
Infalling Together: 
Faint and Dark Companions of Dwarf Galaxies

Laura V. Sales
MPA

Collaborators:
Julio Navarro, Simon White, Carlos Frenk,  Amina Helmi, 
Ismael Ferrero, Mario Abadi



Halo Mass Function

Klypin et al. 2011

Abundance of Structures in the Universe

Laura V. Sales                                    Dwarf galaxies companions                                                            February 2012



Baldry et al. 2008

Galaxy Luminosity Function

Halo Mass Function

Klypin et al. 2011

Abundance of Structures in the Universe

Laura V. Sales                                    Dwarf galaxies companions                                                            February 2012



Baldry et al. 2008

Galaxy Luminosity Function6 I. K. Baldry et al.

Figure 6.GSMF extending to down to 107M! determined from the NYU-
VAGC. The points represent the non-parametric GSMF with Poisson er-
ror bars; at M < 108.5M! the data are shown as lower limits because
of the SB incompleteness (Fig. 4). The dashed line represents a double-
Schechter function extrapolated from a fit to the M > 108M! data
points. The dotted line shows the same type of function with a faint-end
slope of α2 = −1.8 (fitted toM > 108.5M! data). The dash-and-dotted
line represents a power-law slope of −2.0. The shaded region shows the
range in the GSMF from varying the stellar mass used and changing the
redshift range.
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with formal errors of 0.013, 0.09, 0.05, 0.07, 0.02. The dashed line
in Fig. 6 represents this fit extrapolated down to 107M!.

Even though the Poisson errors are small, for illustrative pur-
poses and because systematic errors are clearly significant, we fit-
ted a function with α2 = −1.8 fixed. This is represented by the
dotted line in Fig. 6 and to the eye provides an equally good fit to
the data atM > 108.6M!. Given the SB incompleteness (Fig. 4),
a steep faint-end slope such as this cannot be ruled out.

3.3 Comparison with cluster environments

The field GSMF shows a clear signal of a change in slope at masses
lower than the characteristic mass;10 as was already evident in
the luminosity function of the redder SDSS bands (Blanton et al.
2005a). Thus there is a significant difference between a faint-end
slope determined from a Schechter fit around the characteristic
mass (luminosity) and the faint-end slope at lower masses (lumi-
nosities).

Recently, Popesso et al. (2006) and Jenkins et al. (2007) have
confirmed earlier reports of upturns in the faint end of cluster lu-
minosity functions. These were based on the RASS-SDSS galaxy

10 It makes minimal difference to the shape of the cosmic volume average
GSMF, and no difference to the discussion in this paper, if the highest den-
sity regions (15% of the population, i.e. clusters and compact groups) are
excluded from the calculation. This justifies the use of the term ‘field’ to
describe this GSMF.

Figure 7. Comparison of inferred GSMFs from the Coma Cluster 3.6-µm
survey of Jenkins et al. and the SDSS cluster survey of Popesso et al. with
the field GSMF (dotted line). The diamonds and triangles represent the
Coma core and Coma off-centre columns from table 2 of Jenkins et al., us-
ing the g − r < 1.3 restriction for the faint end. The dashed line represents
the Popesso et al. fit derived from the z-band luminosity function. The data
were normalised to match the field GSMF around logMs = 10.0 ± 0.5.

cluster survey and 3.6-µm imaging of the Coma Cluster using the
Infrared Array Camera on the Spitzer Space Telescope, respec-
tively.

Stellar M-L ratio variations between cluster galaxies are typ-
ically less severe than between field galaxies. Using a simple con-
version between absolute magnitude and stellar mass given by
logMs = (Msolar − M)/2.5 + log(Ms/L) , we converted the
cluster luminosity functions to GSMFs: with Mz,solar = 4.4 (AB
mags), log(Ms/Lz) = 0.2 (solar units), M3.6,solar = 3.3 (Vega
mags) and log(Ms/L3.6) = −0.5 (solar units). The conversion
factors were estimated using PEGASE and the filter curves. Figure 7
shows the resulting cluster GSMFs. The faint-end upturn is evident
atMs < 109M! and is significantly steeper than the field GSMF.
Thus it appears that the slope of the GSMF around 108 to 109M!

depends significantly on the environment. Note however that these
cluster results rely on estimated subtraction of background galaxy
counts.

