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ABSTRACT

By taking advantage of the superb measurements of position and velocity for an unprecedented
large number of stars provided in Gaia DR2, we have generated the first maps of the rotation
velocity, Vi, and vertical velocity, V,, distributions as a function of the Galactocentric radius,
Rga1, across a radial range of 5 < Rgy < 12 kpc. In the R — V;o¢ map, we have identified
many diagonal ridge features, which are compared with the location of the spiral arms and the
expected outer Lindblad resonance of the Galactic bar. We have detected also radial wave-like
oscillations of the peak of the vertical velocity distribution.
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1 INTRODUCTION

Stellar velocity structure as a function of the Galactocentric radius,
Ryga1, and the azimuthal position of the disc provides fruitful infor-
mation about the impact of non-axisymmetric structures, such as
the bar and spiral arms (e.g. Dehnen 2000; Kawata et al. 2014;
Monari et al. 2016) and satellite galaxies (e.g. Gomez et al. 2012;
D’Onghia et al. 2016) on the Galactic disc. Recent ground-based
spectroscopic surveys of Galactic stars with multi-object spectro-
graphs have demonstrated the complex structure of stellar velocity
fields including the velocity fluctuation of the Galactic disc (e.g.
Widrow et al. 2012; Bovy et al. 2015; Tian et al. 2017), asymmetric
motions (e.g. Williams et al. 2013; Carrillo et al. 2018; Wang et al.
2018) and resonance features (e.g. Liu et al. 2012; Gémez et al.
2013; Tian et al. 2017). However, these studies are mainly based
on the line-of-sight radial velocity only. Furthermore, the distance
measurements rely on the photometric distance that is subject to
dust extinction corrections.

The European Space Agency’s Gaia mission (Gaia Collabora-
tion 2016) has made their second data release (Gaia DR2; Gaia
Collaboration 2018a) that provides the unprecedentedly accurate
measurements of parallax and proper motion (Lindegren et al. 2018)
and line-of-sight velocity of a large number of bright stars (Cropper
et al. 2018; Katz et al. 2018; Sartoretti et al. 2018). This revolu-
tionary data set provides 6D phase space information: the positions
and velocities of stars, which allows us to measure the Galactic
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rotation, radial and vertical velocity structure in different regions of
the Galactic disc, as demonstrated in Gaia Collaboration (2018b).
The line-of-sight velocities are available only for the bright (G <
~13 mag) stars in the Gaia DR2. However, for fainter stars accurate
parallax and proper motions are still available. As demonstrated in
Hunt et al. (2017) with the Gaia DR1, we can use the proper motion
of the Galactic longitudinal direction, V), as a proxy to the Galactic
rotation velocity, V., in the direction of / = 0 and 180 deg and
b = 0. Hunt et al. (2017) identified a fast rotating moving group
that spreads over 0.6 kpc in radius, and demonstrated that the de-
creasing rotation velocity of the Hercules stream found in Monari
et al. (2017) can be seen in Ry, versus V; without the line-of-sight
velocity information. Schonrich & Dehnen (2017) further analysed
both V; and velocity in the direction of the Galactic latitude, V}, as
a proxy of vertical motion, V,, using the Gaia DR1 in the direction
of / =0 and [ = 180 deg. They found that (V,) as a function of the
guiding centre exhibits wave-like oscillations superposed on top of
an overall increase with radius, which they interpret as a combi-
nation of vertical waves propagating radially and the warp of the
disc.

In this Letter, we take advantage of the superb astrometric ac-
curacy of Gaia DR2 to produce the first maps of Vi (~V)) and
V,(~Vy) distributions as a function of Galactocentric radius, cover-
ing the radial range 5 < Roa < 12 kpc, in the direction of / = 0 and
[ =180 and b = 0. We identify diagonal ridge features in R — Vi
map and wave-like features in the R — V, map, and compare them
with the location of the spiral arm and the resonance radii of the
expected bar pattern speed.

© 2018 The Author(s)
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Section 2 describes our data and sample selection. Section 3
shows our results. A summary and discussion of this study are
presented in Section 4.

2 DATA AND ANALYSIS

We have extracted two different samples of stars from the Gaia
DR2 catalogue in a volume within the width in the disc plane of
0.2 kpc and height from the plane within 0.2 kpc along the line
of the Galactic centre and the Galactic anticentre. We assumed the
Sun’s Galactocentric radius of Ry = 8.2 kpc and vertical offset from
the Galactic mid-plane of zy = 25 pc. We also assumed the solar
motion in the rotation direction of Vi, = 248 kms™' which is faster
than the rotation speed of the Local Standard of the Rest (LSR),
Visr by Vo = 11 kms~!. We also assumed the solar motion in the
vertical direction of Wy = 7.0 kms™'. These values are taken from
Bland-Hawthorn & Gerhard (2016). Note that these values are set
for convenience of presentation, and our results do not depend on
these assumed values.

