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Abstract

More than 40 participants from the solar/astrophysical community attended the
First Asia-Pacific Conference on Plasma Physics. Among them, four colleagues pre-
sented invited talks in the plenary session. In the Solar/Astron session, there were 23
invited talks and 14 contributed talks, with another two posters. These talks cover
recent progress obtained in a wide spectrum of topics, including solar and galactic
dynamo, solar and stellar flares, solar and galactic filaments, solar and astrophysical
jets, solar and accretion disk winds, plasma waves and coronal heating, solar coronal
mass ejections, magnetic reconnection in non-relativistic and relativistic regimes,
star and planetary formation, shock—medium interactions, and even gravitational
waves. Laboratory laser experiments and some new rocket and space missions were
also introduced.
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1 Introduction

We are living in such a unique corner of the universe, where most of the mat-
ter is in solid, liquid, or gas state. However, taking the universe as a whole, over
99.9% of the matter excluding dark matter is in the plasma state, including all the
stars, galaxies, and the interstellar or intergalactic media. The dynamics and evo-
lution of these plasmas are the research topics of astronomy, including solar phys-
ics, which focuses on various phenomena on the Sun. Different from laboratory
plasma researchers who dream to have stable plasma confined by magnetic field
(Li and Zhong 2018), astrophysicists, including solar physicists, are keen to study
unstable magnetic configurations and the resulting eruptions.

There were about 40 participants in the Solar/Astron Session of the First Asia-
Pacific Conference on Plasma Physics. The program of the conference can be found
at http://aappsdpp.org/DPPProgramlatest. Four speakers from this session were rec-
ommended to give plenary talks. In the Solar/Astron session itself, there were 23
invited talks and 14 oral talks, with another 2 posters. These presentations cover a
wide range, from the Sun to stars, and galaxies. This paper is aimed to summarize
the main results of all the talks presented in the Solar/Astron Session.

2 Individual talks

Dynamo Magnetic field is an important aspect of plasma. Without magnetic field,
the Sun would be a boring star, and there would be no any detectable change on the
Sun in the lifetime of human beings. The Sun is actually so dynamic, with many
types of eruptions, because of magnetic field. According to the dynamo theory, it
is generally believed that the magnetic field of the Sun is generated by strong dif-
ferential rotation in the solar interior, and then emerges to the solar surface with a
period of ~11 years, which is called a solar cycle. During each cycle, the number of
sunspots increases and then decreases. Similar cycles with different periods were
detected in other solar-type stars (Wilson 1978; Choudhuri 2017).

Global-scale magnetohydrodynamic (MHD) simulations have been performed by
many research groups to understand why and how the Sun and other stars produce
cyclic magnetic activities. Before 2010, none of them succeeded in reproducing
the clyclic behavior, e.g., the 11-year solar cycle. For the first time, Ghizaru et al.
(2010) reproduced the cyclic polarity reversal in the solar convection zone. Masada
and Sano (2016) extended the simulation to the solar atmosphere and found that
large-scale structures of the vertical magnetic field are spontaneously formed at the
solar surface only in cases with a strongly stratified atmosphere. They argued that
the Rossby number is the crucial parameter which determines whether the large-
scale MHD simulations can reproduce the cyclic dynamo (Masada and Sano 2018).
The threshold is about 0.015-0.04 for the Rossby number inside the star, above
which dynamo cannot be produced. Their work raised a question: how can we get
the actual value of the Rossby number inside the stars from observations?
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With a correct Rossby number, Hotta et al. (2016) performed MHD numerical
simulations, where they found an intriguing phenomenon that is not expected from
the mean-field theory for the dynamo: if the fluid and magnetic Reynolds numbers
are small, an 11-year solar cycle can be reproduced, as shown in the top panel of
Fig. 1. For medium Reynolds numbers, such a cycle disappears, as indicated by the
middle panel of Fig. 1. For large Reynolds numbers, such a solar cycle appears
again, as revealed by the bottom panel of Fig. 1. Motivated by these numerical
results, Zhang and Fan (2018) investigated the dynamo theory and realized that in
the mean-field dynamo theory, the a coefficient in the magnetic induction equation

% =Vx ((u) X (B) + a{B) — pV x (B)) is often taken to be a = —%(v -V Xv),

where 7 is the velocity de-correlation time, and v is the velocity. As pointed out by
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Fig. 1 Evolution of the toroidal magnetic field at the bottom of the convection zone in three cases with
low (top panel), medium (middle panel), and high (bottom panel) Reynolds numbers. Taken from Hotta
et al. (2016)
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Pouquet et al. (1976), the a coefficient in the nonlinear dynamo theory should con-

sist of two terms @ = %(—v -VXv+ Bf;B), i.e., the kinetic helicity and magnetic
0

