A&A 649, A8 (2021)

(e} (e}
L 300 <b <40 " A B
14 0
T2 _
: 20 % 16
0 £
= O
I -2 10 18
) 1
B 20
. 200 c b
14
] 50
0l C 161 ¥
100 2
21 184 10
-4 D
201
L 30 < b <200 80 E F (>
14
60
21 \A/‘/
o] E 161 _,,,/
B 40 8 1'4
] b 181 G =1.95(Gpp = Grp) 10
] . 20 =
201 - 2 1
4] -50° < b < —40° 20 G H 10
14
21 s 15 5
16
07 10
-2 # 18 .
5
4 H
201
s 0 5 10 05 00 05 10 15 -10 -05 00 05 10 15
Ugx [masyr™'] G —Ggp [mag] G —Ggp [mag]

Fig. 21. Colour-magnitude diagrams of different features in the anticentre. The diagrams are for the kinematic groups selected in proper motion in
the range 170° < £< 190°. Each row corresponds to a different latitude. First column: distribution in proper motion and the definition of two regions
of interested. The stellar population in these selections are shown in the second and third columns. We see structures such as ACS (A), Monoceros

(C), the Sagittarius stream (H, C) and other outer disc structures (E).

(Ibata et al. 2003; Li et al. 2017), alternatively called south mid-
dle structure (Xu et al. 2015), at around ~12 to 16 kpc from the
Galactic centre. On the other hand, the faint RC could be related
to TriAnd (Rocha-Pinto et al. 2004; Xu et al. 2015; Li et al. 2017;
Bergemann et al. 2018), at a Galactocentric radius between 18
and 25. We note however that previous TriAnd detections were
located around the range 100—-160 deg in ¢, thus not exactly in the
anticentre direction, and our detection would then be a confirma-
tion of the broadness of this structure and their extension up to
¢ =180, albeit predicted by models such as that from Sheffield
et al. (2018).

6. Clusters in the outer disc

In this section, we investigate the peculiar clusters Berkeley 29
and Saurer 1. The Gaia EDR3 astrometric data allow us for
the first time to perform a reliable member selection of these
clusters and to constrain their proper motions in order to deter-
mine their orbits. We retained all sources brighter than G =19
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within 4 arcmin of the cluster centres. The members were iden-
tified from their Gaia proper motions and parallaxes with the
unsupervised clustering procedure UPMASK (Krone-Martins
& Moitinho 2014). Cantat-Gaudin et al. (2018), also using
UPMASK, analysed the stars brighter than G =18 mag of
Gaia DR2 and detected Berkeley 29 but not Saurer 1. The
improvement of Gaia EDR3 with respect to Gaia DR2 allows
us to gain one magnitude and reliably detect both clusters.
Figure 22 impressively shows how the stars in these clusters
appear much more concentrated in proper motion space com-
pared to DR2. The CMDs of the clusters are shown in Fig. 23,
highlighting the sources that we consider the most secure mem-
bers (with membership scores over 50%). We manually fitted
PARSEC isochrones (Bressan et al. 2012) to the observed CMDs.
For Berkeley 29 we employed an isochrone with a metal-
licity [Fe/H]=-0.5 (Yong et al. 2005; Cantat-Gaudin et al.
2016), an age log#=9.55, and a distance modulus of 15.5 mag
with an extinction Ay of 0.2mag. For Saurer 1 we used an
isochrone of metallicity [Fe/H] = —0.4 (Carraro & Baume 2003;
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Fig. 22. Proper motions of the stars in Berkeley 29 and Saurer 1. The
proper motions are for Berkeley 29 (fop) and Saurer 1 (bottom) for
Gaia DR2 (left) and Gaia EDR3 (right), for sources brighter than G = 19
in the investigated field of view. The reduced uncertainties in EDR3
make the stars appear much more clumped than in DR2, allowing for
a better selection of members and a better determination of the proper
motion of the clusters.
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Fig. 23. CMDs for Berkeley 29 and Saurer 1. The secure members
identified with UPMASK are indicated and used to compute the mean
proper motions. The blue points are sources with similar proper motions
but large uncertainties, or magnitudes G > 19. The red lines are PAR-
SEC isochrones. The dashed lines correspond to offsets of +0.2 mag in
distance modulus.

Cantat-Gaudin et al. 2016), an age log¢=9.6, and a distance
modulus of 15.4 mag with an extinction Ay of 0.4 mag.

The mean proper motions of the cluster members
are (to*,ps)=(0.11,-1.05)masyr~' for Berkeley 29, and

(~0.26, —0.32) mas yr~! for Saurer 1. The mean tangential veloc-
ities Vy and V,, (Eq. (4)) are represented in the first panel of
Fig. 24, along with that of the Sagittarius stream particles from
the Law & Majewski (2010) model. In this panel, all proper
motions were corrected from the effect of the Solar motion. The
velocity vector of both clusters is mostly parallel to the Galactic
plane, and differs significantly from that of the stream.

We used galpy MWPotential2014 model (Bovy 2015) to
integrate the orbits of these objects, shown in the left panels
of Fig. 24. For this, we supplemented the quantities derived
from Gaia data with line-of-sight velocities obtained from high-
resolution spectra analysed by Cantat-Gaudin et al. (2016). Their
mean line-of-sight velocities are 24.8kms™' for Berkeley 29
(from eight stars), and 98.0kms™' for Saurer 1 (from two
stars). All the stars they used to compute those mean velocities
are part of the sample of secure members we obtained in the
present study. We estimated the uncertainty on the main orbital
parameters by Monte-Carlo sampling of the uncertainties on the
distance, line-of-sight velocity, and proper motion. We assumed
an uncertainty of 0.2 mag on the distance modulus, and 2 kms~!
on the line-of-sight velocities of both clusters. The precision on
the mean cluster proper motion is limited by systematics, on
the level of 11 uasyr~' on each component of the mean clus-
ter proper motion. All sampled orbits correspond to prograde,
bound trajectories. The maximum altitude above the Galactic

plane is Zyax = 1.801'8:33 for Berkeley 29, and zix = 1.59f8:éé for
and

Saurer 1. They also exhibit small eccentricities e=0.03*0%

0.05%09 respectively. Despite their large Galactocentric dis-
tance, the orbits of these clusters are typical of disc objects. We
obtained similar results with the model by McMillan (2017).

