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The unresolved fine structure
resolved: IRIS observations of the
solar transition region
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The heating of the outer solar atmospheric layers, i.e., the transition region and corona, to
high temperatures is a long-standing problem in solar (and stellar) physics. Solutions
have been hampered by an incomplete understanding of the magnetically controlled
structure of these regions. The high spatial and temporal resolution observations with
the Interface Region Imaging Spectrograph (IRIS) at the solar limb reveal a plethora of
short, low-lying loops or loop segments at transition-region temperatures that vary rapidly,
on the time scales of minutes. We argue that the existence of these loops solves a
long-standing observational mystery. At the same time, based on comparison with
numerical models, this detection sheds light on a critical piece of the coronal heating puzzle.

T
he outer solar atmosphere between the
104 K chromosphere and the 106 K corona,
the so-called transition region, has long
puzzled solar physicists (1). It has been dif-
ficult to reconcile measured intensities and

motions, either directly observed or inferred from

spectra, with models of the energy and mass
exchange between the cooler chromosphere and
hot corona. For one, the observed intensities of
lower transition-region lines are much greater
than can be accounted for by thermal conduc-
tive flux flowing back from the corona. Fur-
thermore, lower transition-region lines show,
on average, Doppler redshifts on the order of
10 km/s (1), one-third the speed of sound. Based
on indirect spectroscopic evidence from High-
Resolution Telescope Spectrograph (HRTS) and
Skylab spectra, it was already postulated in 1983
that the dominant emission from lines formed
in the transition region occurs in structures mag-
netically isolated from the corona called the
“unresolved fine structure” (UFS) (2–5). However,
the following decades have not brought con-

sensus that the UFS has been directly observed,
nor indeed that it contributes to an important
extent to transition-region emission (6–10). As
a result, our understanding of coronal heating
has not advanced substantially.
We exploit the high spatial and temporal res-

olution of the recently launched Interface Re-
gion Imaging Spectrograph (IRIS) satellite to
reveal structures remarkably similar to those
postulated to comprise the UFS. Images of the
lower transition region at the solar limb with
the IRIS slit-jaw camera (11) in the Si IV 1400 Å
filter or in the C II 1330 Å filter invariably show
bright low-lying loops or loop segments in quiet
Sun regions (Fig. 1 and movies S1 and S2). In ad-
dition to these bright structures, a much fainter
component forms a background that extends
up to 10 arcsec above the limb. The background
includes a large number of linear structures, with
properties similar to the well-known spicules
observed from the ground in the Ha 656.3-nm
line. Here, we concentrate on the brighter loop-
shaped objects that appear to be magnetically
isolated from the corona and are at transition-
region temperatures.
Viewing the same limb with the Solar Dynam-

ics Observatory Atmospheric Imaging Assembly
(SDO/AIA) instrument (12) in the 304 Å channel
(which is dominated by He II, at 100,000 K) and
the coronal 171 Å (Fe IX/X at ~106) and 193 Å (Fe
XII at ~1.5 106 K) channels (13), we do not clearly
observe UFS-related structures (Fig. 1 and movie
S3). This is for two reasons: (i) the AIA spatial
resolution is insufficient to resolve the structures
discussed here, and (ii) bound-free absorption
by neutral hydrogen and singly ionized helium
renders the AIA opaque to extreme ultraviolet
emission, thereby shielding the lower transition
region and making the UFS nearly invisible.
One of the most striking features of UFS loops

is temporal variability. Isolated UFS loops light
up, either partially or wholly, and show large
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Fig. 1. IRIS Si IV 1400 Å slit jaw images reveal highly dynamic, low-lying loops at transition-region temperatures. (A) UFS loops on the western
solar limb. The slit is evident as a dark line near solar-x = 971 arcsec. (B) The same field of view is shown, but with SDO/AIA images: the coronal 171 Å
(blue) and 193 Å (green) filters (movie S3 shows the same field of view, but with the AIA He II 304 Å filter). The rapid evolution of the UFS in three ROIs is
demonstrated in the small panels on the right side of the figure. The time of each exposure (hour:minute:second) is indicated at the top of the panels.

changes on scales down to the shortest cadence
data inspected so far (every 4 s), examples of
which are shown in region of interest (ROI) 2 and
ROI 3 of Fig. 1. On the other hand, a system of
loops, in which individual loops vary from ex-

posure to exposure, can remain recognizable as a
system over periods extending to several tens of
minutes. The temporal evolution of the three re-
gions of interest are shown in Fig. 1 (more loops
are displayed in fig. S1). ROI 1 was observed with

a cadence of 54 s and is an example of a fairly long-
lived “nest” of loops that remains active during
the entire 40-min span that the observations lasted.
Movies S1, S2, and S3 show these nests to be com-
posed of many loops with more or less cospatial
footpoints that light up and darken episodically.
Fully formed loops are seldomseen. Rather, loops

appear to be lit up in segments, with each seg-
ment only being visible for roughly aminute. There
is also a tendency for the UFS loops to appear to
rise with time, as can be seen in ROI 2 (Fig. 1).
We find that the UFS loops have a full length

of 4 to 12 Mm (106 meters), a maximum height
of 1 to 4.5 Mm with an average of 2.5 Mm, and a
median intensity in data numbers per second of
40 to 50 DN/s (Figs. 2) (14). This intensity is
larger than the measured intensity of the back-
ground “spicules”—longer nearly radial features—
of 15 DN/s, which is also apparent from visual
inspection of Fig. 1. Although the detailed fill-
ing factor of either component is not well known
(given the superposition at the limb and their
limited visibility on the disk), it is clear that both
resolved components have an important role in
the lower transition-region emission, with the rel-
ative contribution dependent on the local mag-
netic field topology.
By aligning the slit along the limb, IRIS also

allows one to gather spectral data of the UFS
(example in Fig. 3). The spectrum shows large
excursions as a function of position along the
loop, implying large plasma velocities, toward
the red as well as toward the blue. We find extreme
line profiles at the upper loop footpoint—the
portion of the loop that meets the underlying
atmosphere—during the entire 200-s lifetime of
the UFS loop, with redward excursions of 70 to
80 km/s. This is two to three times the speed of
sound in a 80,000 to 100,000 K plasma. We
observed the spectral properties of several UFS
loops and find that such high velocities occur
often, although not always. This indicates that
the UFS loops are locations of episodic and
violent heating.
How can we put these observations into the

context of coronal heating models and the struc-
ture of the upper solar atmosphere? Models that
assume most transition-region emission stems
from loops connected to the corona, and there-
fore whose temperature structure is maintained
by thermal conduction, lead to predicted inten-
sities much smaller than those observed. Alter-
native models propose the existence of low-lying
cool loops (15–17), but these static models cannot
be reconciled with the highly dynamic loops
we observe here. Guidance comes from three-
dimensional (3D) modeling: Low-lying, episod-
ically heated loops that seldom or never reach
coronal temperatures naturally arise in 3D
models and predict (18–20) highly dynamic
spectral lines originating in the lower transition
region. Thus, several properties of UFS loops are
remarkably similar to those found in recent re-
alistic 3D models spanning the convection zone to
the corona.
The typical loop height of the brightest cool

loops that spontaneously arise in 3D simulations
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Fig. 2. UFS loops are short, bright, and low-lying. Properties of 85 UFS loops taken from a limb
observation data set: (A) apparent length of the visible loop segments, (B) projected full length along
loop, (C) maximum height, and (D) median intensity of the visible loop segments. The intensity
measured for the dimmer “spicular” background is shown with a dashed line.
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Fig. 3. UFS loops display large, rapidly evolving Doppler shifts and nonthermal velocities. (A) The
slit position along the limb (SJI 1400 Å). (B) The corresponding spectral scans of the Si IV 1393 Å line
are shown as a function of position along the slit and as a function of time at the location of the UFS loop
footpoint (D) located at 6.6 arcsec. In (B) and (D), the dashed white and orange lines show the locations
of the footpoints. (C) The corresponding line profiles at these footpoint locations (540 s) are shown in
solid and gold dashed curves, respectively.

EYEING THE SUN 

(Fig. 4) is less than 4 Mm above the photosphere.
The lifetime of individual “strands,” or loops,
that maintain plasma in the temperature range
required for emission in the Si IV line is a few
hundred seconds or less. Both of these properties
are very similar to what is observed. However,
Doppler velocities measured at the origin of the
line profile show line-of-sight velocities on the
order of 20 to 30 km/s, which is less than that
reported for our observations.
Why do these loops form? Heating in the up-

per chromosphere and corona will proceed along
and be guided by the loop magnetic field. This
could occur either through the dissipation of
waves or through the dissipation of stresses built
up as a result of footpoint motions (21). Whereas
long loops lose energy through thermal conduc-
tion, shorter loops are denser at their apices and
will therefore lose energy efficiently through ra-
diative losses, which scale as the density squared
[e.g., (18, 19, 20)]. The cooling time of low-lying
loops is short (a few minutes or less), and a re-
duction in the heating rate ensures rapid cooling.
At heights of 5 Mm or less above the photosphere,
these models therefore predict short low-lying
loops that are episodically heated to ~500,000 K
or less. The loops cool rapidly thereafter rather
than being heated to coronal temperatures.
The discrepancy between observed and mod-

eled velocities could be an indication that the
models correctly predict the spatial distribu-
tion and episodic nature of the heating in the
corona, but the detailed nature of the heating
mechanism may not be exactly reproduced. The
spatial distribution of loops is largely independent
of the heating mechanism and is instead set by
the structure of the field. We thus expect low-lying

