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0.0.1: ALMA TH# A 7z KB3R5 IE R B335 O Z < iafE (10 KSCEALA 7T —)VELR) TO H A D [HlH5EH),
AR ) —=)HTF XA FOREEESGE () BLOFCEER G () CTOMBE-EHENEZRT, AKX/ —
VB TFAET RN — T HADBKAMINZ B IED > TETHEIET B0, FBD T IBRNBIOENIZHET 5,
INTNDONFDOEEMEIX, HMEELLLRSE T TR0 —THAETFIVTHIS N, HERMEDE N
ENTOEMAHEDENI L > THETES Z W bh o7 (FEMR). ZOMRIZ. BRERAT— L TO1L
FHRRZLZ ERT 2, (ILAWFZEE)

ALMA detected rotation motion of the gas in the vicinity of the protostar on the 10 astronomical unit scale
or smaller. Position-velocity diagrams of the CH3OH and HCOOH emissions along the envelope direction
(left) and the direction perpendicular to it (right) are shown. The CH3OH emission traces a relatively
extended region, while the HCOOH emission is mainly concentrated in the innermost part. The kine-
matic structure traced by each molecule is successfully explained by the infalling-rotating envelope model
with different molecular distributions (contours). This result indicates a significant change in chemical

composition on a planetary system scale. (Yamamoto group)
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REEZERBUEIIVFAT=LVETFLOYIalb—yary TRz, HOMERERIZ (a) £ 6 L—F =0
AEWHT s L, LY —@EIZG U T, (b) M. (c) spallation, (d) phase explosion 2l X415,
(HATIHSEE)

Simulation of laser ablation based on electronic entropy-driven mechanism. Irradiating the target metal
with an ultrashort pulse laser achieves a non-equilibrium state in which the electron temperature is high and
the lattice temperature is low. At this time, it is shown by the simulation of multi-scale model considering
the effect of electron entropy based on the first-principles electronic state calculation that ablation occurs
even if the lattice temperature is low. (a) When a laser pulse is irradiated to the copper crystal surface
from the left, (b) atoms emission, (c) spallation, and (d) phase explosion are observed according to the

laser intensity. (Tsuneyuki Group)
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0.0.3: ZNF CEBRMIZBEN I N/ FREOMET XV —2 T NETNOHEOE X TR U, FF%IE.
BGFE b F 2B E e 52 &, B A VF—2EL RS, HEHC, BHEERIIZTFIIENATVWS
F P OFERR (PR Yy FI40Y) 2HEMTER, BNi R F+#%1E. ZEHEERZ R OR T (“He,
160, 40Ca, %6Ni, 328n, 208pb) DT, HmBHMEF R v I 74 VITEVWRBDRFE TN TWE, K
WE2IZ & 0, T8Ni DREEEM: 2 R TEEWGENAE S Nz, (BHIFZESE « R. Taniuchi et al., “"®Ni revealed

as a doubly magic stronghold against nuclear deformation”, Nature (2019).)

Excitation energy of the first 27 state on the nuclear chart. The nucleus has a high excitation energy when
proton or neutron numbers are magic. The blue line shows a limit of the nuclear existence (neutron drip-
line). "Ni is the most neutron-rich doubly-magic nucleus among known ones; He, 160, 4°Ca, 56Ni, 132Sn
and 2°8Pb. Our result reveals a direct evidence of the magic character of "®Ni. (Sakurai group: R. Taniuchi

et al., “/®Ni revealed as a doubly magic stronghold against nuclear deformation”, Nature (2019).)
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1.1 [RF&ZEHR (RIS) fiR=E

JRF AR E Tld, BISH B0, IAH 8
. LA & RERE S I » TRERD 7 10
VT4 7 &N T AR AER TN,
ZIZTRENSDIEEI L iR OME 2B D,

NRaY (NYFY AV VORI 2EKT S
I r—o e ZN—A Vi, BEEI¥ (QCD) 12k
DEXMEENZMEERIZHKS, QCD 1F— R EH
WMo vIT TR E NS D, FOIEEEM, JE
MREMED D1z, B EoMime Uiz B
W= — 2B 2D, B DOHEETIEESE -
BEBES x—7 - TN—F VYEOBMSR, WmEY -
oo+ —oEOYME FFRa Y —, difEy
BZE, BT 2R EFRTHRIT SR
L RFEARo UL D EEIZKRER Gos
Fifi] WAL S, QCD 2#o & 3 Bhk4 i
RIZHREEL T W 5,

BFT—SERICH T 2 IETHIB

— R TR E AR RS & EN A B & B AN K
INBM, QCD B % H 7 —BEERDEGEIZ
E. FEAHRR N E D I, FEA L e T
nNa\ErEBnERING, AFETIE KTTr—Y
MR E W CHETHEOBMEY I ab—Ya v i s
7. FEMHIRORETH 208 Ko Y V&
&= DRERSHEIE SNz,

BEIBTICHSITR/NROYDER

RGN R a BT ST, T QCD
ERWTCHF L, NRaydip s +— 27 5= EEFEE
WZEoTHARuYDRREEZEL., TOLHIGT T
EDE BT 2027z, EHFORER, N
O IEGIZIR > TR MU Z LD S Nk
72, F. BAANROVOERELKTAZ LI
Ko T, BROHEE %2 BHAERNHEAD S L 7,

CP(N-1) BROEYFHILOGE

2 X7t CP(N-1) fI4IZFA UIAD R T > ¥ ¥ VP H
FEHTE B 7R & OVEE D 5, QCD D F7afbifl &
LTEHL S K <KCHWSNT WS, AT, Z

DIEBIANE T | T 6 BBEICHR LT 1z b Ra Y
JINVEMEFOZLIZEHL, b RT Y I IVEREE
DFEL BRI 2RI U7z, TOREER, MKRay
FINVERBED 7 —) TARYZ ML, BHZZDp =0
TOMBRED, IFEHRRESERKEEZTHZ e
RSz [7)(BERRT),

A FIMERERT Vo v VR TORBREBIE

RIREEEIZB 5 QCD BHFHEIZ IV —F v
DOEMMEIZ X 2HIEEZ 515, REFETIE 7 =)L
SAVERY VPHEERAT ARBEHELRTH S
BIEREZFAWT, Y oL X 2/iE%
HELTWS, iz, 7z VIAVEEDHA I
NI VARFN TV BRI T, ERFE D 45 8%
MEDEDIBEHEZZITEONIZOWTEHEZIT-
TW5,

Real Time Axial Ward Identity and the Sch-

winger Mechanism

Chirality under parity breaking background elec-
tromagnetic fields due to the Schwinger pair pro-
duction is studied. The axial Ward identity is cal-
culated exactly using an in-in, or out-of equilib-
rium Schwinger-Keldysh, formalism from which it
is found that chirality is exponentially suppressed
with fermion mass in a way solely indicative of the
Schwinger mechanism. Likewise, it is inferred anal-
ogously an in-out formalism describes a scenario
of equilibrium; notably, it is found in-out equili-
brated chirality is conserved for any mass. Also,
applications to the chiral magnetic effect and chi-
ral condensate under the Schwinger mechanism are
studied]8].

Magnus & # D IR M

JRAANGEREN R IZ B W T, BERIRIE L Z2\WEa%)
Hamiltonian 2 E#TE., Iz FEIRBOME T
BRI B LDAHETH D, TNk Magnus JERE
CREHEND, AT TTIIERE) —HERR ALY B, %
DA% Hamiltonian % i U7z, (KIRIEO BARIE
BIZE D, Magnus ERIL., &EBEEERICE W TE
BIRY L —HT B DRSNS, £/, FD
WHEARE e U CORHMMELEEZ ) b —Y = v 208
R SR U7z,

RFZEBEDYEICH T M FEDLA

K % M R G 2 BT 5 Z 2, R
TRV ORBFEORETDH B0, FOEHITIT, B
RE—REEEORBICINA T, BEHEIZBIT5
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REMEDEY MR R &b, 728 2, /8
FA—RONEMNZB#BYIZYHEBICKMBLZD, K
R Bl % B ER R TFIT T 5 20 BE
ELUZ HISE U 2 At 2 REIC 3T 5 Z 2z
L0, HEIDOEREES - HMICRAPRIETE, X5
SRR S 2 WV R HENEN T EN S Z
LEHBEING, INSDHEREHEIT DI LI
BIZFPHENZZ S —N—% D323 \WS D EOEEL
BRERS, BEGE L YEED (—#2) iR
BfRE2 A LT 5 Z L IZ8h 5, HIED/SNTA—X
RO AEMICEL Tk, BEMMEEERD A
B DR E MM D — 7 i iEiw & X TIRR L
72 [10], #ECEL THEER DI A TY
% (23, 27].

M- 04— VMEICBIT2EFEERA

Ko 7 & — 2 WIBIIEFE 2 DA T IViRiRh BN
5. AWML, 2o ORROHETHNS, BT
O (BT8R cHEEShza Ly b ik
FNZEN Tz, oI, WRONA RTINS 7L Y D
BESAMERY S5 Z & THL v b ORHIAMRAT I 5 Bk
(BT EERABNE) 20502 U7z [11, 15, 28, 34].

PEFEREARXOEBEEICK DHE

i+ EDOWEZ RO B EEER - 7+ —27WE
DIRFESTRRAROHIMF B 1Tk~ RREENEET 5,
— /T, FETFEOBANL. SBAHTE 3 BHRD
HEHEENMETHIEEZONTED, 2o %2F]
AUTKREAREAEZHEETAZ LI3RICERTH 5,
AWZE T, TBRNIZ 15 1 ORIEH D < BE-F%
DOEHE L REAEA OMOBRIZERE UL, Z
DOz R NZAT=a—F)bxy hT—2
ELTHZ5, BlllEhrhoRBAERZI#ET 572
ODHIEwmEMSL L., T2 EEROBHEIZIGHEL
7 [12, 16, 29, 35].

Eddy magnetization from the chiral Barnett
effect

We discuss the spin, the angular momentum, and
the magnetic moment of rotating chiral fermions us-
ing a kinetic theory. We find that, in addition to
the chiral vortical contribution along the rotation
axis, finite circular spin polarization is induced by
the spin-momentum correlation of chiral fermions,
which is canceled by a change in the orbital angular
momentum. We point out that the eddy magnetic
moment is nonvanishing due to the g-factors, ex-
hibiting the chiral Barnett effect.

AdS/CFT {i5% AL QGP FTOESIEER
DR EFEEETE

QGP &% QCD X A1 Z )Vxt#R7eIEE Uik o
HOEEEL, AHFHORIIZESIELTWS, Z
D FHIS T IR E R D FHRIZ X — MK QCD D
MM & BIREED S, RERDIFERIZL > T, T
B IEE I W EE TR OB AR ¥ TT v
X LEEBERE U TCORE TELRMEERY B Dk
WL B EAFN 2R D Z L 30D D EDIER
258 \\VEI Tl Lowest Landau Level 3B % (&€ L
72 R CELEERD BIZHET5ikEEE2HO>Z &
MM o7z, UL, TOMOMHEETIIAED XS
WERDHWS NS, KO xETHoTz, T
T, SHEEOEEE LT, 74 —JERTVIY
BT DY & DESALE RN % I G E
U. 135 D5 \WRER & 59\ WAR IR O AR 7 B I i 72
TZEEHERL,

Lefshetz thimble IC & 5 Dykhne-Davis-Pechu-
kas X DR

2 ER R DEBHER DI TH % Dykhne-Dav-
is-Pechukas ARt 1 B OELTHZNE, ZD
T A% Lefshetz thimble E TN L7z, Z D%
B, ZOEI LA EZEH T HBRICIEAIALE D R
MERINTVWARZ EEZHSMNIZL -,

The topological nontrivial objects in gauge
field theories

Topological nontrivial configurations are gener-
ally believed to be responsible for various non-pert-
urbative phenomena of gauge field theories. At
0 temperature, investigations on the instanton re-
vealed the nontrivial vacuum structure of non-Abel-
ian gauge theories. At finite temperature, some
topological objects are supposed to be responsible
for the behavior of the Polyakov’s loop and the
phase transition. Such objects like calerons and
vortices are worthwhile to investigate.

<>
(FEFC)

[1] M. G. Alford, G. Baym, K. Fukushima, T. Hatsuda
and M. Tachibana, “Continuity of vortices from the
hadronic to the color-flavor locked phase in dense
matter,” Phys. Rev. D 99, no. 3, 036004 (2019)

[2] S. Benié¢, K. Fukushima, O. Garcia-Montero and
R. Venugopalan, “Constraining unintegrated gluon
distributions from inclusive photon production in
proton—proton collisions at the LHC,” Phys. Lett.
B 791, 11 (2019)



L1 TR (i) Bk

1. R85 - Fh G

[3] K. Fukushima, “Extreme matter in electromag-
netic fields and rotation,” Prog. Part. Nucl. Phys.
(in press) arXiv:1812.08886 [hep-ph].

[4] S. Pu, A. Yamamoto, “Abelian and non-Abelian
Berry curvatures in lattice QCD”, Nucl. Phys. B
933, 53 (2018).

[5] A. Yamamoto, “Non-Abelian vortex in lattice
gauge theory”, PTEP 2018, 103B03 (2018).

[6] K. Hattori, A. Yamamoto, “Meson deformation by
magnetic fields in lattice QCD”, PTEP 2019, in
press (2019).

[7] Y. Abe, K. Fukushima, Y. Hidaka, et al., “Image-
processing the topological charge density in the
CP(N-1) model”, arXiv:1805.11058[hep-lat]

[8] P. Copinger, K. Fukushima, and S. Pu, “Axial
Ward Identity and the Schwinger Mechanism: Ap-
plications to the Real-Time Chiral Magnetic Effect
and Condensates”, Phys. Rev. Lett., 121, 261602
(2018).

[9] S. Yoshida, Y. Utsuno, N. Shimizu, and T. Otsuka,
“Systematic shell-model study of g-decay proper-
ties and Gamow-Teller strength distributions in
A ~ 40 neutron-rich nuclei”, Phys. Rev. C 97,
054321 (2018),

[10] S. Yoshida, N. Shimizu, T. Togashi, and T. Ot-
suka, “Uncertainty quantification in the nuclear
shell model”, Phys. Rev. C 98, 061301 (R) (2018),

[11] K. Fukushima and S. Imaki, “Anomaly inflow on
QCD axial domain- walls and vortices”, Phys. Rev.
D 97, 114003 (2018).

[12] Y. Fujimoto, K. Fukushima, K. Murase, “Method-
ology study of machine learning for the neutron
star equation of state”, Phys. Rev. D 98, 023019
(2018)

[13] K. Fukushima, S. Pu, Z. Qiu “Eddy magnetization
from the chiral Barnett effect” Phys. Rev. A 99,
032105 (2019)

(%)

[14] Y. Hidaka, S. Pu and D. L. Yang, “Non-
Equilibrium Quantum Transport of Chiral Fluids
from Kinetic Theory”, Nucl.Phys. A982 (2019)
547-550

(FALER )

[15] S AR, “Chiral Perturbation Theory Analysis on
Dense QCD Matter”, {&LiwC.

[16] BEAIKHE: “Reconstruction of Neutron Star Equa-
tion of State by Machine Learning”, & 1:5¢

<EAMTEEIRE>
((El =)

— R

[17) A. Yamamoto: “Computation of the Berry cur-
vature in lattice QCD”, The XXVIIth Interna-
tional Conference on Ultra-relativistic Nucleus-
Nucleus Collisions, Venice Convention Center,
Venice, Italy, May 13-19, 2018.

[18] P. Copinger, K. Fukushima, and S. Pu,
“Schwinger’s formula and the axial Ward identity
for chirality production”, New Frontiers in QCD,
Kyoto, June 11-18, 2018.

[19] S. Ebihara: “Chiral Phenomena in Periodically
Driven Systems”, Floquet Theory: Fundamentals
and Applications, Yukawa Institute for Theoretical
Physics, Japan, Apl. 9-20, 2018.

[20] S. Ebihara: “Magnetic SU(4) Skyrrmions in
a-ZrCls with Non-Abelian Fluxes”, Topological
phases of matter: from the quantum Hall effect
to spin liquids, Institut de Physique Théorique,
France, Jun. 11-Jul. 6, 2018.

[21] S. Yoshida, N. Shimizu, T. Togashi, T. Ot-
suka, ”Uncertainty quantification in nuclear shell
model”, 5th Joint Meeting of the APS Division of
Nuclear Physics and the Physical Society of Japan,
Waikoloa, Hawaii, October 23-27, 2018.

[22] S. Yoshida, “Uncertainty quantification in nuclear
shell model”, Recent advances in nuclear struc-
ture physics 2018 (RANSP2018), Yukawa Institute
for Theoretical Physics, Kyoto University, Kyoto,
Japan, November 29-December 3, 2018.

[23] S. Yoshida, “Non-parametric Bayesian approach
to the extrapolation in configuration interac-
tion methods”, TRIUMF Theory Workshop 2019,
Progress in Ab initio Techniques in Nuclear
Physics, TRIUMF, Vancouver, BC Canada, Feb.
26 - Mar. 1, 2019.

EES T

[24] A. Yamamoto: “Non-Abelian vortex in lattice
gauge theory”, Workshop on Recent Developments
in Chiral Matter and Topology, National Taiwan
University, Taipei, Taiwan, Dec. 6-9, 2018

(IEI N 25%)
— fikadE

[25] P. Copinger, K. Fukushima, and S. Pu, “Chiral-
ity Production with Mass Effects - Schwinger Pair
Production and the Axial Ward Identity”, JPS Au-
tumn Meeting, Nagano, Sep. 15, 2018.

[26] HHEXR, R EEEOYHEIZ BT BHEIHFED
JSH”, RIBF &R T XY F v 7 Y ORE,
BAS 2019 4 2 H 18 H-2 H 20 H.

[27] FHIRK, “77 X% V72 No-core shell model
2B DI IeHMEER, HARYBEI S 74 [MAEIRK
2 JUNKRZFHF v /%A, 2019 4 3 A 14-17 H.

(28] AR, WG —, “QCD MHEIZBIT 58 TR
WA, HARYIE Y28 74 [FIRKE, JUNKRZHHE
¥y Y8, 201943 A 14 H.



1. 78 - R HER

1.2. FKFEAFZEE

[29] MEASCHE, fRURME—. MUEY)—: “hiETEOREE
ROMIFEEIZ L BB S oHE”. HARYHZES
B 74 BIAFERKRE, SUNKRF, 2019 4F 3 H 14-17 H.

FERFRA

[30] P. Copinger, K. Fukushima, and S. Pu, “Ax-
ial Ward identity and the Schwinger mechanism—
Applications to the real-time chiral magnetic ef-
fect and condensates—", Avenues of Quantum Field
Theory in Curved Space, Yokohama, July 28, 2018.

(23F-)

[31] P. Copinger, K. Fukushima, and S. Pu, “Chiral-
ity Production with Mass Effects - Schwinger Pair
Production and the Axial Ward Identity”, YITP
Nuclear Theory Seminar, Kyoto, Dec. 18, 2018.

[32] Sota Yoshida, “Uncertainty Quantification in Nu-
clear Shell Model”, Technische Universitiat Darm-
stadt, Darmstadt, Hessen, Germany, August 27,
2018.

[33] EHIAK, “Beic D EMBIEH R OHMERE & Uncer-
tainty Quantification”, FESKY: [ THAELERAZEE,
2018 4£ 11 A 16 H.

[34] SAMAK: “Anomaly inflow on QCD axial domain-
walls and vortices”, (BEEZAKRFZHEF v VN A|
2018 £ 5 A 30 H)

[35] BEAIKHEL: “Methodology study of machine learning
for the neutron star equation of state”, (B{bLZWF
AT BTN RO UWBAERISRE, 2018 4 6 H 18 H)

1.2 ZHRAFRARE
1.2.1 RKH

swampland & Higgs

WA, de Sitter swampland conjecture & FEIEI 5
FREIEHZEDTVD, FHOYPHRIE S N7z swamp-
land conjecture I& Higgs RT > ¥ ¥ )L DIEIE % EK
L. Higgs ' quintessence 5 & I:X4 % FEH I8 <
SWHAEHE2TE2AN T —GLEET I A2 E
T D, WML BEHIRONE (TR &Iz S
U 7={E1E Higgs KT > ¥ v VD> F U A %k L.
—f%1Z Higgs DHARHEHY quintessence 5 DABEIZHKAT
U. U WBLGGRIVTHIBR (RIERED G FE& 7 HE &
WO ED SR B HIR) 22752 %
mU7z (1.

BN R AR EY

Zheng 1%, Bagnaschi (Paul Scherrer Institut) 5
LT, BUNENTMEERRLIC B 1T 5 e v VAR
BEOHEMT S % FeynHiggs 2.14.1 Z W THE

fbU7z BT, BEIDRS A — X —Z2/Iz5d 24
AP IR 2 3w L 72 [2].

AN, TR (BEIGKR), /MR JEiEER) & & 1T,
CNMSSM & &I 2 B FREERIID A 5 5 — - R
FUY YNGR, KRE—AT7r—izBnWT
F=V— ) BROKE—ERNELRVWEEEE L VE
ERESNPTLRDBILERLE 3.

FEEPOE N R g - it

SR TAERERR O T H S CP @, 7L —
N—BEREVERIRE, R B R RE & FR T S
HMAER L LT T 5034 VEBIASE IR R X
Nz, LR, AL O, FEE. ik 2 i iEst
FRMEZZR L7 THERNFR T 5 27 4 VIR 232K,
R AZ Y — VB EEMNEL R L, 51220
BRIDMNTS YT — a VAEBAETH B Z
EZz2mRUT (4,

B RME

VL. il Tang (dm® B EE EYE O EH
e UTC, WRWEPEIHEEAER LU Rz W
EREL, 17—y a vRTHOFENEMIZE
B ENR AR XN BGIT L 0 BlHIE
CEAMTHIREOREYEZ AR TES I L E2mRL
7= [5]

MNEEEH (IBS). €M (Minnesota U.), Yu (UC,
Riverside) & & ®IZ, FHERRID U(1),,_r, WFME
Er—UMTEILT, I a—F VEBHBKE— A
v b OBG & EBRE DT, ROEREYED small
scale problem % [FJIRFIZARIL I REZRE TV 2 FEE L
Tzo BEEMIEITRE WA N T =R 12N L THOM
HAER % L TE D, bullet cluster DR Z koD,
dwarf galaxy 7% ¥ THER I N TW BB & CDM €
TILEDTNE D ELHPTES, BRLIFERELE
ET VTR 2 F26R - Bl & OFIBR 2 FERTIZ G,
BllIk a2 /8T A — X GEI 2 BH & M2 U 72 [6],

KHIX, Ellis (King’s College London & CERN),
Olive (U. of Minnesota) & & 12, WEYIER 1K
ELWT IR & GH T 5 B IS e B B T AT S R D AT
fliz47\y, FHAEOHEGRMAENED L DRRE D 5 DH
ZOWTaEam U 7z 7],

KHEZE, AR (ZHEER), B GRIER) &b
(2, FRMERRLN T & TS IE 28 U T O A EAEH
25T 45w T - 7o)V I A IERYEREE %
e U7z, Z OO EYEIZE FIRIC X - THRA -
BLRPMTE—A Y M 2ERTLIN, Thozi@El
TREROBE BV EEHEERERIZ L > T OHRR %
MEET 52N TELZ L EHSTIZLTZ (8.

TOIF v E 21cm FGELR

i, EDGES FEERAYFH DA A VAL S
T % 21lem BROBH 2170, FRE D K E LRI Z
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FR U7z, #HE dl, Tang IFFHERBEOL 1
)— V=V AWERIZB VT, R T 7 VA VAR
FHEZDE & THFICEMTHZ 22L& D, EDGES
OBHFERZHHAGETH D Z L 2R U7z (9.

BENK

Hiill, Tang l&1 > 7 7 b VHEOBEIZENT
BRI E I FDOHEBE B E . TP FHE R
HOR ORI RS —EDTF5 2T 5 &R0
7= [10]o

7 L —N—x s R

Za— MY REEDNEME BRIZHEE T 2 i
L UT. FERMHEER 7 L — N — PR & 2 R 3
ZHEIBEINTWS, LHEALINSDOBEIZIZFH
IR AL Vo —IVEERH B Z RSN TW
%, THE, il —fiz QCD 7/ <~V —izk 53k
Al PR BSOS FRME OB DRI R 2 PR, ZNB R A A
VU — VB E R T SIS TR RN E
RUTz [11), F72. FE, filiidkas FEITER) &
EHIZ, ZU—N=XWMEEIE S vy F RGO EZE
W EZ EUL B2 A H a2 iR, 20k
FIZBWTIEHRIZ R A A VD x — )VRTED R X
h3Ze%RU7E[12),

B, #O, KH, Tseng i, EN (RHKR) &
LB, —HEDERN U(I)LQ—LB F—VMEIZB TS
—a— MY/ HEEBEEEZRNR, Za— M) IREFE
BB LU CMB BHIOEH O RE2ZET 52 L1
0, TN OO KEH 3 IIBEIZ SEER I HERR X
TWBZEZWSMZ UK [13), & 512, ME—FER
P ENTWD U, -, BBLS, SEVERDE
BRIZK > THGEEST A Z e BARETH B Z & 2R LTz,

FUWENFRERNUFER

AR HERD S D PR L UL 85 WE AR (Weak
Gravity Conjecture) WEHZEDHTED, I HITE
DFEfE L UT, BRI 2 3IRGTLATIZa vy M
U 7= BB AN R 2 1 6 2278 72 AdS HZ2 % > T
FWIT RN EDBREEINTWS, FlldEfE R
dtR). ¥l (IPMU) & &£, B-L ¥#Eics &
DWW R BRI 2 EE L, BOKFOh Y
ST RNF =3280 MEU 7R R D B 22
EARLEWCT DI ERL, FHOEDTHEMED
RWZ ezmU7 [14],

f‘jl?’fﬁﬁ%

HEDEGRYEHESR BT, LIEUVISHEER
DFNA T T =G FH R L e % 5] &l
ZFZEeHIONTWS (EVaT7 M) 2, €

VasA GRSl ETNEZOMEAERTE S
EEbNTW, FE, A, FIHEZD X5 1l
BIZXZEMBIHOA Y IS Vv DEXAFIZARE
ZFIUIRES R FAER DR EIZ L b, BARIZEY 2
A GDOIRFPFELI N, Y 2T 1 MENTEIZ
R LRI & 2R LU (15,

A7b—v3ayv

Tang 1%, Wu (ICTP-AP) & &£, 71 ILXFR
HOWnDRA 7L —yavzELIETVEATHE
PEIZ DWW TEEER L 72 [16],

JKHIE, Ellis (King’s College London & CERN),
Garcia (Rice U.), Nanopoulos (Texas A&M U., HARC,
Academy of Athens), Olive (U. of Minnesota) & &
£ 12, mno-scale flipped SU(5)xU(1) #EXIFFAAE— B
HIZBWTY YT Ly MM T T b UItieoT
WHRREIAERL, 1 V7 LY a VEBOKRKE—T =Y
RMEDI NS JIF T F RN E 27z 1T,
Z ORI BIRGRINICZ Y TH B Z L 2R LTz [17).

REFERNET IV F Y

O, KM, #, Zheng 1, HHER S > A<
7T ADOFNMIHEFHHFEEMEL, TOmHthiR
DOHRIME L i+ B HIER E N EFETH D
RUEDEFHIZ LD 77 A VREERIZN L THr
PREIEAESNDE Z & &R L 18],

REBN FIRE

PRk, FEH, KHEIE, A GRTKR), &% Jul
K) &eHIZ, LHC 8LT100 TeV I T4 X —IZ
BB EHMIINA — ) RRT, EHEHHS 100 yum
FREMN G TI VA — ) BFRELZ5E1Z, %
OIEHRE FHRT 52 L TONA — ) BRROEE %
TREEIZ EXEBHZ N TES I L 2mRUE (19

JKHIE, Lara (UAM), Lépez-Fogliani (U. of Buenos
Aires), Mufioz (UAM), & (JuMK) , Ruiz de Aus-
tri (CSIC-UV) &Iz, urSSMRLIZHENWTAEEE
Aza—hY ) DERBEEEAVR L B> TWEE
B, mERD» SN BN HER TSI TA
Za—hM)EROBE RN LI R L
MTEL I LERU 20

IR, HBOEMEMRK
BT EDBOEH

BB Grabowska & Kaplan 2 & > THREI W
HATNA—=N=Fy TEAETFEHNCERIND
BT EORMEMIZEI T RILTr =V 7/
RV—2EBHTEEZ %2R U, £ UL TEMKNIZ

1.2.2
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2. 4. 6 IRTDLGE TEGHRZBWTHISNT WD
TF=U7 /) —FELLS LB I a2 LT [21],

KR D BBE DI R

MBEMCIE 2 ZRUEILFEMZEE & & B ITKHER Y
T— VHERIZ BN S RO E T Th BT
FEA XNVREDMRGFEEIT>TND, SHEESZD
FEHRT WL DD DIHFEZ T > 7=,

BUERT, Gaiotto ¥ Rapcak D33 DT L —r D%
7 EDOx R & U T corner Vertex operator algebra
ERELZ, TO®%, ZOMHMERET o1 KL
RELD B BFED reduction & UTHIRINE Z & H
LMY, 72 Feynman MR EHKZITIHIZED
a2 s LWRFMEZ BT E 2 Z L 2R L, i
HEREIFZINS DRBUZT B I =< Rl >
AT F v 7EHEEE UT, double reduction %
REUTz, £72Z DREIC X B5HE % BARKIZIT S
Z &tk D WRECe N=2 BHEBARBMD I =< IV
BOHEEZ BRRIZEEL, ZhoPHonTnd
fERE =ML TWE Z & 2R UK [22, 52, 53, 54],

B A ZOVRED K E 2RI 1IB BUHKEE
AN DA SL(2, Z) DH AR ZF>TW5
MThd, ZOIZLIFET bBA XVRED HELEE
SO S O X FME T d 5 Virasoro ik % 3 RE#K
ELTEHELEITTRL, K&t (4RGSR
= UHERP A MY VAR ORI EE 2R
PEIZIRoTWVWD I ERLTWS, i, JEL. R
EZ DI MEREZ Bl 7 2V I A VR THEL S
NSEWDE & TOREDEHIZ ONTHTH N, £
7o. ALFHAYEX DIRIE DO BN M % S 284 U 72 L DM
BHiIzEbmUT,

M1 KIAS @ J. E. Bourgine K. Melboune X
F @ Omar Foda K & H[F T Real topological vertex
IZDWTHSE %17 > 7z, Real topological vertex I3
7= VREDY SO, Sp BB E I M AN LA EL 0D HR 1
EHZ DMK ERL LD,

WEIX, B huaa VAR Z ORI TH 5
SH¢ % i\ 7z Alday-Gaiotto-Tachikawa F 48D FEH
IZDOWTHEFFHEREZIT > 72 [86].

