L; of Hercules and Hyades yields a
rough estimate of the bar pattern speed of Q;, ~ 54kms~' kpc~'.
In contrast, Hunt & Bovy (2018) recently explained the Hercules
MG with the 4:1 OLR of a slow bar. We note that the elongated
feature in their Fig. 7 could also explain some of the arches that
we found in the upper part of the velocity distribution. In par-
allel, Hattori et al. (2018) explored different models and, to our
knowledge, the one that best reproduces the curvature of the gap
above Hercules is their fast-bar-only. Moreover, their exploration
of where in the disk the bi-modality is observed (their Fig. A.2)
is more consistent with our azimuthal exploration in the case of
their fast-bar-only model: both data and model show an increase
of strength in Hercules with positive azimuths. Bienaymé (2018)
also studied the evolution of Hercules in different Galactic neigh-
bourhoods, but in this case our range of exploration does not
allow for a comparison of the key features in his simulations. In
any case, further study of the Hercules structure is necessary to
settle the debate over its origin and the controversy of the bar
being slow or fast, first explored by Pérez-Villegas et al. (2017).

Other kinematic substructures. Another structure with unclear
origin is Arcturus, which has been linked to accreted stars from
a satellite Galaxy (Navarro et al. 2004) but also to a resonance
of the bar (Williams et al. 2009; Antoja et al. 2009). Here we
observe that Arcturus evolves with R similarly to Hercules,
pointing to a dynamical origin. We also observed other peaks that
show a distinct evolution with R compared to the main groups,
that is, flat, oscillating, or even increasing V. Most of these have
low angular momentum and therefore could have a different ori-
gin, perhaps related to accreted structures or groups in the nearby
halo (Helmi et al. 1999; Koppelman et al. 2018), although their
significance needs to be explored further. Finally, we recre-
ated Figs. 6 and 8 using Bayesian distances from McMillan
(2018) and observed that the differences were negligible, except
for lines 21, 22, and 26 (see Table 4). With this sample we
could not reconstruct any of the three, suggesting a spurious
nature.

Potential biases. As can be appreciated from the strips in
Fig. 1, our sample is affected by extinction. This erases the
density oscillations expected in configuration space as a conse-
quence of the conservation of number of stars and the collision-
less Boltzmann equation, if we neglect minor effects from stel-
lar birth and evolution (see this idea developed in Quillen et al.
2018b). Apart from that, as mentioned in Sect. 2, our sample
is more and more dominated by giants as we move away from
the Sun. Therefore, the mean age of the population can change
when increasing heliocentric distances and, accordingly, our data
may suffer a change in the mean velocity dispersion that can
influence the detected structures in the kinematic space. In both
cases, our velocity distribution could be altered, yet further work
is required to fully quantify these effects.

Improvements over previous work. Previous studies with
orders-of-magnitude less stars used the WT to reveal substruc-
ture in the SN that we now see by eye in the histogram
(Antoja et al. 2008; Bobylev & Bajkova 2016; Kushniruk et al.
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Table 4. Lines marked in Fig. 6.

n. Name Arch Group Points Slope r

L1 G42 4 -9.0+2.1 -0.95
L2 Archl Al GI19 3 25.0+0.0 1.00
L3  Sirius A4 G3 32 192+04 0.99
L4  Coma Berenices A5 G4 4 13.0+0.7 1.00
L5 Hyades A7 Gl 20 249+05 1.00
L6 4 33.5+09 1.00
L7  Dehnen98-6 A5  G7 9 13.3+22 092
L8 Dehnen98-14 A6 G6 16 20.0+0.7 0.99
L9  Hercules II A9 G5 15 265+02 1.00
L10 Liangl7-9 A9 GI0 15 143+0.5 0.99
L11 HR1614 Al10 GI13 4 19.0+2.1 0.99
L12 Bobylevi6-22 All Gl16 5 31.0£2.7 0.99
L13a Arcturus Al2 7 298+1.5 0.99
L13b Arcturus Al2 5 329+34 098
L14 8 302+52 092
L15 5 22.5+1.7 0.99
L16 20 22.0+04 1.00
L17 24 234+08 099
L18 12 31.0+1.8 098
L19 5 6.0+19 0.88
L20 5 320+1.2 1.00
L21 4  -14.0+59 -0.86
L22 6 -8.5+2.5 -0.86
L23 8 314+2.0 0.99
L24 11 10.0+1.3 0.93
L25 8 79+12 092
L26 6 -204+6.8 —0.83

Notes. The first column contains the label of the Line, while the sec-
ond refers to the name of the structure at Solar radius (if possible).
Subsequently, Cols. 3 and 4 contain the Arches (Table 2) and Groups
(Table 3) corresponding to the peak at Solar radius of the Line. The last
three columns characterise the lines by, respectively, their number of
points, the slope (kms~! kpc™') obtained from the linear regression and
the corresponding correlation coefficient, r.