7. Discussion and conclusions
7.1. Summary of results

With the combination of photometric and astrometric data from
Gaia EDR3, we explored the dynamics of different elements of
the MW in the Galactic anticentre. The main results of this study
are:

1. There are prominent oscillations in the median rotation and
vertical velocities and dispersions of disc stars as a func-
tion of radius and angular momentum which depend on the
evolutionary state of the stars (Sect. 4.1).

2. There are significant asymmetries in velocity when compar-
ing stars above and below the standard Galactic plane for
disc stars that can be as high as Skms~! for the vertical
velocities and 10km s~! for the rotation ones (Sect. 4.2).

3. At the outer disc, stars are predominantly following a
bimodal distribution, with a group of stars mostly below
the plane moving upwards with velocities of ~10kms~! and
rotating faster by about ~30kms~! than another group of
stars predominantly above the plane moving downwards by
2-5 kms™" (Sect. 4.2).

4. The known R-V; ridges discovered with Gaia DR2, reach
larger Galactocentric radius with EDR3 (up to 14 kpc) and
there are also new ridges up to about 16—18 kpc, that is much
beyond the limits reached in previous studies (Sect. 4.3).

5. Galactic rotation is detected as far as 18 kpc from the Galac-
tic centre, being this a lower limit on the current thin disc
size (Sects. 4.1 and 4.2).

6. The red sequence of high tangential velocity stars (sug-
gested to be the ancient disc that was heated after the merger
with Gaia-Enceladus-Sausage) now is seen to extend out to
~14 kpc (Sect. 5.1).
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Fig. 24. Orbits if the Berkeley 29 and Saurer 1 clusters from EDR3 data. Left: location of Saurer 1 and Berkeley 29 in Galactic coordinates. The
white symbols are the Sagittarius stream particles modelled by Law & Majewski (2010). The arrows indicate mean tangential velocities corrected
for the solar motion (V, V},). The background is the integrated extinction model of Green et al. (2015), beyond 2 kpc. Right: integrated orbits of
Saurer 1 and Berkeley 29. The Sun’s position and Galactic centre are indicated as the usual Sun’s symbol and cross, respectively. We find that the

orbits of these clusters are very similar and typical of the disc.

7. The blue sequence (assumed to be the debris of the Gaia-
Enceladus-Sausage) is much more extended and can be
detected at least beyond 17 kpc (Sect. 5.1).

8. The far anticentre shows a intricate superposition of struc-
tures in the proper motion and photometry diagrams includ-
ing the leading (in the north) and trailing (in the south)
Sagittarius stream, and known outer disc structures such of
Monoceros and ACS in the north (Sect. 5.2).

9. There are two structures at latitudes of =30 < b < —20deg
approximately at 9 and 14 kpc from the Sun, tentatively
related to the Monoceros in the south and an extension of
TriAnd in the anticentre direction, respectively (Sect. 5.2).

10. The clusters Berkeley 29 and Saurer 1, which are among
the oldest open clusters known, are found to be on disc-
like orbits despite being located at around 20 kpc from the
Galactic centre (Sect. 6).

7.2. Discussion (1): MW disc dynamics

As in Gaia DR2, the disc is found to be rather complex. Nearby,
the rotation velocities are dominated by the known ridges in
the (R, V) plane, which are now detected up to 14 kpc from
the Galactic centre, that is 3 kpc farther than for DR2, while
two additional ridges are discovered that reach 16—18 kpc. The
overlap of distinct ridges in R seems to be the cause of some
oscillation seen in the rotation curve, as already suggested by
Martinez-Medina et al. (2019), although they could also be
related to the physical location of the spiral arms (Sancisi 2004;
McGaugh 2019), rather than their resonances (Barros et al.
2013).

The most prominent nearby ridge is Sirius, followed by the
hat, L18, Hyades and Hercules. If indeed the Hercules, Sirius
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and hat ridges are signatures of the corotation, 4:1, and 2:1 Outer
Lindblad Resonance of the bar (Monari et al. 2019; Laporte et al.
2020a), respectively, there could be the 4:3 and 1:1 resonances
beyond that (see Kawata et al. 2020) but perhaps there is a dif-
ferent explanation for the new ridges beyond 12 kpc discovered
here, either spiral structure (with a lower pattern speed or tran-
sient) or the perturbation from Sagittarius (or the two at the same
time since perturbations from satellites inevitably induce density
spirals and rings, Purcell et al. 2011).

The Gaia EDR3 now allows for a full characterisation of the
velocity ellipsoid and the asymmetric drift as a function of age
and radius. We see clear oscillations in V7, with radius (and angu-
lar momentum) of an amplitude of 1-2 kms~! but increasing
for younger stars. As already noticed before (e.g. Schonrich &
Dehnen 2018; Huang et al. 2018; Beane et al. 2019; Cheng et al.
2020) but now seen at a higher precision with Gaia EDR3, these
oscillations could indicate a vertical wave propagating radially
and are possibly associated to oscillations in the local mid-plane
itself. The vertical velocity dispersions do not show the expected
decreasing behaviour with radius but seem to be flat or increase
and present very prominent oscillations that appear connected to
the oscillations in the median velocities.

