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ABSTRACT

We use astrometry, broad-band photometry and variability information from the Data Release
2 of ESA’s Gaia mission (GDR2) to identify members of the Orphan Stream (OS) across the
whole sky. The stream is traced above and below the celestial equator and in both Galactic
hemispheres, thus increasing its visible length to ∼ 210

◦ equivalent to ∼ 150 kpc in phys-
ical extent. Taking advantage of the large number of RR Lyrae stars in the OS, we extract
accurate distances and proper motions across the entire stretch of the tidal debris studied. As
delineated by the GDR2 RR Lyrae, the stream exhibits two prominent twists in its shape on
the sky which are accompanied by changes in the tangential motion. We complement the RR
Lyrae maps with those created using GDR2 Red Giants and the DECam Legacy Survey Main
Sequence Turn-Off stars. The behavior of the OS track on the sky is consistent across all three
tracers employed. We detect a strong non-zero motion in the across-stream direction for a sub-
stantial portion of the stream. Such a misalignment between the debris track and the streaming
velocity cannot be reproduced in a static gravitational potential and signals an interaction with
a massive perturber.

Key words: Milky Way – galaxies: dwarf – galaxies: structure – Local Group – stars

1 INTRODUCTION

Long and narrow streams made up of stars tidally removed from

low-mass satellites offer a direct, powerful and versatile means

of probing the Galaxy’s gravity field (see e.g. Lynden-Bell 1982;

Kuhn 1993; Lynden-Bell & Lynden-Bell 1995; Johnston et al.

1996; Helmi & White 1999; Johnston et al. 1999; Murali & Dubin-

ski 1999). Discussed predominantly from a theoretical standpoint

in the last decades of the past century, stellar streams started to

be discovered in large numbers relatively recently (e.g. Ibata et al.

2001; Odenkirchen et al. 2001; Newberg et al. 2002; Majewski

et al. 2003; Belokurov et al. 2006; Grillmair & Dionatos 2006).

Deep wide-area imaging data played a crucial role: the Sloan Dig-

ital Sky Survey (SDSS, see Gunn et al. 1998; York et al. 2000;

Aihara et al. 2011; Alam et al. 2015) opened the floodgate (e.g.

Grillmair 2006; Belokurov et al. 2007; Grillmair 2009; Newberg

et al. 2009; Koposov et al. 2012; Bonaca et al. 2012) and other

surveys followed (e.g. Koposov et al. 2014; Bernard et al. 2016;

Balbinot et al. 2016), culminating most recently with the discov-

ery of 11 new streams in the Dark Energy Survey data (DES, see
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Figure 1. Galactocentric distributions of the ∼ 1, 000 Gaia DR2 RR Lyrae stars projected close to the OS on the sky. Only stars with |φ2| < 4◦ and

−300 <
vl

1 km s−1
< −100, −300 <

vb
1 km s−1

< 300 are shown. Left: X,Z plane. Middle: Y, Z plane. Right: X,Y plane. Note a prominent, narrow and

long stream-like over-density visible in all three panels.

The Dark Energy Survey Collaboration 2005; Dark Energy Survey

Collaboration et al. 2016) by Shipp et al. (2018).

The arrival of the Gaia data (see Gaia Collaboration et al.

2016, 2018a) has helped to push the stellar stream identification

into even lower surface brightness regime through the addition of

all-sky high-precision astrometry (see Myeong et al. 2018; Ibata

et al. 2018; Koppelman et al. 2018; Malhan & Ibata 2018; Price-

Whelan & Bonaca 2018; Belokurov & Erkal 2019). Gaia’s paral-

laxes and proper motions are valuable not only because they can

be used to beat down the overpowering intervening Galactic fore-

ground. The utility of a stellar tidal stream springs as soon as the

kinematic information is added as demonstrated convincingly by

Koposov et al. (2010). For example, the streaming velocity, i.e. the

component of the motion in the direction aligned with the stream,

sets the normalization for the mass inside of the debris orbit, while

the across-stream velocity (i.e. the velocity component tangential

to the stream path) informs of possible perturbations (see e.g. Erkal

et al. 2018b).

