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Considerations on how to investigate planes of satellite galaxies
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The existence of a spatially thin, kinematically coherent Disk of Satellites (DoS)

around the Milky Way (MW) is a problem that often garners vivacious debate in the

literature or at scientific meetings. One of the most recent incarnations of this wran-

gle occurred with two papers by Maji et al., who argued that these structures “may be

a misinterpretation of the data.” These claims are in stark contrast to previous works.

Motivated by this and other recent publications on this problem, we discuss neces-

sary considerations to make, observational effects to consider, and pitfalls to avoid

when investigating satellite galaxy planes such as the MW’s DoS. In particular, we

emphasize that conclusions need to have a statistical basis including a determination

of the significance of satellite alignments, observational biases must not be ignored,

and measurement errors (e.g., for proper motions) need to be considered. We dis-

cuss the general problems faced by attempts to determine the dynamical stability

of the DoS via orbit integrations of MW satellite galaxies, and demonstrate that, to

interpret simulations, it is helpful to compare them with a null case of isotropically

distributed satellite positions and velocities. Based on these criteria, we find that the

conclusions of Maji et al. do not hold up to scrutiny, and that their hydrodynamic

cosmological simulation of a single host shows no evidence for a significant kine-

matic coherence among the simulated satellite galaxies, in contrast to the observed

MW system.
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1 INTRODUCTION

Lynden-Bell (1976) and Kunkel & Demers (1976) first noted

that the Milky Way (MW) satellite galaxies LMC, SMC,

Draco, Ursa Minor, Sculptor, and Fornax (Kunkel & Demers

1976 also included Leo I and II),1 as well as several star

1Carina (Cannon et al. 1977), Sextans (Irwin et al. 1990), and Sagittarius

(Ibata et al. 1994) were not known at the time of the work of Lynden-Bell

(1976) and Kunkel & Demers (1976), contrary to the attribution to them of

clusters, align along a great polar circle around the MW.

Kroupa et al. (2005) showed that the then-known 11 MW

satellite galaxies form a Disk of Satellites (DoS): their distri-

bution is highly flattened, and oriented almost perpendicular

to the MW. They also pointed out that this is in contrast to

predictions from the standard cosmological model.

11 satellites by, for example Sawala et al. (2014), Cautun et al. (2015), and

Maji et al. (2017a, 2017b).
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While the existence of planes of satellite galaxies and sig-

natures of their kinematic coherence have now been firmly

established for the MW and M31 systems (Conn et al. 2013;

Ibata et al. 2013; Pawlowski 2016; Pawlowski et al. 2012),

and indications for such structures have been found beyond

the Local Group (Ibata et al. 2014; Müller et al. 2016; Tully

et al. 2015), the origin, stability, and, most importantly,

interpretation of the satellite planes within the context of cos-

mological models are still debated (e.g., Angus et al. 2016;

Cautun et al. 2015; Hammer et al. 2013; Kroupa et al. 2010;

Libeskind et al. 2009, 2015; Pawlowski et al. 2014; Smith

et al. 2016; Yang et al. 2014).

Maji et al. (2017a, 2017b) recently joined this discussion

with two papers. In Maji et al. (2017a), the authors call into

question the evidence for the MW DoS and its kinematic

coherence, suggesting that it might be a “misinterpretation of

the data.” In Maji et al. (2017b), they then demonstrate that

their single hydrodynamical simulation of a MW-like host

halo does not contain a strongly flattened or kinematically

coherent satellite plane.

Given our previous experience in studying the phase–space

distribution of the MW satellite galaxies, we feel obliged

to comment on these contributions because of their com-

bination of far-reaching claims and the lack of supporting

evidence. Their claims are plagued with methodological prob-

lems, inadequate statistical analysis, and other inaccuracies

of varying degrees of severity. These shortcomings have

motivated us to present some general considerations on inves-

tigations of satellite galaxy planes.

We consider the following elements to be required in order

to come to meaningful conclusions on the existence and

prominence of the DoS and kinematic correlations among

simulated satellite galaxies. The analysis should be statisti-

cally sound and, thus, transparently measure the significance

of its results. It should take (at least the dominant) mea-

surement errors into consideration, as well as be aware of

the influence of observational biases. Finally, to be able to

determine the strength of a phase–space coherence requires

comparison with a well-defined null hypothesis, preferably

an isotropic model (to which the previously mentioned biases

should be applied as well).