field-related current helicity terms, and it is often assumed that the current helicity
term is not important and hence neglected. On the basis of the MHD dynamo simu-
lations performed by Fan and Fang (2014) and Zhang and Fan (2018) calculated the
radial distributions of the kinetic and current helicity terms in the a coefficient and
found that near the bottom of the convection zone, the magnetic term becomes dom-
inant and should not be neglected. After considering the contribution of the current
helicity term in the a coefficient, they can naturally explain why the solar cycle can
be reproduced in the case of small Reynolds number (e.g., Re = 323), and the cyclic
behavior disappears when the Reynolds number is medium (e.g., Re = 382), but the
solar cycle resumes when the Reynolds number becomes larger, e.g., Re = 2000.
Helicity of solar filaments From the above description, we can see that current
helicity H, = (B - V X B)/u, is a very important quantity in describing the evolution
of the magnetic field. In the solar wind turbulence, the existence of helicity leads to
one-chiral-sector-dominated states (Zhu 2017). On the solar surface, interestingly it
is found that current helicity shows a persistent pattern in each hemisphere, i.e., it
is predominantly negative in the Northern Hemisphere and positive in the Southern
Hemisphere. The straightforward way to determine the sign of current helicity is
to make use of the vector magnetograms of solar active regions (Seehafer 1990).
However, one problem of the magnetic measurement is the 180° ambiguity in the
azimuthal angle. Alternatively, several indirect methods have been proposed to infer
the sign of helicity based on imaging observations only, as summarized by Martin
(1998). One of the patterns is the orientation of the filament barbs, i.e., left bear-
ing or right bearing, and it was proposed that there is a one-to-one correspondence
between the left-/right-bearing barbs and positive/negative helicity of the filaments
(Martin et al. 1994). Such a correspondence is called Martin’s rule later. Guo et al.
(2010) and Chen et al. (2014b) challenged this correspondence and argued that
the one-to-one correspondence claimed by Martin et al. (1994) holds only for the
inverse-polarity filaments, i.e., those supported by magnetic flux ropes. However,
for the normal-polarity filaments, i.e., those supported by magnetic sheared arcades,
the one-to-one correspondence is exactly opposite. Therefore, it seems that we can-
not determine the sign of helicity based on the bearing sense of filaments barbs. On
the contrary, another pattern related to solar filaments was discovered (Chen et al.
2014b): once a filament erupts, part of the cool material drains down to the solar
surface along the threading magnetic field lines, forming two conjugate brighten-
ings, as indicated by the green circles in Fig. 2. Relative to the magnetic neutral line,
the two brightenings are either left skewed or right skewed. Chen et al. (2014b) pro-
posed that there is one-to-one correspondence between the left-/right-skewed drain-
age sites and negative/positive helicity of the filaments, as illustrated in Fig. 2.
Using the skew of the filament drainage sites as the tracer of the sign of heli-
city, Ouyang et al. (2017) surveyed all the erupting filaments observed by the
Solar Dynamics Observatory (SDO) satellite during 2010-2015, and found that
91.6% of the erupting filaments follow the hemispheric rule of helicity sign, i.e.,
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Fig.2 Skew of the drainage sites and sign of helicity. Taken from Chen et al. (2014b)

negative in the Northern Hemisphere and positive in the Southern Hemisphere.
They also investigated the yearly variation of the strength of the hemispheric rule
of helicity sign. It was revealed that the strength of the hemispheric preference
of the quiescent filaments decreases slightly from 97% in the ascending phase to
85% in the descending phase of solar cycle 24, whereas the strength of the inter-
mediate filaments keeps a high value around 96 +4% at all times. The active-
region filaments, however, show significant variations, with their strength of the
hemispheric preference rising from 63 to 95% in the rising phase, and remaining
at 82 + 5% during the declining phase. The yearly variation of the strength of the
hemispheric rule for all the filaments and the three categories of filaments are
illustrated in Fig. 3, respectively.

Furthermore, Chen et al. (2014b) proposed an indirect method to determine
whether a filament is supported by a flux rope or by a sheared arcade without
measuring the coronal magnetic field, i.e., if the filament barbs and the sign of
helicity follow Martin’s rule, the magnetic field supporting the filament is a flux
rope; if the filament barbs and the sign of helicity are opposite to Martin’s rule,
the magnetic field is a sheared arcade. Applying this method to the 571 erupting
filaments observed by the SDO satellite during 2010-2015, Ouyang et al. (2017)
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Fig.3 Top panel: cyclic evolution of the sunspot number (black line) and, f, the strength of the hemi-
spheric rule obeyed by the filament chirality (connected blue squares). Bottom panel: cyclic evolution of
f for the quiescent filaments (connected red squares), intermediate filaments (connected green squares),
and active-region filaments (connected purple squares). Taken from Ouyang et al. (2017)

found that 89% of the sample are supported by a magnetic flux rope (i.e., these
are inverse-polarity filaments), and 11% of the sample are supported by a mag-
netic sheared arcade (i.e., these are normal-polarity filaments).

Rayleigh—Taylor instability in solar filaments As cold dense material (with
T ~ 10* K and n ~ 10'' cm™3) suspended in the hot tenuous corona (with T ~ 10°
K and n ~ 10° cm™3), solar filaments may survive for days or weeks. On erupting,
they produce solar flares and coronal mass ejections (CMEs). Even before eruption,
because of the ever evolving solar surface and the intrinsic instabilities, a filament
shows various dynamics (Hillier 2018), such as counterstreaming (Shen et al. 2015),
propagating waves (Okamoto et al. 2015), and upward-moving plumes (Berger et al.
2008). It was proposed that the upward-moving plumes are due to the Rayleigh—Tay-
lor instability (Ryutova et al. 2010). Hillier et al. (2012a) performed three-dimen-
sional (3D) MHD simulations of quiescent filaments which are supported by dipped
magnetic field lines. As illustrated in Fig. 4, the simulations obtained rising plumes
with a velocity of ~8 km s~! and a length of ~ 10° km, which are both comparable
with the observations.

After the initial exponential growth of the instability, the dynamics of the plumes
becomes nonlinear. The simulated nonlinear flow solution could be used to estimate
the compression of the plume plasma and hence the plasma g of the filament (Hillier
et al. 2012b).
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Fig.4 Evolution of the plasma density and magnetic field in the 3D MHD simulation of the magnetic
Rayleigh—-Taylor instability of a solar filament, showing rising plumes with a length of ~ 103 km. Taken
from Hillier et al. (2012a)

Filaments in galaxy clusters Except for some solar filaments which are formed
via direct injection of cold plasma from the chromosphere to the hot corona (Zou
et al. 2017), many solar filaments are formed via thermal instability of the hot mate-
rial in the corona. Since the galaxy clusters have also a hot corona with a tempera-
ture of 107-108 K, thermal instability happens there as well. Although the cooling
timescale is much smaller than the age of the clusters, the whole cluster corona did
not collapse and only some cold filamentary structures were observed. It means that
some heating mechanisms are working to balance the radiative cooling.

