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ABSTRACT

Aims. We aim to demonstrate the scientific potential of the Gaia Early Data Release 3 (EDR3) for the study of different aspects of
the Milky Way structure and evolution and we provide, at the same time, a description of several practical aspects of the data and
examples of their usage.

Methods. We used astrometric positions, proper motions, parallaxes, and photometry from EDR3 to select different populations and
components and to calculate the distances and velocities in the direction of the anticentre. In this direction, the Gaia astrometric data
alone enable the calculation of the vertical and azimuthal velocities; also, the extinction is relatively low compared to other directions
in the Galactic plane. We then explore the disturbances of the current disc, the spatial and kinematical distributions of early accreted
versus in-situ stars, the structures in the outer parts of the disc, and the orbits of open clusters Berkeley 29 and Saurer 1.

Results. With the improved astrometry and photometry of EDR3, we find that: i) the dynamics of the Galactic disc are very complex
with oscillations in the median rotation and vertical velocities as a function of radius, vertical asymmetries, and new correlations,
including a bimodality with disc stars with large angular momentum moving vertically upwards from below the plane, and disc stars
with slightly lower angular momentum moving preferentially downwards; ii) we resolve the kinematic substructure (diagonal ridges)
in the outer parts of the disc for the first time; iii) the red sequence that has been associated with the proto-Galactic disc that was
present at the time of the merger with Gaia-Enceladus-Sausage is currently radially concentrated up to around 14 kpc, while the blue
sequence that has been associated with debris of the satellite extends beyond that; iv) there are density structures in the outer disc,
both above and below the plane, most probably related to Monoceros, the Anticentre Stream, and TriAnd, for which the Gaia data
allow an exhaustive selection of candidate member stars and dynamical study; and v) the open clusters Berkeley 29 and Saurer 1,
despite being located at large distances from the Galactic centre, are on nearly circular disc-like orbits.

Conclusions. Even with our simple preliminary exploration of the Gaia EDR3, we demonstrate how, once again, these data from
the European Space Agency are crucial for our understanding of the different pieces of our Galaxy and their connection to its global
structure and history.

Key words. Galaxy: disc — Galaxy: halo — open clusters and associations: individual — Galaxy: formation — Galaxy: kinematics and

dynamics — Stars: distances

1. Introduction

As for previous releases, the Early Third Data Release (EDR3,
Gaia Collaboration 2020) of the Gaia mission (Gaia Collabora-
tion et al. 2016) of the European Space Agency is accompanied
with performance verification articles showing the quality of the
data, the improvements with respect to previous releases, and
the scientific potential for multiple research areas in astrophysics
(see also Luri 2020; Smart 2020; Klioner 2020). In the present
study we focus on a specific area in the sky that allows us to ex-
plore different elements of the Milky Way’s (MW) structure and
history: the Galactic anticentre. This region of the Galaxy has
the advantage that from astrometric measurements alone (proper
motions and parallaxes), one can calculate the vertical and az-
imuthal (rotation) motion of the stars with a negligible contri-
bution of the line-of-sight velocity. Also, the anticentre has rela-

tively low extinction compared to other directions of the Galactic
disc.

More importantly, the anticentre is a meeting point of sev-
eral distinct components of the Galaxy (the disc, the halo) and
possibly hosts ancient and recently disrupted stellar systems of
extragalactic origin. The anticentre is also an excellent window
to the dynamics and the past of the MW since, due to the lower
gravitational potential, any perturbation on the disc would cause
more significant deformations than in the inner disc, and, due to
the longer dynamical timescales, these could still be observable
today (e.g. Binney & Tremaine 2008; Antoja et al. 2018; Laporte
et al. 2019b).

In this paper we focus on several aspects of the Galaxy that
coexist in the anticentre and that will help us towards answer-
ing a single question: how the Galaxy appears today and how it
became like this. Thanks to a combination of models and mea-
surements, in which Gaia DR2 (Gaia Collaboration et al. 2018b)
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played one of the most relevant roles, we have already uncov-
ered part of the MW structure and history. The major accretion
event of the so-called Gaia-Enceladus-Sausage around 10 Gyr
ago (Helmi et al. 2018; Belokurov et al. 2018), together with the
ongoing accretion of the Sagittarius dwarf galaxy (Mateo et al.
1996; Majewski et al. 2003 and a recent detection with Gaia data
in Antoja et al. 2020), and internal structures such as the bar (de
Vaucouleurs 1964; Binney et al. 1991; Blitz & Spergel 1991;
Weiland et al. 1994) and the spiral arms (Drimmel & Spergel
2001; Reid et al. 2009) are among the most important phenom-
ena that have shaped our Galaxy throughout its evolution (see
also Bland-Hawthorn & Gerhard 2016). The footprints of these
phenomena can still be observed today and that is what we in-
vestigate here.

First, we look into the kinematic disturbances of the disc that
EDR3 allows us to inspect in its outermost parts with more de-
tail. Already known disturbances include vertical asymmetries
in the number counts linked to vertical bending and breathing
waves (e.g. Widrow et al. 2012; Bennett & Bovy 2019), sub-
structure in the in-plane velocities (e.g. Dehnen 1998; Famaey
et al. 2005; Antoja et al. 2008, 2018; Kawata et al. 2018; Khanna
et al. 2019a; Fragkoudi et al. 2019) large scale velocity patterns
in the disc (Siebert et al. 2011; Williams et al. 2013; Carlin et al.
2013; Antoja et al. 2017) and other phase space correlations (e.g.
Schonrich & Dehnen 2018; Friske & Schonrich 2019; Huang
et al. 2018; Cheng et al. 2020). While some of these could be
related to the structures such as the bar, the poorly-known spi-
ral arms and the warp, more recently, the Gaia vertical phase
spiral (Antoja et al. 2018; Bland-Hawthorn et al. 2019) suggests
a phase mixing event after the perturbation of Sagittarius (Bin-
ney & Schonrich 2018; Laporte et al. 2019b). All of these have
proven to be difficult to understand, and also to disentangle or
relate. Here we look at the rotation and vertical velocities of the
outer disc, showing the power that Gaia data can have in our un-
derstanding of this complexity and the role that recent and past,
internal and external, perturbations have had in the MW.

Second, we go from the current disc of the Galaxy to more
ancient components. Two distinct populations were clearly ap-
parent in the Hertzsprung-Russell (HR) diagram of stars with
large tangential velocities near the Sun (i.e., representing the
stellar halo) by Gaia Collaboration et al. (2018a) using Gaia
DR2: a blue and a red sequence. It has been proposed that these
two populations correspond to an accreted one stemming largely
from the galaxy Gaia-Enceladus-Sausage, and an in-situ heated
(thick) disc, different from the canonical thick disc, that was
present at the time of this merger (Helmi et al. 2018; Belokurov
et al. 2018; Di Matteo et al. 2019; Gallart et al. 2019; Belokurov
et al. 2020). Here we analyse the spatial distribution and kine-
matics of stars from each of the HR sequences to investigate out
to which distance the debris of Gaia-Enceladus-Sausage may be
found, and constrain the extent of the suggested proto-Galactic
disc present at that time.

Thirdly, we explore the density structures that appear in the
edge of the disc in the anticentre direction. Newberg et al. (2002)
using the deep Sloan Digital Sky Survey (SDSS York et al. 2000)
discovered the existence of a ~100° structure in their A/F star
count maps. Now known as Monoceros, later studies have con-
firmed its existence and large extension on the sky (e.g., Crane
et al. 2003; Yanny et al. 2003; Ibata et al. 2003). Together with
the Anticentre stream (ACS, Grillmair 2006), both at a distance
~10kpc from the Sun, and the Triangulum-Andromeda overden-
sities (TriAnd, Majewski et al. 2004; Rocha-Pinto et al. 2004;
Martin et al. 2007), they are part of a complex and substruc-
tured outer disc. The initial interpretation that these could be the
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remains of an accreted dwarf galaxy (e.g, Martin et al. 2004;
Pefiarrubia et al. 2005) has become less plausible (although not
completely ruled out) since: i) there is no known progenitor to
the stream (the candidate Canis Major has been discarded — Mo-
many et al. 2004, 2006; Rocha-Pinto et al. 2006), and ii) the kine-
matics of the structures (e.g., de Boer et al. 2018), their metal-
licities and their ratio of RR Lyrae to Giants (Li et al. 2012;
Sheffield et al. 2014; Price-Whelan et al. 2015; Shefhield et al.
2018; Bergemann et al. 2018; Laporte et al. 2020a) are compat-
ible with that of the disc. Here we explore how these structures
look in Gaia EDR3 and coexist with other structures such as the
Sagittarius stream.

