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Studies of complex systems 
— hadrons, nuclei, atoms, molecules —

in terrestrial experiments reveal “new physics” 
if expected symmetries 

are discovered to be broken

Here we apply that thinking to the Milky Way 
using the Gaia space telescope to consider not one object 

but millions… what patterns do we find?

New Eyes
The only true voyage of discovery, …, would be not to visit strange lands but to 
possess other eyes, to behold the universe through the eyes of another, …
    [M. Proust, The Remembrance of Things Past (In Search of Lost Time), 1922….]



And the cosmic baryon asymmetry 

Two Numbers
Drive new physics searches 

Why is the cosmic  
energy budget in  
baryons so small? 
(and what is  
everything  
else?!) 

⌘ = nbaryon/nphoton = (5.96± 0.28)⇥ 10�10

so large?

[NASA]
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(And what is the origin of the ν mass?)

[Steigman, 2012] 



A Cosmic Baryon Asymmetry 
From particle physics? 

The particle physics of the early universe can explain this 
asymmetry if B (baryon number), C (particle-antiparticle), 
and CP (matter-antimatter) violation all exist in a non-
equilibrium environment. [Sakharov, 1967]
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“From S. Okubo’s effect [CPV] 
At high temperature 
A coat is tailored for the Universe 
To fit its skewed shape”  
[A. Sakharov] [http://www.aip.org/history/sakharov/cosmresp.htm]

But what is the mechanism?

http://www.aip.org/history/sakharov/cosmresp.htm


 The SM almost has the right ingredients: 
B? Yes, at high temperatures

C and CP? Yes, but CP is “special”

Non-equilibrium dynamics? No. (!)
The Higgs particle is too massive to yield
a first-order electroweak phase transition

 [e.g., Aoki, Csikor, Fodor,  Ukawa, 1999]

The baryon asymmetry of the universe (BAU) derives from 
physics beyond the standard model! 

The Puzzle of the Missing Antimatter 

So that the SM mechanism fails altogether 
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η<10-26

Early numerical estimates are much too small. 
[Farrar and Shaposhnikov, 1993; Gavela et al., 1994; Huet and Sather, 1995.]

And we seek new sources of CP violation….



Electric & Magnetic Dipole Moments
A permanent EDM breaks parity (P) & time-reversal (T) 

Note if T is broken so is CP [CPT unbroken]
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ℋ = − ⃗μ ⋅ ⃗B − ⃗d ⋅ ⃗E
Intrinsic property:  ⃗μ , ⃗d ∝ ⃗S [spin]

Maxwell Equations…              is P even, T even 
                                           is P odd, T odd

Classically, the spin precesses 
 if there is a torque: 

− ⃗μ ⋅ ⃗B
− ⃗d ⋅ ⃗E

⃗τ =
d ⃗S
dt

= ⃗μ × ⃗B ⃗S i

⃗S f φ

⃗B
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EDM Measurement Principle
Much simplified!

Consider the precession frequency

ν =
1

2π
dφ
dt

=
2 ⃗μ ⋅ ⃗B ± 2 ⃗d ⋅ ⃗E

h
and its change under  field reversal 
B must be very well determined!

⃗E

The experimental sensitivity to the energy  is set by  ⃗d ⋅ ⃗E

σd ∼
ℏ

| ⃗E |Tm N
measurement time
number of counts

Tm

dn < 1.8 × 10−26 e-cm [90 % C.L.]
N

Neutron: 
 [Abel et al., 2020]

u

d d
d ∼

2
3

eℓ ∼ 6 × 10−15 e-cm if ℓ ∼ 0.1rp

ℓ

Estimate: (!)
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Scaling the n to Earth’s size 
implies a charge separation 

of < 4μm 
(cf. human hair width 40 μm)

+
−

Sensitivity of EDM Measurements

dn < 1.8 × 10−26 e-cm [90 % C.L.]Neutron: 
Consider current best limit for the neutron

[Abel et al., 2020]

For a sense of scale: 

Experiments under development reach for improvements 
of 10-100x in sensitivity

Applied electric fields can be enormously enhanced  
in atoms and molecules  [Purcell and Ramsey, 1950]

World’s best EDM limit 199Hg , great strides in 129Xe,…
[Graner et al., 2016] [Sachdeva et al., 2020]
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New Eyes
Lessons Learned from EDM Studies: 

Driving Common Features
• A discovery of symmetry breaking (T, P) 

at the current level of sensitivity reveals 
new physics, regardless of the complexity 
of the system.