The feedback from active galactic nuclei (AGN) has been proposed to play an
important role in regulating the intracluster media. Prasad et al. (2015, 2017) per-
formed 2D and 3D hydrodynamic simulations, and the numerical results verified
such a paradigm: local cooling happens to form cool cores. Because of gravity, these
cores are accreted into the supermassive black hole at the center of the dominant
cluster galaxy. The enhanced mass accretion powers the AGN jets, as illustrated in
Fig. 5. These relativistic jets heat the intracluster medium, closing a feedback loop
that efficiently prevents the otherwise runaway thermal instability in the cool cores.
Prasad et al. (2015) further pointed out that, to allow such a feedback loop to work
well, the ratio of the cooling time to the free-fall time should be less than 10.

Future efforts are needed to extend the hydrodynamic simulations to MHD simu-
lations, where the inclusion of magnetic field leads to anisotropic heat conduction
and several other instabilities.

Coronal heating One of the biggest puzzles yet to be solved in astrophysics is
how the solar corona is heated to 1-2 MK, two orders of magnitude higher than
that of the solar surface, which is ~5700 K. Since it has been well known that the
dissipated energy comes from nonpotential magnetic field, i.e., the magnetic field
with electric currents, the dissipation mechanisms are then classified into magnetic
reconnection model and Alfvén wave model, depending on their direct current and
alternative current nature (Klimchuk 2015). Whereas no reconnection model sup-
porters attended this meeting, several participants delivered talks on the Alfvén
wave model.
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Fig.5 Evolution of the temperature (color) and the velocity (arrows) in the hydrodynamic simulation of
plasma accretion and AGN jets. Adapted from Prasad et al. (2015)

Okamoto et al. (2015) presented the analysis of an oscillating prominence
observed in Ca II H and Si IV lines. They argued that the prominence oscillation
was due to propagating Alfvén waves. As the amplitude of the waves decreases,
the Ca II H emission, with a formation temperature of 0.1 MK, becomes fainter
and fainter along the prominence threads. At the same time, the Si IV intensity
(with a formation temperature of 0.8 MK) becomes stronger and stronger. Such a
coincidence, as shown in Fig. 6, indicates that the energy in the observed waves
is converted to the thermal energy of the prominence plasma. With 3D MHD
simulations, Okamoto et al. (2015) found that the prominence oscillation excites
Kelvin—Helmholtz instability near the boundary of the oscillating threads, form-
ing numerous thin current sheets. The wave energy is dissipated in these current

Time (sec)

0 20,000 40,000 60,000 0 20,000 40,00 60,000
Distance (km) Distance (km)

Fig.6 Simultaneous Ca II H and Si IV images of a prominence, where the ellipses mark the heating of
the prominence threads as waves are damping. Taken from Okamoto et al. (2015)
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sheets. They claimed that the observations provide direct evidence for wave heat-
ing of the solar corona.

Waves are ubiquitous in the turbulent solar atmosphere. As in any other turbu-
lence, large-scale MHD waves would cascade down to kinetic waves (Voitenko and
de Keyser 2011), where the wave energy is ultimately dissipated. Chen and Wu
described such a picture in their talk. They showed how MHD Alfvén waves can be
nonlinearly converted to kinetic Alfvén waves (Zhao et al. 2014), how kinetic Alfvén
waves are excited by density striation (Wu and Chen 2013), and how kinetic Alfvén
waves can be excited by fast electron beams (Chen et al. 2014a). Their recent analy-
sis indicates that ion beams might be more efficient in generating kinetic Alfvén
waves than electron beams (Xiang et al. 2018).

The thermal and dynamic features of the coronal structures, such as coronal
loops, provide observable constraints for any heating mechanism. By analyzing the
spectroscopic data from the Hinode satellite and comparing the observed loops with
the extrapolated magnetic loops, Xie et al. (2017) found that (1) most of the coronal
loops are not in a hydrostatic equilibrium; (2) the coronal loops are nearly isother-
mal along the line of sight; (3) the temperature distribution along most loops is flat
in the coronal part; (4) the nonthermal velocity in the cold and warm loops is in the
range of 3—48 km s~!, and (5) the filling factor of the coronal loops is between 8
and 89%. The authors concluded that Alfvén wave turbulence model is presumably
responsible for heating these loops.

Chromospheric jets Collimated jets have been observed in different layers of the
solar atmosphere. For the hot coronal and transition-region jets (Tian et al. 2014),
magnetic reconnection has been proposed to be the driving mechanism (Shibata
et al. 1992). For the chromospheric jets, whereas some of them might be due to
magnetic reconnection as well (Shibata et al. 2007), others seem to be driven by
waves, either slow-mode waves or Alfvén waves. lijima and Yokoyama (2015) car-
ried out 2D radiation MHD simulations where chromospheric jets can be produced
by shocks passing through the transition region. They found that the coronal temper-
ature is crucial in determining the height of the chromospheric jets: the jets become
taller for lower coronal temperature (such as in coronal holes), and they are shorter
for higher coronal temperature (such as in active regions). However, these jets have
a typical height of 6-8 Mm only, which is not tall enough to reproduce the observed
height up to 10 Mm.

In their recent 3D radiation MHD simulations, Iijima and Yokoyama (2017) suc-
ceeded in generating chromospheric jets as tall as 10 Mm, as displayed in Fig. 7.
The reason is that torsional Alfvén waves are excited in 3D, which provide strong
enough lifting force for tall spicules or chromospheric jets. It was also revealed that
jets are formed in clusters with the diameter of several Mm, and each jet can be con-
sidered as a fine structure in the cluster.

