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Outline

• Dynamics with Machine Learning (ActionFinder)

• The STREAMFINDER search for stellar streams 

• Perturbations of the GD-1 stream



Canonical Transformations

 ·q =
∂H
∂p

 ·p = −
∂H
∂q

consider a change of coordinates   to  , that 
preserves this “canonical” form, i.e.

(q, p) (Q, P)

 ·Q =
∂K
∂P

 ·P = −
∂K
∂Q

  is the scalar field whose derivatives 
(rotated by  ) show how to advance the 

point through   phase space 

H
π/2

(q, p)

so again: 
  is the scalar field whose derivatives 

(rotated by  ) show how to advance the 
point through   phase space 

K
π/2

(Q, P)



Action-angle variables
consider further a canonical transformation   to  , 

in which the new Hamiltonian   is independent of  
(q, p) (θ, J)

K θ

 ·θ =
∂K(J, t)

∂J
 ·J = −

∂K(J, t)
∂θ

= 0Then:

 J = J0

Dynamics in action-angle variables is very simple 
if   is independent of  : 

    (i.e.   advances linearly in time)

K t

θ = θ0 + t
∂K
∂J J0

θ

Hence: (the constant “action” along the path)

  is called the “angle” variable θ



orbit (like that of Palomar 5)

2 Gyr integration in isochrone model with �vc(R = 8 kpc) = 220 km s−1

positions angles frequencies



Action-angle variables
•   are integrals of motion, giving a means to identify objects on 

the same phase-space trajectory  

•   are adiabatic invariants, hence are the best “archeological” 
coordinates 

•   are natural coordinates for perturbation theory 

• If system is static:   

• Acceleration field can be derived from  

  

J

J

(θ, J)

H(J)

·Ji =
∂Ji

∂xj

·xj +
∂Ji

∂ ·xj

··xj = 0

But the coordinate transformation is challenging to compute.

Avantages:



 (x0, v0)

 (x1, v1)

 (x2, v2)

 (x3, v3)

 (x4, v4)

Suppose we have measurements of phase space 
trajectories of a deterministic and reversible system

Can we find    
via some algorithm? 

(θi, Ji)

…even if we don’t know or are not 
sure what the Hamiltonian is?

💡Lockdown idea 1:
Can we implement this with a neural net 

   ?(θ, J) = Nnet(x, v)



💡Lockdown idea 1:
Can we implement the transformation in 6D phase space with 

a neural net 
   ?η = Nnet(ξ)

Objective function: minimize spread of   on same trajectory, 
& minimize symplectic constraint  

J
MT𝕁M − 𝕁

 𝕁 = ( 0 𝕀3

−𝕀3 0) Mij = ∂ηi/∂ξj

Result: a huge waste of time! 

where

reason:   has   entries, whereas only 
  should be independent if symplectic

Mij(ξ) (2n)2 = 36
2n2 + n = 21



💡Lockdown idea 2:

Actually ~200 year old idea of Jacobi of using a generating 
function involving the old and new canonical coordinates

Consider the transformation generated by   

          

This transformation is canonical as   

S(q, P, t)

p =
∂S
∂q

Q =
∂S
∂P

{Qi, Pj}q,p = δij

In general   is very challenging to find!S
If   is known and system is axisymmetric   can be 

approximated with a Fourier series (McGill & Binney 1990)
H S

Can we make this more powerful with a neural network, 
and avoid needing to know   in advance?H



We convert  (x,v) �  (� ’,J’)  in an unsupervised way, 
learning a generating function S( � ,J’) for the canonical transformation…

→ θ
θ

ADVANTAGE: We have not had to assume H(x,v) or �  or any symmetryΦ(x)

generating


function �S(θ, J′�)

x

z

analytic


isochrone
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Objective: 

minimum spread of �  in each orbit iJ′�

Learn the transformation from orbits

RI, Diakogiannis, Famaey, Monari (2021)Network derives the acceleration field.

toy model  
coordinates

target  
coordinates

https://github.com/RodrigoIbata/ActionFinder



Stream model by 
Lagrange-point stripping 

(Varghese, RI & Lewis 2011)

N-body

Lagrange-point stripping

But we don’t observe orbits, as ! !Thuman ≪ Torbit
†

�  except in the Galactic center†

Palomar 5 -like model

Could we apply 
the ActionFinder 
to real data from 
stellar streams? 