loops to occur in any realistic 3D model. How-
ever, the temporal properties of the loop emission
or Doppler velocities are a direct result of the
heating process, and comparison of synthesized
and observed data could validate a given model.
What sets the low height of the observed

loops? It is likely that these dynamic small-scale
loops in the low solar atmosphere are associated
with ubiquitous weak magnetic field in the solar
photosphere (22–24). These continuously emerg-
ing weak fields occur on granular scales, with
opposite polarities separated by a few Mm. Our
observations of the low loop heights and the some-
times persistent “nests” of loops are fully com-
patible with theoretical predictions. If such weak
fields are present, they should form a multitude
of dynamic low-lying loops (16), especially when
they interact with the strong magnetic field in
the quiet Sun network (25). The apparent rise of
some of the observed loops is likely caused by the
emergence of the loops into the atmosphere (26).
Based on their properties, and in comparison

with 3D models, we conclude that the short low-
lying loops observed with IRIS constitute a set
of low-lying magnetic structures whose plasma
is episodically heated. The thermal properties
of these loops are determined by their high
density, which causes efficient radiative cool-
ing and thus prevents the occurrence of coronal
temperatures. Higher-lying loops are presum-
ably heated in much the same way, but with
radiative losses that are much less efficient at
lower densities, and temperatures must rise to
> 1 MK to balance heating with losses due to
thermal conduction. By revealing the existence
and properties of these previously unresolved
fine-structured loops, we have obtained direct

insight into the otherwise difficult to observe
coronal heating mechanism. The episodic na-
ture, height distribution, and high velocities of
UFS loops provide strict constraints on recent
3D models of the coronal heating problem. Fur-
ther observations and more advanced modeling
of these loops are critical for determining the
relation between the topology of the magnetic
field in the photosphere and vigorous heating in
the outer atmosphere.
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Fig. 4. Episodic structures with properties similar to UFS loops arise in advanced 3D numerical
simulations. The synthetic line profile of the Si IV 1393 Å line (top) and the corresponding synthetic
intensity images of the solar limb (bottom) are shown.The dashed white line in the lower panel shows the
location sampled for the synthetic spectrum.The resolution of the intensity images has been degraded to
the IRIS spatial resolution of 0.33 arcsec. Movie S4 shows the temporal evolution of this simulation.
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Evidence of nonthermal particles in
coronal loops heated impulsively
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The physical processes causing energy exchange between the Sun’s hot corona and its
cool lower atmosphere remain poorly understood. The chromosphere and transition region
(TR) form an interface region between the surface and the corona that is highly sensitive to
the coronal heating mechanism. High-resolution observations with the Interface Region
Imaging Spectrograph (IRIS) reveal rapid variability (~20 to 60 seconds) of intensity and
velocity on small spatial scales (≲500 kilometers) at the footpoints of hot and dynamic
coronal loops. The observations are consistent with numerical simulations of heating by
beams of nonthermal electrons, which are generated in small impulsive (≲30 seconds)
heating events called “coronal nanoflares.” The accelerated electrons deposit a sizable
fraction of their energy (≲1025 erg) in the chromosphere and TR. Our analysis provides tight
constraints on the properties of such electron beams and new diagnostics for their
presence in the nonflaring corona.

T
hough it is established that the magnetic
field plays a major role in the energetics of
the bright corona, determining the details
of the physical mechanisms that heat the
solar corona remains one of the outstand-

ing open issues in astrophysics. Several physical
processes are candidates for heating the corona,
including dissipation of magnetic stresses via re-
connection and dissipation of magnetohydrody-
namic waves (1–3). In many heating models, the
energy release is characterized by small spatial
and temporal scales. For instance, in the “nano-
flare”model, random photospheric motions lead
to braiding or shearing of magnetic field lines

and to reconnection, which yields impulse-driven
heating of the coronal plasma (4, 5). Several
statistical studies of large numbers of solar flares
(6–8) have suggested that the energy-releasemech-
anism that produces flares is likely similar within
a large range from micro- to X-class flares. If na-
noflares behave as a scaled-down version of larger
flares, then particles accelerated in the corona by
reconnection processes could play an important
role in the heating of plasma even in the absence
of large flares. Hard x-ray observations of micro-
flares (E ~ 1027 erg) in active regions reveal the
presence of nonthermal particles (8, 9), but
nanoflare-size events (E ~ 1024 erg) are not cur-

rently accessible to hard x-ray studies, owing to
the limited sensitivity of existing facilities. As a
result, the properties and generation of nonther-
mal particles in the solar atmosphere and their role
in quiescent coronal heating remain poorly known.
The observational tracers of the coronal heat-

ing are elusive because the corona is highly con-
ductive, washing out the signatures of heating
release. However, the emission of the transition
region (TR), where the temperature steeply in-
creases to million degree values (MK) in a nar-
row layer (~1 × 108 to 3 × 108 cm), is instead
highly responsive to heating because its density,
temperature gradients, and spatial dimensions
change rapidly during heating events (10–12).
This is also the case for coronal heating events
where nonthermal electrons are produced that
lose most of their energy through collisions with
dense chromospheric and transition-region plas-
ma (thick-target model) (13, 14).
Recently, the High-resolution Coronal Imager

(Hi-C) rocket experiment (15)providedhigh-cadence
~5 s) extreme ultraviolet (EUV) imaging observa-
tions of the corona at the highest spatial (~200 km)
resolution to date. Hi-C observations of the upper
TR at the footpoints (i.e., the lower portion of the
loop that connects it to the lower atmosphere)
of hot (>4 MK) coronal loops (the “moss”) have
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Fig. 1. Imaging observations of moss brightenings associated with coronal loop heating. Coronal and TR images of active region 11890, on 2013-11-09.
The IRIS slit-jaw image (SJI) in the 1400 Å passband, and the AIA/SDO 193 Å image are dominated by TR emission, whereas the 94 Å images is dominated by
hot coronal emission (19). The brightenings that we focus on occur around x = 40 to 65 and y = 60 to 90 [see also movies S1 and S2; in (19), we also discuss
brightenings that occur around x ~ 55 and y = 20 to 25].

revealed rapidly variable emission, consistent with
coronal nanoflares caused by slipping recon-
nection (12). However, the lack of spectral in-
formation in Hi-C data precludes an accurate

determination of the plasma properties (e.g.,
plasma flows at different temperatures) and
therefore prevents a detailed study of the phys-
ical processes at work.

The Interface Region Imaging Spectrograph
(IRIS) (16), launched in June 2013, is exception-
ally well suited to investigate the response of the
lower atmosphere to heating events, as it provides
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Fig. 2. Temporal evolution of TR emission for observed brightenings is dominated by time scales on the order of 10 to 30 s. Left: IRIS 1400 Å SJI of a
region where most of the footpoint chromospheric and TR brightenings occur. A few locations are marked for which the temporal evolution of the
chromospheric, TR, and coronal emission is shown in Fig. 3. Right: IRIS SJI observations of the same subregion shown in the left panel, at different times
[see also (19) and figs. S1 and S2]. Times are in seconds from the start of the IRIS observations, 2013-11-09 12:04:16UT.

Fig. 3. Temporal
evolution for
observed
brightenings of line
and passband
intensities and Si IV
spectra shows a wide
range of upper- and
lower-TR response.
(A to D) For the
locations marked (A)
to (D) in Fig. 2, we
show (left panel) the
intensities versus time
(with the minimum
value of the time
series subtracted) of
FUV and NUVemission
lines (Si IV 1402.77 Å,
C II 1335.71 Å, Mg II k
2796.4 Å) observed
with IRIS, and in AIA
EUV narrow bands
(171 Å, 193 Å); also
shown are the Si IV
spectra versus time
(right panel), where
the wavelengths have
been converted to
Doppler velocities (the
dotted line marks
v = 0). Negative
velocity values (i.e.,
blueshifts) correspond to upflows, positive velocities (i.e., redshifts) to downflows.
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�Science IRIS 特集号
ネットワークから高速のジェットが発生
→ これまでに観測されたものよりずっと速い（250 km/s）・ネットワーク輝点の増光後に発生

SOLAR PHYSICS

Prevalence of small-scale jets from
the networks of the solar transition
region and chromosphere
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As the interface between the Sun’s photosphere and corona, the chromosphere and
transition region play a key role in the formation and acceleration of the solar wind.
Observations from the Interface Region Imaging Spectrograph reveal the prevalence of
intermittent small-scale jets with speeds of 80 to 250 kilometers per second from the
narrow bright network lanes of this interface region. These jets have lifetimes of 20 to
80 seconds and widths of ≤300 kilometers. They originate from small-scale bright
regions, often preceded by footpoint brightenings and accompanied by transverse
waves with amplitudes of ~20 kilometers per second. Many jets reach temperatures
of at least ~105 kelvin and constitute an important element of the transition region
structures. They are likely an intermittent but persistent source of mass and energy
for the solar wind.