We will discuss these aspects in more detail in the follow-

ing, and assess whether they have been sufficiently considered

in recent works, with an emphasis on those making the

strongest claims (Maji et al. 2017a, 2017b). To facilitate easier

comparison of this comment with their papers, we use the

term DoS here, even though vast polar structure (VPOS)

would be more accurate since it implies the alignment of addi-

tional objects and streams found by Pawlowski et al. (2012).

2 STATISTICAL SIGNIFICANCE AND
MEASUREMENT ERRORS

To quantify whether an apparent correlation is real, it is nec-

essary to determine its statistical significance. In doing so,

one can estimate how likely it is that the observed configu-

ration could arise from random chance. When working with

phase–space distributions of satellite galaxy systems, it has

proven useful to compare their properties with those drawn

from isotropic distributions (in position and/or velocity). This

allows an efficient and easily implemented test of signifi-

cance, which has the benefit of being agnostic to underlying

cosmological models and thus is applicable to observations

and simulations alike.

Observational uncertainties of measured parameters need

to be taken into account in scientific analyses, especially when

investigating potentially correlated systems. In such cases,

measurement uncertainties can constitute an important contri-

bution to the measured scatter in relations, or even dominate

entirely in case of negligible intrinsic scatter (see e.g., Lelli

et al. 2017 for a recent example of measured vs. intrinsic

scatter).

Maji et al. (2017a) fit planes to, and measure the corre-

sponding flattening of, three samples of MW satellite galax-

ies: the 11 classical ones, as well as samples of 27 and 39

satellites. Information on which objects constitute the larger

samples and what positions and distances were adopted for

them has not been provided. Maji et al. (2017a) report both the

minor-to-major axis ratios c/a of these distributions and the

absolute root-mean-square heights. We will focus on the for-

mer in the following, but similar arguments apply to the latter.

Maji et al. (2017a, 2017b) consider three cases for weighting

the distance of the individual galaxies in the fit of a plane

to the DoS and the estimate of c/a of the DoS, namely no

weighting, a down-weighting with 1/r, and a down-weighting

with 1/r2 (where r is the Galactocentric distance of a satel-

lite). Reasons for why such a weighting of satellites in the

plane fitting routine is less informative have been discussed at

length in Pawlowski et al. (2015). Basically, down-weighting

by radius has the effect of suppressing the information content

of the observed satellite positions. In particular, a weight-

ing by 1/r effectively projects all positions onto a unit sphere

before the flattening of the distribution is calculated. This has

the consequence that only the angular alignment of the satel-

lites is considered and that available information is ignored

because the dimensionality of the data is reduced to only

two out of three dimensions. While down-weighting results

in slightly reduced sensitivity to distant outliers, it leads to

increased sensitivity to angular outliers at small Galactocen-

tric distances, which are expected for a structure of nonzero

width. Furthermore, Pawlowski et al. (2015) showed that

a test based on down-weighting is less discriminating and

biases toward finding an agreement with the observed flat-

tening of the MW satellite distribution. Because of these

arguments, we discuss in the following only the case where

the satellite galaxies are not weighted by their distance.

The axis ratio c/a increases from 0.18 for the 11 classi-

cal satellites to about 0.26 for the sample of 39 satellites in

Maji et al. (2017a). They argue that such an increase demon-

strates that the DoS becomes “significantly more isotropic
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FIGURE 1 The minor-to-major axis ratio flattening of subhalo systems in

the ELVIS suite of cosmological simulations of MW and Andromeda

galaxy equivalents (Garrison-Kimmel et al. 2014), and the satellite galaxy

systems in the four hydrodynamical cosmological simulations used in

Ahmed et al. (2017). For larger numbers of considered sub-halos (ranked by

their abundance-matching based luminosity) or satellite galaxies (ranked by

their stellar mass), the overall flattening declines with increasing sample

size. The 11 classical MW satellites nevertheless have a stronger flattening

than the simulations (c/a= 0.18, blue dot). Maji et al. (2017a) report

c/a∼ 0.26 for a sample of 39 MW satellites (blue square). While they argue

that such an increase shows that the distribution becomes significantly more

isotropic, this figure demonstrates that a slightly increased c/a for a larger

sample size might in fact have a higher significance of the flattening

compared to isotropic (“randomized”) and simulated distributions. See also

fig. 3 in Pawlowski & McGaugh (2014)

