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ABSTRACT

We present maps of the stellar streams detected in the Gaia Data Release 2 (DR2) and Early
Data Release 3 (EDR3) catalogs using the STREAMFINDER algorithm. We also report the spectroscopic
follow-up of the brighter DR2 stream members obtained with the high-resolution CFHT/ESPaDOnS
and VLT/UVES spectrographs as well as with the medium-resolution NTT/EFOSC2 spectrograph.
Two new stellar streams that do not have a clear progenitor are detected in DR2 (named Hrid and
Gunnthrd), and seven are detected in EDR3 (named Gaia-6 to Gaia-12). Several candidate streams are
also identified. The software also finds very long tidal tails associated with the 15 globular clusters NGC
288, NGC 1261, NGC 1851, NGC 2298, NGC 2808, NGC 3201, M 68, wCen, NGC 5466, Palomar 5,
M 5, NGC 6101, M 92, NGC 6397 and NGC 7089. These stellar streams will be used in subsequent
contributions in this series to chart the properties of the Galactic acceleration field on ~ 100 pc to

~ 100 kpc scales.

Keywords: Galaxy: halo — Galaxy: stellar content — surveys — galaxies: formation — Galaxy:

structure

1. INTRODUCTION

The distribution of matter in our Galaxy and the fun-
damental behavior of the gravitational force are encoded
in the three-dimensional acceleration field of the Milky
Way. If we were able to measure the acceleration field
accurately, we could assess whether the dark matter
distribution is consistent with predictions from stan-
dard Lambda Cold Dark Matter cosmology (Springel
et al. 2008), or whether alternative dark matter models
(warm, fuzzy, self-interacting, etc) explain the acceler-
ation field more naturally. Given the absence of a di-
rect detection of a dark matter particle, despite decades
of searches (e.g., Schumann 2019), it is also conceivable
that the gravitational force does not behave as predicted
by General Relativity at galactic scales (e.g., Skordis &
Zlosnik 2020). Such a possibility may also be explored
with an accurate map of the acceleration field through-
out our Galaxy.

It was with these goals in mind that our team em-
barked on a search for stellar streams in the Milky
Way. Dynamically cold stellar streams offer an oppor-
tunity to probe the acceleration field locally over the
extent of the stream structure (Ibata et al. 2002; John-
ston et al. 2002; Carlberg 2012), and also globally in
the host galaxy throughout the spatial volume that the
progenitor satellite travelled through (Johnston et al.
1999). Such streams are formed from stars lost to dis-
solving globular clusters (and perhaps very low mass
dwarf satellite galaxies) as they orbit around their host
galaxy. Internal or external processes (or a combina-
tion of both) can drive the dissolution. Among the in-
ternal processes that dissolve clusters are evaporation
via two-body scatterings and collectively amplified fluc-
tuations, or ejection from three-body interactions with

binary stars (e.g., Binney & Tremaine 2008). Exter-
nal processes which shorten the clusters lifetime include
tidal disruption, disk shocking and interactions with
other substructures, such as giant molecular clouds, spi-
ral arms, the bar, dark matter substructures, etc (Amor-
isco et al. 2016; Hattori et al. 2016).

In situations where the progenitors are of low mass
and dissolve slowly, and where the ejected stars are lost
with low relative energy, the resulting tidal streams fol-
low closely the progenitor’s orbit. When the progenitors
have larger mass, the ejected stars have to overcome
the internal potential well in their journey out from the
satellite, and as a consequence they can emerge with a
significantly different velocity to the progenitor (Kiipper
et al. 2008). While they thus no longer follow the same
orbit, the new path (and hence the locus of the ob-
served tidal stream structure) can be readily calculated
with N-body simulations (or with the Lagrange-point
or “streak-line” approximation, Varghese et al. 2011;
Kiipper et al. 2012). This procedure can be inverted:
N-body simulations can be fit to an observational con-
figuration to deduce the orbit of the progenitor. The
orbit, of course, gives direct access to the underlying
acceleration field. This is the approach we intend to
implement in this series of papers.

The observational foundation of this study is a sur-
vey of stream-like structures detected in the Gaia Data
Release 2 (DR2) (Lindegren et al. 2018; Gaia Collabo-
ration et al. 2018b) and Early Data Release 3 (EDR3)
(Gaia Collaboration et al. 2020; Lindegren, Lennart
et al. 2020; Riello, Marco et al. 2020; Gaia Collabo-
ration et al. 2018a) catalogs using the STREAMFINDER
algorithm (Malhan & Ibata 2018). Although a num-
ber of these streams were known before Gaia, 13 were
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detected with the STREAMFINDER in Gaia (Malhan et al.
2018; Ibata et al. 2019b), and we will report several more
new detections and candidate detections below. Over
the last two and a half years the brightest stars in these
streams were targeted for spectroscopic follow-up with
the high-resolution CFHT /ESPaDOnS and VLT /UVES
instruments, with some preliminary spectra obtained
at medium resolution with NTT/EFOSC. The present
work is enabled by the combination of the excellent Gaia
astrometry and the excellent radial velocity measure-
ments from ESPaDOnS and UVES.

Our aim in the present study is first to update the
Gaia DR2 stream maps shown previously in Ibata et al.
(2019b, hereafter Paper I) (Section 2), and from which
the targets of the spectroscopic campaign were drawn.
We summarize the ESPaDOnS and UVES observational
campaigns in Section 3. The detections made with DR2
data (and followed-up with spectroscopy) are presented
in Section 4. Deeper maps based on the recently pub-
lished Gaia EDR3 catalog are presented in Section 5,
and the new findings with the EDR3 catalog are dis-
cussed in Section 6. Finally, in Section 7 we discuss the
findings and draw the conclusions of this study.

Throughout the remainder of this study, when refer-
ring to the proper motion components in some spherical
coordinate system (say «,d): ph(= pqcos(d)), ps, we
will for convenience drop the asterix superscript from
wh. All the extinction-corrected magnitudes listed in
this work were obtained by assuming that the interstel-
lar extinction is in the foreground, and interpolating the
reddening value using the Schlegel et al. (1998) maps,
as re-calibrated by Schlafly & Finkbeiner (2011) with
Ry =3.1.

2. GAIA DR2 STREAMFINDER MAPS

The STREAMFINDER algorithm was designed to hunt for
stream-like over-densities in photometric and astromet-
ric catalogs. This would be a relatively trivial task if
the stellar distances and radial velocities were measured
in addition to sky position and proper motion. One
would simply calculate the adiabatic-invariant actions
and group together stars that are close to each other in
action space. Although Gaia provides superb proper
motion measurements even for faint stars, the paral-
lax measurements are relatively poor for distant pop-
ulations, and radial velocities are only available for the
very brightest sources (at this time, to G ~ 12.5 mag).
The missing distance and velocity information make it
challenging to calculate the action variables.

