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4 Instituto de Astrofı́sica, Pontificia Universidad Católica de Chile, Av. Vicuña Mackenna 4860, 782-0436 Macul, Santiago, Chile
5 Millennium Institute of Astrophysics, Av. Vicuña Mackenna 4860, 782-0436 Macul, Santiago, Chile
6 Department of Physics, University of Surrey, Guildford, GU2 7XH, UK
7 McWilliams Center for Cosmology, Carnegie Mellon University, 5000 Forbes Avenue, Pittsburgh, PA 15213, USA
8 Departamento de Ciencias Fisicas, Universidad Andres Bello, Fernandez Concha 700, Las Condes, Santiago, Chile
9 Departamento de Astronomia, Universidad de Concepcion, Casilla 160-C, Concepcion, Chile
10 Center for Computational Astrophysics, Flatiron Institute, 162 5th Avenue, 10010, New York, NY, USA

arXiv:1711.09103v2 [astro-ph.GA] 5 Sep 2018

2 Institute

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT

We report the discovery of a thin stellar stream - which we name the Jet stream - crossing the constellations of Hydra and Pyxis. The discovery was made in data from the
SLAMS survey, which comprises deep g and r imaging for a 650 square degree region
above the Galactic disc performed by the CTIO Blanco + DECam. SLAMS photometric catalogues have been made publicly available. The stream is approximately 0.18
degrees wide and 10 degrees long, though it is truncated by the survey footprint. Its
colour-magnitude diagram is consistent with an old, metal-poor stellar population at
a heliocentric distance of approximately 29 kpc. We corroborate this measurement by
identifying a spatially coincident overdensity of likely blue horizontal branch stars at
the same distance. There is no obvious candidate for a surviving stream progenitor.
Key words: Galaxy: halo - stars: general - surveys - catalogues
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INTRODUCTION

Stellar streams are the relics of satellite galaxies or globular
clusters disrupting in the tidal field of their host (Newberg
& Carlin 2016), predicted by hierarchical theories of structure formation whereby galaxies grow through mergers of
smaller units (Lynden-Bell & Lynden-Bell 1995). Roughly
a dozen examples have been discovered in the Milky Way
(MW), supporting hierarchical growth models and, in addition, offering a way to answer two crucial questions about
the MW: What is the large-scale mass distribution of its
dark matter halo (Johnston et al. 1999)? Does it contain
low-mass dark matter subhalos (Ibata et al. 2002; Johnston
et al. 2002)? Though streams have provided the strongest
constraints to-date on the halo mass distribution (e.g. Koposov et al. 2010a; Law & Majewski 2010; Gibbons et al.
2014; Bowden et al. 2015; Küpper et al. 2015; Bovy et al.
2016), the existence of low-mass subhalos remains an open,
important question.
The ΛCDM cosmological model predicts that the MW
halo contains hundreds of thousands of subhalos (Diemand
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et al. 2008; Springel et al. 2008), the majority of which are
predicted to be too low-mass to host any baryonic counterpart (Ikeuchi 1986; Rees 1986). Thin stellar streams in
the Galactic halo may provide the first evidence for such
a population, the basic idea being that a subhalo interaction can induce an observable density perturbation – a gap
– in the stream. Though the theory behind gap formation
is well developed (Yoon et al. 2011; Carlberg 2012; Erkal &
Belokurov 2015; Sanders et al. 2016), a difficulty in unambiguously establishing the existence of low-mass subhalos is
that streams in the inner-halo may also be perturbed by giant molecular clouds (Amorisco et al. 2016) or by the Milky
Way bar (Erkal et al. 2017; Pearson et al. 2017). Both of
these possibilities are a relevant concern for the gaps and
density perturbations discovered in the Pal 5 stream (Carlberg et al. 2012; Bovy et al. 2017; Erkal et al. 2017). Finding
thin stellar streams in the outer halo, where interloping perturbers are less common, is therefore an important step to
test an outstanding prediction of ΛCDM.
We recently carried out a mini survey which led to the
fortuitous discovery of a thin stellar stream in the outer
halo, which we name the Jet stream. The survey, dubbed
the Search for the Leading Arm of Magellanic Satellites
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Figure 1. False-colour map of the density of stars with 0.1 < g −
r < 0.45 from the SLAMS survey. Density in different magnitude
ranges is shown using different colour channels: red 20.5 < r <
23.0, green 17.5 < r < 20.5 and blue 15.0 < r < 17.5. The newly
discovered stream is labelled. The dotted line shows the future
orbit of the LMC, calculated using Kallivayalil et al. (2013) proper
motions, which is roughly aligned with the orientation of the Jet
stream. The green/blue colour gradient along the southern edge
is due to the varying distance distribution of MW disk stars.

(SLAMS), was proposed to look for satellites of the Magellanic Clouds, testing a prediction from Jethwa et al. (2016)
that some Magellanic satellites should reside in a leading
arm, preceding the Clouds. No such satellites were discovered, however, a null result which will be discussed in a future work. In this work we present the SLAMS survey and
the stream discovery: we describe the survey and data reduction in Section 2, present the stream and its properties
in Section 3, discuss possible stream progenitors in Section
4, then summarise our conclusions in Section 5.