and thicker.” However, no significance has been measured

by them, and thus this judgement seems questionable. This

worry is corroborated by Figure 1, which shows how the axis

ratio flattening of simulated satellite distributions changes

with the number of considered objects. The data in this

plot is from the ELVIS suite of standard cosmology simu-

lations, and the effect of increasing satellite number on c/a
and other parameters has already been discussed in Pawlowski

& McGaugh (2014). In summary, for low numbers of satel-

lites, the true thickness of the overall satellite distribution is

underestimated: fitting a plane to a smaller number of satel-

lites will, on average, result in a thinner plane height and a

smaller axis ratio. This is because the few most distant satel-

lites will define the plane fit and thus have small offsets,

while those satellites at small radii will have small distances

from any plane. In the extreme case of three satellites, the

best fitting plane would have zero thickness. Only when the

number of satellites increases does the measured thickness

start to approach the true flattening of the overall distribution.

This also explains why the discrepancy between simulated

and randomized (isotropic) satellite distributions are more

pronounced for larger numbers of considered satellites.

Figure 1 shows that the value of c/a is expected to increase

rapidly for larger sample sizes (in standard cosmological

models as well as isotropic systems), such that even a moder-

ate increase in the observed c/a to 0.26 in 39 satellites in fact

increases the distance between the observed and the expected

c/a, both for simulated satellite systems (black solid and red

dashed lines) and isotropic distributions (green dotted line and

green shaded area). Had Maji et al. (2017a) performed a com-

parison with such expectations and thereby determined the

statistical significance of the flattening; they might well have

found the significance to in fact increase for the larger sample

sizes. The data might thus point to the opposite of their inter-

pretation: namely that the increase in sample size strengthens

the evidence for the DoS rather than diminishes it.

The inclusion of baryonic physics can affect the distribu-

tion of satellite galaxies in simulation. In particular, it has

been found that satellite systems in hydrodynamical simula-

tions are more radially extended as a result of the stronger

tidal disruption close to the central galaxy (Ahmed et al. 2017;

Garrison-Kimmel et al. 2017). Furthermore, even among

dark-matter-only and hydrodynamical simulations based on

the same initial conditions, different sets of satellites might be

identified as the most luminous ones. Despite these issues, we

find that the effect of rising axis ratios for increasing satellite

numbers also tends to be present in hydrodynamical simula-

tions, as exemplified by the magenta lines in Figure 1. These

are based on the four simulations used in Ahmed et al. (2017),

where the satellites are ranked according to their stellar mass.

Because of the limited resolution, the lines are plotted only

up to the maximum number of satellites that contain at least

three star particles, following the choice made in Ahmed et al.

(2017). As for the dark-matter-only simulations, all four of

these satellite systems are considerably less flattened than the

observed VPOS.

In their comparison with a single hydrodynamical simula-

tion, Maji et al. (2017b) find c/a≈ 0.3 for the 11 most massive

simulated dwarf galaxies, which they argue is close to the

observed value of 0.18. However, to be able to meaningfully

interpret differences in numerical values, a statistical analy-

sis of the distribution of c/a values is required. Only this can

inform judgement of whether c/a≈ 0.2 and c/a≈ 0.3 are close

or in significant conflict. As can be seen in Figure 1, c/a values

of 0.3 can be reached by the shown dark-matter-only simula-

tions, whereas the observed value of 0.18 is so low that it is

never reached, which hints at the latter option. The model by

Maji et al. (2017b) may produce a different result, but this can

be determined only if they run their simulations according to

their model sufficiently often to enable a statistical analysis.

Similar arguments apply to investigations of the distribu-

tion of orbital poles of the MW satellite galaxies. In Maji

et al. (2017a, fig. 2), they use data compiled in Pawlowski

& Kroupa (2013) to largely reproduce the latter study’s fig.