Finally, we explore the open clusters Berkeley 29 (Kaluzny
1994; Lata et al. 2002; Tosi et al. 2004; Bragaglia & Tosi 2006)
and Saurer 1 (Frinchaboy & Phelps 2002; Carraro & Baume
2003) in the anticentre direction that, with ages of several Gyr,
are among the oldest Galactic clusters known. Their unusual
location at Galactocentric distances of ~20kpc and more than
1 kpc above the Galactic mid-plane is a puzzle that has led sev-
eral authors to question whether they are associated with the
disc, and to propose a possible extragalactic origin (e.g. Frinch-
aboy et al. 2004). Attempts to characterise the orbits of these
two objects have returned widely discrepant results (Carraro
et al. 2007; Vande Putte et al. 2010), mainly due to their poorly-
constrained proper motions since at such large distances, small
proper motion errors translate into large uncertainties in physical
velocities. An additional issue has been the uncertain member-
ship status of individual stars. Here, thanks to Gaia EDR3, we
perform a robust analysis of the membership of these clusters
and derive their orbits with high confidence.

To investigate all these aspects, the main Gaia data products
that we use here are the astrometric measurements. For EDR3
these show a substantial decrease of uncertainties resulting from
the use of 34 months of data (12 more than for DR2). Apart from
a higher completeness at the faint end, there is a significantly
larger number of stars at a given parallax precision. The combi-
nation of all these improvements essentially means that we can
now explore distant regions of the Galaxy in the direction of the
anticentre, even reaching around 16 kpc from the Galactic centre
and beyond (see Sect. 2 for details), and thus, the very outskirts
of the disc, for a sample with positions and velocities of excel-
lent quality. Moreover, important improvements in the pipelines
of the Gaia photometry have resulted in photometric bands with
significantly less systematic error, from which, combined with
the improved parallaxes, cleaner HR diagrams can be built and
used to select different populations and components.

The paper illustrates how, once more, the new Gaia data are
set to revolutionise our knowledge of the Galaxy and its past.
Additionally, we describe practical aspects of the data and exam-
ples of its use that might be of interest for the community, such as
queries in the Gaia Archive, quality cuts, derivation of distances
(Bayesian inference, considerations on the parallax zero point),
etc. We also complement our analysis with the use of simulated
data from the Gaia Object Generator (GOG, Luri et al. 2014) &
the Gaia Universe Model Snapshot (GUMS, Robin et al. 2012),
now available directly in the Gaia Archive, to evaluate the effects
of selection, errors and extinction.

We start our paper by explaining the different datasets used
and demonstrating the different improvements (but also limita-
tions) of the EDR3 data in the anticentre direction (Sect. 2) We
continue by explaining how the distances and phase space coor-
dinates are derived (Sect. 3). The results sections follow, organ-
ised into the explorations of the disc dynamics (Sect. 4), halo,
thick disc and outer disc structures (Sect. 5), and distant open
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Fig. 1. EDR3 star counts in the anticentre region with the different data
selections used. The HEALpix map is obtained by querying the Gaia
archive the counts of stars within each HEALpix of level 8 (query 2
in Appendix A). The size of the circles to indicate the position of the
clusters does not correspond to the size used for the selection which is
much smaller. Several other clusters can be seen in the figure, and also
the Triangulum Galaxy (M33, bottom right corner).

Table 1. Number of stars in the different samples and comparison with
DR2. The numbers are given for the different data samples described
in Sect. 2.2 and different sub-selections. The numbers in the first two
numerical columns are for samples without the excess_flux and RUWE
selections since these are not equally defined in the different releases.
@ See footnote 1.

DR2 EDR3 EDR3+filters
1. AC20 13307312 14120029 11949642
5p-6p° 10750864 12279076 11949 642
w/os >3 2645014 3518388 3369456
photometry 12618364 13706954 11436625
2. ACV 24578296 25835286 21835927
w < 0.1 mas 4974104 4879087 4509263
w < 0mas 3945985 3781306 3496 645

4. Clusters
Berkeley 29 365 370 334
Saurer 1 283 284 263

clusters (Sect. 6). We present our discussion and conclude in
Sect. 7.

2. Data
2.1. Main datasets

In this work we explore the Galactic anticentre region using dif-
ferent data selections obtained from Gaia EDR3 (Gaia Collab-
oration 2020) that can be accessed through the Gaia Archive
(https://gea.esac.esa.int/archive/). More details on
the data and validation are given also in Lindegren (2020a),
Riello (2020) and Fabricius (2020). The main datasets are shown

in Fig. 1 and listed below. The number of stars for these samples
and a comparison with DR2 are in Table 1.

(1) AC20: A square on the sky centred at (£,b) = (180,0) deg
of 20deg on a side (blue square in Fig. 1). This sample is
used to explore Galactic disc kinematics in Sect. 4. It con-
tains 14 120029 stars but most of the time we use only the
selection with @w/o, > 3 (see Sect. 3.2), which comprises
3518388 sources (AC20-w /0o > 3). The data are retrieved
from the archive using the query 1 in Appendix A. Similar
queries have been used for other samples.

ACV: A rectangle on the sky centred at (¢, b) = (180, 0) deg
with a width of 20deg in ¢ and height 100 deg in b (green
rectangle in Fig 1). This sample is used to explore the halo
and the structures in the outer disc such as Monoceros or the
Sagittarius stream in Sect. 5. For parts of our analysis, we
perform a selection of @ < 0.1 mas to favour distant stars.
We note that with this selection there are 2% fewer stars in
EDR3 than in DR2 (Table 1). While the total number of stars
in that region has increased with respect to DR2, many of the
stars added are nearby faint dwarfs (see Sect. 2.3) and the
overall quality of the parallaxes has improved significantly
as proven by the decrease in the number of sources with a
negative parallax (and spurious sources). As a consequence,
our parallax cut is now able to reject the nearby sources more
efficiently, thus resulting in a slightly smaller sample.

Two clusters in the anticentre: All sources brighter than G =
19 within 4 arcmin of the centres of the extremely distant
Galactic old open clusters Berkeley 29 and Saurer 1. These
data are analysed in Sect. 6.

3

In all our analysis, our fundamental observables are the as-
trometric quantities @, u,*, Us (parallax and proper motions)
and the photometric bands G, BP, RP. In order to use the best
quality data, we apply several selections. First we apply the fol-
lowing astrometric quality selection on the Renormalised Unit
Weight Error (RUWE) as recommended in Lindegren (2020b):

RUWE < 1.4 (D

On the other hand, whenever the photometry is used we select
good photometry sources with:

0.001 + 0.039(BP — RP) < log,, excess_flux

< 0.12 4+ 0.039(BP — RP). (2)

Sources out of these limits have inconsistent G, Ggp and Ggrp
fluxes due to blends (more than one source in the BP/RP win-
dows), contamination by a nearby source (outside the window)
or a sign of the extended nature of the source. Additionally, we
correct the fluxes in G for 6p sources following Riello (2020)
-their Table 5- using directly an ADQL query as suggested in
Gaia Collaboration (2020). The last column in Table 1 indicates
the number of stars after these selections.

2.2. Complementary datasets

For validation and other purposes, we also use the following
complementary data:

(i) 6Dsample: a full sky sample with stars that have DR2 line-
of-sight velocity in EDR3 (Seabroke 2020), thus with full 6D
phase space information. After filtering, this sample contains
6156 684 stars and is used mainly in Sect. 4.
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(ii)) DR2: the same selections as above (AC20, ACV) but for
DR2. These are used for comparison with EDR3.