The first sample comprises stars whose line-of-sight velocity
measured with the Gaia’s RVS instrument (Cropper et al. 2018)
are available in the Gaia DR2. We also selected stars whose radial
velocity uncertainties are smaller than 5 km s~! and whose parallax
accuracy is better than 15 percent, i.e. w/o, > 1/0.15, where @
is parallax and o, is its uncertainty. As mentioned above, we only
selected stars within 0.2 kpc from the plane and 0.2 kpc perpendic-
ular to the line of the Galactic centre and the Galactic anticentre.
For this sample, the full 6D position and velocity information is
available, and V., and V, are derived with the assumed Galactic
parameters shown above. We used caLpy (Bovy 2015) for all coor-
dinate transformation. There are 861 680 stars in this sample. We
call this sample the ‘RVS’ sample.

The second sample includes all stars brighter than G = 15.2 mag,
but again with @w/o, > 1/0.15. This sample has no line-of-sight
velocity information in the Gaia DR2, except the bright stars with
limited effective temperature values. Hence, we limit the sample to
within |b| < 10deg and |/| < 10deg or |/| — 180 < 10deg. Again,
we only selected stars within 0.2 kpc from the plane and 0.2 kpc
from the line of the Galactic centre and the Galactic anticentre. In
this limited region, there are 1049 340 stars. We call this sample the
‘All’ sample. In this Letter, we assume that in this limited angular
region V; = Ve and Vy, = V.

Using the mock data constructed with caLaxia (Sharma et al.
2011), we estimated that the average difference between V) and
Viot is about 0.3 kms~'. However, the average differences de-
pend on [ and it increases to about 2.7 kms~! at |/| = 10deg or
|l — 180] = 10deg. Because we discuss the V;y distribution as
a function of Ry, by summing the contribution from all the stars
with different /, this systematic dependence on / should not affect
our results. The average difference between V;, and V, is smaller
than 0.4 kms™', and we do not find any correlation with /. This is
consistent with what is shown in Schonrich & Dehnen (2017).

3 RESULTS

3.1 Ry, versus Vi

Fig. 1 shows the distribution of Vo, — Visr as a function of Rgy
for our two samples of stars. Because each sample has a different
number of stars distributed in different radial bins, we normalized
the distribution at each radial bin to highlight the features in the
velocity distribution. Because the brightness limits are different for
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each sample, the radial range covered by each sample is different;
stars in our ‘All’ sample reach up to ~4 kpc from the Sun, whereas
stars in our ‘RVS’ sample are confined to a slightly smaller volume.
It is striking to see many diagonal ridge-like features, highlighted
by white diagonal lines. To our knowledge, this is the first time
that these clear features are seen in observational data, and this
is a new window opened up by Gaia. Features are more clear in
our ‘All’ sample (except F1, F2, and F3 that are more clear and
selected in the ‘RVS’ sample around the solar radius), and are
therefore selected by eye in the ‘All” sample panel. The ‘All’ sample
includes fainter stars and there are more stars closer to the disc
mid-plane. Therefore, more features are visible in this sample. F1
and F2 correspond to the split Hercules streams (see also Gaia
Collaboration 2018b; Antoja et al. 2018; Trick, Coronado & Rix
2018), which are highlighted in the upper panel. F3 is due to the
so-called Hyades and Pleiades moving groups, and F4 corresponds
to the Sirius moving group (see also Ramos, Antoja & Figueras
2018). F2, F3, F4, and F5 are highlighted between V.o — Vi sr =20
and —40 kms~!, because most of the features cover this velocity
range, although some features extend to higher velocity. F1 extends
to lower velocities, which is clearly visible in the ‘RVS’ sample. F6
and F7 are highlighted only in the range visible in the ‘All’ sample.

The vertical dashed lines in Fig. 1 show the position of the spiral
arms at y = 0. The positions are calculated from what is measured in
Reid et al. (2014) and scaled to our assumed R = 8.2 kpc. Each line
corresponds to the Scutum, Sagittarius, Local, and Perseus spiral
arms from left to right. We can see the two split inclined features
with systematically higher and lower rotation velocity than the LSR
rotation speed at the location of Perseus arms (F6 and F7). Although
it is tentative, especially in the ‘All’ sample the rotation velocity in
the inside of the Scutum arm is clearly slower than that in the
outside of the arm. These bimodal features either side of the LSR
rotation speed are expected around the spiral arm at the corotation
resonance (e.g. Kawata et al. 2014). If these are from corotation
of the spiral arms, this indicates that the Scutum and Perseus arms
have different pattern speeds, which can be naturally explained if
these spiral arms are corotating at every radius, as seen in recent
N-body simulations (Wada, Baba & Saitoh 2011; Grand, Kawata &
Cropper 2012a,b; Baba, Saitoh & Wada 2013). However, to test the
spiral arm scenario, we need to look at V., distribution in a larger
region of the disc (Hunt et al. 2015; Hunt et al. 2018; Quillen et al.
2018).