As well as the difference in the slope of the GSMF in the range
108 to 109M!, there is the more established difference between
the morphologies of these low-mass galaxies in different environ-
ments. In clusters, these are predominantly dwarf ellipticals (dE);
whereas in the field, these are predominantly late-type spirals (Sd)
and irregulars (Sm,Im) (e.g. by estimating stellar masses for galax-
ies in the Nearby Field Galaxy Survey of Jansen et al. 2000). Field
low-mass galaxies are generally forming stars and have substantial
reservoirs of gas (Swaters et al. 2002), and therefore their baryonic
masses can be several times their stellar masses.

4 THE STELLARMASS-METALLICITY RELATION
AND THE BARYONIC MASS FUNCTION

In order to convert our stellar mass function (MF) to the more fun-
damental baryonic MF, we develop a method for deriving the stellar
mass fraction (i.e., conversion factor of baryonic mass to stars) in
terms of the stellar mass. This can be achieved by using the well
established relation between stellar mass and metallicity coupled
with a metallicity to stellar mass fraction relation, which can be de-
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The Mhalo - Mstar relation

Galaxy formation 
increasingly inefficient 
toward low mass end

Guo et al. 2010

Ferrero, Abadi, Navarro, LVS & Gurovich 2011

Dwarf’s kinematics

Milky Way dSphs
(Boylan-Kolchin 2011a,b)

Isolated dwarfs HI 
rotation curves
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The dark matter halo of isolated dwarf galaxies

rot. curve data from 
Swaters et al. 2009

rot. curve data from 
Cote et al.

Consistent 
with ~1010 minimum halo mass

Inconsistent 
with ~1010 minimum halo mass

Ferrero et al. 2011 Ferrero et al. 2011
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Data compilation from:

Swaters 1999, 
Cote 2000, 
McGaugh 2005, 
Begum 2008 (FIGGS), 
Stark 2009,
Trachternach 2009, 
Oh 2011 (THINGS) 

Ferrero et al. (2011)

The dark matter halo of isolated dwarf galaxies
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~ 45% of faint dwarfs inhabit halos less 
massive than predicted by abundance 

matching

The dark matter halo of isolated dwarf galaxies
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The Phoenix Project The Aquarius Project The Aquarius Project 
(subhalo)

Cluster Halo Galaxy Halo Dwarf Halo
Mvir ~ 6.5 x1014 Msun Mvir ~ 1.3 x1012 Msun Mvir ~ 1x109 Msun

Gao et al. 2012 Springel et al. 2008

The Substructure of Dark Matter Haloes

credits: Vera-Ciro
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Cumulative luminosity function of ~1011 Msun 
isolated halos in Millennium II + SAM

Because halo structure is self-similar, 
faint galaxies are surrounded by 

(even fainter!) companions; 
in a manner reminiscent of dwarf 

satellites orbiting MW/M31
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The CDM hierarchy as revealed by the 
Aquarius Simulations
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The CDM hierarchy as revealed by the 
Aquarius Simulations

Nested structure of 
substructure

Satellites infall 
as part of 

larger groups 
of subhalos
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Figure 6. Hammer-Aitoff projection of the total gas distribution of the simulated Magellanic System (red scale) for Model 1 (top) and
Model 2 (bottom) is plotted over an image of the MW (blue, white and brown colors; Mellinger 2009). The orbital trajectory of the
LMC(SMC) is indicated by the solid(dotted) white line. Various components of the Magellanic System are labelled, where LAF stands
for Leading Arm Feature.

present a geometrical method to determine distances along
streams with well defined velocity gradients. Using this
method they find the tip of the 100 degree long Stream
defined in Putman et al. (2003) (i.e. not including the ex-
tension recently described by Nidever et al. 2010) to be lo-
cated at 75 kpc from the Galactic center. The line-of-sight
distances of the gas in the simulated Magellanic System are
plotted in Figure 10. The stream produced by Model 1 is
generally closer (80-150 kpc) than that of Model 2 (80-230
kpc). Both simulated streams are further away than pre-
dicted by the Jin & Lynden-Bell (2008) method; however,
gas drag and changes in the model parameters (such as in-
creasing the MW mass) can alter the distance to the simu-
lated stream.