213 Omar Foda (University of Melbourne) & @
HEBFE T, 6T N = (1,0) 7 —VHImD 1
AR v+ VBB O E#RIZ D SRR EEE 2
elliptic topological vertex D2 & > THH 5 D
U7z (23, 24], T OMHEFHIZFEDWTRIZFALHR X [31]
ZEEL 72,

& T GZ@fER) & & 12, Argyres-Douglas
HEmIZ B 1} 5 surface operator & Bxf 7 2 Rt
HERDREL & DD ISV — )V % superconformal in-
dex ONLMIE DGR & 5 5HEIE TR A7 [25],

R, 18, X, Ding-Iohara-Miki fA#® plane
partition RI% gl NEZEHAWTERT HiEzHE 2,
% D2 T Young MR 7D —fifb 2 € L 7= [75],

IVIVIIAY NIy hNOE—EFRATTT 14—
[RI2

Pk i, IEEDGDOEFRB LTRSS T T 4 —
FHERAWEZETI VRV IIVAY NOXKEBIZET
B HRFERR S &2 L 72 [26],

Puke, g E2IZNME (IPMU) & & 512 defect
CFT B3z 2 Vv AVY by bub—98
SO EDOAFEBEED D ZAHEDO T TE SRS
HWhE, BOBFHBLOFT TS T 4w JER
DOEMARGIZEL TR [27], TOMER, TR
INAVIZIy B E—3ATLEL D ZAHDTF
THEGREA U nhs, BRI _E o2 Bl BEUL BRI
TEHEZ RNz, TOHEENS I defect
CFT 2B W THRE EDO B D ZABD T T
BB T A C-EMEWEN S T E LT,

RIBEEF AV OHI5ER

PER IE /MK (IPMU) & & % defect CFT I2HW\WT
A EHOREHEAETZEAL. T OMBEBEKZ
WFRMEDBR A O FFHUIRE L7z 28], 72 AE Y
RO RIEHEE T OREE FIC X 2 EARE L,
Z OMWE % RN AR B 7=,

1% Karch (Washington U.) & & 12, bound-
ary CFT X defect CFT 281} % conformal man-
ifold 1ZB9 3 BMf%E% L 7=, conformal perturbation
theory % W\ T, #HE#EERANIZ conformal manifold 7%
FET 27D DBESRMEZIHS T U7z, BARKIC
4RTEU(1) 77— VG 3IRTED 7 )b I A ¥ 3
& U718 )Y conformal manifold DHIZ 7> T\ 5
L EMENPDTZ 29,
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3.1.1 =T Cavity RICBIFBENLTFEE

IREETDHWERE
bility) E EZXF U ¥ R

HEM L ENE (Optical Bistability) 1&)60 @3 A
ASBREOEEE UTRERICEDLLBHRTH S,
B2 ZOBELE I 70N Gh o fARSE 707,
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FARTWE, ZORTHEMADIRX & EEFGD
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TEFAZ—HERICL-T, BEF%E, GEY
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BEHSMZULTE, 1 270F v ¥T 1 %Rk
DFBEE LT, HBEMAEDOR N (ALVE) &
YT AHDHNEFEnDHIZE > T, Fi¥d» s 2
DHEN DL EPH SN T WS, N > n ORI (I)
TRMHEEADOZOHBWE AR (H2E Rabi 77#)
ME, N<n®%ﬁun TIE, HeTF i3 ERS
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EDRHONTWVWS, ZNE TOHRMLEN (Optical
Bistability) 5% (3 F12, $H (1) & 48 (1) % £ 72
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TN AR NI (1) W T £ S EME (Optical
Bistability) #2622 5 Z L 2R L, FEROFER
RIZEIL T, BRORTFHTOZEDERE2E T
xﬂ — RO FE A EMEE BEN T 5 Z &

LR o TSI L7 [9] & iz, JAMIMI iR A2
LT ANZHUTCRPRT AT Y Y A2 707
HETFOEAMEMNEL LTeRMhL, WLE TR
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HRRATH D EHMEAY VAT LTRSS 7 ) IRl 2
WHEHR U, £, —REBPHEFSE Wo 728
FKIEWE D & S B2 R T ERHEFEICL -
THE S DT btoébh,%®@ﬁ%%?7:—U
VI OEMAERZEA L, FOMRERFEREZ, Z0
ToehE BIX 2R 38 [m &+ ﬁ&ﬁﬁ%ﬁzaﬁ%@%
RIS EMBRETHREZ B Z RV, ThZEnFE
KRB AAYH LR ERREEE2ZE U,

W BRI B O MED & F 7 =— 1) ¥ 27 0 i
BIADIRH, WrEAREFE D IE D Bose-Einstein &t
fE ORRBAERADISH, IZELUTHIEE X 51T
H &, Bose-Einstein HEEA THiNAEZ mhd THERL T
5 HiEORFEED - [12], FHZ, XV T4 —HE T
EHWEBITIZE D, ZOFEE2EDHES L@
WrEE AR T lE, RRA e R E X DONIREOERE DY
RENTEBEZ L, N F 0 —HIEIZ X DIEPRED
BB X O aETH B Z &, N F 4 —flE
ERAWETBEBRPRMDNT A —R—%2HET S

Wl BETHB 2L LZ, £
7z, EBOFERTIIESZ D TER VR FHEEN
HEDGELMIT Lz, N T —HEFZHW
ATz LD, NTFRERENRDIGETHEREBHETD
7y %ﬂ“ﬁaﬂ:ém% EERL, FREOME S

K ORI O AHEMED B B Z & WS M2 LTz,
3.1.3 M ZAEROEMNRBRE
IR R DIEFLEFEZ I ST 5 Z & IdkiEt

Y O REANBED —DTh 5, RVTERITEE



iy

3.1. =R

3. WG

MR ABICHERI S D AT, HEZE e HIRRBITREN
% TRIAZCEMLIIS ] (prethermalization) (& 4KN7
BT ROBHIEFEIZIIES AONIBRTH 5,
R B0F AR IR B R & etk
N B2 D REAGEREA R 6D Z e BHISNTNWDS
Py, EPEEEAE EAEH AME) < 72022 4 U B i
HBCEH LR DFEZH S M U7 [14], T 51T,
JHHSMNE CEREN S 7z A VR B MIZE L, SIS
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3.14 =0V kv
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Riz, TNETOREMED S, BFARNIIZY ) b
7N % BT ATHE 2B AL £ DEHAE S T
BREEEERT S HIEZEFEL, £H-ZFRNE
HIZE>THIY ) 2RO B HFEORETFHE
MBEREIZ DWW T B TR,

3.1.5 d° Ev MERATOD electronic mag-

netoelectric $HE
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ZEDHDTWVS d® v MR TO octahedral crystal
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REOAE VHHADKEZ (App) &\ 22GNR R T
D dI/dV D¥&EH A ®Izw%~ﬁ@%wﬁAm)
A PO T — X &2 (4) WTHKY . (b) FDARA
MR Agup D W HAFMEE 7 4 v T4 VT LB D,

PO TIPS 2 Z LIZEII L7z (K 4.3.3(a). 5
JE1X, 28D 2-GNR IZDWT & D iz A b o &
JVEER/ 43 (STM/S) HIE Z 1T\ A VAU
20D = HDOIRXNF =3 (A,,) BV RV OIE
(W) ITIZIER BT 5 Z 2030 b - 72 (M 4.3.4(a)).
Box OENE, NVY T 5T 7 MR EFEMITL
722-GNR & E 2B NTE 5, T4bb, 22GNR
DRFFADYITHTUENES T 7 = v DRFR T D

ZAE S S AR TFOARSLD, 5 —HD
VI TNiENZ A LORIIZALET D BRI T O
AIPOI5, JRFHZRETE S STM & (2 22
FRLTRW) 95, Kz idZ0 A(B) kT % FE
TE3, [M4.34(a) &, BEMETHDOHA A Gl T
Uit & D B meV RAIIZ Ay, BDRENWI & ZRLT
W5,

—%. zzGNR OHRTEINVI TFT7 714 bR
[ & b RT, Ep i T dl/dV D35 AL T 238
WX N7 (M4.33(0b) ZOTFILF—IE (Agyp) X
App & DEEAE L, 2-GNR DIEIZRIE 0 FIER
HHl$ 2 (X4.3.4(b)). 23 2-GNR ANOE U
ADIR, F72IEY TV T B T BRI TR
DENDVWTNPIZENT 25D EZ5ND,
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B 4.3.5: KFE S5 X<MWHL 7= SiC(0001) ET ¥ &
XYY - 7I7 720D STM £ (a) & T DOWHE
DOEERK (b), f% - & - FRIFZNENRKE -~ 3
v KBRAERT, 7/ €Y N TOKEKIRIX
R L TWRW,

AR OFEERTIX, R THE57 771 MRE &
z-GNR OO BRI E/EHA %2 HT 22 21X TER
WO T, HEiREEELTWRWS L OMERETE & 3
ML BICIXEEE2ET 5, 22T, ERNIZ
B2 BER ED 2-GNR DAY V2 HIE L T A
LRENRD D, THEKFIC, SiC0001) kizTE
REVy IVEEIELZEEHOIWVZ 2B T 7V
WZOWTHKETSTIAY Ty F U T ERAI-, ZD
SiC(0001) E27'9 7 = i, FREIZEKD Si {1 &
fEAUZRER-E Ny 7 7E) 2H5H, TOMMEK
LT, STM Tl 6 x 6 DERMESENBHE N 5,
7, EEDSBSEF R=T3N, Ep AH DIREE
BENIENIMC R Z LB Mo NT WS,

[ 4.3.5 1k, KET I A<y F 7 L7 SiC(0001)
£S5 7 2 ViRIRE O STM 4 (a) & Z OWriE D
KB (b) TH3, 77774 ML HHETFE
BEDF /Y bBERKEINTWS, 72770, Kb
MEDE NP, BFORMEEDESX 2 KL T, ¥y
P A ZEPPRELEETIDESV, MXT, F
Yy FORITASAE» SARER T THHANKE
W, S5, BRMEoEmWEEEORNAEFEY b
BERTELINRNTA—RBELVRBEL RS,

X 4.3.5(a) DEMANZR SN S L 512, ZOiEHZIX
F /7 ¥y b oMUz, FKEHHY0.12 nm B U -84
JIRZE DT IABEHINT VWS, RKADFEFH
352 ADER%Z F -\ W CHGRIZ DR N->TH D,
Bl U772 AT, Ny 7 7 EHED 6 x 6 f#id
(M 4.3.6(a)) BBHIZ 72\ (K4.3.6(c)). ZNHD
HEZ. BBAEDT T TR T 7 ERSRNT
W3, HBEWNEINY T 7 EE SiC HK & DFEE Y]
NTWVWBILEZREBLTWS, ZHiE b RILo%
HEOHENLS L LTRING, Tabb, BWT S
A% SiC(0001) E75 T o TR 7 Er(Vhias =
0) (2 U TIERFRDIRABE 2 /R T DT LT (K
4.3.6(b)). P& L 727 7 ADIRFEE B I XIZIFFRTH
% (X4.3.6(d)). BKRHEDI T 7z iZ&->T, SiC

69

0.16

- - - - Monolayer graphene on

ZVVVYVVVJVVVJVVVYV
L (b) —— Lower terrace (this work)

r SiC(0001) (P. Lauffer et al.2") /)"
r i

Height (nm)

0

- T T T T
° ©) ‘14 |
£ L.
£ A | k
D N e
: iy i
L I&
o 0“1“‘1“‘1“"1‘
600 -400 -200 0 200
Vbias (MV)

4.3.6: KFET T A< WHL 7= SiC(0001) 275
7V EOKWT T AD STM BIZIX 6 x 6 K
GBI (a), JefTHFgE & MRk, Ep (23 LTI
FR7g b Y RV AR PLDBIIE NS (b), —F. B
BUZTIATIE, 797 74 bRE & FAED =
7238 STM BIZ Bl X 4 (¢ : FARIEZ D FFT),
Ep (IZR U TR AR SADE SN (d),

R OMHBEEADPFEVES NS L, &
TS (T4 T v 27 55) Y Bp \SED W2 & %5
BLTW\W5,
FATHRTIE, HRAKED SIFF /A2 2
ETNY T TEEZED EDT T T = VDEM S5
FIZ T L7 Z 2 DHIS N TV S (Quasi-free standing
graphene(QFSG)), KET I ATy F VI TEHR
BRIZ QFSG Mg otz EZ 2L, LilDMERHE
EHEET D, RELUBIRTIE, KEEFEHEL
TWARWSIRTFHFELTVWBE LD T, £5L7RK
iz U T, HFRITIZD T HIC V3 x /3 A
MEEN 51 (K 4.3.6(c) fAR), FYRILVARZY
FVIZIMEZ RV F —IZREY — DR 6N 5 (M
4.3.6(d)), 5. HKE OMHBEMEHDTE N & D IHHE
7 QFSG DIEEMNTEL L3Ik hE, 75972y
o= 2B % 72 5 Tl s 5 5,
AWFZEiE. BB R F B TR0 H i ge =
L DIFEETH B,

”» -
—

4.3.3 BEREERRIMTOEF

NI T I YL EVERARERE

Bz, HIROFHRHEEPHEICHETE 51X
EUNIT, 0.8 mK F COMKIRE 2 #sE T
5T IVTLY VEGEGEEEOMAEE ED TV
%, WA IR ME AR PrNi5 (0.2 mol) @
BAEVRT, ZhEEARE 1.2 T DEK Y —IL
RANBIRBEE Y 2y MDD TEAT—V 2T
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5, ZD2ODHAT—I% 2 DDMBIRE Zn By A
1w FENHNLT, ke HREEBEO M CEY B
TEONEAEETH S,

SR, JEL MR Y — IV RANGBEE <
T3y NOWRET AN E{To72, ¥ %2y NI, 4
££0.14 mm O NbTi & SEEEHE (7« 7 A v MME
10 pm. 54 A) TEE, TOYKIZHRT £ 22 mm,
£¥ 139 mm T, FeCoV B DAY — IV KTl E
TW3, T=42K TOEHlT, Feh@vboa1L
ER (023 T/A) 2b b, HAWSEE 1.4 T 284
TEHI LR L7z, WAAORNWESS Y I 2
L—ravofERe X —HU7z, 5612, WEiw
BT BABOMM oA L AT ) Y ARFEORKNE %
T =42 K OWBEZEFTERML~, 14T FTOD
il - A 1 YA VORI, BRI IEE IR S
FTH60~T70 mJHEATLZ L E2HEHRL, ZDMHE
k. BG&IT - TEEM DRER e AT ) ¥ AHE D fE R
PO FEEINS 100 mJ EFFE LR, BLE, #&E
BT 2y MRV 2HIRGEEO S EEIZET
Y=L, 7T F P PrNiy AT — I NDIES
B aIhd ko~ s xy hoOFRIBEIRITSZ
LR T E 72,

F72. BUEL ABEE Zn BAA A v F &2 ARG
BIZHER L T, A1 v F TH RoBdt&ME% 70 <
T < 900 mK DRJEFFETER L 7=, FERIZ. BE
ERBIRE (= 852 mK) AR Tk, Zn OR(ZERAE
B AERERDO XHME L B < —8 L., EBELE
PUETIE, BLRSERIU 72 M B KIEPUE (= 114 nQ)
MO TRENBHEEIFIEF—B U2, 5513, WGH
MMUZAAC Yy F TH] BOBZEERE 21T &
Th b,

AHIEIE. RFEER Y X —ORW)IRFZEE L S H
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N—T7Tix, pMInAs BL P InSh #EEEZFT
BB L TR SN EERRAIIEE2MAE ST THERL
U7z 2 RGBT RICR T 2 ENESAREOHIE T
BRI U, BEE TR VRL DRSO ERNI
B LT W53,

FEERERREICHERENZ2 RTEFREAWVE
HFIE R HYIRDIFEER

Bx OWEETIIRSERFH1FHRLT 5K 2 KT
BRI LT, EE b V3V LEEMEE (STM/S)
12 & BEH & BRALERIE 2 FERIZIT R 5 EE R
WTC, R - BRI D 5 B R — VIR O
TEITH>TE, BTk, WERFICEMEERZ HW
T, A VITROGHERYHBEROBERZIT-> TV
5, TEMEARH) 2 RS XA PERET IS BT HE)
ExEHD2WTBTREMELTVEd, STM/S
ZHWEHIEN S ALV OBIREEAL N 2 IVE
HEBEIT A ENARETHEEEZITVWS, N
FTFe Co &AWz 2B FRDIERIZEK
YU, STM/S 1T & 2 iaMEAFY D 22 4345 DB
BIHLTW3, 5%, FEAY Y (BERMY) 2z
HEY. REACVHEOLEMHAEEMREZ b 2V
W L D ERETHEEICHETS I 2izkb, #
AR RN HREL OB E HiE T,

4.4.2 =EEEEOHBEGE

SEAE, FAac DTN —TTlE, GaAs i EtR DESEH
KHE BRI N -SEEER T %217 -
TW3, BHREOHX 2 KL T, PbB LU In
2t U CHEE T EER COBEENEN I T VWS,
MR AEAR BIZER I N MR B, 5247 2
WITLRE WS FIFTldzae <, MR FRE S
TWBH WS ENRSEMOVHERIELEZIT WS,

INFETHOPb BFEF BRI T LI HWT,
2 RITHNI N U TIEATITRES % D3 ) 723561214, Pauli
PR 5UES % Kk & < BRI B2 U T HBEEIERIR
ERIFE AL LIRN EDBHS IR ST WS,

ENHESZENIN A REABERER b > R IVERBERDFR

BEARR N AR X 377 BR B AR A e
REMR BRI EF N T WA, 2RITHIZH L
THREH[IZRT V¥ v ILVAEAEL., 2 KEET
FREED RN T WS, E5I1I2, PbREYOEWHFZ
AWiga, MOWAY VEEMEERIZ LD KER
Rashba RIRME L, AV ARIZHEEFELTT =)L 3
HRDHLUERVRERTEIIEEZONTWVWS, ZD
LD RRITBEWT, MOWEARES % EIINU 72354,
FROEEE A > 72 7 —/N—5IDIEBT B "l getE»
Hb, Frld, ZTOFFLO RRBIZE T 5 iEZRRE
DEZEFTOEZESENZBREL WS, BHE, ~V
v L 3 W THREEIR E CEIME 9 A M NS EUIN AT RE 7R &
TN RIS O Z2IT> TV 5,
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B 4.4.1: (a) InSb BEBHRMEIZ#E%E 0.01 ML 21F 725
H® STM £ (20 x 20 nm?), HWEREZ R - 725
D Fe TH O, HEWHEEEEAD Sb DT TH 5, (b)
4.2 K IZB 1 DHEHEHTR & & — )VIRHIORBS R EE,
IR B R 7 R — VIR DB S T 5, (c) &
AN RV OBER, Wra v XX ANS
2B FRDREBEELFARL N TEL, Z
ZTI, ACURALET VAR BHIZNT
w3,

SEERFERICE T HBLEEREICEAT MR

22 (W SRS R 23 R AN U 72 AR EAR T IZ A R D E#
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X 4.4.2: 20 nm @ Sh # AX_X—¥—Jg¥x LT, Pb#
JRTE% g d 5 WIE = JEERZARNT 81T B R
135 OIREMRAENE, B I I AL T s
0. MElXY ORI B ) B BEEERBIRE T, %
FAWTHBALTWS, ZERARICBWT, HE
ANTATHPSANY HIVEHAD I 8 AF —N—IZ
BRTEEEZSNLRABRNE LW D, &S -
(R AE S TR = vz,

ZINDIEVHSNT WS, IEFE, H2IE GaAs
BEBRZRI 112 Pb OB 7@ SR D/E I Bt L
7zo TORTIZHREFEEIRERD GaAs i B
2RI E N TV B 72 DB K EIFME AN T W B,
T 51T, Pb HHOBWAY V#EHEEMIZ LD
Rashba BD A & V#iGEM EAEHADME < Z & AR
Nz, ARSI ORI U THEMAR TS I
B2 ESHEPPE DK R2 S, 7 —N—W»ER
OEMEH R Z 5 DA — 2 BEEREIEB L T
WA A REME 2 FeHE L 72 (T. Sekihara, R. Masutomi,
T. Okamoto, Phys. Rev. Lett. (2013)),

LSAERE 1L Z @ Rashba A Y 2 BB AE AR
Pb O ¥R T EiBEER E 2AR—HY —JFIZ Sb & AW
T. JBIZHKIEL 7= Rashba AV VELEHBEHZ
DEEE KO ZBIEEERL - (X 4.4.2 FiAK),
T, INSDRIZE I ZELEPUAEIZ L b RD
72 AT R BB SIS O IR MR F M & X 4.4.2 12R T,
AR—H—[BDEAD 2.0 nm O &R TIEFEAT EER
FESRES IS Rt D GL B SIS b L 54
REIZH U CEAIROEE,E2E > TELT R
Hohorz (M442FN), —H., ZERDEET
I E RS - (RIS IZ B\ TR T SRR AR D A
WAL h BB N (K 4.4.2 /K7, 2D
REEWZ BT 572012, BIZHIFE L 7z Rashba A
Y UGEM AAER % D% 8 R OBEEIRGEE BdG

73

HREAZBUEMICE L FHRICE O RO (BUEFHE
WU TR OPIFRIZ L TIEW.), I DHBUE
HEDORERD S G - KIRESTO2MR S
0%, BEERELBOIRIE & A AHOE G AL
95 (MFAlz &k d) BEA ST 1 THILSHNLL
7 EOIBEENTH BN HILHAD 7 8 A F — N —
WWEERLTWSZ Wb hoiz, ULz T, Kif
FETIFSERRTEBRICBWTEEZA N 51 SIREE
BLOANY HIVIREEZ EERINIZ YO TEIHIL 7= R
ThbeEZOND,

X 512, Rashba A Y Vil EMH BAEH & s igiE
SIROBENSEL 2E /) T 1 BEERETH B
RY BREWAHEER T D=0, ARPIFLERD, 2
R—Y—FiIzEnifiiaxtz2+ 2 Se 2 V-2 ER
DMEEITo2, DLV VEHWESEBRTIZA
R—Y—EDEA%Z LD Sb ZHWZGE L 0 #E
{TEL7-0, WIENENROPE 2 THIMEL TE
[EEIRIEDAE R ITD Z DN WRETH B, EBEDHI
EIZBWTIFAR—Y —FDEA% 1/3 FEEIZEAD
XHEDZLITIIRI Uz hs, 7 BEE R OB
BESRKRP o7z, TORTEEMYPHFINTVWER
TEERARAEIE N R T Y HIVIZIEBIHIZ AR B IR
BUIRENVBGRERIETH B, LEzA- T, 5. B
RFEBEEYEX AR—Y —[@ofEE2 28
RIRA RN EE2FT D FETH B,

2 RTBEEFICE I SHEBREEICET MR
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BHETLERGEWTBD, 17— 3 vl
HsREE LTHsnTWb, WISt LT
WEAEEETHZ el KRR TH I 7L —
vavhkEsrzeEarENE, 1TV —va Yy
M2 XS IZEREOEVWEDIZTE S, FE—kE
DAL HEEZDRME LT, 7T v 7 R—DERE
FTEUARMEIZERH L, DT 7y 7 R—ILOEHK
BREOBEKIRET, HitizA Yy 7L —a vdihaE
DB ERUM(T, 18], BEK. 7T v I h—
WA DIE—RRIGDO RS, BEFEIRIZED
A7 —=yavhthE BT F ) 4 & NI HEE
THIEEHELTVWS,

TUOOFVFEMORBAYAFTIVR

7OV F VI EYB ORE IHEMDO—D2TH D,
T F VEEMIIFOTE LR ERIRDO—DTH B,
T UFVFEEMD S DT 7 A R E A R
ZIEREIZTFET 570121, FHEMAY T —20DX
AF I A% EHEICHEETEZ2HEND S, Frldk
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HEHEY I a2l —a itk o7 oy 4 Vi
2y NI = DRBEEBEDHED S [GFRE F TE
W, ZORMNRIRSGEWEMRGEL 72, £Z THA
. RSIARXUHEYDT IV I FEHBOARED
S OB THEINT 2 Z 2 KR L, Tl
INhECTELELONTCERATY =) VY JRNZT 2
VA VEHMIRDRWE WS Z L EEKT S, 2
DFERIZ, FHM» S DT 7> F VG EYE LR
MWI0EEEMZAELZ 2 RBL, T2 U4 ViER
VBEBEREEREX =Ty b eI RET IV IV
BRICEERTEE25 27 (8],

Twin Higgs REC & (T % EFH5HEER

by J AR T OEE & RF ORI % H 2 72
YFE D T 3L X — 27— )L DR DB M58 % ik
T HEAID 1 D12 Twin Higgs A X IFIEN 25 £ D
Nhb, Frld, TOEBIZE )2 FEDOESE %
R, BIZFHRNMEEZEER D XS 17T 50 %
FHARTz, FER, Z ORI 2 ERHER, B &
ORISR % B B MR 1X 2 < DT A —&IiT
BVWTIEW—RAHER 121372 0 59, 1y —RiHEE
BThoTHZTORHIEKR I NAE KT DECIGO
LONRERTHRETEZIFLEDRIITRSTNT
ED Doz, WITRERER CFEHmWAHER IZH
KT HEREHREABASNGE. ZOERITK
EREEEMAIRVIRDBEHING Z 212725 (9],

1075 NBOREE#EDRWI YT L—Y 3 Y
IEFRICRIT 2 EANNBMEBRTRE

kA 7L—varver4rskryyylf 7
L—yavkhy, 4Av7b—yaviBlizay 79 b
V5 DIRE) % D 2 W I RN B FEINEGEFE % 3
Hllze TOEIBRA YT L — 3 VEERIZAWT,
BRI E DR FERICE > TERT B, *
ZTC. Hx X2 OENHFEINBGERE % & 201 FEAH
U7z [10, 38, 52, 54] . TN FE T, EIKR A mKIE
Born #8010 WKBIERUZ & BEFGHRMEHEIZE > T
FMMINBEZEWRBRETH oM., BLxIZI Nz
Mt BROBUERNZEIE T 5 2 & T, JEETERN )
BEWMOAATIML 72, ZDRER, E AR FE
BlZZNETEDNTWEES R, 17—V 3
YHONY T — VR R T AR OEE T
B AT L=y a rdR T T ADIZET IR
T=INZE->THREBRZ DD, £/27 19T+
VLK o TENMERT ERFOTRNF -
% RED 28R ELRE 57,

BENNBMEBRICRITZEEYE

%13 PGDM & W3 2 FEHER AL oD 32k 1 & B
D UDPHEFEHLUZWE S 2l EWEE2E 2. Z
AV I FINBGERE IC & - THIEBHIE hTWw5
W EYEOFIERZ B LS5 1F ST 2 i~
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72 [15, 45, 57), % OEEEL, S~ A 2 0 g
DB & 3 FUE AT & 2 HEE#ET >, |
2728 D PGDM 24K TE 5/85 A — XHHB D F
A SN 3 N D A

ARy NYERY TOky SAFRLERICET S
iy

vy FABEDERT VY IIZEENBELTE
BOBTFREEZEZERLUE LT, v I AGOEE T
FUIAT =R ETHIET B L, BEDT XL F—
HHIS (EEORZEIRTE) BENDS Z & BERFER
MORBINTWVWSE, 2Oy FAREZEMENHE
THo7z L IHE L HEIZ, Gregory 5177 v o
F—IVEDLY TEDORLZEMNEIVEHFIIREZ L
Utz 7997 R—IVHAFEHEMZEITS TR
Wi & UCTEET A28, TDEh H TEEWD
ERLPTL 23 ZeEKNER->TWS, 7TV
7R —IVIZIR 5T, gravastar 72 ¥ O &G I 287
MIETEH, ZO&D s RN EEZ e 2
NI R UTz, F720 NI A—Z—Zk>TlE, H
RKOMVH 2R IBED T Ty 7 k=) &
DHIWIESI R Z2E -5 Z RS T
[14],

QTS IR—INY—I< Y —

TSI ATV EOT XN E — 2 HOoE T
NF—RFREET L EITZUTITvIR—LHE
BEnserHlanNsg, —HOERTHERRED &
SNIARFD TS5V 7 A — IVBMEZ R IV F - %
RIT—a— N VOEHERDNSRBINDMEILS
INEWIGE., TD XS5 T 5y 7 R—IVIZ8IHIN
BEhREELES, ZITIE, 25 LERHEERIZIBWT
Y7V —ya yEBOBEMAEEICERLZI 70
TS5 IR —IABRE—FV IRENT & > TRAeITHE
RKITHZ el KEDT TV Ar—VIEEDK
e i-o-58, TN A—ILRE—IX—%
HPLEBDLZ L2 RUE, TOEIRE—I<X—
W FE IS S T 2720, NS R ESHE L
P BT AN T —DBEED FEAAIEFIZ/AN
725 &\ D B E KD [16, 50],

v JRIGICE 2 FHBEMR

k47 —yavyRGary7b—yarvnkd
2, AV 7=y a VEOFHIPIEHHAN T —HO
FEH T RALF—Chz3N5 X5 2BEHmIIBE VT,
by S AGMNHED AN S —RE EORKEEZ LT
WAL, 1Y 7L —Ya VRIZAN S —HENA
WZRBZEMOAY ) —ZANVANEZEMENEZID, by
TAGDORT VY Y VIRV F =PRI NEZ L
X B FHAMBANER T S Z & 2/R U7 (17, 49),
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AASNEFREBZRAWFHUEBER EMERY
BIExTR

T2, ANV AV BRBEEDFEYANAFIE L 7255
&, EHEERID N1 S VB TR 280 TRIZED
FHEERS IR IZ K S B KB IEN R Z £k U, Bt
DFHDOIENFEZBHL 55 Z L 2R U7 (72, 74,
IHIT, FOESRMIGOEK iEE LT, #IHFE
HTIARIZEENB T NIFYDHAT) T+«
DIENFEZRIFE L TEHA SV T 5 XY RLEMNE
EEHINTWBED, ZOLES5K8 7V IA VDI
SRR RIE—HERIZ SR U 2 RBLZ B WTERL S
%Z & %&mRUT 31,69, 70, 71, 75],

5.4.2 XKAERNFYIE

PHEFEMSBTOT 74 v EERE

T OV F VIS RYE DA HERDO—DTH B,
T IF N RIZESG T TR F EIBAE L, TOME
R U 72k 2 B ERD T - TR TH
5, BAFTFHIZBVWTHRBOZI EHBEID S S
CEZ, FHTRDMOVEEE &R o EICEE L
TTY 7o v DOEBEREDRTRETH S Z 2R U,
Rz ld, oML TS XA THRTNT 2
VA VIREDERERRL, TDEOTIVE Y T
EHNHIERIZRZ D BEEZ 2R UEZ, ZOFE
kD, YT FIHBBEIEI NS, Square Kilometer
Array 7R EE VRO ER T —RAIZ KD, HEIZ
o Tk EEERZ T EET 2 HIR S50 5
ZeERELE [,

5.4.3 ERMFEER
IoNO—%BWEWEEH U R EOHIR

Bx it ERRIcbBWTTESL I o — T
NBNZ I a =05 ORGP 2lem 4% £ 5 W
T=RIAFEAT o AV D IR AT REME % AR 72, FIHAFEH
2R V7 L — a VHIIZER O BHE OEE
BRI BERBNETH D, HHIEST Y AL DH S
CLBEEMENO RN, T AINREED T —
ARY MIVINKER AT —) )L TCHIEXI N5, FHR
% 21em MROBUANIFH ~ 1 7 v EHE 55 (CMB)
WL B KA — )LD diihik#E % 3 IRGCHIZ B
TE, FOEOI=ZNAT—DNRT—ART MNLEE
UTCHIHIFEN 7 A% CMB & HiETE % A hE
WD D, FxldT7 1 vy — (TN 2T, %
KD KT mFE 2lem SRENNZ L 2 HHAIEAS 7 AMEA
DOHIRZ M L, CMB ##FE T 5HIBEIE5NE Z
ExmRUTK (13,
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5.4.4 BN
Y58 Y BERRERNSDEFEHEBROMREE

