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A B S T R A C T 

The Milky Way halo is one of the few galactic haloes that provides a unique insight into galaxy formation by resolved stellar 
populations. Here, we present a catalogue of ∼47 million halo stars selected independent of parallax and line-of-sight velocities, 
using a combination of Gaia DR3 proper motion and photometry by means of their reduced proper motion. We select high 

tangential velocity (halo) main sequence stars and fit distances to them using their simple colour-absolute-magnitude relation. 
This sample reaches out to ∼21 kpc with a median distance of 6.6 kpc thereby probing much further out than would be possible 
using reliable Gaia parallaxes. The typical uncertainty in their distances is 0 . 57 

+ 0 . 56 
−0 . 26 kpc. Using the colour range 0.45 < ( G 0 

− G RP, 0 ) < 0.715, where the main sequence is narro wer, gi ves an e ven better accuracy down to 0 . 39 

+ 0 . 18 
−0 . 12 kpc in distance. The 

median velocity uncertainty for stars within this colour range is 15.5 km s −1 . The distribution of these sources in the sky, together 
with their tangential component velocities, are very well-suited to study retrograde substructures. We explore the selection of 
two complex retrograde streams: GD-1 and Jhelum. For these streams, we resolve the gaps, wiggles and density breaks reported 

in the literature more clearly. We also illustrate the effect of the kinematic selection bias towards high proper motion stars and 

incompleteness at larger distances due to Gaia ’s scanning law. These examples showcase how the full RPM catalogue made 
available here can help us paint a more detailed picture of the build-up of the Milky Way halo. 

Key words: methods: data analysis – catalogues – Galaxy: evolution – Galaxy: halo – Galaxy: kinematics and dynamics –
Galaxy: structure. 
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 I N T RO D U C T I O N  

 large body of evidence shows that the assembly of the Milky Way
s irrefutably hierarchical. The Galactic halo in particular has a non- 
inear structure with a vast number of chemical and dynamical stellar
treams that allow us to study the formation history of our galaxy.
t hosts a range of different substructures – from cold streams (e.g. 

alhan, Ibata & Martin 2018 ; Shipp et al. 2018 ; Ibata et al. 2021 ; Li
t al. 2022 ; Martin et al. 2022 ) to more diffuse merger events such
s the recently disco v ered major merger Gaia-Enceladus (Belokurov 
t al. 2018 ; Helmi et al. 2018 ; Koppelman, Helmi & Veljanoski 2018 ),
he currently disrupting Sagittarius (Ibata, Gilmore & Irwin 1995 ), 
he Helmi streams (Helmi, White et al. 1999 ), Thamnos (Koppelman 
t al. 2019 ), Sequoia/I’itoi/Arjuna (Myeong et al. 2019 ; Naidu et al.
020 ), LMS-1/Wukong (Naidu et al. 2020 ; Yuan et al. 2020 ), Cetus
Newberg, Yanny & Willett 2009 ; Yuan et al. 2022 ), and o v erdensities
uch as the Hercules-Aquila cloud, the Virgo Overdensity, and 
ridanus-Phoenix (Belokurov et al. 2006 ; Balbinot, Cabrera-Ziri & 

ardo 2021 ). The cold stellar streams (see also Mateu 2022 , for
 recent compilation of streams disco v ered to date) are thought to
e disrupting or disrupted dwarf galaxies or globular clusters that 
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emain as coherent elongated structures for a long time after the
rogenitor is fully dissolved before getting phase-mixed (see e.g. 
elmi 2008 ; Helmi 2020 , and references therein). Stellar streams

s well as more phase-mixed material that can be disco v ered due to
heir coherence in energy and angular momentum (e.g. Ruiz-Lara 
t al. 2022 ) are direct evidence that the Milky Way halo is assembled
hrough several merger events in the past. These accreted streams 
llow us to understand the history, formation, and evolution of the
ilky Way and help probe the Galactic acceleration field and dark
atter distribution (Koposov, Rix & Hogg 2010 ; Ibata et al. 2021 ).
herefore, the Galactic halo is an interesting playing field in near-
eld cosmology with a vast number of chemical and dynamical stellar 
treams that allow us to study the formation history of our Galaxy. 

With the release of Gaia early Data Release 3 (EDR3) and Data
elease 3 (DR3) (Gaia Collaboration et al. 2021 , 2022 ), we have

ull astrometric solutions for 1.468 billion sources out of the total
.811 billion sources that were mapped o v er a period of 34 months
f data collection. Gaia DR3 also provides radial velocities for more
han 33 million sources and BP/RP spectra for more than 220 million
ources (Andrae et al. 2022 ; Angeli et al. 2022 ; Katz et al. 2022 ).
his, in combination with large ground-based spectroscopic surv e ys 
uch as APOGEE (Majewski et al. 2017 ; Ahumada et al. 2020 ),
ALAH (Buder et al. 2021 ), SDSS SEGUE (Yanny et al. 2009 ), and
AMOST (Cui et al. 2012 ) hav e pro vided the community of Galactic
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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rchaeology with exciting new prospects for halo cartography and
he study of substructures. Because spectroscopic studies are often
imited in their apparent magnitude ranges, kinematic and dynamical
tudies of the more distant Galactic halo and its substructures often
ake use of tracers that are intrinsically bright, like red giants (e.g.
aidu et al. 2020 ; Chandra et al. 2022 ). Blue Horizontal Branch

tars and other bright standard candles such as RR Lyrae are also
ften employed because they give additional distance information
nd thereby paint a 3D picture (e.g. Deason et al. 2018 ; Starkenburg
t al. 2019 ; Wang et al. 2022 ). 

Many of the research results produced in studying the halo focus
n the Gaia data with three dimensional position and velocity
pace – called the Gaia 6D sample (see a recent application of
aia 6D sample in Recio-Blanco et al. ( 2022 )), where we can
robe the Integrals of Motion space to study the assembly of the
alo (Helmi & White 1999 ; Helmi et al. 2000 ). Ho we ver, this
D sample makes up only a small part of the entire Gaia sample
ithout line-of-sight velocities – called the Gaia 5D sample. Only a

ubsample of 2.4 per cent of the sources out of the 78 per cent of the
ources with astrometric solutions have Gaia line-of-sight velocities.
dditionally, if one is seeking to add distance information, one is
ampered by the fact that most of the stars in Gaia DR3 suffer
rom poor parallaxes. Only about 9.5 per cent of the stars in Gaia
R3 have parallax over error > 5 (allowing 20 per cent error

n distances) i.e., only one-tenth of the humongous Gaia DR3 can be
sed to study sources with precise distance measurements derived
rom Gaia parallaxes. 

Much of the wealth of Gaia DR3’s 1.8 billion stars thus lies
n the 5D sample with accurate photometry and astrometry, most of
hich is comprised of low luminosity low-mass main sequence stars.
lthough, it comes with clear limitations – such as the lack of line-
f-sight properties, poor parallax as well as unconstrained parallax
ffset for distances beyond 2 kpc, and the fact that the volume (in
erms of distances) of stars that can be probed is smaller than that
f giants – there is much benefit in mining these stars ef fecti vely for
alactic Archaeology purposes. The STREAMFINDER algorithm is
 clear example of successful mining of (part of) this large data set, as
t has been finding and characterising many coherent stellar streams
n the halo (Ibata et al. 2021 ). 

Main sequence stars are moreo v er v ery useful tracers to use in
ddition to brighter stars as they make up the majority of the stellar
alo. The low-mass end of the main sequence is very long-lived
nd these stars preserve the imprint of their birth materials in the
tmosphere better than more evolved stars. Most importantly, they
astly outnumber the brighter stars, making them useful to probe
ery small substructures, or faint surface brightness features. 

In this work, we aim to select halo main sequences stars using the
aia 5D sample. We explore the selection of Galactic halo main

equence stars out to ∼21 kpc using Gaia DR3 proper motions
nd photometry, which derives the reduced proper motion (see
ones 1972 ; Gould 2007 ; Smith et al. 2009 for more information
bout the reduced proper motion and its usage in various con-
exts). A similar selection method was recently used by Kim &
 ́epine ( 2021 ) to select half a million local halo main sequence
tars, but they restricted their sample to stars out to 2 kpc using
he parallax information from Gaia . Here, we instead follow the
ame method as explored on Gaia DR2 data by Koppelman &
elmi ( 2021a ), and we include stars without good parallax infor-
ation. As with the release of Gaia DR3, the limiting Gaia G -
agnitude increased to ∼22 with the surv e y being complete up

o G < 19 (Fabricius et al. 2021a ), we see that our selection
ethod increases the catalogue size five times compared to Kop-
NRAS 521, 2087–2102 (2023) 
elman & Helmi ( 2021a ). The simple colour-magnitude relation for
he main sequence stars works in our fa v our to fit very reliable
hotometric distances to these stars, allowing man y av enues for
xploration. 