>iii)) GOG & GUMS: the same selections as above but for GOG
(Luri et al. 2014; GEDR3 documentation Chapter 2) which
is a mock Gaia catalogue based on the Besangcon model
(Robin et al. 2003), and for GUMS (Robin et al. 2012)
which contains the intrinsic properties of the mock sources
before applying the Gaia instrument modelling. Here we use
the GOG version 20.0.3. with uncertainties that have been
scaled to 34 months of data (but see Fig. E.1). These sam-
ples are used for the evaluation of completeness and ex-
tinction effects and they do not contain any kinematic sub-
structure or asymmetries. Furthermore, GOG and GUMS are
used in Appendix C for testing how robust each of the dis-
tance estimation methods is. These simulated data have been
retrieved through the Gaia Archive querying from the cor-
responding tables (gaiaedr3.gaia_source_simulation
and gaiaedr3.gaia_universe_model).

2MASS: We use the official crossmatch of EDR3 with the
2MASS point source catalogue (Skrutskie et al. 2006), pro-
vided in gaiaedr3.tmass_psc_xsc_best_neighbour.
For the AC20 sample, this yields about 55% anticentre ob-
jects with 2MASS photometry. These data are used to select
Red Clump (RC) stars and compute their photometric dis-
tances (Sect. 2.4 and 3.2, Appendix B and C.2.1).

(iv)

2.3. EDR3 data quality and completeness

In this section we examine the quality of the EDR3 data and
compare it to DR2. The most relevant improvements in EDR3
for our study include a larger number of sources at the faintest
magnitudes and a significant decrease of the astrometric uncer-
tainties and thus a significantly larger number of stars with a
certain parallax precision. Below we show these aspects in more
detail focusing mostly on the AC20 region as an example.

1. General description. Figure 2 shows the AC20 region in
Galactic coordinates coloured according to different quantities
in bins of 0.1 deg. In panel a we show the number of stars per
bin while the rest of the panels show median quantities. As ex-
pected, the counts anti-correlate with the patterns seen in the ex-
tinction map from Green et al. (2019) (d, see details in Sect. 2.4)
combined with the decrease with Galactic latitude |b|. The me-
dian magnitude (b) and median colour (c) also correlate with
extinction (d): higher extinction regions have, on average, more
reddened sources that have fainter (more extinguished) appar-
ent magnitudes. Panel d shows that there is higher extinction for
b < 0. Additionally, there is a horizontal elongated window at
b ~ 2.5deg of low extinction with far more counts and brighter
magnitudes, which is seen also in other panels where brighter
magnitudes essentially translate into smaller astrometric errors
(e.g. panel g) and also smaller parallaxes (panel f, stars reach-
ing farther distances). Whether this feature with larger counts
reflects more than simply lower extinction (e.g. a flexing of the
disc) requires a deeper analysis of the extinction and the selec-
tion function. We also note that the thin nearly-horizontal lines
in panels a and b are a consequence of the RUWE selection.

2. Completeness. The evaluation of the completeness of the
Gaia data is a difficult task given that there is no deeper survey
with a comparable resolution. Distinct methodologies to assess
the data completeness can be found in Boubert & Everall (2020),
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Lindegren (2020a) and Fabricius (2020). Here we examine it in
a simpler way. First we note that the AC20 sample (without any
cuts) has about one million more stars in EDR3 compared to
DR2 (see Table 1). Figure 3 shows histograms of the G magni-
tude for stars in the AC20 sample in DR2 and EDR3 (blue solid
and dashed histograms) showing a great increase of sources at
the faint magnitudes with respect to DR2. This was expected
given that the detection on board prioritises bright magnitudes
and the effect of more months of observations produces new de-
tections mostly at the faintest bins.

Figure 2e shows the map of median
visibility_periods_used. This panel shows bands at
different spatial scales that correspond to regions with high-
er/lower number of observations and thus higher/lower
completeness. The thin, nearly-horizontal, yellowish pattern,
separated by roughly 0.7deg, similar to the width (across scan)
of Gaia’s FOV, corresponds to consecutive scans that did not
overlap in across scan. The wider purple bands, indicating areas
where the coverage is better, are close to some "nodes" in the
scanning law, that is, the positions in the sky that get repeated
coverage during some consecutive scans. Figure 4 shows the
star counts for different ranges in G for DR2 (top) and EDR3
(bottom) using the same colour scale. The bands of the scanning
law appear clearly and correlate with Fig. 2e. Comparing to
DR2, we can clearly notice the larger number of stars in EDR3
in these two magnitude ranges as well as the reduction of some
of the bands (at scales of ~ 3 deg) imprinted in DR2. In the
range of 20.75 < G < 21 some scanning bands are still present.

3. Completeness of the kinematic samples. Some of the Gaia
sources have only partial astrometric solutions, from which only
sky coordinates are derived (2p solutions) while others have
full astrometric solution (positions, parallax and proper mo-
tions available) and are dubbed 5p and 6p solutions (Lindegren
2020a), where the 6th parameter is the colour!. In the first rows
of Table 2 we give the number of stars with partial (2p) and
full (5p, 6p) solutions comparing DR2 and EDR3 for the whole
AC20 sample and for different ranges of magnitude. In EDR3,
there are two million more stars with full astrometric solution
than in DR2. The table also shows the percentage of full so-
lutions relative to all sources in EDR3, which gives an indica-
tion of the internal completeness of the kinematic data. Most
notably, in the range of 19 < G < 20 there is now a 98% in-
ternal completeness compared to the 82% in DR2, and in the
range 20 < G < 20.7 the percentage is now 90% versus the
old 64%, verifying that, as shown also with the orange solid and
dashed histograms of Fig. 3, there is an outstanding gain at the
faintest magnitudes. These stars have never been used before in
kinematic studies with Gaia data.

We note that 6p solutions tend to be associated to fainter
sources and their astrometric solutions are worse than for 5p ones
(they have on average fewer visibility_periods_used, i.e.
less observations, and larger ipd_frac_multi_peak, i.e. rela-
tively large probability of being a double source, either visual

' 2p vpartial solutions (only positions) are indicated as

astrometric_params_solved=3 in the Gaia Archive. 5p solutions
are those for which the Gaia colour is used in the astrometric solution,
while in the 6p cases, this quantity, more precisely, the pseudocolour, is
derived simultaneously in the solution (Lindegren 2020a). The 5p and
6p solutions correspond to astrometric_params_solved=31 and
95, respectively. In DR2 all full astrometric solutions were included
under the astrometric_params_solved=31 case, even if in some
cases a chromaticity different from the photometric colour was used.
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Fig. 2. Characteristics of the anticentre AC20 sky. Panel (a) shows the number of sources and the rest of panels show median quantities for bins of
0.1 deg of the magnitude (b), colour (c), extinction in the G band (d, only for stars with @ /o, > 3, see Sect. 2.4), visibility_periods_used
(e), parallax (f), uncertainty in the proper motion in the § direction (g), and zero point correction to the parallax ZPs¢ (h, see Sect. 3.1)

Table 2. Indicative completeness of the kinematic samples. Absolute number of stars and fractions for all magnitudes and for distinct magnitude
ranges are given for the cases with 2p and 5/6p solutions and for the selection of @w /o, > 3. To compute the percentages for DR2, the total number
of sources in EDR3 for each case has been used. These numbers are for samples without the excess_flux and RUWE selections since these are
not equally defined in the different releases and the selection in RUWE eliminates the 2p solutions.

DR2 EDR3

2p S5p 5p /ALL-EDR3 2p (5pu6p) (5pu6bp) /ALL-EDR3

vG 2556448 10750864 76% 1840953 12279076 87%
G<19 111638 5860281 96% 67217 6010199 99%
19<G <20 492849 2825129 82% 60360 3369371 98%
20 < G <20.7 940298 1944 641 64% 312553 2705704 90%
Wl/ogz <3 wl/og>3 w/ogz>3/ALL-EDR3 | w/oy <3 w/ogz>3 w/oyz>3/ALL-EDR3

vYG 10662298 2645014 19% | 10601641 3518388 25%
G<15 30930 478 565 93% 13098 500913 97%
15<G<17 360149 1096 109 74% 170528 1301329 88%
17<G <19 6284445 1039701 14% 5860892 1660388 22%
19<G <21 3826133 30637 0.7% | 4232117 55142 1%

or real binary), having larger astrometric errors. While for the
AC20 sample the fraction of 6p solutions is comparable to the
5p (42 and 45%, respectively, the remaining 13% being 2p), for
the AC20-w /o, > 3 case they represent only a 14% (86% being
5p) since we require good relative parallax errors.