In the outer disc (R > 12kpc), the velocity field is domi-
nated by an upwards motion of about 5kms~!. Already seen in
Gaia Collaboration (2018c), Wang et al. (2018), Poggio et al.
(2018), Romero-Gémez et al. (2019), Carrillo et al. (2019),
Lépez-Corredoira et al. (2020) and Cheng et al. (2020), it has
been associated to the warp that in the anticentre is near the
line-of nodes, a bending wave due to Sagittarius, or to a disc
that never achieved equilibrium. Here, however, we go one step
beyond and find, coexisting in R, a bimodal distribution of stars
moving vertically with opposite directions and with a different
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amount of rotation. The feature can be observed also as a ver-
tical velocity oscillation in angular momentum space, which
can thus have different phases coexisting at the same R. This
bimodality shows similar phase space correlations to those of the
phase spiral (Antoja et al. 2018). Each group of the bimodality
could be interpreted as different wraps of a phase-mixing fea-
ture or a combination of bending waves. Missing data in this
study such as line-of-sight velocities and chemistry will help in
the understanding of this feature. The WEAVE Galactic Archae-
ology survey (Dalton et al. 2016; Famaey et al. 2016) has a
dedicated science case in the region of the anticentre to obtain
line-of-sight velocities in complement to Gaia, which will be
crucial in this and many other aspects explored in this study.
Yet our exploration reveals that simple 2d projections of phase
space often do not capture the full complexity of the disc dynam-
ics: when the vertical velocities are explored alone as a function
of radius, only the upward motion (as in previous studies) is
seen and adding more coordinates is necessary to observe this
bimodality.

To interpret the complex patterns observed, a dynami-
cal framework is required that no longer assumes decoupling
between the vertical and horizontal movements (D’Onghia et al.
2016) and is capable of linking the small scale features such as
the ridges, the global streaming motions, the phase spiral and
perhaps structures such as the warp, the flare and the spiral arms.
In any case, we probably live in a Galaxy with a highly perturbed
outer disc (e.g. Widrow et al. 2012; Wang et al. 2017; Antoja et al.
2018; Beane et al. 2019) as seen in simulations of MW-like galax-
ies perturbed by a Sagittarius-like galaxy (Purcell et al. 2011;
Gomez et al. 2013, 2017; Laporte et al. 2018) having rings with
non-null vertical velocities, qualitatively comparable to what we
find here.

7.3. Discussion (Il): MW constituents

After Gaia DR2, our understanding of the Galactic components
has changed, in particular recognising that most of the (local)
halo is made of debris from a single accretion event (forming
a blue sequence in the HR diagram of high transverse veloc-
ity stars) and that we here find to be extended beyond the local
neighbourhood at least up to distances of 17 kpc from the Galac-
tic centre. This is consistent with expectations from, for example,
the orbit integrations of Deason et al. (2018), but also emphasises
the global importance of the debris. The redder component of
the HR diagram does not extend this far, having very few stars
already around 14 kpc. If this redder component is the heated
thick disc after the merger (as claimed in Helmi et al. 2018; Di
Matteo et al. 2019; Gallart et al. 2019; Belokurov et al. 2020),
this would imply that it is more compact than the canonical
thick disc, which can be detected up to this radius. It will be
interesting to try to constrain its initial properties, particularly
through comparison to simulations of mergers and subsequent
disc growth.

In line with Carraro et al. (2010) and Lépez-Corredoira et al.
(2018) that advocate a disc larger than the previously thought
12-14 kpc (Minniti et al. 2011, and references therein), we find
evidence of circular rotation up to about 18 kpc from the Galactic
centre. A more precise value for such an important measurement
needs a detailed analysis of the effects of the adopted zero paral-
lax point, the biases on any distance estimate (see Appendices C
and D) and aspects such as the flare (e.g. Lépez-Corredoira
& Molg6 2014). We compared the effects of a constant paral-
lax offset of —17 uas (the average offset of the quasars) with

that of Lindegren et al. (2021a) — a more sophisticated prescrip-
tion as a function of magnitude, colour and ecliptic latitude.
We find that the latter gives a more compressed distance scale
(that propagates to velocities) but at this point it is not straight-
forward to claim that one prescription is better than the other
(Lindegren et al. 2021a). In any case, the features observed
remain qualitatively the same regardless of the zero point.

Gaia has also provided us with a window into the structures
that dwell at the edge of the disc. We detected the Monoceros
and the ACS above the disc plane and other structures in the
south. Our southern detections are possibly related to the Mono-
ceros south or south middle structure (e.g. Ibata et al. 2003; Xu
et al. 2015) and TriAnd (Rocha-Pinto et al. 2004), which have
not been probed in detail at £ ~ 180deg so far due to the high
extinction (e.g. Slater et al. 2014; Xu et al. 2015). If confirmed,
this would be the first TriAnd detection with Gaia data (but
see Ramos et al. 2021) and the first time it is observed beyond
its previously known longitude limit of £ ~ 160 deg. Curiously,
the part of the disc bimodality of stars below the plane mov-
ing upwards strongly at 12 kpc coincides in distance with this
nearby southern structure, though the latter is at a lower latitude.
The connection between these features certainly needs some
attention. Whether these structures are the corresponding north-
ern and southern counterparts of the vertically oscillating disc
(bending wave) expected in the scenario proposed by Widrow
et al. (2012) and Yanny & Gardner (2013), or they are individ-
ual rings or feather structures in the outermost parts of the disc
as suggested in Ibata et al. (2003), Kazantzidis et al. (2008),
Purcell et al. (2011), Gémez et al. (2013) and Laporte et al.
(2019b) also remains undetermined. In any case, future studies
can benefit from the Gaia data that enable the kinematic selec-
tion of members of these features, providing a uniform sample of
all the stellar types, and the determination of their proper motion.

