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A B S T R A C T 

We use the photometric metallicities provided by the panoramic Pristine surv e y to study the veracity and derive the metallicities 
of the numerous stellar streams found by the application of the STREAMFINDER algorithm to the Gaia Early Data Release 3 data. 
All 26 streams present in Pristine show a clear metallicity distribution function, which provides an independent check of the reality 

of these structures, supporting the reliability of STREAMFINDER in finding streams and the power of Pristine to measure precise 
metallicities. We further present six candidate structures with coherent phase-space and metallicity signals that are very likely 

streams. The majority of studied streams are very metal-poor (14 structures with [Fe/H] < −2.0) and include three systems with 

[Fe/H] < −2.9 (C-11, C-19, and C-20). These streams could be the closest debris of low-luminosity dwarf galaxies or may have 
originated from globular clusters of significantly lower metallicity than any known current Milky Way globular cluster. Our study 

shows that the promise of the Gaia data for Galactic Archeology studies can be substantially strengthened by quality photometric 
metallicities, allowing us to peer back into the earliest epochs of the formation of our Galaxy and its stellar halo constituents. 

Key words: Galaxy: abundances – Galaxy: formation – Galaxy: halo. 

1  I N T RO D U C T I O N  

Since its launch in 2013, the Gaia satellite has been charting the 
motions and brightnesses of more than a billion stars throughout the 
Galaxy and Local Group, in an effort to build up an unprecedented 
6D map of the positions and velocities of stars in the nearby Universe 
(Gaia Collaboration 2016 , 2018 , 2021 ). One of the aims of the Gaia 
mission is to identify signs of the ancient accretions that built up our 

� E-mail: nicolas.martin@astro.unistra.fr 

Milky Way (MW) through the use of conserved dynamical quantities 
derived from the kinematic observables. In the inner regions of 
the MW halo ( 

< ∼ 30 kpc ), the sought-for accretion events may be 
quite difficult to unco v er, due to the complex interactions that have 
taken place o v er cosmic time, especially with time-dependent non- 
axisymmetric components such as spiral arms and the Galactic bar 
(e.g. Pearson, Price-Whelan & Johnston 2017 ). There, our best hopes 
for using dynamics for Galactic Archeology is via action variables, 
which are conserved during adiabatic changes of the potential 
(Binney & Tremaine 2008 ). In the more distant reaches of our 
Galaxy, or when the dynamical interactions have been less violent, 
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the accretions may yet be detectable as dissolving o v erdensities in 
position and velocity space. 

The revolution brought about by the deep astrometric (and pho- 
tometric) surv e y of the Gaia satellite is truly staggering. With each 
new data release, the MW’s phase space is revealed in a wealth 
of ever more complex and intricate detail (e.g. Antoja et al. 2018 ; 
Haywood et al. 2018 ; Helmi et al. 2018 ; Malhan, Ibata & Martin 
2018 ; Myeong et al. 2018 , 2019 ; Ibata, Malhan & Martin 2019 ; 
Belokurov et al. 2020 ; Yuan et al. 2020a , b ). Our view of the stellar 
halo, in particular, is being completely transformed and revealed to 
be, at least in part, a nest of stellar streams of all shapes and forms, 
at all distances, and o v er the whole sky (Ibata et al. 2021 ). 

Prior to the advent of Gaia , most Galactic Archeology studies 
relied on the chemical make-up of stars, as the composition of their 
atmospheres is generally conserved during stellar evolution (e.g. 
Freeman & Bland-Hawthorn 2002 ; Venn et al. 2004 ; Hogg et al. 
2016 ; Martell et al. 2017 ; Fern ́andez-Alvar et al. 2019 ; Recio-Blanco 
et al. 2021 ; Li et al. 2022 ). Combining the power of dynamics with the 
discriminatory power of chemistry promises to be very powerful, and 
is indeed the main scientific moti v ation behind the planned Galactic 
Archaeology halo projects of the future multi-object spectrographs 
WEAVE and 4MOST (Dalton et al. 2018 ; Christlieb et al. 2019 ; 
Helmi et al. 2019 ). These surv e ys build on v ery successful past and 
current surv e ys that slowly help build a chemodynamical portait of 
the MW (e.g. SEGUE, Yanny et al. 2009 ; APOGEE, Majewski et al. 
2017 ; GALAH, Martell et al. 2017 ; RAVE, Steinmetz et al. 2006 ). 
Nev ertheless, while these surv e ys will pro vide v ery precise chemical 
abundances, the targeted nature of the spectroscopic observations 
means that they will provide this information only for a small fraction 
of stars in the Galactic halo. There is therefore huge scope for major 
contributions to the field from photometric metallicity surv e ys, which 
can in principle provide a metallicity estimate for all stars in Gaia , and 
many more fainter counterparts as well. The key requirement is that 
the photometric metallicities need to be accurate enough, especially 
in the low metallicity regime of the halo. Numerous efforts have 
been undertaken to ensure a good photometric metallicity mapping 
of the MW’s sky (e.g. Ivezi ́c et al. 2008 ; Ibata et al. 2017 ; Thomas 
et al. 2019 ; An & Beers 2021 ). More recently, the observation of 
narrow-band photometry focused on metallicity-sensitive lines over 
very large swaths of the sky by the SkyMapper (Onken et al. 2019 ; 
Chiti et al. 2021 ) and Pristine (Starkenburg et al. 2017 ) surv e ys are 
revealing more and more of the metallicity portait of our Galaxy on 
a global scale (e.g. Youakim et al. 2020 ). 

On a smaller scale, the dozens of cold stellar structures found in 
the MW halo are particularly powerful tools for Galactic Archeology 
because the y rev eal (some of) the past accretions that made up 
our Galaxy (e.g. Bonaca et al. 2021 ); their track on the sky is a 
sensitive probe of the Galactic potential (e.g. Johnston, Sigurdsson & 

Hernquist 1999 ); and because the streams themselves may take 
billions of years to form, they place constraints on how much 
the potential may have changed since their formation (e.g. Erkal 
et al. 2019 ). While stellar streams are thus v ery useful, the y can 
be challenging to detect because of their exceedingly low surface 
brightness. It was for this reason that Malhan et al. ( 2018 ) developed 
the STREAMFINDER algorithm to make use of the astrometric and 
photometric information expected from the Gaia Data Release 2 
(DR2) data. For any star in a Gaia data release, STREAMFINDER 
determines the significance of that star being part of a stream, i.e. 
of a group of stars along a specific orbit (Ibata et al. 2019 ). While 
computationally v ery intensiv e, this technique has pro v en incredibly 
powerful to isolate unambiguous stellar streams and stellar-stream 

candidates (Ibata et al. 2021 ). 

One of the outcomes of STREAMFINDER is the expected radial 
velocity of the stream stars. These can therefore be used as predictions 
to confirm (or not) that a stream is real when these are confronted 
against measured radial velocities (Malhan et al. 2018 ). That has been 
shown to be a very successful approach and the exploration of data 
from publicly accessible spectroscopic surv e ys as well as specific 
spectroscopic follow-up programs (Ibata et al. 2021 ) have confirmed 
many of the STREAMFINDER streams. But this is a cumbersome 
approach and requires either luck for stream stars to be already 
observ ed in surv e ys or an e xtensiv e follow-up program. As such, 
only 11.5 per cent of STREAMFINDER stars selected from Gaia DR2 
have a spectroscopic observation (Ibata et al. 2021 ). In addition, the 
spectroscopic sampling is often very low, with only a handful of stars 
observed at high signal-to-noise, thereby limiting the constraints on 
the global properties of a stream and, particularly, on its metallicity 
or metallicity dispersion. 

Here, we present a new approach, based on the photometric 
metallicity surv e y Pristine (Starkenburg et al. 2017 ), to both confirm 

the validity of a stream and derive its metallicity without spectro- 
scopic follow-up. F or an y stream, the e xpectation of a coherent 
metallicity signal in the Pristine surv e y can be used to confirm 

that STREAMFINDER did not simply group random MW stars 
that happen to have apparently similar motion. This is especially 
efficient for very low metallicity streams ( [Fe / H] 

< ∼ −1 . 8) since 
these stars are rare in the MW and, if STREAMFINDER strings 
together many such low metallicity stars, it is very unlikely to 
be the product of contamination (Ibata et al. 2021 ). Pristine can 
further be used to ef fecti vely clean that stream of stars with clearly 
conflicting metallicities, such as foreground disc stars with solar-like 
metallicities in front of a very metal-poor stream, for a more efficient 
spectroscopic follow-up. 