4 LMC MORPHOLOGY

In this section we study in detail the resulting structure
of the simulated LMC stellar and gaseous disks in our two
models of the large scale gas distribution of the Magellanic
System.

Figure 11 shows the LMC’s stellar disk in Model 1 (left)
and Model 2 (right) in our line-of-sight view. The RA and
DEC coordinate grid is overplotted in green across the face
of the disk. In both models the LMC disk is inclined ∼35
degrees with respect to the plane of the sky, as observed
(i.e. despite the recent collision of the SMC in Model 2, the
inclination of the LMC’s disk remains unchanged).

The Model 1 disk is fairly uniform and symmetric. In
Model 2, however, there are perturbations induced in the
LMC’s stellar disk by the recent encounter with the SMC.
In particular, there are significant distortions in the North-
East. Only LMC stellar particles are plotted in these images,

c© 2012 RAS, MNRAS 000, 1–33
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Figure 10. The line-of-sight distances for the gas distribution of the simulated system are plotted as a function of Magellanic Longitude
for Model 1 (left) and Model 2 (right). The modeled line-of-sight distance along the orbit of the LMC(SMC) is plotted as the solid
(dashed) yellow line. The solid red line indicates the distance estimate from Jin & Lynden-Bell (2008).

Figure 11. The stellar surface density of the LMC disk is plotted in the line-of-sight frame for Model 1 (top) and Model 2 (bottom).
RA and DEC grids are overplotted in green across the face of the disk. The stellar distribution in Model 2 is significantly more disturbed
than in Model 1. In particular, the bar in Model 2 is off-center relative to the stellar disk. The Model 2 LMC disk is also significantly
disturbed in the upper left (North-East).

on view. The true disk is also observed to be both flared
(Alves & Nelson 2000) and warped (van der Marel & Cioni
2001; Olsen & Salyk 2002; Nikolaev et al. 2004). Such re-
sults are in keeping with a study of Magellanic-type spirals
by Wilcots et al. (1996), who also suggest that the observed
lopsidedness in their HI disks may be a result of minor merg-
ers.

In Model 2 the gas disk has also formed a pronounced

arc in the upper right. Since our star formation prescrip-
tions depend sensitively on the gas density, this arc of gas
will also be actively forming stars (see § 6.1), giving the LMC
the appearance of a one-armed spiral. A number of numer-
ical studies have been conducted on the resulting structure
of a large galaxy after a direct collision with a smaller com-
panion in the context of explaining the origin of ring galax-
ies (Lynds & Toomre 1976; Weil & Hernquist 1993; Struck

c© 2012 RAS, MNRAS 000, 1–33
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LMC-SMC interactions before 
infall as the origin of the 

Magellanic Stream

Recent close interaction with the 
SMC might explain several 

morphological features of the LMC, 
such as off-centered/tilted stellar bar.

Common among “Magellanic Irregulars” ?
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Boo II, Seg I, Seg II and Coma as companions of Sagittarius Dwarf (Belokurov et al. 2009)

Segue 2

LeoIV - LeoV
-- suggested by their similar 

position, distance and velocities --

(Belokurov et al. 2008)

Infall of satellites in groups: 
are there more examples in the Milky Way?
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Looking for the former companions of the 
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Because...
- Orbit
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Aquarius Simulation
We have selected LMC-candidates

 Close pericenter passage  (rLMC ~ 50 kpc)
 Velocities as close as possible to the LMC measurements
 Relatively massive satellite (Msat/Mhost > 0.01) 

(Springel et al. 2008)

r200
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Aquarius Simulation
We have selected LMC-candidates

 Close pericenter passage  (rLMC ~ 50 kpc)
 Velocities as close as possible to the LMC measurements
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r200

tid

Our best LMC dynamical analog
Positions Velocities
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Distribution of LMC companions on the sky

