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BLE L7 72, FIBHRKBOLIE) 5 & L.
ERCFTICBIT W R EHNCTAIS T T v 7 A=V
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SRR E 7V & F O 7 FERRIE DRSS T K O AT % 47
W, =3y = —HEEOENGH ST X —
O RH S 2L F L72[6]o
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X3 A BAEMBIZE S ERE L £ L72[3].

BLH (WFgE7H8) 12, BFZeREE o, Kbt
DI - KA & D ILZFEFH L[4 BT, W Chern -
Simons Bl bR VA VERLEM 24 2 & T,
TV IF YIHCEFT BN A A Z T L E L7z,
COWFIZIZT— FCFT DO 7 = )V 3 F VIR &
INFTT, X512, Johnson-Freyd 2552 L 72 8% Fr
TERAVER ZEN XS 3 4 Chern - Simons P % 2512
LT, BUMCFT2#EL 72V IF YR Y A
WERGM 2L E Lz TR hEON -
V—F—t gk g - HHHE EDITHEL
& 3L [5] A%, Journal of Physics A Best Paper Prize
202572 E L L7,

AL (WFemiiE) 3o T - BTalE - 9k -
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D WTUE, WEE ) ORA - Yosprakob 5 & &
BIZARILSU(2) Y Y INAHBOBMEY I 2L —
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WREBRELZEG,7 T2 BTEHEICL D Y=V 8
MBI AT —ARY MV EEHHET S HEICD
WTOMREZITE L7728l WIICET 2R ICE
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ZOmFFHmN M AR L E L2210, Rido
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[3] E. Ttou et al., Phys. Rev. B 112, 134409 (2025).
[4] K. Kawabata ef al., JHEP 05, 105 (2025).
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[6] M. Hirasawa et al., JHEP 05, 009 (2025).
[7] M. Hirasawa et al., PoS LATTICE2024, 407 (2025).
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— Ty BHNZIBF 72 HEISH§ 5 EE LR EREES
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FEBEOTN AT Y5 7 4 —OERTIE, FEE
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F L7225 FCHi —F & LT SHEBRIR—T1
T EOEFRIZZ) — VB E R zER b2 L
T YRS BT 28 PG HGRO T 757 4 — 1
MEZEZHS ML E L[, — K, ETEMEE TN
V) B A S JTHHIEPD @ Yosprakob & BLPG & A3,
TV IRTRIZZY 74— 7 — b fARATEE
EATHIC ) S AR (DMRG) 7 VT AL bREK L £
L7212l FHSIE, S FTIZHBELTEBIRTN
W B L 2 FHMETHLFEITTEALEIHIICT S0
DOBAEEIS S 4 75 TTNOpt ZBHFE L [3]. X 512
A R TR OIRNTIHRL L 72 BUERT R S 4 75 ) QS3
T vy AT FY— 7RI L, IE2
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arXiv: 2510.04164
[3] R. Watanabe, H. Manabe, T. Hikihara and H. Ueda, Comput.
Phys. Commun. 319, 109918 (2026).
[4] T. Kaneda, K. Fujii, and H. Ueda, arXiv:2505.10820 (PRR, in
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TWiR2&F Lz W TETHENED) v — A M
ODBENOLT—FEXA TV X T ¥ 3 VITKBIREE
Haleth, EFEOHIM - B T A MOV TRF 7272

FE1 FEANKICKDBEROHKT

EF L7, RIZRCEFFHEO) Y —ATHE YT v "
OMEEARMN L, TV v ZIREEER T X — KD
REME VY — ZAmOFHI T EII oW, ) Y —
AHEROZRRRICHTREREEZ R L T2 & F L,

FTHKRA K (B KL IT) 12 & %2 [Introduction to
the Causal Structure of Spacetime ] TiZ, 22D K3
W z2 BT 5 ECEELR (RO —=AM]IZDoVWT,
BE ARG ZZZ R ONFEEITS SN T
WL CTW2& % Lz, ik Cld, WikoishnsH R
HTHD LT L) HE, ERYED S FEER AT
FEEL LS vwiz72&5 F Lz, BETI,
7T 7R IVIRZER EO RS L BT 57200
Ry —AHOME )7 & Z DR E TEIZHH 272
EF L7 72 BOPEETNVE LTOENT T v
7 R— V2 B, HR OO AW L 2%
WEWI) HFEEIICOWTHH L Tnz72& % L,

VEBE R (RS 0% [ Entanglement entropy
in field theory] Tix, MG BIF AV ¥ V7))V
Ay bz but—(EE) DEBEHFRHIIOWTITH
FWZEFT L7 WiFTIE, ALY VRICBISEE
E-YNAY GEJINE <35Y W i NAVAS Ztes S )
ROV TEFH 7272 & F Lz, BTl
FAC 2 RIC Y BRI B 5 EE O & 5 i
HEY B, I HEOEAB X U0 MO
MO AAREET7 O — ORI, REIIZIZcE
O E TRAL TV E T L

A 7 = AP TR L 72 53808 FrZE 13, Bz
508 OF FGEE DR Ly B LD X -
NI EELZZEZHBE LTHET, SHIEHT70%D°
ZML. D) BBV OHEBEEZITVE L7z, i
WIS A, BRS BE - Y EORMIZHIEE 2K
AT E L7,

MBS B (A7 — v - 5 F 07 & 1G5 AR,
CO3) D3I Z AT\ 55 7 MR A 7 — )V B KOV 4 [l
A TSRO D BICHAaLE L,
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202510A278 - 118 1 B, RIBASERMIELTMET 451>

20254E10H27TH 25110 1 H £ C. HIsEB A #®%E
R TR L 720 AFIROT—~ThH L ET1E
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I L. 92008 OWFZEE DSBIN L 72 KB 20 [E B4
RE %ol AN HO 5T T I, Brakerski %
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v b EGR O RAFOEIE D A S AL BT (A0D) ® Ma ld
BHIRERET VA=) —OFEBFICHET LK
W5 L7z, Karch % May % Ruan 3 & 151558 4
PED T — VEIPFIENOICHIZB U TRl L7z, &+
EHOGEFTIE, 3, Myers GHI 7 K84 4 —) 28
WFLYY TN N EENHGIBT L HEHE
OMFRIZE LT, TonniABSEY 25— NI NV DT ¥
D7 —TVEIFINIEH LT ENFUER L HEL 7
3% (BO1) & Harper (COV) 32 hBdFT v ¥ 7V R
VIR WMBEDT—VEIICICE L THEE L, €
L C. Bousso lZ— DI L CHORTZ V7 V7
WAy NEFaT T 7 4 —FEHOH Ltz 3208 L
720 F72. FHOWEN RS FH ) OREIERE 5 & AR
KD Z > 5 2P0k P L7250 128107 5 81l
BRATT T 74— EF ol T EOMREITHE
T AMZED RO EERE & 72 - T3HB 1) . Balasubramanian.
de Boer. Engelhaldt. %1 (C01). Horn, & #b(C0O1). %
K. Trivedi. Wadia. Yang & % { Ol E D4
MTZoMEL&Em L7z, 512, Albert Einstein
Medal & Dirac Medal % 543 E Sz WaldiZ X %
BITIZY YN A Y NERAEY) —RREOBRICET
LD o 720 £ (B03) 1. 7 — YV E I % F
HALAENHGORELEOHENICEL T KFIZ7
TV I AR=RLOEJFEIIBIT S BT EIMFRICHE
LT RIS Lz e SHEHICBW2T v Y
VAR y M7 — 27 3I2E L T, Banuls. & A (D02).
Jahn, & (D02) . i (E02). HH (D02). QinA5%
MR RDIEND > 720 LT WEEBRD 555
Tld, JoshilEFETV 2T NIV T Y EAF T NT Y
TEBTHE L7z R, #4k (C03) 1k, &TFF— vz
REHC2FEBROEFRRE, (oW THE L7
K70y = 7 b OWZERCR % A  IEFHIZREE L.
WL OBIFEE | X B i ol O AR 2 WG IR T &
LEELERESE o7, (XH : BHIE)

05 5 EHEESE
202512526 - 285, KTV 7 A RIARIL (BEREILT) +4> 51>

20254E12H26H2:528HF T 3 HIiE, 45 5 [l [R5
B AR BRI ORT VT A ZWARINCTT
P SNFEL 720 AR&SREIE. REBAT RO RMAEEE LD
20254E FE DO ELTHL DU HIL, FEIBINORFZE
Kb, RARZZHRNIE FOBMERE W, ThE
TOWMIER R DORIEL S HE DRI 7206 ik i A
fibhFLiz, oo REFROFHTHSH12H25HI2IE, i
NNEZ G (E02 - BERPPERT) O E 71 Rl S B2 '
R L oy A pfEEsNE L7,

SEOEHE T, HUE GEBER - 5K 238E
L. FIROMBEAE LT AN 2O THHLEL 2. B
b T, SNETOWEREER T 7N —FIHB OB E,
L FMRE LR PEOER, SHOITHEFELLITON
THEE A TDN., TS ROIGE W5 25 &E 20 F
L7z

WFgess & Cid, 9 DO R PEAZE N ZN3055 D
RERITOE L0 Wi CIIIFZEA 25 H3 % 51 BE OB
JE RIS L, B TIIREERL S E, 1
WARARZ D IER T _RERFTOMZE R L A LE L7,
F/o, AEMERILOMRFEEILB105 B oOfEE TIE, AR
IS WL T8 2 D7 BW R DA S
NFEL7zo INHOFEFRZBU T, BFFERT LR R A 2L
FEPLL ORI L5 B BT RLA BRI JE O 255 % R
B, ARFIROFL A O THIEE D EL 72,

RAY—FERLEM L, RARZ 2 KE A HE D
WA R T T LT, XY BT TR R A
RbEINFLIze HHMELE KA B T8
LRI IEDFEI L TN DAL, TR EIC
Lo THERRMOESRLEEVE L7 BENIRAY—58 5K
WL EES b R EROR I o%h0EL .

SMWEEU T, FR W, FH Y, WY, &
TIEMDPEBEINAE D&, B ATF7E23 FITHRIEL T
ETEDHERSINFELIz AR EDo T M R FHI
WFFEIIIRARAE IS EDLWE KRR Z A 2., RO 5L
JEBANEDRDBH T2l — R AL E L7z CCE -1l
HEA)
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20255 9 A1- 38, REBAFERMIBLHER

20254F 9 H1-3H ZEEEW I SIIZERT CHRFH & 7
VAN EF L) ZOOFEDOER T v a vy T E
WIZHONI- R FAHRROER | 2 Bt L7, YIRIZR
HEAE VORERTHARLDEL L) EFHALA-
Tz Z & MR D WP B ICERAEEDS 25D, &
0B AIAA TR RROEERD D> TH Ik o7z
TETHb, EBICEIABTRIMEOMEZZDOLDOT
ZINEDWHERERE TH L5 WL vwoThBEHL
L ANVF =) 29 LT o LWL v 5
PR BIRFH OWERRE & 73 A M) OBfRE
FERGFEVSTOWIEES,

BRI =2 ayToOBELLIMETHILIZ Y Y VT
VA YD, BTIREBOWEEZSEL, ZOREE LD
ZBTZDITRPERNENI)E Z I, BRFEEHICHES
FTHER A BT HERIC20104E A 9 5 2R I2i7 8
LTCWwb, L LEMRROEME W ZIIZET 51213,
FEBTOHMTHL LD TLREETH0DD LT A8
BWHETH L, 0L ECHE LD IR
BN ) LzihEE 22 ol bS5 Fub £
BB O ERTF v L v VT 530-40RDhf5e % %
BOTERBERIToZEIIIRELERP Do EES,
F 9L, (EFROETEE, ST oM. &
T A¥ V ROBEGHAG, A VAR BRI R
=y NeT 575 AL — b ROER, RIS E
RIFHTHRS 2 L 52 HEMRIT R L ZHERTH -
7ohN N ZITH PN B TRAT D ISV SIS T
MEEOE e ZBR L L9 & T DMEENZ S A
WHZLEHWHREHR L TR L H ) Bl 572, 4,
40 EE DB TH o 7272 O OEEN S 7 7 =
ANEMHZZFOT L Dz & 2 EATE,

BB TIEE fEY THmY EHIRRID R
o T e W LA 72 2 A 25T, ENENOHA
RRFADELEE Ko XS AIEED H 5Ol T 5 R
DRZT LN FRIMALZIMELHHOFTITIHHA
Mol b HHES > TOHORTZDOVH ) D3 T-hr ol B9,
IS H 2o TRAS A KBS AL REMI S ALZIE
KEBWMHI 2 572D T O THLH L FIF 5,
(303K« YR gnk)

® New computational methods in
quantum field theory 2026
2026 1 A26 - 288, IBFAFIFF >IN

2022-20244F I 2 ke &, DOIFEF MDA 7 — b “New
computational methods in quantum field theory 2026"
T, BALAIFIE R v YA TR LE L. I
FTCOAZ —VIZHABTHELTELDIIHLT, &
ENE G X 2B EZ ATV E Lzs BRI mTs
MFERS0%TL. GHIECNETLERLENZLD
PEAMEEZ OIS ) T L7z

EMEEAM—S A, HREFBF A BEAHPIS AL
BEWL T L7z, H4 X AIIE Introduction to Quantum
Error Correction” &9 # £ PV Tz LTz /2
EF L7, MY ETFFRYETIEDAMT, RS NI2REH
NTRFMVETEOREE,LOHOT, F—=) v 7 a—F
DL BRHENHLWEEETH2DRTIMHLTL L
SWnFE L7,

H & & A2 1d “Introduction to Hamiltonian Lattice
Gauge Theory & \W9) ¥ 4 MIVTHTF 7 —VBEDN I
V=T YRR OWTHHZEE L, SOME Y
Z N R 72O HMIAN S S 3B W P E v 7
TLD, #HETIHBROICHET /T NFOBE TR
BN ELHHL ALy —VHmOHHL T4 L
IRATANEINY, Winxd TIF2fER 2 Mdia LTL
723D F L7

HiE#E S AZE “Open Majorana system” & W9 57—
Tl LT 2ZE3F LA, #HREI~vITF 7oV
TV ORBERET NI AL DR SO R
BRIZBUT 20 Mtk ® TR L ROWE L OBR% &
R NI RIAR T L,

T METH(EREFSA - BHEBEMS A -
Dongsheng Ge 8 A - Dongwook Ghim & A - Peng-Xiang
Hao S A - Wi RS A - HEHEWR S A) I X 5 — ik
HWbITbE L7z,

IR E 72 NEO#SE - #EHOAMIZIE, &
MEDOHE THFE L AR ERHEMP L INT Lz, AR
7 =BG DBERROEITZ L TIEENT T,
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% 5 BARERFEA 71 >a0F I L
B i H - 20254E 4 H30H

# W % Angela Capel Cuevas %%
(University of Cambridge)

% £ bV : The Many Faces of Quantum
Entropy - From Divergence Measures to Conditional
Independence

%5 6 MARERFEHEA 71/ a0%V L
Bl i H - 202546 H 6 H

# 1 & : Gary Horowitz #3% (University
of California, Santa Barbara)

% £ bV . Spacetime Singularities and
Black Holes

% 71 OARERFEHEA 714 a0F%V 4

BH Ml H @ 20254E 9 A30H

i {#H & Alexander Altland #3% (University
of Cologne)

% £ MV @ Late time quantum chaos in
two-dimensional gravity

% S EAMBRFHA 71 a0+, PR
BH Ml H : 20254E10H25H

i # &  Hong Liu # #% (Massachusetts
Institute of Technology)

% 4 bV : Entanglement, von Neumann
algebras, and the emergence of spacetime

% 9 EAMERFEA F7C1/>a0F 74
B M M 20254E12H18H

A U RIS HUZ (KR F)

% £ bV OTOC spectroscopy : detecting
quantum advantage of quantum chaos
through the lens of quantum algorithms

F10ELRERFES 704 a0% 7L Bl
BH fE H :20264£ 2 H6 H 3
i 1 % Stefan Hollands #3% (University
of Leipzig)

% 4 k)L . Negative Energy

g B RPREZERE B X R
JRFZEAT (KMI)

OIS —

BORBEHBERI—T1 7

B i H - 20254 4 H22H

AL B R (BOL)

% £ bV . Topics in black hole microstates in string
theory

FiE 2 © Marcel Hughes (4B K%

% £ bV : Beyond the monotone elliptic genus in
AdS;/CFT,

5% 9 [EEFEREE I F—

Bl i H - 20254E 5 H23H

AEH AL FEEB PR (E02)

% A4 bV : Entanglement partner and monogamy
AETH 2 ¢ AR HRROKAR (E03)

% 4 kv : High acceleration field with tightly
focused laser wakefield acceleration for investigation
of the Unruh effect

FBIEBEHBERI—T 17

BH Ml H :20254£ 6 A5 H

] A B (B02)

% A4 MV : Introduction to open quantum systems
12 © Juan Pablo Bayona Pena (BL#ifK%%)

% £ MV : Topological Entanglement Spectrum
Crossings as a Probe of non-Hermitian Bulk-
Boundary Correspondence

F10EEEFEREE I F—

BH Ml H @ 20254E 6 A19H

W 1 R (B02)

% 4 bVt Axion cloud evolution with self-interaction

EINEERBERI—T 1T

BA M H : 20254E 7 H10H

AREE 1 AhE B (BO3)

% 4 bV @ Quantum null energy conditions and
quantum focusing

AREE 2 0 AR B (BO3)

% 4 MV : Quantum focusing conjecture and the
Page curve

SNEFEEFEREEIF—

BA M H : 20254F 7 H22H

W HE # (E02)

% A4 bV : Hamiltonian Lattice Gauge Theory via
Topological Quantum Field
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B M H : 20254E10H 14 H

A LA K (B02)

A2 0 A EEE (BO3)

% A4 bV . Spacetime-localized response in quantum
critical spin systems : Insights from holography,
Spin systems as quantum simulators of quantum
field theories in curved spacetime, & Spin systems
as quantum field theories in inflationary universe :
A study with Unruh-DeWitt detectors

FREBFEHBERI—T 1T

Bl M H - 20254E11 H19H

A1 L %2 (D02)

A2 BTEUE ekl (KRBORS)

% 4 bV : Deep Variational Quantum Eigensolver :
A Divide-And-Conquer Method for Solving a Larger
Problem with Smaller Size Quantum Computers &
Explicit quantum surrogates for quantum kernel
models

FUEBFEHBERI—T1 7

Bl i H - 20264 1 H19H

AE ] P 5 (A0D)

E 2 TR B (B02)

% 4 )V @ Hayden-Preskill recovery in Hamiltonian
systems

OMREEL&T—UavT

2025 YITP Logical Gates for Encoded
Qubits Workshop

BH A HARY © 20254 4 A7-18H

BAfE AT © REBR S

Black Holes, Quantum Chaos, and Quantum
Information

BA i 91 - 20254F 4 H26-30H
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EMMASFERBVIZOERDERESEDRE
2025]

Bl fé JUIIH] © 202548 5 H 22-23H

PRSI © HURRR S B AR 72T

Quantum Connections: Linking Information,
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Bl fi S0 - 20254F 6 H24-28 H

BT : UTOP Ubless Hotel

% AEEEEFHRS
Bl fé JUIM] - 20254F 6 JJ30H-7 4 H
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Fr ik WA - 20254F 9 H1-3H
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{EISERE S5 “Extreme Universe 2025
Br 4 B - 20254E10H27H-11H 1 H
BRMEI I © HUBE K 2FSE Ry B 24T 22 7

ISSP Workshop: Topology, Entanglement,
and Dynamics in Quantum Many-Body
Systems (TEDQMB)

BA i A1 - 20254120 22H

B IT @ ORI JE B

55 5 B [#BFRFH | A&
Gl i 011 © 20254712 H 25-28 H
BT - ATV 7 4 A VR
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EH“"% j:% Hiromasa Tajima

ZHBRFEXER BEMAR BIRIREE15
BEHE AHEAFAZRIEFMMER MRS AR (
ZAHEB
S AHAR 20259108 5 H~2025%F128 6 H

A OWETIE, HRIEAICHIZE S R TWw b &
07574y 7 e RO 2 Bl L 72 B O R0
TR AR %0, HY OMEDIEZ T L
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WENZIEA v 7 L—3 3 v EIIEN B I8 R RUY 7 5
FIREIRE & B H o 72 L Z 2 5N TW5b, I,
COYFYFIEFHA 7 DR oOBIE b X

BoTWAZ N HEINTVS, T2/ v T L —
Va YHORFICERBIREORBN A r— VL) b E
WEE 27— ViZBWTi, R E D A~MEH T
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F 7 AOR A BRI R ET VTR TE 2, 22
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WO, E7zF 72, FoMil, BEROMEEOEHRA S
EDELHINNVT DIFRIEEEIN TV LD0%ED
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HY O TI %o zNEOEmR k. 7 LT,
ELGED T T U —F N X BTN 0% R o % il
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T3 ORI DWW TP K LT, W D AR
EPEBRIIE D ) IR L Twii2wn a5 H ik
BIRIEREDEHOBEEW LE T, T L
FTHHADOMHFE LTV W HIEUC b & T
LEFET, EHICTHERFETIIRAHKAL T2
WA E Y TRFEADE I AZOIEF I T2
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T Al UTEES LWRERE S TS SH
MEIZ, BHEORIG S AZIE O E 5 ARSI
WHED I —HF A HF— BLXPRY v 7OEM,
ENPORTUT T ANOBNNIOWTERZHL T
(PS4 EH B O EHERIZIEH B L RIFE3,



TOpICS RILDRARD 5

[l FRERTH [ DNERERFH ] DN

WERFH 70 Y = 7 MIIIkiA R385 L 4,
By EOETOHTIONWREERT T I v 7 F—
WIEZE K1 75 7 4 — JEFOMFFE TR E % 5
2LTCELRR - Yy —W2ze, =HORR 2R
LIREE R B b, A SAREDRENFE T
PP RIEMAEFHZET N Yy & —K22(de
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Preface by Head Investigator

Journey to the Extreme Universe, Forever

Head Investigator

Tadasti T

akayanag:

Yukawa Institute for Theoretical Physics,

Kyoto University

It has been four and a half years since this collaboration
was established in September 2021, and we have finally
completed it now. Being inexperienced in managing large
projects, I was overwhelmed with related tasks from the
very start. However, I am relieved that, thanks to the great
members, we managed to steer the research activities in a
positive direction. These four and a half years truly flew by.
I extend my deepest gratitude to the advisory committee
members who warmly supported this program and provided
us with many valuable opinions and kind encouragement. |
am also immensely thankful to the members of the
management team for their valuable proposals and advice,
as well as for taking the lead in implementing the program’s
various activities. And to all the researchers in this collabo-
ration, thank you very much for developing truly
outstanding research results across many fields. Thanks to
your efforts, we have achieved numerous significant results
for each of the three fundamental problems of the extreme
universe: the extreme limit of space, time, and matter.
While the primary goal of this research area is the interdis-
ciplinary fusion of quantum information and physics,
thanks to the efforts of all members, interdisciplinary
research has been very successful. Research in physics
utilizing knowledge of quantum information and quantum
computers/quantum simulators now appears quite common.
In this sense, it is fair to say that “transformation of
research” has indeed occurred.

*

Looking back over the past year, there were various
events. In April, I attended the Dirac Medal award
ceremony at the ICTP in Trieste, Italy, and gave an award
lecture alongside my co-recipients, Casini, Huerta, and
Ryu. The photo above is from that occasion, where |
received the medal from the ICTP Director Dabholkar (left
in photo). Ambassador Kano (right in photo) from
UNESCO also kindly attended, and it was a great honor to
spend time with great colleagues. At the end of June, the
Young Researchers Workshop was held in Irago, Aichi. We
have placed great emphasis on nurturing young researchers
with an eye toward interdisciplinary research, and we have
held four such workshops to date under the leadership of
Izumi (C03). Although this was the final one, we look
forward to seeing the young researchers who met at these
events grow into leaders of interdisciplinary research in the

near future. In late October, we held an international
conference at YITP, Kyoto University. Numerous distin-
guished researchers, including our advisor Myers, gathered
from overseas. More than 200 researchers attended in
person from both Japan and abroad, making it a highly
successful international gathering. Finally, in late
December, we held the final annual meeting in Matsuyama,
Ehime. This meeting marked the conclusion of our collabo-
ration, with approximately 100 ExU members attending in
person. Here, the culmination of research results from each
research group was presented. It was gratifying to see not
only that more outstanding research outcomes than
anticipated had been reported, but also that new collabora-
tive research projects across different fields were continu-
ously emerging. Moreover, this year many of our colleagues
won remarkable awards. Notably, Oshikawa (E02) received
the Nishina Memorial Prize and gave a lecture at the special
colloquium held prior to the annual meeting. Noumi (BO1)
was awarded the Nishinomiya Yukawa Memorial Prize. In
addition, there are many other outstanding awards are
reported in this collaboration. Congratulations to all the
award recipients!