One of the first stellar streams discovered as the SDSS un-

leashed its data on the unsuspecting community was Orphan (see

Grillmair 2006; Belokurov et al. 2007). Ten years later, the stream

remains so, literally, as no plausible progenitor has been identi-

fied despite numerous attempts (e.g. Fellhauer et al. 2007; Jin &

Lynden-Bell 2007; Sales et al. 2008; Casey et al. 2013, 2014; Grill-

mair et al. 2015). While the stream’s known length has been ex-

tended somewhat below the celestial equator, no trace of it has so

far been found in the Southern Galactic hemisphere. After some

initial confusion, the orbit of the stream was clarified in Newberg

et al. (2010), who took advantage of the wide-area, low-resolution

spectroscopy provided by the SDSS and the Sloan Extension for

Galactic Understanding and Evolution (SEGUE). An equally im-

portant role was played by the Blue Horizontal Branch (BHB) stars

used by Newberg et al. (2010) to nail down the distances to the de-

bris and thus reveal the 3-D shape of the stream. Given the distance

gradient and the pattern of line-of-sight velocities, the direction of

the stream motion became immediately apparent. In Galactic co-

ordinates, the OS is moving up (as defined by the Galactic North),

hence the part of the stream observed by the SDSS is leading the

presumed missing section below the Milky Way’s disc. By fitting

orbits to the detected portions of the OS, Newberg et al. (2010) de-

termined the stream’s extrema, placing the peri-center at ∼ 16 kpc

and the apo-center at ∼ 90 kpc.

Conveniently, not only does the OS contain plenty of BHBs

but it also boasts a prominent RR Lyrae (RRL) population (see e.g.

Sesar et al. 2013). In the optical, RR Lyrae are slightly better stan-

dard candles than BHB stars (see Fermani & Schönrich 2013; Sesar

et al. 2017b). Importantly, however, RR Lyrae suffer little contam-

ination due to their unique light curves, while BHBs can be con-

fused with Blue Stragglers and occasionally with White Dwarfs

and/or QSOs (see e.g. Deason et al. 2014). An additional perk of

using RR Lyrae is that a rough estimate of the star’s metallicity can

be obtained based on the light curve shape. Sesar et al. (2013) iden-

tified ∼ 30 RR Lyrae likely belonging to the OS using a combina-

tion of Catalina Real-Time Sky Survey (CRTS), Lincoln Near Earth

Asteroid Research (LINEAR) survey, and Palomar Transient Fac-

tory (PTF) data. While the RRLs are scattered rather sparsely along

the stream, approximately one member star per 2-3 degrees on the

sky, they are nonetheless easily discernible from the bulk of the

Milky Way stellar halo. The RR Lyrae’s period-luminosity relation

is exceptionally tight and steep in the near-infrared. Accordingly,

Hendel et al. (2018) used the Spitzer IRAC 3.6µm to follow-up the

RRLs identified in Sesar et al. (2013) and measure distances to the

individual OS stars with uncertainty of order ∼ 2.5%.

In this paper we provide the first all-sky map of the Orphan

Stream constructed with a range of stellar tracers. We start with the

Gaia DR2 (GDR2) RR Lyrae, the largest set of RR Lyrae available

to date (see Clementini et al. 2018; Holl et al. 2018). The Gaia DR2

RR Lyrae are identified and characterized in the optical where the

period-luminosity relation is rather flat, thus yielding distance es-

timates inferior to those obtained using infrared data. Nonetheless

they are very competitive and superior to most other tracers, with

typical uncertainties < 10%. Despite the high purity (outside of

the Galactic plane) and impressive completeness (for heliocentric

distances below 70 kpc), the GDR2 RR Lyrae sample remains rel-

atively unexplored in terms of Galactic halo studies (e.g. Iorio &

Belokurov 2018; Torrealba et al. 2018). To complement the OS RR

Lyrae detections we also study the stream with other stellar trac-

ers, including GDR2 Red Giants and Main Sequence Turn-off stars

in Dark Energy Survey (Abbott et al. 2018) and DECam Legacy

Survey (DECaLS, Dey et al. 2018) data.