2

DATA

SLAMS is a 650 deg2 optical survey conducted using DECam on the 4-m Blanco telescope at Cerro Tololo InterAmerican Observatory in Chile. DECam’s 2.2 degree field of
view is amongst the widest available for ground-based optical imaging, making it well suited to efficiently image the
desired region. The survey footprint was designed to enclose
the predicted location of Magellanic Cloud satellites (Jethwa
et al. 2016), and it is bordered on the southern edge by a line
of roughly constant Galactic latitude b = 10◦ , and on the
northern edge by the footprint of the VST ATLAS survey
(Shanks et al. 2015). Roughly half the region is covered by
the Pan-STARRS survey (Kaiser et al. 2002) however, as we
shall show in Section 3.1, this did not reach sufficient depth
for our requirements.
Data were taken over four half nights in the 2016B
semester, between 30-31 December 2016 and 30-31 January

2017. The survey footprint was covered with a single, undithered tiling, consisting of one 90 second exposure in the
DES g-band and a co-located 90 second exposure in the DES
r-band. These exposure times were chosen to reach a 10σ
limiting magnitude of ∼ 22.5 mag in both filters, only 0.5
mag shallower than the depth achieved in the first two years
of DES data. The survey consists of ∼ 500 exposures over an
area of 650 deg2 , with 13% of the area covered by multiple
exposures, giving an almost complete coverage (> 95%) of
the footprint.
Observing conditions were variable, with seeing in the
range 0.8-2.2”, with a median of 1.0”. Ten exposures suffered seeing conditions worse than 1.6” and enhanced sky
brightness due to close-to-twilight observation times. Other
than these, the desired depth was achieved for the rest of
the survey. Processed images and weight maps were downloaded from the NOAO Science Archive. These processed
images, delivered by the DECam pipeline, have been bias,
dark and flat-field calibrated as well as cross-talk corrected,
whilst WCS astrometry is also provided.
To extract catalogues from the processed images we followed the recipe described in Koposov et al. (2015) which
was used to process DES images, and makes extensive use of
the SExtractor and PSFEx routines (Bertin & Arnouts 1996;
Bertin 2011; Annunziatella et al. 2013). The steps taken were
to (i) run SExtractor on the image files with the provided
weight maps for fast source extraction, (ii) generate a model
of the point spread function (PSF) by running PSFEx on each
CCD chip, (iii) run SExtractor again, now with the PSF
model, to determine PSF_MAG magnitudes, (iv) ingest the resulting catalogues into a PostgreSQL database and create
Q3C spatial indices (Koposov & Bartunov 2006) to speed up
spatial querying, and (v) remove duplicate catalogue entries
from overlapping fields by performing a 100 auto-cross-match
and retaining only the entry with minimum photometric error.
Photometric calibration was performed by crossmatching between catalogues from SLAMS and APASS DR9
(Henden et al. 2015), restricting to mAPASS > 16.5 mag to
avoid saturated stars. Zero points were calculated per-field
as the median photometric offset with respect to APASS,
then an additional correction was made per CCD chip by
combining all fields and calculating the median offset per
chip. We estimate the photometric precision by comparing
duplicate measurements of an object taken from overlapping
exposures. The resulting photometric precision is 45 mmag,
as defined by taking the best-fitting Gaussian, σ, to the distribution of photometric offsets between duplicate pairs.
The final source catalogue1 is compiled by combining
g and r bands using a 100 matching radius. We derived extinction corrected magnitudes using DES bandpass-specific
extinction coefficients from Schlafly & Finkbeiner (2011),
assuming a RV = 3.1 reddening law, and the associated
E(B − V ) reddening values from Schlegel et al. (1998) interpolated at the position of each star. All magnitudes shown
henceforth are extinction corrected. We perform star-galaxy
separation using the criterion that stars must satisfy
|SPREAD_MODEL| < 0.003 + |SPREADERR_MODEL|,

1

(1)

available at zenodo.org/record/1344449
c 2017 RAS, MNRAS 000, 1–10
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THE JET STREAM

The Jet stream was fortuitously discovered through visual
inspection of SLAMS stellar density maps. It is visible in
Figure 1 as the linear overdensity, whose red colour indicates
that the stream stars preferentially lie at faint magnitudes.
For the initial characterisation, we therefore adopt a correspondingly faint colour-magnitude selection box to enhance
the stream signal: 0.1 < g − r < 0.4, 21 < r < 23. We will
also transform into a great circle co-ordinate system (φ1 , φ2 )
aligned with the stream. To find this, we use a least squares
optimisation routine to determine the pole which maximises
the number of SLAMS stars with latitude |φ2 | < 1◦ which
lie inside the colour magnitude box given above. This pole is
given in Table 1. With no obvious progenitor to set the zeropoint, we choose φ1 = 0 to intersect the line R.A.=138.789◦ ,
crossing the centre of the detected section of stream. With no
obvious stream progenitor to set the lonigitude zero-point,
we place φ1 = 0 at the center of the detected portion of
stream, namely (R.A., Dec.)=(138.789◦ , −21.903◦ ).
Figure 2 shows the transformed stellar density map. The
top left panel shows density using the simple colour magnitude selection. The right panel shows star counts integrated
over φ1 , with the stream appearing as a significant overdensity at φ2 = 0◦ . We model the integrated stellar density as
the sum of a linear background and a Gaussian component
centred at φ2 = 0◦ ,