After selecting stars with @ /o > 3 (AC20-w /0 > 3 sam-
ple) we find approximately one milion more stars in EDR3 than
in DR2 (bottom rows of Table 2), which represents an increase of
33%. Figure 3 (green solid and dashed histograms) shows an im-
provement of the completeness of the parallax quality selection
at magnitudes fainter than G = 16, which means better sampling
at all distances and probing larger ones. Table 2 also shows that

at the relatively bright magnitudes 15 < G < 17, there were 74%
of stars in DR2 satisfying this condition but we have now 88%. It
is nevertheless important to remark that the completeness of the
sample with good parallaxes is low even at intermediate mag-
nitude ranges both for the DR2 and EDR3 (as low as 14% and
22% in the range 17 < G < 19, respectively), although we see
an overall improvement for the new release.

4. Astrometric quality, systematics and parallax zero point.
The improvement in astrometric quality of EDR3 with respect
to DR2 is discussed in Lindegren (2020a) and is reflected in
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Fig. 3. Distribution of G magnitude in the anticentre. We show the num-
ber of stars in bins 0.5 mag for the AC20 case. The gain from DR2 to
EDR3 is mostly at the faintest magnitudes where some sources did not
have enough observations to appear in the past release.

smaller uncertainties and a reduction of the number of nega-
tive parallaxes (e.g. for the ACV sample where there are 164679
less sources with negative parallaxes, Table 1). Figure E.1 in Ap-
pendix E illustrates the improvement in the uncertainties for the
anticentre (similar to figure A.1 by Lindegren (2020a) for all
EDR3). There is a reduction by a factor of 0.79 and 0.5 in paral-
lax and proper motion uncertainties, respectively, as expected for
the increase in the number of months of observations, and even
a larger reduction for sources with G < 14. This improvement
in the astrometric quality allows us to have now a much larger
sample of stars with very good relative parallax errors, and reach
farther distances from the Sun. We also note that the uncertainty
in p;s is smaller than for u,*. This is due to a geometrical scaling
factor on the uncertainties that appears as a result of the scanning
law which in the direction of the anticentre favours y.

As in previous releases, the astrometric Gaia data suffer from
some systematics. The median astrometric quantities and their
uncertainties show checkered patterns that somehow correlate
with the scanning law, as illustrated for the median parallax
(Fig. 2f) and median uncertainty in us (Fig. 2g). The later shows
additionally some of the large scale bands mentioned above. The
amplitude of these systematics has, however, been reduced in
EDR3 (see Lindegren 2020a). Another known systematic is a
zero point in parallax Lindegren (2020b) that has also been re-
duced and which we examine in detail in Sect. 3.1.

Figure 5 shows the differences in all astrometric quantities
between DR2 and EDR3 normalised to the errors®>. The median
absolute differences between EDR3 and DR2 are 15 pasyr™! in
@, —48uasyr~! in p,, and 7pasyr~' in ps. For comparison,
we show a Gaussian distribution with 0 mean and 1 as vari-

2 We have used the gaiaedr3.dr2_neighbourhood table for the cor-
respondence between sources.
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Fig. 4. DR2 and EDR3 counts for different magnitude ranges. The pan-
els show the number of sources in bins of 0.1 deg in two different ranges
of magnitude: 20.5 < G < 20.75 (left) and 20.75 < G < 21. (right). To
facilitate the comparison, the same colour bars has been used for each
vertical pair of panels and the upper limit of the colour scale does not
correspond to the maximum number of counts to avoid dominance of
bins with clusters. An increase of the number of counts in EDR3 is ob-
served, together with the decrease of some of the small scale patterns,
although some bands remain in the faintest magnitude range.
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Fig. 5. Consistency between astrometric values in DR2 and EDR3. The
histograms show the differences in parallax and proper motion nor-
SEprs + O pro-
Ua* or Us, and compared to a Gaussian distribution with 0 mean and
variance of 1. The differences in y,* are due to a systematic in DR2
that has been now corrected. We have corrected the parallaxes (Eq. 3)
using the median offset for DR2 (-27 pas) and for EDR3 (-17uas).

malised to the errors (Xgpr3 — Xpr2)/ /0 where x is w,
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Table 3. Populations in the AC20 sample. The selections are obtained
following the Method I, except for the RC of the last row (Method II).

Population Sources

All 3369456
EYP Extremely Young Massive (7 £ 0.2 Gyr) 12792
YP Young MS with 0.2 g 7 £ 2Gyr 276344
1P Intermediate MS with 2 < 7 £ 8Gyr 807910
opP Old MS 1032916
RG  Red Giants 176193
RC  Red Clump 121857

ance with a blue curve, although the quantities from DR2 and
EDR3 are not independent and thus these distributions are not
expected necessarily to follow this curve. The large systematic
differences in u,* (green histogram) is explained by a correction
of the reference frame (spin) for EDR3 that has largely reduced
the medium-scale (1-20 deg) inhomogeneities in the median par-
allax and proper motion of the quasars, which actually were quite
large precisely in the direction of the anticentre for u,* (about
0.1 pas, figure 13 of Lindegren 2020a). The histogram of paral-
lax differences is narrower than the Gaussian case and is slightly
positively biased. In Fig. 5 the zero point has been corrected us-
ing the median estimated values for quasars respectively in DR2
and EDR3 (more details are given in Sect. 3.1). We note that the
bias was even larger if we neglected the corrections (giving a
median of 25 pas). The persistent bias after the correction could
be attributed to underestimation of the zero point in DR2 (for
which there is some evidence, see Lindegren 2020b) or effects
of considering a fixed value of the offset (Sect. 3.1).

4. Photometric quality. The improvement of the photometry
of EDR3 with respect to DR2 is described in Riello (2020). In
summary, the increase of the number of observations and the
improvement of several steps of the pipelines (image parameter
determination, LSF/PSF calibrations, cross-match and photom-
etry) have led to a significant decrease of the systematics at the
bright end (G < 15). The effects of blends and contamination by
nearby stars are mainly filtered out using Eq. 2.

2.4. Extinction and selection of tracer populations

We use two different approaches to select the tracer populations.
The first one uses only Gaia data and the populations are selected
in the de-reddened HR diagram. In the second approach, external
photometric data are used to define a sample of RC sources.

Method I: Using the Gaia HR diagram. We obtain the de-
reddened HR diagram for the AC20-w/o > 3 sample using
the 3D dust-reddening maps from Bayestar (Green et al. 2019).
We use the dpy, distances (Sect. 3.2 and Appendix C.1) and the
galactic (£, b) coordinates to infer the line-of-sight visual ex-
tinction Ay for each source. Then we transform Ay to Ag and
E(BP — RP) using the Gaia extinction factor from Casagrande
& VandenBerg (2018). We have compared our results with the
ones using the extinction model by Lallement et al. (2019) and
the conversion to A and E(BP — RP) following Appendix A in
Ramos et al. (2020b), finding only mild differences in the clas-
sification of stars without consequences on the conclusions from
the subsequent sections.