This Paper is organised as follows. Section 2 presents the de-

tails of the RR Lyrae selection from the Gaia DR2 data as well

as the selection of the likely Orphan Stream members. That Sec-

tion also gives the distributions of the OS RR Lyrae in various
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Figure 3. Same as Figure 1 but limited to likely OS member RR Lyrae (see Figure 2 and main text for details). Long curved arrow shows the direction of

motion of the OS, while the short straight arrow indicates the motion of the Sun (shown as grey filled circle at (X,Y, Z) = (8.3, 0, 0).

be less than 1.5 and have assumed AG/E(B − V ) = 2.27 and

MG = 0.64 for the extinction coefficient and the RRL absolute

magnitude in the Gaia’s G band respectively (see Iorio & Be-

lokurov 2018, for further details). We also required a negligible

parallax ̟ < max(3σ̟, 0.1) and a small astrometric excess noise

(AEN < 1). Additionally, we have assumed the Sun’s distance

from the Galactic center of 8.3 kpc (Gillessen et al. 2009), the Sun’s

height above the Galactic mid-plane of 27 pc (Chen et al. 2001), the

Local Standard of Rest (LSR) of 220 km s−1 (Bovy 2015), and the

Sun’s peculiar motion as given in Schönrich et al. (2010).

To select the likely OS members, we translate the stellar celes-

tial coordinates in equatorial system (α, δ) into a new coordinate

system (φ1, φ2) aligned with the stream (see e.g. Koposov et al.

2010). More specifically, based on the OS detections reported in

Belokurov et al. (2007); Grillmair (2006); Newberg et al. (2010),

we use a great circle with a pole at (αOS, δOS) = (72◦,−14◦).
The origin of this stream’s coordinate system is chosen to be at

(α0, δ0) = (191.◦10487,−62.◦86084), near the position where the

equator of this coordinate system (and the OS) crosses the Galactic

plane. We provide the rotation matrix to this coordinate system in

Appendix B. Finally, φ1 increases in the direction of the stream’s

motion, i.e. from the Galactic South to the Galactic North. Sev-

eral attempts at the OS kinematic characterization can be found

in Newberg et al. (2010) and Sohn et al. (2016). Given the OS’s

line-of-sight velocity and the HST-based proper motions, we no-

tice that the stream’s velocity component along Galactic longitude

vl remains negative irrespective of the debris position on the sky,

i.e. the stream is in prograde motion with respect to the Galactic

rotation. Accordingly, we explore the distribution of the possible

OS members selected with the following simple cuts.

|φ2| < 4◦

−300 <
vl

1km s−1
< −100

−300 <
vb

1km s−1
< 300

(1)

Figure 1 shows the distributions of ∼1,000 RRL stars selected

with the above cuts in Galactocentric coordinates X,Y and Z; here

X points to the Galactic anti-center and the Sun is at (X,Y, Z) =
(8.3, 0, 0). A long and narrow arc of RRL stars is visible in all three

projections, crossing the Galaxy from the North (where it is seen at

Z > 0 and X > 0) to the South (where the signal is at Z < 0 and

X < 0). The stream spans a gigantic ∼150 kpc, traveling in almost

uninterrupted fashion through the Milky Way, coming as close as

∼15 kpc to its center and reaching as far as ∼50 kpc into the halo.

Yet neither an obvious progenitor nor any sign of the stream’s apo-

center is apparent. While the Northern portion of the stream had

been seen before with SDSS and Pan-STARRS1 (PS1; Chambers

et al. 2016), the view of its Southern Galactic section uncovered

here with Gaia DR2 is entirely new.

We can further clean the OS membership by looking closely

at the behavior of the RRL stars close to the equator of the stream’s

coordinate system. To this end, Figure 2 shows the distribution of

RR Lyrae as a function of the along-stream coordinate φ1. The top

panel shows the distribution of RRL on the sky, the middle one

shows the distance as a function of the angle along the stream and

the bottom one shows the proper motion of the stream stars along

the φ1 direction (after correcting for the solar reflex motion). Each

panel of Figure 2 shows a sample of stars selected after applying

the selection masks from the other two panels (the masked areas

are highlighted in pale blue in each panel), i.e. the stars for the top

panel were selected based on their proper motion and distance. An

additional proper motion selection was applied to all stars in this

figure to limit −0.5 <
µφ2

1mas yr−1 < 0.9. The masks are specified

by first adopting reference stream tracks in proper motion, distance

and on the sky. The reference stream tracks are defined as natu-

ral cubic splines. For the rest of the paper, we will refer to these

spline tracks in distance, proper motion and on the sky as D̂(φ1),
µ̂φ,1(φ1) and φ̂2(φ1) The positions of the spline knots and the cor-

