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　Almost two years have passed since the GCOE program started in 

2008. The Postdoctoral (PD) subprogram is one of the most impor-

tant activities of our GCOE program. The 2009 annual report meeting 

by the PD fellows was held on March 16th, 2010. All the talks were 

well prepared for non-experts, which thereby led to lively discussions 

on a wide variety of topics. 

　The GCOE-PD committee has recognized that all the PD fellows 

have obtained fruitful results in their own research project. We hope 

that they will certainly keep their high research activity to contribute 

to the GCOE program. In the following, the reports by the PD fellows 

are summarized.

"Annual Report Meeting by GCOE Postdocs" 

■  Date: March 16th, 2010, 10:30 - 14:50
■  Place: Room 524 in Building 5 of Faculty of Science
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CEPD – Chemical Evolution Of Protoplanetary Disks

Department of Astronomy
Host : Shin Mineshige

13:30 Shigeto Kabuki

　"Electron-Tracking Compton Camera for Medical Imaging"

13:50 Hidetoshi Morita

　"Nonstationary flow in two-dimensional turbulence"

14:10 Yoshimasa Hidaka

　"QCD in extreme condition"

14:30 Naoki Isobe

　"MAXI observation of active galactic nuclei"

　In the last year, I decided to touch new grounds. While continuing the studies of black hole accretion disks 

properties in collaboration with my host professor Shin Mineshige, I started to explore a white area on my map: 

astrochemistry. This is a highly interdisciplinary field of research, bringing together scientists from physics, as-

tronomy, chemistry, geology and biology. The interdisciplinary aspect and the questions to be addressed in astro-

chemistry, namely the formation and evolution of planetary systems from a molecular cloud, and eventually the 

emergence of life, were attracting me for quite some time already.

　In collaboration with Dr. Nomura from the Department of Astronomy at Kyoto University, I am focussing 

on protoplanetary disks in their intermediate state, i. e., between the collapse of a molecular cloud to a disk-

like structure and a final debris disk with planets. The motivation of my work is to understand the physical and 

chemical evolution in this stage and to trace the abundances of key molecular species in the disk. Modeling the 

combined evolution of the disk’s physical and chemical state is not only computationally demanding, it also re-

quires profound knowledge of the individual aspects of the system: a hydrodynamic disk model for the gas and 

the dust component, a sufficiently large chemical network and an elaborate treatment of the dust grain properties. 

Furthermore, in order to test the models against recent near- and mid- infrared observations, which probe the in-

ner 50AU (astronomical units) of protoplanetary disks, molecular line emission spectra need to be calculated.

　To address this complex problem, I adopted a step-by-step approach and started with a stationary, standard 

thin disk model instead of solving the full set of hydrodynamic equations. Despite being a relatively simple disk 

model, it treats the gas- and dust-temperatures separately and in a non-trivial way. Embedded in this stationary 

environment, I calculate the chemical evolution for the whole disk. In many subsequent steps, I improved the 

chemical modeling to its current state, at which we can expect to produce realistic spectral energy distributions. 

The chemical model now includes 209 gas-phase species, coupled by 2842 re-actions. These 209 gas-phase 

species are coupled to the same number of ice species through freeze-out (adsorption) onto dust grains and re-

evaporation (desorption) from the grains. In the desorption model, I account for thermal desorption, photon (UV, 

Xray) induced desorption and cosmic-ray induced desorption. The grain-surface chemistry is still limited to H2 

Dominikus Heinzeller
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grain formation. The real novelty in my work is the consideration for the overall inward motion of chemical spe-

cies with the accretion flow. During the accretion process, ice molecules evaporate due to the higher tempera-

tures close to the star and mix with the surrounding material. This affects the chemical composition in a complex 

and highly non-linear way.

　First calculations of the emerging molecular line emission in the near- and mid-infrared showed that a simple 

LTE (local thermal equilibrium) radiative transfer model is not valid due to the low densities in the line emission 

regions. The next steps are therefore the calculation of non-LTE spectra of the modeled disks and a further, thus 

far unique, extension of the chemical model: the inclusion of turbulent mixing within the disk, on top of the ac-

cretion motion.