A full description of the STREAMFINDER method is
given in Malhan & Ibata (2018) and Paper I. Briefly, the
algorithm circumvents the missing distance data by test-

ing a series of stellar populations templates, and it cir-
cumvents the missing velocity data by scanning through
heliocentric radial velocity. The STREAMFINDER is essen-
tially a friend-finding algorithm that examines, in turn,
every star in the input dataset. The star’s trial orbit
is calculated given the measured proper motion, the
measured position, the estimated distance (consistent
with the measured photometry and the trial isochrone
model), for each radial velocity value sampled. (The
measured radial velocity is used for the small subset of
stars for which the radial velocity is actually known.)

We construct a model of the probability density func-
tion of the stream Pgtream, Which is simply a smeared
out version of the trial orbit of length L (centered on
the star), with Gaussian dispersion in sky position, dis-
tance, proper motion and radial velocity. As in Paper I,
we adopted L = 20°, the stream model width was chosen
to be ws = 50 pc (we adopt the convention of using w,
to denote model dispersion and ¢, to denote measure-
ment uncertainty in a variable z), and we took a stream
velocity dispersion of w, = 3kms™! in radial velocity,
together with an identical dispersion in proper motion
w,, (given the estimated distance d). We consider this
stream model to be present in addition to a “contamina-
tion” Peont due to the normal smooth population of the
Galaxy. The logarithm of the likelihood of this stream
model is thus:

L = In[fPstream(?) + (1 = 1) Peort] (1)

data

where 6 represents the stream parameters and 7 is the
fraction of stars in the structure. For each trial dis-
tance obtained with the adopted single stellar popula-
tion (SSP) model, the algorithm samples over the miss-
ing velocity information to find the highest value of £
and the corresponding value of 7. This allows us to
answer the question: if there were a stream passing
through the (phase-space) location of the star under con-
sideration, how likely is the most likely stream model,
and what fraction of stars are part of the structure?

The precise form of Pgiream is explained in Paper I,
but briefly it is:

7)stream(e) = 7)length X 7)width X 73LF X Pcolor X Pu X P‘w

@)
where Plength = 1/L is the uniform probability in po-
sition along the stream, while Py = N(As,w,)
is the Gaussian probability of being at a perpendicu-
lar distance As away from the stream track. Prp is
the probability that the star is drawn from the lumi-
nosity function of the adopted SSP model. P.oor =
N(A(GBp — GRp), 0Gs,—Gr,) is the Gaussian probabil-
ity of the measured color offset A(Gp, — Grp) from
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Gaia DR2 detections, [1,30] kpc
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Figure 1. Proper motion distribution in the Galactic longitude direction (top) and the Galactic latitude direction (bottom)
of the 5960 stars in the sample derived from the Gaia DR2 catalog. These sources have a > 7o likelihood of being stream
members according to the STREAMFINDER algorithm, and were used as the basis of the spectroscopic follow-up campaign. The
stellar streams are identified by name, and include two new features labelled Hrid and Gunnthrd. A further 8 candidate
streams (marked C-1 to C-8) were selected for observation, but additional spectroscopic information is still required for their
confirmation. The six globular clusters NGC 3201, M 68 (not labelled, but at £ = —60°,b = 36°), wCen, Palomar 5, M 92 and
NGC 6397 create tidal tails that are detected in these maps.
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Figure 2. As Figure 1 (i.e. for Gaia DR2), but showing the heliocentric distance solutions (top) found by the STREAMFINDER
software, and the corresponding metallicity of the stellar populations template (bottom).
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Figure 3. As Figure 1, but showing the sky distribution of the 685 radial velocity measurements of the DR2 sample (top). All
of the streams show kinematic coherence, but with varying levels of contamination, dependent on stream distance and the local
contrast over the “normal” populations of the Milky Way. In the bottom panel the different streams have been color-coded to
allow for easier visual discrimination in sky regions where they overlap.

the adopted isochrone given the measured color uncer-
tainty ogp,—Gr,- The proper motion probability term
P, is a two-dimensional Gaussian PDF incorporating
the proper motion uncertainties in right ascension and
declination and their cross-terms (as explained in Paper
I).

In contrast to the stream PDF model in Paper I, we
now include the term P in Equation 2, which accounts
for the Gaussian probability of the (inverse) trial dis-
tance to the star given the observed parallax w and

its uncertainty. The small 0.029 mas parallax bias of
Gaia DR2 (Lindegren et al. 2018) is added to the stream
model at this stage.

This new inclusion of parallax in Equation 2 means
that we cannot simply reuse the empirical contamina-
tion model P.ont of Paper I. We re-create it in essentially
the same way as we did in that contribution, but with an
additional parallax dimension. Briefly, we generate 1000
realizations of the Gaia catalog in which the stellar coor-
dinates are each shifted with a 2° Gaussian random devi-
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ate. We combine these smoothed catalogs into sky maps
(with pixels of 1.4° x 1.4° in zenithal equal area projec-
tion) as a function of color and magnitude (using inter-
vals of 0.05 mag and 0.10 mag, respectively). We refer
to this as the fine spatial map Pgne(@, 9, G, Ggp — Grp),
which is identical to that of Paper I. In a similar way to
that contribution, we use the Armadillo software pack-
age (Sanderson & Curtin 2016) to create Gaussian Mix-
ture Model (GMM) decompositions in larger 5.6° x 5.6°
spatial bins to the color-magnitude, the proper motion,
and (now new) the parallax information. We fit this five-
dimensional model Poym (s s, G, Gp — Grp, @|a, §)
using 100 GMM components, including cross-terms (the
same number as used previously in Paper I). Cutting
through this model at the observed G,Gpp — Grp
value of each star yields the conditional probability
PGMM(,Ucu e, fﬂ|0&7 6,G,Ggp — GRP). The contamina-
tion model can now be calculated as:

7Dcont(oﬁ 6; Moy 16, G7 GBP - GRP7 ZU) =
Pﬁne(a7 57 Gv GBP - GRP)X (3)
Poyim (B, pis; |, 6, G, Gap — Grp) -

In our initial development of the software we realised
that it was undesirable to retain dense sources such
as globular clusters in the input catalog. Otherwise,
if their proper motions are poorly constrained, we find
disk-like regions of fake high likelihood of size ~ L (the
stream search length parameter). On the other hand if
the cluster’s proper motions are well measured, the cen-
tral cluster regions dominate the stream signal out to
a distance ~ L. To avoid these undesirable effects we
therefore removed all stars in the Gaia catalogs (DR2
and EDR3) within two tidal radii of the globular clus-
ters listed in Harris (2010), within 7 half-light radii of
the Galactic satellites listed in McConnachie (2012),
and within a 3° radius of M31 and 1° radius of M33.
We also excised sources near the (low-latitude) open
clusters NGC 188, Berkeley 8, NGC 2204, NGC 2243,
NGC 2266, Melotte 66, NGC 2420, NGC 2682 and
NGC 6939 (using a suitable radius, typically ~ 0.5°).

