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ABSTRACT 
I report the discovery of a stellar stream (Sutlej) using Gaia DR3 (third data release) proper motions and XP metallicities located 
∼15◦ north of the Small Magellanic Cloud (SMC). The stream is composed of two parallel linear components (‘branches’) 
approximately ∼8◦ × 0.6◦ in size and separated by 2.5◦ . The stars have a mean proper motion of (μRA, μDec.) = (+0.08 mas yr−1 , 
−1.41 mas yr−1), which is quite similar to the proper motion of stars on the western side of the SMC. The colour–magnitude 
diagram of the stream stars has a clear red giant branch, horizontal branch, and main-sequence turn-off that are well matched by 
a PARSEC isochrone of 10 Gyr, [Fe/H] = −1.8 at 32 kpc, and a total stellar mass of ∼33 000 M. The stream is spread out over 
an area of 9.6 deg2 and has a surface brightness of 32.5 mag arcsec−2 . The metallicity of the stream stars from Gaia XP spectra 
extends over −2.5≤ [M/H] ≤−1.0 with a median of [M/H] = −1.8. The tangential velocity of the stream stars is 214 km s−1 

compared to the values of 448 km s−1 for the Large Magellanic Cloud and 428 km s−1 for the SMC. While the radial velocity 
of the stream is not yet known, a comparison of the space velocities using a range of assumed radial velocities shows that the 
stream is unlikely to be associated with the Magellanic Clouds. The tangential velocity vector is misaligned with the stream by 
nearly 90◦ , which might indicate an important gravitational influence from the nearby Magellanic Clouds. 

Key words: Galaxy: halo – Galaxy: structure – Local Group. 
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 I N T RO D U C T I O N  

ccording to the currently favoured hierarchical galaxy formation
aradigm (e.g. Peebles 1965; Press & Schechter 1974), galaxies
tarted small and grew through merger events and accretion of smaller
ystems, most of which were tidally stripped apart. Starting over three
ecades ago, mounting evidence of stellar streams in the Milky Way’s 
MW) halo was discovered, with the Sagittarius stream (e.g. Ibata
t al. 2001; Newberg et al. 2002) being the most prominent with its
wo tidal tails wrapping around the MW. With the advent of deep,
ide-field, multiband photometric surveys, the number of discovered

tellar streams rose quickly with the Sloan Digital Sky Survey (SDSS;
ork 2000) leading the way with the ‘Field of Streams’ that included

he Orphan stream, Anticentre stream, and others (Belokurov et al.
006). Some of the most impressive streams are those produced by
isrupted globular clusters that are extremely thin but can stretch
ver many tens of degrees (e.g. Grillmair & Dionatos 2006a, b).
ee Newberg & Carlin (2016) for a more detailed review of stellar
treams. 

Not only are observed stellar streams a striking confirmation of
he violent origin of galaxies through mergers and accretion events,
ut stellar streams can be used as tracers to probe the Galaxy’s mass
nd constrain the 3D structure of the gravitational potential (e.g.
ohnston, Law & Majewski 2005; Koposov, Rix & Hogg 2010). One
 E-mail: dnidever@montana.edu 

o  
b  
C  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), whi
f the most effective search algorithms is the ‘matched-filter’ method
hat selects all stars lying close to an old isochrone in the colour–

agnitude diagram (CMD) at a certain distance. A range of distances
re searched and the resulting on-sky stellar density plots inspected
or linear features. Often the filters are heavily weighted towards the
lue, main-sequence turn-off portion of the isochrone that has a large
umber of stars compared to the MW foreground. 

Until recently, most stellar stream work was confined to the
orthern hemisphere due to the predominance of large surveys

uch as SDSS, PS1 (The Panoramic Survey Telescope and Rapid
esponse System, Pan-STARRS 1; Chambers et al. 2016), and
steroid Terrestrial-impact Last Alert System (ATLAS; Tonry et al.
018) that covered that region of the sky. However, with the advent
f the Dark Energy Camera (DECam; Flaugher et al. 2015), the
ituation changed dramatically. Using the deep, multiband Dark
nergy Survey (DES) photometric catalogue (Dark Energy Survey
ollaboration 2016), Shipp et al. (2018) discovered 11 new stellar

treams in a southern ‘tour-de-force’ much like the northern SDSS
Field of Streams’. The DECam Local Volume Exploration Survey
DELVE; Drlica-Wagner et al. 2021) is systematically covering the
ntire southern sky with DECam to search for dwarf galaxies and
tellar streams and was recently used to discover the jet stream
Ferguson et al. 2022). 