The paper is structured as follows: in Section 2 , we present the 
two data sets we combine in this paper, from STREAMFINDER and 
Pristine ; Section 3 provides a detailed description of the 26 streams 
in common between the two data sets; and we discuss our results in 
a global context and conclude in Section 4 . 

2  DATA  

2.1 The STREAMFINDER catalogue 

We refer the reader to the papers describing the STREAMFINDER 
algorithm (Malhan et al. 2018 ), its application to the Gaia DR2 data 
(Ibata et al. 2019 ), and to the Gaia Early Data Release 3 (EDR3) 
data (Ibata et al. 2021 ) for a detailed description of the process 
followed by STREAMFINDER to find stars that are part of stellar 
streams at high significance. As a quick summary, for any star in 
a Gaia DR, STREAMFINDER tests a large set of orbits, assuming 
radial velocity values and other orbital properties consistent with 
the observed properties of the star (proper motion, parallax, and 
photometry). The algorithm then calculates the likelihood that this 
star is part of a localized stellar stream in addition to the expected 
field contamination, given all neighbouring stars in a region of ∼10 ◦. 
Since the distance to the star is often poorly known and its radial 
v elocities v ery rarely known, this usually means testing dozens of 
potential orbits for every star in Gaia , and calculating a very complex 
likelihood function for each of these orbits. 

The complexity of STREAMFINDER means that it becomes 
exceedingly costly to run it close to the MW plane because of 
the increasing stellar density. This process has nevertheless been 
extremely successful in uncovering previously unknown streams for 
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| b | > 10 ◦. Moreo v er, relying on a well-defined algorithm means that 
the search is as objective as possible. It will also eventually allow, 
beyond a simple tally of stellar streams, for a determination of the 
detection limits of stellar streams in the MW halo. 

The version of the STREAMFINDER catalogue that this paper is 
based on was produced by the application of the algorithm to the 
recently released Gaia EDR3 data and is presented in Ibata et al. 
( 2021 ). A likelihood value is calculated for every star processed 
by the algorithm and for a series of stellar population templates 
with varying metallicity and distance. Here, we consider only the 
template that maximizes the likelihood of a given star to be part 
of a stream and we purposefully restrict ourselves only to those 
stars that are most significantly found to be part of a stream. 
Following Ibata et al. ( 2021 ), we rely mainly on candidate stream- 
star detections at more than 10 σ , i.e. with ln ( L ) > 52 . 3, where L 

is the likelihood of a star to be part of a stellar stream according to 
STREAMFINDER . Those stars are the ones displayed in the maps 
of figs 10 and 12 of Ibata et al. ( 2021 ). So far, all thin structures 
found by STREAMFINDER with at least a handful of stars with an 
individual significance higher than 10 σ have been confirmed to be 
genuine through follow-up spectroscopic observations (Ibata et al. 
2021 ). When the (candidate) streams are poorly sampled or only 
partly o v erlap with Pristine , we also increase the size of this sample 
with slightly lower significance detections and retain stars detected at 
more than 8 σ instead ( ln ( L ) > 34 . 1). These lower significance stars 
are represented with smaller symbols in all figures. When included, 
these stars are not treated differently from the more significant stars 
in the samples. The analysis presented below confirms that including 
these stars does not significantly increase the contamination but can 
be essential to properly characterize some low-density structures. 

We note that cluttering stars that belong to the very prominent 
Sagittarius stream are remo v ed from this sample since we focus on 
thin structures with this particular application of STREAMFINDER . 
Following Ibata et al. ( 2021 ), we also do not consider stars with a 
total proper motion < 1 mas yr −1 . This region of the proper motion 
space is particularly confused and difficult to disentangle. 

2.2 The Pristine data 

The Pristine surv e y (Starkenburg et al. 2017 ) is a narrow-band 
photometric surv e y that observ es a significant fraction of the northern 
sky of the MW halo with the MegaCam imager (Boulade et al. 
2003 ) on the Canada–France–Hawaii Telescope with its CaHK filter. 
Focusing on the Calcium H&K lines, this narrow-band photometry 
is combined with broad-band photometry provided by the SDSS 

(Blanton et al. 2017 ) to infer the photometric metallicity [Fe / H] Pr 

of any observed star. The survey is tailored to the depth of the Gaia 
data ( G � 20.5) and has been shown to be significantly more efficient 
than broad-band photometry to derive the metallicity of stars in the 
metal-poor regime, especially below [Fe / H] 

< ∼ −1 . 5 (Starkenburg 
et al. 2017 ). The surv e y is particularly efficient at finding extremely 
metal-poor (EMP) star candidates ([Fe/H] < −3.0; Youakim et al. 
2017 ; Aguado et al. 2019 ; Venn et al. 2020 ). 

For this analysis, we use the Pristine internal Data Release 2, 
whose metallicity model is summarized by Fern ́andez-Alvar et al. 
( 2021 , their section 2.2). Compared to the version of the Pristine 
surv e y presented by Starkenburg et al. ( 2017 ), the version used here 
has a significantly larger footprint. But the processing of the Pristine 
data, the calibration of the CaHK magnitudes, and the model to go 
from ( CaHK , g , i ) 0 to [Fe/H] Pr are all very similar to those described 
in that paper. 

In the analysis below, we rely on the Pristine photometric metal- 
licities, [Fe / H] Pr , inferred using the SDSS ( g − i ) 0 colour as a proxy 
for temperature and the CaHK 0 − g 0 − 1.5( g − i ) 0 colour as an 
estimate of the amount of absorption exhibited by a star in the region 
of the metallicity-sensitive Ca H&K lines. The location of stars in this 
‘Pristine colour–colour space,’ generated by these two quantities, is 
a direct test of the clumping of stars in metallicity, even without any 
consideration for the inferred [Fe / H] Pr and are provided below for 
all the streams considered in this paper. We refrain at this stage from 

replacing the SDSS g and i broad-band magnitudes by the Gaia mag- 
nitudes as the width of the Gaia filters makes them at the same time 
less sensitive to temperature and very sensitive to the extinction cor- 
rection, requiring more assumptions. The publication of reliable indi- 
vidual stellar parameters in Gaia ’s full Data Release 3 (Andrae et al. 
2018 ) should ev entually circumv ent this issue. We note that, in this 
version of the Pristine catalogue, we have put a particular focus on re- 
mo ving as man y sources of contamination as possible in order to limit 
the number of spurious EMP stars in the sample (Fern ́andez-Alvar 
et al. 2021 ). The updated model that converts broad-band and CaHK 

magnitudes into [Fe / H] Pr now provides generic metallicities as well 
as specific metallicities under the assumption that the star is a dwarf 
or a giant. In the case of the stellar streams studied here, it is easy to 
determine a rough location for the main-sequence turnoff of the struc- 
tures and we therefore use the rele v ant dwarf or giant metallicities. 

It is worth noting that CaHK magnitude uncertainties are dif- 
ficult to map into uncertainties in [Fe / H] Pr because of the non- 
linear transformations required to translate ( CaHK , g , i ) 0 into a 
metallicity. As a consequence, the uncertainties are often non- 
Gaussian. The metallicity uncertainties we present throughout this 
paper are therefore obtained through a Monte Carlo scheme by 
drawing from the uncertainties on the magnitudes ( δCaHK , δg , δi ) 
and reporting the central 68 per cent confidence interval. Building on 
the comparison of Pristine metallicities with external spectroscopic 
catalogues performed by Starkenburg et al. ( 2017 ), we add an 
uncertainty of 0.25 dex in quadrature to the formal Pristine , internal 
uncertainties on [Fe / H] Pr . 

After more than 5 yr of data gathering at CFHT, the Pristine 
surv e y has accumulated the equi v alent of more than 700 h of 
MegaCam observations and now co v ers > 5000 de g 2 . Most of 
these observations were conducted as part of a bad-weather, filler 
program. While this has little impact on our inference of photometric 
metallicities o v er the Gaia magnitude range, it does mean that our 
footprint is rather patchy (see the grey area in the top panel of Fig. 1 ). 
So far, the surv e y has been purposefully focused on the Galactic caps 
to maximize follow-up observations of EMP star candidates with the 
WEAVE spectroscopic surv e y. The targeted extension of Pristine 
that focuses on the inner galaxy, the Pristine Inner Galaxy Surv e y 
or PIGS (Arentsen et al. 2020 ), is not considered in this paper as the 
STREAMFINDER catalogue only includes regions with | b | > 20 ◦. 

