


Postscript

Editor Publications Committee
HANAOKA, Yoichiro
UEDA, Akitoshi
OE, Masafumi
SÔMA, Mitsuru
NISHIKAWA, Jun
MIYOSHI, Makoto
YOSHIDA, Haruo

Publisher National Institutes of Natural Sciences
National Astronomical Observatory of Japan

2-21-1 Osawa, Mitaka-shi, Tokyo 181-8588, Japan
TEL: +81-422-34-3600
FAX: +81-422-34-3960
http://www.nao.ac.jp/

Printer SANREI Printing Co., Ltd
2-32-1, Kanda-Jinbocho, Chiyoda-ku, Tokyo 101-0051, Japan
TEX: +81-3-5276-0811
FAX: +81-3-5276-0812

Cover Caption
Most distant and ancient supernovae discovered by the Subaru Telescope. In the image, which show the Subaru Deep Field, numerous 
supernovae related to white dwarfs were found, and ten of them had exploded more than ten billion years ago. This discovery gives an important 
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It is my pleasure to present the Annual Report of the 
National Astronomical Observatory of Japan (NAOJ) for 
the fiscal year 2011 (FY2011).

The FY2011 began in the aftermath of the East 
Japan Earthquake. Although the earthquake caused 
significant damage to two antennas at the Mizusawa 
VLBI Observatory in Tohoku – including a 20-metre 
VLBI Earth Rotation Astrometry (VERA) antenna – 
and a further two VLBI antennas located in Takahagi 

and Hitachi, they have all been restored and are fully 
operational. It is also worth noting that the supercomputer 
at the Mitaka headquarters was in fallback operations 
during the 2011 summer season in order to reduce energy 
consumption.

On July 2, there was a coolant leak from the prime 
focus of the Subaru Telescope. As a result, we were forced 
to temporarily stop the operation of the telescope as the 
primary mirror and observing instruments, including 

P R E F A C E

Masahiko HAYASHI
Director General of NAOJ



Suprime-Cam, were inoperative. We apologize to Subaru 
users and other persons concerned for the inconvenience 
caused by this interruption. Corrective measures were 
taken immediately, by cleaning the primary mirror and 
repairing the damaged instruments. Furthermore, a special 
committee was established to investigate the cause of the 
leak in order to prevent a future recurrence.

The ALMA project is making steady progress at the 
Atacama plateau in Chile. Currently, 16 antennas out 
of 66 are available for observations. The Joint ALMA 
Observatory announced the call for proposals for Cycle 
0 – a preliminary open-use period, with 16 antennas this 
year. By the end of June 2011, more than 900 proposals 
were submitted from all over the world, revealing 
extraordinarily high levels of interest from the global 
scientific community in ALMA. About 150 proposals 
were submitted to Cycle 0 from Japan, the second 
largest number of submissions among the ALMA member 
countries. The Cycle 0 observation began in October 
2011 and we expect some exciting results from ALMA 
observations to be released to the public in the near future.

Meanwhile, the Subaru Telescope continues to be 
productive, despite the accident mentioned above. More 
than 120 scientific papers are published per year, which 
means about one research paper every three days. Many 
of the papers published in the FY2011 are categorized into 
two areas: the first is distant galaxies, clusters of galaxies 
and dark matter; the second is exoplanets and disks 
around young stars. These are the main streams of modern 
astronomy, where the Subaru Telescope plays an important 
role. In fact, the Subaru Telescope has made remarkable 
contribution to the advancement of evolutionary studies 
of distant galaxies and clusters of galaxies.

The most impressive feature of the Subaru Telescope 
is its wide-field capability. Now we have developed 
a 900-megapixel Hyper Suprime-Cam at the NAOJ 
Advanced Technology Center in Mitaka. It will provide 
a field of view several times larger than the current 
Suprime-Cam. Furthermore, new corrector optics will 
provide sharp and undistorted stellar images over the 
entire CCD area.

The Subaru Telescope has successfully imaged 
gaseous giant exoplanets, but imaging Earth-like rocky 

planets is impossible. We need a larger light collecting 
area, sharper imaging resolution, and higher contrast. This 
will be achieved by the Thirty Meter Telescope (TMT), 
which will be constructed on Mauna Kea, at a slightly 
lower elevation than Subaru. Representatives from the 
prospective partners – Japan, USA (California and NSF), 
Canada, India and China – are busy coordinating the 
construction of TMT, which is expected to begin in the 
spring of 2014. Japan plans to assume the construction of 
the telescope structure and part of the primary mirror.

There are also growing aspirations for Solar-C, a 
next generation space-based solar observatory that will 
succeed Hinode. Recently, the solar activity appears to 
be slipping out of phase from its long sustained 11-year 
period, which has been attracting global attention because 
it might eventually cause significant environmental 
changes. The NAOJ recognizes the importance of such 
research and is always committed to fulfilling its societal 
responsibilities. 

The FY2012 will mark the completion of ALMA and 
the 30th anniversary of the Nobeyama Radio Observatory, 
which has produced some astounding scientific 
achievements. Astronomy is always rapidly changing, 
with new telescopes being planned and realized, while 
those that were once at the frontier of science eventually 
become obsolete. It is the mission of the NAOJ to respond 
to these changes and to provide advanced facilities that 
attract top researchers from around the world so that we 
can return important scientific results to society.

Masahiko HAYASHI
Director General of NAOJ
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Near-infrared imaging polarimetry in the J, H, and 
Ks bands has been carried out for the protostellar cluster 
region around NGC 2264 IRS 2 in the Monoceros OB1 
molecular cloud. Various infrared reflection nebula 
clusters (IRNCs) associated with NGC 2264 IRS 2 and 
the IRAS 12 S1 core, as well as local infrared reflection 
nebulae (IRNe), were detected. The illuminating sources 
of the IRNe were identified with known or new near- 
and mid-infrared sources. In addition, 314 point-like 
sources were detected in all three bands and their aperture 
polarimetry was studied. Using a color-color diagram, 
reddened field stars and diskless pre-main-sequence stars 
were selected to trace the magnetic field (MF) structure 
of the molecular cloud. The mean polarization position 

angle of the point-like sources is 81° ± 29° in the cluster 
core, and 58° ± 24° in the perimeter of the cluster core, 
which is interpreted as the projected direction on the 
sky of the MF in the observed region of the cloud. The 
Chandrasekhar-Fermi method gives a rough estimate of 
the MF strength to be about 100 μG. A comparison with 
recent numerical simulations of the cluster formation 
implies that the cloud dynamics is controlled by the 
relatively strong MF. The local MF direction is well 
associated with that of CO outflow for IRAS 12 S1 
and consistent with that inferred from submillimeter 
polarimetry. In contrast, the local MF direction runs 
roughly perpendicular to the Galactic MF direction [1].

Complex Scattered Radiation Fields and Multiple Magnetic Fields
in the Protostellar Cluster in NGC 2264

KWON, Jungmi, TAMURA, Motohide
(Graduate University for Advanced Studies / NAOJ)

KANDORI, Ryo, KUSAKABE, Nobuhiko, HASHIMOTO, Jun, NAKAJIMA, Yasushi
(NAOJ)

NAKAMURA, Fumitaka   NAGAYAMA, Takahiro   NAGATA, Tetsuya
(Graduate University for Advanced Studies / NAOJ)      (Nagoya University)     (Kyoto University)

HOUGH, James H.   WERNER, Michael W.   TEIXEIRA, Paula S.
              (University of Hertfordshire)        (Jet Propulsion Laboratory)    (European Southern Observatory)

H polarization vector map superposed on the color 
composite image in the IRSF/SIRPOL JHKs (blue), 
Spitzer/IRAC 5.8 μm and Spitzer/MIPS 24 μm (red) 
bands. The length of the vectors is proportional to the 
degree of polarization. Shown in the upper left corner 
is a 20 % vector. The vectors were made by 6 × 6 pixel 
smoothing (twice the seeing size), and the vectors 
were shown every 6 pixels with intensities greater than 
3σ above the mean sky level, where is the standard 
deviation of sky brightness. Three IRNCs are labeled.

Figure 1:
Stokes I image of the H band with contours of 870 μm 
continuum emission [2]. Con- tours are at 0.5, 1.0, 1.5, 
2.0, and 2.5 Jy beam−1. Red con- tours: dense cluster of 
the IRS 1 region. Blue contours: dense cluster of the IRS 
2 region.

Figure 2:
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Age dating of individual stars in general is a very 
difficult task. Usually groups of stars or stellar clusters 
provide us with age-controlled sample of stars. For 
instance, a globular cluster is considered to be the source 
of an old sample of coeval stars in the halo with rather 
uniform metallicity. On the other hand, an open cluster 
provides us with a relatively young sample of stars with a 
similar age in the Galactic disk.

Some open clusters are located closer to the Sun than 
the nearest-by star-forming regions, such as Taurus and 
Chamaeleon dark clouds located at about 140 pc of the 
Sun. Due to the proximity, spatial localization alone is 
not a stringent criterion for the membership for these 
clusters. At least the proper motion and mean radial 
velocity have been used to define a kinematic group. 
Nearby streams of stars identified this way are called 
“stellar kinematic groups (SKGs)”. At least eleven SKGs 
are known to date [1]. Owing to the success of Hipparcos 
in measuring parallaxes and proper motions of stars in the 
solar neighborhood, and to ground-based observational 
efforts to obtain radial velocities of nearby stars, three-
dimentional velocity information is available for a set 
of nearby stars brighter than about V = 11 measured by 
Hipparcos within about 40 pc of the Sun.

A sample of age-controlled young stars in the very 
solar neighborhood has a wide range of applications. For 
instance, the direct detection of sub-stellar companions 
and planets is possible only around these young stars 
with the present-day technology, since brown dwarfs and 
planets shine only by the release of their gravitational 
energy. For instance, Gl 229A, the main star of Gl 229B, 
was selected as a target for the brown dwarf search, 
based on its kinematic youth as a young disk star [2,3]. 
However, the age of Gl 229AB system is not known 
precisely enough to estimate the mass of Gl 229B. Since 
the luminosity of a brown dwarf or a planet depends 
on both its mass and age, the knowledge of the age 
is essential in obtaining the mass from its luminosity. 
Other than that, age controlled samples are useful for the 
studies of stellar properties such as chromospheric and 
coronal activities, magnetic field strength, rotation, and 
the presence of circumstellar disks around them.

We analyze the kinematic histories of stars within 
30 pc of the Sun, for which three-dimensional spatial 
coordinates and three-dimensional velocity vectors, are 
available. From this sample, we extract members of 
stellar kinematic groups (SKGs) in the following manner. 
First, we consider in the three-dimensional velocity space 
centered on the local standard of rest, a sphere with a 
radius of 8 km s−1 centered on the mean velocity vector 

of a particular SKG. Around each SKG velocity center, 
we have found significant excess of stars compared to 
background field stars. For each candidate, in the three-
dimensional spatial coordinate space, its trajectory is 
traced back in time by the age of the relevant SKG, to 
obtain the estimated distance from the SKG center at the 
time of the SKG’s birth by the epicyclic approximation 
and harmonic vertical motion. It often happens that a star 
is a candidate member of multiple SKGs. Then we rank 
the candidacy to multiple SKGs based on the smallness 
of distance separations. This way, we have kinematically 
selected 238 candidates. Then we further impose at 
least one of the following qualitative criteria to be a 
member: spectral type A or B, variability, or EUV and 
X-ray emission. We have finally selected 137 candidate 
members of SKGs out of a sample of 966 stars [4].

Potential Members of Stellar Kinematic Groups within 30 pc of the Sun
NAKAJIMA, Tadashi, MORINO, Jun-Ichi

(NAOJ)

SKG Age (Myr) # of members
TW Hydra 8 13
η Cha 8 6
Cha-Near 10 7
β Pic 12 8
Tuc-Hor 30 7
IC 2391 45 17
AB Dor 50 18
Pleiades 120 0
Castor 200 19
Ursa Major 300 33
Hyades 600 9
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The surface Li abundances (ALi) in solar-analog stars 
(i,e., early G-type main-sequence stars like our Sun) 
show a remarkably large diversity amounting to more 
than ~2 dex. Why such a large difference is produced 
for stars with similar parameter values? We previously 
found in statistical study on 118 selected solar-analogs 
based on the OAO/HIDES spectra that ALi depends 
upon the rotational velocity (see [1]). This finding was 
further corroborated from the viewpoint of stellar activity 
(controlled by rotation via a dynamo) estimated from the 
core flux of the Ca II 8542 line [2].

Then, why slow rotation leads to an efficient Li 
depletion? Interestingly, according to Bouvier’s recent 
theoretical simulation [3], slow rotators develop a high 
degree of differential rotation between the radiative core 
and the convective envelope, which eventually promotes 
lithium depletion by enhanced mixing, while such core
–envelope decoupling does not evolve in faster rotators. 
Then, the key to understanding the mixing process lies in 
“the bottom of the convection zone” (i.e., “tachocline”), 
where the condition may be probed by examining the 
abundance of Be along with Li (each having different 
burning temperatures). (See Figure 1 showing the 
structure of the solar envelope model taken from [4].)

Accordingly, we conducted an extensive beryllium 
abundance analysis for the same sample of 118 solar 
analogs (based on the high-dispersion UV spectra 
obtained with Subaru/HDS in 2009–2010) by applying 
the spectrum synthesis technique to the near-UV region 
comprising the Be II line at 3131.066 Å, in an attempt to 
investigate how and whether Be suffers any depletion 
such as the case of Li showing a large diversity.

Our findings are as follows (cf. Figure 2): 
—In marked contrast to Li, most (~96%) of the solar 
analogs are superficially similar in terms of their ABe.
—However, 4 out of 118 stars turned out strikingly Be-
deficient (by > ~ 2 dex) and these 4 stars have the lowest 
ve sin i, the lowest stellar activity, and depleted ALi.
—Moreover, even for the other majority showing an 
apparent similarity in Be, we can recognize a tendency 
that A(Be) gradually increases with an increase in ve sin i.

These results suggest that any solar analog star 
(including the Sun) generally suffers some kind of 
rotation-dependent Be depletion, for which we suspect 
two kinds of mechanisms may operate: The “strong”
process should work only in limited cases under special 
conditions but depletes surface Be very efficiently once 
triggered, whereas the “weak” process acts on most stars 

and slowly reduce Be in the outer envelope. Contributions 
of theoreticians are awaited toward developing a 
reasonable model accounting for these observational 
facts.

See [5] for more details of this study.

Beryllium Abundances of Solar-Analog Stars
TAKEDA, Yoichi, TAJITSU, Akito, KAWANOMOTO, Satoshi, ANDO, Hiroyasu, SAKURAI, Takashi

(NAOJ)

HONDA, Satoshi
(Kyoto University)

Physical structure of the envelope of the Sun.Figure 1:

Be abundances plotted against the projected rotational 
velocity.

Figure 2:
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Luminous infrared galaxies (LIRGs) radiate very 
large infrared luminosities with LIR > 1011 L, and so must 
possess luminous energy sources hidden behind dust, 
which absorbs the bulk of the primary energetic radiation, 
is heated, and produces strong thermal infrared radiation. 
The dust-obscured hidden energy sources can be either 
starburst (energy release by nuclear fusion reaction 
inside stars) and/or AGN activity (release of gravitational 
energy by a mass accreting active supermassive black-
hole). We have previously performed systematic infrared 
2.5–40 μm low-resolution spectroscopy of LIRGs, to 
investigate the relative energetic roles of starburst and 
AGN activity [1,2]. Based on the strengths of polycyclic 
aromatic hydrocarbon emission and dust absorption 
features detected in infrared spectra, AGNs with 
hard primary energetic radiation and more centrally- 
concentrated energy source geometry than dust, can be 
differentiated from normal starbursts which emit soft 
energetic radiation and have mixed energy sources and 
dust geometry. Although AGNs and normal starbursts are 
distinguishable, an extreme starburst, consisting of HII-
regions only and showing an exceptionally centrally- 
concentrated energy source geometry, can produce similar 
infrared spectral shapes to AGNs, and so cannot be ruled 
out based on infrared spectroscopy alone.

It is shown, both theoretically and observationally, 
that there is an upper limit for the emission surface 
brightness of starburst activity with ~1013 L kpc−2 [3,4], 
because the radiative energy generation efficiency of 
nuclear fusion inside stars is modest (0.7 % of Mc2). It is 
very difficult even for an extreme starburst to exceed this 
threshold by a large factor, as long as the extreme starburst 
is powered by nuclear fusion. On the other hand, an AGN 
can produce much higher emission surface brightness, 
because the efficiency of a mass accreting supermassive 
blackhole can be 6–42 % of Mc2. Thus, a very high 
emission surface brightness energy source, if detected, 
must be an AGN, rather than an extreme starburst.

We performed infrared 18 μm high-spatial-resolution 
imaging of nearby luminous infrared galaxies using 
Subaru 8.2 m and Gemini South 8.1 m telescopes (Figure 
1). Infrared 18 μm observations can probe the dominant 
dust emission components of luminous infrared galaxies, 
and the point spread function (PSF) is stable at 18 μm, 
due to the reduction of Earth’s atmospheric turbulence, 
making reliable discussion of intrinsic emission’s spatial 
extent possible. Since we can constrain the emission 
size more strongly, and obtain a more stringent lower 
limit of emission surface brightness using ground-based 
large 8–10 m telescopes than space-based satellites with 

small apertures, our ground-based data play a crucial 
role. We found that many LIRGs with AGN signatures in 
previously-taken infrared spectra show emission surface 
brightnesses much higher than the maximum value set by 
a starburst phenomenon, supporting the AGN scenario for 
these galaxies, rather than the extreme starburst picture [5].

Infrared 18μm High-Spatial-Resolution Imaging of nearby Luminous
Infrared Galaxies Using Subaru and Gemini South Telescopes

IMANISHI, Masatoshi   IMASE, Keisuke, OI, Nagisa   ICHIKAWA, Kohei
      (NAOJ)     (GUAS/NAOJ)    (Kyoto University)

Infrared 18 μm images taken with Subaru (Top and 
bottom; 5″×5″) and Gemini South telescope (Middle; 
8″×8″). (Left) : galaxies. (Right) : corresponding PSF 
reference stars. North and East directions are indicated. 
(Top and middle): Infrared emission from galaxies is 
compact and its spatial extent is indistinguishable from 
PSF stars. The observed very high emission surface 
brightnesses suggest AGNs. (Bottom): Galaxy infrared 
emission is spatially extended, and can be explained by 
a normal starburst.

Figure 1:
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Magnetic reconnection is a driving engine of solar 
flares, stellar flares, and quite probably bursty events 
in high-energy astrophysical sites. The reconnection 
process is driven by a small-scale “dissipation region” 
surrounding the reconnection point (X-point), at which 
a plasma ideal condition breaks down. Recently, kinetic 
particle-in-cell (PIC) simulations have revealed that the 
electron ideal condition is violated in many locations in 
collisionless reconnection: i.e., the nonidealness cannot 
locate the dissipation region. To overcome this problem, 
we have proposed an electron-frame dissipation measure 
as a new marker of the dissipation region [1],

(1)

where γe = [1 − (ve /c)2]−1/2 is the Lorentz factor for the 
electron bulk velocity and ρc is the charge density. This 
stands for the nonideal energy conversion in the MHD 
framework as well as the energy transfer in the moving 
frame of electron’s bulk flow.

The measure gives us a new perspective to understand 
the structure of magnetic reconnection. Figure 1 shows 
magnetic field lines and key physical quantities in a 
    dimensional PIC simulation with antiparallel 
symmetric fields [2]. Kinetic reconnection exhibits a 
highly-modulated field-line structure due to Hall effects. 
One can recognize a well-known quadruple pattern of the 
out-of-plane magnetic field By in the rear panel. In such a 
complicated geometry, the previous measure (the electron 
frozen-in) falsely detects an elongated nondissipative 
region. In contrast, our new measure De successfully 
distinguishes a compact and narrow dissipation region 
around the X-point (the central red region in the front 
panel). Series of PIC simulations suggest that the size of 
the dissipation region is controlled by electron physics. 
The dissipation region is typically ~O(1)deloc thick and 
~O(10)deloc long, where deloc is a local electron inertial 
length. More work is necessary for better prediction. We 
have also discussed structures surrounding the dissipation 
region, such as a narrow fast electron jet and a shock-like 
jet front. Our understanding is summarized in a unified 
picture in Ref. [2].

It is important to verify the new theory in the real 
world. Efforts are in progress to probe the dissipation 
region by laboratory experiments or by satellite 
observations in the terrestrial magnetosphere. Hopefully 
NASA’s upcoming magnetospheric multiscale (MMS) 
mission [3] will observe reconnection sites at electron-
scale spatial and temporal resolutions after 2014. We 
hope that MMS will find an unambiguous evidence for 
the dissipation region.

The Inner Structure of Collisionless Magnetic Reconnection
ZENITANI, Seiji

(NAOJ)

Magnetic field lines, the dissipation measure De (Eq. 1), 
and the out-of-plane magnetic field By from run 1A in 
Ref. [2].

Figure 1:
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Millimeter and submillimeter observations of dense 
cores in nearby parsec-scale cluster-forming clumps have 
shown that the core mass function (CMF) resembles the 
stellar initial mass function (IMF). This suggests that 
the observed dense cores may be the direct progenitors 
of individual stars and the bulk of the stellar IMF may 
be at least partly determined by cloud fragmentation in 
the parsec-scale dense clumps. Thus, understanding the 
formation process of dense cores is a key step towards a 
full understanding of how stars form.

In this study, we investigate the physical properties 
of dense cores formed in turbulent, magnetized, parsec-
scale clumps of molecular clouds, using three-dimensional 
numerical simulations that include protostellar outflow 
feedback. In a cluster-forming clump, protostellar out-
flow feedback can play an important role in turbulence 
regeneration. In our previous studies, we demonstrated 
that protostellar outflows can resupply the supersonic 
turbulence, keeping the clumps near a quasi-virial 
equilibrium state for a relatively long time [1,2].

Figure 1 compares the column density distributions 
along the y-axis for the three models with different initial 
magnetic field strengths, at a stage when the star formation 
efficiency has reached 16 %. Figure 1 indicates that the 
global density distribution depends on the initial magnetic 
field strength. In the presence of a moderatelystrong 
magnetic field, the cloud material condenses preferentially 
along the magnetic field lines into a large-scale filamentary 
structure that is nearly perpendicular to the initial magnetic 
field direction. The dense cores are distributed primarily 
along the main filament.

Then, we identified dense cores using the CLUMPFIND 
algorithm and found the following.