2017), making it clear that this transformation is useful in terms
of detecting the substructure hidden in a poorly populated his-
togram. In consequence, this allows us to explore the Gaia
data in depth. This exploration is inspired by, but unquestion-
ably improves over, previous ones such as Antoja et al. (2012,
2014), who focused mostly on Hercules and for a short range
of R, and Quillen et al. (2018b), who explored mostly changes
in Galactic longitude but at very close distances. In comparison
with other analyses (e.g. Monari et al. 2017; Antoja et al. 2018;
Kawata et al. 2018), we decompose each sub-sample indepen-
dently with the WT which grants us the sensitivity necessary to
explore the farthest neighbourhoods and allows us to detect more
and better defined ridges. Also, it introduces a third variable
(Vg), which in the case of Monari et al. (2017) is done through
cuts in the data at the cost of reducing the number of stars.

7. Conclusions

We have studied the velocity plane in cylindrical coordinates for
a Gaia sample of stars with six-dimensional phase space coor-
dinates both in the SN, with 435801 stars, and other Galactic
neighbourhoods up to Heliocentric distances of ~2.5 kpc. With
the unprecedented number of stars and the small uncertainties in

the observables, with median velocity errors of 6y < 1km s~

in the vicinity of the Sun and <3kms™! for the rest of vol-
umes, the kinematic substructures unveiled by the WT show a
remarkable sharpness. We have characterised these structures,
and followed their evolution with Galactocentric radius and
azimuth.

The WT reveals conspicuous, thin kinematic arches with var-
ious morphologies that were not observed prior to Gaia due to
resolution limitations. We find at least six long arches in the
SN with a nearly constant azimuthal velocity and wide range of
radial Galactocentric velocities, plus six additional shorter seg-
ments of arch. Based on the scale in the WT where they are
better detected, we find that they have a width of 2-8 km s~
Thanks to the superb isotropy of the Gaia survey and the capa-
bilities of the WT for unveiling structures, the exploration of the
substructure in the velocity distribution can now be carried out
in many different Galactic neighbourhoods, that is in all direc-
tions and spanning an astonishing range of 5 kpc in Galactocen-
tric distance. In our analysis, we see that the azimuthal velocity
of the peaks detected changes strongly with Galactocentric dis-
tance at an average rate of ~23kms~! kpc™'. We also see clear
differences in their radial range, as some structures rapidly fade,
while others can be identified in Galactic neighbourhoods 3 kpc
apart. When explored as a function of Galactic azimuthal angle,
most of the substructures remain constant and some present lit-
tle change of the order of 3kms~' kpc™!, an order of magni-
tude smaller than the changes in Galactic radius. This is quali-
tatively in agreement with expectations from models of resonant
structures (Antoja et al. 2011; Quillen et al. 2011) and of phase
mixing (Gémez et al. 2012). Also, and although we can only
explore a small portion of the MW, our results are in line with the
findings of, for example, Quillen et al. (2011) and Hattori et al.
(2018), who proposed, based on their simulations, the existence
of streaks and gaps in the velocity distribution throughout the
entire Galaxy. Overall, when looking at the evolution of the
velocity plane, most of the structures shift in the vertical axis
(Vy) at a similar rate, producing the illusion that we are indeed
riding kinematic waves in the MW disk.

With the fine characterisation of the arches and ridges done
in this work, we see that some of the kinematic substructures
follow lines of nearly constant energy at a given volume and
could be related to phase-mixing processes (Minchev et al. 2009;
Gomez et al. 2012) induced, for example, by the close passage
of the satellite dwarf. These coincide with the structures show-
ing less variations in azimuthal angle, like Sirius. Others, such
as Hyades or Hercules, seem to follow lines of constant angu-
lar momentum, similar to what is expected in case of resonant
kinematic substructure (Sellwood 2010; Quillen et al. 2018b)
induced by the bar and/or the spiral arms of our Galaxy, and
also show variations with azimuthal angle. We could therefore
be witnessing several mechanisms acting on the disk, as recently
suggested in Antoja et al. (2018), who compared the ridges with
different toy models of phase mixing and resonances, and in
Trick et al. (2018) in their study of the Gaia data in action space.
Here we provide additional evidence of the different dynamical
characteristics of the kinematic substructures and a tentative way
to differentiate between structures of different origin.