2.3 The STREAMFINDER + Pristine sample 

The cross-match of the STREAMFINDER list of stars significantly 
in a stream and the Pristine surv e y is shown in Fig. 1 , projected 
on Galactic coordinates. As mentioned by Ibata et al. ( 2021 ), 
STREAMFINDER does not, for computational reasons, currently 
keep the information of which other stars specifically contributed 
to increase the likelihood of a studied star. In other words, the 
algorithm only provides a list of stars that are likely to be part 
of streams, but not which star is part of which stream. This can 
easily be circumvented at the post-processing stage by manually 
extracting the different star associations using their location on 
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Figure 1. Top panel: Galactic coordinate map of stars in common between the sample of STREAMFINDER stars significantly detected to be part of a stellar 
stream and the Pristine surv e y. Large coloured symbols correspond to stars from our sample of very high STREAMFINDER significance ( > 10 σ ) while small 
symbols correspond to slightly lower significance detections ( > 8 σ ) that help us populate sparse streams at the cost of a little more contamination. All stars are 
colour coded by the Pristine metallicity of the star ( [Fe / H] Pr ), as shown in the colour bar on the right-hand side of the panel. The Pristine footprint is represented 
by the complex grey area, with each large dot corresponding to the central pointing of a MegaCam field. Middle panel: The same stream stars colour coded by 
their membership to the 26 streams discussed in this paper. Bottom panel: The same as the middle panel, but in equatorial coordinates. 

the sky and their proper motions. At this stage, we do not yet 
use the Pristine photometric metallicities for the selection. One of 
our goals here is to confirm the veracity of these streams from the 
metallicity distributions, so using the metallicity information in this 
step would be detrimental to the whole analysis. 1 While it may 

1 Eventually, it would be ideal to include the photometric metallicities directly 
into the calculation of the STREAMFINDER likelihoods. The algorithm would 
then straightforwardly upweight or downweight the likelihood of a star to be 
part of a stream based on whether or not nearby stars with similar proper 

be considered sub-optimal to manually isolate candidate members 
from the various streams instead of relying on an algorithm, the 
vastness of phase-space actually makes this process very straight- 

motions, parallaxes, and the appropriate CMD distribution also display similar 
Pristine metallicities. Ho we ver, our empirical modelling of the contamination 
from the data themselves means that sharp features in any dimension used is 
very difficult to handle. The patchy Pristine footprint is therefore the current 
limiting factor but, with the ever increasing Pristine co v erage, there is hope 
that this can be achieved in the future. 
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Figure 2. STREAMFINDER + Pristine diagnostics for the M 5 stream. Left: CMD of the stars in the sample in Gaia and the SDSS photometries. Colours 
in this panel and others represent the Pristine metallicity of a star, [Fe / H] Pr , as represented on the colour bar abo v e this panel. Top-middle: Distribution of the 
stream stars in the Pristine colour–colour space. The coloured lines correspond to iso-metallicity values of [Fe / H] Pr = −1 . 0 (orange), −2.0 (light green), and 
−3.0 (blue). Top-right: Distribution of stream stars in the Gaia proper motion space μ∗

α [i.e. μαcos ( δ)] and μδ . Bottom-middle: Metallicity of stream stars 
along the stream. The red star corresponds to the location and metallicity of the progenitor GC when known. The blue line is the mean metallicity of the stream 

stars as calculated through our 2.5 σ -clipping procedure and the dotted blue lines correspond to the uncertainty on this value. In these panels, the grey points 
were rejected by the clipping procedure and not taken into account to calculate the mean. Bottom-right: MDF of high-likelihood stream stars in the sample. The 
grey histogram corresponds to the full sample while the black distribution includes only stars retained after the 2.5 σ -clipping procedure. The weighted mean 
metallicity, calculated through a 2.5 σ -clipping procedure is also reported at the top of the panel. 

forward as it is extremely rare for two streams to cross in six 
dimensions. 

In total, 1083 stars can be linked to a structure, including six new 

candidate streams described later in this paper (C-21, C-22, C-23, 
C-24, C-25, and C-26). All of these structures are shown and labelled 
in the bottom panel of Fig. 1 , in which stars of a given stream are 
all displayed with the same colour. Some of the streams are cut off 
by the edges of the complex Pristine footprint but that is of little 
consequence for their metallicity characterization, as we will see 
below. Stars that could not be associated with a specific structure are 
mainly located at the edge of the MW disc and are likely part of the 
complex stellar structures that are known to exist in this region (e.g. 
Slater et al. 2014 ). 

3  T H E  STREA MS  

In this section, we show the properties of the 26 streams or candidate 
streams found in the joint STREAMFINDER + Pristine catalogue. 
Diagnostic plots are shown in Figs 2 to 27 and include, for each 
stream: the Gaia and SDSS colour–magnitude diagram (CMD) 
of a given stream’s stars (left), their distribution in the Pristine 
colour–colour space (top-middle), the location of those stars in the 
right ascension and declination proper motion plane (top-right), 
the distribution of metallicities along the stream in the Galactic 
longitude and latitude directions (the two bottom-middle panels), 
and their metallicity distribution function (MDF; bottom-right). In 
these figures, large and small symbols correspond to stars detected 
by STREAMFINDER as belonging to a stream with a significance 
abo v e 10 σ and 8 σ , respectiv ely. F or all streams, we determine their 

mean metallicities, 〈 [Fe / H] Pr 〉 , weighted by the individual [Fe / H] Pr 

uncertainties of members, through an iterative 2.5 σ -clipping proce- 
dure. For this σ -clipping procedure, we use the individual metallicity 
uncertainties as ‘ σ ’ as these are usually larger than the dispersion of 
the metallicity distribution. This more conserv ati ve approach is found 
to mainly remo v e clear outliers while using the dispersion of the 
MDF further truncates the wings of the (non-Gaussian) distributions. 
The resulting values are summarized in Table 1 . The table also lists 
the mean orbital poles of the resulting sample of stars for each 
structure. 

In the following, we first discuss our conclusions for known 
GC streams, whose progenitors have well-studied metallicities in 
the literature. These serve as a confirmation that the joint anal- 
ysis of the STREAMFINDER and Pristine yields reliable results. 
We then present our results for other known streams, candidate 
streams from Ibata et al. ( 2021 ) that we confirm here, and de- 
tections of new candidate stellar streams that were not reported 
previously. 

3.1 Globular cluster streams 

The comparison of the mean Pristine photometric metallicities of the 
three following GC streams for which the GCs have well-measured 
spectroscopic metallicities shows that the Pristine metallicities are 
reliable and that they can be used to infer the mean metallicity of 
a stellar stream within ∼0.25 dex for metal-poor to very metal-poor 
structures. This is not surprising (Starkenburg et al. 2017 ) but is 
reassuring and gives us confidence that our procedure to derive the 
mean metallicity of STREAMFINDER structures is adequate. 
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Figure 3. Same as Fig. 2 but for the M 92 stream. 

Figure 4. Same as Fig. 2 but for the Pal 5 stream. 

3.1.1 The M 5 stream 

Grillmair ( 2019 ) reported the stream produced by the tidal disrup- 
tion of the M 5 globular cluster, which was clearly mapped by 
STREAMFINDER (Ibata et al. 2021 ) as a long thin stream that extends 
to the Galactic north of M 5. Even though the cluster itself is not 
within the Pristine footprint, most of the stream is located o v er a 
large contiguous block of the surv e y and we isolate 51 members in 
common between the 10 σ STREAMFINDER detections and Pristine . 
The properties of these stars are shown in Fig. 2 and display a 
very clumped metallicity distribution, from which we calculate a 
mean metallicity 〈 [Fe / H] Pr 〉 = −1 . 35 ± 0 . 05. This metallicity is 

in excellent agreement with the mean metallicity of the cluster, 
measured to be [Fe/H] = −1.33 ± 0.02 (Carretta et al. 2009 ). 

3.1.2 The M 92 stream 

The stream of the cluster M 92 was independently reported by 
Sollima ( 2020 , based on Gaia DR2 data) and Thomas et al. ( 2020 ), 
who revealed a longer extent of the stream thanks to the addition 
of the Canada-France-Imaging Surv e y u band (Ibata et al. 2017 ) 
and Pan-STARRS1 3pi broad-band data. STREAMFINDER easily 
extracts M 92 stream members from Gaia EDR3, despite the cluster 
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Figure 5. Same as Fig. 2 but for the Anti-Center Stream. 