• Enormous data sets (statistical power) 
are important to realizing experimental 
sensitivity [Tm , N]

• Excellent control over unwanted, 
obscuring effects (systematics) is also 
required [B….]
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Austin Hinkel            Brian Yanny

The Gaia Era: Astrometric Parallaxes+  
         of ~109 Objects [DR2: April, 2018!]

[https://www.cosmos.esa.int/web/gaia/home]

My Collaborators:

Symmetries of the 
Milky Way &
their breaking?

https://www.cosmos.esa.int/web/gaia/home
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    [ https://sci.esa.int/web/gaia/-/60169-gaia-s-sky-in-colour (April, 2018)]

The Milky Way

bulge

halo

disk disk

[ https://sci.esa.int/web/gaia/-/60169-gaia-s-sky-in-colour (April, 2018)]

https://sci.esa.int/web/gaia/-/60169-gaia-s-sky-in-colour
https://sci.esa.int/web/gaia/-/60169-gaia-s-sky-in-colour
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Observations Reveal A “New” Milky Way

[A. Finkbeiner, Nature News 2012]
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New Surprises!

Skowron, et al., Science 365 (2019) 478
[Also: Chen et al., Nature Astro., 2019]

What has warped 

the Milky Way? 



Galactic Rotation Curves

Vera Rubin

Measure the rotation 
velocity from 

Doppler shift of 
neutral H (α lines)

Long-Standing Surprises
Evidence for Missing Matter



• “Missing mass” problems have 
existed – at a variety of length 
scales – for decades

• Nearly as old is the 
suggestion (Zwicky, 1933) that 
“dark” (or non-luminous) 
matter might exist and solve 
the puzzle

• Recent, disparate 
observational results concur!

Dark Matter: Why Not Seeing is Believing 



16

Image credit: S. Brunier/ESO; Graphic Source: ESA

Spacecraft sweeps the sky, viewing objects many times
Gaia’s Forecast



The Galaxy’s Rotation Curve with Gaia
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The Circular Velocity Curve of the Milky Way 11
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Figure 3. The new measurements of the circular velocity curve of the Milky Way are
shown as the black data points. The errorbars are estimated via bootstrapping and do
not include any systematic uncertainties. We note the systematic error at the location of
the Sun, which influences our results at the . 3% level (see § 5.2). The blue dotted curve
shows a linear fit to our data (Eqn. 7), whereas the red curves show 100 random draws
from the posterior distribution of the fit parameters to the circular velocity modeled as a
sum of stellar components, i.e. bulge, thin and thick disk (grey curves), and a dark matter
halo estimated by an NFW-profile (yellow curves, also showing 100 random draws from the
posterior). The measurements of various other studies of the circular velocity are shown as
colored data points. The light grey shaded region marks the region, where dynamics are
strongly influenced by the Milky Way’s bar.

(2013) or Reid et al. (2014) suggest, who estimate a slope that is consistent with a

flat circular velocity curve, which is excluded by our estimate with > 3� significance.

A declining circular velocity curve has not been observed in many other disk galaxies

in the local universe, which rather show a flat or even increasing circular velocity curve

(e.g. Rubin et al. 1980; Sofue et al. 1999). Galaxies with declining circular velocity

curves have yet only been reported at higher redshift. For instance, Genzel et al.

(2017) studied six massive star-forming galaxies at z ⇡ 2 and found declining circular

velocities curves, claiming that these galaxies are baryon-dominated and their dark

matter content smaller than in disk galaxies in the local universe (see also Lang et al.

2017). They argue that the observations suggest that baryons in the early universe

arXiv: 
1810.09466

Note very recent 
improvement
in precision!
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(Selected) Discoveries with Gaia

Gaia “snail” : intricate z-vz-vφ correlations 
(near the Sun) speak to non-steady-state effects 

Local Dark Matter Density

Antoja et al. (2018)

Contributions statement

T.A. contributed to the sample preparation, analysed and interpreted the data, performed most of the
modelling and wrote the paper together with A.H. A.H. provided interpretation to the findings. M.R.
performed the simulation with the barred potential and contributed to sample preparation. D.K., C.B, R.D.,
D.W.E, F.F., E.P., C.R., A.C.R, G.S, C.S. contributed to sample preparation and validation of the Gaia
data. All authors reviewed the manuscript.
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Correspondence to Teresa Antoja.
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Figure 1. Distribution of stars in the vertical position-velocity plane from Gaia DR2 data. The
panels are for stars in our sample located at 8.24 < R < 8.44kpc. a) Two-dimensional histogram in bins
of DZ = 0.01kpc and DVZ = 0.1kms�1, with the darkness being proportional to the number of counts.; b)
Z-VZ plane coloured as a function of median VR in bins of DZ = 0.02kpc and DVZ = 1kms�1; c) Same as
b) but for Vf .