Simple stream by Lagrange-point stripping

Red: evolving stream

Blue: orbit

positions angles frequencies

2 Gyr integration in isochrone model with �vc(R = 8 kpc) = 220 km s−1

Red: evolving stream Red: evolving stream

Palomar 5 -like model



positions angles frequencies

2 Gyr integration in isochrone model with �vc(R = 8 kpc) = 220 km s−1

Simple stream by Lagrange-point stripping

Blue: orbit

Red: final streamRed: final stream Red: final stream

Palomar 5 -like model



positions angles frequencies

2 Gyr integration in isochrone model with �vc(R = 8 kpc) = 220 km s−1

Simple stream by Lagrange-point stripping

Blue: orbit

Red: final streamRed: final stream Red: final stream

Palomar 5 -like model



ActionFinder for streams
Start by treating stream as if it were an orbit. The objective (i.e. loss 

function) is to minimize: 

  

Then refine solution of neural net representation of   using insight 
from Sanders & Binney (2013). As  , revised objective: 

  

This gives <0.1% bias with simple potentials with 8,000 particles. 

We also only need full 6-D phase space information for small 
subsample of each stream (with further loss function tweak)

ℒ = ⟨⟨|J − ⟨Jstream⟩ |⟩stream⟩set of streams

S(θ, J′�)
Δ ⃗θ = t ⃗Ω

ℒ = 1 − ⟨⟨ ̂eθ⟩stream ⋅ ⟨ ̂eΩ⟩stream⟩set of streams



t = 0
⃗θ0, ⃗Ω0 , ⃗J0

⃗θi , ⃗Ωi , ⃗Ji

t = tf

t = te

⃗θe

⃗θi = ⃗θe + (tf − te) ⃗Ωi

⃗θe = ⃗θ0 + te ⃗Ω0

⃗θi = ⃗θ0 + te( ⃗Ω0 − ⃗Ωi ) + tf ⃗Ωi
global parameter of stream

parameter of star

A Time Machine for Streams

⃗θ (remnant) = ⃗θ0+tf ⃗Ω0

Easy if �H = H(q, p)

This gives progenitor orbit and past path �  of stars, and 
hence also when (and perhaps “why?”) stars were lost

( ⃗x , ⃗v , t)

(as �  )Δ ⃗θ = t ⃗Ω



t = 0
⃗θ0, ⃗J0

⃗θi , ⃗Ji

t = tf

t = te

⃗θe

A Time Machine for Streams
If � , i.e., �H = H(q, p, t) S = S( ⃗θ toy, ⃗J , t)

⃗θe = ⃗θ toy +
∂S( ⃗θ toy, ⃗Ji , te)

∂ ⃗Ji

We haven’t coded this up yet, but it should be straightforward. 
Search for �  values that obey (1) & (2)


This could reveal how the acceleration field changes in time.

te

⃗θi = ⃗θ toy +
∂S( ⃗θ toy, ⃗Ji , tf )

∂ ⃗Ji

⃗θ0 = ⃗θ toy +
∂S( ⃗θ toy, ⃗J0,0)

∂ ⃗J0(note �  )Δ ⃗θ ≠ t ⃗Ω

⃗θe = ⃗θ toy +
∂S( ⃗θ toy, ⃗J0, te)

∂ ⃗J0

(1)

(2)



Time-dependence in orbits
We have already upgraded the ActionFinder to find 
time-dependent generating functions   

when   is provided explicitly 
S( ⃗θ toy, ⃗J , t)

t

orbit in resonance 
with Galactic bar: 
4% scatter in � ⃗J

Toy MW+LMC+Sgr system, 1% scatter in� ⃗J



Outline

• Dynamics with Machine Learning (ActionFinder) 

• The STREAMFINDER search for stellar streams

• Perturbations of the GD-1 stream



How do we best find streams with Gaia?



Finding streams in heterogenous datasets
Gaia: ↵, �,$, µ↵, µ�, G,GBP , GRP
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for > 109 stars
heliocentric velocity for 7.2x106 stars  

Malhan, RI (MNRAS 2018) 
Malhan, RI, Martin (MNRAS 2018);  
Malhan et al. (MNRAS 2019) 
RI, Malhan, Martin (ApJ 2019) 
RI, Bellazzini, Malhan, Martin, Bianchini (Nature Ast. 2019)

position motionbrightness temperature1/dist.

