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Pair of massive dwarf galaxies.
SMC: Mstar ~ 3 x 108 MSun
LMC: Mstar ~ 2 x 109 MSun Image credit: David Nidever



At least 200 deg long. 

Likely result of tidal 
interactions between the 
Clouds and ram-pressure
forces exerted by the 
Galactic hot halo.

Benchmark for 
hydrodynamical
simulations of accreting 
gas and cloud/halo 
interactions.

Where are the stars?
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Magellanic
Stream Bridge
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The outskirts of the LMC and SMC are invaluable testing grounds for the various 
formation mechanisms of the Magellanic system. 

The long-awaited confirmation of the stellar counterpart to the Magellanic stream, 
which is predicted by all tidal models, will likely be uncovered in the low surface 
brightness regions surrounding the Clouds.

Evidence for past interactions between the two dwarfs, and disturbances due to the 
MW tidal field should be more apparent in these low-density regions.

Low density LMC/SMC in areas of high 
foreground (b ~ -30 deg). 

Relatively high extinction.

Southern sky relatively unexplored!

The SMC Stellar Periphery 5

Fig. 4.— Stellar surface density of the SMC. The central col-
ored image shows the RGB starcounts from OGLE-III and MCPS.
Contours show our best-fit model to the SMC RGB starcounts in
MAPS fields and are drawn at even intervals in log density (start-
ing at 33 giants deg�2 and increasing with an interval of 0.08 in
log density). Squares show MAPS fields constraining the model
fit. The optical center (black cross), HI dynamical center (Stan-
imirović et al. 2004, blue cross), and model center (red cross) are
indicated.

tion on the northeastern side of the SMC. It’s possible
that this encounter also created a stellar tidal stream.
Extratidal stars energy sort into the well-known double-
tidal tail shape only outside a few tidal radii and at
smaller radii can appear fairly azimuthally symmetric
(Muñoz et al. 2008). Since the tidal radius of the SMC
is 4–9 kpc (Stanimirović et al. 2004) the break popula-
tion is within ⇠2 tidal radii; it is, therefore, di�cult to
distinguish a bound classical halo from extratidal stars
in this regime. An anlysis of the kinematics and velocity
dispersion of these stars as well as further photometric
mapping at more position angles and larger radii might
help elucidate their true nature (i.e., bound versus un-
bound). Either way, these stars can be thought of as a
newfound “halo” component of the SMC.
De Propris et al. (2010) claim that the edge of the

SMC is at a radius of ⇠6 kpc on the eastern side because
they detected only five spectroscopically-confirmed SMC
giants in an eastern field at R⇠5 kpc. We have a field
⇠1.6� away (but at a similar radius) from theirs and
find 57 giant candidates with our Washington+DDO51

selection method (M.21.0). When we also use the De
Propis et al. 2MASS selection criteria (13 < Ks < 14,
0.5 < J�Ks < 1.5) this reduces the number of giants to
five in agreement with the De Propris et al. result. The
di↵erence in detected giants between the two techniques
is due to the shallowness of the De Propis et al. selection,
which is limited to M⇠17 at the color of the SMC RGB
(M�T2⇠1.7). As can be seen in the R=6.2� panel of Fig-
ure 2 this selection only samples the very tip of the SMC
RGB whereas our selection goes four magnitudes fainter
and is more sensitive to lower SMC densities. Therefore,
we find the De Propris et al. conclusion that the SMC
edge toward the east is at R⇠6 kpc to be premature; our
deeper data show that the SMC extends to much larger
radii (at least R⇠9 kpc and likely to R⇠11 kpc, Fig. 3).

5. SUMMARY

In this paper we have discovered SMC stars to a radius
nearly twice as large as the previous most-distant SMC
detections. We observe two outer SMC stellar structures:

1. An intermediate component of older stars dominates
over 3.R.7.5�, follows a slightly elliptical exponen-
tial profile (hr=1.0�), is nearly azimuthally symmetric
(✏=0.1), and has a center that is o↵set from the center
of the inner stellar distribution by 0.59� (to the north-
east) likely due to perspective e↵ects. The structure of
this component is probably spheroidal or ellipsoidal.