In this paper, we explore the study of fainter counterparts of
etrograde stellar streams by using the binned velocity space of
he catalogue. We furthermore impro v e distance information to
andidate stellar stream stars by folding in available metallicity
nformation. 

This paper is laid out as follows: In Section 2 , we introduce the
educed proper motion, explain the selection method, photomet-
ic distance fitting, catalogue description, and distance validation.
inned velocity space is introduced in Section 3 . Selection, validation
nd the impro v ement of photometric distances using metallicity
nformation of retrograde stellar streams GD-1 and Jhelum are
o v ered in subsections 3.1 and 3.2, respectively. In subsection 3.3 ,
e sho w ho w a combination of Gaia ’s scanning law and our high
roper motion selection provides us with a complementary view of
he Sagittarius stream. Section 4 presents the summary of our results,
uture works, synergies with different data sets and potential science
ases for the catalogue. 

 R E D U C E D  PROPER  MOTI ON  SELECTED  

A L O  SAMPLE  

n this paper, we use the Gaia data release 3 (Gaia Collaboration
t al. 2022 ) astrometry and photometry to select halo main sequence
tars. 

.1 High tangential velocity stars in halo orbits 

he process of selecting main sequence stars on halo-like orbits in
aia DR2 (Gaia Collaboration et al. 2018 ) using reduced proper
otion was explained in Koppelman & Helmi ( 2021a ) (hereafter
21 ) using just the Gaia proper motion (astrometry) and photometry

nformation, the combination of which renders reduced proper
otion. 
The ( Gaia G -band) reduced proper motion is given by the

ollowing equation(s): 

 G,0 = m G,0 − 5 log μ − 10 , (1) 

hich is equi v alent to: 

 G,0 = M G,0 − 5 log 
v tan 

4 . 74057 
, (2) 

where μ is the total reflex corrected proper motion in mas yr −1 

efined as 
√ 

( μ∗
RA cos ( Dec )) 2 + μ∗

Dec 2 provided by Gaia , m G, 0 is
he apparent Gaia G -magnitude after applying extinction correction,
 G, 0 is the absolute G -magnitude, and v tan is the tangential velocity

n km s −1 of the source that is proportional to the product of distance
n kpc and proper motion in mas yr −1 by a factor of 4.74057, which
s the result of unit conversions to obtain the velocity in terms of
m s −1 . 
Using the relation between equation ( 1 ) and ( 2 ), it can be seen

hat we are able to select high tangential velocity stars in the reduced
roper motion versus colour diagram (hereafter, the RPM diagram).
his is because, main sequence stars follow a simple colour-absolute
agnitude relation and therefore, at a fixed v tan , a simple RPM colour

elation. 
Looking at the relation in equation ( 2 ), we can see that the RPM

iagram simply mimics the colour-absolute magnitude diagram if
e select stars with similar tangential velocities. Groups of stars that
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elong to the same substructure with small dispersion in tangential 
elocity will look similar in the RPM and HR diagram. The v tan for
isc stars are small, which means that clean samples of halo stars can
e easily selected by selecting high v tan stars. It should be noted that
uch kinematically selected halo samples disfa v our sources with low 

angential velocities (in turn, small proper motions) and high line- 
f-sight velocities. While such a selection of halo stars thus might 
e very clean, it is not complete, and it has a dynamical selection
ias. 
The dependence of H G on both absolute magnitude and tan- 

ential velocity brings another useful property: we can safely 
ssume that the stars living in regions of the RPM diagram, 
here main sequence stars with high tangential velocities se- 

ected are indeed main sequence stars. If they were on the (much
ore luminous) giant branch instead their tangential velocities 

erived from these proper motions, but at a further distance 
ould have to be so high that they exceed the finite escape
elocity of our Galaxy (Koppelman & Helmi 2021b ) and to have
any of these stars in the sample would be highly unlikely. 
he election of high tangential velocity (halo) main sequence 
tars in this RPM diagram allows us to create a sample with
ell-understood distances since main sequence stars have an ap- 
roximately linear relationship between absolute magnitude and 
olour. 

In summary, the RPM diagram can be constructed using a 
ombination of Gaia observables that are reliably available for a very 
arge sample of its stars (apparent magnitude and proper motions), 
s shown in equation ( 1 ). It then returns valuable information on the
bsolute magnitude – and thereby distance and tangential velocity –
f the stars in selected areas of the RPM space where main sequence
alo stars live. 

.2 Photometric distance calibration 

ost of the established methods to select halo stars involve the 
se of distance and spectroscopy information. By selecting the halo 
tars using the reduced proper motion method, we end up having 
 halo catalogue that is independent of using distances as an input.
n turn, we aim to calculate the distances to these stars by using
he apparent Gaia magnitude in the G -band. This colour absolute 

agnitude relation is simply referred to as photometric parallax in 
iterature (Juri ́c et al. 2008 ). Photometric distance in kpc as a function
f Gaia photometry and colour is given by the following equation: 

 phot = 10 
m G,0 −M G,0 −10 

5 . (3) 

he errors in absolute magnitude are computed as the width of
he absolute magnitude range for all the stars with high tangential 
elocities and good parallax in the RPM diagram in each of the
olour bins. The percentage error in d after propagating the errors in
bsolute magnitude (with the assumption that the errors in apparent 
agnitude are negligible) is given by 

δd phot 

d phot 
×100 = 20 log (10) δM G,0 , (4) 

here we assume an approximately linear relation between colour 
nd absolute magnitude, which is a good approximation for the main 
equence. In this work, we choose to use G 0 − G RP, 0 colour, as G BP, 0 

ux tends to be biased and o v erestimated for fainter sources. Using
t would therefore be less ideal as it needs to be filtered creating
election effects (Riello et al. 2021 ). 
.3 Gaia DR3 halo cartograph 

.3.1 Extinction correction and quality cuts 

or the reduced proper motion halo selection using the recent 
aia DR3 catalogue, we perform several photometric as well as 

strometric quality cuts, and we remo v e sources with high extinction.
he photometry used for analyses in this paper is corrected for

nterstellar extinction using Schlegel, Finkbeiner & Davis ( 2009 ) 
D dust maps and following the procedure of K21 with small
odifications. We will briefly outline the steps below. 
The 2D dust maps account for the entire ISM dust along the line-of-

ight. F ollowing Binne y et al. ( 2014 ) who use the relation by Sharma
t al. ( 2011 ) for the dust density model, we are able to calculate a
arameter called the ‘extinction fraction’ that accounts for only the 
mount of foreground dust for each source based on its location in
he sky. This fraction particularly makes a difference in extinction 
orrection for sources that are within the solar neighbourhood. A 

imple analytical form of how we calculate the extinction fraction 
alled the N ext (short for normalized extinction) in V-band is, 

 ext = 

A V ( l, b, s) 

A V , ∞ 

( l, b) 
= 

∫ s 
0 ρ( � x ( s 

′ 
))d s 

′ 

∫ ∞ 

0 ρ( � x ( s ′ )) d s ′ 
, (5) 

where the denominator is the extinction v alue gi ven directly from
he 2D dust maps and the numerator is the amount of extinction for a
tar that is at a distance s in kpc from the sun with the direction vector
�  along the latitude and longitude ( � , b ) in radians and the function
epresented by ρ( � x ( s 

′ 
)) inside the integral is the dust density which

s adopted from eqn. (16) in Sharma et al. ( 2011 ). For sources with
arallax < 0.1 mas (i.e. distant stars), we fix the N ext to be 1.0 to make
he process computationally feasible and faster. 

We also scale the 2D dust maps in regions where E ( B − V ) > 0.15
ecause they are overestimated (Arce & Goodman 1999 ). For this,
e use the equation from Binney et al. ( 2014 ). The scaling factor is

stimated as follows: 

( B − V ) correction = 0 . 6 + 0 . 2 

{
1 − tanh 

(
E( B − V ) − 0 . 15 

0 . 3 

)}
. 

(6)

It is noteworthy that these corrections don’t have a large impact
n the selection of halo stars for the purposes of this study. Ho we ver,
he extinction correction process that we follow here can have an
ffect on sources in the solar neighbourhood as well as more highly
eddened regions. 