The additional slight differences with respect to the
analysis of Paper I are that here we consider dis-
tance solutions in the range [1,30] kpc (rather than just
[1,10]kpc), we consider SSP metallicity templates with
[Fe/H] = —2.2,-1.9,-1.5,-1.3,—1.1,—0.7 (rather than
[Fe/H] = —2.0, 1.6, —1.4), and we process the full sky
(rather than just |b] > 20°). Figure 1 shows the sky
distribution of the 5960 stars selected for spectroscopic
follow-up with a 7o stream detection threshold (an 8¢
threshold was used in Paper I). As in paper I, we adopt
an extinction-corrected limiting magnitude of Gg = 19.5
for the search in DR2.

The sample shown in Figure 1 was selected to have
VHZ + pi > 2mas/yr, so as to avoid the contamina-
tion from low proper motion objects discussed at length
in Paper 1. However, in order to avoid gaps that could
be introduced by this proper motion selection, we in-
spected each stream and added in any of its mem-
bers with \/u? + p? < 2mas/yr. Sagittarius stream
stars (identified as discussed in Ibata et al. 2020a)
were removed from this sample. Furthermore, at lati-
tudes below 30°, we selected features manually to op-
timize the spectroscopic follow-up campaign. However,
all stars (above the chosen 7o stream threshold) of a
given stream or stream candidate were included. Above
|b| 2 30° the STREAMFINDER detections are unambigu-
ous, but closer to the Galactic plane the algorithm finds
high-significance stream-like correlated behavior in mil-
lions of Gaia stars. Since we do not have the resources
to follow-up those potential detections, we took a prag-
matic approach of selecting low-latitude structures by
hand that were clearly well-separated from the bulk of
the Galactic populations in the parameter space of ob-
servables (proper motion, parallax, color and magni-
tude). This approach allowed us to identify the low-
latitude Hrid stream discussed below, as well as enabling
us to follow previously-known structures in dense regions
close to the Galactic plane.

We expect the present stream sample to have uniform
completeness for |b] > 30°, but towards lower latitude
the sample completeness diminishes, as we were progres-
sively forced to select only the most significant struc-
tures. For |b| < 20°, the sample is highly incomplete,
and the selection is not remotely objective. However,
the proof that the STREAMFINDER is providing useful de-
tections is that all of the stream structures followed up
spectroscopically to date have coherent line of sight kine-
matics.

Having processed the Gaia catalog with 6 different
SSP model metallicity values, we select the solution that
yields the highest likelihood, thus providing a distance
and metallicity estimate for each star. Note that the
distance is constrained by both the Gaia parallax and
photometry (given the trial SSP model). The corre-
sponding distance and metallicity solutions are shown
in Figure 2.

3. SPECTROSCOPIC OBSERVATIONS

To measure the radial velocities and metallicities of
the DR2 sample presented above we secured 75 hours of
service-mode observation with the CFHT/ESPaDOnS
instrument (Donati 2003) over five semesters between
2018 and 2020. We used ESPaDOnS in the “object
+ sky” non-polarimetric configuration, where it oper-
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Figure 4. Properties of the Hrid stream. From top to bot-
tom, the panels show proper motion po and ps, the parallax
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longitude £. The red points are the 156 members of the Gaia
DR2 catalog with five-component astrometric solutions that
are identified by the STREAMFINDER software as stream stars
using a 7o threshold. The (10) uncertainties on these points
are shown with error bars. The points in the fourth panel
mark those stream members with measured radial velocity.
As explained in the text, we fitted an orbit model to the as-
trometric and radial velocity data. The corresponding best-
fit model is shown with a dashed line, and can be seen to give
a reasonable representation of the parameter profiles. Addi-
tionally, the bottom panel also shows the E(B—V) extinction
map, extracted from Schlegel et al. (1998), from which the
reader may verify that the detected stream does not follow
any obvious structure in the interstellar extinction.
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olution R = 68,000 covering the wavelength range 370

to 1,050 A. Our observing strategy was to aim for sig-
nal to noise of S/N ~ 7 per pixel for the majority of
the fainter targets (up to Go = 17.6), while obtaining
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Figure 5. As Figure 4, but for the Gunnthrd stream. A
total of 61 stars are identified as candidate members of this
structure at > 7o confidence.

high signal to noise (S/N > 30) for the brighter stars
if it cost less than 20 min to do so. All the data were
reduced with the Libre-ESpRIT pipeline (Donati et al.
1997) through to extracted and wavelength-calibrated
one-dimensional spectra. A total of 163 stars were ob-
served with ESPaDOnS up to the end of June 2020.

A further 6 nights of observation were obtained with
the UVES spectrograph (D’Odorico et al. 2000), 3 in
June 2019 and 3 in January 2020'. Our aim with UVES
was to probe fainter targets than can be efficiently ob-
served with ESPaDOnS, and to reach regions of the
southern sky that are inaccessible to the CFHT. UVES
was used with the DIC2 dichroic beamsplitter in the

“437+760” setting, covering 3730-4990 A and 5650-
9460 A. For increased efficiency, we used 2 x 2 pixel

! Runs 0103.B-0568(B) and 0104.B-0406(B).
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binning when reading out the CCDs, and a 1”0 slit,
which results in a resolution of R ~ 40,000. As with
the ESPaDOnS observations, we calibrated the expo-
sures to obtain sufficient signal to achieve 1-2kms™!
radial velocity accuracy for the fainter stars, while aim-
ing for high S/N in the brightest targets, thus enabling
chemical abundance studies. All the spectra were ex-
tracted and wavelength-calibrated with the “esoreflex”
pipeline. Despite poor weather during the June 2019
run, we were able to measure the radial velocities of 174
stars with the UVES spectrograph over the two runs.
(A final UVES run scheduled for April 2020 has been
postponed to 2021 because of the Covid-19 pandemic).

As the UVES observations aimed to probe deeper than
what we had managed to reach with ESPaDOnS, we
considered it prudent to first check the velocities of the
survey stars with a low resolution spectrograph before
devoting precious VLT time to the follow-up. To this
end we secured two 6-night runs with NTT/EFOSC22
immediately before each UVES run. We used a narrow
0”5 slit together with grism #19 to cover the spectral

region 4400-5100 A, yielding spectra with a resolution
of R ~ 3000. The EFOSC2 observations were entirely
reduced with the IRAF software®. Most exposures were
20 min long, resulting in typical radial velocity uncer-
tainties of ~ 10kms~!. However, we quickly realised
that the stream sample did not suffer from substantial
contamination, and adapted our observation strategy
accordingly. A total of 60 stars of the stream sample
have an EFOSC2 velocity measurement but no UVES
velocity measurement (either due to insufficient time to
complete the follow-up or because the EFOSC2 mea-
surement indicated that the star was unlikely to be a
stream member).

The radial velocities of all the stars in the sample ob-
served with ESPaDOnS, UVES or EFOSC2 were mea-
sured using the fxcor algorithm in IRAF, by cross-
correlation against the spectrum of the radial velocity
standard star HD 182572.