Sales et al. (2011)
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Distribution of LMC companions on the sky
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Phase-space distribution of LMC companions

Sales et al. (2011)
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Figure 5. Galactocentric radial velocity and distance for dwarfs (filled squares) deemed possibly associated with the LMC according to the criterion of Fig. 4;
i.e., δ50 < δlim at t = t1p . Each panel also shows the r and Vr of all LMCa particles (dots) within a circle of radius δlim centered at the position of each
dwarf. This probes graphically whether the positional association indicated by proximity to the stream in the sky is corroborated by the velocity data. This test
indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.

c© 0000 RAS, MNRAS 000, 000–000
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in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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Figure 5. Galactocentric radial velocity and distance for dwarfs (filled squares) deemed possibly associated with the LMC according to the criterion of Fig. 4;
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dwarf. This probes graphically whether the positional association indicated by proximity to the stream in the sky is corroborated by the velocity data. This test
indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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dwarf. This probes graphically whether the positional association indicated by proximity to the stream in the sky is corroborated by the velocity data. This test
indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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dwarf. This probes graphically whether the positional association indicated by proximity to the stream in the sky is corroborated by the velocity data. This test
indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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i.e., δ50 < δlim at t = t1p . Each panel also shows the r and Vr of all LMCa particles (dots) within a circle of radius δlim centered at the position of each
dwarf. This probes graphically whether the positional association indicated by proximity to the stream in the sky is corroborated by the velocity data. This test
indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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dwarf. This probes graphically whether the positional association indicated by proximity to the stream in the sky is corroborated by the velocity data. This test
indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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dwarf. This probes graphically whether the positional association indicated by proximity to the stream in the sky is corroborated by the velocity data. This test
indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.

c© 0000 RAS, MNRAS 000, 000–000

The Magellanic Clouds 7

-400

-200

0

200

400

0 100 200 300 400

0 100 200 300 400
-400

-200

0

200

400

0 100 200 300 400
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dwarf. This probes graphically whether the positional association indicated by proximity to the stream in the sky is corroborated by the velocity data. This test
indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.

c© 0000 RAS, MNRAS 000, 000–000

Dwarfs consistent with the LMC group debris

 consistent
Sales et al. (2011)

Laura V. Sales                                    Dwarf galaxies companions                                                            February 2012



The Magellanic Clouds 7

-400

-200

0

200

400

0 100 200 300 400

0 100 200 300 400
-400

-200

0

200

400

0 100 200 300 400
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i.e., δ50 < δlim at t = t1p . Each panel also shows the r and Vr of all LMCa particles (dots) within a circle of radius δlim centered at the position of each
dwarf. This probes graphically whether the positional association indicated by proximity to the stream in the sky is corroborated by the velocity data. This test
indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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dwarf. This probes graphically whether the positional association indicated by proximity to the stream in the sky is corroborated by the velocity data. This test
indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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dwarf. This probes graphically whether the positional association indicated by proximity to the stream in the sky is corroborated by the velocity data. This test
indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
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the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.

c© 0000 RAS, MNRAS 000, 000–000

The Magellanic Clouds 7

-400

-200

0

200

400

0 100 200 300 400

0 100 200 300 400
-400

-200

0

200

400

0 100 200 300 400

Figure 5. Galactocentric radial velocity and distance for dwarfs (filled squares) deemed possibly associated with the LMC according to the criterion of Fig. 4;
i.e., δ50 < δlim at t = t1p . Each panel also shows the r and Vr of all LMCa particles (dots) within a circle of radius δlim centered at the position of each
dwarf. This probes graphically whether the positional association indicated by proximity to the stream in the sky is corroborated by the velocity data. This test
indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
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the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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indicates that the SMC is the only known satellite clearly associated with the LMC if the Clouds are on their first pericentric approach. Aside from the SMC
only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
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the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
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tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.

the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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only Carina and Fornax seem marginally consistent with an LMC association. On the other hand, this test seems to rule out a possible association for all other
candidates.
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albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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the direction of the Sun from the Galactic center; i.e., lG = 180◦,
bG = 0◦. This tight alignment is preserved at second approach,
albeit with larger scatter.