Even though deep, multiband photometry has been the mainstay
f stellar stream searches for decades, other techniques can also
e extremely effective. The second data release of Gaia (Gaia
ollaboration 2018) produced precise proper motions for over a
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Figure 1. Density of Magellanic Gaia DR3 XP stars with [M/H] ≤ −1.7 in 
the μB,MS versus LMS. The overdensity of stars with −35◦ ≤ LMS ≤ −20◦ 

and μB,MS≈−0.3 mas yr−1 is highlighted with the ellipse. 

Figure 2. Density of Magellanic giant stars in μL,MS versus μB,MS. The 
stream stars are indicated by the ellipse. 
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illion stars. This allowed for a kinematic selection of stellar streams. 
bata, Malhan & Martin (2019) used a new systematic search method
STREAMFINDER; Malhan & Ibata 2018) that takes advantage of
he kinematics to discover eight new stellar streams throughout the

W, including in the MW mid-plane, which has historically been 
voided by stream searches due to the high number of MW disc
tars that can confuse search algorithms and generate many false 
ositives. 
In the third data release of Gaia (DR3; Gaia Collaboration 2023),

he low-resolution BP/RP (XP) spectra of 220 million stars were 
eleased. While the released stellar parameters (Andrae et al. 2023a) 
ere not as reliable as originally anticipated, Andrae, Rix & Chandra 

2023b) determined precise metallicities as well as effective temper-
tures and surface gravities for 175 million stars using XGBOOST 
rained on APOGEE (Majewski et al. 2017) spectra and AllWise 
hotometry (Cutri et al. 2021). 

In this paper, I report on the discovery of a new stellar stream
ear the Small Magellanic Cloud (SMC) using the Gaia DR3 proper 
otions and XP metallicities. 
This paper is structured as follows. Section 2 discusses the data and

atalogues, while Section 3 outlines the discovery and characterizes 
he main stream properties. The main results are presented in Sec-
ion 4 and the implications of the results are discussed in Section 5.
inally, the main conclusions are summarized in Section 6. 

 DATA  

or this project, I used solely the Gaia DR3 data set. DR3 contains
strometric information, including proper motions, for 1.46 billion 
ources and three-band photometry (G, BP, and RP) for 1.54
illion sources. In addition, it contains object classification from 
he BP/RP (XP) spectra for 470 million sources, although the stellar 
arameters (Teff , log g, and [M/H]) in the official data release have
ome systematics that make the values unsuitable for most scientific
nalyses. Instead, I use the stellar parameters from the Andrae et al.
2023b) catalogue that used a machine-learning model (XGBOOST;
hen & Guestrin 2016) trained on APOGEE (Majewski et al. 2017;
bdurro’uf et al. 2022) and other data to derive primarily [M/H],
ut also Teff and log g along the way, for 175 million stars from
he average XP spectra that were released in Gaia DR3. Note that
hang, Green & Rix (2023) released a similar catalogue but used a
enerative model to derive Teff , log g, [M/H], and extinction for 220
illion stars from the XP spectra. 

 DISCOVERY  A N D  C H A R AC T E R I Z AT I O N  

hile investigating the Gaia DR3 data for substructure in the 
eriphery of the Magellanic Clouds (MCs) and looking through a 
ariety of longitude versus proper motion figures in narrow ranges 
f metallicity, I serendipitously discovered an overdensity of stars.
ig. 1 shows an example of the type of figure that I was inspecting.
t shows the distribution of stars in the Andrae et al. catalogue with
M/H] < −1.7 in the MC region in the μB,MS versus LMS 

1 colour-
oded by the metallicity. A stellar substructure or stream should 
ppear as a clump in this type of figure. While the figure is quite
messy’, a linear feature is visible in the bottom left-hand corner 
ighlighted by the green ellipse (−40◦ LMS−20◦ , μB,MS≈−0.3
Where LMS/BMS refer to the Magellanic Stream coordinate system defined 
n Nidever, Majewski & Butler Burton (2008), and μL,MS/μB,MS are the 
orresponding proper motions. 

∼  
p
(  
S  
i

as yr−1). Further inspection showed that this feature is not spurious,
ut rather a real structure elongated spatially not far from the SMC. 

