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Figure 5. The vast polar structure – VPOS – about the MW in
Cartesian coordinates. The y-axis in both panels points towards
the Galactic north pole. The 11 classical satellites are shown as
large (yellow) dots, the 13 new satellites are represented by the
smaller (green) dots, YH GCs are plotted as (blue) squares. The
(red) curves connect the stream anchor points, the (light-red)
shaded regions illustrating the planes defined by these and the
Galactic centre. Note that the stream coordinates are magnified
by a factor of 3 to ease the comparison. The obscuration-region of
±10◦ from the MW disc is given by the horizontal grey areas. In
the centre, the MW disc orientation (edge-on) is shown by a short
horizontal (cyan) line. Upper panel : an edge-on view of the VPOS
(x-axis aligned with l = 156.4◦). The near-vertical solid line shows
the best fit Disc of Satellite galaxies – DoS – (seen edge-on) at
the given projection from Kroupa et al. (2010), the dashed lines
define the RMS-height of the DoS (28.9 kpc). Both YH GCs and
streams align in a similar direction. Lower panel : a view rotated
by 90◦, the VPOS is seen face-on. The satellite galaxies and YH
GCs show a wider distribution and the planes of most streams are
also seen close to face-on. A movie rotating this view over 360◦ can
be found online at http://www.astro.uni-bonn.de/download/.

4 DISCUSSION

In this section we present our interpretation of the results
and discuss possible explanations and implications.

Using a new method to estimate the normal to the or-
bital plane a stream forms around the Galactic centre, a pro-
nounced overdensity of stream-normal vectors is unveiled. It
is stunning that half of the streams are well aligned (having
normal vectors closer than 32◦, the next-closest one being
55◦ away) with the previously known DoS, with the average
orbital angular momentum of six nearby satellite galaxies,
and with the normal vector to the best-fitting plane through
the YH globular clusters. This is especially noteworthy, as
the streams analysed not only include debris of tidally dis-
rupted dwarf galaxies, but also consist of the remnants of
globular clusters. The possibility of a similar alignment to
occur by chance if the stream orbits are drawn from an
isotropic distribution is estimated to be 0.3 per cent.

The radial distances from the MW centre of the con-
sidered objects show that the polar structure reaches deep
into the MW, with stream anchor points having Galactocen-
tric distances of 10-50 kpc, the YH GCs aligned close to the
DoS having distances between 20 and 100 kpc and satellite
galaxies found close to the DoS ranging as far out as 250
kpc. As it consists of different types of objects, the struc-
ture is termed a vast polar structure (VPOS) around the
MW, to distinguish it from the disc of satellites (DoS) which
only consists of the satellite dwarf galaxies of the MW. The
three-dimensional distribution of the objects in the VPOS
is illustrated in Fig. 5, in which the streams are magnified
by a factor of three.

4.1 Might the MW be an ancient polar-ring
galaxy?

The VPOS shows that the MW has a pronounced pla-
nar, polar structure extending from 10 kpc to its outer-
most region of 250 kpc. It can therefore be termed a polar-
disc galaxy, a term which has also been suggested as a
more correct replacement to the term polar-ring galaxy (e.g.
Gallagher et al. 2002; Brook et al. 2008). Could the MW
have been a polar-ring/disc galaxy?

The MW shares many properties with the criteria de-
fined by Whitmore et al. (1990) for the classification as a
polar-ring-type galaxy. The major axes of the two compo-
nents, the MW disc and the VPOS, are nearly orthogonal,
as are their angular momenta, shown by the satellite galaxy
orbital poles (Metz et al. 2008) and the stream normal vec-
tors clustering close to the DoS normal. The centres of the
MW and the VPOS are nearly aligned, illustrated for ex-
ample by the small offset of only 8 kpc of the DoS from
the Galactic centre (Kroupa et al. 2010) and 2.6 kpc for the
best-fitting plane to the YH GCs. Finally, the VPOS con-
sists of luminous material and is thin as the half-thickness or
height of the DoS is 28.9 kpc, while the radius is ≈ 250 kpc.
Polar rings formed in numerically modelled galaxy mergers
and interactions are stable for long times and can be trans-
formed into polar discs when the ring is disturbed by other
galaxies, such as the later merger of the ring’s donor galaxy
in an interaction (Bournaud & Combes 2003).