T
he Sun continuously emits ionized particles
into interplanetary space in the form of the
solar wind. A challenging investigation has
now carried on for almost 50 years to un-
derstand where the solar wind originates

and how it is accelerated (1, 2). Dark regions in
coronal images indicate the coronal holes that
are the commonly accepted large-scale source
regions of the high-speed solar wind. However,

identifying precise origin sites within coronal
holes requires high-resolution observations of
the chromosphere and transition region (TR), a
complex interface between the relatively cool pho-
tosphere (~6 × 103 K) and hot corona (~106 K).
The mass and energy that ultimately feed the
solar wind must pass through this region.
The dominant emission features in this inter-

face region are the network structures that ap-

pear as narrow bright lanes enclosing dark cells,
with sizes of ~20,000 km in radiance images of
emission lines (3). The network lanes (networks
thereafter) are believed to be locations of strong
magnetic fluxes originating from the boundaries
of convection cells with similar sizes in the pho-
tosphere. Previous observations of coronal holes
with the SolarUltravioletMeasurements of Emitted
Radiation (SUMER) instrument (4) onboard the
Solar and Heliospheric Observatory (SOHO) re-
vealed Doppler blue shifts of 5 to 10 km s−1 for
emission lines formed in the upper TR (5). They
were interpreted as signatures of the nascent
solar wind guided by funnellike magnetic struc-
tures originating from the networks (6).
Recent analyses revealed weak blue wing en-

hancements in profiles of emission lines formed
in the TR (7, 8). These weak enhancements
indicate the possible presence of a plasma com-
ponent flowing upward with speeds of 50 to
100 km s−1, which may provide heated mass to
the solar wind (8). It has been difficult to test this
proposed ideawithout direct imaging of such TR
upflows on the solar disk, although moderate-
resolution observations have revealed signatures
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Fig. 1. Examples of network jets. (A) An unsharp masked (SM) 1330 Å slit-jaw image (movie S3).The dashed line marks the path of a jet. (B) Space-time plot
for the jet marked in (A). (C) Distributions of the apparent speeds and lifetimes for 63 jets. The average (a) and standard deviation (s) values are also shown.
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emission lines (3). The network lanes (networks
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with the SolarUltravioletMeasurements of Emitted
Radiation (SUMER) instrument (4) onboard the
Solar and Heliospheric Observatory (SOHO) re-
vealed Doppler blue shifts of 5 to 10 km s−1 for
emission lines formed in the upper TR (5). They
were interpreted as signatures of the nascent
solar wind guided by funnellike magnetic struc-
tures originating from the networks (6).
Recent analyses revealed weak blue wing en-

hancements in profiles of emission lines formed
in the TR (7, 8). These weak enhancements
indicate the possible presence of a plasma com-
ponent flowing upward with speeds of 50 to
100 km s−1, which may provide heated mass to
the solar wind (8). It has been difficult to test this
proposed ideawithout direct imaging of such TR
upflows on the solar disk, although moderate-
resolution observations have revealed signatures
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Fig. 1. Examples of network jets. (A) An unsharp masked (SM) 1330 Å slit-jaw image (movie S3).The dashed line marks the path of a jet. (B) Space-time plot
for the jet marked in (A). (C) Distributions of the apparent speeds and lifetimes for 63 jets. The average (a) and standard deviation (s) values are also shown.

of chromospheric upflows being heated to TR tem-
peratures at the solar limb in a coronal hole (9).
Using observations from the Interface Region

Imaging Spectrograph (IRIS) (10), we report re-
sults from direct imaging on the solar disk of
high-speed upflows with apparent speeds of 80
to 250 km s−1. Thanks to the high resolution
(~250 km) in newwavelengthwindows, IRIS slit-
jaw imaging observations with the 1400, 1330, and
2796 Å filters [see the supplementary materials
(SM)] unambiguously reveal the prevalence of
small-scale jetlike emission features from the
bright networks (figs. S1 to S3 and movies S1 and
S2). These three filters sample emission from the
Si IV, C II, and Mg II ions, which are formed at
temperatures of ~105 K, ~3 × 104 K, and ~104 K,
respectively. These network jets usually show fast
upward motion with no obvious downward com-
ponent. Although these jets are more easily seen
in coronal holes located near the solar limb
(movies S1 to S5), they are clearly detected at
any location on the solar disk outside active re-
gions (movie S6).
These network jets are best seen in 1330 Å

images. The jetwidths are usually around~300km
and approach the instrument resolution limit,
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Fig. 3. Signatures of network jets in Si IV 1393.77 Å line profiles (movie S5). (A) Unsharp masked 1330 Å slit-jaw image taken at 07:33:55 UT on 23
January 2014. (B and C) Temporal evolution of the intensity and line width along the slit from a Gaussian fit of Si IV line profiles. The vertical line indicates the
slit location in (A) and time of 07:33:55 UT in (B) and (C). (D and E) Observed line profiles (black) at the two locations indicated by the arrows. Red lines are the
Gaussian fits.
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● IRIS データの紹介
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● 輻射輸送の複雑さ
��������ー マグネシウム線は有用か�（26）
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Filament%erupPon%Harra%et%al.%2014�

The Astrophysical Journal, 792:93 (7pp), 2014 September 10 Harra et al.
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Figure 4. Top three panels present AIA 304 Å data showing the filament eruption starting. The middle left panel shows a 171 Å AIA image with the IRIS field of
view highlighted by a black box. The thick vertical black line shows the position where the AIA stack plot was made. The middle right panel shows the AIA stack
plot. The first white vertical lines highlight the start of the eruption, and the second vertical lines indicate the end of the IRIS observations. Please note the y axis
has been changed to focus in on the dynamic features. The bottom left panel presents the IRIS slit-jaw image at 2796 Å showing the loops lying high in the corona.
The black vertical line shows where the slit is located. The bottom right panel shows the IRIS slit data with time. The spectra have been integrated over wavelength
to yield intensities. Distinct and broad features exist that appear to consist of many loops. Initially the loops are seen lying at roughly the same location, but moving
dynamically (at around −200′′), just before 10:50 UT the eruption propagates through and pushes the loops downward by nearly 10 ′′ with a speed of 30 km s−1.
(A color version of this figure is available in the online journal.)

with the profiles showing redshifts. These significant changes
in the plasma dynamics are all occurring when the loops are still
moving due to the eruption. Movie 2 shows the IRIS Mg ii k
profile with time along the slit.

In order to appreciate the intricacy of the flows during this
period, we fitted each spectrum with a two-component fit.

The spectra are complex, and several component fits were
attempted, with the two-component fit providing the best fit
for the spectra. Figure 6 shows the intensity, Doppler velocity,
and line width results for the main component of the spectra.
When these high loops initially form around 10:25 UT, they are
already showing flows (mostly redshifts). As time progresses

4

The Astrophysical Journal, 792:93 (7pp), 2014 September 10 Harra et al.

Figure 5. In the left-hand column, the IRIS slit-jaw images in 2796 Å are shown at 10:45 UT, then at 10:50 UT (when the eruption begins to push the loops), at
10:52 UT, and at 10: 54 UT. In the images, the cool material that forms the core of the eruption is seen at the top right of the image. The hotter front is not seen at these
wavelengths. The right-hand column shows sample spectra of Mg ii along the slit at each time. The spectra shown on the top right are at the same times as the images.
The plasma in the loops show multiple features. At 10:50, once the eruption pushes the loops, the spectra are less complex with narrower line profiles, indicating
simpler dynamics. At 10:52, the plasma shows a strong blueshift, and at 10:54, the plasma then becomes redshifted (please note that the y axis has changed in order to
track this feature). These strong flows are seen while the loops are being pushed downward. The animation shows the spectra changing with time following the eruption.

(An animation and a color version of this figure are available in the online journal.)

and more loops are created at these latitudes, there is a mix
of redshifts and blueshifts. As the filament starts to impact the
loops, there is an enhancement in line width (which indicates
stronger flows in both directions) followed by a reduction in

both line width and Doppler flows. The plasma then becomes
redshifted, blueshifted, and then redshifted again. The plasma is
reorganizing itself parallel to the line of sight before there is any
evidence of the “standard” loop displacements that have been

5
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EIS%observaPon%before%the%large%flare%(2006%Dec%13).%Flare%occurred%02:13%UT.%The%leZ/middle/
right%panel%shows%the%FeXII%intensity/velocity/line%width,%respecPvely.%BlueshiZ%component%
was%observed%5%hours%before%the%flare%onset.�
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Fig. 11. Schematic illustration of the observational results. The arrows represent the expansion of the coronal loops.
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Small-scale structure & dynamics in the 
corona

—
Insights from coronal rain observations

with Hinode & IRIS

Patrick Antolin

国立天文台

シンポジウム「スペース太陽物理学の将来展望」 21-22日10月2014



Importance of small-scale structure?
• High Reynolds numbers in corona -> need for fine structure for effective 

dissipation of waves, magnetic fields (currents) and turbulence
How is the magnetic field organised in the solar corona? 

• Coronal loops evolve on timescales much longer than a radiative cooling time 
(Reale & Peres 2000; Warren et al. 2003, Brooks et al. 2012)

➙ ensemble of unresolved independently heated strands? (Klimchuk 2006, Reale 
2010, Brooks et al. 2013, Peter et al. 2013, Cirtain et al. 2013, Winebarger et al. 2013)

• Strands ⟷ current sheets, nanoflares? (Parker 1988, Vekstein 2009) 

• Clear tendency for finer widths at higher spatial resolution

(Aschwanden & Nightingale 2005, Reale 2010, Peter et 
al. 2010, Brooks et al. 2012, 2013)

(Lin et al. 2005, Antolin & Rouppe 
van der Voort 2012)

The Astrophysical Journal Letters, 772:L19 (5pp), 2013 August 1 Brooks et al.
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Figure 4. Hi-C and AIA images and intensity profiles. Top panel: example of a
loop segment that is apparently composed of one to two structures when imaged
by AIA, but is revealed by Hi-C to consist of at least three structures. Middle
panel: example of a loop segment that appears to be a single structure when
imaged by either instrument. Bottom panel: example of a relatively long loop
that shows substructure in Hi-C.
(A color version of this figure is available in the online journal.)