1, in particular the distribution of the orbital poles of the

MW satellite galaxies. Additional Hubble Space Telescope

(HST) measurements of proper motions (Piatek et al. 2016;
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FIGURE 2 Distribution of the orbital poles of the classical MW satellite galaxies, updated with recent HST proper motion measurements (Piatek et al. 2016;

Pryor et al. 2015; Sohn et al. 2017). The green great-circle segments indicate the 1𝜎 uncertainties in the directions of the orbital poles due to the proper

motion measurement uncertainties. The magenta square with a plus sign indicates the direction of the normal to the plane fitted to the positions of the 11

classical satellite galaxies. Within their uncertainties, 8 of the 11 satellites are consistent with co-orbiting in the DoS, while another one (Sculptor) is

counter-orbiting. Only Leo I (which might not be bound to the MW) and Sagittarius (which due to its position cannot possibly orbit in the DoS) are

inconsistent with co-orbiting by more than 1𝜎

Pryor et al. 2015)—which result in updated, more tightly

clustered orbital poles—have not been considered by Maji

et al. (2017a). In Figure 2, we show an updated version of

the plot originally published in Pawlowski & Kroupa (2013).

Furthermore, the orbital pole uncertainties (green great-circle

segments in Figure 2) have been omitted in Maji et al. (2017a).

The authors then set an orbital pole alignment criterion,

according to which an orbital pole has to be within 45◦ of the

normal vector to the best fitting plane of the satellites. A total

of 6 of the 11 classical MW satellite galaxies fall within this

category around one of the two normal directions. Not men-

tioned by Maji et al. (2017a) is that Sculptor is also within 45◦

of the plane normal but in a counter-orbiting orientation such

that 7 out of 11 objects have orbital poles that align to within

45◦ with the satellite plane normal.

Maji et al. (2017a) additionally neglect to mention that two

other orbital poles are just barely excluded by the cut at 45◦:

Carina’s most likely orbital pole is at an angular distance of

45.7◦, and Sextans’s is at 49.8◦ (Pawlowski & Kroupa 2013).

Both have orbital pole uncertainties that extend well into the

region close to the satellite plane normal. Within just their

1𝜎 uncertainties, Sextans is consistent with aligning perfectly

with the satellite plane normal and Carina aligns to within

15◦.

As was the case for the measure of the plane flattening,

Maji et al. (2017a) do not attempt to determine the signifi-

cance of the orbital pole concentration, though this method

would deliver more conclusive results than arguments based

on an arbitrary 45◦ cut-off. In fact, it was shown in Pawlowski

& Kroupa (2013) that the probability to find the eight most

aligned orbital poles to cluster at least as tightly as observed

is 0.1% if the distribution of orbital poles was isotropic and

that the average direction of those orbital poles differs by only

18.9◦ from the normal vector of the best fitting plane to the

DoS (e.g., Pawlowski & McGaugh 2014).

Maji et al. (2017a) therefore neither base their conclu-

sion on a statistically sound determination of the orbital

pole correlation’s significance nor take the sometimes sub-

stantial measurement errors affecting proper motions into

account. Measurement errors were discussed in Pawlowski

& Kroupa (2013), who also pointed out that orbital poles

with smaller uncertainties align more closely with the satellite

plane normal.

3 ORBIT CALCULATIONS AND
MEASUREMENT ERRORS

Even if one grants that the DoS is currently a thin and coherent

structure, one could still argue that this is a chance occurrence

and that the same satellites will exhibit a very different distri-

bution in the future (and also would have in the past). Some

recent papers attempt to explore this possibility by carrying

out orbit integrations, advancing the positions of the satellites

backward (Lipnicky & Chakrabarti 2016) or forward in time

(Maji et al. 2017a), starting from their currently measured

positions and velocities.

There is a problem with drawing conclusions from simula-

tions like these. The hypothesis being tested is that the DoS

is a long-lived structure; that is, the orbits of the satellites

are narrowly confined in integral space. Suppose that the

hypothesis is true. It follows that any errors in the simulated
orbits—due to errors in the initial positions or velocities, in

the assumed form of the potential, etc.—are guaranteed to

result in a decrease in time of the system’s coherence. Given

that the current satellite distribution is highly coherent, a loss

of coherence with time is almost certain to occur in simu-

lations of this sort, and it cannot be taken as evidence that

the existing correlations are short-lived. In order to make

such an argument, one would need to show that there is no
set of initial conditions consistent with the observed proper
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motions and positions that can result in long-term coherence,

and furthermore that this is true in every potential that is

consistent with observations of the MW.