2 !
1
1 φ2 − 0
n(φ2 ) = p0 + p1 φ2 + N q
. (2)
exp −
2
σ φ2
2πσ 2
φ2

We fit this model to stars with φ1 in [−6◦ , 5.5◦ ], avoiding
the range [5.5◦ , 6◦ ] where there is significant incompleteness.
We infer a width σφ2 = (0.18 ± 0.02)◦ and N = 1620 ± 200
stars comprising the stream. The central values are the maximum likelihood solution, found using downhill simplex optimisation, and the uncertainties are calculated via Markov
Chain Monte Carlo sampling of the posterior probability
density function (PDF) assuming uniform uninformative
priors. These basic properties are summarised in the top
section of Table 1.
c 2017 RAS, MNRAS 000, 1–10
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in both g and r bands . This criterion is shown in Koposov
et al. (2015) to provide a good balance between completeness
and purity at the faint end.
Figure 1 illustrates the quality of the resulting catalogue. It shows a density map of stars in the colour range
0.1 < g − r < 0.45, where the red, green and blue image
colour channels correspond to magnitude ranges 20.5 < r <
23.0, 17.5 < r < 20.5 and 15.0 < r < 17.5 respectively. Some
defects are apparent. A handful of fields suffered from poor
observing conditions, most clearly visible as the ∼ 2◦ diameter dark patches centred at (R.A.,Dec.) = (146◦ , −32◦ ) and
(145◦ , −18◦ ). Additionally, sub-degree sized inter-field gaps
are visible throughout the entire footprint, a consequence of
our decision to perform un-dithered exposures in order to
maximise sky coverage. Aside from these defects the density
distribution appears uniform, attesting to the survey’s good
photometric stability and robust star-galaxy separation. The
blue and green regions along the southern edge of the image
show the increasing contribution of nearby disk stars.
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Figure 2. Jet stream density. Top left panel shows SLAMS stellar density in the given colour magnitude box, rotated into stream
co-ordinates. The black histogram in the top right panel shows
star counts integrated along φ1 between [−6◦ , 5.5◦ ], the red line
shows a maximum likelihood model consisting of a linear background model and a Gaussian with a width of σφ2 = 0.18◦ . The
bottom panel shows the density after applying a matched filter
based on the best fit isochrone.

Table 1. Stream properties. Central values and error-bars (where
given) correspond to maximum likelihood values and the 95%
credibility intervals of the posterior PDF. The top section shows
basic properties, the middle section shows results from CMD fits,
and the bottom section shows other derived constraints.
Property
φ1 range
Stream start (R.A., Dec.)
Stream end (R.A., Dec.)
Pole (R.A., Dec.)
Width (Gaussian σ, on-sky)
m−M
M∗
Age
log Z/Z
Distance
Width (Gaussian σ, physical)

3.1

Value
−6◦ to 5.5◦
(134.671◦ , −26.584◦ )
(142.329◦ , −17.526◦ )
(64.983◦ , 34.747◦ )
0.18 ± 0.02
17.28+0.05
−0.07
25 ± 2
12.1+0.9
−0.3
−1.7+0.1
−0.3
28.6+0.7
−0.9
90 ± 10

Unit
deg
mag
103 M
Gyr
kpc
pc

Stellar population

We next characterise the stellar population of the stream.
Figure 3 shows Hess diagrams for a region on the stream
(first panel, |φ2 | < 0.2◦ ) and away from it (second panel,
1◦ < |φ2 | < 2◦ , i.e. both above and below the stream),
each normalised by sky area. The Hess difference between
these regions (third panel) shows an unmistakable overdensity corresponding to a main sequence turn-off (MSTO) and,
slightly less prominently, a sub-giant branch. These can be
well described by a theoretical isochrone (dashed red line)
with metallicity log Z/Z = −1.6, age 12.1 Gyr and distance
modulus m−M = 17.3 mag. We will describe the steps taken
to derive these parameters below, however here we note that
there are some features visible in the Hess difference that are
not well described by the best-fitting isochrone. The subgiant branch and tentative red giant branch lie blue-wards
of the model, possibly indicating a problem with synthetic
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Figure 3. Stream Hess diagrams. The first three panels show
SLAMS data, for (from left to right) a region on-stream, a background region, and the Hess difference between these. The Hess
difference shows a clear MSTO well described by an old, metalpoor isochrone at 29 kpc (shown in red, details given in the text).
Median photometric errors are shown in red in the second panel.
The right panel shows a Hess diagram from Pan-STARRS for the
same region as the second panel, highlighting the superior data
quality of SLAMS.

DECam magnitudes used to construct the isochrone (as previously noted in Simon et al. 2015). The origin of a horizontal stripe visible in the Hess difference at r = 17 mag is also
unclear.
To highlight the quality of SLAMS data, in the rightmost panel of Figure 3, we also show a Hess diagram from
the Pan-STARRS survey corresponding to the same region
of sky as the second panel. Though unrelated to the stream,
note the well defined main sequence (MS) and MSTO evident between 19 < r < 22 in SLAMS data. This corresponds to the Monoceros ring, an outer-disk structure in
the MW. The Monoceros ring is discernible in Pan-STARRS
data (Morganson et al. 2016) but, as can be seen in the
rightmost panel, in this region of sky the sharpness of this
structure is washed out by Pan-STARRS’ photometric errors. Similarly, the overdensity in the bottom-right corner
of the Pan-STARRS’ Hess diagram consists of nearby disk
dwarfs scattered bluewards by photometric errors. The enhanced depth of SLAMS fixes this issue, and furthermore
explains why the Jet stream had not been discovered in the
previous survey.
Although the Hess difference in Figure 3 already shows
a strong stream signal in colour magnitude space, this signal can be further enhanced by weighting stars according to
their probability of belonging to the stream, rather than separating stream stars using a hard cut in φ2 . Enhancing the
signal this way will be especially important when we later
come to analyse the stream in φ1 bins. Here, we first construct a stream-weighted colour magnitude diagram (CMD)
for the entire length of the stream. In each CMD pixel, we
fit the model given by Equation (2) to the φ2 distribution
of stars in that pixel, but now fixing the width to the value
derived earlier, i.e. σφ2 = 0.18◦ . We use the downhill simplex optimisation to find the maximum likelihood values of
the remaining parameters, with the stream-weighted CMD
given by the number of stars in the Gaussian component of
the model in each pixel. The stream-weighted CMD of the
MSTO is shown in the left panel of Figure 4.