We have also shown the evolution of V, for Hercules both
with radius and azimuth, which is consistent with the OLR mod-
els of the Galactic bar, reaching distances of ~1kpc from the
Sun in each direction. Moreover, we have quantified the changes
in radial velocity, for the first time, at each volume along both
directions. The trends seen remain consistent with the predic-
tions for a fast bar. Our exploration has lead also to the first

A72, page 13 of 18



A&A 619, A72 (2018)

unambiguous extrasolar kinematic structures, that is, MGs and
arches not observed (or very weak) at Solar radius. Some of
these new substructures follow similar trends with Galactocen-
tric radius and azimuth as the substructure crossing the local vol-
ume, whereas others evolve distinctively.

The Gaia mission has still some years ahead to deliver even
better data, yet with the results already available it is an exciting
time for both observational and theoretical research on Galactic
dynamics. As an example, the structures analysed in this work
and their evolution can be used to experiment with numerical and
theoretical models in the context of coexisting and interacting
dynamical processes.

Acknowledgements. 'We would like to thank the referee for hers/his comments
and knowledge on Galactic dynamics, for it has been very enriching. This work
has made use of data from the European Space Agency (ESA) mission Gaia
(https://www.cosmos.esa.int/gaia), processed by the Gaia Data Pro-
cessing and Analysis Consortium (DPAC, https://www.cosmos.esa.int/
web/gaia/dpac/consortium). Funding for the DPAC has been provided by
national institutions, in particular the institutions participating in the Gaia Mul-
tilateral Agreement. This project has received funding from the University of
Barcelona’s official doctoral program for the development of a R+D+i project
under the APIF grant and from the European Union’s Horizon 2020 research
and innovation programme under the Marie Sktodowska-Curie grant agree-
ment No. 745617. This work was supported by the MINECO (Spanish Ministry
of Economy) through grants ESP2016-80079-C2-1-R (MINECO/FEDER, UE)
and ESP2014-55996-C2-1-R (MINECO/FEDER, UE) and MDM-2014-0369 of
ICCUB (Unidad de Excelencia “Maria de Maeztu”).

References

Antoja, T. 2010, PhD Thesis, Universitat de Barcelona

Antoja, T., Figueras, F., Ferndndez, D., & Torra, J. 2008, A&A, 490, 135

Antoja, T., Valenzuela, O., Pichardo, B., et al. 2009, ApJ, 700, L78

Antoja, T., Figueras, F., Romero-Gémez, M., et al. 2011, MNRAS, 418, 1423

Antoja, T., Helmi, A., Bienayme, O., et al. 2012, MNRAS, 426, L1

Antoja, T., Helmi, A., Dehnen, W., et al. 2014, A&A, 563, A60

Antoja, T., Mateu, C., Aguilar, L., et al. 2015, MNRAS, 453, 541

Antoja, T., Helmi, A., & Romero-Gomez, M. 2018, Nature, 561, 360

Arenou, F. 1999, in Harmonizing Cosmic Distance Scales in a Post-Hipparcos
Era, eds. D. Egret, & A. Heck, ASP Conf. Ser., 167, 13

Astraatmadja, T. L., & Bailer-Jones, C. A. L. 2016, ApJ, 833, 119

Bailer-Jones, C. A. L. 2015, PASP, 127, 994

Bienaymé, O. 2018, A&A, 612, A75

Binney, J., Gerhard, O., & Spergel, D. 1997, MNRAS, 288, 365

Bobylev, V. V., & Bajkova, A. T. 2016, Astron. Lett., 42, 90

Bovy, J. 2010, AplJ, 725, 1676

Brown, A. G. A., Arenou, F.,, van Leeuwen, F., Lindegren, L., & Bernacca, P. L.
1997, in Hipparcos — Venice’97, eds. R. M. Bonnet, E. Hag, P. L. Bernacca
et al., ESA SP, 402, 63

Cui, X.-Q., Zhao, Y.-H., Chu, Y.-Q., et al. 2012, Res. Astron. Astrophys., 12,
1197

De Silva, G. M., Freeman, K. C., Bland-Hawthorn, J., et al. 2015, MNRAS, 449,
2604