1. Dense cores do not follow Larson’s linewidth-size 
relation. We find that the velocity dispersions of dense 
cores show little correlation with core radius, irrespective 
of the strength of the magnetic field and outflow feedback. 
In the absence of a magnetic field, the majority of the 
cores have supersonic velocity dispersions, whereas in the 
presence of a moderately-strong magnetic field, the cores 
tend to be subsonic or at most transonic.

2. We find that most of the cores are out of virial 
equilibrium, with the external pressure due to ambient 
turbulence dominating the self-gravity. The core 
formation and evolution is largely controlled by the 
dynamical compression due to outflow-driven turbulence. 
Such a situation is contrast to the strongly-magnetized 
(magnetically subcritical) case, where the self-gravity plays 
a more important role in the core dynamics, particularly for 

massive cores.
3. Even an initially-weak magnetic field can retard 

star formation significantly, because the field is amplified 
by supersonic turbulence to an equipartition strength. In 
such an initially weak field, the distorted field component 
dominates the uniform one. In contrast, for a moderately-
strong field, the uniform component remains dominant. 
Such a difference in the magnetic structure can be observed 
in simulated polarization maps of dust thermal emission. 
Recent polarization measurements show that the field 
lines in nearby cluster-forming clumps are spatially well-
ordered, indicative of a moderately-strong, dynamically-
important, field.

Our simulations indicate that in clustered star formation 
moderately strong magnetic field is needed to reproduce 
the physical properties of dense cores [3].

Clustered Star Formation in Magnetic Clouds:
Properties of Dense Cores Formed in Outflow-Driven Turbulence

NAKAMURA, Fumitaka   LI, Zhi-Yun
       (NAOJ)           (University of Virginia)

Column density snapshots on the x-z plane for (a) model 
N1 (t = 4.6tff,c ~ 0.9 Myr), (b) W1 (t = 6.5tff,c ~ 1.2 Myr), 
and (c) S1 (t = 7.4tff,c ~ 1.4 Myr) at the stage when 16 
% of the total mass has been converted into stars. The 
positions of the formed stars are overlaid with the dots. 
The units of length are the central Jeans length LJ = (�c2

s 
/Gρ0)1/2 ~– 0.17(T/20K)1/2(nH2

,0/2.69 × 104 cm−3)−1/2 pc.

Figure 1:
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Most stars form in clusters. Therefore, understanding 
the formation process of star clusters is a key step 
towards a full understanding of how stars form. Recent 
observations have revealed that star clusters form in 
turbulent, magnetized, parsec-scale dense clumps of 
molecular clouds. These clumps contain masses of 
102–103 M, fragmenting into an assembly of cores 
that collapse to produce stars. In cluster-forming 
clumps, stellar feedback such as protostellar outflows, 
stellar winds, and radiation rapidly start to shape the 
surroundings. Because of the short separations between 
forming stars and cores, these feedback mechanisms are 
expected to control subsequent star formation. However, 
the roles of the stellar feedback on cluster formation 
remain poorly understood observationally.

In this study, we carried out molecular outflow survey 
toward a young embedded cluster, Serpens South, in CO 
(3–2) using the ASTE 10 m telescope, and attemped to 
reveal the role of molecular outflows in star formation 
in this cluster-forming region. Serpens South is a nearby 
embedded cluster, recently discovered by Guthermuth et 
al. (2008) using the Spitzer Space telescope.

An interesting characteristic of the cluster is its 
extremely-high fraction of protostars. In the central 
region, the number fraction of protostars (Class I) relative 
to the YSOs detected by the Spitzer telescope (Class I/II) 
reaches about 80 %. This fraction is largest among the 
cluster-forming regions known within the nearest 400 
pc. This suggests that Serpens South is in the very early 
phase of cluster formation.

The main results are summarized as follows.
1.  We found that  many outflow components 

concentrate in the dense part where the protocluster 
resides. Most of these outflow components appear to 
move away from the dense part.

2. We estimated the global physical quantities of the 
outflows. The total outflow mass, momentum, and energy 
seem smaller than those of the Serpens Cloud Core, 
a nearby typical parsec-scale cluster-forming clump, 
located about 3° north of Serpens South. However, the 
characteristic outflow speed appears somewhat larger 
than that of the Serpens Cloud Core. This may imply that 
the YSO populations of Serpens South are younger than 
those of the Serpens Cloud Core.

3. The outflow energy injection rate is likely to be 
somewhat larger than the energy dissipation rate of 
the supersonic turbulence, suggesting that the outflow 

feedback can significantly contribute to the generation of 
the supersonic turbulence in the dense clump. Assuming 
the median stellar mass of 0.5 M, the mean outflow 
momentum per unit stellar mass is estimated to be about 
4 km s−1, under the assumption of optically-thin gas.

4. The total outflow energy appears significantly 
smaller than the global gravitational energy of the dense 
part where the protocluster is located. In other words, it 
may be difficult to destroy the cluster-forming clump by 
the current outflow activity. This may be inconsistent with 
the dynamical model of cluster formation, for which the 
outflow feedback due to the initial star burst is envisioned 
to disperse the dense gas from the cluster-forming clump 
[1].

Molecular Outflows From the Protocluster, Serpens South
NAKAMURA, Fumitaka1, SUGITANI, Koji2, SHIMAJIRI, Yoshito1, TSUKAGOSHI, Takashi3

HIGUCHI, Aya1, NISHIYAMA, Shogo4, KAWABE, Ryohei1, TAKAMI, Michiriro5

KARR, Jennifer L.5, GUTERMUTH, Robert A.6, WILSON, Grant6

1: NAOJ, 2: Nagoya City University, 3: University of Tokyo, 4: Kyoto University, 5: ASIAA, 6: University of Massachusetts

Molecular outflow lobes identified from CO (J = 3–2) 
emission toward the Serpens South protocluster. The 
blue contours represent blueshifted 12CO gas and red 
contours represent redshifted 12CO gas. The blue and 
red contour levels go up in 6 K km s−1 step, starting from 
3 K km s−1. The integration ranges are −9.75 to 3.75 km 
s−1 for blueshifted gas and 11.25 to 29.25 km s−1 for 
redshifted gas.

Figure 1:
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Most stars form in GMCs. In GMCs, various environ-
mental effects such as large-scale flows, supernovae, and 
stellar feedback from young stars (winds, radiation, and 
outflows) often shape the cloud structure and dynamics, 
triggering and suppressing the formation of the next-
generation stars. Fingerprints of these environmental 
effects have been found in some star-forming regions, 
However, the roles of the environmental effects in star 
formation remain poorly understood observationally. 
This is partly because wide-field, high spatial and/or 
spectral resolution observations, which are needed to 
resolve the cloud structure and kinematics in detail, are 
still limited. In particular, stellar feedbacks such as winds 
or outflows are often extended to parsec-scale. Wide-
field observations of the cloud structure and kinematics 
are needed to unveil such environmental effects. At the 
same time, it is necessary to resolve the cloud structure 
at a scale of “dense cores”, which are the basic units 
of individual star formation (≈ 0.1 pc ~ one arcmin at a 
distance of 400 pc), in order to uncover a link between 
individual star formation and the environmental effects.

In this study, to understand how the environmental 
effects influence the internal structure and kinematics in 
star-forming molecular clouds, we present the results of 
wide-field 12CO (J = 1–0) mapping observations toward 
the L1641-N region, a nearby active star-forming region 
in the Orion A giant molecular cloud complex, using 
the Nobeyama 45 m radio telescope. Our data have high 
angular (≈ 21″) resolution, allowing us to resolve spatial 
structures at a scale of 0.04 pc at a distance of 400 pc.

The main results are summarized as follows.
The 12CO (J = 1–0) velocity channel maps suggest 

that the blueshifted (VLSR < 6 km s−1) and redshifted 
(VLSR > 7 km s−1) components are interacting with each 
other. Since the two components appear to overlap 
toward the dust filaments identified by the AzTEC/ASTE 
observations (Shimajri et al. 2010) on the plane of the 
sky, the collision between the two components may have 
occurred almost along the line of sight.

We found several parsec-scale shells in the 12CO 
(J = 1–0) data cube. Some of the shells appear to be 
spatially well-ordered and homocentric. The centers of 
the shells are close to either the L 1641-N or V 380 Ori 
cluster centers, implying that the star formation activity 
in the clusters may be responsible for the formation and 

evolution of the shells.
The molecular gas distribution and kinematical 

structure of this region led us to the following scenario. 
On the large scale of at least about 1–10 pc, a cloud-
cloud collision may have occurred almost along the line 
of sight in this region, contributing to the formation 
of several dense filaments. The cloud-cloud collision 
have triggered the formation of the L1641-N cluster. 
Multiple protostellar winds and outflows from the cluster 
member YSOs created large expanding bubbles that can 
be recognized in the 12CO and 13CO maps. Here, we 
call these YSO winds as “protocluster winds”. The shell 
surrounding V 380 Ori also has two different velocity 
components both in the 12CO and 13CO maps. Both the 
cloud-cloud collision and the protocluster winds are 
likely to have created the complicated cloud morphology 
and kinematics.

Evidence For Cloud-Cloud Collision and Parsec-Scale Stellar Feedback
Within the L1641-N Region

NAKAMURA, Fumitaka1, MIURA, Tomoya2, KITAMURA, Yoshimi3, SHIMAJIRI, Yoshito1

KAWABE, Ryohei1, AKASHI, Toshiya4, IKEDA, Norio3, TSUKAGOSHI, Takashi5

MOMOSE, Munetake6, NISHI, Ryoichi2, LI, Zhi-Yun7

1: NAOJ, 2: Niigata University, 3: JAXA, 4: Tokyo Tech. University, 5: University of Tokyo, 6: Ibaraki University, 7: University of  Virginia

CO (1–0) peak intensity map twoard the L1641-N region 
in Orion A. The image indicates that several prominent 
shells shape the cloud structure in this region. We 
propose that these shells were created by protostellar 
winds, stellar feedback from forming star clusters. See 
[1] for more detail.

Figure 1:
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Magellanic Stream is a long and narrow filament 
of neutral hydrogen gas which extends more than 180 
degree around our Galaxy. It is thought to be a stripped 
gas from both of or one of the Magellanic clouds by their 
interaction. Most of the stream is observed as a neutral 
hydrogen gas [1], and no stars have been detected in it. 
Nevertheless, Hα emission is observed from some part of 
the stream [2,3], and the ionizing mechanism has been in 
debate.

We can expect that an optical intermediate-dispersion 
spectroscopic observation with a wide spectral coverage 
would be helpful to investigate the ionization sources. 
For example, as one of the hyposethes for the ionization, 
“shock cascade” model predicted a high Hβ/Hα ratio [4]. 
If we could measure the ratio from an observation, the 
models would be verified. The difficulty was, however, 
that the previous Hα observations used Fabry-Pérot 
spectrographs and the spatial information were averaged 
out. The spatial resolution was about 7 arcmin at most. 
The resolution is not enough for long-slit spectroscopy or 
multi object spectroscopy.

Aiming for breakthrough, we observed a 50 arcmin 
square region around one of the previous Hα detection in 
Hα narrowband and R-band filter using 2kCCD camera 
at the Kiso Observatory of the University of Tokyo in 
September and November in 2011 [5]. The exposure time 
corrected for the weather dimming was about 5 hours 
in total, and the limiting surface brightness was about 
24 mag per square arcseconds as 1σ. We detected three 
parallel filamentary structures of Hα excess which lie a 
short distance away from a previous study (Fig. 1). The 
filaments are 2 arcminutes wide and 6–30 arcminutes 
long with 12 arcminutes intervals. Their position overlaps 
the neutral hydrogen stucture of the Magellanic Stream, 
but it also overlaps a nearby structure of hydrogen gas 
(Fig. 2).

If the Hα comes from a part of Magellanic Stream, 
it is qualitatively consistent with the shock cascade 
model; the surface of an upstream cloud is stripped by 
the interaction with the halo gas and then heated up by 
the collision with the following cloud at the downstream. 
If it is a nearby object, on the otherhand, it is difficult 
to make such a long, narrow and straight ionized gas 
structure. A possible explanation would be that several 
Fossil Strömgren Trails [6], a traveling white dwarf left 
its Strömgren sphere, were somehow created at the same 
direction from us. We will try to determine the recession 
velocity of the emission by spectroscopy and to answer 
whether they belong to Magellanic Stream (v ~ −200 km/s)  
or near by gas (v ~ −40 km/s).

Hα Emission from Magellanic Stream
YAGI, Masafumi, KOMIYAMA, Yutaka   YOSHIDA, Michitoshi

             (NAOJ)           (Hiroshima University)

R-band subtracted N657 (Hα) image. Around the center, 
three parallel filamentary structures running from the top 
right to the bottom left direction are recognized.

Figure 1:
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Hα emission overlaied on the contour of neutral 
hydrogen gas [7,8]. The left is the gas of Magellanic 
Stream, and the right is nearby Galactic gas.

Figure 2:
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The star formation history and the triggering process 
for star formation of the nuclear bulge of our Galaxy 
remain to be resolved. Classical Cepheid variable stars 
have pulsation periods that decrease with increasing age, 
so it is possible to probe the star-formation history. We 
have reported the presence of three classical Cepheids in 
the nuclear bulge with pulsation periods of approximately 
20 days [1]. No Cepheids with longer or shorter periods 
were found. We infer that there was a period about 25 
Myr ago, and possibly lasting until recently, in which star 
formation increased relative to the period of 30–70 Myr 
ago.

We conducted a near-infrared survey for the 0 .°33 by  
0.°5 area around the Galactic center [2], where no classical 
Cepheids were known before. The data were taken with 
the Infrared Survey Facility (IRSF) 1.4-m telescope and 
the SIRIUS near-infrared camera located at the South 
African Astronomical Observatory. Approximately 90 
time-series images were collected in each of the J, H and 
KS bands during eight years between 2001 and 2008, and 
three classical Cepheids were discovered on the basis of 
their light curves (Fig. 1).

All of our classical Cepheids have periods close to 
20 days, suggesting their ages of 25 ± 5 Myr. We can 
estimate the star-formation rate at about 25 Myr ago by 
assuming an initial mass function and the lifetime spent 
by the Cepheid inside the instability strip, and find that 
the star-formation rate was 0.075+0.15 M  yr−1 in the entire 
nuclear bulge 20–30 Myr ago. On the other hand, the 
absence of shorter-period Cepheids leads to 0.02 M  yr−1  
as a 1σ upper limit on the star-formation rate for 30–70 
Myr ago. Thus we find the change in the star-formation 
rate between 20 and 70 Myr ago in the nuclear bulge.

A recent investigation suggested that the star 
formation rate was low a few tens of millions of years 
ago and then increased to a peak at about 0.1 Myr ago, 
followed by a decline in very recent times [3]. However, 
the tracers used give only a rough timescale for the 
range 1–100 Myr ago. Our estimates have much higher 
time resolution for the 20–70 Myr range and indicate an 
increase in star-formation rate within this period.

It is of interest to consider how and why such time 
variations in star formation occurred. Episodic star 
formation has been suggested in some of the so-called 

pseudobulges, the central regions of a few barred spiral 
galaxies, possibly growing with bar-driven gas inflow. 
Our result suggests that episodic star formation on a 
short timescale of about 25 Myr occurred in the nuclear 
bulge, which some authors claim to be a pseudobulge [4]. 
The timescale is comparable with that of the cyclic gas 
accumulation predicted for the central part of the Milky 
Way [5].

Three Classical Cepheid Variable Stars
in the Nuclear Bulge of the Milky Way

MATSUNAGA, Noriyuki, KOBAYASHI, Naoto   KAWADU, Takahiro, NAGATA, Tetsuya
              (University of Tokyo)        (Kyoto University)

NISHIYAMA, Shogo, TAMURA, Motohide   NAGAYAMA, Takahiro
          (NAOJ)    (Nagoya University)

BONO, Giuseppe   FEAST, Michael W.
               (Universita di Roma Tor Vergata)        (University of Cape Town)

−0.05

The classical Cepheids discovered in the Nuclear Bulge. 
The near-infrared false-color image (left), close-ups 
around the Cepheids (middle), and the H-band light 
curves are shown. The positions of the Cepheids are 
shown by blue circles.

Figure 1:
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It is now widely accepted that stars form pre-
dominantly within clusters inside dense clumps 
of molecular clouds (MCs) that are turbulent and 
magnetized. However, how clusters form in such dense 
clumps remains poorly understood. Recent numerical 
simulations suggest that a moderately strong magnetic 
field (MF) is needed to impede star formation in MCs 
for the simulated star formation rates to match observed 
values (e.g., [1]). In contrast, weak MF (a few μG) is 
claimed in MCs where turbulent compression largely 
controls the structural formation of MCs on scales of 
a few to several parsecs [2]. In the later case, the MFs 
associated with cluster-forming clumps are expected to 
be distorted significantly by supersonic turbulent flows.

To characterize the MF structure of cluster-forming 
clumps, it is important to uncover the global MF 
structures associated with cluster-forming clumps. So 
we carried out near-infrared polarization observations 
of filamentary clouds in the Serpens South embedded 
cluster [3], which is believed to be in a very early stage of 
cluster formation. Although some small deviation is seen, 
the MF is roughly perpendicular to the main filament 
elongated toward the NW and SE direction (Fig. 1, here 
the polarization vectors are assumed to be the directions 
of the local MF). This ordered MF configuration suggests 
that the MF is strong enough to regulate the entire 
structure of the main filament and, therefore, that the 
formation of the main filament has proceeded under the 
influence of the MF.

In contrast to the main filament, sub-filaments that 
converge on the central part of the cluster or intersect 
the main filament, appears to be nearly parallel to the 
MF direction. They could be outflows from the cluster or 
inflow toward the main filament. Recent CO observations 
toward Serpens South suggest that CO outflow lobes are 
anti-correlated with the sub-filaments [4], reinforcing the 
inflow view of the sub-filaments.

In addition, the global MF appears to be curved in 
the southern part of the observed region. This curved 
morphology suggests that the global MF is distorted by 
gravitational contraction along the main filament toward 

the northern part, where the mass of the cloud seems to 
be mostly concentrated. Using the Chandrasekhar-Fermi 
method, the MF strength is roughly estimated to be a few 
×100 μG in two zones along the main filament.

All the above results show that the MF appears to 
significantly influence the dynamics of the Serpens South 
cloud. This does not appear to support the weak MF 
models of MC evolution/cluster formation, at least not for 
the Serpens South cloud

Near-Infrared Imaging Polarimetry toward Serpens South:
Revealing the Importance of the Magnetic Field

SUGITANI, Koji
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(NAOJ)
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H-band polarization vector map toward Serpens South 
for point sources, superposed on the 1.1-mm dust-
continuum image. YSOs are indicated by red (class 0/I) 
and blue (class II) open circles.

Figure 1:
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The existence of black holes has been definitely 
established while zooming-in the relativistic region is still 
in difficulty though promising in near future. Sagittarius 
A* (Sgr A*), the most convincing massive black hole 
at the Galactic center, shows short time flares with 
quasiperiodic oscillations (QPO) with P = 17, 22, & 33 
min in near-infrared and X-ray regions originated from 
near the central black hole.

Here we report the detection of radio QPOs with 
structure changes using the Very Long Baseline Array 
(VLBA) at 43 GHz [1]. We found conspicuous patterned 
changes of the structure with P = 16.8, 22.2, 31.4, &56.4 
min, roughly in a 3 : 4 : 6 : 10 ratio. The first two periods 
show a rotating one-arm structure, while the P = 31.4 min 
shows a rotating 3-arm structure, as if viewed edgeon. At 
the central 50 µas the P = 56.4 min period shows a double 
amplitude variation of those in its surroundings. Spatial 
distributions of the oscillation periods indicate that the 
disk of Sgr A* is presumably almost edge-on, rotating 
around an axis with PA = −10°. The observed VLBI 
images of Sgr A* remain several features of the black 
hole accretion disk of Sgr A* in spite of being obscured 
and broadened by scattering of surrounding plasma.

If the QPOs originate in a strong gravity field where 
the relativistic effect plays an important role, the periods 
of QPOs should depend on the mass and the spin of a 
massive black hole. Recent theories of disk seismology 
predict that peak frequencies of QPOs can be scaled by 
a mass of central black holes as an analogy to QPOs in 
black hole X-ray binaries (BXB). For example, in GRO 
J1655-40, a peak frequency of high frequency QPOs 
is about 3 × 102(6.0–6.6 M / MBH) Hz (where M is a 
solar mass), with the result that a corresponding peak 
frequency using the mass of Sgr A* derived from the 
orbital motions of surrounding stars (3.6 ± 0.3 × 106 M)  
is about 5.1 × 10−4 Hz (P = 32 min), which is one of 
our findings. Detailed analysis with the obtained four 
QPO periods and wave-warp resonant oscillation model 
predicts the spin of Sgr A* to be 0.44 ± 0.08 and the black 
hole mass to be (4.2 ± 0.4) × 106 M    [2].

Oscillation Phenomena in the Disk
around the Massive Black Hole Sagittarius A*

MIYOSHI, Makoto   SHEN, Zhi-Qiang
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The slit-modulation-imaging (SMI) [3] maps with the 4 
periods P = 16.8(a), 22.2(b), 31.4(c), and 56.4 min (d). 
The 8 maps show the images in phase frame series with 
respective periods. The white filled circles mark the 
intensity peak position in each map. In P = 31.4 & 56.4 
min, second peaks are also marked with circles. Total 
amplitudes of respective periods are 22 mJy (P = 16.8 
min), 24 mJy (P = 22.2 min), 24 mJy (P = 31.4 min), 
and 20 mJy (P = 56.4 min), which obtained by Fourier 
transform.

Figure 1:
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A first core is a first hydrostatic object formed in the 
course of dynamical contraction of a molecular cloud 
core. Since the inflow pattern changes drastically before 
and after the first core formation, it is regarded as a 
milestone in the star formation process. Although the first 
core was predicted by Larson in 1969 [1], this has not 
been confirmed by observation yet. In order to identify 
the first core from a mapping observation, the features 
expected for the first core are studied for CS rotation 
transitions at radio wavelengths [2]. The non-LTE 
radiation transfer is calculated for the results of radiation 
magnetohydrodynamical simulations of the contraction 
of the magnetized molecular cloud core in rotation [3]. 
Figure 1 indicates the structure at the age of τ = 6.45 × 
102 yr after the first core formation.