We now derive the metallicity, age, and distance of the
Jet stream. The outline for how we do this is to (i) take a grid
of isochrones, (ii) construct synthetic CMDs, which we then
(iii) fit against the observed, stream-weighted CMD. For the
first step, we take a grid of theoretical isochrones (Bressan
et al. 2012) spanning a range of ages (6-13 Gyr), metallicities
(log Z/Z in [−2.1, −1]), and assuming a Chabrier initial
mass function (IMF; Chabrier 2001). These are provided in
filters appropriate for DECam. We also grid over distance
moduli (m − M in [15, 20]) and total stellar mass of the
stream (log M∗ /M in [3, 5]). For each of these parameters
we take a grid of 50 values spaced linearly in the quoted
ranges.
Secondly, we transform isochrones into synthetic CMDs
by convolving them with the photometric uncertainty of our
data. In each CMD pixel we calculate the median photometric errors of all SLAMS stars in that pixel in the vicinity of
the stream, which we call σg and σr . Assuming these are
uncorrelated, the error covariance matrix in (g − r, r) space
is given by
 2

σg + σr2 −σr2
Cov(g−r,r) =
.
(3)
2
2
−σr
σr
Stepping along an isochrone we distribute the predicted
number stars throughout the CMD according to the error
covariance matrix. We do this using isochrone step sizes
smaller than the chosen CMD pixel scale, to avoid unwanted
discretisation in the synthetic CMD. Given the lack of available and comparably deep photometry in the SLAMS region,
we were unable to easily perform completeness tests. Rather
than model incompleteness, for initial characterisation we
therefore simply restrict our CMD fits to g < 23, which
is only 0.5 mag shallower than our presumed 10σ limiting
magnitude.
Finally, we construct a likelihood function in order to
probabilistically compare the synthetic CMDs to the observed, stream-weighted CMD. Given the observed, streamweighted CMD d(g − r, r) and the synthetic, model CMD
m(g − r, r), we define a Poisson likelihood function,
Y mdijij exp(−mij )
L=
dij !
i,j

(4)

where the indices i, j run over the CMD pixels. We calculate
the logarithm of this likelihood function over the grid of
model parameters described above.
Figure 4 shows the maximum likelihood solution when
we fit the stream-weighted CMD of the MSTO. The model
(middle panel) is a reasonable reproduction of the data
(left panel), though there is clear room for improvement
since the shape of the MSTO can be discerned in the
residuals (right panel). The mismatch may be explained if
our stream-weighting procedure systematically over/underestimates the stream signal in CMD pixels near-to/far-from
the best-fitting isochrone. Given that the MSTO appears
tighter in the data than in the model, however, we speculate that this mismatch is more likely to be due to an overestimation of photometric errors. The maximum likelihood
isochrone has metallicity log Z/Z = −1.6, age 12.1 Gyr
and distance modulus m − M = 17.3 mag. We calculate the
uncertainties from the posterior distribution with uniform
priors on the parameters. The middle section of Table 1 lists
c 2017 RAS, MNRAS 000, 1–10
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Figure 4. Fitting the stream MSTO. The left panel shows
the stream-weighted CMD from SLAMS data, the central panel
shows the maximum likelihood synthetic CMD. The value of the
colour-map for these panels, shown above, corresponds to the absolute number of stars inside each pixel. The right panel shows
the model-normalised residual, i.e. (data - model) / model. The
maximum likelihood isochrone is reproduced in each panel.

the maximum likelihood values and 95% confidence intervals
for parameters describing the stream’s stellar population.
Our constraints on the stream age and metallicity exhibit a
well known degeneracy (Worthey 1994), both of which also
display a degeneracy with stream distance. Covariances between all other parameters are small.
We have restricted this fit to the MSTO since other
regions of the CMD, especially at brighter magnitudes, contain significant contamination from non-stream stars. This
can be seen in the Hess Difference shown in Figure 3. When
we do attempt to fit the entire CMD, we typically find that
a small number of stars along the asymptotic giant and red
giant branches of the isochrone contribute ∆ log L ≈ +10 to
the likelihood, essentially breaking the age-metallicity degeneracy. Though these stars may be genuine stream members, given the level of background contamination at r < 20
and our lack of realistic background model, such a conclusion is very uncertain. In order to avoid spuriously shrinking
our derived parameter uncertainties, we therefore chose to
fit only the MSTO.
Our constraints on distance modulus correspond to heliocentric distance constraints of 28.6+0.7
−0.9 kpc, i.e. the maximum likelihood value and 95% statistical confidence intervals. These uncertainties do not include any systematics in
isochrone fitting. At this distance, the apparent width of
the stream corresponds to a physical width of 90 ± 10 pc.
This morphologically places the Jet stream in the category
of thin stellar streams along with e.g. Pal 5 (Odenkirchen
et al. 2003), GD-1 (Grillmair 2006), and ATLAS (Koposov
et al. 2014). The thinness is suggestive of a globular cluster
progenitor for the stream; we discuss this issue further in
Section 4.
3.2

probability of belonging to a background population, as a
function of their colour and magnitude i.e.
Pstream (g − r, r)
.
PBG (g − r, r)

21.0

5

(5)

The synthetic CMD generated from the maximum likelihood
isochrone found in the previous section defines Pstream (g −
r, r). The background PDF PBG (g−r, r) is found empirically
from on-sky regions adjacent to the stream, following e.g.
Rockosi et al. (2002); Koposov et al. (2010b).
The bottom panel of Figure 2 shows the resulting image
after CMD-weighting the stream. Compared to the simple
colour-magnitude selection, the stream signal is clearly enhanced, and apparent over a greater range of φ1 . The extent
of the stream is still curtailed, however, on one end by the
SLAMS footprint, and on the other by a region of poor data
quality and hence it may well extend past these limits.