Hi-C. An example is shown in the middle panel of Figure 4. This
loop has a Gaussian width of 554 km in AIA and 562 km when
measured by Hi-C. As discussed, many coronal loops observed
spectroscopically at lower spatial resolution have been found to
have narrow temperature distributions. These loops likely cor-
respond to examples of large loops observed by Hi-C like this
one. From our EM analysis, we found that this loop has a narrow
thermal width of σT = 0.32 MK.

Nevertheless, the thermal width of even this loop is larger
than the majority of the loops in the sample. The loop in the
top panel of Figure 4, for example, has a thermal width of σT =
0.04 MK. From our EM analysis of the complete sample of
all the loops detectable with AIA, we found that 70% have
σT !0.32 MK. These results are comparable to spectroscopic
measurements by EIS (Warren et al. 2008), though there are
relatively more loops with a broad temperature distribution,
reflecting the larger uncertainties in the AIA EM analysis. The
results do, however, support the idea that these loops have
narrow temperature distributions and are composed of only a
few magnetic threads.

Recently, Peter et al. (2013) analyzed several long loops
observed by Hi-C and found that they have smooth cross-field
intensity profiles. They suggested that they are either single
monolithic structures or are composed of many very small
strands. With our larger sampling of the data we do in fact find
some cases of long loops that show evidence of substructure
when imaged by Hi-C. The loop shown in the bottom panel
of Figure 4 is the best example. The results for these loops
are not atypical. The widths of loops like this fall within the
distribution of Figure 3. We do agree with the conclusion of
Peter et al. (2013) that many of the narrow features within the
Hi-C field of view appear to be relatively short loops.

The instrument performance achieved by the Hi-C team
demonstrates that 100 km spatial scales will be routinely
observable with future coronal spectrometers such as that
planned for Solar-C (Teriaca et al. 2012). The results presented
here are encouraging to the view that such instruments will be
able to measure the true plasma properties of coronal loops,
and provide realistic constraints for coronal heating models.
If confirmed by these instruments, then our Hi-C loop width
measurements already represent the true spatial scales of coronal
structures. Theoretical models need to explain why the corona is
structured on these scales, and why the temperature distributions
are narrow over scales of hundreds of km.

We acknowledge the High resolution Coronal Imager in-
strument team for making the flight data publicly available.
MSFC/NASA led the mission and partners include the Smithso-
nian Astrophysical Observatory in Cambridge, Massachusetts;
Lockheed Martin’s Solar Astrophysical Laboratory in Palo Alto,
California; the University of Central Lancashire in Lancashire,
England; and the Lebedev Physical Institute of the Russian
Academy of Sciences in Moscow. This work was performed
under contract with the Naval Research Laboratory and was
funded by the NASA Hinode program. Hinode is a Japanese
mission developed and launched by ISAS/JAXA, with NAOJ
as domestic partner and NASA and STFC (UK) as international
partners. It is operated by these agencies in co-operation with
ESA and NSC (Norway).
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Figure 6. Two-component fit applied for the Mg ii data. These figures show the
Mg ii slit data with time for the main fitted component—intensity is shown in
the top panel, Doppler velocity in the middle panel, and line width in the bottom
panel.
(A color version of this figure is available in the online journal.)

observed following eruptions (Nakariakov et al. (1999)). This
is the first time this has been observed.

We determine the Mg ii h/k ratio along the slit with time to
determine if this changes during the impact of the filament.
Examples of the Mg ii h and k spectral lines are shown in
Figure 7 spatially located in the center of the loop structure.
At 10:35 UT before the filament eruption, the profiles shown
no central reversal. In addition, the spectra are non-Gaussian
broadened profiles compared with the spectrum of the isolated
blob (Figure 2). There is evidence of a red-wing component.
The ratio of the h/k line at this time is 1.5—similar to that of
the isolated blob. At 10:50 UT just as the filament impacts these
loops, the profiles again show complexity with stronger blue-
wing components. The ratio of this stage has increased to 1.9.
To show the temporal and spatial evolution of the intensity ratio,
we determine this value in all the pixels that have statistically
significant intensity values. Figure 8 shows the stack plot of
the ratio. Most of the pixels have a ratio around 1.6 before the
filament impacts. The ratio increases to two and above following
the impact. At no stage does the ratio reach a value of four, which
would indicate that radiation is the dominant process.

We are seeing significant changes in these high-lying loops
following the impact of the filament—both in terms of the
complex dynamics within the loops and in terms of the line
intensity ratios.
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Figure 7. Sample Mg ii spectra at y = −200′′ before the filament eruption (top)
and after the filament eruption (bottom).
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Figure 8. Stack plot of the Mg k/h ratio.
(A color version of this figure is available in the online journal.)

3. DISCUSSION

These observations show coronal rain above the limb ob-
served for the first time in Mg ii by the IRIS spacecraft.
The line profiles show that the central reversal is gone. The
complexity seen in the spectral lines can then be assumed to be
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Figure 5. In the left-hand column, the IRIS slit-jaw images in 2796 Å are shown at 10:45 UT, then at 10:50 UT (when the eruption begins to push the loops), at
10:52 UT, and at 10: 54 UT. In the images, the cool material that forms the core of the eruption is seen at the top right of the image. The hotter front is not seen at these
wavelengths. The right-hand column shows sample spectra of Mg ii along the slit at each time. The spectra shown on the top right are at the same times as the images.
The plasma in the loops show multiple features. At 10:50, once the eruption pushes the loops, the spectra are less complex with narrower line profiles, indicating
simpler dynamics. At 10:52, the plasma shows a strong blueshift, and at 10:54, the plasma then becomes redshifted (please note that the y axis has changed in order to
track this feature). These strong flows are seen while the loops are being pushed downward. The animation shows the spectra changing with time following the eruption.

(An animation and a color version of this figure are available in the online journal.)

and more loops are created at these latitudes, there is a mix
of redshifts and blueshifts. As the filament starts to impact the
loops, there is an enhancement in line width (which indicates
stronger flows in both directions) followed by a reduction in

both line width and Doppler flows. The plasma then becomes
redshifted, blueshifted, and then redshifted again. The plasma is
reorganizing itself parallel to the line of sight before there is any
evidence of the “standard” loop displacements that have been
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• Complex spectral evolution, mostly due to 
dynamics

• During impact of eruption: complexity 
momentarily reduced (compression?). 

• h/k ratio increases 1.5->2. 
• Significant plasma reorganisation occurs 

within loops during eruption
• Rain can serve as a probe for turbulence

Harra+ 2014

Tracer of coronal turbulence

compression?

coronal rain



Supersonic heating events

Kleint+ 2014

AIA 304

IRIS SJI + SG

• High red shifts (up to 200 km/s) observed in (E)UV bright 
points accompanied by 50-100 km/s upflows

• Strongly supersonic:
• Bright dots are footpoints of thermally unstable coronal 

loops: downflows in 304 correlated to Doppler shifts
• May appear anywhere in sunspot (within umbra or 

penumbra) & last for more than 2 hours

cs =
p
�RT ⇡ 50 km/s

Detection of supersonic downflows and associated heating events in the TR above sunspots 5

Fig. 5.— IRIS SJI 1400 (top left) and SDO images at the same time (15:16 UT on 2013 August 30). Faint loop parts can be seen in the
IRIS image, which correspond to bright loops in AIA 171 and 193 (white arrows). The bright dots visible in IRIS images are located at
the ends of these loops (small red arrows). See movie.

ries, reveals much slower speeds (below 50 km/s) than
the IRIS spectra. The ratio of projected to line-of-sight
(LOS) velocity components is however similar to that
observed for off-limb observations of rain falling almost
perpendicularly to the LOS. In that case, the projected
component is the faster component. Using Equations
(2)-(4) from Antolin et al. (2012) adapted to an on-disk
scenario, we can determine that the observed projected
velocity of the blobs corresponds to an angle of ∼5–20
deg above the footpoint with respect to the loop baseline
(angle ϕ in their Figure 12). Our observations also re-
semble those of Reale et al. (2013), although on a much
smaller spatial scale.

4.1. Velocities - Faster than Free Fall?

To investigate the process of energy transport, we cal-
culated the free fall velocity along elliptical loops ac-
cording to Antolin & Verwichte (2011). For an assump-
tion of zero initial velocity at the loop top (s = 0), the
velocity vs along the loop can be written as vs(s) =
√

2
∫

s

0 gsun cos θ(s′)ds′. From AIA images, we deter-

mined the loop semilength (half the linear distance be-
tween its footpoints, a) to be about 50 Mm, while its
height (h) is a free parameter and cannot be determined
from the images. The maximum velocities for a blob in
such an elliptical loop vary between 145 km/s and 180
km/s, for h/a ratios of 0.5 – 2, respectively. Under pure
free-fall conditions, we would therefore need initial ve-
locities of 20 – 50 km/s in order to match the observed
values. The required initial velocity may even be higher if
some expected deceleration due to collisions with plasma
at rest occurs. Flows with such values have been pre-
viously observed near the apex of the loops with Hin-
ode/SOT (Ofman & Wang 2008; Antolin et al. 2010).