2. An outer component dominating 7.5.R.10.6� that is
fairly azimuthally symmetric over at least 270� and
has a shallow radial scale length (hr⇡7�). The com-
ponent could be a bound stellar halo or a population
of extratidal stars. Analysis of kinematics and veloc-
ity dispersions of these stars and further photometric
mapping are needed to better reveal the nature of this
component.

The SMC, therefore, appears to be much more complex
than previously thought and composed of several struc-
tural components, like larger galaxies.

D.L.N. was supported by an Sloan Digital Sky Survey-
III APOGEE software postdoc and the NSF grant AST-
0807945. We acknowledge funding from NSF grants
AST-0307851 and AST-0807945, and NASA/JPL con-
tract 1228235. We thank the OGLE and MCPS projects
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to the public, and the anonymous referee for useful com-
ments that improved the manuscript.
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A 10 kpc stellar substructure in the outer LMC 5

Figure 2. Map showing the spatial density of stars consistent with being members of the LMC old main sequence turn-off population.
These were selected from our photometric catalogue using the CMD box marked in Figure 1. The colour-map has been set to saturate at
a density of 1350 stars deg−2 – this obscures detail in the LMC outer disk, but enhances the visibility of low-density structures without
moving to a non-linear scale. The bin size is 2′×2′; smoothing has been applied using a Gaussian kernel with σ = 3′. On this map, north
is up and east is to the left as indicated; (ξ, η) are coordinates in the tangent plane (gnomonic) projection centred on the LMC. The three
purple dashed circles mark angular separations of 8◦, 10◦, and 12◦ from the LMC centre. Within 8◦ we display a wide-field optical image
of the LMC (credit: Yuri Beletsky; used with permission) to help place the size of the periphery into perspective. Our new stream-like
stellar substructure is clearly evident to the north of the outer LMC disk stretching in the direction of the Carina dwarf, which we mark
with a magenta point and a surrounding circle that denotes an approximate radius of 1◦. The additional faint substructure to the west
is also indicated.

dwarf galaxy, have noted the presence of probable LMC stars
in the foreground. These include giants and red clump stars
observed spectroscopically by Majewski et al. (2000) and
Muñoz et al. (2006) that appear to constitute a kinemati-
cally cold structure with heliocentric radial velocity ≈ 332
kms−1, as well as stars at the old main-sequence turn-off
seen recently in a photometric study by McMonigal et al.
(2014). The map presented by these latter authors shows the
LMC populations to be mostly concentrated around ∼ 1◦

south of Carina, with a relatively sharp edge. In Figure 2
we mark the position of the Carina dwarf with a magenta
point; the outer circle marks a distance of approximately 1◦

from the dwarf. Extrapolating the position and direction of
our stream-like feature a short distance off the eastern edge
of the DES footprint, we posit that these previous studies
have very likely been detecting members of this substruc-
ture.

(ii) Majewski et al. (2009) detected LMC giant stars
spectroscopically to a radius of ≈ 19◦ to the north-east,
north, and north-west, and to a radius of 22◦ in the direc-
tion of Carina. On the other hand, Saha et al. (2010) pho-
tometrically detected main sequence turn-off stars in fields
to 16◦ due north of the LMC, but not in fields at 17◦ and
19◦. Our newly discovered substructure possesses a rather
sharp drop off in density at ∼ 15 − 16◦ due north of the
LMC centre. This could explain the apparently conflicting

results of these two studies if the stellar density beyond this
“edge” fell below the faint detection limit of Saha et al.
(2010) but not Majewski et al. (2009). LMC populations
have now been detected photometrically in this direction
beyond ∼ 15−16◦ (see e.g., Section 3.6 in the present work,
and Belokurov & Koposov 2016).

3.3 Effects of reddening, incompleteness, and

contamination

It is important to check the impact of spatially variable fore-
ground reddening, detection incompleteness, or contamina-
tion of the CMD selection box by non-LMC objects. Each of
these could, in an extreme case, give rise to an artefact that
might mimic a stream-like feature; more generally, these is-
sues might alter the observed morphology or properties of
the substructure.