Figure 6. Same as Fig. 2 but for the Fj ̈orm stream. 

being near apocenter and therefore producing a scattered stream. 
This cluster is known to be one of the most metal-poor in the MW, 
with [Fe/H] = −2.35 ± 0.05 (Carretta et al. 2009 ), and this is indeed 
what we find for most STREAMFINDER -selected stars that fall in 
the Pristine footprint 2 (Fig. 3 , 〈 [Fe / H] Pr 〉 = −2 . 07 ± 0 . 04). We note, 

2 We remo v e all stars within 0.8 ◦ of the centre of M 92 so we are not biased 
by stars in the clear outskirts of the cluster and properly track the properties 
of the stream itself. 

ho we ver, that the metallicity we derive, while similar, is significantly 
more metal-rich than the literature value. We suspect that this is 
because STREAMFINDER picks up a large number of significantly 
more metal-rich field stars that, while they separate themselves 
distinctly in the Pristine colour–colour space (top-middle panel of 
the figure), drive the average metallicity upwards. The presence of 
these contaminants is likely due to the scattered energies of the orbits 
near apocenter and to a higher foreground density than for most of 
the other streams (M 92 being at quite low latitude) but, thanks to the 
Pristine metallicities, these contaminating stars can be easily tagged. 
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Figure 7. Same as Fig. 2 but for the Gaia-1 stream. 

Figure 8. Same as Fig. 2 but for the Gaia-6 stream. Small symbols correspond to stars with a STREAMFINDER significance between 8 σ and 10 σ . 

3.1.3 The Pal 5 stream 

The stream of stars that are currently escaping the Pal 5 GC is 
the prototypical examples of GC streams in the MW halo since it 
was disco v ered by Odenkirchen et al. ( 2001 ), before e xtensiv e study 
in the literature (e.g. Rockosi et al. 2002 ; Carlberg, Grillmair & 

Hetherington 2012 ; Ibata, Lewis & Martin 2016 ; Thomas et al. 2016 ; 
Bonaca et al. 2020a ). Not surprisingly, the stream is detected with 
very high confidence by STREAMFINDER , despite being beyond 

the nominal 10 kpc for which the Gaia EDR3 data is the most 
constraining (Ibata et al. 2021 ). The north (or Galactic west) tail of the 
stream is within the Pristine footprint and, from the stars in common, 
we measure 〈 [Fe / H] Pr 〉 = −1 . 07 ± 0 . 05 (Fig. 4 ), in reasonable 
agreement with the spectroscopic metallicity of the cluster’s stars 
([Fe/H] = −1.35 ± 0.06; Ishigaki et al. 2016 ), even though some 
other spectroscopic studies reach more metal-poor value ([Fe/H] = 

−1.56 ± 0.02 (stat.) ± 0.06 (syst.); Koch & C ̂ ot ́e 2017 ). 
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Figure 9. Same as Fig. 2 but for the Gaia-9 stream. 

Figure 10. Same as Fig. 2 but for the Gaia-10/300S stream. Small symbols correspond to stars with a STREAMFINDER significance between 8 σ and 10 σ . 

3.2 Known streams 

3.2.1 The Anti-Center Stream 

The Anti-Center Stream (or ACS) was first highlighted by Grillmair 
( 2009 ) as part of the intricate suite of stellar structures just abo v e the 
MW plane in the direction of the anticenter (e.g. Slater et al. 2014 ; 
Ramos et al. 2021 ). Laporte et al. ( 2020 ) argue that the ACS is in 
fact made of disc stars perturbed away from the Galactic plane by the 
interaction of the MW with a massive satellite. They measure a mean 
metallicity 〈 [Fe/H] 〉 = −0.73 (and a spread σ [Fe/H] = 0.26) based on 

SEGUE metallicities. The analysis of the Pristine metallicities does 
show that this is one of the most metal-rich structures in the sample, 
with 〈 [Fe / H] Pr 〉 = −0 . 77 ± 0 . 05 (Fig. 5 ), in perfect agreement with 
the spectroscopic measurement. 

3.2.2 Fj ̈orm 

This stellar stream was disco v ered by the application of 
STREAMFINDER to the Gaia DR2 data (Ibata et al. 2019 ). It is 
a nearby, very long stream that passes near the north Galactic pole. 
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Figure 11. Same as Fig. 2 but for the GD-1 stream. In this case, only stars with ln ( L ) > 500 are kept in the sample to avoid significant contamination. 

Figure 12. Same as Fig. 2 but for the Orphan stream. Small symbols correspond to stars with a STREAMFINDER significance between 8 σ and 10 σ . 

A large fraction of the stream is within the Pristine footprint, with 
62 stars in common with the golden sample of STREAMFINDER 
stars. Fig. 6 shows that Fj ̈orm is, on av erage, v ery metal-poor 
( 〈 [Fe / H] Pr 〉 = −2 . 33 ± 0 . 05) and that its stars nicely cluster along 
the [Fe/H] = −2 and −3 line in the Pristine colour–colour space. 
This is in good agreement with the spectroscopic metallicities of 
eight stream stars found by Ibata et al. ( 2019 ) in the SDSS or 
the LAMOST surv e y ( 〈 [Fe/H] 〉 = −2.2). P alau & Miralda-Escud ́e 
( 2019 ) further suggests a connection between Fj ̈orm and the GC 

M 68. Its metallicity, [Fe/H] = −2.27 ± 0.04 (Carretta et al. 2009 ), 
is certainly compatible with the metallicity of the stream. 

The MDF of Fj ̈orm appears significantly broader than that of most 
of the other structures in the sample, despite STREAMFINDER only 
picking up a single obvious, high-metallicity contaminant. While 
some of the metallicity uncertainties are large at the faint end, 
Pristine shows metallicities that range from [Fe / H] Pr ∼ −1 . 5 down 
to ∼−3.5. This could be the sign that Fj ̈orm is the left-o v er of a 
now defunct dwarf galaxy instead of a GC and shall be confirmed 
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Figure 13. Same as Fig. 2 but for the Phlegeton stream. 

Figure 14. Same as Fig. 2 but for the Psc-Tri stream. Small symbols correspond to stars with a STREAMFINDER significance between 8 σ and 10 σ . 

by future spectroscopic studies of the chemical abundances of these 
stars. 

3.2.3 Gaia-1 

Gaia-1 was revealed on the map generated from the very first appli- 
cation of STREAMFINDER to the Gaia data (Malhan et al. 2018 ). 
Its particularly ne gativ e proper motion (in both the right ascension 
and declination directions) led to a very easy detection. Malhan et al. 
( 2022 ) reported two stars in common between this stream and SDSS, 

yielding an average metallicity of 〈 [Fe/H] 〉 = −1.36. The 26 stars 
in common with Pristine yield 〈 [Fe / H] Pr 〉 = −1 . 43 ± 0 . 07 (Fig. 7 ), 
which is in good agreement with the spectroscopic metallicity value. 

3.2.4 Gaia-6 

Gaia-6 was disco v ered v ery recently by Ibata et al. ( 2021 ) through 
the application of STREAMFINDER to the Gaia EDR3 data and 
has no star in common with past spectroscopic surv e ys. The re gion 
spanned by Gaia-6 is not well co v ered by Pristine but we can 
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Figure 15. Same as Fig. 2 but for the Slidr stream. 

Figure 16. Same as Fig. 2 but for the Sv ̈ol stream. 

nevertheless measure 〈 [Fe / H] Pr 〉 = −1 . 53 ± 0 . 12 from 10 stars with 
a significance higher than 8 σ that are very clumped in metallicity 
space (Fig. 8 ). 

3.2.5 Gaia-9 

This stream, found by Ibata et al. ( 2021 ) through the application of 
STREAMFINDER to the Gaia EDR3 data, is located in a busy region 
that also includes GD-1 and the M 92 stream. We therefore choose to 
be cautious with our selection of Gaia-9 members in phase-space and 
a v oid any candidate member that could potentially be part of any of 

the two other streams. The resulting Pristine view of Gaia-9 is shown 
in Fig. 9 . Despite a few contaminants, there is a well-defined peak 
in the metallicity distribution that yields 〈 [Fe / H] Pr 〉 = −2 . 21 ± 0 . 07 
from 30 stars. 

3.2.6 Gaia-10/300S 

This stream, which appears in the STREAMFINDER application to 
the Gaia EDR3 data (Ibata et al. 2021 ), is in fact the 300S originally 
disco v ered by Simon et al. ( 2011 ) and thoroughly characterized by 
Li et al. ( 2022 ). It is well defined in the STREAMFINDER distant 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/4/5331/6678013 by U
niversità degli Studi di Bologna user on 27 June 2024

art/stac2426_f15.eps
art/stac2426_f16.eps


Pristine metallicities of stellar streams 5343 

MNRAS 516, 5331–5354 (2022) 

Figure 17. Same as Fig. 2 but for the Sylgr stream. Small symbols correspond to stars with a STREAMFINDER significance between 8 σ and 10 σ . The red 
lines and labels in the bottom panels correspond to the 〈 [Fe / H] Pr 〉 and the MDF obtained when restricting the analysis to only stars with G 0 < 18.0 (red dotted 
line and arrow in the CMD presented in the left-most panel). 