We use an e xtinction curv e with R V = 3.1 that is computed using
 ado va model 1 , which is originally based on O’Donnell ( 1994 ) and
ardelli, Clayton & Mathis ( 1989 ). Using this tool for Gaia DR3
hotometric system, we apply A G 

A V 
= 0 . 83627, A BP 

A V 
= 1 . 08337 and

A RP 
A V 

= 0 . 63439 to obtain the extinction correction for each Gaia
assband. Based on Section 8.3 from Riello et al. ( 2021 ), we solve
or a correction to the internally calibrated mean source G -band pho-
ometry to account for the systematic effect due to the use of default
olour in the Image Parameter Detection (IPD). The correction is rep-
esented by a simple cubic polynomial as a function of BP-RP colour
or different ranges of G -band, the coefficients of which are taken
rom table 5 in Riello et al. ( 2021 ). The corrected G -flux is a product
f the given G -flux and this correction factor while the corrected ap-
arent G -magnitude is m G − 2 . 5 × log ( correction-factor ). 
e calculate a correction for phot bp rp excess factor using
MNRAS 521, 2087–2102 (2023) 
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alues based on Table 2 in Riello et al. ( 2021 ), which gives us
he value of what we call excess flux . We also calculate one
igma deviation for the excess flux for a sample of sources
ith good quality Gaia photometry using equation (18) from Riello

t al. ( 2021 ). Using these two parameters, we place a photomet-
ic quality cut on the full Gaia DR3 sample that is defined as
bs( excess flux ) < 5 × sigma excess flux . Additionally,
e filter the sources with bad astrometric solutions by removing

ll the sources with ruwe > 1.4 (See more information on this in
indegren et al. 2021 and Fabricius et al. 2021b ). We remove high
xtinction sources using the quality cut A v < 2.0, which also acts as
 way to remo v e disc contamination as most of the high extinction
tars come from lower latitudes close to the disc. The mean values of
 ( B − V ) and the extinction normalization factor in the V -band N ext 

n the final catalogue are 0.19 and 0.92, respectively. 

.3.2 Fitting the main sequence sources 

roducing a reliable fit for the absolute magnitude of main sequence
tars for different values of Gaia colour is one of the important
teps in generating photometric distances to the sources in this halo
atalogue. Instead of relying on isochrones, which are known to not
l w ays describe the data well in this colour-ranges (Di Matteo et al.
019 ), we use an empirical relation based on real data. We select stars
ith high tangential velocities ( v tan > 200 km s −1 ) that also have good
uality parallax es ( parallax o v er error > 5) in the Gaia colour
ange 0.35 < G 0 − G RP, 0 < 1.1, and impose a three component linear
t in absolute G -magnitude ranges between 4 and 6, 5 and 8, and
bo v e 8. After applying a zero point offset of 17 μ as to the Gaia DR3
arallax es (Linde gren et al. 2021 ), we inv ert them to use an estimate
f distances to get the absolute magnitudes for this fit. We also
erform a more precise running mean and standard deviation fit for
he absolute magnitude by binning the colours into 128 components.

e use the [M/H] = −0.5, 11 Gyr isochrone (obtained from Marigo
t al. 2017 ) shifted by 0.01 mag in G 0 − G RP, 0 to describe the valley
etween blue and red sequence. The blue sequence is inherently
escribed as the halo stars with almost no rotation while the red
equence is heavily populated by heated-up thick disc stars with
low rotation (Koppelman et al. 2018 ; Di Matteo et al. 2019 ). All
he stars to the right of this shifted isochrone are remo v ed as red
equence contamination. This contamination is further reduced by
sing a stricter v tan > 300 km s −1 cut for the fitting purpose. We also
emo v e residual stars below the main sequence using the following
mpirical cuts: G 0 − G RP, 0 < 0.65 and M G, 0 > 8 or G 0 − G RP, 0 <

.8 and M G, 0 > 10. 

.3.3 Selecting the final catalogue 

e go back to the RPM diagram for the entire Gaia DR3 sample,
ow fully cleaned, and place a tangential velocity cut between
00 and 800 km s −1 in the main-sequence colour range. We then
ssign photometric distances to each of these stars based on the
-component linear and running mean main sequence fit. The
orresponding extinction-corrected RPM diagram for the entire Gaia
R3 data that passes the photometry , astrometry , and extinction

uts as described in subsubSection 2.3.1 is shown in Fig. 1 . The
rey polygon is drawn based on the 3-component fit to the main
equence at 200 and 800 km s −1 tangential velocities. The red and
lue isochrones (converted to RPM sequence using equation ( 2 )) are
aken from Marigo et al. ( 2017 ) with [M/H] = −1.6 and 12 Gyr age
orresponding to the average metallicity and age of the local halo
NRAS 521, 2087–2102 (2023) 
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Table 2. The properties of stream members selected using the binned 
velocity space from the reduced proper motion catalogue. 

Name N N MS/SG d hc 
phot d hc 

phot,[Fe/H] 
[kpc] [kpc] 

GD-1 1155 783 8.82 7.84 
Jhelum 1353 692 11.32 10.40 
Part of Sagittarius 1114 589 12.03 19.50 

Note. The full stream star candidate list is available with CDS. 

Figure 1. The RPM Diagram for all the sources in Gaia DR3 5D sample 
that pass astrometry and photometry quality cuts (see text). The high-density 
region consists of mostly disc stars (of ∼99 per cent of the stars). The area 
inside the polygon enclosed by grey dashed lines represents the tentatively 
selected halo sources at these high tangential v elocities v ertically bounded 
by the main sequence colour range. A −1.6 [M/H], 12 Gyr age isochrone 
(where absolute magnitude is converted to reduced proper motion parameter) 
at these higher tangential velocities is overplotted in red and blue to show 

that the selections we make correctly picks up halo main sequence stars. 
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e.g. Youakim et al. 2020 ) to illustrate that the high v tan cut, we
mpose on the main sequence picks up halo stars indeed. 

White dwarfs are remo v ed by e xcluding all the sources below
he 3-component fit on the main sequence offset by 2 mag in M G, 0 .
ecause the uncertainties in proper motions and photometry are not 

arge enough for the intrinsically brightest giants on the higher Red 
iant Branch (hereafter RGB) to be picked up in our sample, we

laim that the giant contamination is negligible. As a final quality 
ut, we place an empirical cut on reduced proper motion uncertainty 
n order to remo v e contamination from the lower RGB stars bleeding
nto the main sequence selection we use. The quality cut we impose
n Gaia DR3 reduced proper motion parameter o v er reduced proper
otion uncertainty (computed by propagating the errors in apparent 
 -magnitude and proper motions) is to keep all the sources that

atisfy the following condition: log H G 
δH G 

> 1 . 75. 

.3.4 Final catalogue 

he final catalogue comprises 47 650 376 provisional halo main 
equence sources from Gaia DR3 selected using the reduced proper 
otion property. This is approximately five times larger than the 

umber of sources presented in K21 using Gaia DR2. A subsample of
his final catalogue with reliable photometric distances that excludes 
urn-off and redder stars by considering only stars with 0.45 < ( G 0 
G RP, 0 ) < 0.715 has a total of 24 647 379 stars, which is 3.5 times
igger than the one produced with Gaia DR2. Fig. 2 shows the on-
ky density distribution of tentative halo main sequence stars from 

aia DR2 ( K21 ) and Gaia DR3 (this work) for different distance
ins (All, d > 5 and 10 kpc) in Galactic coordinates colour-coded by
he logarithm of the number of stars present in each pixel produced
sing a k = 12 HEALPix pixel level. The bottom middle panel shows
he distribution of sources that have a heliocentric distance of more
han 5 kpc which equals to ∼75 per cent of the total sample while the
ottom right-hand panel shows the distribution of sources that have a
eliocentric distance of more than 10 kpc that makes up 15 per cent of
he total sample. The mean distance of the Gaia DR3 RPM selected
alo sample is ∼6.6 kpc and goes out to 21 kpc, which is much
arther out than was possible using the catalogue derived for Gaia
R2 whose mean distance was 4.3 kpc. This is further illustrated

n Fig. 2 . The on-sky distribution of the new catalogue looks more
omplete at distances greater than 5 kpc. Pixels with low/no stars
n all three panels (especially at higher distances) correspond to 
igh-e xtinction re gions according to the Gaia dust maps. The Gaia
canning pattern created as Gaia has been scanning some regions 
ore frequently is prominently visible in all the panels, because 
e probe the fainter stars pushing the limits up to Gaia ’s limiting

pparent magnitude of 22 (see Riello et al. 2021 for a clear view of
aia ’s scanning pattern at fainter magnitudes). 
The resulting catalogue is available with this work. The first nine

ows of the catalogue and their available parameters are shown in
able 1 . 

