
Abstracts of talks

presented at the symposium in honour of

Axel Brandenburg’s 60th birthday

Hotel Gustavelund, Tuusula, April 1st - 5th, 2019

1



Author index

Thomas Ayres
Coronal Activity Cycles of Nearby Stars: Alpha Cen AB, Procyon, and the Sun 13

Atefeh Barekat
Anisotropically forced turbulence simulations to study the changing conditions in the

solar near-surface shear layer 13
Pallavi Bhat

Understanding inverse energy transfer in decaying 3D non-helical MHD turbulence via
magnetic reconnection 13

Lionel Bigot
Solar cycle effects on p-mode frequencies 14

Philippe Bourdin
Dissipation of magnetic energy during collisionless reconnection 14

Axel Brandenburg
E and B mode polarization as a diagnostic tool 15

Elizabeth Cole-Kodikara
Dynamo Modes in Spherical Convection Models 15

Upasana Das
New Time Step Constraint in Radiation Hydrodynamics 15

Paola Dominguez-Fernandez
Spectral properties of magnetic fields in merging galaxy clusters 16

Cetin Can Evirgen
Effects of dynamo-evolved magnetic fields on the multiphase and vertical structure of

the interstellar medium 16
Andrew Fletcher

How well do dynamo theory and observations of galactic magnetic fields agree? 16
Itzhak Fouxon

Transport by compressible turbulence and growth of magnetic field in planar flows 17
Frederick Gent

Fluctuation dynamo in multiphase highly compressible interstellar medium 17
Thomas Hackman

Observing stellar dynamos in action 17
Niels Erland Haugen

Effect of turbulence on mass transfer between inertial particles in an embedding fluid 18
Sarah Jabbari

Formation of dynamo-driven bipolar magnetic spots in stratified turbulence 18
Maarit Käpylä
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Anisotropically forced turbulence simulations to study the changing conditions in
the solar near-surface shear layer

Atefeh Barekat
Email: barekat@mps.mpg.de

Max Planck Institut für Sonnensystemforschung, Göttingen, Germany
Petri J. Käpylä (IAG/Germany), Maarit J. Käpylä (MPS/Göttingem, Germany & ReSoLVE@CS/Aalto, Finland)

There is a thin layer below the surface of the Sun where the rotation rate sharply increases with depth -
this is known as the near-surface shear layer (NSSL). The recent helioseismic measurements showed that the
radial shear in the upper 13 Mm of the NSSL does not depend on latitude up to 60◦. Moreover, it changes
about 5–10% around its time-averaged value, following closely the magnetic activity cycle (Barekat et al.,
2016). The constant radial shear as function of latitude is in agreement with the prediction of the Λ-effect
theory of the differential rotation (Kitchatinov et al., 2005). Based on this theory, Kitchatinov (2016) suggested
that the change in the rotational shear of the NSSL can be caused by the subsurface magnetic field which
may provide an unprecedented means of measuring it. Even though analytically tractable, hence necessarily
strongly simplified, theories can qualitatively explain the NSSL properties, an approach solving for the full
MHD equations utilising less assumptions, namely global direct numerical simulations (GDNS) of the solar
convection zone, do not work equally well. Currently, they only produce notable shear layer close to the
equator. Even unsuccessful, they, in principle, contain all the various effects that can play a role in the formation
of NSSL, but it is currently impossible to disentangle those effects from each other.

Hence, we adopt an intermediate approach utilising simplified DNS of turbulent convection in Cartesian
domains. This allows us to study the role of the different transporters of angular momentum separately in the
NSSL and the effect of different relevant physical parameters on them. Our aim is to find out the reason behind
the discrepancy between the mean-field and global simulations and ultimately understand the mechanism
behind the formation of the NSSL.

As our first step, we investigate the contribution of Reynolds stresses in transporting the angular momentum
in an anisotropic forced turbulence 3D box simulation. To mimick the conditions in the NSSL, we force the
turbulence anisotropically, such that the vertical direction becomes the preferred direction of the turbulent
motions over the horizontal direction. Moreover, we set the vertical boundary condition as stress free, but
periodic in horizontal direction. For the moment we fix the angle between the rotation axis and the radial
direction to 90◦ to locate the box at the equator. Then we locate the simulation box at different depths by
changing the value of the rotation rate which in turn determines the Coriolis number that measures the effect
of rotation on the convective motions.

In all simulations a large-scale mean zonal flow with a negative radial gradient was formed. We found that
the vertical Reynolds stress component transports the angular momentum downwards and its absolute values
are significantly larger than the horizontal and meridional ones. We note that the meridional Reynolds stress is
almost zero in all simulations. We measured the zonal flow gradient for all the simulations, and found out that
it is changing linearly with the Coriolis number, in agreement with the observational results. By measuring the
Λ-effect coefficients we confirmed that our results are in agreement with the Λ-effect theory. From this study,
we conclude that the vertical Reynolds stress plays an important role in driving the differential rotation at the
NSSL.

References:
• Barekat, A. , Schou, J., Gizon, L., 2016, A&A, 598, 8
• Kitchatinov, L., Rudiger, G., 2005, Astron. Nachr., 326, 379
• Kitchatinov, L., 2016, Astron. Lett., 42, 379
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Understanding inverse energy transfer in decaying 3D non-helical MHD turbulence
via magnetic reconnection

Pallavi Bhat

1,2
, Muni Zhou

2
& Nuno F. Loureiro

2

Email: P.Bhat@leeds.ac.uk

1
Department of Applied Mathematics, University of Leeds, Leeds, LS2 9JT, UK

2
Plasma Science and Fusion Center, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

It has recently been shown by the works by Brandenburg (2015) and Zrake (2014), that there exists an

inverse transfer in decaying magnetohydrodynamic turbulence in 3D. We argue that magnetic reconnection is

the underlying physical mechanism responsible for such an inverse transfer. In 2D, such an inverse tranfer

is seen more easily being due to smaller islands reconnecting and forming larger ones. We find that the

scaling behaviour is similar between the 2D and the 3D case, i.e. the magnetic energy evolves t�1 and the

magnetic power spectrum goes as k�2
. We show that the evolution curves of magnetic energy in simulations

with varying Lundquist numbers collapse when the time is normalized by a reconnection time-scale set by the

Sweet-Parker model. We also discuss the conserved quantities in the system and show that the behaviour of

these quantities is similar between the 2D and 3D simulations, thus making the case that the dynamics in 3D

could be approximately explained by what we understand in 2D.

References: • Author et al., Year, Journal, Issue, Page
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Solar cycle effects on p-mode frequencies
Lionel Bigot

Email: lbigot@oca.eu
Laboratoire Lagrange, Observatoire de la Côte d’Azur

Using 3D time-dependent magneto-hydrodynamical simulations of the solar surface, I will show how the change
of the Sun’s magnetic activity during the 11-year sunspot cycle affects the acoustic mode frequencies. For the
first time, I will present a quantitative agreement with the observed frequencies. I will focus on these subtle
effects for the last two cycles and discuss the mechanism responsible for the shifts of frequencies. From the
tiny changes of solar p-mode frequencies, I will show that we can put some constraints on the magnetic field
strength below the surface at the rising and maximum phases.

References: • Author et al., Year, Journal, Issue, Page
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Dissipation of magnetic energy during collisionless reconnection
Philippe Bourdin

Email: Philippe.Bourdin@oeaw.ac.at
Austrian Academy of Sciences

Magnetic reconnection in a collisionless plasma regime can be modeled with particle-kinetic (PIC) simulations.
In principle, all processes in the simulation are reversible and each particle’s trajectory could be reversed.
Nonetheless, we find that it is still not possible to reverse the evolution of reconnection in a PIC simulation
run. This indicates that other processes must exist that lead to phase-space mixing and thermalization in
the plasma, which is responsible for the actual dissipation of magnetic energy. With the help of Lyapunov
exponents we introduce a Lyapunov Ensemble Numbers (LEN) and investigate the mixing behavior around
a magnetic reconnection site. We show how accelerated electrons are thermalized in velocity space. This
process is crucial to explain the irreversible nature of magnetic reconnection.
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E and B mode polarization as a diagnostic tool
Axel Brandenburg

Email: brandenb@nordita.org
NORDITA (Nordic Institute of Theoretical Physics) & KTH Stockholm

Gradient- and curl-type or E and B mode polarizations have been routinely analyzed to study the physics
contributing to the cosmic microwave background polarization and galactic foregrounds. They characterize
the parity-even and parity-odd properties of the underlying physical mechanisms, for example hydromagnetic
turbulence in the case of dust polarization. In my talk, I will focus on the study of spectral correlation functions
characterizing the parity-even and parity-odd parts of linear polarization for homogeneous and inhomogeneous
turbulence. It turns out that only the inhomogeneous helical case can give rise to a parity-odd polarization
signal. The EB cross polarization, therefore, offers the possibility of using it to characterize helical turbulence
without being subjected to the pi ambiguity that magnetic inversion techniques have to address. Our results
also suggest that a strong nonvanishing skewness of the E polarization is responsible for an enhanced ratio of
the EE to the BB (quadratic) correlation in both helical and nonhelical cases. This could explain the enhanced
EE/BB ratio observed recently for dust polarization.
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Dynamo Modes in Spherical Convection Models
Elizabeth Cole-Kodikara
Email: ecolekodikara@aip.de