7 Z v 7 A=) OMIEEMEIZIE, EFEIMEIZ
EBHERT B TS 794 XOMENEERH B2 2N
RBENTED., ZOMENREEDEERX. 7Ty 7
F—=VOENZED—DTH % Bekenstein-Hawking
entropy S ERBENT WS, TE, TI7v 7 E—
WVHEENS OEEPREE N, 77y 7 F—ILO[HE
ERBBONELRE®KEZHEOTCETWS, 7TV
7 R — IV DEEIREEUE Z D H L OHSE R O K ek
Iz IKEL T Y . MSEHASE O WHE OMEEIZ
BERPHEE LTHONTWS, TS5y Ik—)
DEREMTHEZENNE HRBEOFEBIZE>T, 7
Ty 7= IVOEEREED, I ATV T
DOESHGEP S K E B E T 5 Hel % Hini
AR Tz, BRI X, OO BREERIZ. 7T
VIR =NVTHIZ 5NN RIBFEEEZNMAZ, 7
Sy I R—NDY) VI REY VENEOREY % BUEE
B, FORR, VI Xy ERIT G
— IR DT E L LD SRV, FORBICHCE
HEFAZBWTIE 157220 1 DX S RiEEH ik
ZHNB Z DS BT [11], L. SR
D &S REHRENPEH S ANE, ThiETITv
BRIV R ORI RS ICRKT 5 7V TH
LZEREMED D 0. BF-EAMERITN S S E NIRRT
ZRBTAERCTEERERETH 5,

iIKAGRA 7—% % AWML R AT OB MED
MREE

MSZEA AT (ICA) & E. EA OMEH A E2 b,
HWIIHNL 2 E350RE U TR S - B, Bl
T—REFTDEBNENEHT 2FETHB, ZOF
a2 EHEEE S KAGRA O strain F ¥ VRV & B
BF vy 2 UTCHEAT 5 Z & T, strain 25
RIEM S 2 0L, MEZ L RLERETRIELZ 2N
TEHeEZOLND, FHxITEBEDIKAGRA 7—
REHWEZEHRIESEREDOY I 2L —Ya vify
W, RHZHEBIR T > 7L — N % strain IZFF A U 72BR,
ICA 2T 5 Z & T strain DESWHE 2 R
IHED T EITEHIIL 2 [40, 41, 58] .
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6.1 SERIFZRE

EIE s E T, A FE D LS % BRI
FALZOHM N =52 75 ATDWEEZIT>T WS,
i v VS AR E I NI TST-2 & 2 FH Wz BRIR
M~ o T A OHEBEMIEET S L, BFR
FHAN I AR TR TP D JT-60SA &, Bimh
EREMEF O LHD % &, 5K D LATE &,
FUMK2ED QUEST & % i & & U 7= LA RS %
OTHH, W DHFEVELERL T W5,

6.1.1 TST-2ZEROBE

TST-2 (ZBRIR b <2 (ST) BOEETHH, 7
5 A DFEER, INERIZB L F 0.36, 0.23 m. Bl
FE SRR E VR T S AERIFETNTE
120, 27T kA TH 3, ST IZEWRBLE S 2 7€
IR CE A AN LTCHINTHE—H, 79X~
BIRONL S EIFHERHIRR T R EFETH S, TST-
2 Tld, F& UTREBIERH (Lower-Hybrid Wave,
LHW) Z AW ERS TR 21T->oTW 3,
2018 L, AMAL, EfNZERES N 2007 VT
FE AW ERER, ST -BHERETOIL LD
2. WEYM AR T 572012, BREHE T 1 —
7. PHAEHERE e — 7. FikE o — Re g
WUz, £, TIXTHEEAERELTEH0
L7 v FFodEET o7z, THETORE. IKE)
I—RFDFPHEFFELURWVEERMVELSNTWVWAS,

6.1.2 EREKEER
HERHATETET VT T ER

TST-2 TIXHER AT/ TI (Capacitively Cou-
pled Combline, CCC) 7 ¥ 7 7+ % F\\ TSR A
ZRIELTWS, CCCT7 VT FTIEEIR—MX b
NT—% AU, L-CHEET VA OHRICEK>TT
T A RENHFEDWBOEBEN 2T 52 &)
TE 5, ik S N5 W DRIIHRST W DR ) 1354
AR T 7+ T6.1. EAAS T TFT4.7 (F
IME) TH5B, oA XIS REEREO B S,
T35 IESRRE O NS & kO MR 2 R &
Mo, TST-2 TIEAMA - B4 - S (Bigg) =n %
NOAFILEIZ & B ERIKERMEOLLIK 27> Z &
MWTE B,

118

EMY I X —fiE Z = 350 mm IZBWT, KE
D L E TV, AMUAS T 21.5 kA, EfIAS T
26 kA. THIFHE AS T 26.7 kKA DEFHE %2 ER L 72,
UGS 2 IS & RS @AM D
WTEaT 272012, HfBHia— R (GENRAY)
B T7xvHh—75273—F (CQL3D) IZ&-
TSN DIERS & O E S GEER O & H D
Wi %2 1T 57, EMEMEENE LT, BIASHEI v
K7L — Vi TREA XINVE— REDA FFIZE
) n| = I FREFE TCORK LA HERI N, b
BRIZHFESETEI2H5HEETFOREEP LTS EEZ
67“/50 yﬁT‘Ffﬁﬂj\gﬁftiﬁ&: 7’L|| =2-3 *Iﬂj‘igif
DB DRI N, ZOWELHREEL TIX
NERICFSTE L HRNE T ALY —DOERET
RN > TWD RN T & 72, EAIASRFDIK
B ERSIEIZOWTIZBR W T I A< DEERIT
OB ATER L, MR & 2 AR
. BEREOL Y F A a— VA ERBEDOY Y
FAHDDODHWZLBFEORT A XIVE FIZBIT5
(EHBR S OB T KIFIZ ERT B2 2 h
WA XN, ZOHKIZIZRDE v FHUKE
MERFE N, ZIUFEMEFEIZLD 16 KA ET
BEIEAL X ND Z e RSN, EBWIZE 75 X<
BEIRH 16 kA 2B X 2 E IO 2 EFIZ &
55D EEbinsd 200-300 eV DR X FGH e
DMK EMERL T2,

BE X #REHA

X SREFOBER Loxd, ZNETCHALT
W7z Nal fifih & 0 B E T, 2L EEREOE WY
VFL—XTH5 LYSO K& FH W2 X et
BEFIICEHFBLIEERT o7z, ZTHIZ &> ThHtk
D Nal VU F L —RIZED X fRRHEEIZHART 4
£ PR 8 T 3 7 5 5 0 A RE T2 D3 AT BE & 7 o 7z At
300 keV Z#Z % X KRIZ6 U TR 20 BFREEMR LR
"MREELZ, ZOLYSO Vv FL—X%EHWNWT,
AT —DEFEE I BT A5 X SEHE 1T - 72
R B X BRE R OEMZED S, I UAD KM
DFEVEIANF —BTDFEENRB I N, BT,
RO LYSO ¥ v F L — &R &2 AW EE G RO
FRREHZRLTE D, KE - BEOEBEHBRIZLS
il X fREHlE FE LTV B,

FibEtic & 2BFBEN

L7 > T FiEEOBEERED I, FREm»
5EEH 0.3 m OMEIZKERERER > 70
WFEEE S50 GHz) 2% Uiz, AS 7 —
DOEFNZR LT~ 7o FEEclllE U= 3o
B A A T EERTHIE U =R GRE DIRE & b
RLEEZA, UFOZ R bholz, AftT—
BANCUEZERIC, Ty TFEE (Z=+0.3m)
DIFEDPEENRELS (W40 % ) WAL=, — A,
FEE (Z =0m) OBEELFIFEFEITNI W, F
Too N —F VEHIFNRE T, TV TS



6.1. iR sEE

6. —M R
(a)
8 1A
‘ Bo,
g [on
" bo
o3
o [Fe.
&[G
o [H
N Inboard-side Bottom-side
100 0o g, Ouboardaunct (s e,
10— °  Fo MP,
10* fmﬂ */*
10° . @ » 3
_ 10k R .O(__)__ - K X ]
[ 0
§ 1100727 To) 1CV;aur\Ch (C) ::3:’:
5m3§é ti wX X9k
I3 5[
: 10 K- Q::0 X )K.*. —
2 s T - - * x
§ 10° otk e
2 q0'[  Tgp (COW)taunch] —a
? 10'23(/%&\\% @ Y
; 10" - V 3
10°%- Q. . UK Xox. —
10°F R "O(Z)‘-'-Q"* X X
0 500 1000 1500
d [mm]
X 6.1.1: (a) Koo XIVHHEIZE I 5K 70—

7 ORER, (b) AMA (¢) Ll (d) B A S
RFIZ IS 770 — 7 TRl S 7 DI B R /) 7

Wi Bl E . SERRARALIEIZ S B FHITINEIZEN
Boh, PMITOHKNLREDOHEMD AR RENT &
Bohrot, TV T FiLBEOEEEET I 5HHE
CLUTEHAREGIZEER Yy TuE—T 1 7 HHME
i dh, Xy EElNREH L FHEA KD 5D,

Ta—TIC & B IRENGHRET A

ERE#ES Ta— 72 HWCEL TS X< fEig
BIF5 LH FEER e R 2L 7~ (M6.1.1), #
HFEERTIX LHW OAMILA G, EHUAS, T HH
ABD 3 DD AHIHIEIZ X BE VDS M5 7z,
AMATA S TIRAMI T > 5 F 52 5 il X v 7= 1 Al
TR A1 VRO (LHW) <, CSHE
BTl ba A1 XVEE (FW) 28— REBRI NS Z
EDWRBENZ, EHIARTIZ EMNT VT2 50
EEIN/IE CS BT LHW 23 7' — 72t
N 100 fFFEE AT =H5 <, CS FITIE FW k4o
MEEZ 7 5 72, FHIER A IZB W T LHW
B4 & FW MRS U772 iEd CSSEE TR 12 5
EWOHRERMNE SN, T2, TIATERIEND
R WOWIDUZ N, 2RI 70— 7 93%1) 5%
7 —HUNE L B A BER S N,

119

6.1.3 OH E£Er

RAOKA A=Y VI REEHZ L 2 MHD 28]
SHA

TST-2 IZHBWVWT, NHEAEEHSR (IRE) ORIk
% LTH 10 kHz © MHD fEEIDFETE 2 e
AT THE SN TWD, 2D 10 kHz OFEHEID
MEEX IRE OV EZH ST 522 HiEL, &
FHEEREZ 3oGEITE Y1 701 A -
71515 (Microwave Imaging Reflectometry, MIR)
% TST-2 1ZHBEL 75 X~V Z G U, F0k
HEMIR 21 Us, TGt @R 78— 7, X,
Ha DfE55 5 10 kHz OSBRI X -, 5
FEOIRIEIL 75 X BIRD AR 7 DY — T KK
WZHRKRAEZELD — 5. MIR CEHHI U 7= BB Ok
& 1ZZ D 100-400 ps BHIZERAMEZ > 72, 72, &
FEFLED & I FREN O R 1 1 KOV O 17 % L
L= Z A, Ak kZF—8%UL. # 10 kHz D
B3 E T KEMER O AR S 5 Z & hibhro Tz,

RhA—3I vy a4 I8

RFA—I v 7aq)llEL X, A—3Iv oA
VIZ 1 kHz BiE DR RE LG 2T 52T, 77
A IR BN EEZFEI T, 22X 5Tl
EHE, ME, BHREREIZ4TS FIETH B, NI
NEFHRUERZ T - 720, koA —3I v 7 a4
NEHWEGEEHRLUT, ERENE TS XD
A X - BIRIFKELSELEZ—HT., PHEHO-
OOR/NEFRZEDL OB W EHRREBEINZ, X5
2. RFEEIIETY L 70 b vz & B PEER
DODREFEE LT, LHW ZEBRIZfiHTE2Z &M
EitEhi-, £7-. XA —Iv 7 a1 )VEiEEE
LFEIZ & 5 PERhRE 2 BRI HER T 5720
2, TIRTTHRARE TV EER L. FREEES T T 5
D&M ERD B Z LTI L 7,

6.1.4 EORIZSFEF
N4y VERELETE

TST-2 D bk &Y VEELEHANZ B W\ TRRBIIMEE E
T AR DREERVEHHOKREREEL 2> TV,
Z ORI L —F — DD 5 BB EIZIED 5 72
WHWEERBNETKHT B EDFERTHD, Z
NEP IZIFAREIZY - LRE2RKE T N—F ¥ —
EANDDONR—BTH S0, FORELZIIRE
BIZHS IR TWEh 5T, TZITCEEMIZY
N=F v —DNRE—=VETETEV AT LERBEL,
BERIR E BB 2 B S 22T B 2 & TR R
T5ZLERM, RBROFER, AHEIZE DD
EE 1S mm D7 —F v —% A MAND Z &k
WTHD., TN%E TST2I2FEE L~ L ZARNDE
SERIZBATH 4 N U 72,



6.1. EIEE 6. —YESEER
| orthomode transducer
== U, ——H . .
=, N/ T/ A [—=] circular polarizer
I:"‘ﬂk—)b%; \ H \ A el Q0
= WA 77 48—
YyFL—s— LYK @ =1
/

HETFEEE

B 6.1.2: B XA A=YV BN, >V
FL—R—DFENE LV VATHK T 7AN=T L —IT
FET 5,

T BRI ONE

TS5 A DKM OWEERATZ, R—RA T
1V THIEEEG KDL HEELT, V77 L
VAN—TDRbYIZEITRAF— a1z LD EHH
U7 TF a4 VERMEZ Wiz, mEEARERZ A
THEBRZIEL. A7 ay b2HVWTCERI A —
A NDOFAMEZIE UFER, 75 XA E 27~
BEESPESTLEIZ AR, kDE 5
EELLUWVWEHIEE R Z2E SNz,

TIy Ry 757 7 HFRATICHZHHERD
EowE ATz, 77 XA HE L K ET
s LHFIZE OIS BEF 7o X< 2B iR L
ToAER, HEEE R BEMOBWHEENIE SN, 1E
HEODBWT 7 A G oz, BREESMHNE
EERGAFEIEMOb TR -2 ThE L 2kD
LNz, ZOZ i, BEFAE B ONIIERY

FE LW, 72720, 7717?\]%(@1%75 =
., Yav MNEITEREE NG Z2 LIRS 5121%, ¥
BOR ENKETH D,

EXRgA X —2 v 7R

LHW EREjD 75 X< D EHREFIZDOWTHEN
5721, ERBBALD S M X A EE X SR FHlE
BFRZ2IT o7z, E5DNSE LMD LB TAD DF
MIAEWLYSO #Y v FL—X—L LTEHAL, 7
FTAIDED X ROEESHNEBRICEHITE 22 %
MR LTz, T E DA% HET SHHE X fih
ATEFZFHLTNDS (H6.1.2), YVvFL—2—LTS
FAIDOBIZE YR —ILE2EL I LT, YVFL—
R — DFNEFr 2 B X KR A 5 ﬂméﬁé;
EMTES, EWMEINE EERBNTHES
MTEBR VT AT VEEEY VK= h%bto
VUF U= a EOEE S TR B8 b
01 XSG ORELZ TR WL ST, YU FL—
YavHIFEV VY ATENSLEZDOBHNT 714 N—T(x
ELUTHIET %, BRONT v N—=%2FIZLizd
DEAV, TNTNDEFE2RAZETYVF L —
R —DFNHE TS L O X S0 AH KMz AR5 Z
LR TE B,

120

5 plasma
Gunn oscillator

o4

mixer

detector

reference
phase

interferometer polarimeter
phase phase

B4 6.1.3: FFEH ORYEEF ORBERR, #EST 1 & K 1
DZEFH% OMT (Ortho-Mode Transducer) (Z & D &
PEDLET, K= 74 ¥ =2k AR &EED
DRI EWT 52 T, 2 DDHRDEFPHT
ERRMRYE RS 2 ASEE KT 5, B DAL
MHEHIT 2 Z & T, RAFHESITIMA T, FaEt
FEBHRIFIZES ZENTE S,

st

{RISIR B IZ & 0 JEBEANCERBI I NG 5 X<
D WNERE TR 53 A6 % AR KGN D A & IEHEIZHEE
THZLEIWNEETH D, T I T, WS 2 B
W22 eDTEBREHDOBFKEFBL 72, W6
FHF 77 AR ERT 2D NEHEEET S (7 7
5 —alz) 2 EMHETEHDT, WD
No-BoE2ElTE 5, RS ZEET5 2
kT ERWA, FHMEZ EAFE MRS L
ThA%Z &, WEEEY - B0 O ERERREE
EHITRIENTELZI LR ONT WS,

SAEEIFEHERORE 2R T L. HAOFE - |
AN TEITo72, H6.1.3I2EEBOHNARKE RT, 2
HIASRBREA R D 1 XIS b O A« ZIVIESIZ R
T 1M ENE WD, Ty vy - A— b UshRIZ
K BEMEOEAHMEIZ 2 DD D - 72, &
PR O R 4R D & AR AR EERE
bHEBZ LT, TOVY— b EARECEGRE % [
IRBIENTESL, ZOLIRWNEASIEE LT,
M7 DOIRBERSGH, TdbaA XV GHOE
MR ZEITZZ T, avy by A— b URIRD
WEAZITIC7y 7T —HiEEFHITESZ 2N
LoD T, TOEIRFHMAREZEA LK, ¥
B CIRERELED AT —% (REXA V) B
52T, MHEESE2EEZLIZRIULZR,
AADPKEL 77 77 —MllEA 23T LIXT
ERDoTz, TNDBST VY TOME, ~TaRA Y
BEROEMIZLVEE2REL, 77 5T —[EEED
MEExEEL TV FETH 5,



6. —fRYESEER

6.1. EHETSE=

25071
(@)
200

+n|;=0.1 1
-¥-n=0.43 ||

150 F

100

n
o
T

electron temperature [eV]

(b)

electron density [10*®m=]

0
6
5
4
3t
2
1
0
3

500 600 700 800
major radius [mm]

00 400

X 6.1.4: QUEST KB WTEHIlE 7 (a) IR
sAie (b)) BTEES,

6.1.5 HREMZRE

QUEST (2813 b LY V#ELEH

JUMNRF 5 7175 & DILRIRRZEC 28 GHz-
ECH EBIZBWT b A Y VBELE &2 177 5 7=,
28 GHz ® RF & — A DHIG AT IR DR n)
AT EGD T T X DB EFHIT 5 HT
70, EBREER L UTiE ny = 0.78 TREHE 712
ST =R E A,y = 0.1 TV 2 BT IED
HEED LW RHRAPBHIE N (K6.1.4),

PPPL & OHFEMF

PPPL & O:[FEFFEE U T, 8 X fRR A HW
7oA A=V VOB GE R 1ToTW5, SERIL,
INFETITHE LM X BBCEDOHAE I—-NE2H
WT, DIIDEEDHE—RFSAB LIV IT-
60SA HEDHMER TV —AME TS X< I2itd 3
FHll 2 BE U2 R RO E 21T 572 (X6.1.5 (a,
b)), ZDEHE%E LI, DIUI-D 2B IZEAT 5 TED
Yk —ILDEdtE Lz, KA A =T 7E Y
AT L% JT-60SA EEIZEAT B Z O Z2 M
U7z, F72, YHEED TST-2 HBIZEWTH,
A z2HAW-FHllZ2ZFELTE D, EAIZHIT 7
WAt T o 77, HEBEBOKEH LS Ra A ZIVI5m,
raA XNVERDA A=V V7 %75 FET, 2019

121

(a)

—
O

=
m

00 02 04 06 08 10
(7Y s aannARAS AR 1.0

12

Te [keV]

Density [102°/m?]
Local emission [10™ Photons/cm?/s]

30 32 34 36 38 40
R [m]

%

=)

IcF253 =[P LCFS

SRAEREH

Pilatus3

[P J
All

¥ 6.1.5: (a) AFHETHRE L7z JT-60SA 75 A<D
ERE, ETEE, AYEESM, (b) SRS
27T Ao DM X FOLE, MOEIIEHT 5
X RO Z R IVF—FE (2 keV (FR) 225 20 keV
(%)) #&K7, (c) TST-2 ZEEITHEAFEDR X fi
FHAIER & FIREY DG, (d) TST-2 EETOR
01 ZIVFEDA A= ZEENC BT 5 EHIEE

E7THEDOA YA M —VEEHELTWS (K6.1.5 (c,
d))o

<>
()

[1] B. Roidl, Y. Todo, Y. Takase, N. Tsujii, A. Ejiri,
Y. Yoshida, S. Yajima, T. Shinya: “A simulation
environment to simulate lower-hybrid-wave-driven
plasmas efficiently,” Computer Physics Communi-
cations 230, 38 (2018).

[2] T.Ii Tsujimura, Y. Mizuno, T. Tokuzawa, Y. Ito,
S. Kubo, T. Shimozuma, Y. Yoshimura, H. Igami,
H. Takahashi, A. Ejiri, the LHD Experiment
Group: “Real-time control of electron cyclotron
wave polarization in the LHD,” Fusion Engineering

and Design 131, 130 (2018).



6.1. EHRLE = 6. —fAELSEER
[3] H. Yamazaki, H. Furui, K. Yamasaki, T. Ushiki, (EBR )
A. Ejiri, M. Inomoto, Y. Takase, Y. Ono, N. Tsujii, s
UTST group and TST-2 group: “Measurement of — M
the Local Current Density Inside a Current Sheet [11] S. Yajima, Y. Takase, A. Ejiri, N. Tsuji,

8]

Using a Rogowski Coil Array on UTST Merging
Plasmas,” Plasma Fusion Res. 13, 1202093 (2018).

S. Yajima, Y. Takase, A. Ejiri, N. Tsujii, H. Ya-
mazaki, C.P. Moeller, T. Shinya, Y. Takei,
Y. Tajiri, Y. Yoshida, A. Sato, A. Kitayama and
N. Matsumoto: “Current Drive Experiment Us-
ing Top/Outboard Side Lower Hybrid Wave Injec-
tion on T'ST-2 Spherical Tokamak,” Plasma Fusion
Res. 13, 3402114 (2018).

T. Tokuzawa, H. Tsuchiya, T. Tsujimura,
M. Emoto, H. Nakanishi, S. Inagaki, K. Ida,
H. Yamada, A. Ejiri, K.Y. Watanabe, K. Oguri,
T. Akiyama, K. Tanaka, I. Yamada, and LHD
Experiment Group: “Microwave frequency comb
Doppler reflectometer applying fast digital data ac-
quisition system in LHD,” Rev. Sci. Instrum. 89,
10H118 (2018).

L.F. Delgado-Aparicio, J. Wallace, H. Yamazaki,
P. VanMeter, L. Reusch, M. Nornberg, A. Al-
magari, J. Maddox, B. Luethi, M. Rissi, T. Do-
nath, D. Den Hartog, J. Sarff, P. Weix, J. Goetz,
N. Pablant, K. Hill, B. Stratton, P. Efthimion,
Y. Takase, A. Ejiri, and M. Ono: “Simulation,
design, and first test of a multi-energy soft x-ray
(SXR) pinhole camera in the Madison Symmet-
ric Torus (MST),” Rev. Sci. Instrum. 89, 10G116
(2018).

H. Yamazaki, L.F. Delgado-Aparicio, R. Groeb-
ner, B. Grierson, K. Hill, N. Pablant, B. Stratton,
P. Efthimion, A. Ejiri, Y. Takase, and M. Ono:
“A computational tool for simulation and design
of tangential multi-energy soft x-ray pin-hole cam-
eras for tokamak plasmas Rev. Sci. Instrum. 89,
10G120 (2018).

Y. Yoshimura, A. Ejiri, R. Seki, R. Sakamoto,
K. Nagaoka, T. Shimozuma, H. Igami, H. Taka-
hashi, T.I. Tsujimura, F. Warmer, K. Ynagihara,
Y. Goto, K. Ida, M. Yoshinuma, T. Kobayashi,
S. Kubo, M. Osakabe, T. Morisaki and the LHD
Experiment Group: “Effect of Electron Cyclotron
Current Drive on the Ion Temperature in the
Plasma Core Region of the Large Helical Device,”
Plasma Fusion Res. 13, 1402124 (2018).

(AL C)

[9]

(10]

KM 18 [Plasma Current Start-up by the
Lower Hybrid Wave Using Capacitively-Coupled
Combline Antennas on the TST-2 Spherical Toka-
mak] (HtEwx).

AR ARES:  [Tmprovement of current profile esti-
mation in plasma equilibrium reconstruction based
on magnetic diagnostics] ({ELFw0).

<EfiTEEE >

122

(12]

(13]

(14]

(15]

(16]

(17]

S. Shiraiwa, H. Yamazaki, Y. Ko, C.P. Moeller,
Y. Yoshida, K. Iwasaki, S. Sakamoto, Y. Iida and
Y. Kawamata: “Numerical modeling of capaci-
tively coupled combline antennas as lower hybrid
wave launcher on TST-2,” 2018 US-EU-Japan RF
Heating Technology Workshop/US-Japan Work-
shop on RF Heating Physics, Gotemba Kogen,
Shizuoka, Japan, Sep. 4-7, 2018.

N. Tsujii and the TST-2 team: “Numerical model-
ing of lower-hybrid start-up experiments on TST-
2,” 2018 US-EU-Japan RF Heating Technology
Workshop/US-Japan Workshop on RF Heating
Physics, Gotemba Kogen, Shizuoka, Japan, Sep. 4—
7, 2018.

A. Ejiri, Y. Takase,
Y. Yoshida, H. Yamazaki, Y. Tajiri, T. Shinya,
A. Kitayama, N. Matsumoto, A. Sato, Y. Takei,
Y. lida, K. Iwasaki, Y. Kawamata, S. Sakamoto,
B. Roidl, C.P. Moeller, H. Kasahara, T. Mu-
toh, K. Saito, T. Seki and O. Mitarai: “Plasma
Current Generation and Ramp-up by the Lower
Hybrid Wave Using Outboard-Launch and Top-
Launch Antennas on the TST-2 Spherical toka-
mak,” EX/P3-23, 27th TAEA Fusion Energy Con-
ference (FEC2018), Ahmedabad, India, Oct. 22—

27, 2018.

Y. Takase, A. Ejiri, Y. Tajiri, Y. Takei, N. Tsu-
jii, S. Yajima, H. Yamazaki, C.P. Moeller,
T. Shinya: “Development of capacitively-coupled
combline antennas for current drive in tokamaks,”
FIP/PT7-4, 27th TAEA Fusion Energy Conference
(FEC2018), Ahmedabad, India, Oct. 22-27, 2018.

N. Tsujii, Y. Takase, A. Ejiri, O. Watanabe,
S. Yajima, Y. Yoshida, H. Yamazaki, Y. lida,
K. Iwasaki, Y. Kawamata and S. Sakamoto: “De-
velopment of a microwave polarimeter for the mea-
surement of the lower-hybrid driven current pro-
file on the TST-2 spherical tokamak,” The 60th
Annual Meeting of the APS Division of Plasma
Physics, Oregon Convention Center in Portland,
Oregon, USA, Nov. 5-9, 2018.

H. Yamazaki, A. Ejiri, Y. Takase, N. Tsujii,
O. Watanabe, S. Yajima, Y. Yoshida, Y. Aoi,
Y. lida, K. Iwasaki, Y. Kawamata, S. Sakamoto,
Y.-T. Ko, K. Matsuzaki, T. Oishi, J. Rice and
Y. Peng: “Hard X-ray Profile Measurements for
TST-2 Lower Hybrid Current Driven Plasmas,”
The 27th International Toki Conference on Plasma
and Fusion Research, Ceratopia Toki, Gifu, Japan,
Nov. 19-22, 2018.

Y. Ko, Y. Takase, A. Ejiri, N. Tsujii, O. Watan-
abe, S. Yajima, Y. Yoshida, H. Yamazaki, Y. lida,
K. Iwasaki, Y. Kawamata, S. Skamoto, Y. Aoi,

N. Tsujii, S. Yajima,



— i LS R

6.2. 1EEHZEE

T. Oishi, K. Matsuzaki, J. Rice: “Measurement of
the lower hybrid wave using RF magnetic probes
on the TST-2 spherical tokamak,” The 27th Inter-
national Toki Conference on Plasma and Fusion
Research, Ceratopia Toki, Gifu, Japan, Nov. 19—
22, 2018.

Y. Takase, A. Ejiri, N. Tsujii, S. Yajima, H. Ya-
mazaki, TST-2 Group, C.P. Moeller: “LH Antenna
Development and Plasma Start-up Experiment on
TST-2,” 7th RIAM Workshop, Kyushu University,
Jan. 31-Feb. 1, 2019.

Y. Ko, TST-2 Group: “Wave polarization and dis-
tribution measurement in TST-2 LH-driven plas-
mas,” Tth RIAM Workshop, Kyushu University,
Jan. 31-Feb. 1, 2019.

Y. Takase, A. Ejiri, N. Tsujii, S. Yajima, H. Ya-
mazaki, TST-2 Group, C.P. Moeller: “Lower Hy-
brid Antenna Development and Plasma Start-up
Experiment on the TST-2 Spherical Tokamak,”
KSTAR Conference 2019, COEX, Seoul, Korea,
Fev. 20-22, 2019.

(BN 2=i)

— A

[21] JLBLES. EHERE—, EFFEN RUGE, & A, LR
& WFRE: FEEBCEE N IYITIATD
AR OHRIITT), & 12 FRGELE = 3L X —
G, VT YHRE R ESLRRRRE v & —).,
2018 £ 6 H 28-29 H.

THE: [N A7 281258 ESIC X 5 T
DOME], [5eHE + 7~ 7S DR R, als
REERFZERT,. Lk, 2018 4 9 H 18-19 H.

% T<)LF T3 F—K XA A =2 Z5H
DA DD D X MFEROFHE ), [HHE N A~ 2
BEROGE] i, MaltGRIEMmERr. ik, 2018
9 H18-19 H.

KM HE:  TTST-2 Bk b 7~ 7 BIEEEE 12 B 1) 2K
TREGE % W72 BRANL S BT FEBR], THeE - A1~ 2 8%
O] MR, EAREZEH. ik 2018
£9H 1819 H.

SHEA, @R, TR, R, KIBE, S
e, LIRS, SREBE, ARERER, JISEE,
A, HHER, SEAR. RIFEF: [TST-2 0
FENLE EF T T A BT B AF ORI, £ 35
|77 X< - iG-S Rra, KIRKFEIREF v >3
A, 2018 /£ 12 H 3-6 H.

EWRSERER, s —. JLALE, EIRE AL R,
RIGHE, SHHMs, (LIRS, fRESE N, )G E, iR
I, FIHER, mEA. RIFF¥E, RO [TST-2
BIR M AR 2128327147 AV VERETVEH
W7z LRGN 5 35 | 7T X~ - AR
£ KIKFWRE S ¥ /8 A, 2018 4E 12 H 3-6 H.
Filigrk, SR, SREB, [LHMHR, S —,
TE®EA. KWER, Sk, (OER—8 TERIK
MY TST-2 TOXA 7 0ifA A=V 7 KEE
SHHIBEFE . 26 35 Bl 75 X~ - RG2S, KK
KREWH F ¥ /82, 2018 /£ 12 A 3-6 H.