We use the Monte-Carlo method to solve the non- 
LTE radiation transfer in a nested grid hierarchy. 
Balance equation between radiative excitaion, induced 
emission, spontaneous deexcitaion, collisional excitation 
and deexcitation is solved, coupled with the radiation 
transfer equation. Denoting the number density of the J 
level (energy level E(J)) as nJ , we can write the balance 
equation as nJ ∑ J' ≠ J RJJ' = ∑ J' ≠ J nJ' RJ'J (J = 0, 1, ···, 
Jmax), where RJJ' represents the transition probability from 
J to J'

as

where AJJ' and BJJ' represent Einstein’s coefficients, the 
former being the coefficient for spontaneous emission 
and the latter the coefficient for absorption (J < J' ) and 
induced emission (J > J'). CJJ' is the collisional transition 
rate from J to J' for collisions with H2 molecules whose 
density is denoted by n. The average intensity of radiation 

with a frequency of ν = [E(J') − E(J)]/h is written as ,  
where h is the Plank constant.

In the first core phase, an outflow arises from the 
vicinity of the first core due to the twisted magnetic field 
amplified by the rotation motion of the contracting gas 
disk.

The disk and outflow system has several characteristic 
observational features (Fig. 2): (i) relatively opaque lines 
indicate asymmetry in the emission lines in which the 
blue side is stronger than the red side (an infall signature 
of the envelope); (ii) in the edge-on view, the disk has 
a signature of simultaneous rotation and infall, i.e., the 
integrated intensity of the approaching side is brighter 
than that of the receding side and the gradient in the 
intensity-weighted velocity is larger in the approaching 
side; (iii) the observed outflow indicates rotation around 
the rotation axis. The size of the outflow gives the 
approximate age after the first core is formed, since the 
outflow is not expected for the earlier runaway isothermal 
collapse phase.

The reason why the mirror symmetry is broken in 
the rotating infall disk is understood as follows. This 
assymmetry arises due to the self-absorption. Since the 
temperature decreases outwardly, the emission from 
the portion near the tangential point is absorbed by 
foreground rotating inflow gas. In this configuration, 
velocity difference between gases which contribute 
emission and absorption is larger for approating side 
rather than receding side of rotation.

Observational Identification of First Cores:
Non-LTE Radiative Transfer Simulation

TOMISAKA, Kohji, TOMIDA, Kengo
(NAOJ)

Density and velocity (left) and temperature (right) 
distributions. This 140-AU scale map shows that a first 
core warms the surrounding gas and an outflow is ejected 
vertically by the effect of rotation and magnetic field. 
Inflowing gas is essentially isothermal with a temperature 
of T  10 K, while the first core has higher temperature.

Figure 1:

Expected distribution of the integrated intensity of the 
CS J = 2–1 (left) and J = 7–6 (right) emissions. The 
integrated intensities are shown with false color and 
intensityweighted mean velocity (first moment) is shown 
in white contour lines. This shows the edge-on view.

Figure 2:

References
[1] Larson, R. B.: 1969, MNRAS, 145, 271.
[2] Tomisaka, K., Tomida, K.: 2011, PASJ, 63, 1151.
[3] Tomida, K., Tomisaka, K., Matsumoto, T., Ohsuga, K., 

Machida, M. N., Saigo, K.: 2010, ApJ, 714, L58.



016 I   Scientific Highlights

In the present-day Universe, galaxy properties are 
strongly correlated with the environment where the 
galaxies reside. For example, high-density environment 
such as clusters are dominated by red ellipticals and 
S0s, while general field environments are dominated 
by blue star-forming spirals or irregulars [1]. In order 
to study the origin of this environmental dependence of 
galaxy properties, the most direct and useful approach 
is to observe distant clusters of galaxies, because distant 
clusters are the young stage of present-day clusters 
where we can see active assembly of galaxies in the 
past Universe. In particular, wide-field observations 
of distant clusters enable us to unveil filamentary 
large-scale structures around the clusters [2], and to 
investigate the galaxy properties in such intermediate-
density environment. Some previous studies with Subaru 
Telescope have shown that galaxy colours are strongly 
changing from blue to red in such cluster surrounding 
environment, and suggested that the cluster surrounding 
structures are key for understanding galaxy evolution 
(but not yet fully cultivated) [3,4,5]. Therefore, in order 
to study galaxy activities in such key environment more 
in detail, we heve carried out an Hα-based star-forming 
galaxy survey of the CL0939+4713 cluster (Abell 851) at 
z = 0.41 [6].

The Abell 851 cluster was studied with the Prime 
Focus Camera on Subaru (Suprime-Cam) [3], and 
a huge structure over ~10 Mpc has been identified 
around the cluster. Fortunately, the Hα line (rest-frame 
6563 Å) from this cluster can be neatly captured by the 
narrowband filter NB921 (λc =9180 Å) on Suprime-
Cam. Combining the available broad-band data (BVRIz'), 
we have identified more than 400 Hα emitting galaxies 
with star formation rates of >0.3 M/yr along the large-
scale structure (Fig. 1). An intriguing finding from this 
survey is the colours of the Hα emitters: the majority 
of them show blue colours reflecting their young stellar 
population (as expected), while we find a non-negligible 
fraction of them show red colours with B – I > 2. Such 
red Hα emitters are expected to be dust-reddened star 
forming galaxies (dusty starbursts), and they are probably 
in the transitional stage from blue star forming population 
to red quiescent one. We find that the red Hα emitters 
are very rare in the cluster central region (within ~1 Mpc 
from the cluster centre), while as can be seen in Fig. 1  
they are most strongly concentrated in group-scale 
environment which are located far from the cluster (we 
find that ~30 % of star forming galaxies in groups show 

red colours). This result shows that dusty starbursts are 
triggered in the group-scale environment (rather than 
highest-density cluster core), and suggests that this strong 
activity is related to the acceleration of galaxy evolution 
in distant group environment. We finally stress that this 
study provides us with an important clue on cluster 
galaxy evolution, and this is a great achievement of 
Subaru Telescope with wide-field of view.

A discovery of Red Star Forming Galaxies in Groups at z = 0.4
KOYAMA, Yusei   KODAMA, Tadayuki, NAKATA, Fumiaki

    (NAOJ / University of Tokyo)   (NAOJ)

SHIMASAKU, Kazuhiro, OKAMURA, Sadanori
(University of Tokyo)

The large-scale structure around the Abell 851 cluster 
at z = 0.41, revealed by Suprime-Cam imaging. The 
grey dots show the photo-z selected members and the 
contours are drawn based on the surface number density 
of member galaxies. The red and blue squares indicate 
the red and blue Hα emitters, respectively. It is clear that 
the “red emitters” are preferentially found in the group-
scale environment located far away from the cluster 
core.

Figure 1:
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Since the discovery of the first exoplanet in 1995, 
scientists have identified more than 700 exoplanets, 
planets outside of our solar system, nearly all of which 
are giant planets. Most of these giant exoplanets closely 
orbit their host stars, unlike our solar system’s giant 
planets, like Jupiter, that orbit the Sun from a distance. 
Accepted theories propose that these giant planets 
originally formed from abundant planet-forming materials 
far from their host stars and then migrated to their current 
close locations. Different migration processes have been 
suggested to explain close-in giant exoplanets.

Disk-planet interaction models of migration focus 
on interactions between the planet and its protoplanetary 
disk, the disk from which it originally formed. Sometimes 
these interactions between the protoplanetary disk and 
the forming planet result in forces that make the planet 
fall toward the central star. This model predicts that the 
spin axis of the star and the orbital axis of the planet 
will be in alignment with each other. Planet-planet 
interaction models of migration have focused on mutual 
scatterings among giant planets. Migration can occur 
from planet scattering, when multiple planets scatter 
during the creation of two or more giant planets within 
the protoplanetary disk. While some of the planets scatter 
from the system, the innermost one may establish a final 
orbit very close to the central star. Another planet-planet 
interaction scenario, Kozai migration, postulates that the 
long-term gravitational interaction between an inner giant 
planet and another celestial object such as a companion 
star or an outer giant planet over time may alter the 
planet’s orbit, moving an inner planet closer to the central 
star. Few-body interactions, including planetplanet 
scattering and Kozai migration, could produce an inclined 
orbit between the planet and the stellar axis.

Overall, the inclination of the orbital axes of close-
in planets relative to the host stars’ spin axes emerges as 
a very important observational basis for supporting or 
refuting migration models upon which theories of orbital 
evolution center. For this reason, we have conducted 
observations with the Subaru Telescope to measure the 
Rossiter-McLaughlin (hereafter, RM) effect of transiting 
planetary systems so as to investigate these inclinations.

The RM effect refers to apparent irregularities in 
the radial velocity or speed of a celestial object in the 
observer’s line of sight during planetary transits. Unlike 
the spectral lines that are generally symmetrical in 
measures of radial velocity, those with the RM effect 
deviate into an asymmetrical pattern. Such apparent 

variation in radial velocity during a transit reveals 
the sky-projected angle between the stellar spin axis 
and planetary orbital axis [1]. Subaru Telescope has 
participated in previous measurements of the RM effect, 
which we have investigated for over ten exoplanetary 
systems. In 2011, we newly found that XO-2b has a well-
aligned orbit [2], whereas XO-3b has highly inclined 
orbits (Figure 1) [3].

The latest observational results about the RM effect, 
including those obtained independently of the findings 
reported here, suggest that about one-third of the observed 
hot Jupiter systems have highly inclined planetary orbits. 
Also, it has now turned out that the latest distribution 
of the spin-orbit alignment angles have dependences on 
stellar temperature and age [4,5].

We plan to extend our targets to smaller planets in the 
future aiming to uncover the whole picture of planetary 
migration mechanisms.

Subaru Measurements of Spin-Orbit Alignment Angles of Exoplanets
NARITA, Norio   HIRANO, Teruyuki

              (NAOJ)              (MIT / University of Tokyo)

SATO, Bun’ei   AOKI, Wako, TAMURA, Motohide
         (Tokyo Institute of Technology)               (NAOJ) 

The Rossiter-McLaughlin effect of XO-3b taken with 
the Subaru HDS (purple and blue points). Also plotted 
are the Keck HIRES data (green) which cover a partial 
transit.

Figure 1:
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The initial mass function (IMF) is of crucial impor-
tance to developing models of star formation and galaxy 
evolution. Most observations are consistent with a 
universal IMF [1]; however, recently, a non-universal 
IMF has been inferred [2]. The IMF in low-density 
environments could be truncated (or steeper) at its high-
mass end. Fewer high-mass stars appear to form in dwarf 
and low surface brightness galaxies [3].

The Galaxy Evolution Explorer (GALEX) ultraviolet 
(UV) satellite has revealed tantalizing evidence for star 
formation far beyond the optical edge of galactic disks. 
These extended UV (XUV) disks are providing a new 
opportunity for studying the mode of star formation in 
extremely low-density, low star-forming environments. 
By capitalizing on the exceedingly high sensitivity and 
wide field-of-view of the Suprime-Cam, we observe 
the whole extension of the large XUV disk of the 
nearby galaxy M83 (Figure 1). GALEX UV images are 
sensitive to both O and B stars but cannot distinguish 
between them, while Subaru Hα images are sensitive 
almost exclusively to O stars since only O stars produce 
appreciable HII regions. Therefore, the combination of 
Subaru and GALEX can determine the high-mass end of 
the IMF. Suprime-Cam with the Hα filter (i.e., NA659) 
detects every HII region around a single O star at the 
distance of M83.

Our new observations enable the first complete 
census of very young stellar clusters over the entire 
XUV disk. Combining Subaru and GALEX data with a 
stellar population synthesis model, we find that (1) the 
standard, but stochastically-sampled, IMF is preferred 
over the truncated (or steeper) IMF, because there are low 
mass stellar clusters (102–3 M) that host massive O stars, 
which should not exist under the truncated IMF; that 
(2) the standard Salpeter IMF and a simple aging effect 
explain the counts of FUV-bright and Hα-bright clusters 
with masses > 103 M; and that (3) the Hα to FUV flux 
ratio over the XUV disk supports the standard IMF. To 
reach conclusion (2), we assumed instantaneous cluster 
formation and a constant cluster formation rate over the 
XUV disk.

Suprime-Cam covers a large area even outside the 
XUV disk – far beyond the detection limit of the HI gas. 
This permits us to statistically separate the stellar clusters 
in the disk from background contamination. The new 

data, model, and previous spectroscopic studies provide 
overall consistent results with respect to the internal dust 
extinction (AV ~ 0.1 mag) and low metallicity (~ 0.2 Z) 
using the dust extinction curve of the Small Magellanic 
Cloud. The background subtraction and extinction 
correction have been the major issues in studies of the 
IMF in external galaxies. This result is published in [4].

The Standard IMF in the Outskirts of M83
KODA, Jin   YAGI, Masafumi   BOISSIER, Samuel

             (Stony Brook University)          (NAOJ)          (Laboratoire d’Astrophysique de Marseille)

GIL DE PAZ, Armando   IMANISHI, Masatoshi   DONOVAN MEYER, Jennifer
       (Universidad Complutense de Madrid)              (NAOJ)        (Stony Brook University)

MADORE, Barry F.   THILKER, David A.
            (Carnegie Institution of Washington)   (The Johns Hopkins University)

Suprime-Cam coverage of the XUV disk of M83. The 
background is a GALEX far-UV (FUV) image. Solid 
overlapping rectangles are two Suprime-Cam pointings. 
The inner (yellow) contour is roughly at the traditional 
edge of the optical disk. The outer (red) counter is at an 
HI surface density of 1.5 × 1020 cm−2 [5]. The Hα-bright 
clusters (NA659 − Rc < −1 mag) are also plotted: green 
for clusters with > 103 M and cyan for the ones with < 
103 M.

Figure 1:
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Introduction: Main-belt comets (MBCs) are objects 
that display cometary activities in the main-belt asteroid 
(MBA) region [1]. The mechanism of the cometary 
activity is controversial: i.e. impact collisions or 
ice sublimations. The discovery of MBCs indicates 
that objects in the outer-MBA region have enough 
volatile materials, as suggested by the Nice model [2]. 
Furthermore, some outer-MBAs would migrate to the 
orbit of near-earth objects (NEOs). A part of such volatile 
rich objects would impact with the Earth in the earliest 
stage of the Solar System. The study of objects in which 
cometary activity is shown provides keys to the origin of 
Earth’s water and life.
107P/Wilson-Harrington: 107P/Wilson-Harrington 
(also know as 4015 Wilson-Harrington, hereafter, 107P) 
was discovered accompanied by a faint cometary tail 
in 1949 [3]. Despite a devoted search, no cometary 
activity has been detected since the initial observation 
[4]. A numerical simulation mentions that there is a 65 % 
chance that 107P has an origin in the outer-MBAs region 
[5]. Thus, 107P might include much volatile material 
like MBCs. Moreover, if the cometary activity of 107P 
is driven by impact collisions, the collision would affect 
the rotation of 107P. In that case, the lightcurve of 107P 
shows the multi-periodicity. Besides, 107P is a promising 
target by an advanced asteroid probe. Clarification of the 
rotational states of 107P is important to design the future 
sample return mission.
Results: We had conducted the photometric observations 
of 107P in 2009-2010 apparition. The lightcurve had 
showed a periodicity of 0.2979 day (7.15 h) and 0.0993 
day (2.38 h), which has a commensurability of 3:1 (Fig. 
1) [6]. We suggest the following four possibilities for the 
interpretation. 1) 107P is a tumbling object with a sidereal 
rotation period of 0.2979 day and a precession period 
of 0.0993 day. 2-A) 107P is not a tumbler. The sidereal 
rotation period is 0.2979 day. The period of 0.0993 day 
represents the roughly symmetrical hexagonal shape. 
2-B) 107P is not a tumbler. The sidereal rotation period 
is 0.2979 day. The period of 0.0993 day comes from the 

binary eclipse. 2-C) The observations were conducted at 
the phase angle of around 50 √?̄ √£̄. Therefore, the shade 
by topography would provide the period of 0.0993 day. 
In that case, 107P is not a tumbler. The sidereal rotation 
period is 0.1490 day (a half period of 0.2970 day). 
Tumbling, binary aster oid, and the topographical effect 
imply that the cometary activity of 107P results from the 
impact collisions.

Photometric Observations of 107P/Wilson-Harrington
URAKAWA, Seitaro, OKUMURA, Shin-ichiro, NISHIYAMA, Kota, SAKAMOTO, TsuyoshI, TAKAHASHI, Noritsugu

(Japan Spaceguard Association)

ABE, Shiunsuke   ISHIGURO, Masateru   KITAZATO, Kohei
          (National Central University)           (Seoul University)       (Aizu University)

OHTA, Kouji   KAWAI, Nobuyuki
          (Kyoto University)  (Tokyo Institute of Technology)
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Lightcurve of 107P.Figure 1:
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Vega-type debris disks were first identified by infrared 
(IR) excesses around nearby main sequence stars [1]. The 
dust content of these second-generation disk systems is 
believed to be continuously replenished via collisional 
breakup of remnant planetesimals [2]. Since the imaging 
of the β Pic system [3], nearly two dozen nearby debris 
disks have been spatially resoved. The morphological 
appearance of resolved debris disks is predicted by 
several mechanisms, e.g., interactions between dust in the 
disk and nearby planets [4].

We present high-contrast images of HR 4796A taken 
with Subaru/HiCIAO in H-band, resolving the debris 
disk in scattered light[4]. HR 4796A is a young (~8–
10 Myr; [5]), nearby (72.8 ± 1.7 pc; [6]), A0V-type star 
first identified as a debris disk system from an IR excess 
observed with IRAS [7]. The application of specialized 
angular differential imaging methods (ADI) allows us 
to trace the inner edge of the disk with high precision, 
and reveals a pair of “streamers” extending radially 
outwards from the ansae. Using a simple disk model with 
a power-law surface brightness profile, we demonstrate 
that the observed streamers can be understood as part of 
the smoothly tapered outer boundary of the debris disk, 
which is most visible at the ansae. Our observations 
are consistent with the expected result of a narrow 
planetesimal ring being ground up in a collisional .Based 
on data collected at the Subaru Telescope, which is 
operated by the National Astronomical Observatory of 
Japan. cascade, yielding dust with a wide range of grain 
sizes. Radiation forces leave large grains in the ring and 
push smaller grains onto elliptical, or even hyperbolic 
trajectories. We measure and characterize the disks 
surface brightness profile, and confirm the previously 
suspected offset of the disks center from the stars position 
along the rings major axis. Furthermore, we present first 
evidence for an offset along the minor axis. Such offsets 

are commonly viewed as signposts for the presence of 
unseen planets within a disks cavity. Our images also offer 
new constraints on the presence of companions down to 
the planetary mass regime (~9 MJup at 0 .″5, ~3 MJup at 1″).

Images of the Extended Outer Regions of the Debris Ring around HR 4796 A*
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High-contrast images of the HR 4796 A debris disk. 
White plussigns mark the star’s location. The saturated 
central area is masked in gray. (a) Subaru HiCIAO 
H-band data after reduction with simple ADI (subtraction 
of a median background) and median smoothing on a 
scale of 5 pixels (=48 mas ~1 λ/D). Orange dotted lines 
mark the mean of the spider diffraction pattern. The 
stretch is linear between ± 3 × 10−5 times the stellar peak 
flux. (b) The same after ADI reduction with the LOCI 
algorithm, using conservative settings (optimization 
region area of 10,000 PSF footprints). Note the 
“streamers” extending radially out from the ansae 
(yellow arrows). Linear stretch of ± 1.5 × 10−5.

Figure 1:
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At long last construction of the next generation 
gravitational wave (GW) detector KAGRA has begun. 
Because the detector consists of a 100Watt class high 
power laser and complex optical cavities, high quality 
mirrors are key items to obtain its designed performance. 
Not only optical properties but also mechanical one need 
to be high quality. Therefore, the mirror developments for 
KAGRA detector are very complex and difficult.

Our group is in charge of the ultra low loss and high 
reflectivity mirror developments and of the high damage 
threshold mirror for the high power laser. The research is 
collaborated with the University of Tokyo, the University 
of electro-communications, and several Japanese optics 
companies. Storing large number of photons in an optical 
cavity is effective to improve the sensitivity of not only 
GW detectors but also of general precise measurements 
using laser interferometers. To realize this situation, 
the cavity should have high finesse which corresponds 
to a number of bounces of photons in the cavity. High 
reflection mirrors are necessary for this reason. If we need 
very high reflectivity of more than 99.99 %, its optical 
loss becomes important. In general easy-obtainable 
mirrors have a untolerable loss of 100 ppm level. Because 
no transmitted light is available, such cavity cannot 
be used for precise measurements. Therefore, it is our 
immediate target to develop mirrors which are compatible 
with high reflectivity of more than 99.99 % and low loss 
of less than 10 ppm. At the time TAMA detector was 
constructed, it was succeeded to achieve ultra low loss of 
1.5 ppm [1]. Unfortunately the optics company which was 
collaborated with our group withdrew. Now we collaborate 
with several companies to recover the mirror quality. Final 
target is to break our world lowest loss record.

As the first step, a scatter meter was constructed in 
TAMA experimental hall which has been used for the GW 
observation experiments. Figure 1 shows an experimental 
setup on a table. To obtain extremely good sensitivity, 
the following efforts are undertaken: 1) a pinhole filter 
is applied to obtain ideal Gaussian beam profile, 2) the 
lock-in detection method is applied to obtain good signal-
to-noise ratio for the scattering light power measurement, 
3) an acousto-optical modulator is applied to reduce the 
scattering noises at the modulator such as the mechanical 
chopper, and 4) a low-scattering beam dumper for the 
transmitted light of the objective mirror is developed.

Figure 2 shows a histogram of two dimensional scan 
results for a fused silica plate which is polished with 
a micro-roughness of less than 0.75 Å. An averaged 
scattering of 1.5 ppm was obtained. Theoretically the 
relationship between micro-roughness and scattering is 

represented by Eq. (1).

(1)

Here λ is the wavelength of the laser and δ is micro-
roughness. In our case, the wavelength is at 1064 nm and 
micro-roughness is 0.75 Å, and hence the scattering (Total 
Integrated Scatter) is expected to be 1 ppm. This value is 
consistent with our measured one [2].

By using this system, a lot of trial mirrors are being 
evaluated to obtain high reflectivity and low loss mirrors.

Development of the Ultra-Low Loss Mirrors for Gravitational Wave Detector
TATSUMI, Daisuke, UEDA, Akitoshi

(NAOJ)

An experimental setup for the scatter mater.Figure 1:

References
[1] Ueda, A., et al.: 1996, Opt. Rev., 3, 369.
[2] Tatsumi, D.: 2012, Talk presented at annual meeting (spring) of 

Japan Astronomical Society, V249a.

� �� �� �� �� ��

���������������

��

��

��

��

��

��

�

�

�

�


	��������������� ���
�	������������� �
������� ������
���������� ������
����	��� �������
���		���� ������

��
��

��
��

�
��

��
 	

��
��

�

A histogram for a fused silica plate. An averaged 
scattering of 1.5 ppm was obtained.