4.2. Similarity to Flare Ribbons

Thermal instability appears to be the same for post-
flare loops and non-flaring active regions (Foukal 1978;
Schmieder et al. 1995). The observation on 2013 July
19 showed slightly more activity than 2013 August 30,
but there were only microflares, the strongest of which
occurred toward the end of the observations while the
emission dots were fading (see online movie). Coronal
rain was visible in AIA images during the phase of the
simple ribbon (before 7.40 UT). Then, a jet-like activ-
ity ejected plasma, which can be seen falling back down
in AIA 304, additionally to the coronal rain, and which
coincides with the time when the ribbon changes shape.
A visual resemblance to flare ribbons is striking. They
show similar small-scale brightenings (e.g., Kleint 2012)
when observed with sub-arcsecond resolution. This is in
agreement with the standard flare model, where particles
are accelerated along magnetic field lines into the TR and
chromosphere, probably leading to isolated brightenings
when the energy between neighboring loops is not equal.
The precipitating particles heat the footpoints, leading to
evaporation of dense and hot material into coronal loops.
As the radiative losses outweigh the heating, a thermal
instability may form in post-flare loops, which then may
lead to coronal rain falling into the ribbons and possi-
bly contributes to their brightness. Ribbon-like struc-
tures suggest a heating correlation between neighbor-
ing loops. Such a correlation has also been observed by
Antolin & Rouppe van der Voort (2012) for coronal rain
falling into pores, but with smaller correlation lengths of
about 2 Mm. Similar correlations are obtained in 2.5D
simulations (Fang et al. 2013), and can be explained by
a similar thermodynamic evolution of neighboring loops
due to a similar geometry and heating properties. On
2013 July 19, the coronal rain and the falling plasma



Hinode-IRIS co-observing campaign

Hinode/SOT 
FOV

Antolin+ (2014a, in prep.)



• Chromospheric cool, compact and dense cores surrounded by diffuse warmer plasma?
• Emission time delays from TR to chromospheric emission observed. Very fast evolution: 

catastrophic cooling
• Exception: SDO 171 & 304: low T contribution? (In contrast with Kamio+2011,Peter+ 2011)

Multi-temperature structure

Red: SOT Ca II 
H, log T ~ 4 - 4.2

Blue: SJI 2796, 
log T ~ 4 - 4.2

Green: SJI 1400, 
log T ~ 4.8 - 5

Hinode/SOT + IRIS/SJI + SDO/AIA



Multi-stranded structure: tip of the iceberg?

• Structural differences with 
temperature

• Co-spatial chromospheric & TR 
emission

• Peak of distribution at very low 
spatial scales: tip of the iceberg 
scenario? (Fang+’13, Scullion+’14)

• Less uniformity for lengths
• Effect from temperature? 

Interaction with magnetic field? 
(Sharma+2010)

The Astrophysical Journal Letters, 771:L29 (6pp), 2013 July 10 Fang, Xia, & Keppens

 0

 20

 40

 60

 80

 100

 120

 140

 0  0.5  1  1.5  2

N

Width (Mm)

(a) (b)
Observational Resolution ΣN=1103

Numerical Resolution ΣN=4146

 0

 20

 40

 60

 80

 100

 120

 140

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5

N

Length (Mm)

Observational Resolution ΣN=1103
Numerical Resolution ΣN=4146

Figure 4. Panels (a) and (b) show the distribution functions of width and length, respectively, at numerical and observational resolutions.

correspondence with recent observational results from Antolin
& Rouppe van der Voort (2012).

4. DYNAMICS OF BLOBS

The velocity structure at t ≈ 100 minutes is shown in Figure 1
at the same time as the density and temperature panels (a) and (b)
of Figure 2. In the velocity plot, one identifies the condensation
where two strong opposite inflows with a maximum relative
velocity of 68.7 km s−1 are siphoned toward the condensation
site from both sides. This coincides with a dramatic evacuation
of a loop strand caused by the catastrophic cooling. The
thermodynamic evolution rapidly refills the local empty loops
with hot and rarefied plasma. These fast inflows and the density
variation they create first give rise to a pressure difference across
the two sides of the off-center blob, which levitates the newborn
blob against gravity. This first phase impedes the descending
process of newborn blobs. However, after a short time the
inflows become slower, and while the blob density increases, this
previous pressure difference gradually fades away. Therefore,
they ultimately start to accelerate quickly downward.

To explain how a full loop strand ultimately shows blobs
that appear comet-shaped or V-like during propagation (Antolin
et al. 2010; Antolin & Verwichte 2011), we note that within
a loop strand of a finite extent (say few hundred kilometers
in width), the first small condensation functions as the seed
for a larger blob to appear. In this growth, the condensation
process appears to extend from the first blob onward due to
the synchronous temperature evolution in a wider loop strand
(Klimchuk et al. 2010). This means that while the first formed
condensation may have already evolved beyond the phase where
it experiences levitating pressure support, the condensation
segments formed later at the edge of the blob are still locally
supported against gravity by the pressure difference due to
the fast siphon inflows. As a result, the large, growing blob
becomes deformed as a whole into a comet-shaped pattern, like
the blobs labeled with numbers 3–7 of Figure 2. During their
propagation toward the arcade footpoints, catastrophic cooling
further sets in in the tail of these blobs, and the blobs will
be elongated by continuously forming condensations on the
way down. Furthermore, as the gravitational acceleration varies
with height, an effect accounted for in our external y-stratified
gravitational field, the blob will also become elongated by being
stretched by the differential component of gravity along the
curved magnetic field. Therefore, the length histogram in panel
(b) of Figure 4 presents an average of 850 km for coronal rain

blobs, but shows a wide range of lengths going from 200 km and
exceeding 4500 km, a fact confirmed by observations (Schrijver
2001; Antolin & Rouppe van der Voort 2012). Zoomed views
on the selected blobs in Figure 2 show the local temperature
structure, with conduction-dominated regions around the blobs.
The temperatures of these local transition regions are around
0.6 MK.

We obtain a broad distribution of projected velocities, ranging
from a few km s−1 to the high velocity of descending blobs going
up to more than 60 km s−1. Panel (c) of Figure 3 shows a scatter
plot of the horizontal centroid xc position of the blobs versus
their in-plane projected velocity, signed by vertical velocity.
This is done at an observational resolution, and in this view
one can trace individual blobs appearing in multiple snapshots.
Panel (d) of Figure 3 shows a scatter plot of height yc of the blobs
versus their projected velocity, now signed with vx . Since the
velocities are generally height-dependent, the dashed curve in
panel (d) of Figure 3 denotes the path that a blob would follow if
it were falling from a height of 30 Mm, subject to an acceleration
of 0.18 km s−2, the average effective gravity for a loop whose
height to half baseline ratio is 30 (Mm)/26 (Mm). We note that
most of the measurements are located below the dashed curve,
like those for blobs 6 and 7. This scenario suggests a role for
forces other than gravity, like gas pressure, as suggested by
previous 1D numerical simulations (Müller et al. 2003, 2004,
2005).

Close to the lower parts above the transition region of the
arcade, strong deceleration of individual blobs is sometimes
observed (Antolin & Rouppe van der Voort 2012), which
is explained by the increase of gas pressure there from the
higher local densities. The solid lines connecting the points
of individual blobs 3 and 4 in panels (c) and (d) of Figure 3
show these strong decelerations happening right above the
transition region. Decelerated by this pressure gradient, the
leading descending blob part could be caught up by a later faster
descending blob part (as in 1D studies from Müller et al. 2005)
and merge to form one heavier blob. At about 152 minutes, in
panel (e) of Figure 2, at a height of 7.1 Mm and horizontal
position of x = 22.5 Mm, we find that a small blob (number 8)
appears in the trail of a formerly descending blob and stays
there, supported by the large pressure gradient. Meanwhile, in
the same strand, another blob (number 9) forms above number 8
and moves toward it with a velocity of 26 km s−1. They collide,
merge, and produce a heavier blob, which finally falls down to
the transition region four minutes later. An animation with a
zoomed view on this process is available online.
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Numerical model

Fang et al. 
(2013)



Estimates of non-thermal line broadening

Semi-automatic detection of rain/prominence plasma for statistical analysis
Antolin+ (2014b, in prep.)
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Estimates of non-thermal line broadening

• Mostly single emission peaks

• Gaussian-like distribution of 
non-thermal broadening with 
values < 25 km/s and a peak 
≲10 km/s (consistent with 
Parenti & Vial 2007)

• Increase of non-thermal 
broadening with height 
(consistent with Okamoto+ 
2014, submitted)
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Mg II の例
〜 リム外のプロミネンス 〜

岡本



�Mg II の例1

SOT 画像

時間

Mg II k Mg II h(k/h 比)

波長

(20秒間隔)

上部は視線方向の
重なりが少ない



�Mg II の例2

SOT 画像

時間

Mg II k Mg II h(k/h 比)

波長

(20秒間隔)

重なりは比較的少ないものの、
central reversal が見られる

これは multi-component 
か、optical effect か？



�Mg II の例3

SOT 画像

時間

Mg II k Mg II h(k/h 比)

波長

(20秒間隔)

複数のスレッドが視線方向に
重なっていると考えられるが、
プロファイルはシンプル

ライン幅も狭い

シングルのものが小 k/h かと
いうと、そうでもない



�Mg II の例4

SOT 画像

時間

Mg II k Mg II h(k/h 比)

波長

(20秒間隔)

重なりは多い

central reversal が見られる

ライン幅は広い

どの効果が一番効いているの
か？



�スレッドの振動
背景： カルシウム線 （ひので） 画像の x-t プロット
黄点： 微細構造 （ひので） の中心位置
赤点： マグネシウム線 （IRIS） の視線速度
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マグネシウム線は
不透明度が高い

微細構造表面の
運動を反映

共鳴吸収

resonant absorption

(e.g., Sakurai+1991, Goossens+2002)

鉛直振動と視線方向の振動が 180度ずれている

Supplementary Figure S2 : Source function in Mg II k 279.635 nm (left panel) 
and Ca II H (line center) for a cross-section of the tube along the tube’s centre. 
The yellow curves correspond to contour lines for different values of the 
optical thickness (!, stated in the legends) as seen from the top (as indicated 
by the arrow), corresponding to a LOS angle of 0°. 
 