3.3

Distance along the stream

We next characterise the variation of distance along the
stream length. This is done by fitting synthetic isochrones
as described in Section 3.1 for eight evenly spaced bins for
φ1 in [−6.5◦ , 5.5◦ ]. In contrast to Section 3.1, we now fix
age and metallicity of the isochrone to the maximum likelihood values determined previously, as we do not expect
these quantities to vary over the stream length. Although
there is a significant degeneracy between these parameters,
we have checked that the qualitative behaviour of the distance variation we infer from the maximum likelihood age
and metallicity is robust against sampling different values
along this degeneracy.
Figure 5 shows the results. The square data points with
error-bars show the median and 95% credible intervals of
the stream distance modulus in φ1 bins from fitting the
MSTO CMD. The results are consistent at 2σ significance
with a constant distance throughout the observed region,
however the central two measurements lie slightly further
away than the outer six. This may indicate a turning point
in the stream distance, possibly corresponding to the orbital
apocenter of the stream progenitor.
To scrutinise the purported turning point, in Figure 5
we also show extinction along the stream as the red dotted
line. AV varies by ∼ 0.4 mag along the stream length, peaking at φ2 ∼ −3◦ . Whilst the extinction variation shows some
qualitative similarities to our inferred distance variation, it
is different in detail: the φ1 of peak extinction and peak
distance differ by 1.5◦ , and the drop in extinction towards
negative φ1 is less severe than the drop in stream distance.
Therefore, whilst systematics due to extinction may contribute at some level to the measured distance variation, it
is difficult to see how it could explain the full behaviour. To
further investigate the issue, we next turn to an alternative
distance estimator.

Matched filter selection

Having found an isochrone that well describes the stream’s
stellar population, we can use it to select stream stars
more accurately than was achieved using the simple colourmagnitude selection box. To do this, we weight stars by
the ratio of their probability of stream membership to their
c 2017 RAS, MNRAS 000, 1–10

3.4

Blue horizontal branch selection

All of the constraints we have presented thus far on the
stream’s distance rely on CMD fitting to the stream’s
MSTO. Such CMD fits are subject to a number of systematic uncertainties arising from e.g. uncertainties in the
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Figure 5. Variation of distance modulus along the stream. Green
horizontal lines show the median value and 95% credibility intervals inferred from isochrone fits to the stream’s MSTO. Black
squares with error bars show the results from fits in eight bins of
φ1 . Coloured circles represent stream BHB candidates coloured
by a metric related to the probability of being a genuine BHB
(based on a Pan-STARRS colour-colour cut), and stream association (based on φ2 ). Typical BHB distance modulus uncertainties
are 0.15 mag (not shown). The dotted red line indicates the variation of extinction along the stream: it shows the median AV in
the region |φ2 | < 0.3◦ for eight φ1 bins, offset by 17 mag.

IMF, background modelling, CMD binning, binary stars, extinction, as well as intrinsic systematic errors in the model
isochrones we have used. Whilst it is difficult to control all of
these systematics, we can complement and corroborate the
results from CMD fits using an alternative stellar tracer.
Blue horizontal branch (BHB) stars are an eminently
popular tracer for studies of the Galactic halo and structures therewithin (Yanny et al. 2000; Newberg et al. 2003;
Xue et al. 2008; Bell et al. 2010; Deason et al. 2011; Ruhland
et al. 2011), thanks to a number of useful properties. Their
peculiar colours make them easily identifiable, their absolute
magnitudes (Mg ∼ 0.5 − 0.7, e.g. Sirko et al. 2004) allow detection to large distances, and their small spread in absolute
magnitude (σMr ∼ 0.15 Deason et al. 2011) make them one
of the best distance estimators available, outperformed only
by RR Lyrae stars.
As a first attempt to identify stream BHBs we make a
simple CMD selection of stars with g − r in [−0.4, 0] and
r < 21. We use the Belokurov & Koposov (2016) BHB absolute magnitude calibration (which is a slightly modified version of that given in Deason et al. 2011) to estimate the absolute magnitude of these stars as function of their g−r colour.
This colour is a proxy for stellar temperature, the primary
determinant of BHB luminosity. The top panel of Figure 6
shows the resulting distribution of inferred BHB distance
moduli, for a region on the stream (red line, |φ2 | < 0.3◦ ,
261 stars) and a background region away from it (black line,
1◦ < |φ2 | < 4◦ , 2132 stars). The PDFs are kernel density
estimates (KDE) using an Epanechnikov kernel with a bandwidth 0.25 mag, normalised to have unit area in the range of
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Figure 6. Detection of the Jet stream in BHBs. In each panel,
lines show a KDE of the PDF of distance moduli assuming a
sample consisting of BHBs with absolute magnitudes given by
the formula in Belokurov & Koposov (2016). Red lines show the
distribution for a region on-stream, black for the background. The
top panel shows this for all stars with g − r in [−0.4, 0], with the
stream showing multiple low-significance overdensities compared
to the background. In the bottom panel we restrict to the most
likely BHB candidates using a selection based on Pan-STARRS
colours shown in Figure 7. The purer BHB sample brings out a
significant overdensity at m − M ≈ 17.4 mag, corresponding to
the Jet stream.