(18]

24]

(25]

[26]

123

Flifr e, mmE—, L&A, EHEA,
KEDER, OB —8, S, KIBE,
H S, IR, ERERER, XA, AR,
BHER, SR, RIS, KRAKREAR: TTST-2 Bk
RIS ZIZBIFEIA 701 A=Y v I KITE
ERAWZETEERBEN, 35 METIXT -
A ZERESR, KIRRZEWRHF ¥ 2/ A, 2018 4 12
H3-6H.

[29] mMEkE—, VLR, STIFEAN. RIGE, (LGS, TST-2
7)V—7 . C.P. Moeller: [LHW H7 > 5 FDORIF].
% 8 [1] ICRF MNZEWisc4 TICRF I E O &t se
(L& BRI ), ARSI, 201943 A 5 H.

[30] miEA. HHEA, KRIGE, @Sk —, LA, TST-2
ZN—"7: [LHW %R\ =B ERIZ BT 5K
FhEHfl). 26 8 [ ICRF W44 [ICRF s E
DO EMEREAL LGRS ). R AR S, T,
2019 £ 3 A 5 H.

[31] JLFf. FHES, fiNE, Yy vV vr v, iEE
th, MEEG. SIEE: [EEASEENEIC L5
IREIEHAN, 25 8 [A] ICRF JEWIsE < TICRF nE:
B O EMERE L LIS ), RS RIAIISET, T,
2019 £ 3 A 5 H.

[32] JLPifh. mhiikE—, EHEA, A, RISE, FH
wre, IR B, BB, SRR, 11X
W, WA, HIERL EEA RREE, RICE
James, MOELLER C.P., %5Jf &, ki —. B
#R, HNEE, HFEEB: TTST2ERR N2z
B3 77 XAVERK - BREBIOMIE). HAYHY
2 T4 BIERK S, N KRZEFER X v > /8 A, 2019
#3H14-17 H.

TRAfFR I

[33] VLFi&: [TST-2 2B} 24 HY) 0 Pl #iges [E
M FEME R 0D 72 & D FHAEA & gt Tk ). MRl a R
WgEAr, Lk, 2018 4 07 H 18-19 H.

[34] A. Ejiri: “Interferometer,” 9th Japan-Korea Sem-
inar on Advanced Diagnostics for Steady-State
Fusion Plasmas, Toki-Nagoya, Japan, Aug. 7-10,
2018

[35] VLFif : TEAUACREEZRGHI) . WFges DM ERE R
D 7= DEHAFAMT & ffdr F3E GE ) ), &R
ZErr, 2019 4F 2 H 19-20 H.

[36] wmniEkE—. /NEPYE, HE{, W EESE. EEFIHE, K
HIEZR, BRHEEER, RS, BER, MARE, &
JRE S, SRR - DR 2 HANERE I X B ERIR
< ZWSEDBNR, BRI R 74 BI4EIR KSR,
JUMRZEFHERF v 78 A, 2019 £ 3 H 14 H-17 H

(28] KA.
LR

6.2 (EBMEE

EBHIRE T, BOPlrh 5@ S 72 RICE T
LR 2R - T 52 Z & 2 BB L. EER - HiEg
M2 S Z AT > TW D, MIFENRIIRE DT
T, KHHETHAD S TP TE 5 v 7 nigdify
iR, B S EFLIEMHDS EVPET LI 70k



6.2. {EBPHISEE

6. —fAELSEER

B R, F U IR DA (% B % B /- 975
Fle LT, MBSt oES.,

MR TIE, HEEH S T RILF —PWE I A
THA-RHETEZLICED, BRNEBERTEYY Y
BRELNBREL DL M5 NT WS, ITNsiE—
Bz B RS IR IEh, RAERS RS ITB W
TEFDEEPH SN T WA, HEZRD DI
TSR —DOW&, HAAGEDOHBOERIZ X
D, FARRIZES T, K0EHAYHBELZED K
X0 7 AL UTOIEGIE RN D —fRiEE
U TEHEMERPEREINODOH B, TD L4
B old, WAEIEE, BWE*aaA Koy 7
MY X — ALZENIER, MV AT LAETEDT, N
R — VB IERIARE), A ARTIHEE W o 2 H
CHEHEROB L ZIIEE L 2Rz R >THE D,
ROFMNIZ LS TH—IZZTR UL S Z & 2 A EET
H5, LEIZMATHRIETIE, BUNRRIZEITSD
5 EDEAIR, ROE L LS R EDFHS
ZED I EH I U THEE LU WVERED
Ron, 1 oFeHlEAH>F /5727 /0o —-0FKE
CEMHE-T, IFEHRIZB T D S T DM
B H#EADDH L, S HITEE, Mg +E—
A—, BEMEEZMALCHOHET ZhiF4RY, =
FVF—2MEE L CTHRNES 2 RTUIEKR, Wb
57 0T 147X —=DIEVMIRAA OYFER L LT
KWIZIHEHZEDTE D, YR ETIIER - Hin
DOWE DS T 7T 1 7~ X —Fia DY ER] DR
& X O IRE R IR R DML A & DRLEIZELD fLA
TW53,

PAEDOMIZE 2@ L TR A&, WP O FIEEA R
WEATRE T, — R BT 1 RO A D RS
EREZELTWS, — LT, FEEHRIZETHD.
RO RS, YIRM. ERHBEEOK
Ik SR ER DA U, EEtE s Tl
LD ENBZWERRME L A RBRBFERINSGH
RIFAGZDORETEH S, TS5 UIEEMRDOMEME L
MMM, T2 BRI AR IR R & T
LD EHREES, JEEMEEEHIE L CBIlX N
DMBIS R TNCENT 27 o —F 2 > TW53,
F/-, EBRERCHEREDBERL T4 — NNy ZIZ
X0, BT MSEEL2HIEL T %
fToT\W5b,

2Ry 7O L UTiE, BB OSSRt EE
LTW5, F£7z. Hugues Chaté REEHZ L LT,
Benoit Mahault 23R A K 7588 & U T —H{E4E
L7z,

6.2.1 FEFEHBROEMAZE - et HE

RUIRREERFE IS BT D R T — 1) v VRIDKREEFED
ER

WA, WEmOBERIRX, WAIZS T 2”5
NI DBR L L RIURE (—EAS
& EEH S NRWVIREE) N AR 3B 722
A=Y v THIPERTBIHITNTETWS 8, 11],
— T, BEESNIRIER K 0 BARNC /T b7k~

124

REBRTIE, HRTRINEZAT—) Vv IHI e
IZHBETAHEROME I R 5Tz, Fxid, mHEOD
r—ADEWD, ERTESNIGERMT—20 5
ROMEE - HBERMZ RS 2 FEOEVWIIH D
ZeEBERLU, ERLDENIWAASTATHIED

BFEERE L [3).

REBEBINREOABHERICE T BFHFEHES AT
IR

KEHERIIBWTEHN A R X1 F I 7 AT
DWTERR - BUEMNZ2ME 2 S O EITo 72, &
MDD I VAT Yy 7 WEIZES % 0T BRI AE
UZRERAT—NDNRX—VDEEIZONWT, F
DWE % FBIE TN 5 720 D ERRSAM O %
fioLediz, SETIL/ONEREZRWMEL
72 [35, 22], MR T, #HE %> WHSMED S B
ET2REOMEIZOWT, BaESHEHTOR
T R AL & BT TN DFEREZ R T 5 2 2 B 12,
HERI R E I D o EFORNEZMET U, HEY R Z D
VAT —=LDHETHEN—HMTHI e /R L7
(19, 13|, F7z. WRIPURTEELRS IZ B W THN S S
5 ZITDWTHUEMNIZTANR, RIPRABEEFE D & v
5EERAMEBBIIBVWTHNEZ B S E %D
72 RN 7R 7 a AL —N—% B U7z [42, 13],

6.2.2 TUVT4TIY—DEFNE

XnEZE T TOECEHREY 2304 FRFOHRE

OB DM 5% BETE 2 AT HCERE)
RFRDODEBROFEL I NTWSE, TOHTH+
NRERERBL T CTHBRIOA N2NEENTEZ
ERHISNT WS, TOXRKES RTOD 1 kD
FIHENZ 3T HERTHRTE S, ERTO
RIS TlE. NSO REBEERTD ) Iy YA 2L o
THE Y., FEWZIERFRZRZN %2 > THREES T
5, BAEBTHY) IV ML INLVTIEDSED, EH
ARBETILEREN 2B b B ) D3+ iR A3z o 7288 T
Loz 0B L AW 2 EABEMNIZ b 5 2, H
5 W - BIEFPE T, < TR RFASEE D
FazREEEIRE I TIRAREBELZ Db
7o [36]o

BOEHI0( KT (¥ X 2KTF) OEFEE

VYA EDITA NETF-DERESETHREL
72 IEFRRE T (Y X Ak F) 1k, K TRRES
M5 EIGICERER 2RGTHINZ H OEEI 75 Z
EDHISNT WD, B2 IIZTRES D E I % 5%
T3 Z & TY X AR F DA E DS KRR %
EBL, KERBEDS ERBMILE (15, £/, K
BRHIRE R R O v TR (2 A FH EAHBE R A %
HEIT B LT, MTFOE DML EE L ORTO
MIEAER 2 /R89 585 58 %215 5 17z [20],



6. —fAELSEER

6.2. 1EEHZEE

SHEEICH T B HRRFEDRDORE

FEEIRFNREHELT > TCTE ISR
HEHEF & L, EFEFHOHITIEMRTHDED
o7 7au-—05EEYRTH 5 INE
0w RRELIFEIZHIZD, W O3 =0
EUTWVWABZ NS RDFMIZE SR WILED A 7
ZALDMENTWBEEZ SN T WS, B[ 5k
TFTOMER FEOHAEMERE, TN oL HEE -
TTEBRREANBEEDEAREZFARNSE DI, £K
WX UNRIETHS T2y - WUNE] 2 FHIWTE
HEZ2EETE7 105 A0 NDESLEMER % B
U7z, RIFFfHE/ERAZHIEITE 5 & 51283 LRR
IR R — o 2R U722 25, BEESMTTIE
B PED, EEESRME TR 72X —{L
77 TNOHDNRR—V%HATE7-DIEKBEEIZE
WTHEMFHZBE L Z A, HREBENRNE
EThHdHIENDh oz, 1,12, 14, 16, 21, 37, 39]

6.2.3 FEFERE L TOERRER

BEEEPRETICH T 2 HRHMROEEER)

Witk DM T dp 5~ ™7 APHIRERRIIIZ. 2 YRoT
EMEETIZBWTATF v 7 IZAE 2R A -EH
EHZTSZECED, BEETCHLERZMkET
%, ZOENEF 2R T 5 LM/ INDIHFEET
NV TIEHIER ORI E & MO 85870
EDHYy TV IR, MEERAR T — L TOHE %
WET B Z N UIELIRELN, T EEBRIIZEE
Iho2H LA, MEiz@ < hotE & Fo/EM
WX EZFES TR, SERE X MR O £ FE
BT BEGEGER RSB 720, BRI Tk
ERAWTEE DR Z U 7= 888N 12 D AR
EEE SV LIERETV. RICHEBOEFIZEWNT
B AR ER AR SN D Z & 2R L
Too X 5T, EWMEK A — VT DA FERFED
FEANDEGIRIBI N T WA MMM S S T O R
BEMRL 72,

MRS & M DEN I FICRE S 2 ERERBIAT T

FIHEE B P Z MR AL 2 B L Tw B 130T
DWW IEEH B D D S FERIISE 24T > T W
B, Bz, TOTF 4 I X—DMEHE Iz, AW
I 2=l —Yard3ELMOEROEEDOH
FETIVESRE - T U7 [4, 32, 38, 41], MHfEEAS
V= MRICEEFEZ DV ORN S TTETWE B E
XN DD BT, BEID A =X L% EBHEAIZ
X7z (6, 10, 24, 18], B FE— X —IZHK T 2l
BEDOXAF I ARHETH20DHFEHET IV
WEOE, REINHIREHKDO X1 F 2 7 22 BER
WZHAANTZ (9, 17), MBERE ORI ZEHE T 5720
DOHBEILTIEE2 FEMRE 0 IAABOH&EEZ L HWT
ML= 2],

<RE>

125

1] BHET, HAREYYHEFPSFERKRE, HAE
Y4 2018 49 A 16 H.

<#R>x>

(3 0)

[2] T. Hiraiwa and R. R. Netz: Systematic bottom-up
theory for the viscoelastic response of worm-like-
chain networks, Europhysics Letters 123, 58002
(2018).

K. Tamai and M. Sano: How to experimentally
probe universal features of absorbing phase tran-
sitions using steady state, J. Stat. Mech. 2018,
123207 (2018).

T. Hiraiwa: Two types of exclusion interactions
for self-propelled objects and collective motion in-
duced by their combination, Physical Review E 99,
012614 (2019).

T. Yamamoto, and M. Sano: Hydrodynamic rot-

let dipole driven by spinning chiral liquid crystal
droplets, Physical Review E, 99, 022704 (2019).

(R - fEa)

[6] T. Hiraiwa, F.-L. Weng, T. Shibata and E. Ku-
ranaga: Mathematical Modeling of Tissue Fold-
ing and Asymmetric Tissue Flow during Epithelial
Morphogenesis, Symmetry 11, 113 (2019).

(EINHERS)

7] 0 E, Wil R, K R S0 SEEE)
& hRa Y AIVREG, AP 58, 134 (2018).

(8] ¥ M, £H W—: B - LIRS - IR
B e U ToRL, HAYHEY2EE 73, 463 (2018).

[9] FEFH: 72 b I AV UHIBEROXAFI o AL
HEOBEY I 2L —Yay, HFvIalb—ray
Moeaaik 179> 70 20, 167 (2018).

[10] AJHEE, FEft, KEMR: 72717V 7 bR —
DEFRT, EAYIHE 630, 423 (2018).

[11] EH &—, EE M Frs—ab—a v L
EY, ISFHBE (FIRH).

(AL )

3]

[4]

[12] Sakurako Tanida: Microtubules driven by dense
kinesin motility assay: from individual motion to
large-scale collective emergent structures. 184

X, 2018 4 12 HEEH.

[13] Yosuke T. Fukai: Experimental and numerical
investigation of universal fluctuations in out-of-
equilibrium interface growth, f#1:§m3¢, 2019 4E 3
H.

<sfiEE>
(IR 23)
—



6.2.

EEF R 58 28

6. —fAELSEER

(14]

(16]

(18]

(19]

(21]

(22]

B

S. Tanida, K. Furuta, K. Nishikawa, T. Hiraiwa, H.
Kojima, K. Oiwa and M. Sano; The effect of vol-
ume exclusion o collective motion of microtubules
gliding on kinein-coated surface, 11th European
Conference on Mathematical and Theoretical Bi-
ology, July. 23-27, 2018, Lisbon, Portugal.

J. Iwasawa, D. Nishiguchi and M. Sano: Collective
properties of artificial self-propelling particles fu-
eled by an AC electric field, Physical Approaches
to Understanding Microbial Life, Aug. 28- Sep. 6,
Gif-sur-Yvette, France.

S. Tanida, K. Furuta, K. Nishikawa, T. Hiraiwa, H.
Kojima, K. Oiwa and M. Sano; Self-organizations
of microtubule filaments gliding on kinesin motors,
LMU-UT Joint Workshop on Statistical and Bio-
logical Physics, Oct. 29-30, 2018, Tokyo, Japan.

T. Hiraiwa: Theory on dynamics and stress genera-
tion in an actomyosin cytoskeleton, LMU-UT Joint
Workshop on Statistical and Biological Physics,
Oct. 29-30, 2018, Tokyo, Japan.

T. Hiraiwa: Collective cell movement driven by
cell-cell junction shrinkage combined with chirality,
Mechanobiology Institute 10th Anniversary Con-
ference, Nov. 7-10, 2018, Singapore, Singapore.

Y. T. Fukai and K. A. Takeuchi: Univer-
sal Kardar-Parisi-Zhang fluctuations with finite-
curvature initial conditions, International Confer-
ence on APEF2018 (Advances in Physics of Emer-
gent Orders in Fluctuations), Nov. 12-15, 2018,
Tokyo, Japan.

J. Iwasawa, D. Nishiguchi and M. Sano: Interplay
of polarity and motion in swarming Janus particles,
International Conference on APEF2018 (Advances
in Physics of Emergent Orders in Fluctuations),
Nov. 12-15, 2018, Tokyo, Japan.

S. Tanida, K. Furuta, K. Nishikawa, T. Hiraiwa,
H. Kojima, K. Oiwa and M. Sano; Rotation phe-
nomena in collective motion of microtubules gild-
ing on glass surface, International Conference on
APEF2018 (Advances in Physics of Emergent Or-
ders in Fluctuations), Nov. 12-15, 2018, Tokyo,
Japan.

Y. T. Fukai and M. Sano: Large-scale coherent flow
in electroconvection of cholesteric liquid crystal,
American Physical Society March Meeting 2019,
Mar. 4-Mar. 8, 2019, Boston, USA.

A

M. Sano: A physical mechanism controlling collec-
tive dynamics of neural stem cells: Topological de-
fects in nematically ordered state, Universal Biol-
ogy Institute-Mechanobiology Institute Joint Sym-
posium, April 14, 2018, Singapore, Singapore.

T. Hiraiwa: Collective cell movement driven by
left-right asymmetric shrinkage of cell-cell junc-
tions, Universal Biology Institute-Mechanobiology

126

(25]

(26]

27]

(28]

29]

30]

(31]

32]

33]

(34]

Institute Joint Symposium, April 14, 2018, Singa-
pore, Singapore.

M. Sano: Extracting Dynamics from Data in Ac-
tive Matter: Force and Tissue Dynamics, ENS-UT
Joint Workshop, Sept. 28, 2018, Paris, France.

M. Sano: Extracting Dynamics from Data in Ac-
tive Matter: Force and Tissue Dynamics of Neu-
ral Stem Cells, Self-Organization in Active Matter:
from Colloids to Cells, Oct. 5, 2018, Erice, Italy.

M. Sano: Nonequilibrium Phase Transition in
Shear Flow, 10th Dynamics Days Asia Pacific,
Nov. 4, 2018, Xiamen, China.

M. Sano: Extracting Dynamics from Data in Col-
lective Cell Migration: Force and Tissue Dynam-
ics, Mechanobiology after 10 years: The Promise of
Mechanomedicine, Nov. 10, 2018, Singapore, Sin-
gapore.

M. Sano: Nonequilibrium Phase Transition
in Shear Flow, International Conference on
APEF2018 (Advances in Physics of Emergent Or-
ders in Fluctuations), Nov. 15, 2018, Tokyo, Japan.

M. Sano: Toward Constitutive Equation of Dry
Active Nematics: From Data to Equation, Ad-
vances in Physics on Emergent Order of Active
Matter, 20 Nov. 2018, Kanazawa, Japan.

M. Sano: Orientational Order and Topological
Defects in Biological Active Matter, Soft Matter
Physics: from the perspective of the essential het-
erogeneity, Dec. 10, 2018, Fukuoka, Japan.

T. Hiraiwa: Numerical modeling and simulations
for active behaviors of cells, VISTEC ESE Semi-
nar 2019 Special Lectures, Jan. 21, 2019, Rayong,
Thailand.

M. Sano: Extracting Dynamics from Data in Ac-
tive Matter: Force and Tissue Dynamics, Gor-
don Research Conference on Complex Active and
Adaptive Material Systems, Jan. 29, 2019, Ven-
tura, USA.

M. Sano: Tissue Dynamics as Active Matter: The
Role of Topological Defects in Nematic Order, Ky-
oto Winter School 2019, “Quantifying Dynamics
of Life “, Mar. 18, 2019, Kyoto, Japan.

(ElN£5%)
— A
[35] HEIPEMG, EEHED: VATV v 7S OBLNH

(36]

37]

TRIBZKRAT LN, 170 BEEY 7 b~ &X—
W4, 2018 4£ 8 H 7 H, T3, AR LAT.
TS FE RO A TIREII NG 1 v
b F DI R I HEE) & A 2, HAYEE 2 2018
EME KRS, 2018 4£ 9 H 9-12 H, 5U#B, FlE&H K.

W BT, HE S, )R, SEE i, g
B, KEMEA, (Y Hl: WETE2 717 AV MDOE
HEE)TE U 2 EERBIS, HARYE S 2018 £/
K2, 2018 £ 9 H 9-12 H, F#B, FEEM AR



6. —fAELSEER

6.3. IIARFFEE

[38] “EAAMt; FEZIRSE L it E MO EHI 0% E), H
AL 2018 FERKTE KA, 2018 £ 9 A 9-12 H, &
HB, TRl ALK

S. Tanida, K. Furuta, K. Nishikawa, T. Hiraiwa,
H. Kojima, K. Oiwa and M. Sano; The role of
steric interaction in collective motion of micro-
tubules driven by kinesins, 25 56 [0 H A4 ¥4 #
S 2018 4E 9 H 15-17 H, R, Rk

EEH, IIO&E, k¥ H 2 Traction Force and
Dynamics in Orientation Order of Spindle-shaped
Cells, 25 56 [ HAEYYB 22, 2018 42 9 H
15-17 H, kb, M LR

SEAM:  Theory on collective behavior of mi-
grating eukaryotic cells, 25 56 [0] H R LYY 72
fE£2, 2018 4E 9 H 15-17 H, R, MILKY:.
ARG, B —, IR, AR RGN
ERIZB 2 HENFRED S E, AARYIEY 2 74 [
FIRKR22, 2019 4F 3 H 14-17 H, &k, Jupl K2

L EET AT

[43] EBPHEC: JEUR - SLIRER — I MR & L TRl
&R —, RIMS L5 (RFEE) TELER & B : i
&, ZEAT—)V, TV, 2018 £ 7 H 19 H, 4B,
kP NES R AT

[44] IIARME: F1 FIVIRSEHEO 5% 5 AEE), [l
fa%zAl% ] AgE4 11.0, 2018 4 10 A 19 H, =k, H
bR

[45) (EBHET: T2 T4 T2 —OREAEREZHIEL
T:T—RPoHEN, HSEY 7 <X —H%x,
2018 4F 12 A 8 H, B, HABKRFHT.

(£3F-)

[46] D. Nishiguchi, J. Iwasawa, H.-R. Jiang, and M.
Sano: Flagellar dynamics of flexible chains of ac-
tive Janus colloids fueled by an AC electric field,
Institute of Physics, 7 A AT VA LKY, TV &,
2018 /£ 6 H 28 H.

SEEM: HIlER Ay Y =28 E—X—F%
RDIEHT & B OB, MR RS, WA, 2018
7 H20H.

T. Hiraiwa: Numerical modeling and simulations
for motility of cell populations, ¥ > 4 K —IVEIL
KFA T ) N1 Fa Y=g, ¥ v A FR—)b, 2018
8 410 H.

{974 \: Topological Defects Control Collective
Dynamics in Active Matter, JLAKBEF-HIFEN 1 I
J—, FLI%, 2018 &£ 8 H 20 H.

VAR EEMIEOMEE IC DOV TOMRET Y v
CHUEY I 2L — 3 v, 810 B SaMPL(H v V)
IF—, REKRP, IR, 201941 A 5 H.
iR C: FEEMHERE L U COEMmBIR : 451 LMl
DEMEF)» S < 7 DR R KA, FEEEY 25
fiie 37—, [k, 2019 42 7 12 H.

<z D>

[50]

[51]

127

(&)

[52] {EEFHEC: [H ML 2 13T o ROk
fl), EMP ##%. 2018 £ 6 A 16 H, HITK.
(53] {EBFHEC: MBAFH 2 THOEROIE X FITEG ERK

Hlby AT A, HAXEMPL10 AEE &Y VRY T A

TR E D5~ 2018 4£ 9 H 12 H., #HE K
[54] EEFHEC: [HCHE L2 X DS ELFF DL

AlJ, EMP iz, 2018 4£ 11 H 24 H, HEIKF.

[55] 1EEFAEC. : BRERE A, 2018 LM, B, K
K.

[56] EEFHEC: EMP AR TEdr & 13 fA], 2019 48
3 H2H, PHEEEERY Y & —, HEKZ.

[57] EEMEC: Rk TN L S ENA A ~IEd
ROFEH%ERDT~], 201943 B 12 H, /NEH—
V. BEKE.

(7 b)) —FiEHE)

(58] HEHVEM: WHEE, N TV T an=—icikd | H
K EFESSHEANE 110 S TEAET | BAME
IHTRR] , 2018 4E 5 H 19-20 H.

BRI BLIREERS: MBS 130 EOH I REZHE
LA (10 D TEAET | HARMSEHRATRR] |
2018 4F 11 A 23-25 H.

[(59]

6.3 LUK E

(2 - RERTRK]

HEPLXOREROEAIX., FHIZBIT2HEEEHAK
B RE R BRD 1 D Th o, BUR - FEEHTm
SIEFRIFEI TN TW5, T2, TxDKXGHR
DOEEJR, EMmOBFIZERNT 2T -~ T H5b, K
MEETIE, IRMRB I OCRIMEMIZE TS E - X
BRI ZZ TOYEENEZ, BEREERIZL->T
FgE L T\W\W5,

FMUWEIZ, EMAALEES TP LU TR
Ind, B A0&ET Y (EME) ofh TR
EREVEONREMOFET, HTLWEE KRER
PR S NEBGTH S, BT FEDEMDITK
FENFTHEN, HLBEF - DFHEIITEIEL
TW3, ZNETOWET, Tho DM ER” Y
FEOYHEDOES 2 FTIHIZHELTWE Z A
bhroTER, b, WMESFOMELS, BHIED
YERRESZ Iy TR, DAL 2B &N TE S,
AFEETIH, 2O XS MEOH A E I, B - &
BRWEEMEZ ZHIZHEL TW5,
(&R H)

EMOFEDRBEIBPLZFZ I0KEETHS, ZD
MFHOFTEHERBILIBEORA] 1, TR F—
DENWEBHKETH S [EIF] OAZBET 5, L
b, BRI ST HARTEMYEIZ & 2 RIEEL
BN L, BEAPEN, FORD, BESF
EOREL TRIZEEBROOHD % KRBT Z &
WTE5, ¥/, BIEBIZIZRS - DFDARY



6.3. IUARWIEE

6. —fAELSEER

MV S EFAEL, Th o OBITEM S TED
HEC 5 TR b2 B
[ALMA(ﬁwv)h;éﬁMI

ALMA (Atacama Large Millimeter/submillimeter
Array)A 13, HA, Ak, BUNOILE T, 7Y O
#5000 m D7 XA EFICER S NI 12 m TV
THFMBETMT YT 12 BR5REERERT
WEtch 2, %HﬁﬂOﬁ#b@ﬁﬁ%iofBD‘
Tx DTN =T THUTITBRRD LS ITHEREI D
255, ALMA FBHFEEL DB 2 MW RE & fif
BEZFEHL, B - ZERPROHMZ —23 2R
IEDOOH B,

[vvmwvmﬁmwﬁﬁl

T T NIV RHEEN L AR E OFIZH 7 0 BRI
%ﬁh#it+“ HEATWRWERETHS, &

121X CH, Nt R EDRFART bVEROAl, CH,
mDﬂHD;EE@ﬁ$%ﬁ%®XA7bwﬁﬁ
5, TNSOEMANIZX D, B - KERERIZ 7‘5
EHALDOWBRZZ B I eNTES, RN
2009 F12¥TH B S 17z Herschel BEIZ L b 5 ‘3 ~
VY ERBHIDED Sz, KiFE=ETIE, Thil
M, B LU CE T I~V EZE#RE . FY
WIZHREINTWBEN. RKXE ASTE 10 m $HiEHiz
B U CRBRER 217> TE R, EEiEosmk
ER+THTRWZ ENbh ., BETIIKRE RO
WEIZE S L TWS, TREFAFIZ. DFARD
MVERDE IR R TE T B 7DD EAD
IGHZEZBHIELTWS, . ZO5EIE 2019 FEH
5 KL KR FE DRTHEAERFIZ G S Z 2 & Uz,

6.3.1 EFHOSHANR

RGBS FIBRERMNBAOYEE/LD
BRI, SEERRCEADODDH S, T OHEELHER
D—olF, REEEFFEDD FRRARAZ & 125
BIES Z WDl TH DB, TDO—DDHR
&, HCOOCH; 7 ¥ O KFIRAFI GRS BRI 2
EEED 100 AU BREOHEBIZEFIZA S NS KK
T, Ay b)) REEFEND (ANTDDBVED
TRAS16293-2422 72 &), H 5 —D>DMANL, REH
DILDFEFIZEE R RIR(B D USED L1527, BEDHA
FED TRAS15398-3359) T, WCCC (Warm Carbon-
Chain Chemistry) RIKREIEENZ, ZD KSR
FHRUEDE WD RKIE, "KL 425 51 EDPHERE
MOBENZE B EEZ SN, BEEMEIZENTH
HEHEINBDTWS,

SIZEHBERZ L IE. 205D RS TFHBEOEN
MEDEISIIKERNERE I NE DN THD, ZDMH
IZDOWTH, ALMA 2 HWEARIFEEDOHEIZ LD
RN K E L EADDOH S, AEFHEZEDL DD
EETNT A AR, mOohN) 7 GEHM) SO
fNZIFA DRI, ZOEETENSETT
BLHACEEL CTHWIFEEHBIEIHET S, T0O
B2 ALMA TEZ o o20h 5, E5I0&ELN
NYTlfEEEEE UT, HADH TR B Iz 2
LT AHZEDRHLPIZHES>TETWVWS, ZTNSDEK
B, FAERERMABEA~OYBELZ2MET 2 LT

128

HHICHER - HFTH DL, KIEETIE, ZhoD
Rz, B - BERIEKICE T S IEL Wiz
L TWd

6.3.1: A schematic illustration of our goal
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6.3.3: Position-velocity diagrams of CH3OH and
HCOOH emission. The kinematic structure traced
by each molecule is explained by the infalling-

rotating envelope model (black contours).
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6.3.4: Comparison between the protostellar

masses and the disk masses. They are for the sam-
ple of protostars in previous studies. The red marks
with error bars represent IRAS 15398-3359. IRAM
04191-IRS and Chamaeleon-MMSI are in the range
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show the protostars of Ty, < 70 K (Class 0) and
Tyor > 70 K (Class I), respectively. The error bars

The blue and green marks

show the ranges of the mass.
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6.3.5: (Top) Spectrum of CH30H measured
with SUMIRE. (Bottom) Model spectrum based on
CDMS at temperature of 300 K.
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FTBH5ZEIITEHEILZY (T. Suzuki et al., Phys. Rev.
Lett. 92, 133005 (2004)), AUgiIL 7 S EENNOY
REFEFEFERIZ BT, IO N - 70 A KD
HHLHVOTFHRREZBMTEZ 1Tk U7z
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FTEHERED, RIRZEOHRRTHHIEIEINTWVWS
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DEEHDFRETH 5 T & DFEILFEFEFEBRIZ I U 72,
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M IREMRELTWA Z EIZERL TWA, AW
FETIE, Bl U7 filklz Hwiz 19 FNE T
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0.18 0.30 AELTWA Z L 2 A TH LML
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BEJHEHIZBWTIZARODEHE — RTINS,
FEHHRIZ X > TH I NI ENRORHBE — NITHE
B, BHEORBE— RONEIZL>TEN
MR AWM T A2 N TE 5. FHHEMIZIIESE —
RO 13RI E — RO & R UBOEHERE
WRBETH D=0, BEHERESREY N7 =270
IBRIZE>TE DL L DfRME— N2 5O EN M
DOMEEP I NS,

AREEIT TR NEEEED 5 DOEHEITHE O fRIH
E— RODBEAREMER NS A — X HOMBE% %, %
E— Rz 28 MPENRHAT %2 ER L2 REE T
NERAWTRENIZHAEL =, FHET— KONz
RO AED, ZET DIRME— N OB L7
T2, +oREBHSILLESDORRRMA
BoONTWBRZLD DO MENBRETHLI L%

mUTz, &z, URIARER IR S bt 5 O i i 7 e e
ZRMANTRNR, fRD a7 MERSEKPSD

B OERZREBHENZ X > TV —O#EHID S
D2FENTVWBEAN T —E— RADHIR L FAZEDHE
BMEE D REIZ A 2 2R U T2,

6.6.3 FHZMEL —Y—FFHEt

FHZEHE L — Y — T3 DECIGO 133435 1000 km
D777V Ra =L ——F G & eI =
T5E WS FOREETH S, ik, FIi210Hz
M ETEEDH A FL—F—F#Ete, 0.1 Hz AR
TREEDDH S LISA O & 57 KEFH L —3 —F
otk s EWEEE X =7y b T RS
TH5. DECIGO IZFEKRT T v 7K=L DEKRR,
FAFEE» S OE KR EOBEZBIELTWS.