Speaking against the classification as a polar-ring/disc
galaxy are the size of the VPOS (more extended than typ-

c⃝ 2012 RAS, MNRAS 000, 1–21

Pawlowski+ 2012; Pawlowski & Kroupa 2013

• The Galactic satellites are distributed on 
a thin planar structure. 

• A plane too thin plane for LCDM? 
(Pawlowski & Kroupa 2013) 

• No, at least ~10% of LCDM systems 
have a plane as prominent at the one 
observed for the MW (Cautun+ 2015).
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Figure 5. The vast polar structure – VPOS – about the MW in
Cartesian coordinates. The y-axis in both panels points towards
the Galactic north pole. The 11 classical satellites are shown as
large (yellow) dots, the 13 new satellites are represented by the
smaller (green) dots, YH GCs are plotted as (blue) squares. The
(red) curves connect the stream anchor points, the (light-red)
shaded regions illustrating the planes defined by these and the
Galactic centre. Note that the stream coordinates are magnified
by a factor of 3 to ease the comparison. The obscuration-region of
±10◦ from the MW disc is given by the horizontal grey areas. In
the centre, the MW disc orientation (edge-on) is shown by a short
horizontal (cyan) line. Upper panel : an edge-on view of the VPOS
(x-axis aligned with l = 156.4◦). The near-vertical solid line shows
the best fit Disc of Satellite galaxies – DoS – (seen edge-on) at
the given projection from Kroupa et al. (2010), the dashed lines
define the RMS-height of the DoS (28.9 kpc). Both YH GCs and
streams align in a similar direction. Lower panel : a view rotated
by 90◦, the VPOS is seen face-on. The satellite galaxies and YH
GCs show a wider distribution and the planes of most streams are
also seen close to face-on. A movie rotating this view over 360◦ can
be found online at http://www.astro.uni-bonn.de/download/.

4 DISCUSSION

In this section we present our interpretation of the results
and discuss possible explanations and implications.

Using a new method to estimate the normal to the or-
bital plane a stream forms around the Galactic centre, a pro-
nounced overdensity of stream-normal vectors is unveiled. It
is stunning that half of the streams are well aligned (having
normal vectors closer than 32◦, the next-closest one being
55◦ away) with the previously known DoS, with the average
orbital angular momentum of six nearby satellite galaxies,
and with the normal vector to the best-fitting plane through
the YH globular clusters. This is especially noteworthy, as
the streams analysed not only include debris of tidally dis-
rupted dwarf galaxies, but also consist of the remnants of
globular clusters. The possibility of a similar alignment to
occur by chance if the stream orbits are drawn from an
isotropic distribution is estimated to be 0.3 per cent.

The radial distances from the MW centre of the con-
sidered objects show that the polar structure reaches deep
into the MW, with stream anchor points having Galactocen-
tric distances of 10-50 kpc, the YH GCs aligned close to the
DoS having distances between 20 and 100 kpc and satellite
galaxies found close to the DoS ranging as far out as 250
kpc. As it consists of different types of objects, the struc-
ture is termed a vast polar structure (VPOS) around the
MW, to distinguish it from the disc of satellites (DoS) which
only consists of the satellite dwarf galaxies of the MW. The
three-dimensional distribution of the objects in the VPOS
is illustrated in Fig. 5, in which the streams are magnified
by a factor of three.

4.1 Might the MW be an ancient polar-ring
galaxy?

The VPOS shows that the MW has a pronounced pla-
nar, polar structure extending from 10 kpc to its outer-
most region of 250 kpc. It can therefore be termed a polar-
disc galaxy, a term which has also been suggested as a
more correct replacement to the term polar-ring galaxy (e.g.
Gallagher et al. 2002; Brook et al. 2008). Could the MW
have been a polar-ring/disc galaxy?