distance modulii shown. The chosen bandwidth is equal to
the range of the eight median constraints of the stream’s distance modulus from the MSTO, which we adopt as a prior
estimate of the intrinsic spread in distance modulus along
the stream. Examining Figure 6, we see that the stream distribution shows three peaks at m − M > 17, all of roughly
comparable height above the background. There is little sign
of any strong stream signal.
We hypothesised that contamination may be the cause
of this failure to detect the stream in BHBs since quasars,
white dwarfs, blue straggler and young main-sequence stars
can all overlap the range of g − r colour occupied by BHBs.
To remedy this, we need a purer BHB sample. Were spectroscopy available, small differences in the shapes of the
Balmer lines would provide a powerful way to identify BHBs
from other stars with similar temperature (Sirko et al. 2004).
Accumulated over the whole Balmer series, these differences
can even be detected in broad-band photometry (Yanny
et al. 2000), but this requires high-quality u−band photometry, which is not available in SLAMS or any other coincident survey. Thankfully, near-IR photometry can also identify BHBs (Vickers et al. 2012), with only marginally less
success than the near-UV, where the discriminating power
now arising from differences in the line-shape of the Paschen,
rather than Balmer, series. Though unavailable in SLAMS,
we make use of the near-IR i− and z−band photometry from
Pan-STARRS to purify our BHB selection.
Figure 7 shows distributions in Pan-STARRS (g − r, i −
z) colour-colour space. The black contours show the distric 2017 RAS, MNRAS 000, 1–10
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Figure 7. Selection of BHBs using Pan-STARRS photometry.
Black contours represent the density of spectroscopically confirmed BHB stars from Xue et al. (2011) in Pan-STARRS colourcolour space. Circles show a random sample of SLAMS stars with
−0.4 < g − r < 0 and r < 21. These are coloured by their proximity to the spectroscopically confirmed sample, PBHB .
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bution of spectroscopically confirmed BHBs from Xue et al.
(2011), cross matched to Pan-STARRS using a 100 matching
radius. We model their probability density in colour-colour
space as a bivariate normal with the mean and covariance of
the data. Next we cross match SLAMS with Pan-STARRS,
and assign each SLAMS star a value PBHB based on the
model of the Xue et al. (2011) BHBs, assigning PBHB = 1 to
a star lying at the mean the Xue et al. (2011) sample. Note
that the Xue et al. (2011) BHBs have very similar magnitude
range to our objects of interest, hence we can safely compare
their colour distributions. The circles in Figure 7 show a
random selection of 200 SLAMS stars with g − r in [−0.4, 0]
and r > 21, coloured by PBHB . There is a concentration of
SLAMS stars within the innermost black contour which are
likely to be genuine BHBs, while other stellar types display
a broader distribution throughout colour-colour space.
Note that the sample shown in Figure 7 contains stars
with g−r < 0 in SLAMS but g−r ∼ 0.4 in Pan-STARRS. Visually inspecting images of these objects suggests that many
have line-of-sight close neighbours, and hence are possibly
binary stars with variable photometry. By selecting BHB
candidates based on SLAMS g − r colour then making an
additional selection using Pan-STARRS g − r colour, we remove these contaminants, but note that it is the i − z colour
which primarily distinguishes BHBs. We have checked that
our subsequent analysis does not significantly change if we
restrict our BHB selection only to SLAMS g − r and PanSTARRS i − z colours.
The bottom panel of Figure 6 shows the distribution of
BHB distance moduli after restricting our selection to stars
with PBHB > 0.8. The resulting distribution of on-stream
stars (red line, 33 stars) exhibits a single large peak above
the background level (black line, 203 stars). All other peaks
visible in the top panel of Figure 6 have been greatly diminished in significance after applying the PBHB cut, and hence
were likely the result of contamination. We can unambiguously identify the one remaining peak with the Jet stream.
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Figure 8. Distribution of PBHB > 0.8 BHB candidates. The top
panel shows distribution in colour-magnitude space: white symbols show candidates with |φ2 | < 0.3◦ , the dashed blue line shows
our BHB ridge-line at m−M = 17.4 mag, dotted lines show ridgelines at 16.8/17.8 mag, whilst the grey-scale distribution and red
dashed line are the stream Hess difference and isochrone repeated
from Figure 3. In the bottom panel, overlaid on the matched filter
image from Figure 2, white symbols show the on-sky distribution
of BHB candidates with 16.8 < m − M < 17.8, whilst dotted red
lines delineate the region |φ2 | < 0.3◦ . The histogram on the right
shows the distribution collapsed along φ1 , with a significant peak
at |φ2 | < 0.3◦ .

This peak is centered at 17.4 mag - which is reassuringly consistent with the mean distance of the stream inferred from
the MSTO - and spans distance modulii [16.8, 17.8], a range
which contains 15/33 of the on-stream sample. We will use
this range of distance modulii as a criterion to select likely
stream BHBs, but note that this range itself is not a reliable estimate of the line-of-sight depth of the stream, since
it is inflated by (i) the KDE smoothing kernel, and (ii) a
significant number of background contaminants (discussed
below).
In Figure 8, we show the distribution of stream BHB
candidates, selected using the cut PBHB > 0.8. The top
panel shows colour-magnitude distribution of candidates
with |φ2 | < 0.3◦ (white symbols) overlaid on the stream
Hess difference (grey-scale) and isochrone fit to the MSTO
(dashed red line). We can see many likely BHBs aligning
with the BHB ridge-line m − M = 17.4 mag (dashed blue
line). These give rise to the single large peak in the red
PDF in the bottom panel of Figure 6. In the bottom panel,
white symbols show the on-sky distribution of BHB candidates with distance moduli in [16.8, 17.8]. Collapsed along
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φ1 (histogram on right), their distribution shows a single
significant peak within |φ2 | < 0.3◦ .
We add a sample of likely BHBs associated with the
stream to Figure 5. This sample consists of all stars with
g − r < 0, r > 21, PBHB > 0.8, m − M in [16.8, 17.8], and
|φ2 | < 0.3◦ (i.e. the white circles in Figure 8). Note that
these particular cuts in PBHB and |φ2 | were chosen as they
maximise the stream BHB signal in Figure 6, however a
strong signal remains when we vary their values by ±50%.
We colour the stars added to Figure 5 by

stream width is only ∼ 90 pc it is very likely that this distance change is due to the orientation of the stream - i.e.
due to the orbit of the progenitor - rather than intrinsic
stream thickness. For φ1 < −1◦ , BHBs are poorly sampled
and hence no firm conclusion can be drawn on whether the
stream has a distance turning point near φ1 ∼ 0◦ .

