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Trick, Coronado, & Rix (2019)

within 200 pc within 1.5 kpc

The Moving Groups in Velocities & Actions

Gaia Collaboration: Katz et al. (2018)



Ωbar



Monari+19, Ωbar= 1.3 Ω0 (Pérez-Villegas+17)

Bar Fourier components: m=2,3,4,6

Long slow bar 

with substructure

Short fast bar 

with density wave spiral

Hunt+19, Ωbar = 1.85 Ω0

(Dehnen+00, Antoja+14)

Resonance models can be tuned to look like the Gaia data

OLR

4:1

1:1

OLR

4:1

1:1

spiral

-1:4

of spiral

Short fast bar 

with transient winding spiral

1:4

OLR

1:6

CR

CR

^

Gaia DR2 RVS

d < 200 pc



Model 

assumptions

Best fit model

can explain

the data

assumed to

be true

assumed to

be true

The Munchhausen Trilemma

Galactic bar 

spiral arms

satellite interactions



The bar pattern speed measured in/towards the Galactic center

Bovy et al. (2019)

Sanders et al. (2019)

Intermediate bar:

Ωbar = 41 ± 3 km/s/kpc ~ 1.5 ± 0.1 Ω0



The (Lz,JR) plane of Galactic in-plane motions

Signature across the bar‘s
Outer Lindblad Resonance (OLR)

Substructure in Gaia DR2 RVS

OLR candidates from Gaia DR2 RVS 
& bar pattern speed

1.

2.

3.

Wilma Trick (MPA)

Describe the data properties.
(e.g. Gaia Collaboration+18, Antoja+18, Trick+19a)

Gain intuition about bar resonances

in action space.
(e.g. Trick+19b, Hunt+19,  Fragkoudi+19, Monari+19, Binney 18)

Start by identifying 1 (!) bar resonance

directly from the action data.
(attempted by Trick+19b and others)

Identify all other features....
(no-one so far)



Galactic center

Ω
R

guiding center

epicycle

Ω
T

Disk Orbits in the Epicycle Approximation



Jϕ=Lz
JR

ϴR

ϴϕ

ΩT

ΩR (x,v)

observed by Gaia

axisymmetric MW

grav. potential model

MWPotential2014

(Bovy 2015)

axisym. actions, 

angles & frequencies

estimation algorithm:

Stäckel Fudge (Binney 2012)

+

size of circle

➜ actions J

➜ „label“ one orbit

position on circle

➜ angles ϴ=Ω·t

fundamental 

frequencies Ω

Action-Angle Coordinates (explained with Epicycles)
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Outside of the Solar Neighbourhood: The Extended Orbit Structure

The kinematic substructure exists everywhere (out to at least ~1.5 kpc) in the Galactic disk

The Solar neighbourhood moving groups are just the local, 

selection-affected manifestation of this extended orbit structure.
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Outside of the Solar Neighbourhood: The Extended Orbit Structure
-0.7-0.7-0.8-0.8 -0.9-0.9

-1.8 0.6 -0.5
-0.15

-0.5
-0.5

-0.9

estimated slopes ΔJR / ΔLzhigh JR:

1) overdensities along linear lines

2) parallel pairs

low JR:

1) different slopes

2) one with positive slope



1) stars are not phase-mixed along orbits ➜ large-scale analogue to asymmetry in (vR,vT) plot

2) strongest asymmetries related to action-space overdensities

Properties of the Extended Orbit Structure

Trick, Coronado, & Rix (2019)



Properties of the Extended Orbit Structure
more pronounced at low vertical actions (i.e. in in-plane orbits)

Trick, Coronado, & Rix (2019)



The (Lz,JR) plane of Galactic in-plane motions

underdense region

➜ overdense ridge

outward-moving

➜ inward-moving

(“red/blue feature“)

higher Jz
➜ lower Jz

„Hercules bar“

~ 1.85

„Sirius bar“

~ 1.6

„Hat bar“

~ 1.2

vR asymmetry average Jz

Signature across the bar‘s
Outer Lindblad Resonance (OLR) line:

Substructure in Gaia DR2 RVS in:

OLR candidates from Gaia DR2 RVS 
& bar pattern speed

Ωbar/ Ω0 ± 0.1

1.