−2 0 2
x/R

−2

0

2

y/
R

Mg II kMg II kMg II kMg II k tau

0.30

1.00

3.00

6.00

−2 0 2
x/R

 

 

 

 

Ca II H tau

0.05

0.10

0.25

0.40

 

 
 

Okamoto+2014, submitted



�スレッドの振動

a  S1 b  S2

c  S3 d  S4
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● 微細構造表面で Kelvin-Helmholtz 不安定性を誘発

微小な電流層を生成し、振動のエネルギーを散逸
Antolin+2014

 

鉛直振動と視線方向の振動が 180度ずれている

●�微細磁束管の密度成層により、表面で振動周期が減少

表面運動のエネルギー振動のエネルギー�

Okamoto+2014, submitted



Alfvénic wave detection in the solar 
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Observations of Alfvénic MHD waves 
in the solar atmosphere

Transverse MHD waves ubiquitous in the solar atmosphere   

CoMP

➙ small amplitude (~km/s), periods of few min

Tomczyk et al. 2007

The torsional time scales stand in sharp contrast
to the longer time scales (several minutes) and
smaller line-of-sight velocities in plage regions
(Fig. 2B), where the line of sight is more aligned
with the magnetic field and the line profiles are
dominated by magnetoacoustic shocks (25).
SJIs taken with IRIS (Fig. 3 and movies S8 to

S10) also show how the propagating torsional
motions are often associated with bright, highly

dynamic linear features (C II 1335 Å and Si IV
1402 Å); this emission indicates heating to at least
TR temperatures (20,000 to 80,000 K). In quiet
Sun regions, these SJI features appear to be the
TR counterparts of so-called rapid-blue-shifted
and rapid-red-shifted events in the chromosphere,
the disk counterparts of spicules (26). Many of the
TR features IRIS observes in quiet Sun regions
are associated with twisted features, indicating

that the heating we observed is substantial. Some
of these events are also visible in coronal pass-
bands (movie S7), although it is not yet clear how
much plasma is heated to coronal temperatures
in association with these heating events (12).
Our observations of twist that permeates the

chromosphere and the TR of the Sun expand on
a picture that has recently emerged that draws
together disparate observations of twist in the

SCIENCE sciencemag.org 17 OCTOBER 2014 • VOL 346 ISSUE 6207 1255732-3

Fig. 3. Temporal
evolution of twist and
associated heating.
SST Ha dopplergrams
at T46 km/s (bottom;
black is blue-shifted;
white is red-shifted)
show how quickly
chromospheric twist
propagates along
elongated features on
time scales of less than
1 min. Several of these
twisted features are
associated with TR
signals (top) as
observed with the IRIS
SJIs that are dominated
by Si IV lines (~80,000 K).
Movies S8 to S10
provide further examples
of the dynamic nature of
the twist and associated
heating. t indicates time.
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Fig. 2. Spatiotemporal
properties of twist.
Rapidly evolving
twisting motions are
apparent as short-
lived, bright features in
the blue and red wings
(e.g., around T50 km/s)
of the chromospheric
Mg II h 2803-Å spectral
line (C and D) in
regions of inclined field
[positions 2 and 3
shown in (A), Si IV
1403-Å SJI]. These
motions are in contrast
to the acoustic shock–
dominated spectral
profiles (B) in position
1 in plage (where field
and line of sight are
more aligned,
preventing visibility of
twist) that evolve on
time scales of several
minutes (25). The
spatial pattern of the
bright Si IV feature around –190″, –207″ [position 2 in (A)] is associated with short-lived twisting motions that are visible in Si IV [80,000 K (G)], in Mg II h
[10,000 K (F)], and faintly in Ha [<10,000 K (E); see movies S5 to S7]. Velocities of order 50 km/s are reached in this twisting feature. Typical velocities
are lower (10 to 30 km/s) with visibility in these various passbands variable; Mg II h showed excellent visibility in most cases. See supplementary
materials for other examples (figs. S7 and S8) and movies S5 to S19 and S21.
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(Tomczyk+ 2007, Okamoto+ 2007, Terradas+ 2008, De Pontieu+ 2007, Lin 2011, McIntosh+ 2011, Morton+ 2011, 
Antolin & Verwichte 2011, Okamoto & De Pontieu 2012, Hillier+ 2013, Schmieder+ 2013, Morton & McLaughlin 
2014, De Pontieu+ 2014)

Large-scale corona Coronal loops & 
prominences Chromosphere 

Okamoto et al. 2007

Antolin & Verwichte 2011
De Pontieu et al. 2014McIntosh et al. 2011

H
in

od
e/

SO
T

H
in

od
e/

SO
T

SS
T 

+ 
IR

IS

SDO



Significance of MHD wave identification

Alfvénic waves can deliver sufficient energy fluxes in order to heat 
and maintain a corona

Uchida & Kaburaki 1974, Wenzel 1974, Hollweg+ 1982, Poedts+ 1989, Ruderman+ 1997, Kudoh & Shibata 1999, 
Suzuki & Inutsuka 2006, Cranmer 2007, Antolin & Shibata 2010, Matsumoto & Suzuki 2014

Requirements for wave identification?

• Energetically significant: Alfvénic 

➡ Trapped / non trapped; Torsional, Kink, Sausage / Fast, Alfvén

• Energetics & dynamics: each mode carries different amounts of 
energy & involves different plasma motions

• MHD Seismology: each mode has different dependence on the 
physical properties of medium



Transverse MHD wave
(kink mode)

1. Resonant absorption
No. 2, 2008 NONLINEAR INSTABILITY OF KINK OSCILLATIONS L117

Fig. 1.—The top half of each panel displays the density (symmetric respect to ) and the bottom half the vorticity (antisymmetric respect to ) aty p 0 y p 0 z p
for different times. In this simulation the following parameters have been used: , , , and a full domain of [!6R, !6R] # [!6R,L /2 L p 10R r /r p 3 v p 0.1vin ex 0 Ai

6R] # [0, 10R]. Lengths are normalized to the loop radius R (typically of the order of 4000 km), velocities to the internal Alfvén velocity (of the order!v p B / mr0 inAi

of 1000 km s!1), and time to the Alfvén crossing time, . [This figure is available as an mpeg file in the electronic edition of the Journal.]t p R/vA Ai

However, the large longitudinal length scales prevent the interpre-
tation of equation (1) as a local approximation in z since the velocity
shear is less than throughout most of the loop. Growth rates2v0

are thus expected to be somewhat smaller, and instability will set
in only for azimuthal length scales smaller than those predicted by
equation (1). An appropriate analysis thus needs to take into account
the longitudinal variation of the shear profile and hence necessarily
involves a 2D model.

We have found that the evolution of the tube is very sensitive
to the amplitude of the initial perturbation. As expected, the
larger the amplitude of the initial perturbation the faster the
development of the instability. By changing the initial ampli-

tude of the perturbation in a broad range, an extended transition
layer (even much larger than the developed in Fig. 1) may
naturally evolve as the result of the shear instability of a sharp
transition between the flux tube and the external medium. In
addition, for very large amplitudes the tube might show severe
deformations; a wake can even form behind the tube and it can
interact with the main body in each oscillation, the final shape
of the tube being rather irregular.

When an inhomogeneous layer between the tube and the en-
vironment is included, the motions are characterized by phase-
mixed scales and the instability is also present. Nevertheless, the
instability develops more slowly than in the sharp transition case.

Model: Uchimoto+. 1991; Karpen+ 1993, Ofman+ 1994; Ziegler & Ulmschneider 1997; 
Terradas+ 2008, Soler+ 2010; Obs: Foullon+ 2011; Ofman & Thompson 2011, Berger+ 2010

).

2. Kelvin-Helmholtz instability (transverse to main field)

‣ Conversion of a global kink oscillation into local Alfvénic 
oscillations (Hollweg & Yang 1988, Goossens+1992, 2002, Ruderman & 
Roberts 2002, Terradas+2010, Pascoe+2010). 

‣ Very successful in explaining observed fast damping 
(Nakariakov+1999, Verth+ 2010, Arregui & Ballester 2011)

Coronal Waves and Oscillations 23

Figure 10: The temporal evolution of the loop displacement as an average coordinate of the loop
position for four neighbouring, perpendicular cuts through the loop apex (diamonds), with error
bars (±0.5 pixels), starting at 13:13:51 UT on 14 July 1998. The solid curve is a best fit of
the function A sin(!t + �) exp(��t) with A = 2030 ± 580 km, ! = 1.47 ± 0.05 rad min�1, and
� = 0.069± 0.013 min�1, corresponding to a period and e-folding decay time of P = 4.3± 0.9 min
and ⌧ = 14.5± 2.7 min, respectively (from Nakariakov et al., 1999).

main di�erence of this polarisation from the horizontal one is that in the curved loop the vertically
polarised kink mode changes the length of the loop. Consequently, as the mass in the loop should
be conserved, this mode can have a significant compressible component. The fractional intensity
perturbations associated with this mode were estimated as

∆ I

I
/ 2∆ ⇢

⇢
/ 2∆ L

L
, (28)

where ∆ ⇢ is the density perturbation and ∆ L is the perturbation of the loop length. Here it is
assumed that the oscillation does not deform the loop cross-section, i.e., ∆ a/a ⌧ ∆ L/L. An
alternative is associated with bulk field-aligned flows through the loop footpoints, which do not
have observational confirmation.