Pstream&BHB = PBHB Pstream (φ2 ),

What was the progenitor of the Jet stream? An extrapolation of its great circle passes just 1.1◦ from the Sextans
dwarf spheroidal, however given that this dwarf lies approximately 50 kpc further away than the visible portion of the
stream, this alignment may very well be coincidental. Other
satellites within 4◦ of the great circle extrapolation include
the dwarfs Carina, Reticulum 2 and Horologium 1, and the
globular clusters Palomar 3 and NGC 1261. Proper motions
measurements, however, would be required to make a more
conclusive statement regarding the progenitor.
Despite not being able to pin down the identity of the
progenitor, can we say more certainly whether it was likely
a cluster or a dwarf galaxy? We infer a stream width of
90 ± 10 pc and stellar mass is 2.5 ± 0.2 × 104 M . Assuming
a stellar mass-to-light ratio appropriate for an old, metalpoor population, this corresponds to an absolute magnitude
MV ∼ −5. Equating these stream properties to the properties of its progenitor, then placed on the size-luminosity
relation (see Figure 10 of Torrealba et al. 2016, for a recent version), the Jet stream progenitor would overlap the
distribution of dwarf galaxies, not globular clusters. This
simple argument would suggest that the stream progenitor
may have been a dwarf galaxy.
A problem with this argument is that there is a nontrivial mapping between the progenitor size and the stream
width. This is shown by the analytic model of stream evolution from Erkal et al. (2016b), which successfully reproduces
the widths of streams in N -body simulations. In this model,
stream width is not governed by the progenitor size alone,
but instead by the ratio of velocity dispersion at the tidal
radius of the progenitor to its orbital velocity at pericenter. Erkal et al. (2016a) simplify the Erkal et al. (2016b)
model by assuming that the host has a logarithmic potential and the progenitor is on a circular orbit. This results
in a simple expression for the dynamical mass of a stream
progenitor as a function of stream width and the mass of
the host enclosed inside the stream’s galactocentric radius
(equation 28 of Erkal et al. 2016a). Applying this expression to the Jet stream, which has rGC ∼ 32 kpc, and taking
M (< 32 kpc) ∼ 2.8×1011 M (e.g. Williams & Evans 2015),
the model predicts that the dynamical mass of the stream
progenitor was 6.4 × 104 M . Dividing this by the estimate
of the stellar mass of the stream gives a mass to light ratio
of 2.6. This is in-line with expectations for globular clusters, but an order of magnitude below the expected value
for a dwarf galaxy of the appropriate luminosity. According
to this calculation, it is therefore likely that the progenitor
of the Jet stream was a globular cluster.
We next consider whether the Jet stream may be associated with other known MW streams by comparing against
the recent compilation of Mateu et al. (2018). Based on orientations of on-sky stream tracks, the only possible asso-

where PBHB is as described earlier, and


2 
N q 1 2 exp − 21 σφφ2
2πσφ
2
2
Pstream (φ2 ) =
n(φ2 )

(6)

(7)