responding values were mostly chosen manually based on the RR

Lyrae distribution seen on Figure 2 and are provided in Tables C1,

C2, C3 in the Appendix. The boundaries of the masks are chosen

to wrap around the reference tracks of the stream and are defined as

0.75 D̂(φ1) < D < 1.25 D̂(φ1), |µφ1
− µ̂1(φ1)| < 1 mas yr−1,

|φ2 − φ̂2(φ1)| < 1◦ for distance, proper motion and on-sky track

respectively. Applying all three masks shown in the Figure yields

the total of 109 OS candidate members. Table 5 lists all RRL stars

identified using the procedure described above together with their

positions and heliocentric distances.

As the top panel of the Figure illustrates, the stream spans

some ∼ 210◦ in φ1 while exhibiting a slight bend of several de-

grees in φ2. The heliocentric distance of the Orphan debris changes

slowly within −50◦ < φ1 < 50◦, but beyond that, the stream ap-

pears to shoot rapidly to large distances, reaching ∼ 50 kpc on

either end. Finally, a clear kinematic pattern is visible in the bot-
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Figure 4. Phase-space projections of the likely OS member RR Lyrae as a function of the stream longitude φ1. Top left: Positions of the OS stars on the sky

in the stream-aligned coordinates φ1, φ2. Top right: Heliocentric distance as a function of φ1. Second row, left: Right ascension component of proper motion

µα. Second row, right: Declination component of proper motion µδ . Third row, left: Proper motion along the stream (strictly speaking, along the longitude

axis of the stream-aligned coordinates) µφ,1. Third row, right: Proper motion across the stream µφ,2 Fourth row, left: Velocity component along Galactic

longitude vl. Fourth row, right: Velocity component along Galactic latitude vb. Bottom left: Along-stream velocity vφ,1. Bottom right: Across-stream velocity

vφ,2. Note that all proper motions are corrected for the effect of the Solar reflex motion.

tom panel of Figure 2, where the stream µφ,1 proper motion arches

up to ∼ 4mas yr−1 around φ1 ∼ 40◦ from values close to ∼ 0
mas yr−1 near the tips of the stream. Note that in all three projec-

tions, the width of the stream also changes as a function of φ1.

Some of this variation may be due to the intrinsic evolution of the

debris density along the stream (see, e.g., Erkal et al. 2016a), but

much of it may plausibly be associated with the variations in the

uncertainties, especially for the proper motions.

Figure 3 is a companion to Figure 1 as it also shows the Galac-

tocentric positions of the Gaia RR Lyrae stars, but now only those

selected using the masks described above. The leftmost panel of

Figure 3 emphasizes the high eccentricity of the OS as the stream

appears highly stretched in this projection. Noticeable in the mid-

dle and right panels of this Figure is the change in the stream’s cur-

vature between the Southern and the North Galactic hemispheres.

The view of the OS in other phase-space projections can be found

in Figure 4.

The top left panel of Figure 4 presents the on-sky positions

of the likely OS members in the stream-aligned coordinate system

(note the large aspect ratio). We remark on the striking change of

the stream curvature around 20◦ < φ1 < 50◦ — immediately af-

ter the stream re-emerges after passing through the Galactic disc

— where the debris behavior changes from gently sloping down to

sharply rising up in φ2. Additionally, in the Northern end of the

stream, at φ1 ∼ 100◦ there appears to be a curious hook down-

wards. There exists a corresponding change in the debris kinemat-

ics. For example, proper motion components µα and µδ also show

a switch in the gradient as a function of φ1 around φ1 ∼ 20◦. Note,

MNRAS 000, 000–000 (0000)
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Figure 12. Orphan Stream across the sky in Equatorial (left) and Galactic (right) coordinates. Grey shaded area marks the boundaries of the DES DR1

footprint. Great circles parallel to the equator of the OS coordinate system and corresponding to φ2 = −4◦ (blue), φ2 = 0◦ (black) and φ2 = 4◦ (red) are

shown. Arrows indicate the direction of the stream’s motion. The Chenab track as measured by Shipp et al. (2018) is shown in yellow.