The MW shares many properties with the criteria de-
fined by Whitmore et al. (1990) for the classification as a
polar-ring-type galaxy. The major axes of the two compo-
nents, the MW disc and the VPOS, are nearly orthogonal,
as are their angular momenta, shown by the satellite galaxy
orbital poles (Metz et al. 2008) and the stream normal vec-
tors clustering close to the DoS normal. The centres of the
MW and the VPOS are nearly aligned, illustrated for ex-
ample by the small offset of only 8 kpc of the DoS from
the Galactic centre (Kroupa et al. 2010) and 2.6 kpc for the
best-fitting plane to the YH GCs. Finally, the VPOS con-
sists of luminous material and is thin as the half-thickness or
height of the DoS is 28.9 kpc, while the radius is ≈ 250 kpc.
Polar rings formed in numerically modelled galaxy mergers
and interactions are stable for long times and can be trans-
formed into polar discs when the ring is disturbed by other
galaxies, such as the later merger of the ring’s donor galaxy
in an interaction (Bournaud & Combes 2003).

Speaking against the classification as a polar-ring/disc
galaxy are the size of the VPOS (more extended than typ-

c⃝ 2012 RAS, MNRAS 000, 1–21

Pawlowski+ 2012; Pawlowski & Kroupa 2013

• The plane of satellites is a manifestation 
of anisotropic accretion (e.g. Libeskind+ 
2007, 2014, Buck+ 2015). 

• But the planar structure is nearly 
perpendicular on disk of the MW. 

• Can such configurations arise in LCDM? 
How often is this the case?
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Figure 5. The vast polar structure – VPOS – about the MW in
Cartesian coordinates. The y-axis in both panels points towards
the Galactic north pole. The 11 classical satellites are shown as
large (yellow) dots, the 13 new satellites are represented by the
smaller (green) dots, YH GCs are plotted as (blue) squares. The
(red) curves connect the stream anchor points, the (light-red)
shaded regions illustrating the planes defined by these and the
Galactic centre. Note that the stream coordinates are magnified
by a factor of 3 to ease the comparison. The obscuration-region of
±10◦ from the MW disc is given by the horizontal grey areas. In
the centre, the MW disc orientation (edge-on) is shown by a short
horizontal (cyan) line. Upper panel : an edge-on view of the VPOS
(x-axis aligned with l = 156.4◦). The near-vertical solid line shows
the best fit Disc of Satellite galaxies – DoS – (seen edge-on) at
the given projection from Kroupa et al. (2010), the dashed lines
define the RMS-height of the DoS (28.9 kpc). Both YH GCs and
streams align in a similar direction. Lower panel : a view rotated
by 90◦, the VPOS is seen face-on. The satellite galaxies and YH
GCs show a wider distribution and the planes of most streams are
also seen close to face-on. A movie rotating this view over 360◦ can
be found online at http://www.astro.uni-bonn.de/download/.

4 DISCUSSION

In this section we present our interpretation of the results
and discuss possible explanations and implications.

Using a new method to estimate the normal to the or-
bital plane a stream forms around the Galactic centre, a pro-
nounced overdensity of stream-normal vectors is unveiled. It
is stunning that half of the streams are well aligned (having
normal vectors closer than 32◦, the next-closest one being
55◦ away) with the previously known DoS, with the average
orbital angular momentum of six nearby satellite galaxies,
and with the normal vector to the best-fitting plane through
the YH globular clusters. This is especially noteworthy, as
the streams analysed not only include debris of tidally dis-
rupted dwarf galaxies, but also consist of the remnants of
globular clusters. The possibility of a similar alignment to
occur by chance if the stream orbits are drawn from an
isotropic distribution is estimated to be 0.3 per cent.