Stellar Physics and Stellar Activity, Leibniz Institute für Astrophysik (AIP)
Mariangela Viviani (Max Plank Institute for Solar System Research), Jörn Warnecke (Max Plank Institute for

Solar System Research), Maarit Käpylä (Max Plank Institute for Solar System Research), Petri Käpylä
(Georg-August-Universität Göttingen), Nigel Olspert (Aalto University), Jyri Lehtinen (Max Plank Institute for

Solar System Research), and Axel Brandenburg (NORDITA, KTH Stockholm)

We extend numerical simulations of turbulent hydromagnetic convection in spherical shell wedges to the full
2π azimuthal extent to better understand the transition from an axisymmetric to a non-axisymmetric field. This
transition is predicted in dynamo theory and has been seen in observations of stellar magnetic fields. Rotation
rates ranging from 1–31 times the solar rotation rate are modelled. We find a transition from axisymmetric to
non-axisymmetric solutions coinciding with a switch from anti-solar to solar-like rotation profiles. All solutions
have a field configuration that is a combination of an axisymmetric mode associated with latitudinal dynamo
waves and a non-axisymmetric mode characterised by azimuthal dynamo waves. The latitudinal dynamo
waves are cyclical in nature and switch polarity while the azimuthal dynamo waves drift with respect to the
rotation frame. We present the relative energies of these modes with respect to the rotation rate and the cycles
of the toroidal and radial magnetic field with time and compare the critical values at which transitions occur in
the models to those in observations.

References:
• Cole et al., 2014, ApJ, 780, L22
• Viviani et al., 2018, A&A, 616, A160
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New Time Step Constraint in Radiation Hydrodynamics
Upasana Das

Email: upasana.das@gmail.com
Nordita, KTH Royal Institute of Technology and Stockholm University

Axel Brandenburg (Nordita, KTH Royal Institute of Technology and Stockholm University)

Hydrodynamic simulations with radiation often suffer from prohibitively short time steps. Such situations are
encountered, for example, when modeling hot atmospheres of massive stars or while studying convection in hot
accretion discs around white dwarfs. This points to a serious time step constraint, which cannot be explained
by the usual Courant-Friedrichs-Lewy (CFL) condition. We show that the radiative time step constraint is
governed by the minimum of the sum of the optically thick and thin contributions rather than the smaller of the
two, contrary to popular belief. This stems from the fact that the radiative cooling time plays a more fundamental
role rather than the radiative pressure. We validate our hypothesis by performing one dimensional simulations
of stellar atmospheres and accretion discs using the Pencil Code. Such a diagnosis is crucial in order to
mitigate the problem of short time steps, so that numerical simulations can utilise existing resources in an
optimal way.

Figure 1: 1D Hot accretion disc solution with Pencil Code. Vertical profiles: (a) T (temperature) and (b) cγ

(photon diffusion speed) and cs (sound speed). The optically thin time step δtthin
rad (blue lines), the optically thick

time step δtthick
rad (red lines), their sum δtrad (thick dashed lines), the acoustic time step δts or CFL condition

(green solid lines), and the empirically determined maximum permissible time step δt (black dot-dashed lines)
for this problem. Numerical resolutions: (c) Nz = 144 and (d) Nz = 576. The red dot denotes the location of
the photosphere. All time steps are in kiloseconds.

References: • Brandenburg, A., & Das, U., arXiv:1901.06385; submitted to GAFD special issue "Physics and
Algorithms of the Pencil Code".
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Spectral properties of magnetic fields in merging galaxy clusters
Paola Domínguez-Fernández

Email: pdominguez@hs.uni-hamburg.de
Hamburger Sternwarte, Universität Hamburg

Marcus Brüggen (Universität Hamburg), Franco Vazza (Universitá di Bologna)

We investigate the evolution of magnetic fields in galaxy clusters starting from constant primordial fields
using highly resolved (≈ 4 kpc) cosmological MHD simulations. The magnetic fields in our sample exhibit
amplification via a small-scale dynamo and compression during structure formation. In particular, we study
how the spectral properties of magnetic fields are affected by mergers, and we relate the measured magnetic
energy spectra to the dynamical evolution of the intracluster medium. The magnetic energy grows by a factor
of ∼ 40-50 in a time-span of ∼ 9 Gyr and equipartition between kinetic and magnetic energy occurs on a range
of scales (< 160 kpc at all epochs) depending on the turbulence state of the system. We also find that, in
general, the outer scale of the magnetic field and the MHD scale are not simply correlated in time. The effect
of major mergers is to shift the peak magnetic spectra to smaller scales, whereas the magnetic amplification
only starts after ∼ 1 Gyr. In contrast, continuous minor mergers promote the steady growth of the magnetic
field. We discuss the implications of these findings in the interpretation of future radio observations of galaxy
clusters.

Figure 1: Left panel: Magnetic field structure of a galaxy cluster merger. Right panel: Evolution of kinetic
(upper lines) and magnetic (lower lines) power spectrum of our cluster.

References: • Domínguez-Fernández et al., 2019, MNRAS (submitted)
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Effects of dynamo-evolved magnetic fields on the multiphase and vertical structure
of the interstellar medium

Cetin Can Evirgen
Email: c.c.evirgen@newcastle.ac.uk

School of Mathematics, Statistics & Physics, Newcastle University
Professor Anvar Shukurov (Newcastle University), Dr Andrew Fletcher (Newcastle University), Dr Paul

Bushby (Newcastle University), Dr Frederick Gent (Aalto University)

A number of observational results show that galactic magnetic fields are inher-
ently coupled to the gas dynamics of galaxies. In addition, it has been shown
that magnetic fields in galaxies have dynamically significant energy densities.
Advances in computational resources have led to a considerable body of astro-
physical numerical simulations from the scale of cosmic rays to galaxies. How-
ever, there remain a number of unanswered questions regarding the dynamical
role of magnetic fields.
I discuss the effects of a dynamo-evolved magnetic field on the interstellar
medium, based on data from numerical simulations. As the magnetic field
becomes dynamically significant, non-monotonic variation of magnetic field
strength and the resulting magnetic pressure gradient, leads to a decrease in
vertical velocity, and a subsequent change in vertical structure of gas density.

Vertical distribution of gas density (left) and large-scale magnetic field strength (right) taken from MHD
simulations of the SN-regulated ISM, featuring a dynamo-evolved magneti field.

References:
• Evirgen et al., 2019, MNRAS (in preparation)
• Evirgen et al., 2017, MNRAS, 464L, 105
• Gent et al., 2013, MNRAS, 432, 1396
• Gent et al., 2013, MNRAS, 430L, 40
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How well do dynamo theory and observations of galactic magnetic fields agree?
Andrew Fletcher

Email: andrew.fletcher@ncl.ac.uk
School of Mathematics, Statistics & Physics, Newcastle University

Anvar Shukurov (Newcastle University), Cameron Van Eck (University of Toronto),
Jo-Anne Brown (University of Calgary), Andrew Smith (Newcastle University)

Both observations and modelling of magnetic fields in spiral galaxies are well
developed and seem to be in qualitative agreement. However, there have only
been a few attempts to quantitatively compare the predictions of galactic dynamo
theory with observations of specific galaxies. I will first discuss efforts to model
some individual galaxies using observationally constrained parameters — such
as the rotation curve, star formation rate and gas density distribution — and
to compare the predications of dynamo theory with observations of their mag-
netic field. Then the results of a recent study which looked, for the first time,
for correlations between observed magnetic field properties and the observable
ingredients of galactic dynamo theory in a sample of 20 spiral galaxies will be
presented. Ways in which both theory and observations could be usefully devel-
oped, to allow for more robust comparison between them, will also be addressed.