Dehnen, W. 1998, AJ, 115, 2384

Dehnen, W. 1999, AJ, 118, 1190

Dehnen, W. 2000, AJ, 119, 800

A72, page 14 of 18

Eggen, O.J. 1996, AJ, 112, 1595

Famaey, B., Jorissen, A., Luri, X., et al. 2005, A&A, 430, 165

Fux, R. 2001, A&A, 373, 511

Gaia Collaboration (Brown, A. G. A., et al.) 2016a, A&A, 595, A2

Gaia Collaboration (Prusti, T., et al.) 2016b, A&A, 595, Al

Gaia Collaboration (Brown, A. G. A., et al.) 2018a, A&A, 616, Al

Gaia Collaboration (Katz, D., et al.) 2018b, A&A, 616, A1l

Gomez, F. A., Minchey, 1., Villalobos, A., O’Shea, B. W., & Williams, M. E. K.
2012, MNRAS, 419, 2163

Hattori, K., Gouda, N., & Yano,
[arXiv:1804.01920]

Helmi, A., White, S. D. M., de Zeeuw, P. T., & Zhao, H. 1999, Nature, 402, 53

Helmi, A., Navarro, J. F., Nordstrom, B., et al. 2006, MNRAS, 365, 1309

Hunt, J. A. S., & Bovy, J. 2018, MNRAS, 477, 3945

Hunt, J. A. S, Bovy, J., Pérez-Villegas, A., et al. 2018, MNRAS, 474, 95

Katz, D., Sartoretti, P., & Cropper, M. 2018, A&A, submitted
[arXiv:1804.09372]

Kawata, D., Baba, J., Ciuca, 1., et al. 2018, MNRAS, 479, L108

Koppelman, H., Helmi, A., & Veljanoski, J. 2018, ApJ, 860, L11

Kos, J., de Silva, G., Buder, S., et al. 2018, MNRAS, 480, 5242

Kushniruk, I., Schirmer, T., & Bensby, T. 2017, A&A, 608, A73

Liang, X. L., Zhao, J. K., Oswalt, T. D., et al. 2017, ApJ, 844, 152

Luri, X., Brown, A. G. A., Sarro, L. M., et al. 2018, A&A, 616, A9

Majewski, S. R., Schiavon, R. P., Frinchaboy, P. M., et al. 2017, AJ, 154, 94

McMillan, P. J. 2013, MNRAS, 430, 3276

McMillan, P. J. 2018, Res. Notes Am. Astron. Soc., 2, 51

Mincheyv, 1., Quillen, A. C., Williams, M., et al. 2009, MNRAS, 396, L56

Mincheyv, L., Boily, C., Siebert, A., & Bienayme, O. 2010, MNRAS, 407, 2122

Monari, G. 2014, PhD Thesis, Rijksuniversiteit Groningen

Monari, G., Kawata, D., Hunt, J. A. S., & Famaey, B. 2017, MNRAS, 466,
L113

Monari, G., Famaey, B., Minchey, L., et al. 2018, Res. Notes Am. Astron. Soc.,
2,32

Navarro, J. F., Helmi, A., & Freeman, K. C. 2004, ApJ, 601, L43

Pecaut, M. J., & Mamajek, E. E. 2013, ApJS, 208, 9

Pérez-Villegas, A., Portail, M., Wegg, C., & Gerhard, O. 2017, ApJ, 840, L2

Quillen, A. C., & Minchey, 1. 2005, AJ, 130, 576

Quillen, A. C., Dougherty, J., Bagley, M. B., Minchev, 1., & Comparetta, J. 2011,
MNRAS, 417, 762

Quillen, A. C., Carrillo, I., Anders, F., et al. 2018a, MNRAS, 480, 3132

Quillen, A. C., De Silva, G., Sharma, S., et al. 2018b, MNRAS, 478, 228

Reid, M. J., Menten, K. M., Brunthaler, A., et al. 2014, ApJ, 783, 130

Schonrich, R., Binney, J., & Dehnen, W. 2010, MNRAS, 403, 1829

Sellwood, J. A. 2010, MNRAS, 409, 145

Skuljan, J., Hearnshaw, J. B., & Cottrell, P. L. 1999, MNRAS, 308, 731

Slezak, E., de Lapparent, V., & Bijaoui, A. 1993, ApJ, 409, 517

Starck, J.-L., Murtagh, F. D., & Bijaoui, A. 1998, Image Processing and Data
Analysis, 297

Starck, J.-L., & Murtagh, F. 2002, Astronomical Image and Data Analysis
(Berlin: Springer)