Application of Gauge/Gravity Duality to a Wide Range of Physics

Department of Physics Ⅱ , particle theory
Host : Hikaru Kawai

　My main research topic in the last academic year was application of gauge/gravity correspondence (AdS/CFT, 

for short) to a wide range of physics. AdS/CFT is a conjecture that was proposed in the context of superstring 

theory. The statement of the correspondence is that some strongly-interacting gauge theory is equivalent to 

some higher-dimensional gravity theory on a negatively curved spacetime. One advantage of AdS/CFT is that 

we can analyze strongly interacting systems by using classical gravity theories relatively easily. I have tried to 

uncover a nature of strongly-interacting gauge theories at finite densities by using this striking nature of the cor-

respondence.  

　In AdS/CFT, finite density systems of a gauge theory are mapped to 5-dimensional charged black-holes in a 

negatively curved spacetime (more precisely, asymptotically anti de Sitter (AdS) spacetime). Therefore, if we find 

instability of such a charged black hole, this implies that the corresponding gauge theory is also unstable at finite 

density. Motivated by this, I have analyzed the stability of charged black holes in detail with Prof. Hirosi Ooguri 

(Caltech/IPMU) and with Mr. Chang-Soon Park (Caltech). Needless to say, stability of black holes has already 

been analyzed by many physicists. However, what we have considered are black holes under the presence of so-

called Chern-Simons (CS) term. The CS term is a parity-violating interaction term for a Maxwell field under which 

the black hole is charged. Usually, the CS term may not make much sense in the gravitational theory for our 

universe. However, in the context of AdS/CFT, this term does exist due to a quantum effect of the corresponding 

gauge theory (more precisely, due to the chiral anomaly). The stability of black holes in the presence of the CS 

term had not been analyzed very much; this is why we have studied this problem.  

　We have found that the CS term induces a new instability of black holes if the charge density of the black 

hole and the CS interaction are large enough [1]. Furthermore, the instability occurs only at finite momenta; this 

means that the instability is inhomogeneous. This implies that a finite density system of a gauge theory may de-

velop an inhomogeneous instability due to the chiral anomaly. Unfortunately, we have also found that if we apply 

the foregoing mechanism to a well-established gauge/gravity correspondence for so-called N=4 super Yang-Mills 

Shin Nakamura
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　The two-body problem is one of fundamental issues

in physics. In Newtonian theory of gravity, it is known 

that the problem can be reduced easily to onebody 

problem and solved exactly. On the other hand,in 

general relativity, the problem is difficult to solve ex-

actly because of the nonlinearity of the theory and the 

back-reaction due to the gravitational radiation.

　The study of the problem is also motivated also by 

gravitational wave astronomy. Binary systems con-

sisting of compact objects, like neutron stars, white 

dwarfs, and black holes, are considered to be prom-

ising sources of gravitational waves. To detect the 

waves directly and extract the physical information 

from them, accurate prediction of the gravitational 

waveforms is required. For this purpose, we need to 

understand the dynamics of binaries well.

　Numerical Relativity, in which we try to solve 

the Einstein equations numerically without any 

approximations,may be the ultimate way to solve 

the problem.Because of the limitation of computer 

resource,however, it is not practical to treat all situa-

tions with numerical relativity. Then, we usually intro-

duce some approximations. The post-Newtonian meth-

od is the most famous approximation, in which we 

treat the corrections from Newtonian description as 

general relativistic effects. This is a good approxima-

tion for a slowly moving system in weak gravitational 

field, while not suitable for strong field cases. In such 

cases, we use another approach, black hole perturba-

tion theory, in which we consider the expansion with 

respect to the mass ratio.

　In the framework of black hole perturbation theory, 

we simplify a two-body system to a point mass mov-

ingin black hole geometry (See Fig. 1). If we regard 

a point mass as a test particle, the orbit can be rep-

resented by geodesics of the background spacetime, 

which is described by the geodesic equations 

　    　　　　Du α 
Dτ = 0 ,                    (1) 

where uα is the 4-velocity of the particle, τ is the 

proper time along the orbit, D/Dτ means the covari-

ant derivatives with respect to the background spacet-

ime. In practice, however, the point mass perturbs the 

spacetime and the motion is affected by its own field. 