Another possible polarisation of kink oscillations is when the loop moves in the same plane and
its apex displaces horizontally. This mode has not been identified yet.

3.2 Non-TRACE observations

Kink modes of coronal loops – often erroneously called Alfvén waves (erroneously, because the true
Alfvén waves guided by coronal loops are the torsional modes, see Section 8) – can also be observed
through modulation of the broadband gyrosynchrotron emission by the periodic variation of the
local magnetic field in flaring loops and through periodic variations of the Doppler shift.

The optically thin gyrosynchrotron emission intensity I
f

at a frequency f can be estimated
with the use of (Dulk and Marsh, 1982)’s approximated formula

I
f

⇡ 3.3⇥ 10�24 BN

2⇡
⇥ 10�0.52� (sin ✓)�0.43+0.65�

✓
f

f
B

◆1.22�0.90�

, (29)

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2005-3

Nakariakov+1999

Terradas+ 2008

‣ Deformation of cross-section: strand-like structure in intensity 
images (Antolin, Yokoyama, Van Doorsselaere 2014)

Antolin+2014



Coronal model

Spectral and imaging signatures of 
the transverse MHD wave

Prominence model

Transverse motion observable with resolution of 0.2 R
Spectroscopic resolution of 0.5 R resolves azimuthal flow

➡ Strand-like structure in intensity images (scales ~ 0.1 R)
➡ Phase difference between displacement in POS and LOS velocity due 

to higher propagation speeds of Alfvénic waves in resonant layer

0.3 R0.1 R

0.5 R 1.0 R

Possible with 
SOT+IRIS

Possible for 
Solar-C

Antolin+ 
(2014)

Okamoto+ 
(2014,sub.)



Supplementary Figure S2 : Source function in Mg II k 2796.35 A (left panel) 
and Ca II H (line center) for a cross-section of the tube along the tube’s centre. 
The yellow curves correspond to contour lines for different values of the 
optical thickness (!, stated in the legends) as seen from the top (as indicated 

by the arrow).  
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Importance of forward modelling: 
opacity effects

The Astrophysical Journal, 788:9 (14pp), 2014 June 10 Goossens et al.

Doppler velocity signatures of the kink wave. A forward model
of Doppler velocity for both the torsional Alfvén and kink
waves, taking into account both LOS and integrated intensity, is
described in the next section.

7. FORWARD MODEL FOR DOPPLER VELOCITY

In this section, we study the observability as Doppler sig-
natures of the torsional Alfvén and kink waves by integrating
intensity and allowing the LOS to vary. To that end, we choose to
model chromospheric spicules, in which ubiquitous transverse
and rotational motions have been observed. As in the previous
sections, we model such a spicule as a plasma cylinder. Since
spicules are observed to be overdense relative to the ambient
plasma, we fix ρi/ρe = 10 (e.g., Beckers 1968). First, we only
consider a piece-wise constant density profile. We take 10,000 K
as the temperature for the system to mimic the formation tem-
perature of the Ca ii H line in which spicule transverse and
rotational motion are clearly observed (e.g., He et al. 2009a,
2009b; Verth et al. 2011; Okamoto & De Pontieu 2011; De
Pontieu et al. 2012).

We numerically implement the velocity field given by
Equations (4)–(5) on a grid, with a velocity amplitude of
20 km s−1. At each grid point, we then specify the emission
as a Gaussian, with a spectral line width taken as the thermal
velocity of the plasma (corresponding to calcium ions at the
given temperature). The height of the Gaussian is taken pro-
portional to the local density. This approximation is often made
in estimating spicule plasma density from metallic line inten-
sity, e.g., Makita (2003), Bjølseth (2008) and Okamoto & De
Pontieu (2011). The emission is then integrated along the LOS.
The procedure used is based upon the work of Van Doorsselaere
& Nakariakov (2008) and similar to the procedure outlined in
Antolin & Van Doorsselaere (2013), but the CHIANTI atomic
data has not been used and an artificial spectral line is generated.
Also, in Van Doorsselaere & Nakariakov (2008) and Antolin &
Van Doorsselaere (2013), the intensity is taken to be propor-
tional to the density squared (rather than linearly proportional
in the current forward model) because, in these particular papers,
coronal emission lines were studied.

Since spicules are optically thick, only the plasma up to an
optical depth of τ = 1 at the front of the spicules is taken to
contribute to the emission line. In this very simple model, we
have mimicked this effect by integrating the emission from the
cylinder only over the half facing the observer. We believe that
the proper treatment of the optically thick emission would result
in only minor changes.

The results of the computation are shown in Figure 9. We
choose the same convention for the LOS angle as described in
Figure 5, i.e., ϕ0 is the angle between the LOS and the direction
of the classic kink transverse motion. The top window shows
the emission for the kink wave. In top window (bottom panel),
we have ϕ0 = 0◦, i.e., the LOS is along the direction of the
classic kink transverse motion of the spicule. This is the same
LOS as Special case I in Section 6.2.1, so it also results in a
Doppler velocity profile, which is symmetric about the center of
the spicule. The bright emission of the internal plasma (that is
10 times denser than the surrounding) is redshifted to 20 km s−1,
because the classic kink transverse motion is aligned with the
LOS. The counterstreaming motion of the plasma outside the
cylinder results in blueshifted, fainter wings (y ! 800 km and
y " 1200 km). This is similar in appearance to the Doppler
velocity profile shown in Figure 6(a), although the toy model
in that particular case did not consider the external plasma. The

Figure 9. Integrated intensity of the transverse kink mode (top window) and
the torsional mode (bottom window). In both windows, the intensity is shown
as a function of the Doppler shift (horizontal axis) and the position across the
cylinder (vertical axis). The color scale of light pink to dark pink indicates
increasing emission, and white is no emission. The top window contains several
panels corresponding to different viewing angles between the LOS and direction
of classic kink transverse motion (indicated in the top left of each panel). The
contour lines in the top window are shown for 1%, 5%, and 20% of the maximum
intensity when the LOS angle is 90◦ relative to the direction of the classic kink
motion.
(A color version of this figure is available in the online journal.)

reason for the change of Doppler sign from the center to the
boundary of the tube in Figure 6(d) was because CROT was
chosen to be larger in magnitude and opposite in sign to CTR at
the tube boundary.

The top panel (top window) considers Special case II in
Section 6.2.2, i.e., the LOS is perpendicular to the direction of
the classic kink transverse motion (ϕ0 = 90◦). As expected, the
emission from the cylinder is not Doppler shifted, because the
velocity inside the cylinder has no component along the LOS.
However, the counterstreaming motion around the cylinder is

10

Assuming thick cylinder 
(simplistic approach)

Torsional Alfvén wave

Transverse MHD wave

The Astrophysical Journal, 788:9 (14pp), 2014 June 10 Goossens et al.

Doppler velocity signatures of the kink wave. A forward model
of Doppler velocity for both the torsional Alfvén and kink
waves, taking into account both LOS and integrated intensity, is
described in the next section.

7. FORWARD MODEL FOR DOPPLER VELOCITY

In this section, we study the observability as Doppler sig-
natures of the torsional Alfvén and kink waves by integrating
intensity and allowing the LOS to vary. To that end, we choose to
model chromospheric spicules, in which ubiquitous transverse
and rotational motions have been observed. As in the previous
sections, we model such a spicule as a plasma cylinder. Since
spicules are observed to be overdense relative to the ambient
plasma, we fix ρi/ρe = 10 (e.g., Beckers 1968). First, we only
consider a piece-wise constant density profile. We take 10,000 K
as the temperature for the system to mimic the formation tem-
perature of the Ca ii H line in which spicule transverse and
rotational motion are clearly observed (e.g., He et al. 2009a,
2009b; Verth et al. 2011; Okamoto & De Pontieu 2011; De
Pontieu et al. 2012).

We numerically implement the velocity field given by
Equations (4)–(5) on a grid, with a velocity amplitude of
20 km s−1. At each grid point, we then specify the emission
as a Gaussian, with a spectral line width taken as the thermal
velocity of the plasma (corresponding to calcium ions at the
given temperature). The height of the Gaussian is taken pro-
portional to the local density. This approximation is often made
in estimating spicule plasma density from metallic line inten-
sity, e.g., Makita (2003), Bjølseth (2008) and Okamoto & De
Pontieu (2011). The emission is then integrated along the LOS.
The procedure used is based upon the work of Van Doorsselaere
& Nakariakov (2008) and similar to the procedure outlined in
Antolin & Van Doorsselaere (2013), but the CHIANTI atomic
data has not been used and an artificial spectral line is generated.
Also, in Van Doorsselaere & Nakariakov (2008) and Antolin &
Van Doorsselaere (2013), the intensity is taken to be propor-
tional to the density squared (rather than linearly proportional
in the current forward model) because, in these particular papers,
coronal emission lines were studied.

Since spicules are optically thick, only the plasma up to an
optical depth of τ = 1 at the front of the spicules is taken to
contribute to the emission line. In this very simple model, we
have mimicked this effect by integrating the emission from the
cylinder only over the half facing the observer. We believe that
the proper treatment of the optically thick emission would result
in only minor changes.