The radial distances from the MW centre of the con-
sidered objects show that the polar structure reaches deep
into the MW, with stream anchor points having Galactocen-
tric distances of 10-50 kpc, the YH GCs aligned close to the
DoS having distances between 20 and 100 kpc and satellite
galaxies found close to the DoS ranging as far out as 250
kpc. As it consists of different types of objects, the struc-
ture is termed a vast polar structure (VPOS) around the
MW, to distinguish it from the disc of satellites (DoS) which
only consists of the satellite dwarf galaxies of the MW. The
three-dimensional distribution of the objects in the VPOS
is illustrated in Fig. 5, in which the streams are magnified
by a factor of three.

4.1 Might the MW be an ancient polar-ring
galaxy?

The VPOS shows that the MW has a pronounced pla-
nar, polar structure extending from 10 kpc to its outer-
most region of 250 kpc. It can therefore be termed a polar-
disc galaxy, a term which has also been suggested as a
more correct replacement to the term polar-ring galaxy (e.g.
Gallagher et al. 2002; Brook et al. 2008). Could the MW
have been a polar-ring/disc galaxy?

The MW shares many properties with the criteria de-
fined by Whitmore et al. (1990) for the classification as a
polar-ring-type galaxy. The major axes of the two compo-
nents, the MW disc and the VPOS, are nearly orthogonal,
as are their angular momenta, shown by the satellite galaxy
orbital poles (Metz et al. 2008) and the stream normal vec-
tors clustering close to the DoS normal. The centres of the
MW and the VPOS are nearly aligned, illustrated for ex-
ample by the small offset of only 8 kpc of the DoS from
the Galactic centre (Kroupa et al. 2010) and 2.6 kpc for the
best-fitting plane to the YH GCs. Finally, the VPOS con-
sists of luminous material and is thin as the half-thickness or
height of the DoS is 28.9 kpc, while the radius is ≈ 250 kpc.
Polar rings formed in numerically modelled galaxy mergers
and interactions are stable for long times and can be trans-
formed into polar discs when the ring is disturbed by other
galaxies, such as the later merger of the ring’s donor galaxy
in an interaction (Bournaud & Combes 2003).

Speaking against the classification as a polar-ring/disc
galaxy are the size of the VPOS (more extended than typ-
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• The plane of satellites is a manifestation 
of anisotropic accretion (e.g. Libeskind+ 
2007, 2014, Buck+ 2015). 

• But the planar structure is nearly 
perpendicular on disk of the MW. 

• Can such configurations arise in LCDM? 
How often is this the case?
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• Evolution and Assembly of 
GaLaxies and their Environments 

• A hydrodynamical cosmological 
simulation 

• Box length of 100 Mpc 

• Used 2 x15043 particles (DM & gas) 

Stellar mass function
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1. All centrals residing within MW-mass haloes.

2. Systems with at least 10 luminous satellites within 300 kpc.

3. Find the principal axes of the inertia tensor for: 
• the distribution of satellite galaxies 
• central galaxy
• the dark matter halo

4.  Compute the misalignment angle between the minor axes of the 
various components.

1080  systems
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Figure 5. The vast polar structure – VPOS – about the MW in
Cartesian coordinates. The y-axis in both panels points towards
the Galactic north pole. The 11 classical satellites are shown as
large (yellow) dots, the 13 new satellites are represented by the
smaller (green) dots, YH GCs are plotted as (blue) squares. The
(red) curves connect the stream anchor points, the (light-red)
shaded regions illustrating the planes defined by these and the
Galactic centre. Note that the stream coordinates are magnified
by a factor of 3 to ease the comparison. The obscuration-region of
±10◦ from the MW disc is given by the horizontal grey areas. In
the centre, the MW disc orientation (edge-on) is shown by a short
horizontal (cyan) line. Upper panel : an edge-on view of the VPOS
(x-axis aligned with l = 156.4◦). The near-vertical solid line shows
the best fit Disc of Satellite galaxies – DoS – (seen edge-on) at
the given projection from Kroupa et al. (2010), the dashed lines
define the RMS-height of the DoS (28.9 kpc). Both YH GCs and
streams align in a similar direction. Lower panel : a view rotated
by 90◦, the VPOS is seen face-on. The satellite galaxies and YH
GCs show a wider distribution and the planes of most streams are
also seen close to face-on. A movie rotating this view over 360◦ can
be found online at http://www.astro.uni-bonn.de/download/.