.4 Photometric distance validation 

ne of the major advantages of using this sample to study the halo
s that we can derive reliable photometric distances to the main
equence halo stars. Therefore, it is important that we analyse the
uality of the photometric distances we calculate. The textbook 
ample to compare with are the inverted parallaxes from Gaia for
ources with good quality parallaxes, parallax over error > 

0 within the RPM selected halo sample. We end up with ∼80 000
ources with good parallaxes which is less than 1 per cent of the entire
ample size as Gaia parallaxes are unreliable for distant and faint
ources. We use these 80 000 sources as a representative subsample
o validate the quality of the photometric distances computed using 
he main sequence fit. The product of the photometric distance and
arallax (which should ideally be 1.0) and the percentage error in
he photometric distances that are calculated by propagating the 
ncertainties in the absolute magnitude calculated based on the 
unning mean fit on each of the 128 Gaia colour bins (see equation
 4 )) versus Gaia colour are shown in the top and middle panel of
ig. 3 , respectively. It is clearly evident from these figures that

he photometric distances are more reliable, relatively speaking, 
nside the colour range: 0.45 < ( G 0 − G RP, 0 ) < 0.715. The typical
ncertainty within this colour range is down to 7.4 per cent The
ample within this colour range has a median distance error of
 . 39 + 0 . 18 

−0 . 12 kpc, and a median velocity error taking into account the
rror in the distance as well as that in the proper motions of
5.5 km s −1 . The whole sample has a median distance error of
 . 57 + 0 . 56 

−0 . 26 kpc. 
Stars bluer and redder than this have typically larger relative 

ncertainties. On the one hand, the typical uncertainty in the 
luer main sequence turn-off part with ( G 0 − G RP, 0 ) < 0.45 is
2 per cent. This larger parallax-distance deviation near the main- 
equence turn-off is caused by the almost vertical nature of this
art of the HR diagram; this makes absolute G -magnitude as a
MNRAS 521, 2087–2102 (2023) 
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Figure 2. Mollweide map of RPM selected halo stars in Galactic coordinates. Top panels: RPM selected halo using Gaia DR2; all sources (left), sources with 
heliocentric distances greater than 5 kpc (middle), sources with heliocentric distances greater than 10 kpc (right). Bottom panels: RPM selected halo using Gaia 
DR3; all sources (left), sources with heliocentric distances greater than 5 kpc (middle), sources with heliocentric distances greater than 10 kpc (right). 
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unction of colour more uncertain. Typically, our method tends
o underestimate the distances for these stars which explains the
 v erpopulation of stars at the MSTO colour range below 1.0 in the
 -axis in the top panel of Fig. 3 . One illustration of the possible
onsequences of this underestimation is shown in Section 3.3 . On
he other hand, for redder sources than G 0 − G RP, 0 > 0.715,
he typical distance uncertainty inflates to 16 per cent and we
ee from the parallax-distance comparison that the distances are
ypically o v erestimated (see the stars at the redder range abo v e
.0 in y -axis in the top panel of Fig. 3 ). The cause of this is a
roadening of the main sequence at the faint end due to a lack
f faint stars ( Gaia ’s incompleteness from G > 20) increasing
he uncertainty in the calibration of photometric distances in this
ange. 

The bottom panel of Fig. 3 shows the distribution of heliocentric
nd galactocentric distances. The two local peaks in the galactocen-
ric distance distribution are attributed to the o v erpopulation of stars
round the solar neighbourhood as expected. Thus, the distances
gree well with the parallaxes in the reliable colour range and the
istribution agrees with the hypothesis that the Milky Way stellar
alo has a steep density profile as presented in the literature so far
Deason, Belokurov & Evans 2011 ). 

 SUBSTRUCTURE(S)  IN  T H E  BINNED  

E LOCITY  SPAC E  

unting for spatially coherent halo substructures in the sky is possible
sing proper motion information while the structures are hidden
n a maze of smooth background halo distribution. An even more
eliable approach is to combine proper motion with the distance
nformation and plot the mean tangential velocity components of
ach pixel in the sky to look for cold streams and/or o v erdensities.
his method will work only if the velocity vectors in the sky are
uf ficiently dif ferent from the background velocity distribution, and
t is also sensitive to the velocity dispersion of the structure itself
nd uncertainties on the velocities. In this section, we will use
his approach on the RPM sample. It is important to remember
ere though that: (i) the RPM selected halo sample suffers from
 kinematic selection bias, and (ii) the distances are not very
NRAS 521, 2087–2102 (2023) 
ccurate close to the turn-off and for fainter stars with redder
olours. 

To find the on-sky velocity components, we use the following
quation: 

 i = 4 . 74057 × μi × d phot , (7) 

where i can be the Galactic longitude or latitude in radians to
erive their respectiv e v elocity components in km s −1 . It is important
hat these space velocities are corrected for solar reflex motion using
he distances that we calculate. For this purpose, we calculate the
olar velocities at each ( l , b ) using the following equation: 

 l, � = −U � sin l + ( V � + V LSR ) cos l, (8) 

 b, � = W � cos b − sin b( U � + ( V � + V LSR ) sin l) , (9) 
here we use the solar motion constants ( U �, V �, W �) = (11.1,
2.24, 7.25) km s −1 and the local standard of rest motion V LSR =
32.8 km s −1 from Sch ̈onrich, Binney & Dehnen ( 2010 ) and McMil-
an ( 2016 ), respecti vely. No w we add the solar correction to the
elocities we calculated in equation ( 7 ) to get the solar motion
orrected Galactic space velocities in km s −1 . 
 

∗
i = v i + v i, �, (10) 

where i can be ( l , b ) in radians. In this halo main sequence cata-
ogue, the mean uncertainty in velocities for the entire sample within
he G 0 − G RP, 0 colour range where the distances are more reliable are
 

∗
l ∼ 23 . 6 km s −1 and v ∗b ∼ 17 . 9 km s −1 . The mean errors for turn-
ff and fainter stars are comparatively larger: v ∗l ∼ 37 . 2 km s −1 and
 

∗
b ∼ 24 . 8 km s −1 . 

Only 12 862 stars in our catalogue have radial velocity mea-
urements from Gaia because of the intrinsically faint tracers of
he sample. Cross-matches with spectroscopic surv e ys such as
AMOST, SDSS SEGUE, APOGEE, and GALAH give us less than
00 000 stars in common altogether. As this would severely restrict
ur search, we compute pseudo-3D-velocities instead by assuming
he radial velocity component to be zero i.e. v ∗los = 0. Taking into
ccount the local standard of rest, the motion of stars around the
alactic Centre follows a sin l cos b pattern, which can be put to use
ithout line-of-sight velocities in certain regions in the sky, such

s near both Galactic poles, near Galactic Centre and anticentre
Kim & L ́epine 2021 ). Ho we ver, here we are trying to look for
treams and substructures on the entire sky. Considering that, we

art/stad380_f2.eps
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Figure 3. Quality and distribution of the photometric distances. Top panel: 
Comparison of photometric distance derived in this work to the Gaia good 
quality parallaxes as a function of Gaia colour. Purple thick dashed lines 
indicate ±10 per cent difference between photometric distances in this work 
and Gaia parallaxes. The colour range between which the sample produces 
reliable distances is marked with the label ‘Reliable’ and the subsample 
outside this range is marked as ‘Turn-off’ and ‘F aint-end’, respectiv ely. 
Middle panel: Percentage error in photometric distances as a function of 
Gaia colour. Purple thin dashed line indicate the typical photometric distance 
uncertainty ( ∼7 per cent) within the reliable Gaia colour range. Bottom panel: 
Distribution of heliocentric photometric distances (left) and galactocentric 
photometric distances (right) for the entire sample as derived in this work. 
Note that the y -axis is the logarithmic density in each bin. 
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coherent retrograde streams and substructures pop up in each of the three 
panels. 
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hoose to compute pseudo-velocities for the entire sample in ( x , y ,
 ) and ( R , φ, z) coordinates. The pseudo velocities in km s −1 in 3D
artesian coordinates are given by, 

˜  x = −v ∗l sin l − v ∗b cos l sin b, (11) 

˜  y = −v ∗l cos l − v ∗b sin l sin b, (12) 

˜  z = −v ∗b cos b. (13) 

he tilde symbol abo v e the velocity representation is to indicate that
hese are not true 3D velocities. We can perform coordinate trans-
ormation on these values to get pseudo-3D-c ylindrical-v elocities 
amely ( ̃  v R , ̃  v φ, ̃  v z ). All these pseudo velocities are in galactocentric
oordinates by placing the sun at ( X �, Y �, Z �) = ( −8.2, 0.0,
 0.014) kpc (GRAVITY Collaboration et al. 2018 ). 
The sky distribution in Galactic coordinates ( l , b ) showing the
ean velocities of stars in pixels of 360/300 × 180/100 is shown

n Fig. 4 . We see several members of streams that mo v e in the
ame direction with a velocity that is sufficiently different from the
earby background. The top panel is binned for velocity distribution 
n the longitude direction, the middle panel is binned for velocity
istribution in the latitude direction and the bottom panel is binned
or velocity distribution in the pseudo azimuth direction. All these 
ubfigures have candidate stars selected with a photometric distance 
reater than 7 kpc (distant halo main sequence stars). We are mainly
oncerned about the velocity distribution at (comparatively) higher 
istances because streams, substructures, and o v erdensities that are 
n the solar neighbourhood will not typically appear as cold and
oherent structures in the sky. We choose a distance greater than 7 kpc
ecause it is the mean distance of the sample. It is also important
o note that we plot all the distant halo main sequence stars in our
ample including the turn-off stars for which the uncertainties in the
hotometric distances can be relatively high. 
In the following subsections, we study the two most obviously 

isible structures in the sky to the faintest Gaia G magnitudes and
MNRAS 521, 2087–2102 (2023) 
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Figure 5. Binned pseudo azimuth velocity moments at d > 6 kpc in the 
sky with the (rough) polygon selection of the GD-1 stream (top) and Gaia 
proper motions in ( l , b ) (bottom) within the polygon selection of the stream 

– on stream track (left) and outside the polygon selection of the stream – off 
stream track (right). 
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haracterize them independent of any prior information about these
tructures from the literature. These selection methods, in principle,
an be used for any streams picked up using the RPM sample. 