References: • Van Eck, Brown, Shukurov & Fletcher, 2015, ApJ, 799, 35
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Transport by compressible turbulence and growth of magnetic field in planar flows
Itzhak Fouxon

Email: author@mail.com
Department of Mechanical Engineering, Ben-Gurion University of the Negev

Michael Mond (Ben-Gurion University of the Negev)

Supersonic turbulent flow can generate strong fluctuations of concentration of passive
tracers. Thus the compressibility lifts the restrictions posed by the anti-dynamo theorem
for incompressible planar flows, thereby opening the possibility for non-trivial behavior of
the magnetic field. Since planar geometry of thin disks has astrophysical applications
then it is necessary to reconsider the behavior of the magnetic field in this situation. This
talk will provide this reconsideration.
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Fluctuation dynamo in multiphase highly compressible interstellar medium
Frederick Gent

Email: frederick.gent@aalto.fi
Department of Computer Science, Aalto University

Mordecai-Mark Mac Low (American Museum of Natural History & Flatiron Institute),
Maarit Käpylä (Max Planck Institute for Solarsystem Research & Aalto University),

Nishant Singh (Max Planck Institute for Solarsystem Research)

Using the Pencil Code we perform simulations of supernova-driven non-ideal
MHD turbulence in periodic boxes of 200 parsecs along each edge and mean
gas number density 1 cm−3. We seek to compare results with the ideal MHD
experiments of D. S. Balsara et al. “Amplification of Interstellar Magnetic Fields
by Supernova-driven Turbulence”. In: ApJ 617 (Dec. 2004), pp. 339–349, but
further to use physical magnetic resistivity and viscosity to understand the ef-
fects of Reynolds number and magnetic Prandtl number on the fluctuation dy-
namo under various regimes of compressibility. Gravity, stratification, rotation
and large scale shear are absent to exclude mean field dynamo.
To numerically resolve the flow and magnetic fields under a system charac-
terised by several orders of magnitude variation in gas density and temperature,
we find it necessary to apply diffusivities dependant on temperature and den-
sity, although full application of Spitzer exponents (L. Spitzer. Physics of Fully
Ionized Gases. 1956) is limited by the oversensitivity of the time step within
numerically resolved limits. Having identified the key parameters determining
the fluctuation dynamo excitation, growth rates and saturation, we shall apply
this knowledge to models of F. A. Gent et al. “The supernova-regulated ISM - II.
The mean magnetic field”. In: MNRAS 430 (Mar. 2013), pp. L40–L44, in which
the mean-field galactic dynamo has been demonstrated. Thus, we shall explore
the interdependencies of the large and small scale dynamo modes.

Figure 1: Snapshots of ISM ρ (left) and Bx (right) for runs with varying viscosity and resistivity for resolution 1
or 2 parsec along each edge.
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Observing stellar dynamos in action
Thomas Hackman

Email: thomas.hackman@helsinki.fi
Department of Physics, University of Helsinki

Jyri J. Lehtinen (Max Planck Institute for Solar System Research), Maarit J. Käpylä (Max Planck Institute for
Solar System Research)

By collecting long-term observations of magnetically active late-type stars, we can obtain observational con-
straints for the dynamo mechanisms believed to be the cause of the activity. This talk will focus on the results of
spectrometric, spectropolarimetric and photometric observations collected during the last decades. Applying
Doppler imaging methods and photometric time-series analysis we can retrieve a wealth of information of sur-
face spots, magnetic fields and their long-term evolution. Long-term monitoring utilising these methods can be
used to study stellar magnetic cycles and active longitudes, as well as constructing the equivalent of the solar
butterfly diagram for these stars. The results support the notion that the dynamos in rapidly rotating stars differ
significantly from the solar dynamo. Furthermore, the magnetic activity of the rapidly rotating stars in different
evolutionary stages seems surprisingly similar: Persistent active regions, high latitude spots and indications of
azimuthal dynamo waves are present in all these stars. This would mean that the main parameter quantifying
the stellar dynamo is the Rossby number, a result which would be consistent with previous studies such as
Brandenburg et al. (1998) and Saar & Brandenburg (1999).

Figure 1: Butterfly diagram of HD 199178 based on Doppler images (Hackman et al. 2019).

References: • Brandenburg, A. et al., 1998, ApJ, 498, L51 • Saar, S.H., Brandenburg, A., 1999, ApJ, 524, 295
• Hackman, T. et al., 2019, A&A, subm.
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Effect of turbulence on mass transfer between inertial particles in an embedding fluid
Nils Erland L. Haugen

Email: nils.e.haugen@sintef.no
SINTEF Energy Research

Jonas Kruger (NTNU, SINTEF Energy Research)
Dhrubaditya Mitra (Nordita, KTH Royal Institute of Technology and Stockholm University)

Ewa Karchniwy and Patrycja Zareba (NTNU, Silesian University of Technology)
Terese Løvås and Tian Li (NTNU)

Adam Klimanek (Silesian University of Technology)

In this work, the effect of turbulence on the mass transfer between solid reacting inertial particles and
an embedding fluid is described. Both premixed and non-premixed conditions are studied. The presence of
turbulence in a fluid will enhance the transport properties of the flow. This means that the mean-field viscosity,
diffusivity and conductivity may be drastically increased from their laminar values. This effect has been studied
for many years, and a large number of different models exist in the literature, such as the k-epsilon model and
different versions of the Reynolds stress models. Turbulence may also modify gas phase combustion, and
even though this is somewhat more complicated, a significant number of models have been developed during
the last decades. Some examples are the eddy dissipation model, the eddy dissipation concept and variations
of probability density function models. With the above knowledge in mind, it is interesting to realize that, except
for the recent work of Kruger et al. and Haugen et al., there is currently no known model that describes the
effect of turbulence on the heat and mass transfer of small inertial particles in a premixed flow.

In the current work, we extend the work presented in the above papers, which focused on mono-disperse
particle size distributions, by studying the effect of broad particle size distributions. The main motivation for this
is that the earliest work on the topic hinted that the effect of the turbulent particle clustering would be decreased
when the particle size distribution was broadened. We see that, while the effect is indeed slightly decreased,
the change is only minor and even for broad particle size distributions turbulent clustering may dramatically
decrease the overall mass transfer rate from the fluid to the particles. In addition to this, we also investigate
the effect of turbulence on non-premixed situations

For premixed situations, i.e. when the fluid reactant and the particles are mixed prior to the initialization
of the reactions, it is shown that turbulence will affect the mass transfer in two ways. Firstly, the turbulence
will yield a higher mass transfer rate due to the turbulence-induced relative velocity between the particles and
the fluid, secondly, any turbulence-induced clustering of the particles (see figure) may dramatically reduce
the mass transfer rate. For non-premixed situations, i.e. when the fluid reactant and the particles are not
mixed prior to the initialization of the reactions, the main effect of the turbulence is to mix the particles and the
fluid reactants (see figure). Hence, in the non-premixed case, turbulence will enhance mass transfer between
particles and fluid.

Figure 1: Typical particle number density for premixed cases with large particles (first panel) and small particles
(second panel). Particle number density as function of time (from left to right) for the temporally evolving jet,
i.e. the non-premixed case (panels 3-8).
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We study the mechanism behind the formation of active regions and sunspot us-
ing MHD simulations of solar convection zone. We consider strongly stratified forced
turbulence in a two-layer model with helicity and corresponding large-scale dynamo
action in the lower part and nonhelical turbulence in the upper. We perform direct
numerical simulations in spherical geometry using the Pencil Code. Our results show
that, in a tubulent plasma when the stratification is strong enough, the dynamo insta-
bility leads to the formation of strongly concentrated super-equipartition bipolar struc-
tures near the surface. In these simulations, the kinetic helicity and therefore also the
large-scale magnetic field are strongest at low latitudes. For moderately strong stratifi-
cation, several bipolar spots form that eventually fill the full longitudinal extent. At early
times, the polarity of spots reflects the orientation of the underlying azimuthal field, as
expected from Parker’s Îl’-shaped flux loops. We carry out a systematic numerical study of this phenomenon
by varying magnetic Reynolds number, scale separation ratio, and Coriolis number. Unlike earlier experiments
with imposed magnetic field, the inclusion of rotation does not strongly suppress the formation of these struc-
tures. Furthermore, we compare our results with corresponding mean-field simulations to show that these
structures are a generic outcome of a broader class of dynamos in density stratified layers.

References:
• Jabbari et al., 2017, MNRAS, 467, 2753
• Jabbari et al., 2016, MNRAS, 459, 4046
• Jabbari et al., 2015, ApJ, 805, 166

29



Symposium Axel Brandenburg April 1 - April 5, 2019

Origins and structure of magnetic fields in the universe
Tina Kahniashvili

Email: tina.kahniashvili@gmail.com
Carnegie Mellon University (USA) & Ilia State University (Georgia)