Figure 2:
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Astrometry of 6.7 GHz Methanol Maser toward W3(OH)
with Japanese VLBI Network

MATSUMOTO, Naoko, HONMA, Mareki   ISONO, Yasuko   UJIHARA, Hideki
         (The Graduate University for Advanced Studies / NAOJ)    (Nagoya University)                 (NICT)

KIMURA, Kimihiro, MATSUMOTO, Kouhei   SAWADA-SATOH, Satoko
   (Osaka Prefecture University)             (NAOJ)

DOI, Akihiro   FUJISAWA, Kenta   UENO, Yuji
           (ISAS)          (Yamaguchi Univerisity)       (NAOJ)

We present the results of multi-epoch VLBI obser-
vations for 6.7 GHz methanol maser emission toward the 
UC HII region of W3(OH) with Japanese VLBI Network 
(JVN) [1]. Based on phase-referencing VLBI astrometry, 
we derived the trigonometric annual parallax to be 0.598
± 0.067 mas, corresponding to a distance of 1.67+0.21 
kpc. This is the first detection of parallax for a 6.7 GHz 
methanol maser source with JVN, following European 
VLBI Network [2], and demonstrates that JVN/VERA 
is capable of conducting VLBI astrometry for 6.7 GHz 
methanol maser sources within a few kpc from the Sun. 
Based on in-beam mapping of the W3(OH) methanol 
maser, we also measured the internal proper motions of 
its 6.7 GHz methanol maser for the first time. The internal 
proper motions basically show north-south expansion 
with a velocity of few km s−1, being similar to OH 
masers. The spatial distribution and the internal proper 
motions of 6.7 GHz methanol masers suggest a rotating 
and expanding torus structure surrounding the UC HII 
region.

−0.17

Results of positional offsets variation for the maser 
components of vLSR = −43.10 (1), −43.80 (2), −45.91 (3a), 
−45.20 (3b), and −45.60 (3c) km s−1 after subtracting 
the best-fit proper motions. The first day corresponds to 
New Year’s day 2008.

Figure 1:
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Internal proper motion for 6.7 GHz methanol maser 
components toward W3(OH). Color-codes represent the 
LSR velocity. The colored vectors show the directions 
and amplitudes of the relative proper motions on the sky 
plane to the reference component with the −45.4 km s−1 
LSR velocity. The thick black vectors show the averaged 
relative proper motion at each cluster of A, B, and D-G 
to the C cluster around the origin. The proper motion 
vectors of 1665 MHz OH maser (gray vectors) and the 
contour map of 15 GHz radio continuum emission of the 
UCHII region (broken lines) are taken from Bloemhof, 
Reid, and Moran [3].

Figure 2:
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Since Hinode has been launched in 2006, it has 
revealed new aspects of the sun. We carried out the 
statistical study of flux emergences on the solar surface 
observed with Hinode Solar Optical Telescope (SOT), 
which clarified that the total flux of one emerging flux 
region controls its spatial size and the timescale of 
emergence [1].

The solar activities such as flares occur according 
to the release of magnetic energy transported from the 
convective zone. Emerging flux regions are where the 
flux tubes from the convective zone emerge onto the solar 
surface, and take important role in the studies on the solar 
activities like flares, coronal mass ejections and their 
effects on the earth.

The result of this study showed the power-law relation 
between the total flux and the mean flux growth rate of 
emerging flux regions. This implies that one can estimate 
the final emerged flux amount of a region from its mean 
flux growth rate of the initial phase, which can be used 
for the space weather forecasting.

Hinode SOT observed 101 flux emergence events 
in between November 2006 and August 2010 with 
magnetogram. Figure 1 shows the example of a flux 
emergence event observed on December 30, 2009. From 
the observed data, physical parameters of emerging flux 
regions were measured with respect to the spatial size 
(dmax), emerged total flux amount (Φmax) and the mean 
flux growth rate (dΦ/dt). As the result, we obtained the 
power-law relations as shown in Figure 2.

(1)

(2)

These results give the observational support to 
the flux tube evolution and emergence model at the 
convective zone. Further investigation with comparing to 
the simulation for revealing more realistic picture of the 
solar interior is required.

Statistical Study of Flux Emergences on the Sun
OTSUJI, Kenichi   KITAI, Reizaburo, ICHIMOTO, Kiyoshi, SHIBATA, Kazunari

      (NAOJ)          (Kyoto University)

Magnetic field of the emerging flux region observed on 
December 30, 2009 by Hinode SOT. Between the large 
black and white area corresponding to sunspots, the flux 
emergence occurs.

Figure 1:
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The scatterplots of the total flux (Φmax), spatial size (d) 
and mean flux growth rate (dΦ/dt) of the emerging 
flux regions.

Figure 2:



024 I   Scientific Highlights

Galaxies in the local Universe have properties 
dependent on environments as galaxy clusters tend to 
be dominated by massive, passively evolving galaxies 
with an elliptical morphology [1]. Galaxy clusters at high 
redshift (z) provide important clues to understanding 
galaxy formation and evolution, since going back to as 
high redshift as possible enables us to approach the epoch 
when galaxy clusters were formed. Indeed, recent surveys 
suggest that there are a lot of active, star-forming galaxies 
even in clusters or proto-clusters at z ~> 1.5 and the 
prominent sequence of red galaxies in color–magnitude 
diagram, which is peculiar to galaxy clusters at z ~< 1, 
seems to be formed during z ~ 1–3 [2].

XMMXCS J2215.9-1738 cluster at z = 1.46 is one of 
the most massive galaxy clusters at z > 1 [3]. We conducted 
a wide-field [OII] emission line survey in and around 
this high-z cluster with Suprime-Cam on the Subaru 
Telescope, and selected 380 [OII] emitting galaxies in the 
region of 32 × 23 arcmin2. Among them, 16 [OII] emitters 
in the central region of the cluster were confirmed by 
near-infrared spectroscopy with MOIRCS on the Subaru 
Telescope. Thanks to the wide-field coverage, we found 
that [OII] emitters are distributed along filamentary large-
scale structures around the cluster for the first time (Figure 
1), which are among the largest structures of star-forming 
galaxies ever identified at 1.3 ~< z ~< 3.0. We defined 
several environments such as cluster core, outskirts, 
filament, and field as shown in Figure 1, and investigated 
the environmental dependence of properties of star-
forming galaxies at z = 1.46.

The colour–magnitude diagram of z' – K vs. K for the 
[OII] emitting galaxies shows that a significantly higher 
fraction of [OII] emitters with red z' – K colours is seen 
in the cluster core than in other environments. It seems 
that the environment which hosts such red star-forming 
galaxies shifts from the core region at z = 1.46 to the 
outskirts of clusters at lower redshifts. The multi-colour 
analysis of the red emitters indicates that these galaxies 
are more like nearly passively evolving galaxies which 
host [OII] emitting AGNs, rather than dust-reddened 
star-forming [OII] emitters. We also find that the cluster 
has experienced high star formation activities at rates 
comparable to that in the field at z = 1.46 in contrast to 
lower redshift clusters, and that star formation activity in 
galaxy clusters on average increases with redshift up to z 
= 1.46. In addition, line ratios of [NII]/Hα and [OIII]/Hβ 
indicate that a mass–metallicity relation exists in the 
cluster at z = 1.46, which is similar to that of star-forming 
galaxies in the field at z ~ 2.

In summary, we have found that star formation activity 
of galaxies at z = 1.46 is not yet strongly dependent 
on environments, and that even the cluster core is 
experiencing high star forming activity comparable to 
those in other lower-density regions [4].

Properties of Star-Forming Galaxies in a Cluster and
Its Surrounding Structure at z = 1.46

HAYASHI, Masao, KODAMA, Tadayuki, KOYAMA, Yusei, TANAKA, Ichi   TADAKI, Ken-ichi
                (NAOJ)                 (University of Tokyo)

Distribution of 380 [OII] emitters at z = 1.46 in and 
around the cluster. North is up, and east is to the left. 
The axes show relative coordinates from the cluster 
centre. Black dots show the [OII] emitters. Cluster core, 
outskirts, and filament regions are defined by a dotted-
line circle, broken-line circle, and long-dashed lines, 
respectively. The rest of the area is defined as the field. 
Blue, magenta and green contours show the local density 
of [OII] emitters.

Figure 1:
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We developed a practical method to derive response 
functions which convert the amount of incident light to 
the A/D counts of cameras for scientific imaging [1]. 
Some cameras do show non-linear responses, and we 
have to know them to carry out photometric analysis 
with the data taken by such cameras. We applied this 
method for an InGaAs near-infrared camera, XEVA-
CL-640 (XENICS), and succeeded to derive a response 
function, even though it was complicated non-linear one. 
In principle, such response functions can be derived from 
the output A/D counts, S, measured at various incident 
light levels, I, which are accurately controlled over the 
whole dynamic range. However, it is not easy to actually 
do such measurements with high accuracy. Then we 
developed a new practical method to derive non-linear 
response functions. In this method, we need a mechanism 
to accurately control the amount of incident light into 
cameras just within a limited dynamic range and at a 
limited number of steps (relative light level T, which 
may be exposure time, transparency, etc.). A variable 
brightness light source (brightness B), which supplies the 
incident light into cameras, is also necessary, but we do 
not need to know its accurate brightness.

Figure 1(a) shows the raw results measured under 
such conditions; output A/D values, S, are measured at 
several T’s under various unknown B’s (the brightness 
of the incident light, I, is written as I = BT ). It seems that 
without knowing B’s, it is difficult to derive the relation 
between I and S from the results shown in Figure 1(a). 
However, we can derive IdS/dI, because the relation dI 
= BdT based on I = BT brings dS/dT = BdS/dI, and this 
means TdS/dT = TBdS/dI = IdS/dI. The value TdS/dT can 
be derived from the known values, T and S, and therefore, 
without knowing B, we can derive a unique relation 
between T and TdS/dT (= IdS/dI) as shown in Figure 
1(b). The relation seen in Figure 1(b) can be converted 
to the relation between I and S through the numerical 
integration. Figure 1(c) shows the derived relation 
between I and S, namely the response function of the 
camera. Obviously the function is non-linear. Figure 1(d) 
shows a close-up of the low-light level portion of Figure 
1(c), and we can find a complex non-linear behavior.

We are using a XEVA camera for the polarimetry of 
the infrared solar light, which requires high accuracy 
measurements. Compensation of the non-linearity 
based on the derived function works well, and we have 
quantitatively high-quality observational data.

Practical Method to Derive Non-Linear Response Functions
of Cameras for Scientific Imaging

HANAOKA, Yoichiro, SUZUKI, Isao, SAKURAI, Takashi
(NAOJ)

(a) Measured A/D counts S at various values T are 
shown with plus signs. Each line represents the 
measurements carried out under the same brightness B 
of the light source. (b) Relation between the measured 
A/D count, S, and the TdS/dT value. All the measured 
points are on a unique curve, regardless of the values of 
B. (c) Calculated non-linear response function between 
the amount of light input, I, and the output A/D count, 
S, is shown with a solid grey line. The measured points 
shown in Figure 1(a) are also plotted with plus signs. (d) 
Enlargement of the low-I range of panel (c).

Figure 1:
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SONYC (Substellar Objects in Nearby Young 
Clusters) is a program to investigate the frequency 
and properties of young substellar objects with masses 
down to a few times that of Jupiter [1]. Here we present 
a census of very low mass objects in the ~1 Myr old 
cluster NGC 1333. We analyze nearinfrared spectra taken 
with Fiber Multi-Object Spectrograph/ Subaru for 100 
candidates from our deep, widefield survey and find 10 
new likely brown dwarfs with spectral types of M6 or 
later. Among them, there are three with later than M9 and 
one with early L spectral type, corresponding to masses 
of 0.006 to 0.02 M, so far the lowest mass objects 
identified in this cluster.

The combination of survey depth, spatial coverage, 
and extensive spectroscopic follow-up makes NGC 1333 
one of the most comprehensively surveyed clusters for 
substellar objects. In total, there are now 51 objects with 
spectral type M5 or later and/or effective temperature of 
3200 K or cooler identified in NGC 1333; 30–40 of them 
are likely to be substellar. NGC 1333 harbors about half as 
many brown dwarfs as stars, which is significantly more 
than in other well-studied star-forming regions (Fig. 1), 
thus raising the possibility of environmental differences 
in the formation of substellar objects. The brown dwarfs 
in NGC 1333 are spatially strongly clustered within a 
radius of less than 1 pc (Fig. 2), mirroring the distribution 
of the stars. The disk fraction in the substellar regime 
is 66 %, lower than for the total population (83 %) but 
comparable to the brown dwarf disk fraction in other 2–3 
Myr old regions [2].

Substellar Objects in nearby Young Clusters (SONYC). IV.
A Census of Very Low Mass Objects in NGC 1333

SCHOLZ, Alexander   MUZIC, Koraljka   GEERS, Vincent C.
    (Dublin Institute for Advanced Studies)       (University of Toronto)          (ETH Zurich)

BONAVITA, Mariangela   JAYAWARDHANA, Ray   TAMURA, Motohide
        (University of Toronto)            (University of Toronto / NAOJ)             (NAOJ)

Star vs. brown dwarf ratios for various starforming 
regions. Squares are values with 0.08–1.0 M as stellar 
and 0.03–0.08 M as brown dwarfs, while circles are 0.08
–10 M as stellar and 0.02–0.08 M as brown dwarfs.

Figure 1:
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Spatial distribution of NGC 1333 members. Crosses are 
all 137 objects with Spitzer excess and squares are all 
confirmed brown dwarfs. Objects with spectroscopy for 
which we can exclude that they are substellar members 
are shown with dots.

Figure 2:
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We present results on the star formation activity of an 
optically obscured region containing an embedded cluster 
(S255-IR) and molecular gas between two evolved HII 
regions, S255 and S257. We have studied the complex 
using optical and near-infrared (NIR) imaging, optical 
spectroscopy, and radio continuum mapping at 15 GHz, 
along with Spitzer-IRAC results. We found that the main 
exciting sources of the evolved HII regions S255 and 
S257 and the compact HII regions associated with S255-
IR are of O9.5–B3 V nature, consistent with previous 
observations. Our NIR observations reveal 109 likely 
young stellar object (YSO) candidates in an area of 
about 4.9 arcmin × 4.9 arcmin centered on S255-IR, 
which include 69 new YSO candidates (see Fig. 1). To 
see the global star formation, we constructed the V-I/V 
diagram for 51 optically identified IRAC YSOs in an 
area of about 13 arcmin × 13 armin centered on S255-
IR. We suggest that these YSOs have an approximate 
age between 0.1 and 4 Myr, indicating a non-coeval star 
formation. Using spectral energy distribution models, we 
constrained physical properties and evolutionary status 
of 31 and 16 YSO candidates outside and inside the gas 
ridge, respectively. The models suggest that the sources 
associated with the gas ridge are younger (mean age about 
1.2 Myr) than the sources outside the gas ridge (mean age 
about 2.5 Myr). The positions of the young sources inside 
the gas ridge at the interface of the HII regions S255 and 
S257 favor a site of induced star formation (Fig. 2) [1].

Star Formation Activity in the Galactic HII Complex S255-S257
OJHA, D. K.1, SAMAL, M. R.2, PANDEY, A. K.2, BHATT, B. C.3, GHOSH, S. K.1, SHARMA, S.2

TAMURA, M.4, MOHAN, V.5,  ZINCHENKO, I.6

JHKs color-composite image of the S255-IR SFR (J, 
blue; H, green; and Ks, red). Only the central 1.5 arcmin 
× 1.5 arcmin is shown here. The ionizing sources of the 
compact and UC HII regions S255-2a, S255-2b, and 
S255-2c (marked with circles) are labeled IRS3, IRS2, 
and IRS1b, respectively. North is up and east is to the 
left.

Figure 1:

Spatial distributions of YSOs identified using the NIR 
CC diagram (asterisks), sources detected only in the H 
and Ks bands (filled circles), and sources detected only 
in the Ks band (plus symbols), overlaid on Ks-band 
image. The white dashed line shows the outer periphery 
of the dust continuum emission at 870 μm. The yellow 
circles are the positions of 1.2 mm continuum cores in 
the gas ridge. The red dashed lines are the demarcation 
of the outer boundaries of the S255 and S257. The large 
crosses represent the positions of the radio continuum 
sources. The YSO density contours are shown by black 
lines.

Figure 2:
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University Centre for Astronomy and Astrophysics, India, 6: Russian Academy of Sciences
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Magnetic reconnection is one of the most important 
subjects in the studies of space, laboratory, and 
astrophysical plasmas. It plays an essential role in the 
understanding of energy conversion processes in high 
energy plasmas that characterize astrophysical compact 
objects.

While issues concerning the physical mechanisms 
and properties of magnetic reconnection remain unsettled 
in the relativistic regime, a few theoretical studies of 
relativistic effects have been made. Lyutikov & Uzdensky 
studied relativistic Sweet.Parker type reconnection within 
the framework of magnetohydrodynamics (MHD). 
They found that the reconnection-driven outflow can 
have an ultra-relativistic speed (Lorentz factor γ  1) 
when the magnetic energy is preferentially converted to 
kinetic energy [1]. They concluded that the reconnection 
rate would be enhanced in the relativistic regime 
due to Lorentz contraction. In contrast, Lyubarsky 
concluded that the outflow cannot be accelerated to a 
relativistic speed (γ ~_ 1) because the magnetic energy 
should be converted into thermal energy [2]. The effect 
of the Lorentz contraction is then negligible and the 
reconnection rate would not be enhanced.

We performed the two-dimensional Relativistic 
Resistive Magnetohydrodynamic (R2MHD) simulations 
to determine the energy conversion rate of the Sweet-
Parker type magnetic reconnection in the relativistic 
regime [3]. Figure 1 shows the numerical results of the 
R2MHD simulations. At the initial state, we give a small 
perturbation around the origin. Then, the magnetic field 
lines start to reconnect around the origin. The plasma 
inflowing in to the current sheet is evacuated in the ± y- 
direction (formation of the reconnection outflow). We can 
see that the plasma is heated up inside the current sheet. 
The magnetic energy is liberated in the diffusion region 
by the Ohmic dissipation. Most of the magnetic energy 
is converted not into the kinetic, but into the thermal 
energy. Then, the enhancement of the thermal energy 
density, which is larger than the rest mass energy density, 
contributes to the plasma inertia due to the relativistic 
effects. The increase in the plasma inertia leads to the 
slow outflow (Lorentz factor ~_ 1). This indicates the 
relativistic effects such as the Lorentz contraction on the 
energy conversion rate cannot be expected.

Next, we evaluate the reconnection rate R, which 
characterizes the energy conversion rate. We confirmed 
that the reconnection rate relates with the magnetic 
Reynolds number RM = 4�LvA /η, where L, vA, and η 
are the length of the current sheet, Alfvén velocity and 
electric resistivity, respectively. The reconnection rate in 

the relativistic reconnection is well fitted by R = R M
−0.5  

as well as that in the non-relativistic plasma. Also we 
found that the reconnection rate is almost independent 
of the initial magnetic field strength. Thus, we conclude 
that the Sweet-Parker type magnetic reconnection is the 
slow process for the energy conversion not only in the 
nonrelativistic regime but also in the relativistic regime.

Scaling Law of Relativistic Sweet-Parker Type Magnetic Reconnection
TAKAHASHI, Hiroyuki, KUDOH, Takahiro   MASADA, Youhei   MATSUMOTO, Jin

     (NAOJ)         (Kobe University)          (Kyoto University)
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Numerical results of R2MHD simulations. Color shows 
the outflow (y-direction) four velocity, gas temperature, 
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Curves and arrows denote for the magnetic field lines 
and the velocity fields.
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Asteroids in the main-belt region between the Mars 
and Jupiter orbits have been fractions of the remnant 
planetesimals. Main-belt asteroids (MBAs) undergo 
collisions and disruption with each other. Their size 
distribution is primary determined by the impact strength 
(critical specic energy per unit mass required to catas-
trophically disrupt the target) [1]. The impact strength 
increases with size, and the degree of the increase affects 
a slope of the size distribution in the size of observable 
asteroids (larger than sub km).

In the early Solar system, MBAs' orbital eccentricities 
and inclinations are pumped up via dynamical excitation 
due to the planetary perturbation [2]. They cause higher 
relative velocities than the present. It has been indicated 
that the size-impact strength relation depends on impact 
velocity [3]. MBAs possibly have a different collisional 
evolution under collisions with impact velocities much 
higher than the present mean value (~4 km sec−1).

We investigate the size distribution of high-inclination 
MBAs which collide with an asteroid at high velocity 
(~10 km sec−1). The size distribution of small MBAs 
around 1 km in diameter with high inclination remains 
unknown. We performed a wide-field observation for 
them using Subaru telescope with Suprime-Cam on high 
ecliptic latitude region of  β ~ +25°. The archival data of 
Suprime-Cam was also used. We obtained the dataset of 
9.0 square-degree in total.

As the result of data reduction for moving objects, 
more than 600 candidates of MBAs were detected. 
Using the sample of uniform detection probability, the 
cumulative size distributions (CSDs) are measured from 
the two groups: one includes asteroids with inclination 
lower than 15° and the other includes asteroids higher 
than 15°. We found that the latter has a shallower CSD. 
Furthermore, we provided continuous CSD from 0.7 km 
to 50 km in diameter using the Asteroid Orbital Elements 
Database (ASTORB) and Sloan Digital Sky Survey 
Moving Object Catalog (SDSS MOC). CSD is generally 
written as a power-law of N (> D) ∝ D−b, where D is 
diameter. The obtained CSDs show b = 1.79 ± 0.05 for 
the low-inclination sample and b = 1.62 ± 0.07 for the 
high-inclination sample. We conrmed that CSD of high-
inclination MBAs has a shallower slope than that of low-
inclination MBAs [4].

This result indicates the fact that large asteroids is 
more resistant to destruction under hypervelocity colli-
sions. Massive bodies could have been more dominant 
in the main belt region during the dynamical excitation 
phase at the early Solar system.

Size Distribution of Main-Belt Asteroids with High Inclination
TERAI, Tsuyoshi   ITOH, Yoichi

              (NAOJ)        (University of Hyogo)

Cumulative size distributions of main-belt asteroid 
populations with inclination lower than 15° (blue) 
and higher than 15° (red) using the data from Asteroid 
Orbital Elements Database (solid lines), Sloan Digital 
Sky Survey Moving Object Catalog (open circles), and 
this study (diamonds).