Hence, Eq. (1) should be modified as

　    　　　　Du α 

Dτ = F  α ,                  (2) 

where F α shows the correction in the motion due to 

the self-field. We can regard F  α as the gravitational

self-force (SF).

　To deriving the SF from the perturbation of the 

spacetime, we have to deal with the divergence at the 

particle’s location, what we call “regularization” prob-

lem. In my recent works with Dr Leor Barack [1], we 

developed a numerical code to compute the SF on a 

point mass moving in (spherical symmetric) Schwar-

zschild spacetime via certain regularization procedure. 

Current status of self-force calculation program

Yukawa Institute for Theoretical Physics
Host : Takahiro Tanaka

Norichika Sago

theory, the CS interaction is slightly weaker than the critical value to have the instability. However, we have not 

exhausted all the possible models. It is very interesting to search the instability in more wide range of AdS/CFT 

models.  

 [1] S. Nakamura, H. Ooguri, C-S. Park, Phys.Rev.D81:044018,2010,　arXiv:0911.0679.
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And then, to see the SF effects on the motion, we tried 

to evaluate the SF-induced corrections of some char-

acteristic quantities related to the orbit [1, 2]. Here I 

present an example in Fig. 2. The plot shows the correc-

tions of the periapsis advance of eccentric orbits. The 

periapsis advance is defined as the shift of the closest 

point to the central black hole (See Fig. 1 again). Such 

results may be used to compare to the post-Newtonian 

method or numerical relativity. Such comparisons are 

not only good benchmarks for the calculations, but 

also footholds toward further understanding the two-

body problem by combining these approaches.

　In conclusion, we can at present compute the SF in 

Schwarzschild geometry. This allows us to tackle the 

problem of the orbital evolution obeying the equation 

of motion, Eq. (2). Furthermore, this work should be 

extended to the (axisymmetric) Kerr case to consider a 

more general class of two-body systems. These issues 

are left as future works.

References
[1] L. Barack and N. Sago, Phys. Rev. D 81, 084021

     (2010) [arXiv:1002.2386 [gr-qc]].

[2] L. Barack and N. Sago, in preparation.

Abstract
　Low emittance proton beam generation has been de-

monstrated by irradiating an intense femtosecond laser 

pulse on an aluminum foil in which hydrogen atoms 

are locally doped.

I.　INTRODUCTION
　After the realization of intense short-pulse lasers, 

high energy ion beam generation has been intensively 

demonstrated and studied. By irradiating an intense 

laser pulse on a thin foil, electrons at the surface under 

Low emittance proton beam generation from a hydrogen locally-doped foil 
under intense femtosecond laser irradiation

The laboratory of laser matter interaction science, Institute for Chemical Research
Host : Shuji Sakabe

Figure 2: SF-induced corrections of the periapsis advance.  
p and e are the semi-latus rectum and the eccentricity of 
the orbit, respectively. The vertical axis in the plot shows the 
corrections of the periapsi advance, normalized by the mass 
ratio of the system.

Kazuo Otani

Figure 1: Rough sketch of a two-body system in the frame-
work of black hole perturbation. A point mass(red circle) is 
orbiting a black hole (black circle) along a eccentric orbit 
(blue dashed line). Δφ shows the periapsis advance, which 
is famous for the perihelion shift of the Mercury.
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the laser irradiation are strongly accelerated to a direc-

tion of the laser, and penetrate the foil. High electric 

field which is much stronger than 109 V/m is instantly 

induced be-tween the electron and remaining ion. The 

ions on the rear surface of the foil are considered to be 

accelerated by this sheath field [1]. To discuss the feasi-

bility of the ion laser acceleration as a compact acceler-

ator for medi-cal, industrial, and research applications, 

we must im-prove beam qualities such as emittance 

(source size × divergence), energy-monochromaticity 

[2], and intensity (particle yield / pulse) as well as high 

energy [3]. The emittance is, however, not currently 

studied well. In this paper, the generation of a low emit-

tance proton beam is preliminarily demonstrated.