Distance, chemistry & line of sight velocity information much 
poorer than proper motions and photometry



Finding streams in heterogenous datasets
Gaia: ↵, �,$, µ↵, µ�, G,GBP , GRP

<latexit sha1_base64="sPZGRp/OV5LQDAEggA4t74z4nWw=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwIWVGBHVX60KXVRxbaMtwJ03b0MyDJFMoQ7/Hjb/ipgtfW3/EzHQQbb0knMM595Lc40WcSWVZH0ZhaXllda24XtrY3NreMXf3HmUYC0IdEvJQND2QlLOAOoopTpuRoOB7nDa84XXqN0ZUSBYGD2oc0Y4P/YD1GAGlJde8agOPBnCC213KVYojEBHT6Mfuj5fy3L/Rx01q9UmG9/WJa5atipUVXiR2Tsoor7prTtvdkMQ+DRThIGXLtiLVSUAoRjidlNqxpBGQIfRpS9MAfCo7SbbqBB9ppYt7odA3UDhTf08k4Es59j3d6YMayHkvFf/zWrHqXXQSFkSxogGZPdSLOVYhTnPDXSYoUXysCRDB9F8xGYAAonS6JR2CPb/yInFOK5cV++6sXK3laRTRATpEx8hG56iKblEdOYigJ/SCXtGb8WxMjXfjc9ZaMPKZffSnjK9vl06lHA==</latexit><latexit sha1_base64="sPZGRp/OV5LQDAEggA4t74z4nWw=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwIWVGBHVX60KXVRxbaMtwJ03b0MyDJFMoQ7/Hjb/ipgtfW3/EzHQQbb0knMM595Lc40WcSWVZH0ZhaXllda24XtrY3NreMXf3HmUYC0IdEvJQND2QlLOAOoopTpuRoOB7nDa84XXqN0ZUSBYGD2oc0Y4P/YD1GAGlJde8agOPBnCC213KVYojEBHT6Mfuj5fy3L/Rx01q9UmG9/WJa5atipUVXiR2Tsoor7prTtvdkMQ+DRThIGXLtiLVSUAoRjidlNqxpBGQIfRpS9MAfCo7SbbqBB9ppYt7odA3UDhTf08k4Es59j3d6YMayHkvFf/zWrHqXXQSFkSxogGZPdSLOVYhTnPDXSYoUXysCRDB9F8xGYAAonS6JR2CPb/yInFOK5cV++6sXK3laRTRATpEx8hG56iKblEdOYigJ/SCXtGb8WxMjXfjc9ZaMPKZffSnjK9vl06lHA==</latexit><latexit sha1_base64="sPZGRp/OV5LQDAEggA4t74z4nWw=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwIWVGBHVX60KXVRxbaMtwJ03b0MyDJFMoQ7/Hjb/ipgtfW3/EzHQQbb0knMM595Lc40WcSWVZH0ZhaXllda24XtrY3NreMXf3HmUYC0IdEvJQND2QlLOAOoopTpuRoOB7nDa84XXqN0ZUSBYGD2oc0Y4P/YD1GAGlJde8agOPBnCC213KVYojEBHT6Mfuj5fy3L/Rx01q9UmG9/WJa5atipUVXiR2Tsoor7prTtvdkMQ+DRThIGXLtiLVSUAoRjidlNqxpBGQIfRpS9MAfCo7SbbqBB9ppYt7odA3UDhTf08k4Es59j3d6YMayHkvFf/zWrHqXXQSFkSxogGZPdSLOVYhTnPDXSYoUXysCRDB9F8xGYAAonS6JR2CPb/yInFOK5cV++6sXK3laRTRATpEx8hG56iKblEdOYigJ/SCXtGb8WxMjXfjc9ZaMPKZffSnjK9vl06lHA==</latexit><latexit sha1_base64="sPZGRp/OV5LQDAEggA4t74z4nWw=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwIWVGBHVX60KXVRxbaMtwJ03b0MyDJFMoQ7/Hjb/ipgtfW3/EzHQQbb0knMM595Lc40WcSWVZH0ZhaXllda24XtrY3NreMXf3HmUYC0IdEvJQND2QlLOAOoopTpuRoOB7nDa84XXqN0ZUSBYGD2oc0Y4P/YD1GAGlJde8agOPBnCC213KVYojEBHT6Mfuj5fy3L/Rx01q9UmG9/WJa5atipUVXiR2Tsoor7prTtvdkMQ+DRThIGXLtiLVSUAoRjidlNqxpBGQIfRpS9MAfCo7SbbqBB9ppYt7odA3UDhTf08k4Es59j3d6YMayHkvFf/zWrHqXXQSFkSxogGZPdSLOVYhTnPDXSYoUXysCRDB9F8xGYAAonS6JR2CPb/yInFOK5cV++6sXK3laRTRATpEx8hG56iKblEdOYigJ/SCXtGb8WxMjXfjc9ZaMPKZffSnjK9vl06lHA==</latexit>