WwERBRB TSy T —A

DECIGO DK & RFHHD —DH, KAGRA & ED
My EE SRS & FIRRIC, B EHEEHT S
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f1Z Fabry-Pérot JLR#s 2 flARAA T VWD Z L ThH
5. Zhizky, REEEAEXETVWE. —F
T, DECIGO @ & 5 RFHE\EHNE R CTIE, HE
DOIRENZLN T S 2 KR T 572012, TANT A
(8%) HEOROMEMALE - L% B L GIHT S

KIw 7 70 —§IHB®REL RS, DECIGO I,
Fabry-Pérot fifkat & N v 7 - 7 —{filf#ll % [ 37
XRLZBEDH LM—DEHFEEETH L. o
T, DECIGO OFEHRD=HI121E, 25 DHEiD
NMEEREIFTAHIEBMKRETHD.

AR T, ZOFEIEDO-HOM FERERH TS v
N7 A —LOFEZEDTNS., ZOT5Y v T 4+—
LE, RELDIT, L—HF—FHEEBERL NS
2ODHMEZNORE. TOTIY T4+ —LD
IRIERIL, WMEEBIEEEBIEERE T AN A
RO 2T SRS, TS DFERIE, AL
TED FR2HAVWTERoNBEINTED, F
HZEMCOMUAD 5 HESH 2 {35 Z LN TE 5.
2018 FEEIXTEIZI NS DRBERADEE, B LUORE
BREDT-. X517, MBEIN-RBREREHVWT, &
R RBDHIEAERE 1T 7. 551, BRI
ZC, Fabry-Pérot #lkai % & O IR DR % i
b, NIy - 7)—HlilizE&AZL—Y—THE
DEHZHEDS.

6.6.4 RLNIRYFEEHFHRHEZE TOBA

Torsion-Bar Antenna (TOBA) & 3R Uik b 1
DKERELZF AL 728 U WEDEBRHESRTH 5.
BT 5 2 KOBIRY AWK, HIED
WY ko TNV EHEELT B D% TG
YT & o THiA S, R UNIR D F 3KV IR
Bk E Rz, #hETHRAREEH (0.1 He §itk)
DENPIEEEZFOOVRETHS. Zhit kb
bt b L — 4 — F PG ) s 3 T B 2
LU WHEER TS v 7 R — LR SR OB A A
REIZ7Z2 0, SHLDOBEKRT T v 7 R — VDI
WA E 525 e DG TE 5. EAW
BN © #ERIE BN & 2 EAGEE % FHl T %
T & TRk M F T I I 8 OO B 1 BT
HEAL 720, MEORMNT 77— MInHT 2D
DD LT NS,

BUEIZR S 35 cm DR A& W /NME 70 b
& 4 7 (Phase-1Il TOBA) OBHFEMVH#ED SN TH Y,
TR 72 R IIAE (10 m) (2 2 724 2 ARIREERE X, Hi
BRE S GAB OB, MEHROER L L2 HEL
TW5. #HFHEEZIX, 0.1 HzT107"° /VHz & 725

TW5., ZOBEZEBTANIRPOERS &5 7%
HRFAFRPETHTH 5.
RER L

TOBA O FERHZ O —oh EREH = TH 5.
M REhME S 1, M O RERRE R U IR D %
P25 Sl HREY &, MU O EIREIAE b 0
i & P OIERFREZ L TR UNFHOESIZH Y

147

TN BHYy TV ITHEIIRINENS. BITHE
WkoT, Blzchy Y VS MENKIRHKTH B D
EMRHS MR 5> THED, Phase-II1 TOBA @ Hi&
BEEHOZOIZIZINE2ERTE20ENDH 5.

Hw TV I L, ROIEFREICERET S Y
TV VR e MR IRE O TE X o b, Hi
FEEFTIEIAY TV IREE TS FIEOFEESE
FEEAT - T E/D, AREREILEH A IR E) 2 (k3
BRI R DT Z2 1T - 7=,

M RE D BRI 1 — M ZEBGIR A W ST
W35, TOBA OBRIFIETH 5 0.1 Hz [ % 3%
RS 2 DX —RIZIZBES TlE\Ww., £ TH4
17 4 — KNy 2§l % W72 BEEiiRR 2 FF L,
W EIRE O REBIBH IR 2 il iz, REEI, T2
Far—XR—%LDLVIVDODRERLEDODEZHNSEZ
& CHEIEISOIERE HIE U, FOME,
WO TRREE 0.2 Hz FTILKT B Z LIZKIL -,

BEDOMEREIE, EIZ 7 L — A OREMRILIE & R 7 v
TV Ik o THIBINT WS, S41%, 71—
LOMEEIT D Z & CHIRFRMEEE L U,
HBoOEREEZIEAL TV, 5ITTF—7IILVOMHEEE
Fa2FZmARD L Y — 2R E L TER G RO FHIE S
TFH522T, Mty 7Y v OMEE R L TV
KFETHS.

ERRDEFEFE

HESEERIZ B W TR EE L R 5D —>
PRI A Y OB S E (P ARV Y a VB
E) THDH. BFEEOKREIFIVAYOEREL X
VX —HORE DD HRIZIET 5728, HFK
WO =D (1) KA, (2) &R 1 ¥ DOBE¥,
MBETH 5. Phase-Ill TOBA TIHEET 1 ¥ D
BEZ24K FTWHIL, T3 VF—gulz Q =108
(QEIXBUEDW AR THIOTE) FTRFSHZL
NEREINS.

REEIIHEGIECHEREER Y %2 3 2O TRE
ROFBEFZTZTL, THITFNEZE EITHE - A
MTET> R UNIRD TOMREHHIAERZ 70V
HBRZ2 T o7, ZDFER, 8.5 K £ TO®WENI K
U7z, KED R U NHRED % MR £ il L 74l
LUTRERTHOTCTHS. 2 LUEEN4K F
THEL TWREWI EPBRHIEBARE L D E»-
R ORENRE LU, BHEXFoREAN
I THER P & DEERSTR A DK — ) 7D
BEoWER 2 EDT WS,

Fiber Q measurement

Q factors of up to of 1.3 * 10° was measured on
a variety of sapphire fibres for a torsion pendulum
setup. These are currently the highest measured Q
factors for sapphire fibres (not bulk measurements)
at room temperature to the best of my knowledge,
and surface loss was identified as the most likely
limiting factor, in line with previous literature on
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the subject. Clamp loss and thermoelastic loss were
also studied and found to be unlikely the limiting
factors in the measured values. Also to be noted is
that these values are an order of magnitude higher
than metal fibres. [23, 66, 44, 41]

A new experimental setup is also being designed,
revolving around cryogenic cooling. This is expected
to provide higher Q, and is also conducted because
TOBA is planned to run at cryogenic temperatures.
Other avenues of increasing Q are also being inves-
tigated, with surface loss mitigation a priority. [49]

WRE WFS

phase-IIIT TOBA 723 J& 4 CRIEM M Z TH
LHEHEE CHIBR X D & 512, kB~ A DS
i 2 FAM S ¥ & LTIk 5 x 10716 rad/v/Hz O
BERERINTWS., Zhziz39dbos LT~
A7)y v FEF oMz 2 DD R A Wave Front
Sensor(WFS) WERINTHH, ~ADL—H%—T
MENGARNDG Z 205, RER~ A DN EE) )
SDAY TV VI HERTEIENBEGTHD LR
LNTWB.

L —HF—DEAKE—RNTH B TEMy, E— N2
WZAST % &, SEMMEW 2K TEM; o € — KDYehR
B IZAER I NS, 2D TEM;, E— K¥ & TEM,
T— FHERRIOGIRRBNIC RS X5 K51
KTBZeTHEL VYL TORERN LAY T
X5, ZOLSHNER WFS & LT, Fx I3k
< AAZELD A S B iz o iR %
FAWTHDREL DH 2 HILRGFEZ KT 2 e
3O % HW-FE G RGE 2 W2 D 2 D
DFAREREL TS, —DOHDOHWERE WFS T,
TEMgo MR L TWBIREN S —D D% AL WA
IR LU, & 2R EDORHIZ TEM, o YA EIE &
NBZEEEBRIZEDRTZENTER [65]. F7z.
ZOHOWRM WFS [47) Dty T v TER & R
PEFEEE R % D 7=,

BT - EF PR E R
AT MAH =Y AR

ZHRWMEETIE, EHNRESRORRER EIZm)
MR, B OERMNETFHZORIE2EHKE
LT, V=Y —toRFIENERSE2BHNTEZ
EEHEBLTWS., Fxld, mg A7 —ILOBEIRD
EERUNIRD & UTHAL, M cleiiizess
BWEELTENTNORIRERELHOXEE2 L D, [ix
E—FRZHAETDIEVNI LY NT v T 2HZICEE
U7z, ZORUNIRD FEILIREEE WO FiEz H
W, BEETERE S E OB ERAT

SHEE, HIREEN/ ST — OB KM R AL D
FHAT., HHREAASAT X 1I0WRE LT AXES
ZEIZHRIIL, BFIRSE AW R T 5 & CHlmRE M
TEKBIERLZ., R LT, BFEAHTERS E
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EHE SN HEF AT MIVOEEHER I 0.1440.03
ZEMR L (X6.6.1). Z D% 100 Hz f3E TDHl
%, mg-g A7 — )V OIRE) T TORE &\ S mfl i
BWTHAREO/ERTH L. 5 ICHFHRORE
D, TN 5 DFEREFRTORR 39, 71, 57 %
Wi (102 LT,

10710F measured — |

S

107117

2
s
T

Displacement [m/«/Hz]
2
=

2
=
T

2

5

6.6.1: HIE SN/ ZNMMEE & BRI ER S &

FEF LR ORF

BOni» o+ TN U 7 BRI R E T O 5 %
HffL, 0 7230 FEE UT, B2 LiENE
TH LT3 HEORKEEZIT> TWE. EEREA
DEEEZHETIIHZ->T, Y FOLEITIEEED
BAUIES BUEE D RTE E RD D B Z 2 3o T
W5, £IZT, ZORMEEEALBRWED R
FEEUT, NEHECTHEEZTF EIED HiEEEREL
7o, R B AR RS T ENIE, B DA O MY
HSIRIET 5 2 & TRIEREBADREI LA E
na.

BIEIE, R UNIRD T & Fabry-Perot ke % #
AEDELIERDE Y M7 v TR HWT, HHFEL
DLEVEMGEZ HIF U 7252 DT WD, /RO
MR EWRL, ET 2 D0MLIRESD S DEEEE
SEEMEEIZ U7z, 2D LT, RUNIRY FOALE
{#l & Fabry-Perot iy z SLHRREICHIHT S Z &
R L, SEEICOGEES T & B0 OWE & 17
otz #ERE LT, Fabry-Perot LRSS D YEHEE %
2fELA Rl kxR s e, ARBRKEITCEONE
BHTEBZ 2R L. 5%, RUNIRYF
DB & Fabry-Perot Hflkas % 5k 3 8 O RpEdE %2
12725 2T, ¥V Rt FREROZENBGE%
TOFPETHS.

FEEDEF T3 EAREE

Lorentz ARAMITFH OEARMN Z 6 FRMEL UTH
RYPEFZOR4 R TERHAI TS, LA2rL, &
FEHEEHOMERTH A 7 0 s i o8
Mo, HEHTRIILF— AT — LTI Lorentz A2
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DI TN B AT RENE ORIk 7 FEAE R DAFEAEHRIB X
NTW3B, U7z - 7T, Lorentz AZ2MEE X D &K
BTHIETLZILWEETH 5.

Tk %1%, Lorentz AEMEZMGET 5722 X
HOEHMME 21T > T W5, FrEaE Iz ZMEM
HDENEDITELIFIOIZENEL B, DO —ER
B 2 AN TRITEZ2E X 72IE/FRG ) v 7 HiR
BmEHVWS &, LIRBNZME D205 O IHLIRE
WEDZEL U THENSEDOE T A2BREIT 5 Z 2
TE5. ZOHREWERDAEEZZTIVARZ LN
FREBIZEVAIEL, NER2ARZREIETE
HEDTBEZE TEEOHEEITD.

FrlEInETIT 1 FERIZE S EAHEREZITV,
FilBGHED R G CTHRARERE L 45 10710 LR
ND ERREZ D72, LA L, [EEIZAE D IREIDIX
EBE2HIRTAERKER>TW=72d, SEEF TIZ
RIELEERS & Y FERDWBE 2175 7=

EFREI D E BN ALV RIZEAI NS VT AD
B R R T 5 72D O Sl KR A RS OB AR E
T DM RE 2 D=, —H T, MIEAIZ L SR
i 2 RN ZIHEES 2RI ES 2L T
B3 5 72 DRE/NEIE R & W 725 A MEMRGEE S
VaviREEiTo 7.

KHIREBERWET IS4 VEBEE

7o YF VIFBRFAHFOM CP M Rk g
BI2DICBAINIEAN T —KFTHhDH, EHE
TIRO D MR EERTCHRP O T 7 A4 VIt
T2 R TR TFTEINT WS, £/, TOVF Y
WRHBIIZ 12 eV LT D/NS R BE 2D, WEE
DLEPITHEMEHZ T 5805, BEYWEOEM 2
LTEEEEZEDTVS. Z0YEL DL Tk
HAERZRMMALZT 7 ¥4 VAV BIEM R T
b T\,

BalZINFEF TERMTONTEZHEEEL © K
BEOT7 VA VIZERL, StHIEREHNTTY 2
VA VI REYE A BFEE T FHEORG 2D T
TIFVENRTOMEERA DB L, EMREEEH
MR EENE U B 7280, FD®EEXE % YR
BORIRFEFBAEL UTHIETSHDTHS. ZOF
HBEHWS Y, [ERBRETH > Mm% EE 4 <
BBH7-H, AANEPRBETAENIZZRLLEEZS
Nna.

Fx T2 00FEEREELZ. 1 D2HOFEE, R
T RABDNY) VTR EAVWSFIETH S, [
UV v S HRERIC AR TR IR X B 254
CEMENTHAE IR -S5O IRANEE S &
TR AMERTINVHET R TH D, T DR
PHWAE, 100 W DL —¥ =L EHEE10m, 7«
A 108 DY) v IR T I N E TO EIRMEE K
EIZEHTED e bro7z (9, 53], Rz, 10715
eVELRDT 7 F T U, gy < 3x10710 GeV !
eV, LATHISED EIRE % BHMI R 5 RE % FE
HeazenTEs,

2 DHODOFLIE, D Fabry-Pérot HiRkas % H
WEFHETH L., ARWT BEGREE FERT SR
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-

HDNEZEWET 2HFREMOIETT VAV
BEATHIENTES, TxlE, HIZIEL—F—
T EALE DI EESE Advanced LIGO IZHWS
T\ 5 Fabry-Pérot ke HFHT 52 & T, 10713
eVREDT 7 F VI, goy < 8X10713 GeV !
WO RBEEEBTAILENTELZILERLE
(arXiv:1903.02017). Z OREE X E M lig e U
TORERERD R EHT LI LNTE, &H
TERBE L T 7 ¥ % VA & FIRICAT 2 2 B 7
FHETH 5.
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HHAZBBR TELZLMEKRT S, HIb, LI A
VYDV N—ZAA A —7 B EBEHIIL I LI
U7z, UN—RAZNE—7 OEYEMEE S AR
57012, EREMNMZRZZLTWS, MDY IV
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THH., DA R LF =B LR W=D
ﬁ&#ﬁ@%iﬁf%é SATVVIZHHD T
AT EBHRLTVS

7.25 WEEHEHOSFAN=XLA

BIZAEY ORI, MEWHE RS RilhES) i
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RERERT B 9RKDX T L MIUNE BIZWA R
A ZVHEMD, BHET B3 X T Ly MiuME & DIz
BITHEOERFEEHE L, ZOWEDD9RKOWUNG
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HEANTED LD RO MAEERTHITHS Mz
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EL, 7Ly MUNELDR1=v 2, ¥—X%
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MEHWTCHHIEZTS Z L 2EH U, Gk L
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RN BOREZTUIEBIZ ATP 252562 &
T, 7Ly MUNEZBOHIEZ., ZnETI
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5b%ﬂibt.%@#% X7 Ly MBUNEDK

BEEMNE 2 ER S E5E, IREINZES) (HRIE
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THXA VD FNEET 2R 2EEFELTVWS Z
CERETS, iz, KTy MIUNEDORIZHL
, BEABUNE ZITICHROETCEERO R A =5
TREEW/NEZHEERL S 254 T, FE0
S pN DHAHPEZ N, ZDZ zﬁ,&amawa
A =R FDHOREIZERFIZE Z S 22 \WATREM: X,
FLAEDR A =TIk inactlve IRFETH B[
BEMER E2RBT 5. S%IF, BW1ADXT Ly

NMWNE EO XA = I UNE R EER S, B
RHAETAZ 2L X1 =T EFDORFN
EAEWEFARNLFETH .
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WX TH B0, HEAWEEHIO S EEEIXE ST IZ
Lo THIEXINS, AFYEOEE X 500 nm F£E T
BB 7=, JFTEMEL D 5 AERED A 1 200 nm FEE
Thb, filHodbTld, ZU2EHFRBE.
fl7n CEBFEEDO D FIPES LU TR INE KEX
100 nm FREE DD FEAERPBALE UTHERES 5 Z
DRIV, T OREEPEEE BT ST,
HEFBEMEE D D REED BRI R E T ES, Zh
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B 7.3.1: 74 b — bEREREENETER, Lo SIHIZ,
BHOZ A by — MG 10 & 10 A
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ko TRIZZENS, HOMO O T k)L ¥ —HE
AL AMENEE 4> T Tl photobleaching A3 Z 0 12 <
WeiffE NG, kKAWL NTWAHAD T TH
57)NVF0tA URE—X I VOERNEREEZE K
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JetE OIEFRFRIZE D, T ABRS vPE—X
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O—XIVOBABEZELZ T A AT 4V AFYRICE
#1U 7= phospha-rhodamine %, BEZDHEEFEIZH
AT 5 {%8h_E photobleaching U2 < <, RO 1
NTAA=IVTDVARETH B Z L HBEGEE N7z (X
7.3.2)[3],

7.3.2: 1 3FA A=YV 7IZE T % photobleach-
ing DL, BEFZEOFHNMIR Alexa Fluor 647 234K+
BLANIZEEE LT L E S DIz LT, Frllaotmsi
PREX 710 (% 120 M EA EAREA L 720,

7.3.2  HHIEHN R 3R EE O BT

AR IE, MtoMIEL S DIESDATIZ32ZT 5
SO PN U BRI . RO 55 %
95 —RORWEIZRE WD 2 BEHDER 2R,
AR AR DR & 21 0.1 mm FEEE, BHMRZGE DO
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TE1I~10mm BETHBDIZH LT, §iliZkid 0.1~1
miZEET S, WRTHERX N7 E YL, M
JKTEREIN, E—R—R U NRNI7BXxY oY
IZ& > TR ZEASINTL 5, Z DR % il
ik & P, HlERHE 1%, AR o A A X BB
IZWHETH D, T OEREIIREA LR E Bz
ERIT, Z0&LSREFAIED S OWFZRIZIIZ
T, MEATHFERLIFENEE2T 2R THS
Zeho, EYYEZEORIFON &Y U T
OoNTET7,
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2. TO—2TH5B KIFIA LW\ F R IZD0
T, 790 VEHEZEETSZ AR EE)
3% Brownian ratchet B CEENI 52 ¢ 2 RL T
X7z, LU, 23U THFRYUoFO TN
BHONZR->TH, MM T oBRE D HEfR I
X > TV,

722 2, MRl EED S b, BERIE 1 ARE
FTHb, FXVUMNERT DL EOERITHYT
BHPNAES IZBUNME L WS R VSV BEASKTH
B0, HIBPIIZBUNE S RBIZFEEL. TD£L
BEHREREA BT WD, BB LD HUNG
. 20 NBETHD L HAFES o b, TlE, il
RBANMBOR VNI ERERT HF2TVIE D
X o TR BMNEEZLE L ARDIF5Z 08
HE2rDEAD5M1?

F 72, ThEREE TIXER 100 nm FEE O /N ASH
J£ 1000 nm/s ML EO@EE THE I N T WD, &8
JEOREZIFI0nm BETHEH, Tz AMD
BERE (~1m) IIERLTHEZD L, NEDOKE
T1F 10 m. XL 100 m/s=360 km/hr LA E &
WO ERIZR B, —F. MR, 208N 1
M EEEN AITEE L - RIRETH D70,
BEHEOFZ2GERE2 A > THBMOEETE VK
2 & WSRIMIZZR D, #RD TIFEEBA 2RI T H
LZENHB, IThhboT. FRAU UL, EM
BRIECH A BN %)< HH5, FEEMEREED in vitro
FOHELCHEHL, ZDZLIE, FRAYVUDBRIIIZHR
N30 ELEFI PSR INTVWAERNT Ry 7R
TH BN, RIEZIFERI N TV,

=Bk, BREEBRES —DF 1 A=YV Tk
EOREA A=Y v IEMEAWT, 2o D
By e —F L TET,
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FRHIIA D FABRRET O X 3 ¥ v Ok % b <
e, MIRIZF R UDEERITO DTIERL, F
IV VL BEENHBREREL TWDE I & HURE
I, FEMIHOMBEMETIX, BRROMEEL S
ZHOERMAT, TD S HD 1 AR IZHLL
TELAMUS, Z0OEET, #MEREIMMLITOBR T,
F 2T X BEEDNL D BERD END—DIT
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EhLT, zoEEMHET S, T LT, 1R
O TH O HERIIZAT v FLTWL,
IO L THhIHEEDESHEIME (100 pm) %A
Y. FRUITEBERITFOERIZEEINT,
AR ERMEDNRZ > TR T 5, ik
DOEXZ2YIWH 5 MIWB R MEBIZ L > TEE
BiEBENS, BEOEIVHEEEBEZ S Z &AM
HMEERETZEZ SN, FERU UL 5%
WHERINZ AL Y FURNS B2 — KT OMfEZ
H LMD EYFN R BB N RBI NS,

IR RIS 5720, Fh-b ik, ERORW
FEMRII I BOCEER L 72 % 2 > v 2 A& (RIlEW
TOJRED 1 nMEE) BEAL, TO#HEE —FL
NOVTHBIEE L, TOMR, MIlERNIZH 28T~
TIRDWINED 55, BARDHUNE D ADERIIZ
FIHINBZ EIZENRDW, X517, BRREE
I5e., 1 RHERBEORMTE XY VX OMNE
NEAAYFLTWL, TDOZ&IlE, FRrUVIZE
BEEDGETDOMNEIZERTEZ L, TND 1
MIFEEOECHERMIZIAA Yy F LB I, X5
IZZ DBEEDPMHRMIFI R AT RwWZ e, 28R
kL TW5b,

ZZ T, ZOBROD TR R T 57-012,
He—DFA A=Y T, B2 &R A=V
770 ¥ OICEBEMEE AT & X ST, 2 51 A
EBTFME 2 HASHLEB T, IV VOE
2 & BMUNE ORGEEAL 2 b TR 5 kR
FIFEL 7 [6], £ DFER, F4 22 DFFEIZ X DHUN
BRERTE2Fa—T7V UHFAHN 1ML, 2
DOEFLZ L >TFa—7Y D FOMIEIH 1 A
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I UNRREEUEFa—T ) UATFEIFTIERL,
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ZALL T\ Fa—7 Y URFIEM/NE DR IZ
2 RIS TR A T WB 2D, FRYUDF
WEGULEFa—7 ) D TFOREZELD, FHED
Fa—TV)UDFILEHEEREXL-DFEZS
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Summary of group activities in 2018



1. THEORETICAL NUCLEAR PHYSICS (FUKUSHIMA) GROUP

1 Theoretical Nuclear Physics (Fukushima) Group

Subjects: QCD phase diagram, Lattice simulation, Neutron star, Chiral anomaly

Member: Kenji Fukushima and Arata Yamamoto

In Theoretical Hadron Physics group, many-body problems of quarks and gluons are studied theoretically
on the basis of the quantum chromodynamics (QCD). The subjects studied include quark-gluon plasma
in relativistic heavy-ion collisions, particle production mechanism, lattice gauge simulations, matter under
extreme conditions, neutron stars, etc.

Highlights in research activities of this year are listed below:
1. Extreme matter in electromagnetic fields and rotation
Non-Abelian vortex in lattice gauge theory

Machine learning for the neutron star equation of state

=W

Axial ward identity and the schwinger mechanism

2 High Energy Physics Theory Group
Research Subjects: Particle Physics and Cosmology

Member: Takeo Moroi, Koichi Hamaguchi, Yutaka Matsuo

We are working on various topics in particle physics and cosmology, such as physics beyond the Stan-
dard Model, dark matter, baryogenesis, inflation, phenomenology of supersymmetric models, grand unified
theories, string theory, supersymmetric field theories, conformal field theories, holography, entanglement
entropy, and so on. Specific subjects studied in 2018 are summarized below:

1. Phenomenology

1.1. Swampland and Higgs [1].
1.2. Supersymmetric models [2, 3].
1.3. The supersymmetric flaxion model [4].
1.4. Dark matter [5, 6, 7, §].
1.5. Axion and the 21 cm observation [9].
1.6. Gravitational waves [10].
1.7. Models with flavor symmetry [11, 12, 13].
1.8. Weak-gravity conjecture and particle physics [14].
1.9. Moduli problem [15].

1.10. Inflation [16, 17].

1.11. Neutron star cooling and axion [18].

1.12. Long-lived particle searches [19, 20].

2. Superstring Theory and Formal Aspects of Quantum Field Theories

2.1. Field theory on lattice [21].

2.2. Algebraic structure of string theories [22, 23, 24, 25].
2.3. Entanglement entropy and holography [26, 27].

2.4. Defect CFT |28, 29].
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3. SAKURAI GROUP
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Sakurai Group

Research Subjects: Structure and dynamics of exotic nuclei and exotic atoms

Member: Hiroyoshi Sakurai and Megumi Niikura
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3. SAKURAI GROUP

Our group investigates structure and dynamics of exotic nuclei and exotic atoms. Our experimental
programs utilize world-wide accelerator facilities at RIBF at RIKEN, RCNP at Osaka University, GANIL
in France and NSCL at Michigan State University in US. Some of our research subjects are followings.

In-beam gamma-ray spectroscopy of "*Ni

In-beam spectroscopy of a doubly-magic nucleus, "®Ni, was performed at RIBF as a series of campaign
experiment of the SEASTAR experiments in 2015. We clearly establish its doubly magic nature by
observing a high excitation energy of the first excited state, which is also predicted by ab-initio
calculations. However, our results also provide the first indication of the breakdown of the neutron
magic number 50 and proton magic number 28 beyond this stronghold, caused by a competing
deformed structure. State-of-the-art phenomenological shell-model calculations reproduce the shape
coexistence, predicting further a rapid transition from spherical to deformed ground states with "®Ni
as turning point.

Collapse of the N = 28 shell closure: single-particle structure of #4S

Recently the neutron shell gap at N = 28 has been found to be reduced especially on 4S and 43S
and the shape coexistence/mixing has been discussed both theoretically and experimentally. Unless
a lot of efforts about the macroscopic nuclear system, however, the microscopic information about
the neutron configuration of these nuclei has been unknown, which keeps the mechanism of the
disappearance of the N = 28 magic number and the emergence of the deformed states in this region
unclear. In order to shed light on understanding of the neutron single-particle configuration, we
have performed a in-beam ~-ray spectroscopy of 4*S by one-neutron knockout reaction at NSCL,
Michigan State University. The full level scheme of 43S was constructed for the first time. By the
analysis of parallel momentum distributions, the assignment of the spin-parity of each final state was
performed.The concentration of the strength of neutron knockout from I = 1 orbit was observed
around 1.2 MeV, which is the direct observation of the quenching of the N = 28 shell gap.

Missing mass spectroscopy of light nuclei beyound proton-drip line

Recent experimental researches have suggested the existence of extremely neutron-rich systems such
as tetra-neutron (n*) and “H resonances. These experimental results raised a question as to whether
their mirror proton-rich partners exist or not, and if so, to what extent the symmetry is preserved
under the strong Coulomb field. The expriment are performed at GANIL in July 2018 to search for
resonances of "Be, °B and “C, which are the mirror partners of heavy hydrogen nuclei (°~"H) and
not observed so far. The resonance states are populated via the two-neutron transfer (p,t) reaction
with radioactive beams and the missing mass method was adopted by using MUST?2 telescopes to
reconstruct the resonance energy and the differential cross sections.

Spectroscopy of pionic atoms using a proton beam

Chiral symmetry restoration at finite density is one of the most important topics in the hadron physics.
Spectroscopy of deeply-bound pionic atoms enable us to investigate the symmetry restoration. We
performed a new experiment of pionic atoms using a proton beam at RCNP, Osaka University in
order to improve the experimental resolution. The 1p state of the pionic atom of 23Sn is identified
with more than 20 significance and there seems to be a non-negligible 1s state contribution in the
spectrum. Although the statistical sensitivity is not good, the present study established the methods
of the high precision spectroscopy of deeply-bound pionic atoms and shed light on the future precise
measurements.

