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A little about my science interests

 Fundamentals of astrophysical / space turbulence
* Host of the world’s largest supersonic turbulence simulations
 Magnetic dynamos (more on this today)
» | aboratory astrophysics (HEDLA)
 Magnetogenesis

* Visco-resistive (causal) relativistic MHD for plasma around
compact objects
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A little about my science interes| ;- (now Princeton grad!

« Fundamentals of astrophysical / space
turbulence

 Host of the world’s largest supersonic
turbulence simulations

 Magnetic dynamos (more on this today)

* |Laboratory astrophysics (HEDLA)

 Magnetogenesis

* Visco-resistive (causal) relativistic MHD for

plasma around compact objects ISM / supernova-driven turbulence —
completely different from classical

models! w. Isabelle Connor (prev. UG,
UCSC; now PU grad.)
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Astrophysics simulations on quantum computers (wishful thinking!)
... but future-proofing numerical astrophysics :P
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First things first: what is a magnetic dynamo?
Starting with a seed magnetic field
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What is a magnetic dynamo?
Starting with a seed magnetic field

- Weibel instability, (Zhou + 2023, 2024)

Biermann battery,
Unstable cooling shockwaves, (Beattie+ in prep.)
Dust battery (Soliman+, 2024)

Eéme to IAS and discuss :)

magnetic energy
reservoir

U? > B*



What is a magnetic dynamo?

Rm ~— = Ev——— Rm
n diffusion
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can’t be too resistive
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What is a magnetic dynamo?
Kinematic growth UL
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What is a magnetic dynamo’? Kriel, Beattie + (2026; PRD) 1
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What is a magnetic dynamo?
Nonlinearities and backreaction

energy flux in

7 T\

energy flux out

N_

backreaction

u = f(B)
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What is a magnetic dynamo?
Saturation

energy flux in

7 T\

energy flux out

N_

backreaction

u = f(B)

energy flux in == energy flux out -+ resistive decay




Examples of dynamos
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Examples of dynamos
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Examples of dynamos
There are many, across all scales
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Examples of dynamos
There are many, across all scales

Sharda+2021
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Examples of dynamos

Cosmological voids

and plasma regimes ICM Collisionless plasma
Weakly collisional Braginksii MHD magnetogene3|s coupled to dynamo
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Examples of dynamos

Cosmological voids

and plasma regimes ¢ Collisionless plasma
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Dynamos
Ubiquitous across multiple phenomena / regimes

Extremely simple ingredients

1. Vu

Upl.  1nduction
2. Rm=——=———-2>100

n ~ diffusion



One of the most extreme magnetic dynamos
Merging Binary Neutron Stars: Chronology Ruiz+(2018)

Inspiraling stars
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One of the most extreme magnetic dynamos
Merging Binary Neutron Stars: Chronology Ruiz+(2018)

Inspiraling sgtars something happens
tins iral Z I, YIS td namical "~ 1 ms

[ /] /M s

r'“ t/M = 1599

\

/

Significant restructuring of
B-field



One of the most extreme magnetic dynamos
Merging Binary Neutron Stars: Chronology Ruiz+(2018)

inspiraling stars something happens
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Significant restructuring of Blandford-Zanjek-type jet
B-field need vertical field...



One of the most extreme magnetic dynamos
Merging Binary Neutron Stars: Chronology Ruiz+(2018)

Inspiraling stars something happens
£ 108 yrs 1 ms
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Significant restructuring of Blandford-Zanjek-type jet |
B-field need vertical field...  electromagnetic counterpart




One of the most extreme magnetic dynamos
Merging Binary Neutron Stars: my focus Ruiz+(2018)

something happens
I ms

td namical

t/M = 1691

The prerequisites for EM counterpart
are in these r ~ ms stages!

Significant restructuring of
B-field



One of the most extreme magnetic dynamos
Merging Binary Neutron Stars: our focus Ruiz+(2018)

something happens
I ms

td namical

t/M = 1691

The prerequisites for EM counterpart
are in these r ~ ms stages!

Significant restructuring of
B-field need vertical field...



Taking a closer look at “something happens”

Merging Binary Neutron Stars

Gutiérrez + (2026)
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A shear layer!!!
Merging Binary Neutron Stars

Kiuchi+(2018)
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A shear layer!!!
Merging Binary Neutron Stars

Kiuchi+(2018)
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A shear layer!!! AU ~ 02¢
Merging Binary Neutron Stars 5y ~ 50 m

Kiuchi+(2018) 26,
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Shear layers are linearly unstable to Kelvin-Helmholtz instability!

linear theory ~ ¢,
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One of the most extreme magnetic dynamos
Merging Bmary Neutron Stars KHI billows  Chabanov+ (2023)

crust (HR)




One of the most extreme magnetic dynamos

- KHI d turbulent winding = _~T.
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One of the most extreme magnetic dynamos
Merging Binary Neutron Stars

1. How does the multi-stage KHI-driven dynamo work?

2 Can we form the right ingredients for jet
" launching during the KHI

3 Do global calculations resolve the important

- aspects of the dynamo?
(e.g., remember kinematic growth rates are typically a
function of viscosity!!)



Ensemble of 3D visco-resistive KHI dynamo simulations in AthenaK (up to 4,096 cells)

RE& = 64 Re& = 125

I\/(qst VISCOUS

Rex = 2048

80M-core-h project

Beattie, In prep



Ensemble of 3D visco-resistive KHI dynamo simulations in AthenaK (up to 4,096° cells)
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Volume integral energies — a great match, qualitatively!

| ocal calculation

Global calculation
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Volume Integral energies — stage 1

| ocal calculation
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Volume Integral energies — stage 2
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Volume integral energies — stage 3

alculation Global calculation
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Volume integral energies — stage 1 — begin here

| ocal calculation
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Stage 1: visco-resistive {2 (winding) dynamo  Mass density Dynamo flux
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Stage 1: visco-resistive Q2 (winding) dynamo
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Extreme challenge for global simulations!
Cannot get the right growth rate!



One of the most extreme magnetic dynamos
Merging Binary Neutron Stars

1 How does the multi-stage KHI-driven dynamo work?

Stage 1: visco-resistive winding, ...

2 Can we form the right ingredients for jet
" launching during the KH]

Do global calculations resolve the important
3. aspects of the dynamo (e.g., remember

Kinematic growth rate are a function of

viscosity)? Order of magnitude difference in growth rates
between resolved local and unresolved global :(



One of the most extreme magnetic dynamos
Merging Binary Neutron Stars
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2 Can we form the right ingredients for jet
" launching during the KH]
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3. aspects of the dynamo (e.g., remember

Kinematic growth rate are a function of

viscosity)? Order of magnitude difference in growth rates
between resolved local and unresolved global :(



Thanks, questions?
P4 beattie@ias.edu 0 @astro_magnetism
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Volume Integral energies — stage 2
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Stage 2: the wait...
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Dynamo flux

Mass density
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Stage 2

The fastest growing mode for viscous
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Stage 3: the wait

The fastest growing mode for viscous
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