SMOOTHED PARTICLE HYDRODYNAMIGS &
MAGNETOHYDRODYNAMIGS

Magnetohydrodynamics (MHD)

smoothed Particle Hydrodynamics (SPH)

SPH is a particle-based simulation method. It represents fluids
as a collection of discrete particles; each particle carries properties
like mass, position, velocity, and thermodynamic quantities.

of the fluid at the position r can be
calculated by summing the contributions from neighboring
particles, using the smoothing kernel function to weight these
contributions based on distance.

is the study of the dynamics of electrically conducting
fluids, like plasmas or liquid metals. It combines the principles of
fluid dynamics and electromagnetism by extending Navier-Stokes
equations to include the effects of magnetic fields, coupled with

The ideal MHD equations consist of a set of coupled partial
differential equations for the fluid and the magnetic field. They
combine the Navier-Stokes equations of fluid dynamics with
Maxwell’s equations:

SPH is a Lagrangian method, meaning we follow particles over
time rather than evaluating them on a fixed grid. The fluid properties
at any point in space are obtained by averaging over the properties of
nearby particles, with a smoothing kernel function that weights the
contribution of each particle based on its distance.

f(r) = ij['?W(r —r;,h)

where mjis the mass of the j-th particle, pjis the density of the j-th
particle, fj is the value of the function at the position of the j-th
particle, W(r-rj, h) is the smoothing kernel function, defining the
volume over which particles interact, and h is the smoothing length.
Each particle’s , but its
based on the proximity of neighboring particles:

Pi — ijW(I'i — I‘j,h)
J

Kernel radius
Kernel function W(|r- r:,| h)

SPH mass, momentum, and energy as a
direct result of its particle-based nature and the way interactions are
symmetrically treated between neighboring particles. Fluid motion

Influenced particle

How the parameters are set for the smoothing kernel function
defines how the fluid will behave. Common kernel functions include is governed by the
the cubic spline and Gaussian kernels, each with specific properties [JEIYUIQAuEIC B0 )45 Rralcislele i k:F o) gad RN R {0 ek
that influence how particles interact. The width of the kernel dv, P, P
(defined by the smoothing length h) determines the range of da Z m; (pg + pz_) ViW(ri —rj, h)
interaction, allowing SPH to naturally adapt resolution based on ’ B

particle distribution. where Pi and Pj are the pressures at particles 7 and j, and vi is the

velocity of particlei.
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and , has
become a powerful
method for simulating
complex astrophysical
systems. It is used in
simulations spanning
scales from the formation
of stars, just a few solar
radii across, to large-scale
galaxy mergers, extending
over hundreds of
thousands of light-years.
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SPH is used in areas of astrophysics and engineering, where typical
simulations involve millions of particles to resolve fluid interactions. In some
state-of-the-art simulations, SPH models can reach

to capture detailed processes like gas dynamics in planetary
formation or the collapse of molecular clouds.

Thanks to improvements in computational power, SPH simulations are
becoming more and more available, allowing researchers to explore
previously unreachable regimes of fluid dynamics. This has led to

in high-impact astrophysical journals like A&A and ApJ in the
last decade.

Maxwell’s equations to describe how those magnetic fields evolve

over time. % +V-(pv) =0 —thecontinuity equation,

QE-I-(U-V)‘U:—éVP—L

47T,0(B x rot B) + f

ot —the motion equation,

OB
- = rot(v x B)

% + (v V)e = —%V ‘v —theenergy equation.

—the induction equation,

To closethesetan equation of state P = P(p,s) must be added.
Additionally, magnetic field must satisfy the solenoidal condition:
V-B=0.
Basic example of how electrically conducting fluid’s velocity vector
and its magnetic field are aligned. Red arrows show the field’s
direction, cyan arrows - fluid’s motion direction.