.1 GD-1 stellar stream 

ne of the most easily visible structures in the northern hemisphere
n Fig. 4 is the very retrograde GD-1 stream discovered using Sloan
igital Sk y Surv e y by Grillmair & Dionatos ( 2006 ). In the past 1.5
ecades, this stream has been studied in unprecedented detail (for
ome most recent studies, see Ibata et al. 2020 ; Balbinot et al. 2021 ;
anik et al. 2021 ; Dillamore et al. 2022 ; Doke & Hattori 2022 ; Shih
t al. 2022 ). 

To pick up candidate stars that could potentially belong to this
tream, we draw an empirical polygon around the pixels that
istincti vely v ary in mean velocity along the longitude direction
rom the nearby background halo in the sky. We randomly select the
ame number of candidate stars in all directions around the stream
tructure in the nearby halo as the control sample. The sky space and
he rough polygon selection in and around the stream are presented in
he top panel of Fig. 5 , where the black polygon on the top left shows
he GD-1 candidate members selected and the black polygon (after
emoving the stars in the grey polygon belonging to GD-1) on the
op right shows the control sample of candidate members around the
tream. When we plot the non-solar motion corrected Gaia proper
otions in latitude and longitude direction of these on-stream and

ff-stream track members selected from the top panel, we clearly see
n arc of proper motion peaks belonging to the GD-1 main sequence
andidates to the right of the background halo proper motion peaks.
he 2D proper motion plot and the selection of proper motion peaks
elonging to GD-1 candidate stars are shown in the bottom panel
f Fig. 5 . We can clearly see the kinematic selection effect (high
angential velocity selection) of the RPM sample as the void of halo
tars with small proper motions (upper right part) in this subplot,
hich is also the reason why we refrain from using complex statistical

election methods like Gaussian mixture models for picking up the
roper motion peaks of the stream here and throughout the rest of
his paper. 

In order to validate the candidate members selected using proper
otion peaks, we fit a third degree polynomial to the proper motion in

ight ascension and declination with respect to the stream coordinate
1 using the stream coordinate system and conversion defined by
NRAS 521, 2087–2102 (2023) 
oposov et al. ( 2010 ). Throughout the rest of this work, we only fit
olynomial functions for the removal of contaminants and validation
o account for the lack (or minimal availability) of line-of-sight
nformation in these faintest magnitudes and to a v oid biases and
rrors that may arise from using different Galactic potential models.
n all the fitting polynomials, φ1 and φ2 are in units of radians.
ecause the stream selection we perform does not pick up members

rom the lower end of φ1 , we place a cut on the lower limit of φ1 

nd remo v e ob vious contaminants at the edge of the grid before we
t an empirical polynomial to these candidates. These polynomial
unctions match very well (with slight variations that we believe to be
ue to the incompleteness in lower φ1 ranges) with the ones defined
y Ibata et al. ( 2020 ). We select the candidates that lie within 2 σ
tandard deviation from the mean error ( δ) in proper motion. This is
xpressed by the following equation(s): 

RA ± ( δ( μRA ) + 2 σδ( μRA ) ) < 3 . 4 φ3 
1 + 8 . 25 φ2 

1 + 1 . 25 φ1 − 7 . 5 , (14) 

Dec ± ( δ( μDec ) + 2 σδ( μDec ) ) < −2 . 2 φ3 
1 + 5 . 2 φ2 

1 + 15 . 6 φ1 − 4 , (15) 
here μRA and μDec are in mas yr −1 . The selection polynomial and

he method are illustrated in the top two panels of Fig. 6 . All the
tream star candidates that satisfy the conditions described by the
bo v e equations are chosen to be the confident members and plotted
n the stream sky coordinates ( φ1 , φ2 ). A third degree polynomial fit
o the end stream track is described by the following equation: 
2 = F ( φ1 ) = 0 . 00804 φ3 

1 − 0 . 055 φ2 
1 − 0 . 077 φ1 − 0 . 021 . (16) 

This equation also matches well with the polynomial stream track
erived in Ibata et al. ( 2020 ). These confident members are shown
n the middle panel of Fig. 6 . To e v aluate the performance of this
ndependent stream candidate selection using the velocity space of
he reduced proper motion selected halo sample, we cross-match
he final members with publicly available existing spectroscopy
urv e ys and find 64 stars with line-of-sight velocities and metallicities
rom SEGUE (Sloan Extension for Galactic Understanding and
xploration). The line-of-sight velocities for these stars from SEGUE
ersus stream coordinate φ1 are shown in panel 4 of Fig. 6 . The
mpirical stream track is fitted using the polynomial described by
quation ( 1 ) from Ibata et al. ( 2020 ). We select the confident radial
elocity members using the following condition: 

 los ± (2 δv los + 20) < 90 . 68 φ3 
1 + 204 . 5 φ2 

1 −254 . 2 φ1 −261 . 5 , (17) 

where v los is in km s −1 . Out of the 64 cross-matches, 58 (91
er cent) of them check to be confident members under the condition
escribed by the abo v e equation. The ones that do not satisfy this
ondition still look coherent in the position-velocity space. Confident
embers and radial velocity members (plotted as velocity quivers)

re shown as smoothed density plots in φ1 versus δφ2 = φ2 −
 ( φ1 ) in the bottom panel of Fig. 6 . We are able to see the spur
nd diffuse blob feature at ( φ1 , φ2 ) ∼ ( −30, 1) and ( φ1 , φ2 ) ∼
 −20, −0.5) that was disco v ered by Price-Whelan & Bonaca ( 2018 ),
hich were proposed be caused by dark matter substructures in the
ilky Way (Bonaca et al. 2020 ). The spur and blob are underdense

y ∼3 σ significance compared to the highest density stream track
omponent. We also see three gaps and/or density variations across
he stream at φ1 ∼ −38, −20, −3 with ∼1, 2, and 3 σ significance.
hese gaps were also confirmed by de Boer et al. ( 2018 ) and de
oer, Erkal & Gieles ( 2020 ). The member candidates away from the

tream track are contaminated due to the edge selections in proper
otion that can also be seen as crowding in top panels of Fig. 6 at

igher values of φ1 . More information in 6D space and chemistry is
eeded to confirm their membership, or refute it. 
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Figure 6. Proper motion in RA direction (top), Dec direction (middle top) 
with respect to the stream coordinate φ1 , proper motion fitted confident 
members in GD-1 stream coordinates (middle), confident radial velocity 
members from SEGUE (middle bottom), and the stream track variations with 
respect to the coordinate φ1 with radial velocity members and confident 
candidates plotted as longitudinal velocity vector quivers (bottom). The 
dashed lines in plots one through four are third degree polynomial fits on the 
corresponding parameters. The counts( ∗) for the Gaussian smoothed density 
plot denote the number of stars per 1 . 2 × 0 . 2 and 1 . 2 × 0 . 08 deg 2 in panel 3 
and 5, respectively. 
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To further impro v e the analysis of the fainter counterparts of stream
tar candidates, we make the photometric distances more accurate 
y folding in the (known) metallicity distribution of the stream 

nto distance calibration. Again, we refrain from using existing 
ublicly available isochrones such as MIST (Choi et al. 2016 ) and
ARSEC (Marigo et al. 2017 ) for this purpose, as our analysis shows
he isochrones mismatch with each other in Gaia DR3 colours at 
hese faint magnitudes on the main sequence and for 4 < M G, O <

, and moreo v er deviate from local halo data with good parallax
nformation, the latter of which is also suggested in Kim & L ́epine
 2021 ) (hereafter KL21 ). 2 This can be explained as the current stellar
volution tracks do not reproduce the cold low-mass stars very well. 
nstead, we choose to use the empirical photometric metallicity 
 After submission of this manuscript, Kim & L ́epine ( 2022 ) published more 
recise metallicity grids in an erratum. We have updated the published 
atalogue to make use of these. The change in distances is of the order 
f 1–2 per cent and the conclusions remain unchanged. 