Steinmetz, M., Zwitter, T., Siebert, A., et al. 2006, AJ, 132, 1645

Trick, W. H., Coronado, J., & Rix, H. 2018, MNRAS,
[arXiv:1805.03653]

van der Walt, S., Schonberger, J. L., The Scikit-image Contributors, et al. 2014,
Peer], 2, €453

Williams, M. E. K., Freeman, K. C., Helmi, A., & The RAVE Collaboration
2009, in IAU Symposium, eds. J. Andersen, J. Bland-Hawthorn, & B.
Nordstrom 254, 139

Wilson, G. A. 1990, PhD Thesis, Kinematic and Observational Studies of Stellar
Streams

Xia, Q., Liu, C., Xu, Y., et al. 2015, MNRAS, 447, 2367

T. 2018, MNRAS, submitted

submitted


https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.cosmos.esa.int/web/gaia/dpac/consortium
http://linker.aanda.org/10.1051/0004-6361/201833494/2
http://linker.aanda.org/10.1051/0004-6361/201833494/3
http://linker.aanda.org/10.1051/0004-6361/201833494/4
http://linker.aanda.org/10.1051/0004-6361/201833494/5
http://linker.aanda.org/10.1051/0004-6361/201833494/6
http://linker.aanda.org/10.1051/0004-6361/201833494/7
http://linker.aanda.org/10.1051/0004-6361/201833494/8
http://linker.aanda.org/10.1051/0004-6361/201833494/9
http://linker.aanda.org/10.1051/0004-6361/201833494/10
http://linker.aanda.org/10.1051/0004-6361/201833494/11
http://linker.aanda.org/10.1051/0004-6361/201833494/12
http://linker.aanda.org/10.1051/0004-6361/201833494/13
http://linker.aanda.org/10.1051/0004-6361/201833494/14
http://linker.aanda.org/10.1051/0004-6361/201833494/15
http://linker.aanda.org/10.1051/0004-6361/201833494/16
http://linker.aanda.org/10.1051/0004-6361/201833494/17
http://linker.aanda.org/10.1051/0004-6361/201833494/17
http://linker.aanda.org/10.1051/0004-6361/201833494/18
http://linker.aanda.org/10.1051/0004-6361/201833494/18
http://linker.aanda.org/10.1051/0004-6361/201833494/19
http://linker.aanda.org/10.1051/0004-6361/201833494/20
http://linker.aanda.org/10.1051/0004-6361/201833494/21
http://linker.aanda.org/10.1051/0004-6361/201833494/22
http://linker.aanda.org/10.1051/0004-6361/201833494/23
http://linker.aanda.org/10.1051/0004-6361/201833494/24
http://linker.aanda.org/10.1051/0004-6361/201833494/25
http://linker.aanda.org/10.1051/0004-6361/201833494/26
http://linker.aanda.org/10.1051/0004-6361/201833494/27
http://linker.aanda.org/10.1051/0004-6361/201833494/28
http://linker.aanda.org/10.1051/0004-6361/201833494/29
http://linker.aanda.org/10.1051/0004-6361/201833494/30
http://arxiv.org/abs/1804.01920
http://linker.aanda.org/10.1051/0004-6361/201833494/31
http://linker.aanda.org/10.1051/0004-6361/201833494/32
http://linker.aanda.org/10.1051/0004-6361/201833494/33
http://linker.aanda.org/10.1051/0004-6361/201833494/34
http://linker.aanda.org/10.1051/0004-6361/201833494/35
http://arxiv.org/abs/1804.09372
http://linker.aanda.org/10.1051/0004-6361/201833494/36
http://linker.aanda.org/10.1051/0004-6361/201833494/37
http://linker.aanda.org/10.1051/0004-6361/201833494/38
http://linker.aanda.org/10.1051/0004-6361/201833494/39
http://linker.aanda.org/10.1051/0004-6361/201833494/40
http://linker.aanda.org/10.1051/0004-6361/201833494/41
http://linker.aanda.org/10.1051/0004-6361/201833494/42
http://linker.aanda.org/10.1051/0004-6361/201833494/43
http://linker.aanda.org/10.1051/0004-6361/201833494/44
http://linker.aanda.org/10.1051/0004-6361/201833494/45
http://linker.aanda.org/10.1051/0004-6361/201833494/46
http://linker.aanda.org/10.1051/0004-6361/201833494/48
http://linker.aanda.org/10.1051/0004-6361/201833494/48
http://linker.aanda.org/10.1051/0004-6361/201833494/49
http://linker.aanda.org/10.1051/0004-6361/201833494/49
http://linker.aanda.org/10.1051/0004-6361/201833494/50
http://linker.aanda.org/10.1051/0004-6361/201833494/51
http://linker.aanda.org/10.1051/0004-6361/201833494/52
http://linker.aanda.org/10.1051/0004-6361/201833494/53
http://linker.aanda.org/10.1051/0004-6361/201833494/54
http://linker.aanda.org/10.1051/0004-6361/201833494/55
http://linker.aanda.org/10.1051/0004-6361/201833494/56
http://linker.aanda.org/10.1051/0004-6361/201833494/57
http://linker.aanda.org/10.1051/0004-6361/201833494/58
http://linker.aanda.org/10.1051/0004-6361/201833494/59
http://linker.aanda.org/10.1051/0004-6361/201833494/60
http://linker.aanda.org/10.1051/0004-6361/201833494/61
http://linker.aanda.org/10.1051/0004-6361/201833494/62
http://linker.aanda.org/10.1051/0004-6361/201833494/62
http://linker.aanda.org/10.1051/0004-6361/201833494/63
http://linker.aanda.org/10.1051/0004-6361/201833494/63
http://linker.aanda.org/10.1051/0004-6361/201833494/64
http://linker.aanda.org/10.1051/0004-6361/201833494/65
http://arxiv.org/abs/1805.03653
http://linker.aanda.org/10.1051/0004-6361/201833494/66
http://linker.aanda.org/10.1051/0004-6361/201833494/67
http://linker.aanda.org/10.1051/0004-6361/201833494/67
http://linker.aanda.org/10.1051/0004-6361/201833494/69