2.

3.

Wilma Trick (MPA)

stellar density



ΩT

ΩR

Ωbar

m · (Ωbar- ΩT) - l · ΩR = 0

m-fold symmetric perturbation

e.g. m = 2 is strong for bar

l = 0:   Co-rotation resonance (CR)

l = +1:  Outer Lindblad resonance (OLR)

l = -1:  Inner Lindblad resonance (ILR)

Resonances in a Non-Axisymmetric Galaxy



Create Mock Data Stars in MW Potential

axisymmetric MWPotential2014 (Bovy 2014)

quasi-isothermal distribution function (Binney & McMillan 2011)

“axisym.“ actionst = 0
|z| < 1 kpc

Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)



orbit integration

(using galpy, Bovy 2015)

MW pot + „Dehnen“ bar, 

pattern speed: Ωbar = 40 km/s/kpc

“axisym.“ actionst = 25 bar periods = 3.8 Gyr

Integrate Mock Stars in Bar Potential
Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)



orbit integration

(using galpy, Bovy 2015)

“axisym.“ actionst = 25 bar periods = 3.8 Gyr

Resonance condition: m · (Ωbar- ΩT) - l · ΩR = 0

pattern speed: Ωbar = 40 km/s/kpc

Resonance Lines based on Axisym. Frequencies
Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)



“Axisymmetric Actions” of Orbits in a Barred Potential

− CR

− OLR

− 1:1

− 1:4

Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)

see also Binney (2018)



„Oscillating“

„Scattering“

Radial migration

“Axisymmetric Actions” of an Orbit in a Barred Potential

✘: orbit in axisym. potential

(Lz,JR)axi

: mid-point around which

the bar-affected orbit

oscillates

(Lz,JR)mean Lz [Lz,0]

J R
[L

z,
0
]



Jacobi energy: 

EJ = E – Ωbar Lz = const.

Sellwood & Binney (2002)

at CR: ΔJR ~ 0

➜ no preferred scattering

direction in Lz

➜ mixed

at OLR: ΔJR ∝ ΔLz

➜ circular orbits can only

become more eccentric

➜ ΔLz > 0

➜ underdensity & ridge

Scattering of Orbits at the Resonance
Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)



The (Lz,JR) plane of Galactic in-plane motions

Signature across the bar‘s
Outer Lindblad Resonance (OLR) line:

Substructure in Gaia DR2 RVS in:

OLR candidates from Gaia DR2 RVS 
& bar pattern speed

Ωbar/ Ω0 ± 0.1

1.

2.

3.

stellar density vR asymmetry average Jz

higher Jz

➜ lower Jz

„Hercules bar“

~ 1.85

„Sirius bar“

~ 1.6

„Hat bar“

~ 1.2

outward-moving

➜ inward-moving

(“red/blue feature“)

underdense region

➜ overdense ridge

Wilma Trick (MPA)



− CR

− OLR

− 1:1

− 1:4

A ridge with Jz gradient at the OLR

MOCK

DATA

- just as in the data!

Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)



A ridge with Jz gradient at the OLR

... but the in-plane resonance does not affect the vertical motion of a star!

Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)



The resonance sorts the stars

according to Jz.

A ridge with Jz gradient at the OLR

Oscillation midpoints

of the bar-affected orbtis

in axisym. action space.

− CR

− OLR

− 1:1

− 1:4

Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)



Axisym. Potential: Resonance condition depends on Jz

Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)

⇒ anti-correlations between

JR, Lz, and Jz for resonance line

Fundamental orbital 

frequencies ΩT and ΩR

depend also on Jz
(b/c of the potential at ⟨|z|⟩t )



Barred Pot: Stars oscillate around axisym. resonance line for the same Jz

Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)

OLR:

• Scattering preferentially

towards larger Lz (à ridge),

• weaker oscillation than at CR

à Jz ordering remains visible



The (Lz,JR) plane of Galactic in-plane motions

Signature across the bar‘s
Outer Lindblad Resonance (OLR) line:

Substructure in Gaia DR2 RVS in:

OLR candidates from Gaia DR2 RVS 
& bar pattern speed

Ωbar/ Ω0 ± 0.1

1.

