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Perspective
The matter of a isolated galaxy in steady state has a 
distribution function (DF) controlled by its integrals of 
motion — in an axially symmetric galaxy E and Lz should 
be integrals of motion 

In our galaxy, the stellar relaxation time exceeds the age 
of the Universe — and we can neglect stellar collisions 
to model the stars as a continuous mass distribution

[Jeans, 2015; Binney & Tremaine, 2008]

Thus enters the DF,  and its continuous symmetries. 
Noether’s theorem tells us that for each variational 
symmetry of an action there is an associated 
conservation law [Noether, 1918]

Here we test the symmetry to probe the conservation law. 
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Here we test axial symmetry of out-of-plane Milky Way 
stars to probe Lz as an integral of motion

Theory Framework

[Noether, 1918; Olver, 1993]

If axial symmetry is broken, non-isolating and 
possibly time-dependent forces must be at work

An axially symmetric galaxy in steady-state must also be 
north-south reflection symmetric

[An et al., 2017; note also Schulz et al., 2013] 

But a north-south symmetry-breaking pattern speaks to 
non-steady-state effects, both in and on the Milky Way

Thus studying axial symmetry breaking, north and south, 
can separate non-isolating from non-steady-state effects
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parallax measurements. With the shift applied, we keep only stars with measured parallaxes, $ > 0
mas. We also require |b| > 30� to avoid the extinction e↵ects characteristic of lower latitudes. To
avoid selection bias, we remove all stars in the directions of the LMC and SMC, as well as their
reflections across the mid-plane, across the anti-center line, and across both the mid-plane and anti-
center line. The LMC and SMC are removed by requiring b > �39, l 2 [271, 287] and b 2 [�41,�48],
l 2 [299, 307] respectively. The other 6 box cuts are constructed with suitable reflections. Consid-
ering the completeness of our data set in magnitude, color, |z|, and R we see no clear evidence of
incompleteness or of obvious, systematic biases if we choose GBP �GRP 2 [0.5, 2.5] mag, G 2 [14, 18]
mag, |z| 2 [0.2, 3] kpc, |b| > 30�, $ > 0 mas, and R 2 [7, 9] kpc. If we choose |180� � �| < 12�, these
cuts yield a sample of 14.4 million stars. The key cuts which ensure completeness are restricting
the Gaia data sample to brighter limits (G < 18) and avoiding crowded low latitude regions. Tests
involving restrictions to an even brighter limit G < 17, while lowering significance with a smaller
sample, does not change our asymmetry findings (see Figure 1) and gives us confidence that we are
not probing incomplete Gaia DR2 samples as a function of azimuth. We defer more discussion of the
completeness studies that motivate these choices to a future paper (Hinkel et al. in prep.). Table 2
shows that our data selections are well matched, north and south, as well as left and right, showing
no sign that spatial asymmetries in the dust observed in the mid-plane region (Schlegel et al. 1998)
impact our results. The left and right samples, north and south, are matched to within about 0.06%.
The larger, but still very small, number count asymmetries we observe in the north or south turn
out to match more poorly, but its source may stem from the physics that makes AN,S(�) so much
larger. As the � dependence of A(�) is our key result, we have also studied completeness within the
x� y plane carefully to determine that we should limit |180� �|  6� for our R selection, implying,
roughly, that we choose a reach in x and in y which is about ±1 kpc of the Sun’s location, yielding
a sample of 11.7 million stars.

Table 2. The number of stars found in each quadrant of the analysis, with |180� � �| < 12� Totals for the
left and right are also shown. The sample is very well matched, left and right, with an aggregate asymmetry
of A ⇡ 6⇥ 10�4.