Observations show that galaxies have magnetic fields with a component that is coherent over a large fraction
of the galaxy and with field strengths of order microGauss. These fields are supposed to be the result of
the amplification of initial weak seed magnetic fields of unknown nature. There are two scenarios for their
origin under current discussion: a bottom-up (astrophysical) one, where the needed seed field is generated
on smaller scales and, a top-down (cosmological) scenario where the seed field is generated prior to galaxy
formation in the early universe on scales that are large now. Axel Brandenburg works are seminal for both these
scenarios. In my talk I will be mainly focused on cosmological (primordial) scenario of the cosmic magnetic
fields origin. In fact, recent astrophysical observations of the blazar spectra indicate that the magnetic fields
are present at cosmological length scales (i.e. extragalactic space - voids) large enough to suggest primordial
magnetogenesis. Axel Brandenburg?s work in collaboration with Enqvist and Olesen, was the first to study
the evolution of the magnetic fields in the expanding universe (Brandenburg, et al. 1996) and he was the first
to prove that the expansion of the universe can be included in non-expanding magnetohydrodynamic (MHD)
equations through introducing rescaled variables, and using the conformal time. Over the lengthy period, from
the generation moment till today, the magnetic field is affected by different physical processes that result in
amplification as well as damping: the complexities of the problem are due to the strong coupling between
magnetic field and turbulent motions. In fact, the presence of the primordial magnetic field in the early universe
leads to the development of turbulence, and thus the subsequent evolution of the magnetic field is governed
by decaying hydromagnetic turbulence. Axel Brandenburg and co-authors (Brandenburg, et al. 1996) were the
first to point out the importance of the inverse cascade of magnetic helicity in MHD turbulence for transferring
the magnetic energy liberated at the electroweak phase transition to scales that later correspond to much
larger ones than that of the horizon at the time of the phase transition. Later, Brandenburg, Christensson and
Hindmarsh (2001) presented the first three-dimensional simulations of such an inverse cascade of magnetic
helicity in MHD turbulence. In 2001 Axel Brandenburg has initiated in collaboration with Wolfgang Dobler the
Pencil Code as a public domain tool-box to solve sets of partial differential equations on large, massively parallel
platforms. Since then, the Pencil Code is used by many groups worldwide to model the cosmic magnetic field
evolution and structure in different astrophysical media, such as clusters, galaxies, and interstellar medium.
I have a privilege to work with Axel Brandenburg on generation, evolution, and signature of primordial hydro
and hydromagnetic turbulence. We were the first to show the non-helical inverse transfer (Brandenburg, et al.
2015) and to determine the classes of hydro and MHD turbulence (Brandenburg & Kahniashvili 2017). Axel
Brandenburg?s another notable achievement is investigation of the chiral magnetic effect and to determine
the turbulent chiral magnetic cascade in the early universe (Brandenburg, et al. 2017). One of the important
effects of primordial turbulence is the induced gravitational wave signal. Recently, we have implemented the
gravitational waves module into the Pencil Code that will determine the gravitational wave signal from primordial
turbulence and relic magnetic fields.
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Simulations of turbulent, dynamo-active flows are getting ever better and more accurate with the increasing
computing resources. This should also augment our understanding of the systems and the reasons behind the
observed dynamo action. However, this is a completely non-trivial task, and does not come about without a
theoretical framework in which the simulation results are embedded.

Such efforts are tedious, and not undertaken by many groups. Axel, however, is one of the pioneers to
have taken this stony path. The theoretical framework he is working with is the mean-field electrodynamics
approach, the aim being no less than properly parameterising all the turbulent correlations, and the tensor
coefficients occurring in the parameterisation of the diffusive and non-diffusive contributions, that arise in the
MHD equations. The method developed to measure the turbulent transport coefficients relevant for the turbu-
lent electromotive force, in the induction equation is called the test-field method (Schrinner et al., 2005, 2007;
Rheinhardt & Brandenburg, 2012), while similar methods for other MHD equations do not yet exist. The validity
of the test-field approach has been proven mainly for relatively simple systems (see references above, and
Figure 1), while until now it has remained questionable whether this approach is applicable to more complex
ones, for example those driven by fully compressible turbulent convection, where the flow is highly non-local.
In this contribution, we will present results from a solar-like dynamo solution arising in a semi-global turbu-
lent convection simulation, analysed with the test-field method. The derived coefficients were fed back into a
mean-field dynamo model, and we discuss how good a reconstruction can be obtained by this approach.

Figure 1: Helically forced turbulence in a spherical wedge, producing a cyclic dynamo, the right panel showing
the time-latitude diagram of the radial magnetic field from the DNS model. The turbulent transport coefficients
were measured with the test-field method implemented in the PENCIL CODE, and fed back into a mean-field
model including all of them (developing this "full" mean-field model was the MSc project of Simo Tuomisto).
The obtained reconstruction is shown in the left panel. This flow is simple, and has a low magnetic Reynolds
number, but nevertheless proves the concept. Figure adapted from Warnecke et al., 2018.
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We present results from recent convection simulations which employ a heat conduction prescription based on
the Kramers opacity law. The use of such models was pioneered by Axel almost two decades ago (Branden-
burg et al. 2000). In the Kramers-based models the depth of the convection zone is not a priori fixed due to
the strong temperature and density dependence of the heat conductivity. Furthermore, the transition between
convective and radiative layers is smooth. The latter facilitates the formation of a layer at the bottom of the con-
vection zone where the stratification is formally Schwarzschild stable but where the convective enthalpy flux is
outward. Such Deardorff layer forms due to deep penetrating plumes, or cool entropy rain, originating from the
near-surface layers (Käpylä et al. 2017). Implications of such non-local dynamics for convective overshooting
(Käpylä 2019) and dynamos in spherical geometry (Käpylä et al. 2019) are discussed.
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Global magnetic fields of many solar-like stars have been detected and with circular polarisation measure-
ments and mapped with Zeeman-Doppler imaging. However, due to cancellation of opposite field polarities,
polarimetric techniques capture only a tiny fraction of the total magnetic flux and severely underestimate the
true magnetic field strength. The community has been aware of this problem for decades, yet few attempts
have been made to derive total magnetic field strength estimates due to difficulty of disentangling the Zeeman
effect from other broadening mechanisms affecting stellar spectral lines. We have recently developed a new
powerful diagnostic method for measuring total magnetic fluxes based on relative intensification of Zeeman-
sensitive absorption lines. Here we present foundations of this method and discuss results of its application
to a sample of young solar twin stars. The outcome of our analysis offers new observational constraints to
dynamo theories and allows to indirectly probe magnetic activity of the young Sun at the time when biological
life has emerged on Earth.

References: • Author et al., Year, Journal, Issue, Page
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We calculate the rotation–activity relation of over 150 late type stars from the Mount Wilson Calcium H&K
survey, displaying rotational modulation in their chromospheric activity data. This survey contains stars with
a wide selection of activity levels and evolutionary stages, ranging from young main sequence stars to red
giants. Immediately clear from the data is that the giant stars have noticeably longer rotation periods than
main sequence stars with the same activity levels. To find out whether this dichotomy in the activity scaling
persists when calculating the rotation–activity relation against Rossby numbers, we derive realistic estimates
for the convective turnover times from stellar structure models. The resulting long turnover times for the giant
stars give them Rossby numbers comparable to the main sequence stars and place their activity sequence
overlapping with the main sequence stars within model uncertainties. The same cannot be achieved with any
other proposed rotation–activity law that tries to explain the observations without Rossby numbers (Reiners et
al. 2014). This means not only that the efficiency of stellar dynamos has to scale with the Rossby number but
also that the underlying dynamo mechanism in operation in the main sequence and giant stars is essentially
the same.
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Figure 1: Rotation activity relation for the Mount Wilson stars at different evolutionary stages (Lehtinen et al. in
prep.).
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The effect of turbulence on combined condensational and collisional growth
of cloud droplets is investi- gated using high-resolution direct numerical simu-
lations. The motion of droplets is subjected to both turbu- lence and gravity.
We solve the thermodynamic equations that govern the supersaturation field to-
gether with the hydrodynamic equations describing the turbulence. The collision-
coalescence process is approximated by a superparticle approach assuming unit
collision and coalescence efficiency, i.e., droplet coalesce upon collision. Con-
densational growth of cloud droplets due to supersaturation fluctuations depends
on the Reynolds number, while the collisional growth was previously found to de-
pend on the mean energy dissipation rate. Here we show that the combined
processes depend on both Reynolds number and the mean energy dissipation
rate. Droplet size distributions broaden either with increasing Reynolds number
or mean energy dissipation rate in the range explored here. Even though col-
lisional growth alone is insensitive to Reynolds number, it is indirectly affected
by the large scales of turbulence through condensation. This is argued to be
due to the fact that condensational growth results in wider droplet-size distribu-
tions, which triggers collisional growth. Since turbulence in warm clouds has a relatively small mean energy
dissipation rate, but a large Reynolds number, turbulence mainly affects the condensational growth and thus
influences the collisional growth indi- rectly through condensation. Thus, the combined condensational and
collisional growth of cloud droplets is mostly dominated by Reynolds number. This work, for the first time,
numerically demonstrates that supersat- uration fluctuations enhance the collisional growth. It supports the
findings from laboratory experiments and the observations that supersaturation fluctuations are important for
precipitation.
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Magnetic flux concentrations develop a number of manifestations in the solar
surface. Their sizes, magnetic field strength and lifetime range from the ones of
the small-scale magnetic signatures, to the ones of the biggest bipolar sunspots.
Still, the theoretical underlying mechanism forming these concentrations is under
debate. Is there only one mechanism that produces all kinds of magnetic flux
concentrations? Are there several processes working together and generating
the different types of concentrations? Moreover, is the same process at play in
other stars?