Figure 18. Same as Fig. 2 but for the C-9 stream. 

(10–30 kpc) map and STREAMFINDER assigns a distance of ∼
15 kpc to the stream stars, as expected for the 300S stream. The 
stream falls entirely in the Pristine footprint but shows a complex 
picture in Fig. 10 with both a clear grouping of stars around 
[Fe / H] Pr ∼ −1 . 3 and a distribution of very metal-poor stars at the 
faint end of the CMD. Ho we ver, the large uncertainties on the metal- 
licity of the faint stars means that they could be spurious. They also 
do not significantly impact the mean metallicity of the stream that we 
calculate to be 〈 [Fe / H] Pr 〉 = −1 . 40 ± 0 . 06, which is in good agree- 

ment with the independent, spectroscopic measurement of Li et al. 
( 2022 ). 

3.2.7 GD-1 

The GD-1 stream was disco v ered in the SDSS photometric surv e y 
(Grillmair & Dionatos 2006b ). The stream has been used to constrain 
the shape and mass of the MW’s dark matter halo (Koposov, Rix & 

Hogg 2010 ; Bovy et al. 2016 ; Malhan & Ibata 2019 ). Also, given that 
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Figure 19. Same as Fig. 2 but for the C-11 stream. 

Figure 20. Same as Fig. 2 but for the C-19 stream. Small symbols correspond to stars with a STREAMFINDER significance between 8 σ and 10 σ . 

it is both a cold stream and very long (Price-Whelan & Bonaca 2018 ), 
it has received a lot of attention as it is thought that perturbations 
in the shape and dynamics of the stream could be related to the 
recent and nearby passage of dark matter sub-haloes (e.g. Carlberg & 

Grillmair 2013 ; Bonaca et al. 2019 ; Banik et al. 2021 ). Ho we ver, 
such attempts are made difficult by the complex morphology of the 
stream’s perturbations that could also be related to the dynamics of 
the progenitor (Ibata et al. 2020 ) or its orbiting within its own dark 
matter sub-halo (Malhan et al. 2019a ). Irrespective of the perturbed 
shape of the stream and possibly associated features, it is usually 

agreed from the search of public spectroscopic surv e ys or dedicated 
spectroscopic follow-up that the stream is very metal-poor, with a 
mean metallicity [Fe/H] � −2.3 (Malhan & Ibata 2019 ; Bonaca et al. 
2020b ). Recently, Balbinot, Cabrera-Ziri & Lardo ( 2022 ) conducted 
a dedicated spectroscopic analysis of GD-1 member stars that yielded 
[Fe/H] = −2.06 ± 0.10. 

In the STREAMFINDER sample, the GD-1 stream is quite heavily 
contaminated. We track this contamination to the STREAMFINDER 
hypothesis that stellar streams are mere perturbations o v er a denser 
local MW background. In the case of the very well populated GD-1 
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Figure 21. Same as Fig. 2 but for the C-20 stream. Small symbols correspond to stars with a STREAMFINDER significance between 8 σ and 10 σ . 

Figure 22. Same as Fig. 2 but for the new candidate stream C-21. Small symbols correspond to stars with a STREAMFINDER significance between 8 σ and 
10 σ . 

stream, this assumption is not valid anymore and many contaminating 
stars get their likelihood of being part of a stream boosted by the 
nearby presence of many GD-1 stars, even when the properties of 
these stars are only marginally close to the properties of the stream 

stars. It is, ho we v er, easy to remo v e this contamination by considering 
only the most significant stars associated with GD-1. Limiting 
ourselves to stars with ln ( L ) > 500 [instead of ln ( L ) > 52 . 3] yields 
the sample shown in Fig. 11 . Restricting the sample to even more 
significant stars makes it sparser but does not visibly change the 
properties of the distributions in the figure. 

Pristine yields a mean metallicity 〈 [Fe / H] Pr 〉 = −2 . 49 ± 0 . 03 and 
indeed confirms that GD-1 is a very metal-poor stream from the 
sample of 190 very significant stream stars. The MDF is, ho we ver, 
surprisingly wide with clear scatter in the location of stars in the 
Pristine colour–colour space for even bright, high signal-to-noise 
member stars (the stars with very small uncertainties in the top- 
middle panel of Fig. 11 ). Given the difficulties to isolate a very pure 
sample for this structure, it is difficult to unambiguously confirm 

that this apparent metallicity spread is genuine but we note that 
GD-1 is known to be complex and also intersects the Kshir stream 
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Figure 23. Same as Fig. 2 but for the new candidate stream C-22. Small symbols correspond to stars with a STREAMFINDER significance between 8 σ and 
10 σ . 

Figure 24. Same as Fig. 2 but for the new candidate stream C-23. Small symbols correspond to stars with a STREAMFINDER significance between 8 σ and 
10 σ . 

with which it shares common kinematic properties (Malhan et al. 
2019b ). 

3.2.8 Orphan 

The Orphan stream (Grillmair & Dionatos 2006a ; Belokurov et al. 
2007 ) is a stream that almost wraps fully around the MW (Koposov 
et al. 2019 ) and stems for the tidal disruption of a dwarf galaxy 

(Shelton et al. 2021 ). STREAMFINDER picks up the well-populated 
red-giant branch of the system and the Pristine metallicities for 
those show a large scatter despite small uncertainties. We determine 
〈 [Fe / H] Pr 〉 = −1 . 65 ± 0 . 06 but the MDF has a long tail to low 

metallicity v alues, do wn to [Fe/H] ∼ −3.0 (Fig. 12 ). This v alue 
is in reasonable agreement with spectroscopic metallicities obtained 
for dozens of stars by the S 5 collaboration (Li et al. 2022 , [Fe/H] = 

−1.85 ± 0.07), especially given the large dispersion measured in 
that study ( σ[Fe / H] = 0 . 42 + 0 . 07 

−0 . 06 ). 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/4/5331/6678013 by U
niversità degli Studi di Bologna user on 27 June 2024

art/stac2426_f23.eps
art/stac2426_f24.eps


Pristine metallicities of stellar streams 5347 

MNRAS 516, 5331–5354 (2022) 

Figure 25. Same as Fig. 2 but for the new candidate stream C-24. Small symbols correspond to stars with a STREAMFINDER significance between 8 σ and 
10 σ . 

Figure 26. Same as Fig. 2 but for the new candidate stream C-25. Small symbols correspond to stars with a STREAMFINDER significance between 8 σ and 
10 σ . 

3.2.9 Phlegeton 

Phlegeton was reported by Ibata et al. ( 2018 ) as one of the most 
significant stream detections with STREAMFINDER in the Gaia DR2 
data. It is also one of the closest streams, at a heliocentric distance 
of ∼ 3 . 8 kpc . The Pristine surv e y just clips the Galactic eastern edge 
of the stream but it is so dense that we still find 45 stars in common 
between the two samples. Based on the Pristine metallicities, we find 

that this stream is very metal-poor, with 〈 [Fe / H] Pr 〉 = −1 . 98 ± 0 . 05. 
Its stars nicely track the [Fe/H] = −2 iso-metallicity line in the top- 
middle panel of Fig. 13 . Ibata et al. ( 2018 ) mention that one of the 
possible Phlegeton stars selected by STREAMFINDER has an SDSS 

metallicity of [Fe/H] = −1.56 ± 0.04. While this is significantly 
more metal-rich that the mean Pristine metallicity, the metallicity 
histogram does extend to these values. 
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Figure 27. Same as Fig. 2 but for the new candidate stream C-26. Small symbols correspond to stars with a STREAMFINDER significance between 8 σ and 10 σ . 

3.2.10 Pisces-Triangulum 

We identify a small group of five stars with a STREAMFINDER 
significance abo v e 8 σ that giv es a coherent, metal-poor signal in 
Pristine with 〈 [Fe / H] Pr 〉 = −2 . 36 ± 0 . 11 (Fig. 14 ). After verifica- 
tion with known structures, it became apparent that this structure 
corresponds to the Pisces-T riangulum (Psc-T ri) that, at a distance 
of ∼ 30 kpc (Bonaca, Geha & Kalli v ayalil 2012 ; Martin et al. 2013 ; 
Yuan et al. 2022 ), is located at the very edge of the STREAMFINDER 
exploration. Martin et al. ( 2013 ) determine an average metallicity for 
this stream from 11 stars and find 〈 [Fe/H] 〉 � −2.2, which is in very 
good agreement with our measurement using Pristine and further 
confirms that the few stars we identify in the STREAMFINDER 
sample belong to Psc-Tri. 