Figure 1:
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After the discovery of BN and KL in the Orion 
Molec- ular Cloud, following infrared observations 
revealed that the KL nebula splits up into a number of 
compact “ IRc ” sources. The most luminous of these, 
IRc2, was thought to be the dominant energy source for 
the KL complex. Then, radio continuum point source “ I ”  
was found at 1″ south of IRc2 [1,2], and many radio 
observations have showed evidence of the existence 
of a young stellar object (YSO) embedded in source I. 
However, the infrared counterpart of source I have not 
detected at any wavelength, and the relationship of source 
I to IRc2 also still remains ambiguous. A direct linkage 
between IRc2 and source I was revealed with a detailed 
analysis of the SUBARU/COMICS mid-infrared data [3]. 
It also shows what IRc2 really is.

Figure 1 shows the mid-infrared images of the BN/KL 
region obtained with COMICS. The 9.7m optical depth 
and the 7.8 μm/12.4 μm color temperature distribution 
are presented in Figure 2. For IRc2, a morphological 
correlation is seen between the near-infrared image [4] 
and the optical depth distribution, and the optical depth 
peak roughly coincides with the 3.8 μm peak position, 
IRc2-A [4]. The color temperature peak coincides with 
the position of source I, and no dominant temperature 
peak is seen at IRc2.

The spectral energy distribution (SED) of IRc2 can 
be reproduced by a two-temperature model; a 400 K 
component and a 150 K component. It resembles the 
SED of a YSO, BN. However, it is plausible that no 
dominant energy source is embedded because there is no 
temperature peak in IRc2. It is surprising that the shorter 
wavelength emission exhibits its intensity peak at the 
local absorption peak position, when the 3.8 μm emission 
arises from self-luminous objects embedded in IRc2-A. 
In addition, considering the polarimetric results [4], the 
near-infrared emission from IRc2 is most likely to be 
scattered radiation. Whereas, the distribution of the 400K 
component resembles with that of near-infrared emission, 
and the mid-infrared polarimetric study of IRc2 shows the 
possibility of the mid-infrared emission to be scattered 
[5]. Therefore, the mid-infrared 400 K component 
emission from IRc2 is due to the same source with near-
infrared emission. The near-infrared emission from IRc2 
is reproduced by the scattering of radiation from source I, 
and so is the mid-infrared emission.

Orion IRc2, Radiated by the Scattering of Emission from Source I
OKUMURA, Shin-ichiro   YAMASHITA, Takuya   SAKO, Shigeyuki, MIYATA, Takashi

       (Japan Spaceguard Association)           (NAOJ)            (University of Tokyo)

HONDA, Mitsuhiko   KATAZA, Hirokazu   OKAMOTO, Yoshiko K.
              (Kanagawa University)             (JAXA/ISAS)      (Ibaraki University) 
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Mid-infrared images of the BN/KL region. Three-color 
composite image (8.7 μm(blue), 12.4 μm(green), 18.5 μm 
(red)) (left), 12.4 μm image (center), and the close-up 
around IRc2 (right). Coordinates are centered on the BN. 
Crosses show the positions of the 3.8 μm peaks [4].

Figure 1:
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9.7 μm color-coded optical depth image (left) and the 
7.8 μm/12.4 μm color temperature distribution image 
(right) of the 7.5″ × 7.5″ field around IRc2. The overlaid 
contour shows the 12.4 μm surface brightness. Crosses 
show the positions of the 3.8 μm peaks [4], and a plus 
shows the position of source I.

Figure 2:
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Current gravitational wave (GW) detectors have 
“standard quantum limit” (SQL) due to the uncertainty 
in quantum mechanics and GW detectors in near future 
needs to beat this SQL. So, quantum non-demolition 
measurements are researched in the GW research 
community and some techniques have been proposed to 
beat SQL. On the other hand, in quantum information, 
“quantum measurement theory” is developing and 
its experiments are carried out. Unfortunately, this 
development has been almost independent of GW 
researches. For this reason, we have been exploring 
applicabilities of techniques in quantum information to 
GW detectors.

We focused on the “weak measurement” (WM) pro-
posed by Aharonov et al. [1] in 1988. Many experiments 
of WM are recently carried out and their properties look 
similar to current GW detectors. Then, we expect that 
WMs are applicable to GW detectors.

In the usual “measurement” in quantum mechanics, 
we treat two quantum systems which are called 
“system” (S) and “detector” (D). We want to measure 
the observable A associated with S and D measures A 
interacting with S. As a model of D, an one-dimensional 
quantum system is considered, whose canonical 
variables are (q, p) ([q, p] = i, ħ = 1), and the initial 
state of D is assumed to be zero-mean Gaussian. The 
interaction is given by H = gδ (t − t0)pA. The state of S 
before the measurement is |Si = ∑ k αk|ak, where {|ak}  
are eigenstates of A with eigenvalues {ak}. After the 
interaction at t = t0, the total system is entangled. The 
measurement outcome of q in D of this state becomes 
gak with the probability |ak |2. If we know the coupling 
constant g and if we perform this measurement for many 
ensemble, we obtain the expectation value Si |A|Si.

On the other hand, in WM, after the interaction be-
tween S and D, we concentrate only on the subensemble 
in which the final state S is |Sf . Then, the expectation 
value of q in D becomes gReAw within the accuracy of 
O(g). Here, Aw is called “weak value” defined by Aw : =  
Sf |A|Si/Sf |Si. From this definition, when Sf   |Si ~ 0,  
Aw may become large. This result is within O(g) and it 
implies that the interaction between S and D should be 
sufficiently weak and g should be small enough. In other 
words, when we want to measure this small g, it can be 
measured as an amplified value gReAw. This is called 
the “weak value amplification” (WVA). Aharonov et 
al. applied this WVA to the sequence of Stern-Gerlach 
experiments. They claimed that the neutron spin can be 
measured as 100.

We re-examined the scenario of WMs and con-
centrated only on the case of measurements of A with 
the property A2 = 1. This property is satisfied in many 
experimental setups including GW detectors. Then, we 
have derived the exact expectation value of q of D after 
the WM as

(1)

through the all-order evaluation of g [2]. Here, s : = 
2g2p2 is the measurement strength and p2 is the 
initial variance of p in D. According to Eq. (1), for a 
fixed s, there is an optimal overlap Sf |Si in which the 
amplification of the outcome is maximal. The application 
of Eq. (1) to the sequence of Stern-Gerlach experiments 
proposed by Aharonov et al. is depicted in Fig. 1.

A recent experiment suggests that Eq. (1) is also 
experimentally correct [3]. Based on the understanding of 
WMs which we have obtained, we are now discussing the 
applicability of WMs to GW detectors.

Properties of Weak Measurements through Exact Evaluations
NAKAMURA, Kouji   NISHIZAWA, Atsushi   FUJIMOTO, Masa-Katsu

         (NAOJ)            (Kyoto University)   (NAOJ)

The application of Eq. (1) to the experiments proposed 
by Aharonov et al. α → π corresponds to Sf  |Si → 0.

Figure 1:
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In the Newtonian celestial mechanics, the all-pairs 
Nbody acceleration vectors are expressed in the form of 
double summation as aj = ∑N

k=1,k≠ j ajk where the index 
j runs 1 ≤ j ≤ N. In the ordinary serial computation, the 
anti-symmetric nature of the mutual accelerations, μjajk + 
μkakj = 0, is used to halve the total computational amount 
from N (N−1) to N (N−1)/2.

In the parallel computation, however, this property is 
not always utilized. This means that the total amount of 
computation is almost doubled. Indeed Figure 1 shows 
that the speed-up factor of the simple parallelization for 
various PCs suffers this defects.

In fact, the observed value is 1.0 for a single-
core two-thread processor (1C2T), 1.7 for a dual-core 
twothread processor (2C2T), 1.2 for a dual-core four-
thread processor (2C4T), 3.5 a quad-core four-thread 
processor (4C4T), and 2.4 for a quad-core 8-thread 
processor (4C8T), respectively. Meanwhile the ideal 
value is 1.0 for 1C2T, 2.0 for 2C2T and 2C4T, and 4.0 for 
4C4T and 4C8T, respectively. In order to overcome this 
situation, we apply the idea of folding the outer do loop [1] 
to the computation of N-body acceleration [2]. 

Consider a do loop of the form 
do j=1,L {task(j)} 

where we assume that the task inside the loop is another 
do loop the length of which is linearly changing with the 
outer loop index as 

do k=j+1,L {subtask(j,k)} 
where the sub task is of an equal computational amount 
independently on the indices.

Then, we transform this double do loop such that the 

inner loops contain an equally balanced load as 
do j=1,(L+1)/2 {task(j); 

if(L+1-j!=j){task(L+1-j)}}
As a result, we mostly recover the speed loss in the 
simple parallel computation of the all-pairs Newtonian 
N-body acceleration vectors as shown in Fig. 2.

At a consumer PC with a quad-core 8-thread proces-
sor for sufficiently large number of N, the new program 
achieves an acceleration factor of 4.5 in the single, 
4.2 in the double, and 4.9 in the quadruple precision 
environments, respectively. This is an interesting result 
if considering that 4 is the theoretical value for a quad-
core processor. We consider that this is due to Intel’s  
Hyper-Threading Technology, which tries to utilize 
all available computational resource. In general, the 
present formulation will be applicable to many other 
computational problems.

Efficient Parallel Computation of All-Pairs N-body Acceleration
by Do Loop Folding

FUKUSHIMA, Toshio
(NAOJ)
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3C 66B, a giant elliptical galaxy with a redshift (z) 
of 0.0213, is known as an FR I radio galaxy and it has 
a prominent core–jet structure that extend to about 100 
kpc. High-resolution imaging using very long baseline 
interferometry (VLBI) at 5 GHz has revealed the presence 
of a faint counterjet within a distance of 2 mas from the 
core [1]. The intensity ratio between the jet and counterjet 
was estimated to be approximately 10, indicating possible 
acceleration of the jet outflow on a sub-parsec scale. In 
order to search for motion of the inner jet, we carried out 
multi-epoch imaging of 3C 66B using VLBA [2].

From images of 3C 66B at 8.4 GHz, we found three 
knots at 0.7, 1.5, and 2.5 mas (0.3, 0.7, and 1.1 pc) from 
the core (Fig. 1). Using weighted least-squares fitting, 
we estimated the proper motion of the inner three knots 
during 1.3 years to be 0.21±0.03, 0.36±0.04, and 0.63±
0.18 mas year−1, which corresponds to βapp= 0.30±0.04, 
0.49±0.06, and 0.87±0.24 (Fig. 2).

3C 66B showed that the apparent jet speed increases 
with a distance from the core within 3 mas (1.3 pc). This 
result is consistent with the fact that the sub-parsec scale 
counterjet was found within a distance of 2 mas from the 
core.

According to the relativistic beaming model, assuming 
that the jet accelerates with a constant viewing angle of 4.9 
degrees [3], the jet speed accelerates from 0.78 c to 0.91 c, 

corresponding to the bulk Lorentz factor Γ from 1.60 to 
2.46. Assuming the other interpretation, that is, a change 
in the viewing angle with a constant jet velocity of 0.78 c  
[3], the angle varies from 4.9 to 16.2 degrees. To reveal 
the kinematics and geometry of the jet in 3C 66B, further 
monitoring with higher dynamic-range is required over a 
longer period at 8.4 GHz or higher.

Detection of Proper Motion of the Sub-Parsec-Scale Jet in 3C 66B
SUDOU, Hiroshi   IGUCHI, Satoru

          (Gifu University)  (NAOJ)

An 8.4 GHz image of 3C 66B observed at 2001.20. 
Contours are drawn at 3-σ × (1, √2̄, 2, 2√2̄, ...), the 3-σ 
level in this image is 0.8 mJy beam−1. The synthesized 
beam is shown at the bottom-left of the image. The cross 
marks indicate the fitted position of knots using delta 
functionin. The Gaussian component of the core position 
is also shown.

Figure 1:
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Linear fitting of the relative position shift of the three 
knots (E1, E2, and E3) at 8.4 GHz. (a) time evolution 
and (b) spatial distribution. A filled lozenge means the 
R.A. direction (X), and an open lozenge means the Dec. 
direction (Y). Dotted lines indicate the best fit.
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The Millimeter Sky Transparency  Imager (MiSTI) 
[1] is a small millimeter-wave scanning telescope with 
a 25-cm diameter dish operating at 183 GHz (Figure 1). 
MiSTI is installed at the ASTE site, Atacama, Chile, and 
it measures emission from atmospheric water vapor and 
its fluctuations to estimate atmospheric absorption in the 
millimeter to submillimeter. MiSTI observes the water 
vapor distribution at a spatial resolution of 0.5°, and it 
is sensitive enough to detect an excess path length of ≥
0.05 mm for an integration time of 1 s. By comparing the 
MiSTI measurements with those by a 220 GHz tipper, 
we validate that the 183 GHz measurements of MiSTI 
are correct, down to the level of any residual systematic 
errors in the 220 GHz measurements.

Since 2008, MiSTI has provided real-time (every 
1 hr) monitoring of the all-sky opacity distribution 
(Figure 2) and atmospheric transmission curves in the 
(sub)millimeter through the internet, allowing to know 
the (sub)millimeter sky conditions in Atacama.

The 183 GHz monitor is available at 
http://www2.nao.ac.jp/~misti/opacity.html.

The Millimeter Sky Transparency Imager (MiSTI)
TAMURA, Yoichi*, KOHNO, Kotaro, FUKUHARA, Masayuki, KUBOI, Akihito

(University of Tokyo)

KAWABE, Ryohei, EZAWA, Hajime, KAMAZAKI, Takeshi, OKADA, Norio
(NAOJ)

MOMOSE, Munetake, NAKAGAWA, Yuki   SEKIGUCHI, Tomohiko   VILA-VILARÓ, Baltasar
             (Ibaraki University)                 (Hokkaido University of Education)          (Joint ALMA Observatory)

(left) A picture of the Millimeter Sky Transparent 
Imager (MiSTI) installed at the ASTE site. (right) 
Schematic drawing of MiSTI. The membrane and its 
support structures are not shown. The positions of the 
azimuth and elevation axes are noted by “AZ” and “EL”, 
respectively.

Figure 1:

An example of the all-sky opacity image taken with 
MiSTI on 2010 July 1. (a) All-sky opacity map at 183 
GHz in the fish-eye lens view. The sky hemisphere is 
orthographically projected to the plane of the paper. 
The north is top and the east is left. The solid and dotted 
circles indicate the horizon (El = 0°), El = 20, 40, 60, 
and 80°. (b) The fluctuations of the all-sky opacity map, 
δτ (Az, El).

Figure 2:
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We have observed the newly discovered SDSS Quasar 
Lens Search (SQLS) [1,2,3,4,5,6] gravitationally lensed 
quasar candidate pair SDSS J1334+3315 in the J, H and 
K' bands, using the Subaru Telescope adaptive optics 
system with laser guide star (LGSAO188) [7,8]. The 
quasar pair has a redshift of z = 2.426, and a separation 
of 0″. 833. We were successful in achieving a clear 
detection of the lensing galaxy located in between the 
two quasars, thus proving that this is one gravitationally 
lensed quasar. In Figure 1, we show the improvement 
obtained in resolution due to the use of AO. We estimate 
the redshift of the lensing galaxy to be 0.557 based on 
absorption lines in the quasar spectra as well as the color 
of the galaxy. Our gravitational lens mass modeling 
with improved astrometry implies that a nearby bright 
galaxy ~4″ apart from the lensing galaxy is likely to 
affect the lens potential (Figure 2). The bright nearby 
galaxy is clearly revealed to be a spiral in the LGSAO188 
observations.

This is the first in a campaign of Subaru Telescope 
adaptive optics observations of the SQLS lensed quasars, 
and demonstrates the usefulness of the LGSAO188 imag-
ing for studying small-separation strong lens systems.

SDSS J1334+3315: A Resolved Lensed Quasar with Separation 0.″8
RUSU, Cristian E.1, OGURI, Masamune2,3, INADA, Naohisa4, KAYO, Issha5, IYE, Masanori1,3,6

HAYANO, Yutaka3, OYA, Shin3, HATTORI, Masayuki3, SAITO, Yoshihiko7, ITO, Meguru8, MINOWA, Yosuke3

PYO, Tae-Soo3, TERADA, Hiroshi3, TAKAMI, Hideki3, WATANABE, Makoto9

1: University of Tokyo, 2: IPMU, 3: NAOJ, 4: Nara National College of Technology, 5: Toho University, 6: The Graduate University for 
Advanced Studies, 7: Tokyo Institute of Technology, 8: Victoria University, 9: Hokkaido University

J, H, K′ band SDSS J1334+3315 imaged without (upper 
left) and with adaptive optics (upper right). The lower 
panel, enlarged five times, shows for the first time the 
resolved lensing galaxy located in between the two 
quasar images.

Figure 1:

Best-fit χ2 for the mass model, as a function of the 
position angle of the singular isothermal sphere with 
shear (SIS+γ) model (or alternatively, singular isothermal 
ellipsoid). The horizontal line indicates the 1σ range of 
the measured position angle of the lensing galaxy G. The 
vertical dotted lines show directions of the external shear 
corresponding to the location of nearby galaxies G1 (the 
bright spiral) and G2, strongly suggesting the influence 
of G1.

Figure 2:
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We carried out extended spectroscopic confirmations 
of Lyα emitters (LAEs) at z = 6.5 and 5.7 in the Subaru 
Deep Field. Now, the total number of spectroscopically 
confirmed LAEs is 45 and 54 at z = 6.5 and 5.7, 
respectively, and at least 81 % (70 %) of our photometric 
candidates at z = 6.5 (5.7) have been spectroscopically 
identified as real LAEs. We made careful measurements 
of the Lyα  luminosity, both photometrically and 
spectroscopically, to accurately determine the Lyα and 
rest-UV luminosity functions (LFs), which can constrain 
the cosmic reionization process. Given the large number 
of spectroscopic confirmations in our LAE sample, the 
Lyα LFs at both redshifts are more tightly constrained 
than those in our previous studies. The substantially 
improved evaluation of the Lyα LF at z = 6.5 shows an 
apparent deficit from z = 5.7 at least at the bright end, 
and a possible decline even at the faint end, though small 
uncertainties remain. The Lyα LF at z = 6.5 shows a 
24 % decrease in the Lyα luminosity, or a 34 % decrease 
in the LF amplitude. The rest-UV LFs at z = 6.5 and 
5.7 are in good agreement, at least at the bright end, 
in clear contrast to the differences seen in the Lyα LF. 
These results imply an increase in the neutral fraction of 
the intergalactic medium from z = 5.7 to 6.5. The rest-
frame equivalent width (EW0) distribution at z = 6.5 
seems to be systematically smaller than z = 5.7, and it 
shows an extended tail toward larger EW0. The bright 
end of the rest-UV LF can be reproduced from the 
observed Lyα LF and a reasonable EW0–UV luminosity 
relation. Integrating this rest-UV LF provides the first 
measurement of the contribution of LAEs to the photon 
budget required for reionization. The derived UV LF 
suggests that the fractional contribution of LAEs to the 
photon budget among Lyman break galaxies significantly 
increases toward faint magnitudes. Low-luminosity LAEs 
could dominate the ionizing photon budget, though this 
inference depends strongly on the uncertain faint-end 
slope of the Lyα LF [1].

Completing the Census of Lyα Emitters at the Reionization Epoch
KASHIKAWA, Nobunari1,2, SHIMASAKU, Kazuhiro3, MATSUDA, Yuichi4, EGAMI, Eiichi5, JIANG, Linhua5

NAGAO, Tohru6, OUCHI, Masami7, MALKAN, Matthew A.8, HATTORI, Takashi1, OTA, Kazuaki7

TANIGUCHI, Yoshiaki6, OKAMURA, Sadanori3, LY, Chun9, IYE, Masanori1, FURUSAWA, Hisanori1

SHIOYA, Yasuhiro6, SHIBUYA, Takatoshi2, ISHIZAKI, Yoshifumi2, TOSHIKAWA, Jun2

1: NAOJ, 2: The Graduate University for Advanced Studies, 3: University of Tokyo, 4: Durham University, 5: University of Arizona, 6: Ehime 
University, 7: ICRR, Tokyo University, 8: University of Calfornia, 9: STScI

Comparison of the cumulative Lyα LFs of LAEs at z = 
6.5 (red-shaded region) and z = 5.7 (blue-shaded region). 
We estimated the acceptable Lyα LF ranges as specified 
by the upper and lower limits. The upper limit was 
estimated assuming that all the uncertain photometric 
candidates are really LAEs, and the lower limit was 
estimated assuming that all the uncertain candidates are 
not LAEs, i.e., using only the pure spectroscopically 
identified LAE sample. In both the upper and lower limit 
estimates, we corrected for the detection completeness 
by number weighting according to the NB magnitude. 
Error bars evaluated by the Poisson errors are shown 
in some average data points between the upper limits 
and lower limits. The short-dashed lines (red for z = 6.5 
and blue for z = 5.7) show the fitted Schechter LFs in 
the case of α = −1.5. As a comparison, the green long-
dashed line shows the Lyα LF at z = 6.5 from Ouchi et 
al. 2010, and the green dot-dashed line shows that of Hu 
et al. 2010.

Figure 1:
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In 2011 February, a burst event of the 22 GHz H2O  
maser in Orion KL (Kleinmann-Low object) was 
detected. This is the third time such phenomena has been 
detected in Orion KL, followed by the events in 1979–
1985 and 1998–1999. In spite of extensive monitoring 
observations with the Kagoshima 6 m single-dish 
telescope and VLBA during the last time burst event in 
1998–1999, the origin of this maser burst is still unclear. 
If the current burst event would have a common origin as 
in the case of previous burst events, the flux density of the 
H2O maser in Orion KL is expected to be >106 Jy, which 
will provide best opportunity to investigate the maser 
burst phenomenon. With this in mind, we have started 
monitoring observations of the bursting H2O maser 
features in Orion KL with VERA since 2011 March 09 [1].

In the monitoring observations, we found that the 
flux density of the H2O maser reached about 50000 Jy 
at the beginning of the burst event, which was three 
orders of magnitudes brighter than that in the quiescent 
phase (Figure 1), while it was still far below the previous 
burst events. According to the astrometric observations, 
the bursting maser features consisted of two spatially 
distinct components separated by about 5 AU at different 
velocities, 6.95 km s−1 and 7.58 km s−1 (Figure 2). We 
successfully determined the absolute positions of the 
bursting features for the first time ever with a submilli-
arcsecond (mas) accuracy. Their positions are coincident 
with the shocked molecular gas called the Orion Compact 
Ridge. It is most likely that the protostellar outflow 
interacting with the Compact Ridge is a possible origin of 
the H2O maser burst.