m
m
(  

s  

p  

c

rids from Table 3 in KL21 as mock isochrones to impro v e our
hotometric distances for the stream star candidates. KL21 creates 
his photometric metalicity grid by selecting high tangential velocity 
ocal halo population out to ∼2 kpc using the RPM diagram, cross-

atching them to existing spectroscopic surv e ys such as SDSS
EGUE I/II (Yanny et al. 2009 ), SDSS APOGEE DR16 (Ahumada
t al. 2020 ), LAMOST DR6 (Cui et al. 2012 ), GALAH DR3 (Buder
t al. 2021 ), and nearby main sequence from Hejazi et al. ( 2020 )
o get ∼20 000 stars with metallicity information and building a
hotometric metallicity grid based on the distribution of the stars in
he data set. As this is a very similar selection to our sample, we deem
hese grids very justified for this work. One major difference between
ur sample and KL21 sample is that it is not cleaned for thick disc
ontaminants, but as these will have metallicities significantly higher 
han the mean metallicity of GD-1 stream ( [Fe/H] ∼ −2 . 29 based
n SEGUE cross-match of candidates confirmed in this paper), this 
ill not create any issues. 
Using these grids, we create a two dimensional interpolation 

rid based on metallicity and Gaia colour to give the absolute
agnitude in G -band and thus photometric distances corrected for the 
etallicity of the stream. We find that the distance uncertainties are

ot affected in their magnitude by this change. The upper and lower
igma confidence intervals given in Table 1 is therefore applicable 
o both sets of distances, provided that the shift between the general
istance and metallicity-dependent distance measurements is taken 
nto account. The final distribution of the distance is shown in
he top right-hand panel of Fig. 7 . The distance re-calibrated with

etallicity information and distance calculated for the entire RPM 

ample (without any prior information on metallicity) are shown 
s continuous and dashed line distribution, respectively, on the 
istogram. It is important to note that the distance histogram cannot
e used at face value because of the incompleteness of the main
equence sample due to Gaia ’s incompleteness for sources with 
 < 19. We can clearly see from the CMD in the top middle
anel of Fig. 7 that we do not probe the entire magnitude range
n every colour bin (as illustrated by the CMD, where we see
hat the range of magnitudes probed in the faint end of the Gaia
olours – around ( G 0 − G RP, 0 ) = 0.6 – is much smaller than at
 G 0 − G RP, 0 ) = 0.4) and therefore we are clearly missing a lot
f distant main sequence in the sample due to Gaia ’s limiting
agnitude. Ho we ver, e ven an incomplete catalogue of faint main

equence stars belonging to the GD-1 stream is still an interesting
robe into the low surface brightness components of this stream. 
e also show the subgiant or turn-off stars, for which we have less

ccurate distances in grey in the top middle panel of Fig. 7 . These are
till likely members of GD-1 but unlikely to be true main sequence
tars (especially as the turn-off for such metal-poor systems is rather
lue). 
The final catalogue of main sequence stars associated to GD-1 

s plotted as smoothed density distribution in the bottom panel of
ig. 7 . We are able to see a break in track (kink) at φ1 ∼ −40
s proposed by Boer et al. ( 2018 ), but the shape of this kink is
pposite to the shape seen in their data while it matches the shape
een by the simulated stream from the same w ork. The tw o tracks
re −0.12 ◦ and −0.06 ◦ away from the main stream track. Ho we ver,
heir 16th and 84th quantiles o v erlap significantly, indicating that

ore spectroscopically confirmed members would be needed to 
ake any statistically conclusive statements on these. Webb & Bovy 

 2019 ) modelled the location of GD-1’s progenitor using N -body
imulations and data from Gaia DR2 and concluded that the stream’s
rogenitor could be located between −30 < φ1 < −45, and this
ould be responsible for the observed gap at φ1 ∼ −40. Following 
MNRAS 521, 2087–2102 (2023) 
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Figure 7. Metallicity distribution of radial velocity members (top left), colour-magnitude Diagram density distribution of confident main sequence with a −2.29 
[Fe/H], 8.06 kpc (value taken from Malhan et al. 2022 ) mock isochrone in purple and non-main sequence in grey (top middle), metallicity sensitive photometric 
distance distribution as a continuous line and photometric distance distribution as a dashed line (top right), and the stream track variations with respect to the 
coordinate φ1 with radial velocity main sequence members (bottom). Note that this is a subset of the stars used for the bottom panel of Fig. 6 where also turn-off 
stars were included. 
The counts( ∗) for the Gaussian smoothed density plot is simply the number of stars per 0 . 8 × 0 . 1 deg 2 . Note a discontinuity/kink clearly visible at φ1 ∼ −40 ◦. 
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Figure 8. Binned longitudinal velocity moments in the sky at d > 8 kpc with 
the (rough) polygon selection of the Jhelum stream (top) and Gaia proper 
motions in ( l , b ) (bottom) within the polygon selection of the stream – on 
stream track (left) and outside the polygon selection of the stream – off stream 

track (right). 
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his argument, φ1 ∼ −40 could be a probable place for the GD-1
rogenitor which we can see as a kink in our data. Ho we ver, also
ere, more spectroscopic follow-up will be necessary to draw any
rm conclusions. 
Some very distant ( | δφ2 | > 1) radial velocity members and small

ensity peaks in our sample (see bottom panel of Fig. 6 and 7 ) further
llustrate the high complexity of this stream. 

.2 Jhelum stellar stream 

nother stream that we see from the second panel of Fig. 4 is the
helum stellar stream. The Jhelum stream was disco v ered by Shipp
t al. ( 2018 ) using the first three years of multiband optical imaging
ata from the Dark Energy Surv e y (DES). Since then, the stream has
een e xtensiv ely studied mostly due to its complex morphology and
everal subcomponents (for most recent studies see, Li et al. 2022 ,
oudenberg et al. 2022 ). 
To pick up candidates belonging to Jhelum stellar stream, we

ollow the same procedure as before and draw a rough polygon
round the velocity peaks in the Gaussian smoothed binned velocity
oments in the sky for on-stream candidates as shown in the top

anels of Fig. 8 . We randomly pick up the same amount of stars from
ll directions outside the stream polygon and dub them off-stream.
heir respective proper motion density in ( l , b ) coordinates is shown

n the bottom panels of Fig. 8 . We can clearly see an o v erdensity of
roper motion around the four-sided grey polygon drawn in Fig. 8 .
e select stars from this proper motion peak, and use them as Jhelum

tellar stream faint candidates for the rest of this subsection. 
NRAS 521, 2087–2102 (2023) 
To validate our selection, we fit an empirical polynomial, in a
imilar fashion with GD-1 on the proper motions in (RA, Dec) with
espect to the stream coordinate φ1 defined by Bonaca et al. ( 2019 ).

e select all the candidates that satisfy the following two conditions
ased on the second degree polynomial fit on proper motion in (RA,
ec) with respect to φ1 : 

RA ± ( δ( μRA ) + 3 σδ( μ ) ) < −4 . 52 φ2 
1 − 1 . 34 φ1 + 6 . 62 , (18) 
RA 
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Figure 9. Proper motion in RA direction (top), Dec direction (middle top) 
with respect to the stream coordinate φ1 , confident members on stream sky 
coordinates as KDE smoothed distribution (middle bottom) and the stream 

coordinates density distribution in the sky with the confident members of 
the three subcomponents of Jhelum (bottom). The thin dashed lines in the 
plots are second degree polynomial fits on the corresponding parameters. 
The thick dashed line in the bottom panel refers to the equi v alent fit by 
Bonaca et al. ( 2019 ) for the broad component (described as 0.9 ◦ below 

the narrow component). The dashed lines in plots one and two are second 
degree polynomial fits on the corresponding parameters. The counts ( ∗) for 
the Gaussian smoothed density plot is simply the number of stars per 0 . 4 ×
0 . 1 deg 2 . 
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Dec ± ( δ( μDec ) + 3 σ( δ( μDec )) ) < 2 . 22 φ2 
1 − 4 . 11 φ1 − 4 . 62 , (19) 

here φ1 is in radians and μRA and μDec are in mas yr −1 . We allow
ere a 3 σ deviation instead of 2 σ owing to the complex multiple
omponents in the stream that are debated to have similar (Bonaca 
t al. 2019 ) or slightly different (Shipp et al. 2019 ) proper motion
istribution. In the final distribution of stream star candidates, we 
nd three components of Jhelum – the narrow and broad components 
lmost parallel to each other reported by Bonaca et al. ( 2019 ) and
he tertiary spur component reported after the advent of Gaia EDR3
ecently in Woudenberg et al. 2022 . We fit the following three second
egree polynomials to these subcomponents by dividing the stream 

ky space into three parts based on their overdensities: 

1 
2 = F narrow ( φ1 ) = 0 . 112 φ2 

1 − 0 . 017 φ1 + 0 . 009 , (20) 

2 
2 = F broad ( φ1 ) = 0 . 137 φ2 

1 − 0 . 004 φ1 − 0 . 018 , (21) 