3.2.11 Slidr 

Slidr is presented in Ibata et al. ( 2019 ), based on the application 
of STREAMFINDER to the Gaia DR2 data. A comparison of 
candidate member stars with the LAMOST and SDSS spectroscopic 
surv e ys rev ealed some contamination in the STREAMFINDER list 
but, also, that the stream displays a mean spectroscopic metallicity 
〈 [Fe/H] 〉 = −1.8 based on 14 stars. While Pristine only includes the 
Galactic northern edge of the stream, we can confirm this metallicity 
measurement in Fig. 15 , with 〈 [Fe/H] 〉 = −1.70 ± 0.05 from 42 stars 
in Pristine . This sample is also very clean for the region that was 
quite contaminated in the disco v ery paper (their fig. 9), hinting at the 
impro v ement between the Gaia DR2 and EDR3 data sets. We find a 
low-density extension to the stream westwards of the DR2 detection 
(with μ∗

RA < −25 mas yr −1 in the top-right panel of Fig. 15 ). These 
few stars have similar metallicities to those of Slidr stars and, with 
such ne gativ e proper motions, are more easily connected to Slidr 
than any other MW structure. 

3.2.12 Sv ̈ol 

Sv ̈ol was also disco v ered by Ibata et al. ( 2019 ), based on the Gaia 
DR2 data. The only star in common between the STREAMFINDER 

sample and spectroscopic surv e ys is a LAMOST star with discrepant 
velocity (Ibata et al. 2019 ) and likely a contaminant. Despite a very 
non-contiguous co v erage of Pristine in this region, there are 13 high- 
significance Sv ̈ol stars in common with Pristine . We unambiguously 
show that this stream is metal-poor, with 〈 [Fe / H] Pr 〉 = −1 . 98 ± 0 . 10 
(Fig. 16 ). 

3.2.13 Sylgr 

Sylgr was first disco v ered by Ibata et al. ( 2019 ) through the 
application of STREAMFINDER to the Gaia DR2 data. Three stars 
in common with the SDSS yield an average metallicity of 〈 [Fe/H] 〉 = 

−2.7, confirmed with high-resolution spectroscopy for two of them 

([Fe/H] = −2.92 ± 0.06; Roederer & Gnedin 2019 ). The stream 

is located at the edge of the Pristine footprint but there are still 
29 stars in common with the high-significance STREAMFINDER 
catalogue. We find a mean metallicity that is significantly higher 
than the literature values, with 〈 [Fe/H] 〉 = −1.69 ± 0.06. The Pristine 
MDF of this structure is fairly wide and, with a closer look at the 
metallicity values in the bottom-middle panels of Fig. 17 , it appears 
that there is a grouping of stars around [Fe / H] Pr ∼ −2 . 5 while the 
rest of the sample scatters o v er the full metallicity range. The CMD 

of Sylgr shows that these latter stars are preferentially at fainter 
magnitudes and, contrary to most other streams (e.g. Slidr, Fig. 15 ), 
the deeper SDSS CMD does not lead to a tighter main sequence. This 
is likely the sign that the STREAMFINDER sample of Sylgr members 
has significant contamination. The presence of some contamination 
for this stream is also clear from discrepant radial velocities obtained 
by Ibata et al. ( 2021 , see the top panel of their fig. 3). Restricting 
the analysis to only bright stars ( G 0 < 18.0) yields a more metal- 
poor mean metallicity 〈 [Fe / H] Pr 〉 = −2 . 17 ± 0 . 10 that is in better 
agreement with but remains more metal-rich than the spectroscopic 
studies for this stream. This is the metallicity we fa v our here. In 
the future, it will be interesting to see whether larger spectroscopic 
samples confirm the Pristine measurement and whether the two 
spectroscopic metallicities were abnormally low compared to the 
bulk of the stream’s metallicity. 
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Table 1. Average Pristine metallicities after iterative 2.5 σ clipping calcu- 
lated for all 26 streams described in the paper. We indicate the number of stars, 
N , used in the calculation for the final iteration of the σ -clipping procedure. 
The final two columns report the mean orbit poles of the structures, obtained 
by averaging the pole of the fa v oured STREAMFINDER orbit of sample stars. 

Stream 〈 [Fe / H] Pr 〉 N 〈 � pole 〉 ( ◦) 〈 b pole 〉 ( ◦) 

M 5 stream −1.35 ± 0.05 51 60 .3 − 5 .7 
M 92 stream −2.07 ± 0.04 86 − 6 .3 − 16 .8 
Pal 5 stream −1.07 ± 0.05 26 − 7 .6 − 44 .3 
ACS −0.77 ± 0.05 32 162 .7 − 50 .9 
Fj ̈orm −2.33 ± 0.05 60 − 129 .9 5 .3 
GD-1 −2.49 ± 0.03 190 − 20 .1 31 .0 
Orphan −1.65 ± 0.06 28 − 72 .7 − 23 .3 
Psc-Tri −2.36 ± 0.11 5 109 .0 49 .4 
Phlegeton −1.98 ± 0.05 45 − 175 .3 − 39 .5 
Slidr −1.70 ± 0.05 42 − 48 .5 − 11 .6 
Sylgr ( G 0 < 18.0) −2.17 ± 0.10 10 − 14 .5 − 14 .3 
Sv ̈ol −1.98 ± 0.10 13 82 .2 − 29 .0 
Gaia-1 −1.43 ± 0.07 26 − 0 .2 − 19 .6 
Gaia-6 −1.53 ± 0.12 10 − 4 .6 − 10 .0 
Gaia-9 −2.21 ± 0.07 30 − 44 .1 30 .4 
Gaia-10/300S −1.40 ± 0.06 24 − 31 .9 9 .3 
C-9 −0.72 ± 0.04 36 − 39 .3 1 .7 
C-11 −2.91 ± 0.10 15 60 .0 16 .1 
C-19 −3.58 ± 0.08 17 − 168 .6 1 .4 
C-20 −2.93 ± 0.14 9 7 .8 − 2 .4 
C-21 −2.03 ± 0.13 5 142 .9 29 .9 
C-22 −2.18 ± 0.09 12 64 .9 0 .7 
C-23 −2.36 ± 0.14 6 − 57 .9 17 .5 
C-24 −0.93 ± 0.05 37 74 .2 − 9 .0 
C-25 −2.30 ± 0.04 75 71 .3 25 .0 
C-26 −2.04 ± 0.08 15 86 .0 − 20 .3 

3.3 Confirmed candidate streams 

The following four streams were listed as candidate streams by Ibata 
et al. ( 2021 ). We show here that they all have stars with consistent 
metallicities, even though the MDFs are sometimes contaminated. 
We therefore confirm that they are all real streams in the MW 

halo. 

3.3.1 C-9 

This is a well-defined candidate stellar stream located just abo v e 
Slidr in Fig. 1 . There are 36 stars from the STREAMFINDER list 
of high-significance members that have a photometric metallicity in 
Pristine and these show that C-9 is one of the most metal-rich stream 

in the sample, with 〈 [Fe / H] Pr 〉 = −0 . 72 ± 0 . 04 (Fig. 18 ). The very 
clear peak in the MDF unambiguously confirms that C-9 is a real 
stream. 

3.3.2 C-11 

C-11 appears in the STREAMFINDER map at ∼8–10 kpc, using 
Gaia EDR3 data. It is a short stream to the Galactic north of the 
anticenter and it is almost entirely in Pristine . The picture provided 
by Pristine is that of a very metal-poor stream, for which our 2.5 σ - 
clipping procedure, applied to the list of STREAMFINDER stars with 
a significance abo v e 10 σ , yields 〈 [Fe / H] Pr 〉 = −2 . 91 ± 0 . 10 from 

15 stars (Fig. 19 ), which is significantly more metal-poor than any 
known dwarf galaxy or GC. 

3.3.3 C-19 

C-19 appears in the distant map of STREAMFINDER detections 
based on the analysis of EDR3 data (Ibata et al. 2021 ), in the 
Southern Galactic cap, and is located almost entirely within the 
Pristine footprint. While the metallicity distribution can, at first 
glance, look messy, C-19 hosts a very clear distribution of EMP 

stars according to Pristine . This is made even more obvious when 
looking at the Pristine colour–colour space of all STREAMFINDER 
detections abo v e 8 σ (Fig. 20 ). The presence of more metal-rich 
stars comes almost entirely from faint stars and we can conclude 
without ambiguity that, given the vanishingly small probability 
of randomly finding 17 EMP stars among 29 STREAMFINDER - 
selected stars (or 6 out of 7 at the bright end), C-19 unam- 
biguously has the lowest metallicity in the whole sample, with 
〈 [Fe / H] Pr 〉 = −3 . 58 ± 0 . 08. 