¢

Now, in this project, we have achieved numerous
significant results towards the extreme universe. Examples
include understanding the black hole information problem,
the holographic principle in de Sitter and wormhole
universes, and developing systematic computational
methods for quantum many-body systems using tensor
networks, as well as efficient utilization of quantum
computers. However, we are still far from comprehending
the full picture of the extreme universe. Going forward, I
expect that the new collaborative research sparked by this
collaboration will advance further in both theory and
experiment, revealing ever more truths about the extreme
universe. Let us continue to enjoy this journey to the
extreme universe !
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Preface by Advisory Committee

Has the “Updated Question”
Been Posed?

Advisory Committee member
Akto Hosoya

Professor emeritus at Tokyo Institute of Technology
(Institute of Science Tokyo)

Photo ©Nikkei Science (B###+/I>2R)

Hearing that the Transformative Research Area A:
Extreme Universe project is coming to an end this fiscal
year fills me with deep emotion. Research that connects
gravity, quantum theory, and information perhaps began
around the time of black hole entropy, but I believe it truly
took off after Ryu—Takayanagi. I never imagined that the
line of research it inspired would grow into something of
this scale. Since I expect that a detailed summary will be
published elsewhere, in this article I would like to speak
about what lies ahead.

¢

It is often said that questions are more important than
answers—especially in science. Now that the Extreme
Universe project has reached a turning point, I imagine that
the participating researchers are each distilling their own
results and conceiving the next steps. Of course, quantum
gravity stands as a distant goal, but I hope they will think
about something a bit more within reach. Needless to say,
each researcher already carries a “question” within. I hope
they will discuss those questions together with the
colleagues they met through this project. Such conversa-
tions may take place while writing equations on a
whiteboard, or they may turn into discussions about experi-
mentally probing an idea. They may even be philosophical,
touching on “information,” “spacetime,” “reality,” or
“knowledge.”

ER I3

¢

At such moments, the discussions held a century ago at
the birth of quantum mechanics—among Bohr, Einstein,
Heisenberg, Schrodinger, and others—are worth revisiting.
Their exchanges can be found in Physics and Philosophy
(Japanese edition: Bubun to Zentai, translated by Kazuo
Yamazaki, with a preface by Hideki Yukawa, Misuzu
Shobo), which I quoted in the preface to Volume 1. I
recommend reading it along with Yukawa’s preface. As
stated there, the book was written with Plato’s “dialogues”
in mind. Bohr and Einstein play the role of Socrates, and

Heisenberg plays Plato. In Plato’s “Meno,” one finds an
interesting exchange:

Young man: “Socrates, how is it that I am able to ask
questions? If I already understand something,
there is no need to ask; but if I do not
understand it, I do not even know what to ask.
In either case, it seems I cannot ask a
question.”

Socrates: “Is it not because you understand a little, but not
enough, that you ask?”

One could say that we learn and conduct research in
order to ask better questions. Formulating a problem
correctly should itself lead to the correct answer.

*

The process by which Bell concretized the question
posed in the EPR paper, and by which Aspect and others
eventually tested it, as well as the chain of inquiry that
extended from Wheeler’s questions to Hawking’s discovery
of radiation—both are classic examples of how one
question begets another.

*

As part of my role as an adviser, I have attended the
research area meetings and listened to the presentations,
and it seems to me that several “questions” are already
beginning to take shape. Naturally, their content is diverse:
some are purely theoretical, some verge on experimental
verification, and some even appear close to practical appli-
cations.

I would very much like to hear those questions.



Preface by Advisory Committee

May the Spirit of the Resplendent
“Extreme Universe” Be Carried Forward

Advisory Committee member

Noﬁuywké Imoto

Senior Professor at The University of Tokyo

The “Extreme Universe” project, part of the Grants-in-
Aid for Transformative Research Areas (A), is now
reaching the end of its term. This project aimed to bring
together and integrate various fields, including elementary
particle physics, cosmology, quantum information, tensor
networks, materials science, and mathematics. It is a serious
attempt to “break down disciplinary barriers,” something
Japan has not been particularly good at since the Meiji Era,
when catching up with the West was its primary objective.
Observing the sheer quality and quantity of research results
produced by “Extreme Universe” project over the past five
years, which stand in a league of their own compared to
conventional standards, I believe its achievements cannot
be praised highly enough. This success is the result of the
vision of Prof. Takayanagi — whose famous work is a
quintessence of interdisciplinary fusion — and the
aspirations of the participating researchers and collabora-
tors who have actively invigorated the project. Their efforts
have remained coherent while being refined through mutual
competition. As an advisor who has witnessed this rare
phenomenon firsthand, I am filled with both marvel and a
profound sense of joy.

*

Regarding on methods to promote interdisciplinary
fusion, I recall a time about 30-40 years ago when |
frequently visited Europe, North America, and Canada, and
also spent a year in the UK. At that time, the theories of
quantum computing, quantum cryptography, and quantum
communication were just beginning to emerge. I wondered
then “how were they able to build such a community? Such
a new, hybrid field surely requires individuals interested in
both quantum physics and information processing,
well-versed in both theory and application.” It would never
have been possible without a certain critical mass of people
possessing diverse interests and sustained passion. When I
posed this question to a local professor (without expecting a
clear answer), | received a very interesting organizational
perspective. He explained that in the EU (then the EC),
when hiring postdocs, particular emphasis is placed on
whether the candidate has stayed in one country (one
research lab) or moved between multiple countries and
research labs. In fact, they made this mobility a condition
for hiring. Consequently, a candidate would naturally
acquire two or even three areas of expertise rather than just
one, leading them instinctively toward interdisciplinary
paths. Furthermore, since they were required to move

between countries within the EC, their language and way of
thinking would not become rigid within a single national
framework. Indeed, growing up in such a culture, one
wouldn’t hesitate to fuse quantum physics with information
science; it would be an exhilarating endeavor. The same
would apply to any combination beyond quantum and
information. This can be described as an organizational
strategy for nurturing cross-disciplinary young talent. As
someone who has always tended toward multiple interests,
I resonated deeply with this idea. I remember how we
talked at length, fueled by the excitement of the conversa-
tion and perhaps a little alcohol, never imagining I would
receive such a profound answer.
L 2

While this postdoc recruitment strategy is undoubtedly
effective, it takes time for those postdocs to mature and
begin mentoring the next generation. Therefore, it is equally
vital to encourage interdisciplinary fusion among more
senior researchers whose fields are already established
because they are the “leaders” who wield significant
influence over the youth. So, I had struggled with finding a
good solution for how to encourage senior leaders to do
more interdisciplinary research — without particular result.
Fortunately, however, I was asked to serve as an advisor
and learned about the structure of this “Transformative
Research Area.” Rather than a gradual organizational shift,
this model involves repeated cycles of interdisciplinary
assembly and dispersal. Seeing the senior researchers in
Extreme Universe reacting multiple fields together, I feel it
has a significant influence on young people and offers
immediate efficacy. While the EC postdoc system realizes
fusion within individuals over time, the Transformative
Research Area model is characterized by the immediacy
with which “mid-career leaders bring the values of interdis-
ciplinary fusion back to their respective laboratories. And
therefore, now that a period of academic transformation has
ended, it would be a waste if the middle and senior classes
were to re-confine themselves to their original fields, and
then the momentum to promote the integration of fields in
science and technology as a whole would not be sustained.
With this in mind, I earnestly hope that the “Extreme
Universe” community—having so magnificently navigated
its interdisciplinary odyssey—will not see this scheduled
conclusion as an end, but will instead aim to set sail on a
new odyssey, striving for even greater heights.
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Looking Back on Four and a Half Years of Extreme Universe

The Transformative Research Area “Extreme Universe” will conclude this fiscal year. We asked the members of
the Management Group to look back on the past four and a half years of the Research Area.

@ Tadashi Takayanagi

X00 Head Investigator (CO1 PI)

Affiliation : YITP, Kyoto University

Affiliation at the start of this Research Area :
Ditto

Specialized field : Particle Physics
Role in Management Group : Supervision of
Management

The past four and a half years after this collaboration was
initiated, have flown in an instant. Thanks to all members’
support, the collaboration has progressed steadily, yielding a
wealth of research outcomes across diverse fields. We are deeply
grateful to our advisory committee members for their valuable
guidance and encouragement from a broad perspective. Despite
my inexperience as representative, I am immensely thankful to

all management members for actively expanding the area’s
activities in multiple directions. I extend my deepest gratitude to
coordinators and secretaries for their seamless management of
the ExU office. Through everyone’s dedicated efforts, we were
able to implement nearly every conceivable activity: announcing
research findings and tracking recent trends through workshops
and colloquia, nurturing young researchers, fostering interdisci-
plinary collaboration, producing newsletters, and conducting
outreach. Through these activities, I myself have benefited
greatly from research exchanges with other fields. I have been
fortunate to collaborate with researchers from different
disciplines and have gained valuable insights into their
communities. This has been an incredibly valuable experience
and is now a great treasure for me. I am excited to see how the
interdisciplinary community between quantum information and
physics, born via this collaboration, will develop in the future.

@ Tomoyuki Morimae

X00 Co-Investigator (AO1 PI)

Affiliation : YITP, Kyoto University

Affiliation at the start of this Research Area :
Ditto

Specialized field : Quantum Information
Role in Management Group : Management

Quantum information seeks to realize unprecedented,
high-performance information processing technologies by
applying the mysterious properties of quantum mechanics to
information processing. Its applications include quantum
computers, which enable fast computation, and quantum cryp-
tography, which provides secure communication. However, its
significance is not limited to such applications: it has also
become clear that new insights and techniques developed in
quantum information are highly useful for theoretical physics.

In this research area, our goal has been to understand the
physics of the extreme universe through quantum information.
In particular, Team AO1 was expected not only to advance

research in quantum information itself, but also to play the
important role of developing and refining the “language” needed
to deepen our understanding of physics under extreme
conditions.

Looking back over the past four and a half years, there have
been many advances within quantum information, and new
theoretical frameworks and languages have continued to emerge.
In quantum cryptography, to which I have devoted particular
effort over the past several years, there have been many break-
throughs, and a great deal of exciting research has been carried
out. Quantum cryptography relies heavily on computational
complexity and the assumptions of computational cryptography.
Since these ideas were not traditionally present in physics, they
have provided physics with fascinating new concepts, and they
have also led to important results.

Over these four and a half years, we have been able to achieve
a variety of outcomes. Building on the research cultivated within
this area, I hope that quantum information and related fields of
physics will continue to develop further in the future.

@ Yoshifumi Nakata

X00 Co-Investigator (A01 Col)

Affiliation : YITP, Kyoto University

Affiliation at the start of this Research Area :
Photon Science Center, The University of Tokyo

Specialized field : Quantum Information
Science

Role in Management Group : Interdisciplinary
Activity

I am deeply grateful for the opportunity to have participated in
the research and administration of the Extreme Universe project.
Joining this initiative was a great opportunity to learn various
cutting-age research topics over the entire spectrum of physics,
ranging from elementary particle physics, condensed matter
physics, and cosmology, including experiments as well. While
most of these areas are quite distant from my current research
focus, which is basically about the theory of quantum
information, hearing talks and engaging in the stimulating
discussions on such a wide array of topics was a wonderful
experience that reminded me of my undergraduate days and
rekindled my passion for physics. It was truly inspiring and

helped me significantly broaden my scientific perspectives.

Through my involvement in this initiative, I successfully
forged many valuable connections with diverse researchers
across multiple disciplines. This network is, without any doubt,
an extremely valuable and irreplaceable asset for my future
research career and collaborative opportunities.

Apart from the direct research activities, I was responsible for
organizing the Extreme Universe colloquium series as a member
of administrative team. I am proud that all the colloquium talks
were successfully executed thanks to the exceptional quality of
our excellent speakers and the enthusiasm of our wonderful par-
ticipants. I would like to express my sincere acknowledgment
and deep gratitude to every single person who contributed to and
joined the colloquium series. All the recorded colloquium talks
are now freely available on the official YouTube channel of the
Extreme Universe project. I sincerely hope that these valuable
materials will continue to serve as a high-quality academic
resource and contribute significantly to the future development
of interdisciplinary research for many years to come.



@ Norihiro lIizuka

X00 Co-Investigator (BO1 PI)

Affiliation : National Tsing Hua University (YITP,
Kyoto University)

Affiliation at the start of this Research Area :
Osaka University

Specialized field : String Theory, Quantum
Gravity

Role in Management Group : Interdisciplinary
Activity

Looking back on the past four and a half years as a PI in the
Extreme Universe project, the greatest reward for me has been
the people I met and the breadth of collaborations that emerged.
Through meetings and international workshops, I had sustained
discussions with many young researchers and was able to launch
projects that cut across subfields. Quite often, a brief exchange
became the starting point of a new project, an unexpected
viewpoint entered, and the work crystallized into concrete
results. This experience will remain a lasting asset for me as a
researcher.

Through frequent international meetings, I also interacted
with many overseas colleagues on a regular basis, which

renewed my appreciation of the project’s international reach.
Another personal surprise was how deeply I became fascinated
by the ideas of quantum information. Seeing black hole problems
reorganized in the language of entanglement and information
theory and discovering that genuinely new quantum measures
can be useful was immensely stimulating and reshaped my
research motivation.

Building on the quantum information viewpoint fostered in
the project, I have also been writing educational material on the
quantum theory of black holes (in Japanese). My move from
Osaka University to National Tsing Hua University in Taiwan
(while also holding a joint position at the Yukawa Institute,
Kyoto University) provided a fresh environment to focus on
research and helped me translate discussions with young collab-
orators into a steady stream of papers.

Going forward, I hope to leverage this network and contribute
to research and communication that carry these insights to the
next generation. Finally, I sincerely thank the project leader,
Takayanagi-san, and all members involved for this invaluable
opportunity.

® Masaki Tezuka

X00 Co-Investigator (B02 PI)

Affiliation : Kyoto University

Affiliation at the start of this Research Area :
Ditto

Specialized field : Condensed Matter Theory
Role in Management Group : Supporting
young scientists; ExU Schools

Replacing the funding program “Scientific Research on
Innovative Areas” (SRIA), “Transformative Research Areas (A)”
started in FY2020, and our “Extreme Universe” (ExU) Collabo-
ration was selected in September 2021. ExU began amid
challenges, particularly regarding cross-border travel and events
having large numbers of people together. As a part of the
Management Group, I was in charge of supporting young
researchers, particularly the “ExU Schools”. My gratitude goes
to the many people involved: the numerous lecturers who
prepared and delivered lectures for audiences with diverse fields
and experience; the school co-organizers and Young
Researchers’ Workshops (YRW) organizers who worked hard;

and the enthusiastic participants.

I will not forget the first school held in hybrid style, a few
weeks before the fourth consecutive Physical Society of Japan
semiannual meeting in the online style, with the doors to the
YITP Panasonic Hall were kept open in the chilly early-March
air. The second, fully online ExU School also drew many people
from both within and outside ExU. It became easier to travel and
hold meetings in the second half of FY2022. Following our
second annual meeting in Kobe, we held the third ExU School as
part of the first YRW. Later, we held schools as part of an ExU
International Conference and as an international school
co-hosted by ExU.

Compared to some of the “SRIAs” I have known, the funding
period of our ExU Collaboration feels shorter in duration and is
finishing amid much excitement in the new ideas and interdisci-
plinary projects innovating beyond conventional fields. I hope
that the Collaboration has a lasting positive impact and that
stages of interdisciplinary exchange, including schools, can be
set up also in the future with the “Extreme Universe” title.

® Shuta Nakajima

X00 Co-Investigator (B02 Col)

Affiliation :QIQB, The University of Osaka
Affiliation at the start of this Research Area :
Kyoto University

Specialized field : Cold Atom Experiment
Role in Management Group : Public Relations
(Newsletter)

My specialty is cold atom experiments, which are generally
classified under condensed matter physics, and my research has
primarily focused on this field. However, after reading Prof.
Takayanagi’s textbook, I became interested in topics such as the
gauge-gravity correspondence. I mentioned this interest to my
colleagues sometimes, and perhaps because of that, [ was invited
to participate in this Research Area.

Before joining, I hadn’t had the opportunity to learn about
gauge-gravity correspondence and related topics in depth. This
Research Area has given me the chance to discuss these topics
with theorists of elementary particles and cosmology, which has
been a valuable experience.

As a Co-Investigator and experimentalist of Group B02, I
have launched experiments. Our goal is to observe the dynamics
of quantum information in quantum many-body systems using
the cold atomic system, keeping in mind the black hole
information loss problem. Unfortunately, due to my transfer
from Kyoto Univ. to Univ. of Osaka, the experimental apparatus
had to be disassembled and relocated. While we are still halfway
to the results we initially aimed for, the setup has been rebuilt,
and we are looking forward to producing results through our
experiments.

As a member of the Management Group, I was responsible for
editing the newsletters you are reading as part of our outreach
efforts. I would like to take this opportunity to express my
sincere gratitude once again to all the contributors who agreed to
write articles, sometimes under tight deadlines. I hope this
newsletter has helped convey the appeal of this field to people
both within and outside our Research Area.




Looking Back on Four and a Half Years of Extreme Universe

@ Akihiro Ishibashi

X00 Co-Investigator (BO3 PI)

Affiliation : Nagoya University

Affiliation at the start of this Research Area :
Kindai University

Specialized field : General Relativity and
Gravitation

Role in Management Group : International
activities

I still remember writing the application with a sense of
excitement, even though it was a difficult task that would
normally make me feel reluctant. I felt that the “Extreme
Universe” project was truly attractive because the anticipation of
the challenge was much greater than the difficulty of the themes.

In Management Group, I was in charge of International
Activities, mainly organizing international workshops. Although
my own contributions were small, I was able to personally feel
the growing international recognition of this project. As the
project progressed, I noticed more overseas researchers talking
about “Extreme Universe.” When I met prominent researchers at
international conferences and invited them to speak, I was glad

that they all readily accepted.

As the PI of Group B03, I conducted research on quantum
information and quantum black holes. Once the project started, I
felt that the barriers between different fields were lower than
expected. At the same time, I faced the difficulties of interdisci-
plinary research, such as the different distances of interest and
the challenge of where to focus. However, as the project moved
forward, I realized that my own way of looking at research
topics had changed over these five years. I hope to continue
developing the buds of research I found during this period. I also
want to maintain the connections with other researchers that
began to take root through this project, and eventually turn these
experiences into real fruit.

® Go Yusa

X00 Co-Investigator (C02 PI)

Affiliation : Tohoku University

Affiliation at the start of this Research Area :
Ditto

Specialized field : Condensed matter
experiment

Role in Management Group : Interdisciplinary
activity

Looking back at the emails from the planning stage, six years
have already passed since I joined this research area. During the
preparation for the public call for proposals, the experience of
having intense discussions centered around Takayagi-san—
asking questions like “What is the ‘universe’ in Extreme
Universe?” or “What does ‘extreme’ mean?” while circulating
drafts from each group—was a uniquely stimulating and
enjoyable time unlike anything I had experienced before.

As part of the C02 group, I have aimed to fuse experimental
research on quantum Hall systems with cosmology. At the
annual meetings, I valued the opportunity for one-on-one
discussion over coffee with experts dealing with concepts like

black holes and brane worlds—notions that never appear in
condensed matter experiments. Although there were times when
the content was completely obscure, casual conversations left a
deep impression on me or led to the start of collaborative
research, and the environment provided by this ExU expanded
the scope of my research.

Experimental research, which deals with physical entities,
requires a corresponding preparation period and inevitably takes
time. At every annual meeting, I was consistently overwhelmed
by the sheer volume of papers produced by the theory groups,
but I feel that we have finally reached a stage where our results
are taking shape.

The main equipment we currently use was introduced with a
research budget from over 10 years ago, yet it remains active
and continues to produce results. The experimental environment
established in this area should not end after four and a half years
but will similarly become an asset that supports our research and
those who follow for the next 10 or 20 years. I am grateful for
being enabled to build a research foundation from such a
long-term perspective

® Masahiro Hotta

X00 Co-Investigator (C02 Col)

Affiliation : Tohoku University

Affiliation at the start of this Research Area :
Ditto

Specialized field : Quantum Information
Role in Management Group : Public Relations

For four and a half years, I served as a member of the pub-
lic-relations sector, engaging in outreach activities aimed at
making research on the “Extreme Universe” accessible to a
broad audience. My primary responsibility was the continuous
dissemination of information that would help non-specialists
understand the fundamental concepts underlying this research
field. To achieve this, I utilized the X (formerly Twitter)
platform and the blog service note to provide clear and ap-
proachable explanations of relevant topics. I produced posts and
articles that carefully explained its historical development and
basic principles, emphasizing conceptual understanding rather
than technical details. In addition, by reposting content from the

official Extreme Universe X account, I shared timely updates on
research achievements, awards, and related news. In 2025, 1
further contributed to public engagement by authoring an
expository article for general readers in the journal Mathematical
Sciences. This article focused on quantum information and
energy, as well as the arrow of time. In addition, I am co-au-
thoring a textbook designed to introduce quantum mechanics
from the perspective of information theory. I am also planning
the publication of a new popular science book on quantum
information physics. Through these activities, I remain
committed to promoting the societal dissemination of research
results in this field and to further enhancing public understanding
of quantum information physics through diverse media.



@ Tetsuya Shiromizu

X00 Co-Investigator (CO3 PI)

Affiliation : Nagoya University

Affiliation at the start of this Research Area :
Ditto

Specialized field : General relativity and
cosmology
Role in Management Group : Management

When I joined Tokyo Institute of Technology in 2002, Prof.
Hosoya informed me that he intended to devote himself fully to
quantum information research. Looking back now, that moment
may have been when the first seeds were quietly sown. I
understand the true starting point of this research area to lie in
the Ryu—Takayanagi formula. I still vividly remember the sense
of excitement when this formula was first proposed. We were
fortunate to host a seminar by Takayanagi at Tokyo Tech.. That
1 would become directly involved with this line of research some
fifteen years later is something I consider a great honor.

Braneworld scenarios, one class of higher-dimensional
universe models, were actively studied around the year 2000.

All members of Group C03 were engaged in this research during
their graduate student years. At the time of preparing the
proposal for this research area, braneworld models were experi-
encing a revival, now equipped with the Ryu—Takayanagi
formula.

The role of Group C03 was to establish a theoretical
foundation for this revival. Our task was not only to build the
basics, but also to carefully read and interpret the rapidly
advancing results produced by other groups, and then to develop
them further using the particular expertise of C03. I believe that
this groundwork has been successfully accomplished through
our activities.

As a member of the management group, I compiled the overall
outcomes. My contribution to the interim report was mainly
limited to adjusting length and format, which was not
burdensome. However, this process revealed the outstanding
achievements of each group and conveyed a strong sense of
transformation—a clear beginning of a new era.

® Keisuke Izumi

X00 Co-Investigator (C03 Col)

Affiliation : Nagoya University

Affiliation at the start of this Research Area :
KMI, Nagoya University

Specialized field : Cosmology & Relativity
Role in Management Group : Young Scientist
Support

At the beginning of “Extreme Universe,” research activities
still faced many difficulties due to the ongoing impact of
COVID-19, and interactions among researchers were far from
easy. | was particularly concerned about the young researchers'
workshop that I was in charge of, as I feared that an online
format would not allow for sufficient communication. Unlike
senior researchers, who already have established networks,
young researchers and students are still in the process of building
their connections, and many expressed the need for face-to-face
interaction. I therefore strongly hoped that we would be able to
hold the workshop in person. Fortunately, by the time we held
the first young researchers' workshop toward the end of the

second year, the infection situation had improved, and we were
able to conduct it in person from the very start. This not only
provided the kind of interactive environment that young partici-
pants had been hoping for, but also enabled us to organize
residential workshops from the third year onward, where
discussions could continue intensively from morning until night.
For me personally, having the chance to speak directly with
many young researchers was highly stimulating and an
invaluable experience.

In terms of research, “Extreme Universe” also gave me the
opportunity to engage in discussions beyond my own field of
expertise, cosmology, with researchers in particle physics,
condensed matter physics, and quantum information. I began
with almost no background in quantum information, but through
this project I was able to learn its foundations with great
enjoyment. Moreover, the interactions within the project led to
collaborative research with colleagues in particle physics,
providing a valuable opportunity to broaden my own research
horizons.

@ Tsutomu Kobayashi

X00 Co-Investigator (CO3 Col)

Affiliation : Rikkyo University

Affiliation at the start of this Research Area :
Ditto

Specialized field : Cosmology and Relativity
Role in Management Group : Public Relations
(Website)

I usually work on classical aspects of gravity and on
cosmology, including inflation. When I was invited to join the
“Extreme Universe” project, I honestly wondered whether I was
the right person for it. Nevertheless, I decided to participate. [
had been working on similar topics for nearly a decade and was
hoping to explore a new research direction. Taking this
opportunity seriously, I tried to learn about quantum information
and condensed matter physics by reading several textbooks.
Although I had hoped to engage in interdisciplinary collabora-
tions that would cross disciplinary boundaries, I was ultimately
unable to reach that stage, and the five years passed quickly.
This is something I still regret. Even so, being exposed to diverse

research styles, ways of thinking, and problem awareness
through this program was extremely stimulating, and I feel that
it will influence my future work. Within the astrophysics
community, I am often regarded as working on topics not very
directly connected to the real Universe, and I sometimes feel
pressure to focus on more phenomenological issues. However,
within this ExU team, I came to feel that my work is, relatively
speaking, quite close to the real Universe. This experience
reinforced my belief that it is important to pursue research that is
intellectually enjoyable and genuinely useful as physics.