is the fraction of stars at a given φ2 associated with the
stream from Equation (2), where we take the maximum likelihood values of parameters found earlier.
Examining Figure 5, we see a sequence of likely stream
BHBs with φ1 in [−1◦ , 6◦ ] exhibiting distances which decrease with increasing φ1 , in line with the trend inferred
from the CMD fit for this portion of the stream. For the region φ1 < −1◦ , there are fewer likely stream BHBs. Two
candidates at φ1 < −1◦ and m − M ∼ 16.9 have relatively large values of Pstream&BHB , and hence must have
Pan-STARRS colours consistent with being a BHB, and lie
close to the stream equator. Given that they are inconsistent with the MSTO inference, however, these may be background contaminants. Six BHB candidates in Figure 5 are
inconsistent at 2σ with the MSTO inference, including two
at φ1 < −1◦ and m−M ∼ 16.9 with relatively large values of
Pstream&BHB . To check whether this number of discrepancies
can be explained by background contaminants, we estimate
the number of MW halo BHBs contributing to Figure 5 from
neighbouring on-sky regions. The sample shown in Figure 5
numbers 15: this is equal by construction to the central bin
of the histogram in Figure 8. From the adjacent histogram
bins we estimate the number of MW halo BHB contaminants
at 5.0 ± 1.7. It is therefore plausible that the 6 BHB candidates discrepant with the MSTO in Figure 5 are background
contaminants. Excluding these possible contaminants, the
spread in distance modulus inferred from the MSTO and
BHBs is broadly consistent, at ∼ 0.4 mag, corresponding to
∼ 5.5 kpc at the stream’s distance.
We also note that the number of likely BHBs we have
identified in the stream is consistent with its measured stellar mass. The MSTO fit gives a stellar mass for the stream
of 2.5 × 104 M which, assuming a stellar mass-to-light ratio
appropriate for an old, metal-poor population, corresponds
to an absolute magnitude MV ∼ −5. MW satellites with
MV ∼ −5 have between 10-20 BHB stars - e.g. the globular
cluster Palomar 15 (Harris 1991) and three dwarf galaxies
(Sand et al. 2012) - in line with the numbers presented for
the Jet stream.
Considered altogether, the mean distance of the stream
(∼ 29 kpc) inferred from the MSTO and that inferred from
BHBs strongly support one another. For φ1 in [−1◦ , 6◦ ],
the distance variation of the stream as measured from the
MSTO and BHBs agree well, with both tracers indicating
a ∼ 5.5 kpc change in this φ1 range. Given that the on-sky
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ciation could be with PS1-B (Bernard et al. 2016), which
is less than 10◦ away on-sky and has an orbital pole 2.24◦
away. A simple association is unlikely, however, since PS1-B
is at a heliocentric distance of 14.5 kpc compared to Jet at
28.6 kpc - directly connecting the two would require a distance gradient much more extreme than we have measured.
Alternatively, Jet and PS1-B could be (i) successive wraps
of the same stream around the MW if the progenitor has
undergone substantial orbital decay, (ii) formed from two
distinct globular clusters which were accreted as part of a
larger group, or (iii) simply co-incidentally aligned. Radial
velocities and chemical abundances of stream stars may help
to discriminate these possibilities.
Lastly, we consider whether the stream progenitor may
have been associated with the LMC. The dotted line in Figure 1 shows the predicted future orbit of the LMC, calculated in a MW potential comprising a 1012 M NFW halo
and using the Kallivayalil et al. (2013) kinematics. Comparison of this orbit with the track of the Jet stream shows
that the two are roughly aligned. As a first approximation,
a stream traces the orbit of its progenitor (though this is not
true in detail, Sanders & Binney 2013). With the Jet stream
and the LMC orbit roughly aligned, it is therefore plausible
that the progenitor was an LMC satellite (so long as the
LMC has a sufficiently large halo). Though by no means a
proof of association, this shows that this scenario is plausible. The fact that the stream lies along a great circle at all,
however, may be suggestive that the stream formed around
the MW, not the LMC. Whichever scenario is true, it will
be the case that the stream is one of the thin stellar streams
closest to the LMC. Indeed, if it extends southwards, beyond the edge of the SLAMS survey footprint, it may be the
closest such stream. Given that the LMC can perturb stellar
streams (Vera-Ciro & Helmi 2013), this raises the exciting
prospect that the Jet stream could be used to constrain the
highly uncertain total mass of the LMC (Peñarrubia et al.
2016).

5

CONCLUSIONS

We have presented the SLAMS survey, and reported the discovery of a thin stellar stream in SLAMS data. The stream
properties derived in this work are:
• it lies on a great circle with pole at (R.A., Dec.)=
(64.983◦ , 34.747◦ ),
• it has heliocentric distance ∼ 29 kpc, constrained using
both MSTO and BHB stars,
• its width on the sky is 0.18 degrees corresponding to
∼ 90 pc physical size,
• its CMD resembles that of an old, metal-poor isochrone.
A full description of the main properties we derive is given
in Table 1.
We envisage a succession of future observations to further characterise the stream. Additional imaging is planned
to attempt to trace the stream beyond the current survey footprint, followed by a spectroscopic campaign to determine radial velocities, metallicities, and detailed abundances, shedding light on the nature and orbital history of
the progenitor. Finally, deeper, uniform imaging along the
c 2017 RAS, MNRAS 000, 1–10
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stream track will be required to robustly detect density perturbations caused by possible subhalo encounters.
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Peñarrubia J., Gómez F. A., Besla G., Erkal D., Ma Y. Z., 2016,
MNRAS, 456, L54
Pearson S., Price-Whelan A. M., Johnston K. V., 2017, Nature
Astronomy, 1, 633
Rees M. J., 1986, MNRAS, 218, 25P
Rockosi C. M. et al., 2002, AJ, 124, 349
Ruhland C., Bell E. F., Rix H. W., Xue X. X., 2011, ApJ, 731,
119
Sand D. J., Strader J., Willman B., Zaritsky D., McLeod B.,
Caldwell N., Seth A., Olszewski E., 2012, ApJ, 756, 79
Sanders J. L., Binney J., 2013, MNRAS, 433, 1813
Sanders J. L., Bovy J., Erkal D., 2016, MNRAS, 457, 3817
Schlafly E. F., Finkbeiner D. P., 2011, ApJ, 737, 103
Schlegel D. J., Finkbeiner D. P., Davis M., 1998, ApJ, 500, 525
Shanks T. et al., 2015, MNRAS, 451, 4238
Simon J. D. et al., 2015, ApJ, 808, 95
Sirko E. et al., 2004, AJ, 127, 899
Springel V. et al., 2008, MNRAS, 391, 1685
Torrealba G. et al., 2016, MNRAS, 463, 712
Vera-Ciro C., Helmi A., 2013, ApJ, 773, L4
Vickers J. J., Grebel E. K., Huxor A. P., 2012, AJ, 143, 86
Williams A. A., Evans N. W., 2015, MNRAS, 454, 698
Worthey G., 1994, ApJS, 95, 107
Xue X. X. et al., 2008, ApJ, 684, 1143
Xue X. X. et al., 2011, ApJ, 738, 79
Yanny B. et al., 2000, ApJ, 540, 825
Yoon J. H., Johnston K. V., Hogg D. W., 2011, ApJ, 731, 58

This paper has been typeset from a TEX/ LATEX file prepared
by the author.

c 2017 RAS, MNRAS 000, 1–10