The magnetic viscosity must be taken into account in the induction
equation when considering magnetic field diffusion:
. . . . . 0B

The basic idea is that in these fluids, the movement of charged Fr rot(v x B) —rot(nrot B)
particles creates electric currents, which generate magnetic fields.
These magnetic fields then interact with the fluid, affecting its Then, a heating source due to current dissipation (Joule-Lenz effect)
motion and creating forces that influence the flow, creating a needs to beincluded in the energy equation:

: . This interaction leads to complex effects, like " e + (- V)e] + PV v =" (rot B)?

magnetic waves and plasma confinement. ot 4 :
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The theory of
magnetohydrodynamics
(MHD) for electrically
conducting fluids was
developed by

in his 1942 paper,
"Existence of
Electromagnetic—Hydrod
ynamic Waves," published
in Nature. In this work, he
described the discovery of
"electromagnetic—hydrod
ynamic waves", that are
now known as
. In 1970 Alfvén was
awarded The Nobel Prize
in Physics for this work.
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MHD models have been used to simulate wide range of phenomena
from physics of semi-conductors on to galactic spiral arms
reaching into space.

MHD simulations allow modeling complex physical systems, such as
the multi-million-degree plasmas in solar flares, explaining

events that release over of energy. Another
example of MHD use are around compact objects like black
holes, where magnetic fields control matter flows and generate powerful
jets.

implementations In Astrophysics

GADGET: N-body and &l
SPH code designed for &
cosmological simulations

that can model galaxies H-&
formation, evolution and
dynamics.

PHANTOM: A modular, E:.EE";E
user-friendly SPH &ﬁ?‘#

MHD code designed to Vwﬁ%
simulate wide range of El=#iErs
astrophysical
phenomena, from
protoplanetary disks to

galactic dynamics and
high-energy astrophysics.

solar

Springel V., Pakmor R., Zier O., Reinecke M., "Simulating cosmic

structure formation with the GADGET-4 code”, MNRAS, submitted Price, D. J., Wurster, J., et al. (2018). Phantom: A Smoothed Particle

Hydrodynamics and Magnetohydrodynamics Code for Astrophysics.

Publications of the Astronomical Society of Australia, 35, e031. 357,242.

simulating astrophysica
plasmas. It's used in
accretion disk modeling,
supernova remnants, and
magnetic reconnection in

environments.

"Buoyant radio-lobes in a viscous intracluster medium" C.S.Reynolds,
B.McKernan, A.C.Fabian, J.M.Stone, J.C.Vernaleo, 2005, MNRAS,

ATHENA++: MHD &
code that uses a finite- %%
volume method to solve
the fluid and MHD
equations on either fixed
or adaptive grid.

speed and high-energy
flows in space plasma.

It uses Godunov-type methods to
handle shock waves, and calculates
using either finite volume or finite
difference.
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“The Athena++ adaptive mesh refinement framework: design and
magnetohydrodynamic solvers”, Stone, J. M., Tomida, K., White, C. J., &
Felker, K. G. 2020, The Astrophysical Journal Supplement, 249(1), 40

pages

4th-Order Finite Volume method paper (resistive RMHD): "A fourth-
order accurate finite volume scheme for resistive relativistic MHD",
Mignoneet al., MNRAS (2024) 533, Issue 2, pp.1670-1686.

Temperature (top panel), density (middle panel) and
intensity (bottom panel) distributions in the accretion

disk. Left panels are in spatial coordinates and right
panels are in velocity coordinates.

Particles’ distribution in the accretion disk (in spatial
coordinates).

Below are different implementations of the SPH modeling as described in [1] of the accretion
disk of a cataclysmic variable EZ Lyn. It is a cataclysmic variable with a 0.85 M © white dwart
and 0.048 M © brown dwarf with an orbital period of 5079.6 seconds. The system
demonstrates the presence of spiral patterns in the outer rim of the disk caused by the 2:1
resonance [2]. 2:1 and 3:1 resonance radii are marked as dashed circles on our models.
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Example of combining SPH model with CVLab model (light Domination of radiation types in accretion disk.

curve-based modelling).
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