As a member of the management group, my concrete contri-
butions were limited, apart from participating in the creation of
the project logo. Still, it was a pleasure to discover that bringing
together researchers from diverse fields even made it possible to
form an unexpected “art team.”




Looking Back on Four and a Half Years of Extreme Universe

@ Tatsuma Nishioka

X00 Co-Investigator (D01 PI)

Affiliation : The University of Osaka
Affiliation at the start of this Research Area :
YITPR, Kyoto University

Specialized field : Particle Physics

Role in Management Group : International
Activities

Looking back at the four and a half years of the “Extreme
Universe” project, it has been a whirlwind of change for me,
both personally and professionally. At the project’s inception, I
was at the Yukawa Institute for Theoretical Physics, an
environment where I could focus solely on my research.
However, my subsequent move to the University of Osaka
introduced new responsibilities, such as management and
education. While balancing these roles was challenging at first, I
now feel that each of these new experiences has been a valuable
asset to my growth.

In the management group, I was in charge of the international
program for dispatching young researchers abroad. For the first

two years, our activities were stalled due to the COVID-19
pandemic, which was quite frustrating. However, starting around
the third year, the program finally gained momentum.
Witnessing the energy of young researchers venturing out into
the world was a truly rewarding experience, and I am glad I
could play a part in supporting the dynamic growth of the entire
research area.

The opportunity to learn about cutting-edge research across
diverse fields through this project has been my greatest treasure.
Although the project concludes this fiscal year, I will continue to
cherish the inspiration I received and the connections I made
across different disciplines. Even after the project ends, I
sincerely hope to keep in touch and continue our research collab-
orations in new and different ways. Thank you for everything
over these past five and a half years, and I look forward to
working with you all again in the future.

@ Kouichi Okunishi

X00 Co-Investigator (D02 PI)

Affiliation : Osaka Metropolitan University
Affiliation at the start of this Research Area :
Niigata Univ.

Specialized field : Condensed matter theory
Role in Management Group : Management

It has already been four and a half years since the launch of
the Extreme Universe (ExU) project. My role in the management
team at ExU was to organize seminars for publicly offered
research projects and those related to condensed matter physics.
Thanks to the generous support of many colleagues, these
activities proceeded smoothly, and I would like to take this
opportunity to express my sincere gratitude. [ was also delighted
to see fascinating collaborations between the publicly offered
research groups and planned research ones, despite the short
two-year duration of the publicly offered research period. On a
more personal note, my involvement with the ExU project dates
back to around 2010, when I invited Prof. Takayanagi, the repre-

sentative of the project, to give a talk on the Ryu-Takayanagi
formula for entanglement entropy at a workshop on tensor
networks (TN) organized within the condensed matter
community. At that time, TNs had a close connection to quantum
information physics, but their relationship with quantum gravity
remained vague and largely conceptual; I lacked a clear path to
translate my interest into concrete research. Through interactions
with the ExU members, I could find a possible direction for
analyzing the holographic aspects of tree-type TNs, the essence
of which was also extended to the dynamical mean-field theory
widely used in strongly correlated electron systems. I then
re-realized that the entanglement of thought across time axes
was essential for our research activity. Although the research
period will conclude this March, the seeds of interdisciplinary
fusion through the ExU are just beginning to bloom. I look
forward to hearing the new discoveries that lie ahead.

@ Chisa Hotta

X00 Co-Investigator (D02 Col)

Affiliation : The University of Tokyo
Affiliation at the start of this Research Area :
Ditto

Specialized field : Condensed Matter theory
Role in Management Group : Interdisciplinary
Activity

I believe it was about five years ago, toward the end of the
year, that I first discussed with Takayanagi-san and Okunishi-san
and exchanged several ideas about this collaboration, and I
remember being quite impressed about the open-minded and
constructive attitude of this project. My own background lies
closest to materials science and is somewhat far from the core of
this project, and I was not much aware of the motivations or
even the terminology used by the core members. Starting from
very basic elements attached to key concepts, I gradually pieced
things together, and after five years I have finally developed a
sense of familiarity with the field.

My research has focused on understanding how the quantum

states can be observed or controlled in condensed matter in
nature. From this perspective, the operational viewpoint of
quantum information theory was fresh and intellectual. Although
I did not directly translate these ideas into concrete calculations,
they strongly influenced both me and my group. The number of
students working on tensor-network-related topics increased
substantially, leading to unexpected research directions such as
numerically exact solutions, quantum dynamics, and concepts
related to the purity of quantum states. These developments
would not have occurred without the connections provided by
this research area. As a member responsible for interdisciplinary
integration in the coordinating team, I organized several
workshops and symposia with distinct themes. Bringing together
researchers who rarely interact led to stimulating discussions
that were also beneficial for myself. Over this period, I saw how
the ExtU program gradually became visible within the
condensed matter community. Above all, I am grateful for the
opportunity to meet many researchers with whom I would
otherwise have had virtually no contact.



@ Hiroshi Ueda

X00 Collaborator (D02 Col)

Affiliation : QIQB, The Univ. of Osaka
Affiliation at the start of this Research Area :
Ditto

Specialized field : Condensed Matter
Role in Management Group : Interdisciplinary
Activity

I initially joined this ExU as one of the co-investigators in
Group DO02. Shortly after the project was launched, I took on the
responsibility of organizing the Circular Meetings, which later
led me to become a member of the General Management Group
from the following fiscal year. The Circular Meetings were held
approximately seven times a year, with a total of 34 online
sessions, serving as internal seminars for knowledge exchange
among members of the project. In the early phase, the meetings
rotated among the four major groups (A—D), but from the
midpoint of the project, we shifted to a more informal and
accessible style by introducing tutorial talks during lunchtime
sessions.

In the final three meetings, we adopted a roundtable format,
providing a platform for open discussions on how interdisciplin-
ary collaborations can be initiated and what factors promote such
cross-disciplinary creativity. My own specialty lies in computa-
tional physics, particularly in the study of tensor-network
methods, and through this activity I had the valuable opportunity
to encounter a wide range of research topics that I would not
normally engage with directly. While many of these subjects
were beyond my immediate expertise, they were intellectually
stimulating and encouraged me to reexamine my own research
from new perspectives.

I sincerely hope that these efforts have, in some way,
contributed to the progress of everyone’s research. Finally, I
would like to express my deep gratitude to all the coordinators in
each group, the speakers who generously accepted invitations to
present, and all the participants who engaged in lively
discussions throughout the series.

® Hidehiko Shimada

X00 Administrative Office

Affiliation : National Institute of Technology,
Akashi College

Affiliation at the start of this Research Area :
YITP, Kyoto University

Specialized field : Particle Theory

Role in Management Group : Program
Coordinator (2022.4-2024.3)

From April 2022 to March 2024, I served as a Program
Coordinator for the Extreme Universe project. That was a truly
valuable experience for me.

Having spent my career as a researcher in particle physics, [
did have mixed feelings when the Project Leader, Prof. Tadashi
Takayanagi, first kindly told me about the opportunity to work
as the coordinator. However, through my work, I was able, as a
physicist, to appreciate cutting-edge research in various fields of
physics closely connected together with the idea of “entangle-
ment.” I am deeply grateful to Prof. Takayanagi for allowing me
to continue my own research when there was time, and also for
teaching and training me from the basics on how to handle the

necessary jobs as a coordinator.

I would also like to express my deep gratitude to the Extreme
Universe secretary, Ms. Okazaki, with whom I worked at facing
desks in the YITP secretary office. She understood my
weaknesses very well and supported me in many ways. It would
not have been possible to fulfill my duties if it were not for her
ability and dedication. I would like to thank also Mr. Watanabe,
Mr. Yoshida, Ms. Tsuruhara, and Ms. Yagi in the same office for
their warm guidance and constant support.

Through this role, I realized how much my own past research
activities had been supported by the hard work of administrative
staff. Sometimes I had hard times, feeling as if I were being
“sandwiched” by the strict regulations of administrative
departments and the “reasonable” thinking of researchers (which,
in fact, I often agreed with personally). It would be my greatest
pleasure if my work helped in providing the project members
more time to do their own research.

® Naoki Yamatsu

X00 Administrative Office

Affiliation : YITP, Kyoto University

Affiliation at the start of this Research Area :
Kyushu University

Specialized field : Particle Physics
Role in Management Group : Program
Coordinator

For two years, I served as the Program Coordinator for the
Extreme Universe, supporting a wide range of program
management activities. My main responsibilities included
organizing research meetings, assisting with newsletter
production, managing the website and mailing lists, and
compiling the achievements of research groups. I participated in
several on-site events, including the 3rd young researchers’
workshop of the ExU Collaboration & the 6th “Extreme
Universe” School in Hokkaido, the 4th ExU Annual Meeting in
Osaka (September 2024), the 4th young researchers’ workshop
of the ExU Collaboration in Aichi (June 2025), and the 5th ExU
Annual Meeting in Matsuyama (December 2025). I was involved

in all stages of these events—from preparation and logistics to
participant support and session facilitation—which gave me a
deep appreciation for the importance of fostering communication
and active discussion among researchers.

In addition, I coordinated online meetings for the steering
committee and administrative groups, and managed the
program’s monthly colloquia by arranging Zoom sessions,
posting recordings, handling honorarium procedures, and
promoting events via social media, supporting the day-to-day
management of the program. In terms of information dissemina-
tion, I also regularly updated the website and assisted with
newsletter editing to communicate the program’s activities and
achievements to both internal and external audiences. Through
these experiences, I gained valuable insight into the critical role
of administrative support in facilitating research activities, and
they provided me with an important opportunity to contribute to
the program from both research and operational perspectives.
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Group A aims to conduct research in quantum

information theory while also developing the “language” of
quantum information that can be applied to other areas of
physics. In the current fiscal year, the following research
results were obtained.
A Cryptographic Characterization of Quantum
Supremacy: Quantum computers are expected to be faster
than classical computers; however, it has not yet been
rigorously proven that they are truly faster. Research that
aims to theoretically establish the advantage of quantum
computation based on standard assumptions is known as
quantum supremacy theory, and many studies have been
conducted in this area. Nevertheless, the assumptions used
so far have tended to be artificial or overly strong.

In this work, Morimae et al. prove that the classical
security of the one-way puzzle—the most fundamental
assumption in quantum cryptography and a natural quantum
analogue of one-way functions—is equivalent to quantum
supremacy. This result is theoretically intriguing in that it is
the first in the world to connect two previously disparate
concepts. Moreover, it has an important societal
implication: if quantum supremacy did not exist, then all
cryptographic systems currently in use would become
insecure. This work has been accepted to STOC 2025, one
of the top international conferences in theoretical computer
science.

Quantum algorithms for Uhlmann’s transformation:
Uhlmann’s theorem, which states that the fidelity between
two mixed states equals the maximum fidelity between their
purifications, is one of the fundamental theorems in the
theoretical research of quantum information. Despite its
abstract statement, it is practically useful, with applications
ranging from quantum algorithms to communication. The
unitary that appears in the theorem is commonly referred to
as the Uhlmann transformation. While the theorem indicates
the existence of such a transformation, little was known
about the quantum algorithm for achieving it. Nakata et al.
proposed quantum algorithms for the Uhlmann transforma-
tion by cleverly using the quantum singular value transfor-
mation and matrix exponentiation, and revealed its
complexity. Using our algorithm for the Uhlmann transfor-
mation, we have also shown that the circuit complexity of
the fidelity estimation task can be drastically improved.

Topology and Quantum computational complexity:
Computational complexity and topology are both
fundamental concepts in physics. Hayakawa presented
several results to facilitate a better understanding of
“Quantum computational complexity in topology.” First,
Hayakawa demonstrated that the problem of estimating the
Berry phase, a fundamental quantity in topological phases
of matter, is BQP-complete. These results imply that

topological phases are a promising application of quantum
computing. Moreover, Hayakawa showed MA-completeness
for a problem in Topological Data Analysis (TDA). This
result strengthens the understanding of the boundary of
quantum/classical complexity in TDA.

Causal Structure and Operational Meaning of
Information in Quantum Mechanics: Buscemi et al.
precisely classified the “revival” of information in quantum
stochastic processes and reformulated commonly used
measures of non-Markovianity—often previously
conflated—from a causal perspective. In particular, they
distinguished “noncausal revival,” which does not involve
an actual backflow of information from the environment,
from genuine information backflow that is truly causal, and
provided a complete characterization in terms of quantum
conditional mutual information. This distinction shows that
it is possible to construct a convex resource theory in which
only genuine non-Markovianity constitutes a resource.
From the viewpoint of observation and inference, they also
developed a unified framework for relating macroscopic
descriptions to quantum statistics. By generalizing observa-
tional entropy and introducing the notion of an “observa-
tional deficit,” they quantified the extent to which a
quantum state is irretrievable from macroscopic observa-
tions. This led to a natural unification of quantum statistical
sufficiency, the Petz recovery map, and Bayesian retrodic-
tion, thereby establishing a resource theory of microscopic-
ity in which macroscopicity is treated as a free resource.
Furthermore, they defined observational discord as a form
of quantum correlation under observational constraints and
characterized its vanishing in terms of information recover-
ability. Regarding the foundations of quantum inference,
they formulated a quantum Bayesian rule based on the
principle of minimum change and derived the Petz recovery
map as the solution to an optimization problem defined over
entire quantum processes. This provides an operational jus-
tification for update rules in quantum inference that apply
not only to quantum states but also to quantum channels,
thereby bridging quantum statistical inference and quantum
information processing. In addition, as part of their research
on quantum communication protocols, they proposed
“port-based quantum telecloning,” which extends port-based
quantum teleportation to multi-receiver scenarios. By
eliminating the need for corrective operations on the
receiver side and employing generalized measurements, the
protocol can outperform the conventional clone-and-then-
teleport approach under certain conditions. This result points
to new potential applications in distributed quantum
information processing and programmable quantum
operations.
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In this research project, we aimed to elucidate the physics
of black holes and the fundamental structure of quantum
gravity from the perspective of quantum information
theory. We pursued this goal by investigating multipartite
entanglement, holography, and causality constraints.

lizuka, together with Nishida and collaborators,
developed genuine multi-entropy (GM), a class of entangle-
ment measures designed to isolate irreducible multipartite
quantum entanglement beyond bipartite correlations [1].

Using this framework, they showed that bipartite entan-
glement alone is insufficient in holography; multipartite en-
tanglement is generically nonzero and of order O(1/Gy) in
holographic states, demonstrating that such multipartite
correlations are a fundamental and ubiquitous feature rather
than a small correction. They also showed that genuine
multipartite entanglement becomes relevant only after the
Page time in black hole evaporation

Furthermore, lizuka, together with Lin and Nishida,
established a general construction of GM by relating it to
integer partitions and clarified that these provide new entan-
glement measures [2]. In addition, lizuka, together with
Nishida and Miyata, extended the Markov gap, an indicator
of quantum recoverability, to multipartite systems and
introduced the multipartite Markov gap, which captures
geometric obstructions to bulk reconstruction [3].
Moreover, in collaboration with Lin, lizuka investigated
symmetry-resolved GM in systems with conserved
quantities, showing that multipartite entanglement remains
abundant even in the presence of symmetries [4]. These
results clarify the role of multipartite quantum correlations
in quantum error correction and black hole interior recon-
struction.

Shigemori conducted studies on the microscopic structure
of black hole microstates. For smooth microstate geometries
in the D1—-DS5 system, he provided effective descriptions in
terms of three-center solutions [5]. He further proposed a
new supersymmetry index for symmetric product CFTs,
enabling a classification of state structures near the black
hole threshold beyond the conventional modified elliptic
genus [6].

Terashima focused on finite-N effects and near-horizon
black hole physics. He analyzed bulk wave packets in

Figure: A schematic illustration of the geometric decomposition demonstrating
that the tripartite component of genuine multi-entropy, GM“=®, is
always non-negative.

AdS_4/CFT _3 and clarified leading 1/N corrections [7]. He
also showed that, at large but finite N, reconstructed bulk
operators in the AdS—Rindler region exhibit exponential
growth, suggesting a breakdown of the large-N expansion
at the scale In N [8].

Ugajin investigated predictability in nonperturbative
quantum gravity in a closed Lorentzian universe, showing
that classical observables and probabilistic interpretations
emerge through reduced density matrices [9].

Noumi pursued a unified study of causality and monoto-
nicity constraints in cosmology and black hole physics,
including holographic entanglement entropy in FLRW
universes and monotonicity for extremal black holes in
nonlinear electrodynamics [10, 11].

Sake analyzed the canonical quantization of JT gravity in
de Sitter space and proposed a framework based on York
time [12, 13].

Zenoni analyzed black holes with vortex-hair in AdS_3
and their phase structure under double-trace boundary
conditions [14].

Miyata studied entanglement dynamics after local
operator quenches in 2D holographic CFTs and identified
black brane duals with time-dependent horizons [15].

Through these results, the project advanced our under-
standing of black holes, holography, and quantum gravity,
highlighting multipartite entanglement as a key organizing
principle.

[1]N. lizuka and M. Nishida, Phys. Rev. D 112, 026011 (2025).
[2] N. lizuka et al., Phys. Rev. D 112, 066014 (2025).

[3]N. lizuka et al., JHEP 10, 148 (2025).

[4] N. Tizuka and S. Lin, Phys. Rev. D 113, 026016 (2026).
[5] L Bena et al., JHEP 12, 130 (2025).

[6] M. R. Hughes and M. Shigemori, arXiv:2509.19425.

[7] N. Tanahashi et al., JHEP 06, 214 (2025).

[8] S. Terashima, arXiv:2508.11592.

[9] Y. Nomura and T. Ugajin, JHEP 10, 166 (2025).

[10] T. Noumi et al., JHEP 08, 115 (2025).

[11]Y. Abe et al., arXiv:2505.23483.
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Following the laboratory relocation, Nakajima and
Yamashita completed the reconstruction of the cold atom
experiment setup and performed a major upgrade of the ex-
perimental system this fiscal year. This upgrade was
performed for the purpose of measuring out-of-time-or-
dered correlator (OTOC) and observing measurement-in-
duced phase transitions. In order to perform OTOC mea-
surements, it is essential to control the Hubbard
Hamiltonian of the optical lattice system with both rapidity
and precision. A high-speed PZT-driving mirror system
was constructed and tested, enabling the realization of a
Floquet optical lattice capable of sign reversal of the
hopping term ¢. In addition, a Feshbach coil system was
developed for high-speed control of the interatomic
interaction U, including its sign. It was confirmed that both
systems demonstrated satisfactory performance. These
components have been integrated into an ultracold lithium
(Li) atom system, in conjunction with a high-resolution
optical system whose resolution was verified in a test setup
and an EMCCD camera. Experiments are currently
underway to demonstrate Hamiltonian control in the
quantum gas within the optical lattice. Furthermore, a
spatial light modulator employing a digital micromirror
device (DMD) was introduced, thereby enabling local ma-
nipulation of the quantum gas in the optical lattice and con-
struction of arbitrary optical potential for atoms. The exper-
imental system demonstrated its capacity to produce
arbitrary light patterns (see Fig.1). Concurrently, we are
developing an optical system for D1 gray molasses cooling
of Li atoms, with the objective of enhancing cooling
efficiency. The results of this study will be presented at the
JPS spring meeting [1].

Bayona-Pena and Mori, in collaboration with Ryo Hanai
(Science Tokyo) and Hisao Hayakawa (YITP), considered
topological phase transitions of open quantum systems,
captured by open boundary conditioned invariants, and
showed that they can be observed in the dynamics of a
system under periodic boundary conditions, even in the
presence of non-Hermitian/Liouvillian skin effect, from the
quench dynamics of entanglement spectrum in a periodic
open quantum fermionic system [2].

Tatsuhiko Shirai (Waseda University) and Mori

Fig.1:(a) DMD and (b) an optical pattern generated by the DMD.

developed a method for calculating non-order correlation
functions using the discrete truncated Wigner approxima-
tion (DTWA), revealing how quantum information spreads
in spin systems with long-range interactions [3].
Furthermore, Teruhiro Ikeuchi (Keio University) and Mori
calculated a rigorous error upper bound for the universal
Lindblad equation, which is used to calculate the time
evolution of quantum many-body systems with dissipation
throughout the system, and clarified the conditions under
which errors are suppressed for long times in the thermody-
namic limit [4].

In topological data analysis to characterize complex
dynamics, Kaminishi and collaborators developed a method
to reinterpret the dynamics as the eigenvalue spectrum of a
supersymmetric Hamiltonian. Quantum phase measure-
ments on an IBM quantum computer demonstrated a corre-
spondence between the minimum of the spectral gap and
the onset of chaos [5].

The Sachdev-Ye-Kitaev (SYK) model, with four (or
more) fermions with all-to-all interactions, is expensive to
implement on a quantum computer. Tezuka and collabora-
tors proposed several models that exhibit strong chaos
while reducing this cost [6].

Shunichiro Kinoshita (B03), Keiju Murata (B03), and
Yamamoto considered a spin system corresponding to the
field theory in an inflationary universe, and showed that
when a single spin interacting with this system is introduced
as an Unruh-DeWitt detector, the response asymptotically
approaches that of the field theory as the size of the spin
system increases [7].

Daichi Imagawa (Nihon University), Keiju Murata (B03)
and Yamamoto conducted a numerical study of the
localized spacetime response in quantum critical spin
systems, where a particle appears to suddenly teleport to the
other side of the periodic system, inspired by the AdS/CFT
correspondence. This phenomenon appears only when the
perturbation applied to the system is coupled to an operator
corresponding to the local density field in the continuum
limit, providing stronger evidence for the correspondence
with AdS spacetime physics [8].

[1] K. Yamashita and S. Nakajima, JPS 2026 Spring Meeting.

[2] P. Bayona-Pena, R. Hanai, T. Mori, and H. Hayakawa, Phys. Rev.
B 111, L140303 (2025).
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[5]H. Yamauchi, S. Kanno, Y. Sato, H. Tezuka, Y. Shimada, E.
Kaminishi, N. Yamamoto, arXiv:2511.23169.

[6] M. Hanada, S. van Leuven, O. Oktay, and M. Tezuka, Phys. Rev.
E 113, 014217 (2026).

[71S. Kinoshita, K. Murata, D. Yamamoto, R. Yoshii, Phys. Rev.
Research 7, 043135 (2025).

[8] D. Imagawa, K. Murata, D. Yamamoto, Phys. Rev. B 113, 014311
(2026).
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Black holes are extreme structures that connect spacetime
dynamics with quantum information, from their formation
by gravitational collapse to their eventual evaporation via
Hawking radiation. The purpose of B03 group is to clarify
the basic mathematical properties of such quantum black
holes.

Ishibashi, Maeda, and Okamura analyzed the stability of
flat spacetime and de Sitter spacetime by using the
“Holographic Semiclassical Einstein Equations” based on
the gauge/gravity duality. The results showed that even the
maximally symmetric---thus most fundamental---space-
times can become unstable due to strong quantum effects
[1]. Maeda applied this holographic semiclassical method
to rotating black holes in 3 and 5 dimensions, and revealed
that the Cauchy horizon inside such a black hole can
generally be quantum mechanically unstable. This result
tested the cosmic censorship conjecture from a quantum
mechanical perspective [2]. Maeda and Yoshida in C03
group and a collaborator studied the fact that in gravitation-
al theories involving higher order derivatives, wormholes
cannot in general be built perturbatively from extremal
black holes, thereby placing a strong constraint on
wormhole formation within higher curvature gravity
theories [3]. Ishibashi and collaborators applied methods
from their study of asymptotic safe quantum black holes to
Bianchi-I anisotropic cosmological models. They found, in
particular, that quantum effects in general accelerate the
isotropization of the universe. This provides important
insights into the “Cosmological No-Hair Theorem” within
the framework of asymptotically safe quantum gravity [4].
In order to explore the possibility of a phase transition from
a black hole into a bound state of fundamental strings as a
final stage of black hole evaporation, Matsuo, Ishibashi,
and a collaborator studied a self-gravitating string configu-
ration and its quantum effects in two-dimensional dilaton
gravity which accounts for gravitational backreaction [5].
In particular, they obtained an analytic expression of the
solution describing such a string configuration and studied
in detail the geometric aspects of the solution.

Ishibashi and Maeda, along with lizuka in BO1, Nishioka
in DO1, and a collaborator, published a comprehensive

Fig: From left to right, as the surface gravity increases, the wave packet
(colored distribution) deviates from the classical trajectory.

review, which explores the relationship between quantum
information and the various “energy conditions” that govern
how gravity behaves, both in classical and quantum regimes
[6].