Fig. 2 shows the proper motion distribution of the stars in that
patial region (−40◦ <LMS<−23◦ , −18◦ <BMS<−5◦) exhibiting
n even stronger overdensity at (μL,MS, μB,MS) = (+1.4 mas yr−1 ,
1.3 mas yr−1). The stars selected by the red circle, centred at (μL,MS,
B,MS) = (+1.38 mas yr−1 , −1.33 mas yr−1) and with radius 0.23
as yr−1 , are plotted on the sky in Fig. 3 as red and blue filled circles.
he background image shows the density of MC stars selected via
roper motion, XP Teff /log g, and a red giant branch (RGB) box
n the CMD. The new stellar structure is composed of two nearly
arallel stellar streams (‘branches’) with angular sizes of roughly 
8◦ × 1◦ and separated from each other by ∼2.5◦ . At the closest

oint, the stream is only ∼1.5◦ from the SMC Northern Overdensity 
SMCNOD; Pieres et al. 2017) and ∼11◦ from the centre of the
MC. This obviously begs the question of whether the new stream

s associated with the SMC, which I explore in depth in Section 5. 
MNRAS 533, 3238–3245 (2024) 
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M

Figure 3. Density of Magellanic giant stars as selected from Gaia DR3 XP. The position of the two stellar stream branches are indicated by the red (Branch 1) 
and blue (Branch 2) filled circles. 
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I will follow the naming convention of Shipp et al. (2018) who
amed their stellar streams in this region of the sky after rivers in
akistan and India, in particular after the Indus river and its tributaries
helum, Cheneb, and Ravi (in geographical order from northwest to
outheast). I shall name the new stream ‘Sutlej’ after
he remaining main tributary of the Indus river that continues the
eographical progression of the tributaries in northern India to the
outheast and is nicely mirrored on the sky as the new stream is to
he east of Ravi and Cheneb (see Fig. 10). 

 RESULTS  

he mean proper motion of the stream stars is (μL,MS, μB,MS)
 (+1.4 mas yr−1 , −0.322 mas yr−1). As can be seen in Fig. 4,

he tangential velocity vector (after correcting the proper motion
or the solar motion) is not aligned with the stream, and almost
erpendicular to it. This might be due to the influence of the nearby
arge Magellanic Cloud (LMC) and SMC, which has been shown

o produce such a misalignment in the Orphan stream (Erkal et al.
019). 
Fig. 5 shows the CMD of all Gaia DR3 stars in the vicinity

f the two stream branches. A well-defined RGB, blue horizontal
ranch (BHB), and main-sequence turn-off are apparent. Both
tellar branches are well represented in these features with no large
ifference visible between them (except for the BHB; see below).
NRAS 533, 3238–3245 (2024) 
he black line shows a [Fe/H] = −1.8, 10 Gyr at 32 kpc PARSEC 
sochrone fit by-eye to the data. 

While the CMDs of the two branches look nearly identical,
ranch 1 (red) has a horizontal branch that extends 0.25 mag bluer

han Branch 2 (blue) does. The distances of the BHB stars can be
irectly estimated and contrasted with the isochrone distance and the
istances of the two branches can be compared as well. I converted
he Gaia photometry to the SDSS system using the photometric
ransformation equations in the Gaia release documentation.2 The
arbosa et al. (2022) relation was used to compute the BHB absolute
agnitude Mg as a function of g − r colour and the distance

alculated by comparing to the apparent magnitudes. Fig. 6 shows
he BHB distances of the stream stars with a mean distance of
2.4 kpc for all stars and 33.0/31.8 kpc for Branch 1/2. This is
n excellent agreement with the isochrone-fitting distance of 32 kpc.

hile Branch 1 shows almost no variation in distance with LMS, the
ranch 2 distances increase the farther away they are from the SMC
t a rate of ∼0.9 kpc deg−1 . 