Left Right Asymmetry (%)

North 3,376,969 3,471,980 -1.39

South 3,815,477 3,729,647 1.14

TOTAL: 7,192,446 7,201,627 -0.06

3.1. Data Analysis

The results of our asymmetry analysis of star counts left-right of the anti-center line are shown
in Fig. 1, with panel a) revealing that axial symmetry in the north plus south (N+S) sample (blue
diamonds) is significantly broken at a level up to 0.5% out to angles |180 � �| < 6�, though the
symmetry breaking e↵ects in the north (N) only (black up triangles) or south (S) only (red down
triangles) samples can be much larger. Remarkably the N and S left-right asymmetries are also
anti-correlated in sign, so that the di↵erence in the N and S asymmetries can be grossly larger than
that of the N+S sample as shown in Fig. 1b. This comparison shows that the symmetry-breaking

Gaia Data Release (DR2) Data 
Select a North/South/Left/Right matched sample

[Lindegren et al., 2018]•Choose stars with measured parallaxes
•Apply +0.07 mas parallax offset to parallax p & then 
require p > 0 [Zinn et al., 2019; Stassan & Torres, 2018; Lindegren et al., 2018]

•Require |b| > 30° 
•Remove LMC/SMC pollution cannot be removed by p 
error cut; excise via l, b cut and apply mirrored cuts 

Choose
GBP �GRP 2 [0.5, 2.5]mag;G 2 [14, 18]mag;R 2 [7, 9] kpc; |z| 2 [0.2, 3] kpc

[Hinkel, SG, Yanny, in prep.]

14.4 million stars
matched to 0.06%
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Left-Right Asymmetry from Gaia DR2 

South (S)

North (N)

N+S

Asymmetries implicitly integrate over z and R
A(�) =

nL(�)� nR(�)

nL(�) + nR(�)
; Note nL(�) [� > 180

�
] , nR(�) [� < 180

�
]

χ2  test shows offset and slope nonzero >> 5σ Discovery!
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Cross-Checks

14<G<1716<G<18

Asymmetry insensitive to stellar population chosen
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Left-Right Asymmetry from Gaia DR2

N-S

|180°-φ| ≈ 0.5°,1.8°, >5°

Asymmetries differ N and S and sometimes marked so!

South (S)

North (N)

N+S

N+S

AN-AS > AN+S implies
non-steady-state effects exist!
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direction. Our estimate for the Galactic bar is admittedly crude, but it should su�ce for our rough
rank ordering.

From Table 1, it is apparent that the largest e↵ect comes from the LMC system. Other significant
perturbers include the Galactic bar and M31, though the uncertainties are such that their relative
roles could be reversed. The net torque from these sources impacts both the shape and magnitude
of A(�). Nevertheless our particular accounting shows that the LMC system grossly outweighs the
other perturbers. However, if the shape of A(�) does not match that expected from the LMC, say,
then this could speak to matter e↵ects, possibly from DM, that clandestinely torque our sample.
Conversely, if we can account for the shape of A(�) we may well be able to constrain such structures.

3. DATA SELECTION AND ANALYSIS

We use data from the European Space Agency’s Gaia space telescope, via the online Gaia archive
(Prusti et al. 2016; Brown et al. 2018). Our selections were made from stars with measured paral-
laxes (Lindegren et al. 2018), though we choose to apply an intermediate o↵set of 0.07 mas (noting
evidence for Gaia DR2 parallax zero points ranging from -0.029 to -0.083 mas depending on reference
population in Zinn et al. (2019); Stassun & Torres (2018); Lindegren et al. (2018)), to add to all

Table 1. Nearby objects that torque the stars in our sample, with torque reported in units of M2
�/pc.

The errors in the inputs are such that the LMC system undoubtedly gives the largest e↵ect.

Object Mass (M�) distance (kpc) M/d2 (M�/pc2) ⌧z (M2
�/pc)

LMC (& SMC) 1.4(3)⇥ 1011 a 52(2) b 51 340,000

M31 1.3(4)⇥ 1012 c 772(44) d 2 -14,000

Triangulum 6⇥ 1010 e 839(28) f 0.1 -420

Galactic Bar/bulge 1.87(0.4)⇥ 1010 g 8 h 288 -47,000

Sagittarius 2.5(1.3)⇥ 108 i 28 i 0.3 -240

Fornax 1.6(1)⇥ 108 j 138(8) j 0.01 23

Carina 2.3(2)⇥ 107 j 101(5) j < 0.01 16

Sextans 4.0(6)⇥ 107 j 86(4) j 0.01 29

Sculptor 3.1(2)⇥ 107 j 79(4) j 0.01 5

Gaia-Enceladus O(109) k - - -

a Erkal et al. (2019)
b Panagia (1999)
c Peñarrubia et al. (2015)
d Ribas et al. (2005)
e Within 17 kpc from center as per Corbelli (2003)
f Gieren et al. (2013)
g Portail et al. (2015)
h Assumed
i Law & Majewski (2010)
j  Lokas (2009)
k Helmi et al. (2018); Belokurov et al. (2018)