We complemented these velocities with measurements
taken from public spectroscopic surveys. We cross-
matched the stream sample against APOGEE-2 (Ma-
jewski et al. 2017), finding 16 in common; we find 2
stars in common with the GALAH DR3 survey (Buder
et al. 2018); 25 in common with the Gaia Radial Ve-
locity Spectrometer (RVS) catalog; 80 in common with
the LAMOST DR5 survey (Cui et al. 2012); 4 in
common with the Radial Velocity Experiment (RAVE

2 Runs 0103.B-0568(A) and 0104.B-0406(A).
3 http://ast.noao.edu/data/software

DR5) (Kunder et al. 2017); and 150 in common with
SDSS/Segue survey (Yanny et al. 2009). A further 7
stars are present in the kinematic survey of Palomar 5
by Odenkirchen et al. (2009), and 22 stars in the survey
of Ibata et al. (2017).

In those cases with multiple velocity measurements,
we adopt the velocity value with the lowest uncertainty.
In this way, a total of 685 stars from our sample of 5960
stream candidate stars (i.e. 11.5%) end up having ve-
locity measurements. Of these, 264 have velocity un-
certainties o, < 1kms™!, 355 have o, < 2kms™!, 393
oy, < 3kms™!, 491 have 0, < 5kms~!, and 602 have
0y < 10kms™!. The stars with measured velocities are
displayed in color in Figure 3a. Each marked stream
shows up as grouping of stars of similar radial velocity,
or as a feature with a position-dependent velocity gra-
dient. In Figure 3b we have assigned different colors to
the various streams to allow the reader to distinguish
the individual structures more easily.

The STREAMFINDER catalog of 5960 sources derived
from Gaia DR2, but with updated Gaia EDR3 infor-
mation is provided in Table 1. The radial velocity in-
formation is also listed. The catalog of new detections
in EDR3 will be published when the full search is com-
pleted (the low-latitude disk and bulge region take mil-
lions of CPU hours of computation).

4. GAIA DR2 DETECTIONS

We will first discuss the 32 streams or stream candi-
dates detected in Gaia DR2, and presented in Figures 1—
3 and listed in Table 1. Some of these streams were
previously known, or were announced over the course of
our spectroscopic follow up campaign: GD-1 Grillmair &
Dionatos (2006), Orphan (Belokurov et al. 2006b; Grill-
mair 2006a), Palomar 5 (Odenkirchen et al. 2001), AT-
LAS (Koposov et al. 2014), Jhelum (Shipp et al. 2018),
Kwando? (Grillmair 2017), C-1 (which turns out to be
the M 5 stream Grillmair 2019), and M 92 (Thomas
et al. 2020; Sollima 2020). The candidate streams C-1
to C-8 are structures that appeared real given extant
astrometry and photometry, but which we could not
confirm with complete confidence due to inexistent or
insufficient follow-up observations. However, as we shall
see below, EDR3 data has clarified the nature of some
of them. The new stream structures presented in this
section are the features named Hrid and Gunnthré (fol-

4 The distance solutions we find to Kwando (= 8 kpc) are substan-
tially lower than the estimate of &~ 20kpc derived by Grillmair
(2017) from Pan-STARRS photometry. We consider the higher
distance estimate to be more robust, since Pan-STARRS provides
more accurate photometry than Gaia DR2 for the faint sources
that make up the bulk of this structure.
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Table 1. The first 10 rows of the STREAMFINDER catalog of 5960 stars detected in Gaia DR2, with updated EDR3 astrometry.
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ney (1998) potential: it has a pericenter of only 0.86 kpc [Fe/H] = —0.7. With this template the structure is es-

EDR3 ID « w Ha s Go (GBP — GRP)O dsr Vh ovp s S
° ° mas mas/yr mas/yr mag mag kpc  kms ' kms™?!
4976492500371673600 0.555095 -50.846349 -0.155  8.388 -4.010  19.452 0.668 9.333 1
4973150156822139264 1.515135 -51.976175 0.174 6.889 -3.500  18.507 0.697 11.940 1
4973592611470354688 1.773110 -50.834348 0.140 7.972 -3.240  19.180 0.582 10.044 1
2429494258672369152 1.875748  -8.429741 -0.075  0.264 0.520  19.235 0.794 7.041 2
4973559626121475968  2.854625 -50.733300 0.430 7.136 -3.877  19.429 0.574 10.274 1
4973378962616486912  3.111449 -50.615773 0.121 7.975 -3.357  17.038 0.897 11.033  27.900 0430 13 1
2424367510829683456 3.216603 -12.313105 -0.002  0.174 -0.165  18.903 0.659 7.205 2
2424399499746804608 3.824391 -12.055727 -0.147 -0.136 0.055 18.853 0.706 6.833 2
2424146577712223616  3.963230 -12.643203 0.041 -0.078 0.012 17.946 0.622 6.922 2
2417215325130569216 4.717180 -13.883024 -0.178 -0.763 -0.479  19.269 0.659 6.833 2
NOTE—Column 1 provides the Gaia EDR3 identification of the star, 2—6 list the EDR3 equatorial coordinates o and §, parallax
w and proper motions ji (% cos(d)), ps. The DR2 extinction corrected magnitude Go, and color (Gpp — Grp)o used in the
STREAMFINDER are listed in columns 7 and 8, while column 9 provides the distance to the star dsr estimated by the algorithm.
Columns 10 and 11 list the best measured heliocentric line of sight velocity, as derived from the corresponding source “s”
in column 12. The source identifications “s” are: 1=APOGEE, 2=GALAH, 3=Gaia RVS, 4=LAMOST, 5=RAVE, 6=SDSS,
7=BOSS, 8=ESPaDOnS (this work), 9=AAOmega (from Ibata et al. 2017), 10=FLAMES (from Ibata et al. 2017), 11=UVES
(from Odenkirchen et al. 2009), 12=EFOSC (this work), 13=UVES (this work). Finally, column 13 provides a unique stream
identification label 1-32 (the different colors of the streams in the bottom panel of Figure 3 are assigned using these identification
labels).
lowing our previous nomenclature of adopting the names and an apocenter of 34.0kpc. A dynamical study of this
from Norse mythology of the streams of the gaping abyss object could be interesting as it is hard to understand
that existed before the beginning of the world). We will how it could have survived as a coherent structure until
also discuss the streams emanating from the globular the present day.
clusters NGC 6397 and NGC 3201. The most likely metallicity found by the
STREAMFINDER is [Fe/H] = —1.1, which agrees well with
4.1. Hrid the spectroscopic value of [Fe/H] = —1.05 £ 0.04 from
Hrid is a low latitude stream that is very challenging to one star m.LAMOST and ([Fe/ HJ) = ~1.13+0.04 from
detect because it lies superposed on dense regions of the two. stars in SEGUE. Thus. it does no_t appealj to be
disk. We detect 156 members of this structure in Gaia typical _Of the halo populatlonl. We Wlu examine the
. . constraints on the abundance distribution of this stream
DR2, and have 24 radial velocity measurements along derived from the high-resolution spectroscopy in a sub-
it, including 8 UVES and 14 ESPaDOnS high precision L
. . . T sequent contribution.
measurements. Its properties are displayed in Figure 4,
where we show, as a function of Galactic longitude, the )
proper motion y, (panel a), the proper motion p;s (b), 4.2. Gunnthrd
the parallax w (c), the heliocentric radial velocity vy, At first sight the 20°-long Gunnthrd feature ap-
(d) and its trend with Galactic latitude (e). We are able pears to be a continuation of the prominent retrograde
to follow the structure over 62° until it becomes lost in Phlegethon stream (Figure 10), as its stars have large
the high extinction at b ~ 10°. The distance estimates proper motions that seem to continue the trend dis-
provided by the STREAMFINDER algorithm suggest that cerned in Phlegethon. However, the radial velocity of
it lies at a heliocentric distance of ~ 3.1 kpc. the member stars (Figure 5d) are more than 200 km s~!
We fit an orbit to the astrometric and radial velocity lower than the trend observed in Phlegethon (also listed
data in the Dehnen & Binney (1998) Milky Way model in Table 1).
‘1’ using a simple simplectic leapfrog integrator (the fit- All the spectroscopy of this stream is derived from
ting procedure is identical to that outlined in Ibata et al. the EFOSC2 spectrograph, and the spectra were not of
2018). The best fit orbit (dashed line) can be seen to sufficient quality to allow a metallicity measurement to
follow closely the trends in each of the observed parame- be made. However, the STREAMFINDER finds the high-
ters. This orbit is extremely radial in the Dehnen & Bin- est likelihood solutions with a metal-rich template of
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Figure 6. As Figure 4, but for the NGC 6397 stream. A
total of 276 stars are identified as candidate members of this
structure at > 7o confidence. The globular cluster itself is
represented with a star symbol, and the dotted line corre-
sponds to the orbit of this object, as obtained by integrating
using Gaia DR2 proper motions and position, the radial ve-
locity and the heliocentric distance listed in Vasiliev (2019).
The Galactic potential model #1 of Dehnen & Binney (1998)
was used here.