We can also investigate the metallicities of the brighter stream stars
G < 17.65) using the Gaia DR3 XP metallicity provided by Andrae
t al. (2023b). Fig. 7 shows the metallicity distribution function

https://gea.esac.esa.int/archive/documentation/GDR2/Data_processing/chap_cu5pho/sec_cu5pho_calibr/ssec_cu5pho_PhotTransf.html
https://academic.oup.com/mnras/article/533/3/3238/7723691
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Figure 4. The tangential motion of the LMC, SMC, and the stream stars. The length of the arrows indicates the magnitude of the velocity. The tangential 
velocity vector of Sutlej is almost perpendicular to that of the MCs as well as the Sutlej stream track. This might indicate that the stream has been gravitationally 
perturbed by the MCs. Note that the tangential motion vectors of the two stream branches are nearly identical. 
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MDF) of RGB stars from the stream (blue and red) as well as
he SMC (purple) and SMCNOD (green). To provide a smoother 
epresentation of the data (similar to a kernel density estimate), each 
tar is presented as a Gaussian with unity amplitude and a full width
t half-maximum (FWHM) of 0.2 dex. The curve from each group is
hen divided by the number of stars to produce a density curve that

akes the comparison between the stellar populations easier. While 
he MDFs of the two stream branches look similar to each other
given the small number statistics), they are significantly more metal- 
oor than the majority of the SMC and SMCNOD distributions. This 
lone is a strong indication that the stream did not originate from
he SMC (but see Section 5 for more on the origin). In addition, the
road stream MDF with an FWHM width of ∼1 dex suggests that
he progenitor was a dwarf galaxy rather than a globular cluster. 

I estimated the Great Circle Pole for each branch by searching a
rid of pole coordinate values 0◦ ≤α≤ 360◦ and 0◦ ≤δ≤+90◦ in steps
f 1◦ and calculated the rms (root-mean-square) of the transformed 
atitude for each pole. I found the points coordinates with the lowest
ms values and refined the search for more precision. The pole for
ranch 1 is (α, δ) = (68.7◦ , 16.3◦) and for Branch 2 is (α, δ) = (73.5◦ ,
0.7◦). The FWHM widths in latitude are 0.56◦/0.68◦ for Branch 1/2,
i  
hich at a distance of 32 kpc corresponds to 0.31 kpc/0.38 kpc. A
ummary of the stream values is shown in Table 1. 

The total number of member stars in Gaia is low in the Sutlej
tream. There are only 34 stream stars in the Gaia XP sample and
0 in the full Gaia DR3 sample down to G = 20.0 (RGB and BHB
tars). It is therefore worth estimating the stellar mass in the stream.
 estimated the total stellar population mass by creating synthetic 
hotometry from a 10 Gyr, [Fe/H] = −1.8 PARSEC isochrone at
2 kpc with a total stellar mass of 106 M. All RGB and BHB
ynthetic stars down to a magnitude of G = 20.0 were selected
nd the same operation performed on the data. This resulted in
0 Gaia stars and 6056 synthetic stars. My proper motion cut has
emoved faint member stars with larger proper motion errors. To 
odel this incompleteness, I fit the logarithm of the declination 

roper motion error as a quadratic function of G magnitude for Gaia
tars in the Sutlej region with 13.3 < G < 20.8 and used 0.0113
as yr−1 for the brighter stars. Random proper motion errors were

enerated using this uncertainty distribution and the proper motion 
ut (radius of 0.23 mas yr−1) applied. Comparing the synthetic
nd observed magnitude distributions revealed that the isochrone 
astly overpredicts the number of BHB stars. Since it is difficult for
sochrones to model the horizontal branch (Percival & Salaris 2011),
MNRAS 533, 3238–3245 (2024) 
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M

Figure 5. The CMD of the region around the new stellar streams. A clear 
RGB, horizontal branch, and main-sequence turn-off are visible. A PARSEC 
isochrone with [Fe/H] = −1.8, 10 Gyr, and a distance of 32 kpc is shown in 
black. 

Figure 6. The distance (kpc) of the BHB stars versus LMS for the two stream 
branches. An estimate of the GaiaG magnitude assuming an average BHB 
colour is shown on the right-hand side. The average BHB distance of Branch 
1 is 33.0 kpc and for Branch 2 is 31.8 kpc. Branch 1 is ∼1.0 kpc farther away 
than Branch 2. While Branch 1 does not show much of a distance gradient, 
the distance of the Branch 2 BHB stars grow larger with increasing angular 
distance from the SMC at a rate of ∼0.9 kpc deg−1 . 
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Figure 7. The MDF of the SMC (purple), the SMCNOD (green), and the 
stream stars (red and blue) using Andrae et al. (2023b) Gaia DR3 XP 
metallicities. The majority of the stream stars are more metal-poor than 
both the SMC (green) and SMCNOD (purple) stars with an average of 
[M/H] = −1.65 and peak around [M/H] = −1.9. 
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 decided to only use the RGB stars to determine the stellar mass. The
otal number of synthetic RGB and AGB stars down to G = 20 mag
s 1223 and the observed number is 59. Scaling the input isochrone
ass of 106 M by 59/1223 gives 48 242 M. The formal Poisson

ncertainty of the derived stellar mass is 13 per cent or 6280 M,
owever, the uncertainty is likely higher due to the mismatch of the
sochrone model and the data. 