We still continue monitoring observations with VERA 
of the bursting masers to achieve higher astrometric 
accuracy. In addition, we will carry out follow-up 
observations with the ALAM of the submillimeter H2O 
masers in Orion KL. Detailed mechanisms of the maser 
burst will be studied based on the multi-transition maser 
data.

Identification of the Bursting Water Maser Features in Orion KL
HIROTA, Tomoya1, TSUBOI, Masato2, FUJISAWA, Kenta3, HONMA, Mareki1, KAWAGUCHI, Noriyuki1

KIM, Mi Kyoung1, KOBAYASHI, Hideyuki1, IMAI, Hiroshi4, OMODAKA, Toshihiro4, SHIBATA, Katsunori M.1
SHIMOIKURA, Tomomi5, YONEKURA, Yoshinori6

1: Graduate University for Advanced Studies / NAOJ, 2: IRAS/JAXA, 3: Yamaguchi University, 4: Kagoshima University, 5: Tokyo Gakugei 
University, 6: Ibaraki University
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(upper) and the quiescent (lower) phases. Dashed lines 
indicate the radial velocities of the burst features. An 
inset shows the zoom-up of the bursting component.
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In the last decade, we have carried out a survey of 
radio spectral lines of NH3 and carbon-chain molecules 
such as CCS and HC3N with the Nobeyama 45 m radio 
telescope. Because carbon-chain molecules and NH3 
are expected to be abundant in the early and late stages 
of chemical evolution, respectively, due to different 
production timescales, the abundance ratio of NH3/CCS 
can be used as one of the good indicators of chemical 
evolutionary phase of dark cloud cores.

Recently, we extensively surveyed the NH3 and CCS 
lines in the Aquila Rift region, for which observational 
studies with molecular lines were still limited. As a 
result, two dense cores, CB130-3 and L673-SMM4, 
were detected which show remarkably intense spectra 
of carbon-chain molecules compared with the weak 
NH3 lines [1]. According to their high NH3/CCS ratios, 
they could be chemically and dynamically less evolved 
dense cores. Such chemically less-evolved dense cores 
have been found only in the Taurus Molecular Cloud and 
the Aquila Rift region. This implies a similarity in the 
physical properties and/or chemical evolutionary phases 
of these two molecular clouds.

We have also carried out detailed mapping observa-
tions of the CCS and NH3 lines with the Nobeyama 45 m 
telescope and Effelsberg 100 m telescope of the Max 
Planck Institute (Figure 1), as well as a survey of other 
molecular lines such as DNC, HN13C, H13CO+, and N2H+. 
Using these data, we compared the chemical abundances 
of CB130-3 and L673-SMM4 with previously known 
carbon-chain-rich cores in the Taurus region [1]. 
According to the NH3/CCS ratios as well as the DNC/
HN13C ratio, which is another good probe of chemical 
evolutionary phase of dense cores, CB130-3 and L673-
SMM4 are found to be analogous to the previously 
known chemically young cores while their chemical 
evolutionary phases would be slightly older than those 
in the Taurus region. These two sources could be good 
targets to study initial conditions of protostar formation 
with future high-sensitivity/high-resolution studies with 
ALMA.

Detection of Chemically Young Dark Cloud Cores in the Aquila Rift
  HIROTA, Tomoya   SAKAI, Takeshi, SAKAI, Nami, YAMAMOTO, Satoshi
  (Graduate University for Advanced Studies / NAOJ)     (University of Tokyo)
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Small-JASMINE [1] is the astrometric satellite 
measuring the parallax and the proper motion with the 
accuracy of 10 μas level. Current status of the stray 
light and the thermal condition for small-JASMINE are 
reported.

1 Stray Light of Small-JASMINE
A lot of integration time is needed to accomplish 

the aim of accuracy of about 10 μas level in the Small-
JASMINE mission. Accordingly, we need to observe 
the object until the albedo from the earth is close to the 
direction of 23 degrees from the observing direction. 
Therefore avoiding the stray light is very important 
task. We have investigated the baffle hood shown in Fig. 
1. Inner baffle of the telescope shown in Fig. 2 is also 
considered.

Inner coating of the telescope using the carbon fiber 
developed by Energy Science Laboratories adopted by 
JWST is the first candidate for Small-JASMINE.

The requirement of the stray light is under 13 photons/ 
pix/sec. It is achieved using the baffle hood and the inner 
baffle with the carbon fiber coating.

2 Attitude and the Thermal Condition for Small-
JASMINE

The candidate of the detector of Small-JASMINE 
is HgCdTe detector, HAWAII-4RG-10, with 1.7 μm 

cut off developed by Teledyne. We need to operate the 
detector under 180 K. Accordingly the temperature of 
the telescope must be 180 K~200 K. The peltier cooling 
of the detector will be adopted. Then we calculate the 
thermal environment of the telescope under the attitude of 
the satellite shown in Fig. 3. We obtain that the telescope 
satisfies the temperature of under 190 K (See Fig. 4).

Small-JASMINE: Stray Light and Thermal Environment
YANO, Taihei, GOUDA, Naoteru, KOBAYASHI, Yukiyasu, TSUJIMOTO, Takuji, NIWA, Yoshito

(NAOJ)

YAMADA, Yoshiyuki   YASUDA, Susumu, UTSUNOMIYA, Shin   JASMINE Working Group
           (Kyoto University)     (JAXA) 

Baffle hood. We consider a few more baffle hoods.Figure 1:

(Upper) attitude of the satellite in spring. (Lower) Same 
as upper panel but in summer.

Figure 3:

Tempreture of the telescope (primary mirror) against the 
time (season).

Figure 4:

Inner baffle.Figure 2:
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One of the most outstanding questions in modern 
astronomy is when and how the cosmic reionization 
occurred. Since it requires a large number of ionizing 
photons, the process of reionization is closely related 
to an early phase of the cosmic structure formation 
history. Understanding the reionization process can 
be accomplished by studying the state of the IGM 
through estimates of the Lyα fraction, the fraction of 
Lyα emitters among dropout galaxies. Since neutral 
hydrogen in the IGM resonantly scatters Lyα photons, 
the Lyα fraction is expected to decrease at the epoch 
of reionization [1]. Searching for Lyα emission from 
samples of dropouts with available spectra at 4 < z < 6, 
Stark et al. (2011) showed that the Lyα fraction does not 
decrease with redshift [2]. However, it is not yet clear if 
this trend continues at z > 6. To explore this, we require 
spectroscopy of z ~ 7 dropouts.

We performed Keck/DEIMOS spectroscopic observa-
tions of 11 z-dropout galaxies found in the SDF and 
GOODS-N fields [3,4]. An emission line is detected at 
9500–10000 Å in the spectra of three objects. Since all the 
detected lines are singlet with a large positive weighted 
skewness, we conclude that the three objects are Lyα-
emitting z-dropout galaxies at zspec = 7.213, 6.965, and 
6.844. The z = 7.213 galaxy is confirmed by observations 
in two independent DEIMOS runs in 2010 and 2011 with 
three different spectroscopic configurations.

We then measure the Lyα fraction at z ~ 7. To reduce 
statistical uncertainties and possible effects of field-to-
field variance, we combine our results with the z-dropout 
spectroscopic studies by other groups [5,6,7,8]. We find 
that the Lyα fraction drops from z ~ 6 to 7 in contrast to 
the reported increasing trend from z ~ 4 to 6. We also find 
that X25

Lyα drops more strongly in UV-faint galaxies than 
in UV-bright galaxies. These findings would suggest that 
the neutral fraction of the IGM significantly increases 
from z ~ 6 to 7, and that the increase is stronger around 
galaxies with fainter UV luminosities, which is consistent 
with inside-out reionization models where reionization 
proceeds from high- to low-density environments.

Spectroscopic Confirmation of Galaxies at z = 6.844 – 7.213:
Demographics of Lyα Emission in z ~ 7 Galaxies

ONO, Yoshiaki, OUCHI, Masami   MOBASHER, Bahram   DICKINSON, Mark
  (University of Tokyo)              (UC Riverside)              (NOAO)

PENNER, Kyle   SHIMASAKU, Kazuhiro   WEINER, Benjamin J.
          (University of Arizona)       (University of Tokyo)    (Steward Observatory)

KARTALTEPE, Jeyhan S.   NAKAJIMA, Kimihiko   NAYYERI, Hooshang
         (NOAO)                   (University of Tokyo)   (UC Riverside)

STERN, Daniel   KASHIKAWA, Nobunari   SPINRAD, Hyron
             (JPL)         (NAOJ)          (UC Berkeley)

Evolution in the fraction of strong Lyα-emitting galaxies 
with MUV ~_ −21.0 (top panels) and MUV ~_ −19.5 (bottom 
panels) over 4 < z < 7. The left panels show the fraction 
of galaxies with EW larger than 25 Å, while the right 
panels show the fraction of those with EW larger than 
55 Å. The red filled circle is the composite result, and 
the shaded area is derived by extrapolating the trend 
seen in lower redshifts to z ~ 7. For details, see [4].

Figure 1:
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We present the results of the Nobeyama Radio 
Observatory (NRO) M33 All Disk (30′ × 30′, or 7.3 kpc 
× 7.3 kpc) Survey of Giant Molecular Clouds (NRO 
MAGiC) based on 12CO (J = 1–0) observations using 
the NRO 45-m telescope [1]. M33 is the best target to 
study the properties of the individual GMCs and their 
correlation with galactic structures such as spiral arms 
due to its proximity (~840 kpc) and small inclination 
angle. The spatial resolution of the resultant map is 19″.3 ( 
= 81 pc) which is sufficient to identify each GMC.

We found clumpy structures with a typical spatial 
scale of ~100 pc, corresponding to GMCs, and no diffuse, 
smoothly distributed component of molecular gas at 
this sensitivity. The overall distribution of molecular 
gas roughly agrees with that of HI. However, closer 
inspection of the CO and HI maps suggests that not 
every CO emission is associated with local HI peaks, 
particularly in the inner portion of the disk (r < 2 kpc), 
although most of CO emission is located at the local HI 
peaks in the outer radii. We found that most uncovered 
GMCs are accompanied by massive star-forming regions, 
although the star formation rates (SFRs) vary widely 
from cloud to cloud.

We obtained a map of the molecular fraction, fmol = 
∑ H2/ (∑ HI + ∑ H2), at a 100-pc resolution. This is the 
first fmol map covering an entire galaxy with a GMC-
scale resolution. We find that fmol tends to be high near 
the center. The correlation between fmol and gas surface 
density shows two distinct sequences. The presence 
of two correlation sequences can be explained by 
differences in metallicity, i.e., higher (~2-fold) metallicity 
in the central region (r < 1.5 kpc) than in the outer parts. 
Alternatively, differences in scale height can also account 
for the two sequences, i.e., increased scale height toward 
the outer disk.

NRO M33 All Disk Survey of Giant Molecular Clouds (NRO MAGiC):
HI to H2 Transition

TOSAKI, Tomoka1, KUNO, Nario2, ONODERA, Sachiko2, MIURA, Rie2,3, MURAOKA, Kazuyuki4

SAWADA, Tsuyoshi2, NAKANISHI, Kouichiro2, KOMUGI, Shinya2, HIROTA, Akihiko2, KAWABE, Ryohei2

KOHNO, Kotaro3, KANEKO, Hiroyuki2,5, NAKANISHI, Hiroyuki6

1: Joetsu University of Education, 2: NAOJ, 3: Unversity of Tokyo, 4: Osaka Prefecture University, 5: The Graduate University for Advanced 
Studies, 6: Kagoshima University

CO(1-0) total integrated intensity map.Figure 1:

Correlation between gas surface density and fmol. Red, 
blue, and green points represent data with ranges of r ≤ 
1.5 kpc, 1.5 kpc ≤ r ≤ 3 kpc, and r ≥ 3 kpc. Pink dotted 
and cyan dashed lines indicate correlation for U = 10 U0 
at Z = Z0 and Z = 0.5 Z0 (left), and for Z = 1.0 Z0 at U = 
10 U0  and U = 48 Z0 (right), respectively.

Figure 2:
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A moonlet embedded in a planetary ring tends to open 
a gap, such as Keeler or Encke gap, due to gravitational 
scattering [1]. Conversely, viscous diffusion of ring 
particles tends to close a gap. If a moonlet is sufficiently 
large, it will form a fully circular gap, whereas a small 
moonlet will form only a partial gap that consists of two 
azimuthally aligned lobes shaped like a propeller. Using 
the viscous fluid model, the formation of propellers by 
small moonlets was predicted. The Cassini spacecraft 
discovered propellers in Saturn’s A ring [2,3].

The optical depth of the A ring is as high as 0.3–0.5, 
while that of the B ring is larger than unity. Distinct and 
large gravitational wakes form in rings with large optical 
depths [4]. Such large gravitational wakes can alter the 
structures around an embedded moonlet. We investigated 
the condition for propeller formation in a dense ring in 
which gravitational wakes are prevalent.

Figure 1 shows snapshots of the low and high 
surface density models [5]. In the low surface density 
model, a propeller-shaped feature is clearly visible 
in the weak gravitational wakes. The surface density 
decreases considerably in the two lobes downstream of 
the moonlet. They are aligned in the orbital direction and 
are symmetric about the moonlet. In the high surface 
density model, strong wake structures due to gravitational 
instability formed but no propeller structures are 
observed.

The numerical simulation results indicate that 
propeller formation depends on the ring surface density. 
The clumps in gravitational wakes typically have a 
mass of ~ Σλ2, where Σ is the surface density and λ is 
the critical wavelength of the gravitational instability. 
If the clump mass is greater than the moonlet mass, the 
gravitational wakes may not be affected by gravitational 
scattering due to the moonlet. Accordingly we derived the 
critical moonlet size that depends on the surface density 

around the moonlet.
We performed 25 simulations with different ring 

surface densities and moonlet radii so as to confirm the 
condition. As shown in Figure 2, we confirmed that a 
propeller-shaped structure is clearly observed when this 
condition is satisfied. If this condition is not satisfied, no 
distinct steady propeller structure is observed although 
the ring particles are affected by the moonlet to some 
extent.

Formation of a Propeller Structure
by a Moonlet in a Dense Planetary Ring

MICHIKOSHI, Shugo*   KOKUBO, Eiichiro
             (Doshisha University)            (NAOJ)

* The author is at NAOJ when the paper [5] was submitted.

Snapshots of numerical simulations of low and high 
surface density models.

Figure 1:
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In the standard scenario of planet formation, 
planetesimals are the precursors of planets, the sizes of 
which are on the order of kilometer. Their formation 
process is one of the unsolved problems of the planet 
formation theory. From micron-sized dust grains dust 
particles grow to centimeter size in a protoplanetary 
disk by collisional agglomeration. The least understood 
growth phase is growth from centimeter-sized dust to 
kilometersized planetesimals.

One of the possible models in this stage is the 
gravitational instability model. A very thin and dense 
layer of settled dust aggregates in the mid-plane of the 
protoplanetary disk may be gravitationally unstable. Then 
the gravitational collapse of the dust layer occurs, and 
kilometer-sized planetesimals are formed directly. This 
scenario has the advantage of a very rapid formation 
timescale, which is on the order of the Keplerian time. 
However, the various hydrodynamic instabilities cause 
the turbulence in the protoplanetary disk. In this case, the 
gravitational instability may be suppressed since the dust 
layer can not become thin due to the turbulence [1].

We investigated the motion of dust particles in 
turbulent gas and derived the surface density evolution 
using the stochastic model [2]. We derived the advection 
diffusion equation with the strong coupling approx-
imation. We solved the advection diffusion equation 
coupled with the Poisson equation for gravity using the 
linear approximation. As a result, we found that the dust 
layer is always unstable regardless of the turbulence 
strength, but its timescale becomes longer as the 
turbulence becomes stronger. The dust density increases 
monotonically because of the instability.

The physical meaning of the secular gravitational 
instability can be understood in terms of the responses 
to the density perturbation. We suppose that the density 
fluctuation exists. The gravitational potential is induced 
by the density fluctuation. Due to the resultant potential 
gradient, the matter moves to the local maximum point of 
the surface density with the terminal velocity. Therefore, 
the density fluctuation increases monotonically.

We applied this instability to the protoplanetary 
disk. This instability always occurs, but its timescale is 
typically very long. If the radial drift of dust particles 
due to gas drag is faster than the secular gravitational 
instability, the secular instability seems to be inefficient. 
In this case, the particle pileup mechanism due to the 
radial drift enhances the surface density of dust [3]. 
Thus, we should compare the timescales of the secular 
gravitational instability and the radial drift. Figure 1 

shows the critical fg value, where fg is the enhancement 
factor of the surface density of gas, as a function of 
the distance from the Sun. The value Jc is the critical 
Richardson number. Here we assume the quasi-
equilibrium shear turbulence model. If fg is larger than the 
critical value, the secular gravitational instability is faster 
than the radial drift. When fg > 3 and Jc = 0.1, the secular 
gravitational instability is faster than the radial drift in 
the entire disk. If this condition is satisfied, axisymmetric 
high-density patterns form. When the dust surface 
density becomes large due to this instability, the classical 
gravitational instability may occur finally [4]. We will 
investigate this process by numerical simulations in the 
future work.

Secular Gravitational Instability of a Dust Layer in Shear Turbulence
MICHIKOSHI, Shugo*   KOKUBO, Eiichiro   INUTSUKA, Shu-Ichiro

                (Doshisha University)       (NAOJ)       (Nagoya University)

* The author is at NAOJ when the paper [2] was submitted.

The critical fg values as a function of the distance from 
the Sun a.

Figure 1:
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Dwarf spheroidal galaxies (dSphs) around the Milky 
Way provide us a unique opportunity to investigate 
galaxy formation and evolution through their resolved 
stars. Since 2005, extremely faint dwarf (UFD) galaxies 
and stellar streams are found around the Milky Way [1,2]. 
The newly discovered UFD galaxies are roughly 10 to 
100 times fainter than the well-known “classical” dSphs, 
having amorphous morphology, and yet are the most dark 
matter (DM) dominated galaxies. Their star formation 
histories and detailed structural properties provide a clue 
to understanding of the galaxy formation at the faint-end 
and the Galactic tidal effects for the satellite galaxies.

We take deep images of four UFD galaxies, Canes 
Venatici I, II (CVn I, II), Boötes I (Boö I), and Leo 
IV, using the Suprime-Cam on the Subaru Telescope 
[3]. Color-magnitude diagrams (CMDs) extend below 
mainsequence turnoffs and yield measurements of the 
ages of stellar populations. The stellar populations of 
three faint UFD galaxies are estimated to be as old as the 
Galactic globular cluster M92. We confirm that Boö I  

dSph has no intrinsic color spread in the MSTO and 
no spatial difference in the CMD morphology, which 
indicates that Boö I dSph is composed of an old single 
stellar population. One of the brightest UFDs, CVn I 
dSph, shows a relatively younger age (~12.6 Gyr) with 
respect to fainter dSphs, and the distribution of red 
horizontal branch (HB) stars is more concentrated toward 
the center than that of blue HB stars, suggesting that the 
galaxy contains complex stellar populations. CVn II dSph 
has the smallest tidal radius of a Milky Way satellite 
and has a distorted shape, while Leo IV dSph shows a 
less concentrated spherical shape. The simple stellar 
population of faint UFDs indicates that the gases in their 
progenitors were removed more effectively than those 
of brighter dSphs at the occurrence of their initial star 
formation. This is reasonable if the progenitors of UFDs 
belong to less massive halos than those of brighter dSphs.

Stellar Populations and Spatial Distributions of Ultra Faint Dwarf Galaxies
OKAMOTO, Sakurako   ARIMOTO, Nobuo, YAMADA,Yoshihiko   ONODERA, Masato

 (Peking University)          (NAOJ)           (Institute for Astronomy, ETH Zürich)

(V – IC)0 – V0 CMD of whole observed region of Boötes 
I dSph. The theoretical Padova isochrone of Z=0.0001 
and 13.7 Gyr is overlaid.

Figure 1:

Spatial distribution of the member candidates selected 
from CMD and iso-density contour of the member 
candidates of Boötes I dSph.

Figure 2:
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Direct imaging surveys are powerful tools to search 
for Jupiter-mass planets around young stars, and those 
searchers are useful to study the theory of the formation 
of giant planets with wide orbits around their parent stars. 
Recent direct imaging surveys show that the projected 
separation of young planetary-mass companions 
(PMCs) are surprisingly wide compared with the orbital 
separations of planets in our solar system, extra-solar 
planets detected by indirect methods, and predictions 
of the standard core accretion model [1]. These results 
may suggest a diversity in the formation and evolution of 
PMCs. (e.g., [2]).

We present the results of the direct imaging of a 
PMC candidate around a binary T Tauri star, SR12AB 
(K4–M2.5), in the ρ Oph star-forming region [3]. The 
rst discovery of the PMC candidate, SR12 C, was made 
through the imaging observations carried out on 2002 
using the near-infrared camera SIRIUS mounted on the 
1.4-m telescope IRSF. SR12C is separated by ~8.7″, 
corresponding to 045 1100 AU at 125 pc (Fig. 1).

The associated members of a star-forming region 
share a common proper motion, and thus can be 
distinguished from background objects by investigating 
their proper motions from images obtained at multiple 
epochs. Two epoch images using Subaru (IRCS and 
CIAO), and three archive date sets (HST/NICMOS, VLT/
NACO, and Gemini/QUIRC+Hokupa'a) are used for 
precise astrometry of the SR12 system. The separation 
of SR12C from SR12AB is constant from 1998 to 2008, 
suggesting physical relation of them. In addition, the H 
band spectra of SR12C shows a triangular shape, which 
is a characteristic feature of young, late-ytpe dwarfs with 
low surface gravity. Therefore we conclude that SR12C is 
a member of the ρ Oph star-forming region. In addition, 
the probability of a chance alignment of objects in ρ Oph, 
physically associated with SR12AB is very low (~1 %), 
indicating that SR12C is a genuine companion to SR12 
AB.

Using an age-luminosity diagram, we estimate the 
mass of SR12 C. It has an J-band absolute brightness of 
10.5 mag and infrared spectra suggesting a spectral type 
of M9.0 ± 0.5 and Teff ≈ 2400. The bolometric luminosity 
of SR12C was estimated to be log(L = L) = −2.87 ± 0.20. 
Assuming that the age of SR12C is the same as those of 
YSOs in ρ Oph, the mass of SR12C was estimated as 
0.013 ± 0.007 M (14+7

−8 MJup) by comparing with models. 

Therefore SR12C is a strong PMC candidates, and the rst 
PMC candidate directly imaged around a binary T Tauri 
star. Considering the projected separation from SR12 
AB, SR12C has the widest separation from its parent star 
among PMC candidates imaged so far1. This discovery 
spreads the range of distributions of the PMC candidates 
from ~50 to 1100 AU.