In Galactocentric Cartesian coordinates, with the X-axis
pointing away from the Sun, Y -axis defined positive in the direc-
tion of Galactic rotation, and positive Z-axis in the direction of
the Galactic North Pole, this implies that the X-component of the
orbital angular momentum (jX ) of associated satellites should be
negative and much larger in magnitude than jY or jZ . This may
be seen in Table 1, which lists the components of the unit vec-
tor identifying the direction of the (average) angular momentum of
particles associated in the sky with the candidate dwarfs identified
in the previous subsection. Note that, with no exception, the angu-
lar momentum points clearly toward −X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tangential
velocity of the candidate satellites, which can be checked against
observation for the few satellites with available proper motions
(SMC: Kallivayalil (2006b), Carina: Piatek et al. (2003), Fornax:

Piatek et al. (2007) and Sculptor: Piatek et al. (2006)). Inspection
of Table 1 and Fig. 7 shows that, of the four satellites with pub-
lished spatial velocities, only the SMC appears associated with the
LMC. None of the other three (Carina, Fornax, and Sculptor) seems
obviously associated with the Clouds according to this test (see last
three columns of Table 2). In hindsight this not entirely surpris-
ing, given the very dissimilar chemical enrichment patterns and gas
content of the LMC and SMC compared with other Galactic satel-
lites (Mateo 1998, Carrera et al. 2008, Harris et al. 2009, Kirby et
al. 2011a,b). Explaining what drives the diversity in star formation
history, metal enrichment, and gas fractions of Galactic satellites
remains a prime challenge for dwarf galaxy formation models. We
hasten to add, however, that, as the recent revision to the proper mo-
tion of the LMC illustrates (Kallivayalil et al. 2006), proper motion
measurements are exceedingly difficult, and hence our conclusion
should be revisited when new, more accurate data become avail-
able.
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Figure 6. Same as Fig. 5 but for the second pericenter passage. Because the stream covers a wider area in the sky, the number of candidate dwarfs increases.
We show two dwarfs per panel; arrows indicate systems that lie beyond the plotted region. In each panel red (blue) dots are stream particles in the δlim circle
around the dwarf indicated by a red (blue) square. This exercise confirms the association of the SMC, and suggests that several other dwarfs have kinematics
consistent with association with the LMC. See text for further discussion.

4 SUMMARY AND CONCLUSIONS

We use cosmological N-body simulations from the Aquarius
Project to study the orbit of the LMC and its possible association
with the SMC and other Milky Way satellites in light of new proper
motion data (Kallivayalil et al. 2006; Piatek et al. 2008). We search
the simulations for LMC dynamical analogs; i.e., accreted subha-
los with pericentric distance (∼ 50 kpc) and velocity (∼ 400 km/s)
matching those of the Clouds.

One suitable candidate (LMCa) is a 3.6 × 1010M! system
accreted at z ∼ 0.5 (t = 8.7 Gyr) by Aq-A, a halo that, at z = 0
has a virial mass of 1.8 × 1012M!. LMCa turns around from a
distance of 480 kpc at tta ∼ 5 Gyr (z = 1.3), accretes into the
Milky Way halo at t = 8.6 Gyr (z = 0.5), and completes two
pericentric passages by z = 0.

We use the positions and velocities of particles belonging to
LMCa before infall in order to trace the orbital evolution of LMC-
associated satellites and to inform the analysis of the likelihood
that other Milky Way satellites were accreted in association with
the Magellanic Clouds. Our main conclusions may be summarized
as follows.

Near each pericentric passage the kinematic properties of

LMCa match approximately those of the LMC. This implies that
(i) the orbit of the LMC is not particularly unusual given the halo
virial mass, and that (ii) it is difficult to decide, using only kine-
matical data, whether the LMC is on first approach or has already
completed a full orbit.

If the LMC is on first approach, then most of its associated
subhalos should be tightly clustered around its location. Although
rare, some LMC-associated systems may still be found well away
from the LMC but along the orbital path of the group. Since none of
them has completed a single orbit there are strong position- radial
velocity correlations that may be used to identify which satellites
might have been accreted together with the LMC.