for > 109 stars
heliocentric velocity for 7.2x106 stars  

model in:

Malhan, RI (MNRAS 2018) 
Malhan, RI, Martin (MNRAS 2018);  
Malhan et al. (MNRAS 2019) 
RI, Malhan, Martin (ApJ 2019) 
RI, Bellazzini, Malhan, Martin, Bianchini (Nature Ast. 2019)

position motionbrightness temperature1/dist.

<latexit sha1_base64="i6DTv38o2V5tWNguSrnHYkU5mX8="></latexit>

↵, �,$,

µ↵, µ�,

G,GBP �GRP

Distance, chemistry & line of sight velocity information much 
poorer than proper motions and photometry



Finding streams in heterogenous datasets
Gaia: ↵, �,$, µ↵, µ�, G,GBP , GRP

<latexit sha1_base64="sPZGRp/OV5LQDAEggA4t74z4nWw=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwIWVGBHVX60KXVRxbaMtwJ03b0MyDJFMoQ7/Hjb/ipgtfW3/EzHQQbb0knMM595Lc40WcSWVZH0ZhaXllda24XtrY3NreMXf3HmUYC0IdEvJQND2QlLOAOoopTpuRoOB7nDa84XXqN0ZUSBYGD2oc0Y4P/YD1GAGlJde8agOPBnCC213KVYojEBHT6Mfuj5fy3L/Rx01q9UmG9/WJa5atipUVXiR2Tsoor7prTtvdkMQ+DRThIGXLtiLVSUAoRjidlNqxpBGQIfRpS9MAfCo7SbbqBB9ppYt7odA3UDhTf08k4Es59j3d6YMayHkvFf/zWrHqXXQSFkSxogGZPdSLOVYhTnPDXSYoUXysCRDB9F8xGYAAonS6JR2CPb/yInFOK5cV++6sXK3laRTRATpEx8hG56iKblEdOYigJ/SCXtGb8WxMjXfjc9ZaMPKZffSnjK9vl06lHA==</latexit><latexit sha1_base64="sPZGRp/OV5LQDAEggA4t74z4nWw=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwIWVGBHVX60KXVRxbaMtwJ03b0MyDJFMoQ7/Hjb/ipgtfW3/EzHQQbb0knMM595Lc40WcSWVZH0ZhaXllda24XtrY3NreMXf3HmUYC0IdEvJQND2QlLOAOoopTpuRoOB7nDa84XXqN0ZUSBYGD2oc0Y4P/YD1GAGlJde8agOPBnCC213KVYojEBHT6Mfuj5fy3L/Rx01q9UmG9/WJa5atipUVXiR2Tsoor7prTtvdkMQ+DRThIGXLtiLVSUAoRjidlNqxpBGQIfRpS9MAfCo7SbbqBB9ppYt7odA3UDhTf08k4Es59j3d6YMayHkvFf/zWrHqXXQSFkSxogGZPdSLOVYhTnPDXSYoUXysCRDB9F8xGYAAonS6JR2CPb/yInFOK5cV++6sXK3laRTRATpEx8hG56iKblEdOYigJ/SCXtGb8WxMjXfjc9ZaMPKZffSnjK9vl06lHA==</latexit><latexit sha1_base64="sPZGRp/OV5LQDAEggA4t74z4nWw=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwIWVGBHVX60KXVRxbaMtwJ03b0MyDJFMoQ7/Hjb/ipgtfW3/EzHQQbb0knMM595Lc40WcSWVZH0ZhaXllda24XtrY3NreMXf3HmUYC0IdEvJQND2QlLOAOoopTpuRoOB7nDa84XXqN0ZUSBYGD2oc0Y4P/YD1GAGlJde8agOPBnCC213KVYojEBHT6Mfuj5fy3L/Rx01q9UmG9/WJa5atipUVXiR2Tsoor7prTtvdkMQ+DRThIGXLtiLVSUAoRjidlNqxpBGQIfRpS9MAfCo7SbbqBB9ppYt7odA3UDhTf08k4Es59j3d6YMayHkvFf/zWrHqXXQSFkSxogGZPdSLOVYhTnPDXSYoUXysCRDB9F8xGYAAonS6JR2CPb/yInFOK5cV++6sXK3laRTRATpEx8hG56iKblEdOYigJ/SCXtGb8WxMjXfjc9ZaMPKZffSnjK9vl06lHA==</latexit><latexit sha1_base64="sPZGRp/OV5LQDAEggA4t74z4nWw=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwIWVGBHVX60KXVRxbaMtwJ03b0MyDJFMoQ7/Hjb/ipgtfW3/EzHQQbb0knMM595Lc40WcSWVZH0ZhaXllda24XtrY3NreMXf3HmUYC0IdEvJQND2QlLOAOoopTpuRoOB7nDa84XXqN0ZUSBYGD2oc0Y4P/YD1GAGlJde8agOPBnCC213KVYojEBHT6Mfuj5fy3L/Rx01q9UmG9/WJa5atipUVXiR2Tsoor7prTtvdkMQ+DRThIGXLtiLVSUAoRjidlNqxpBGQIfRpS9MAfCo7SbbqBB9ppYt7odA3UDhTf08k4Es59j3d6YMayHkvFf/zWrHqXXQSFkSxogGZPdSLOVYhTnPDXSYoUXysCRDB9F8xGYAAonS6JR2CPb/yInFOK5cV++6sXK3laRTRATpEx8hG56iKblEdOYigJ/SCXtGb8WxMjXfjc9ZaMPKZffSnjK9vl06lHA==</latexit>