The Widest-Separation Substellar Companion Candidate
to a Binary T Tauri Star

KUZUHARA, Masayuki, TAMURA, Motohide, ISHII, Miki, KUDO, Tomoyuki, NISHIYAMA, Shogo, KANDORI, Ryo
(NAOJ)

Subaru/CIAO K-band coronagraphic image of a binary 
T Tauri star SR12 AB and its planetary-mass companion 
candidate SR12 C. The parent binary star is blocked 
by the occulting mask. The companion (SR12 C) is 
separated by ~8.7″, corresponding to ~1100 AU at 125 pc.

Figure 1:
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We performed the astrometry of H2O masers in the 
Galactic star-forming region G48.61 + 0.02 with the 
VLBI Exploration of Radio Astrometry (VERA). We 
derived a trigonometric parallax of 199 ± 7 μas, which 
corresponds to a distance of 5.03 ± 0.19 kpc. The distance 
to G48.61 + 0.02 is about a half of its far kinematic 
distance, which was often assumed previously. This 
distance places G48.61 + 0.02 in the Sagittarius-Carina 
arm and near the active star forming region and the 
supernova remnant W51. The obtained distance is very 
close to the parallactic distance of W51 Main/South, 
which is measured to be 5.41+0.31 kpc by the H2O maser 
astrometric observations with VLBA [1].

We also obtained the three dimensional motion of 
G48.61 + 0.02, and found that it has a large peculiar 
motion of 40 ± 5 km s−1. The kinetic energy of the 
peculiar motion is estimated to be (2 ± 1) × 1051 erg. 
What is the origin of this peculiar motion? This peculiar 
motion would be originated with the multiple supernovae 
explosions in W51, or the streaming motion across the 
Sagittarius-Carina arm. W51 C is the nearest SN remnant 
from G48.61 + 0.02. Figure 1(a) shows the position of 
G48.61 + 0.02 superimposed on Fermi LAT counts map 
in 2–10 GeV around W51 C [2]. The separation between 
G48.61 + 0.02 and the center of W51 C is 0.70 deg (62 
pc). Figure 1(b) and (c) show the integrated intensity 
and the position velocity maps in the 13CO J = 1–0 line 
around W51 C [3]. The explosion kinetic energy of 
W51 C is estimated to be ~ 5 × 1051 erg [2]. Considering 
the energetics, the SN explosion is the possible origin. 
G48.61 + 0.02 appears to be located on the Sagittarius- 
Carina arm. Therefore, the streaming motion across the 
spiral arm is one possible origin for the large peculiar 
motion of G48.61 + 0.02.

This study is published in Nagayama et al. (2011), 
PASJ, 63, 719.

Astrometry of Galactic Star-Forming Region G48.61+0.02 with VERA
NAGAYAMA, Takumi, HONMA, Mareki, KOBAYASHI, Hideyuki, KAWAGUCHI, Noriyuki, UENO, Yuji

(NAOJ)

OMODAKA, Toshihiro, HANDA, Toshihiro
(Kagoshima University)

−0.28

(a): Positions of G48.61+0.02, W51 Main/South 
(white circle), and OB stars in G49.5–0.4 (green cross) 
superimposed on Fermi LAT counts map in 2.10 GeV 
around W51 C [2]. The crosses show the center of W51 
C and the position of J1921+1419. The arrow shows 
the motion of G48.61+0.02 relative to W51 Main/South 
which is obtained to be −0.12 ± 0.16 mas yr−1 (−2.9 ± 
3.9 km s−1) in right ascension and −0.17 ± 0.19 mas yr−1  
(−4.1 ± 4.6 km s−1) in declination. (b): same as (a), but 
the background shows the integrated intensity map in 
the 13CO J = 1–0 line [3]. (c): Longitude-velocity map in 
the 13CO J = 1–0 line [3].

Figure 1:
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For the time integration of collisional -body systems, 
such as star clusters and systems of planetesimals, the 
combination of direct summation for force calculation and 
the individual timestep algorithm has been the standard 
method for nearly a half century. It is not impossible to 
combine an individual timestep algorithm and a fast and 
approximate force calculation. However, it was difficult 
to achieve good performance on distributedmemory 
parallel computers for such a scheme.

Figure 1 shows the long-term variation of the relative 
energy error. In this case, the energy error reaches about 
7.5 × 10−8 after the time integration for 10 yr (10 orbital 
periods), while it is 9.8 × 10−9 for 10 yr (10 periods). In 
other words, the energy error grows to be 10 times larger 
as the integration time becomes 1000 times longer. This 
shows that the growth of the energy error is stochastic, 
like a random walk. It means that the error is mainly 
caused by the force error of the tree scheme. The growth 
of the energy error is, therefore, expected to be slow, and 
the error is small enough even after long calculations. 
Figure 2 shows the calculation time per one tree timestep 
as a function of the total number of particles in system. 
We used the Intel(R) Core(TM)2 Quad CPU Q6600 (2.4 
GHz). It shows that the calculation time increases as O(N 
log N). Therefore, we reduce the calculation cost from 
O(N 2) to (N log N).

We have developed a new hybrid N-body simulation 
algorithm for simulating collisional N-body systems. This 
new scheme is constructed by combining the tree and 
direct schemes using a hybrid integrator. The results of 
test simulations involving the evolution of a planetesimal 
system show that our new scheme PPPT can drastically 
reduce the calculation cost, to a level comparable to the 
cost of a tree scheme with a constant timestep, while 
keeping the accuracy sufficient for realistic simulations 
[1].

In principle, our scheme can be used for collisional 
systems other than planetary systems, such as globular 
clusters and stars around a supermassive blackhole in the 
galactic center.

Particle-Particle Particle-Tree: A Direct-Tree Hybrid Scheme
for Collisional N-Body Simulations

  OSHINO, Shoichi   FUNATO, Yoko   MAKINO, Junichiro
           (NAOJ)   (University of Tokyo)       (Tokyo Institute of Technology)

The calculation time plotted against a function of 
number of particles. The crosses and squares show 
the results of PPPT and fourth-order Hermite scheme, 
respectively.

Figure 2:

The relative energy error.Figure 1:
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We report the detection of  an extremely bright (~37 mJy 
at 1100 μm and ~91 mJy at 880 μm) submilli-meter 
galaxy (SMG), AzTEC-ASTE-SXDF1100.001 (hereafter 
referred to as SXDF1100.001 or Orochi), discovered in 
1100 μm observations of the Subaru/XMM-Newton Deep 
Field using AzTEC on ASTE[1]. Subsequent CARMA 
1300 μm and SMA 880 μm observations successfully 
pinpoint the location of Orochi (Fig. 1) and suggest that 
it has two components, one extended (FWHM of ~4″)  
and one compact (unresolved). Z-Spec on CSO has also 
been used to obtain a wide band spectrum from 190 to 
308 GHz, although no significant emission/absorption 
lines are found. The derived upper limit to the line-to-
continuum flux ratio is 0.1–0.3 (2σ) across the Z-Spec 
band.

Based on the analysis of the derived spectral energy 
distribution  from optical to radio wavelengths of possible 
counterparts near the SMA/CARMA peak position, we 
suggest that Orochi is a lensed, optically dark SMG lying 
at z ~ 3.4 behind a foreground, optically visible (but red) 
galaxy at z ~ 1.4 (Fig. 2). The deduced apparent (i.e., no 

correction for magnification) infrared luminosity (LIR) 
and star formation rate (SFR) are 6 × 1013 L and 11000 
M yr−1, respectively, assuming that the LIR is dominated 
by star formation. These values suggest that Orochi will 
consume its gas reservoir within a short time scale (3 × 
107 yr), which is indeed comparable to those in extreme 
starbursts like the centres of local ULIRGs. 

Detection of an Ultra-Bright Submillimeter Galaxy
in the Subaru/XMM-Newton Deep Field Using AzTEC/ASTE
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Multi-wavelength images of Orochi with SMA contours 
(3, 6, 9, 12, 15, 18, and 21 σ). The size of each image is 
10″ × 10″; north is towards the top of the image and east 
is towards the left side of the image. From left to right 
and top to down: VLA 20 cm; CARMA 1300 μm; SMA 
880 μm; MIPS 24 μm; rgb image of IRAC/ 3.6 μm (blue), 
4.5 μm (green), 5.8 and 8 μm (red); rg image of WFCAM/
J (green) and K (red); rgb image of SuprimeCam/R, i′ 
and z′; rgb image of SuprimeCam/uR, B and V.

Figure 1:

The left panel shows the colour-colour-redshif plot 
for Orochi. The flux ratios of the mock galaxies are 
represented as diamonds, and their redshifts are colour-
coded according to the scale shown in the panel on the 
right. The cross represents the measured colours of 
Orochi, and the dashed box shows the 1σ uncertanity 
in each colour. The top right panel shows estimated 
redshift probability distribution of Orochi. In the bottom 
right panel, the observed SED of Orochi normalised to 
the flux densities at 1000 μm is shown as squares and 
arrows. The arrow indicates 3σ upper limits. The squares 
denote the detection at a level. 3σ, with 1σ error bars. 
The template SEDs (lines) are redshifted to z = 3.4. The 
template SEDs at this redshift compatible within 3σ error 
bars with the SED of Orochi are displayed as blue lines. 
The photometric data are shown at 1000, 1100, 1500 μm, 
20 and 50 cm, and The upper limit is shown at 160 μm.

Figure 2:
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We research effects of a primordial magnetic field 
(PMF) on the temperature fluctuations and polarization 
anisotropies of the cosmic microwave background (CMB) 
[1]. We assume that spectra of a primordial magnetic field 
(PMF) are described by log-normal distributions (LND) 
to research the PMF which has a characteristic scale on 
the temperature fluctuations and polarization anisotropies 
of the CMB and constrain the parameters of the LND-
PMF by the CMB observations.

Theore t ica l  models  of  PMF genera t ions  on 
cosmological scales have been proposed by many 
researchers. Since such generation models are based on 
causal physical processes, PMFs are expected to have 
the model-dependent scale. If PMFs have been generated 
from inflation the power law model would be a good 
representation of the magnetic field power spectrum. On 
the other hand, if the PMFs was created through other 
mechanisms than inflation the spectrum would have a 
characteristic scale and may not be described as a simple 
power law. Furthermore, we need to understand how 
such PMFs cascade from smaller to larger scales to study 
effects of the PMFs created in the early universe on the 
large scale structures. Actually, we can learn behaviors of 
PMF cascading or inverse-cascading by simulations [2], 
which results, however, generally depend on cosmological 
parameters and models. Since such simulations generally 
spend too long time and have the limited dynamical 
range, it is not efficient to estimate distributions of the 
PMF by some simulations when we study cosmology and 
astrophysics with the PMF quantitatively.

To avoid these problems, we use a log-normal 
distribution (LND) in place of the power law defined as,

(1)

where kM is the characteristic scale depending on the 
PMF generation model, and σM is the variance. The 
variance σM in Eq.(1) expresses how this distribution 
is expanded (or concentrated) around the characteristic 
scale kM. Therefore, the variance σM may be related to the 
cascading of the PMFs.

We have revealed the features of the LND-PMF 
effects on the CMB as follows: (1) For larger kM or/and 
σM, the CMB spectra of TT, TE and EE from the LND-
PMF are dominated by the vector mode. Meanwhile, 
in the opposite case, these spectra are dominated 
by the scalar mode. (2) The CMB spectrum of the 
BB polarization anisotropy for all scales and other 
polarization anisotropies and temperature fluctuations 

of the CMB for smaller scale is dominated by the vector 
modes. Because three parameters which characterize the 
LND-PMF affect the CMB power spectra differently at 
small and large scales we expect that tight constraints 
can be placed on these parameters without degeneracy. 
We found that  the  LND-PMF which generates 
CMB anisotropies among 1000 < ℓ < 2000 is most 
effectively constrainted by the current CMB data sets. 
For example, BLND for 10−3 Mpc−1 ≤ k/h ≤ 10−2 Mpc−1  
and σM = 1.0 is limited most strongly as shown in Fig. 1. 

In the near future, the tigher constraints on BLND at 
kM/h > 10−2 Mpc−1 will be expected from the observations, 
such as Planck, QUIET, and PolarBear missions.

Effects of Magnetic Fields with Log-Normal Distribution on the CMB
YAMAZAKI, Dai G.   ICHIKI, Kiyotom   TAKAHASHI, Keitaro

               (NAOJ)            (Nagoya University)               (Kumamoto University)

Constraint on the strengths of LND-PMF for 10−5 < kM 
< 10−1. Blue curve is the 2 σ (95 % CL) upper limits of 
BLND [nG]. We fix the standard cosmological parameters 
and use the best-fitted value from WMAP 7th + tensor 
mode [2].

Figure 1:
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We made imaging observations of the main-belt 
asteroid (596) Scheila which was found to exhibit an 
outburst and a comet-like activity, using Murikabushi 
105 cm telescope at the Ishigakijima Astronomical 
Observatory and Subaru 8.2 m telescope at the NAOJ 
Hawaii observatory.

We restricted the amount and size distribution of 
the dust particles with the analysis of the dust structure, 
and found when it exhibited the outburst, comparing the 
position angle of the dust tail and synchrones [1].

Then, we constructed the numerical model based on 
the laboratory experiment of the asteroid impact, and 
showed that the model reproduced the morphology of the 
comet-like dust structure [2].

Observational Evidence for an Impact
on the Main-Belt Asteroid (596) Scheila
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(596) Scheila which showed an outburst and cometlike 
activity. Upper and middle panels, except the middle 
center panel, show the dust tails observed with 
Murikabushi 105 cm telescope at the Ishigakijima 
Astronomical Observatory. The lower panel is the image 
of the dust tail observed with Subaru 8.2 m telescope at 
the NAOJ Hawaii observatory.

Figure 1:
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We observed the main-belt asteroid P/2010 A2 dust 
tail, using Murikabushi 105 cm telescope and MITSuME 
three-channel simultaneous imaging system at the 
Ishigakijima Astronomical Observatory.

The analysis of the relative reflectance of the dust tail 
and the type classification of the asteroid revealed that the 
reflectance of the P/2010 A2 dust tail resembled that of 
an Sq-type or C-type asteroid and the spectrum was close 
to ordinary chondrites [1].

Multiband Optical Observation of P/2010 A2 Dust Tail
HANAYAMA, Hidekazu   KIM, Junhan   ISHIGURO, Masateru

      (NAOJ)               (Seoul National University)

HASEGAWA, Sunao, USUI, Fumihiko   YANAGISAWA, Kenshi   SARUGAKU, Yuki
              (ISAS)           (NAOJ)        (ISAS)

WATANABE, Jun-ichi   YOSHIDA, Michitoshi   FUKUSHIMA, Hideo, MIYAJI, Takeshi
          (NAOJ)            (Hiroshima University)    (NAOJ)
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(b)

(c)
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Images of P/2010 A2 dust trail. These are composite 
image in three different waveband of (a) g' -band, (b) 
Rc -band, and (c) Ic -band.

Figure 1:
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The HAYABUSA spacecraft re-entered the Earth's 
atmosphere on June 13, 2010 UT., together with the 
capsule for the sample return. This was the first trial 
of the re-entry experiment as a Japanese interplanetary 
spacecraft. We organized an expedition to South Australia 
for ground-based observations, and succeeded in 
obtaining valuable data of various phenomena occurring 
at this re-entry by using 17 instruments. Our data were 
widely used not only for scientific analysis, but also for 
outreach purposes [1].

We succeeded to monitor fragmentation of the main 
body of HAYABUSA spacecraft at the re-entry. The 
fragmentation started at 13 h 52 m 5.2 s UT at 83–84 
km above the sea level, and the number of fragments 
increased with time. The maximum number is more than a 
few hundreds at around 13 h 52 m 20 s, and the fragments 
dispersed with more than 14 km in length, and 1 km in 
width along the re-entry trajectory. The number decreased 
after the maximum, and almost ended at 13 h 52 m 31.3 s 
at around the height of 45 km. Under some assumptions, 
we derived size distribution of the fragments, which 
shows small power low index within a range of −1.2 
and −1.4, which is similar to −1.5 of the intrinsic size 
distribution of assembled parts of the spacecraft. This 
strongly indicates that in the fragmentation phenomena 
the size distribution of the fragments reflects the internal 
structure of the parent bodies [2].

A low resolution spectroscopic observation of the 
capsule were also performed. The altitude at the maximal 
flux was ocuurred at around 56 km (13 h 52 m 19.8 s UT), 
and thederived blackbody temperature was 3100 ± 300 K 
at the altitude of 50 km, and 2400 ± 300 K at the altitude 

of around 40 km, respectively [3].
The brightness variation of the main body during the 

ablation was derived by using ghost images instead of 
the direct ones due to heavy saturation. Among several 
peaks of flare up possibly due to the rapid increase of the 
total cross section of fragments, the maximum brightness 
obtained was −13.1 ± 0.1 which is apparent magnitude 
at 13 h 52 m 19.8 s UT, which corresponds to the height 
of 57.4 km. The corresponding absolute magnitude is  
−13.7 ± 0.1 [4].

Expedition for Ground-Based Observation
of HAYABUSA Spacecraft Re-Entry

WATANABE, Jun-ichi, OHKAWA, Takuya, SATO, Mikiya   OHNISHI, Kouji
               (NAOJ)               (Nagano National College of Technology)

IIJIMA, Yutaka   KAGAYA, Yutaka   TANABE, Tsutomu
                 (Kagaya studio) 

Image of maximal phase of the fragmentation of the HAYABUSA spacecraft at 13 h 52 m 19.8 s. Hundreds of fragments are easily 
recognized. Taken by OLYMPUS E-30 with a ZUIKO DIGITAL ED 35–100 mm (F 2.0) lens which was set up for sequential 
shooting mode of 5 frames every second. The exposure time was 1/60 second. The focal length was fixed at 100 mm, which resulted 
in 12.3 degrees in the diagonal field of view. The ISO was set at 3200 to achieve high sensitivity.

Figure 1:
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With  a  two-d imens iona l  g loba l  Rad ia t ion-
magnetohydrodynamic (RMHD) code [1], we could 
reproduce three distinct inflow-outflow modes around 
black holes. Our three models correspond to the two-
dimensional RMHD version of the slim disk (super-
critical flow), the standard disk, and the RIAF, all with 
substantial outflows (see Figure 1) [2].

We find the supercritical disk accretion flow, of which 
the photon luminosity exceeds the Eddington luminosity. 
The vertical component of the radiation force balances 
that of the gravity in the disk region but it largely exceeds 
the gravity above the disk. Our RMHD simulations reveal 
a new type of jet, i.e., the radiatively driven, magnetically 
collimated outflow, which might account for the jets of 
radio-loud NLS1s and microquasars [3,4]. The disk, the 
temperature of which is around 107–8 K, is surrounded 
by hot outflowing matter, > 109 K, which would induce 
Compton upscattering and obscuration of the inner part 
of the disk. Because of the mildly collimated radiative 
flux, the apparent (isotropic) photon luminosity is ~22LE, 
which is 1.5 × 1041 erg s−1 for the black hole of 50 M in 
the face-on view. It implies that our supercritical model is 
able to explain the central engine of ULXs [5].

When the radiative cooling is effective, a cold (~106 K)  
geometrically thin disk forms and enveloped by the 
hot rarefied atmosphere with Tgas > 109 K, Compton 
upscattering the seed photons from the cold disk. The 

cold thermal component and the non-thermal hard 
component of the spectra are observed in luminous AGNs 
and in the high-soft state of BHBs [6,7]. The disk wind 
appears above the disk, which was not predicted in the 
framework of the standard disk model. This result seems 
to be consistent with the observations of the blueshifted 
absorption lines [8].

The simulations with low accretion rate corresponds 
to the RIAF. The magnetic-pressure force, together with 
the gas-pressure force, drives the outflows. The flow 
releases the energy via jets rather than via radiation. 
The accretion flow as well as the outflows are hot and 
optically thin. Thus, the spectra would resemble those of 
the low-luminosity AGNs and of the BHBs in their low-
hard state [9].

Global Structure of Three Distinct Accretion Flows and
Outflows around Black Holes from

Two-Dimensional Radiation-Magnetohydrodynamic Simulations
OHSUGA, Ken   MINESHIGE, Shin

             (Graduate University for Advanced Studies / NAOJ)           (Kyoto University)

Simulated normalized density distributions (color) and streamlines near the black hole for three models, which correspond to the 
two-dimensional RMHD version of the slim disk (supercritical flow; left), the standard disk (center), and the RIAF (right).

Figure 1:
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Core-collapse supernovae are now expected to be 
opening a new branch of astronomy, gravitational-
wave (GW) astronomy. Currently, long baseline laser 
interferometers LIGO, VIRGO, GEO600, TAMA300, 
AIGO and KAGRA with their international networks of 
observatories are beginning to take data at sensitivities 
where astrophysical events are predicted. For these 
detectors, corecollapse supernovae have been proposed as 
one of the most plausible sources of gravitational waves.

Although the explosion mechanism of core-collapse 
supernovae has not been completely clarified yet, 
magnetohydrodynamic (MHD) explosion mechanism 
gathers great attention for special explosions associated 
with birth of magnetars instead of ordinary pulsars.

By performing a series of two-dimensional, special 
relativistic MHD simulations, we study signatures 

of gravitational waves in the MHD mechanism. The 
simulation code utilized here is developed at Takiwaki 
et al 2009 [1]. We choose to take precollapse magnetic 
fields less than 1012 G and rapid rotation based on a 
recent GRBoriented progenitor models. By this choice, 
the rotation of the central proto-neutron star amplifies 
magnetic fields enough strong to overwhelm the ram 
pressure of the accreting matter, leading to the MHD 
explosions. Figure 1 shows the bipolar jet generated by 
the magnetic field in our simulations.

We found that the total GW amplitudes show a 
monotonic increase after bounce for models with a strong 
precollapse magnetic field (1012 G) also with a rapid 
rotation imposed. Figure 2 shows the time evolution of 
the gravitational wave denoted above. We pointed out 
that this trend stems both from the kinetic contribution 
of MHD outflows with large radial velocities and 
also from the magnetic contribution dominated by the 
toroidal magnetic fields that predominantly trigger MHD 
explosions. The feature can be clearly understood with 
a careful analysis on the explosion dynamics. It was 
pointed out that the GW signals with an increasing trend, 
possibly visible to the next-generation detectors for a 
Galactic supernova, would be associated with MHD 
explosions exceeding 1051 erg. For detail, see the original 
paper of Takiwaki and Kotake 2011 [2].