Muonic X-ray measurement on palladium isotopes

A muonic X-ray measurement is a common method to determine nuclear charge parameters. To
interpret the observed muonic X rays to the nuclear charge parameters, one should solve a Dirac
equation assuming a certain charge distribution. This procedure causes a model dependence on the
determination of the charge parameters. A precise measurement of higher muonic X-ray series helps
to reduce the model dependence. We measured the muonic X rays of isotopically enriched palladium
targets (104:105,106,108,110pq) at MuSIC facility at RONP, Osaka University. Transition energies and
relative intensities of the muonic X rays up to the M series were measured and the nuclear charge
parameters of the palladium isotopes were determined.
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4. WIMMER GROUP

4 Wimmer Group

Research Subjects: Spectroscopy of exotic nuclei using direct reactions

Member: Kathrin Wimmer

There are several experimental as well as theoretical indications that the structure of exotic nuclei differs
significantly from what is known from well-studied stable nuclei. Our group performs spectroscopic studies
of neutron-rich nuclei using direct reactions. These kinds of reactions are an excellent tool to probe the
single-particle properties of nuclei. Therefore information on the nuclear wave functions can be obtained.
With this technique we investigate the phenomena of shape-coexistence and new magic numbers across the
nuclear chart.

Spectroscopy of the T, = —1 nucleus °Kr

Extremely proton-rich nuclei provide an interesting test ground for isospin symmetry in nuclei. Isospin
non-conserving interactions lead to different structures of nuclei which have proton and neutron
number interchanged. So far such tests are limited to lighter nuclei. In an experiment at the RIBF
at RIKEN "Kr was studied by nucleon removal reactions and Coulomb excitation. Previously no
excited state was known in this nucleus, our analysis reveals five new states, and comparison with
theoretical calculations suggests that effects from the Coulomb interaction as well as isospin breaking
components in the nuclear interaction play a major role in this N < Z nucleus. A followup study of
62Ge,Ga, and Zn nuclei has been approved by the RIBF program advisory committee.

Rapid shape changes at N = 60

The shape transition at N = 60 in the Sr, Zr, Mo region exhibits one of the most dramatic ground
state shape transitions known today. In order to develop a better understanding of the underlying
wave functions of the states, more information on the underlying single-particle structure is required.
Previously we measured the transfer reactions %49%98r(d,p) to track the evolution of the single-
particle energies and their occupation as N = 60 is approached at TRIUMF. The next step is to
investigate pair-transfer reactions using a radioactive tritium target. These kind of reaction will open
new opportunities to investigate the nature of 0% states in particular and provide key information on
the nature of this most rapid shape transition in the nuclear chart.

Single-particle structure of neutron-rich Ca isotopes

Within the SEASTAR collaboration we have performed an experiment to study the first spectroscopy
of very exotic neutron-rich nuclei. The experiment was performed using the large acceptance SAMU-
RAI spectrometer that allowed for the simultaneous measurement of many reaction channels. In
particular, we are investigating the single-particle structure of °Ca through proton and neutron
knockout, and the systematics of the production cross sections along the Ca isotopes. In order to
probe the particle states, (d,p) one-neutron transfer reactions with energy degraded beams at the
OEDO beam line are planned. These two experiments track the evolution of the single-particle states
between N = 32 and 36.

Towards transfer reactions at RIBF
With the newly constructed OEDO facility at RIBF the beam energy of exotic nuclei can be effectively
reduced to energies that are suitable for transfer reactions. In collaboration with RIKEN we are
constructing a detector array specifically for the study of transfer reactions. The setup, called TINA,
has be designed and its first implementation has been commissioned at Kyushu University Tandem
accelerator and at the OEDO beam-line. Upgrades and extensions are now being designed.

Development of a new target for two-neutron transfer reactions

Two-nucleon transfer reactions are a well-suited tool to investigate specific nuclear structure proper-
ties, like shape coexistence and pairing correlations. Two-neutron transfer reactions with OEDO at
RIBF require a new kind of target. A self-supporting large area tritium target based on a tritium
loaded titanium foil is currently developed at the University of Tokyo. First prototypes, containing
deuterons instead of tritium, were tested at Kyushu University using a '2C beam. The targets have
been characterized and the deuterium content has been quantified. Further tests were performed and
soon the tritium target will be fabricated.
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5. AIHARA-YOKOYAMA GROUP

First spectroscopy of the the r-process nucleus '3°Sn
We plan to study the isotopes 13°Sn by the *4Sn(d, p) one-neutron transfer reaction at HIE-ISOLDE
(CERN). We aim for the identification excited states in this nucleus for the first time. Excitation
energies, spin-parity assignments and spectroscopic factors extracted from the data will allow for a
stringent test of predictions by state-of-the-art shell model calculations and constrain nuclear synthesis
in the r-process.

High-resolution y-ray spectroscopy at the RIBF
We will construct a high-resolution, Ge based «-ray spectrometer composed of several detectors from
the MINIBALL collaboration as well as «-ray tracking detectors from the US and Europe. The
efficiency and resolution in-beam will be 9 % and 0.2-2 %. This setup will pave the way to detailed
nuclear structure and reaction studies currently not feasible at the RIBF. The project has been
approved by the RIBF program advisory committee, the MINIBALL steering committee, and the
RIKEN Nishina Center. The experiments will be performed in 2020.

5 Aihara-Yokoyama Group

Research Subjects: Experimental Particle Physics and Observational Cosmology.
(1) Study of C'P-violation and search for physics beyond the Standard Model
in the B meson and the 7 lepton systems (Belle and Belle II); (2) Study of
neutrino oscillations and search for proton decay (Super-Kamiokande, T2K, and
Hyper-Kamiokande); (3) Dark energy survey at the Subaru telescope (Hyper
Suprime-Cam); (4) R&D for an experiment to search for axion and light dark
matter; (5) R&D of new generation photodetectors.

Members: Hiroaki Aihara, Masashi Yokoyama, and Yoshiuki Onuki

1. Search for new physics at KEK (super-)B-factory: Belle and Belle II experiments One of
the major research activities in our group has been a study of CP-violation and searches for physics beyond
the Standard Model in the B meson and the 7 lepton systems using the KEK B-factory (KEKB). This
year, we reported the first observation of the rare tau decay 7+ — 7nteTe~ v, with branching fraction of
(2.33+£0.19 £ 0,30) x 107°, and the most stringent limit on the branching fraction of 7+ — 7yt~ v, to
be 0.55 x 10~° at 90% CL.

The quest for new physics will continue with the SuperKEKB accelerator, that will have 40 times higher
luminosity than KEKB, and the Belle II detector upgraded with cutting-edge technologies. Since 2011,
our group has been responsible for the construction of the outermost layer of the Silicon Vertex Detector
(SVD) to precisely measure the decay points of B mesons, one of the key elements for the success of Belle
II. This year, we completed the construction of SVD, which has been installed in the Belle II detector. The
physics data taking with the full Belle IT detector has been started from March 2019.

2. Study of neutrino oscillations and search for proton decay: Super-Kamiokande, T2K,
and Hyper-Kamiokande experiments The discovery of neutrino oscillation by Super-Kamiokande
(SK) opened a new window to physics beyond the Standard Model of elementary particles. We have been
studying neutrino oscillations with the T2K long baseline neutrino experiment, in which intense neutrino
and anti-neutrino beams produced with the J-PARC accelerator complex are detected with the SK detector,
295 km away. This year, with doubled data for the anti-neutrino mode beam compared to the previous
year, we reported stronger hint of the C'P violation in the lepton sector, which is one of major milestones
in particle physics.

We lead the program to improve the sensitivity of T2K by reducing the systematics uncertainties related
to the neutrino interaction. We built new neutrino detectors named WAGASCI at J-PARC and measured
cross sections of neutrino interactions with water, which is the target material in the SK detector. Our
group has been playing central roles in the T2K near neutrino detector upgrade project.
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6. ASAI GROUP

In order to significantly extend the reach in the neutrino physics and the proton decay search beyond
T2K and SK, the next-generation water Cherenkov detector, Hyper-Kamiokande (Hyper-K) is proposed.
Our group is leading this project as well.

3. Study of Dark Energy with Subaru telescope: Hyper Suprime-Cam As an observational
cosmology project, we have been involved in the research with a 1.2 Giga pixel CCD camera (Hyper
Suprime-Cam) mounted on the prime focus of the Subaru telescope. With this wide-field camera, we plan
to conduct an extensive wide-field deep survey to investigate the weak lensing. This data will be used to
develop a 3-D mass mapping of the universe. It, in turn, will be used to study Dark Energy.

This year, we published the constraints on the mass fraction of primordial black holes to dark matter in
the Milky Way and the Andromeda galaxy, using data taken with HSC.

4. R&D for an experiment to search for axion and light dark matter We continue an R&D
to investigate the feasibility of an experiment to search for axion and light dark matter using silicon pixel
detector with Silicon On Insulator technology.

6 Asai group

Research Subjects: (1) Particle Physics with the energy frontier accelerators (LHC) (2)
Physics analysis in the ATLAS experiment at the LHC: (Higgs, SUSY and
Extra-dimension) (3) Particles Physics without accelerator using high intensity
of Photon (4) Positronium and QED

Member: S.Asai, A.Ishida

e (1) LHC (Large Hadron Collider) has the excellent physics potential. Our group is contributing to
the ATLAS group in the Physics analyses: focusing especially on three major topics, the Higgs boson,
Supersymmetry, and new diboson resonances(WW and ~7).

— Higgs: After the discovery of Higgs Boson, We are measuring the Yukawa coupling precisely.

— SUSY: We have excluded the light SUSY particles (gluino and squark) whose masses are lighter
than 1.4 and 1.5TeV, respectively.

e (2) Small tabletop experiments have the good physics potential to discover the physics beyond the
standard model, if the accuracy of the measurement or the sensitivity of the research is high enough.

We perform the following tabletop experiments:

— Bose Einstein Condensation of positronium.

— Axion searches using Spring 8

— 7 scatter Using FEL Xray.

— Vacuum Birefringence using Strong Magnetic field or Strong light.

7 Miyashita Group

Research Subjects: Statistical Mechanics, Phase Transitions, Quantum Spin systems,
Quantum Dynamics, Non-equilibrium Phenomena

Member: Seiji Miyashita, Takashi Mori, Taichi Hinokihara and Eriko Kaminishi
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8. OGATA GROUP

Quantum response and Quantum dynamics

Quantum dynamics under time dependence field is one of the most important subjects in our group. In
the 2017 fiscal year, we studied the following topics.

Optical Bistability is a phenomenon of discontinuous change of output as a function of strength of input.
In order to study this phenomenon. We study a system of microcavity including atoms (or spins) with
discrete energy levels contacting a thermal bath. We study this system by an eigenvalue problem of time
evolution operator for the master equation. We found peculiar properties due to bistability at the low
photon density where the quantum hybridization of cavity-photon mode and spins is strong.[9].

We are also studying the acceleration of adiabatic motion. We study the idea to the classical systems
and found the method of counter-adiabatic term works in the adiabatic motion in classical systems.[11],
The method was extended to an method to create the cat-state in Bose-Einstein condensate. [12],

We study relations between the classical soliton solution and its counter part in quantum mechanics in
the exact solvable (integrable) model of one-dimensional Bose gas model with interaction[30].

We also study quantum response in a system with strong spin-orbit interaction. Motivated by the
measurement of Terahertz spectroscopy on a@ — RuCl3, d°, we studied electronic magnetoelectric effects in
d® Mott insulator with the octahedral crystal field. [13].

Characterization of the effective spin (S = 1/2) induced by impurities in the so-called gapped spin chains
by making use of the matrix product state (MPS). We first studied AKLT model as a prototype and
found a characteristic response to the external field, and then we studied the bond-alternating Heisenberg
antiferromagnetic chain with MPS. [22, 33],

Phase transitions and Dynamics of order parameters

Phase transitions and critical phenomena are also important subjects of our group.

As an important consequence of the change of local lattice structure, we have studied the elastic inter-
action which causes an effective long-range interaction. We found a specific phase diagram with a horn
structure, and studied the phase diagram in detail by making use of extended cluster mean-field method,
and explore possible phases with multiple phases[10, 49, 51]. We also studied the effect of elastic interaction
on the dynamics of HS-LS conversion in a spin-crossover material which shows the elastic step and thermal
step separately[31].

We are studying the thermal effects on the coercive force of permanent magnets, e.g. NdaFe14B, joining to
the Elements Strategy Initiative Center for Magnetic Materials (ESCICMM) under the outsourcing project
of MEXT. To study the process of decay from metastable state, we developed new numerical methods
using atomistic model, e.g., method of free-energy landscape employing the Wang-Landau Monte Carlo
method, and also an efficient method to study the dipole-dipole interaction. By these method, we studied
temperature dependence of the coercive forth systematically [6, 8, 50]. . We also studied the ferromagnetic
resonance (FMR) in the phase of tilted magnetization.

Prethermalization in isolated quantum and classical systems

It is one of the fundamental problems in statistical physics to understand the relaxation dynamics in
isolated many-body systems. It has been well known that some isolated quantum system display prether-
malization, i.e., the relaxation towards a quasi-stationary metastable state before reaching true thermal
equilibrium. We studied prethermalization for quantum spin systems with long-range interactions. It was
shown that prethermalization generally occurs due to the presence of long-range interactions. In addition,
we studied classical isolated spin systems under periodic driving fields, and made clear that prethermal-
ization occurs in the classical system. This prethermalization is the classical counterpart of the Floquet
prethermalization observed in isolated quantum systems.

8 Ogata Group

Research Subjects: Condensed Matter Theory

Member: Masao Ogata, Hiroyasu Matsuura

192



9. TSUNEYUKI GROUP

We are studying condensed matter physics and many body problems,; such as strongly correlated electron

systems, high-T, superconductivity, Mott metal-insulator transition, topological materials, Dirac electron
systems in solids, organic conductors, and magnetic systems with frustration and/or spin-orbit interactions.
The followings are the current topics in our group.

e High-T, superconductivity

Flux states as a symmetry-breaking state in high-T, superconductivity.

e Dirac electron systems in solids

Quantum electrodynamics (QED) in solids: Dielectricity and diamagnetism.[1]
Critical phenomena in Weyl semimetals due to impurities and scaling law in nuclear spin relaxation rate.
Magnetoresistance of a three-dimensional Dirac electron system.[2]

e Thermal transport phenomena

Range of validity of Sommerfeld-Bethe relation and phonon drag contribution.[3]
Theory of phonon drag in Seebeck effects based on the linear response theory.[4]

e Theories on topological materials

Zs index and Dirac nodal line material.[5]
Contribution of the Berry curvature on magnetic susceptibility in a honeycomb lattice model.

e Organic conductors

Low temperature thermal conductivity in a quantum spin liquid of k-H3(Cat-EDT-TTF),.

e Borophane-related materials.[6]
e Spin systems and spin-orbit interaction

Anomalous temperature behavior of chiral spin helix in CrNb3Sg.[7]

Magnetization process and a formation of spin-liquid states in an interacting magnetic monopole system.
Dzyaloshinskii-Moriya interactions in 5d electron systems.|8]

New magnetic phases in the chiral magnet CsCuCls under high pressures.[9]

H. Maebashi, T. Hirosawa, M. Ogata, and H. Fukuyama: to appear in J. Phys. Chem. Solids (2018),
d0i:10.1016/j.jpcs.2017.12.034. “Nuclear Magnetic Relaxation and Knight Shift Due to Orbital Interac-
tion in Dirac Electron Systems”

V. Kénye and M. Ogata: Phys. Rev. B 98, 195420 (2018). “Magnetoresistance of a three-dimensional
Dirac gas”

M. Ogata and H. Fukuyama, submitted to J. Phys. Soc. Jpn.“Range of Validity of Sommerfeld-Bethe
Relation Associated with Seebeck Coeflicient and Phonon Drag Contribution”

H. Matsuura, H. Maebashi, M. Ogata, and H. Fukuyama: to appear in J. Phys. Soc. Jpn. “Effect of
Phonon Drag on Seebeck Coefficient Based on Linear Response Theory: Application to FeSby”

I. Tateishi, H. Matsuura: J. Phys. Soc. Jpn. 87, 073702 (2018). “Face Centered Cubic SnSe as a Zs
Trivial Dirac Nodal Line Material”

I. Tateishi, N. T. Cuong, C. A. S. Moura, M. Cameau, R. Ishibiki, A. Fujino, S. Okada, A. Yamamoto,
M. Araki, S. Ito, S. Yamamoto, M. Niibe, T. Tokushima, D. E. Weibel, T. Kondo, M. Ogata, and
I. Matsuda: Phys. Rev. Materials 3, 024004 (2019). “Semi-metallicity of free-standing hydrogenated
monolayer boron from MgBy”

Y. Togawa, J. Kishine, P. A. Nosov, T. Koyama, G. W. Paterson, S. McVitie, Y. Kousaka, J. Akimitsu,
M. Ogata, and A. S. Ovchinnikov: Phys. Rev. Lett. 122, 017204 (2019). “Anomalous Temperature
Behavior of the Chiral Spin Helix in CrNb3Sg Thin Lamellae”

M. Hosoi, T. Mizoguchi, T. Hinokihara, H. Matsuura, and M. Ogata: arXiv:1804.04874. “Dzyaloshinskii-
Moriya Interaction between Multipolar Moments in 5d! Systems”

M. Hosoi, H. Matsuura, M. Ogata: J. Phys. Soc. Jpn. 87, 075001 (2018). “New Magnetic Phases in the
Chiral Magnet CsCuCls under High Pressures”

9 Tsuneyuki Group

Research Subjects: Theoretical Condensed-Matter Physics
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10. TODO GROUP

Member: Shinji Tsuneyuki and Ryosuke Akashi

Computer simulations from first principles enable us to investigate properties and behavior of materials
beyond the limitation of experiments, or rather to predict them before experiments. Our main subject
is to develop and apply such techniques of computational physics to investigate fundamental problems in
condensed matter physics, primarily focusing on prediction of material properties under extreme conditions
like ultra-high pressure or at surfaces where experimental data are limited. Our principal tool is molecular
dynamics (MD) and first-principles electronic structure calculation based on the density functional theory
(DFT), while we are also developing new methods that go beyond the limitation of classical MD and DFT
for the study of electronic, structural and dynamical properties of materials.

In FY2018, we developed a ”data assimilation” method to find crystal structure efficiently by using in-
complete powder diffraction data. We also developed a multi-scale modeling method based on the electronic
entropy-driven mechanism to simulate photo-induced non-thermal processes by ultra-short-pulse laser. As
for the fundamentals of the first-principles electronic state calculation, we investigated relativistic effects
on the electronic structure of heavy atoms by incorporating the Breit correction. We also applied DFT to
clarify the structure and properties of a permanent magnet, a ferromagnetic material, a molecular crystal,
and so on.

Our research subjects in F'Y2018 are as follows:

e Data assimilation for crystal structure prediction

e Multi-scale simulation of non-thermal ablation of metals

e A stochastic sampling method for rare events

e Neural-network Kohn-Sham exchange-correlation potential

e Formulation of relativistic DF'T and its application

e Generalized gradient approximation for nuclear matter

e Anharmonic lattice dynamics and thermal properties of materials
e Negative thermal expansion of ScFj

e Substitution effects in Ndy(Fe,X)14B

e Electronic structure of Sr30sOg with the highest Curie temperature
e Spin-fluctuation effect in superconductivity of Fe at high pressure
e Electronic structure of ferromagnetic CeRh3Bs

e Electronic structure of a Pt-dithiolene nanosheet

10 Todo Group

Research Subjects: Development of simulation algorithms for strongly-correlated sys-
tems; Application of machine learning technique to materials science; Funda-
mental theory of quantum computer; Novel state and critical phenomena in
strongly correlated systems; Cooperative phenomena in non-equilibrium and
non-steady states; Development of open-source software for next-generation
parallel simulations

Member: Synge Todo, Tsuyoshi Okubo, and Hidemaro Suwa
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11. KATSURA GROUP

We are exploring novel methods in computational physics based on stochastic method such as the Monte
Carlo simulation, path-integral representation of quantum fluctuations, information compression by using
the singular value decomposition and the tensor network, statistical machine learning, etc. By making
full use of these powerful numerical methods, we aim to elucidate various exotic phases, phase transitions,
and dynamics specific to quantum many-body systems, from strongly correlated systems such as the spin
systems and the Bose-Hubbard model to real materials. We are also researching parallelization methods
for leading-edge supercomputers, and developing and releasing open-source software for next-generation
physics simulations.

Development of simulation algorithms for strongly-correlated systems: Design of local transition
matrix in Markov chain Monte Carlo; Measurement of Rényi entanglement entropy by using quantum
Monte Carlo method; Path-integral Monte Carlo in continuous space; Non-local update for quantum dimer
models; Tensor network renormalization for non-uniform systems.

Application of machine learning technique to materials science: Machine learning for molecular
dynamics with strongly correlated electrons; Crystal structure prediction by combined optimization of ex-
perimental data and first-principles calculation; Exploration of higher Young modulus materials by machine
learning approach

Fundamental theory of quantum computer: Quantum-classical hybrid algorithm for calculation of
excited energy

Novel state and critical phenomena in strongly correlated systems: Ground state of Kitaev
materials; Order in magnetic field in frustrated magnets; Effective dimension of the random-field Ising
model with correlated randomness,

Cooperative phenomena in non-equilibrium and non-steady states: Dynamical cooperative phe-
nomena in in cavity system; Nonergodicity of classical harmonic oscillator system.

[1] N. Tsujimoto, D. Adachi, R. Akashi, S. Todo, S. Tsuneyuki, Phys. Rev. Materials 2, 053801 (7pp)
(2018).

2] L. Hao, et al, Nat. Phys. 14, 806-810 (2018).
3] H. Yamaguchi, et al, Phys. Rev. B 98, 094402 (6pp) (2018).
4] T. Shirai, T. Mori, S. Miyashita, Eur. Phys. J. Special Topics 227, 323-333 (2018).

[
[
[
[5] T. Shirai, S. Todo, H. de Raedt, S. Miyashita, Phys. Rev. A 98, 043802 (13pp) (2018).

[6] Y. Motoyama, S. Todo, Phys. Rev. B 98, 195127 (6pp) (2018).

[7] F. Ishikawa, S. Todo, Phys. Rev. E 98, 062140 (8pp) (2018).

[8] S. Todo, H. Matsuo, H. Shitara, Comp. Phys. Comm. 239, 84-93 (2019).

[9] H. Watanabe, S. Morita, S. Todo, N. Kawashima, J. Phys. Soc. Jpn. 88, 024004 (8pp) (2019).
[10] R. Okuma, et al, Nat. Comm. 10, 1229 (7pp) (2019).
[11] H. Suwa, et al, Phys. Rev. B 99, 161107 (5pp) (2019).

[12] D. Adachi, N. Tsujimoto, R. Akashi, S. Todo, S. Tsuneyuki, to appear in Comp. Phys. Comm.
(2019).

11 Katsura Group

Research Subjects: Condensed Matter Theory and Statistical Physics

Member: Hosho Katsura and Yutaka Akagi
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12. FUJIMORI GROUP

In our group, we study various aspects of condensed matter and statistical physics. In particular, our
research focuses on strongly correlated many-body systems which would give rise to a variety of interesting
phases. We study theoretically such systems, with the aim of predicting novel quantum phenomena that
have no counterpart in weakly-interacting systems. We are currently interested in (i) topological phases of
matter, (ii) low-dimensional correlated systems, (iii) magnetism in Bose and Fermi Hubbard models, and
(iv) application of machine learning. In addition, we are also interested in the mathematical aspects of the

above mentioned fields. Our research projects conducted in FY 2018 are the following:

e Strongly correlated systems

Subgap optical conductivity in honeycomb Kitaev materials [1]
Nambu-Goldstone fermions in interacting Majorana-fermion chains [2]

Topological order in interacting Kitaev/Majorana chains [3]

e Topological phases of matter

Machine learning phases of disordered topological superconductors [4]
Thermal Hall effect in chiral superconductors with gap nodes [5]
Z5 topological invariant for magnon spin Hall systems [6]

Zero and shift modes in a non-Hermitian Kitaev chain with parity-time symmetry [7]

e Mathematical and statistical physics

S XIS EE N

=)

Rigorous results for the ground states of the spin-2 Bose-Hubbard model [8]
Algebraic transformations of generalized Ising models and Boltzmann machines [9]

Effective dimension, level statistics, and integrability of Sachdev-Ye-Kitaev-like models [10]

Adrien Bolens, Hosho Katsura, Masao Ogata, and Seiji Miyashita, Phys. Rev. B 97, 161108(R) (2018).
Noriaki Sannomiya and Hosho Katsura, Phys. Rev. D 99, 045002 (2019).

Jurriaan Wouters, Hosho Katsura, and Dirk Schuricht, Phys. Rev. B 98, 155119 (2018).

Nobuyuki Yoshioka, Yutaka Akagi, and Hosho Katsura, Phys. Rev. B 97, 205110 (2018).

Nobuyuki Yoshioka, Yoshiki Imai, and Manfred Sigrist, J. Phys. Soc. Jpn. 87, 124602 (2018).

Hiroki Kondo, Yutaka Akagi, and Hosho Katsura, Phys. Rev. B 99, 041110(R) (2019).

Kohei Kawabata, Yuto Ashida, Hosho Katsura, and Masahito Ueda, Phys. Rev. B 98, 085116 (2018).
Hong Yang and Hosho Katsura, Phys. Rev. Lett. 122, 053401 (2019).

Nobuyuki Yoshioka, Yutaka Akagi, and Hosho Katsura, Phys. Rev. E 99, 032113 (2019).

Eiki Iyoda, Hosho Katsura, and Takahiro Sagawa, Phys. Rev. D 98, 086020 (2018).

12 Fujimori Group

Research Subjects: Spectroscopy of Strongly Correlated Systems

Member: Atsushi Fujimori and Goro Shibata

We study the electronic structure of superconductors and spintronics materials by high-energy spectro-
scopic techniques such as angle-resolved photoemission spectroscopy (ARPES) and soft x-ray magnetic cir-
cular dichroism (XMCD) using synchrotron radiation. We investigate the mechanisms of high-temperature
superconductivity [1], metal-insulator transitions, giant magnetoresistance, and magnetic anisotropies in

transition-metal oxides, ferromagnetic compounds [2], and their thin films and interfaces.
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[1] M. Horio, Y. Krockenberger, K. Yamamoto, Y. Yokoyama, K. Takubo, Y. Hirata, S. Sakamoto, K.
Koshiishi, A. Yasui, E. Tkenaga, S. Shin, H. Yamamoto, H. Wadati, and A. Fujimori: Electronic structure
of Ce-doped and -undoped Nd;CuQy4 superconducting thin films studied by hard x-ray photoemission and
soft x-ray absorption spectroscopy, Phys. Rev. Lett. 120, 257001 (2018).

[2] M. Suzuki, B. Gao, K. Koshiishi, S. Nakata, K. Hagiwara, C. Lin, Y. X. Wan, H. Kumigashira, K. Ono,
Sungmo Kang, Seungjin Kang, J. Yu, M. Kobayashi, S.-W. Cheong, and A. Fujimori: Phys. Rev. B 99,
161401(R) (2019).

13 Hasegawa Group

Research Subject: Experimental Surface/Nano Physics

Members: Shuji HASEGAWA and Ryota AKIYAMA

Surfaces/interfaces of materials and atomic-layer materials are platforms of our research where rich
physics is expected due to the low-dimensionality, symmetry breakdown, a wide variety of structures,
and direct access for measurements. (1) Electronic/spin/mass transports including superconductivity, (2)
atomic/electronic structures, (3) phase transitions, (4) spin states and spintronics, and (5) epitaxial growths
of coherent atomic/molecular layers/wires on surfaces of metals, semiconductors, topological insulators,
and nano-scale phases such as surface superstructures, ultra-thin films including atomic-layer materials
such as graphene and transition metal dichalcogenides. We use various kinds of ultrahigh-vacuum exper-
imental techniques, such as electron diffraction, scanning electron microscopy(SEM), scanning tunneling
microscopy/spectroscopy (STM/S), photoemission spectroscopy(PES), in-situ four-point-probe conductiv-
ity measurements with four-tip STM and monolithic micro-four-point probes, and surface magneto-optical
effects apparatuses. Main results in this year are as follows.

(1) Surface electronic/spin transports:
- Interface superconductivity at topological crystalline insulator/trivial semimetal junction
- Anomalous Hall effect at interface between topological insulator and ferromagnetic insulator
- 2D superconductivity at monolayer alloy metallic surface superstructures and by proximity effect
- Spin injection by circularly polarized light irradiation on topological insulators
- Superconducting Graphene with intercalation
- CDW and transport at transition metal dichalcogenides
(2) Surface phases and atomic-layer materials:
- Epitaxial growth of blue Phosphor atomic layers
- Structure dynamics of Ca-intercalated bilayer graphene observed by low-energy-electron microscopy
(3) New methods:
- Fabrication of UHV-SQUID system to detect Meissner effect of atomic-layer superconductors
- Fabrication of a pure-spin-current injection/detection probe

[1] Y. Nakata, K. Sugawara, S. Ichinokura, Y. Okada, T. Hitosugi, T. Koretsune, S. Hasegawa, T. Sato, and T.
Takahashi: Observation of Anisotropic Band Splitting in Monolayer NbSez: Implications for Superconductivity
and Charge Density Wave, npj 2D Materials and Applications 2, 12 (6pp) (May, 2018).

[2] T. Hirahara and S. Hasegawa: Comment on “Quantum transport in the surface states of epitazial Bi(111) thin
films” | Phys. Rev. B 97, 207401 (3pp) (May, 2018).

[3] R. Akiyama, K. Sumida, S. Ichinokura, A. Kimura, K. Kokh, O. Tereshchenko, and S. Hasegawa: Shbunikov-de
Haas oscillations of p and n-type topological insulator (BigSbi—g )2 Tes, J. Phys.: Cond. Matt. 30, 265001 (8pp)
(Jun, 2018).

[4] Y. Endo, S. Ichinokura, R. Akiyama, A. Takayama, K. Sugawara, T. Takahashi, K. Nomura, and S. Hasegawa:
Weak localization in bilayer graphene with Li-intercalation/desorption, J. Phys.: Cond. Matt. 30, 305701 (7pp)
(Jul, 2018).
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14 Fukuyama Group

Research Subjects: Low Temperature Physics (Experimental):
Quantum fluids and solids with strong correlations and frustration,

Novel electronic states in graphene.

Member: Hiroshi Fukuyama, Tomohiro Matsui

We are interested in (i) novel quantum phases with strong correlations and frustrations in two dimen-
sional (2D) helium three (*He), four (*He) and their mixture, (ii) novel electronic properties of graphene,
monatomic sheet of carbon atoms. We are investigating these phenomena at ultra-low temperatures down
to 50 pK, using various experimental techniques such as NMR, calorimetry, torsional oscillator, scanning
tunneling microscopy and spectroscopy (STM/S), and electronic transport measurement, etc.

1. Quantum Spin Liquid state in two dimensional *He:

Quantum spin liquid (QSL) is a state where the spins at each lattice site are not frozen even at T' = 0.
Two dimensional He is one of the promising candidates which shows the QSL state as magnetic
ground state because of the following characters. (1) Impurity-free 2D solid can be obtained on an
atomically flat substrate. (2) 3He atom forms triangular lattice with strong geometrical frustrations.
(3) The interaction (J,,) between *He atoms can be described with the multiple spin exchange (MSE)
of up to six atoms. (4) The physical properties, such as heat capacity and magnetism, can be described
only by the degree of freedom of nuclear spins.