II.　EXPERIMENT AND RESULTS
　To reduce the emittance of ions accelerated in a 

plasma sheath produced by an intense laser pulse it 

is important for the seed ions to be localized in space. 

In the experiment, hydrogen atoms are locally-doped 

in an aluminum foil with the thickness of 11 μm. A 

3.5-keV proton beam generated from an accelerator 

was irradiated to the alu-minum foil through a pinhole 

(~5 μ m in diameter) in an aluminum masking foil. 

The experiment has been con-ducted with the T6 Ti:

Sapphire CPA laser system in ICR, Kyoto University. 

The laser focal size and duration were 3 × 5 μm2 

and 150 fs, respectively. The intensity was 3 × 1018 

W/cm2. The laser pulse was irradiated from the oppo-

site side of the hydrogen doped foil.

　The energy spectrum of the proton beam was diag-

nosed by the time of flight (TOF) technique. A scintil-

lation detector was placed 1 m away from the target. 

To observe the beam emittance, the radio chromic film 

(CR39) with a 6.5- μm thick aluminum filter was also 

placed on 150 mm far from the target as shown in Fig. 1.

　In the present preliminary experiment, it was difficult 

to stabilize the pointing of the proton beam. Even though 

the proton beam was not observed by TOF detector, it 

was observed by the CR39. Inset (a) of Fig. 1 shows the 

photo of the CR39. Ion tracks were observed only in the 

direction of ~15 degree far from the target normal direc-

tion. The tracks were concentrated in a ~150- μm spot, 

which were corresponded to the divergence of 1 mrad. 

　The assumption that the protons are generated from 

the laser focal spot leads the emittance of 0.005 mm 

mrad. The difference of the direction of a proton beam 

and the target normal may be due to an inaccuracy of 

the laser beam pointing for the hydrogen doped area 

on the foil [4]. From the TOF signal (inset (b) of Fig. 1) 

the reduction of maximum energy of protons was ob-

served. It is considered that hydrogen contamination 

such as water or hydrocarbon at nearby the laser spot 

may be removed in the process of keV proton doping.

III.　SUMMARY
　With a hydrogen locally-doped aluminum foil, low 

emittance proton beam generation has been demon-

strated. We would like to thank Prof. A. Noda and his 

staffs for their help to prepare the targets.

References
[1] S. C. Wilks, et al., Phys. Plasmas 8, 542 (2001)

[2] H. Schwoerer, et al., Nature 439, 445 (2006)

[3] A. Henig, et al., Phys. Rev. Lett. 103, 045002 (2009)

[4] T. Morita, et al., Phys. Plasmas 16, 033111 (2009)

Figure 1. Schematic overview of experimental setup. (a) Proton beam imaged on CR39. (b) Proton signal detected by TOF detector.
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Department of Physics I, Low Temperature Physics Laboratory,
Research Center for Low Temperature and Materials Sciences,

Host : Yutaka Sasaki

Decaying Process of Magnon BEC State in Superfluid 3He-B

　In the pulsed NMR experiment, we observe the free induction decay (FID) signal which corresponds to the 

precession of magnetization after an excitation pulse. The lifetime of FID in the normal phase is about a few mil-

liseconds which is determined by dephasing due to the magnetic field inhomogeneity. In the superfluid 3He, the 

precession frequency is shifted from the Larmor frequency, which corresponds to the external magnetic field, 

by the amount of dipole torque produced by the superfluid order parameter. As a result, the life time of FID in 

the superfluid phase is shorter than in the normal phase, in general. But, in the B phase of superfluid 3He at very 

low temperature, we can observe unusually long lived NMR signal which recovers spontaneously after a disap-

pearance of the FID signal. This interesting phenomenon was discovered by the Lancaster group, and called as 

persistent precessing domain (PPD) [1, 2]. The lifetime reaches over a thousand seconds at the lowest achievable 

temperature. Signal intensity is about 1% of a FID signal. Precession frequency of PPD corresponds to the low-

est resonance frequency in the cell. These suggest that PPD is located in the small area near the place where the 

precession frequency is minimum.