There is similar bimodal feature around the Local arm (F3 and
F4). The slope of this feature (dV,/dR ~ —28 kms™' kpc™!)
looks steeper than the one in the Perseus arms (dV,,/dR ~
—9kms~! kpc™!). The Local arm is often considered to be a weak
spiral arm or spur, and it is not expected to influence the stellar mo-
tion as strongly as the main spiral arms, like the Scutum and Perseus
arms where clear stellar density enhancements are observed. Hence,
we expect that the origins of F3 and F4 are not related to the spiral
arms (but see Quillen et al. 2018, for an alternative view explaining
these features with the Local arm and the Local spur).

Compared to the Scutum and Perseus arms, there is no such
feature at the radius of the Sagittarius arm, except the extension of
F1 and F2. Therefore, we speculate that these arms are not stellar
arms, but only gaseous star-forming arms, as indicated in Benjamin
et al. (2005), who found no significant density enhancement at the
position of the Sagittarius arm in the Spitzer GLIMPSE survey.
In this case, the spiral arms may not have enough gravitational
potential to influence the stellar motions. If this is true, our results
support m = 2 spiral arms in the Milky Way, which is in fact more
common in a barred galaxy (e.g. Hart et al. 2017).
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Figure 1. Normalized distribution of the rotation velocity for our RVS stars (upper) and our All stars (lower) as a function of the Galactocentric radius. The
vertical dashed lines show the position of the Scutum, Sagittarius, Local, and Perseus spiral arms from left to right, which are calculated from Reid et al.
(2014). The vertical solid line is the assumed solar radius. The white lines highlight the identified ridge features.

We also note that we can see also a group of stars (indicated as
‘H17’ in the upper panel of Fig. 1) with high rotation velocities just
outside of Ry, which were found in Hunt et al. (2017). However, they
are not a horizontal feature as suggested in Hunt et al. (2017), but
rather form a diagonal feature parallel to F5 with a higher rotation
speed in the ‘RVS’ sample. This feature is tentative, therefore we
do not select it as a clear diagonal feature. We note that this feature
seems to be connected to the ‘Arch 1° feature in the solar neigh-
bourhood velocity distribution, highlighted in the wavelet analysis
in Ramos et al. (2018), although they do not find any extension of
the feature to regions outside of the solar radius. Nevertheless, it
will be interesting to study this feature further using future Gaia
data releases.

Fig. 1 also traces the whole resonance feature of the Hercules
stream. With the Gaia DR1 and LAMOST data, Monari et al. (2017)
found the rotation speed of the Hercules stream (Vo — Visg ~ —30
to — 40 kms~! at R = R) decreases with radius for Rga1 > Ry, and
therefore the gap between the Hercules stream and the Hyades and
Pleiades moving groups (F3 in Fig. 1) decreases with radius. It is
expected that the gap should extend to the inner disc (Antoja et al.
2014) and that the rotation speed of the Hercules stream increases
with decreasing Ry, . For the first time, the Gaia DR2 has revealed
the inner extension of the gap due to the Hercules stream as a clear
gap between F2 and F3 in Fig. 1. This gap crosses the Visr at Ry

~ 7.6 kpc. This could be the outer Lindblad resonance (OLR) of the
fast rotating bar, as widely believed (Dehnen 2000; Monari et al.
2017). However, we note that there are many mechanisms that can
explain the Hercules stream feature (e.g. Hattori et al. 2018; Hunt
& Bovy 2018), and examining the velocity distribution in a larger
region of the disc is necessary to determine the pattern speed of the
bar and the location of its resonances.