In B03, we also conduct research with the aim of
elucidating the relationship between condensed matter
systems and black hole physics. Murata, in collaboration
with Yamamoto in B02, and other collaborators, investigat-
ed the correspondence between spin systems and quantum
field theories in curved spacetime [7,8]. We demonstrated
that by appropriately introducing spacetime-dependent
magnetic fields and nearest-neighbor exchange couplings in
spin systems, quantum field theories in arbitrarily curved
(1+1)-dimensional spacetimes can be realized in the
continuum limit. This study suggests the possibility of ex-
perimentally investigating thermal properties characteristic
of black hole spacetimes and inflationary spacetimes by
using spin systems, and provides a new research framework
connecting gravity and condensed matter physics.

In addition, Murata and Matsui, together with collabora-
tors, analyzed quantum gravitational effects inside black
holes [9]. We performed a canonical quantization based on
the Kantowski-Sachs metric describing the black hole
interior and solved the Wheeler-DeWitt (WDW) equation
with a Gaussian wave packet as the initial condition. We
found that when quantum effects are small, the wave packet
dynamics closely reproduce the corresponding classical
solutions. In contrast, in parameter regimes where quantum
effects become significant, the time evolution of the wave
packet deviates substantially from the classical behavior
(see Figure). Furthermore, we showed that these quantum
effects lead to an extension of the time required for
singularity formation inside black holes. This work
constitutes an important result that concretely elucidates the
impact of quantum gravitational effects on the black hole
singularity problem.
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The purpose of CO1 group is to develop the fundamental
principle of gauge/gravity duality to understand the origin
of the Universe in the light of deep relationships between
holographic principle and quantum information.

Harper, Kawamoto, Maeda, Nakamura and Takayanagi
in CO1 provided a quantum information interpretation of
traversable wormhole spacetimes [1,2]. It is known that
traversable wormholes can be realized in gauge-gravity
dualities by introducing an interaction between two
conformal field theories. They found that this phenomenon
arises from time-like entanglement. To show this, they
introduced a generalized density matrix and clarified that its
non-Hermitian property is equivalent to possessing
time-like entanglement. Furthermore, they provided a new
construction of traversable wormholes: a pair of non-unitary
conformal field theories can be dual to a traversable
wormhole without any interaction.

Harper, Mollabashi, Tasuki and Takayanagi in CO1
numerically analyzed a quantity called multi-entropy,
which measures multi-partite quantum entanglement [3].
They revealed characteristic behaviors at quantum critical
points in one dimension for the Ising model and the free
scalar field. For the Ising model, the results agree with
formulas predicted by analytical calculations of two-dimen-
sional conformal field theory. However, for the free scalar
field, they found that non-compactness leads to a novel
exception to these formulas.

Fujiki, Kanda, Kohara, and Takayanagi in CO1
constructed and classified a new class of models for
quantum gravity in low-dimensional universes using the
AdS/BCFT correspondence, a holographic principle for
conformal field theories on spaces with boundaries [4]. This
model has the advantage of realizing dynamically
expanding and contracting universes by introducing scalar
fields on end-of-the-world branes appearing in the AdS/
BCFT correspondence, and allows quantum gravity effects
to be analyzed in classical gravity theory using the
holographic principle.

Okuyama in CO1 conducted research on various aspects
of the double-scaled SYK model (DSSYK). In particular, in
[5], he studied how to obtain de Sitter spacetime as a
holographic dual of DSSYK. By zooming in on the
high-energy edge of the eigenvalue spectrum of DSSYK, it
was found that de Sitter JT gravity is obtained from
DSSYK.

Hikida and Tsuda in CO1, together with Harris and
Schomerus at DESY, studied D-branes in three-dimension-
al anti—de Sitter backgrounds and their interpretation in the
holographic dual theory. By analyzing the symmetric
product orbifold model dual to the superstring theory, they
classified interfaces corresponding to D-branes [6]. They
explicitly constructed the boundary states describing these
interfaces and confirmed that these states reproduce the
partition functions of the dual open strings stretched
between the D-branes.

Sekino in CO1 studied a holographic dual description for
de Sitter space in terms of SYK model defined on the event
horizon of an observer. In paper [7] with Susskind, they
showed that the double-scaled limit, which corresponds to
the flat-space limit in the bulk, exists in SYK. They also
clarified the conditions for the existence of the flat-space
limit in QCD. In paper [8] with Miyashita and Susskind,
they proposed that the region near the horizon can be
described by the ‘t Hooft model ((1+1)-dimensional QCD).

Sugimoto in CO1 analyzed the energy —momentum tensor
of a system with a baryon in QCD using the holographic
principle, and determined the distributions of energy
density, pressure, and shear forces etc. inside the nucleon
[9]. He also proposed a method for precisely analyzing
quantum anomalies in QCD using the holographic principle,
and demonstrated that the mixed anomalies associated with
discrete axial symmetry and flavor symmetry in QCD are
correctly reproduced [10].
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In this research, we aim to realize, within a laborato-
ry-scale condensed-matter experimental system, a physical
platform that is theoretically equivalent to the “quantum
universe” appearing in the very early stages of cosmogene-
sis, thereby providing a rich experimental “playground” for
testing fundamental theories. Our stage is the quantum Hall
system that emerges under ultralow temperatures and strong
magnetic fields. The study is based on the theoretical
framework that excitations propagating along the sample
edge are mathematically equivalent to a (1+1)-dimensional
quantum universe.

Up to last year, using our original space—time-resolved
stroboscopic photoluminescence (PL) microscope (temporal
resolution of 300 ps and spatial resolution better than 1 um),
we succeeded in controlling the propagation paths of edge
excitations and directly observing their propagation across
multiple paths. These results were summarized in a paper [1].
However, this device did not realize a uniformly and iso-
tropically expanding (1+1)-dimensional system. Therefore,
in the current year, we optimized the semiconductor process
and successfully developed new devices in which the edge
paths can expand and contract concentrically [2].

In parallel, we have also pursued an understanding of
excitation phenomena in the bulk region. The direct
observation of bulk excitations, which had been underway
since the previous year, was compiled into a paper based on
a bulk magnetoplasmon picture [3]. Furthermore, by
integrating the insights gained from both bulk and edge
excitations, we newly designed and fabricated a device with
a “wormhole”-like shape in an effective (1+1)-d spacetime.
Experiments using this device yielded data suggesting that a
signal excited at point A reached point B earlier by shortcut-
ting through the bulk region, rather than following the
original path along the edge [4].

In addition to these optical approaches, this year we also

Fig. 1 (a-c) Edge excitations observed using stroboscopic PL. The blue
regions correspond to edge excitations of the v =1/3 fractional quantum Hall
state (temperature 40 mK, magnetic field 14 T). (d, e) Optical micrographs of
(d) a device that enables uniform and isotropic expansion and contraction of
the effective (1+1)d spacetime, and (e) a device featuring a wormhole-like
structure.

promoted electrical measurements using a dilution refrigera-
tor with a base temperature of 5 mK, which had suffered
from persistent technical issues since its installation. Con-
ventionally, edge excitations were detected by measuring the
time evolution of the voltage at electrodes capacitively
coupled to the edge. However, a longstanding problem with
this method was that electromagnetic noise, referred to as
“crosstalk,” significantly exceeded the intrinsic signal
strength of the edge excitations. Now, we successfully
eliminated this crosstalk by measuring current instead of
voltage [5]. Overcoming the crosstalk issues represents the
completion of an essential technical foundation for the
precise experimental verification of quantum-universe
physics.

Hotta, together with the experimental group, co-authored
papers on edge currents and bulk excitations in quantum
Hall systems [3], and also discovered new quantum
properties of quantum batteries by using quantum energy
teleportation [6].

Shibata et al. performed precise quantum many-body cal-
culations to realize the creation and trapping of anyons.
Since anyons appear as elementary excitations in quantum
liquid states such as the Laughlin state, it is necessary to
accurately treat the effects of Coulomb interactions and
quantum fluctuations. In this study, they investigated the
structure of the local potential required for the creation and
trapping of anyons using the density matrix renormalization
group (DMRG) method, which can precisely calculate
quantum effects. As a result, they found that it is possible to
switch between fractional and integer charge excitations
simply by changing the spatial structure of the potential.

Yonekura and collaborators have been studying branes in
heterotic string theories. Branes are very important
dynamical objects in string theory. In a previous work of
Yonekuraand collaborators, a new type of branes has been
found in heterotic string theories. In [7], the detailed
properties of the branes have been studied. In particular, the
worldsheet CFTs describing the near horizon limit have
been derived, and their nontrivial topological properties are
revealed. In [8], black brane solutions corresponding to the
branes have been obtained by numerical calculations. They
are shown to have expected properties such as the existence
of the throat region.
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In this research group, we address fundamental problems
concerning the origin of the Universe and its accelerated
expansion, as well as the internal structure of black holes,
from both higher-dimensional and four-dimensional
spacetime perspectives.

Tanahashi developed a versatile numerical analysis
framework based on machine learning, applicable to a wide
range of problems in string theory and gravitational theory
[1]. In addition, in collaboration with Terashima (Group
BO1) and others, he studied a method for analysing AdS
black hole spacetimes using wave packets in boundary
conformal field theories (CFTs) [2].

Through joint work with students from Groups CO1 and
B03, Yoshida theoretically formulated the formation
process of charged wormholes within the framework of
general relativity [3].

Izumi and Yoshida, together with a student from Group
BO03, constructed exact solutions describing static and
regular multiple wormholes supported by a phantom scalar
field with negative energy, using the gravitational soliton
formalism [4].

From the viewpoint of solution generation, Nozawa
focused on Benenti-type metrics, in which the geodesic
equations are separable, and developed a general theory of
Kerr—Schild transformations. This led to the successful
construction of new asymptotically AdS charged rotating
black hole solutions in N=2supergravity [5].

Kobayashi analysed non-linear structure formation in the
effective field theory of dark energy using spherically
symmetric collapse models, and clarified the dependence of
the dark matter halo number density on the parameters of
the effective field theory [6].

Yoshino carried out a mathematical classification of the

Figure: An example of a minimal surface in AdS spacetime obtained via a
machine-learning-based approach.

global structure of spacetimes describing evaporating
regular black holes under extremely general assumptions in
the limit approaching extremal black holes, demonstrating
that the information loss problem may be resolved in certain
cases [7].

Shiromizu, Izumi, and Yoshino reformulated gravitation-
al probe surfaces—previously defined only on special
time-slicing hypersurfaces—using geometric quantities
associated with null geodesic congruence, with the aim of
extending the formulation to more general situations. They
further succeeded in deriving quasi-local inequalities for
the size of regions foliated by such gravitational probe
surfaces [8].

In the current fiscal year, we organised the international
workshop “Nagoya Workshop on General Relativity” at
Nagoya University from 26 to 28 January 2026 (59 partici-
pants), and the domestic workshop “The Third Workshop
on General Relativity and Geometry” on 16—17 March (72
participants). The former brought together a focused group
of core researchers in general relativity and was designed to
be complementary to “The 34th Workshop on General
Relativity and Gravitation in Japan”, held in the previous
week (nearly 300 participants), to which Group B03 and
our group also contributed organisationally. Distinguished
researchers, including Professor Emparan (University of
Barcelona), who participated in several events within this
research area, and Professor Hosoya, an advisory member
of the project, attended the meeting, making it a fitting
culmination of this group’s activities. The latter workshop
saw a larger number of participants from the mathematics
community than from physics, and is expected to stimulate
new directions through interdisciplinary exchange. In
particular, the meeting provided a strong indication that
mathematical studies of the Ryu-Takayanagi surfaces and
their extensions—key elements of this research area—are
likely to develop further in the near future.
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Nishioka (PI), in collaboration with graduate students
Kawabata and Ando, conducted research on the gauging of
Zy symmetries in Narain-type 2D Conformal Field Theory
(CFT) [1]. In particular, they developed a method to sys-
tematically construct parafermionic CFTs with fractional
spins by applying this gauging technique to bosonic CFTs,
which can be constructed from general quantum error-cor-
recting codes known as subsystem codes.

Furthermore, Nishioka and a graduate student Nakayama
constructed a new holographic model dual to CFTs with
defects of arbitrary dimensions [2]. This model serves as an
extension of the gravity dual for CFTs with boundaries (the
AdS/BCFT model), where “End of the World” branes are
introduced within the AdS spacetime to correspond to the
defect operators. They further investigated renormalization
group (RG) flows localized on these defect operators within
the model and demonstrated the validity of the defect
C-theorem, which is conjectured to hold in CFTs with
defect operators.

Ito (Co-I) advanced research on field theory in the
Hamiltonian formulation for 2+1D gauge theories, building
upon her work on 1+1D systems from the previous year.
Specifically, she worked on the construction of gauge-in-
variant Projected Entangled Pair States (Gauged PEPS)
using tensor networks and performed numerical analysis of
topological entanglement in Z, gauge theory. Additionally,
in collaboration with Nakayama, Matsumoto, and Onagi
from YITP, she conducted numerical studies on scale-in-
variant RG fixed points that do not possess conformal
invariance [3].

Okuda (Co-I) analyzed the mechanism by which fermionic
CFTs emerge by imposing topological boundary conditions
on abelian Chern-Simons theory, in a joint paper [4] with
PI Nishioka and graduate students Kawabata and Yahagi.
This construction includes fermionic extensions of code
CFTs. Furthermore, based on Chern-Simons theory corre-
sponding to the supersymmetric vertex operator algebras
studied by Johnson-Freyd, he classified the fermionic
topological boundary conditions that lead to supersymmet-
ric CFTs. Additionally, the paper [5], co-authored with
research collaborators Maruyoshi, Pedersen, Suzuki,
Yamazaki, and Yoshida, was awarded the Journal of
Physics A Best Paper Prize 2025.

Honda (Co-I) conducted broad research across quantum
field theory (QFT), quantum computing, condensed matter
physics, and quantum gravity. Regarding QFT, he
performed numerical simulations of 4D SU(2) Yang-Mills
theory with research collaborators Matsumoto and
Yosprakob, obtaining positive results for hypotheses
concerning the phase structure [6, 7]. He also conducted

research on methods for calculating energy spectra in gauge
theories using quantum computing [8]. In the field of
condensed matter, he proposed a new QFT using the God-
billon-Vey invariant related to foliated structures with
graduate students Nakanishi and Shimamori and discussed
its connection to fractons [9]. In quantum gravity research,
he applied Picard-Lefschetz theory to Jackiw-Teitelboim
gravity and discussed its quantum cosmological aspects
[10]. Related to these studies, he delivered 12 invited talks
at workshops, organized 9 workshops, engaged in one
outreach activity, and authored two review articles.

Matsuo (Co-I) continued research related to the
non-abelian Hall effect and non-abelian anyons. While he
had proposed a new Calogero model describing solvable
systems in the previous year and investigated its spectrum,
this year he focused on deriving generalizations of the
related spin Calogero-Sutherland solvable models and
clarifying the infinite-dimensional symmetry (Affine
Yangian symmetry) structures that describe these systems.
He also introduced string-theoretic perspectives, such as the
formulation of the proposed solvable models using branes.

In addition, the DO1 group hosted the school “New com-
putational methods in quantum field theory 2026 from
January 26th to 28th at the RIKEN Wako Campus. This
event was held in English and attracted approximately 40
participants from across Japan. We invited three lecturers:
Junichi Haruna (University of Osaka), Yoshimasa Hidaka
(YITP, Kyoto University), and Tokiro Numasawa
(University of Tokyo), who provided introductory lectures
on quantum error correction, the Hamiltonian formulation
of lattice gauge theory, and open quantum systems. The
school also featured talks by seven participants, leading to
highly vibrant discussions. Through the continuous organi-
zation of this school over the past five years, we have felt a
tangible increase in the number of students and young
researchers entering this field. Although the “Extreme
Universe” project concludes this fiscal year, we hope to
continue organizing such schools and workshops in other
forms in the future.
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About five years ago, the D02 project was launched to
clarify the theoretical backgrounds of the tensor network
(TN) method to develop its practical algorithms and the
mathematical foundations of quantum many-body dynamics
from quantum information perspectives, enabling the
advancement of interdisciplinary research in ExU collabo-
ration. Here is our final report. This academic year began
with significant changes: the principal investigator,
Okunishi, and former ExU PD Yosprakob left Niigata
University, while Fukai joined the University of Tokyo as a
new ExU PD. However, we made steady yet significant
progress toward our original goals and also achieved novel
developments in integrability and condensed-matter
systems in a short period. Below, we summarize highlights
of our main results.

Regarding the relationship between TN and holography,
we already established the holographic renormaliza-
tion-group structure for Bethe-lattice-type TNs, and
moreover, the nontrivial scaling dimensions arising from
the loop network structure of the hyperbolic-lattice Ising
model. This year, we have elucidated interesting
holographic structures embedded in the dynamical
mean-field theory developed for strongly correlated electron
systems, in which quantum fluctuations are appropriately
accounted for via a Green’s function formulation [1]. From
the quantum computing and TN viewpoints, the ExU PD
Yosprakob and Okunishi constructed a density-matrix
renormalization group (DMRG) algorithm that incorporates
Clifford gates into fermionic systems [2]. Moreover, Ueda
et al developed a numerical library, TTNOpt, to make the
previously developed TN structural optimization more
accessible to nonexperts [3]. Also, they established a bench-
marking procedure to investigate quantum-circuit fidelity at
a scale of ~100 qubits, including non-Clifford gates, by
updating the QS3 package, specialized for dilute-particle
systems, to support random quantum-circuit benchmark
calculations [4]. These developments hold promise for
future applications. Meanwhile, Harada and collaborators
proposed a generative model that approximates data distri-
butions using the tree TN by restricting tensor components
to be nonnegative, enabling the statistical interpretation of
the TN structure, in contrast to usual Boltzmann machines
[5]. Then, combining a minimum mutual information
principle with structural optimization of the tree TN, they
have successfully extracted statistical causal relations
inherent in data as network structures. This result enables a
physical interpretation of machine learning via TNs.

From the perspective of quantum many-body dynamics,
Katsura and collaborators showed that a class of asymptotic

quantum many-body scar states exhibiting non-thermal
dynamics can be systematically described as low-energy
excitations of an effective Hamiltonian whose ground states
are quantum many-body scar states [6]. Moreover, the ExU
PD Fukai, in collaboration with Katsura, established the in-
tegrability of the disorder-free p-body Majorana SYK
model, which can be attributed to that of the quantum Ising
chain [7]. They also succeeded in deriving the exact full
energy eigenvalues and eigenstates of the disorder-free
p-body Majorana SYK model. Meanwhile, Hotta and col-
laborators developed a new matrix-product-state method to
compute the real-time evolution of a bulk quantum
many-body system by attaching physical baths to both ends
of the system to approximate an infinite system [§]. In
addition, Ozaki and Hotta investigated the dynamical
behavior of a real material, LiVS2, which involves
competing dynamical lattice distortions and orbital order,
and then found a novel order-formation mechanism
associated with a characteristic dynamics distinct from the
conventional nucleation processes based on the thermal
state. Indeed, they clarified that such novel order formation
occurs via a partial order originating from the different
symmetry from the thermal equilibrium state, and charac-
terized its underlying energy landscape [9].

Finally, looking back over the past five years, research in
DO02 has progressed broadly as planned. Moreover, we
identified several seeds for next-step studies in quantum
many-body physics and guidelines for further interdisci-
plinary collaborations. Such progress was made possible by
the many members of the Extreme Universe collaboration.
Here, 1 want to express my gratitude to the many people
who supported and cooperated with us.

[1] K. Okunishi and A. Koga, arXiv: 2509.19704

[2]1 A. Yosprakob, W.-L., Tu, T. Okubo, K. Okunishi, and D. Kim,
arXiv: 2510.04164

[3] R. Watanabe, H. Manabe, T. Hikihara and H. Ueda, Comput.
Phys. Commun. 319, 109918 (2026).

[4] T. Kaneda, K. Fujii, and H. Ueda, arXiv:2505.10820 (PRR, in
press).

[5] Katsuya O. Akamatsu, K. Harada, T. Ohkubo and N. Kawashima,
arXiv:2504.06722. (MLST, in press)

[6] M. Kunimi, Y. Kato and H. Katsura, Phys. Rev. Res. 7, 043107
(2025).

[7] K. Fukai and H. Katsura, arXiv:2511.03460.

[8] S. Shimozono and C. Hotta, arXiv:2512.07923.

[9] in preparation



Award Report

2025 Nishina Memorial Prize
Prof. Hal Tasaki (Gakushuin University)

Prof. Masaki Oshikawa (Institute for Solid State Physics, University of Tokyo, Extreme Universe E02)

In 2025, Prof. Hal Tasaki (Faculty of Science, Gakushuin
University) and Prof. Masaki Oshikawa (ISSP, University
of Tokyo), who is a member of the EO2 group in the
Extreme Universe collaboration, were awarded the Nishina
Memorial Prize. The award recognizes their “Theoretical
and mathematical studies of quantum spin systems,” en-
compassing continuous and significant contributions to the
theoretical and mathematical understanding of the Haldane
conjecture regarding the ground state of the S=1 antiferro-
magnetic Heisenberg chain, such as the mathematically
rigorous analysis and characterization of the Affleck—
Kennedy—Lieb—Tasaki (AKLT) model, widely known
today, the elucidation of hidden topological order through
the Kennedy—Tasaki (KT) transformation and its general-
izations, clarification of the relationship between the
Haldane state and symmetry-protected topological (SPT)
order, and the generalization of consistency conditions via
the Lieb—Schultz—Mattis theorem to higher-dimensional
spaces. These are not only fundamental to our current un-
derstanding of quantum many-body systems but also
demonstrate how the theoretical landscape, initiated by the
Haldane conjecture, has broadened into various fields of
theoretical physics, including quantum information, tensor
networks, SPT order, and topological field theory. Also,
this award reminds us of how attractive the developments
of physics linked to the Haldane system are. It is widely
accepted by many that these two researchers truly deserve
this recognition for their essential contributions.

¢

In the Extreme Universe collaboration, we had invited
Profs. Tasaki and Oshikawa to our online colloquium on
February 6 last year, where they shared with us the grand
story spanning over 30 years, from the early to the contem-
porary research on the Haldane system. My motivation for
arranging this ExU colloquium was to hear about the
passing of their common collaborator, Ian Affleck, around
September 2024, which sounded to me like a memorial
milestone in the field. Then I believed it would be
meaningful to organize a seminar reviewing the
development of theoretical physics stemming from the
Haldane conjecture. Both professors kindly accepted a
somewhat ambitious request to cover a valuable review for
younger generations unfamiliar with the original excitement
around the Haldane conjecture and their recent cutting-edge
studies. Their talks conveyed the dreamlike story of
theoretical physics research: starting from a simple yet
mysterious phenomenon and evolving into deep, general,
broad, and precise theories, which greatly excited audiences
of all ages and backgrounds. Also memorable was Prof.
Oshikawa’s advice to young researchers during his talk,
emphasizing the importance of continuing efforts without
being swayed by short-term citation counts, since not all of
one’s best work necessarily gains immediate recognition.
For instance, his early paper on the generalization of the

KT transformation was published in 1992, but its citations
began to rise rapidly after 2010. Of course, it was a
significant result from the beginning, but it took nearly 20
years for its usefulness to be widely recognized. In other
words, this reflects his foresight in discerning the essence,
originality, and continuous deepening of theory, which may
be hard to emulate. Again, I am very pleased with their
long-standing commitment to the research of quantum spin
systems.

¢

Prof. Oshikawa moved to Ohio State University in the
United States in March. By the time this article reaches the
readers, we will have missed him in Japan; however, the
distance on social networks and other online platforms has
not changed much. We wish him great success in his new
environment.

(Reported by Kouichi Okunishi)
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69—' Search for toric code phase in quantum matter

Yuta Mizukami (Department of Physics, Tohoku University)

The purpose of this study was to explore quantum states
in real materials that can host elementary excitations
serving as information carriers for quantum error-correcting
codes. Specifically, we aimed to search for the toric code
state, a quantum error-correcting code, not only within
theoretical models but also in actual materials. As a state
corresponding to the toric code, the so-called A phase of
the Kitaev model is known to emerge in the regime where
the bond anisotropy of the Kitaev interaction is large.
However, experimentally achieving precise control of
interaction anisotropy is highly challenging, and realizing
the A phase in real materials is therefore generally difficult.

In recent years, the possibility of realizing the A phase
has been discussed, and for example, it has been theoreti-
cally proposed that a corresponding state can be realized in
the Kitaev model under a high magnetic field [1]. In bulk
systems below 12 T, our group has previously observed
thermally excited states exhibiting a sixfold symmetric
magnetic-field angular dependence, which are explained by
the B phase realized in the Kitaev model with small
interaction anisotropy [2].