for > 109 stars
heliocentric velocity for 7.2x106 stars  

model in:

Malhan, RI (MNRAS 2018) 
Malhan, RI, Martin (MNRAS 2018);  
Malhan et al. (MNRAS 2019) 
RI, Malhan, Martin (ApJ 2019) 
RI, Bellazzini, Malhan, Martin, Bianchini (Nature Ast. 2019)

position motionbrightness temperature1/dist.

<latexit sha1_base64="i6DTv38o2V5tWNguSrnHYkU5mX8="></latexit>

↵, �,$,

µ↵, µ�,

G,GBP �GRP

Distance, chemistry & line of sight velocity information much 
poorer than proper motions and photometry



For each star: What is   of the most likely value of eta?ln ℒ

Finding streams in heterogenous datasets
Gaia: ↵, �,$, µ↵, µ�, G,GBP , GRP

<latexit sha1_base64="sPZGRp/OV5LQDAEggA4t74z4nWw=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwIWVGBHVX60KXVRxbaMtwJ03b0MyDJFMoQ7/Hjb/ipgtfW3/EzHQQbb0knMM595Lc40WcSWVZH0ZhaXllda24XtrY3NreMXf3HmUYC0IdEvJQND2QlLOAOoopTpuRoOB7nDa84XXqN0ZUSBYGD2oc0Y4P/YD1GAGlJde8agOPBnCC213KVYojEBHT6Mfuj5fy3L/Rx01q9UmG9/WJa5atipUVXiR2Tsoor7prTtvdkMQ+DRThIGXLtiLVSUAoRjidlNqxpBGQIfRpS9MAfCo7SbbqBB9ppYt7odA3UDhTf08k4Es59j3d6YMayHkvFf/zWrHqXXQSFkSxogGZPdSLOVYhTnPDXSYoUXysCRDB9F8xGYAAonS6JR2CPb/yInFOK5cV++6sXK3laRTRATpEx8hG56iKblEdOYigJ/SCXtGb8WxMjXfjc9ZaMPKZffSnjK9vl06lHA==</latexit><latexit sha1_base64="sPZGRp/OV5LQDAEggA4t74z4nWw=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwIWVGBHVX60KXVRxbaMtwJ03b0MyDJFMoQ7/Hjb/ipgtfW3/EzHQQbb0knMM595Lc40WcSWVZH0ZhaXllda24XtrY3NreMXf3HmUYC0IdEvJQND2QlLOAOoopTpuRoOB7nDa84XXqN0ZUSBYGD2oc0Y4P/YD1GAGlJde8agOPBnCC213KVYojEBHT6Mfuj5fy3L/Rx01q9UmG9/WJa5atipUVXiR2Tsoor7prTtvdkMQ+DRThIGXLtiLVSUAoRjidlNqxpBGQIfRpS9MAfCo7SbbqBB9ppYt7odA3UDhTf08k4Es59j3d6YMayHkvFf/zWrHqXXQSFkSxogGZPdSLOVYhTnPDXSYoUXysCRDB9F8xGYAAonS6JR2CPb/yInFOK5cV++6sXK3laRTRATpEx8hG56iKblEdOYigJ/SCXtGb8WxMjXfjc9ZaMPKZffSnjK9vl06lHA==</latexit><latexit