Follo w-up observ ations of eight member stars in this structure 
reveal that it is the most metal-poor structure ever discovered (Martin 
et al. 2022 ), with [Fe/H] = −3.38 ± 0.06 (stat.) ± 0.20 (syst.). 
These observations further constrain the metallicity dispersion of the 
system to be consistent with zero and smaller than 0.18 dex at the 
95 per cent confidence level. Combined with measured difference 
in the Na abundances, this leads Martin et al. ( 2022 ) to conclude 
that C-19 is the remnant of a GC significantly below the observed 
metallicity floor of GCs, despite being dynamically hot and wider 
than other known GC streams. 

3.3.4 C-20 

C-20 is a distant candidate stream that is visible on the distant map 
of streams from the STREAMFINDER application to Gaia EDR3 
(Ibata et al. 2021 ). In Fig. 21 , we show that, even though C-20 
is sparsely populated, it has a clear metallicity signal in Pristine , 
which confirms that it is a real stream. It is also the third EMP 

structure in the sample of streams that we are able to track in 
Pristine , with 〈 [Fe / H] Pr 〉 = −2 . 93 ± 0 . 14. Added to C-11, C-19, 
and the Phoenix stream ([Fe/H] = −2.70 ± 0.06; Wan et al. 2020 ), 
it is growing increasingly clear that the MW is surrounded by a 
population of streams that are significantly more metal-poor than its 
current satellites. 

3.4 New candidates 

The six structures mentioned in this sub-section all correspond 
to a well-defined structure in the phase-space distribution of 
STREAMFINDER stars detected at more than 8 σ from the processing 
of EDR3 data presented by Ibata et al. ( 2021 ), with at least two stars 
(usually more) detected at > 10 σ . The Pristine metallicities confirm 

that they all display a coherent, often very metal-poor MDF, which 
we take as a confirmation that they are very likely to be real structures 
of the MW halo. 

3.4.1 C-21 

C-21 is a grouping of stars that intersect the Phlegeton stream on 
the sky, but with a very different proper motion and metallicity. C- 
21 does not have many stars within the Pristine footprint but, from 

those, we find that C-21 has a very narrow MDF with 〈 [Fe / H] Pr 〉 = 

−2 . 03 ± 0 . 13 (Fig. 22 ). 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/4/5331/6678013 by U
niversità degli Studi di Bologna user on 27 June 2024



5350 N. F. Martin et al. 

MNRAS 516, 5331–5354 (2022) 

3.4.2 C-22 

C-22 is barely visible in the sample of high-significance 
STREAMFINDER stars ( > 10 σ ) but becomes well populated once 
we lower the significance threshold to 8 σ . This is possibly because 
C-22 is located in a region with many criss-crossing stream (Fig. 1 ; 
Fj ̈orm, Gaia-1, the M5 stream). In total, there are 12 stars in common 
between the STREAMFINDER list and Pristine and they yield an 
average metallicity of 〈 [Fe / H] Pr 〉 = −2 . 18 ± 0 . 09 (Fig. 23 ). 

3.4.3 C-23 

This detection of a new stream shows the very limit of what 
can be achieved when combining the Gaia EDR3 output of 
STREAMFINDER with a vast external data set like Pristine . Our 
initial detection of C-23 corresponds to only two stars detected as 
stream-like at 10 σ by STREAMFINDER . From Pristine , we learn that 
these two stars that are only 12 arcmin from each other and share 
similar proper motions also have statistically identical metallicities 
(Fig. 24 ). Extending the search to the sample of 8 σ STREAMFINDER 
detections confirms that these two stars are but the tip of the iceberg 
and that this structure appears to be a very metal-poor stream that 
e xtends o v er ∼10 ◦ ( 〈 [Fe / H] Pr 〉 = −2 . 36 ± 0 . 14). 

3.4.4 C-24 

Among all the candidate streams, C-24 is an exception in that it is 
the only one that is not very metal-poor. C-24 is a well-populated 
structure located between the GD-1 and C-11 streams (Fig. 1 ). 
Pristine unambiguously shows that the stream is a thin stream of 
the halo with 〈 〈 [Fe / H] Pr 〉 〉 = −0 . 93 ± 0 . 05 (Fig. 25 ). 

3.4.5 C-25 

Candidate C-25 appears as a diffuse structure at low latitude, in the 
anticenter direction. Fig. 26 shows that the large number of stars 
picked up by STREAMFINDER as significantly part of a stream 

consistently show a metallicity close to or lower than [Fe / H] Pr = 

−2 . 0, are clumped in the proper motion and metallicity spaces, 
confirming that this is likely a genuine structure with 〈 [Fe / H] Pr 〉 = 

−2 . 30 ± 0 . 04. This low metallicity makes it very unlikely that it is 
associated with the ACS or other structures at the edge of the MW in 
the direction of the anticenter. The region of C-25 is complex in the 
STREAMFINDER catalogue and there are hints that it could in fact 
correspond to two structures that o v erlap on the sky, but at different 
distances ( ∼ 6 kpc and ∼ 11 kpc according to the STREAMFINDER 
orbital solutions). Follow-up observations will be required to confirm 

whether the group of stars we identify as C-25 corresponds to a single 
system. 

3.4.6 C-26 

This structure is a small but clearly defined streak of stars just north- 
west of the Pal 5 stream in the distant (10–30 kpc) maps in fig. 7 
of Ibata et al. ( 2021 ), in green/yellow-green in the μl / μb panels. 
This structure is fully within Pristine and it has a mean metallicity 
〈 [Fe / H] Pr 〉 = −2 . 04 ± 0 . 08, which shows that C-26 is yet another 
candidate very metal-poor stream (Fig. 27 ). 

4  DI SCUSSI ON  A N D  C O N C L U S I O N S  

In this paper, we show the power of combining the Gaia EDR3 
STREAMFINDER sample of stars that are significantly part of 
coherent stellar structures of the MW halo with the metallicity 
catalogue generated from the Pristine surv e y. Based on the narrow Ca 
H&K filter available on the MegaCam imager at CFHT, the Pristine 
photometry provides accurate metallicities, even in the very metal- 
poor regime ([Fe/H] < −2.0) to EMP regimes ([Fe/H] < −3.0). This 
is particularly valuable here as it yields metallicity measurements for 
all streams, without crippling uncertainties at the very metal-poor 
end ( [Fe / H] 

< ∼ −2 . 0). We are therefore able to derive metallicities 
for 26 stellar streams, including six new stream candidates (C-21, 
C-22, C-23, C-24, C-25, and C-26) that we present here for the first 
time. The mean metallicities of all those streams are summarize in 
Table 1 . 

We note that most of the stellar streams unveiled by Gaia 
in the MW halo have low metallicity, with typically −3 . 0 

< ∼
〈 [Fe / H] Pr 〉 < ∼ −1 . 0. In total, we count 14 streams with 〈 [Fe / H] Pr 〉 < 

−2 . 0 (one of which is the stream of M 92, the most metal-poor MW 

GC), and three streams with 〈 [Fe / H] Pr 〉 < −2 . 9. These results are 
similar to those reported by Li et al. ( 2022 ) for a mainly different 
set of streams and using spectroscopic metallicities. While some of 
these systems could be dwarf galaxy remnants and dwarf galaxies 
are known to reach lower metallicities than GCs at the faint end (e.g. 
Willman & Strader 2012 ; Li et al. 2018 ), the physical width 3 of these 
streams (Ibata et al. 2021 ) implies that it is likely most of them result 
from disrupting clusters whose metallicity is, on the whole, lower 
than that of known MW clusters. Nowhere is this more striking than 
for C-19 that we determine to have 〈 [Fe / H] Pr 〉 = −3 . 58 ± 0 . 08 from 

17 stars. A follow-up spectroscopic study confirms that this structure 
is indeed the most metal-poor structure known to date ([Fe/H] = 

−3.38 ± 0.06 (stat.) ± 0.20 (syst.)) and that its progenitor was a GC 

that was an order of magnitude less metal-enriched than current MW 

clusters (Martin et al. 2022 ). More metal-poor clusters than observed 
today must have therefore existed in the past and the observed 
metallicity floor of GCs (Beasley et al. 2019 ) is therefore driven by the 
time evolution of clusters (Kruijssen 2019 ). A very low-metallicity 
GC was recently identified around M31 ([Fe/H] = −2.91 ± 0.04; 
Larsen et al. 2020 ) so the disco v ery of C-19 unambiguously confirms 
theories that also the MW hosted more metal-poor GCs in its past. 