The upper left panel in Figure 3 shows the varia-
tion in E(B − V ) across the region of interest, from the
Schlegel, Finkbeiner & Davis (1998) dust map. As previ-
ously stated, in general the foreground reddening to the
north of the LMC is mild, with a median value of E(B−V ) ≈
0.05. Although the reddening increases in the east (in the
direction of the Galactic plane), E(B − V ) is still always
below ≈ 0.14 mag. Most importantly, there is no feature in
the reddening map that is consistent with that of our sub-
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Figure 6. Distance slices of the LMC stellar halo. Left column: Positions of the BHB stars in four distance modulus bins marked in the Figure 5 and in the top
right corner of the panel. Middle column: Density of the BHB stars shown in the left column. The maps are 30×30 pixels, and are smoothed with a Gaussian
kernel with a FWHM of 1.5 pixels. Right column: As the middle column, but with auxiliary information over-plotted; this includes positions of the DES Year
1 satellites (red triangles) as well as the locations and the designations of the newly detected structures. 1st row, from the top: This is a narrow distance range
centered around the LMC’sm −M = 18.5. A nearly vertical spray of BHB stars originating in the LMC is clearly visible, reaching all the way to the DES
Year 1 footprint edge (marked with a light grey line), at Y ∼ 35◦ . This sub-structure, dubbed S1, is also readily detectable in the density plots in the middle
and the right panels. 2nd row: In this distance range, stopping short of the distance of the SMC, a messy plume of BHB stars is visible directly above the
LMC, stretching out as far as Y ∼ 20◦, or perhaps even beyond. Additionally, between X ∼ −40◦ and X ∼ −20◦ a narrow stream-like structure is visible
crossing the footprint edge to edge. This S2 stream is well fit by a great circle with the pole at (α, δ) = (298.◦5, 177◦), as indicated by the red lines shown in
the right panel. 3rd row: As evidenced from the densely populated left panel, the background contamination with YMS/BS and WD stars, as well as the QSO
has increased noticeably at this magnitudes. As well as the sub-structure in the northern region of the LMC’s halo (as seen in the previous two distance bins), a
cold nearly horizontal stream can be seen running fromX ∼ −20◦ to X ∼ −60◦. The stream, dubbed S3, is approximate with the great circle with the pole
at (α, δ) = (250.◦15, 152.◦35). 4th row: At these magnitudes, the background is the most severe, nonetheless, some interesting structures are still discernible.
As confirmed by the density distribution, the two most prominent overdensities are i) a hook-like structures atX ∼ 0◦, Y ∼ 20◦ and ii) the S4 cloud of stars
at X ∼ 35◦. on the sky, the S4 cloud appears to overlap several newly discovered DES satellites (red triangles). Arrows show the proper motion vectors of
the LMC and the SMC, as measured by Kallivayalil et al. (2013) and corrected for the Solar reflex. Blue contours are the HI density of the Magellanic Stream
as reported by Nidever et al. (2008). Positions on the sky withDLMC = 30◦ are shown with grey dotted line.

stellar sub-structures. In particular, panels in the top row of the Fig-
ure give the greyscale BHB density maps in the plane of distance
modulus and one of the pair of theX,Y coordinates (depending on
the portion of the sky under consideration). For example, top left
panel shows the distribution of the BHBs with −10◦ < X < 5◦,

i.e. those located in the patch of the sky crossing the DES Year 1
footprint vertically around the position of the LMC. A thick and
mildly inclined slab of BHBs with 0◦ < Y < 15◦ and cen-
tered around m −M ∼ 18.5 is presumably the disk of the LMC.
At larger m − M , the disk BHBs are shadowed by the YMS/BS