timated to be at a distance of ~ 3kpc. The fitted orbit
has a pericenter of 4.8 kpc, an apocenter of 7.6 kpc and a
maximum disk height of 4.0 kpc, so it appears thick disk-
like, but retrograde. This orbit is also quite diffefrent to
that of Phlegethon (pericenter of 19.8 kpc, and apocen-
ter of 4.9kpc). Thus the alignment with Phlegethon on
the sky and in proper motion is a coincidence.

Preliminary analysis of the low latitude extension of
our survey suggests that the Gunnthréd feature may be
the portion of a larger structure, possibly related to the
Fimbulthul/NGC 5139 system. Additional analysis as
well as spectroscopic follow up of the possible extension
are ongoing to clarify the nature of this structure.
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Figure 7. As Figure 6, but for the NGC 3201 stream. A
total of 388 stars are identified as candidate members of this
structure at > 7o confidence.

4.3. NGC 6397

One of the highlights of the search is the detection
of the stellar stream of the nearest globular cluster
NGC 6397 (Figure 6). The software finds stars from this
cluster spread along an 18°-long arc in that extremely
low latitude field. Our spectroscopic follow-up of 8 stars
with UVES confirmed the velocity membership, while of
the 5 other stars found in public spectroscopic surveys
only 1 is a velocity non-member.

As far as we know, this is the first detection of an
extended tidal stream associated to this nearby (dg =
2.3kpc, Harris 2010), old (age= 12.6 0.7 Gyr, Correnti
et al. 2018) and metal-poor ([Fe/H] = —2.1, Husser et al.
2016) globular cluster. The cluster is not included in
the list by Piatti & Carballo-Bello (2020). Leon et al.
(2000) reported the detection of extra-tidal stars within
150" from the center of the cluster, with an hint of a
tail reaching +100" from the center, approximately ori-
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Figure 8. As Figure 7, but showing a larger area of sky to
encompass the Gjoll stream. The orbit shown is not a fit,
but is rather simply the extrapolation from the measured
phase-space values of NGC 3201. The excellent correspon-
dence in position, distance, proper motion and radial velocity
indicates that Gjoll is the trailing stream of NGC 3201.

ented along the E-W direction, in broad agreement with
our findings. More recently Kundu et al. (2021) used
Gaia DR2 data to identify a handful of extra tidal stars
within 5.0° of the cluster center. On the other hand,
the stream detected here with Gaia DR2 data, albeit
irregular, extends 18° on the sky.

4.4. NGC 3201 and Gjoll

NGC 3201 is also a low-latitude globular cluster that
is suffering tidal stripping (Bianchini et al. 2019). The
STREAMFINDER is able to identify a 12°-long feature in
the immediate vicinity of the cluster, as we show in Fig-
ure 7. Unfortunately, we obtained only 4 velocity mea-
surements in this region, 2 data from Gaia RVS and
2 UVES measurements. Of these 4 stars only 2 were
confirmed as bona-fide members (panel d), but together

IBATA ET AL.

with the astrometric data they constrain the orbit very
well. Figure 8 shows the result of extrapolating this
orbit towards lower Galactic longitude ¢. We find an ex-
cellent correspondence with the Gjoll stream, previously
detected in Paper I. No additional fitting was performed.
Clearly, Gjoll is the tidal stream of this globular cluster,
spanning along a 98°-long track on the sky. As pointed
out already in Paper I, this stream is retrograde.

5. NEW GAIA EDR3 STREAMFINDER MAPS

The recent publication on December 3rd 2020 of the
Gaia Early Data Release 3 catalog has allowed us to re-
run the STREAMFINDER algorithm on this refined dataset.
The procedure was essentially identical to that described
in Section 2, with a few exceptions. In EDR3 the par-
allax bias appears to be non-trivial to correct (Linde-
gren et al. 2020), but the offset is tiny as far as the
present work is concerned. So instead of the value of
0.029 mas (Lindegren et al. 2018) used in our DR2
search, we assumed a null parallax bias. As before,
we used a template of age 12.5 Gyr and the metallicity
values [Fe/H] = —2.2,-1.9,—1.5,-1.3, —1.1,—0.7 were
probed. To speed up the computation we undertook
separate searches in two overlapping distance intervals:
[3,12] kpc and [10, 30] kpc. The algorithm becomes com-
putationally very expensive to run close to the Galactic
plane, because of the large numbers of stars that need
to be examined along each orbit. Because of this, we
also decided to limit the present search to |b] > 10° for
the [3,12] kpc interval and |b] > 15° for the [10, 20] kpc
interval. Given the increased astrometric and photomet-
ric precision of the EDR3 dataset, we also increased the
limiting magnitude of the search from Gy = 19.5 mag
to Gp = 20 mag. We expect later contributions in this
series will provide updated maps that reach closer to
the Galactic plane, and also perhaps to deeper limiting
magnitudes.

