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Concussion Neuroscience: A micro-introduction

1011 neurons 
in the brain

Neural StructureCosmic Structure

1. My initiation into Scientific AI:  Concussion research in Neuroscience.
        

Small-scale structure and dynamics is more complicated EEG sensor net

uncanny similarity in the large scale structure 

Main collaborators:

N. Virji-Babul
D. Hristopulos
K. Thanjuvar



Concussion Neuroscience: A micro-introduction

N time series data.  Each time series is non-stationary, artifact contaminated, highly variable

Power series: one channel 
Healthy

INJURY microtears in white matter fibres (brain wiring); disruptions in communication networks  SYMPTOMS

Power series: one channel 
Concussed

There are population differences but significant overlap.  No way to identifiy a concussed person



Concussion Neuroscience: A micro-introduction

Current treatment is highly subjective and not consistent.  This can be a serious 
problem leading to all sort of complications!

Started exploring AI/ML solution in 2014

SVM:   60% success.  Discovered FEATURE BIAS & FEATURE ENG.
CNN:   ADVANTAGE: POTENTIALLY KNOWABLE – marginal improvement (75%)
LSTM:  95% accuracy but irritatingly, a BLACK BOX

This is leading to several new directions of research:

 Interpretable?; extracting information leading to 
insight

 Combining datasets from different EEG devices
 Mapping networks for information flow in the brain
 Forecasting changes in the brain’s structure and 

function in response to rehab treatments, disease, 
etc.

PROBLEM: DATA STARVED – AUGMENTATION?



2. My  research focus is: cosmic structure evolution (galaxies, groups, smbhs)
main

^

• Galaxies are 
essentially the 
building blocks. 

• They are shaped 
by internal 
conditions and 
external ones.   

• And they also re-
engineer their 
surroundings.

GALAXIES SIT AT THE CONVERGENCE OF 
COSMOLOGY AND ASTROPHYSICS



SUB-GRID MODELS
•Complex networks of  
physical processes, with 
non-linear interactions, 
cutting across nearly all of  
physics  numerical 

  cosmological hydro sims

•Multi-component, multi-
scale problem with 
physics spanning >15 
order of  magnitudes in 
spatial scales. The best we 
can do is ~107  and with 
limitations, ~109.

•Need sub-grid models to 
treat/capture processes 
that cannot be directly 
modelled.
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WHY IS THIS HARD?

•Most sub-grid 
processes are 
themselves complex 
(e.g. turbulence) and 
some we just plain 
don’t understand 
well ( jet/wind launch 
and initial evolution).

•Presently, these 
processes are 
modelled using 
simple “spherical 
cow” schemes and 
ad hoc models.

• In detail, the results can vary dramatically                  Temperature slices (CAMELS)
Movie by F. Villaescusa-Navarro



AI OFFERS A POTENTIAL WAY TO IMPROVE THE SITUATION

Two of  the problems that I am especially interested in:

•SMBH merging, feedback, …            
  [Suvodip Mukherjee, Lucio Mayer,  Doug Rennehan, Romeel  Dave…]

•CGM / IGrM / ICM Turbulence (mixing, multiphase structure…)
  [Prateek Sharma, Lucio Mayer, Vikram Khaire, Doug Rennehan…]



SMBH MERGING  GRAVITATIONAL WAVES + EM SIGNATURES



SMBH MERGING  GRAVITATIONAL WAVES + EM SIGNATURES

Multi-scale problem: 

Running a single simulation that covers the 
full dynamic range is impossible. 



SMBH MERGING  GRAVITATIONAL WAVES + EM SIGNATURES

Multi-scale problem

Our base hydro sim 
is Romulus  has 
“free-range” SMBHs” 

Can track BH 
dynamics, including 
BBHs, to ~300 pc

Then, post-process 
via analytic sub-grid 
model to get nHz 
signals



SMBH MERGING  GRAVITATIONAL WAVES + EM SIGNATURES

• Merger dynamics is complicated: M1 M2   M*   dM*/dt  Mgas   Lorbital  J1  J2

• Train an AI model to predict pre (BBH) and post BH dynamics and GW - and 
same model can even be trained to give EM   would require many many 
small-scale simulations [plus waveforms]

• But it is an [easier] problem – small scale is decoupled from large-scale  
post-processing via AI model  

Caveat: (1) probabilistic – diversity of  differential distribution for given   
                       global parameter [ eg. 𝞺gas (r) for given Mgas ]
                (2) Are 1000s of  sims to cover parameter space even possible, and 
                      if  not, how can we overcome this obstacle?   AI to rescue?