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 6. Distance slices of the LMC stellar halo. Left column: Positions of the BHB stars in four distance modulus bins marked in the Figure 5 and in the top
right corner of the panel. Middle column: Density of the BHB stars shown in the left column. The maps are 30×30 pixels, and are smoothed with a Gaussian
kernel with a FWHM of 1.5 pixels. Right column: As the middle column, but with auxiliary information over-plotted; this includes positions of the DES Year
1 satellites (red triangles) as well as the locations and the designations of the newly detected structures. 1st row, from the top: This is a narrow distance range
centered around the LMC’sm −M = 18.5. A nearly vertical spray of BHB stars originating in the LMC is clearly visible, reaching all the way to the DES
Year 1 footprint edge (marked with a light grey line), at Y ∼ 35◦ . This sub-structure, dubbed S1, is also readily detectable in the density plots in the middle
and the right panels. 2nd row: In this distance range, stopping short of the distance of the SMC, a messy plume of BHB stars is visible directly above the
LMC, stretching out as far as Y ∼ 20◦, or perhaps even beyond. Additionally, between X ∼ −40◦ and X ∼ −20◦ a narrow stream-like structure is visible
crossing the footprint edge to edge. This S2 stream is well fit by a great circle with the pole at (α, δ) = (298.◦5, 177◦), as indicated by the red lines shown in
the right panel. 3rd row: As evidenced from the densely populated left panel, the background contamination with YMS/BS and WD stars, as well as the QSO
has increased noticeably at this magnitudes. As well as the sub-structure in the northern region of the LMC’s halo (as seen in the previous two distance bins), a
cold nearly horizontal stream can be seen running fromX ∼ −20◦ to X ∼ −60◦. The stream, dubbed S3, is approximate with the great circle with the pole
at (α, δ) = (250.◦15, 152.◦35). 4th row: At these magnitudes, the background is the most severe, nonetheless, some interesting structures are still discernible.
As confirmed by the density distribution, the two most prominent overdensities are i) a hook-like structures atX ∼ 0◦, Y ∼ 20◦ and ii) the S4 cloud of stars
at X ∼ 35◦. on the sky, the S4 cloud appears to overlap several newly discovered DES satellites (red triangles). Arrows show the proper motion vectors of
the LMC and the SMC, as measured by Kallivayalil et al. (2013) and corrected for the Solar reflex. Blue contours are the HI density of the Magellanic Stream
as reported by Nidever et al. (2008). Positions on the sky withDLMC = 30◦ are shown with grey dotted line.

stellar sub-structures. In particular, panels in the top row of the Fig-
ure give the greyscale BHB density maps in the plane of distance
modulus and one of the pair of theX,Y coordinates (depending on
the portion of the sky under consideration). For example, top left
panel shows the distribution of the BHBs with −10◦ < X < 5◦,

i.e. those located in the patch of the sky crossing the DES Year 1
footprint vertically around the position of the LMC. A thick and
mildly inclined slab of BHBs with 0◦ < Y < 15◦ and cen-
tered around m −M ∼ 18.5 is presumably the disk of the LMC.
At larger m − M , the disk BHBs are shadowed by the YMS/BS

c⃝ 0000 RAS, MNRAS 000, 000–000

Mackey et al. (2016)

Northern Structures: 
Likely stripped LMC disc due to tidal 
interactions with MW and/or SMC 
(cf. Besla et al. 2016).

Belokurov & Koposov (2016)

“Lumpy” stellar halo out to 25-50 kpc.

Discovery of a number of narrow 
streams and diffuse debris clouds.



Data Release 1: 
“Variability Amplitude “

Magellanic Miras with Gaia DR1 3

Figure 1. Colour-magnitude diagram (CMD) and colour-colour plots used to select Mira variables in the vicinity of the LMC. We show the difference between
stars selected within 12 degrees of the LMC and the foreground stellar distribution. Here, the “foreground” are objects between 25 and 50 degrees from the
LMC and outside of 10 degrees of the SMC. The foreground is normalised, and subtracted from the LMC field. Thus, the gray shading shows equality with
the foreground and the black (white) indicates where the LMC (foreground) stars are dominant. The left panel shows the G-J, G CMD, where the G band is
from Gaia and the J band is from 2MASS. In the middle and right panels we show the 2MASS H-K, J-H and 2MASS+WISE W1-W2, J-K colour-colour
diagrams, respectively. Note that we only show objects with WISE magnitudes W1 < 14. The red regions indicate our selection boundaries for Mira variables.
The magenta and orange contours show the magnitudes and colours of known Miras and semi regular variables (SRVs) in the LMC. We also show where
QSOs and AGN appear in the these diagrams with the blue contours. In the bottom panels we only include stars that show evidence of variability from the
Gaia data (see Section 2.2).

we show our selection regions with the solid red lines. The poly-
gons defining these selection boundaries are given below:

H �K = [1.5, 0.3, 0.05, 0.05, 1.5]

J �H = [1.4, 0.7, 0.7, 0.9, 2.3]

W1�W2 = [1.0,�0.2,�0.2, 0.4, 1.2]

J �K = [4.0, 2.0, 0.9, 0.9, 2.5]

(1)

The magenta and orange contours in the top three panels of
Fig. 1 show the magnitudes and colours of known Miras and semi
regular variables (SRV) in the LMC (Soszyński et al. 2009). The
contours are chosen to encompass ⇠ 90 % of the objects. Note that
our definition of “Mira variable” in this work encompasses all types
of long period variables, so our selection will also include SRVs
(see Section 2.2). We also show the QSO and AGN distribution
(Véron-Cetty & Véron 2010) with the blue contours: there is very
little QSO/AGN contamination within our magnitude and colour
selection regions.