　This phenomenon is understood as magnon BEC [3]. Precessing spins can be described by magnons. A lot of 

magnons are excited by an excitation pulse. After the FID signal disappears, incoherent precessing spins exist 

which correspond to a lot of magnons with finite wave number k. Since the free energy of magnons relates to the 

local precession frequency, magnons are condensing into the place where the precession frequency is minimum 

in the cell. After a while, coherent magnons gather in the region extended over a magnetic coherence length (ξH), 

which is about 100 μm, around the place with frequency minimum. After this process, precessing spins are all in 

the coherent state. This can be regarded as a conden-

sation of magnons into a k=0 state, which is the ma-

gnon BEC. Mechanism of the formation of PPD can be 

described by the magnon BEC. However, the relaxation 

mechanism of PPD is not clear.

　PPD has a finite life time. Since the relaxation is 

also intrinsic phenomenon as a result of many body 

interactions like formation, it is important to under-

stand the dynamics of many body systems. PPD is an 

ideal system to investigate the relaxation since it has 

enough long life time to do the experiment. We have 

investigated the decaying process of PPD by changing 

the shape of trapping potential with the aid of linear 

field gradient. Linear field gradient means that the 

magnetic field varies linearly along the gradien  axis Fig.1. Schematic view of the sample cell

Ryo Toda
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(G-axis). Magnitude of the field gradient (G-value) means the slope of the magnitude of magnetic field along the 

G-axis. Schematic view of the sample cell is shown in the Fig.1. In our experimental cell, liquid 3He is contained in 

the vertical cylindrical tube whose diameter is 10 mm. Magnetic field for NMR (H) is 0.15 T and its direction (z) 

is perpendicular to the cylinder axis (y). Sensing area of NMR is located around the bottom of the cylinder. We 

set the G-axis to various directions in plane of the cylinder (x-z plane).

　Potential for magnons along the G-axis is shown in the Fig.2. Because the dipole torque works only near the 

wall about ξH in length, PPD is always located near the wall of the direction of G-axis. The magnitude of the di-

pole torque depends on the angle between the surface nor-

mal and H. Decaying of PPD is shown in the Fig.3. Since there 

is no dipole torque near the wall of the z-direction, we can 

obtain the PPD which contacts the wall by setting the G-axis 

to z-axis. In this case, the decaying time constant of PPD 

(τz ) is about 3 sec. It is almost independent of temperature. 

We attribute this decay to the surface relaxation due to the 

cell wall. In contrast, when we set the G-axis to x-axis, PPD 

is separated from the wall by large dipole torque near the 

wall. In this case, the decaying time constant of PPD (τx ) is 

about 25 sec at our lowest temperature. It decreases drasti-

cally as temperature increases. At the temperature when  τx  

become shorter than  τz , PPD decays with the time constant 

τx  independent of the G-axis. Then the time constant τx  cor-

responds to the time constant of intrinsic decay of PPD. Tem-

perature dependence of τx  is as strong as that of the density 

of thermally excited quasi-particles (QP) as reported earlier 

[2], which suggest the scattering between QP and magnons 

is a cause of relaxation. We find that both the magnitude of 

PPD soon after the formation and decaying time constant τx 

are proportional to the thickness of PPD. This result sug-

gests that the number of magnons in PPD is proportional to 

the volume of the potential well. Since decaying rate is in-

versely proportional to the thickness of PPD, this relaxation 

mechanism is not a bulk process, but a process which act on 

the surface of PPD. Thus, this relaxation is not caused by a 

simple scattering between QP and magnons. More precise 

treatment of many body interactions is needed to understand 

the relaxation.

References
[1] Yu. M. Bunkov, S. N. Fisher, A. M. Guénault, G. R. Pickett, Phys. Rev. Lett. 69, 3092 (1992). 

[2] S. N. Fisher, A. M. Guénault, C. J. Matthews, P. Skyba, G. R. Pickett, and K. L. Zaki, J. Low Temp. Phys. 138, 

777 (2005).