TURBULENCE IN CGM / IGrM / ICM

In galaxies, groups and clusters, turbulence extends from 
”effectively incompressible subsonic” to “compressible supersonic”

Poole et al 2006-2008



TURBULENCE IN CGM / IGrM / ICM

In galaxies, groups and clusters, turbulence extends from 
”effectively incompressible subsonic” to “compressible supersonic”

Salvatore Cielo, Luigi lapichino, Johannes Günther, Christoph Federrath, Elisabeth Mayer, Markus Wiedemann (arXiv:1910.07850)

Subsonic and Supersonic

https://arxiv.org/abs/1910.07850


TURBULENCE IN CGM / IGrM / ICM

IMPORTANCE:   mixing of  metals, 
                                energy and momentum re-distribution
                                density sub-structure  multiphase structure

In cosmological simulations, we have limited dynamic range
 

 This breaks the physical coupling between scales that are 
resolved (> h) and unresolved (< h)

 

 They require sub-grid models of  (i) the kinetic energy flux from 
the resolved to the unresolved scales and (ii)  the effect of  
unresolved eddies on the resolved  scales  

 **ii makes this a hard problem: needs small scale to be evolving 
 consistently over time and at each t, small scale acts on large scale.



TURBULENCE IN CGM / IGrM / ICM

SPH has no inherent diffusion and therefore, by construction, explicitly 
requires additional transport terms 

In moving-meshes (MM) and higher-order mesh-free methods (MF), 
numerical diffusion arises as a by-product of  the numerical scheme used 
to solve the Riemann problem between fluid elements but this inherent 
numerical diffusion does not, in general, reproduce the correct turbulent 
properties of  a simulated flow.

In most cosmological simulations – if  this is addressed, it is done at all, 
via the eddy-viscosity hypothesis: The action of  the unresolved eddies 
can then be modelled by a viscous term in the fluid equations
of  motion which diffuses momentum and dissipates kinetic energy.

KEY ASSUMPTION: SMALL SCALES DISSIPATE INSTANTANEOUSLY ALL 
THE ENERGY THEY RECEIVE FROM LARGE SCALES



TURBULENCE IN CGM / IGrM / ICM

Most common of  this class of  models: Smagorinsky Model where

𝝂 = 𝑫 = (𝑪s 𝒉)2 |S*|
where |S*| is the trace-free shear tensor and Cs is the Smagorinsky 
constant.

DRAWBACKS:   Too dissipative!

(i) A single valued Cs cannot correctly describe different types of  
turbulent flows. Studies show that the Smagorinsky model introduces
too much diffusion into the flow in almost all cases except
for homogeneous, isotropic turbulence.

(ii) the sub-grid eddy viscosity does not vanish for laminar shear flows 

(iii) Treats metal and energy, not momentum.



TURBULENCE IN CGM / IGrM / ICM

FIX  DYNAMICAL SMAGORINSKY MODEL   (Rennehan et al. 2019)

Cs  Cs (x,t)

DRAWBACKS

Diffusive process assumed isotropic and scale-invariant but in 
reality, neither is true.

Anisotropic diffusion is possible to compute (see Rennehan 2021) 
but it is costly and is still limited by simplifying assumptions.



The fluid mechanics, ocean physics and climate science communities
are moving ahead rapidly:

DNN emulator that can emulate sub-grid viscosity and diffusivity.

                                              

Finds that DNN is able to extrapolate correctly to 10x higher Re  than training set, 
is more accurate than traditional Dynamical Smag Model, and it is typically 2.5-
3x faster than computing the Dynamical Smag.
     

TRAINING?  
Direct Numerical Simulations,  AI-evolved Turbulence?   Quantum Computing ? 



• But sub-grid model forms are 
themselves simplifications.

• Still trying to understand whether 
DSM can give us density fluctuations 
forming naturally in simulations but …

No doubt hybrid ML/AI + traditional simulations will become the norm

FINAL THOUGHTS:

…but even if  it does, the spectrum of  
fluctuations and the nature of  multi-
phase structure depends on 
resolution of  the simulation.   

HOW TO OVERCOME?