sha1_base64="sPZGRp/OV5LQDAEggA4t74z4nWw=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwIWVGBHVX60KXVRxbaMtwJ03b0MyDJFMoQ7/Hjb/ipgtfW3/EzHQQbb0knMM595Lc40WcSWVZH0ZhaXllda24XtrY3NreMXf3HmUYC0IdEvJQND2QlLOAOoopTpuRoOB7nDa84XXqN0ZUSBYGD2oc0Y4P/YD1GAGlJde8agOPBnCC213KVYojEBHT6Mfuj5fy3L/Rx01q9UmG9/WJa5atipUVXiR2Tsoor7prTtvdkMQ+DRThIGXLtiLVSUAoRjidlNqxpBGQIfRpS9MAfCo7SbbqBB9ppYt7odA3UDhTf08k4Es59j3d6YMayHkvFf/zWrHqXXQSFkSxogGZPdSLOVYhTnPDXSYoUXysCRDB9F8xGYAAonS6JR2CPb/yInFOK5cV++6sXK3laRTRATpEx8hG56iKblEdOYigJ/SCXtGb8WxMjXfjc9ZaMPKZffSnjK9vl06lHA==</latexit><latexit sha1_base64="sPZGRp/OV5LQDAEggA4t74z4nWw=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwIWVGBHVX60KXVRxbaMtwJ03b0MyDJFMoQ7/Hjb/ipgtfW3/EzHQQbb0knMM595Lc40WcSWVZH0ZhaXllda24XtrY3NreMXf3HmUYC0IdEvJQND2QlLOAOoopTpuRoOB7nDa84XXqN0ZUSBYGD2oc0Y4P/YD1GAGlJde8agOPBnCC213KVYojEBHT6Mfuj5fy3L/Rx01q9UmG9/WJa5atipUVXiR2Tsoor7prTtvdkMQ+DRThIGXLtiLVSUAoRjidlNqxpBGQIfRpS9MAfCo7SbbqBB9ppYt7odA3UDhTf08k4Es59j3d6YMayHkvFf/zWrHqXXQSFkSxogGZPdSLOVYhTnPDXSYoUXysCRDB9F8xGYAAonS6JR2CPb/yInFOK5cV++6sXK3laRTRATpEx8hG56iKblEdOYigJ/SCXtGb8WxMjXfjc9ZaMPKZffSnjK9vl06lHA==</latexit>

for > 109 stars
heliocentric velocity for 7.2x106 stars  

Distance, chemistry & line of sight velocity information much 
poorer than proper motions and photometry

model in:

lnL =
X

data

ln [⌘Pstream(✓) + (1� ⌘)Pcont]
<latexit sha1_base64="I/N3QK9+C6yb+LooyMlNVmXMHHQ="></latexit><latexit sha1_base64="I/N3QK9+C6yb+LooyMlNVmXMHHQ="></latexit><latexit sha1_base64="I/N3QK9+C6yb+LooyMlNVmXMHHQ="></latexit><latexit sha1_base64="I/N3QK9+C6yb+LooyMlNVmXMHHQ="></latexit>

Hence maps of “streaminess”

position motionbrightness temperature1/dist.