In the present study, we performed measurements of the
anisotropy of thermal excitations and magnetic excitations
in a Kitaev candidate material in high magnetic fields
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exceeding 12 T. As a result, we found that above approxi-
mately 12 T, the anisotropy of thermal excitations is
drastically reduced and the sixfold symmetry almost
completely disappears. This indicates a change in the
excitation structure in the high-field state. Furthermore, by
investigating the angular dependence of magnetic
excitations through magnetic torque measurements, we
observed a sawtooth-like magnetic-field angular
dependence in the low-field magnetic phase, which can be
explained by the behavior of magnetic domains. In contrast,
in the high-field nonmagnetic phase, the sawtooth-like
behavior evolves into a sinusoidal dependence.

The thermal and magnetic behaviors observed in the
high-field regime cannot be explained by the B phase of the
simple Kitaev model. We performed a thermodynamic
analysis of these behaviors and discussed the possibility of
a novel quantum state in the high-field regime, including
the potential realization of the A phase [3].

[1] M. O. Takahashi et al., Phys. Rev. Res. 3, 023189 (2021).

[2] O. Tanaka et al., Nat. Phys. 18, 429—435 (2022); K. Imamura et
al., Sci. Adv. 10, eadk3539 (2024).

[3] R. Ohno et al., in preparation.

Computational quantumness: Analysis of fault-tolerant quantum

computation and quantum many-body systems via quantum magic

Ryuji Takagi (Department of Basic Science, The University of Tokyo)

In this project, we aimed to systematically formulate
“quantum magic,” as an essential form of quantum nonclas-
sicality in quantum computation, together with the related
notions of non-Cliffordness and non-Gaussianity, within
the framework of quantum resource theories. Our goal was
to provide quantitative measures, comparison methods, and
a clear computational interpretation of these resources. It is
well known that quantum circuits composed solely of
Clifford gates can be efficiently simulated on classical
computers, indicating that quantum superposition and en-
tanglement alone do not guarantee a computational
advantage. Quantum magic functions as an element that
cannot be generated by Clifford circuits and serves as a key
resource for realizing universal quantum computation.

We highlight two main achievements of this research.
First, by analyzing the relationship between discrete-vari-
able quantum systems and continuous-variable systems, we
clarified a quantitative connection between magic and
non-Gaussianity [1]. While it had been recognized that
non-Cliffordness defined in discrete systems and
non-Gaussianity defined in continuous-variable systems
exhibit similar qualitative behavior, their precise quantita-
tive relationship had remained unclear. In this work, we
proposed a unified framework that connects magic in qudit

systems and non-Gaussianity in continuous-variable
systems via the Gottesman—Kitaev—Preskill (GKP)
encoding. This approach extends the concept of quantum
magic to a much broader class of quantum systems and
establishes a theoretical framework with greater generality
and practical relevance than conventional resource theories.

Second, we elucidated the relationship between quantita-
tive measures of non-Gaussianity and the complexity of
classical simulation based on them [2]. By extending the
resource theory of non-Gaussianity, we introduced
measures such as the Gaussian rank and Gaussian extent,
and demonstrated that these quantities quantitatively
capture the classical simulation cost of non-Gaussian states.
This provides a theoretical foundation for comparing and
evaluating the nonclassicality of quantum states from the
perspective of computational tractability.

Taken together, these results establish magic and
non-Gaussianity as well-defined quantum computational
resources and offer new analytical tools for understanding
resource requirements and fundamental performance limits
in quantum computing and quantum simulation.

[1] O. Hahn, G. Ferrini, and R. Takagi, PRX Quantum 6, 010330 (2025)
[2] O. Hahn, R. Takagi, G. Ferrini, and H. Yamasaki, Quantum 9, 1881
(2025)
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Masaki Owari (Faculty of Informatics, Shizuoka University)

Practical applications of t-designs generation methods in
quantum many-body systems

Random unitary transformations based on z-designs are
essential for various tasks in quantum information
processing and are also important in the study of quantum
many-body systems. However, conventional protocols for
generating t-designs are designed for quantum computers
and are difficult to implement on quantum many-body
systems. In our previous work, we proposed a method to
generate 7-designs on the entire system by applying random
operations only to a small subsystem, using techniques
from quantum control theory. In this study, we conducted
foundational research toward the practical implementation
of the 7-design generation method developed in the previous
work, as well as implementation schemes for variational
quantum algorithms using indirect control based on this
method.

Near-term intermediate-scale quantum (NISQ) devices,
for which practical realization is currently being explored,
are highly susceptible to noise, and the implementation of
quantum error correction is challenging. Consequently,
quantum error mitigation (QEM) techniques, which
suppress errors in computational results through post-pro-
cessing of measurement outcomes and are applicable to
NISQ devices, have recently attracted significant attention.
On the other hand, the implementation scheme for
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variational quantum algorithms using indirect control
proposed in our previous project suggests that noise can be
reduced by decreasing the number of qubits directly
accessed from outside the system. Therefore, combining
these two approaches is expected to further mitigate the
effects of noise. In this work, we investigated the imple-
mentation of quantum error mitigation in indirectly
controlled VQE for an XY spin chain and demonstrated that
error mitigation via the zero-noise extrapolation method is
possible by allowing specific Y-gate operations.

To evaluate the practicality of the #-design generation
method on quantum many-body systems proposed in the
previous project, it is important to demonstrate that this
approach is advantageous in terms of speed. To this end, it
is necessary to determine the minimum time required to
implement a target unitary transformation by controlling a
quantum many-body system, namely, the minimum control
time. In this study, we proposed a new method for
determining the minimum control time by applying the
Baker—Campbell —-Hausdorff formula. Furthermore, by
combining this new method with the approach proposed by
Lee et al., we showed that it is possible to compute an
upper bound on the minimum average control time required
to achieve #-designs in quantum many-body systems.

Magnetic resonance formation of quantum chaos and order

in open quatnum many-body systems

Yasuhiro Shimizu (Department of Physics, Shizuoka University)

Topological order with many-body quantum entangle-
ment emerges on quantum spin liquid and quantum Hall
state for condensed matters. We have experimentally
explored such materials with nuclear magnetic resonance
(NMR) as a site-selective local probe. Quantum spin liquid
is found in the presence of strong frustration and spin-orbit
coupling. In an anisotropic triangular lattice, the spin
correlation is renormalized into one-dimensional chain,
giving rise to the Tomonaga-Luttinger liquid behavior. We
determine the Luttinger parameter (K,~0.5) from the
nuclear spin-lattice relaxation rate 1/T; and the Wilson
ratio (R~2.5) from the local spin susceptibility, consistent
with the theoretical calculation on the one-dimensional an-
tiferromagnetic Heisenberg model [1]. The Luttinger
parameter is enhanced for the atomic site sensitive to anti-
ferromagnetic fluctuations toward long-range magnetic
order through the Dzyaloshinskii-Moriya interaction. The
extremely long coherence time T, of the 3°Cl nuclear spin
(~10 ms) allows us to create a discrete time crystal, which
is robust against the perturbation of the rf m pulse and the
long interaction time, as required for the quantum
computation. The similar behavior was observed in a
quantum spin liquid state of Kitaev magnet with a
honeycomb lattice, where the spin gap opened depending

on the field orientation, as expected for the Majorana
fermions.

The quantum Hall effect has been recently observed in
the bulk Dirac semimetals with the linear energy dispersion
and low density of states. We demonstrated that NMR is
useful to determine the location of chemical potential and
spin-polarized Landau levels of two-dimensional Dirac
fermions under magnetic field [2]. 1/T; decays with the
power law of temperature, ~ T3, for an in-plane magnetic
field, as expected for spin excitation of Dirac fermions. As
the system enters the quantum Hall regime, 1/T; becomes
independent of temperature under the out-of-plane field,
indicating the condensation of spin excitation into the
narrow Landau level under strong spin-orbit coupling. The
spin excitation is strongly suppressed by two orders of
magnitude when the chemical potential is located between
the Landau levels. We also observed an indication of the
quantum oscillation in the spin excitation, consistent with
that observed in the transport measurement. Further NMR
experiments at high magnetic fields and using double
resonance will be reported soon.

[1] D. Nguyen et al. Phys. Rev. B 111, 064423/1-11 (2025).
[2] M. Kumazaki et al. arXiv:2508.07820.
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@ Quantum state tomography of many-body systems in an
optical lattice via spiral bases

Hideki Ozawa (Department of Applied Physics, Waseda University)

In general, for an N-qubit system, it is possible to
reconstruct its density matrix if one can measure all
many-body correlations up to all combinations of locally
different Pauli matrices (quantum state tomography).
However, such an observational setup on a locally different
basis would require elaborate manipulations at the single
qubit level. In addition, the number of such measurements
grows exponentially with the size of the system (4N for N
qubits), making it challenging to implement a scalable
method. In this research, we aimed at the realization of an
efficient quantum state tomography by using laser-cooled
neutral atoms.

In the first year, we successfully loaded 171Ytterbium
(YD) atoms into a 3-by-3 tweezer array created by a spatial
light modulator and a high-NA objective lens. We also
observed the fluorescence of single atoms in the tweezer
after inducing light-assisted collision. This means that we
laid the foundation for experiments using 171YDb as qubits.
171YD is one of the most promising candidates for qubits,
partly because of its 1/2 nuclear spin and partly because of
its long-lived metastable state (3P0), which can be used for
spin-resolved imaging. Moreover, theoretical proposals
suggest that the telecom band transitions from 3P0 to 3Dx
states of Yb can be used for quantum network applications.
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The wavelength of the tweezer laser is chosen to be 759
nm, which is magic for the 3P0 state and enables the narrow
line transition.

In the second year, we implemented global spin manipu-
lation with a 556 nm laser and observed a narrow line
transition from the 1S0 to the 3P0 state with a 578 nm laser.
After the nuclear spin is polarized by optical pumping
(Qubit initialization), we apply a fast Raman beam that
induces Rabi oscillation of 2 MHz between the nuclear
spins (X gate). Then we measure one of the spin
components destructively by blasting it. Toward non-de-
structive spin-resolved imaging, we stabilized the frequency
of the 578 nm laser, identified the atomic resonance, and
observed Rabi oscillations of 50 kHz.

At present, we are preparing the site-addressing beam of
556 nm and 578 nm for local spin manipulation. In addition,
we are constructing Raman sideband cooling to improve the
excitation probability to the 3P0 state. By implementing
these techniques, we will perform and evaluate efficient
quantum state tomography.

Entanglement Entropy in Quantum Field Theories with

Tensor Renormalization Group

Yoshinobu Kuramashi (Center for Computational Sciences, University of Tsukuba)

The Tensor Renormalization Group (TRG), which is
based on the lagrangian formalism in the Tensor Network
(TN) scheme, is a numerical approach to make a high
precision analysis of the many body problems with the TN
representation. The TRG method has fascinating advantages
over the Monte Carlo method: (i) no sign problem and no
complex action problem, (ii) logarithmic volume
dependence of computational cost, (iii) direct treatment of
Grassmann numbers, (iv) direct measurement of the
partition function (or density matrix) itself. In our long-term
project (not restricted to this proposal) we investigate non-
perturbative phenomena in particle physics applying the
TRG method to various types of quantum field theories.

The (1+1)-dimensional U(1) gauge-Higgs model with a 6
term, whose U(1) gauge action is constrained by the
Liischer’s admissibility condition, causes the sign problem
as well as the topological freezing problem, which is a kind
of the ergodicity problem. We have successfully determined
the critical endpoint M¢ at 8=z and show that it belongs to
the two-dimensional Ising universality class as expected
theoretically. This indicates that the TRG method can
provide us a simultaneous solution of the sign problem and
the topological freezing problem in the Monte Carlo
approach [1].

The (3+1)-dimensional cold and dense two-color QCD
(QC;D) in the strong coupling limit serves as a good testbed
before exploring the long-term goal of finite density QCD.
We have succeeded in clarifying the phase structure of this
model at zero temperature limit by calculating the chiral
condensate (X¥), the diquark condensate (x)) and the quark
number density (n) as a function of the chemical potential
u(see Fig. 1) [2]. This is the first successful application of
the TRG method to a (3+1)-dimensional QCD-like theory
and a big step toward the investigation of the phase
structure of the (3+1)-dimensional finite density QCD.

[1] S. Akiyama and Y. Kuramashi, JHEP 09, 086 (2024).
[2] Y. Sugimoto, S. Akiyama, and Y. Kuramashi, Phys. Rev. D 113,
034503 (2026).

Figure 1: u dependence of {x x) ,
(xx> and {(n) atquark mass
m=1.0 with a lattice size of 1024".
Vertical gray band denotes the
{(xx)> #0 region predicted by the
mean field (MF) analysis.
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Emergent physics from quantum entanglement

Tokiro Numasawa (Institute for Solid State Physics, University of Tokyo)

In this project, we have theoretically investigated
quantum many-body systems with large quantum entangle-
ment, aiming to elucidate fundamental aspects of quantum
gravity and strongly correlated condensed matter systems.
In particular, we have obtained results in the following
directions: (1) conformal field theories with spacetime
modulation and their gravitational duals; (2) bosonization
of Fermi liquids and its applications to condensed matter
systems and non-critical string theory; and (3) simulation of
expanding spacetimes using nonequilibrium quantum Hall
systems.

(1) We studied quantum entanglement in one-dimensional
quantum systems with spacetime modulation. In 1+1-
dimensional conformal field theory, we analyzed
quantum quenches induced by the sine-square
deformation (SSD) [1]. Using conformal symmetry, we
showed that this quench is equivalent to a local quench,
namely the time evolution of a uniform system with a
local excitation. We further investigated quantum
quenches in more general inhomogeneous Hamiltonians
[2], and demonstrated that discontinuous contributions
originating from the boundaries arise in such systems.
Moreover, we constructed a method to realize effective
time-reversal dynamics of inhomogeneous Hamiltonians
by employing periodic driving [3].

(2) In the problem of bosonization of the Fermi surface, we
introduced action-angle variables to develop a
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systematic analytical framework for two-dimensional
Fermi liquids. Using this approach, we constructed a
bosonized representation of the electron creation
operator and provided a conformal field theory interpre-
tation of Friedel oscillations [4]. We further applied this
framework to non-critical M-theory to construct
effective field theories [5], and found that the same
method can also be applied to deepen the understanding
of superstring theory.

(3) By utilizing nonequilibrium quantum Hall systems, it is
possible to simulate conformal field theories in
expanding spacetimes. We investigated the bulk
properties of quantum Hall systems with expanding
edges and discovered that spatial modulation of the
expansion rate induces a topological gravitational
response in the bulk energy-momentum tensor [6].

[1]J. Kudler-Flam, M. Nozaki, T. Numasawa, S. Ryu, M. T. Tan,
JHEP 08 (2024).

[2] X. Liu, A. McDonald, T. Numasawa, B. Lian, S. Ryu, Phys. Rev.
Lett. 134, 220404 (2025).

[3] B. Lapierre, T. Numasawa, T. Neupert, S. Ryu, Phys. Rev. B 112,
104317 (2025).

[4] T. Numasawa, M. Oshikawa, work in progress.

[5] P. Jefferson, T. Numasawa, work in progress.

[6] Y. Sugiyama, T. Numasawa,, arXiv:2506.20338 [cond-mat.mes-
hall]

Dynamics and entanglement in open quantum systems

Kohei Kawabata (Institute for Solid State Physics, University of Tokyo)

In recent years, there has been growing interest in novel
phenomena realized in open quantum systems far from
equilibrium, going beyond the traditional framework of
physics developed primarily for closed quantum systems at
equilibrium. Yet, even fundamental questions in the physics
of open quantum systems remain incompletely understood.
My overarching aim is to establish new foundations by
elucidating the diverse condensed matter phenomena that
emerge under nonequilibrium open conditions. In the
Extreme Universe project, I have pursued a unified
theoretical understanding of open quantum dynamics and
entanglement, with the goal of formulating general
principles that characterize phases and order in open
quantum systems. Over the past two years, our research has
achieved the following results.

(I) Quantum entanglement is not only central to quantum
information processing but also plays an essential role in
characterizing quantum phases. However, the role of entan-
glement in phases emerging in open quantum systems has
remained largely unexplored. We have studied the non-Her-
mitian five-state Potts model and demonstrated that com-
plex-valued entanglement entropy (or equivalently, pseu-
do-entropy) exhibits scaling behavior predicted by a
nonunitary conformal field theory with a complex central
charge [1]. This result provides a concrete and quantitative
bridge between non-Hermitian many-body physics and
universal data of nonunitary conformal field theory.

(IT) Quantum chaos in closed systems underpins quantum
statistical mechanics and is also deeply connected to black

hole physics, attracting sustained attention across both
condensed matter and high energy communities. By
contrast, chaos in open quantum systems is far less
understood. We have constructed an effective field-theoret-
ical description based on nonlinear sigma models for
non-Hermitian random matrices that capture chaotic
behavior in open quantum systems, and classified the
associated universality classes across all the 38 symmetry
classes [2,3]. This framework offers a systematic route to
universal spectral diagnostics beyond Hermitian settings.

(IIT) Measurement-induced phase transitions have
recently emerged as a distinctive class of dynamical phase
transitions unique to open quantum systems. However,
much of the existing literature is built on case-by-case
analyses, and a genuinely universal understanding has
remained elusive. For monitored free fermions, we have
developed a general theory that describes symmetry and
topology within an effective field-theoretical approach, and
derived universal stochastic equations governing the
resulting nonunitary dynamics [4,5].

[1] H. Shimizu and K. Kawabata, Phys. Rev. B 112, 085112 (2025).

[2] A. Kulkarni, K. Kawabata, and S. Ryu, J. Phys. A 58, 225202
(2025).

[3] Z. Chen, K. Kawabata, A. Kulkarni, and S. Ryu, Phys. Rev. B 111,
054203 (2025).

[4] Z. Xiao, T. Ohtsuki, and K. Kawabata, Phys. Rev. Lett. 134,
140401 (2025).

[5] Z. Xiao and K. Kawabata, arXiv:2412.06133.
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69—' Theoretical exploration of mixed-state topological phases

Masaki Oshikawa (Professor, Institute for Solid State Physics, University of Tokyo)

The classification of quantum phases at absolute zero
temperature (i.e., in the ground state) has advanced dramat-
ically through the discovery of topological phases and the
subsequent development of their theoretical framework.
Meanwhile, more general quantum states are mixed states
described by density matrices. Therefore, the classification
of quantum phases of mixed states has recently become a
central issue. For a pure quantum state, symmetry is
formulated as the invariance of the state vector under a
unitary transformation. For a mixed state, the same unitary
transformation can act on a density matrix from the left and
from the right. This makes it possible to distinguish and
discuss (i) invariance of the density matrix when the unitary
acts only on either the left or the right (“strong symmetry”),
and (ii) invariance when it acts on both sides simultaneous-
ly (“weak symmetry”). A mixed state with the strong
symmetry necessarily also has the weak symmetry. In this
setting, analogous to the standard concept of spontaneous
symmetry breaking, one can consider a phenomenon in
which strong symmetry is spontaneously broken down to
weak symmetry (Strong-to-Weak Spontaneous Symmetry
Breaking, SWSSB).

In this work, from the viewpoint of “purification,” which
interprets a density matrix as a state vector in a higher-di-
mensional Hilbert space, we showed that SWSSB
corresponds to a symmetry-protected topological (SPT)
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phase in the purified state. In particular, we demonstrated
that the Rényi-2 correlation function, which serves as a
diagnostic of SWSSB, corresponds to the “strange
correlator” in the purified state [1]. In this way, mixed states
reveal concepts and phases that do not exist for pure states;
at the same time, understanding pure states remains a useful
basis for exploring them. In addition, although details are
omitted here, we carried out several related studies [2,3].

We also succeeded in evaluating measurement-induced
entanglement in one-dimensional quantum critical states, as
well as the Stabilizer Rényi Entropy that quantifies such
states as a “magic resource” for quantum computation,
using boundary conditions of conformal field theory [4,5].
In these studies, the principal investigator’s previous results
on conformal field theory played an important role. This
research also demonstrates that field-theoretic methods are
powerful tools in an emerging area where the statistical
mechanics of quantum many-body systems and quantum
information theory intersect.

[1] P. Sala et al., Phys. Rev. B 110, 155150 (2024).

[2] Y. You and M. Oshikawa, Phys. Rev. B 110, 165160 (2024).

[3] P. Sala et al., arXiv:2506.10076, accepted for publication in
Quantum Science and Technology (2026).

[4] M. Hoshino et al., Phys. Rev. B 111, 155143 (2025).

[5] M. Hoshino et al., Phys. Rev. X 16, 011037 (2026).

Entanglement in curved spacetimes: application of partner

Yasusada Nambu (Graduate School of Science, Nagoya University)

The partner formula provides a concrete method to
determine the spatial “shape” of the mode (the partner
mode) that purifies a given mode of interest in a quantum
system. In this study, we focus on the structure of quantum
entanglement in spacetimes with horizons and on the
behavior of the spatial profiles of partner modes obtained
from the partner formula, and we address the following
issues.

1. Mechanism of information recovery in the

moving mirror model [1]

In scenarios where the partner modes of Hawking
radiation are attributed to vacuum fluctuations, it has been
argued that high-energy burst emissions, which could
appear in the final state of the system, can be avoided. On
the other hand, it has also been suggested that such burst
emissions necessarily accompany the purification of
Hawking radiation. To examine this issue, we analyzed the
spatial profiles of partner particles based on the partner
formula. We show that the burst emission is unrelated to
the purification process itself.

2. Upper bound on information content in de Sitter

spacetime [2]

It is widely believed that the amount of information that
can be stored in a de Sitter universe is bounded by the
entropy determined by the area of its horizon. However, it
has been suggested that this bound may be violated if the
inflationary universe enters an eternal phase. Using the
property that, for super-horizon modes in de Sitter
spacetime, the entanglement entropy is equivalent to the
information entropy, we analyzed this problem within the
stochastic approach. We demonstrate that, when appropri-
ately weighted probability distributions are employed, no
violation of the entropy bound occurs.

[1]Y. Osawa, K-N Lin, Y. Nambu, M. Hotta, P. Chen
“Final burst of the moving mirror is unrelated to the partner mode
of analog Hawking radiation”, Phys. Rev. D 110,025023(2024).
[2] H. Tajima and Y. Nambu
“Stochastic inflation and entropy bound in de Sitter spacetime”,
Phys. Rev. D111, 106009(2025).
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Spacetime, unconventionally emergent

Masataka Watanabe (Department of Physics, The University of Tokyo)

My research during the period focused on the analysis of
Quantum Gravity using new universal methods of analysis.
In particular, I developed a method of computing physical
quantities in Quantum Gravity outside of the usual
semi-classical regime where the Newton constant is small,
hoping for a better understanding of the truly quantum
nature of Quantum Gravity.

Towards this goal, I set out to compute various quantum
information theoretic quantities in strongly-coupled
conformal field theories in higher dimensions. I also related
it to observables in Quantum Gravity outside of the
semi-classical regimes using holographic principles. This
turned out to be a very non-trivial problem; As is always
the case with strongly-coupled theories, computation of
physical quantities is difficult.

My main achievement is the development of a new
method allowing for such a computation. I used an idea of
the effective field theory, in particular a relatively new
method called the large charge expansion to compute
charge-refined version of the entanglement entropy in three
dimensional strongly-coupled conformal field theories with
U(1) global symmetry. In particular, I was able to prove
that the amount of charged Bell pairs in such conformal
field theories asymptotes to a constant in the limit of large
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in curved space

charge. The constant in fact turned out to be universal
across a very broad class of (actually infinitely many)
conformal field theories. The work constituted the first ever
analytic handle towards quantum information theoretic
quantities of strongly-coupled, higher dimensional
conformal field theories from first principles. I hope the
method can be used to study further interesting nature of
quantum gravity in future research.

In addition, I focused on realizing Quantum Gravity in
real-world systems through the holographic principle.
Concretely, I studied a certain system of two-dimensional
gravity called Jackiw-Taitelboim (JT) gravity, and a certain
deformation thereof. I related them to, perhaps surprisingly,
to a system of stochastic process called the ASEP
(asymmetric simple exclusion process), and its continuous
limit, the KPZ (Kardar—Parisi—Zheng) equation. The
result is still at the level of mathematical connections,
utilizing the power of underlying quantum group structure
in ASEP as well as in the deformation of JT gravity. It is
under current investigation whether the correspondence
comes from a much deeper connections which result in a
novel approach to Quantum Gravity.

Extreme Universe from the infrared limit of interacting fields

Takahiro Tanaka (Department of Physics, Kyoto University)

This research aims to advance our understanding of
infrared (IR) contributions in quantum field theory on
curved spacetime, with particular emphasis on the treatment
of IR divergences in cosmological perturbation theory and
on the role of field interactions in black hole evaporation.
By focusing on the physical implications of IR behavior,
this project seeks to extract robust insights into fundamental
phenomena in curved spacetime.

As major research achievements, we developed extended
theoretical frameworks to describe the nonlinear,
large-scale evolution of perturbations in the early universe.
Specifically, we generalized the SN formalism—originally
formulated for scalar perturbations—to include scalar,
vector, and tensor modes, and called it the generalized 6N
(g0N) formalism. Applying this formalism to models with
U(1) gauge fields, we demonstrated its practical implemen-
tation and derived new results. We also extended the dN
formalism to incorporate gradient corrections, which are
typically neglected but become important in scenarios
beyond slow-roll inflation, such as ultra-slow-roll models.
By assigning a homogeneous spatial curvature to each
FLRW patch, this extension enables an accurate description
of the evolution of the comoving curvature perturbation
These developments contribute to a deeper understanding

of nonlinear cosmological perturbation theory.