Sources of Left-Right Asymmetry? 
Estimate torques (in z) at the Sun’s location

the LMC (&SMC),   
the Galactic Bar/bulge, 
and possibly M31 
are the major players

New!
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Orphan and the LMC 3

Figure 1. Stream track and ratio of proper motions showing misalignment
in the Orphan stream. Top panel shows the Orphan stream in coordinates
aligned with the stream. The black points are RR Lyrae from Koposov et al.
(2019), the dashed-red line shows a cubic spline fit to these points, and
the dotted line shows the galactic plane. The grey arrows show the reflex-
corrected proper motion direction at 25� intervals along the stream. In a
stream orbiting a static, non-interacting Milky Way, these arrows would
be expected to point along the stream. Note that the final proper motion
direction at �1 ⇠ 110� has a large uncertainty and thus its misalignment is
not significant. Lower panel: Ratio of the reflex corrected proper motions
along the stream (black point with grey bars) and the slope of the stream
(dashed-red curve). There is a mismatch for �1 < 50� where the stream
track has a negative slope but the proper motions indicate a positive slope.
This mismatch is the strongest below �1 ⇠ 0� which corresponds to the
Southern Galactic hemisphere.

Milky Way halo. We discuss the meaning and implications of these
results in Section 5 before concluding in Section 6.

2 MISALIGNED ORPHAN STREAM

Streams can be shown to approximately delineate orbits (Sanders &
Binney 2013), which implies that the constituent stars move mostly
along the stream. Indeed, this near-alignment has been proposed as
a way to measure the velocity of the Sun (Majewski et al. 2006;
Malhan & Ibata 2017; Hayes, Law & Majewski 2018) and, natu-
rally, as a means of finding streams (Malhan & Ibata 2018). In or-
der to see how this motion along the stream relates the debris path
and its proper motion, let us consider a stream in an on-sky coor-
dinate system where it follows a track (�1(s), �2(s)) parameterized
by s. If the proper motions are aligned with the stream track, then
the tangent to the stream, ( d�1

ds ,
d�2
ds ), should be proportional to the

motion of the stars along the stream, ( d�1
dt ,

d�2
dt ) = (µ�1, µ�2). Note

that we assume that the proper motions are corrected for the So-
lar reflex. We emphasize that µ�1 is the proper motion in �1 without
the traditional cos(�2) correction. In practice, we compare the slope
of the stream on the sky, d�2

d�1
, to the ratio of the proper motions in

the stream, µ�2µ�1 . Replacing �2(s) with the distance to the stream,
r(s), this argument also implies that vr

µ�1
can be compared with dr

d�1

where vr is the Solar reflex corrected radial velocity, i.e. vgsr. Note
that these comparisons can be made in any coordinates and can be
used to easily determine whether the stream has been significantly
perturbed.

Observationally, the motion-track alignment has been demon-
strated in several streams in the Milky Way. For example, both
the GD-1 (Grillmair & Dionatos 2006) and the Palomar 5 streams
(Odenkirchen et al. 2001) have proper motions closely aligned with
their stream tracks (Koposov, Rix & Hogg 2010; Fritz & Kallivay-
alil 2015, respectively).

In Figure 1 we investigate whether the assumption of motion-
track alignment holds for the OS, as traced using RR Lyrae from
Gaia DR2 (see Koposov et al. 2019). The (�1, �2) coordinates
are obtained by a rotation of the celestial equator to a great cir-
cle with a pole of (↵pole, �pole) = (72�,�14�) and a zero point at
(↵, �) = (191.10487�, 62.86084�). The top panel shows the RR
Lyrae on the sky along with a cubic spline fit (dashed-red curve).
The cubic spline uses fixed nodes with a spacing of 30�. The bottom
panel shows the slope of this track (dashed-red curve) along with
the ratio of the reflex-corrected proper motions (black points with
grey error bars). The error bars come from Monte Carlo sampling
of the proper motions and the distances given the observational un-
certainties. The errors are largest at the ends of the visible stream
due to their relatively large distances (r > 30 kpc).