Calculating a satellite galaxy’s orbit around the MW

requires precise knowledge of the underlying gravitational

potential and exact measurements of the satellite’s current

position, distance, line-of-sight velocity and proper motion,

and of the Galactocentric distance of the Sun and the solar

motion with respect to the Galactic center. Many of these

quantities are not well constrained. Even for a parameter as

fundamental as the total mass of the MW, current estimates

range from 0.6 to more than 2.0× 1012 M⊙ (Boylan-Kolchin

et al. 2013; Deason et al. 2012; Gibbons et al. 2014; Watkins

et al. 2010). Likewise, some studies have found the shape of

the MW halo to be close to spherical, while others prefer a

triaxial halo (Fellhauer et al. 2006; Ibata et al. 2001; Küpper

et al. 2015; Law & Majewski 2010), which can have profound

effects on orbital stability of a satellite plane (Fernando et al.

2017). The matter is further complicated by the fact that the

satellites orbit in an evolving potential.

In order to disprove the hypothesis that the DoS is rota-

tionally supported, it is therefore not sufficient to integrate

the satellite orbits based on their most likely proper motions

in a single fixed potential. Instead, the following stronger

claim must be proven: Even considering the substantial proper

motion uncertainties (as well as other measurement uncer-

tainties and the fact that the profile, shape, and depth of the

MW potential are not well known), there is no configura-

tion of possible satellite orbits that results in a stable DoS.

What must be shown is thus not that the most likely proper

motion measurements result in a stable satellite plane. Rather,

it needs to be demonstrated that, within the range of possi-

ble proper motions of all satellites, no mutual configuration

exists that kept the objects currently orbiting within the DoS

in a coherent structure in the past.

The work of Lipnicky & Chakrabarti (2016) is based on

integrating the orbits of the MW satellite galaxies backward in

time. They find that a plane fitted to the backward-integrated

satellite positions has an increased height, and conclude that

the DoS is not a dynamically stable structure. However, they

do not take the previously discussed measurement uncer-

tainties into account in the orbit calculations. Instead, they

determine how long, on average, a perfect ring of satellite

galaxies on circular orbits remains coherent if errors are added

to the initial velocities. They define coherence as having a

ratio of the root-mean-square height (Rrms) to the median dis-

tance from the host (Dmed) of
Rrms

Dmed

< 0.33. Since their test case

is a satellite ring of 150 kpc radius, this implies that their toy

model is allowed to increase in thickness from 0 kpc (perfect

initial alignment) to ∼50 kpc (0.33× 150 kpc), whereas any
increase in thickness for the observed system is interpreted as

a sign of dynamical instability.

Similarly, in their fig. 3, Maji et al. (2017a) show their

results for the future orbits of those MW satellite galaxies

with measured proper motions, apparently assuming (they

do not specify this) their most likely 3D velocities. They

plot the satellites’ current and future positions. Future posi-

tions after 1 and 5 Gyr are shown (as reported both in

the text and the caption). These orbit integrations do not

take the previously mentioned sources of uncertainties into

account.

That Lipnicky & Chakrabarti (2016) and Maji et al. (2017a)

find an apparent dispersion of the satellite plane is therefore

not surprising, and it does not allow any meaningful con-

clusion to be drawn as to the dynamical state of the DoS.

They did not test whether the observed proper motions are

consistent within their uncertainties with a dynamically sta-

ble satellite galaxy plane. We further note that the reported

times, the plotted distances, or the overall orbit integration

in Maji et al. (2017a) are wrong: with typical velocities of

200 km s−1, a MW satellite would have moved by about 1 Mpc

in 5 Gyr (and consequently many would have completed mul-

tiple orbits). This is substantially more than the few 10 kpc of

motion shown in their figure.