P. Ramos et al.: Riding the kinematic waves in the Milky Way disk with Gaia

Appendix A: The proper use of parallaxes

Here we briefly discuss the recommendations given on the use
of the Gaia parallaxes. For a more detailed study, we refer the
reader to Luri et al. (2018). The problem of inverting the par-
allax is that it generates an asymmetric and biased distribution
of probability for the true distance given the evidence (observa-
tions). In other words, the most probable distance is not the true
distance of the star. Therefore, using summary statistics like, for
instance, the mode or the mean, causes a bias in the distances
derived for each star. Moreover, the simple 1/@, which in a
Bayesian context is equivalent to select the most likely value
given a uniform prior, has been shown to be a relatively poor
estimator (Brown et al. 1997; Arenou & Luri 1999; Luri et al.
2018). In addition, as shown in Luri et al. (2018), cutting in par-
allax relative error, o /@ is actually far from beneficial; it can
introduce an even deeper bias depending on the characteristics of
the sample. In contrast, the recommendation given by the Gaia
team is to work fully Bayesian, that is, not to use summary statis-
tics and, instead, drag the Posterior probability distributions up
to the quantities of interest. In this context, the results will not be
a value anymore, but a whole probability density function filled
with information. In general, though, it is enough to use the sim-
ple and biased estimator 1/w to explore the data, always taking
into account the effects it can introduce if the sample is not very
close to the Sun and has large uncertainties.

Our sample, as described in Sect. 2, is for the most part
made up of bright nearby stars, precisely those with the smallest
mean uncertainties in the DR2 catalogue. Moreover, for nearby
stars with fractional errors smaller than 0.2, the dependence on
the prior is highly attenuated and the bias of using the inverse
of the parallax as a distance estimator becomes negligible (e.g.
Bailer-Jones 2015; Astraatmadja & Bailer-Jones 2016). Beyond
that, our science case and conclusions do not rely heavily on
the distance determination, and the potentially small bias does
not affect the overall picture of the substructure in the kinematic
plane.

As a side note, we notice that by using the Jacobian to prop-
agate and calculate the uncertainties in the velocities, we are
implicitly modelling the errors as Gaussian which is known to be
false. As already mentioned, the inversion of the parallax results
in an asymmetric probability distribution, also for the observed
Vg and V. We do not impose any threshold or sigma-clipping
based on this errors. In this sense, since we already selected only
stars with “good” parallax, the assumption of Normality is unim-
portant.

