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Research Interest:  

- Dark Matter Substructures in Strong Lensing 

- Cosmic Neutrinos 

- Black Holes images, Radio radio 
interferometry, Machine Learning   



Gravitational Lensing of 
Cosmic Neutrino Background

Joshua Yao-Yu Lin (University of Illinois at Urbana-Champaign) 

In collaboration with Gilbert Holder 
  
2020.1.9 NCTS Dark Physics Workshop

Lin & Holder (arXiv:1910.03550)



Lensing of CνB vs CMB

• Both (shall) have anisotropy and 
would be lensed by foreground 
gravitational potential

Similar: Difference:

Thought Experiment!



Lensing of CνB vs CMB

• Both (shall) have anisotropy and 
would be lensed by foreground 
gravitational potential

• Neutrinos from the early universe 
will be non-relativistic today 
(massive neutrinos)  

• Larger angles of deflection 

• Closer surface of last scattering 
(compared to the cosmic 
microwave background)  

• Could form multiple lensed 
images [Strong gravitational 
lensing] 

Similar: Difference:

Image Credit:1) Planck 
2) ESA/NASA, Hubble



Cosmic Neutrino Last 
Scattering Surface

Dodelson & Vesterinen (PRL, 2009) 



Cosmic Neutrino Last 
Scattering Surface



Strong lensing of cosmic 
neutrino

• Angle of deflection 
for cosmic neutrino 
(post-Newtonian)

Slides credit: Sherry Suyu



Einstein Radius: function of 
neutrino velocity/ Distance to Lens

Neutrinos momentum distribution

SIS lens model: σv = 1000 km/s



Mass eigenstates splitting 
via gravitational potential

Gravitational Lens:
Spectrometer

Neutrino source (flavor)

Mass eigenstates

Mass eigenstates
 splitting



Spectrometer: 
Stern–Gerlach experiment



Mass eigenstates splitting via gravitational 
potential



Discussion & Summary

• Strong lensing of CνB could be the largest Stern–Gerlach 
experiment in our universe

• Neutrino oscillations are not relevant in this case, as the mass 
eigenstates get dispersed in angular space 

• Time evolution of the halo could also be probed

• Interesting, with extremely rich source of information: strong 
lensing, neutrino mass, quantum properties

Lin & Holder (arXiv:1910.03550)



Lin & Holder (arXiv:1910.03550)

University of Illinois

Image credit: Aram Grigoryan/Getty Images
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Three different types of neutrinos comprise at least 
0.1%, the cosmic background radiation makes up 
0.01%, and black holes comprise at least 0.005%.

David Spergel (Science, 2015)



Dark Matter

• 84% of the matter is Dark(DM)

• DM interacts through gravity. 

• Further DM interactions unobserved so far. 
Such couplings must be very weak, much 
weaker than weak interactions.
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N-BODY SIMULATION: 
STUDY THE PROPERTY OF DARK MATTER

 19
Max-Planck-Institut für Astrophysik (2005)



N-Body Simulation on Cold 
Dark Matter

Max-Planck-Institut für Astrophysik (2005)

In various cosmological N-body simulation, 
the Λ Cold Dark Matter (ΛCDM) model 
preform well especially on the large scale 

structure. (e.g. Millennium Run 2005)!
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Slides from Mei-Yu Wang

Controversies on Galactic Scale  
-- Comparison of Numerical Simulation & Observational Data

D. H. Weinberg et al. (2013) (arXiv:1306.0913) 

Missing Satellite problem 

Core/cusp problem Too Big to Fail problem

!21



Missing Satellites Problem

!22

CDM Simulation (Mayer and Kazantzidis) Satellite galaxies of the Milky Way 
(Observation) 
Credit: J. Bullock, M. Geha, R. Powell



Strong lensing: Natural place to 
probe dark matter substructures



Strong lensing



Lensing basic

Slides credit: Sherry Suyu



Lensing basic

Figure from Narayan & Bartelmann (1995)

Source Lens Image



Subhalo detection

Despali et al. (1710.05029)



Strong lensing with substructure as 
perturber

Lensing without perturber Lensing with perturber Lensing with (large) 
massive perturber



Subhalo Hidden in ALMA 
Gravitational Lens Image

• `

Hezaveh (2016) ArXiv:1601.01388





Slides from Laurence Perreault Levasseur



Can AI (deep learning) help?