Fig. 28 presents a comparison of the MDF of all known 
MW GCs (black histogram, using metallicity values compiled 
by Harris 1996 , 2010 update), dwarf galaxies (red histogram, 
using metallicities values compiled by Longeard et al. 2021 ), 
and from the STREAMFINDER + Pristine sample (blue his- 
togram). This comparison is na ̈ıve in that it assumes that the 
Pristine footprint limits the number of streams we can study 
but does not bias their global metallicity properties. Taken at 
face value, Fig. 28 shows that the newly disco v ered streams 
that comprise most of the STREAMFINDER + Pristine sample 
are systematically more metal-poor than the distribution of MW 

GCs, o v erlaps the dwarf galaxy metallicities, while also extend- 
ing it to the EMP regime. This comparison confirms that stel- 
lar streams were made from progenitors with metallicity prop- 
erties that are seldom or never seen in satellites at present 

3 The STREAMFINDER run used here and presented in detail by Ibata et al. 
( 2021 ) uses a spacial model with Gaussian width σ = 50 pc and therefore 
preferentially detects thin streams. 
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Figure 28. Comparison of the metallicity distribution functions of all known 
MW GCs (black histogram; Harris 1996 ), dwarf galaxies (red histogram; 
Longeard et al. 2021 ), and the streams from the STREAMFINDER + Pristine 
sample studied in this paper (blue histogram). The streams are systematically 
more metal-poor than the MW GCs and o v erlap the metallicities of the dwarf 
galaxies but also extend it to the EMP regime with [Fe/H] < −3.0. 

times, especially if most streams come from GCs, as mentioned 
abo v e. 

One key issue for future (spectroscopic) studies will be to 
systematically determine the metallicity dispersion of the various 
structures identified by STREAMFINDER and other stream searches. 
This information is key to constraining the nature of the streams’ 
progenitors since, for faint stellar systems, a dwarf galaxy is expected 
to exhibit a significant metallicity dispersion while GCs show 

negligible metallicity dispersions 4 (Willman & Strader 2012 ; Li 
et al. 2022 ). While it appears from the varying shapes of the MDFs 
shown in Figs 2 –27 that the Pristine metallicities could hold some of 
this information, our attempts at determining accurate metallicity 
dispersions from the photometric metallicities yielded inconclu- 
sive results (see Appendix A, available online as supplementary 
material). The individual uncertainties on the Pristine photometric 
metallicities translate into weak constraints on the dispersions of 
the MDFs and, in the case of strong contamination from field 
stars, especially at the faint end, can yield non-zero dispersions 
for known GCs. From the Pristine data, we nevertheless infer 
that ACS, C-9, C-24, GD-1, Pal 5, and Phle geton hav e metallicity 
dispersions that are strongly constrained to be small ( 

< ∼ 0 . 2 dex at 
the 90 per cent confidence level). Better constraints on the metallicity 
dispersions could be gained through low S/N spectroscopy of the 
Pristine + STREAMFINDER stars, especially for faint stars. Such 
observations would easily confirm membership through simple radial 
velocities of likely member stars (e.g. Ibata et al. 2021 ) without 
requiring the high signal to noise necessary for [Fe/H] spectroscopic 
measurements (see e.g. Longeard et al. 2018 ). 

Fig. 29 provides a global view of the STREAMFINDER and 
Pristine stream data set. While this data set is not a complete picture 
of the nearby MW streams because of the limited Pristine footprint 5 

4 Spectroscopic measurements of light-element variations (C, N, O, Na, Al) 
could also help discriminating between dwarf galaxy and globular cluster 
progenitors for these streams (e.g. Ji et al. 2020 ). 
5 The window function imparted on to the stream map by the Pristine footprint 
is, for instance, likely responsible for the absence of streams at distances 
smaller than ∼ 8 kpc that can be seen in the left-hand panel of Fig. 29 . The 

compared to Gaia , a few intriguing trends can be teased out of this 
set of 26 stellar streams. 

The metallicity range of the streams slides to lower metallicities 
with increasing Galactocentric distance (left-hand panel). What we 
report here are the average distances of the stream stars, as determined 
by STREAMFINDER , and may not represent the average distances 
to the orbits themselves. Ho we ver, most stream stars will spend the 
majority of their time closer to apocenter (with smaller velocities) 
rather than pericenter (with larger velocities). With this caveat in 
mind, it is nevertheless striking that the lowest metallicities streams 
( 〈 [Fe / H] Pr 〉 < ∼ −2 . 5) are all beyond ∼ 15 kpc and that the metal- 
licity of the most metal-rich streams drops from 〈 [Fe / H] Pr 〉 ∼ −0 . 8 
at ∼ 10 kpc from the Galactic centre to 〈 [Fe / H] Pr 〉 < −1 . 4 beyond 
20 kpc. While some nearby structures like ACS may be tied to the 
MW disc these do not drive the trend and one of the most metal-rich 
streams, C-9, has an orbit that is distinctly different from a disc orbit. 
The hierarchical formation of structures could naturally lead to such 
a trend: high-mass dwarf galaxies accreted during the formation of 
the MW would spiral in through dynamical friction and deposit their 
preferentially more metal-rich clusters (and stars) in the inner reaches 
of the halo whereas lower mass dwarf galaxies would be less affected 
by dynamical friction and deposit their more metal-poor constituents 
at larger radii. The lowering metallicity trend with radius would then 
be made more prominent if some of the closer streams were formed 
by globular clusters formed in situ since these would naturally be 
more metal-rich. These ideas are not new for GCs (e.g. Mackey & 

van den Bergh 2005 ) but it is particularly rewarding that we can now 

start firming up these scenarios with the remnants of past systems. 
Finally, the majority of streams in the combined STREAMFINDER 

and Pristine sample are on prograde orbits around the MW (Fig. 29 
right-hand panel) as has been reported before for different sets of 
MW streams (e.g. Bonaca et al. 2021 ; Li et al. 2022 ). Considering 
the average Pristine metallicities of the streams, there is a hint that 
the most metal-rich streams are systematically prograde. While this 
is not surprising for ACS that has been tied to the MW disc, we note 
that C-24, despite being located at a high Galactic latitude ( b > 50 ◦), 
has a very similar ( L z , E ) and metallicity and may also be disc-related. 
Detailed study of the dynamical clustering properties of streams will 
hopefully continue to shed light on the origin of all those streams 
(e.g. Bonaca et al. 2021 ) and the metallicity information provided 
by surv e ys like Pristine can further help characterize their past hosts 
and progenitors (Malhan et al. 2022 ). 

Even in an era of increasingly large spectroscopic surv e ys, those 
will only ever be able to observe a limited fraction of all MW halo 
stars. Large-scale surv e ys of high-quality photometric metallicities 
like Pristine are therefore very powerful to confirm the reality of 
the faint stellar streams that are being disco v ered around the MW 

(and to also clean up samples of member stars for future follow-up 
spectroscopy). Once the Pristine co v erage is more homogeneous, we 
plan on pushing this idea fully by folding the Pristine photometric 
metallicities directly in the calculation of the STREAMFINDER 
likelihood of a star to be part of a stream. On a closer time- 
scale, Gaia ’s full DR3 release includes stellar parameters, including 
metallicities, for ∼200 million stars (Andrae et al. 2018 ). This all- 
sky sample does not reach the depth reached by Pristine but remains 
very valuable to extend the work presented here to the full MW sky. 

Pristine surv e y is historically tied to the SDSS footprint that does not include 
lines of sight towards the inner Galaxy and therefore misses structures at 
small Galactocentric distances. 
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Figure 29. Global properties of the 26 studied streams. Left-hand panel: The average Pristine metallicity ( 〈 [Fe / H] Pr 〉 ) of the streams, compared to the mean 
Galactocentric distance of the stars in a stream’s sample, as determined from the STREAMFINDER orbital solution of every individual stream star. The streams 
are colour coded by their mean angular momentum along the direction perpendicular to the MW plane ( L z ). Right-hand panel: Distribution of stream stars in 
the energy–angular momentum ( E , L z ) plane. Here as well, each stream is assigned the average E and L z from the STREAMFINDER orbital solutions of their 
members. 

The synergetic combination of STREAMFINDER and Pristine to 
disco v er the MW structures with the most extreme metallicities 
reveals their past progenitors that have no current counterparts. 
Together, these two projects contribute to unveiling the complex 
puzzle of the assembly of the MW halo, bearing out the promises of 
the Gaia mission. 
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Supplementary data are available at MNRAS online. 

Figure S1 PDFs of the mean ( < [Fe/H] > ) and dispersion ( σ [Fe/H]) 
of the metallicity distributions shown in Figs 2 –27 obtained through 
forward modelling (see text for details). 
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