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Abstract

We report the discovery of a 75°-long stellar stream in the Gaia DR2 catalog, found using the new
STREAMFINDER algorithm. The structure is probably the remnant of a now fully disrupted globular cluster, which
lies ≈3.8 kpc away from the Sun in the direction of the Galactic bulge and possesses highly retrograde motion. We
find that the system orbits close to the Galactic plane at Galactocentric distances between 4.9 kpc and 19.8 kpc. The
discovery of this extended and extremely low surface brightness stream (ΣG∼ 34.3 mag arcsec−2), with a mass of
only 2580±140Me, demonstrates the power of the STREAMFINDER algorithm to detect even very nearby and
ultra-faint structures. Due to its proximity and length, we expect that Phlegethon will be a very useful probe of the
Galactic acceleration field.
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1. Introduction

The arrival of the second data release (DR2) of the Gaia
mission has opened up the field of Galactic archeology to
exciting new endeavors that were previously completely out of
reach. The excellent parallax and proper motion measurements
(Gaia Collaboration et al. 2018d) of over a billion stars now
allow the the dynamics of the various constituents of our
Galaxy to be studied in great detail (Gaia Collaboration
et al. 2018b, 2018c), enabling progress toward the ultimate goal
of understanding the formation of our Galaxy, its stellar
components, and the dark matter.

Among the Galactic components, stellar streams account for
only a very minor fraction of the total mass budget, yet their
astrophysical interest far exceeds their small contribution to our
Galaxy. This importance stems partly from the fact that they
represent fossil remnants of the accretion events that built up
the Milky Way, giving us a means to ascertain the number and
provenance of the building blocks of the Galactic halo
(Johnston et al. 2008). Streams also roughly delineate orbits
in the Galaxy, allowing one to probe the gradient of the
gravitational potential (Ibata et al. 2001; Law & Majewski
2010; Varghese et al. 2011; Küpper et al. 2015; Bovy et al.
2016; Bonaca & Hogg 2018) in a way that is independent of
methods that make the often unjustified assumption of
dynamical equilibrium of a tracer population. Furthermore,
the low-velocity dispersion and fine transverse width of low-
mass streams renders them excellent probes of the small-scale
substructure of the dark matter halo (Ibata et al. 2002; Johnston
et al. 2002; Carlberg 2012; Erkal et al. 2016).

In a previous contribution, we introduced a new algorithm
(the STREAMFINDER; Malhan & Ibata 2018, hereafter Paper I)
that was built specifically to search efficiently through
astrometric and photometric databases for stream-like struc-
tures. The first results of this algorithm applied to Gaia DR2
were presented in Malhan et al. (2018, hereafter Paper II), but
were limited to distances >5 kpc, a choice that we made in
order to reduce the necessary calculation time. Here, we
describe a discovery based upon re-running the algorithm
searching for stellar streams at distances between 0.5 kpc
and 5 kpc.

The layout of this article is as follows. Section 2 explains the
selection criteria that were applied to the data and briefly
summarizes the detection algorithm and adopted parameters.
The results of the analysis are reported in Section 3. We present
a refined fit to the stream in Section 4, and our discussion and
conclusions are in Section 5.

2. Data and Stream Analysis

All the data used in the present analysis were drawn from the
Gaia DR2 catalog (Gaia Collaboration et al. 2016, 2018a). As
described in Paper II, we extinction-corrected the survey using
the Schlegel et al. (1998) dust maps and kept only those stars
with G0<19.5; this limiting magnitude ensures a homo-
geneous depth over the sky, given the additional selection
criterion of choosing to analyze the sky at b 20> ∣ ∣ .
A full exposition of the updated STREAMFINDER algorithm