The stream track and proper motions are misaligned for �1 <
50� with the strongest mismatch below �1 < 0�. Interestingly,
this corresponds to the previously unseen portion of Orphan in the
Southern Galactic hemisphere where the stream is closest to the
LMC. To give a sense of the magnitude of the misalignment, in
the top panel light grey arrows show the proper motion direction
averaged in 25� intervals along the stream. There is a clear mis-
alignment in the South where the proper motions point upwards
but the stream has a gentle negative slope. Note that the top panel
of Figure 1 slightly exaggerates the misalignment due to the aspect
ratio of the figure.

3 FITTING THE NORTHERN PART OF THE STREAM

Given the strong misalignment seen in Figure 1, it is clear that orbit
modelling will fail for this particular stream since the orbit’s pro-
jection on the sky and its proper motion are always aligned by con-
struction. Therefore, in what follows we instead use realistic stream
models. We start by fitting only the Northern portion of the OS in a
Galaxy model with an aspherical Dark Matter halo. This allows us
to both compare to the results in the literature (although a genuine
stream model has not yet been used to explain even the Northern
data) and to better elucidate the e↵ect of the LMC. We then demon-
strate how di↵erent mass LMCs can deflect the Southern portion of
such a model stream and e↵ortlessly bring it into agreement with
the Orphan data. Later, in Section 4, we will explore models of the
entire stream.

3.1 Setup

We generate streams using the modified Lagrange Cloud Strip-
ping (mLCS) technique developed in Gibbons, Belokurov & Evans
(2014). This method rapidly generates streams by ejecting swarms
of test particles from the Lagrange points of a progenitor whose
gravitational potential is represented analytically. We model the
Orphan’s progenitor as a 107 M� (in approximate agreement with
the observationally-motivated mass estimates from Koposov et al.
2019) Plummer sphere with a scale radius of 1 kpc. These param-
eters were chosen to roughly match the width of the OS. For the
Milky Way gravitational potential, we choose a generalized ver-
sion of MWPotential2014 from Bovy (2015) which consists of an

MNRAS 000, 000–000 (0000)

Evidence for a Massive LMC 

[Erkal et al., 2019]

Orphan stream stars do not move with the stream velocity
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Orphan and the LMC 7

Figure 3. Comparison of the best fit models when fitting all of the RR Lyrae. The black points in the top four panels show the observed RR Lyrae from
Koposov et al. (2019). The red points with error bars in the bottom panel show radial velocities from SDSS which are not included in the fit. The curves show
the tracks of the best-fit streams in a prolate halo including the LMC (solid blue line) and a spherical halo including the LMC (dashed green line). In both
these cases, the Milky Way halo is represented by a particle which can respond to the LMC. For comparison, a best-fit in an oblate halo without the LMC is
included. While this can roughly match most of the observables, it fails to reproduce the stream track on the sky.

if the LMC is massive enough, it will induce a substantial reflex
motion in the Milky Way (Weinberg 1989; Gómez et al. 2015). In
order to account for this shift in the center of mass, we treat the
Milky Way as a movable particle that sources a potential. We give
the results of these six fits in Table 2. In general we find that the fits
in a reflexive Milky Way halo are best for each choice of the halo
shape and consequently, throughout the rest of this work, we only
show the results for the case where the two galaxies are allowed to
move freely.

The best-fit stream tracks for the three halo shapes obtained
in the presence of the LMC as well as one stream model with the
LMC excluded are shown in Figure 3. As is obvious from the Fig-
ure, the addition of the LMC allows us to adequately match the
overall properties of the OS across the entire sky. Some minor dis-
crepancies still exists, mainly in the behavior of the stream on the
sky (top panel). It is also clear that a spherical Milky Way provides
a poor match to the OS data, especially the oscillation in the stream
track around �1 ⇠ 100�. Allowing the halo to be axisymmetric (ei-
ther prolate or oblate) brings the model into a better agreement with
the data. For reference we also show the best-fit OS model in the
Milky Way without the LMC (dotted orange line). This fit was car-
ried out using a setup identical to that described in Section 3 except

that we place the progenitor at �1 = 6.34� and fit the entire data
range. While the Milky Way-only model does a reasonable job for
some of the observables for a range of �1, it fails miserably in pre-
dicting the positions of the OS debris on the sky.