Of the known Milky Way satellites only the SMC is clearly
associated with the LMC. A case can also be made for Fornax, Ca-
rina, and Sculptor, but it is not a particularly compelling one. This
is specially true when considering available proper motion data,
which suggest that the orbital planes of these three satellites are not
aligned with that of the Clouds.

If the LMC is near its second pericenter then several further
dwarfs qualify for association. Leo II, Leo IV and Leo V, in par-
ticular, show strong spatial and velocity coincidence with the tidal
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We use cosmological N-body simulations from the Aquarius
Project to study the orbit of the LMC and its possible association
with the SMC and other Milky Way satellites in light of new proper
motion data (Kallivayalil et al. 2006; Piatek et al. 2008). We search
the simulations for LMC dynamical analogs; i.e., accreted subha-
los with pericentric distance (∼ 50 kpc) and velocity (∼ 400 km/s)
matching those of the Clouds.

One suitable candidate (LMCa) is a 3.6 × 1010M! system
accreted at z ∼ 0.5 (t = 8.7 Gyr) by Aq-A, a halo that, at z = 0
has a virial mass of 1.8 × 1012M!. LMCa turns around from a
distance of 480 kpc at tta ∼ 5 Gyr (z = 1.3), accretes into the
Milky Way halo at t = 8.6 Gyr (z = 0.5), and completes two
pericentric passages by z = 0.

We use the positions and velocities of particles belonging to
LMCa before infall in order to trace the orbital evolution of LMC-
associated satellites and to inform the analysis of the likelihood
that other Milky Way satellites were accreted in association with
the Magellanic Clouds. Our main conclusions may be summarized
as follows.

Near each pericentric passage the kinematic properties of

LMCa match approximately those of the LMC. This implies that
(i) the orbit of the LMC is not particularly unusual given the halo
virial mass, and that (ii) it is difficult to decide, using only kine-
matical data, whether the LMC is on first approach or has already
completed a full orbit.

If the LMC is on first approach, then most of its associated
subhalos should be tightly clustered around its location. Although
rare, some LMC-associated systems may still be found well away
from the LMC but along the orbital path of the group. Since none of
them has completed a single orbit there are strong position- radial
velocity correlations that may be used to identify which satellites
might have been accreted together with the LMC.

Of the known Milky Way satellites only the SMC is clearly
associated with the LMC. A case can also be made for Fornax, Ca-
rina, and Sculptor, but it is not a particularly compelling one. This
is specially true when considering available proper motion data,
which suggest that the orbital planes of these three satellites are not
aligned with that of the Clouds.

If the LMC is near its second pericenter then several further
dwarfs qualify for association. Leo II, Leo IV and Leo V, in par-
ticular, show strong spatial and velocity coincidence with the tidal
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4 SUMMARY AND CONCLUSIONS

We use cosmological N-body simulations from the Aquarius
Project to study the orbit of the LMC and its possible association
with the SMC and other Milky Way satellites in light of new proper
motion data (Kallivayalil et al. 2006; Piatek et al. 2008). We search
the simulations for LMC dynamical analogs; i.e., accreted subha-
los with pericentric distance (∼ 50 kpc) and velocity (∼ 400 km/s)
matching those of the Clouds.

One suitable candidate (LMCa) is a 3.6 × 1010M! system
accreted at z ∼ 0.5 (t = 8.7 Gyr) by Aq-A, a halo that, at z = 0
has a virial mass of 1.8 × 1012M!. LMCa turns around from a
distance of 480 kpc at tta ∼ 5 Gyr (z = 1.3), accretes into the
Milky Way halo at t = 8.6 Gyr (z = 0.5), and completes two
pericentric passages by z = 0.

We use the positions and velocities of particles belonging to
LMCa before infall in order to trace the orbital evolution of LMC-
associated satellites and to inform the analysis of the likelihood
that other Milky Way satellites were accreted in association with
the Magellanic Clouds. Our main conclusions may be summarized
as follows.