and contamination model will be provided in R. Ibata et al.
(2018, in preparation), which includes a demonstration that
shows that real structures are easily distinguishable from false
positives. Briefly, the algorithm works by examining every star
in the survey in turn, sampling the possible orbits consistent
with the observed photometry and kinematics, and finding the
most likely stream fraction given a contamination model and a
stream model. The adopted contamination model is identical to
that built for Paper II. It is an empirical model in sky position,
color–magnitude, and proper motion space (i.e., six-dimen-
sions) constructed by spatially randomizing the Gaia counts
with a 2° Gaussian. While the correlations between sky
position and color–magnitude are recorded as binned arrays,
the color–magnitude and proper motion information is
condensed by the use of a 100-component Gaussian mixture
model in each spatial bin.
The adopted stream model is very simple: we integrate along

the sampled orbits for a half-length of 10° (i.e., a total length of
20°), and over this length the stream counts have uniform
probability. Perpendicular to the stream model, the properties
of all observables are taken to be Gaussian, so the model has a
Gaussian physical width (selected here to be 100 pc), a
Gaussian dispersion in both proper motion directions equiva-
lent to 3 km s−1, and a dispersion in the distance modulus of
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0.05 mag. These width and velocity dispersion parameters are
similar to the properties of known globular cluster streams,
such as the Palomar5 stream (Dehnen et al. 2004; Ibata
et al. 2016), while the distance modulus dispersion was adopted
to allow for a small mismatch between the color–magnitude
behavior of the adopted stellar populations model and that of
the real stellar population.

The STREAMFINDER requires a model of the Galactic
potential in order to calculate orbits; for this, we use the
realistic Milky Way mass model of Dehnen & Binney (1998),
their model “1.” The algorithm returns the best-fit orbit out of
the sampled set for a given data point, the number of stars in
the corresponding putative stream, and the likelihood value
relative to the model where the stream fraction is zero. All stars
shown below have likelihoods equivalent to a stream detection
exceeding the 8σ level.

To convert the kinematics of the integrated orbits into the
space of observables, we assume that the Sun lies 8.20 kpc
from the Galactic center and 17 pc above the Galactic midplane
(Karim & Mamajek 2017), at which the local circular velocity
is Vcirc=240 km s−1, and at which the peculiar velocity of the
Sun is (ue, ve, we)=(9.0, 15.2, 7.0) km s−1 (Schönrich et al.
2010; Reid et al. 2014).

The main aim in developing the STREAMFINDER was to try
to find distant halo streams for which the Gaia parallax
measurements are poor. To circumvent this deficiency, we use
stellar populations models to convert the measured photometry
into trial line-of-sight distance values. To this end, we adopted
the PARSEC isochrone models (Bressan et al. 2012), covering
a range in age and metallicity. Here, however, we report results
using a single model with an age of 10 Gyr and a metallicity of
[Fe/H]=−1.4.

The stream solutions found by the STREAMFINDER
automatically include the best-fit orbit over the trial stream
length, from which one can naturally obtain an estimate of the
sense of rotation of the survey stars with respect to the Galaxy.
This is possible because the algorithm finds a value for the
missing line-of-sight velocity information of a star in the Gaia
DR2 catalog by requiring continuity to nearby stream
candidates. The radial velocity is sampled between±the
escape velocity, and the value corresponding the the maximum-
likelihood stream solution is retained. We showed in Paper II
that this works for the case of well-measured streams such as
GD-1 (Grillmair & Dionatos 2006). We use this orbital
information to classify stars as either prograde or retrograde.

3. Results

In Figure 1 (top panel), we show the 358 stars in the Gaia
DR2 catalog for which the STREAMFINDER solutions are
retrograde in the area of sky −40°<ℓ<90°, −70°<b<
−20°. The parameter choices discussed previously were used.
The color of the points encodes the tangential velocity, vtan, of
the stars, derived from the measured proper motions and the
distances estimated by the algorithm. A stream feature is
clearly present in this retrograde sample, which becomes even
more evident when selecting only those stars with
vtan>250 km s−1; this filtering yields 330 stars, as shown on
the bottom panel. We name this stream “Phlegethon,” after the
river of the Greek underworld. This structure forms a ∼75°-
long arc, skirting, in projection, the southern regions of the
Bulge.

