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Goal 
Search for dark subhalos (subhalos w/ masses 
smaller than ~109 Msun) orbiting the Milky Way 
using stellar phase-space perturbations 
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Goal 
Search for dark subhalos (subhalos w/ masses 
smaller than ~109 Msun) orbiting the Milky Way 
using stellar phase-space perturbations 

Why? 
‣ Evidence of  DM  
‣ Assess the physics governing DM @ 

microscopic scales
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• γ-ray instruments (may detect DM(WIMP) signals emitted therein) 
• Stellar streams 
• Pulsar timing arrays 
• Stellar phase-space signatures: 

- Apparent perturbations due to (weak) lensing by subhalos 
- Real perturbations due to passing subhalos

Searching for dark subhaloes in the Milky Way using …
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• γ-ray instruments (may detect DM(WIMP) signals emitted therein) 
• Stellar streams 
• Pulsar timing arrays 
• Stellar phase-space signatures: 

- Apparent perturbations due to (weak) lensing by subhalos 
- Real perturbations due to passing subhalos



What’s the signal? 

M = 5⇥ 108 M�
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What’s the signal? 
Density contrast ~ 1% 
Velocity changes ~ 1 km/s

Subhalo 
located at 
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Data generation 

Reference frame centred @ subhalo
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ML in windtunnel simulations:  
Data generation 

Reference frame centred @ subhalo
PKDGRAV3, 2x5123

Idealised  
simulation

Plummer sphere

DM & stars have 
uniform density/
Maxwell velocity 

distribution with values 
as expected @ 30 kpc 

1 snapshot = 20 GB
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<latexit sha1_base64="9gEVEA9k02nEAeosqxSk+oEcTUs=">AAACFXicbVDLSsNAFJ3UV42vqEs3g0VwISHRWrssunFZwT6giWUynbZDJ5MwMxFKqB/hxl9x40IRt4I7/8ZJm4W2Xhg4j3u5c08QMyqV43wbhaXlldW14rq5sbm1vWPt7jVllAhMGjhikWgHSBJGOWkoqhhpx4KgMGCkFYyuMr91T4SkEb9V45j4IRpw2qcYKS11rRPXPvMUDYl0nbsK9DxzxmAFPmSsmtPMNbtWybGdacFF4OagBPKqd60vrxfhJCRcYYak7LhOrPwUCUUxIxPTSySJER6hAeloyJFe5afTqybwSCs92I+EflzBqfp7IkWhlOMw0J0hUkM572Xif14nUf2qn1IeJ4pwPFvUTxhUEcwigj0qCFZsrAHCguq/QjxEAmGlg8xCcOdPXgTNU9st2+c35VLtMo+jCA7AITgGLrgANXAN6qABMHgEz+AVvBlPxovxbnzMWgtGPrMP/pTx+QPV6pt7</latexit>
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~
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~                     effective observables
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<latexit sha1_base64="vDKy2RSW8WCiyDOEgVL++331u3I=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0hKRY9FLx4r2A9oY9lsN+3SzSbsboQa+ku8eFDEqz/Fm//GTZuDtj4YeLw3w8y8IOFMadf9ttbWNza3tks75d29/YOKfXjUVnEqCW2RmMeyG2BFORO0pZnmtJtIiqOA004wucn9ziOVisXiXk8T6kd4JFjICNZGGtgVz6n1NYuoQp77UC8P7KrruHOgVeIVpAoFmgP7qz+MSRpRoQnHSvU8N9F+hqVmhNNZuZ8qmmAywSPaM1Rgs8rP5ofP0JlRhiiMpSmh0Vz9PZHhSKlpFJjOCOuxWvZy8T+vl+rwys+YSFJNBVksClOOdIzyFNCQSUo0nxqCiWTmVkTGWGKiTVZ5CN7yy6ukXXO8unNxV682ros4SnACp3AOHlxCA26hCS0gkMIzvMKb9WS9WO/Wx6J1zSpmjuEPrM8fIlWRdQ==</latexit>
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focal cross entropy loss 

function
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Binary classifier

ML in windtunnel simulations: Results 

Harmonic Network

Adam optimiser + binary 
focal cross entropy loss 

function

The model is generalisable to other physical conditions

Smoothing plays a crucial role

5e8 Msun is perfectly identified, but for smaller 
masses, amount of  training data (4800 images) is the culprit of  
the drop in performance

Overdensity/Velocity divergence yield maximal performance
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Wakes are too spatially extended
Elephant in the room

María Benito    10/10/‘24

(not to scale)