Image credit: Nvidia



Brief Intro to deep 
learning: MNIST dataset

 33

Credit: http://yann.lecun.com/exdb/mnist/



Brief Intro to deep learning:
Deep Neural Networks

Credit:LeNet by Yann LeCun (1998)



Slides from Geoff Hinton (Coursera, 2012)



DenseNet and ResNet

“Deep Residual Learning for Image Recognition” Kaiming He et al (arXiv:1512.03385) 



Loss Surface w Skip 
Connection

Li et al. NIPS 2017 (ArXiv: 1712.09913)





Hezaveh et al. (Nature, 2017)





Fast automated analysis of strong 
gravitational lenses with convolutional 

neural networks

• “label” SIE model with 5 
parameters: Einstein 
radius[θ_E (arcsec)], x, y, e_x, 
e_y

500,000 simulated data

4 CNNs gives pretty good results!

Hezaveh et al. (Nature, 2017)



• Simulated data could help us understand the 
problem 

• - strong gravitational lensing are insufficient (≤ 
O(10)) for typical size of the training set for deep 
learning 

• - Simulated data would be good for supervised 
learning since we know the ground truth

Could we detect dark matter subhalos 
in Strong lensing with Neural networks?



Deep learning setup
• 20000 simulated data [images and subhalo 

ground truth]as training set  

• 2000 “DIFFERENT” data [images] as test set  

• Simulation with SIE (marco lens) contains 0-5 
subhalos(perturbers) 

• Loss function: Binary Cross Entropy Loss (of 
subhalo probability map) 

• Adam Optimizer, learning rate = 1e-4 

• NN model: DenseNet (~53 layers) 

• Nvidia GPU: 1080Ti

20000 simulated data as training set



DenseNet

DenseNet architecture (121 layers)

Gao Huang et al., ArXiv:1608.06993



Let’s check how NN is doing



Prediction: subhalo 
detected! 

subhalo ground truth prediction



Prediction: subhalo 
detected! 

subhalo ground truth prediction



Prediction: multiple subhalos!

subhalo ground truth prediction



Prediction: multiple subhalos!



“Failed” good examples: 
Can’t see in the dark

subhalo ground truth prediction



“Failed” good examples: 
Can’t see in the dark



Prediction: No subhalo



Prediction: No subhalo



“Rejection” of subhalo(s) 
around the arc



“Rejection” of subhalo(s) 
around the arc



Summary for Sim I
• Deep learning shows some promising result in 

dark matter substructures detection in lensing. 

• “rejections” for no subhalos around the strong 
lensing arc. 

• “detections” and “regression” for subhalos 
around the strong lensing arc. 

• More realistic simulation needed



Simulation II
• Simulation II: More realistic, Evillens Based

• Sources

• Power law elliptical model

• Subhalos - Pseudo-Jaffe Profile, Cumulative 
mass function, and radial distribution function 
from Aquarius Simulation 

• Angular resolution: 0.02”

• 500, 000/ 100,000 images as train/test set

https://github.com/wmorning/EvilLens

https://github.com/wmorning/EvilLens


• Perturbations are small 

• Most of the subhalos are not detectable (far 
away from lensed source)

Simulation II



Detectable subhalos
• Subhalos near lensing arc 

• Einstein radius of subhalo 
overlap with lensed 
source (>max pixel/15) 

• We treat all the subhalos 
(with different masses) 
with the same target 
probability density 



Prediction: subhalo 
detected! 



Prediction: subhalo detected!



Multiple subhalos detected



Discussion

• Neural network are able to find subhalos in a 
more realistic simulation  

• Unlabeled subhalos could be detected if close 
enough to the lens 

• Some summary statistics would be needed





• What about Low 
mass subhalos?  

CDM Simulation (Mayer and Kazantzidis)



Lots of low mass (< 10^8 
M_sun) subhalos contributes!



CDM vs SIDM

Lots of low mass subhalos 
contributes in CDM!

Image credit:  Mark Vogelsberger



Power spectrum of DM 
models

Díaz Rivero et al. (ArXiv:1809.00004)



Statistical detection of dark 
matter power spectrum 

Smooth Lens with Gaussian Random Field Difference



Noise

Smooth Lens with Gaussian Random Field Difference



Likelihood function 

Hezaveh et al. (2016)



Preliminary result with NN



Discussion

• Maximum likelihood could serve as a tool to 
probe power spectrum of dark matter 
substructures in strong lensing system 

• ML also could serve as a interesting tool for 
DMS power spectrum



Thank you!

Image Credit: Hubble/STScl & NASA



Prediction: unlabeled subhalo detected! 



Detection: Complicated Lens



No detection



Fail to detect



False positive: Degeneracy



Degeneracy



True positive