2.

3.

stellar density vR asymmetry average Jz

higher Jz

➜ lower Jz

„Hercules bar“

~ 1.85

„Sirius bar“

~ 1.6

„Hat bar“

~ 1.2

outward-moving

➜ inward-moving

(“red/blue feature“)

underdense region

➜ overdense ridge

Wilma Trick (MPA)



Location of Solar Volume With Respect to the Bar
Orbit integration

time: 
25 bar periods

= 3.8 Gyr

MOCK

DATA

− CR

− OLR

− 1:1

− 1:4



Fragkoudi, Katz, Trick et al. (2019)

Sun

Dehnen (2000)

Sun

Sun

OLR

Orbits flip their

orientation at the

axisym. OLR line.

„Blue“/inward feature:

x1(1) orbits

„Red“/outward feature:

x1(2) orbits + others

The outward-inward (red-blue) Signature of the OLR

Trick, Fragkoudi, Hunt et al. (2019)



The (Lz,JR) plane of Galactic in-plane motions

Signature across the bar‘s
Outer Lindblad Resonance (OLR) line:

Substructure in Gaia DR2 RVS in:

OLR candidates from Gaia DR2 RVS 
& bar pattern speed

Ωbar/ Ω0 ± 0.1

1.

2.

3.

stellar density vR asymmetry average Jz

higher Jz

➜ lower Jz

„Hercules bar“

~ 1.85

„Sirius bar“

~ 1.6

„Hat bar“

~ 1.2

outward-moving

➜ inward-moving

(“red/blue feature“)

underdense region

➜ overdense ridge

Wilma Trick (MPA)



the HatHercules Sirius

Comparing Gaia DR2 to the Model
Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)



The (Lz,JR) plane of Galactic in-plane motions

Signature across the bar‘s
Outer Lindblad Resonance (OLR) line:

Substructure in Gaia DR2 RVS in:

OLR candidates from Gaia DR2 RVS 
& bar pattern speed

Ωbar/ Ω0 ± 0.1

1.

2.

3.

stellar density vR asymmetry average Jz

higher Jz

➜ lower Jz

„Hercules bar“

~ 1.85

„Sirius bar“

~ 1.6

„Hat bar“

~ 1.2

outward-moving

➜ inward-moving

(“red/blue feature“)

underdense region

➜ overdense ridge

Wilma Trick (MPA)



very close to fast bar from Hercules 

modeling by Antoja+14, Dehnen00: 

Ωbar~ 1.85 Ω0

Assuming Bar OLR is Near Hercules

MOCK

DATA

Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)



slightly lower than the slow bar 

Ωbar ~ 1.3 Ω0 

(e.g. Perez-Villegas+17, Monari+18)

Assuming Bar OLR is Near the Hat

MOCK

DATA

Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)



Assuming Bar OLR is Near Sirius

MOCK

DATA

Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)



The Sirius Bar vs. The Intermediate Bar

− CR

− OLR

− 1:1
− 1:4

Pattern speed from

Sanders+19, Bovy+19
Hercules stream:

1:4 resonance of

bar with m=4 

component

(Hunt & Bovy 18)

Trick, Fragkoudi, Hunt et al. 

(arXiv:1906.04786)



The (Lz,JR) plane of Galactic in-plane motions

Signature across the bar‘s
Outer Lindblad Resonance (OLR) line:

Substructure in Gaia DR2 RVS in:

OLR candidates from Gaia DR2 RVS 
& bar pattern speed

Ωbar/ Ω0 ± 0.1

1.

2.

3.

stellar density vR asymmetry

„Hercules bar“

~ 1.85

„Sirius bar“

~ 1.6

„Hat bar“

~ 1.2

outward-moving

➜ inward-moving

(“red/blue feature“)

underdense region

➜ overdense ridge

Wilma Trick (MPA)

average Jz

higher Jz

➜ lower Jz

stellar density vR asymmetry

A slow bar 
(Monari+19, Perez-Villegas+17) 

The fast bar 
(Dehnen00, Antoja+14)

An intermediate bar
(maybe consistent with

Bovy+19, Sanders+19)

Trick et al. 2019b

Trick et al. 2019a

Trick et al. 2019b