~ 200 kpc

~ 30 kpc

Gaia ESO

+ stellar halo of  MW is a messy place made up of  a 
smooth  (virialised) component + non-virialised part 



Garrison-Kimmel + [1701.03792]

m12i galaxy AHF subhalos

Signal stars are those whose distance to central position of  DM subhalo is less than 1 kpc

From Latte suite of  FIRE-2 simulations
MW-like galaxies
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X

D,E = argminD,E

X

i2bkg

kXi �D(E(Xi))k

<latexit sha1_base64="TYAqw4IrlRygvrloOWXFfcgEnyQ="></latexit>

z

Encoder Decoder

6D Phase-space 

X’=D(E(X))

3D space 
(Reconstructed) 
6D Phase-space 

OutputInput

Test statistics to discriminate between signal & bckg stars:

Lb(X) = kX�D(E(X))k

<latexit sha1_base64="mE47QYf9xZf6VkXR+xJddFurmiU=">AAACLXicbVDJSgNBFOyJW4xb1KOXxiDEg2FGInoRAkbx4EHBLJAJoafzJmnSs9D9RghDfsiLvyKCB0W8+ht2FnAtaCiq6tHvlRdLodG2X6zM3PzC4lJ2Obeyura+kd/cqusoURxqPJKRanpMgxQh1FCghGasgAWehIY3OBv7jTtQWkThLQ5jaAesFwpfcIZG6uSrVx2v6AYM+56fNkf79JS6Enx066DwS6cHtFo8/x7cd5Xo9ae5Tr5gl+wJ6F/izEiBzHDdyT+53YgnAYTIJdO65dgxtlOmUHAJo5ybaIgZH7AetAwNWQC6nU6uHdE9o3SpHynzQqQT9ftEygKth4FnkuN19W9vLP7ntRL0T9qpCOMEIeTTj/xEUozouDraFQo4yqEhjCthdqW8zxTjaArOmRKc3yf/JfXDklMuHd2UC5WLWR1ZskN2SZE45JhUyCW5JjXCyT15JC/k1Xqwnq03630azVizmW3yA9bHJ15pp6c=</latexit>

Background stars

María Benito    10/10/‘24

Anomaly Detection algorithm
MW-like galaxies



Lb(X) = kX�D(E(X))k

<latexit sha1_base64="mE47QYf9xZf6VkXR+xJddFurmiU=">AAACLXicbVDJSgNBFOyJW4xb1KOXxiDEg2FGInoRAkbx4EHBLJAJoafzJmnSs9D9RghDfsiLvyKCB0W8+ht2FnAtaCiq6tHvlRdLodG2X6zM3PzC4lJ2Obeyura+kd/cqusoURxqPJKRanpMgxQh1FCghGasgAWehIY3OBv7jTtQWkThLQ5jaAesFwpfcIZG6uSrVx2v6AYM+56fNkf79JS6Enx066DwS6cHtFo8/x7cd5Xo9ae5Tr5gl+wJ6F/izEiBzHDdyT+53YgnAYTIJdO65dgxtlOmUHAJo5ybaIgZH7AetAwNWQC6nU6uHdE9o3SpHynzQqQT9ftEygKth4FnkuN19W9vLP7ntRL0T9qpCOMEIeTTj/xEUozouDraFQo4yqEhjCthdqW8zxTjaArOmRKc3yf/JfXDklMuHd2UC5WLWR1ZskN2SZE45JhUyCW5JjXCyT15JC/k1Xqwnq03630azVizmW3yA9bHJ15pp6c=</latexit>

80% of  signal stars are correctly identified 
while we misclassify ~15% of  the 

background stars as signal
True 3D 

position & 3D 
velocity

Reconstructed 3D 
position & 3D 

velocity

True positive rate
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Results
MW-like galaxies



LSR

Sanderson + [1806.10564]

María Benito    10/10/‘24

Gaia-like DR2 catalogs



Binary classification distinguishes be- 
tween the halo-associated and 
background stars at a non- 
negligible level: FPR of  ~35% at a 
TPR of  ~50%

Anomaly detection does not differ 
significantly from purely random 
selection

True positive rate

Fa
lse

 p
os

iti
ve

 ra
te

María Benito    10/10/‘24

Gaia-like DR2 catalogs
Results



Conclusions: väljakutse (a challenge)

Theoretical challenges

Distance to GC [kpc]

Plenty of  work to be done

ML catalogue

Stellar wakes program (not only relevant for DM science) is starting  
—> we have characterised the signal  
—> we have investigated the viability & performance of  detecting individual wakes


