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ABSTRACT

Magnetohydrodynamic turbulence at high magnetic
Reynolds number often departs from classical Kolmogorov
scaling, driven by strong mean-field effects and pervasive mag-
netic reconnection across the cascade. We examine the transi-
tion to turbulence in a magnetohydrodynamic jet, with particu-
lar attention to the energy budgets and spectral characteristics
of the flow during transition. Our analysis indicates that the
production and cascade of turbulent energy during this transi-
tion is dominated by fluctuations in the magnetic field associ-
ated with reconnection.

INTRODUCTION

Magnetohydrodyamic (MHD) turbulence is a multi-
physics phenomenon experienced by electrically conductive
fluids in presence of magnetic fields, predominantly observed
in astrophysical plasmas and fusion engineering applications.
Depending on the physical characteristics of the flow, and
the relative strength of the magnetic field, the fundamentals
of the turbulence cascade can diverge significantly from non-
conductive flows.

Foundational works in MHD from Kraichnan (1965) and
Goldreich & Sridhar (1995) focused on understanding how
MHD turbulence diverges from the established scaling laws
of Kolmogorov (1941), with adjusted energy spectra scaling
to match observational and satellite data, and a decomposition
of energy spectra into field parallel k|| and field perpendicular
k1 components. Despite ongoing advancements, an accurate
characterisation of the energy spectra in MHD turbulence re-
mains an area of debate. Recent DNS studies, such as those
of Dong et al. (2022), have provided further insights, with the
energy spectra inertial range gradient shown to scale with the
magnetic Reynolds number of the flow.

Progress has been made in understanding the energy cas-
cades of fully developed MHD turbulence, but many funda-
mental aspects of MHD turbulence remain unexplored, such
as turbulence transition. Whilst no real-world plasma in as-
trophysical or fusion applications is fully laminar, there are

many physical processes that may inject energy into turbu-
lence cascades from mean-field effects, such as the large-scale
dynamo and magnetic reconnection. Magnetic reconnection
events seen in solar flares and coronal mass ejections for ex-
ample redistribute extreme amounts of magnetic energy, accel-
erating the local plasma, but it is not currently known if these
events generate turbulent energy or simply redistribute energy
from within existing turbulence cascades.

Using an ensemble of direct numerical simulations, we
investigate the cascade of turbulent energy during magnetic re-
connection, with focus on the transitional energy spectra of the
turbulence and the mechanisms that redistribute energy into
the turbulent cascades from the mean-fields.

GOVERNING EQUATIONS

The flow is governed by the incompressible Navier-
Stokes equations with the Lorentz force:

b 2
6,ui+uj8jui =—6,'[7+V6jjui+bj6jbi—6i ” 2” . (1)
and the continuity equation:
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The evolution of the magnetic field is governed by the induc-
tion equation:
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and the divergence-free constraint:
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where u; is the fluid velocity, b; is the magnetic field strength,
and v and n are the fluid’s kinematic viscosity and magnetic

diffusivity. The Reynolds number is defined as Re = Y&

v
and the magnetic Reynolds number as Re,, = UI—7L Indices
i,j =1,2,3 span Cartesian components, repeated indices im-
ply summation, and d; = 0/0x;.

To isolate the effects of turbulent fluctuations from the
mean flow, a Reynolds decomposition can be applied to both

governing equations:

_ __du; —db;
ou; +ui——b;j— =
Tdx;  dx;
time ™ A
derivative kinetic  magnetic
advection advection

- N 7,0 —
dp . d*u; . dbib  du; 1 d(b;b;)
— 4y — J—
dxi dede de de 2 dxi ’
M~ ——— —— —,— e —
pressure  diffusion  magnetic  kinetic magnetic
gradient stresses  stresses pressure

%)