In Figure 4, we present the stream particles in the best-fit
stream model in a prolate, reflexive Milky Way potential. The left
panel shows the stream observables, which are all a close match
to the sample of RR Lyrae stars from Gaia DR2. The top right
panel compares the ratio of the reflex corrected proper motions
and the stream track, mimicking the presentation in Figure 1. We
see that the best-fit model has the same misalignment as the ob-
served stream. The bottom right panel gives the closest approach
distance to the LMC for each particle in the stream (note the loga-
rithmic scale of the y-axis). We see that the trend is nearly mono-
tonic with stream particles with smaller �1 experiencing a closer
approach and therefore a stronger interaction with the LMC than
those with larger �1. This explains why the largest misalignments
are seen for �1 < 0� since this is where the e↵ect of the LMC is
the strongest. These closest approaches are not simultaneous but
happen over a range of times from 350 Myr ago (�1 ⇠ �90�) to
100 Myr ago (�1 ⇠ 0�). Thus, we see that the perturbation from the

MNRAS 000, 000–000 (0000)

 Orphan Stream Fits: a Massive LMC

[Erkal et al., 2019]

Resolve v mismatch with distorted, non-axial DM halo
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Distorted Dark Matter Halos 
From Orphan stream fits [Erkal et al., 2019]

Milky Way model includes disk, bulge, and a DM halo (of 
NFW form); initially only mass and shape of the halo can 
change in the fit

Reflex motion of the Milky Way can also modify the halo 
distortion

�NFW(x, y, z) = �GMNFW

r̃

log(1 +

r̃
rs
)

log(1 + c)� c
(1+c)

;

r̃

2 = x

2 + y

2 + z

2 + (
1

q

2
� 1)(n̂ · x)2

If n does not point along z, then the potential breaks axial 
symmetry. Note q >0 prolate, and q<0 oblate 
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N+S
r-oblate
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prolate

N+S asymmetry only weakly discriminates the possibilities
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15

Prolate

Compare Distorted Halo Potentials

Oblate Reflex Oblate

Reflex Prolate
View along anti-center line towards Sun & GC 

Why Oblate Forms show little N, S sensitivity

+y

+Z+z
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[Figure Credit: Kallivayalil (UVa) [& Law]]

A New View of Old Puzzles

LMC:  (-1,-41,-27) kpc Sun:  (-8,0,0) kpc

Distorted Halo from Sgr stream fits; why its orientation?

LMC!



• We have discovered statistically significant left-right and north-south 
asymmetries in the out-of-plane star counts — this speaks to axial 
symmetry breaking, with differences in the north and south; the N/S 
pattern can separate non-isolating from non-steady-state effects! 

• The analysis of the Orphan stream data by Erkal et al. points to a more 
massive (and more accurate) LMC mass; the distorted DM halos that 
emerge from that analysis can yield both the size and sign of the 
asymmetries we observe

• A massive LMC (and distorted DM halo) can explain why the warp in the 
disk of HI gas is long-lived*, and it can explain the spatial elongation of 
star counts associated with Gaia Enceladus**

• The galactic bar/budge may drive the N-S vs. N+S features we observe 
close to the plane

• As motivated by Noether’s theorem (and An et al., 2017), forming 
asymmetries to probe for failures of axial and north-south symmetry have 
been shown to be powerful probes of the influence of satellite torques on 
the overall distribution of mass in and around the MW.

17

Summary  

* Weinberg & Blitz, 2006 **Helmi et al., 2018; Belokurov et al. 2018
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    [ https://sci.esa.int/web/gaia/-/60169-gaia-s-sky-in-colour (April, 2018)]

Gaia’s Sky in Color (DR2)
LMC: architect of warps & asymmetries in the Milky Way

https://sci.esa.int/web/gaia/-/60169-gaia-s-sky-in-colour
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