In parallel, we investigated Hawking radiation in
interacting quantum field theories. While previous studies
suggested the presence of IR divergences in ¢* theory, we
demonstrated that such divergences are absent when the
problem is formulated appropriately, and we further
explored the emergence of nonperturbative effects in
strongly coupled regimes.

In addition, we developed a fully quantum-mechanical
formulation of black hole superradiance by canonically
quantizing a massive scalar field on a Kerr black hole
background. This approach shows that the growth of boson
clouds is independent of the initial quantum state and
provides a unified description of superradiance, Hawking
radiation, and the adiabatic backreaction on black hole spin.
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The quantum nature of gravitons generated by Hawking

Sugumi Kanno (Department of Physics, Kyushu University)

To investigate the quantum nature of gravitons in strong
gravitational fields, we formulated gravitational waves
emitted by binary black holes within a quantum-mechanical
framework. Gravitational waves have traditionally been
treated as classical waves; however, since quantum
mechanics is the fundamental framework for describing
nature, gravitational waves should also be described in
quantum terms.

In this study, applying techniques from quantum optics,
we represented gravitational waves from binary black holes
as coherent states - the quantum states closest to classical
waves. We then analyzed higher-order effects of the
interaction Hamiltonian and showed that gravitational
waves can, in principle, generate squeezed states that do not
appear in a purely classical treatment. Using the gravita-
tional-wave data first detected by LIGO on September 14,
2015, we estimated the degree of squeezing and found that
the squeezing parameter is extremely small, of order 10+
[1].

On the other hand, if the Universe underwent inflation in
the past, primordial gravitational waves produced during
inflation would be in a strongly squeezed state. When such
primordial gravitational waves interact with a binary black
hole system, the resulting gravitational waves become co-
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herent-squeezed states. Our estimates show that, in this
case, the squeezing parameter can become as large as about
30 at maximum [2]. In quantum optics, coherent-squeezed
states exhibit sub-Poissonian statistics, and their
quantumness can be detected through intensity-correlation
measurements using a Hanbury-Brown-Twiss (HBT) inter-
ferometer. We therefore evaluated the frequency range in
which such quantum gravitational waves would appear and
showed that it lies within the frequency band where
LIGO-Virgo-KAGRA could test their quantum nature [2].
If intensity correlations become measurable in the future -
for example, with an HBT interferometer [3] - this would
not only enable tests of the quantum nature of gravitational
waves, but could also provide strong evidence for inflation-
ary theory and potentially lead to the detection of the
as-yet-undiscovered graviton.

[1] Sugumi Kanno, Jiro Soda and Akira Taniguchi, Phys. Rev. Lett.
136, 061404 (2026).

[2] Sugumi Kanno, Jiro Soda and Akira Taniguchi, arXiv:2510.23326
[gr-qc]

[3] Sugumi Kanno, Hiroki Matsui and Shinji Mukohyama, Phys. Rev.
D 111, 104077 (2025).

Investigation of topological phases and transitions via

quantum control, quantum entanglement, and duality

Shunsuke Furukawa (Faculty of Science and Technology, Keio University)

Since the concept of symmetry-protected topological
(SPT) phases was proposed approximately 15 years ago,
general theories regarding their characterization and classi-
fication have advanced significantly. For bosonic (spin)
systems, detailed classification tables have been established
based on the projective representations of symmetry groups
and group cohomology. However, it remains a largely
unexplored frontier to determine in which regions various
SPT phases emerge within specific systems, how they
compete with ordered phases, and what types of phase
transitions they undergo.

To investigate the competition between SPT and ordered
phases, we focused on duality as a guiding principle. In
spin-1/2 ladder systems, there exist two types of dualities
that swap the staggered components of spins on the rungs
with their chirality. These dualities serve to exchange
two-body interactions with four-body chirality interactions.
We considered a ladder model incorporating these two
types of interactions and determined the ground-state phase
diagram through analytical calculations—combining
effective field theory with duality transformations—and
numerical simulations, such as the density matrix renormal-
ization group [1]. As a result, we obtained a rich phase
diagram where the Haldane (topological) phase, the rung

singlet (trivial) phase, the dimer-ordered phase, and the
scalar chiral ordered phase compete in a complex manner.
Furthermore, we revealed that the Haldane and rung-singlet
phases are subdivided into multiple regions where correla-
tions of different degrees of freedom—such as spin, dimer,
and chirality—become dominant.

Incorporating concepts from quantum many-body
physics into quantum information processing protocols is
expected to lead to new methods for multi-qubit control. As
an example, we worked on extending entanglement
swapping—a key concept in quantum communication—to
quantum many-body states. Specifically, for two sets of
spin-ladder states (defined on legs 1 & 2 and legs 3 & 4, re-
spectively), performing repeated Bell measurements and
post-selection between legs 2 and 3 results in the formation
of a new spin-ladder state on legs 1 and 4. In other words,
the measurement rearranges the entanglement between the
legs. By using various SPT and trivial phases as the initial
states, we demonstrated through matrix product state repre-
sentations and field theory that the resulting spin-ladder
state is determined by topological composition rules.

[1] M. Fontaine and S. Furukawa, J. Phys. Soc. Jpn. 93, 124710
(2024).
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Quantum Universe and Singularity from Quantum

Kotaro Tamaoka (Department of Physics, Nihon University)

In this research, motivated by the holographic principle
(the AdS/CFT correspondence), we studied various
problems related to black hole interiors from the perspective
of quantum information theory.

First, in order to investigate which quantum information
measures can capture the presence of curvature singularities
inside black holes, we focused on timelike entanglement
entropy [1]. We showed that, in black hole spacetimes with
curvature singularities, analytically continued minimal
surfaces approach the vicinity of the singularity, causing
the timelike entanglement to respond sensitively to its
presence [2]. Furthermore, we demonstrated that in certain
setups multiple complex saddle points contribute simulta-
neously, providing explicit examples in which the conven-
tional assumption of a single dominant saddle point in
holographic analyses breaks down.

Based on these insights, we next carried out a detailed
analysis of the quantum state dual to the special extremal
slice that appears inside black holes [3]. We rigorously
showed that this state is an absolutely maximally entangled
(AME) state, exhibiting maximal entanglement for any
bipartition, by demonstrating that the holographic n-th
Rényi entropy is independent of the Rényi index n [4]. Such
a state can be well approximated by a certain class of
random states in the semiclassical limit. We further clarified
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nonequilibrium systems

that the Hilbert space associated with the black hole interior
naturally acquires an effectively large dimension that
exceeds the degrees of freedom of the boundary theory.
This feature originates from the fact that the timelike
coordinate outside the black hole becomes a spacelike one
inside the horizon, implying that the dual theory necessarily
describes an infinite-volume system. As a result, we were
able to provide concrete gravitational support for recent
theoretical frameworks that describe black hole interiors as
non-isometric quantum error-correcting codes [5].

As a more recent development, we have also investigated
the multipartite entanglement structure of such black hole
interior states, using multi-entropy [6] as a quantitative
measure of multipartite entanglement. We found that both
exterior and interior black hole states can be well approxi-
mated by Haar-random states at the level of multipartite en-
tanglement [7].

[1] K. Doi ef al., Phys.Rev.Lett. 130, 031601 (2023).

[2] T. Anegawa and K. Tamaoka, JHEP 10, 182 (2024).

[3] T. Hartman, and J. Maldacena, JHEP 05, 014 (2013).

[4] T. Anegawa and K. Tamaoka, Phys.Rev.Lett. 135, 261601 (2025).

[5] C. Akers et al., JHEP 06, 155 (2024).

[6] A. Gadde et al., Phys.Rev.D 106, 126001 (2022).

[7] T. Anegawa, S. Suzuki and K. Tamaoka, [arXiv:2512.21037 [hep-
th]].

Tensor netowrk study of quantum spin liquids in

Ryui Kaneko (Department of Engineering and Applied Sciences, Sophia University)

During the two years of the publicly funded research
project, we elucidated numerous ground states and quantum
state dynamics of strongly entangled quantum many-body
systems using numerical methods based on tensor networks.
Here, we highlight four selected achievements:

(1) Neural network quantum states allow for describing
states whose entanglement follows a volume-law
scaling. They are well-suited for representing a broader
class of quantum states compared to tensor network
states. However, due to the enormous number of
parameters, optimization is challenging and prone to
getting trapped in local minima. It is crucial to optimize
from good initial wave functions. We proposed a
method for constructing such initial states from tensor
decomposed matrix product states [1].

(2) Using tensor network methods, we investigated the
ground state of the square-lattice SU(4) Heisenberg
model under controlled spatial anisotropy of interac-
tions. Calculations using infinite projected entangled
pair states (iPEPS) revealed a first-order transition from
an SU(4) singlet state to a state where Néel order and
Valence Bond Crystal order coexist [2]. Since it is
easier to measure the growth of spin correlations of
SU(N) Heisenberg models using ultracold atoms in

optical lattices when N is sufficiently large, we
anticipate experimental observation of such a phase
transition.

(3) Motivated by experimental observations of entangle-
ment dynamics of ultracold atoms in optical lattices, we
analytically derived the time evolution of entanglement
following a quench from a charge-density-wave state to
a non-interacting bosonic system [3]. However,
computing matrix permanents requires exponential time
cost, limiting calculations to about 50 sites. By
evaluating permanents through random sampling, we
enabled computations for systems with over 100 sites [4].

(4) Inspired by digital quantum simulation experiments
using Rydberg atom arrays to realize quantum spin
liquids in the Kitaev honeycomb model, we investigated
magnetism during the time evolution of an antiferro-
magnetic state under the Kitaev honeycomb
Hamiltonian using iPEPS. We found that magnetization
exhibits a monotonic decrease over time scales on the
order of the inverse interaction strength.

[1]R. Kaneko and S. Goto, Phys. Rev. B 112, 155163 (2025).

[2] R. Kaneko et al., Phys. Rev. A 110, 023326 (2024).

[3] D. Kagamihara et al., Phys. Rev. A 107, 033305 (2023).

[4] R. Kaneko et al., Phys. Rev. A 111, 032412 (2025).
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@ Novel magnetic phenomena in frustrated random spin
systems via large scale computations and real material data

Tokuro Shimokawa (Okinawa Institute of Science and Technology Graduate University)

Quantum entanglement is an indispensable concept for
the development of quantum technologies that may support
future society. From the perspective of condensed-matter
physics, an important role is to elucidate what kinds of en-
tanglement are embedded in the diverse quantum states
realized in materials. In this research, we have focused on
experimentally accessible entanglement measures that have
been established through recent advances in quantum
information, and we have promoted studies by combining
large-scale numerical computations with experimental data
from real materials.

More specifically, we investigated the S = 1/2 triangu-
lar-lattice candidate materials YbZnGaO,, YbZn,GaOs, and
KYbSe,. While a quantum spin-liquid state has been
anticipated for YbZnGaO, and YbZn,GaOs, earlier studies
suggested that randomness-induced states may also emerge;
thus, methods to verify whether a genuine spin liquid is
realized have been strongly sought. In addition, although
KYDbSe, exhibits long-range order at ultralow temperatures,
its dynamical structure factor has been reported to show
nontrivial quantum-critical behavior, calling for a solid
theoretical underpinning of its origin.

To address these issues, we quantified multipartite entan-
glement using the quantum Fisher information (QFT). Spe-
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cifically, by choosing the Fourier components of spin
operators as observables and evaluating QFI in a form
directly linked to the dynamical structure factor, we
constructed an experimentally accessible indicator of
many-body entanglement. Large-scale computations on
Fugaku revealed that the temperature scaling of QFI differs
qualitatively between quantum spin-liquid states and ran-
dom-singlet states in S = 1/2 triangular-lattice magnets.
Furthermore, we succeeded in reproducing numerically the
experimentally reported temperature scaling of QFI for all
three materials, thereby strongly supporting the realization
of a quantum spin-liquid state in YbZnGaO, and
YbZn,GaOs. For KYbSe,, we also reproduced the quan-
tum-critical exponent appearing in the dynamical structure
factor, providing a theoretical basis for understanding the
quantum criticality. On the other hand, for more strongly
frustrated quantum systems, indicators based solely on con-
ventional spin correlations may not be sufficient to charac-
terize the relevant quantum states. We are currently
working to extend entanglement-detection frameworks so
that they remain compatible with experimental observables
while being applicable to a broader class of quantum states.

New Development of Lattice QCD in Hamiltonian Formalism

Yoshimasa Hidaka (Yukawa Institute for Theoretical Physics, Kyoto University)

The ultimate goal of this study is to understand quantum
chromodynamics (QCD) in dense hadronic matter and in
nonequilibrium systems. QCD under extreme conditions
plays a crucial role in understanding the evolution of the
early universe, high-energy heavy-ion collisions, and the
internal structure of neutron stars. However, for systems
involving finite density and real-time dynamics, conven-
tional lattice QCD calculations have faced fundamental dif-
ficulties due to the sign problem. In this work, we address
this issue by focusing on gauge theories formulated in the
Hamiltonian formulation as an alternative theoretical
approach.

In this study, we start from topological quantum field
theory and derive dual descriptions of gauge theories based
on the choice of basis in the corresponding Hilbert space.
We focus on gauge-invariant fundamental operators,
namely Wilson loops, which are one-dimensional objects,
and Gukov—Witten operators, which are codimension-two
objects, and construct the theory based on the algebraic
structure generated by these operators. We show that the
gauge-invariant Hilbert space of lattice gauge theory can be
understood as a space obtained by introducing defects into
a topological quantum field theory and imposing boundary
conditions such that Gukov— Witten operators can terminate

on these defects.

We demonstrate that there are two natural choices of
basis for this Hilbert space: one based on networks of
Wilson loop operators and the other based on networks of
Gukov—Witten operators, and that these two descriptions
are dual to each other. When the former basis is chosen, the
conventional lattice gauge theory is recovered, in particular
leading to the Hamiltonian lattice gauge theory formulated
by Kogut and Susskind. When the latter basis is chosen,
one obtains a gauge theory coupled to matter fields defined
on a dual lattice, with conjugacy classes serving as labels
for the connections. This duality can be regarded as a gen-
eralization of the Kramers—Wannier duality, well known
for Abelian groups, to the case of non-Abelian gauge
groups.

The results obtained in this work provide a theoretical
framework for reinterpreting lattice gauge theory from a
topological perspective. Future directions include extending
the present formulation to higher dimensions and applying
the dual descriptions developed here to finite-density and
nonequilibrium systems, with the aim of achieving a non-
perturbative understanding of QCD under extreme
conditions.
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Quantum black strings in particle physics models

Yuta Hamada (High Energy Accelerator Research Organization)

It is widely supported that exact global symmetries are
not allowed in quantum gravity, since they conflict with
considerations of black-hole evaporation. The cobordism
conjecture provides a mathematical framework to formalize
this idea: if one computes an appropriate cobordism group
after fixing additional structures such as a spin structure and
finds it to be nontrivial, then the theory would contain
sectors that cannot be connected by continuous deforma-
tions, effectively behaving as if it possessed a global
symmetry. The conjecture therefore posits that there should
exist branes whose presence trivializes the relevant
cobordism groups. In this sense, cobordism serves as a tool
to investigate what kinds of branes must exist in a
consistent theory of quantum gravity.

Relatedly, our results are as follows. In Refs. [1,3] we
systematically extracted and classified non-supersymmetric
branes of supersymmetric heterotic string theory in nine
and eight dimensions. First, we identify the disconnected
components of the spacetime gauge group by using outer
automorphisms associated with the charge lattice of the
theory. From this, and guided by the cobordism conjecture,
we identify the non-supersymmetric codimension-two
branes that are predicted to exist. This analysis also
amounts to classifying the points of maximal gauge
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enhancement in the non-supersymmetric E8 heterotic string
theory.

In addition, in Ref. [2] we construct, within the Standard
Model of particle physics, a string-like object predicted by
the cobordism conjecture as an explicit solution of the grav-
itational field equations. This object is characterized by a
monodromy that imposes periodic boundary conditions for
fermions. A crucial ingredient in constructing the gravita-
tional solution is the presence of Casimir energy from
Standard Model particles. The resulting black string
solution can be interpreted as an object supported by this
Casimir energy, and we also evaluate its tension and
Hawking temperature. As future work, we plan to analyze
the stability of the black string solution and to pursue the
explicit construction of non-supersymmetric brane solutions
in heterotic string theory.

[1] Yuta Hamada, Arata Ishige, JHEP 01(2025)141

[2] Yu Hamada, Yuta Hamada, Hayate Kimura, Phys.Rev.D
111(2025)12

[3] Yuta Hamada, Arata Ishige, Yuichi Koga, arXiv: 2505.15144.

Measuring Quantum Entanglement of Many-Body States in

a Cold-atom Quantum Simulator

Seiji Sugawa (Department of Basic Science, The University of Tokyo)

In this research project, we are developing a programma-
ble cold-atom quantum simulator with the primary goal of
experimentally elucidating the entanglement structure
inherent in quantum many-body systems. Specifically, we
aim to establish and implement measurement protocols
capable of extracting key information, such as entanglement
spectra and entanglement entropy, directly from physical
systems. By utilizing these measurements, we seek to probe
topological ordered phases, verify scaling laws in quantum
critical phenomena, and characterize quantum phases that
defy description by conventional order parameters.

So far, we have made the following progress in
developing a quantum platform that enables large-scale,
high-precision atomic control, as well as in establishing
unitary operation techniques for single-atom qubits.

Firstly, regarding the construction of the quantum
platform, we have designed and built a high-numerical-ap-
erture optical system exhibiting near diffraction-limited
performance to generate defect-free single cold-atom
arrays. By imprinting phase patterns onto the spatial mode
of the laser using a spatial light modulator, we successfully
generated arbitrary optical arrangement patterns.
Furthermore, by introducing a high-power near-infrared
fiber laser and manipulating its beam deflection via a
two-dimensional acousto-optic deflector, we have realized
large-scale, dynamically controllable two-dimensional

atomic arrangement patterns.

Secondly, regarding quantum control techniques for
single atoms, we have developed a method to perform
robust local quantum operations for single atoms. The
approach utilizes an acousto-optic deflector to rapidly
transport single atoms by microscopic distances (approxi-
mately one micron). By applying Raman transition laser
pulses before and after this displacement under uniform
laser irradiation, arbitrary quantum control can be imparted
to individual atomic qubits. This design effectively resolves
issues such as crosstalk, which is often a challenge in con-
ventional individual addressing, thereby enabling robust
quantum operations. In addition, we have developed a
concrete control sequence to experimentally implement
measurement on Rényi entanglement entropy utilizing the
aforementioned atomic control technique. Furthermore, we
evaluated the measurement costs for the longitudinal-field
quantum Ising model using a random measurement
protocol, which significantly reduces overhead compared to
conventional full quantum state tomography, and estimated
the feasible system size.

These achievements constitute essential foundation
required to construct quantum many-body systems via a
large-scale programmable cold-atom simulator and to ex-
perimentally clarify their entanglement structures.
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Shota Suetsugu (Department of Applied Physics, The University of Tokyo)

In this project, we investigated exotic quantum
many-body states emerging from strong quantum fluctua-
tions and geometric frustration in kagome antiferromagnets
(AFMs), with a particular focus on quantum spin liquids
and magnetization plateau states. The spin-1/2 kagome
Heisenberg antiferromagnet is widely believed to host
highly entangled quantum spin liquid states and quantum
magnetization plateau states. However, the exact nature of
these ground states has remained largely elusive. To address
these long-standing issues, we focused on YCu;(OH)g sBrs s
(YCOB), a recently discovered kagome AFM candidate
that consists of a two-dimensional perfect kagome lattice of
Cu?" ions (S = 1/2). We performed a comprehensive experi-
mental study combining high-field magnetization measure-
ments, magnetic torque measurements, specific heat mea-
surements, and magnetocaloric effect measurements.

High-field magnetization measurements up to 57 T
revealed clear magnetization plateaus at 1/3 and 1/9 of the
saturation moment of Cu®" ions. In particular, we observed
a clear 1/9 magnetization plateau, whose existence had been
theoretically discussed but had not been experimentally
verified in any insulating spin-1/2 quantum antiferromag-
net. The temperature dependence of the magnetization in
these plateau regions provides clear evidence for the
formation of a spin gap. These results establish YCOB as
an ideal platform for realizing and exploring magnetization
plateau states in kagome AFMs.
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Furthermore, ultra-sensitive magnetic torque measure-
ments performed in the low-temperature and low-field
regime revealed that the intrinsic magnetic susceptibility
arising from the kagome layers remains nearly tempera-
ture-independent down to the lowest measured temperature
of 160 mK. This behavior implies that the spin excitations
in the zero-field quantum spin liquid state are either gapless
or characterized by an extremely small spin gap, less than
approximately 1/500 of the dominant exchange interaction
energy scale. These findings provide crucial insights into
the nature of the zero-field ground state of the kagome
AFMs.

High-field magnetocaloric effect measurements
performed in magnetic fields up to approximately 60 T
revealed clear entropy reductions associated with the 1/9
and 1/3 magnetization plateaus. These thermodynamic
signatures further support the formation of spin gaps in
these plateau states, indicating a reconstruction of the
quantum many-body ground state driven by magnet-
ic-field-induced quantum phase transitions.

These results provide decisive experimental insights into
both zero-field quantum spin liquid states and field-induced
magnetization plateau states in kagome AFMs. This work
significantly advances experimental studies of quantum en-
tanglement in strongly correlated quantum materials.

[1] S. Suetsugu et al., Phys. Rev. Lett. 132, 226701 (2024).

[2] S. Suetsugu et al., arXiv:2407.16208 (2024).

High acceleration field generation by short focused laser

wake field acceleration to investigate the Unruh effect

Kotaro Kondo (Kansai Institute for Photon Science, National Institutes for Quantum Science and Technology)

Even when a quantum field is in its vacuum state as seen
by an inertial observer, an uniformly accelerated observer
perceives a thermal bath with an temperature proportional to
the acceleration. This is an effect known as the Unruh effect,
which is an observer-dependent phenomena predicted by
quantum field theory. The Unruh effect observed in an
accelerated frame is deeply connected to Hawking radiation
in a gravitational field by the equivalence principle. Conse-
quently, experimental investigation of the Unruh effect and
its associated quantum entanglement structure is of great
interest from the perspectives of quantum gravity and
quantum information, as it may provide valuable insights
into the black hole information paradox. However, the
Unruh effect generally requires extremely high accelera-
tions, making its experimental verification challenging with
conventional approaches, including particle accelerators
using oscillating radio frequency fields. In this study, we
propose a novel method for realizing high-acceleration fields
by employing a tightly focused laser optical system, which
enables significantly enhanced local field intensities and,
consequently, much higher accelerations than achievable
with conventional techniques.

Recent studies have shown that the use of the tightly
focused laser optical systems based on realistic high intensity
lasers, whose performance have significantly advanced in
recent years, enables the realization of acceleration fields
exceeding 10 TV/m, a regime in which experimental verifi-
cation of the Unruh effect becomes increasingly feasible.

These results are shown based on particle-in-cell simulations
in laser-plasma interactions.

However, the experimental evaluation of such extremely
high acceleration fields faces significant challenges,
including the requirements for a highly stable and advanced
driving laser and an ultrashort-pulse probe. To address these
issues, we have introduced an image-relay optical system
using large achromatic lenses into the high-intensity laser
facility J-KAREN-P at KPSI, QST. This upgrade has
enabled us to maintain both the stability and high spatial
quality of the laser beam while simultaneously increasing
the delivered laser energy by up to approximately 60%
compared to previous operational conditions. At present, we
are developing ultrashort-pulse probe schemes utilizing this
upgraded laser system, aiming toward precise evaluation of
high-acceleration fields.

On the other hand, experimental verification of the Unruh
effect requires elucidation of the nonlocal quantum entan-
glement structure in the quantum vacuum state. For this
purpose, a quantum field-theoretic approach in curved
spacetime is expected to be particularly effective. We have
therefore initiated collaborations with other members of the
“Extreme Universe” project, focusing on global aspects of
accelerated electron trajectories and related observables, in
order to clarify the associated quantum entanglement
structure. Based on these theoretical insights, we plan to
advance the experimental verification of the Unruh effect in
future studies.