<latexit sha1_base64="i6DTv38o2V5tWNguSrnHYkU5mX8="></latexit>

↵, �,$,

µ↵, µ�,

G,GBP �GRP



New stream maps [3,12] kpc

µ`
<latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit><latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit><latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit><latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit>

µb
<latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit><latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit><latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit><latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit>

10  detections, 
50 pc half-width

σ



New stream maps [3,12] kpc

µ`
<latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit><latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit><latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit><latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit>

µb
<latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit><latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit><latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit><latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit>

10  detections, 
50 pc half-width

σ



New stream maps [3,12] kpc

µ`
<latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit><latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit><latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit><latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit>

µb
<latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit><latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit><latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit><latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit>

10  detections, 
50 pc half-width

σ

8  detectionsσ



New stream maps [10,30] kpc

µ`
<latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit><latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit><latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit><latexit sha1_base64="hgEGBT0aZqgTuqQYsa3spoLgnHM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC02oWy203bp7ibsboQS+i+8eFDx6s/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLK6tr6RnmzsrW9s7tX3T940EmmKAY04Ylqx0QjZxIDwwzHdqqQiJhjKx7dTP3WEyrNEnlvxilGggwk6zNKjJUeQ5F18xA5n3SrNa/uzeAuE78gNSjQ7Fa/wl5CM4HSUE607vheaqKcKMMox0klzDSmhI7IADuWSiJQR/ns4ol7YpWe20+ULWncmfp7IidC67GIbacgZqgXvan4n9fJTP8yyplMM4OSzhf1M+6axJ2+7/aYQmr42BJCFbO3unRIFKHGhlSxIfiLLy+T4Kx+VffvzmuN6yKNMhzBMZyCDxfQgFtoQgAUJDzDK7w52nlx3p2PeWvJKWYO4Q+czx9PyJDg</latexit>

µb
<latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit><latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit><latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit><latexit sha1_base64="H90n3bnfIQIKVdpUrWzKSHgUgmE=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugjWUEzwSSI+xtNsmS3b1jd04IR36EjYWKrf/Hzn/jJrlCow8GHu/NMDMvTqWw6PtfXmlldW19o7xZ2dre2d2r7h882CQzjIcskYlpx9RyKTQPUaDk7dRwqmLJW/H4Zua3HrmxItH3OEl5pOhQi4FgFJ3U6qqsl8fTXrXm1/05yF8SFKQGBZq96me3n7BMcY1MUms7gZ9ilFODgkk+rXQzy1PKxnTIO45qqriN8vm5U3LilD4ZJMaVRjJXf07kVFk7UbHrVBRHdtmbif95nQwHl1EudJoh12yxaJBJggmZ/U76wnCGcuIIZUa4WwkbUUMZuoQqLoRg+eW/JDyrX9WDu/Na47pIowxHcAynEMAFNOAWmhACgzE8wQu8eqn37L1574vWklfMHMIveB/fAOmPiw==</latexit>

10  detections, 
50 pc half-width

σ

STREAMFINDER 
high-resolution  
spectroscopic 

survey 

ESPaDOnS(CFHT)  
+ UVES(VLT)

RI, Malhan, Martin et al. 2021



Outline

• Dynamics with Machine Learning (ActionFinder) 

• The STREAMFINDER search for stellar streams 

• Perturbations of the GD-1 stream



Stellar Streams as seismometers

RI, Lewis, Irwin, 
Quinn (2002)


Johnston et al. 
(2002)


Dalal & Kochanek 
(2002)

with CDM-like
substructure

smooth

v v
Gaps in streams  

from sub-halo encounters
matched filter map around 

Palomar 5:

face-on edge-on

Carlberg (2012)



Gaps in the GD1 stream
Data Simulations

with bar & spirals

Banik, Bertone, Bovy, Erkal & de Boer (2021)
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Density power spectrum

Epicycles!
RI, Thomas, Famaey, 

Malhan, Monari (2020)
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Density power spectrumDensity power spectrum

Epicycles!

Epicycles, not LCDM subhalo flybys…!

Küpper+2012

RI, Thomas, Famaey, 
Malhan, Monari (2020)
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Wrapping up…
• Stellar streams hold much promise as 

probes of the dark matter


• Have developed a Deep Learning 
algorithm to find canonical transformations 
� , and recover �  and � . 
Now works with realistic stream (6D+5D) 
astrometric observables. 


• This is a fairly generic method that may 
work throughout much of physics!


• Very soon: Galactic acceleration field from 
streams


• TBD: Confront acceleration field with 
predictions of different theories of dark 
matter & gravity


• TBD: Confront stream properties with 
predictions of DM & gravity theories 

(x, v) → (θ, J) Φ H(J)

The Great Dig in the Sky