Here we looked at two particular clusters, Berkeley 29 and
Saurer 1, that due to their great distances from the Galaxy centre
(around 20 kpc, derived photometrically and thus not affected
by the parallax offset) and their old age (3—4 Gyr) probe extreme
conditions in the Galaxy. Using an improved membership assig-
nation and the better astrometry of Gaia EDR3, we ascertain that
the two clusters are on disc orbits, unlike what was claimed by
previous studies (Frinchaboy 2006; Wu et al. 2009; Carraro et al.
2007; Vande Putte et al. 2010; Carraro & Bensby 2009). Yet,
their distant location makes us wonder whether the disc extends
to such a distance or whether these clusters were brought there
by other means (radial migration, interaction with a satellite,
expelled material from the disc). In particular Berkeley 29 has
been already associated to Monoceros in Carraro et al. (2004)
and in Frinchaboy et al. (2004), though in the latter case advocat-
ing for a stream origin. Our distances and proper motion of these
clusters are compatible with the ones of Monoceros. Similarly,
after examining the literature (Rocha-Pinto et al. 2004; Li et al.
2012; Cantat-Gaudin et al. 2016; Sheffield et al. 2018), we note
that their chemistry and line-of-sight velocity are also broadly
comparable. These clusters thus can be small but relevant pieces
of information on the outer disc unknowns.

7.4. Conclusion

The quality of the EDR3 Gaia data together with the advantage
of having astrometry and photometry from the same mission
have allowed us to extend the horizon for exploration towards
the very end of the disc, travel to the past to explore its ancient
components and detect its small constituents and phase space
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features with better resolution. With a simple exploration of the
Gaia data we find new complex patterns of movement in the out-
skirts of the Galactic disc, we estimate the extent of the ancient
MW disc, show how the anticentre is a crossroad of structures
likely both of internal and external origin, and uncover the nature
of the orbits of two distant clusters. The anticentre is thus proven
to be an excellent testbed region in the quest of deciphering the
structure and history of our Galaxy that many astrophysicists are
pursuing in the Gaia era.
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Appendix A: Queries to the Gaia Archive

In this appendix we show a few examples of queries to the Gaia
Archive'? to retrieve the data:

Listing 1. An example of query to retrieve stars in the rectangular sky
patch of the AC20 sample.

SELECT * from gaiaedr3.gaia_source WHERE 1<190 and
1>170 and b>-10 and b<10 }

Listing 2. An example of query to retrieve the number of stars and aver-
age quantities in all healpix of level 8 inside a rectangular patch in the
sky.

SELECT sub.healpix_8,COUNT(*) as
N,AVG(phot_g_mean_mag) as avg_d,
AVG(visibility_periods_used) as avg_vp FROM
(SELECT gaia_healpix_index(8, source_id) AS
healpix_8,phot_g_mean_mag,visibility_periods_used
FROM user_edr3int4.gaia_source WHERE 1<240 AND
1>120 AND b<60 and b>-60 AND ruwe < 1.4) AS sub
GROUP BY sub.healpix_8

Appendix B: Selection of red clump stars

In this appendix we describe the selection of the RC sub-sample.
First, in order to compute the absolute magnitude, we need good
estimates of the extinction A, in band A. For each star, one could
in principle use the 2D (I, b) maps of reddening, E(B — V), from
Schlegel et al. (1998) which estimates the extinction at infinity.
However, these 2D extinction values will overestimate the red-
dening. Since, we have parallax information for our sample, we
can use this as a prior for distance and estimate the 3D extinc-
tion. For this, we made use of the 3D dust-reddening maps from
Bayestar (Green et al. 2019). These are derived using a Bayesian
scheme that combines Gaia parallaxes with photometry from the
2MASS and Pan-STARRS surveys, and covers the sky north of
declination of —30°. Only 3 stars in our AC20 sample are missing
from Bayestar. The multiplicative factor (f,) between reddening
and extinction that we use is listed in Table B.1 for various bands.

For the RC selection, we first apply the following photomet-
ric cuts:

BP -G > 0.6,BP - RP, > 091. B.1)

Then, for each star, we compute the absolute magnitude (M,) in
each of the 2MASS bands, and in Gaia G:

M/l =m,1—A/1—dm0d, (BZ)

using dmod = 5 log;¢(100/w [mas]). Here, @ is the parallax cor-
rected for the offset of -17 uas. In Table B.1 we list the literature
absolute magnitude (M,) and dispersion in various photometric
bands for the RC population. Using this, for each star we can
write down a likelihood function per bandpass i, and take their
product

Pre(my, Ay, @) = [ | V2rorq N(MAIM, ), (B.3)

0 https://gea.esac.esa.int/archive/

Table B.1. Median absolute magnitude M;, and dispersion in absolute
magnitude o y;, for RC stars selected from Hawkins et al. (2017).

Passband (1) M, o, = 55
J —0.93+0.01 0.20+0.02 0.7927

H ~146+£0.01 0.17+£0.02 0.469

K ~1.61+0.01 0.17+0.02 0.3026

G +0.44+0.01 020+0.02 2.74

Ggp - - 3.374

Gre - - 2.035

Notes. Also listed are the extinction factors (f)) for the four passbands
used, with the 2MASS values taken from Green et al. (2019) and Gaia
from Casagrande & VandenBerg (2018).

Table B.2. Parameters used for selecting the RC population.

ML  Nrc
3 121857  0.01

Prc > band(s)

2MASS J, Gaia G

Notes. ML is essentially the confidence level used to set a minimum
probability threshold (Prc >). Finally, Ngc gives the resulting number
of stars classed as RC that lie between 170° < [ < 190° and |b| < 10°.

. ) ) . .
where o7, = /aer, YT, combines the propagated error in

the absolute magnitude from Eq. (B.2), 0er,u,, and the dispersion
in the true absolute magnitude, oyz,.