One of the theoretical models able to form magnetic flux concentrations is the
negative effective magnetic pressure instability (NEMPI). This instability relies
on the ability of a weak magnetic field to suppress the turbulence locally, hence
reducing the turbulent pressure. As a consequence, a magnetic concentration
develops, which reduces the turbulent pressure even more, and concentrate the
field further. Under certain conditions, this instability produces monopolar and
bipolar magnetic flux concentrations, reaching even equipartition values.

We present here some of the results of this theoretical work, focusing on
the effects of rotation, stratification and a simplify corona in the development
of the instability. We also analyze the results in the solar context, studying the
limitations of the theory and its viability in the Sun.

Slow rotation can suppress the instability, constraining the depth in the Sun
where the instability could develop to the uppermost layers. NEMPI also devel-
ops for a different stratification profiles, but a polytropic profile also pushes the
instability to the upper parts of the computational domain. A simplify corona, on
the other hand, changes dramatically the semblance of the flux concentrations,
producing bipolar regions with a loop-like structure in the coronal envelope.
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We investigate MHD turbulence in Keplerian disk flows threaded by a non-zero net azimuthal/vertical magnetic
flux. In order to gain a deeper insight into the underlying dynamical balances and sustaining mechanism, we
performed a set of numerical simulations in the shearing box model and based on the simulation data, analyzed
in detail the turbulence dynamics in Fourier/wavenumber space.

In the case of a net azimuthal field, classical exponential/modal instabilities are absent in the disk flow and
linear growth of perturbations (shearing waves) is transient, also referred to as nonmodal growth. Namely, in
the presence of disk rotation, radial shear and azimuthal field, the magnetorotational instability (MRI), being
only available source of energy for turbulence, takes on transient character and, therefore, by itself, cannot
ensure a long-term sustenance of the perturbations, i.e., it is “imperfect” in this sense. A necessary positive
nonlinear feedback is required to regenerate nonmodally growing modes. In other words, the role of nonlinear-
ity becomes crucial in this case: it lies at the heart of the sustenance of turbulence. The detailed analysis of
the dynamics in Fourier space, allows us to demonstrate existence of the positive feedback. Specifically, the
main novelties of our findings are the following:

1. The nonmodal MRI growth process is strongly anisotropic in Fourier space that, in turn, leads to anisotropy
of nonlinear processes in this space. As a result, the main nonlinear process appears to be not a usual and
well-known direct/inverse, but rather a new type of transverse/angular redistribution of perturbation modes in
Fourier space, when their wavevector changes mostly its orientation (and not its magnitude) during nonlinear
interactions. We refer to this angular transfer as the nonlinear transverse cascade.

2. Both the linear nonmodal growth of MRI and nonlinear transverse cascade mainly operate/dominate at large
length scales, comparable to the box/system size. Consequently, the corresponding central, small wavenum-
ber area of Fourier space is crucial in the turbulence sustenance process and is thus called the vital area.

3. We demonstrate that the turbulence in disks with net azimuthal field is sustained by a subtle interplay
of the linear nonmodal growth of MRI and the nonlinear transverse cascade. Analyzing this interplay, we re-
vealed the basic subcycle of the sustenance scheme that clearly shows synergy of the linear and nonlinear
processes in the self-organization of the magnetized flow system.

In the case of net vertical field, there is exponential growth of axisymmetric MRI channel modes, and hence
no deficit in energy supply. Due to this, the role of the transverse cascade in the turbulence sustenance is
not as crucial as in the case of the azimuthal field. Still, it shapes the dynamics, sets the saturation level, and
determines the overall “design” of the net vertical field MRI-turbulence. In particular, it accounts for the transfer
of energy among the “building blocks” of this turbulence: the axisymmetric channel mode, zonal flow, to a
broad spectrum of non-axisymmetric (also referred to as parasitic) modes. We also show that in this non-zero
net vertical flux MRI-turbulence, stratification causes remarkable organization of the spatio-temporal variation
of the horizontally averaged azimuthal magnetic field in the form of a propagating wave-like pattern, in contrast
to unstratified cases, implying that large-scale dynamo is possibly at work.

We discuss the application/extension of this approach and results to the MRI-turbulence in Keplerian flows
with zero net magnetic flux and associated dynamo action.
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Rustaveli National Science Foundation of Georgia (SRNSFG) [grant number FR17-107].

37



Symposium Axel Brandenburg April 1 - April 5, 2019

Rotation and Magnetic activity of Solar-like stars observed by Kepler
Savita Mathur

Email: smathur@iac.es
Instituto de Astrofísica de Canarias

Angela Santos (SSI), Rafael Garcia (CEA)

Since 1972, Skumanich showed that rotation and magnetic activity of solar-like stars are tightly related with
their ages. While stellar rotation and magnetic activity have been monitored with surveys for a large number
of stars, precise ages are crucially needed. With the space missions such as CoRoT, Kepler, and now TESS,
the power of asteroseismology has been revealed, in particular to provide the most precise stellar parameters:
mass, radius, and age. By combining measurement of rotation and magnetic activity with photometric data and
precise seismic ages we can now better study the age-rotation-magnetic activity of stars. In addition, from the
seismic analysis, we have access to the internal structure of the stars, which is a key parameters for dynamo
modeling. We now have well established tools to measure surface rotation periods and magnetic activity levels
by analyzing stellar photometric data. They have been applied to the data obtained with the Kepler mission.
In this talk, we will show the results from the analysis of solar-like stars with detection of acoustic modes
allowing us to better constrain the age-rotation-magnetic activity relation. We then extend the analysis to a
few tens of thousand of solar-like stars without seismology, showing some interesting trends with effective
temperature and mass. Finally, we will present the properties of the magnetic activity of those stars (in terms
of cycles and starspots).

Figure 1: Methodology to look for surface rotation and magnetic activity cycles. Wavelet analysis of KIC
3733735. Top panel: flux as a function of time. Middle panel: wavelet power spectrum (WPS). Red and dark
colours correspond to strong power while blue corresponds to weak power. Bottom panel: projection of the
WPS on the x-axis between 1 and 4.1 days. Extracted from Mathur et al. (2014).
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We present PENCIL-code simulations of interstellar-type hydrodynamic turbulence with inertial particles imbed-
ded in the gas. In contrast to the majority previous studies of this kind, we also consider the effects of self-
gravity. The simulation setup is tuned such that we obtain a statistical steady state, where the gravitational
potential created by density variations can be described as a stochastic potential with no collapsing regions.
In is shown that small dust particles are generally unaffected by this stochastic potential, which is of course
expected as they couple well to the flow. Large particles, on the other hand, which decouple from the flow
as the stopping time becomes similar to the eddy-turnover time, are accelerated to the same mean velocities
as the small particles. We also note that intermediate-sized particles are accelerated much less than both
the small and the large particles. This phenomenon is due to the fact that intermediate-sized particles are
large enough to have the necessary inertia to decouple from the flow, but not enough mass to be significantly
affected by gravity effects from the gas. The gravitational acceleration of large particles as described above
may be of importance for agglomeration of interstellar dust as well as the earliest phases of planet formation
in protoplanetary discs.
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Over the past few years, evidence has emerged that something unexpected occurs in the evolution of rotation
and magnetism near the middle of a star’s main-sequence lifetime (see Metcalfe & Egeland 2019). When
the rotation period of a star becomes comparable to the global convective turnover time, Coriolis forces and
Reynolds stresses can no longer sustain the solar-like pattern of differential rotation. The resulting loss of
shear disrupts the production of large-scale magnetic field by the global dynamo (Metcalfe et al. 2016). The
elimination of large-scale field leads to a dramatic reduction in the efficiency of magnetic braking, so the stellar
rotation remains almost constant until the subgiant phase (van Saders et al. 2016, 2019). At the same time
the global dynamo gradually shuts down, with the activity cycle period growing longer while the cycle ampli-
tude decreases before disappearing or becoming undetectable (Metcalfe & van Saders 2017, Brandenburg et
al. 2017). After summarizing the evidence for this magnetic transition, I will describe future observational tests
that promise to elucidate the evolution of global dynamos beyond stellar middle-age.

References: • Brandenburg et al., 2017, ApJ, 845, 79 • Metcalfe et al., 2016, ApJL, 826, L2 • Metcalfe &
van Saders, 2017, Sol. Phys., 292, 126 • Metcalfe & Egeland, 2019, ApJ, 871, 39 • van Saders et al., 2016,
Nature, 529, 181 • van Saders et al., 2019, ApJ, accepted
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To study the kinematic dynamo problem at zero magnetic diffusivity, or infinite magnetic Prandtl
number, using direct numerical simulations. In particular, we solve the equation

∂tB
k
α = ∂βu

k
αB

k
β , (1)

where Bk is the magnetic field, and uk is the velocity field, along the trajectories of Lagrangian
particles, labeled by k, in a turbulent flow. The turbulence is generated by a white-in-time stirring in

a periodic box. We define the magnetic energy as

EM ≡ 1

N

∑

k

Bk
αB

k
α, (2)

where the sum runs over all the Lagrangian particles. We find that the magnetic energy grows
exponentially with time with a growth-rate that is approximately given by the inverse of the
Kolmogorov time scale of the flow. The probability distribution of the any component of the

magnetic field is non-Gaussian, with a power-law tail with an exponent of −3. We also check that
changing the helicity of the flow has not effect on the growth-rate of the dynamo.