[3] Y. M. Bunkov, G. E. Volovik, J. Low Temp. Phys. 150, 135 (2009).

Fig.2. Potential along the G-axis

Fig.3 Decaying of PPD signal.
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Electron-Tracking Compton Camera For Medical Imaging

Department of Physics Ⅱ , Cosmic Ray Group
Host : Toru Tanimori 

　In nuclear medicine, a molecule that is labeled with a radioisotope (RI) is administered to a human, and gamma 

rays from the RI are imaged with a gamma camera. Newer molecular imaging techniques are now under study, 

and recently much effort has gone into developing detectors and chemical probes for such imaging. The applica-

bility of molecular probes to conventional imaging such as positron emission tomography (PET) and single pho-

ton emission computed tomography (SPECT) has also been studied. PET detects gamma rays by annihilation of 

a positron and electron pair, but the energy dynamic range for PET is only 511 keV. Because a collimator is re-

quired, the energy dynamic range for SPECT is less than 365 keV. These energy limitations are a major problem

in the design of new imaging reagent.

　We have developed an advanced Compton camera, called the electron-tracking Compton camera (ETCC). The 

ETCC has a wide energy dynamic range and wide field of view. The ETCC consists of two detectors. An initial 

gamma ray is scattered in the first detector, which is a micro-time projection chamber ( μ -TPC) based on the 

proportional gaseous pixel chamber micro-gas chamber ( μ -PIC). The μ -TPC (size 10 × 10 × 10 cm^3) can 

catch the 3D recoil electron track. The scattered gamma ray is caught by the second detector, which is composed 

of pixel scintillator arrays (PSAs). Whole PSA area is 10 × 10 cm^2. The ETCC can visualize an image even with 

low statistics using this electron track information. We took images of small animals to evaluate our ETCC cam-

era. ETCC imaging was performed on tumor-bearing mice. Fig. 1 shows a Mn-54 (835 keV) ion image. PET and 

SPECT can not image this energy range.

　Fig. 2. shows a middle animal (rabbit) image. Micro PET and SPECT can not image this size.

I-131-MIBG (365 keV) which 

is clinical drag accumulates in 

myocardium. One part, however, 

is broken, and I-131 ion is 

distributed over the thyroid 

gland.

　Our ETCC is  thus useful 

for imaging small and middle 

animals over a wide energy 

dynamic range. These results 

are also promising for the 

design of new imaging reagents.
Fig.1   Mn-54 ion image of ETCC (color 
contour) and CT(monochrome contour).

Fig.2   I-131-MIBG image of ETCC (color 
contour) and photograph.

Shigeto Kabuki
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　Since I joined the Global COE program last July, I studied two-dimensional (2D) turbulence. 2D turbulence is 

observed in various situations in nature, in particular in the ocean, the atmosphere, and other geophysical cases.

　One of the most important topics in this field is the macroscopic pattern formation. Although highly turbu-

lent on small scales, these systems often show large scale patterns, which can be both static or dynamic. Well-

known examples are Kuroshio and Jupiters red spot.  From a theoretical point of view, it is interesting that such 

macroscopic patterns are well described by equilibrium statistical mechanics, which has been studied intensively 

over the last two decades. In other words, macroscopic stationary patterns in 2D turbulence are described by 

equilibrium states in statistical mechanics. It is therefore natural to proceed one step further and investigate non-

equilibrium phenomena in 2D turbulence in the context of statistical mechanics.

　My own research in this field consists of two different projects: Firstly, I studied fluctuations in a stationary 

flow, described by 2D stochastic Navier-Stokes equations with high Reynolds numbers. Assuming that only large 

scale modes are significant and applying the method of stochastic analysis, one obtains a stochastic equation 

and a corresponding Fokker-Plank equation for the energy. The latter one leads to a nontrivial energy probabil-

ity density function. I was able to confirm this theory with numerical simulations of the stochastic Navier-Stokes 

equations. I also examined other aspects of the fluctuations such as the spatial diffusion of the patterns and the 

statistics of microscopic fluctuations [Morita, Simonnet, and Bouchet, in preparation]. This work has been carried 

out in collaboration with Freddy Bouchet (Ecole Normale Supérieure de Lyon) and Eric Simonnet (Institut Non-

Linéaire de Nice).