Figure 6 shows the Gaia de-reddened HR diagram for the
AC20-w/0o 4 > 3 sample. We use the direction of the extinction

e EYP o [IP °
YP e OP °

RG
RC

counts
1000 2000 3000 4000 5000 6000

Mg [mag]

-1 0 | 2 3 4 5
(Gpp—Ggp)o [mag]
Fig. 6. De-reddened HR diagram of the anticentre region and different
selected populations. The diagram is shown for the 3 369456 sources
of the AC20-w/0o, > 3 sample with available photometry (G, BP,
RP) and extinction data and absolute magnitudes derived considering
the dpy distances. We over-plot three PARSEC stellar isochrones with
[M/H] = 0 for the ages of 0.2, 2 and 8 Gyr, a line at BP — RP = 0.65
and a diagonal line following the extinction slope used for the selection

of populations (Method I) which appear in different colours. The RC
have been selected using a different method (Method II).

line in this diagram (Mg = 1.95(BP — RP), — 0.8, black diag-
onal line) combined with the vertical cut (BP — RP), > 0.65
to select (conservatively) giants (purple dots). Then we use the
PARSEC isochrones (Bressan et al. 2012; Marigo et al. 2017)
and respective updates’ to perform a statistical partition by ages
of the main sequence sources into extremely young (EYP, 0.2
Gyr), young (YP, 0.2 - 2 Gyr), intermediate (IP, 2 - 8 Gyr) and
old populations (OP), as specified in Table 3 and illustrated in
Fig. 6. The massive sources of the EYP are constrained to have
(BP-RP), < 0.65, while the YP, IP and OP are selected between
the lower (ZAMS) and the upper (TAMS) luminosity boundary
of the main sequence band defined by the PARSEC stellar evolu-
tionary tracks at [M/H] = 0. We note that while the OP has con-
tribution from young stars, we can claim it is on average older
that the IP: we expect an average age of 4-5 Gyr (e.g. figure 13 in
Bland-Hawthorn et al. 2019) but with an important contribution
of the oldest stars in the disc. In general, we expect these selec-
tions to be contaminated by stars of different ages due to several
aspects (stars with different metallicities to the ones used in the
isochrones, inaccuracies of the extinction model used, conflu-
ence of isochrones around the ZAMS, binarity, etc). Neverthe-
less, we expect our samples to be dominated by the age ranges
desired, which is enough for our basic purposes here.

Method II: Using Gaia & 2MASS. We combine EDR3 paral-
laxes and G-band photometry with that from 2MASS K-band
for the AC20 sample. The passbands in 2ZMASS are narrow and

3 http://stev.oapd.inaf.it/cgi-bin/cmd
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in the infrared, and are thus weakly affected by errors in the
extinction estimation. For ZMASS, the flag (qfl) = ‘AAA’ indi-
cates the highest photometric quality. However, this would sig-
nificantly reduce our sample (to only 15% of the entire AC20
sample). Instead, we choose to enforce a quality cut only at the
distance estimation stage using the photometric errors, e_jmag
& e_kmag. We first compute the extinction of each source using
the 3D dust-reddening maps from Bayestar (Green et al. 2019)
with the inverse of the parallax as a prior for distance. The RC
sources are selected in a Bayesian manner around the literature
values for the absolute magnitude of the RC simultaneously for
the G Gaia band and the 2MASS K band. We have compared
these distances with the ones using Bayesian distances for the
prior (dpy, see Sect 3.2) and our results do not change signif-
icantly. More details of the procedure and a validation with an
external sample are given in Appendix B and C.2.1.

3. Distances and phase space coordinates

In this Section we describe how the distances and phase coordi-
nates are computed in our study. We start by discussing the zero
point in the Gaia parallaxes (Sect. 3.1), which needs to be cor-
rected in order to estimate first distances (Sect. 3.2), and subse-
quently Galactic cylindrical positions and velocities (Sect. 3.3).

3.1. Parallax zero-point correction

As for previous releases, the Gaia parallaxes have a zero point*
(ZP) that needs to be considered. In EDR3 the median paral-
lax of the quasars is —17 uas (Lindegren 2020b). This negative
correction needs to be subtracted from the EDR3 parallaxes (par-
allaxes need to be increased by ~ 17 pas):
wcorrected =—w—ZP (3)
or equivalently, reducing the inferred distance. Here we correct
all parallaxes by subtracting ZP = —17 uas. Additionally, when
relevant, we also compare our results with the more sophisti-
cated approach presented in Lindegren (2020b). In that work,
they estimate the parallax zero-point ZPsg as a function of mag-
nitude, colour (more precisely, nu_eff_used_in_astrometry
for the 5p solutions and pseudocolour for the 6p solutions,
hence the names ZPs and ZPg), and ecliptic latitude, by look-
ing at the parallaxes of quasars, binary stars and sources in the
Large Magellanic Cloud for EDR3. Here we compute ZPsg us-
ing the Python implementation that is available online as part of
the Gaia EDR3 access facilities®. Panel h in Fig. 2 shows the
median zero-point ZPse in the AC20 region. We observe a mild
dependency of its value on the sky position. The median value
for all stars in AC20 region is ZPs¢ = —20 pas, thus similar to
that of the quasars, with the 10 and 90 percentiles being —32 and
—14 pas, respectively, and ZPss > 0 only for 0.02% of the stars.
For the AC20-w /0o > 3 sample, which has a significantly dif-
ferent magnitude distribution compared to the case without the
parallax quality cut (Fig. 3), we find a median ZPs¢ of —30 pas
and percentiles of —38 and —20 uas, respectively. The ZPs¢ case,
thus, yields the largest differences between uncorrected and cor-
rected distances (Fig D.1 in Appendix D). The velocities, which
depend linearly on the distances, are consequently scaled as well.
All these will be important in order to determine, for example,

* We use a different notation compared to Lindegren (2020b) to distin-
guish with the vertical cylindrical coordinate Z.
5 https://gitlab.com/icc-ub/public/gaiadr3_zeropoint
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the exact distances to some kinematic features that we detect but
we do not observe any qualitative difference in our results. More
details are given in Appendix D and throughout the paper.

3.2. Distances

To convert the astrometric measurements by Gaia into phase
space coordinates, we require an estimate of the distance to a
given star. The complications of estimating distances to stars
given their measured parallaxes have been discussed by a num-
ber of authors over a long period of time (e.g. Stromberg 1927;
Lutz & Kelker 1973; Bailer-Jones 2015; Luri et al. 2018a).
The transformation between parallax and distance is non-linear,
which leads to a number of issues, including the extreme case of
negative measured parallaxes. Simply taking the inverse of the
measured parallax gives a biassed estimate of the distance of a
star, and this bias grows more serious as the relative uncertainty
grows larger. It has therefore become extremely common to ap-
ply a Bayesian approach to the problem of providing distance
estimates from parallaxes, and/or to use photometric information
to produce a better estimate of the distance.

We work primarily with distance estimates from a Bayesian
approach (dpy), similar to that applied by Schonrich & Aumer
(2017), with a prior that is derived iteratively to be consistent
with the data. These distances use a prior P(d) dsz(r(d))S @,
where r(d) is the position at distance d along a given line-
of-sight, so P,(r(d)) is proportional to the density of a model
Galaxy. The term S (d) is the selection function — i.e. the proba-
bility that a randomly chosen star at a distance d enters the cata-
logue. The distance estimate, d is then found as the expectation
value of d given this prior and the measured parallax (and its
uncertainty). As explained in the previous section, default dis-
tances are computed considering a fixed parallax zero point of
—17 pas. The distances and the code can be found at https://
zenodo.org/record/4415706 and https://zenodo.org/
record/4415669, respectively. More details can be found in
Appendix C.

To check that our results are robust, we compare to results
when we estimate the distance as simply the inverse of the par-
allax, and also with a different Bayesian approach based on that
from Bailer-Jones et al. (2018). We have tested each of these
approaches on GOG data, and further details are given in Ap-
pendix C. From these tests, we conclude that using a parallax
quality cut of @w/o, > 3 is a good compromise between the
performance of the estimate and the number of stars of our sam-
ples. However, we emphasise that all the estimators tested here
return somehow imperfect distances, which in the Bayesian case
depend also on how close the assumed prior on the Galaxy dis-
tribution is to the Galaxy model used in GOG (i.e. the Besancon
Galaxy Model). We find that the median relative difference be-
tween the simulated true distances and the estimated ones can be
as large as 20% at 4 kpc and larger than 50% for 25% of the stars
even with the w/o 5 > 3 selection.

On the other hand, for the stars classified as RC (see
Sect. 2.4), we infer their distance (dg¢) in a Bayesian manner us-
ing complementary photometric data from 2MASS (details are
given in Appendix C.2.1). Typical uncertainties are of 1 kpc at a
distance of 6 kpc (see Fig. C.5).