Figure 1: Evolution of magnetic energy, normalized by the kinetic energy of the flow, as a function of time
normalized by the Kolmogorov time.
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We investigate the limits of the mean-field dynamo theory (MFDT) usually adopted to model solar dynamo
as a large-scale dynamo. We solve the full induction equation considering a velocity with a large-scale shear
component, and a fluctuating part at small scales produced by an overlapping of turbulent helical eddies. The
numerical results show that all components, both at large and small scales, of the magnetic field grow at
the same rate determined by small-scale turbulence, which is instead filtered out in the MFDT. In addition,
the interplay of the shear and the turbulent helicity, generates dynamo waves as predicted by Parker, and
subsequently derived in MFDT. We find in every simulation a wave component at large scale (large-scale
dynamo) that shows the same features predicted by the MFDT. In particular, a signature of dynamo waves
has found at large scale even in those cases where the dynamo looks like a small-scale dynamo. From the
analysis made on the results, it turns out that the only valid criterion for discriminating the wave component,
i.e. large-scale dynamo, from the rest of the solution is the phase coherence in time. We suggest that in order
to give a possible definition of large-scale dynamo, this definition should consider the phase coherence during
time rather than concepts that rely only on spatial-scale properties.

References: • Nigro G. et al., 2017, MNRAS Letters, 464, L119
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Cosmic plasmas near many high-energy astrophysical objects are often turbulent, diluted, and highly mag-
netized. To understand these astrophysical (low-beta) plasmas better, we study relativistic collisionless plasma
turbulence. In this new emerging field of research, we need to go beyond the magnetohydrodynamic approxi-
mation and simulate the microphysics of the plasma with kinetic simulations. Our simulations indicate that the
turbulence has a tendency to create strong current sheets. These sheets are prone to magnetic reconnection
that accelerates high-energy non-thermal particles. They also create plasmoids, isolated magnetic islands that
trap some particles inside them. The current sheets are found to be the main engine for particle acceleration.
After the initial boost, the non-thermal particles start to surf between eddies similar to a Fermi acceleration.
Our findings have profound implications for many astrophysical systems such as accretion disk coronae, pulsar
wind nebulae, and gamma-ray bursts.
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Recently an extended Mount Wilson Ca H&K sample was made public, which potentially brings new information
to the long debate over the existence of branches in the stellar activity-rotation diagrams. We used modern time
series analysis methods on this new dataset aiming to study how the previously commonly used assumption
of strict harmonicity of the stellar cycles as well as handling of linear trends affect the results. Comparison of
three different methods led to the conclusion that improper treatment of the trend in time series can indeed
lead to significant biases in the cycle length estimates. We also observed that the appearance of multiple
simultaneous cycles was highly dependent on the significance level threshold of the models as well as on the
assumption of harmonicity. Our second aim was to construct rotation to cycle period ratio – activity diagrams
(RCRA) and analyse the grouping patterns of the stars statistically. We performed clustering analysis and
confirmed that statistically most likely configuration involves two populations in the RCRA diagram. Significant
positive slope was found only in the inactive (solar-like) population. This is in contrast with earlier studies,
that have showed the existence of trends in both, active and inactive, populations (Brandenburg et al., 1998).
Our data is consistent with only two activity branches, such that the active branch merges together with the
transitional one. This becomes evident from the comparison to cycle data inferred for even more active stars
(Lehtinen et al., 2016), where the data shows a negative trend that smoothly continues from active to super
active stars (see Fig. 1). Hence, the positive slope for the inactive cluster remains enigmatic for the prevailing
solar dynamo paradigms, inexplicable by both the flux-transport concept and the classical turbulent dynamo
mechanism.
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Figure 1: Comparison of the results of quasi-periodic model and different other observational and modelling
studies (Olspert et al. 2018).

References:
• Brandenburg et al., 1998, ApJ, 498, 51
• Lehtinen et al., 2016, A&A, 588, A38
• Olspert et al., 2018, A&A, 619, A6
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We have studied the generation of gravitational waves (GWs) by magnetohydrodynamic (MHD) turbulence
during the electroweak phase transtion (EWPT). We use direct numerical simulations (DNS) of decaying and
forced MHD turbulence during the EWPT, using different initial conditions in order to represent different sce-
narios of magnetogenesis. For that purpose, we use the Pencil Code, an open source code that allows to
solve sets of partial differential equations on large, massively parallel platforms, specially well-suited for MHD
turbulence simulations. In previous work we studied the evolution of primordial magnetic fields to try to explain
the coherent magnetic fields that, according to constraints from Fermi observations of distant blazars, might
be present in the intergalactic medium and cosmic voids. We concluded in that work that only helical mag-
netic fields were suitable to produce the required strengths derived from observations. Primordial magnetic
field helicity is directly related to GW polarization, and could also give insight on the baryogenesis problem.
We have characterized the perturbations in the metric tensor produced by GWs. We have studied the linear
polarization basis components h+,× and the energy and helical spectra produced by GWs. We conduct this
analysis for different turbulent sources. For that purpose, we have developed a GW module on the Pencil
Code. We compute the stress-energy tensor produced by hydromagnetic turbulent sources and then solve the
linearized Einstein field equations. We have analyzed the evolution of the GW energy density in an expanding
universe, and have computed the ratio of GW to critical energy density ΩGW and have compared the results
with the Laser Interferometer Space Antenna (LISA) mission, planned for 2034, to study the feasibility of de-
tecting traces of primordial magnetic fields in the early universe GWs and to predict the detectable properties
of the GWs polarization spectrum.

Figure 1: Spectra of h2
0ΩGW(f) along with LISA sensitivity curves for two different configurations (i) and (ii), for different

runs: ini1–3 start with an initial fully helical random magnetic field switched on with different initial conditions and with
different characteristic frequency. It can be observed that depending on the initial conditions at EWPT, the resulting GW
spectra are above the LISA sensitivity. Results in preparation for publication.

References: • Brandenburg, A., Kahniashvili, T., Mandal, S., Roper Pol, A., Tevzadze, A. G., Vachaspati, T., “Evolution of
hydromagnetic turbulence from the electroweak phase transition,” (2017), Phys. Rev. D 96, 123528, arXiv:1711.03804
• Brandenburg, A., Kahniashvili, T., Mandal, S., Roper Pol, A., Tevzadze, A. G., Vachaspati, T., “The dynamo effect in
decaying helical turbulence,” (2019) Phys. Rev. Fluids, in press (arXiv:1710.01628)
• Roper Pol, A., Brandenburg, A., Kahniashvili, T., Kosowsky, A., Mandal, S., “The timestep constraint in solving the
gravitational wave equations sourced by hydromagnetic turbulence,” (2019) Geophys. Astrophys. Fluid Dyn., submitted
(arXiv:1807.05479)
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There are in 2 main types of numerical simulations of stars: (i) local simulations: small boxes (with depths of 6-
8 pressure scale heights) placed near the surface that have realistic physics, designed to examine small scale
features such as granulation and overshoot (e.g. Nordlund, Stein and Asplund 2009); (ii) global simulations:
shells that contain part or all of a stellar envelope, designed to mimic some large scale feature of a star such
as differential rotation (e.g. Miesch 2005).

Because these "local boxes" are so small compared to the stellar radius, rotational effects can usually be
ignored, (e.g. for the Sun, Rossby number = Ro = UL/Ω » 1). However, in a local box of a rapidly rotating
Delta Scuti variable, the Rossby number is about 10. In this case rotational effects on surface convection could
be important. In this presentation, we describe some preliminary results of this type of simulation for a range
of rotation rates with the box placed at the equator.