sky reaching distances of ∼ 60 kpc from the Sun on either side of

the Galactic plane. Viewed with the GDR2 RR Lyrae, the OS ap-

pears long and eccentric, piercing the Milky Way’s disc at around

10 kpc and disappearing far into the Galactic halo, more or less in

agreement with earlier studies (see e.g. Newberg et al. 2010; Sesar

et al. 2013; Hendel et al. 2018). Unexpectedly, however, the OS’s

behaviour changes drastically in the Southern hemisphere: the Or-

phan’s track on the sky bends, while the debris kinematics appear

to exhibit strong across-stream motion.

4.1 Orbital plane of the OS debris

The striking twist of the OS can be comprehensibly demonstrated

by tracking the direction of the vector normal to the orbital plane

passing through individual portions of the stream. First, the ce-

lestial coordinates and line-of-sight distances of the likely OS

RR Lyrae are converted into Galactocentric Cartesian coordinates,

X,Y, Z. We then fit each of the three coordinates as function of the

stream longitude φ1 with a high order polynomial. This smooth 3-

D track of the stream is split into 19 reference nodes, separated by

10◦, of which there are 11 in the North and 8 in the South. The di-

rection of the normal corresponding to the orientation of the orbital

plane passing through the debris between each neighboring pair of

the stream nodes is then simply the cross product of their position

vectors Xi, Yi, Zi and Xi+1, Yi+1, Zi+1.

Figure 11 presents the evolution of the OS debris plane in

Galactocentric polar coordinates lGC, bGC, where the Northern

sections of the stream are shown in blue and the Southern ones

in red. As the Figure demonstrates, the debris pole swings wildly,

by some ∼ 20◦, as the stream moves from the South to the North.

Curiously, the bulk of this orbital plane wobble is in the direction of

the Galactic bGC. Such an evolution of the stream’s pole is incon-

sistent with the orbital plane precession in the potential with a flat-

tening along the z axis. As highlighted in e.g. Erkal et al. (2016a),

streams in axi-symmetric potentials are expected to precess around

the symmetry axis. This is illustrated in Figure 11 with two ex-

amples of the orbital pole variation, one for an orbit in an oblate

(purple curve) and one in a prolate (green curve) Dark Matter halo.

While the orbital planes do exhibit small-amplitude nutation along

bGC, most of the pole displacement is in the perpendicular direc-

tion, i.e. that parallel to lGC and around the z axis. Compared to

these theoretical expectations, the OS debris pole exhibits a swing

with an amplitude some 4 times higher. We further compute the di-

rection of the stream’s angular momentum for the Northern stream,

where the line-of-sight velocities are available from the SDSS data

(see previous Section). The direction of the stream’s angular mo-

mentum and the debris pole match pretty well in the North. We

expect the angular momentum pole and debris pole to decouple

further down South; furthermore, the line-of-sight velocities of the

Southern portions of the stream (when measured from future sur-

veys) should manifest strong perturbations indicated by the wobble

of the stream track.

4.2 Orphan Stream in the South

At first glance, half of our stream detections appear new, as they

are located under the Galactic plane. As illustrated in Figure 12,

the Southern portion of the stream crosses the footprint of the Dark

Energy Survey. On closer examination, it is clear that the South-

ern part of the Orphan Stream is entirely consistent with the DES

stream Chenab (see Shipp et al. 2018). It is likely that Chenab stars

were not identified as Orphan’s due to the dramatic twist in the OS

track on the sky around −20◦ < φ1 < 50◦ and drift of the orbital

pole by more than 20 degrees shown on Figure 11. We leave the

detailed analysis of Chenab-Orphan in the South for a stand-alone

publication.