Solar flares Various quasi-periodic pulsations (QPPs) have been discovered
in association with solar flares. Generally, the period is in the range from a frac-
tion of a second to several minutes. However, Tan and Tan (2012) found a type of
QPPs in microwaves with a period of a few milliseconds. Most of these millisecond
bursts are clusters of spike bursts, and others are similar to type III radio bursts.
They proposed a model to explain these millisecond radio bursts: The tearing-mode
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Fig.7 Six snapshots of the synthesized chromospheric images showing the generation of tall jets. Taken
from Iijima and Yokoyama (2017)

instability in the reconnection current sheet produces many small magnetic islands,
which are conveyed to the flare loop along the reconnection outflow. Small-scale
reconnection may happen at the X-point between neighboring magnetic islands,
which accelerates electrons. The electrons accelerated by these merging magnetic
islands are responsible for the millisecond microwave bursts, as illustrated in Fig. 8.

The classical picture of solar flares is as follows: Magnetic energy, which is built
up gradually in the corona via emerging magnetic flux and solar surface motions, is
suddenly released and is converted to the kinetic and thermal energies of the plasma,
as well as nonthermal energy of the relativistic particles. According to this picture,
the solar photosphere, where the plasma g is much larger than unity, is the driving
source of the free energy of the coronal magnetic field. However, Bi et al. (2016,
2017) reported that, during an X1.6-class flare, the sunspot reverses its rotation
from counterclockwise to clockwise rapidly. With the help of coronal magnetic field
extrapolation, they argued that the reversal of the sunspot rotation is driven by a
Lorentz torque after magnetic twist is transformed from the reconnection site to the
solar surface. It seems that solar flares, as a consequence of the release of magnetic
energy accumulating in the corona via photospheric motions and flux emergence,
can provide back reaction to the solar photosphere.

Superflares Solar flares have a typical energy range of 102°-10% erg. The strong
flares, together with the associated CMEs, can be hazardous to the space environ-
ment near the Earth, producing damages to the satellites, telecommunication,
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Fig.8 Schematic sketch explaining that millisecond radio bursts are produced by downward moving
electrons crossing magnetic islands inside the flare loop. Taken from Tan and Tan (2012)

navigation, power grids on the Earth, and so on. Therefore, one critical question is:
will our Sun produce superflares which are much more energetic than the largest
flare we have observed so far?

To answer this question, Shibata et al. (2013) used a sample of 365 superflares
observed from ~83,000 solar-type stars by the Kepler mission over 120 days (Mae-
hara et al. 2012) and calculated the superflare occurrence frequency as a function
of flare energy. The occurrence frequency of superflares is then compared with the
occurrence frequency distribution of solar flares and microflares. As shown in Fig. 9,
the superflares on solar-type stars follow almost the same power-law distribution as
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Fig.9 Comparison between the occurrence frequency of superflares and that of solar flares at different
energies. Taken from Shibata et al. (2013)
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the solar flares and microflares. Such a power-law distribution implies that there is a
possibility that superflares with energy of 1034 erg would occur once every 800 years
on our Sun. According to the plenary talk given by Shibata, if such a superflare hap-
pens on the Sun, the consequence is catastrophic:

All artificial satellites would be damaged.

All astronauts and some of the airline passengers would be exposed to fatal radi-
ation.

Ozone layer depletion would occur.

Radio communication trouble would occur all over the world.

Global blackout would occur all over the Earth.

All nuclear power stations would lose electricity and hence be in a state of melt-
down.

Solar eruption forecast As mentioned above, solar eruptions may pose hazard-
ous damages to human activities. Therefore, a critical question is: what determines
when, where, and how big solar eruptions occur? Accurate prediction of solar erup-
tions is not only beneficial for protecting our society, but also reflects how correctly
we have understood the physics of solar eruptions.

In his plenary talk, Kusano reviewed the efforts of his group in numerical fore-
casting of solar eruptions. The triggering of CMEs is often associated with the injec-
tion of new magnetic flux from the solar interior into the solar atmosphere (Feyn-
man and Martin 1995; Chen and Shibata 2000). Kusano et al. (2012) conducted a
simulation survey with different types of magnetic structures by changing the shear
angle (6,) of the initial linear force-free magnetic field and the azimuthal orientation
(¢,) of the small-scale injected field. It is revealed that two types of magnetic struc-
tures favor the onset of solar eruptions, i.e., magnetic flux reversed to the envelope
magnetic field and that reversed to the core magnetic field. This model was recently
applied to the observational data-constrained simulations (Muhamad et al. 2017),
which explains the observations very well (see Fig. 10).

Recently, they defined a new instability, called the double arc instability (Ishiguro
¢I‘CC

is the magnetic twist of the reconnected double magnetic loops, ¢,.. is the recon-
nected magnetic flux, and ¢, is the total magnetic flux. They suggest that if x is
greater than the threshold k;, ~ 0.1, the double arcs would erupt even if the condition
for the torus instability is not satisfied.

Solar wind Because of the low collision rate and the ubiquitous waves, the solar
wind plasma is never in a thermal equilibrium state. As a result, the energy spec-
trum of the solar wind, in particular the fast solar wind, is far from a Maxwellian
distribution: in addition to a Maxwellian core with an energy of E ~5 eV near the
Earth orbit, there is an isotropic halo component at 0.1 keV < E < 2 keV, an anti-
sunward strahl component at 0.1 keV < E < 2 keV, and a superhalo component at
2keV < E <200 keV (Lin 1998). Tao et al. (2016) presented a statistical survey
of the suprathermal strahl and halo electrons. It was found that both of them can
be fit by the kappa distributions. These authors found a strong positive correlation

and Kusano 2017). The critical parameter for this instability is k¥ = T,

, where T,
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(b) t=0.32

Fig. 10 Numerical simulation of a coronal mass ejection triggered by emerging magnetic flux whose
polarity orientation is opposite to the background magnetic field, where the colored lines correspond to
the magnetic field. Taken from Muhamad et al. (2017)

between the number densities of the strahl and halo electrons, but both of them have
no clear association with the core population. They also conducted a similar sur-
vey on the superhalo electrons as well (Wang et al. 2015). These electrons present
a power-law distribution in energy and an isotropic distribution in space. Both the
power index and the number density are not correlated with the sunspot number,
nor with the solar wind core population. These authors proposed that the superh-
alo electrons may originate from magnetic reconnection at the solar wind source
site, although they cannot exclude the possibility that these electrons result from the
wave—particle interactions while propagating in the interplanetary medium.