　Secondly, I studied non-stationary flows in the 2D Euler equations. For initial conditionsfar from the stationary 

equilibrium state, the system does not relax into this stationary state, but instead shows macroscopic periodic 

oscillations. More precisely, I was able to show that when the initial condition deviates significantly from the 

stationary state, the periodic oscillations occur through a Hopf-type bifurcation. I detectedthe structure of low-

dimensional dissipative dynamics with the Euler equations, i.e., within high-dimensional conservative dynamics. 

Furthermore, I analyzed the mechanism of macroscopic oscillations in the context of dynamic mean field theory, 

and I showed that the oscillations are sustained by self-excitation [Morita, in preparation］.

Fluctuations and non-stationary flows in  
two-dimensional turbulence

Department of Physics Ⅰ
Host: Shinji Takesue

Hidetoshi Morita
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　The properties of matter in our world change as tempera-

ture and/or density change. For example, water, the most 

familiar liquid, is in its liquid state at room temperature and 

1 atm. Water freezes to ice below 0 ℃ and vaporizes above 

100 ℃. The matter of hadrons such as protons and neutrons 

is also expected to change under extreme conditions such as 

high temperature and/or density. The fundamental theory of 

hadrons is Quantum Chromodynamics (QCD). The degrees 

of freedom in QCD are quarks, which are fermions with spin 

1/2, and gluons, which are massless bosons with spin 1. 

They carry so-called color charge. QCD is similar to Quan-

tum Electrodynamics (QED), in which electrons and photons 

correspond to quarks and gluons, respectively. However, the 

dynamical properties of QCD are quite different from those 

of QED. In particular, the following two dynamical properties 

are key points: confinement and chiral symmetry breaking. 

In our world, quarks and gluons have never been observed 

directly and QCD predicts that this is not possible. The ob-

servables are always states with neutral color charge, which 

is called “confinement of color". Chiral symmetry is a symme-

try of massless quarks. This symmetry is spontaneously bro-

ken down by quark and anti-quark condensation in vacuum. 

Due to the symmetry breaking, protons and neutrons obtain 

heavy mass ~ 940 MeV, while light pions ~ 140 MeV appear 

as Nambu-Goldstone bosons [1].

　These two dynamical properties could change under ex-

treme conditions such as high temperature and/or density. 

It is theoretically expected that at high temperature and/or 

density, a deconfiment and a chiral phase transition occur. 

These phase transitions may happen at different tempera-

ture; however, numerical simulations on the lattice QCD 

Fig. 2: A proposed phase diagram of QCD based on 

quarkyonic picture.

Fig. 1: A conventional phase typical phase diagram 

of QCD. The horizontal axis is quark chemical 

potential and the vertical axis is temperature.

Quantum Chromodynamics under extreme conditions

Department of Physics Ⅱ ,Nuclear Theory Group
Host : Teiji Kunihiro

Yoshimasa Hidaka
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show these transitions at very similar temperatures at zero density. Above the critical temperature, the quark 

gluon plasma (QGP) phase is realized. The phase transition happens at ~ 200 MeV (~2 × 1012 ℃ ) (more pre-

cisely, this is not a strict phase transition but a crossover transition.) at zero density. The QGP has been found 

in relativistic heavy ion collider (RHIC) experiments [2]. It is expected that the universe went through this phase 

transition in its early stage ~10-5 sec.

　On the other hand, in cold and high dense matter, it is also expected that the phase transition happens at finite 

density. Such a high density matter is expected to be realized in neutron stars in nature. At very high density, col-

or superconducting phase will be realized. A typical phase diagram of QCD is shown in Fig. 1. However, there are 

theoretical ambiguities to determine the phase in high dense region. Recently, a new phase has been proposed, 

which is a confined phase although quarks form a Fermi sea at cold and high dense region [3]. The matter in this 

phase is termed “quarkyonic” matter, which is a portmanteau of the words “quark” and “baryonic.” In the quar-

kyonic phase, the bulk property is governed by free quarks in the Fermi sea, but the excitations from the Fermi 

surface is baryonic.