3.3. Positions and velocities

From the distances obtained in Sect. 3.2 and the sky posi-
tions, we compute the Galactic Cartesian (X, Y, Z) and cylin-
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Fig. 7. Distribution of stars in Galactocentric radius. Number of stars
per radial bin of 200 pc for the whole AC20-w/o, > 3 sample for
EDR3 (black line) and DR2 (grey line), and for each stellar popula-
tion (colour lines as indicated in the legend). The RC do not have the
constraint @w/o, > 3 and appears more extended in R than the black
distribution.

drical (R, ¢, Z) positions, assuming that the Sun is located at
do-cc = 8.178kpc from the Galactic centre (Gravity Collab-
oration et al. 2019) and a height above the Galactic plane of
Zs = 0.0208 kpc (Bennett & Bovy 2019). Figure E.2 in Ap-
pendix E shows the spatial distribution of the the AC20 sam-
ple. By construction, the vertical Z and azimuthal Y distributions
are wider for larger distances from the Sun, with some stars at
R ~ X = 14 kpc reaching heights of 1 kpc above and below the
plane. Figure 7 shows the number of stars as a function of Galac-
tocentric radius. The gain in EDR3 for sources with w/o 5 > 3
(black line) compared to DR2 (grey line) at large radii is very
significant with an increase of one order of magnitude already at
16 kpc and notably more stars at almost all radii.

For the different populations detailed in Sect. 6 (colour lines
in Fig. 7), the samples with younger ages have distributions that,
as expected, extend to larger radii compared to older popula-
tions. The distribution for the whole sample with @ /o, > 3 is
dominated by dwarfs for R < 12 kpc while giant stars take over
beyond that. We see some hints of an over-density at around 12
kpc for the EYP and YP that could be the Perseus spiral arm but
a good assessment of this requires more investigations of the se-
lection function and the extinction. For the RC whose distances
are computed photometrically without the @ /o > 3 constraint
(brown line), there is a larger number of stars at large distances
compared to the whole sample with @ /o, > 3 (black line).

For the velocities, we compute V; and V}, and correct them
for the reflex of the solar motion using the following equations:

Vi = kduy — Ug sin(f) + (v o + Vo) cos(?) (@]

Vi = kdup+[—Ug sin(£)—(v. o+ Vo) cos(€)] sin(b)+Wg cos(b) (5)

where k = 4.7404705 is the usual factor for units conversion,
and we assume Uy = 11.1, v, o + V, = 248.5, Wy = 7.25kms™!
for the solar motion (Schonrich et al. 2010; Reid & Brunthaler
2020), where v. o = v.(R = Rp) is the value of the rotation curve
at the Sun’s position. In the anticentre direction, V; and V), are

Table 4. Uncertainties in phase space coordinates for the different Gaia
releases. In the first rows we show the median uncertainties (first three
numerical columns) and upper limit uncertainty for 80% of stars (three
columns from the right) for stars in the AC20-w/o, > 3 sample for
DR2 (first row), for the stars from EDR3 in common with DR2 (using
the gaiaedr3.dr2_neighbourhood table for the correspondence be-
tween sources), and for EDR3. The last rows compare the heliocentric
velocity uncertainties in DR2 and EDR3 for the sample with 6D ve-
locities (6dsample) when the error in vy, is not (left) and is considered
(right).

AC20-w/0y > 3

median 80% of sources

€R Ev; €v; €R 5% €y
DR2 030 38 22 <057 <84 <46
EDR3 (nDR2) 0.18 2.3 1.2 <042 <56 <30
EDR3 0.3 3.1 1.7 <058 <74 <39

6dsample

median g, =0 median

€y €y Ew €y €y Ew
DR2 0.09 0.09 0.07 043 044 0.38
EDR3 0.04 0.04 0.04 038 039 034

approximately aligned with the usual cylindrical velocities Vg
and V7 and, thus, we use:

Vg ==V,
Vzx =V,

(6)
(N

We note that V is positive for most of the disc stars with this
definition and that V; is not exactly equivalent to Vy;, noris V7 to
V2, due to a geometric difference in the vector orientation and the
contribution of the line-of-sight velocity, but the differences are
small in the anticentre. In the Appendix E we have used GOG to
quantify this and we find that 80% of the sources with w/o 5 > 3
have absolute differences smaller than 2.9 and 3.3 kms~' for
V= and Vz*, respectively (Figs. E.4, E.5 and E.3). We see that
V; 1s mainly smaller than V,, with a median of -0.4 km s™'. When
examining how these differences are distributed in the £-b pro-
jection, we see, as expected, larger differences in V; the farther
from the exact anticentre line (£ = 180deg). The differences in
V., show a quadrupole symmetry, indicating that any kinematic
signature following this same shape in the sky would be clearly
suspicious but that for most of the cases, since we average over
the whole area, the global effect of these differences is null. For
stars in the Gaia 6D phase space sample (thus a more realistic
case), the differences are similar though slightly larger (80% of
the stars with @w /o > 3 have absolute differences smaller than
3.2 and 4.0 kms™! for Vs* and V*, respectively).

Another reference system for the velocities that we use in
Sect. 5.1 is the tangential velocity V; defined as:

V, = kd \Jpta*? + us?

where in particular for that section we use as distances the in-
verse of the parallax with a more strict selection of @ /o5 > 5.
We have used the Jacobian matrix to compute the errors in
the positions and velocities from the errors (and correlations)
of the astrometric quantities. We neglect the errors in the an-
gular positions since they are extremely small. In the case of
the Bayesian and photometric distances, no correlation between
distance d and proper motions u has been considered (but see

®)
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discussion Appendix C). Figure 8 shows the median uncertainty
in the radius R (top) and velocities (bottom) as a function of R
for EDR3 (solid lines) for the AC20-w /0, > 3 sample, and
the area delimited by the 25 and 75 percentiles (shaded regions).
The median errors in R (solid blue line) remain lower than 1
kpc for R < 14 kpc and the velocity uncertainties (solid orange
and green lines) are smaller than 5 and 2kms~! for Vy and V7,
respectively, for most of the radii probed. The slight change of
trend in the solid curves at around 12 kpc is due to the contribu-
tions of different stellar types, in particular giants stars that are
intrinsically brighter at a given R and have, thus, smaller astro-
metric uncertainties. Table 4 gives a summary of these position
and velocity errors: 80% of stars have errors < 0.6 kpc in Galac-
tocentric radius, and < 7kms~! and < 4km ™, respectively for
V4 and V7. The errors for V; are smaller than for Vi due to the
better alignment of y;, with us* which in turn has smaller errors
than y, in this sky direction as seen in Sect. 2.3 (Fig. E.1).

In Fig. 8 we also show the equivalent errors in DR2 (dashed
lines). However, a fair comparison requires that we compare only
the common sources (otherwise the new sources of fainter mag-
nitudes in EDR3 at each bin in R contribute in a negative way to
the overall values). The dotted lines obtained for the sources of
EDR3 in common with DR2 show a quite significant improve-
ment. For the velocities, the uncertainties are now smaller by
about < 2kms~! at a Galactocentric distance of R = 12 kpc,
which represents an improvement of 30%.

Figure 9 shows the full error ellipses for a few stars chosen
to sample different values of R in the R-V§ projection that we
explore later. While the black error bars show the errors on the
individual quantities, the error ellipses show large correlations
between these two variables. This correlation is induced by the
coordinate transformations, which in both axes have an approx-
imately linear dependency with the distance error. As expected,
the ellipses are all oriented pointing towards the position and ve-
locity of the Sun assumed (indicated with a black star).

Finally, another good illustration of the improvement in the
astrometry is the comparison of the uncertainties in the heliocen-
tric velocities U, V and W for the 6dsample in DR2 (Katz et al.
2019) and EDR3 (Seabroke 2020), which is shown in the last
three rows of Table 4. Assuming that there are no line-of-sight
velocity uncertainties, the median uncertainties (left columns)
are reduced by around 50% in EDR3. Including the line-of-sight
velocity uncertainties (rightmost columns) does not show such a
reduction, highlighting that the line-of-sight velocity uncertain-
ties dominate. This will change in DR3 where these uncertain-
ties are expected to decrease substantially and millions of addi-
tional sources will have line-of-sight velocity measurements for
the first time.