Figure 2. Distribution of azimuthal velocities as a function of Galactocentric radius from Gaia
DR2 data. Two-dimensional histogram for all observed stars in our sample with 6D phase space
coordinates in bins of DVf = 1.kms�1, and DR = 0.01kpc. Vf is positive towards the Galactic rotation
direction.
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Gaia-DR2  has definitively demonstrated that stars in the  
 Galactic disk are out-of-equilibrium

Violates the basic assumption that 
underlies all estimates of the  

local dark matter density

z
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Requires further theory work…

[Antoja et al., Nature, 2018; 
(also Dehnen, 1998)]

Their origin is unknown.

[Image Credit: NASA/JPL-Caltech/R. Hurt (SSC/Caltech)]
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Δ = (data - model)/model

– 11 –

Fig. 1.— Number density, n as a function of distance from the Sun, zobs. Black points are
the data. The magenta curve is our model fit. The dotted blue curve is the contribution

from the thin disk; the dashed magenta curve is the contribution from the thick disk. Lower
panel shows residuals: ∆ ≡ (data−model)/model.

SDSS Photometry:  Discovery of a  
Vertical Wave in the Galactic Disk 

[Widrow, SG, Dodelson, Yanny, Chen, 2012]

Early Evidence
for 
Non-Steady-State 
Effects!

[Yanny, SG, 2013]

sample:
300,000 stars
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(Selected) Discoveries with Gaia
“Intruder” stars that do not 
rotate with disk; different 
“chemistry”!

LETTER
https://doi.org/10.1038/s41586-018-0625-x

The merger that led to the formation of the Milky 
Way’s inner stellar halo and thick disk
Amina Helmi1*, Carine Babusiaux2,3, Helmer H. Koppelman1, Davide Massari1, Jovan Veljanoski1 & Anthony G. A. Brown4

The assembly of our Galaxy can be reconstructed using the motions 
and chemistry of individual stars1,2. Chemo-dynamical studies of 
the stellar halo near the Sun have indicated the presence of multiple 
components3, such as streams4 and clumps5, as well as correlations 
between the stars’ chemical abundances and orbital parameters6–8. 
Recently, analyses of two large stellar surveys9,10 revealed the presence 
of a well populated elemental abundance sequence7,11, two distinct 
sequences in the colour–magnitude diagram12 and a prominent, 
slightly retrograde kinematic structure13,14 in the halo near the 
Sun, which may trace an important accretion event experienced 
by the Galaxy15. However, the link between these observations and 
their implications for Galactic history is not well understood. Here 
we report an analysis of the kinematics, chemistry, age and spatial 
distribution of stars that are mainly linked to two major Galactic 
components: the thick disk and the stellar halo. We demonstrate 
that the inner halo is dominated by debris from an object that at 
infall was slightly more massive than the Small Magellanic Cloud, 
and which we refer to as Gaia–Enceladus. The stars that originate in 
Gaia–Enceladus cover nearly the full sky, and their motions reveal the 
presence of streams and slightly retrograde and elongated trajectories. 
With an estimated mass ratio of four to one, the merger of the Milky 
Way with Gaia–Enceladus must have led to the dynamical heating 
of the precursor of the Galactic thick disk, thus contributing to 
the formation of this component approximately ten billion years 
ago. These findings are in line with the results of galaxy formation 
simulations, which predict that the inner stellar halo should 
be dominated by debris from only a few massive progenitors2,16.

The sharp view provided by the second data release (DR2) of the 
Gaia mission17 has recently revealed14 that, besides a few tight streams, 
a considerable fraction of the halo stars that are near the Sun are associ-
ated with a single large kinematic structure. This structure has slightly 
retrograde mean motion and dominates the blue sequence of the 
Hertzsprung–Russell diagram (HRD) revealed in the Gaia data12. This 
large structure is readily apparent (in blue) in Fig. 1a, which shows the 
velocity distribution of stars (presumably belonging to the halo) inside 
a volume with a radius of 2.5 kpc in the solar vicinity, as obtained from 
the Gaia data (see Methods for details). Figure 1b shows the velocity 
distribution from a simulation of the formation of a thick disk via a 20% 
mass-ratio merger18. The similarity between the graphs suggests that 
the retrograde structure could be largely made up of stars originating 
in an external galaxy that merged with the Milky Way in the past.