Appendix B: Online material

The online data material includes a table and five animations.
Table B.1 (available at the CDS) contains all the significant
peaks in the SN sample at the scale 4-8kms™! (j = 3, see
Fig. 3a), with the columns being the same as in Table 3. The
animations are composed of the snapshots at different Galacto-
centric radius and azimuth of the WT planes, which makes it
possible to visualize the evolution of the velocity distribution at
a particular scale. Figures B.1-B.5 show the previews of each
animations and, in the corresponding captions, the details of the
scale and exploration range.
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Fig. B.1. Preview of Animation 1. WT of the velocity plane at the scale
8—16kms~! at different Galactocentric distances along the GC-Sun line
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Fig. B.2. Preview of Animation 2. WT of the velocity plane at the scale
4-8kms~! at different Galactocentric distances along the GC-Sun line
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Fig. B.3. Preview of Animation 3. WT of the velocity plane at the scale
16-32kms™! at different Galactocentric distances along the GC-Sun
line (¢ = 0).
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Appendix C: List of moving groups

We compiled a list of MGs from the corresponding
tables of Dehnen (1998), Antojaetal. (2012), Xiaetal.
(2015), Bobylev & Bajkova (2016), Liangetal. (2017) and
Kushniruk et al. (2017) and list them in Table C.1. We trans-
formed their Heliocentric velocities into Galactocentric cylindri-
cal coordinates following the recipe given in Sect. 2. Some MGs,
like Hyades or Sirius, have more than one entry since each author
independently derived a different location in velocity space.

For Kushniruk et al. (2017) we only took the new unnamed
objects (with sizes between 8—16 km s~! and 16-32kms™!, see
Kushniruk et al. 2017) in order to reduce the scatter in our table
since in their study the same structure appears tabulated sev-
eral times at different coordinates. Their newly found objects
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Fig. B.5. Preview of Animation 5. All three scales (j = 3, 4, 5) evolving
simultaneously with azimuth at Solar radius (R = Ry).

are label here including the scale they were found (using j as
defined in Sect. 3). Regarding the elongated structures described
by Xia et al. (2015), for which just the start and end points are
given, we did not include them to avoid mismatches, but we con-
sidered them for the discussion. The rest of new or unnamed
objects found in each author’s table are labelled as First Author
+ Year + Number in source table.

The names of the objects in our Table 3 are given accord-
ing to the following criteria: first, we cross-matched the position
of the peak detected in our data with the coordinates in the lit-
erature using a circle of radius A2/ kms~!. Since we may have
several entries for a single object, we grouped the candidates
by name and counted their frequency. In cases where multiple
groups were obtained, we selected the one with more counts. If
we had a draw, we selected the closest one to the peak.
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Table C.1. Compilation of MGs from different authors (see text).

Author Name Source Original number Vg (km s7h Vs (km s7h
Antoja2012 Antojal2-12 RAVE 12 -103 -229
Antoja2012 Antojal2-13 RAVE 13 92 =211
Antoja2012 Antojal2-GCSIII-13  GCSIII - 69 -260
Antoja2012 Antojal2-15 RAVE 15 =71 —180
Antoja2012 Antojal2-16 RAVE 16 111 -233
Antoja2012 Antojal2-17 RAVE 17 =23 —144
Antoja2012 Antojal2-18 RAVE 18 -120 -220
Antoja2012 Antojal2-19 RAVE 19 -38 -132
Dehnenl1998  Arcturus*® Hiprarcos 10 -11 -142
Xia2015 Arifyanto05* LAMOST-RAVE 8 53 -172
Bobylev2016 Bobylev16-14 RAVE DR4 14 -41 =212
Bobylev2016 Bobylev16-15 RAVE DR4 15 85 -242
Bobylev2016  Bobylev16-17 RAVE DR4 17 -82 -217
Bobylev2016 Bobylev16-19 RAVE DR4 19 -46 -153
Bobylev2016  Bobylev16-20 RAVE DR4 20 -45 -178
Bobylev2016  Bobylev16-21 RAVE DR4 21 -1 -170
Bobylev2016 Bobylev16-22 RAVE DR4 22 50 -180
Bobylev2016  Bobylev16-23 RAVE DR4 23 -95 -178
Antoja2012 Coma Berenices RAVE 1 -4 —246
Bobylev2016  Coma Berenices RAVE DR4 1 -4 —246
Dehnen1998  Coma Berenices* Hiprarcos 4 -1 —247
Xia2015 Coma Berenices* LAMOST-RAVE 4 0 =245
Dehnen1998  Dehnen98-11%* Hipparcos 11 59 -242
Dehnen1998  Dehnen98-12* Hiprrarcos 12 59 =202
Dehnenl1998  Dehnen98-13* Hipparcos 13 -61 =252
Liang2017 Dehnen98-14 LAMOST-TGAS 5 -62 -224
Dehnen1998  Dehnen98-14* Hiprrarcos 14 -61 =227
Antoja2012 Dehnen98-14 RAVE 7 -59 -228
Bobylev2016 Dehnen98-14 RAVE DR4 7 -54 -228
Dehnen1998  Dehnen98-6* Hipparcos 6 =31 -232
Bobylev2016  Dehnen98-6 RAVE DR4 12 =31 -230
Dehnenl1998  Dehnen98-8* Hipparcos 8 29 -202
Dehnen1998  Dehnen98-9* Hiprrarcos 9 14 =202
Antoja2012 elnd RAVE 10 70 =210
Liang2017 elnd LAMOST-TGAS 8 72 -213
Bobylev2016  €elnd RAVE DR4 10 79 -203
Antoja2012 nCep RAVE 14 16 -157
Bobylev2016 nCep RAVE DR4 11 31 -151
Liang2017 yLeo LAMOST-TGAS 10 =81 —246
Antoja2012 yLeo RAVE 11 -79 -253
Bobylev2016 vyLeo RAVE DR4 9 -76 -253
Antoja2012 vLeo RAVE 9 —67 -254
Liang2017 yLeo LAMOST-TGAS 7 -61 -255
Liang2017 Hercules I LAMOST-TGAS 6 41 -211