However, we begin by showing the improvement that
EDRS3 brings to the problem of detecting stellar streams.
In Figure 9 we have cross-identified our DR2 stream cat-
alog with EDR3 to obtain the new proper motion values.
In panel (a), the new measurements (blue) are clearly
less scattered than the old DR2 values (red). The in-
creased accuracy of EDR3 should thus increase the con-
trast of the streams in proper motion space. Further-
more, the fact that the streams are tighter given bet-
ter data provides further confirmation that the stream
detections are real. We also show the improvement
in the parallax of the sample in panel (b), plotted
against the reciprocal of the distance estimated by the
STREAMFINDER (from the DR2 data). Again there is a
striking reduction in the parallax scatter, and it can also
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Figure 9. Improvement in astrometric parameters between DR2 and EDR3. The proper motion distribution (a) of the sample
of streams detected in DR2 is shown with the DR2 values (red) and EDR3 values (blue). There is a very clear reduction the
proper motion scatter, which implied both that EDR3 has better proper motion measurements, and that the stream detection
are real. The parallax values (b) also display a clearly improved scatter. (The solid straight line shows the expected one-to-one

relation).

be seen that the algorithm produces distance estimates
that are in broad agreement with the new parallax mea-
surements.

The new sky map derived from EDR3 for the
[3,12] kpc distance range is shown in Figure 10. Similar
to the DR2 case above, we again select stars that are not
Sagittarius stream members, and reject sources with low
proper motion so as to avoid contaminants. However,
given the factor of ~ 2 improvement in the proper mo-
tions of the EDR3 catalog over DR2, this time we set the
low proper motion cut to \/u? 4+ pf > lmas/yr. Fur-
thermore, to avoid having to display excessively crowded
sky maps we increase the likelihood detection thresh-
old to 100. No other filtering has been applied (i.e.
there has been no manual selection as in Figure 1). The
stream features previously seen in Figure 1 are also seen
here, and several new structures are also apparent. In
Figure 11, we show the effect of decreasing the detection
threshold to 8¢ in a particularly busy region that skims
the southern bulge. A large number of kinematically co-
herent groups can be seen to be criss-crossing this field.
The full sky view of the (100) streams in the [10, 30] kpc
distance window is shown in Figure 12. Again, many
new structures are revealed.

6. GAIA EDR3 DETECTIONS

The EDR3 maps (Figures 10-12) extend most of the
streams seen in the DR2 maps (Figures 1-3). Several
previously-known structures now come into view which
were not present in Figure 1: the M 5 stream (Grillmair
2019), the Ophiuchus stream (Bernard et al. 2014), the
Anticenter Stream (ACS, Rocha-Pinto et al. 2003), the
Indus stream (Shipp et al. 2018) and the Phoenix stream
(Balbinot et al. 2016). Seven new clear streams are also
detected, which we name Gaia-6 to Gaia-12 (having ran
out of names for Norse streams of the underworld). We
also identify twelve candidate stream structures (C-9 to
C-20), which appear plausible but require confirmation
with follow-up observations.

Before proceeding to discuss the new detections, we
note briefly that of the candidate structures marked in
Figure 1, we find that C-1 is a stream associated to
M 5 (Grillmair 2019), while C-2, C-3 and C-6 are clearly
confirmed thanks to the excellent EDR3 data and are
now named Gaia-9, Gaia-8 and Gaia-11, respectively.
The position, estimated STREAMFINDER distance, proper
motion and photometric properties of the new stream
discoveries are summarized in Figure 13.

6.1. Gaia-6

Gaia-6 is a 22°-long feature that lies in the north-
ern Galactic sky and appears strongest in the [3, 12] kpc
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Gaia EDR3 detections, [3,12] kpc
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Figure 10. New Gaia EDR3 map of the proper motion distribution in u, (top) and in up (bottom) for the heliocentric distance
range [3,12]kpe. The sources are filtered so that only stars that have > 100 likelihood of being stream members are shown.
The globular clusters NGC 288, NGC 2808, NGC 3201, M 68, wCen, M 5, M 92 and NGC 6397 are also shown, as their streams
are visible on this map. The Anticenter Stream (marked ACS, Grillmair 2006b; Ramos et al. 2020) appears in this map of thin
streams, although note that the algorithm is finding a denser enhancement in that wide structure.

maps. The orbital solutions provided by the algorithm
imply that it is situated at a distance of dg ~ 8kpc.
The very coherent proper motions in both u, and us,
the clearly defined color-magnitude distribution, and the
fact that the object is detected at 150 make this an un-
ambiguous detection.

6.2. Gaia-7

Gaia-7 is a short stream that extends 14° in length.
This stream is considerably closer to us, dg ~ 5kpc, and
it seems to possess negligible distance gradient. We find
Gaia-7 to be highly coherent in proper motion, with a
large magnitude of p,, that renders it easily distinguish-
able from the contamination. Given that this stream
appears of highest contrast with the template model of
[Fe/H] = —0.7, it may well be that the progenitor of this
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Figure 11. As Figure 10, but zoomed-in to the Phlegethon
stream, and using a lower 8¢ threshold. This region just
south of the Galactic bulge is particularly rich in stream-like
sub-structure, and it exemplifies the fact that many stream
candidates become visible as we lower the detection thresh-
old.

stream was not a halo system. The highest likelihood
regions of Gaia-7 are detected at 180.

6.3. Gaia-8

Gaia-8 is another very interesting northern stream
for which STREAMFINDER finds a large number of stars
(> 1000 sources) over its 37° length. In the highest con-
trast regions it is detected at 140 with the [Fe/H] = —1.5
template. This stream lies at a distance of dg ~ 7kpc,
and has a high measured proper motion value with an
average of ~ 12.5mas/yr.

6.4. Gaia-9

Gaia-9 runs for 40.5° roughly parallel to the Galactic
plane. It appears as a thick stream in Figure 10, par-
tially due to its proximity, although it possesses a signif-
icant distance gradient ranging from dg ~ 3-7 kpc. This
distance solution is based on a metal poor template of
[Fe/H] = —1.9. The tight proper motion profiles, as well
as the color-magnitude distribution and 140 detection,
make this stream unambiguous.

6.5. Gaia-10

Gaia-10 is the farthest system that we have discov-
ered in the present study, and it ranges from dg ~
12—18 kpc according to the preferred template of metal-
licity [Fe/H] = —1.9. This 17.6°-long system is oriented
almost perpendicular to the “GD-1” stream on the sky.
We also detect several red giant branch stars for this

stream (as can be seen from its color-magnitude distri-
bution). The highest contrast regions of the structure
are detected with 200 confidence.

6.6. Gaia-11

Gaia-11 is a 19°-long and extremely narrow struc-
ture, found at a distance of dy ~ 1l1kpc with the
[Fe/H] = —1.9 template. Given its narrowness, we sus-
pect the progenitor to be a globular cluster. The color-
magnitude distribution of this stream is less well-defined
than the other streams, but it is nevertheless detected
at the 120 confidence level. Future spectroscopic infor-
mation should better inform us about the true nature of
this stream.

6.7. Gaia-12

We find Gaia-12 as a 14°-long stream in the southern
Galactic sky. With the preferred [Fe/H] = —1.9 metal-
poor template, the system lies at dg ~ 11 kpc, but with
a clear distance gradient. Despite the low number statis-
tics, the detection is unambiguous at 130.