We are recently focusing on a monatomic layer of 3He solid prepared on graphite, which is preplated
by bilayer of HD (*He/HD/HD/gr) and studying its heat capacity (C) in wide temperature range
of 0.16 < T < 90 mK, and in wide areal density range of 0.1 < p < 13.63 nm~2. Since the areal
density of 2D HD is smaller than that of 3He and *He, one can obtain larger |Jp| for 2D *He on
bilayer HD than on *He and “He. The T-dependence of C for *He/HD/HD//gr shows a single broad
peak different from the double peak feature for 3He/*He/gr and 3He/?He/gr. The peak shifts to
lower temperature by increasing areal density of 3He. A higher p of p > 5.05 nm~2, a C2-like phase
with ~ 17 % compressibility was observed. This C2-like phase is expected to be quantum liquid
crystal, or in other words “hexatic” phase, where there is no long range order while hexagonal bond
order is preserved locally. We have recently succeeded to observe finite frequency shift in torsional
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oscillator measurements which suggests a possible superfluidity of this quantum liquid crystal. On
the other hand, at p = 4.74 nm~2, a novel QSL with exotic elementary excitations is observed, which
is named as C3 phase. At the C3 phase, the C' and y shows peculiar T dependence, i.e., C' o< T%/3
and y o< T~1/3. Theoretically, this unique T-dependence can be explained by considering spinons or
Majorana fermions as magnetic excitations.

2. Novel electronic properties of graphene:

Graphene had been attracting considerable attention owing to its remarkable electronic and structural
properties, and its possible applications in many emerging fields such as graphene-based electronic
devices. One of the important topics to study in graphene research is the spin polarized state expected
at zigzag edges of graphene nanoribbon (z-GNR). At the edge of zigzag structure, electrons are
strongly localized along the edge to form a zigzag edge state (zz-ES). It is expected that the spin
degeneracy would be lifted and ferromagnetically spin polarized edge state appears under an electron-
electron interaction for z-GNR, through anti-ferromagnetic coupling between edges.

To obtain such zigzag edges and z-GNR, we tried hydrogen-plasma etching of graphite surfaces. By
exposing graphite to hydrogen-plasma under high temperatures, hexagonal nanopits with monatomic
depth are created. The size and the density of nanopit can be controlled by tuning the excitation power
to produce plasma, temperature and time duration of the process, and partial pressure of hydrogen.
Moreover, and most importantly, the edges of the nanopit are aligned to the zigzag direction in atomic
scale. Therefore, one can obtain z-GNR in between two hexagonal nanopits. By observing dI/dV
spectra across such z-GNRs, we have succeeded to observe the spin polarized zz-ES as double peak
structure in the local density of states. The double peak consists of sharp and dull peaks, and the
peak separation becomes smaller for wider z-GNR.

15 Okamoto Group

Research Subjects: Experimental Condensed Matter Physics,

Low temperature electronic properties of two-dimensional systems.

Member: Tohru Okamoto and Ryuichi Masutomi

We study low temperature electronic properties of two-dimensional systems.
The current topics are following:

1. Two dimensional electrons at cleaved semiconductor surfaces:
At the surfaces of InAs and InSb, conduction electrons can be induced by submonolayer deposition
of other materials. Recently, we have performed in-plane magnetotransport measurements on in-situ
cleaved surfaces of p-type substrates and observed the quantum Hall effect which demonstrates the
perfect two dimensionality of the inversion layers. Research on the hybrid system of 2D electrons and
adsorbed atoms has great future potential because of the variety of the adsorbates and the application
of scanning probe microscopy techniques.

To explore exotic physical phenomena related to spin at a semiconductor surface, magnetic-adatom
induced two dimensional electron systems are investigated by using low-temperature scanning tun-
neling microscopy and spectroscopy combined with transport measurements.

2. Superconductivity of monolayer films on cleaved GaAs surfaces:
Recently, we studied the effect of the parallel magnetic field H| on superconductivity of monolayer
Pb films on GaAs(110). Superconductivity was found to occur even for Hy = 14 T, which is much
higher than the Pauli paramagnetic limiting field Hp. The observed weak H) dependence of the su-
perconducting transition temperature 7, is explained in terms of an inhomogeneous superconducting
state predicted for 2D metals with a large Rashba spin splitting.

To observe exotic superconducting states in multilayer systems, we fabricated bilayer and trilayer films
on the cleaved surface of an insulating GaAs substrate, which comprise one-atomic-layer Pb films with
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a strong Rashba spin-orbit interaction caused by the breaking of the space inversion symmetry. A
steep upturn was observed in the measurement of the temperature dependence of the parallel upper
critical magnetic field. From the numerical calculations performed using the Bogoliubov-de Gennes
equations, we found that this upturn corresponds to the crossover from the complex stripe phase to
the helical phase in the multiple one-atomic-layer films.

In addition to the study in the multilayer systems, we have also studied nonreciprocal charge transport
in one-atomic-layer Pb superconductors. The antisymmetrized second harmonic magnetoresistance
is observed below the superconducting transition temperature, which suggests that the nonreciprocal
effect occurs in one-atomic-layer Pb films grown on the cleaved surface of GaAs.

16 Shimano Group

Research Subjects: Optical and Terahertz Spectroscopy of Condensed Matter

Member: Ryo Shimano and Naotaka Yoshikawa

We study light-matter interactions and many body quantum correlations in solids, aiming at the light-
control of many-body quantum phases. In order to investigate the role of electron and/or spin correlations
in the excited states as well as in the ground states, we focus on the low energy electromagnetic responses,
in particular in the terahertz(THz) (1THz~4meV) frequency range where various quasi-particle excitations
and various collective excitations exist. The research summary in this year is as follows.

1. Photoexcited dynamics of superconductivity in Las_,Sr, CuQO,4 We investigated the photoex-
cited dynamics of archetypical single-layer cuprate superconductor, Las_,Sr, CuQOy, by using optical
pump-THz probe spectroscopy. At below the critical temperature T, the photoexcitation results in
continuous redshift of the Josephson plasma resonance, which indicates the suppression of supercon-
ductivity. The spectral behavior in the quasi-equilibrium state after the photoexcitation was well
described by the pump-induced heating effect. We also revealed that the analysis method which has
been conventionally used in optical pump and terahertz probe experiments can cause a serious artifact
when there is a substantial penetration depth mismatch between the THz pump and optical probe in
superconducting phase.

2. Observation of Higgs mode in multiband superconductors: We have investigated the Higgs
mode in multiband superconductors both experimentally and theoretically. Recently, it has been
theoretically demonstrated that the nonlinear terahertz response of the Higgs mode is significantly
enhanced by nonmagnetic impurity scattering. However, its effect on the Leggett mode, a collective
mode of the relative phase difference of order parameters in a multiband system, has been not elu-
cidated. To clarify contributions from these collective modes, we theoretically examined nonlinear
terahertz response of dirty superconductors by a density matrix method, and found that nonlinear
response of the Leggett mode is not enhanced by the nonmagnetic impurity scattering. Consequently,
we elucidated that the nonlinear optical responses in the gap frequency region are dominated by the
Higgs mode. Experimentally, we investigated the collective mode of multiband superconductor, MgBs
and FeSeg 5Teg 5. In MgBs a clear resonance was observed in the temperature deendence of THz third
harmonic generation, which is most likely attributed to the Higgs mode. In FeSey 5Teq 5, we succeeded
in observing the forced oscillation of Higgs mode by THz pump-THz probe spectroscopy. Anti-phase
oscillation of the two Higgs modes associated with the two bands were observed, suggesting a strong
interband coupling character of FeSey 5Teq 5 superconductor.

3. Infrared activation of Higgs mode in superconducting NbN by supercurrent injection:
Higgs mode in superconductors is distinct from charge or spin fluctuation and thus is typically not
linearly coupled to the electromagnetic field. However we experimentally demonstrated that, in the
presence of dc supercurrent, the Higgs mode becomes infrared active and is directly observed in the
linear optical conductivity measurement. We observed a sharp resonance peak at the superconducting
gap energy in the optical conductivity spectrum of thin NbN films under the supercurrent injection
over a wide temperature range below the critical temperature.
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17 Takagi-Kitagawa Group
Research Subjects: Physics of Correlated Electron Systems

Member: Hidenori Takagi, Kentaro Kitagawa, Naoka Hiraoka

We are exploring new compounds with transition metal elements in which novel, exotic and/or
functional electronic phases are realized. Our main targets in FY2018 included, 5d complex
Ir oxides with interplay of electron correlations and strong spin orbit coupling, spin liquids,

anti-perovskites with Dirac electrons, and excitonic ground states.

Realization of new spin liquid and Kitaev physics:
Realization of spin liquid, where quantum spins fluctuates at abosolute zero, should be a
milestone in the field of quantum spin physics. After a theoretical achievement of the exaclty
solvable spin liquid state on a honeycomb lattice, by Alexei Kitaev, a materialization of this
Kitaev Honeycomb Model (KHM) has been intensively pursuit. One dimensional spin liquid
has been commonly accepted, while in two or three dimensions, typical known frustrated
quantum spin liquid materials, like triangular compounds, is not based on an exactly solvable
lattice model. We have been focussed on a two-dimensonal honeycomb iridate, HsLilrsOg,
and discovered that HsLilryOg is indeed spin liquid, as the first material of such a liquid,
down to 50 mK by specific heat, magnetic susceptibility, and nuclear magnetic resonance

experiments. This key result was published this year.

The key ingredient to realize KHM is bond-dependent anisotropic Ising-like interactions, and
it was suggested that material engineering for spin-orbit coupled Jog = 1/2 quantum pesudo
spins of Ir on (hyper-)honeycomb lattice would be a main route. Two kinds of Majorana
fermions represent KHM and they are particles on the exaclty solved ground state. Since
our discovery is an only spin liquid on Kitaev system, and no report was given to proof two
Majorana particles. We will pursuit identification of elementary excitations in HsLilrsOg
this year. We preliminary succeeded in fabricating a single crystal of this compounds, which
should open a way to investigate a pristine thermally /artificially activated Majorana excita-
tions or local excitations near an implanted defects, which can be evalulated rigorously for

KHM. We expect that the latter effects can be caught by our NMR spectroscopy technique.

Three-dimensional Dirac electron systems:
We have demonstrated a realization of three-dimensional Dirac electrons in anti-perovskite

oxide Sr3PbO, which is evidenced by the quantum-limit characters in the magnetoresistance
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under high magnetic fields. This year, we have carried out 2°“Pb NMR experiments on
single-crystal samples with different carrier densities to establish Dirac-type dispersions. It
was found that the temperature dependence of NMR relaxation rate certainly reflects three-
dimensional Dirac-type density of states. Chiral anomaly is a phenomenon peculiar to this
quantum-limit physics, and we have found a sign reversal of magnetoresistance with respect
to direction of applied megnetic field. The anisotropic transport caused by magnetic field

needs to be further considered in relation to the chiral anomaly and current jetting effect.

The semi-metallic AIrO3 (A=Sr,Ca) perovskites are predicted to have three dimensional
Dirac-node electrons and heavier holes at the fermi level. We fabricated epitaxially grown
Alry_;Sn,; O3 (A=Sr,Ca) on SrTiO3(001) substrate to construct phase diagrams consisting
of a magnetism phase, Dirac-node semimetal, and unknown physics in between. Substitution
of Ir by Sn makes the system more insulating, and as a result, weak ferromagnetism appear.
In these systems, namely, a competition between hopping and Coulomb repulsion can be well
managed by a diltuion of Ir ions or a distortion of Ir-O-Ir bond. Band structures at each

phase and phase boundary are yet to be identified and will be investigated.

18 Hayashi Group

Research Subjects: Quantum spintronics/optics

Member: Masamitsu Hayashi, Masashi Kawaguchi

We are working on the physics of spin orbit materials. Our studies cover tranport, magnetism, thermal
and optical response of spin orbit heterostructures. Currently we put a particular focus on the strong
correlations of spin, photon, magnon and phonons, which are mediated by the spin orbit interaction of the
system, and look for the physics that can be applied to quantum information processing.

e Spin current generation
- Anomalous spin Hall magnetoresistance in Pt/Co bilayers.|[2]
- Optical Detection of Spin-Orbit Torque and Current-Induced Heating|[5]
- Spin Hall effect from hybridized 3d-4p orbitals[?]

e Chiral magnetism
- Domain-Wall Resistance in Cofeb-Based Heterostructures with Interface Dzyaloshinskii-Moriya
Interaction[3]

e Light-spin interaction
- Circular photogalvanic effect in Cu/Bi bilayers|7]

[1] C. Abert, H. Sepehri-Amin, F. Bruckner, C. Vogler, M. Hayashi, D. Suess, Back-Hopping in Spin-Transfer-
Torque Devices: Possible Origin and Countermeasures. Phys. Rev. Appl. 9, 054010 (2018).

[2] M. Kawaguchi, D. Towa, Y.-C. Lau, S. Takahashi, M. Hayashi, Anomalous spin Hall magnetoresistance in
Pt/Co bilayers. Appl. Phys. Lett. 112, 202405 (2018)

[3] Y. Ishikuro, M. Kawaguchi, Y. C. Lau, Y. Nakatani, and M. Hayashi, Domain-Wall Resistance in Cofeb-Based
Heterostructures with Interface Dzyaloshinskii-Moriya Interaction. Appl. Phys. Express 11, 073001 (2018).

[4] R. Iguchi, A. Yagmur, Y. C. Lau, S. Daimon, E. Saitoh, M. Hayashi, and K. Uchida, Thermographic Mea-
surements of Spin-Current-Induced Temperature Modulation in Metallic Bilayers. Phys. Rev. B 98 014402
(2018).

[5] Y. Marui, M. Kawaguchi, and M. Hayashi, Optical Detection of Spin-Orbit Torque and Current-Induced
Heating. Appl. Phys. Express 11, 5 093001 (2018).
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19 Theoretical Astrophysics Group

Research Subjects: Observational Cosmology, Extrasolar Planets, Star Formation, and

high-energy astrophysics
Member: Yasushi Suto, Naoki Yoshida, Kazumi Kashiyama, & Masamune Oguri

Theoretical Astrophysics Group conducts a wide range of research programmes. Observational cosmology
is our primary research area, but we also pursue other forefront topics such as extrasolar planets, star
formation and high-energy astrophysics.

“Observational Cosmology” attempts to understand the evolution of the universe on the basis of the ob-
servational data in various wavebands. The proper interpretation of the recent and future data provided by
Planck, Hubble Space Telescope, ALMA, and wide-field galaxy surveys such as Subaru Hyper-Suprime-Cam
survey are quite important both in improving our understanding of the present universe and in determining
several basic parameters of the universe which are crucial in predicting the evolutionary behavior of the
universe in the past and in the future. Our current interests include nonlinear gravitational evolution of
cosmological fluctuations, formation and evolution of proto-galaxies and proto-clusters, X-ray luminosity
and temperature functions of clusters of galaxies, hydrodynamical simulations of galaxies and the origin
of the Hubble sequence, thermal history of the universe and reionization, prediction of anisotropies in
the cosmic microwave background radiation, statistical description of the evolution of mass functions of
gravitationally bound objects, and statistics of gravitationally lensed quasars.

Astronomical observations utilizing large ground-based telescopes discovered distant galaxies and quasars
that were in place when the Universe was less than one billion years old. We can probe directly, although
not completely, the evolution of the cosmic structure all the way from the present-day to such an early
epoch. Shortly after the cosmological recombination epoch when hydrogen atoms were formed, the cosmic
background radiation shifted to infrared, and then the universe would have appeared completely dark to
human eyes. A long time had to pass until the first generation stars were born, which illuminated the
universe once again and terminate the cosmic Dark Ages. We study the formation of the first stars and
blackholes in the universe. The first stars are thought to be the first sources of light, and also the first sources
of heavy elements that enable the formation of ordinary stellar populations, planets, and ultimately, the
emergence of life. We perform simulations of structure formation in the early universe on supercomputers.
Direct and indirect observational signatures are explored considering future radio and infrared telescopes.

Can we discover a second earth somewhere in the universe? This puzzling question used to be very popular
only in science fictions, but is now regarded as a decent scientific goal in the modern astronomy. Since the
first discovery of a gas giant planet around a Sun-like star in 1995, more than a few thousands candidates
of exoplanets have been reported as of May 2017. Though most of the confirmed planets turned out to
be gas giants, the number of rocky planet candidates was steadily increasing, which therefore should give
the affirmative answer to the above question. Our approaches towards that exciting new field of exoplanet
researches include the spin-orbit misalignment statistics of the Rossiter-MacLaughlin effect, simulations of
planet-planet scattering, simulations of tidal evolution of the angular momentum of the planetary system,
photometric and spectroscopic mapping of a surface of a second earth and detection of possible biomarker
of habitable planets.

Let us summarize this report by presenting recent titles of the PhD and Master’s theses in our group;

2018
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Stellar Inclinations from Asteroseismology and their Implications for Spin-Orbit Angles in Exoplan-
etary Systems

Numerical Investigations on Explosion Mechanisms of Core-collapse Supernovae

Cosmology and Cluster Astrophysics with Weak Gravitational Lensing and the Sunyaev-Zel’dovich
Effect

Photoevaporation of Protoplanetary Disks and Molecular Cloud Cores in Star-Forming Regions
Numerical Algorithms for Astrophysical Fluid Dynamics

Radial velocity modulation of an outer star orbiting an unseen inner binary: analytic perturbation
formulae in a three-body problem to search for wide-separation black-hole binaries

The distribution and physical properties of emission line galaxies in the early universe

Diversities out of the observed proto-planetary disks: migration due to planet-disk interaction and
architecture of multi-planetary systems

2017

Formation of supermassive stars and black holes via direct gravitational collapse of primordial gas
clouds

Formation and growth of massive black holes in the early universe
Measuring Dynamical Masses of Galaxy Clusters with Stacked Phase Space
GCM simulation of Earth-like planets for photometric lightcurve analysis
Tidal disruption events of white dwarfs caused by black holes

Radio, Submillimetre, and Infrared Signals from Embryonic Supernova Remnants

2016

Evolution and Statistics of Non-sphericity of Galaxy Clusters from Cosmological Simulations
Exploring the Architecture of Transiting Exoplanetary Systems with High-Precision Photometry

Searching for Exoplanetary Rings via Transit Photometry: Methodology and its Application to the
Kepler Data

Superluminous supernova search with the Hyper Supreme-Cam Subaru Strategic Program
Pulsar-driven supernova and its possible association with fast radio bursts

Formation of massive black hole binaries in high-z universe

2015

Chemo-thermal evolution of collapsing gas clouds and the formation of metal-poor star
Cosmology with Weak Gravitational Lensing and Sunyaev-Zel’dovich Effect

Far-infrared emission from SDSS galaxies in AKARI all-sky maps: Image stacking analysis and its
implications for galaxy clustering

Photo-evaporation of a proto-planetary disk

Stacking image analysis of SDSS galaxies in far-infrared and its implications for the Galactic extinction
map

Probing Cosmic Dark Matter and Dark Energy with Weak Gravitational Lensing Statistics
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e Statistics of Submillimeter Line Emitters in Cosmological Simulation

e Characterization of a planetary system PTFO 8-8695 from the variability of its transit lightcurve
induced by the nodal precession

e Neutrino-heating mechanism of core-collapse supernovae explosions

e Formation of Super-Massive Stars and Super-Massive Black Holes in the Early Universe
2013

e Giant primordial gas clouds and massive blackholes in the early universe

e Characterization of Multi-transiting Planetary Systems with Transit Timing Variations

20 Murao Group

Research Subjects: Quantum Information Theory

Member: Mio Murao and Akihito Soeda

Quantum mechanics allows a new type of information represented by quantum states which may be
in a superposition of 0 and 1 state. Quantum information processing seeks to perform tasks which are
impossible or not effective with the use of conventional classical information, by manipulating quantum
states to the limits of quantum theory. Examples are quantum computation, quantum cryptography, and
quantum communication.

This year, our group consisted of two faculty members, Mio Murao (Professor), Akihito Soeda (Assistant
Professor), 2 postdoctoral researchers—Marco Thilio Coelho Quintino (JSPS foreign postdoctoral fellow until
November and specially appointed researcher since March) and Shojun Nakayama (specially appointed
researcher) —, and 5 graduate students—Ryosuke Sakai (D3), Hayata Yamasaki (D3), Qingxiuxiong Dong
(D1), Oscar Bulancea Lindvall (USTEP graduate student from KTH Royal Institute of Technology), and
Tian-Jiao Yin (research student). Our projects engaged in the academic year of 2018 were the following:

e Distributed quantum information processing
— Necessary amount of quantum communication for distributed encoding and decoding of quantum
information by H. Yamasaki and M. Murao
— Quantum communication cost for quantum state merging by H. Yamasaki and M. Murao

— Distributedly encoded quantum information through quantum state merging by H. Yamasaki
and M. Murao

— Distributed generation of multipartite entangled state under restricted quantum memories by
H. Yamasaki and M. Murao with B. Kraus, W. Diir, and A. Pirker at the University of Innsbruck

— Quantum communication cost for quantum state exchange with quantum side information by
H. Yamasaki with Yonghe Lee and Soojoon Lee at Kyung Hee University, R. Takagi at Mas-
sachusetts Institute of Technology, and G. Adesso at Nottingham University.

e Higher-order quantum operations

— Characterization of higher-order operations with indefinite causal order by W. Yokojima, M.T.
Coelho Quintino, A. Soeda, and M. Murao

— Universal quantum algorithm to invert a blackboxed unitary opertation by M.T. Coelho Quintino,
Q. Dong, A. Soeda, and M. Murao

— Controllization of higher-order operations and application to universal controllization of unitary
gates by S. Nakayama, Q. Dong, and M. Murao

e Foundations on quantum mechanics
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— Quantum process with indefinite causal order and universal inversion of unitary gates by M.T.
Coelho Quintino, Q. Dong, A. Soeda, and M. Murao

— Device-independent tests of structures of measurement incompatibility by M.T. Coelho Quintino
with C. Budroni at Institute for Quantum Optics and Quantum Information, A. Cabello at
Universidad de Sevilla, and D. Cavalcanti at The Institute of Photonic Sciences (ICFO)

— Semi-device-independent certification of indefinite causal order by M.T. Coelho Quintino with
J. Bavaresco and C. Brukner at Institute for Quantum Optics and Quantum Information, and
M. Aratjo at Institute for Theoretical Physics

e Quantum information processing with hybridized quantum systems

— Robust control of two-qubit gates under inherent Hamiltonian dynamics by R. Sakai, A. Soeda,
and M. Murao with D. Burgarth at Aberystwyth University

— Thermal equilibration algorithm exploiting higher-order detailed balance of energy transition by
S. Nakayama, O. Lindvall, and M. Murao

Please refer our webpage: http://www.eve.phys.s.u-tokyo.ac.jp/indexe.htm for more details. The publi-
cation list for the year is available at the end of the Japanese version of the group research summary.

21 Ueda Group

Research Subjects: Bose-Einstein condensation, fermionic superfluidity, topological phe-
nomena, reservoir engineering, information thermodynamics, quantum informa-

tion, measurement theory

Member: Masahito Ueda and Shunsuke Furukawa

With recent advances in nanoscience, it has become possible to precisely measure and control atoms,
molecules, and photons at the level of a single quantum. We are interested in theoretically studying
emergent quantum many-body problems in such highly controllable systems and developing nanoscale
thermodynamics and statistical physics that lay the foundations of such problems. Our particular focuses
in recent years include many-body physics of ultracold atomic gases and unification of quantum and statis-
tical physics and information theory. Atomic gases which are cooled down to nearly zero temperature by
laser cooling techniques offer unique opportunities for studying macroscopic quantum phenomena such as a
Bose-Einstein condensation (BEC) in controlled manners. Unprecedented controllability of such gases also
enables us to simulate phenomena analogous to condensed matter and astronomical physics, to investigate
their universal properties, and to explore unknown quantum many-body physics. In our recent works,
we have studied topological excitations and coarsening dynamics in spinor BECs, non-unitary dynamics
in driven-dissipative systems, Efimov physics and impurity problems under the control of an atomic in-
teraction strength, quantum Hall effect and vortex lattices in synthetic gauge fields, and thermalization
of isolated quantum systems. We are also interested in relating fundamental concepts of quantum and
statistical physics with information theory and exploring interdisciplinary fields that unify physics and in-
formation. In particular, we have recently worked on generalizations of the second law of thermodynamics
and fluctuation theorems and the formulations of state reduction dynamics and Hamiltonian estimation in
light of information flow under measurements and feedback controls. We list our main research subjects in
FY2018 below.

e Quantum many-body phenomena in ultracold atoms
- Quantum many-body dynamics under measurement backaction [1, 2]
- Variational approach to quantum impurity problems in and out of equilibrium [3, 4]
- Impurity-induced multibody resonances in a Bose gas [5, 6]

- Collective modes of vortex lattices in two-component BECs under synthetic gauge fields [7]
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22. YOKOYAMA (J) GROUP

e Quantum information, quantum measurement, and foundation of statistical mechanics
- Classification of topological phases in non-Hermitian systems [8, 9]
- Bulk-edge correspondence in non-Hermitian topological systems [10, 11]
- Topological entanglement-spectrum crossing in quench dynamics [12]

Y. Ashida and M. Ueda, Phys. Rev. Lett. 120, 185301 (2018).

Y. Ashida, K. Saito, and M. Ueda, Phys. Rev. Lett. 121, 170402 (2018).

Y. Ashida, T. Shi, M. C. Banuls, J. I. Cirac, and E. Demler, Phys. Rev. Lett. 121, 026805 (2018).

Y. Ashida, T. Shi, M. C. Banuls, J. I. Cirac, and E. Demler, Phys. Rev. B 98, 024103 (2018).

Z.-Y. Shi, S. M. Yoshida, M. M. Parish, and J. Levinsen, Phys. Rev. Lett. 121, 243401 (2018).

S. M. Yoshida, Z.-Y. Shi, J. Levinsen, and M. M. Parish, Phys. Rev. A 98, 062705 (2018).

T. Yoshino, S. Furukawa, S. Higashikawa, and M. Ueda, New J. Phys. 21, 015001 (2019).

Z. Gong, Y. Ashida, K. Kawabata, K. Takasan, S. Higashikawa, and M. Ueda, Phys. Rev. X 8, 031079 (2018).

See also Viewpoint: Physics 11, 96.

[9] K. Kawabata, S. Higashikawa, Z. Gong, Y. Ashida, and M. Ueda, Nat. Commun. 10, 297 (2019). Selected as
Editors’ Highlights.

[10] K. Kawabata, Y. Ashida, H. Katsura, and M. Ueda, Phys. Rev. B 98, 085116 (2018). Selected as Editors’
Suggestion.

[11] K. Kawabata, K. Shiozaki, and M. Ueda, Phys. Rev. B 98, 165148 (2018).

[12] Z. Gong and M. Ueda, Phys. Rev. Lett. 121, 250601 (2018).
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22 Yokoyama (J) Group

Research Subjects: Theoretical Cosmology and Gravitation

Members: Jun’ichi Yokoyama and Kohei Kamada

This group being a part of Research Center for the Early Universe (RESCEU) participates in research and
education of Department of Physics in close association with Theoretical Astrophysics Group of Department
of Physics. We are studying various topics on cosmology of the early universe, observational cosmology,
and gravitation on the basis of theories of fundamental physics such as quantum field theory, particle
physics, and general relativity. We have also been working on gravitational wave data analysis to prepare
for completion of KAGRA. Below is the list of topics studied during the academic year 2018.

Early Universe Cosmology
e Higgs- R? inflation
e Effects of phase transition during inflation on the primordial perturbations
e Anisotropic inflation
e Creation of the Universe from inhomogeneous fields
e Long-term dynamics of axion strings
e Electroweak symmetry breaking in the Twin Higgs models
e Gravitational reheating in the inflation models without inflaton oscillation
e Dark matter from the gravitational reheating
e Higgs vacuum instability around the compact objects
e Micro blackhole dark matter
e Reheating of the Universe triggered by the Higgs field

e Magnetogenesis and baryogenesis through the chiral anomaly
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23. TAKASE GROUP

Astroparticle Physics

e Indirect detection of axions at the magnetosphere of neutron stars

Observational Cosmology

e Constraints on primordial non-Gaussianity through mini halo

Gravitational Waves
e Test of quantum gravity by the observation of the ringdown gravitational waves

e Independent component analysis with iKAGRA data

23 Takase Group

Research Subjects: High Temperature Plasma Physics Experiments, Spherical Tokamak,
Wave Heating and Current Drive, Nonlinear Physics, Collective Phenomena,

Fluctuations and Transport, Advanced Plasma Diagnostics Development

Member: Yuichi Takase, Akira Ejiri, Naoto Tsujii

In Takase Group, we perform experiments on the TST-2 spherical tokamak (Rg = 0.36 m, a = 0.23 m,
I, < 120 kA) at the Kashiwa Campus to develop physics understanding and technology to realize fusion
energy. Spherical tokamaks are able to achieve high 3, but non-inductive plasma current start-up is a
formidable challenge. We collaborate with other fusion experiments within Japan and abroad, including
JT-60SA, LHD, LATE, and QUEST.

Our present focus on TST-2 is the establishment of plasma current ramp-up method using lower-hybrid
waves (LHW). In FY2018, we have used the antenna installed at the top-side and the outboard-side of the
plasma. To better understand the wave physics, we have installed new magnetic probes and interferometer
chords. We have also made modification to the top-launch antenna to extend the plasma size.

When the LHW was launched from the top-side of the plasma, strong up-shift of the poloidal wavenumber
was expected above the plasma current of 16 kA for the TST-2 parameters. In the experiment, dramatic
increase of soft X-ray radiation was observed which may be consistent with the strong up-shift in the
wavenumber. Hard X-ray radiation have been measured to study the dynamics of lower-hybrid wave driven
fast electrons. A new detector using LYSO was installed and the time resolution was improved by a factor
of 4 compared to the previous Nal based detectors. With power modulation experiment, existence of
barely confined, and thus quickly lost fast electrons were suggested. An interferometer chord was added
at Z = 0.3 m, above the midplane. The density measured by this chord decreased by 40 % immediately
after the RF power turn on whereas density change at the midplane chord was negligible. This may be an
indication of density reduction due to the ponderomotive force. Magnetic probes were used to study lower-
hybrid wave propagation. The newly installed probes at the center stack showed drastically different wave
propagation characteristics between the top-launch and the outboard-launch antennas, partially consistent
with the ray-tracing calculations.

Ohmic discharges were also studied. Microwave imaging reflectometry (MIR) was used to observe the
MHD fluctuations leading to internal reconnection events. It was found that the peak of the density
fluctuation intensity measured by MIR occurred slightly (100400 us) before those of the magnetic probes
and the radiation measurements.

AC Ohmic coil operation attempts to reduce the size of the Ohmic coil by applying AC current instead
of DC current. It has been shown that AC Ohmic operation can successfully pre-ionize the plasma, which
in turn, can be ramped up using LHW. Theoretical model to better describe the pre-ionization process was
developed.
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24. SANO GROUP

Several diagnostic developments were performed in FY2018. The stray-light of the Thomson scattering
diagnostic was quantitatively measured and the source was identified. By installing four apertures at the
critical locations along beam line, the stray-light was reduced to 4 % of the previous value.

LYSO based hard X-ray imaging diagnostic was designed to identify the source of hard X-ray radiation
more accurately. Polarimeter is being developed to measure the internal current profile which is hard to
estimate only with external magnetic diagnostics. Initial measurement was performed and polarimeter
phase was successfully measured, but reduction of noise is necessary.