4 OBSERVATIONAL BIASES

The observed distribution of satellite galaxies around the MW

is affected by a number of observational biases. Crowding by

foreground stars and obscuration by MW dust make it very

difficult to detect even bright satellites close to the Galactic

plane. Fainter objects can be discovered only in deep sur-

veys, the two most successful of which have been the Sloan

Digital Sky Survey (SDSS, York et al. 2000) and the Dark

Energy Survey (DES, The Dark Energy Survey Collabora-

tion 2005). As shown in Figure 3, they have been confined

to specific regions of the sky. Faint dwarf galaxies might still

be lurking in the regions not observed. The survey footprints

can thus introduce strong spatial biases in the distribution

of known MW satellite galaxies, which are further compli-

cated by other effects affecting dwarf galaxy discoverability,

such as local Galactic foreground and variations of observ-

ing conditions between different survey pointings. Modeling

such spatial biases is particularly important when investigat-

ing the spatial distribution of satellite galaxies. It has been

demonstrated that approximate approaches to such modeling

are possible and can be applied to statistical analyses of the

alignment of MW satellite galaxies (e.g., Metz et al. 2009;

Pawlowski 2016).

Furthermore, the known sample of faint dwarf galaxies is

radially biased. Because of such galaxies’ very low luminos-

ity and surface brightness, current surveys can only discover

these objects nearby instead of within the whole MW halo

(Tollerud et al. 2008). The inclusion of faint MW satellite

galaxies in a measure of the satellite plane flattening thus

introduces biases whose effects on the resulting values for

axis ratios and plane height are difficult to evaluate, ques-

tioning their use as reliable probes of the overall phase–space

correlation of the MW satellite system.
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FIGURE 3 Distribution of MW satellite galaxies (classical in blue, SDSS based discoveries in red, first year DES discoveries in green) and the

corresponding survey footprints. For the classical satellites, it is assumed that the MW disk prohibits discovery within b=±12◦. This illustrates that the

spatial distribution of discoverable MW satellite galaxies suffers from complicated positional biases. An analysis expanding beyond the 11 classical satellite

galaxies to fainter objects thus needs to consider and model these complex biases in order to arrive at a statistically sound comparison of the observed

flattening of the satellite system and simulations. Figure adopted from fig. 1 in Pawlowski (2016) after adding DES information to the original

When Maji et al. (2017a) measure the spatial flattening of

the MW satellite system, they do not attempt to consider the

effects of MW disk obscuration, survey footprints, or radial

biasing of faint satellite galaxies. As such, it is therefore more

than questionable whether the sheer increase in the number of

tracers used to measure the satellite system’s flattening actu-

ally provides more information on the satellite distribution

than on the underlying survey strategies.

The points on survey footprints and radial biases apply not

only to determinations of the significance of the flattening

of an observed satellite system but also to comparisons of

observed systems with simulations. As has been demonstrated

in Pawlowski et al. (2014), the size and shape of the consid-

ered volume can significantly affect results on the frequency

of narrow satellite galaxy planes. For example, more narrow

volumes bias toward more narrow satellite distributions.

Survey shapes and selection effects have not been con-

sidered in numerous studies, in particular those selecting

satellites from the entire virial volume of a simulated host

halo (e.g., Ahmed et al. 2017; Buck et al. 2015; Sawala et al.

2014). In Maji et al. (2017b), the authors not only ignore sur-

vey footprints and radial biases when comparing observations

with their single simulation; the compared volumes are sub-

stantially different, too. Large portions of the Maji et al.’s

(2017b) analysis focus on a volume of 1 Mpc in radius,2 while

Maji et al. (2017a) concentrate on the virial radius of the

MW, which for their simulation they give as 240 kpc. Thus

the compared volumes are almost two orders of magnitude

different. In this regard, the two volumes thus trace very dif-

ferent regimes; for example, it is no surprise that at 1 Mpc

2One might suspect from their fig. 1 that the considered volume is either

1 Mpc/h (with h≈ 0.7), or that the virial radius of the host galaxy is smaller

than reported. In the figure, the circle indicating the host’s virial radius

has a radius of about one-third of the distance to the 0.5 Mpc tick mark,

which would correspond to a virial radius of 167 kpc instead of the reported

≈240 kpc. This is curiously close to 0.7× 240= 168 kpc.

the existence of filamentary structures results in smaller c/a
values. Differences between the simulation and the observed

MW satellite distribution are thus less dominated by sample

sizes, but rather by probing very different structures. When

they restrict the satellite sample to smaller numbers and the

virial volume, Maji et al. (2017b) find less narrow distribu-

tions than observed, in line with previous results based on

dark-matter-only simulations (e.g., Pawlowski & McGaugh

2014).