Finally, I calculate the surface brightness by summing up the flux
rom all synthetic stars and scaling to the total mass of 33 333 M.
he area of each stream branch is 0.6◦ × 8◦ or 9.6 deg2 combined. The

otal flux is divided by the area in arcsec squared and converted back
NRAS 533, 3238–3245 (2024) 
o magnitude to obtain 32.3 mag arcsec2 . Another way to calculate
he surface brightness is to sum up the flux of the observed stars and
hen correct for incompleteness. Using the same procedure with the
0 RGB and BHB stars down to G = 20.0 gives a surface brightness
f 33.1 mag arcsec2 . However, this is incomplete because of the
tars that we are not seeing. We can use the theoretical isochrone to
alculate a good estimate for this completeness by calculating the
umulative fraction of total flux as a function of G. At 19 ≤G≤ 20
ag, this is fairly constant with a value of ∼55 per cent. Applying

his correction to the total observed flux gives a surface brightness of
2.5 mag arcsec2 that is quite close to the 32.3 mag arcsec2 calculated
ith the ischrone method above. 

 DI SCUSSI ON  

s previously mentioned, an obvious question, due to its proximity,
s whether Sutlej is related to the MCs. The edge of the stream is
nly a couple of degrees away from the SMCNOD and the two
tream branches are elongated almost parallel to the LMC’s and
MC’s tangential velocity vectors (see Fig. 4). In addition, the stream
istance of 32 kpc is not too dissimilar to the MCs’ distance of 50 kpc
LMC) and 60 (SMC). This is, however, where the similarities end.
he tangential velocity vector of Sutlej is almost perpendicular to

hose of the MCs (Fig. 4), and its total tangential velocity of 214 km
−1 is almost a factor of 2 smaller than that of the MCs (∼430 km
−1). And although we do not know Sutlej’s radial velocity (RV)
et, we can compare space velocities with the MCs. Fig. 8 shows
he 3D space velocities of the stream stars compared to the APOGEE

C stars assuming a wide range of stream RVs. Irrespective of the
tream RV, the space velocities are always offset from the MC space
elocities by more than 200 km s−1 . In addition, as the MDF shows
Fig. 7), the stream stars are much more metal-poor than the MCs’
etallicity distributions (LMC is ∼0.4 dex more metal-rich than the
MC). This indicates that these stars are too metal-poor to have been
irectly stripped from the MCs, but are more consistent with a dwarf
pheroidal origin. In conclusion, a Magellanic origin or association
f Sutlej seems unlikely. 

However, I must point out one interesting spatial pattern in the two
utlej branches that reminds me of features in the two filaments of

https://academic.oup.com/mnras/article/533/3/3238/7723691
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Table 1. Table of coordinates of the stellar streams. 

Name Equatorial coordinates Magellanic Stream coordinates Great Circle Pole Width 

Branch 1 [(3.2◦ , −55.2◦), (11.0◦ , −61.6◦)] [(−33.9◦ , −9.7◦), (−26.4◦ , −8.0◦)] (68.7◦ , 16.3◦) 0.24◦ 

Branch 2 [(357.9◦ , −53.2◦), (2.9◦ , −60.3◦)] [(−36.7◦ , −12.0◦), (−29.0◦ , −11.2◦)] (73.5◦ , 10.7◦) 0.29◦ 

Figure 8. The galactocentric space velocities of the LMC (grey), SMC (pink), and the Sutlej stream stars (coloured points). The coloured points show the space 
velocities of the stream stars assuming a range of radial velocity: −200 km s−1 (purple), −100 km s−1 (red), 0 km s−1 (green), +100 km s−1 (orange), and 
+200 km s−1 (red). For all radial velocities, the space velocities of the stream stars are significantly offset from the LMC and SMC making a Magellanic origin 
unlikely. 