In Figure 2, we display the proper motion distribution of this
sample of 330 candidate stream stars, which reveals a
continuous structure with a very large gradient in the proper
motion. The arc-like feature is highlighted with large (circled)
dots, which are colored according to the Galactic longitude; the
continuous variation in color demonstrates the coherence in
these three parameters. These stars were selected by simply
drawing an irregular polygon in the μℓ, μb plane around this
visually obvious grouping. The distribution on the sky of the
321 sources selected in that arc are shown in Figure 3, which
reveals a very clean stream-like feature. The proper motions in
μℓ (top panel) are strongly negative, meaning that the stars
move toward the right in the figure. Since the distance solutions
provided by the algorithm predict that the structure is located at
a mean heliocentric distance of 3.57±0.28 kpc, the stars must
be strongly lagging the Sun. Indeed, toward ℓ=15°, the proper
motion in the longitude direction reaches μℓ=−38 mas yr−1,
implying a tangential velocity of vtan∼640 km s−1 with
respect to the observer. The proper motions in the Galactic
latitude direction μb (bottom panel) can be seen to be consistent
with the motion away from the plane moving rightward from
ℓ=70°, reaching μb=0 at ℓ∼15°, and then the stars start
moving toward the Galactic plane at ℓ<15°.
If the structure is really as close as the STREAMFINDER

software predicts it to be, its distance should be easily
resolvable with Gaia’s parallax measurements. We display
the parallaxes ϖ, along with their uncertainties δϖ, in Figure 4.
We implemented a simple maximum-likelihood algorithm to

Figure 1. Output of the STREAMFINDER software in the distance range [0.5,
5.0] kpc over the region of sky −40°<ℓ<90°, −70°<b<−20°,
assuming a stellar population of age 10 Gyr and [Fe/H]=−1.4. Only those
stars that have retrograde orbital solutions are plotted, and for which the stream
detection significance is greater than 8σ. The top panel shows the full range of
tangential motions, while the bottom panel retains only those stars with
vtan>250 km s−1. A clear stream, labeled “Phlegethon,” is detected as a
continuous linear structure in the panels. The color of the points marks the
tangential velocity of the stars, calculated using the observed Gaia proper
motion in conjunction with the distance solutions that the algorithm derives for
every processed star.
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calculate the mean parallax, assuming individual Gaussian
parallax uncertainties on each star. The mean parallax was
found to be 0.266 0.008 masvá ñ =  , i.e., ∼3.8 kpc in
distance, which is in excellent agreement with the mean
distance of the STREAMFINDER solutions.

The color–magnitude distribution of the 321 stars in the
sample is displayed in Figure 5. These can be seen to conform

well to the input template stellar population model, with most
stars lying on the main sequence and just a handful on the
lower red giant branch. Given that the stream is approximately
75° long and 4° wide, we deduce a system surface brightness of
ΣG=34.3 mag arcsec−2. Adopting the template stellar popu-
lation model, and accounting for the fainter (unobserved) stars,

Figure 2. Proper motion distribution of the sample of stars in the bottom panel
of Figure 1. The color of the points marks the Galactic longitude, which can be
seen to vary continuously along the arc-shaped feature in this distribution. This
distinct structure was selected to lie within an irregular, hand-drawn polygon in
this proper motion plane; the resulting sample is shown with the larger (black
circled) dots.

Figure 3. Sky distribution of the selection of 321 stars drawn from Figure 2. A
very clean stream-like structure is revealed by the proper motion selection. The
proper motion distribution along the stream in Galactic μℓ and μb are color-
coded on the top and bottom panels, respectively. The continuity of the proper
motion distribution is directly obvious from the individual proper motion
measurements. The dashed line in the top panel shows the path of the best-fit
orbit described in Section 4.