5 AN ISOTROPIC COMPARISON MODEL

As discussed in section 2, it can be very instructive to use

isotropic distributions as a benchmark to develop an expecta-

tion that allows one to identify whether simulations contain

new correlations or behavior. A benefit of isotropic models

is that they do not display any intrinsic flattening or orienta-

tion, which, for example, allows one to study what effect mere

low number statistics has on the measured flattening of satel-

lite samples (e.g., dotted line and green region in Figure 1)

or how survey footprint shapes affect the expected flatten-

ing of a satellite system (Pawlowski 2016). From a practical

standpoint, one benefit is that expectations for isotropic dis-

tributions can be derived from basic geometry on a sphere.

Oftentimes, expected fractions of aligned satellites are eas-

ily determined by calculating the corresponding area on a

sphere. A useful application is the quick assessment of kine-

matic alignments, addressing questions such as whether more

satellite galaxies move close to (or orbit within) a common

plane than expected for an isotropic distribution.

As an example, we will in the following use some geo-

metric considerations and the information Maji et al. (2017b)

provide about their simulation to make such a comparison.

This addresses the lack of any assessment of the degree of

the kinematic alignments presented by Maji et al. (2017b),



860 PAWLOWSKI ET AL.

which made it difficult to judge whether the reported fractions

of kinematically aligned dwarf galaxies are indicative of

additional coherence beyond mere isotropy.

Maji et al. (2017b) define a dwarf galaxy as moving in the

plane of satellites if its 3D velocity vector aligns to within

45◦ or less with the plane. According to this criterion, a satel-

lite on an orbit perpendicular to the plane and currently at

its most distant point from the plane (thus currently moving

in a direction parallel to the plane) is kinematically aligned.

This criterion thus considers only the 3D velocities, while it

completely ignores the positions, which makes it so weak that

the vast majority of the satellites fulfill it even in the case of

complete isotropy.

Maji et al. (2017b) report that 77 of the 106 luminous

dwarfs in their simulation (using all dwarfs out to 1 Mpc) ful-

fill their kinematic alignment criterion. Note, however, that

the histogram in their fig. 7, while referred to as showing

that 77 out of 106 simulated dwarfs have velocities within

45◦ of the best fit plane, only contains a total of 77 data

points, not 106. If we, nevertheless, assume that the text is cor-

rect, this results in 73% alignment. While Maji et al. (2017b)

do not provide any means to judge whether this is a large,

small, or modest alignment, we can calculate the expected

fraction for an isotropic distribution of velocity vectors. The

fraction of isotropic directions that align to within an angle

𝜃 with any given plane is sin 𝜃. Thus, for 𝜃 = 45◦ we expect

71% of the vectors to align.3 This is fully consistent with

the fraction found by Maji et al. (2017b), indicating that this

measure reveals no evidence that the simulation results in an

increased kinematic alignment of dwarf galaxies compared to

an isotropic model.4

Maji et al. (2017b) continue by counting the number of

simulated satellites that have an orbital pole aligned to 45◦

or better with the normal vector of the plane fitted to the

satellite positions. Out of the 77 satellites, they find 18 to

be co- and 19 to be counter-rotating.5 For an isotropic dis-

tribution of orbital poles, a fraction of 1− cos 𝜏 of poles will

align to an angle better than 𝜏 with the normal vector of any

given plane. For 𝜏 = 45◦, this corresponds to 29%. Maji et al.