Support for this hypothesis comes from the chemical abundances of 
stars provided by the APOGEE survey9. In Fig. 2a we plot the abun-
dances [α/Fe] and [Fe/H] for a sample of stars cross-matched to Gaia 
DR2 (see Methods for details). α-elements are produced by massive 
stars that die fast as supernovae (type II), while iron is also produced 
in type I supernova explosions of binary stars. Therefore in a galaxy  
[α/Fe] decreases with time (as [Fe/H] increases). Figure 2a shows 
the well known sequences defined by the thin and thick disks. The 
vast majority of the retrograde structure’s stars (in blue) follow a well 
defined separate sequence that extends from low to relatively high 
[Fe/H]. (The presence of low-α stars with retrograde motions in the 
halo near the Sun has been reported before7,19, but for a small sample.  
The existence of a well populated sequence with lower [α/Fe] was 

1Kapteyn Astronomical Institute, University of Groningen, Groningen, The Netherlands. 2Université Grenoble Alpes, CNRS, IPAG, Grenoble, France. 3GEPI, Observatoire de Paris, Université PSL, 
CNRS, Meudon, France. 4Leiden Observatory, Leiden University, Leiden, The Netherlands. *e-mail: ahelmi@astro.rug.nl
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Fig. 1 | Measured velocity distribution of stars in the solar vicinity 
compared with merger simulation results. a, Velocities of stars in the 
disk are plotted with grey density contours (because of the large number 
of stars), and halo stars (selected as those with |V − VLSR| > 210 km s−1, 
where VLSR is the velocity of the local standard of rest) are shown as black 
points. The blue points are part of a prominent structure with slightly 
retrograde mean rotational motion and have been selected as those having 
angular momentum −1,500 kpc km s−1 < Lz < 150 kpc km s−1 and energy 
E > −1.8 × 105 km2 s−2 (see Methods for details). b, Distribution of star 

particles in a small volume, extracted from a simulation18 of the formation  
of a thick disk from the merger of a satellite galaxy (blue symbols) with a pre-
existing disk (black points) at a mass ratio of 5:1. The overall morphology of 
the measured distribution and the observed arch (from Vy ≈ −450 km s−1  
and V⊥ = (Vx

2 + Vz
2)1/2 ≈ 50 km s−1 to Vy ≈ −150 km s−1 and V⊥ ≈ 300 km s−1  

in a) can be reproduced qualitatively after appropriately scaling the velocities 
(see Methods) and by using a simulation with a disk-like satellite (rather 
than a spherical one, as the arch-like feature is sharper for the disk-like 
satellite) on a retrograde orbit inclined by about 30°–60°.
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Suggested aftermath of ancient
collision

LETTERRESEARCH

demonstrated recently using the APOGEE data11.) An independent 
analysis15 has confirmed the relation between the blue sequence in the 
HRD of the Gaia data and the kinematic structure shown in Fig. 1a 

and established firmly the link to the low-α stars using both earlier7 
and APOGEE data, thereby making the accretion hypothesis more 
secure.
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Fig. 2 | Astrophysical properties of stars in Gaia–Enceladus. a, Chemical 
abundances for a sample of stars located within 5 kpc from the Sun, 
obtained from cross-matching Gaia and APOGEE data. The blue circles 
correspond to 590 stars with −1,500 kpc km s−1 < Lz < 150 kpc km s−1 
and energy E > −1.8 × 105 km2 s−2 (as in Fig. 1a, but for a larger volume 
to increase the sample size; see Methods). We note the clear separation 
between the thick disk and the sequence defined by the majority of 
the stars in the retrograde structure, except for a small amount of 
contamination (17%) by thick-disk stars (that is, in the α-rich sequence) 
that have a similar phase-space distribution to that of the retrograde 
structure. The error bar in the lower left corner shows the 1σ median 
error for the sample. b, The solid (dotted) histogram shows the metallicity 
distribution of the retrograde structure without (with) the subset of α-rich 
stars. The distribution, which peaks at [Fe/H] ≈ −1.6, is reminiscent of 