Figure 9. Column density map of H I from the GASS survey (McClure- 
Griffiths et al. 2009). The new stellar stream is shown in filled circles. Orange 
lines indicate the new stellar stream offset by +6◦ in LMS and +6◦ in BMS. 
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he Magellanic Stream (MS) that are quite nearby in the sky. Fig. 9
hows the Galactic All Sky Survey (GASS; McClure-Griffiths et al.
009) H I column density map of the Magellanic System including the
tream and the Sutlej stars (red filled circles). The two MS filaments
how structures that are roughly 2◦ × 10◦ in size and offset from each
ther by a few degrees. This pattern looks very similar to the Sutlej
ranches. In fact, I have fit lines to the Sutlej branches and offset them
oth by +6◦ in LMS and +6◦ in BMS (thin orange lines). They match
he length and the orientation of the MS features quite well, although
ne of them is offset by roughly a degree. Even if Sutlej and these MS
eatures were related, it does not seem realistic that the gas is leading
he stars in their orbit. The Price-Whelan 1 star cluster (Nidever 
t al. 2019; Price-Whelan et al. 2019) was born in the Magellanic
tream Leading Arm 117 Myr ago and has since separated from and 

s leading the gas by ∼10◦ . This is understandable and expected due
o the ram pressure effects of the MW’s hot halo gas on the Leading
rm gas. In fact, this can be used to constrain the density of the
ot halo (see section 4.5 of Nidever et al. 2019). However, if the
utlej branches and the MS linear features are somehow causally 
elated, then it is unlikely that the stars would be trailing the gas.
n addition, figuring in all of the discrepancies of an MC origin of
utlej mentioned earlier, this linear feature in Sutlej and the MS is

ikely a curious coincidence. 
Could the Sutlej stream be related to any of the streams or dwarf

alaxies discovered in the MC region by DES, DELVE (Drlica-
agner et al. 2021), and others? Fig. 10 shows the streams (as

abulated by Mateu 2023) and dwarf galaxies near the MCs with
istances of 10–65 kpc colour-coded by distance. None of the nearby
tellar streams are aligned with Sutlej. Moreover, although there are
warf galaxies nearby, they are either at larger distances (Phoenix II
t 84 kpc, Bechtol et al. 2015; Tucana IV at 47 kpc and Tucana V at
5 kpc, Drlica-Wagner et al. 2015) or moving in a different direction
Tucana III; Drlica-Wagner et al. 2015). The only exception is Hydrus
 (Koposov et al. 2018) that is at a distance of 28 kpc and on the
MNRAS 533, 3238–3245 (2024) 
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M

Figure 10. The density of Magellanic giant stars from Gaia DR3 with the 
known stellar streams (Mateu 2023) and dwarf spheroidal galaxies between 
10 and 65 kpc away colour-coded by their distance. The new stellar stream is 
indicated by purpled filled circles. 
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pposite side of the SMC from Sutlej but close to an extrapolation of
he Sutlej branch tracks. Selecting Gaia DR3 stars near Hydrus 1, I
as able to determine a significant overdensity of 17 stars in proper
otion space corresponding to (μL,MS, μB,MS) = (+3.787 mas yr−1 ,
1.68 mas yr−1). The CMD of these stars indicates that these are

he Hydrus 1 RGB and BHB stars. Using Vhelio = +80.4 km s−1 

nd 28 kpc distance from Koposov et al. (2018), we can calculate
he galactocentric space velocity of Hydrus 1 to be (Vx , Vy , Vz)

 (−435.0 km s−1 , −82.8 km s−1 , −11.1 km s−1). Comparing these
alues to Fig. 8, it is clear that Hydrus 1 has a significantly different
pace velocity from the LMC, SMC, and Sutlej by 200 km s−1 . In
ddition, while they are both metal-poor, Hydrus 1 is more metal-
oor ([Fe/H] = −2.5) than Sutlej ([Fe/H] = −1.9) and comparing
he Sutlej MDF in Fig. 7 with the Hydrus 1 MDF in fig. 19 from
oposov et al. (2018) indicates that the metallicity distributions are
uite different. 
Another curious feature of Sutlej is the two parallel split branches,