(2017b) report 18+ 19= 37 out of a total of 77, which is 48%

and thus appears high. However, the 77 are allegedly selected

out of a total of 106 for having velocity vectors within 45◦ of

the satellite plane. Conversely, this implies that the remain-

ing 106− 77= 29 cannot have an orbital pole closer than 45◦

3Note that because the plane to which the velocities are compared in Maji

et al. (2017b) is defined by the simulated dwarf galaxy positions, one can

expect a modest increase in this fraction.
4If we instead read off the numbers from the histogram in their fig. 7, there

are 21 satellites with velocities inclined by more than 45◦ from the best fitting

plane, vs. 56 with more closely aligned velocity vectors. These numbers again

give 73% of satellites with velocities within 45◦ of the best fitting plane,

which again is fully consistent with the expected fraction from an isotropic

sample.
5This is a nonstandard interpretation of counter-rotation. The term usually

refers to the opposite of the majority direction, in which case the number of

counter-rotating objects cannot exceed the number of co-rotating ones.

to the satellite plane normal: a dwarf galaxy’s orbital pole is

always perpendicular to the velocity vector; if the latter has

an angle of more than 45◦ from a plane, then every vector

perpendicular to it will always be within 45◦ of the plane or

more than 45◦ from the plane normal. Thus, the fraction to

compare with an isotropic model is 37 of 106 (35%), which is

only slightly higher than the isotropic expectation. The offset

is in the direction expected for the position-dependent plane

orientation and within the expected variation from standard

Poisson errors (
√

37 ≈ ±6, corresponding to a range in the

fraction from 29% to 41%).

It is interesting to note that the observed MW system is

inconsistent with these numbers, with at least 6 (possibly 8

within their uncertainties, see section 2) of the 11 classi-

cal satellites having co-orbiting orbital poles within 45◦ of

the DoS plane normal, plus 1 counter-orbiting (i.e., 64–81%

fulfilling their criterion). Nevertheless, Maji et al. (2017b)

then seem to argue that the lack of a kinematic coherence in

their simulation suggests that the observed DoS does not have

a coherent rotation. This is a false conclusion, because the

results of a simulation cannot trump existing observational

data when it comes to the nature of a system that is observed

in reality.

Finally, it should be emphasized that the simulation results

of Maji et al. (2017b) are based on a single host halo and

therefore lack statistical significance. Furthermore, no infor-

mation has been provided on whether that halo’s central

galaxy, its environment, or local cosmography has any resem-

blance with the MW (e.g., motion along a filament towards

Virgo, evacuation from the Local Void, group configuration

with M31).

6 CONCLUSION

We have discussed several effects that need to be considered

when investigating satellite galaxy planes like the DoS. In

particular, conclusions need to have a statistical basis, which

mandates that the significance of satellite alignments be deter-

mined. Observational biases can strongly affect the spatial

distribution of satellite galaxies, and must not be ignored in

comparisons to models or simulations. Measurement errors

such as for proper motions need to be considered, especially

since they affect any attempts to determine the dynamical

stability of the DoS via orbit integrations. Showing that the

most likely proper motions results in a dispersing satellite

plane is not sufficient to rule out the hypothesis that the

DoS is a long-lived structure, because if it is kinematically

coherent, any errors in the simulated orbits are guaranteed to

falsely decrease the system’s coherence over time. We have

also argued that it is helpful to interpret simulation results

by comparing them with an alternative model of isotropically

distributed satellite velocities.

Applied to the specific examples that motivated this work,

we find that the contributions by Maji et al. (2017a, 2017b)
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lack the necessary analyses to come to meaningful conclu-

sions on the existence of the DoS and on its kinematic

correlation. A statistical foundation and measurements of the

significance of presented results are missing in their contribu-

tions. Had these been carried out, they would in all likelihood

have pointed to the opposite of the authors’ claims. The mea-

surement errors for the MW satellite galaxy proper motions,

as well as the uncertain nature of the MW potential, have not

been taken into consideration. The effect of satellite sample

size on the flattening of a satellite system is not a novel finding

but has been demonstrated and discussed in past publications

(e.g., Pawlowski & McGaugh 2014; Wang et al. 2013); nor

does it imply that the DoS might be an effect of small sam-

ple size. The influence of observational biases was ignored,

and the structure of MW satellite galaxies was inappropriately

compared to that of simulated dwarf galaxies drawn from a

much larger volume. We therefore strongly reject the sugges-

tion that the observed DoS might be “a misinterpretation of

the data.”
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