Near each pericentric passage the kinematic properties of

LMCa match approximately those of the LMC. This implies that
(i) the orbit of the LMC is not particularly unusual given the halo
virial mass, and that (ii) it is difficult to decide, using only kine-
matical data, whether the LMC is on first approach or has already
completed a full orbit.

If the LMC is on first approach, then most of its associated
subhalos should be tightly clustered around its location. Although
rare, some LMC-associated systems may still be found well away
from the LMC but along the orbital path of the group. Since none of
them has completed a single orbit there are strong position- radial
velocity correlations that may be used to identify which satellites
might have been accreted together with the LMC.

Of the known Milky Way satellites only the SMC is clearly
associated with the LMC. A case can also be made for Fornax, Ca-
rina, and Sculptor, but it is not a particularly compelling one. This
is specially true when considering available proper motion data,
which suggest that the orbital planes of these three satellites are not
aligned with that of the Clouds.

If the LMC is near its second pericenter then several further
dwarfs qualify for association. Leo II, Leo IV and Leo V, in par-
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4 SUMMARY AND CONCLUSIONS

We use cosmological N-body simulations from the Aquarius
Project to study the orbit of the LMC and its possible association
with the SMC and other Milky Way satellites in light of new proper
motion data (Kallivayalil et al. 2006; Piatek et al. 2008). We search
the simulations for LMC dynamical analogs; i.e., accreted subha-
los with pericentric distance (∼ 50 kpc) and velocity (∼ 400 km/s)
matching those of the Clouds.

One suitable candidate (LMCa) is a 3.6 × 1010M! system
accreted at z ∼ 0.5 (t = 8.7 Gyr) by Aq-A, a halo that, at z = 0
has a virial mass of 1.8 × 1012M!. LMCa turns around from a
distance of 480 kpc at tta ∼ 5 Gyr (z = 1.3), accretes into the
Milky Way halo at t = 8.6 Gyr (z = 0.5), and completes two
pericentric passages by z = 0.

We use the positions and velocities of particles belonging to
LMCa before infall in order to trace the orbital evolution of LMC-
associated satellites and to inform the analysis of the likelihood
that other Milky Way satellites were accreted in association with
the Magellanic Clouds. Our main conclusions may be summarized
as follows.

Near each pericentric passage the kinematic properties of

LMCa match approximately those of the LMC. This implies that
(i) the orbit of the LMC is not particularly unusual given the halo
virial mass, and that (ii) it is difficult to decide, using only kine-
matical data, whether the LMC is on first approach or has already
completed a full orbit.

If the LMC is on first approach, then most of its associated
subhalos should be tightly clustered around its location. Although
rare, some LMC-associated systems may still be found well away
from the LMC but along the orbital path of the group. Since none of
them has completed a single orbit there are strong position- radial
velocity correlations that may be used to identify which satellites
might have been accreted together with the LMC.

Of the known Milky Way satellites only the SMC is clearly
associated with the LMC. A case can also be made for Fornax, Ca-
rina, and Sculptor, but it is not a particularly compelling one. This
is specially true when considering available proper motion data,
which suggest that the orbital planes of these three satellites are not
aligned with that of the Clouds.

If the LMC is near its second pericenter then several further
dwarfs qualify for association. Leo II, Leo IV and Leo V, in par-
ticular, show strong spatial and velocity coincidence with the tidal
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The direction of 
angular momentum of 
a dwarf might be the 

cleanest test of 
association to the 

Clouds

New/better proper motions  can provide more definitive answers
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First pericenter 

Orbital angular momentum
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Conclusions

Approximately half of the faint isolated dwarfs with measured rotation curves seem 
to live in halos of lower masses than predicted by the Mhalo-Mstr relation within 
CDM. 

The predicted halo mass for the LMC allows it to infall onto the MW along with 
several dark and luminous companions.

The kinematics of the Clouds can be reconciled with a first or second pericenter 
passage.

Carina and Fornax are consistent with a previous association to the Clouds. If the 
LMC is on its second approach to the MW, few ultra faint dwarfs qualify as possible 
companions, such as CVI, CVII, Leo II, LeoIV and LeoV.

The surroundings of the Clouds may prove a fertile hunting ground for faint, 
previously unnoticed MW satellites. 
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