Figure 4. Parallax distribution of the stars selected in Figure 2. A maximum-
likelihood fit to these 321 stars gives a mean parallax of 0.266vá ñ = 
0.008 mas, implying that the structure lies at a mean distance of ∼3.8 kpc.

Figure 5. Color–magnitude distribution (CMD) of the sample selected in
Figure 2. The dots show the dereddened Gaia G vs. GBP−GRP photometry of
the stars in the stream. By construction, these should follow the chosen
template stellar population model (green line), but it is nevertheless a useful
check to verify that the stars are not clumped in an unphysical way on the
CMD. The Padova model shown here has been shifted to account for a distance
modulus of 12.88mag, as measured in Figure 4.
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implies a mass of 2580±140Me over the observed region,
where we have assumed that the Gaia DR2 is complete to
G0=19.5.

By good fortune (and after the initial submission of this
contribution), we realized that two stars out of the 321 candidate
stream stars selected in Figure 2 have spectroscopic observations in
the Sloan Digital Sky Survey (SDSS)/Segue (DR10) survey
(Yanny et al. 2009). These two members (with SDSS “specobjid”
identifiers 1712619976675846144 and 2210282052404747264)
are shown on the bottom panel of Figure 7. These objects
have heliocentric radial velocities of −318.4±10.4 km s−1 and
−301.2±4.6 km s−1, respectively. They both lie very close to
one another (ℓ= 54°.4 and ℓ= 54°.2, respectively). While the
metallicity of the first star is unconstrained, the second star has a
measured spectroscopic metallicity of [Fe/H]=−1.56±0.04,
similar in value to the stellar populations template used here.

4. Refined Orbital Fits

Although STREAMFINDER fits the orbits of the putative
streams, it is designed for stream detection rather than for
careful fitting. We, therefore, updated the Lagrange-point
stripping method described in Varghese et al. (2011), but now
use the measured proper motions and parallax information as
constraints. The measured radial velocities of the two SDSS
stars were also used in the fitting procedure. We dealt with the
missing radial velocity information for the remaining 319 stars
by assigning them all a velocity of zero, but with a Gaussian
uncertainty of 104 km s−1. We also updated the fitting
procedure to use a custom-made Markov Chain Monte Carlo
(MCMC) driver package, discussed previously in Ibata et al.
(2013), which uses the affine-invariant ensemble sampling
method of Goodman & Weare (2010). Since we do not know
the location of the progenitor remnant, we ignored the self-
gravity of the stream in the modeling, i.e., we fitted orbits over
the full length of the detected structure.

The fitting parameters are sky position α, δ, distance d,
heliocentric velocity vh, and proper motions μα, μδ. We chose
to anchor the solutions at δ=−27°, approximately half-way
along the stream, leaving all other parameters free to be varied
by the algorithm (obviously, without an anchor line, the
solution would have wandered over the full length of the
stream).

After rejecting a burn-in phase of 105 steps, the MCMC
procedure was run for a further 106 iterations. The best-fit orbit
is shown in Figure 6, integrated over a period of 2 Gyr in the
same Dehnen & Binney (1998) model employed above for
stream detection. The red region marks the part of the orbit
where we have currently detected the structure. The orbit is
disk-like, but is strongly retrograde, possessing an apocenter at
R=19.8±0.3 kpc, a pericenter at 4.94±0.01 kpc, and a
maximum height from the Galactic plane of 7.1±0.1 kpc. As
we show in Figure 7, the orbit fits the Gaia proper motions and
parallax data very well, and we predict a very large heliocentric
velocity gradient along the length of the stream (the bottom
panel). The physical length of the currently observed portion of
the stream is ∼5.3 kpc.