For any distribution, the distance between the centroid (xg)

and a point of interest (x;) can be given in terms of its Maha-
lanobis distance (ML)
ML? = (x; — x0) 27! (x1 — x0), (B.4)
that respects the combined covariance of xy and x;, which we
have written as X. Essentially, ML is a measure of the distance
from the centroid in units of the standard deviation. Then, we can
define a p-value, that is the probability of finding a value of ML?
or more extreme under the null-hypothesis of the star not being
part of the RC, from a chi-square distribution, and select those
stars for which the probability (Pgc) is greater than the p-value:
Pre > 1 = P[y? < ML2]. (B.5)
In this work we limited our analysis to a maximum of two
bands, namely, Gaia G and 2MASS K. So, we used a chi-square
distribution with 2 degrees of freedom, and ML is essentially
the confidence level used to set a minimum probability thresh-
old. The tolerance parameters used in our selection is shown
in Table B.2, and we obtain a high quality RC sample of
Ngrc = 121857. The HR diagram with our RC selection is shown
in Fig. B.1. The parallax quality for the selection is shown in
Fig. B.2, with the tail of the distribution extending down to
Ox/@ =~ 0.8.

In Fig. C.5, we further inspect the RC selection. Panels a and
b show the absolute magnitude distribution in G and K bands.
We find that the median absolute magnitudes for our sample is
offset from their literature values by —0.05 (G) and 0.05 (K) in
the two bands. The yellow curves use the Bayestar reddening,
but we also show the distribution for absolute magnitudes com-
puted with A, =0, just to illustrate that our extinction correction
shifts the distribution in the correct direction. In panels ¢ and
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Fig. B.1. HR diagrams for the AC20 sample, with contours marking the
RC selection.

RC parallax quality

5
4
3
Q
2
1
0 T - .
0.0 0.2 0.4 0.6 0.8 1.0
Owlw

Fig. B.2. Parallax error quality of the RC sample. The tail of the
distribution extends down to o, /@ ~ 0.8.

d, we compare the distances computed as in Appendix C.2.1,
against inverse parallax. It is encouraging to see that the run-
ning median for nearby stars lies on the 1:1 line. This is further
shown in panels e and f, where we look at the relative difference
between the two distance estimates. Compared to inverse par-
allax method, our distances are slightly under (over) estimated
in G (K) beyond 5 kpc from the Sun. This is likely due to the
fact that distance modulus « -M,. Since the literature absolute
magnitudes are slightly offset, this would result in smaller dis-
tances, but the effect is minor given the small offset, especially
in the K band. Finally, in panels g and h, is shown the distance
error as a function of distance. The errors in the inverse paral-
lax distances are quadratic with d, while the trend is linear for
the RC distances. Beyond, d > 5 kpc, the errors in inverse paral-
lax grow significantly, while for RC distances, the prediction is
o4 1.5 kpc at 10 kpc. The distribution in Galactocentric cylin-
drical radius R is shown in Fig. 7. Our sample extends out to
R ~17 kpc, consisting of about 1000 stars at that distance.

Lucey et al. (2020) recently put out a catalogue of 2.6 million
RC stars. Their method involves predicting asteroseismic param-
eters (AP, Av) and stellar parameters (logg,Ter) from spectral
energy distributions (SED). They combined photometry from
Pan-STARRS, WISE, 2MASS and Gaia. In their catalogue
(hereafter L20) they classified RC stars with contamination rate
of #33% as ‘Tier II’, and a superior subset with contamination
rate of #20% as ‘Tier I'. In Fig. B.3 we show the distribution of
our sample on a Kiel diagram by cross-matching with the L20
catalogue. We notice that their “Tier I' sample does not have too
many cooler stars. Conversely, their less stringent ‘Tier II’ sam-
ple, extends out to log g~ 1.8, which is typically the lower limit
of the RC range, and thus prone to contamination from regular
giants.

Finally, we used APOGEE-DR16 (Ahumada et al. 2020),
to construct the background Kiel diagram. This shows that our
RC sample is largely concentrated around the horizontal branch
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Fig. B.3. External validation comparing the distribution of the AC20
RC stars on a | Kiel diagram. In grey is the full distribution from
APOGEE-DRI16, and the green contours show common stars between
our RC sample and APOGEE-DR16. Red contours show common stars
between L20 and the entire anticentre sample used here. The blue con-
tours show common stars between L.20-Tier I (i.e. 20% contamination)
and our RC sample. The black contours show common stars between
L20-‘Tier I’ (i.e. 33% contamination) and our RC sample.

(blue contour), thus missing several common stars with L20, but
at the same time is likely a ‘purer’ sample for the purpose of
distance estimation.

Appendix C: Distances to stars
C.1. Distance estimates

As discussed in Sect. 3.2 there is no existing perfect recipe for
estimating distances from a measured parallax. In this work we
approach this problem by testing how robust our conclusions are
to the use of different distance estimators. We used three dif-
ferent methods, which we tested with the mock Gaia data from
GOG (described in Sect. 2.2):

1. d: simple inversion of parallax 1/w.

2. dpy: Bayesian distances with an iterative prior. This
approach is closely related to that used by Schonrich & Aumer
(2017). In general, the Bayesian approach relies on the state-
ment that for an observed parallax, @, and uncertainty, 0, the
probability of a given distance d is

Pldlw, o) « P(wld, o) P(d),

where P(d) is the prior on distance. This prior takes three fac-
tors into account. Firstly, the volume at distances between d and
d + d increases like d2. Secondly, the true spatial distribution
of stars is not uniform. Thirdly, there are selection effects: the
probability of a star at distance d entering the catalogue varies
with d because there is a magnitude limit to the survey (because
for example intrinsically faint stars become too faint to enter the
catalogue).