the distribution of the stellar halo of the Galaxy21. c, The HRD for halo 
stars (black points) selected as in Fig. 1a, with the additional photometric 
quality cuts12 of: colour excess E(B − V) < 0.015 (to limit its impact on  
the magnitudes and colours to less than 0.05 mag) and flux excess factor  
phot-bp-rp-excess-factor < 1.3 + 0.06(GBP − GRP)2, where GBP and GRP  
denote the magnitude in the Gaia BP and RP passband, respectively.  
MG is the absolute magnitude in the Gaia G band. In the HRD the blue 
and red sequences unveiled by Gaia12 can be seen. Dark-blue symbols 
represent Gaia–Enceladus stars and light-blue symbols are those that  
are also in the APOGEE dataset within 5 kpc of the Sun and with  
[α/Fe] < −0.14 − 0.35[Fe/H]. The superimposed isochrones23 (orange  
and green lines), which are based on previous work25, show that an age 
range of 10–13 Gyr is compatible with the HRD of Gaia–Enceladus.
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Fig. 3 | Sky distribution of candidate Gaia–Enceladus members from a 
Gaia subsample of stars with full phase-space information. These stars 
have parallax ϖ > 0.1 mas, a relative parallax error of 20% and satisfy the 
condition −1,500 kpc km s−1 < Lz < 150 kpc km s−1. The symbols are 
colour-coded according to the stars’ distance from the Sun (near, dark 
red; far, light yellow). Because of the large volume explored, we do not 
include additional selection criteria based on energy, as in Fig. 2 (because 
the energy depends on the Galactic potential, whose spatial variation 
across the volume explored is less well constrained than its local value) 
or on velocity, as in Fig. 1a (because the velocity can vary considerably 
across this volume). We therefore expect some contamination by thick-

disk stars, especially towards the inner Galaxy (see Methods). The star 
symbols represent Gaia RR Lyrae stars potentially associated with this 
structure. To identify these, we divide the sky into 128° × 128° bins and 
log(ϖ) into bins with a width of 0.2 (mimicking the relative parallax error) 
and measure the average proper motion of Gaia–Enceladus stars in each 
three-dimensional bin. We then require that the RR Lyrae stars have the 
same proper motion (within 25 km s−1 in each direction at their distance), 
which corresponds to 1 mas yr−1 for stars with ϖ ≈ 0.2 mas. Globular 
clusters with Lz < 50 kpc km s−1, located between 5 kpc and 15 kpc from 
the Sun and 40° away from the Galactic centre, are indicated with solid 
circles. b, galactic latitude; l, galactic longitude.
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[Helmi et al., Nature, 2018; note also Belokurov et al., 2018; Deason et al, 
2018; Myeong et al., 2018; Koppelman et al., 2018]

Gaia Enceladus or
“Sausage” Galaxy 

 

b

l
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Gaia Sausage: 
Collision Event 
of 10 Gyr ago

(Selected) Discoveries with Gaia

[Image Credit: V. Belokurov] Implications?
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— in collaboration with —
Austin Hinkel (U. Kentucky), Brian Yanny (Fermilab) 

Origins and Implications? 

We start by testing the assumptions in 
the usual modeling of the Galaxy. 

The matter distribution function of an 
isolated galaxy in steady state has a distribution 
function f(x,v) controlled by its integrals of motion 
— in an axially symmetric galaxy the angular 
momentum Lz should be an integral of motion 

[Jeans, 1915; Binney & Tremaine, 2008]
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Symmetries of the Milky Way 
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.  
[Olver, 1993; Noether, 1918]

Patterns in the symmetry breaking 
reveals the underlying dynamics!

z

dϕ

f(R, ϕ, z, v)
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Here we test axial symmetry of out-of-plane Milky Way 
stars to probe Lz as an integral of motion

Analysis Framework

[Noether, 1918; Olver, 1993]

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

Any 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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N.B. Spiral arms are an “in-plane” feature

Study Gaia Star Counts, Left/Right, North, South
Method

Galactic Center

Sun

“Right”“Left”
Form an 

asymmetry:
z > 0 : 
North
z < 0:
South

about the
 “fold line”

ϕ

ϕ0 = 180∘

R
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Data Selection
Mask out LMC/SMC regions & their mirrors
|b | > 30∘

R ∈ [7,9] kpc
|z | ∈ [0.2,3] kpc

G ∈ [14,18] mag
GBP − GRP ∈ [0.5,2.5] mag

> 11,700,000 stars

[Hinkel, SG, Yanny, 2020] 

[ |ϕ − 180∘ | ≤ 6∘]
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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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Left-Right Asymmetry from Gaia DR2

N-S

|180°-φ| ≈ 0.5°,1.8°, >5°

Asymmetries differ N and S and sometimes markedly so!