The velocity difference between the halo and core components, as well as the
temperature anisotropy, is a free energy source of kinetic instabilities that drive elec-
tromagnetic fluctuations and waves in microscales. With particle-in-cell (PIC) simu-
lations, Seough et al. (2015) demonstrated that unidirectionally propagating whistler
waves are naturally generated in situ by the whistler instability, which results from
either the relative core—halo drift velocity or mildly anisotropic electrons. Seough
et al. (2015) also demonstrated a scenario for the formation of strahl electrons: the
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enhanced whistler waves scatter some of the halo electrons moving in the anti-sun-
ward direction. The remaining anti-sunward moving halo electrons, which are not
scattered, form the field-aligned strahl electrons.

Relativistic magnetic reconnection As an efficient mechanism to convert mag-
netic energy to thermal and kinetic energies, magnetic reconnection has been
extended from solar flares to many other astrophysical phenomena, such as astro-
physical jets, pulsar wind, and gamma-ray bursts (GRBs), where the Poynting flux
overwhelms the mechanical energy of the plasma. To explain the extremely high
energy conversion rate in these phenomena, it has been proposed that turbulence
plays an important role in magnetic reconnection so that the reconnection rate is
nearly independent of the plasma resistivity, which is very small. This idea was veri-
fied in non-relativistic incompressible MHD simulations with plasma f larger than
unity. Takamoto et al. (2015) extended the previous work to the relativistic regime
with 3D MHD simulations. They found that only 1% of the magnetic energy is suf-
ficient to drive turbulent reconnection, and similar to the non-relativistic case the
reconnection rate is independent of the plasma resistivity owing to the turbulence.
They also found that when the Alfvén Mach number reaches ~0.3, the compress-
ibility of the plasma cannot be neglected since compressibility tends to reduce the
reconnection rate. In a following paper (Takamoto and Lazarian 2016), they argued
that in a Poynting flux-dominated turbulent plasma, fast and Alfvén modes are
strongly coupled, so that the two modes should not be treated separately as had been
done in the non-relativistic case.

Radiation may also play an important role in relativistic magnetic reconnection.
After considering the optically thin synchrontron radiation in a 2D MHD simula-
tion, Takeshige et al. (2018) demonstrated that the inclusion of radiation can effi-
ciently enhance the reconnection rate. It is revealed that when the cooling timescale
is smaller than 10-100 times the Alfvén timescale, the plasma f in the inflow region
would decrease.

General relativistic MHD near compact objects Near compact massive objects
such as black holes and neutron stars, general relativity should be considered.
Takahashi et al. (2016) first performed 3D general relativistic radiation MHD
(GRRMHD) simulations of the accretion flow near a black hole with a mass of ten
times the solar mass, as illustrated in Fig. 11. They reported that the relatively cold
disk (T ~ 107 K) is truncated at ~10-30 times the Shwarzschild radius, while the
overheated (T > 10° K) tenuous gas fills in this area and extends away from the black
hole to sandwich the cold disk. The numerical results are consistent with the obser-
vations of the accretion disks in the very high state. When the accretion rate exceeds
the Eddington accretion rate, the radiation accelerates the outflow with a terminal
velocity of 0.3¢ in the polar directions. Subject to the Rayleigh—-Taylor instability,
the outflow crushes into a clumpy structure, which may be the origin of the X-ray
variability with a timescale of 50 s. For moderately high accretion cases, arc-shaped
non-axisymmetric density enhancements are formed in the accretion disk, whose
rotation may explain the high-frequency quasi-periodic oscillations (QPOs).

Later, Takahashi and Ohsuga (2017) performed 2.5D GRRMHD simulations of
the accretion process near a non-rotating magnetized neutron star. It was found that,
owing to the dipole magnetic field, the accretion disk is truncated at a distance of
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4

Fig. 11 Simulation of the global structure of radiation-dominated accretion disks near a black hole show-
ing the density (bluewhitered volume rendering), the outflow velocity (whitered rendering), and the mag-
netic field lines (gray lines). Taken from Takahashi et al. (2016)

several times the neutron star radius. The plasma falls to the two magnetic poles of
the neutron star along the dipole magnetic field, forming accretion columns. The
simulation results support the hypothesis that the observed ultraluminous X-ray pul-
sars are powered by the supercritical accretion onto the magnetized neutron stars.

Astrophysical dynamos in rotating disks Magnetic field is ubiquitous in astro-
physical systems, from the Sun (as mentioned above) to galaxies (Han 2017). Dif-
ferential rotation plays an important role in the global dynamo process, at least in
the case of the Sun. The differential rotation exists in the solar convection zone as
well as the accretion disks, or galactic disks. In the case of these disks which rotate
around the z-axis, the dynamo mechanism works in such a closed loop of processes:
(1) owing to the magnetorotational instability, any weak vertical magnetic field (B,)
will generate the radial magnetic field (B,); (2) owing to the differential rotation, the
radial component of the magnetic field will generate the azimuthal component (B,)
(note that the generated B, has a feedback to B, subject to the magnetorotational
instability); (3) once the azimuthal magnetic field is amplified to a certain level, the
magnetic field lines rise up from the disk to form magnetic loops due to the Parker
instability, so as to enhance B..