For the distances dpy, these considerations lead us to a prior
P(d) o< d*P(r(d))S (d), where S (d) is the selection function, and
r(d) is the position in a galaxy of an object at distance d along
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Fig. C.1. Distribution of true distances of GOG in the anticentre.
We show all stars in GOG (blue histogram) and stars with @w /o, >
3 (orange histogram). The different solid lines are the exponential
decreasing prior (Eq. (C.1)) with scalelength of 0.6, 1 and 5 kpc.

a given line-of-sight, so P(r(d)) is proportional to the density of
a model Galaxy. The distance estimate, d and uncertainty o is
then found as the expectation value and standard deviation of d
given this prior and the measured parallax (with uncertainty).

The model from which we take P(r(d)) is taken from
McMillan (2018), and has two exponential discs (thin and thick)
and a power-law halo. It has no warp. We approximated the
selection function as S (d) o« exp(—d/Ly) where L; is a value we
determine. Experiments with GOG (see below) and investiga-
tion with the Gaia data both suggest that this is a reasonable
approximation.

Following Schonrich & Aumer (2017), we derived the
selection function from the data by recognising that S(d) o
N(d)/(d? fp(d, l,b)cos bdldb) where N(d) is the number of
stars in the catalogue at a distance d and the integral over ¢, b
is taken over the field we consider. We don’t know N(d), but we
can make the approximation that N(d) ~ N(d) for some range
of distances and subset of the more accurate parallaxes. We
used this to find the scale length L, which enters into S (d). We
then iterated this process — using this estimate of the selection
function to find new distance estimates, d, then using these to
make a new estimate of S (d). Experiments with GOG indicate
that fitting S (d) for distances 1 < d/kpc < 3 and for stars with
w/o4 > 3 give a reasonable approximation. The value of L, we
find converges after a few iterations and we find L; =0.963 for
our sample and L, = 1.16 for GOG.

3. di: Bayesian distances with exponentially decreasing
prior with scale length of L following Bailer-Jones et al. (2018).
These distances were computed following Bailer-Jones et al.
(2018) with a simpler prior, in particular an exponentially
decreasing prior with distance d:
d*e¥t ifd>0

otherwise. €

1
P(IL), = {(-2)”

Figure C.1 shows the true distribution of distances of GOG
(blue histogram) and the same for a selection of sources with
w/os > 3 (orange histogram). As explained in Bailer-Jones
et al. (2018), a good approximation for the maximum likelihood
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Fig. C.2. True versus estimated distances for different methods. Left:
direct comparison between true and estimated distances of GOG for the
different distance estimations as indicated in the legends. Right: frac-
tional error in the estimated distance as a function of true distance for
the same estimators.

estimate for the scale-length L of the prior Eq. (C.1) of a given
distance distribution is MED(d)/3, where MED(d) is the median
of the distribution. For GOG in the anticentre this turns out to
be 0.977 kpc and 0.527 kpc for stars with @w/o5 > 3. The red
and green solid lines show the shape of the prior with L= 1kpc
and L = 0.6 kpc, respectively, which fairly reproduce the true dis-
tribution of distances in each case. We also show the prior for
L =5kpc. Hereafter, we choose two different scale-length L of
1 kpc (that we name dy,) and 5 kpc (dz,), motivated by the tests
shown below. While Bailer-Jones et al. (2018) uses a scale-length
that depends on the sky coordinates, here for simplicity we use a
single value for the whole field of 20 x 20 deg.

C.2. Tests with GOG

Here we test the different distances estimations with GOG.
First we note that due to deficiencies in the Gaia error model,
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the uncertainties in the astrometric values in GOG somewhat
disagree with the values for EDR3. In particular, we see an
overestimation of the parallax errors as a function of magni-
tude G, actually more similar to the DR2 scenario than to EDR3
(Fig. E.1 top). The exercises presented here thus show a worse
case scenario.

Figure C.2 shows the comparison between true distance and
estimated distance for the different methods presented above
applied to the whole GOG sample, for which the true distances
are known. We see in the left panels a good fraction of stars with
properly determined distances falling on the 1:1 line (those with
small parallax uncertainties). However, we also see large fraction
of stars with badly estimated distances corresponding to paral-
laxes with large uncertainty (including negative parallaxes). For
the d,, case (top panels), most of these problematic cases appear
scattered in the underestimated region. For Bayesian estimations
dpy, dp, and dj, (three bottom panels), they appear concentrated
at the nearly horizontal line at des =2L (coinciding with two
times the mode of the prior, that is ~2kpc in the two middle
rows, and 10 kpc for the bottom row), completely dominated by
the choice of the prior as explained in Bailer-Jones et al. (2018).
These numerous uninformative parallaxes forces us to perform a
cut in fractional parallax uncertainty, which, unfortunately, may
introduce biases in our samples as discussed for instance in Luri
et al. (2018).

Figure C.3 shows the fractional error in the estimated dis-
tance as a function of fractional error in parallax with differ-
ent panels for different distance estimations. All panels show
large errors for large parallax uncertainties (smaller @w/o ) as
expected and highlight the need to use a certain criteria to select
good parallaxes while finding a proper balance with the final
number of sources kept and trying not to bias the sample as
a result of eliminating specific populations. Depending on the
particular analysis, these considerations might lead to different
choices. Here we choose to select sources with @w /o > 3 in the
case of the AC20 sample (dash-dotted vertical line) while a more
restrictive cut at @w/o 4 > 5 is used in Sect. 5.1 (dotted line).

From Fig. C.3 we also note two important aspects. First, the
performance of the 4 different methods is quite similar when
one chooses cuts in w/o, as the ones mentioned above, with
only a slight underestimation of the distances in the case of d,
compared for instance to dpy. Second, we also want to empha-
sise that, even if the median differences between estimated and
true distances are small, at w/o > 5 (dotted vertical line)
50% of the sources have errors in the derived distances 220%
(sources outside the shaded areas which enclose the other 50%)
independently of the method used.