O/bi +uj0;bi b0 =nd;;bi+0;uib’,—d; bju’;, (6)
S~—— —_—— —

derlil\?;?ive magnetic magnetic  yrbulent electromotive
induction diffusion stresses

where overbars denote averaged quantities and primes de-
note fluctuations. The effects of turbulent fluctuations are now
isolated in the magnetic stresses, Reynolds stresses and tur-
bulent electromotive force terms. To investigate the evolution
of turbulent energy, we also present the transport equations
for turbulent kinetic energy ‘k’ and turbulent magnetic energy

[

m:

—A L (AP — 7 7 7.7
Ok + uj0;k —b;(u;0;b})= u.0;ip’  +v(u;d;;u’)
S~ ~—— ~— —— ——— ————
time mean-field mean-field kinetic pressure kinetic
derivative  advection transfer transport dissipation

— - 1

Y% ' AT 1’1 A 1a’ "W AR — AR B
—u[ujc'),u,+uibj81b, uiujajui+uibjajb[ zulﬂ,bjbj ,
—_— S —

kinetic turbulent turbulent  magnetic pressure
production transport transfer transport
)
— (1 7 (T 7 T AT 779,
oym +Mj(b[(9jb[) - bj(bi(?jul.) —bl.bjéju,- + b[l/ljajb[
——
N —7
time mean-field m i
derivati agnetic
erivative transfer production
1 ’ 7 ’_ ra. .1
—bjbd;u] + b, b = 1(b}d;,b7) ®)
e ——— D
turbulent magnetic
transfer dissipation

To explore the transition to MHD turbulence we initialise
a jet flow with a single unstable wavemode in the streamwise
velocity field and a low-level overlay of random noise concen-
trated in the core of the jet. These conditions follow Mak er al.

(2017).
sech?(xy) 1073 sin(ox;) +a
u(x,t=0) = 0 +| 10 3sin(ox)) +a |e ™2, (9)
0 a
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b(x,t=0)=[0], (10)
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Where o = 0.9 is an unstable wavemode and a(x) ~
U(-1073,107°) is a uniformly distributed random field rep-
resenting small-scale background fluctuations.

The governing equations are solved on a periodic 512 X
1024 x 512 Cartesian grid of volume Q = Ly, X Ly, X Ly,
where Ly, = Ly, = 4r/o and L, =20, with x € [-10,10].
The solver is an in-house DNS code developed for this project,
utilising a 6th order central finite difference scheme coupled
with a spectral Poisson solver. Time is advanced using a 4th
order explicit Runge-Kutta scheme. The divergence free con-
dition of the magnetic field is enforced using the projection
method of Brackbill & Barnes (1980). The solver is a CPU-
based C++ code with efficient parallelization of the spectral
Poisson solver achieved using HeFFTe and FFTW. Scalable
data I/O is achieved using paralle]l HDF5.

Lengths, velocities, and time are nondimensionalised
with respect to Lo = Ly, /(4n/0), ug = max [sech?(x;)], and
to = Lo/uo. The Reynolds and magnetic Prandtl numbers are
Re =ugLo/v = 3500 and Pm = v/n = 1, respectively, and the
initial pre-dynamo Lunquist number is S = Loby/n = 52.5.

RESULTS & DISCUSSION

We initiate the simulation and allow the flow to evolve
until the hydrodynamic instability emerges from the jet, driv-
ing the production of large vortex structures. This vorticity
stretches the initial magnetic field, facilitating energy transfer
from the kinetic to magnetic domain via the mean-field elec-
tromotive force.

When the vortex edges begin to merge magnetic recon-
nection events begins in regions of magnetic shear, gradually
intensifying as increasing quantities of magnetic flux are anni-
hilated and energy is transferred from the magnetic field back
to the kinetic domain.