References: • Nordlund ÃĚ, Stein RF, Asplund M, 2009, Living Rev Solar Phys 6:lrsp-2009-2. doi: 10.12942/lrsp-
2009-2 • Miesch MS, 2005, Living Rev Solar Phys 2:lrsp-2005-1. doi: 10.12942/lrsp-2005-1
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Detailed study of surface magnetic features is one of the main ways we can diagnose the properties of the
stellar dynamos which produce them. Some of these magnetic features have been explored for decades (spots,
flares), others have only recently become accessible to our crafty techniques. I will discuss some new things
we can learn about various dynamo “products". These include: (1) total area covered by plage/network (by
non-magnetic means), (2) separate study of the penumbrae and umbrae of stellar spots, and better estimates
of their temperatures and total area coverage, (3) measuring the rate of large filament eruptions - the “quiet"
mass loss not associated with flares.
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Fluid approximations to cosmic ray (CR) transport are often preferred to kinetic descriptions in studies of the
dynamics of the interstellar medium (ISM) of galaxies, because they allow simpler analytical and numerical
treatments. Magnetohydrodynamic (MHD) simulations of the ISM usually incorporate CR dynamics as an
advection-diffusion equation for CR energy density, with anisotropic, magnetic field-aligned diffusion with the
diffusive flux assumed to obey Fick’s law. We compare test-particle and fluid simulations of CRs in a random
magnetic field. We demonstrate that a non-Fickian prescription of CR diffusion, which corresponds to the
telegraph equation for the CR energy density, can be easily calibrated to match the test particle simulations
with great accuracy. In particular, we consider a random magnetic field in the fluid simulation that has a lower
spatial resolution than that used in the particle simulation to demonstrate that an appropriate choice of the
diffusion tensor can account effectively for the unresolved (subgrid) scales of the magnetic field. We show
that the characteristic time which appears in the telegraph equation can be physically interpreted as the time
required for the particles to reach a diffusive regime and we stress that the Fickian description of the CR fluid
is unable to describe complex boundary or initial conditions for the CR energy flux.
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Observations of blazars suggest that the intergalactic medium is permeated
by large-scale magnetic fields. Being correlated on Mpc scales, they are likely
relics of primordial fields and therefore hold a key for understanding the origin of
cosmic magnetism – one of the greatest mysteries in modern cosmology.

Many scenarios have been suggested in which magnetic fields are gener-
ated shortly after the Big Bang, i.e. in inflation or during the phase transitions.
But explaining the lower bound from blazar observations remains challenging.
The chiral magnetic effect (CME), a quantum phenomenon occurring in relativis-
tic plasmas caused by the axial anomaly, can help to overcome this obstacle.
In a nutshell, the CME describes the generation of a current along a magnetic
field in presence of chiral asymmetry, i.e. an asymmetry between left- and right-
handed fermions; see the Figure 1 for an illustration. This leads to a new class
of dynamos, including small-scale and large-scale instabilities, which generate fully helical magnetic fields.

I will discuss the derivation of the chiral MHD equations and their numerical solution with the Pencil Code.
Our simulations show that the magnetic field evolution takes place in distinguished phases:
(i) a small-scale magnetic field instability,
(ii) generation of turbulence via the Lorentz force and a large-scale turbulent dynamo,
(iii) saturation of magnetic helicity growth controlled by a conservation law for the total chirality, and
(iv) a classical inverse cascade in decaying helical MHD turbulence.

Besides the CME, the axial anomaly leads to a second phenomenon, the so-called chiral separation effect
(CSE). The current related to the CSE depends on the ordinary chemical potential. If the latter is has gradients,
the CSE can lead to chiral magnetic waves, i.e. a propagation of the chiral asymmetry along the magnetic field.
I will present numerical simulations where we observe such waves.

Finally, I will discuss chiral dynamos in the context of the early Universe. I will present models for the
evolution of magnetic fields from the early Universe until today. For different scenarios, I will make predictions
for the properties of intergalactic magnetic fields.

Figure 1: An asymmetry in the number densities of left- and right-handed fermions in an external magnetic
field B induces the current JCME.

References:
• Schober et al., 2019, submitted to GAFD, arXiv: 1808.06624
• Schober et al., 2018, in press at GAFD, arXiv: 1803.06350
• Schober et al., 2018, ApJ, 858, 2
• Brandenburg et al., 2017, ApJL, 845, 2
• Rogachevskii et al., 2017, ApJ, 846, 2
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Theory of turbulence is based on ensemble averaging, but this type of averaging is not practical in most labo-
ratory measurements, astronomical observations and numerical simulations as it requires very large number
of independent realisations of random fields involved. An alternative, widely used in many applications, and
indeed the only one possible in astronomy, is the smoothing or filtering of random fields (in fact the output of
any astronomical instrument is a smoothed or filtered physical field). However, spatial (or temporal) smoothing
or filtering do not satisfy the Reynolds rules of averaging. Similarly, modern numerical simulations of turbu-
lent flows are performed in spatial and temporal domains of a relatively small size and ensemble averaging is
out of question. Thus, analyses of such numerical simulations employ various averages (such as plane aver-
ages) that satisfy the Reynolds rules. However, such averages can be physically inappropriate, e.g., when the
mean quantities do not need to be independent of any spatial coordinates. We discuss the approach to spatial
smoothing and filtering that allows one to avoid this difficulty and to derive consistently averaged quantities and
equations that retain a full 3D structure.
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Detection of subsurface solar magnetic field is an important outstanding problem. Based on numerical
experiments of the surface gravity or the f-mode, we find that it is significantly perturbed by magnetic fields
below the surface, and is sensitive to the morphology and depth of such magnetic concentrations. We argue
that detections of such f -mode perturbations could be effective tracers of solar magnetic fields below the pho-
tosphere before these are directly detectable as visible manifestations in terms of active regions or sunspots.
Moreover, this can be useful for constraining different dynamo paradigms of the Sun.
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The partially-ionised nature of the lower solar atmosphere introduces new and exciting complexities to
shock solutions. Here we study numerically the slow-mode shock triggered via a magnetic discontinuity, mim-
icking the slow-mode shocks that can form as a result of magnetic reconnection. In single-fluid ideal MHD,
the slow-mode shock occurs as a discontinuous jump in parameters. However, in the two-fluid partially-ionised
plasma, the shock occupies a finite width due to the coupling and decoupling of plasma and neutral species
across the shock. It is found that this finite width region allows for shock substructure that can affect the overall
dynamics of the system. In particular, we find that an intermediate shock can exist where the plasma veloc-
ity transitions from super to sub Alfvenic velocities. A key feature of this type of shock is that the magnetic
field is reversed across the interface. We present numerical results analysing the formation and evolution of
intermediate shocks as substructure within slow-mode shocks.
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We study a growth of average magnetic field in a mirror-symmetrical Kazantsev turbulent flow near the
dissipative scales. Main attention is directed to a subcritical regime, when current concepts expect a dynamo
energy exponential decrease. We show that instead of damping, the fast enough energy increase can be
revealed, for example, in dynamo processes supported by the large-scale magnetic fields. We calculate the
corresponding longitudinal correlation function and demonstrate that it tends to a stationary solution with width
of localization inversely proportional to the square of magnetic Reynolds numbers and with amplitude depend-
ing on the closeness of these numbers to the critical meaning. We present a local generation effect without any
external support predicted in 1956 by Zeldovich. Numerically solving the initial-boundary Kazantsev problem
on the nonuniform grids, we simulate this process by implicit schemes and discuss the possible consequences
for subcritical dynamo physics.
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A theoretician of the first water, Axel Brandenburg has always been interested in experimental MHD as well.
Anecdotal evidence has it that he is the only person who witnessed in operation the three successful dynamo
experiments in Riga, Karlsruhe and Cadarache. Axel’s theoretical work, in turn, has inspired experimentalists
more often than not. One case in point is his early work on nonlinear and highly supercritical dynamos [1,2]
which has motivated investigations into the common mechanism underlying the field reversals of the geody-
namo and the VKS dynamo. These efforts lead to the complementary explanations of reversals in terms of
spectral exceptional points of non-selfadjoint dynamo operators [3], or via saddle-node bifurcations [4]. In this
context, we shortly report the construction progress of the DRESDYN precession driven dynamo [5], the set-up
of which was partly motivated by the signature of Milankovic cycles in the reversal statistics of the geodynamo.

The second part of the talk refers to Axel’s work on massively non-linear, “self-creating” dynamos, such
as the MRI dynamo [6] or the Tayler-Spruit dynamo [7]. Here we summarize some previous experiments
on the magnetorotational instability (MRI) [8,9] and the Tayler instability (TI) [10], and present some recent
results on double-diffusive instabilities for rotating flows with positive shear [11,12]. The talk will close with
a highly speculative idea which connects the oscillatory behaviour of the TI-related α-effect to the persistent
synchronization of the solar dynamo with the 11.07 years periodic alignments of the tidally dominant planets
Venus, Earth and Jupiter [13,14].
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It is well established that 3D radiation hydrodynamics simulations of solar surface convection including real-
istic microphysics and non-local radiation transport are very successful in reproducing the observed properties
of the solar granulation. Motivated by the question about the physics that determines the value of the granular
intensity contrast, we carried out a number of CO5BOLD simulations of the solar surface layers with artificially
modified microphysics. The numerical experiments include a series of simulations with manipulated opacity
tables, assuming different absorption cross sections of H�, and a simulation employing a ‘neutral’ equation of
state where hydrogen and helium ionization are switched off. By inter-comparison of the 3D thermal structure
and velocity fields of the various models, we can study the impact of the microphysics on the realism of the
resulting simulations. We also address the question whether solar convection can still be driven in the absence
of a H/He ionization zone.
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The universe is magnetized from stars to the large-scale coherent magnetic fields detected in galaxies and
galaxy clusters, and even perhaps the intergalactic medium in voids. The standard picture for the origin of
fields in all astrophysical systems involves turbulent dynamo amplification of a weak seed magnetic field. We
first focus on the some specific challenges and intriguing questions which arise in the dynamo paradigm. The
questions include, whether fluctuation dynamos generate coherent enough fields, can mean-field dynamos
work in the presence of strongly growing fluctuations and can one have helical dynamos without initial helicity!
A complementary paradigm is that magnetic fields arise to some extent in the early universe. We end with
a speculative model of magnetogenesis during the inflationary epoch, which addresses several difficulties of
such scenarios, and predict its gravitational wave signals.
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Cosmic Ray Particles, one of the constituents of the Interstellar Medium, are highly accelerated relativistic
particles and their dynamics are dependant on the galactic magnetic fields. High energy cosmic ray electrons
lose energy through synchrotron radiation and Inverse Compton effect. We are interested in high energy cos-
mic ray electrons, where the Bremsstrahlung and ionization losses are negligible. The energy loss associated
with the synchrotron radiation depends on the background magnetic field. We use test particle simulations to
study the propagation of high energy electrons in a random magnetic field, which follows the Lorentz force,
including the fluctuating synchrotron emission, and study the distribution of charged particles.