Gravitational Wave Signatures of
Magnetohydrodynamically Driven Core-collapse Supernova Explosions

TAKIWAKI, Tomoya
(NAOJ)

Time snapshot of MHD explosion: Entropy [kB] 
and plasma β are shown in the left and right panel, 
respectively.

Figure 1:

Amplitude of the gravitational wave as a function 
of time (Red line). Green and blue lines depict the 
contributions of hydrodynamical part and magnetic part, 
respectively.

Figure 2:
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There has been considerable interest [1] in the 
use of big bang nucleosynthesis (BBN) to constrain 
any possible time variation of fundamental physical 
constants in the early universe. A time dependence of 
fundamental constants in an expanding universe can be 
a generic result [2] of theories unifying gravity and other 
interactions. It can be argued [3] that BBN is much more 
sensitive to variations in the averaged quark mass, i.e., 
mq ≡ (mu + md)/2, than other physical parameters such 
as variations in the fine structure constant. Hence, mq 
may be the best parameter to search for evidence of time 
variation of fundamental constants.

We reinvestigate the constraints from BBN on a 
possible time-dependent quark mass [4]. The limits on 
such quark-mass variations are particularly sensitive to 
the adopted observational abundance constraints. Hence, 
we have adopted updated light-element abundances and 
uncertainties deduced from observations.

Changing mq affects nuclear reaction rates through 
the dependence of the rates on nuclear binding energies 
and the reaction Q values. Resonant reactions of BBN 
were treated slightly differently than those in the previous 
study [1]. There are two important resonant reactions: 
3He(d, p)4He and 3H(d, n)4He. We adopt an analytic 
reaction rate for variable nuclear binding energy [5].

For the 3He(d, p)4He reaction, the resonance is an 
excited state of the compound nucleus 5Li*. For the 
3H(d, n)4He reaction the compound nucleus is 5He*. The 
resonance energies are related to the excitation energy 
in the compound nucleus and the net binding energies 
of the reactants. We point out that there is a consistency 
check on the δmq sensitivity of the forward 3He(d, p)4He 
reaction from the reverse 4He(p, d)3He reaction [4]. As 
a test on the robustness of the constraint on δmq /mq we 
include the variations in the resonance energy based on 
the parameters in this reverse channel.

In Fig. 1 we show primordial abundances as a function 
of variations in the quark mass δmq /mq for a fixed value 
of baryon-to-photon ratio η = 6.23 × 10−10 from WMAP 7 
data for model ΛCDM+SZ+lens. The revised constraints 
on 7Li and 4He do not confirm a concordance best fit for 
a positive value of δmq /mq = 0.016 ± 0.005 [1]. Rather, 
the optimum concordance level is for much smaller 
values consistent with δmq /mq = 0. Combining limits 
from all nuclides (except 3He), we deduce conservative 
concordance limits of −0.005 <~ δmq /mq <~ 0.007.

Since 4He and D abundances mainly determine the 
concordance region, we present analytic formulas for 
the dependence of the 4He and D abundances with quark 
mass [4]. 6Li production in standard BBN occurs via the 

4He(d, γ)6Li reaction, and some consequence of a varying 
quark mass on its abundance exists. Nevertheless, we 
show that effects of a varying quark mass on the resonant 
4He(d, γ)6Li reaction can be safely neglected [4].

Cosmological Time-Dependent Quark Masses and Big Bang Nucleosynthesis
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Calculated light-element abundances as a function of 
variations in the quark mass δmq/mq. The blue solid lines 
are for the case of no shifts in the resonance energies [1].  
The dashed line corresponds to the resonances being 
shifted the same energy as the ground state. The dot-
dashed line corresponds to an averaged value of the 
resonance sensitivity in the forward direction. The solid 
green curve is new to the present study. It derives from 
considering the reverse reaction for the determining the 
variation of the resonance energy. The red boxes show 
the allowed parameter regions for the case of the reverse 
reaction determined using our adopted observational 
constraints. Error bars at δmq/mq = 0 show theoretical 
uncertainties in standard BBN [6]. This is reprinted from 
[4].

Figure 1:
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Electron capture reactions play the most essential 
roles in the core-collapse processes at the end of the 
life-cycle of massive stars. Accurate evaluations of the 
electron capture rates at high densities and temperatures 
are important to determine the initial conditions for the 
nucleosynthesis in supernova explosions [1].

Gamow-Teller (GT) transition strengths in Ni 
isotopes are studied by shell model calculations with 
the use of a new Hamiltonian in fp-shell, GXPF1J [2]. 
The GT strengths obtained are used to evaluate electron 
capture rates at stellar environments [1]. Calculated GT 
strength for 58Ni and 60Ni as well as the experimental 
data[3,4] are shown in Fig. 1. Calculated sum of the GT 
strengths obtained by GXPF1J is in fair agreement with 
observation for both 58Ni and 60Ni. Calculated electron 
capture rates for 58Ni and 60Ni are shown in Figs. 2.

The calculated capture rates in 58Ni and 60Ni are 
found to reproduce well the rates obtained by using the 
experimental GT strengths [3,4]. Better evaluations of the 
capture rates have been obtained compared with previous 

calculations [3,4] as well as those by KB3G [5].
The capture rates for 56Ni, and neutron-rich 62Ni 

and 64Ni isotopes as well as Co and Mn isotopes are 
also investigated [6]. The GT strengths for GXPF1J 
are generally more fragmented compared to those of 
conventional Hamiltonians such as KB3G. The GT 
distribution in 56Ni obtained by GXPF1 is found to 
reproduce the recent (p, n) reaction data [7].

Gamow-Teller Strengths in Ni Isotopes and Electron Capture in
Gravitational Core-Collapse of Massive Stars
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The sum of GT strengths in (a) 58Ni and (b) 60Ni 
up to the excitation energies (Ex) of 58Co and 60Co. 
Experimental data are taken from Refs. [3,4].

Figure 1:

Electron capture rates on 58Ni and 60Ni obtained for 
GXPF1J and KB3G [5] as well as those obtained by 
experimental GT strength [3,4].

Figure 2:
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The r-process is the promising nuclear process for the 
synthesis of about a half of heavy elements beyond iron 
[1,2]. Study of the r-process element synthesis has been 
done by considering neutrino-driven winds in supernova 
explosions [3] as well as ONeMg supernovae [4] and 
neutron-star meregers [5].

The evaluation of β-decay rates, particularly at the 
waiting point nuclei, is one of the important issues of the 
nucleosynthesis through the r-process. Investigations on 
the β-decays of isotones with neutron magic number of 
N=82 have been done by various methods including shell 
model [6], QRPA/FRDM [7] as well as CQRPA [8] etc., 
which lead to results consistent to one another.

For the β-decays at N=126 isotones, however, half-
lives obtained by various calculations differ to one 
another [9]. First-forbidden (FF) transitions become 
important for these nuclei in addition to the Gamow-
Teller (GT) transitions in contrast to the case of N=82. 
Beta decays of the isotones with N=126 are studied by 
shell model calculations taking into account both the 
Gamow- Teller (GT) and first-forbidden (FF) transitions. 
The FF transitions are found to be important to reduce the 
half-lives, by nearly twice to several times, from those by 
the GT contributions only as shown in Fig. 1 [1].

The present half-lives of the shell model calculations 
are shorter than those of the standard values of ref. [7] 
by 2.3 ~ 8.3 for even Z and by 1.4 ~ 2.0 for odd Z (except 
for Z = 71), respectively. They increase monotonically 
as Z increases showing no odd-even staggering found in 

FRDM’s. The present half-lives are longer than those of 
Ref. [8] by about 1.1 ~ 1.3 (1.5) for Z = 64 ~ 67 (68) and 
by twice for Z = 69 and 70, respectively.

Possible implications of the short half-lives of the 
waiting point nuclei on the r-process nucleosynthesis 
during the supernova explosions are investigated. We 
use an analytic model for neutrino-driven winds [10] for 
the time evolution of thermal profiles. The third peak of 
the abundance of the elements in the r-process has been 
found to be shifted toward higher mass region as shown 
in Fig. 2. Although the magnitude of the shift is rather 
modest, it is found to be a robust effect independent of 
the present astrophysical conditions for the r-process as 
well as the quenching factors of gA and gV adopted in the 
shell model calculations [1].

Role of β-Decays of N = 126 Isotones in Supernova R-Process
Nucleosynthesis
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(a) Calculated half-lives for the N = 126 isotones. Results 
of the present shell model calculations with GT and 
with GT+FF transitions are denoted by dashed and solid 
curves, respectively. Half-lives of Ref. [7] denoted as 
FRDM are shown by a dotted curve.

Figure 1:

The abundances of elements in the r-process nucleo-
synthesis obtained by using the present β-decay half-
lives for the N=126 isotones (denoted as ‘modified’) and 
standard half-lives of ref. [7] (denoted as ‘standard’).

Figure 2:
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Various phases of the hot and dense hadronic matter 
are interesting topics in nuclear, particle and astro 
physics. The neutron star is the most possible target to 
realize these dense matter. Furthermore a new type of 
neutron stars, called “magnetars”, with a super strong 
magnetic field have been discovered [1]. In this study 
only the neutrino emission is the observable information; 
it also gives us an interesting question as for the dense 
matter. Neutrino emission as well as GW is the unique 
observable that provides signals of the change of internal 
structure of the neutron star [2]. Then, we have calculated 
scattered and absorbed neutrinos in the hot and dense 
hadrons with hyperons under strong magnetic field.

Here we assume that there is uniform magnetic field 
along z-direction as B = Bẑ. Even astronomically strong 
magnetic field is still weaker than the strong interaction 
order: √ ēB  μa, where μa is the chemical potential 
of the particle a. We therefore treat the magnetic field 
in the perturbative way, ignore the contribution from 
the convective current, and thus consider only the spin 
interaction. In this approximation the cross-section is 
given as 

          σ = σ 0 + Δσ   (1)
where σ 0 is independent of B, and Δσ is proportional to B.

Figure 1 shows Δσ of the neutrino scattering (νe → νe)  
and absorption (νe → e−) in the upper and lower panels, 
respectively, as a function of the incident neutrino angle 
θi, where the magnetic field is set to be B = 2 × 1017 G, 
and the initial neutrino energy is taken to be the 
chemical potential. We found that the scattering cross 
sections is maximum at θi = 0°, and that the absorption 
cross section is minimum at θi = 0°. In addition these 
results are opposite at θi = 180°. These results lead to a 
very interesting phenomena that in the strong poloidal 
magnetic field, the neutrinos are strongly absorpted in 
the antarctic areas of the proto neutron-stars. This result 
implies that the strong magnetic field could influence the 
pulser-kick of proto neutron stars.

As the next step, we applied the above results to 
calculations of pulsar-kick in core-collapse supernovae 
of the proto neutron-star. In these calculations we 
solved the Boltzmann equation using a one-dimensional 
attenuation method. Then, we obtain the kick velocity of 
about 600 km/s for the MNS = 1.68 M isothermal model 
with T = 20 MeV when the magnetic field is uniformly 
poloidal, with its strength B = 2 × 1017 G.

Asymmetric Neutrino Reaction from Magnetized Proto-Neutron Stars
in Fully Relativistic Framework
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→

(Color online) Ratios of the magnetic part of the 
scattering cross-sections ΔσS and those of the absorption 
cross-sections ΔσA for B = 2 × 1017 G, to the cross-
sections without a magnetic-field σ0

S,A at T = 20 MeV. 
Dotted, dashed and solid lines represent the results for 
densities of ρB = ρ0, 3ρ0 and 5ρ0, respectively.

Figure 1:
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Nonlinear neutrino flavor conversion is investigated 
by neutrino-neutrino scatterings in the presence of a 
strong neutrino background and plays an important role 
in some astronomical sites such as the type II supernovae, 
the early Universe, and possibly the sites of the gamma 
ray bursts [1]. In particular, the forward scattering and the 
flavor exchange diagrams shown in Fig. 1 play a central 
role because they undergo coherent superposition and 
therefore have a dominant contribution [2]. These terms 
also couple the evolutions of neutrinos with different 
energies and turn the flavor conversion of neutrinos into a 
nonlinear many-body problem.

We investigate the flavor evolution of neutrinos 

undergoing vacuum oscillations and self interactions 
in an isotropic and homogeneous environment in the 
absence of a net leptonic background [3]. Assuming 
a two neutrino mixing scenario, we point out that the 
resulting flavor evolution has the same dynamics and the 
same symmetries as i) spins in a system with spin-spin 
interactions and ii) pair occupation numbers in a system 
with BCS type pairing [3]. All three of these systems are 
described by an effective Hamiltonian in the form

(1)

In the case of neutrinos, the fundamental degree of 
freedom is the neutrino isospin J

→
 which is defined in 

terms of a multiplet of neutrino states [4]. Other relevant 
quantities and the corresponding physical degrees of 
freedom are summarized in the following table:

Based on these observations, we point out that the 

neutrino flavor evolution possesses hidden dynamical 
symmetries which manifest themselves in terms of the 
following set of conserved quantities [3,5]:

(2)

The existence of these conserved quantities make the 
system completely integrable and we can write the exact 
eigenstates and eigenvalues using the method of Bethe 
ansatz [3]. Such invariants always simplify the analysis of 
complex systems. Here we neglected leptonic asymmetry 
in comparison to the neutrino background which can 
only be justified in the early Universe. But even when the 
assumptions which guarantee the existence of constants 
of motion (including the homogeneity and isotropy of the 
space) are broken, they can still provide a convenient set 
of variables which behave in a relatively simple manner 
depending on how drastic the symmetry breaking is.

The symmetr ies  of  the  Hamil tonian lead to 
various collective flavor oscillation modes such as the 
synchronized oscillations and spectral splits [1,3,6] 
which may be manifest in a future supernova signal. 
For example, the analogy between self interacting 
neutrinos and the BCS pairing system offers an intuitive 
description of neutrino spectral splits in terms of the 
conserved quantities. Namely, the method of Bogoliubov 
transformation borrowed from BCS theory can describe 
the neutrinos in terms of noninteracting quasi-particle 
degrees of freedom whose adiabatic evolution from a 
high density region into the vacuum (like the neutrinos 
emanated from a supernova) results in the splits of 
neutrino spectra [3]. A full survey of the symmetries and 
the associated constants of motion of self interacting 
neutrinos from the point of view of the emergent 
collective flavor oscillation modes remains to be an open 
problem for future research.

Nonlinear Neutrino Oscillations in Astronomy
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(a)                                                           (b)

ν − ν scattering diagrams corresponding to (a) forward 
scattering (b) and flavor exchange.

Figure 1:
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We investigate the structure of a proto-neutron 
star (PNS) with trapped neutrinos by using quantum 
hadrodynamics (QHD). Ratios of the trapped neutrinos 
and corresponding leptons to the baryons are usually 
assumed as a constant. But relevant reactions associated 
to the beta equilibrium could be sensitive to the given 
density and temperature. By adopting a phenomenological 
lepton density which is smeared near the surface, we 
calculate and discuss populations of baryons and leptons, 
equations of state and the mass-radius relation of a PNS 
in isentropic process (S = 2).

Calculation for a neutron star is usually constrained 
by three conditions, baryon number conservation, charge 
neutrality and beta equilibrium. But for a PNS with 
trapped neutrinos, the beta equilibrium has to be modified 
with trapped neutrinos μν,

(1)

In the beta equilibrium, the matter becomes symmetric 
matter if μe = μν. By considering that the neutrino 
propagation and the beta equilibrium may depend on 
density and temperature, density of electron neutrinos, ρνe, 
is assumed to be related as ρνe = x(ρ)ρe. The condition for 
muon production is also taken as ρνμ = x(ρ)ρμ by satisfying 
the chemical equilibrium μe +μνe = μμ +μνμ. Here x(ρ) may 
depend on baryon density and temperature. However, to 
make the problem simple, we assume that x(ρ) depends 
on baryon density by using a phenomenological formula,

(2)

where β = 0.05 and γ = 2 are used. When we ignore the 
mass of a electron, x(ρ) is nearly x(ρ) ≈ 0.5 for μe = μν 
because the degeneracy factor of neutrino is 1. Since the 
condition, x(ρ) > 0.5, means proton rich matter, we take 
the x(ρ) as x < 0.5 in all regions of a PNS. Thus, in this 
work, we use x0 = 0.3. This ratio function implies smooth 
smearing of relevant leptons at the surface of a PNS.

With these formula and conditions, we obtained 
populations of neutrinos in Fig. 1. When comparing our 
results with the simple fixed lepton model [1], the ratio 
of neutrinos from our formula agrees with those from 
the simulation of transport theory [2,3]. We thus think 
our assumptions can explain the results of the simulation 
and give a physical insight for a PNS. Although our 
model does not have time evolution, it suggests a 
phenomenological model about the trapped neutrino 
which can be or might be reproduced by the realistic 
dynamical model.

Properties of the Proto-Neutron Star with Smeared Trapped Neutrinos
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Neutrino (ν) reactions on 40Ar were of astrophysical 
importance because the reactions are used to detect 
the solar ν emitted from 8B via the pp-chains in the 
sun through the liquid argon time projection chamber 
(LArTPC) in the ICARUS (Imaging of Cosmic and Rare 
Underground Signals) [1]. Since the maximum energy of 
the solar ν is thought to be about 17 MeV in the standard 
solar model, the ν reactions are sensitive to discrete 
energy states of 40Ar. The Q-value for the 40Ar(νe, e−)40K* 
reaction is 1.50 MeV while it is 7.48 MeV for the 40Ar(ν̄e, 
e+)40Cl* reaction. Therefore, 40Ar(ν̄e , e+)40Cl* reactions 
might be kinematically disfavored in the low energy ν 
such as solar ν’s. In this respect, 40Ar was claimed to 
effectively distinguish the νe and ν̄e emitted from the sun.

Recently, Ref. [1] revised previous work by focusing 
on the possible detection of ν oscillation of supernova 
(SN) ν’s. The ν’s from the SN explosion can give valuable 
information about the ν properties, because they traverse 
regions of dense matter in the exploding star where 
matter enhanced oscillations take place.

Since ν energies from the SN explosion are expected 
to be higher than the solar ν [2], one needs to consider 
the contributions from higher multi-pole transitions. 
Moreover ν(ν̄) energies and flux emitted from the core 
collapsing SN explosion are believed to be peaked from 
a few to tens of MeV energy region [2]. Therefore, the 
ν(ν̄)-induced reactions on 40Ar are sensitive to the higher 
excited states of the nucleus beyond nucleon thresholds, 
which eventually decay to lower energy states with the 
emission of some particles.

Here we report more advanced results [3] based on the 
QRPA calculation for ν(ν̄)-40Ar reactions by solar and SN 
ν’s, whose energy ranges are considered up to 30 and 80 
MeV region, respectively. In particular, we focus on roles 
of higher excited states around 20 MeV although they 
are not verified at the experiments. Our results decrease 
the cross sections of 40Ar(νe, e−)40K* reaction about 3.5 
times and increase about twice those of 40Ar(ν̄e, e+)40Cl* 
reaction compared to the previous calculations [1]. 
Consequently, the expected 12 times difference between 
the reactions at Ev= 80 MeV is drastically reduced about 
twice, as shown in Fig. 1 [3].

Other related ν-reactions on 40Ar target through 
charged and neutral currents are shown in Fig. 2.

Reactions on 40Ar involving solar neutrinos and neutrinos
from core-collapsing supernovae
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(Color online) Comparison of cross sections for relevant 
ν reactions on 40Ar for SN ν’s.

Figure 2:
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Historically r-process studies focused on the ubiquity 
of the r-process, i.e., the similarity of the r-process 
abundances in extremely metal poor (EMP) stars to 
those of the Solar system. In the past decade, however, a 
number of EMP stars, which might have been thought to 
exhibit the r-process abundances, have been observed to 
have abundances very different from those of the standard 
r-process [1]. They have led to the suggestion that their 
abundances are produced by two classes of progenitor 
star r-processes.

Our papers [2,3] propose one primary site for the 
r-process, i.e., core-collapse supernovae. Then the 
r-process outliers result from progenitor stars that lie in 
the 25-40 solar mass range; these stars are thought to 
become supernovae by first collapsing to a neutron star, 
then having fallback onto the nascent neutron star to 
exceed the maximum mass for a neutron star, producing 
a black hole [4]. Progenitor stars more massive than 
40 solar masses would collapse directly to black holes, 
adding no r-process material to the interstellar medium, 
whereas stars less massive than 25 solar masses would 
expel relatively large amounts to the ISM. In the 25–
40 solar mass range some r-process material would be 
expelled to the ISM through hydrodynamic fluctuations 
that would produce regions with radial velocities in 

excess of the black hole escape velocity. The amount 
of material expelled would vary with the mass of the 
progenitor star, since the more (less) massive stars would 
remain as neutron stars for times that approaches zero 
(infinity).

We [2] applied the approach of [5], which described 
the r-process as occurring in the neutrino driven wind 
from a core-collapse supernova in 40 trajectories 
(thin shell wind elements), all originating within the 
star, but having different initial density, temperature, 
entropy, and electron fraction. Processing conditions for 
individual trajectories evolved with time and trajectory 
identity. Different trajectories were emitted from the 
star successively, but ceased when the collapse to the 
black hole occurred, consistent with [5] in which the 
total emissions of the trajectories generated a good 
representation of the Solar r-process abundances. Our 
calculations are described in more detail in [2].

Our results are shown in the Fig. 1. There it can 
be seen that truncating the r-process at increasing 
trajectory number terminates the r-process at increasingly 
higher mass. Note that although the curve representing 
trajectories 24 through 31 does reach the mass 195 
u peak, the abundances in that region are nearly two 
orders of magnitude below that of the full r-process, 
which would render the higher mass nuclides difficult 
to observe. The abundances for that scenario would 
therefore appear observationally to terminate at a mass 
of about 140 u. The figure shows that the tr-process 
predictions do produce a qualitative representation of the 
observed abundances for the outlier stars, suggesting that 
all of these stars can be represented by a single r-process, 
provided that the truncation possibility is allowed.

The r-Process in Metal Poor Stars and Black Hole Formation
BOYD, R. N.   FAMIANO, M. A.   MEYER, B. S.

        (LLNL)  (Western Michigan University)     (Clemson University)
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    (RIKEN Nishina Center) (NAOJ / University of Tokyo)        (Carnegie Observatories) 

EMP abundance data and r-process calculations [2] 
using the ref. [6] trajectories, but summing results from 
trajectory 24 to some later trajectory. The successive 
curves include trajectory 24, 24–26, 24–28, 24–30, 24
–31, 24–32, and 24–40. The sums to higher trajectories 
make both the mass 130 and 195 r-process peaks. Data 
are from [6].
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