5. Discussion and Conclusions

In this paper, we present the discovery of a new stream
structure, which we named Phlegethon, found in the recently
released Gaia DR2 data set. Phlegethon, which lies close to the

Sun at a mean heliocentric distance of 3.8 kpc, possesses highly
retrograde orbital motion. Two of the stars in our Gaia sample
have measured radial velocities in the SDSS/Segue DR10
catalog; these objects confirm the reality of the new stream, and
the additional information was used to improve slightly the
orbital fits. The rms dispersion of the stream perpendicular to
the fitted orbit is 1°.4, corresponding to 88 pc at that
heliocentric distance (for a comparison, the Palomar 5 stream
has a dispersion of 58 pc; Ibata et al. 2016). This implies that
the Phlegethon stream must be the remnant of a disrupted
globular cluster rather than of a dwarf galaxy.
To ascertain whether Phlegethon could be related to any

surviving globular cluster, in Figure 8 we compare the orbital
properties (the z-component of the angular momentum, Lz, and
the pericenter distance) of this stream with the globular cluster
sample recently analyzed by Gaia Collaboration et al. (2018b).
We have labeled certain well-known retrograde globular
clusters. Phlegethon clearly has extreme properties (Lz=
1769± 8 km s−1 kpc in the adopted model of the Galactic
potential), and only NGC3201 has a larger value of Lz. Most
importantly, however, this analysis indicates that there are no
known globular clusters with similar dynamical properties to
this stream, so the progenitor has probably not survived
(unless, by chance, it is hidden in the Galactic disk).
The very low mass of 2580±140Me that we measure here,

and the old stellar population age, raise an interesting puzzle.
Clearly, dynamical friction must have been completely
unimportant in affecting the orbit of the globular cluster
progenitor, unless it arrived as part of a much more massive
system, such as a dwarf galaxy. But the absence of a large
population of stars with similar retrograde orbits suggests that
this was not the case. Thus, it would seem that the progenitor
must have formed early in the life of the Milky Way and
continued orbiting in this disk-like, but retrograde, manner. At
some point over the last 10 Gyr (which is the age of the stellar
population as suggested by the CMD properties of the stream),
the progenitor became unbound and began forming the stream
we have detected. It will be interesting to simulate this system
to determine the dynamical age of the stream, and given its

Figure 6. Orbital path of the Phlegethon stream. The MCMC procedure
described in the text was used to fit the full sample simultaneously, yielding the
best-fit orbit shown here. The x–y plane is shown on the left panel, and the R–z
is shown on the right panel, with the blue dots showing the path 1 Gyr into the
past and 1 Gyr into the future. The short red region corresponds to the area
where the observed stream stars are currently located. The progenitor clearly
stayed close to the plane of the Galaxy on a retrograde tube orbit. In this
Cartesian system, the Galactic center is at the origin, and the Sun (marked with
a large yellow dot) lies at (x, y, z)=(−8.2, 0, 0.017) kpc.
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smooth appearance on the sky (Figure 3), to examine the
expected effect of heating by dark matter subhalos and the
repeated crossings every ∼200Myr of the dense inner regions
of the Galactic disk.

It may prove very rewarding to hunt over the sky for stars
with similar orbital properties. This would increase the lever-
arm for orbital-fit analyses, allowing one to better test Galactic
mass models. It will also allow improved constraints to be
placed on the initial mass of Phlegethon’s progenitor.

The detection of Phlegethon shows that the STREAMFIN-
DER algorithm can be successfully employed to find even
nearby structures of exceedingly low surface brightness
(ΣG∼ 34.3 mag arcsec−2). So far, in Paper II and in the present
contribution, we have analyzed only a small part of the
parameter space of possible stream structures; our next efforts
will focus on expanding the search criteria and trying to explore
further these fossil remnants in the Milky Way by examining

their implications for galaxy formation and the dark matter
problem.
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ing in the Gaia Multilateral Agreement.
R.A.I. and N.F.M. gratefully acknowledge support from a

“Programme National Cosmologie et Galaxies” grant. E.S.
gratefully acknowledges funding by the Emmy Noether
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