58



Symposium Axel Brandenburg April 1 - April 5, 2019

Direct Statistical Simulation in Astrophysics
Steven Tobias

Email: S.M.Tobias@leeds.ac.uk
Department of Applied Mathematics, University of Leeds

Brad Marston (Brown)

The eleven year solar activity cycle is a remarkable example of regular behaviour
emerging from an extremely turbulent system. Equally, the quasi-steady jets on
Jupiter sit on a sea of turbulent eddies. Astrophysical phenomena often dis-
play organization on spatial and temporal scales much larger than the turbu-
lent processes that drive them. An outstanding problem of astrophysics is how
to describe the statistics of systematic behaviour emerging from the underlying
chaos, given that Direct Numerical Simulation of these objects is simply impos-
sible. Here, I shall introduce how methods from non-equilibrium statistical me-
chanics and many body quantum systems may be developed to give some insight into their behaviour, and how
these relate to mean-field theories. I shall also talk about latest efforts to carry out computations of statistics in
a reduced basis, potentially allowing for much reduced computational effort.

Figure 1: (a) The Solar Butterfly Diagram. (b) Juno view of Jupiter and model calculation of jet formation.
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UV luminous O and B stars are thought to be responsible for the photoionisa-
tion of the diffuse ionised gas (DIG), an extended, diffuse component of many
observed disc galaxies (see Hafner et al. 2009 for a review). Indeed, 3D Monte
Carlo radiation transfer models show that this radiation can escape the dense
central disc of the galaxy through low-density escape channels (Wood et al.,
2013), and furthermore indicate a tentative link between the temperature struc-
ture of the DIG and the spectral properties of this escaping radiation (Wood &
Mathis 2004, Vandenbroucke et al. 2018, Vandenbroucke & Wood, in prep.).
These models ignore the fact that UV luminous stars are likely to be embedded
in highly turbulent, dense environments, which can be expected to affect both the luminosity and spectral prop-
erties of the escaping UV radiation.

To assess the impact of the birth cloud on the escaping radiation, I post-process density fields from a set of
realistic turbulent box simulations by Sartorio et al. (in prep.) using the 3D Monte Carlo photoionisation code
CMACIONIZE1 (Vandenbroucke & Wood 2018a,b). As clear from Fig. 1, the HII regions embedded in these
simulations are highly irregular in shape. I quantify the directional dependence of the radiation field strength
and its spectrum by expliticly tracking Monte Carlo photon packets in a number of sites throughout the box. I
will present results for a variety of models with different densities and box sizes, including models that were
initially subjected to the dynamic effect of UV radiation with an RHD code.

Figure 1: Slice through the centre of the number density field for a turbulent box simulation with an ionising
source in the centre (indicated in the figure). The overplotted contours show the hydrogen neutral fraction. The
HII region is clearly irregular in shape. The figure on the left shows the shape of the observed spectrum at the
source and two different positions in the HII region (indicated as white dots on the figure).

References:
• Haffner L. M. et al., 2009, Reviews of Modern Physics, 81, 969
• Vandenbroucke B. & Wood K., 2018, ASCOM, 23, 40
• Vandenbroucke B. & Wood K., 2018, Astrophysics Source Code Library, record ascl:1802.003
• Vandenbroucke B. et al., 2018, MNRAS, 476, 4032
• Wood K. & Mathis J. S., 2004, MNRAS, 353, 1126
• Wood K. et al., 2013, ApJ, 770, 152

1https://bwvdnbro.github.io/CMacIonize/
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The long-term behavior of North-South (N-S) asymmetry related to solar activity phenomena is investigated.
In the investigation, we have used sunspots area data for period 1821-2018 and solar flares data to study the
long-term period of solar cycles. The statistical technique was used to check the validity of asymmetry. Earlier
Verma (1992, 1993, and 2009) reported long-term cyclic period 11 solar cycles in N-S asymmetry and also
predicted that the N-S asymmetry of solar activity phenomena during solar cycles 21, 22, 23 and 24 will be
south dominated and the N-S asymmetry will shift to the northern hemisphere in solar cycle 25. The present
study shows that the N-S asymmetry during solar cycles 22 and 23 was southern dominated as predicted by
Verma (1992). The N-S asymmetry of sunspot data for initial years (2008-2018) of solar cycle 24th is showing
southern domination which confirms the result of Verma (1992). The 11 solar cycle periodic behavior of the
Sun may be related to the internal structure of the Sun. The result of this study may be helpful to understand
long-term helioseismic phenomena and dynamo models of the Sun which are based on the magnetic fields
related to solar active regions.
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V889 Her is a young solar analogue with a sufficient timeseries of photometric data, ranging from 1994 to
2018. In addition, we have 19 spectroscopic data sets of the star, from the NOT and ESO facilities, from which
we have constructed surface temperature maps using the Doppler imaging method. All these Doppler images
show a cool high latitude spot around the pole. From the Doppler maps we have calculated the spot filling factor
and the mean surface temperature, which we have compared to the photometric data, were we see clear signs
of an approximately 10 year activity cycle. Of particular interest is the decrease in brightness between 2007
and 2017 or so. This could be interpreted as a change in the activity level in V889 Her, possibly something
similar to the Modern Maximum in the later half of the 20th century in the Sun.

References: • Author et al., Year, Journal, Issue, Page
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Most turbulence of interest encountered in astrophysical phenomena is inhomogeneous. The mean-field
inhomogeneity generates turbulence and turbulence affects the magnitude and configuration of the mean fields
through enhanced transport. We have to simultaneously treat strong nonlinearity represented by a huge
Reynolds and Lundquist numbers and inhomogeneity associated with the non-uniform large-scale velocity,
rotation, density stratification, magnetic field.

As the shock–turbulence interaction shows, turbulence in astrophysical context often exhibits a strongly
compressible property, that is, not only the mean density stratification (weak compressibility), but also the tur-
bulent dilatation (strong compressibility). A system of fully compressible magnetohydrodynamic turbulence is
analysed with the aid of the multiple-scale direct-interaction approximation (multi-scale DIA), and the turbu-
lent correlations such as the electromotive force, turbulent mass flux, turbulent internal-energy flux, Reynolds
and turbulent Maxwell stresses, etc. are expressed in terms of the mean-field quantities with the analytical
expressions for the transport coefficients.

Theoretical results show that, in addition to the usual solenoidal effects, we have several effects originated
from the turbulent dilatation. In the turbulent electromotive force, we have terms related to the obliqueness of
the mean magnetic field to gradient of the mean density, mean internal energy, and non-equilibrium mean flow.

〈u′ × b′〉 = −(β + ζ)∇× b + αB + γ∇× U

−χρ∇ρ× B− χE∇E × B− χD
DU
Dt
× B. (1)

They may be called "magneto-clinicity". The transport coefficients χρ, χE , and χD are directly related to the
density variance 〈ρ′2〉.

In the turbulent mass flux 〈ρ′u′〉 and internal-energy flux 〈e′u′〉, in addition to the usual gradient diffusion
terms arising from the solenoidal turbulence, we have other effects originated from the strong compressibility,
i.e., the density variance and the dilatational cross helicity effects.

〈ρ′u′〉 = −κρ∇ρ− κE∇E − κD
DU
∂t

+ κBB, (2)

〈e′u′〉 = −ηE∇E − ηρ∇ρ+ ηBB, (3)

where the strong compressibility-related transport coefficients κE , κD, and ηρ come from the density variance
effects, while κB and ηB arise from the dilatational cross helicity. These strong compressibility effect gives
some possibility of the deviation from the gradient-diffusion approximation.

Some illustrative examples of the strong compressibility effects are discussed, which include the slow-
shock–turbulence interaction, material and energy fluxes along the mean magnetic field.

References: • Yokoi, N. 2018, Journal of Plasma Physics, 84, 735840501-1-26
• Yokoi, N. 2018, Journal of Plasma Physics, 84, 775840603-1-30
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