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

Concussmn Neurosmence A micro- mtroductlon
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Small- scale stru/cture and dynamics is more complicated

ISIFT

Main collaborators:

N. Virji-Babul
D. Hristopulos
K. Thanjuvar




Concussion Neuroscience: A micro-introduction
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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 AlI/ML solutionin 2014

SVM: 60% success. Discovered FEATURE BIAS & FEATURE ENG.
CNN: ADVANTAGE: POTENTIALLY KNOWABLE - marginal improvement (75%)
LSTM: 95% accuracy but irritatingly, a BLACK BOX
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R S This is leading to several new directions of research:

Interpretable?; extracting information leading to
R_| Bidirectional LsTM -2 F__ insight
e Combining datasets from different EEG devices

FC"’.",REL” Mapping networks for information flow in the brain

F;z Forecasting changes in the brain’s structure and

Output Layer function in response to rehab treatments, disease,

s 2 etc.
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Al OFFERS A POTENTIAL WAY TO IMPROVE THE SITUATION

Two of the problems that | 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
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Shining light on the hosts of the nano-Hertz gravitational wave sources:
a theoretical perspective
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Imprints of supermassive black hole evolution on the spectral and spatial
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SMBH MERGING > GRAVITATIONAL WAVES + EM SIGNATURES

MICECAT Simulation ROMULUS Simulation BH binary modeling in gas dynamic
(Gpc scale) (Mpc scale) (< pc scale)
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Multi-scale problem:

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




The ROMULUS

Certified organic, free-range, locally

grown supermassive.black holes
v Early Seeding in low mass halos

v Self-consistent and physically motivated dynmcs,
growth, and feedback

/0rgan|c M> 1.E+ ,

v'No hormones or addltlves

v Naturally produces Iarge -scale outflows
RomMuLUSC
1014 Msun Galaxy Cluster

1013.5-15 Msun "

Jung+2022
ROMULUS25 _

25 Mpc Volume *
Tremmel+ 2017
Butsky+2019; Jung+2022 -

Resolution:
250 pc (grav)
50 pc (hydro)
"'1 e5 Msun




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



Cluster gas density

Prasad+2015, “Cool Core Cycles: Cold Gas and AGN Jet Feedback in Cluster Cores”
Prasad+2017, “AGN jets driven stochastic cold accretion in cluster cores”
Prasad+2018, “Cool-Core Clusters: Role of BCG, ... & AGN-driven turbulence”
Prasad+2020, “Cool-Core Cycles and Phoenix”, MNRAS, 495, 594

Origin of multiphase CGM in idealised simulations:
AGN Jets-driven perturbations

Sharma et al. 2012;
McCourt et al. 2012

if tcool/tss > 10, only hot phase;
if teool/tss <10, multiphase
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Visualizing the world’s largest
turbulence simulation

dissipation subsonic
cascade

supersonic

Turbulent Mach number
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(arXiv:1910.07850)



https://arxiv.org/abs/1910.07850

TURBULENCE INCGM/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




TURBULENCE INCGM/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.




TURBULENCE INCGM/IGrM/ICM
Most common of this class of models: Smagorinsky Model where

v =D = (C, h)2|S*

where |S*| is the trace-free shear tensor and C; 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 INCGM/IGrM/ ICM

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

Dynamic Localised Turbulent Diffusion and its Impact on
the Galactic Ecosystem

Douglas Rennehan,!* Arif Babul,! Philip F. Hopkins,?> Romeel Davé>*>
and Belaid Moa®

C: 2> C;(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.
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Key Points:

ABSTRACT
* DNNs are built to emulate the SGS eddy viscosity and diffusivity for turbulent stratified This study is concerned with accurately predicting the subgrid-scale (SGS) stress using an artificial neural network (ANN) with a linear eddy-

q viscosity term and a nonlinear term as the input variables. A priori and a posteriori tests are conducted to examine the prediction perfor-
shear flows. mance of the ANN-based SGS stress model in decaying homogeneous isotropic turbulence. In a priori test, the present ANN-based SGS
. . i e . model shows high correlation coefficients between the true and predicted SGS stresses, and excellent predictions of the SGS stress and dissipa-

« These DNNs compute the SGS eddy viscosity and diffusivity 2 — 4 times faster than tion. In a posteriori test, it is found that the ANN-based SGS model can predict the turbulence statistics more accurately than the traditional
. . dynamic $GS models. The generalization capabilities of the model to untrained flow conditions and unstrained types of turbulent flow have

the Dynamic Smagorinsky Model. been evaluated. It is found that the proposed ANN-based model can provide an accurate prediction of the SGS stress under different

+ These DNNs emulate the SGS processes accurately such that the energy and variance ;‘;g;:{fn;":;?;;;;‘:fg:;;{:;:-;;;“;f:;j;“;;;:g sexciel existing ANN:based models withidifferent tnpt vatisbless peesented den

budgets match with the Dynamic Smagorinsky Model. Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.021209
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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.




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

communications earth & environment Article

3

https://doi.org/10.1038/s43247-024-01885-8

Embedding machine-learnt sub-grid
variability improves climate model
precipitation patterns

Daniel Giles @77, James Briant®>, Cyril J. Morcrette ®** & Serge Guillas

OUTSOURCING SUB-GRID CLOUD PHYSICS TO
NEURAL NETWORKS

August 18, 2020
Feature Story (https://e3sm.org/category/feature/)

. outputs
inputs

input layer hidden layer output layer

(https://e3sm.org/wp-
content/uploads/2020/08/MultiLayerNeuralNetworkBigger_english_904x356.png)

Diagram of a two-layer feedforward neural network.

Deep Neural Networks: Powerful machine learning emulators of high-dimensional
nonlinear functions disrupting industry and climate modeling

But sub-grid model forms are
themselves simplifications.

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