3 
2 = F spur ( φ1 ) = −0 . 099 φ2 

1 − 0 . 059 φ1 + 0 . 039 , (22) 
here ( φ1 , φ2 ) are in radians. Equation ( 20 ) fitted for the narrow

omponent of Jhelum is similar to what is fitted by Woudenberg 
t al. 2022 . The polynomial fitting and confident member selection 
re illustrated in Fig. 9 . In the last panel of this figure, we also
llustrate the fact that the Jhelum broad component is not just ∼0.9 ◦

hifted from the narrow component (thick dashed line proposed 
y Bonaca et al. 2019 ) but is better described by equation ( 21 ).
hese Jhelum stream confident members have no cross-matches with 
xisting publicly available spectroscopic surveys mostly because all 
ur candidates are extremely faint ( G > 18.5) and in the southern
k y. Therefore, to impro v e the distances sensitive to the stream’s
etallicity, we adopt the distribution based on the mean and standard 

eviation proposed by Li et al. ( 2022 ). We fit a mock isochrone
sing KL21 photometric metallicity grid at [Fe/H] = −1.83 and 
nd the mean distance to be 10.44 kpc, which is a bit closer than
hat is observed in the literature. This can be attributed to the

act that we only probe the nearby main sequence of the Jhelum
tream due to Gaia ’s limiting magnitude. This distance fitting is
llustrated in Fig. 10 . In the bottom panel of this figure, we plot the
tream density of the main sequence stars. Radial velocity members 
rom Ji et al. ( 2020 ) are o v erplotted and we see that these members
re consistent with our choice of stream track. We also plot the
etallicities derived for these candidates in the top panel as a 

istogram, but we can see that all of these stars are more metal
oor than the observed mean metallicity. This is because the stars
bserved with high-resolution spectroscopy in Ji et al. ( 2020 ) were
referentially selected to be metal-poor compared to all possible 
helum members. It is important to note that we see a density
reak in the middle of the narrow component around φ1 ∼ 15 
ith one side of the stream going downwards and the other side
pwards for almost 2 ◦. These two tracks causing a density break
re 0.15 ◦ and −0.38 ◦ away from the narrow stream track and the
reak in density is ∼1 σ below the density of the narrow stream.
his was seen and simulated as the kink feature in Woudenberg 
t al. 2022 caused due to interactions with Sagittarius but not 
esolved as clearly as we see here. As such, this showcases an
dvantage of probing fainter counterparts of such complex stellar 
treams. 

.3 Lower proper motion tail of Sagittarius 

e pick up another clearly visible structure in Fig. 4 , top panel,
round l ∼ 150–200 ◦ and b < 0 ◦. Interestingly, we do not recognize
his candidate stellar stream as a stream known in the literature. It
 v erlaps with the Sagittarius broad stellar stream. Additionally, it
eems to be close to a great circle in the sky with the stellar streams
alca (Shipp et al. 2018 ; Li et al. 2022 ) and Cetus (Chang et al. 2020 ;
uan et al. 2022 ), and o v erlaps significantly in the sky with the second
tructure almost parallel to the Cetus stream disco v ered by Thomas &
attaglia ( 2022 ), but it does not match these known streams and
 v erdensities in proper motion space. To investigate this further, we
erform a similar selection method drawing a rough polygon around 
he velocity peaks that are sufficiently different from the background 
alo and a control sample around the polygon on-stream selection. 
he density of proper motion in ( l , b ) shows a clear extension on the
n-stream track at ( μl , μb ) = (0, −5). This is illustrated in Fig. 11 .
t bears resemblance to the Sagittarius stream in certain observables, 
ut extends to lower proper motions as well as lower distances (at
10 kpc) compared to Sagittarius samples defined in the literature so

ar. In the bottom panels of this figure, we o v erplot Sagitarrius RGB
tream star candidates selected by Vasiliev, Belokurov & Erkal ( 2021 )
ithin the on-stream and off-stream polygon. Sagittarius o v erlaps 
ith the structure we see in this region and the proper motions, though
o not entirely match. Rather, it looks like a lower end extension in
he proper motion space of Sagittarius that is being picked up only
MNRAS 521, 2087–2102 (2023) 
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Figure 10. Assumed Gaussian distribution of metallicity based on Li et al. ( 2022 ) (top left), Density plot of the colour-magnitude Diagram with confident main 
sequence stars o v erplotted with a −1.83 in [Fe/H], 11.35 kpc in distance (value taken from Malhan et al. 2022 ) mock isochrone in purple and non-main sequence 
stars in grey (top middle), metallicity sensitive photometric distance distribution as a continuous line and photometric distance distribution as a dashed line (top 
right) and density distribution of main sequence stars in stream coordinates with radial velocity members from Ji et al. ( 2020 ) and narrow component stream 

track (bottom). The counts( ∗) for the Gaussian smoothed density plot is simply the number of stars per 0 . 4 × 0 . 1 deg 2 . Note a discontinuity clearly visible at φ1 

∼ 15 ◦. 

Figure 11. Binned longitudinal velocity moments in the sky at d > 8 kpc 
with the (rough) polygon selection of a part of Sagittarius picked up by 
the RPM sample (top) and Gaia proper motions in (l,b) (bottom) within 
the polygon selection of the stream – on stream track (left) and outside the 
polygon selection of the stream – off-stream track (right). This is o v erplotted 
with stars in the on-stream and off-stream polygon of the Sagittarius RGB 

sample from Vasiliev et al. ( 2021 ). 
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t this region of the sky by the RPM sample. We notice that we lose
he actual peak of Sagittarius proper motions because of the RPM
ample’s inherent selection bias against halo stars with small proper
otions. 
Similar to our procedure for GD-1 and Jhelum, we fit a second

egree polynomial to the proper motion in ( l , b ) directions with
espect to the longitude. The stream stars show a clear trend with
NRAS 521, 2087–2102 (2023) 
ncreasing longitude. We also fit a second degree polynomial to the
 l , b ) sky space. The fitted polynomial functions are as follows: 

� = F 1 ( � ) = −0 . 87 � 2 + 8 . 62 � − 15 . 85 , (23) 

b = F 2 ( � ) = 1 . 39 � 2 − 6 . 17 � + 2 . 29 , (24) 

 = F 3 ( � ) = 0 . 19 � 2 − 1 . 46 � + 1 . 32 , (25) 

here � and b are in radians and μ� and μb are in mas yr −1 . The
olynomial fit on proper motion and on sky density distribution
long with Gaia ’s scanning pattern around it is shown in Fig. 12 .
e see two subcomponents in this structure selection that are

f higher density than the rest. These two high-density regions
learly o v erlap with two arcs in the background caused by Gaia ’s
canning pattern. Gaia scans this region more frequently than the
urrounding regions, which means that it probes deeper in these
egions. This might explain why we seem to have picked up the
ower proper motion part of Sagittarius only in this apparently
tream-like feature. We do not see the same signal for the rest of
he Sagittarius stream, because they are too far and deep for the
ample to reach while Gaia ’s scanning pattern makes this part of
agittarius pop out. Ten stars have metallicities and line-of-sight
elocities after cross match with SDSS/SEGUE. Although these
tars have poor signal-to-noise, it is good enough to validate that
he metallicities fall into the range of metallicities of Sagittarius
elected from Vasiliev et al. ( 2021 ) in this region as it can be
een in the bottom panels of Fig. 14 . These stars are plotted in

art/stad380_f10.eps
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Figure 12. Proper motion in longitude direction (top), latitude direction 
(middle top) with respect to the Galactic longitude � and density of candidate 
members on Galactic coordinates with radial velocity members as purple 
stars with longitudinal velocity quivers (middle bottom). Candidate members 
o v erplotted on the Gaia ’s scanning pattern in this region created using 
astrometric n obs al parameter (bottom). Dashed lines in plots one 
to three are second degree polynomial fits on the corresponding parameters. 
The counts ( ∗) for the Gaussian smoothed density plot is simply the number 
of stars per 0 . 9 × 0 . 64 deg 2 . 
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he sky as purple stars with v elocity quiv ers in the third panel of
ig. 12 . 
Finally, we attempt to impro v e the distances to the stars using

he metallicity information from SEGUE cross-matches. We realize 
hat a large majority of the stars in the feature we pick up are
ctually bluer than our preferred colour selection with ( G 0 −
 RP, 0 ) < 0.45, which means that the distances are less reliable.

t is possible for the turn-off stars higher on the turn-off (from
he subgiant side of the CMD) to bleed into our sample. We
reate a three dimensional interpolation for MIST isochrones (as 
hey do work well in the subgiant branch) using age, metallicity, 
nd Gaia colour as inputs. By feeding the mean metallicity of
1.25 (based on the 10 SEGUE cross-matches) and an age of

2.5 Gyr, we find that the two distance solutions possible either 
ive a distance of ∼10 kpc, or ∼20 kpc, to the feature. The latter
istance would correspond to the predicted Sagittarius stream stars 
n that region of the sky Vasiliev et al. ( 2021 ), and would explain
hy the feature does not show any redder stars. The distance and
etallicity distribution and CMD for these stars are shown in the 

op panels of Fig. 13 . In the bottom panel, we show the latitude
ersus line-of-sight velocities for the radial velocity members and 
t a second degree polynomial ignoring the star at ∼200 km s −1 as
ontamination. This polynomial fit is described by the following 
quation: 

 los = F ( b) = 964 . 4 b 2 + 1765 . 9 b + 623 . 2 , (26) 

where b is in radians and v los is in km s −1 . We compare the
bservable properties of these member stars with Sagittarius stream 

andidates selected by Vasiliev et al. ( 2021 ). These comparison fig-
res are shown in Fig. 14 . The structure we see agrees with Sagittarius
tream candidates in that region in almost all the observables, and
xtends it in proper motions. We conclude that this feature is indeed
 part of Sagittarius and that it looks like a thin stream crossing
agittarius due to a combination of Gaia ’s scanning law – providing
ore fainter stars in this feature – and the RPM sample selection

ffect on small proper motion. 