4 DISCUSSION

In this section we present our interpretation of the results
and discuss possible explanations and implications.

Using a new method to estimate the normal to the or-
bital plane a stream forms around the Galactic centre, a pro-
nounced overdensity of stream-normal vectors is unveiled. It
is stunning that half of the streams are well aligned (having
normal vectors closer than 32◦, the next-closest one being
55◦ away) with the previously known DoS, with the average
orbital angular momentum of six nearby satellite galaxies,
and with the normal vector to the best-fitting plane through
the YH globular clusters. This is especially noteworthy, as
the streams analysed not only include debris of tidally dis-
rupted dwarf galaxies, but also consist of the remnants of
globular clusters. The possibility of a similar alignment to
occur by chance if the stream orbits are drawn from an
isotropic distribution is estimated to be 0.3 per cent.

The radial distances from the MW centre of the con-
sidered objects show that the polar structure reaches deep
into the MW, with stream anchor points having Galactocen-
tric distances of 10-50 kpc, the YH GCs aligned close to the
DoS having distances between 20 and 100 kpc and satellite
galaxies found close to the DoS ranging as far out as 250
kpc. As it consists of different types of objects, the struc-
ture is termed a vast polar structure (VPOS) around the
MW, to distinguish it from the disc of satellites (DoS) which
only consists of the satellite dwarf galaxies of the MW. The
three-dimensional distribution of the objects in the VPOS
is illustrated in Fig. 5, in which the streams are magnified
by a factor of three.

4.1 Might the MW be an ancient polar-ring
galaxy?

The VPOS shows that the MW has a pronounced pla-
nar, polar structure extending from 10 kpc to its outer-
most region of 250 kpc. It can therefore be termed a polar-
disc galaxy, a term which has also been suggested as a
more correct replacement to the term polar-ring galaxy (e.g.
Gallagher et al. 2002; Brook et al. 2008). Could the MW
have been a polar-ring/disc galaxy?

The MW shares many properties with the criteria de-
fined by Whitmore et al. (1990) for the classification as a
polar-ring-type galaxy. The major axes of the two compo-
nents, the MW disc and the VPOS, are nearly orthogonal,
as are their angular momenta, shown by the satellite galaxy
orbital poles (Metz et al. 2008) and the stream normal vec-
tors clustering close to the DoS normal. The centres of the
MW and the VPOS are nearly aligned, illustrated for ex-
ample by the small offset of only 8 kpc of the DoS from
the Galactic centre (Kroupa et al. 2010) and 2.6 kpc for the
best-fitting plane to the YH GCs. Finally, the VPOS con-
sists of luminous material and is thin as the half-thickness or
height of the DoS is 28.9 kpc, while the radius is ≈ 250 kpc.
Polar rings formed in numerically modelled galaxy mergers
and interactions are stable for long times and can be trans-
formed into polar discs when the ring is disturbed by other
galaxies, such as the later merger of the ring’s donor galaxy
in an interaction (Bournaud & Combes 2003).

Speaking against the classification as a polar-ring/disc
galaxy are the size of the VPOS (more extended than typ-
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Figure 1: Map of the Andromeda satellite system. The homogenous PAndAS survey (irregular 

polygon) provides the source catalogue for the detections and distance measurements of the 27 

satellite galaxies20  (filled circles) used in this study.  Near M31 (ellipse), the high background 

hampers the detection of new satellites and precludes reliable distance measurements for M32 and 

NGC 205 (black open circles); we therefore exclude the region inside 2◦.5 (dashed circle) from the 

analysis. The seven satellites known outside the PandAS area (green circles/arrows) constitute a 

heterogenous sample, discovered in various surveys with non-uniform spatial coverage, and their 

distances are not measured in the same homogenous way. Since a reliable spatial analysis requires 

a dataset with homogenous selection criteria, we do not include these objects in the sample either. 