4. Disc kinematics

In this section we explore the dynamics of the MW disc,
analysing the velocities as a function of positions. As seen in
Sects. 2.3 and 3.3, the improvement in the EDR3 astrometry al-
lows us to probe the disc’s outer regions. We start by examining
the median velocities and velocity dispersions (Sect. 4.1) as a
function of Galactocentric radius. We then look at large scale
velocity asymmetries and phase space correlations in Sect. 4.2,
to end with the analysis of small scale velocity substructures
(Sect. 4.3) that are now resolved for the first time.
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Fig. 8. Errors in phase space coordinates in the anticentre. The curves
are for the AC20-w/0, > 3 sample and show the median errors for R
(blue) in the top panel, and V; (orange) and V; (green) in the bottom
panel, while the shaded regions show areas enclosing 50% of the stars
(that is, limited by the 25 and 75 percentiles). We show the values for
EDR3 (solid), DR2 (dashed) and sources in common (dotted).
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Fig. 9. Error ellipses in the R-V; plane for stars in the anticentre. The
ellipses have been drawn for 60 stars from the AC20-w /0o > 3 sample
chosen randomly but with weight of exp R in order to sample better
the different R. The ellipses are coloured by magnitude G and the error
bars are included as black lines. The error ellipses are oriented pointing
towards the Ry-(v.o + V) point (black star).

4.1. Azimuthal and vertical velocities and dispersions

We measure the median velocity profiles and dispersions of V;
and V7, for each stellar population. We use o *= 1.5MAD (where
MAD is the median absolute deviation) as a robust estimate of
the standard deviation, to which we subtract the median error
in each bin in quadrature. Using a robust estimator, rather than
the standard deviation, prevents outliers from producing a noisy
dispersion profile. Although the 1.5 factor is strictly valid only
for normally distributed data, this approximation puts our val-
ues on the same scale as the standard deviation for a more easy



Gaia Collaboration et al.: Gaia Early Data Release 3: The Galactic anticentre

250 :
/,—--__, Sofue 2020 J
. 240 —— EYP ]
0, YP
E 230 —— 1P b
= —+ orp
>| 2201 —— RC
in
s 210F
200
25 t t t t
_ 20fF
T(IJ
g 15F .
g b
E A -
* S
S ]
08 10 12 ]‘4 16 18

R [kpc]

. : : : :
T,
£
2
= |
1]}
">N
25F
T, 20f
£
-~
= st
g
11} 10F
*bN
5 L
Og 10 12 14 16 8

R [kpc]

Fig. 10. Rotation and vertical velocity profiles in the anticentre. Top: Median azimuthal and vertical velocities of the populations EYP, YP, IP, OP
and RC as indicated in the legends (same as in Fig. 7). Shaded areas represent the uncertainties (see text) but they are very small and barely visible
in most of the cases. The rotation curve by Sofue (2020) is over-plotted in the top left panel. Bottom: Same as top but for the velocity dispersions
(computed as 1.5MAD values). Apart from the expected differences due to the different ages of the populations and the asymmetric drift, we see

significant oscillations in all curves.

comparison. We use bins of 200 pc and discard those with less
than 100 stars. The uncertainties are then obtained by perform-
ing 1000 bootstrap resamplings of these distributions at each ra-
dius, choosing the 16th and 84th percentiles, and are indicated as
shaded colour bands and error bars in the following the panels.

The rotation velocity curves for the different populations are
shown in the top left panel of Fig. 10. A difference in the me-
dian V is observed for the different stellar populations with the
older stars rotating slower as a result of the asymmetric drift. On
average, the EYP stars rotate between 10 and ~20 km s~! faster
than the OP or the RC. The curve of the EY stars presents the
best agreement with the rotation curve (black dashed lines) de-
rived in Sofue (2020) from a compilation of kinematic data from
molecular gas and stars in the infrared. This is consistent with
the expectation that younger stars rotate as fast as the cold inter-
stellar gas, thus at velocities closer to the true circular velocity
of the MW. Globally, all the rotation curves decline for R < 9.5
kpc and show a bump at around 10 kpc. Beyond this, the curve
of YP stars is flat, while those of older stars decrease again.

The effects of the parallax zero point are examined in Ap-
pendix D where we show, as an example, the effects of the dif-
ferent adopted values of this offset on the rotation curve of our
AC20-w/o 4 > 3 sample (Fig. D.2). As expected and discussed
in Sect. 3.1, we see slight differences in the curves due to a de-
crease of the distance and scaling of the velocities when the cor-
rection is used. However, the general features of the curves re-
main the same.

Interestingly, we observe stars from the YP rotating as far
as 14.5 kpc from the Galactic centre (see also Figs. 7, 12 and
16). In total, we find as many as 1186 stars with 16 < R <
18kpc and Vi > 200 km s~! for the ZP = —17 pas (with median
uncertainties of eg ~ 1.kpc), and 275 for the case of ZPs¢. This
establishes a lower limit to the disc size although a more detailed
analysis is required, in particular in the context of the biases of
the distance estimators, which can be large at these distances (see
Fig. C.4).
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Fig. 11. Vertical velocity profiles as a function of angular momentum.
The plot and legend is equivalent to the left panels of Fig. 7 but as a
function of L}. To guide the eye, we also show an approximate guiding
radius R, = L} /(236 kms™") on the top axis.

The top right panel of Fig. 10 shows the median vertical ve-
locities. These velocities appear to have small oscillations of the
order of 2kms~! inside R ~ 12 kpc. There are clear dips at R ~
9.5 kpe, coinciding with the dip in V, and at R ~ 11 more promi-
nent for the young stars. Figure 11 (top) shows the same veloci-
ties but as a function of L} where the oscillations appear clearer
with dips especially at around 2200 and 2600 km s~! kpc. In the
later one, we can see a strong age dependence with younger pop-
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ulations showing a deeper valley. We note that at the extremes of
L? in this plot, the populations are biased towards high eccen-
tricity orbits that are those that manage to reach the observed
volume. Beyond the location of the dips, V7 increases and stars
move in median upwards (V; > 0). The profile of the RC stars
with R (and of all populations in the L plot) draw a clear wig-
gle (with a subsequent decrease), with maxima of ~ Skms~! at
R ~ 14 kpc (~ 10kms™" at L} ~ 3000kms~' kpc). In Fig. 14
of Gaia Collaboration et al. (2018c) only the first part of this
positive vertical velocity wiggle was observed and seemed to
have certain dependencies on the Galactic azimuth ¢ and ver-
tical position Z of the stars, as we will confirm in Sect. 4.2. The
oscillations and the outer increase of the vertical velocities as a
function of angular momentum were also observed in Schonrich
& Dehnen (2018), Huang et al. (2018) and Cheng et al. (2020).

The bottom panels of Fig. 10 show the diversity in the ve-
locity dispersions o7, and 07, in the Galactic anticentre direction.
Although we expect decreasing dispersions with R (van der Kruit
& Freeman 1986, and references therein) supported by observa-
tions in external galaxies (Martinsson et al. 2013) including the
Large Magellanic Clouds in the Gaia data (Luri 2020), the gen-
eral behaviour here shows bumpy dispersions in all the popula-
tions that correlate with the oscillations in the median velocities.

Apart from the oscillations, overall we observe dispersions
that are quite flat as a function of R, and even increasing at larger
radii for RC stars. For the vertical velocity dispersion as a func-
tion of angular momentum (bottom panel of Fig. 11) the oscilla-
tions are even clearer. In the inner parts the dispersions decrease
with Lz but this could be due to the selection effects explained
above, while the profiles are overall flat in the outer parts. We
note that the geometry of our AC20-w/o, > 3 samples have
larger ranges of Z for increasing R (Fig. E.2). This together with
a complex selection function in the more distant regions and the
approximation in the velocities of Egs. 6 and 7 could produce
artificial trends in the velocity dispersion. A similar flattening
of the vertical velocity dispersion outside the solar radius was
observed in Sanders & Das (2018) where the authors also dis-
cuss different biases that could explain this behaviour but also
the possibility of being related to the flare (see also Mackereth
et al. 2019; Sharma et al. 2020).