.4 Summary of stream properties 

he distance properties and the number of candidate members 
elected are summarized for all three discussed candidate streams 
n Table 2 . The columns that will be provided as a part of the stream
ember candidate catalogue are shown as a part of Table 1 . 

 C O N C L U S I O N S  A N D  O U T L O O K  

ith the advent of the European Space Agency’s Gaia mission and
ts recent data releases EDR3 and DR3, the astronomy community 
as obtained the largest-ever cartograph of our Milky Way galaxy 
ith unprecedented astrometric parameters. In this paper, we have 
resented a catalogue of ∼47 million halo stars on the main sequence
ith high tangential velocity selected only using Gaia DR3 proper 
otions and photometry. This is made possible using the reduced 

roper motion that when plotted versus Gaia colours mimics the 
olour-magnitude diagram for populations with different tangential 
elocities. Most of the literature methods to select halo stars make
se of distance and/or spectroscopy information. One much used 
xample of this is to create a ‘Toomre’ diagram of velocities, where
 cut can be made to separate stars that mo v e fast with respect to
he solar motion (e.g. | V − V LSR | > 210 km s −1 ) to isolate halo stars
see for implementations of such a cut for instance Bonaca et al.
017 ; Koppelman et al. 2018 ). The disadvantage of such a method is
o we ver that it is limited to stars with good parallaxes and line-of-
ight velocities. Instead, we build in this work a catalogue of inner
alo stars out to ∼21 kpc. This sample is five times bigger with less
ystematics and much impro v ed completeness be yond 5 kpc (thanks
o Gaia DR3) than the original K21 RPM sample produced using
aia DR2 and showcases the science potential of such a sample with

he upcoming data releases of Gaia (for eg., Gaia DR4). The distance
akes up an important aspect of the 6D information often used in

he study of the dynamical evolution of the Milky Way halo. Here,
e calculate photometric distances to these stars with simple linear 

olour-magnitude relation for these stars on the main sequence. The 
ypical uncertainty on these derived photometric distances is ∼7 per 
ent, which is more reliable and probes farther away than would be
ossible using Gaia parallaxes. 
We explore the possibility of using the binned velocity space of

his data set at relatively higher distances to independently pick 
p candidate members and main sequence stars belonging to three 
xample streams. The use of main-sequence stars, rather than brighter 
iants, allows us to trace low surface brightness counterparts. Two 
old streams with complex morphology: GD-1 and Jhelum are picked 
p by the sample and explored in detail. 
We fit polynomial functions for the observable properties of the 

tream members with respect to the main stream coordinate φ1 . We
MNRAS 521, 2087–2102 (2023) 
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M

Figure 13. Metallicity distribution of radial velocity members (top left), colour-magnitude Diagram density distribution of confident main sequence with a 
−1.25 [Fe/H], 19.5 kpc (mean distance on the subgiant branch fit) MIST isochrone in purple and turn-off stars in grey (top middle), metallicity sensitive subgiant 
photometric distance distribution as a continuous line, photometric distance distribution as a dashed line, and metallicity sensitive main-sequence turn-off 
photometric distance distribution as a dotted line (top right) and latitude versus line-of-sight velocity with a second degree polynomial fit on the track ignoring 
the one stream star contamination at ∼200 km s −1 (bottom). 
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ee gaps and o v erdensities similar to what is observed in the literature
nd often enhanced to a greater contrast. For GD-1, we see a density
ap at φ1 ∼ 40 ◦ which could be a probable position for the now
ully disrupted GD-1’s progenitor (Webb & Bovy 2019 ). Ho we ver,
his is not conclusive, because the distribution of the tracks causing
he density breaks o v erlap quite a lot. More member stars and radial
elocities for these members should be helpful for further analysis.
e also see a similar density gap in Jhelum at φ1 ∼ 15 ◦ resolved very
ell due to impro v ed Gaia astrometry and photometry. The several

omponents of the stream was recently explored using N -body
imulations as due to a tentative close interaction with Sagittarius
Woudenberg et al. 2022 ) while some of these density breaks and
ariations still remain to be explained. We improve the photometric
istances calculated by the entire RPM sample by folding in the
etallicity distribution information for these stream members using

hotometric metallicity grids computed by Kim & L ́epine ( 2021 ).
ur selection method is validated using line-of-sight and metallicity

nformation from cross-matches with spectroscopic surv e ys (for GD-
) or candidate members from the literature (for Jhelum) and returns
ery high success rates as ∼90 per cent of the o v erlapping stars turn
ut to be true members. 
We also see part of Sagittarius in the binned velocity space in

 ne gativ e latitude direction with similar properties, but slightly
ore ne gativ e proper motions compared to literature samples for

he stream. This structure is characterized better by fitting distances
n the subgiant branch using MIST isochrones and metallicity
nformation from SEGUE cross-matches. Based on the available
nformation, the structure is likely to belong to the Sagittarius
tream which is visible in this catalogue only in that part of the
ky due to a combination of the kinematic selection bias of this
NRAS 521, 2087–2102 (2023) 
ample, its incompleteness at higher distances due to the intrinsic
aintness of main sequence stars, and Gaia ’s scanning pattern.
uture Gaia data releases may be less affected by Gaia ’s scanning
attern and more reliable to hunt for coherent streams on such
inned velocity space. Ho we ver, for this catalogue, this detection
llustrates that care needs to be taken in the interpretation of
ubstructures. 

Aiding future follow-up studies, we provide candidate member
atalogue with our photometric distances, further refined by using the
etallicity distribution of these streams as input. A more systematic

xploration of nearby stellar streams by picking up proper motion
eaks would further enhance the potential of this catalogue. As such,
e can push the substructure searches to Gaia ’s magnitude limits.
sing this sample in pseudo 6D space by setting the line-of-sight
elocity to zero in regions of the sky, where the pseudo space mimics
he real Galactic velocities (ie., near Galactic Centre, anticentre, and
oles) combined with added metallicity information can be used in
he detailed chemodynamical analysis of the inner stellar halo. 

.1 Synergies with other data sets 

uch a main sequence stars sample with the largest halo cartograph
n the era of Gaia can be used to provide spectroscopic targets to
he next big spectroscopic surveys such as WEAVE (Dalton et al.
012 ), 4MOST (de Jong et al. 2019 ), and SDSS-V (Kollmeier et al.
019 ), because this catalogue complements the Gaia DR3 source
pectra at the fainter end. Even low-resolution spectroscopic follow-
p that can provide us with the missing line-of-sight velocities
nd/or metallicities can be extremely useful to disentangle the merger
istory of the inner stellar halo. In a subsequent paper, we intend to
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Figure 14. Observable properties of part of Sagittarius picked up by the RPM 

halo sample compared to Vasiliev et al. ( 2021 ) RGB candidates belonging to 
the Sagittarius stream. 
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xplore the cross-match of this sample with photometric metallicity 
nformation from the highly metallicity Pristine narrow-band surv e y 
Starkenburg et al. 2017 ) in the Northern Hemisphere ( ∼1 million
ources in o v erlap). While still lacking line-of-sight information, 
uch a cross-match does provide us with valuable information about 
he metallicity structure of the halo at different distances and in 
arious directions (see e.g. Youakim et al. 2020 ). Additionally, the 
etallicity information from Pristine allows us to impro v e on the

erived distances, as we have showcased in this work by folding 
n spectroscopically known metallicities for the streams, thereby 
 v oidingdistance biases. This effort will be made possible with this
ubsample. The sample presented in this work already allows a deeper 
and fainter) dive into studying the structure of the Milky way inner
alo, while holding even greater promise for unravelling the complex 
ormation history of our Galaxy with future Gaia data releases. It is
 golden age to do Galactic Archaeology. 
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