Now focusing on the selection of sources with @w /o5 > 3,
the distance error of these different estimators as a function of
true distances is shown in Fig. C.4. We see a slightly better
performance of the d;, at larger distances but a better one for
dy, at nearby distances. The d is underestimated in median for
all distances while dpy shows overestimated distances at nearby
distances, but the contrary beyond 2 kpc. Apart from these lit-
tle differences, we note that non of the estimators is completely
free of bias even with the selection of w/o, > 3, as already
mentioned above. We see underestimations of the distance that
start to be important (20%) at around 4 kpc and biases larger
than ~40% for 25% of the sources at this same distance. Again
we emphasise that the parallax errors in GOG are overestimated
with respect to Gaia EDR3, and therefore the expected biases as
a function of distance in EDR3 are possibly smaller than shown
here.
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Fig. C.3. Fractional error in the estimated distance as a function of frac-
tional error in parallax. We show the errors for the different distance
estimations as indicated in the labels for the GOG sample. Solid lines
indicate the median fractional error and shaded areas show the 25 and
75% quartiles.

All these tests show that different priors might work better
in different regimes and that there can be multiple criteria to
choose which method provides a better estimate (e.g. minimis-
ing the median distance error at small versus large distances).
We also need to keep in mind that these conclusions are some-
what model dependent, influenced by the particular MW density
model and selection function imposed in GOG. Our approach
of exploring varied distances estimations wants to mitigate this
model-dependency and the appropriateness of different methods
and priors in different cases. We highlight that it is necessary to
evaluate the impact of these biases and the effects of the parallax
quality cut on the different analysis.

So far what we showed regarded only the estimation of the
distance. This estimation and a single value for its uncertainty is
then used, together with the proper motions, to calculate veloci-
ties and their uncertainties. However, we know this is not strictly
correct. On one hand, because the proper motion errors are cor-
related with the parallax errors and, on the other, because the
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Fig. C.4. Median fractional error in the estimated distance for good
quality parallaxes. We show the errors as a function of true distance
for different distance estimations as indicated in the labels for stars
with @ /o, > 3 in the GOG sample. Solid lines indicate the median
fractional error and shaded areas show the 25 and 75% quartiles.

distribution of uncertainties in the estimated distance in gen-
eral is not Gaussian and asymmetric. Ideally, then, one would
use a method to estimate simultaneously the distance and the
tangential velocity of each star. The Gaia technical note GAIA-
C8-TN-MPIA-CBJ-081 described a way to infer velocities and
distances at the same time, from the proper motions and paral-
lax, using a Markov chain Monte Carlo (MCMC) method. This
approach is mathematically more accurate and allows us to deal
properly with the correlations between velocities and distances.
We have tested it with a random subset of the GOG sample and
conclude, firstly, that the resulting velocities are similar to the
ones obtained with the usual and simpler approach; secondly,
that the correlation between velocities and distances is domi-
nated by the transformation rather than by the correlation in the
uncertainties; thirdly, that a cut in parallax quality is still nec-
essary; and, finally, that the high computation cost renders it
unfeasible to use for even modest-sized samples. For all these
reasons, we do not use it here.

C.2.1. Red clump distances

For each star classified as RC, we can invert Eq. (B.2) to calculate
the distance modulus. For this we used the literature absolute
magnitudes in each band pass, M. The errors in the computed
distances using the RC and parallax only is given by,

O g, =0.2In(10)0 1, d

o4, = owd?,

(C2)
(C3)

where oy, is the dispersion in the computed absolute magni-
tudes of the RC selection, and o is the parallax error. The
parameters in Table B.2 are fine tuned in order to maximise the
number of RC stars and minimise the dispersion and thus the
errors in distances.

As mentioned earlier, we did not apply the ‘qfl’ quality flag
on 2MASS photometry, but instead use the photometric errors to
decide if the distances will be estimated using the K band or G
band. In general, the K band suffers from lower extinction than
the broader G band, so we prefer to use distances estimated using
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Fig. C.5. Red clump sample inspection. (a and b) Absolute magnitudes
in G and K for the selected sample. The yellow curves use the 3D extinc-
tions from Bayestar, while the blue curves are for zero extinction shown
just for illustration of shift towards the correct literature value upon
reddening correction. Panels c—f compare the RC distances to inverse
parallax, while panels g and h show the error in distances as a function
of d for the two methods. Beyond 5 kpc, RC distances become more
reliable than inverse parallax.

Fig. C.6. Red clump distance validation with the external catalogue
L20. To enhance the illustration we use a larger RC sample here (147° <
[ < 219° and |b| < 30°). Panel a: comparison to L20 shows the pres-
ence of a population for which distances are overestimated using the
K band. This is due to very high photometric errors (i.e. (e_jmagl
e_kmag) > 0.025). (b) Comparison between G and K band derived
distances also highlights the same trend: K band distances are overesti-
mated for poor photometry stars. (¢) Replacing K band estimates with
G where (e_jmagl e_kmag) > 0.025 improves agreement with L20.

K. However, if for a given star the photometric errors, (e_jmagl
e_kmag) > 0.025, the typical value above which photometry in
2MASS becomes unreliable, then we estimate distances for these
using the G band. This is illustrated in Fig. C.6, where we com-
pare our distance estimates to the external catalogue of L20.
Essentially, for stars with poor 2MASS photometry we overes-
timate the distances if the K band is used. Replacing these with
G band estimates results in a much better agreement with the
external catalogue.