3.2 Ry, versus 'V,

Fig. 2 shows the distribution of V, as a function of Ry for our
three samples of stars. We again normalized the distribution at each
radial bin to highlight the features in the distribution. We do not
find any features like the ridge features in V,y. Instead, the mean
velocity shows wave-like oscillations and increases with Ry, . To
trace the centroid of the velocity distribution, we selected stars
within 0.2 kpc from radial grid points at every 0.2 kpc in Ry, i.e.
each grid point has 0.1 kpc of overlap region with their neighbour
points, and hence every second grid point is independent. At each
radial bin, we fit the velocity distribution with two Gaussians using
extreme-deconvolution (Bovy, Hogg & Roweis 2011). We estimated
the uncertainty of V, (or V}) by taking 1000 Monte-Carlo (MC)
samples of the parallax and proper motion with their uncertainties
and correlations for each star, converting them to V, (or V;,) and
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Figure 2. Distribution of the vertical velocity for the ‘RVS’ stars (upper)
and stars in the ‘All” sample (lower) as a function of Galactocentric radius.
The symbols indicate the peak of the density at each radius. The circles show
the stronger peak detected with two Gaussian models. The vertical dashed
lines show the position of the Scutum, Sagittarius, Local, and Perseus spiral
arms from left to right, as suggested in Reid et al. (2014). The vertical solid
line indicates the solar radius.
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Figure 3. The mean vertical velocity of the most significantly identified
feature in Fig. 2. Red squares and black triangles are the results for the
‘RVS’ sample and the ‘All’ sample, respectively. For a reference, grey
squares show the median V, for the ‘RVS’ sample.

taking the standard deviation. Using different numbers of Gaussian
models, we find that two Gaussians is the optimal and most robust
choice to trace the peak of the velocity distribution. Fig. 3 shows
that the position of the mean of the main Gaussian model, which
show a clear oscillatory pattern (see also fig. 14 Gaia Collaboration
2018b, who showed similar results for the ‘RVS’ sample in more
detail). Interestingly, the results for the ‘All’ sample are similar to
what is seen in ‘basic method’ of fig. 9 in Schonrich & Dehnen
(2017). The peaks of the oscillatory pattern in Fig. 3 are around
Ry = 8 and 10.5 kpc, and the dip is around Rgy = 9 kpc with
a small spike, which are similar in locations of the peak, dip, and
spike found in Schonrich & Dehnen (2017), although they used the
guiding centre to detect these trends from the local sample of the
Gaia DRI1. This oscillatory pattern is superposed on top of a clear
increase in V, with Ry, which is suggestive of a warp in the outer
disc as discussed in Schonrich & Dehnen (2017), and consistent
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with the predicted vertical waves induced by the Sagittarius dwarf
galaxy in Gémez et al. (2013).

Interestingly, our ‘RVS’ sample shows a similar oscillatory pat-
tern, but it has a slightly longer wavelength. As mentioned above,
the ‘All’ sample contains more stars closer to the disc mid-plane
compared to the ‘RVS’ sample. We wildly speculate that this may
indicate that stars in the denser plane have shorter wavelength than
the stars above the plane, or that there may be multiple modes of
the waves propagating differently for different stellar populations.

Note that the grey squares in Fig. 3 show the median V, for the
‘RVS’ sample as a comparison to the mean of the main Gaussian
model shown with red squares. The median V, also shows the
oscillatory pattern. However, the amplitude is smaller and the spike
at Ry, = 9 kpc is not seen. Hence, we think that deconvolution of
the velocity distribution is important to get rid of the kinematically
hot component, like halo and thick disc stars, and highlight the main
velocity features in the thin disc.

4 SUMMARY

By taking advantage of the unprecedented precise astrometric mea-
surements of a large number of stars provided by the Gaia DR2,
we have generated the first maps of the R — Vo and R — V,, cov-
ering a radial range of 5 to 12 kpc in Galactocentric radius along
the Galactic centre and Galactic anticentre line-of-sight. We dis-
covered many diagonal ridge features in the R — V., map. Some
of these are likely related to the perturbations from the bar’s OLR
and spiral arm. Alternatively, as suggested in Antoja et al. (2018),
some of these features could be due to phase wrapping (Minchev
et al. 2009; Gomez et al. 2012). We found the transition of V,y
between the inside and the outside of the Scutum and Perseus arms.
We speculate that these features are due to corotation resonances
of the spiral arms, which may be explained with the transient spi-
ral arm scenario. There are several ridge features around the solar
neighbourhood/Local arm, but the features are steeper compared
to the ridges around the Perseus arm. We speculate that ridges of
different slopes have different origins, and more theoretical works
are required to explain these features.

In the R — V, distribution, we found the peak of the V, distribution
shows wave-like features almost identical to those seen in the local
sample of Gaia DR1 in Schonrich & Dehnen (2017). The origin
of the wave modes must be tightly related to the formation and
evolution of the Galaxy (e.g. Widrow et al. 2012; Gémez et al.
2013; de la Vega et al. 2015; Xu et al. 2015; Gémez et al. 2017,
among others), and comparisons between these observations and
models are urgently required.
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