Notes. The first column contains the author and the year of publication, whereas the second one shows the name of the object and the fourth,
the corresponding number in the author’s original table. The source of the astrometry is shown in column three. Finally, the cylindrical velocities
(Cols. 5 and 6) are derived using the parameters for the Sun and LSR described in Sect. 2. Those MGs detected by other means different from the
WT are signalled with an asterisk next to their name.
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Table C.1. continued.
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Author Name Source Original number Vg (kms™) V, (kms™)
Antoja2012 Hercules I RAVE 6 46 -204
Bobylev2016 Hercules I RAVE DR4 8 46 -204
Liang2017 Hercules 11 LAMOST-TGAS 4 17 —204
Antoja2012 Hercules 11 RAVE 8 17 -202
Bobylev2016 Hercules 11 RAVE DR4 5 24 =202
Liang2017 HR 1614 LAMOST-TGAS 11 -32 —-188
Dehnen1998 HR 1614* Hipparcos 7 -26 -192
Bobylev2016 HR 1614 RAVE DR4 13 -25 -194
Antoja2012 Hyades RAVE 2 19 -239
Bobylev2016 Hyades RAVE DR4 2 19 -237
Liang2017 Hyades LAMOST-TGAS 0 19 -236
Dehnen1998 Hyades* Hipparcos 2 29 -232
Xia2015 Hyades—Pleiades* = LAMOST-RAVE 5 7 —234
Kushniruk2017 ~ Kushniruk17-J5-2 ~ RAVE-TGAS 2 -49 -259
Kushniruk2017  Kushniruk17-J4-13 RAVE-TGAS 13 —48 -260
Kushniruk2017  Kushniruk17-J4-18 RAVE-TGAS 18 75 -176
Kushniruk2017 ~ Kushniruk17-J4-19 RAVE-TGAS 19 7 —-185
Liang2017 Liang17-12 LAMOST-TGAS 12 11 —-185
Liang2017 Liang17-13 LAMOST-TGAS 13 41 -265
Liang2017 Liangl17-14 LAMOST-TGAS 14 25 -281
Liang2017 Liang17-9 LAMOST-TGAS 9 -19 -201
Dehnen1998 NGC 1901* Hipparcos 5 14 -242
Liang2017 Pleiades LAMOST-TGAS 1 -5 -229
Dehnen1998 Pleiades* Hipparcos 1 1 -230
Bobylev2016 Pleiades RAVE DR4 4 2 -228
Antoja2012 Pleiades RAVE 4 5 -230
Liang2017 Sirius LAMOST-TGAS 2 =27 -256
Xia2015 Sirius* LAMOST-RAVE 3 =22 =251
Bobylev2016 Sirius RAVE DR4 3 -21 -253
Dehnen1998 Sirius* Hipparcos 3 -20 -255
Antoja2012 Sirius RAVE 3 -15 -256
Bobylev2016 Wolf 630 RAVE DR4 6 —-40 -231
Antoja2012 Wolf 630 RAVE 5 -39 -231
Liang2017 Wolf 630 LAMOST-TGAS 3 -34 -230
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