At a fixed distance, variable giant stars can exhibit a large ap-
parent magnitude spread due to their periodic changes in bright-
ness and wide-range of absolute magnitudes. Indeed, the known
long period variables in the LMC shown in Fig. 1 cover a large G-
band magnitude range. In this paper, we do not attempt to assign

distances to our selected stars, but note that our magnitude range,
14 < G < 16, likely covers a broad distance range around the
LMC (see Section 4). Furthermore, although our colour and mag-
nitude selection will include stars belonging to the SMC (see Fig.
4), our magnitude limit of G = 16 likely excludes some of the
more distant stars associated with the SMC.

The bottom panels of Fig. 1 show the magnitude and colour
distributions when we only include stars that show evidence of vari-
ability (see Section 2.2). The LMC sequences become even clearer
with these cuts, and we can see that our magnitude and colour se-
lection is efficient at selecting giant stars associated with the LMC.
As we show in the next section, the addition of variability infor-
mation allows us to select a very pure sample; this is vital in order
to identify giant stars in the outskirts of the LMC, where the fore-
ground stellar density is dominant.

2.2 Variability Information from Gaia

The Gaia satellite scans across objects repeatedly during its life-
time. In the first data release, sources are observed several tens to
hundreds of times. We exploit these repeat observations to identify
stars that show evidence for variability. We define the “Variability
Amplitude” as:

A =
p
N

obs

�(F )/F (2)

MNRAS 000, 1–12 (2016)
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IR photometry from 2MASS+WISE
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Mackey Stream

Eastern Excess

Lack of stars 
in North-West 
quadrant: 
likely due to 
MW tides.

Deason, Belokurov, Erkal et al. (2017)



Mackey et al. 2016 stream:
Stripped LMC disc.
Why is the stream so thin in 
Miras?

Stars generally don’t trace HI gas distribution.

Evidence for Miras in Leading Arm?

Stellar component to LA?

Deason, Belokurov, Erkal et al. (2017)
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Mackey et al. 2016 stream:
Stripped LMC disc.
Why is the stream so thin in 
Miras?

Stars generally don’t trace HI gas distribution.

Evidence for Miras in Leading Arm?

Stellar component to LA?

Deason, Belokurov, Erkal et al. (2017)



RRL density (1, 75)
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A stellar bridge between the LMC and SMC?

Lack of distance gradient suggests “bridge” could be due 
to overlap between LMC and SMC populations.

Belokurov, Erkal, Deason et al. (2017)
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Young Main Sequence (YMS) trace the HI density: 
likely formed in-situ.

RRL “bridge” is offset by ~5 deg. Tidal stripping of 
SMC (and maybe LMC).

Extension of Miras at (X,Y)~(-10,-5) near the LMC, 
and (X,Y)~(-16,-4) by the SMC point along the 
RRL bridge.

Belokurov, Erkal, Deason et al. (2017)
Deason, Belokurov, Erkal et al. (2017)
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LMC disc disrupting in MW 
potential: tuned to explain 
Mackey stellar stream.

SMC debris from 
interactions with LMC: 
tuned to match RRL bridge.

SMC debris from 
interactions with LMC: 
tuned to match HI bridge.

Miras likely mix of stripped LMC disc stars (e.g. Mackey stream) and 
stripped SMC stars from interactions with LMC (e.g. Eastern excess).

Deason, Belokurov, Erkal et al. (2017)
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Miras can be used 
to trace other 
massive 
structures. 
Abundant in Sgr
dwarf/stream.

Potential SMC 
debris above
Galactic plane.

Deason, Belokurov, Erkal et al. (2017)



q Gaia is a variable star machine – even with DR1!

q Outskirts of the Magellanic Clouds show evidence of past interactions 
with each other and the MW.

q Follow-up spectroscopic campaigns will be vital in order to inform 
models of the Magellanic system.

ESO/VLT