　The question is whether the chiral symmetry is restored in the quarkyonic phase. We studied the realization of 

the chiral symmetry in the quarkyonic phase using a model with a confining potential [4]. We found that the in-

homogeneous chiral broken phase is favored, in which the condensate consists of a quark and a hole which both 

have the same parallel Fermi momentum, so that the total momentum of the condensate is nonzero. The conden-

sate is spatially modulated in scalar and vector channels. This modulation is different from the chiral spiral in a 

pion condensed phase, in which the modulation appear in the scalar and pseudo-scalar channels, so we term this 

as “Quarkyonic chiral spiral” [4] to distinguish it from the chiral spiral in the pion condensed phase. The phase 

diagram expected from the quarkyonic picture is shown in Fig. 2. It is interesting to see how the equation of mo-

tion in the neutron stars changes; this is work in progress.

　Condensed matter physics of QCD is very rich; we have only presented a part of its properties. They are not 

understood very well yet, we hope that this will be cleared up in the future.
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　Most galaxies, including our Galaxy, are known to host at their center a supermassive (SM) black hole (BH) 

with a mass of 106 – 109 M ☉ , where M ☉ is the solar mass. However, the formation mechanism of such SMBHs is 

one of the important unresolved issues in the modern astrophysics. Recent discoveries of intermediate BHs with 

a few 10 – 100 M ☉ have motivated to develop an interesting scenario that a merger of BHs plays an essential 

role on the evolution of SMBHs　(Ebisuzaki et al., 2001).　On the process of the merger, an active galaxy with 

twin SMBHs at its nucleus is expected to be formed. We call these active galactic nuclei (AGNs) SM binary BHs 

(SMBBHs). However, up to the present, there is no reliable observational evidence for SMBBHs.

　My present research objective is to discover an observational evidence of SMBBHs through the search for peri-

odic luminosity fluctuation from AGNs attributable to the orbital motion of the twin BHs (Sillanpää et al., 1998). 

The data acquisition in the long term more than one year is necessary for my research. Since X-ray photons can 

be the powerful probe to investigate the vicinity of BHs, I have made strong request for a long term monitoring 

X-ray observation of many AGNs. Since Monitor of All-sky X-ray Image (MAXI; Matsuoka et al., 2009) onboard 

the Japanese Experiment Module of the Interna-

tional Space Station has unprecedentedly high 

sensitivity and high sky coverage, I can perform 

the SMBBH search in the ideal laboratory. MAXI 

started its observation just in 2009 August. I have 

been actively working for the MAXI operation, 

calibration, data analysis, and so forth.

　Through the continuous observation with MAXI 

in more than seven months, we have successfully 

detected about 100 AGNs. In addition, as shown 

in Figure1, we have reported twice strong X-ray 

flares from the blazer called Mrk 421 (Isobe et 

al., 2010a, 2010b), an AGN with an astrophysical 

relativistic speed jet emanating to our line of sight. 

In one of these X-ray flares, the object was found 

to brighten up to the highest level ever recorded.

　We are currently collecting the MAXI data necessary for the SMBBH search. However, to detect a periodicity 

from AGNs with a high confidence, the systematic uncertainty in the X-ray flux determination with MAXI must be 

Figure 1., MAXI Lightcurve of Mrk 421 in the photon energy 

of 1.5 – 10 keV. The X-ray flares detected with MAXI (Isobe 

et al. 2010a, 2010b) are indicated with red arrows.

MAXI observation of active galactic nuclei
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reduced much more. To improve the performance, in collaboration with the MAXI members in the Kyoto Univer-

sity, I am responsible for the two works; a reproduction of the non-X-ray background spectrum and its variation, 

and construction of the point spread function. The progress in this year has provided more insight to achieve 

a required accuracy, in the next year. The recent theoretical study on the evolution of the SMBBHs (Hayasaki, 

Ueda, and Isobe, 2010) has predicted that an evidence of the SMBBHs can be found in the mission life of MAXI (2 

and a few additional years), with the best use of the MAXI performance.
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