Machida et al. (2013) carried out global 3D MHD simulations of the dynamo
activities in galactic disks, as shown in Fig. 12a. They revealed that in steps (1) and
(2), the mean strength of the magnetic field can be amplified until the magnetic pres-
sure becomes ~10% of the gas pressure. At local areas with a plasma f less than 5
near the disk surface, magnetic flux escapes from the disk by the Parker instability
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Fig. 12 Panel a: density distribution (isosurface) and magnetic field lines ( solid lines) of the simulated
galactic disk. Panel b: time evolution of the azimuthal component of the magnetic field averaged in the
azimuthal direction. Adapted from Machida et al. (2013)

within a rotation period. The direction of the azimuthal magnetic field B, reverses
quasi-periodically on a timescale of ten rotation periods, as seen in Fig. 12b.

Winds from black hole accretion disks Accretion is an extremely efficient energy
conversion mechanism, with an efficiency even higher than nuclear fusion. Hence
it is applied to explain many eruptive objects, such as quasars, AGNs or black hole
X-ray binaries. Several accretion models have been proposed (Yuan and Narayan
2014), including the standard thin disk and hot accretion flow models. Whereas rela-
tivistic jets have been directly observed and winds were also detected in thin accre-
tion disks, one interesting question is whether winds exist outside the hot accretion
disks.

Interestingly, hydrodynamic simulations performed by several groups indicated
that the accretion rate in the hot accretion disk becomes smaller as the accretion
flows move closer to the central black hole. Where has the accretion mass gone? To
solve this problem, two interpretations have been proposed: Most people believed
that the decreasing accretion rate is because some of the accreting plasmas are
pushed away from the disk to form winds (or called outflows). Some authors claimed
that the accreting flow is convectively unstable, and the convective flow contributes
partly to the decreasing accretion rate. To clarify it, Yuan et al. (2012, 2015) per-
formed hydrodynamic and MHD simulations, in which they traced the trajectories
of 100 test particles and found that most of the accretion flow escapes in the form
of winds, rather than convection flows as illustrated by the particle trajectories in
Fig. 13. Detailed analysis indicates that the driving forces of the winds are the com-
bination of the centrifugal force and the gradient of the gas and magnetic pressure.
The existence of the winds from Sgr A* was later confirmed with Chandra observa-
tions (Wang et al. 2013).

Further simulations suggest that strong winds exist mainly within the Bondi
radius of the hot accretion flow (Bu et al. 2016a, b).

Star and circumstellar disk formation It is generally believed that a molecular
cloud core would naturally collapse to a star subject to the Jeans instability. Owing
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Fig. 13 Trajectories of 100 test
particles from the simulated
accretion disk, showing that
most of the particles escape
from the disk in the form of
winds. Taken from Yuan et al.
(2015)

to the inherent angular momentum, a circumstellar disk is expected to form as a by-
product. On the one hand, the disk is the reservoir for the planets orbiting the central
star; on the other hand, a disk plays crucial roles in the star formation and evolution.
A self-consistent model should explain the formation of the star and the circumstel-
lar disk simultaneously. However, the modeling has been confronted with three dif-
ficulties: (1) the initial angular momentum of the molecular cloud is far too larger
than that of the formed star; (2) the magnetic flux of the molecular cloud is far too
larger than that of the star; (3) magnetic field can transport angular momentum so as
to relieve the first difficulty, but the problem is that the transport efficiency is so high
that a circumstellar disk cannot survive, which is called the magnetic braking crisis.

Tomida et al. (2015) performed 3D radiation MHD simulations of protostellar
collapse with non-ideal effects included, such as Ohmic dissipation and ambipo-
lar diffusion. They found that Ohmic dissipation works in the high density region
within the first core and suppresses angular momentum transport, leading to the
formation of a disk after the second collapse. With both Ohmic dissipation and
ambipolar diffusion, magnetic flux is lost significantly while keeping a circum-
stellar disk, as illustrated in Fig. 14. It means that the non-ideal effects can solve
the magnetic braking crisis.

In the above-mentioned work, the resulting disk is still too small in size, i.e., only
5 AU at the end of the first core phase. Tomida et al. (2017) extended the simula-
tion to a much longer time. It is seen that as accretion continues, and the radius of
the circumstellar disk grows to ~200 AU. During the growth, a pair of grand-design
spiral arms is formed repeatedly due to the gravitational instability, with a period
of a few orbits. The arms can transport angular momentum by gravitational torque.
They argued that young circumstellar disks should be massive, e.g., 30-40% of the
stellar mass.
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Fig. 14 Magnetic field (yel- Model OA
low lines) and density (color)
distributions in the simulation
where both Ohmic heating

and ambipolar diffusion are
considered. Taken from Tomida
et al. (2015)
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Shocks Shock waves exist in various astrophysical processes, such as solar erup-
tions and supernovae. Not only can they efficiently accelerate particles to relativis-
tic energies and heat the plasma into y-ray emitting temperatures, but also they can
compress molecular clouds so as to trigger star formation. Six talks about shock
waves were presented in this meeting.

Low Mach-number shocks appear typically in the solar—terrestrial system and the
late-phase supernova remnants. They might even exist in sub-structures of young
supernova remnants due to the modulation of the cosmic rays accelerated by the
shock itself. The reason for the latter case is that the accelerated cosmic rays excite
waves in the downstream and upstream of the shock. The waves in the upstream are
dissipated, resulting in the local plasma heating, and hence the local Mach number
may decrease down to ~10. Umeda et al. (2012, 2014) performed 2D PIC simula-
tions, where they found that when the ion-to-electron mass ratio is large, the modi-
fied two-stream instability dominates in generating whistler-mode waves. The waves
propagating downstream are more enhanced at the foot of the shock ripples. These
waves modify the dynamics of the collisionless shock, as illustrated in Fig. 15.
Recently, they set up a laboratory experiment to investigate the low Mach-number
shock physics (Shoji et al. 2016). The advantages of the setup are: (1) plasma den-
sity and temperature across the shock can be simultaneously measured via coher-
ent Thomson scattering; (2) it is easy to excite supercritical shocks with an Alfvén
Mach number greater than 3.