In the South, while the stream could not be easily seen with

Gaia’s RGBs, it is clearly visible in the DES DR1 data. Here we

proceed in the same fashion as with the DECaLS data. More pre-

cisely, we construct a set of matched filters based on the [Fe/H] =
−1.5, 12 Gyr PARSEC isochrone shifted to the distance D̂(φ1)
predicted from the RR Lyrae. Figure 13 shows the density of

matched filter selected stars on the sky, with the y axis being the

residual offset with respect to the RR Lyrae track φ2 − ˆΦ2(φ1), so

that the stream is expected to go horizontally near zero. Traced with

the DES data, the stream is unmistakably present, but shows more

complicated morphology (compared to its Northern section). For

example, the stream’s signal is strongest at φ1 < −62◦, and then

drops noticeably at φ1 > −57◦. However, in the middle of this φ1

interval, the debris density is greatly reduced. It is difficult to say

at the moment whether this is an artifact of the data or an intrin-

sic variation of the stream’s properties. We also note a prominent

compact stellar overdensity on top the stream at φ1 ∼ −66◦. This

happens to be the recently discovered MW satellite Gru 2 (Drlica-

Wagner et al. 2015).

4.3 Gru 2 and other Galactic satellites

Figure 14 shows the position of Gru 2 (filled red star) in vari-

ous phase-space projections, namely in stream-aligned coordinates

MNRAS 000, 000–000 (0000)
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Table 5. The subset of the likely Orphan RR Lyrae selected based on their

distance, proper motion and position on the sky. The full version of the table

is available.

source id α δ Dhel

deg deg kpc

3890405535908322816 155.36706 17.52019 32.0

6417782236698088576 276.18759 -74.20531 22.5

6572607831962125056 329.77628 -40.60788 38.2

642802947461337728 150.64721 25.24754 30.1

6561357319748782976 331.32574 -46.60868 41.7

6459293778511267200 321.18679 -58.68641 32.2

5793432594747653376 225.44879 -74.39093 19.4

6450297166352626048 312.65244 -64.49243 26.4

6564567275226088192 328.87316 -46.27519 41.2

6459507255565439744 321.67634 -57.45849 33.4

3763707471010331520 163.83093 -7.17632 20.6

799463292628940672 146.00854 36.26583 40.3

5792708879873126400 227.70794 -74.57514 20.5

6425035538810325248 311.72339 -67.05691 22.0

...

stream-motion misalignment and thus a different phenomenon may

be needed to explain this observation.

• This paper demonstrates that a portion of the Southern exten-

sion of the OS had been seen previously. More precisely, a stream

called Chenab was discovered in the DES data by Shipp et al.

(2018) which now can be shown to match perfectly the GDR2 RR

Lyrae detections discussed here. Chenab was likely not connected

to the (previously known portion of the) OS because of the strong

debris plane evolution detected in this paper.

• The analysis of the total population of RR Lyrae shows that

the progenitor of the stream was likely a classical dwarf galaxy

with the total luminosity of MV ∼ −10.

• After many years of searching, a plausible connection between

OS and a Galactic satellite may have been established. An ultra-

faint dwarf — Gru 2 — overlaps with the Orphan debris in most

of the phase-space projections, with one small exception: along the

line-of-sight, the satellite is ∼ 10 kpc further away.

• We identify a well-defined density gap in the Orphan stream

with the size of 4 degrees. The density of the stream in the gap

drops by a factor of 2.5. This is consistent with the gap created by

dark matter substructures with masses in the range of ∼ 107M⊙-

108M⊙.

This is the first paper in a series by the Orphan Aspen Treasury

(OATs) Collaboration. Note that, released simultaneously with this

work, a companion publication (Erkal et al. 2018a) presents the

results of an in-depth stream modeling exercise and provides an

explanation of the observed OS properties.

ACKNOWLEDGMENTS

This work was performed at the Aspen Center for Physics, which

is supported by National Science Foundation grant PHY-1607611.

We thank Michael for an illuminating discussion. The research

leading to these results has received funding from the European

Research Council under the European Union’s Seventh Framework

Programme (FP/2007-2013) / ERC Grant Agreement n. 308024.

SK is partially supported by NSF grant AST-1813881. NK is sup-

ported by NSF CAREER award 1455260.