The evolution of the jet is presented in Figure 1, show-
ing the visual evolution of the reconnecting & turbulent struc-
tures, along with the associated spectral behaviour of the flow
at each time instant. The energy spectra for the fully turbu-
lent flow is expectedly different than traditional Kolmogorov
scaling due to the eddy alignment with the magnetic field and
the ‘recycling’ of energy up the cascade from reconnecting
magnetic eddies, however the development of the spectra dur-
ing the transition gives significant insight into how the en-
ergy cascades during this reconnection-driven turbulence tran-
sition. As far as we are aware, this is the first time the evo-
lution of MHD energy spectra during reconnection-driven tur-
bulence transition has been recorded in an evolving flow (see
Karimabadi et al. (2013) & Kowal et al. (2017) for similar,
statistically stationary studies).

In addition to the energy spectra, the spectra of the forces
that facilitate the inter-domain energy transfer are also pre-
sented in Figure 1. The instantaneous Lorentz force; V X b; X
b;, turbulent Lorentz force; V x b’ X b’, instantaneous elec-
tromotive force; u; X b;, and turbulent electromotive force;
u’ X b’ are all presented for each time instant. The evolution of



14th International Symposium on Turbulence and Shear Flow Phenomena (TSFP14)
Heidelberg, Germany, July 28-31, 2026

the Lorentz force, which facilitates magnetic to kinetic energy
transfer, is insightful for understanding how the energy trans-
fer changes during the transition from mean-field dominated
to turbulence dominated, and for understanding the physical
scales on which the force mainly acts. In the early points of
transition we see large ‘bumps’ the k = 10 — 30 wavenumber
band of the spectra, likely the wavenumber range associated
with the growing magnetic reconnection, and very little energy
transfer at higher wavenumbers. Later in the transition, once
turbulent structures have emerged and the cascading of energy
has begun, the spectra of all the forces takes a much smoother
profile and extends across the entire band of wavenumbers.
The huge jump in the turbulent Lorentz force from ¢ = 82 to
t = 88 by nearly two orders of magnitude is indicative that sig-
nificant amounts of magnetic turbulence has been produced in
this period, with the turbulent electromotive force increasing
by less than one order of magnitude for the same period.

To further understand how the energy is redistributed dur-
ing the transition, we present the full turbulent energy budget
for both domains in Figure 2. There are many mechanisms
that facilitate energy transfer during the transition; turbulence
production via the mean-field, turbulent dissipation via viscous
and resistive forces, conservative turbulent transport, and con-
servative inter-domain transfer. All the budget terms displayed
have some impact on the turbulence transition, but the electro-
motive interaction with the magnetic mean-shear, méjb_i,
clearly dominates the production of turbulent energy, meaning
most turbulent energy is initially created as magnetic fluctua-
tions before cascading into the kinetic domain.

SUMMARY

We have analysed the characteristics of the reconnection-
driven turbulence transition in a magnetohydrodynamic jet
flow, with focus on the evolution of the spectra and the tur-
bulent energy budgets. We find a dominant mechanism that
produces magnetic fluctuations during the transition, giving a
steeper spectra of magnetic fluctuations that gradually softens
into the expected MHD curve as energy is cascaded between
domains.

We also find that the turbulent Lorentz force is signifi-
cantly more impactful that the turbulent electromotive force in
the inter-domain cascade of turbulent energy.

In future work we intend to investigate the universality of
our results across a broad parameter range of Lundquist and
magnetic Reynolds numbers.
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Figure 1: Evolution of the jet throughout the turbulence transition. Visualisation (left column) shows mean-magnetic field
lines (black), and the 99th percentile of the current density (blue) and second invariant of the velocity gradient (red).
Energy spectra of the instantaneous fields and turbulent fluctuations are shown in the middle column. Spectra of both the
instantaneous and turbulent Lorentz force and electromotive force is shown in the right column. Each row corresponds to
the same time interval.
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Figure 2: Collated turbulent energy budget throughout the turbulence transition. Turbulent energy is produced mainly
as magnetic fluctuations through the b:u; d;b; mode before cascading between domains via the turbulent transfer terms.
Turbulent transport terms, whilst included, are comparatively negligible.