The analysis shows that satellites marked red are confined to a highly planar structure. Note that 

this structure is approximately perpendicular to lines of constant Galactic latitude, so it is therefore 

aligned approximately perpendicular to the Milky Way’s disk (the grid squares are 4◦  × 4◦). 
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M31
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 600 kpc

c/a = 0.22
b/a = 0.67
cos(θ) = 0.09
θ = 84.7o

κrot = 0.60

 600 kpc

one of many more similar systems
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Dark matter Galaxies

Figure 2. Top left: projected dark matter density in one of our resimulations at resolution level L2 in a cube of side length 4 Mpc. Circles

indicate the locations of the eleven brightest satellites of one of the main galaxies, whose spatial distribution is as anisotropic as that of

the eleven brightest Milky Way satellites, and which align with the filament that contains most of the halos and galaxies in the region.
The main panels contrast the vast number of dark matter substructures (left) with the stellar light distribution (right) in the 2 Mpc

cube indicated by the square in the top left panel. The small panels in the top row are of side length 125 kpc and reveal in more detail
the stellar component of some of the di↵erent types of galaxies formed in this simulation; central galaxies (first and second columns)

and satellite galaxies (third and fourth columns), which have realistic sizes, colours, and morphologies. Dark matter substructures are
abundant in the Apostle simulations, but due to the complexity of galaxy formation, starlight paints a very di↵erent picture.

simulations labelled “L1”, “L2” and “L3” have primordial
gas (DM) particle masses of approximately 1.0(5.0)⇥104M�,
1.2(5.9) ⇥ 105M� and 1.5(7.5) ⇥ 106M�, respectively, and
maximum gravitational softening lengths of 134 pc, 307 pc
and 711 pc. L3 is close to the resolution of the Eagle
L100N1504 simulation. While the Eagle simulations use
the Planck-1 cosmology (Planck Collaboration et al. 2013),
Apostle was performed in the slightly di↵erent WMAP-
7 cosmology (Komatsu 2011), with density parameters at
z = 0 for matter, baryons and dark energy of ⌦M = 0.272,
⌦b = 0.0455 and ⌦

�

= 0.728, respectively, a Hubble pa-
rameter of H0 = 70.4 km/s Mpc�1, a power spectrum of
(linear) amplitude on the scale of 8h�1Mpc of �8 = 0.81

and a power-law spectral index n
s

= 0.967. On LG scales,
we expect the e↵ect of cosmological parameters to be mini-
mal.

3 RESULTS

3.1 Formation of LG galaxies

While the Local Group observations are all made at z = 0,
and the focus of our paper is on the relation between the
observable stellar component and the underlying dark mat-
ter model, our simulations allow us to follow its evolution
from before the formation of the first stars to the present

c� 2015 RAS, MNRAS 000, 1–15
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The main panels contrast the vast number of dark matter substructures (left) with the stellar light distribution (right) in the 2 Mpc

cube indicated by the square in the top left panel. The small panels in the top row are of side length 125 kpc and reveal in more detail
the stellar component of some of the di↵erent types of galaxies formed in this simulation; central galaxies (first and second columns)
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• Weak alignment between the central & 
satellite plane that arises from the 
strong alignment of both with the halo.

• Satellite distributions perpendicular to 
the central are common (20% are as 
perpendicular as the MW systems)

• The halo is very strongly aligned with 
the central and satellite plane for 
systems where the central & satellite 
plane are parallel

cos (  alignment  angle  )

C
D

F

halo - central
central - satellite
halo - satellite
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What information is encoded
in the planes of satellite galaxies?
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Alignment with LSS
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