hich is quite uncommon in stellar streams. Some other examples
re the Sagittarius stream (e.g. Majewski et al. 2003; Koposov et al.
012) that has bifurcated branches in both the leading and trailing
rms and the Anticentre/Monoceros stream (e.g. Grillmair 2006).
he Sagittarius stream wraps around the MW due to the multiple
assages its host galaxy made, and it is quite likely that the multiple
ericentric passages created the bifurcation of the two tidal arms.
fter much debate over the origin of Monoceros (Martin et al. 2006;
onn et al. 2008), it is now thought that this broad feature was
roduced by a perturbation of the outer MW disc by a large satellite
ike the Sagittarius dwarf spheroidal galaxy or the LMC (Slater et al.
014; Morganson et al. 2016; Hayes et al. 2018). Since the two Sutlej
ranches have nearly identical metallicity, distance, age, and space
elocity, it seems quite likely that they have the same progenitor
alaxy. However, it is not impossible. How exactly a small dwarf
pheroidal galaxy could produce two parallel stellar streams offset
y ∼2.5◦ or 1.4 kpc (at 32 kpc) perpendicular to their orbit remains
nclear. Yavetz et al. (2021) showed that parallel streams, or orbit
amilies, having the same origin can occur in flattened axisymmetric
alactic potentials, but it is unclear whether the LMC/SMC/MW
ystem is too complex to generate separatrix in the SMC vicinity.
NRAS 533, 3238–3245 (2024) 
hatever its origin, the split feature of Sutlej should put tight
onstraints on simulations trying to reproduce it. Another possibility
s that two objects gave rise to the Sutlej stream, such as two dwarf
alaxies or globular clusters that interacted with each other. In fact,
here are differences seen in the BHB morphologies in the CMD
etween the two branches that could suggest a different origin.
oreover, the similarity of the MDFs of the two branches might be

xplained by the fact that many dwarf galaxies and globular clusters
re metal-poor. Further dynamical work on this option would be
seful. 

Erkal et al. (2019) used the Orphan stream to constrain the LMC’s
otal mass to 1.38 × 1011 M by using the perturbations that the LMC

ade on the Orphan stream’s proper motions that are misaligned with
he stream’s track. This is the most accurate mass estimate of the LMC
o date. The SMC’s mass, on the other hand, is not well constrained
nd it is not unusual to scale the LMC’s total mass by the ratio of the
MC’s and LMC’s stellar masses (∼1/9.6) as done by Besla et al.
2012). Having a more accurate SMC total mass would help improve
imulations of the Magellanic system. The Sutlej stream provides
 tantalizing possibility of being able to constrain the SMC’s total
ass since the Sutlej proper motion vector is misaligned with its

tream track. Orbit modelling of the Gaia kinematics and follow-up
pectroscopic radial velocities should be able to determine whether
his feat is possible. 

 SUMMARY  

 report the discovery of a split stellar stream, Sutlej, near the SMC
sing Gaia DR3 proper motions and metallicities from the low-
esolution XP spectra. The main conclusions are as follows: 

(i) Sutlej has two nearly parallel branches that are roughly ∼8◦ ×
.6◦ in shape and separated by ∼2.5◦ . They are situated ∼15◦ north
f the SMC. 

(ii) The Gaia CMD shows a clear signature of a simple stellar
opulation (with RGB, BHB, and main-sequence turn-off) that is
ell fitted with an isochrone of age 10 Gyr, [Fe/H] = −1.8, and
istance of 32 kpc. 

(iii) Sutlej has a prominent BHB. Measured distances of these
tandard candles give a mean distance of 32.4 kpc for all Sutlej
tars and 33.0/31.8 kpc for Branch 1/2. While Branch 1 shows little
istance variation, Branch 2 has a distance gradient of ∼0.9 kpc
eg−1 , where the distance increases as the angular distance from the
MC grows larger. 
(iv) The Gaia XP metallicities show that Sutlej has a broad MDF

tretching from [Fe/H] = −2.5 to −1.0 with a median of [Fe/H] =
1.9. The broad MDF strongly suggests that the progenitor was a

warf galaxy rather than a globular cluster. 
(v) The total stellar mass of Sutlej is 33 333 M and its surface

rightness is 32.5 mag arcsec−2 . 
(vi) Sutlej’s tangential velocity vector is nearly perpendicular to its

tream track, providing evidence that it has likely been gravitationally
erturbed by the nearby MCs. 
(vii) Sutlej is likely not associated with the SMC because no
atter what the RV of Sutlej is, the 3D space velocity of Sutlej

s significantly offset from the SMC by at least ∼200 km s−1 . In
ddition, Sutlej’s MDF is much more metal-poor than the MCs’
DFs and the tangential velocity vectors are misaligned by nearly

0◦ . 

Follow-up spectroscopic observations to measure the RV and
hemical abundances should help resolve the origin of Sutlej. Orbital

https://academic.oup.com/mnras/article/533/3/3238/7723691
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