Supernova remnants are formed by the interaction between the strong shock wave
caused by supernova and the interstellar medium. Some observations in X-rays and
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Fig. 15 Structure of the perpendicular shock transition region in a 2D particle-in-cell simulation, show-
ing that whistler-mode waves modify the dynamics of the shock. Taken from Umeda et al. (2014)

y-rays are puzzling and cannot be explained by the shock interaction with idealized
uniform interstellar medium. With 3D radiation MHD simulations, Inoue and Inut-
suka (2012) proposed that the flow of the interstellar medium would generate shock
waves, behind which the He I medium piles up. Owing to the thermal instability
where C II and CO spectral lines dominate the radiative cooling, dense clouds are
formed, as demonstrated in Fig. 16.

They argued that the interaction between the supernova shock and the small-
scale clumps is crucial. Although the shock decelerates in clouds, it can keep a
high speed in the interclouds where it can then accelerate particles. At the same
time, the shock—clump interaction leads to the magnetic field amplification due
to a process similar to the Ritchmyer—Meshkov instability, resulting in enhanced
synchrotron X-ray emission (Sano et al. 2013). The turbulent magnetic field can
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Fig. 16 Distributions of the plasma temperature (color) and the velocity after a shock sweeps the clumpy
interstellar medium. Taken from Inoue and Inutsuka (2012)

also prevent the penetration of low-energy cosmic rays into the interstellar clouds,
which can then explain the observed hardening of the y-ray spectrum.

A clumpy interstellar medium is also crucial to maintain the magnetic field
amplification behind shock waves. It is known that the Weibel instability in the
shock downstream can lead to magnetic field amplification. However, in the case
of a uniform upstream interstellar medium, the amplified magnetic field in the
downstream decays rapidly. Tomita and Ohira (2016) performed 2D PIC simula-
tions of the interaction between a shock and an inhomogeneous medium. Their
results indicate that the amplified magnetic field in the downstream can survive
for a longer time. At the same time, because the thermal particles escape aniso-
tropically in the turbulent magnetic field, the plasma temperature in the down-
stream becomes strongly anisotropic, which can explain the afterglow emission
of GRBs.

Observations indicate that both protons and electrons are accelerated to TeV
energies in supernova shocks. However, according to the diffusive shock accel-
eration theory, shocks can efficiently accelerate ions but not electrons, since slow
electrons are strongly magnetized and are not scattered by MHD waves. One pos-
sible solution is that the electrons are pre-accelerated. In this sense, the shock
surfing acceleration becomes important for electrons in the high Mach-number
shock case. Two processes might contribute to the electron pre-acceleration: (1)
electrostatic waves generated by the Buneman instability at the leading edge of
the strong shock; (2) strong turbulence generated by the ion-Weibel instability in
the shock transition region. Matsumoto et al. (2017) performed the first 3D PIC
simulation of high Mach-number shocks. They found both electrostatic Buneman
waves and ion-Weibel magnetic turbulence exist, as shown in Fig. 17, and elec-
trons gain energy mainly from the ion-Weilbel turbulence.

For an electron—positron plasma such as in GRBs, the Weibel turbulence in the
shock upstream can excite electromagnetic wave emission via the synchrotron maser
instability. Although the electromagnetic emission in 2D PIC simulations is weaker
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Fig. 17 Trajectory of an electron showing how it is pre-accelerated by the electrostatic waves and mag-
netic turbulence via the shock surfing mechanism. Taken from Matsumoto et al. (2017)

than in the 1D case, it persists, and is strong enough to disturb the upstream medium
(Iwamoto et al. 2017).

Once electrons are accelerated at high Mach-number shocks, they emit synchro-
tron radiation in radio wavelengths. The spectrum of the fluctuations in the radio
images should be strongly coupled with the spectrum of the turbulent magnetic field
behind the shock. Using high-resolution radio images of Tycho’s supernova rem-
nants, Shimoda (2018) tried to make the inversion of the spectrum of the turbulent
magnetic field. They found that only near the outer shell of the remnant the spec-
trum of the turbulent magnetic field is Kolmogorov-like.

Instrumentation Coronal magnetic field is the key to understanding the mecha-
nisms of solar eruptions, including solar flares (Shibata and Magara 2011) and
CME:s (Chen 2011; Webb and Howard 2012). Unfortunately, so far only the pho-
tospheric magnetic field at the solar surface can be readily and routinely observed.
The coronal magnetic field has to be extrapolated from the solar photosphere with
a force-free field model. However, the photosphere is a high plasma-f layer, where
the force-free condition is not satisfied. There have been efforts in the past decades
to measure the solar magnetic field at higher layers, e.g., the chromosphere and the
transition region. Kano et al. (2017) introduced the Chromospheric Lya Spectro-
Polarimeter (CLASP), a sounding rocket mission. Several solar ultraviolet lines were
chosen. They detected the scattering polarization in the Lya at 1216 A for the first
time. It is seen that (1) a few percent of polarization was observed in the Lya wing,
which is ~10 times larger than in the core; (2) a clear center-to-limb variation is
discernable in the wing of Stokes Q / I polarization (see Fig. 18), but not in the core.

Recently, the first solar space mission in China, Advanced Space-based Solar
Observatory (ASO-S, Gan et al. 2015), was approved by the funding agency. Li from
Purple Mountain Observatory introduced the scientific objectives and the optical
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Fig. 18 The Stokes Q / I map of the Sun observed by the CLASP slit-jaw camera. Taken from Kano et al.
(2017)

design of the Lya Solar Telescope (LST, Li 2016), which is one of the three aboard
payloads. LST consists of a solar disk imager (SDI) in Lya with a field of view of
1.2R, a solar coronal imager (SCI) in Lya with a field of view of 1.1-2.5R, and a
full-disk white-light solar telescope (WST), with the same field of view as SDI.