C.2.2. Comparison of the different distances for EDR3

Finally, Fig. C.7 compares all sets of distances derived in this
work using the dpy case as a baseline (see caption for more
details).
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Fig. C.7. Comparison of the different distances used in this study. The
comparison is done with respect to the dpy distances. The discrepancies
are small for small distances. For the case of the RC, we only compare
stars with @w/o, > 3, since the rest of RC sources are not included in
our set of dpy. This is then misleading since for these stars the paral-
lax retrieves better distances, but the real gain for the RC occurs exactly
for the stars missing in this panel, in the regime where the photometric
distances might be better than the ones from parallax alone. The pecu-
liar shape shown in the inset of the top panel and present in the three
top panels is composed of stars with large parallax error, for which the
expectation values used in the dpy estimation are larger than for instance
the medians used in d;.
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Appendix D: Parallax zero point

In this appendix we illustrate the differences in distance and
velocities when different parallax zero points are used (Fig. D.1),
and we reproduce several figures of the main part done with and
without different parallax zero points (Figs. D.2 and D.3).

—— ZP=-17pas
—— ZPs¢

0.5
0'00 2 4 6 8 10 12
d [kpc]
S T T T
I
—— ZP=-17pas W
—— ZPs6

Vi = Vg™ [kms™!]
|
n

BRSSTTTI0 TTT0 200 250 300 350
V; [kms™']
4F —— ZP=-17puas
v
E 2
Z
E of
N
. -2t
>
4t
75 50 =50 25 30 75
V;, [kms™']

Fig. D.1. Effects of the zero point in parallax on distances and velocities.
The comparison is done with respect to the case with the Bayesian dis-
tances dpy; Where the zero point is not considered (x axis) and the shaded
areas show the percentiles 10 and 90 (i.e. they enclose 80% of stars).
Top panel: we see how not correcting for the zero point produces over-
estimated distances. The zero point prescription ZPsg reduces even more
the distances compared to the case of a fixed zero point ZP = —17 pas.
The velocities (middle and bottom) scale linearly with the distance and
thus we see the absolute magnitude of the velocities being larger when
the zero point is not considered. We see null differences in the case of
null proper motion, that is when the velocities equal that of the Local
Standard of Rest.
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Fig. D.2. Velocity profiles for different parallax zero points. In the rotation curve (fop left), as expected, the rotation curve computed using ZPsg
(orange curve) is slightly shifted to the left (R decreases by about 0.5 kpc at R =14 kpc) and V; also decreases, but always in amounts smaller

than ~2km s~ In the vertical velocity plot (fop right), we observe similar effects, though a notable effect is seen in the first kpc. The velocity
dispersions (computed as the mad values, bottom) appear also slightly different, with ZPse yielding smaller dispersions but without changing the

overall shape.
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Fig. D.3. Phase space projections for different parallax zero point. The
plot reproduces panels b and e of Fig. 14 using different distance estima-
tions and parallax zero point as indicated in the legends. As explained in
other parts of the article, the correction of the zero point combined with
the different distance estimators used produce a change in the distance
scale but in any case induces or removes the phase space substructure
such as the one observed in this panels. The smallest distances are found
when the Bayesian distances dpy and the zero point ZPsg are used.

Appendix E: Additional material

In this appendix we present a miscellanies set of plots that serve
as supporting material to the rest of the sections. A describing
text can be found in each of the figures.
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Fig. E.1. Comparison of the astrometric uncertainties for DR2, EDR3
and GOG. Due to deficiencies in the GOG Gaia error model, the astro-
metric uncertainties in GOG do not match perfectly those for EDR3.
The error model retrieves unique values of the formal uncertainties as a
function of G, while a large range is obtained for the data (shaded areas
showing the 10 and 90% percentiles). We also see an overestimation of
the parallax errors (fop), which actually look more similar to the DR2
scenario than to EDR3. By definition, the errors in 4}, and ps are the
same for GOG. The errors of the proper motions are closer to the true
uncertainties although no distinction between the different components
is made for this mock data.
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Fig. E.2. Spatial distribution of the AC20-w /0 > 3. (@) Counts in bins
of 0.1 kpc in the X-Y projection. (b) Same but for the X-Z projection.
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Fig. E.3. Error in the velocities for GOG when using our approxima-
tions. Median differences between V; and Vj, and between V; and V;
(Egs. (4) and (5)) in bins in the X-Y and X-Z projections.
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Fig. E.5. Error in the velocities for GOG when using our approxima-
tions (part 3). Median differences between V; and V,, and between V;
and V7 in bins in the R-V; and R-V; projections.
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Fig. E.6. Phase space projections for model and mock data. Same as Fig. 14 but for the UM (top), the UM with the sources that in GOG have
@[04 > 3 (middle), and for GOG with the selection @w/o,; > 3 (bottom). The phase space spiral does not exist in GOG and panels d are not shown.
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Fig. E.7. Photometry in different phase space projections. Median magnitudes G (fop) and colour BP — RP (bottom) in the R-V; plane (lef) and
R-V, plane (right) for the AC20-w /0o > 3 sample.

Young Population (EY+YP) Main Sequence (IP+OP) Red Giants
Ry [kpc] R, [kpc] Ry [kpc]
8 10 12 14 8 10 12 14 8 10 12 14

Vp [kms™']
V, [kms™)
=V, [kms™']

*
7 =

*
7 =

*
7 =

1500 2000 2500 3000 3500 1500 2000 2500 3000 3500 1500 2000 2500 3000 3500

L, = -RV; [kpckms™] L, = —RV; [kpckms™'] 5 = —RV; [kpckms™']

Fig. E.8. Structures in the vertical velocity and angular momentum space for different populations. As in the top panel of Fig. 15, these show a col-

umn normalised histogram of star numbers in the L?, V; plane but for a given population (as in Sect. 2.2). In all cases the feature at ~2750 km's™' kpc
is clearly visible. The young population has the lowest velocity dispersion, and therefore shows the feature most cleanly.
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