As for the amplitude of the dispersions, younger stars unsur-
prisingly present lower velocity dispersions than more evolved
stars, most likely because these populations have not had the
time to be heated by various internal and external processes, un-
like older populations. On average, the azimuthal and vertical
velocity dispersions of the EYP stars are around 8 and 5 kms™!
lower than those of old stars, respectively for V; and V.

The flattening of the velocity ellipsoid 07 /07 inside R ~
14.5 kpc is quite homogeneous among the various populations
and within the whole sample, all of them showing an azimuthal
dispersion larger than the vertical component (0, /o7, = 0.7-0.8,
on average). The vertical random motion only exceeds the az-
imuthal component for RC stars beyond 15 kpc, and for EYP
stars at R = 9 kpc and after 11 kpc. Interestingly, the random
motions of the EYP stars with dispersions of values of 9 and
8kms~! for oy and o7, on average, respectively, are compa-
rable to the typical velocity dispersions seen in the gas (~ 9
and 4.5 kms~! respectively for neutral atomic and molecular gas
for R < 8 kpc, Marasco et al. 2017), for a gas velocity ellip-
soid assumed isotropic. Thus, in 200 Myr (the maximum age
of the EYP), the youngest stars present already a slight velocity
anisotropy as expected since they have oscillated of the order of
one-two vertical periods.
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4.2. Velocity correlations and asymmetries

We study here kinematic differences as a function of the location
with respect to the Galactic mid-plane, and other phase space
correlations. First, we compare the kinematics of Z < 0 stars
with those at Z > 0 for the whole AC20-w /o > 3 sample
(Fig. 12). There is a notable asymmetry in the median velocities
and the velocity dispersions (Fig. 12), starting approximately at
10-11 kpc, thus coinciding with the starting position of the large
vertical velocities of Fig. 10. The rotation of Z < 0 stars (blue
curves) clearly leads that of stars at Z > 0 (orange) beyond R ~
11 kpc typically by up to 10kms~!. A significant asymmetry
is also seen for R > 10 kpc in the vertical motion where stars at
Z < 0 move at larger velocities than Z > 0 stars, with a difference
of up to ~ 6kms~! (already noticed in Gaia Collaboration et al.
2018c and Wang et al. 2020b for example). The asymmetries in
V7, start close to the Sun, though with opposite trend compared to
R > 10kpc. The azimuthal dispersions are comparable at lower
radii but asymmetric beyond R ~ 10.5 kpc (larger values for Z <
0 stars, by up to 5kms~!) and reversing beyond 13 kpc. There
is also a vertical velocity dispersion asymmetry but it is weaker
(< 1kms™!). In any case, the dispersions observed correspond to
the typical thin disc velocity dispersions (e.g. Robin et al. 2003;
Aumer & Binney 2009).

We now follow up these asymmetries by looking with more
detail at the density of stars in the V;—V; plane. We show the
counts in this projection in 1kpc-wide radial bins for Galac-
tocentric distances ranging from 10kpc to 15kpc, and for the
north (Z > 0, top) and south (Z < 0, bottom) Galactic plane
(Fig. 13). One of the clearest features in Fig. 13 is the lack of
symmetry for stars above and below the plane. Secondly, for the
bins at R > 12 kpc we observe a bimodality where stars are sit-
ting mainly in two clumps, one with negative V; at lower V,
which is more prominent in the north, and one with positive V7,
at higher V, more conspicuous in the south. The different pro-
portions of the clumps of the bimodality at different Z seems to
be the cause of the vertical asymmetries seen at the top panels
of Fig. 12, moving the median velocities to higher/lower V; and
higher/lower V. However, we emphasise that the bimodality ap-
pears on both sides of the disc, just in different ratios.

Figure 14 shows other phase space projections, allowing us
to study this phenomenon in a more continuous way: the top pan-
els show V as a function of R, color-coded by either the Z posi-
tion (a), the median V7, (b) and the dispersion oy, (c). At R>11
kpc, the population having large V; (~ 30km s~! larger than the

other group) and positive V;, (~ 10km s~!, blue colours in panel
b) is predominantly at negative Z (red colours in panel a), and
vice-versa for the population having smaller V and negative V,

(of about -2 to -5 kms™!), as seen before. We note that the bi-
modal kinematic behaviour is also present at smaller R but with
smaller amplitude in the vertical velocities. In fact some hints
of this bimodality were seen in the maps of e.g. Khanna et al.
(2019a) and Wang et al. (2020a) but those reach only 12 kpc
from the Galactic centre and the bimodality appears marginally
at the borders of their distributions. Additionally, we note now
a clear spatial evolution, with the region at large V and posi-
tive V; smoothly diminishing its V; when R increases. A line of
constant angular momentum L7 = RV} = 2750km s~ kpc has
been plotted that roughly marks the transition in the sign of V; in
panel b. There is not an exact match between the transition zone
in panels a and b, indicating that the dominance of one clump
over the other does not occur exactly at Z = 0. We note that the
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Fig. 12. Comparisons of the velocities above and below the Galactic plane. We plot the median azimuthal and vertical velocities (top) and velocity
dispersions (computed as 1.5MAD values, bottom) for the whole sample AC20-w /o, > 3 (black lines, not including the sample of RC with
photometrically derived distances), and for stars with Z > 0 (orange lines) and for Z < O stars (blue lines). Shaded areas represent the uncertainties.

We observe notable asymmetries beyond 10-11 kpc.
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Fig. 13. Density in velocity space at different distances above and below the plane. Stellar density in the V; — V; plane, for bins in R from 10 to
15 kpc for the AC20-w /0, > 3 sample for Z > 0 (top) and Z < 0 (bottom). We see division into two components in the outer radial bins. To guide
the eye a cross has been placed at V; corresponding to L = 2750 km s~ kpc for a point in the centre of the radial bin (see also Fig. 15).

velocity dispersion of both groups of stars is typical of the thin
disc (oy; ~ 15km s~1), as already inferred from the bottom-right
plot of Fig. 12. We also see that the dispersion profiles of panels
c and f are vey different from the ones for the GOG mock Gaia
data in Fig. E.6.

The phase spiral identified in Antoja et al. (2018) with DR2
data for stars in the immediate Solar vicinity (within Ry + 200
pc), is illustrated in panel d of Fig. 14 now with astrometry from
EDR3. The morphological change of this phase spiral (or more
precisely a slice of it, centred around Z ~ 0 kpc, highlighted with
brighter colours in panel d) is traced for radii between 8 and 10 in
panel e, by plotting V as a function of R color-coded by V. Up

to R ~ 10kpc, one can still see the different arms of the phase
spiral at positive and negative V;, (dotted lines linking panels
d and e), with a diminishing envelope as one moves outwards,
due to smaller restoring forces. While this has been observed
already in Laporte et al. (2019b) for discrete ranges of R, we
see it here in a continuous way. However, farther out than R ~
1Tkpe, we see a clump (red colours) of large V; and positive
V., dominating, which corresponds to one of the modes of the
bimodality discussed above. Whether this is a manifestation of
the same spiral (but blurred since we are now considering a wide
range of Z given the cone geometry of the sample and because
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Fig. 14. Phase space projections of the Galaxy disc. The plots show for the AC20-@ /0 > 3 sample: a) median Z coordinate in the R-V plane;
b) median vertical velocity V7 in the same projection; ¢) dispersion in the V7 velocity in the same projection (computed as the 1.5MAD); d) phase
spiral in the 6dsample in EDR3 for stars in the Galactic radial range |R — Ro| < 0.2kpc; e) median azimuthal velocity V; in the R-V plane; f)
dispersion in V in the same plane. The bimodality appears in the outer parts of the disc in panels a, b and ¢, with the separation marked with a line
of constant angular momentum L} = 2750kms™! kpc. In panel e, the evolution of a slice of the phase spiral (marked in brighter colours in panel
d) is seen for smaller radii, while a signature related to the above bimodality is seen beyond ~ 12 kpc in panels e and f.
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Fig. 15. Structures in vertical velocity and angular momentum. Top:
Column normalised histogram of star numbers in the L!-V; plane for
the AC20-w /o, > 3 sample (the colour represents