The results of the computation are shown in Figure 9. We
choose the same convention for the LOS angle as described in
Figure 5, i.e., ϕ0 is the angle between the LOS and the direction
of the classic kink transverse motion. The top window shows
the emission for the kink wave. In top window (bottom panel),
we have ϕ0 = 0◦, i.e., the LOS is along the direction of the
classic kink transverse motion of the spicule. This is the same
LOS as Special case I in Section 6.2.1, so it also results in a
Doppler velocity profile, which is symmetric about the center of
the spicule. The bright emission of the internal plasma (that is
10 times denser than the surrounding) is redshifted to 20 km s−1,
because the classic kink transverse motion is aligned with the
LOS. The counterstreaming motion of the plasma outside the
cylinder results in blueshifted, fainter wings (y ! 800 km and
y " 1200 km). This is similar in appearance to the Doppler
velocity profile shown in Figure 6(a), although the toy model
in that particular case did not consider the external plasma. The

Figure 9. Integrated intensity of the transverse kink mode (top window) and
the torsional mode (bottom window). In both windows, the intensity is shown
as a function of the Doppler shift (horizontal axis) and the position across the
cylinder (vertical axis). The color scale of light pink to dark pink indicates
increasing emission, and white is no emission. The top window contains several
panels corresponding to different viewing angles between the LOS and direction
of classic kink transverse motion (indicated in the top left of each panel). The
contour lines in the top window are shown for 1%, 5%, and 20% of the maximum
intensity when the LOS angle is 90◦ relative to the direction of the classic kink
motion.
(A color version of this figure is available in the online journal.)

reason for the change of Doppler sign from the center to the
boundary of the tube in Figure 6(d) was because CROT was
chosen to be larger in magnitude and opposite in sign to CTR at
the tube boundary.

The top panel (top window) considers Special case II in
Section 6.2.2, i.e., the LOS is perpendicular to the direction of
the classic kink transverse motion (ϕ0 = 90◦). As expected, the
emission from the cylinder is not Doppler shifted, because the
velocity inside the cylinder has no component along the LOS.
However, the counterstreaming motion around the cylinder is
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3D MHD simulations + RH

• Emission comes mostly from ring, mostly optically thin. The prominence 
core is optically thick in Mg II h&k, not in Ca II H&K: advantage of Mg II

• Proper dynamics only recovered with proper forward modelling

2
3

1

3
2
1

Dipole-like Alfvénic 
flow in resonant layer

KHI flow

(Okamoto+ 2014, submitted)
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内容

• 数値計算におけるH, Ca, Mgのモデリング

• 輻射流体計算と観測との比較

• 現在の輻射流体計算における制限



彩層のダイナミクスに関わる元素

Vernazza et al. (1981)



水素の取り扱いについて

- HαやLyman線、コンティニュ
ウム等は彩層における輻射冷却
に大きく寄与する。

- 水素の電離平衡までの時間スケー
ルは彩層で数分から数時間と長
い。非平衡電離の効果はダイナミ
クスにもポストプロセスでの輻射
輸送計算にも重要。

Carlsson & Stein (2002)

Vernazza et al. (1981)
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Ca, Mgの取り扱いについて
- CaやMgの取り扱いは状態
方程式としてはそれほど大
きな影響は無い。

- しかし、Ca II K&H、Mg II 
h&kは彩層の輻射冷却率に
おいて重要。

- ポストプロセスの輻射輸送
計算においては(水素の非平
衡電離が考慮されていれば)
統計平衡がかなり良い近似
になる(Wedemeyer-Bohm 
& Carlsson, 2012; 
Leenaarts et al., 2013a)。Vernazza et al. (1981)
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彩層輻射冷却のモデル化(Carlsson & Leenaarts, 2012)

- H, Mg, Caからの輻射冷却を温
度、密度、光学的深さの関数と
してモデル化。

- 静穏領域の1次元RHD計算から
フィッティング。

- コロナから輻射による彩層の加熱
は1次元(カラムbyカラム)輻射輸送
を解いてモデル化。

- 多次元性を考慮していないこと（局
所的には正しくないこと）、輻射
「加熱」の近似精度等に問題点。

実線: 3D
破線: 1D

ラインによる冷却率

コロナ輻射による加熱率



Carlsson, 2010, NAOJスライド



スピキュール(Martinez-Sykora et al., 2009/2013)

- スピキュールが短い。
- 左図のような背の高い構造は
非常にまれ。また観測される
II型スピキュールより密度が
小さい。

左図: 横から見たHα強度
右図: スピキュールの長さ
と速度の相関。

速度の最大値
長
さ
の
最
大
値



Ca II 854.2 nmスペクトル(Leenaarts et al., 2009)

- 空間平均したライン幅は観測よ
り狭い。グリッド数不足により
解像されていない、細かいダイ
ナミックな構造の存在を示唆。

- ラインウイングのイメージは観
測とよく似ているが、ラインコ
アは細かい構造が消えている。

観測: Wing 観測: Core

計算: Wing 計算: Core

赤: 観測
黒: 計算

図: CRISPによる観測とBifrost
による数値計算の比較。



Hαフィブリル様構造(Leenaarts et al., 2012)

- 3次元RMHD計算のHαでフィブ
リル様構造を初めて再現。

- 3次元散乱が重要(1次元輻射輸
送計算では見えない)。

- フィブリルは観測よりまばらで
長さも短い。また、ライン幅も
ずっと小さい。

図: Hα線コアの強度。SST(左)
とBifrostによる計算(右上)。

観測(SST)

計算(Bifrost)



Mg II h&kの形成(Leenaarts et al., 2012/2013ab)

- 完全な3次元PRD計算はポスト
プロセスであっても難しい。

- k1, k2についてはカラムbyカラ
ムの1次元PRD計算、k3に関し
ては散乱の効果が強いので3次
元CRD計算が良い近似。

- モデル大気において水素の非平
衡電離が考慮されていれば、得
られたTとNeを用いて統計平衡
を仮定してMg IIのラインを計算
してもかなり正確。

図: CRDを仮定した場合の1Dと3Dの比較

1D: k31D: k2v

3D: k33D: k2v



計算コストの問題
• Bifrostコードの1コア辺りの性能は3×10^4 grid*step/sec程度。

• 例えば500^3グリッド(24x24x15Mm^3, 48x48x30km^3)、時間幅が0.01秒の計算を1太陽
時間行うには3000コアで2ヶ月かかる。相当大変な計算。

• グリッドサイズへの制限

• 粒状斑の分解(～100km)、彩層のスケールハイトの分解(～30km)、ローカルダイナモ(～
10km)、遷移層の厚みの分解(～数km)など。Ca II 8542等のライン幅不足(Leenaarts+, 
2009)もグリッドサイズ不足が考えられる。

• 領域サイズへの制限

• より大きい対流構造の影響を取り入れようとすると下部境界を深くする必要がある。

• 磁場強度への制限

• 黒点や活動領域付近の大気ではアルフベン速度が非常に早くなるため、シミュレーション
の時間幅を強く制限される(10^-3秒以下)。また、計算が壊れやすくなる。



輻射流体計算の課題
• 観測との比較

• 静穏領域 Ca II 854.2 nm: ライン幅が狭い。グリッド数不足が推測される。

• 静穏領域 Hα: フィブリル様構造が再現され始めている。密度や長さなどは足りない。

• 活動領域、Ca II H&K, Mg II h&k等: （多次元の）詳細な比較研究なし。

• 計算コスト

• すでに計算コストはかなり大きい。これ以上大きい計算や活動領域の計算は難しい。

• 考慮されていない物理過程

• Hall効果、Ambipolar拡散

• Ca, Mg, Heの非平衡電離

• 3次元効果を取り入れた彩層の輻射冷却率



Appendix



数値計算による彩層スペクトル研究
• Leenaarts et al., 2009: Ca II IRT (SSTとの比較あり)

• 注：モデル大気はLTE(水素の非平衡電離は考慮されていない)。

• Leenaarts et al., 2012: Hα (比較あり)

• Leenaarts et al., 2013ab: Mg II h&k

• Cruz-Rodriguez et al., 2013: Ca II IRT (SSTとの比較あり)

• 彩層加熱とCa II 8542

• Riethmuller et al., 2013: Ca II H, Mg II k (Sunriseの観測。Mg II kは計算との比較あり)

• Leenaarts+13と比較。ただし、SuFIフィルターの幅が大きいため詳細な比較には至っ
ていない。

• Leenaarts et al., 2014: Ca II IRT

• 同位体の効果



未考慮の物理過程: ヘリウムの非平衡電離

- 1万度付近でHe IIがHe Iに変わ
る時に潜熱を開放するため、
温度が変わりにくくなる。

- この効果は電離非平衡を取り
入れると小さくなる。

- ヘリウムの電離平衡までの
時間スケールは数100秒。

Leenaarts et al. (2011)

Golding et al. (2014)



未考慮の物理過程: Hall効果, Ambipolar拡散

• 磁場が強く温度が低い場所で、磁場のダイナミクスや
エネルギー的に重要になる。

Martinez-Sykora et al. (2012)



未考慮の物理過程: 多次元性を取り入れた輻射冷却率
- Escape probabilityの形でモデ
ル化されたMg II線の輻射冷却
は、平均成層は良く再現する
が、局所的にはかなり差異が
ある。

- また、輻射による加熱につい
てはモデリングが難しく、考
慮されていない。

- 1次元でモデル化されたコロ
ナからの輻射の吸収も、3次
元の場合はよりスムーズな加
熱になっている。