Conference Reports in FY2025

@ The 7th ExU School & The 4th Young Researchers’ Workshop of the ExU Collaboration

30 June - 4 July 2025, KYUKAMURA IRAGO

We held the 7th ExU school and the 4th young
researchers’ workshop of the ExU Collaboration. This year,
we used a residential facility, providing an environment in
which young researchers could interact closely with one
another. For the school, we invited four project members as
lecturers: Tokuro Shimokawa (OIST, Group E02), Ryuji
Takagi (The University of Tokyo, Group E01), Daisuke
Yoshida (Nagoya University, Group C03), and Masataka
Watanabe (The University of Tokyo, Group E02). The
lectures were intentionally not delivered online. By limiting
participation to students and postdoctoral researchers, we
aimed to create an atmosphere where basic questions could
be asked freely and to provide an opportunity for young
researchers to learn the fundamentals of other fields at an
appropriate level. As a result, active and intensive
discussions took place between participants and lecturers.
In addition to the four lecturers, approximately 70 young
researchers participated. Each lecturer gave two one-hour
lectures, and all lectures were delivered in English.

Tokuro Shimokawa (OIST) gave a lecture titled
“Frustrated Magnetism: From Fundamentals to Frontiers,”
covering both basic concepts and recent progress in
frustrated magnets and quantum spin liquids. In the first
half, he introduced the historical background of magnetism
and spin models, and explained the concept of frustration
and its consequences in an accessible manner. In the second
half, he focused on quantum spin liquids emerging from
strong quantum fluctuations, presenting recent theoretical
and experimental developments, as well as currently open
questions in the field.

Ryuji Takagi (University of Tokyo) gave a lecture titled
“Introduction to Quantum Resource Theories,” covering
quantum resource theories from fundamentals to applica-
tions. The lecture began with a review of quantum states,
quantum channels, and entropies, introducing entanglement
as a resource and explaining its quantification using
quantum relative entropy. The discussion then moved to
quantum thermodynamics, covering thermo-majorization,
state transformation conditions, work extraction, and
formation cost. Finally, the theory of “magic” as a resource
in quantum computation was introduced, including magic

Photol: Lecture by Daisuke Yoshida

state distillation and the optimality of T-gate synthesis, il-
lustrating how resource theories can be applied across
various areas in quantum information.

Daisuke Yoshida (Nagoya University) gave a lecture
titled “Introduction to the Causal Structure of Spacetime,”
which mainly focused on how to understand the causal
structure of spacetime using Penrose diagrams. In the first
half, he explained the concept of causality with examples
from elementary physics and special relativity. In the
second half, he outlined how to draw and interpret Penrose
diagrams, which are useful tools for understanding the
causal structure of certain spacetimes. Finally, by carefully
examining the Penrose diagram of a dynamical black hole
spacetime as an example, we came to understand the area
theorem, which states that the area of a black hole’s event
horizon cannot decrease.

Masataka Watanabe (University of Tokyo) gave a lecture
titled “Entanglement Entropy in Field Theory” which is
about the fundamentals of entanglement entropy (EE) in
field theory. In the first half of the lecture, he began with an
introduction to EE in spin systems and explained the
expression for Renyi entropy using path integrals. In the
latter half, he primarily explained the properties and
calculation methods of EE in two-dimensional CFT. Specif-
ically, after introducing conformal symmetry and the RG
flow in field theory, he presented the proof of the c-theorem
in the end.

The 4th young researchers' workshop of the ExU, held
alongside the School, aimed to facilitate interaction among
young researchers from different fields and to provide op-
portunities for initiating interdisciplinary collaborative
research. Approximately 70 participants attended, of whom
around 40 gave oral presentations. In addition to the presen-
tations, active exchanges took place during lunch and
dinner, as well as during the school banquet.

Finally, Keisuke Izumi (Representative of the organizer,
C03) delivered a closing summary, marking the successful
conclusion of the 7th ExU School & the 4th young
researchers' workshop of the ExU Collaboration to a close.
(Reported by Keisuke Izumi)

Photo2: Group Photo
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Conference Reports in FY2025

® ExU-YITP International workshop
“Extreme Universe 2025”

27 October - 1 November 2025, YITP, Kyoto Univ. + Online

From October 27 to November 1, 2025, an international
conference was held at YITP, Kyoto U. With around 200
participants, this became a major event with many
renowned researchers invited from various foreign
countries, aiming at progress of integrating quantum
information and physics. In the field of quantum
information, Brakerski and Walter reported on the latest
research in quantum entanglement theory considering com-
putational complexity. Morimae (A01) and Ma presented
results on quantum cryptography and methods for realizing
pseudo-random unitaries. Karch, May, and Ruan gave talks
on the application of quantum computational complexity to
gauge-gravity correspondence. In quantum gravity, Myers
(our international advisor) presented results on the relation-
ship between quantum entanglement and scattering
phenomena in gravity, while Tonni reported on the inter-
pretation of modular Hamiltonians from holography. lizuka
(B01) and Harper (CO1) presented on holographic
calculation of multi-partite quantum entanglement.
Furthermore, Bousso proposed a new correspondence
between quantum entanglement and the holographic
principle for general spacetimes. Furthermore, research
concerning fundamental aspects of quantum gravity—such
as the relationship between the wave function of the
universe, gravitational path-integral, and random averages
of microscopic states; observers in closed universes; and
the holographic principle—has recently gained attention.
Balasubramanian, de Boer, Engelhardt, Wei (CO1), Horn,
Miyaji (CO01), Nomura, Trivedi, Wadia, and Yang discussed
this problem from various perspectives. Furthermore, Wald,
who received the Albert Einstein Medal and Dirac Medal
this year, explained the relationship between quantum en-
tanglement and the memory effect. Ishibashi (B03) reported
on the analysis of the stability of gravitational theories
using gauge-gravity duality, while Oshita reported on
quantum gravity effects in gravitational waves from black
holes. Regarding tensor network methods with quantum
information in mind, multifaceted results were presented by
Banuls, Iwaki (D02), Jahn, Hotta (D02), Kuramashi (E02),
Onishi (D02), and Qin. In condensed matter experiments,
Joshi reported on the measurement of the modular
Hamiltonian in ion trap experiments, and Yusa (C03)
presented experimental results on cosmic expansion using
the quantum Hall effect. This valuable international meeting
served to widely announce the research achievements in
this project and comprehensively grasp the cutting-edge
progress made by overseas researchers.

(Reported by Tadashi Takayanagi)

@ The 5th ExU Annual Meeting

26 - 28 December 2025,
Hotel Aisul Matsuyama, Ehime + Online

The 5th “Extreme Universe” Annual Meeting was held
from December 26 to 28, 2025, at Hotel Aisul Matsuyama,
marking the final-year culmination of the Transformative
Research Areas (A) project, “Extreme Universe.”
Researchers, graduate students, and postdoctoral fellows
gathered to review the project’s accomplishments and
discuss future directions. Also, on December 25, the day
before the meeting, a special colloquium was held to
commemorate Prof. Masaki Oshikawa (E02; University of
Tokyo) receiving the 71st Nishina Memorial Prize.

At the opening, Prof. Takashi Takayanagi (Director of
Extreme Universe Collaboration; YITP, Kyoto University)
outlined the project’s structure, research goals, scientific
achievements, outreach activities, early-career support
programs, and upcoming events, providing participants
with a comprehensive overview of the project.

Nine research groups delivered 30-minute presentations.
Principal investigators summarized overall progress, while
co-investigators and postdocs highlighted particularly
notable recent results. Representatives of publicly offered
groups also gave 10-minute talks on research conducted
during nearly two years of participation in the project.
These sessions emphasized interdisciplinary collaborations,
linking different groups and showcasing the project’s
distinctive interdisciplinary character.

The poster session provided an active forum for postdocs
and graduate students, generating lively discussions and
fostering new ideas and potential collaborations.
Outstanding posters were recognized with awards, further
encouraging early-career researchers.

Throughout the meeting, the integration of particle
physics, cosmology, condensed matter physics, and
quantum information was evident, with interdisciplinary
research steadily deepening. The fifth annual meeting thus
celebrated the project’s accomplishments while setting the
stage for future research directions and international collab-
orations.

(Reported by Naoki Yamatsu)
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@ YITP workshop “Developments in Exploring
Highly Entangled Quantum Phases”

1 - 3 September 2025, YITP, Kyoto Univ.

From September 1 to 3, 2025, we held a joint workshop
entitled “Developments in Exploring Highly Entangled
Quantum Phases” at the Yukawa Institute for Theoretical
Physics. This workshop brought together two research
programs, Extreme Universe and Asymmetric Quantum.

The original impetus came from my long-standing con-
versations with Dr. Onimaru, and during that time, the
Extreme Universe program has gradually became visible
within the condensed matter community, and we felt that it
was timely to create a more in-depth opportunity for inter-
disciplinary exchange.

In practice, the scientific content of the meeting was very
much that of a condensed matter workshop, and most par-
ticipants were researchers in condensed matter physics.
However, even within condensed matter, the field is far
broader than as being viewd from the high-energy physics
community, and the researchers belonging to the two
projects are have further distances than people might
imagine.

The core concept of the meeting, the “entanglement”, is
now recognized as a key to classify quantum phasess of
matter and space. Nevertheless, the study of complex
many-body phenomena requires substantial ingenuity in
both experiment and theory, and remains demanding.

We believe that the meeting was very successful in that it
brought together researchers in their 30s and 40s, tackling
these challenges from diverse perspectives and methodolo-
gies. The topics covered had a great variety, ranging from
electronic structure calculations in f-electron systems,
theories of multipoles, and the development of perturbative
approaches to quantum spin systems, to experiments on
frustrated systems targeting spin liquids and magnetoelec-
tric effects, as well as structural analyses probing nonlinear
responses and local fluctuations.

Precisely because of this diversity, the workshop became
a stimulating one, where the participants could recognize
and encourage one another as researchers striving for
originality rather than simply following prevailing trends.
With lecture slots of approximately 40 minutes, speakers
were able to discuss their motivations in depth, including
technical aspects of their work.

Our banquet included many heartwarming scenes,
providing opportunities to interact across conventional field
boundaries.

Finally, I would like to take this opportunity to express
my sincere gratitude to Dr. Onimaru, Dr. Ohtsuki, and Dr.
Takayanagi for their invaluable support in organizing this
workshop. (Reported by Chisa Hotta)

Group Photo

® New computational methods in quantum
field theory 2026

26 - 28 January 2026, RIKEN Wako Campus

Following the 2022-2024 fiscal years, we organized the
DO1 team school“New Computational Methods in Quantum
Field Theory 2026 at the RIKEN Wako Campus. While our
previous schools were conducted in Japanese, the school this
school was held in English. The event was held in person
and had about 50 participants. In contrast to the previous
years, there were many foreign participants.

We invited Dr. Junichi Haruna, Dr. Yoshimasa Hidaka
and Dr. Tokiro Numasawa as the lecturers. Dr. Haruna
delivered lectures entitled “Introduction to Quantum Error
Correction”. The lecture was literally an introductory course
on quantum error correction. Within the limited time, he
clearly explained the basics on quantum error corrections
and also covered relatively recent topics such as the toric
code.

Dr. Hidaka gave lectures titled “Introduction to
Hamiltonian Lattice Gauge Theory” which is about the
Hamiltonian formulation of lattice gauge theory. Although
this topic is technically intricate and often thought as hard to
learn by non-expersts, in this lecture, he first explained the
essential structures using related quantum-mechanical
models and then proceeded to gauge theory, offering an
wonderful and accessible presentation.

Dr. Numasawa presented lectures on “Open Majorana
System”. Starting from the basics of Majorana fermions and
their connection to quantum chaos, he finally explained
advanced topics such as the relationship between anomalies
of symmetries in open systems and their resulting physical
properties.

We also held contributed talk session by seven partici-
pants (Dr. Kohei Fujikura, Mr. Harunobu Fujimura, Dr.
Dongsheng Ge, Dr. Dongwook Ghim, Dr. Peng-Xiang Hao,
Mr. Ryota Maeno and Mr. Kenya Tako).

Between lectures and talks about a wide range of topics,
participants actively enjoyed Q&A sessions and discussions.
We hope that this school will be useful for future research.
(Reported by Masazumi Honda)
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Conferences, Workshops and Seminars in FY2025

® Extreme Universe Colloquium

5th Public Extreme Universe Colloquium |[EESRSms
Date: April 30th, 2025
Speaker: Prof. Angela Capel Cuevas
(University of Cambridge)

Title: The Many Faces of Quantum Entropy -
From Divergence Measures to Conditional Independence

6th Public Extreme Universe Colloquium
Date: June 6th, 2025

Speaker: Prof. Gary Horowitz (University of
California, Santa Barbara)

Title: Spacetime Singularities and Black
Holes

7th Public Extreme Universe Colloquium
Date: September 30th, 2025

Speaker: Prof. Alexander Altland
(University of Cologne)

Title: Late time quantum chaos in two-di-
mensional gravity

8th Public Extreme Universe Colloquium
Date: October 25th, 2025

Speaker: Prof. Hong Liu (Massachusetts
Institute of Technology)

Title: Entanglement, von Neumann algebras,
and the emergence of spacetime

9th Public Extreme Universe Colloquium
Date: December 18th, 2025

Speaker: Prof. Keisuke Fujii (The University
of Osaka)

Title: OTOC spectroscopy: detecting
quantum advantage of quantum chaos through the lens
of quantum algorithms

10th Public Extreme Universe Colloquium |
Date: February 6th, 2026 TS
Speaker: Prof. Stefan Hollands (University
of Leipzig)

Title: Negative Energy

Co-organized by Nagoya University Institute for
Advanced Research (IAR) and Kobayashi-Maskawa
Institute for the Origin of Particles and the Universe
(KMI)

® Extreme Universe Seminar

29th Extreme Universe Circular Meeting

Date: April 22nd, 2025

Speaker 1: Masaki Shigemori (BO1)

Title: Topics in black hole microstates in string theory
Speaker 2: Marcel Hughes (Nagoya University)

Title: Beyond the monotone elliptic genus in AdSs/
CFT,

9th Extreme Universe Interdisciplinary Online
Seminar

Date: May 23rd, 2025

Speaker 1: Yasusada Nambu (E02)

Title: Entanglement partner and monogamy

Speaker 2: Kotaro Kondo (E03)

Title: High acceleration field with tightly focused laser
wakefield acceleration for investigation of the Unruh
effect

30th Extreme Universe Circular Meeting

Date: June 5th, 2025

Speaker 1: Takashi Mori (B02)

Title: Introduction to open quantum systems

Speaker 2: Juan Pablo Bayona Pena (Kyoto University)
Title: Topological Entanglement Spectrum Crossings
as a Probe of non-Hermitian Bulk-Boundary Corre-
spondence

10th Extreme Universe Interdisciplinary Online
Seminar

Date: June 19th, 2025

Speaker: Takahiro Tanaka (E02)

Title: Axion cloud evolution with self-interaction

31st Extreme Universe Circular Meeting

Date: July 10th, 2025

Speaker 1: Akihiro Ishibashi (B03)

Title: Quantum null energy conditions and quantum
focusing

Speaker 2: Yoshinori Matsuo (B03)

Title: Quantum focusing conjecture and the Page curve

11th Extreme Universe Interdisciplinary Online
Seminar

Date: July 22nd, 2025

Speaker: Yoshimasa Hidaka (E02)

Title: Hamiltonian Lattice Gauge Theory via
Topological Quantum Field



32nd Extreme Universe Circular Meeting

Date: October 14th, 2025

Speaker 1: Daisuke Yamamoto (B02)

Speaker 2: Keiju Murata (B03)

Title: Spacetime-localized response in quantum critical
spin systems: Insights from holography, Spin systems
as quantum simulators of quantum field theories in
curved spacetime, & Spin systems as quantum field
theories in inflationary universe: A study with Un-
ruh-DeWitt detectors

33rd Extreme Universe Circular Meeting

Date: November 19th, 2025

Speaker 1: Hiroshi Ueda (D02)

Speaker 2: Kosuke Mitarai (University of Osaka)
Title: Deep Variational Quantum Eigensolver: A Di-
vide-And-Conquer Method for Solving a Larger
Problem with Smaller Size Quantum Computers &
Explicit quantum surrogates for quantum kernel models

34th Extreme Universe Circular Meeting

Date: January 13th, 2026

Speaker 1: Yoshifumi Nakata (A01)

Speaker 2: Masaki Tezuka (B02)

Title: Hayden-Preskill recovery in Hamiltonian systems

® Conferences & Workshops

2025 YITP Logical Gates for Encoded Qubits
Workshop

Date: April 7th - 18th, 2025

Venue: Kyoto Univresity

Black Holes, Quantum Chaos, and Quantum
Information

Date: April 26th - 30th, 2025

Venue: Yukawa Institute for Theoretical Physics,
Kyoto University

Yukawa Institute for Theoretical Physics
Workshop

“Recent Progress and Future Issues in Non-Per-
turbative Field Theory 2025”

Date: May 22nd - 23rd, 2025

Venue: Yukawa Institute for Theoretical Physics,
Kyoto University

Quantum Connections: Linking Information,
Gravity, and Many-Body Physics

Date: June 24th - 28th, 2025

Venue: UTOP Ubless Hotel

The 4th young researchers’ workshop of the
Extreme Universe Collaboration
Date: June 30th - July 4th, 2025

Venue: Kyukamura Irago

Yukawa Institute for Theoretical Physics
Short-Term Workshop

“Developments in Exploring Highly Entangled
Quantum Phases”

Date: September 1st - 3rd, 2025

Venue: Yukawa Institute for Theoretical Physics,
Kyoto University

ExU International Conference “Extreme Universe
2025”

Date: October 27th - Novemberlst, 2025

Venue: Yukawa Institute for Theoretical Physics,
Kyoto University

ISSP Workshop: Topology, Entanglement, and
Dynamics in Quantum Many-Body Systems
(TEDQMB)

Date: December 22nd, 2025

Venue: The Institute for Solid State Physics, The
University of Tokyo

The 5th ExU Annual Meeting of the Extreme
Universe Collaboration
Date: December 25th - 28th, 2025

Venue: Hotel Aisul Matsuyama

Nagoya workshop on General Relativity
Date: January 26th - 28th, 2026

Venue: Nagoya University

New computational methods in quantum field
theory 2026

Date: January 26th - 28th, 2026

Venue: RIKEN

GRGeo3
Date: March 16th - 17th, 2026
Venue: Nagoya University




Circulation Program for Young Researchers

® Reporter

Hiromasa Tajima
Department of Physics, Nagoya University, D1

Academic Supervisor
Host Supervisor
Duration of Stay

During this stay, I studied theoretical approaches to
gravity based on holographic duality. This research area is
one of the central research topics at Rikkyo University and
is closely related to my own research. For this reason, I
undertook a long-term stay at Rikkyo University in order to
deepen my understanding of holographic methods and their
applications to gravitational physics. My research focuses
on gravity in the early universe. It is widely believed that,
during this period, the universe underwent an exponential
expansion known as inflation. The inflationary scenario
successfully matches the result of observations of the
cosmic microwave background. In this context, gravitation-
al effects play a fundamental role and cannot be neglected.
On length scales larger than the characteristic scale of
spatial expansion, quantum effects are expected to signifi-
cantly influence gravitational dynamics. As a consequence,
the backreaction of gravity on quantum degrees of freedom
becomes important, and the behavior of quantum
information is strongly affected by gravitational effects.
Since such effects are unavoidable during inflation, under-
standing the dynamics of information in the presence of
gravity is an essential problem. Prior to this stay, I investi-
gated the dynamics of information during inflation using
concrete theoretical models. During my stay at Rikkyo
University, I aimed to further develop this line of research
by incorporating approaches based on holographic duality.
Associate Professor Ugajin and Assistant Professor Mori
are experts in the application of holographic duality, and
discussions with them provided valuable insights that
contributed to the advancement of my research.

With the support of the faculty members, I was able to
participate in several discussions related to holographic
duality, including the AdS/CFT correspondence, the AdS/
BCFT correspondence, and dS holography. In addition to
joining existing discussions, I sometimes initiated new
discussions on these topics during my stay. Each discussion

Photo?2 Discussion at Ugajin group
left to right: Prof. Ugajin, me.

Prof. Yasusada Nambu, Nagoya University (=02)
Prof. Tomonori Ugaijin, Rikkyo University (BO1)
5 October 2025 ~ 6 December 2025

Photot
Prof. Ugaijin (left) and me (right).

focused on understanding how the correspondence between
bulk gravitational theories and boundary quantum field
theories is realized, in order to extract essential features of
gravity. Since I had limited prior experience with
holographic approaches, I carefully studied the relevant
theoretical background and reviewed previous research
papers. I also actively asked questions during discussions
with the faculty members. Through these continuous
efforts, I was able to deepen my understanding of
holography and its role in the study of quantum aspects of
gravity.

The faculty members at Rikkyo University kindly agreed
to allow me to continue participating in academic
discussions and collaborative research even after the
conclusion of this stay. As an initial step following the stay,
I plan to actively engage in these collaborative activities
and maintain close communication with the researchers at
Rikkyo University. Through continued discussions and
joint research efforts, I aim to further develop my research
on gravity and deepen my understanding of its quantum
aspects. These ongoing collaborations are expected to play
an important role in advancing my future research and
strengthening long-term academic connections.

Finally, I would like to express my sincere gratitude to all
those involved in the “Domestic Circulation Program for
Young Researchers.” I am deeply grateful to Associate
Professor Ugajin for kindly accepting me, providing
continuous support that made this stay meaningful, and
offering valuable advice on my research. I would also like
to thank Assistant Professor Mori for giving me many op-
portunities for discussion despite his busy schedule. I
sincerely appreciate the faculty members and students at
Rikkyo University for their warm welcome. In particular, I
am very grateful to Mr. Horikoshi, Mr. Shiga, and Mr.
Ishikawa for their daily support during my stay, as well as
for many helpful discussions related to my research. I
would also like to thank Associate Professor Tamaoka at
Nihon University, Dr. Miyata at Kyoto University,
Assistant Professor Numasawa, and Assistant Professor
Watanabe at the University of Tokyo for agreeing to
participate in discussions on future collaborative research.
Lastly, I am extremely grateful to Professor Takayanagi and
Secretary Ms. Saeki for providing me with this valuable
opportunity through the program. I would also like to thank
my supervisor, Associate Professor Nambu, for encouraging
and supporting my participation in this program.



Tapics Research Highlight

The Accelerating Universe: A Hub of Modern Physics

The ExU project focuses on a variety of spacetimes:
black hole spacetimes, anti-de Sitter (AdS) spacetime that
has played a central role in the context of holography, and
expanding spacetimes that describe the history of our
universe. Which spacetime is your favorite? I love de Sitter
(dS) spacetime, which describes an accelerating universe.
In this article, I would like to share what makes dS
spacetime so fascinating, while introducing some of my
own recent research.

Let us begin with the definition of dS spacetime. De
Sitter spacetime is the simplest model of an accelerating
universe, and its line element is given by

ds*=—c? dt*+a(t)* (dx*+dy*+dz?), a(t)=e"",

where a(t) is the scale factor that characterizes the size of
the universe, and H is a constant expansion rate (the Hubble
parameter). The scale factor grows exponentially, indicating
that the universe undergoes accelerated expansion. If you
are not familiar with metrics or line elements, it is perfectly
fine to simply think of dS spacetime as “a spacetime that
expands exponentially with expansion rate H.”

Then, why is dS spacetime interesting? According to
modern cosmology, supported by precise observations, our
current universe is undergoing accelerated expansion.
Moreover, it is widely believed that the early universe
experienced another phase of accelerated expansion called
inflation. The energy driving inflation was eventually
converted into the energy of matter, which triggered the Big
Bang. This shows that understanding accelerating universes
is essential for understanding both the origin of the universe
and its present and future evolution. De Sitter spacetime
provides a theoretical framework to describe such acceler-
ating universes, and it is therefore one of the most important
spacetimes in cosmology.

The importance of dS spacetime is not limited to
cosmology. For example, inflation in the early universe is
expected to have taken place at energy scales far beyond
what can be reached by particle accelerators, and it may
serve as an experimental arena for high-energy physics. In
our paper [1], we proposed a method to search for new
particles beyond the Standard Model by using correlation
functions of primordial density fluctuations measured
through observations such as the cosmic microwave
background. In particular, we showed that the mass of an
unknown new particle coupled to the inflaton can be
determined from a characteristic oscillatory pattern
appearing in the three-point function of density fluctuations.
This is analogous to how one determines particle masses in
collider experiments using resonance signals, and it
suggests that cosmological observations may probe the
properties of unknown elementary particles. This line of
research is now known as Cosmological Collider Physics. 1
am deeply honored to have received the 40th Nishinomiya
Yukawa Memorial Prize this year for pioneering contribu-
tions to this field.

While I have explained how dS spacetime connects to
the high-energy frontier, the underlying physics is also
closely related to nonequilibrium statistical physics. Since
the inflationary universe expands rapidly, it can indeed be
regarded as an extreme nonequilibrium phenomenon. Inter-
estingly, it has been known since the 1970s that dS

spacetime has a temperature proportional to its expansion
rate H, much like black holes have a temperature. The
expansion rate during inflation is believed to be as high as
H ~ 10"3 GeV, which suggests that the inflationary universe
had an extremely high temperature. In such a hot universe,
high-energy particles collide, scatter, and decay, leaving
their imprints in observational data of the early universe.
This is the basic physical intuition behind Cosmological
Collider Physics.