In future, we hope to undertake a careful investigation
of the kinematics, stellar population and chemistry of
these new “Gaia 612”7 streams, along with many other
candidates that can be conspicuously seen in Figures 10—
12.

6.8. Globular clusters

In the Gaia DR2 maps (Figure 1), we found clear
streams emanating from NGC 3201, M 68, wCen, Palo-
mar 5, M 92, and NGC 6397. The new processing
of EDR3 maps also show long streams that are very
likely associated to NGC 288, NGC 1261, NGC 1851,
NGC 2298, NGC 2808, NGC 5466, M 5, NGC 6101,
NGC 6397, and NGC 7089. In Figures 14 and 15 we
display all the stars in these structures derived from the
Gaia EDR3 catalogs and that are identified as > 100
by the algorithm (we do not include NGC 3201 or
NGC 6397 which were shown previously in Figures 7
and 6, respectively). These clusters have good matches
in position, distance and proper motion with extended
streams or fans that were found by the STREAMFINDER.
In some cases, the stream is highly structured and fur-
ther analysis and modelling is required to understand
the structure and to disentangle the stream actually as-
sociated with the cluster from other unrelated structures
that may cross that spot of sky just by chance. We de-
fer the detailed analysis of these complex structures to a
later contribution. We note that the present results on
globular cluster streams are based on our STREAMFINDER
analysis aimed at detecting stellar halo streams with a
wide range of properties. We will do much better in fu-
ture work by tailoring the stellar population templates
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Gaia EDR3 detections, [10, 30] kpc
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Figure 12. New EDR3 map of the proper motion distribution in u¢ (top) and in pp (bottom) for the heliocentric distance range
[10,30] kpc. The sources are filtered to have > 100 likelihood of being stream members, and to have metallicities [Fe/H] < —1.2.

to have the correct age and metallicity of each of the
clusters. In particular, we expect this to improve the
distance-metallicity degeneracy that affects the distance
solutions found by the software.

For a comparison with the literature, in addition to
our own search on each individual cluster, we took ad-
vantage of the recent work by (Piatti & Carballo-Bello
2020, P20 hereafter), who scanned the literature on glob-
ular cluster tidal tails and extra-tidal stars, providing
a final list of 53 clusters with reliable information on
the presence or absence of extra-tidal stars. These au-

thors classify the listed clusters into three groups: G1
for clusters with tidal tails, G2 for clusters with extra-
tidal features, and G3 for clusters with no reported sign
of extra-tidal stars in spite of dedicated studies. A sys-
tematic study on globular cluster tidal tails, based on
Gaia DR2 data has been recently published by (Sollima
2020, S20 hereafter). This is a useful reference study to
compare with, but only in the vicinity of the cluster, as
the S20 analysis is limited to a circular area of radius 5°
around the considered clusters.
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Figure 13. Properties of the new streams Gaia-6 to Gaia-12 found in EDR3. The columns show, from left to right, the track
of the stream on the sky, the distance profile as a function of Galactic longitude as estimated by the STREAMFINDER, the proper

motion gradient in pe (red) and ps (cyan), and the color-magnitude distribution of the group.
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NGC 288: The first detection of an extra-tidal ex-
tension in this cluster was reported by Grillmair et al.
(1995). More recently, Shipp et al. (2018) presented
photometry from the Dark Energy Survey that shows a
possible detection of extra-tidal features over ~ 8°, ori-
ented along the proper motion vector in the innermost
2-3° and in the North-South direction beyond. In com-
parison, we trace the stream over > 10° degrees, approx-
imately in the direction SE-NW, nicely aligned with the
simulated orbit presented by Shipp et al. (2018). Addi-
tional detections within 2.0°-5° from the cluster center
have been reported by Leon et al. (2000), Kaderali et al.
(2019), and S20. NGC 288 is classified as G1 by P20.

NGC 1261: The cluster is classified as G2 by P20,
based on the detection of an extra-tidal envelope out to
r ~ 0.5° from the cluster center by Kuzma et al. (2018).
Shipp et al. (2018) report the possible detection of a
~ 5° long tail, with similar orientation to the stream
detected here. A photometric detection on small (< 1°
deg) scale was reported by Leon et al. (2000).

NGC 1851: Shipp et al. (2018) discussed the possible
detection of a ~ 8°-long tail, approximately oriented as
the inner part of the S-shaped tail detected here (as seen
in equatorial coordinates). The detection of an extra-
tidal envelope on the scale of < 2° was presented by
Olszewski et al. (2009) and Kuzma et al. (2018). Pos-
sible spectroscopic detections were reported by Sollima
et al. (2012) and Kunder et al. (2014). The cluster is
class G1, according to P20.

NGC 2298: Detections of an extra-tidal halo within
~ 1.0° from the center of this cluster, and, in some cases,
of additional asymmetric components were reported by
Leon et al. (2000); Balbinot et al. (2011) and Carballo-
Bello et al. (2018). Here we present the detection of a
coherent, filamentary structure spanning ~ 12.0° on the
sky, with an orientation that seems compatible with the
tail found by S20, that extends to ~ +5.0° from the
cluster center. P20 class G2.

NGC 2808: We detect a very significant and narrow
stream spanning about +10.0° around the cluster, with
a substantial distance gradient. The structure is nearly
parallel and almost adjacent to the low galactic lati-
tude limit of our survey, still the match in position, dis-
tance and proper motion with the cluster suggests that
the association is real. Extra-tidal stars were previously
found in the surroundings of the cluster (within 0.5°) by
Carballo-Bello et al. (2018) and by Kundu et al. (2021),
while no tail was found by S20.

NGC 3201: Very recently Palau & Miralda-Escudé
(2020) detected the stream around the cluster and the
associated Gjoll stream, in full agreement with our re-
sults. However, their detection of Gjoll is more ex-

tended than ours, reaching («,d) = (40°,+20°) instead
of (o, 0) = (68°,0°). These authors suggest that the gap
between the two branches is due to an high extinction
region intervening along the line of sight. A good chem-
ical match between the cluster and Gjoll has been found
by Hansen et al. (2020), based on the abundance anal-
ysis of four kinematic members of the stream. See also
Bianchini et al. (2019), S20 and Kunder et al. (2014) for
previous additional detections on small scales or based
on small samples.

M68 (NGC 4590): Palau & Miralda-Escudé (2019)
associated this cluster with the Fjorm stream, providing
a detection, based on Gaia DR2, fully consistent with
that presented here. The cluster is P20 class G1, and
the stream was detected also by S20.

wCen: The most massive global cluster in the Milky
Way has long been suspected to be the remnant of
the central nucleus of an accreted galaxy (Majewski
et al. 2000) because of its significant metallicity spread
(e.g. Johnson & Pilachowski 2010) and because its kine-
matics vary as a function of abundance (Bellini et al.
2018), which strongly suggest a protracted formation
history. A well-populated 28° long tidal stream emanat-
ing from wCen was detected in Gaia DR2 data (Ibata
et al. 2019a), although at b < 25° the STREAMFINDER
was unable to find the continuation of the stream, so a
matched-filter technique was used instead with a further
kinematic selection informed by an N-body model. The
present Gaia EDR3 results are consistent with that ear-
lier analysis associating the “Fimbuthul” stream with
this cluster, but now with EDR3 we are able to directly
detect member stars with the STREAMFINDER software to
b = 10°. In future work we will continue to search for
the stream closer to the Galactic plane. P20 class G1.