The discovery of gravitational waves opened up an irreplaceable new window to
look into some astrophysical dynamics in the deep space (Abbott et al. 2016). How-
ever, there is still a long way to go for gravitational-wave astronomy to mature, since
the capability of the existing facilities, e.g., the Laser Interferometer Gravitation
Wave Observatory (LIGO), is still limited. We need to build a global array on the
ground and in space as well. Recently, the Indian government flagged off the LIGO-
India project. In his plenary talk, T. Souradeep reviewed the momentous discovery
of gravitational waves, the prospect of gravitational-wave astronomy, and the status
of LIGO-India.

Laboratory plasma experiments Hui Li from Los Alamos National Laboratory
gave a plenary talk on laboratory plasma experiments, which tried to reproduce
astrophysical structures and eruptions. For example, they compared the jets in spher-
omaks and astrophysical jets, by which they proposed that the cosmic rays might be
accelerated by the drift cyclotron loss cone kinetic instability (Fowler and Li 2016).

Magnetic reconnection is a process widely investigated in laboratory plasma
experiments. Besides reviewing recent progress on this topic, Zhong et al. (2016)
also displayed their new results obtained with the Chinese Shenguang II laser facil-
ity, which can deliver a total energy of 2 kJ in a nanosecond square pulse. Rela-
tivistic electrons with energies up to several MeV are detected along the magnetic
separatrix. With the inclusion of guide magnetic field in the reconnection site,
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more electrons are accelerated. Hardening of the spectrum at energies above 500
keV is seen, which mimics the double power-law energy spectrum observed in solar
flares. As shown in Fig. 19, the high energy particles are ejected nearly symmetri-
cally along the current sheet direction in the case without a guide field; they become
asymmetric when there is a guide magnetic field.

Lee (2018) introduced their experiments of magnetic reconnection using a
Peta—Watt laser facility in Korea. They found that argon ions are ionized to a
charge state up to 4+, and the ions are accelerated only in the direction transverse
to the laser beam, which is puzzling.

Numerical code A new MHD numerical code, called CANS+, was recently
developed by Matsumoto et al. (2016). The code implements the HLLD approxi-
mate Riemann solver and the fifth-order interpolation scheme, which significantly
improved the numerical accuracy and stability. Numerical experiments indicate
that the performance of the new scheme is better than a standard second-order
TVD scheme because the same accuracy can be attained with a smaller num-
ber of grid points. The new code allows to explore long-term evolution. Consid-
ering that a dense gas cloud about three times the mass of Earth was observed
to fall into the accretion region of Sgr A* 6 years ago, these authors used this
code to simulate the interaction between the gas cloud and the black hole accre-
tion system. Based on the simulation results, they predict that there will be much
enhanced radio emission from Sgr A* in 5-10 years (Kawashima et al., 2017).

Challenging the orthodox Almost more than 30 years ago, there was a two-step
paradigm for solar flares and CMEs: (1) subject to ideal MHD instabilities, the
nonpotential magnetic field is pulled up by its own Lorentz force to form open
magnetic field in the interplanetary space, forming an elongated current sheet
above the magnetic neutral line; (2) the ensuing magnetic reconnection of the
current sheet leads to a solar flare near the solar surface and a CME erupting
away from the Sun. However, Aly (1991) and Sturrock (1991) argued that the
process in step (1) is forbidden since the magnetic energy of the open field is
larger than any force-free field with the field lines being tied to the solar surface,
if all the magnetic field lines are simply connected, i.e., they are neither knotted
nor detached from the solar surface. In his talk, Choe (2018) argues that the proof
of Aly-Sturrock theorem is based on a few explicit and implicit assumptions,
which can be readily discarded. He further constructed a sequence of force-free

(a) (b)

Fig. 19 Energetic electrons accelerated in the magnetic reconnection without a guide magnetic field (left

panel) and with a guide field (right panel). Taken from Zhong et al. (2016)
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magnetic field by moving the footpoints of the magnetic loops, where the mag-
netic energy surpasses the energy of the corresponding open field.

Melrose (2018) also argues that one key ingredient that is missing in most flare
models is the electromotive force, which is a global parameter. With the inclusion
of the electromotive force, many puzzles in flare physics can be solved, such as
the number problem of the nonthermal electrons.

3 Summary

The First Asia-Pacific Conference on Plasma Physics was held successfully in
Chengdu, China, during September 18-23, 2017. The Solar/Astron Session contrib-
uted significantly to the success of the conference with fruitful discussions inside
the session itself and in the plenary part. Based on this review, we can see that,
whereas even the Solar/Astron session covered a diversity of topics from the Sun to
the galaxies and accretion disks, there are common fundamental problems among
them, such as magnetic reconnection, particle acceleration, waves and instabilities,
and dynamos. For example, we have seen that the dynamo mechanism in galactic
disks (Machida et al. 2013) is so much similar to the Babcock-Leighton model for
the solar dynamo. As a second example, cool material embedded in hot plasma due
to thermal instability is a common process inside the solar corona (with a length
scale of Ry ~ 6.9 x 10° km, Chen et al. 2014b) and the corona of galaxy clusters
(with a length scale of 10 kpc~ 3 x 10'7 km, Prasad et al. 2015). The investigation
on their formation and maintenance would be beneficial to both communities, and
the extension from solar flares to stellar superflares has set up an excellent paradigm
in this sense (Shibata et al. 2013). Moreover, many of these problems can be stud-
ied in laboratory plasma experiments. Putting all these communities together is the
main initiative of this conference.
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