South (S)

North (N)

N+S

N+S

AN-AS > AN+S implies
non-steady-state effects exist!



29

Interpretation

The Galaxy is not quite 
axially symmetric

Lz must not be 
perfectly conserved

There must be an 
external torque 
on our sample.

What does it mean if the N+S asymmetry is nonzero? 

τz =
dLz

dt

[Noether, 1918;
Olver, 1993]

What are the most likely agents?

1) LMC/SMC ; 2) Galactic bar
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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
r̃2 = x2 + y2 + z2 + (

1

q2
� 1)(n̂ · x)2

If n does not 
point along z, 

then the 
potential 

breaks axial 
symmetry. 
Note q >1 
prolate, and 
q<1 oblate 

Shape fixed by
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Stellar asymmetries favor a prolate DM halo
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• The Galaxy is axially symmetric to a very good approximation.
• It is not perfectly axisymmetric, implying that it is not isolated.
• Typically, the north/south differences in the asymmetries are 

larger than their sum, implying that the galaxy is not in steady 
state.

• The primary perturber appears to be the LMC/SMC system.
• A massive LMC (and distorted DM halo) can explain why the 

warp in the disk of HI gas is long-lived*, and perhaps the spatial 
elongation of star counts associated with Gaia Enceladus**

• The observed asymmetries also change at smaller Galactocentric 
radii, speaking to effects from the Galactic bar.

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

33

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
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Observed vs.  Computed (Orphan Best Fit) Asymmetries 
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N+S asymmetry only weakly discriminates the possibilities
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38

0 1 2 3 4 5 6
| 180 -  φ | (deg)

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

A
sy

m
m

et
ry

0 1 2 3 4 5 6
| 180 -  φ | (deg)

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

A
sy

m
m

et
ry

Confronting Distorted DM Halos
Observed vs.  Computed Asymmetries: N, S, & N+S

prolate

r-prolate

χ2  test shows r-prolate
form to be much preferred!
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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!
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Gaia Observatory Futures 
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5

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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Cross-Checks

14<G<1716<G<18

Asymmetry insensitive to stellar population chosen



Cosmic Microwave Background (CMB)

Assessments in two different epochs agree! 
A Cosmic Baryon Asymmetry (BAU)

[George Gamow, AIP]

Big-Bang Nucleosynthesis (BBN)
“↵,�, �”

Lightest Elements are made in the Big-Bang, 
but prediction depends on the BAU

Alpher, Bethe, Gamow, “The Origin of 
the Chemical Elements,” 1948

Pattern of Acoustic Peaks
 reveals baryonic matter

Dicke, Peebles, Roll, & Wilkinson, 1965; 
Penzias & Wilson, 1965
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Observational Evidence for Dark Matter 
ranges from “local” to cosmic scales

Galactic Rotation Curves:   
[e.g., from Begeman, Broeils, and Sanders, 1991]

The observed circular speed does not track 
the luminous mass. Most of the cosmic energy budget is of an unknown form!

45



46

Permanent Electric Dipole Moments
Atomic Scale Effects & Enhancements 

Schiff Theorem (1963): 
In the non-relativistic limit a neutral, point-like atom will 
shield an applied electric field, so that there is no atomic 

EDM even if dnucleus is not zero!

Limits on the electron EDM de come from paramagnetic 
and (to a limited extent) diamagnetic atoms — and from 

molecules

Schiff’s theorem can be strongly violated by relativistic 
and finite-size effects! 

In paramagnetic atoms & polar molecules relativistic effects 
dominate. Note in alkali atoms datom ~ Z3 α2 de 

(dTl ~585de + … !) [Sandars, 1965]



Heavy Atom EDMs

[Gaffney et al., 
Nature (2013)]

evade Schiff’s theorem through 
large Z, finite nuclear size, and 

permanent (octupole) deformation

Permanent deformation in Ra-225 makes the nucleus more 
“rigid” and the Schiff moment computation more robust and 
1000x bigger than             (existing best atomic EDM limit)199

Hg

This is just one example…



Heavy Atom & Molecular EDMs
Naturally involve multiple energy scales

Energy

EDMs of Complex Systems

There is a hierarchy of scales to consider:

[Ginges and Flambaum, 2004]

EDMs in neutrons, nuclei, atoms, and molecules are broadly complementary.

S. Gardner (Univ. of Kentucky) EDMs@Project X PXPS 2012, Fermilab 12

48All probe distinct CPV sources!

1.2.