As a collaboration, Thomson scattering on QUEST is being developed. Thomson scattering measurement
was performed for ECH driven discharges. For 28 GHz ECH driven discharge, the parallel refractive index
was scanned. Much higher temperature was achieved at lower parallel refractive index suggesting bulk
heating.

Soft X-ray imaging system is being developed as a collaboration with PPPL. In FY2018, design opti-
mization for a DIII-D H-mode discharge and a JT-60SA neutral beam driven discharge was performed. A
similar system is planned to be installed on TST-2 and the design is being finalized.

24 Sano Group

Research Subjects: Physics of out-of-equilibrium systems and living matter

Member: Masaki Sano and Tetsuya Hiraiwa

Our main goal is to discover and elucidate prototypical phenomena in systems far from equilibrium. To
this end we develop our studies along the following three axes, integrating both experimental and theoretical
approaches: (i) statistical mechanics in which non-equilibrium fluctuations overwhelm the thermal effects,
(ii) active matters, as characteristic phenomena in far-from-equilibrium systems, (iii) biological systems, as
important instances where non-equilibrium dynamics takes the essential role. Our current research topics
include:

1. Statistical mechanics out of equilibrium
(1) Establishing the method to verify the scaling law in the absorbing phase transition [2]
(2) Non-equilibrium dynamics in large-degree of freedom system including electroconvection of liquid
crystals and absorbing phase transition

2. Active matters
(1) Self-propulsion of colloidal particle under AC fields
(2) Collective motion of self-driven colloidal particles
(3) Collective motion of filamentous proteins

3. Biological systems
(1) Collective migration of neural stem cells on the restricted range of adherable substrate
(2) Theory on mechanics of cellular dynamics and morphogenesis [1, 3, 4]

[1] T. Hiraiwa and R. R. Netz: Systematic bottom-up theory for the viscoelastic response of worm-like-chain
networks, Europhysics Letters 123, 58002 (2018).

[2] K. Tamai and M. Sano: How to experimentally probe universal features of absorbing phase transitions using
steady state, J. Stat. Mech. 2018, 123207 (2018).

[3] T. Hiraiwa, F.-L. Weng, T. Shibata and E. Kuranaga: Mathematical Modeling of Tissue Folding and Asym-
metric Tissue Flow during Epithelial Morphogenesis, Symmetry 11, 113 (2019).

[4] T. Hiraiwa: Two types of exclusion interactions for self-propelled objects and collective motion induced by
their combination, Physical Review E 99, 012614 (2019).

[6] T. Yamamoto, and M. Sano: Hydrodynamic rotlet dipole driven by spinning chiral liquid crystal droplets,
Physical Review E, 99, 022704 (2019).
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25. YAMAMOTO GROUP

25 Yamamoto Group

Research Subjects: Millimeter- and submillimeter-wave Astronomy, Star and Planet For-
mation, Chemical Evolution of Interstellar Molecular Clouds

Member: Satoshi Yamamoto and Yoko Oya

Molecular clouds are birthplaces of new stars and planetary systems, which are being studied extensively
as an important target of astronomy and astrophysics. Although the main constituent of molecular clouds
is a hydrogen molecule, various atoms and molecules also exist as minor components. The chemical compo-
sition of these minor species reflects formation and evolution of molecular clouds as well as star formation
processes. It therefore tells us how each star has been formed. We are studying star formation processes
from such an astrochemical viewpoint.

Since the temperature of a molecular cloud is 10 7 100 K, an only way to explore its physical structure
and chemical composition is to observe the radio wave emitted from atoms, molecules, and dust particles.
Particularly, there exist many atomic and molecular lines in the millimeter/submillimeter wave region, and
we are observing them toward formation sites of Solar-type protostars mainly with ALMA (Atacama Large
Millimeter /submillimeter Array).

So far, it has well been recognized that an envelope/disk system of a Solar-type protostar shows a
significant chemical diversity. One distinct case is so called Warm Carbon Chain Chemistry (WCCC),
which is characterized by rich existence of various unsaturated carbon-chain molecules such as CoH, C4H,
and HC5;N. A prototypical source is L1527 in Taurus. Another distinct case is so called hot corino chemistry,
which is characterized by rich existence of various saturated organic molecules such as CH;OH, HCOOCH3,
and CoH5CN. A prototypical source is IRAS 16293-2422 in Ophiuchus. Recently, sources having the both
characteristics have also be found. Such chemical diversity would reflect the star formation history of each
source, more specifically, a duration time of the starless core phase.

We are now studying how such chemical diversity is brought into protoplanetary disks by using ALMA.
For the WCCC source L1527, we have found that carbon-chain molecules only exist in an infalling-rotating
envelope outside its centrifugal barrier (r = 100 AU), while SO preferentially exists around the centrifugal
barrier. For the hot corino source IRAS 16293-2422, OCS traces an infalling-rotating envelope, while
saturated organic molecules such as CH30H and HCOOCHj; trace the centrifugal barrier. Hence, chemical
compositions drastically change across the centrifugal barrier of the infalling gas. Since a protostellar disk
is formed inward of the centrifugal barrier, the chemical diversity at an envelope scale (~ 1000 au) is
indeed inherited in the disk forming region (~ 100 au). Then, what is the initial chemical condition of the
Solar System? Is it a common occurrence in our Galaxy? To answer these questions, extensive ALMA
observations are in progress.

In parallel to such observational studies, we are developing a hot electron bolometer mixer (HEB mixer)
for the future terahertz astronomy. We are fabricating the phonon cooled HEB mixer using NbTiN and
NbN in our laboratory. The receiver equipped with this HEB mixer is now used for laboratory spectroscopy
of interstellar molecules at RIKEN in collaboration with Dr. Nami Sakai.

[1] Oya, Y. et al. Infalling-Rotating Motion and Associated Chemical Change in the Envelope of IRAS
16293-2422 Source A Studied with ALMA, Astrophys. J. bf 824, 88 (2016).

[2] Imai, M. et al. Discovery of Hot Corino in the Bok Globule B335, Astrophys. J. Lett. 830, L37 (2016).

[3] Okoda, Y. et al. The Co-evolution of Disks and Stars in Embedded Stages: The Case of the Very-low-
mass Protostar IRAS 15398-3359, Astrophys. J. Lett. 864, L25 (2018).

26 Sakai (Hirofumi) Group

Research Subjects: Experimental studies of atomic, molecular, and optical physics

Members: Hirofumi Sakai and Shinichirou Minemoto
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27. GONOKAMI, YUMOTO AND IDEGUCHI GROUP

Our research interests are as follows: (1) Manipulation of neutral molecules based on the interaction
between a strong nonresonant laser field and induced dipole moments of the molecules. (2) High-intensity
laser physics typified by high-order nonlinear processes (ex. multiphoton ionization and high-order harmonic
generation). (3) Ultrafast phenomena in atoms and molecules in the attosecond time scale. (4) Controlling
quantum processes in atoms and molecules using shaped ultrafast laser fields. A part of our recent research
activities is as follows:

(1) Electron-wave-packet dynamics extracted from the ellipticity dependence of high-order
harmonic generation in benzene molecules [4]

We measure the ellipticity dependence of high-order harmonic intensities generated from benzene (CgHg)
molecules with and without an yttrium aluminum garnet (YAG) laser field. We successfully extract the
expansion dynamics of the electron wave packet by analyzing the ellipticity dependence based on the
semiclassical electron trajectory. Without the YAG laser pulse, we find that the ellipticity dependence
reflects the expansion dynamics of the electron wave packet and the difference in highest occupied molecular
orbital compared to nitrogen (N3) molecules. We also measure the ellipticity dependence under the YAG
laser field and show that the difference in the ellipticity dependence with and without the YAG laser field
is qualitatively explained by the harmonic-order-dependent efficiency of the sum and difference frequency
generation, whose efficiency is higher as the harmonic order becomes higher.

(2) Improving molecular orientation by optimizing relative delay and intensities of two-color
laser pulses [5]

We numerically explore molecular orientation dynamics with moderately intense nanosecond two-color
laser pulses. It is believed that the nanosecond two-color pulse can adiabatically control the molecular ori-
entation. However, in our simulation based on the time-dependent Schrédinger equation, which naturally
includes nonadiabatic effects, the orientation dynamics shows clear deviation from the adiabatic approxi-
mation (AA) results, while the molecular alignment dynamics is in good agreement with the AA results.
The nonadiabaticity is significantly influenced by three parameters, the intensities, and the relative delay
of the two wavelengths. In this work, we clarify the reason behind the nonadiabaticity and provide the
solution for achieving higher degrees of orientation.

[1] Hiroyuki Shimada, Kazma Komatsu, Wataru Komatsubara, Tomoya Mizuno, Soichiro Miyake, Shinichi-
rou Minemoto, Hirofumi Sakai, Takuya Majima, Shigeki Owada, Tadashi Togashi, Makina Yabashi,
and Akira Yagishita, “Two- and three-photon double ionization of helium by soft x-ray free-electron
laser pulses,” J. Phys. B 52, 065602 (2019) (8 pages).

[2] Shinichirou Minemoto, Hiroyuki Shimada, Kazma Komatsu, Wataru Komatsubara, Takuya Majima,
Soichiro Miyake, Tomoya Mizuno, Shigeki Owada, Hirofumi Sakai, Tadashi Togashi, Makina Yabashi,
Piero Decleva, Mauro Stener, Shota Tsuru, and Akira Yagishita, “Time-resolved photoelectron an-
gular distributions from nonadiabatically aligned CO5 molecules with SX-FEL at SACLA,” J. Phys.
Commun. 2, 115015 (2018) (8 pages).

[3] Hiroyuki Shimada, Shinichirou Minemoto, Kazma Komatsu, Wataru Komatsubara, Shintaro Yoshida,
Takuya Majima, Tomoya Mizuno, Hirofumi Sakai, Shigeki Owada, Tadashi Togashi, Makina Yabashi,
and Akira Yagishita, “Photoelectron spectroscopy of Rydberg excited states in singly charged molec-
ular ions CSJ by NIR laser pulses,” J. Phys. B 51, 225601 (2018) (8 pages).

[4] Wataru Komatsubara, Shinichirou Minemoto, and Hirofumi Sakai, “Electron-wave-packet dynamics
extracted from the ellipticity dependence of high-order harmonic generation in benzene molecules,”
Phys. Rev. A 98, 023416 (2018) (8 pages).

[5] Je Hoi Mun and Hirofumi Sakai, “Improving molecular orientation by optimizing relative delay and
intensities of two-color laser pulses,” Phys. Rev. A 98, 013404 (2018) (8 pages).
27 Gonokami, Yumoto and Ideguchi Group

Research Subjects: Experimental studies on light-matter interaction in many-body quan-
tum systems, optical phenomena in artificial nanostructures, and development

of laser based coherent light sources

211



28. ANDO GROUP

Member:Makoto Gonokami, Junji Yumoto and Takuro Ideguchi

We explore new aspects of many-body quantum systems and their exotic quantum optical effects by
designing light-matter interactions. Our current target topics consist of a wide variety of matters, including
excitons and electron-hole ensembles in semiconductors, antiferromagnetic materials and ultra-cold atomic
gases. In particular, we have been investigating the phase of Bose-Einstein condensation of excitons, which
has not been experimentally proven while considered as the ground state of an electron-hole ensemble. Based
on quantitative spectroscopic measurements, the temperature and density of the excitions are determined
in a quasi-equilibrium condition where they are trapped in a highly pure crystal kept below 1 K. We are now
investigating a stable quantum degenerate state of dark excitons at the low temperature. We also study
novel optical and teraherz-wave responses of artificial nanostructures fabricated by advanced technologies.
Furthermore, a project has started for developing new coherent light sources that cover broad spectral range
from terahertz to soft X-rays. The Foundation for Coherent Photon Science Research was established for
the project in collaboration with RIKEN. This is one of the Advanced Research Foundation initiatives
from the Ministry of Education, Culture, Sports, Science and Technology. Within this initiative, we are
developing intense and stable coherent light sources running at a high repetition rate (the facility is called
”Photon Ring”).

The group activities of this year are as follows:

1. The quest for macroscopic quantum phenomena in photo-excited systems:
1.1. Systematic study of the Bose-Einstein condensation transition of excitons using a dilution re-
frigerator
1.2. Preparation of new quantum many-body systems using ultra-cold atomic gases and their appli-
cation to nuclear physics

2. The quest for non-trivial optical responses and development of applications:

2.1. Development of new technology to measure laser ablation thresholds

2.2. Fabrication of Moth-Eye THz Anti-Reflection Structures by Femtosecond Laser Processing

2.3. Novel design and modeling technique for additive manufacturing of functional objects with ar-
bitrarily graded internal structures

3. Development of novel coherent light sources and spectroscopic methods:

3.1. VUV precision spectroscopy using higher-order harmonics
3.2. Laser-based angle resolved photoemission spectroscopy
3.3. Label-free microscope using coherent Raman spectroscopy
3.4. ”Photon ring” project

3.5. Institute for Photon Science Technology

28 Ando Group

Research Subjects: Experimental Relativity, Gravitational Wave, Laser Interferometer

Member: Masaki Ando and Yuta Michimura

Gravitational waves has a potential to open a new window onto the Universe and brings us a new type
of information about catastrophic events such as supernovae or coalescing binary neutron stars or binary
black holes; these information can not be obtained by other means such as optics, radio-waves or X-ray.
Worldwide efforts are being continued in order to construct and improve detectors.

In Japan, we are constructing a large-scale cryogenic gravitational-wave antenna, named KAGRA, at
Kamioka underground site. This underground telescope is expected to catch gravitational waves from the
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29. BAMBA GROUP

coalescence of neutron-star binaries at the distance of 200 Mpc. A space laser interferometer, DECIGO,
was proposed through the study of the gravitational wave sources with cosmological origin. DECIGO could
detect primordial gravitational waves from the early Universe at the inflation era.

The current research topics in our group are followings:

e KAGRA gravitational wave detector

e Space laser interferometer, DECIGO

e Development of TOBA (Torsion Bar Antenna)

e High-precision experiments on relativity and opto-mechanics

— Opto-mechanics experiments with triangular cavity
— Optical levitation experiments

— Experimental study of space isotropy

Reference
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2]
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29 Bamba Group

Research Subjects: High-energy astrophysics, mainly utilizing X-ray observatories in or-

bit. Targets are, supernova remnants, black-holes, neutron-stars, magnetars,

white dwarfs, cluster of galaxies, as well as thunder-cloud gamma-rays.

Member: Associate Prof: Aya Bamba, Assistant Prof: Hirokazu Odaka
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30. KUSAKA GROUP

We analyze the X-ray data of, neutron star high-mass X-ray binaries, neutron star low-mass X-ray
binaries, magnetors, and associated supernova remnants. Also black-hole binaries, active galactic nuclei,
as well as Ultra-Luminous X-ray sources, are analyzed. White dwarf binaries are also important. Clusters
of galaxies, especially in its merging phase, are also important targets for us. Supernova remnants are the
origin of diversity of the universe, in the context of chemical evolution, cosmic ray acceleration, and the
explosion mechanism of supernovae.

For further better observations, we developes a new generation X-ray satellites. We are members of
XRISM, planned to launch on Japanese fiscal year of 2021, and charges the science magegement of galactic
diffuse sources and softwares. We also study on future missions to measure the X-ray polarimetory, using
CMOS sensors and coded apertures, which mission aims to launch 2020’s.

We are also working on the enigmatic MeV gamma-ray emission from thunder-clouds themselves.

[1] Hitomi Collaboration, A. Bamba, H. Odaka, et al., “Hitomi X-ray Observation of the Pulsar Wind Nebula
G21.5 — 0.9” . PASJ, 70, 38 (2018)
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Telescopes, Instruments, and Systems, 4, 021410 (2018)
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30 Kusaka Group

Research Subjects: Observational Cosmology, Cosmic Microwave Background (CMB)
Observation. (1) Study of Inflation in the early universe and the evolution of

the universe through gravitational lensing using POLARBEAR and Simons Array

214



31. TAKEUCHI GROUP

experiment; (2) Design, Development, and Construction of Simons Observatory
aiming to study Inflation, evolution of the universe, Neutrinos, Dark Energy,
and Dark Radiation; (3) Research and Development of technologies for Simons
Observatory and CMB-54.

Member: A. Kusaka and K. Kiuchi

e POLARBEAR experiment and its successor, Simons Array, are optimized to measure both inflationary
signature and the gravitational lensing effect in CMB polarization. POLARBEAR experiment has just
concluded its observation campaign, and Simons Array experiment is about to be deployed. Our
focus is on data analysis as well as the development and characterization of the continuously-rotating
half-wave plate (HWP) enabling accurate measurement of CMB polarization.

e Simons Observatory experiment is planned for the first light in a few years. We plan to deploy an
array of what we call “small aperture cameras,” which are dedicated for the inflationary signal, and
a six-meter “large aperture telescope,” which enables observation for Neutrinos and the dark content
of the universe. We are primarily focusing on the design and development for the small aperture
camera.

e Research and Development for the next generation experiments such as Simons Observatory and
CMB-54 are crucial component of our research program. We specifically work on superconducting
technologies used in the detectors and cryogenic bearing system for HWP. We also develop tech-
niques for high-performance computation (HPC) enabling data analysis for new experiments produc-
ing order-of-magnitude larger data volume than the current instruments.

31 Takeuchi Group

Research Subjects: Physics of out-of-Equilibrium systems

Member: Kazumasa A. Takeuchi

We aim to explore laws of physics underlying out-of-equilibrium phenomena, by pushing forward re-
search subjects encompassing soft matter such as liquid crystal and granular systems, fluids, and biological
populations, mostly by experiments. In addition to understanding specific problems, we aim to extract
laws of physics that are hopefully common across different systems and phenomena. As a result, there are
a relatively wide range of subjects ongoing in the lab. Currently, our main subjects are “exploration of
universal out-of-equilibrium scaling laws using liquid-crystal turbulence” and “search for physical principles
governing populations of living cells by means of microfluidic devices”, but we also continue being moti-
vated to launch “new projects that are interesting and realistic to challenge”. Below is a list of subjects
we carried out in the scholar year 2018.

(1) Exploration of universal out-of-equilibrium scaling laws using liquid-crystal turbulence
(1-1) Direct test of universal statistics for the non-equilibrium steady state of interface fluctuations
(1-2) Measuring dynamic scaling laws of Ising-type relaxation and connection to critical percolation
(2) Search for physical principles governing populations of living cells by means of microfluidic devices
(2-1) Development of a microfluidic device for observing dense bacterial suspensions

(2-2) Observation of competiting two neutral bacterial populations

(2-3) Lane formation and voter-model statistics in a model of bacterial populations [3]

(3) Other experimental or experimentally motivated projects

(3-1) Development of a method to measure instability of large chaotic systems [2]
(3-2) Reversible-irreversible transition in a dense particle system under periodic shear
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Published papers:

[1] K. A. Takeuchi, An appetizer to modern developments on the Kardar-Parisi-Zhang universality class.
Physica A 504, 77-105 (2018).

[2] T. P. Shimizu and K. A. Takeuchi, Measuring Lyapunov exponents of large chaotic systems with global
coupling by time series analysis. Chaos 28, 121103 (2018). (fast track article)

[3] T. Shimaya and K. A. Takeuchi, Lane formation and critical coarsening in a model of bacterial compe-
tition. Phys. Rev. E (in press).

32 Nose Group
Research Subjects: Formation and function of neural networks

Member: Akinao Nose and Hiroshi Kohsaka

The aim of our laboratory is to elucidate the mechanisms underlying the formation and function of neural
networks, by using as a model, the simple nervous system of the fruity, Drosophila. A part of our recent
research activity is summarized below.

1.Divergent Connectivity of Homologous Command-like Neurons Mediates Segment-
Specific Touch Responses in Drosophila.

Animals adaptively respond to a tactile stimulus by choosing an ethologically relevant behavior depending
on the location of the stimuli. Here, we investigate how somatosensory inputs on different body segments
are linked to distinct motor outputs in Drosophila larvae. Larvae escape by backward locomotion when
touched on the head, while they crawl forward when touched on the tail. We identify a class of segmentally
repeated second-order somatosensory interneurons, that we named Wave, whose activation in anterior and
posterior segments elicit backward and forward locomotion, respectively. Anterior and posterior Wave
neurons extend their dendrites in opposite directions to receive somatosensory inputs from the head and
tail, respectively. Downstream of anterior Wave neurons, we identify premotor circuits including the neuron
A03a5, which together with Wave, is necessary for the backward locomotion touch response. Thus, Wave
neurons match their receptive field to appropriate motor programs by participating in different circuits in
different segments. (Collaboration with Drs. Albert Cardona, Marta Zlatic, and James Truman groups at
the Janelia Research Institute in the USA and Dr Hokto Kazama at RIKEN BSI)

2.Data-driven analysis of motor activity implicated 5-HT2A neurons in back-

ward locomotion of larval Drosophila.

Rhythmic animal behaviors are regulated in part by neural circuits called the central pattern generators
(CPGs). Classifying neural activities correlated with body movements and identifying component neurons
associated with the activities are critical steps in understanding the workings of CPGs and animal locomo-
tion. Here, we present a novel method for classifying motor activities in large-scale calcium imaging data of
Drosophila larvae. The method is based on pre-trained convolutional neural network model VGG-16 and
unsupervised learning, and successfully classified activities correlated with forward and backward locomo-
tion in activity data of different types of neurons and under different imaging conditions. By applying these
methods to neurons targeted by 5-HT2A-Gal4, we identified two classes of interneurons, termed Seta and
Leta, which are specifically active during backward but not forward fictive locomotion. Several behavior
assays suggest that 5-HT modulates backward locomotion by acting on Seta and Leta neurons via the
5-HT2A receptor. This study establishes an accelerated pipeline for activity profiling and cell identifica-
tion in larval Drosophila and implicates a serotonergic system in the modulation of backward locomotion.
(Collaboration with Dr. Shu Kondo at NIG and Dr. Hiromu Tanimoto at Tohoku university)
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33 Higuchi Group

The function of biological system is originated by the bio-molecular function. It is difficult to measure
the molecular functions in cells and animals precisely. Therefore, we understand the molecular function,
especially dynamic function, of purified protein molecule first by single molecule technology. Then we
investigate the function of molecules or organelle by the single and imaging method. Finally, we imaged
the molecules in mouse auricle to understand the function of molecule in vivo.

Super-resolution method to detect the movement of myosin heads The direct observation of
coordinated force generations in acto-myosin system has not been performed due to the technical difficulty
that is the diffraction limit. Now, in order to overcome such a problem, we have applied the super-resolution
imaging technique developed by Prof. Ueda’ s group from our department. In our single molecule assay, gold
nanoparticles (GNPs) were attached to 2-3 myosin molecules embedded in each single myosin filament. The
scattered images of GNPs were recorded by high-speed camera and were typically merged together because
they are positioned within the diffraction limit. Therefore, the Multi-Emitters Localization algorithm
(Ashida and Ueda, 2014) was used to detect the positions of individual GNPs at every 100us interval. We
found that each myosin molecules are substantially displaced during acto-myosin interactions and their
displacements appear to be occasionally synchronized. However, we realized that scattered images can
be influenced each other, causing a potential artifact, if their positions are too closed. Thus, we need to
develop a new laser projection method and analysis technique to overcome this issue.

Reverse stroke generated by cardiac myosin In order to elucidate the molecular mechanism of
how dynamics of cardiac myosins contribute to heart function, we measured forces of synthetic B -cardiac
myosin filaments using optical tweezers and revealed stepwise displacements of actin filaments driven by
myosins under a wide range of loads. The stepping ratio, which is the ratio of the number of forward
steps relative to backward steps, under unloaded conditions decreased with increasing ATP concentrations.
Compared with skeletal myosin, the stepping ratio of cardiac myosin is much lower than that of skeletal
myosin, indicating cardiac myosin shows frequent backward steps. Meanwhile, the peak forces generated by
cardiac myofilaments with 15 interacting molecules were 1.5-2 times higher than those observed in skeletal
myofilaments with nearly the same number of interacting molecules. Based on these findings, we developed
the simulation model to understand which molecular properties critically effect on stepping behaviors and
force outputs in cardiac myofilaments. The simulation suggested that reverse stroke in ADP states is
a key feature to cause frequent backward steps at higher ATP concentrations, resulting lower stepping
ratio. Moreover, switching between two ADP states associated with the alternate execution of power and
reverse strokes keeps many myosin molecules populated in force-generating states, enhancing the duty
ratio and force outputs. Therefore, we further investigated whether single cardiac myosin can execute the
power and reverse strokes in ADP state under a variety of loading conditions. When single cardiac myosin
molecules interacting with single actin filaments were stretched by optical tweezers, beads’ positions were
occasionally switched between two discrete levels for high loads, implying the load-dependent execution
of power and reverse strokes. To know physiological meaning of reverse stroke, we simulated dynamics of
myosin molecules in sarcomere and found that the reverse stroke plays a crucial role in reducing the rate
of ATP consumption during isometric contraction.

Molecular mechanism of beating of sperm flagella To investigate the collective force generation of
an ensemble of dynein in sperm axoneme, we planned to measure force generation of dynein still attached
on a doublet microtubule. We disintegrated axoneme by adding ATP after treating by protease to obtain
doublet microtubules. We measured force generated by dynein molecules on the edge of a bundle of doublet
microtubules and found two types of characteristic force. In the first type, microtubule was interacted to a
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bundle of doublet microtubules at right angles and then oscillatory force was measured. The peak-to-peak
forces and amplitude of oscillation was about 10-15 pN and 10-15 nm, respectively. The fact that dyneins
on a bundle of doublet microtubules can generate oscillatory force suggests that dynein retain characteristic
oscillatory force generation in higher order of structure. In the second type, a microtubule was interacted
to a bundle of doublet microtubules in parallel in which hundreds of dynein molecules can interact to a
microtubule and then force of about 8 pN was generated. This suggests the possibility that very small
number of dynein molecules activate at the same time.

Collective motion on cell assembly Collective motion of spindle-shaped cells has been seen during
development, for example rostral migratory stream, or cancer invasion after epithelial-mesenchymal tran-
sition. As spindle-shaped cells has many functions which are significant on collective migration, their
collective migration is understood only qualitatively. To establish a model on the collective migration, we
have been studying on the collective motion, with nematic order, of murine neural stem cells, one of the cell
types with spindle shape, under adhesive culture. To make a mechanical model on the collective motion
of particles with spontaneous motility and with high aspect ratio, the system is usually coarse-grained
assuming two-fold rotational symmetry. From the argument on symmetry, force generation, which is pro-
portional to the vector calculated as the distortion of the field of particle orientation, is derived. In our
study conducted until last year, this force was measured on the collective migration system of neural stem
cells, utilizing the traction force microscopy. In this year, we constructed the system where we can force
neural stem cells adhere on a selected area of the substrate, and this system showed the chiral migration
of neural stem cells, especially on the boundary of the selected area. On the other hand, we confirmed the
expression of a protein which is shown to play important roles on left-right asymmetric development. So
we are trying to inhibit the function or the expression of the protein in neural stem cells, aiming to reveal
the role of the protein in the collective migration.

34 Okada Group

Research Subjects: Biophysics, cell biology, super-resolution microscopy, live cell imag-

ing and single molecule imaging.
Member: Yasushi Okada, Sawako Enoki and Keigo Ikezaki

Our primary goal is to answer the very basic question “What is life”. To answer this question , we are
trying to fill the gap between the world of molecules and the world of living cells. Direct measurement of
molecules in living cells would serve as a basic technology to fill this gap. Thus, we have been working on
the development of the technologies for the visualization and non-invasive measurement of the molecular
processes in living cells. High-speed, super-resolution live-cell imaging and single-molecule measurement in
living cells are the two main technologies we develop.

By using these technologies, we are trying to understand the regulatory mechanisms of motor proteins
during axonal transport. Despite the many studies in the past decades by our group and others, it is
still unclear how the biophysical properties of motor proteins are related to their biological functions. For
example, a point mutation in kinesin-1 can cause hereditary spastic paraplegia, but it is unclear why this
mutation selectively affects neurons in the longest tract in the aged patients.

Through these studies and development, we have realized the importance of the cellular states, and our
microscope technologies can also be applied to the measurement of the cellular states. Thus, we have
proposed a project for the visualization, prediction and control of cellular states. We are now leading this
project, and the project members in our lab are working on the development of the technologies to visualize
and control cellular states.

In short, our effort is now divided into the following three areas: 1) development of imaging technologies
[1, 2, 3, 8], 2) study of axonal transport [5, 6], 3) measurement and control of cellular states [4].

[1] Takeshima T et al., A multi-emitter fitting algorithm for potential live cell super-resolution imaging over a
wide range of molecular densities. J Microsc. 271: 266-281. (2018)
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vivo imaging. Sci Rep 8: 8984. (2018)

[3] Gzrybowski M et al., A highly photostable near-infrared labeling agent based on a phospha-rhodamine for
long-term and deep imaging. Angew. Chem. 57:10137-10141 (2018)

[4] Okamoto K et al., Single cell analysis reveals a biophysical aspect of collective cell-state transition in embryonic
stem cell differentiation. Sci Rep. 8:11965. (2018)

[5] Hayashi K et al., Application of the fluctuation theorem for non-invasive force measurement in living neuronal
axons. Mol Biol Cell, 29:3017-3025. (2018)

[6] Shima T et al., Kinesin-binding-triggered conformation switching of microtubules contributes to polarized
transport. J Cell Biol. 217:4164-4183. (2018)
[7] Hasegawa S et al., Investigation of multiple-dynein transport of melanosomes by non-invasive force measurement
using fluctuation unit x. Sci Rep. in press (2019).
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ization microscopy. Commun Biol. in press (2019).
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Sequences. Eighth International Conference on Image Processing Theory, Tools and Applications (IPTA). 2018
[10] Yasushi Okada, Mechanisms of axonal transport investigated by high-speed and high-resolution imaging. 15th
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[11] Yasushi Okada, Regulatory mechanisms of axonal transport investigated by single-molecule and super-

resolution live imaging. The 66th NIBB Conference/ABiS international symposium. Okazaki Conference Cen-
ter, Okazaki, 2019.

35 Furusawa Group
Research Subjects: Theoretical Biophysics, Evolutionary Biology, Complex Systems

Member: Chikara Furusawa and Nen Saito

Biological systems have both robustness and plasticity, a property that distinguishes them from artifi-
cial systems and is essential for their survival. Biological systems generally exhibit robustness to various
perturbations, including the noise in gene/protein expressions and unexpected environmental changes. At
the same time, they are plastic to the surrounding environment, changing their state through processes like
adaptation, evolution and cell differentiation. Although the coexistence of robustness and plasticity can
be understood as a dynamic property of complex and interacting networks consisting of a large number of
components, the mechanisms responsible for the coexistence are largely unknown.

The goal of our work is to extract the universal features of cellular dynamics that are responsible for
robustness and plasticity in biological systems. We aim to describe the systems using a relatively small
number of degrees of freedom with the macroscopic state variables. We expect that such a description will
provide novel methods for the prediction and control of complex biological systems.

The current research topics in our group are followings:

1. Construction of macroscopic state theory describing adaptation and evolution of biological systems
Laboratory evolution of bacterial cells to analyze dynamics of phenotype-genotype mappings
Theoretical analysis for symbiotic relationships in ecosystems

Analysis of amoeba morphogenesis using phase-field models

ook N

Decoding gut microbiota using artificial neural networks

References
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