NGC 5466: We find the same structure that was orig-
inally discovered by Belokurov et al. (2006a) and Grill-
mair & Johnson (2006). Here we trace the stream from
(ar,0) ~ (225°,21°) to (a,d) ~ (212°,30°), just beyond
the position of the cluster, while the detection by Grill-
mair & Johnson (2006) extends to a ~ 190° and possibly
beyond (see Lux et al. 2012). P20 class G1.

Palomar 5: Ever since Odenkirchen et al. (2001) first
revealed the massive tidal tails emanating from this ob-
ject, Palomar 5 has been considered the “poster child”
(Kiipper et al. 2015) for the disruptive effect of tidal
stripping on globular clusters. Using Gaia DR2 data
Starkman et al. (2020) detected this system over ~ 27°,
extending the leading arm by ~ 7° compared to the deep
CFHT photometric mapping by Ibata et al. (2016). The
present detection in Gaia EDR3 finds a 21° long struc-
ture with 100 stream members. The cluster is not listed
by P20.
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M5 (NGC 5904): Grillmair (2019), using Gaia DR2
data, detected an extended tail in excellent agreement
with our finding. P20 class G1.

N6101: A highly significant narrow stream extending
for about 10° in the sky. We are not aware of any pre-
vious detection. Not included in the P20 list.

NGC 6397: With Gaia EDR3 data, we find a well-
populated stream over 25° in length, substantially ex-
tending earlier detections of extra-tidal stars by Leon
et al. (2000) and Kundu et al. (2021), within 100" and
5° of the cluster center, respectively. The cluster is not
included in the list compiled by P20. Recent Jeans mod-
elling of NGC 6397 suggests that it may contain a popu-
lation of black holes at its core (Vitral & Mamon 2021),
while its survival to the present day without forming
a conspicuous stream appears to be difficult to explain
unless it has been protected by a dark matter sub-halo
(Boldrini & Vitral 2021). Our new observational con-
straints may help inform this debate.

M92 (NGC 6341): Despite the G3 class assigned to
this cluster by P20, S20 detected the tail within 5 de-
grees from the center and Thomas et al. (2020) traced
the cluster stream with deep CFHT and Pan-STARRS
photometry over 17 degrees. We are clearly detecting
the structure here, approximately with the same exten-
sion as Thomas et al. (2020).

NGC 7089: This cluster presents an extended (22°)
and narrow stream. It was not detected by S20, and it
is not included in the P20 list. An extra-tidal component
on small scales (< 2.0°) was reported by Grillmair et al.
(1995).

7. DISCUSSION AND CONCLUSIONS

We have embarked on a large program to detect and
characterize the stellar streams of the Milky Way so as
to finally employ them as a means to constrain the prop-
erties of dark matter and compare the merits of differ-
ent theories of gravity. The first step of this endeavor
was the development of an optimized search tool, the
STREAMFINDER (Malhan & Ibata 2018) to hunt through
astrometric datasets. Initial results of the application of
that algorithm to Gaia DR2 were reported in Malhan
et al. (2018) and Ibata et al. (2019b).

In this contribution we first presented the stream sam-
ple (Figure 1) that we constructed as the foundation for
a high-resolution spectroscopic follow-up campaign con-
ducted from 2018-2020 with CFHT/ESPaDOnS in the
northern hemisphere and ESO/UVES in the south. The
source catalog of 5960 stars, along with the radial veloc-
ity measurements for 685 of this set, are provided in
Table 1. We find that all of the detected streams have
coherent kinematics, as expected.

We have taken the opportunity of the very recent pub-
lication of the EDR3 catalog of the Gaia mission to up-
date further our view of the ancient accretions onto the
Milky Way. EDR3 provides a significant improvement
in astrometric quality over DR2, which causes streams
to be tighter and hence higher-contrast features in the
parameter space of observables (Figure 9).

We find nine new streams without an obvious pro-
genitor (2 in our DR2 search, and 7 additional ones in
the EDR3 survey), ranging in distance from ~ 3kpc to
~ 20 kpe. Our choice to filter sources with /2 + p2 <
1mas/yr undoubtedly biasses us against finding very
distant structures. The filter was applied to avoid con-
tamination from the numerous sources that appear close
to being at rest. We have already upgraded the al-
gorithm (Ibata et al. 2020b) to be able to use ancil-
lary multi-band photometric data (such as from Pan-
STARRS), which may allow us to avoid the proper mo-
tion filter and thus search for more distant streams with
our technique. This will be investigated in future work.

Since the pioneering work of Grillmair et al. (1995)
and Leon et al. (2000), an ever-increasing list of globu-
lar clusters have been found to possess tidal tails (e.g.,
Odenkirchen et al. 2001; Ibata et al. 2019a; Palau &
Miralda-Escudé 2019; Bianchini et al. 2019; Thomas
et al. 2020; Sollima 2020). The present work reveals that
at least 15 clusters have exceedingly long tidal tails with
numerous member stars measured with exquisite astro-
metric precision in the Gaia DR2 and EDR3 catalogs.
These structures are clearly ideal candidates for probing
the Galactic potential, especially since it will be possible
to anchor their absolute distances to excellent accuracy,
and the relative distances can also be measured very
well because the cluster provides a perfect stellar pop-
ulations template for the stream. They are (in order of
increasing right ascension of the remnant cluster): NGC
288, NGC 1261, NGC 1851, NGC 2298, NGC 2808,
NGC 3201, M 68, wCen (the most massive globular
cluster), NGC 5466, Palomar 5, M 5, NGC 6101, M 92,
NGC 6397 (the closest globular cluster), and NGC 7089.
Studying how these clusters managed to survive until
the present day in the complex environment of the Milky
Way may place interesting constraints on the dynami-
cal evolution of the clusters and the mass distribution
of their host.

Gaia has opened up a spectacular vista onto the Milky
Way’s halo, revealing a lacework of criss-crossing ancient
and ongoing accretions that testify to the violent forma-
tion history of our Galactic home. As we turn from the
halo towards the inner Galaxy, the weave becomes yet
more complex, resembling a ball of wool (Figure 11). It
will clearly take some effort to disentangle these struc-
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tures, but now, finally with Gaia such an endeavor is
becoming possible. In future contributions in this series,
we will attempt to decipher this rich trove, presenting
the detailed chemical abundances of the streams, devel-
oping N-body models of each structure, and performing
a conjoint analysis of their constraints on the large- and
small-scale Galactic acceleration field.
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