This work presents results from the European Space

Agency (ESA) space mission Gaia. Gaia data are being pro-

cessed by the Gaia Data Processing and Analysis Consortium

(DPAC). Funding for the DPAC is provided by national insti-

tutions, in particular the institutions participating in the Gaia

MultiLateral Agreement (MLA). The Gaia mission website is

https://www.cosmos.esa.int/gaia. The Gaia archive website is

https://archives.esac.esa.int/gaia.

This project used public archival data from the Dark En-

ergy Survey (DES). Funding for the DES Projects has been pro-

vided by the U.S. Department of Energy, the U.S. National Sci-

ence Foundation, the Ministry of Science and Education of Spain,

the Science and Technology Facilities Council of the United King-

dom, the Higher Education Funding Council for England, the Na-

tional Center for Supercomputing Applications at the University

of Illinois at Urbana-Champaign, the Kavli Institute of Cosmolog-

ical Physics at the University of Chicago, the Center for Cosmol-

ogy and Astro-Particle Physics at the Ohio State University, the

Mitchell Institute for Fundamental Physics and Astronomy at Texas

A&M University, Financiadora de Estudos e Projetos, Fundação

Carlos Chagas Filho de Amparo à Pesquisa do Estado do Rio de
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APPENDIX A: RR LYRAE QUERY

To select the RR Lyrae used in this paper we combined the infor-

mation from two Gaia classifiers, one is provided in the vari rrylae

table and another one in the vari classifier result . We list the spe-

cific query below.

WITH x AS (

SELECT vari_classifier_result.source_id

FROM gaia_dr2.vari_classifier_result

WHERE

vari_classifier_result.best_class_name::text

˜˜ ’RR%’::text

UNION

SELECT vari_rrlyrae.source_id

FROM gaia_dr2.vari_rrlyrae

),

y AS (

SELECT r.best_classification,

r.solution_id,

x.source_id, r.pf, r.pf_error,

r.p1_o, r.p1_o_error,

r.epoch_g,

r.epoch_g_error,

r.epoch_bp,

r.epoch_bp_error,

r.epoch_rp,

r.epoch_rp_error,

r.int_average_g,

r.int_average_g_error,

r.int_average_bp,

r.int_average_bp_error,

r.int_average_rp,

r.int_average_rp_error,

r.peak_to_peak_g,

r.peak_to_peak_g_error,

r.peak_to_peak_bp,

r.peak_to_peak_bp_error,

r.peak_to_peak_rp,

r.peak_to_peak_rp_error,

r.num_clean_epochs_g,

r.num_clean_epochs_bp,

r.num_clean_epochs_rp,

FROM x

LEFT JOIN gaia_dr2.vari_rrlyrae r

USING (source_id)

),

z AS (

Table C1. The location of points defining the natural spline for the stream

track shown on Fig. 2 to select RR Lyrae.

φ1 φ2

deg deg

-105.186 2.315

-74.7184 2.148

-54.4067 1.2797

-25.4375 -0.0562

0.2019 -0.8577

25.8413 -1.1917

39.1605 -1.9598

66.9643 1.1127

93.1032 3.2835

108.0872 3.2167

129.8974 -0.1564

162.5293 -4.8653

SELECT y.*
vr.classifier_name,

vr.best_class_name,

vr.best_class_score

FROM y

LEFT JOIN gaia_dr2.vari_classifier_result vr

ON y.source_id = vr.source_id

)

SELECT z.best_classification,

z.*, vv.*
FROM z

LEFT JOIN gaia_dr2.vari_time_series_statistics vv

ON z.source_id = vv.source_id;

APPENDIX B: TRANSFORMATION OF EQUATORIAL

COORDINATES TO STREAM COORDINATES φ1, φ2





cos(φ1) cos(φ2)
sin(φ1) cos(φ2)

sin(φ2)



 =





−0.44761231 −0.08785756 −0.88990128
−0.84246097 0.37511331 0.38671632
0.29983786 0.92280606 −0.2419219



×





cos(α) cos(δ)
sin(α) cos(δ)

sin(δ)





(B1)

APPENDIX C: THE DEFINITION OF SPLINES USED FOR

THE SELECTION OF RR LYRAE
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