Once we have the notion of temperature, it is natural to
consider entropy as well. Again, similarly to black holes,
dS spacetime is known to possess an entropy determined by
the area of its horizon (a causal boundary arising from
accelerated expansion). As a result, it has become increas-
ingly active in recent years to discuss how the holographic
principle—one of the key concepts in the ExU project—can
be understood in dS spacetime (see also the article by Prof.
Hikida in Newsletter No. 1 for more details). In this
context, I have also published a paper this year [2] on how
to formulate the holographic principle in more general
expanding universes, including dS spacetime.

Furthermore, since the region outside the horizon cannot
be observed by us, who live inside the horizon, the physics
of dS spacetime also has aspects of an open quantum
system. Motivated by this perspective, recent research in
cosmology has increasingly incorporated ideas from open
systems and quantum information. In my own research this
year, for example, we developed the effective field theory
approach for open systems coupled to gravity with cosmo-
logical applications in mind [3]. In another work [4], we
discussed consistency conditions of effective field theory in
dS spacetime from the viewpoint of quantum entanglement.

In this way, de Sitter spacetime, which describes an ac-
celerating universe, is not only crucial for understanding
the origin, present, and future of the universe, but also
serves as a hub where many research areas intersect—
including cosmology, particle physics, quantum gravity,
nonequilibrium statistical physics, and quantum
information. It is, so to speak, one of the major “interna-
tional cities” in physics. This is why I love dS spacetime.
Welcome to this exciting research frontier of accelerating
universes!

[1] T. Noumi, M. Yamaguchi and D. Yokoyama, JHEP 06 (2013),
051.

[2] T. Noumi, F. Sano and Y. Suzuki, JHEP 08 (2025), 115.

[3] P. H. C. Lau, K. Nishii and T. Noumi, JHEP 02 (2025), 155.

[4] Q. Cai, T. Inada, M. Ishikawa, K. Nishii and T. Noumi,
arXiv:2507.00850 (accepted by JHEP).
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Publications (Apr. 2024-Dec.2025)

Project A01
“The signaling dimension in generalized probabilistic theories”
M. Dall’Arno, A. Tosini, F. Buscemi, Quant. Inf. Comput. 24, 5&6, 411-424, (2024)

“Low-depth random Clifford circuits for quantum coding against Pauli noise using a
tensor-network decoder”
A. S. Darmawan, Y. Nakata, S. Tamiya, H. Yamasaki, Phys. Rev. Res., 6, 023055, (2024)

“Hayden-Preskill Recovery in Hamiltonian Systems”
Y. Nakata and M. Tezuka, Phys. Rev. Research, 6, L022021, (2024), collaboration with
B02

“Tight conic approximation of testing regions for quantum statistical models and
measurements”
M. Dall’Arno and F. Buscemi, Phys. Lett. A, 526, 129959, (2024)

“Observational entropy with general quantum priors™
G. Bai, D. Safranek, J. Schindler, F. Buscemi, and V. Scarani, Quantum, 8, 1524, (2024)

“Generic increase of observational entropy in isolated systems”
T. Nagasawa, K. Kato, E. Wakakuwa, and F. Buscemi, Phys. Rev. Research, 6, 043327,
(2024)

“Universal validity of the second law of information thermodynamics”
S. Minagawa, M.H. Mohammady, K. Sakai, K. Kato, and F. Buscemi, npj Quantum
Information, 11, 18, (2025)

“Networking quantum networks with minimum cost aggregation”
K. Azuma, npj Quantum Information, 11, 51, (2025)

“Do black holes store negative entropy?”
K. Azuma, S. Subramanian, and G. Kato, Prog. Theor. Exp. Phys., 2025, 05, 053A01,
(2025)

“Causal and Noncausal Revivals of Information: A New Regime of Non-Markovianity
in Quantum Stochastic Processes™

F. Buscemi, R. Gangwar, K. Goswami, H. Badhani, T. Pandit, B. Mohan, S. Das, M.N.
Bera, PRX Quantum, 6, 020316, (2025)

“Port-based telecloning of an unknown quantum state”
R. Okada, K. Kato, F. Buscemi, Phys. Rev. A, 111, 052408, (2025)

“Quantum Bayes’ rule and Petz transpose map from the minimum change principle”
G. Bai, F. Buscemi, V. Scarani, Phys. Rev. Lett., 135, 090203, (2025)

“Computational complexity of unitary and state design properties”
Y. Nakata, Y. Takeuchi, M. Kliesch, A. Darmawan, PRX Quantum, 6, 030345, (2025)

“Enhancing distillability of secret keys with entanglement distillation and classical
advantage distillation”

S. Sun, K. Goodenough, D. Bhatti, K. Azuma, and D. Elkouss, Phys. Rev. A, 112,
052602, (2025)

“Macroscopicity and observational deficit in states, operations, and correlations™
T. Nagasawa, E. Wakakuwa, K. Kato, F. Buscemi, Rept. Prog. Phys., 88, 117601, (2025)

“Certified Everlasting Secure Collusion-Resistant Functional Encryption, and More”
T. Hiroka, F. Kitagawa, T. Morimae, R. Nishimaki, T. Pal, T. Yamakawa,
Eurocrypt2024, (2024)

“Revocable Quantum Digital Signatures”
T. Morimae, A. Poremba, and T. Yamakawa, TQC2024, (2024)

“Unconditionally Secure Commitments with Quantum Auxiliary Inputs”
T. Morimae, B. Nehoran, and T. Yamakawa, , Crypto2024, (2024)

“Quantum Public-Key Encryption with Tamper-Resilient Public Keys from One-Way
Functions”
F. Kitagawa, T. Morimae, R. Nishimaki, T. Yamakawa, Crypto2024, (2024)

“Certified Everlasting Secure Collusion-Resistant Functional Encryption, and More”
T. Hiroka, F. Kitagawa, T. Morimae, R. Nishimaki, T. Pal, T. Yamakawa,
Eurocrypt2024, (2024)

“Quantum advantage from one-way functions”
T. Morimae and T. Yamakawa, Crypto2024, (2024)

“Quantum advantage from one-way functions”
T. Morimae and T. Yamakawa, TQC2024, (2024)

“One-wayness in quantum cryptography”
T. Morimae and T. Yamakawa, TQC2024, (2024)

“Quantum Unpredictability”
T. Morimae, S. Yamada, T. Yamakawa, Asiacrypt2024, (2024)

“A New World in the Depths of Microcrypt: Separating OWSGs and Quantum Money
from QEFID”
A. Behera, G. Malavolta, T. Morimae, T. Mour, T. Yamakawa, Eurocrypt2025, (2025)

“A Simple Framework for Secure Key Leasing”
F. Kitagawa, T. Morimae, T. Yamakawa, Eurocrypt2025, (2025)

“Cryptographic Characterization of Quantum Advantage”
T. Morimae, Y. Shirakawa, T. Yamakawa, STOC2025, (2025)

Project BO1
“Krylov complexity as an order parameter for deconfinement phase transitions at large N”
T. Anegawa, N. lizuka, M. Nishida, J. High Energ. Phys., 2024, 04, 119, (2024)

“Holographic complexity of the extended Schwarzschild-de Sitter space”
S. E. Aguilar-Gutierrez, S. Baiguera, N. Zenoni, J. High Energ. Phys., 2024, 05, 201,
(2024)

“Out-of-time-ordered correlators in the IP matrix model”
N. lizuka, M. Nishida, J. High Energ. Phys., 2024, 05, 026, (2024)

“Wave packets in AdS/CFT correspondence”
S. Terashima, Phys. Rev. D, 109, 106012, (2024)

“Conformal field theory on TTbar-deformed space and correlators from dynamical
coordinate transformations”
S. Hirano, M. Shigemori, J. High Energ. Phys., 2024, 07, 190, (2024)

“Gravitational Positivity for Phenomenologists: Dark Gauge Boson in the Swampland”
K. Aoki, T. Noumi, R. Saito, S. Sato, S. Shirai, J. Tokuda, M. Yamazaki, Phys. Rev. D,
110, 016002, (2024)

“Gedanken experiments to destroy a black hole by a test particle: Multiply charged
black hole with higher derivative corrections”

K. Izumi, T. Noumi , D. Yoshida, Phys. Rev. D, 110, 044008, (2024), collaboration
with CO3

“Logarithmic singularities of Renyi entropy as a sign of chaos?”
N. lizuka, M. Nishida, J. High Energ. Phys., 2024, 10, 43, (2024)

“Cutoff scale of quadratic gravity from quantum focusing conjecture”
T. Kanai, K. Maeda, T. Noumi, D. Yoshida, Phys. Rev. D, 110, 084037, (2024),
collaboration with BO3 and C03

“A note on the non-planar corrections for the Page curve in the PSSY model via the IOP
matrix model correspondence”
N. lizuka, M. Nishida, J. High Energ. Phys., 2025, 12, 212, (2025)

“Dissipation in the 1/D expansion for planar matrix models”
T. Anegawa, N. lizuka, D. Kabat, Phys. Rev. D, 111, 025003, (2025)

“Gravitational EFT for dissipative open systems”
P. H. C. Lau, K. Nishii,T. Noumi, J. High Energ. Phys., 2025, 02, 155, (2025)

“Black Hole Multi-Entropy Curves - secret entanglement between Hawking particles”
N. lizuka, S. Lin, M. Nishida, J. High Energ. Phys., 2025, 03, 37, (2025)

“Multipartite information in sparse SYK models”
N. lizuka, A. Mukherjee, S. K. Sake, N. Zenoni, J. High Energ. Phys., 2025, 04, 194,
(2025)

“Solitonic vortices and black holes with vortex hair in AdS;”
R. Auzzi, S. Bolognesi, G. Nardelli, G. Tallarita, N. Zenoni, J. High Energ. Phys., 2025,
06, 201, (2025)

“Holographic description of bulk wave packets in AdS,/CFT;”
N. Tanahashi, S. Terashima, S. Yoshikawa, J. High Energ. Phys., 2025, 06, 214, (2025),
collaboration with CO3

“Genuine multi-entropy and holography”
N. lizuka, M. Nishida, Phys. Rev. D, 112, 026011, (2025)

“Note on a centaur geometry -- probing IR de Sitter spacetime holography”
N. lizuka, S. K. Sake, Phys. Rev. D, 112, 026020, (2025)

“Bulk reconstruction and gauge invariance”
S. Sugishita, S. Terashima, Phys. Rev. D, 112, 046003, (2025)

“Holographic entanglement entropy in the FLRW universe”
T. Noumi, F. Sano, Y. k. Suzuki, J. High Energ. Phys., 2025, 08, 115, (2025)

“More on genuine multi-entropy and holography”
N. lizuka, S. Lin, M. Nishida, Phys. Rev. D, 112, 066014, (2025)

“Multipartite Markov Gaps and Entanglement Wedge Multiway Cuts”
N. lizuka, A. Miyata, M. Nishida, J. High Energ. Phys., 2025, 10, 148, (2025)

“Stretched horizon dissipation and the fate of echoes”
S. Terashima, J. High Energ. Phys., 2025, 10, 147, (2025)

“Effective Microstructure”
1. Bena, R. Dulac, E. J. Martinec, M. Shigemori, D. Turton and N. P. Warner, J. High
Energ. Phys., 2025, 12, 130, (2025)

Project B02
“Hayden-Preskill Recovery in Hamiltonian Systems”
Y. Nakata, M. Tezuka, Phys. Rev. Research, 6, L022021, (2024), collaboration with AO1

“On the backreaction of Dirac matter in JT gravity and SYK model”
P.H.C. Lau, C.-T. Ma, J. Murugan, M. Tezuka, Phys. Lett. B, 853, 138702, (2024)

“Engineering of a Low-Entropy Quantum Simulator for Strongly Correlated Electrons
Using SU(N)-Symmetric Cold Atom Mixtures”
D. Yamamoto and K. Morita, Phys. Rev. Lett., 132, 213401, (2024)

“A model of randomly-coupled Pauli Spins”
M. Hanada, A. Jevicki, X. Liu, E. Rinaldi, M. Tezuka, J. High Energ. Phys., 2024, 05,
280, (2024)



“Spacetime-localized response in quantum critical spin systems: Insights from
holography”

M. Bamba, K. Hashimoto, K. Murata, D. Takeda, and D. Yamamoto, Phys. Rev. D,
109, 126003, (2024), collaboration with BO3

“Accelerated Decay due to Operator Spreading in Bulk-Dissipated Quantum Systems”
T. Shirai and T. Mori, Phys. Rev. Lett., 133, 040201, (2024)

“Dynamics of Interacting Bosons on the Sawtooth Lattice with a Flat Band”
K. Gondaira, N. Furukawa, and D. Yamamoto, J. Phys. Soc. Jpn., 93, 074004, (2024)

“Rényi entropy of the permutationally invariant part of the ground state across a
quantum phase transition”

Y. Miyazaki, G. Marmorini, N. Furukawa, and D. Yamamoto, Phys. Rev. A, 110,
052422, (2024)

“Field-Induced Quantum Phase Transitions in the Pressure-Tuned Triangular-Lattice
Antiferromagnet CsCuCl;”

K. Nihongi, T. Kida, D. Yamamoto, Y. Narumi, J. Zaccaro, Y. Kousaka, K. Inoue, Y.
Uwatoko, K. Kindo, and M. Hagiwara, J. Phys. Soc. Jpn., 93, 084704, (2024)

“Probing quantum chaos through singular-value correlations in sparse non-Hermitian
SYK model”

P. Nandy, T. Pathak, M. Tezuka, Phys. Rev. B, 111, L060201, (2025), collaboration
with DO1

“Spin systems as quantum simulators of quantum field theories in curved spacetime”
S. Kinoshita, K. Murata, D. Yamamoto, Ryosuke Yoshii, Phys. Rev. Research, 7,
023197, (2025), collaboration with BO3

“Entanglement Spectrum Dynamics as a Probe for Non-Hermitian Bulk-Boundary
Correspondence in Systems with Periodic Boundaries”
P. Bayona-Pena, R. Hanai, T. Mori, H. Hayakawa, Phys. Rev. B, 111, L140303, (2025)

“Strong Markov dissipation in driven-dissipative quantum systems”
T. Mori, J. Statist. Phys., 192, 1, 1, (2025)

“Quantum master equation for many-body systems: Derivation based on the Lieb-
Robinson bound”
K. Shiraishi, M. Nakagawa, T. Mori, M. Ueda, Phys. Rev. B, 111, 184311, (2025)

“Out-of-time-order correlator computation based on discrete truncated Wigner
approximation”
T. Shirai and T. Mori, Phys. Rev. B, 112, 014309, (2025)

“Error Bounds on the Universal Lindblad Equation in the Thermodynamic Limit”
T. Ikeuchi and T. Mori, Phys. Rev. B, 112, 094309, (2025)

“Spin systems as quantum field theories in inflationary universe: A study with
Unruh-DeWitt detectors™

S. Kinoshita, K. Murata, D. Yamamoto, R. Yoshii, Phys. Rev. Research, 7, 043135,
(2025), collaboration with BO3

Project B03

“Spacetime-localized response in quantum critical spin systems: Insights from
holography”

M. Bamba, K. Hashimoto, K. Murata, D. Takeda, D. Yamamoto, Phys. Rev. D, 109,
126003, (2024)

“Geometrical origin of the Kodama vector”
S. Kinoshita, Phys. Rev. D, 110, 044056, (2024)

“Quantum focusing conjecture in two-dimensional evaporating black holes”
A. Ishibashi, Y. Matsuo, A. Tanaka, J. High Energ. Phys., 2024, 09, 126, (2024)

“Cutoff scale of quadratic gravity from quantum focusing conjecture”
T. Kanai, K. Maeda, T. Noumi, D. Yoshida, Phys. Rev. D, 110, 084037, (2024)

“Quantum Improved Regular Kerr Black Holes”
C.-M. Chen, Y. Chen, A. Ishibashi, N. Ohta, Chin. J. Phys., 92, 766, (2024)

“Spin systems as quantum simulators of quantum field theories in curved spacetimes™
S. Kinoshita, K. Murata, D. Yamamoto, R. Yoshii, Phys. Rev. Research, 7, 023197,
(2025), collaboration with BO2

“Universal structure of islands in evaporating black holes”
Y. Matsuo, J. High Energ. Phys., 2025, 03, 068, (2025)

“Spin current generation due to differential rotation”
T. Funato, S. Kinoshita, N. Tanahashi, S. Nakamura, M. Matsuo, Phys. Rev. B, 111,
L060403, (2025), collaboration with CO3

“The higher dimensional instabilities of AdS in holographic semiclassical gravity”
A. Ishibashi, K. Maeda, T. Okamura, J. High Energ. Phys., 2025, 04, 167, (2025)

“Spin systems as quantum field theories in inflationary universe: A study with
Unruh-DeWitt detectors”

S. Kinoshita, K. Murata, D. Yamamoto, R. Yoshii, Phys. Rev. Research, 7, 043135,
(2025), collaboration with BO2

“Semiclassical rotating AdS black holes with quantum hair in holography”
R. Hamaki, K. Maeda , Phys. Rev. D, 111, 084021, (2025)

“Chiral symmetry breaking and restoration by helical magnetic fields in AdS/CFT”
M. Berenguer, J. Mas, M. Matsumoto, K. Murata, A. V. Ramallo, J. High Energ. Phys.,
2025, 05, 048, (2025)

“Kaluza-Klein monopole with scalar multiplet hair”
T. Ishii, K. Murata, K. Sugawara, Phys. Rev. D, 112, 104062, (2025)

“Bianchi-I cosmology with scale dependent G and A in asymptotically safe gravity”
C.-M. Chen, A. Ishibashi, R. Mandal, N. Ohta, Class. Quant. Grav., 42, 235008, (2025)

Project CO1
“Solvable limit of ETH matrix model for double-scaled SYK”
K.Okuyama, T.Suyama, J. High Energ. Phys., 2024, 04, 94, (2024)

“Engineering Perturbative String Duals for Symmetric Product Orbifold CFTs”
Y. Hikida, V. Schomerus, J. High Energ. Phys., 2024, 06, 71, (2024)

“Doubled Hilbert space in double-scaled SYK”
K. Okuyama, J. High Energ. Phys., 2024, 04, 091, (2024)

“Semiclassical saddles of three-dimensional gravity via holography”
H.-Y. Chen, Y. Hikida, Y. Taki, T. Uetoko, Phys. Rev. D, 110, 026018, (2024)

“Multi-entropy at low Renyi index in 2d CFTs”
J. Harper, T. Takayanagi, T. Tsuda, SciPost Phys., 2024, 16, 125, (2024)

“More on doubled Hilbert space in double-scaled SYK”
K.Okuyama, Phys. Lett. B, 855, 138858, (2024)

“The semi-classical saddles in three-dimensional gravity via holography and mini-su-
perspace approach”
H.-Y. Chen, Y. Hikida, Y. Taki, T. Uetoko, J. High Energ. Phys., 2024, 07, 283, (2024)

“g-theorem from Strong Subadditivity”
J. Harper, H. Kanda, T. Takayanagi, K. Tasuki, Phys. Rev. Lett., 133, 031501, (2024)

“Probing de Sitter Space Using CFT States”
K. Doi, N. Ogawa, K. Shinmyo, Y. Suzuki, T. Takayanagi, J. High Energ. Phys., 2025,
02, 093, (2025)

“Baby universe operators in the ETH matrix model of double-scaled SYK”
K.Okuyama, J. High Energ. Phys., 2024, 10, 249, (2024)

“Thermodynamics of the Einstein-Maxwell system”
S. Miyashita, J. High Energ. Phys., 2024, 04, 83, (2024)

“Thermodynamics of the 3-dimensional Einstein-Maxwell system”
S. Miyashita, J. High Energ. Phys., 2024, 06, 134, (2024)

“Thermal pseudo-entropy”
P. Caputa, B. Chen, T. Takayanagi, and T. Tsuda, J. High Energ. Phys., 2025, 01, 3,
(2025)

“Non-perturbative corrections in the semi-classical limit of double-scaled SYK”
K. Okuyama, J. High Energ. Phys., 2025, 06, 044, (2025)

“Brane Cosmology from AdS/BCFT”
K. Fujiki, H. Kanda, M. Kohara, T. Takayanagi, J. High Energ. Phys., 2025, 03, 135,
(2025)

“Traversable AdS Wormbhole via Non-local Double Trace or Janus Deformation™
T. Kawamoto, R. Maeda, N. Nakamura, T. Takayanagi, J. High Energ. Phys., 2025, 04,
086, (2025)

“AdS gravaster and bulk-cone singularities”
H.-Y. Chen, Y. Hikida, Y. Koga, J. High Energ. Phys., 2025, 07, 199, (2025)

“Holographic tensor network for double-scaled SYK”
A. Armoni, B. Pyszkowski, S. Sugimoto, D. Weissman, J. High Energ. Phys., 2025, 05,
221, (2025)

“Double-Scaled SYK, QCD, and the Flat Space Limit of de Sitter Space”
Y. Sekino, L. Susskind, J. High Energ. Phys., 2025, 10, 137, (2025)

“Holographic Interfaces in Symmetric Product Orbifolds”
S. Harris, Y. Hikida, V. Schomerus, T. Tsuda, J. High Energ. Phys., 2025, 12, 114, (2025)

“Many Phases in a Hairy Box in Three Dimensions”
S. Miyashita, Universe, 11, 208, (2025)

“Finite N Bulk Hilbert Space in ETH Matrix Model for double-scaled SYK”
M. Miyaji, S. Mori, K. Okuyama, J. High Energ. Phys., 2025, 08, 084, (2025)

“Bulk Reconstruction of Scalar Excitations in Flaty/ CCFT, and the Flat Limit from (A)
dSy/CFT,”

P. Hao, K. Shinmyo, Y-k. Suzuki, S. Takahashi, T. Takayanagi, J. High Energ. Phys.,
2025, 11, 054, (2025)

“Essay: Emergent Holographic Spacetime from Quantum Information”
T. Takayanagi, Phys. Rev. Lett., 134, 240001, (2025)

“Multi-entropy and the Dihedral Measures at Quantum Critical Points™
J. Harper, A. Mollabashi, T. Takayanagi, K. Tasuki, Phys. Rev. Research, 7, 043194,
(2025)

“Entanglement Suppression Due to Black Hole Scattering”
K. Doi, T. Takayanagi, J. High Energ. Phys., 2025, 12, 039, (2025)

“Flat space holography via AdS/BCFT”
P. Hao, N. Ogawa, T. Takayanagi, T. Waki, J. High Energ. Phys., 2025, 10, 159, (2025)




Publications (Apr. 2024-Dec.2025)

“High-energy fixed-angle meson scattering and the constituent counting rule in
holographic QCD”

A. Armoni, B. Pyszkowski, S. Sugimoto, D. Weissman, J. High Energ. Phys., 2025, 05,
221, (2025)

“Energy-Momentum Tensor and D-term of Baryons in Top-down Holographic QCD”
S. Sugimoto, T. Tsukamoto, Prog. Theor. Exp. Phys., 2025, 08, 083B01, (2025)

“Many Phases in a Hairy Box in Three Dimensions”
S.Miyashita, Universe 2025, 11, 208 (2025)

“DSSYK at infinite temperature: the flat-space limit and the ’t Hooft model”
S. Miyashita, Y. Sekino, L. Susskind, J. High Energ. Phys., 2025, 11, 107, (2025)

Project C02

“Probability vector representation of the Schrodinger equation and Leggett-Garg-type
experiments”

M. Hotta and S. Murk, Phys. Rev. A, 109, 062224, (2024)

“Constraints on the topology of Type IIB string theory”
K. Yonekura, J. High Energ. Phys., 2024, 07, 112, (2024)

“Final burst of the moving mirror is unrelated to the partner mode of analog Hawking
radiation”

Y. Osawa, Kuan-Nan Lin, Yasusada Nambu, Masahiro Hotta, and Pisin Chen, Phys.
Rev. D, 110, 025023, (2024)

“Remarks on Mod-2 Elliptic Genus”
Y. Tachikawa, M. Yamashita, K. Yonekura, Commun. Math. Phys., 406, 16, (2025)

“On nonsupersymmetric heterotic branes”
J. Kaidi, Y. Tachikawa, K. Yonekura, J. High Energ. Phys., 2025, 03, 211, (2025)

“Black p-branes in heterotic strign theory”
M. Fukuda, S. K. Kobayashi, K. Watanabe, K. Yonekura, J. High Energ. Phys., 2025,
05, 043, (2025)

“Enhancing spin diffusion in GaAs quantum wells: The role of electron density and
channel width”

B. W. Grobecker, A. V. Poshakinskiy, S. Anghel, T. Mano, Y. Takahashi, G. Yusa and
M. Betz, J. Appl. Phys., 137, 183902, (2025)

“Large 6 angle in two-dimensional large N CPN"' model”
T. Sugeno, Y. Yokokura, K. Yonekura, J. High Energ. Phys., 2025, 05, 232, (2025)

“Electrically induced bulk and edge excitations in the fractional quantum Hall regime”
Q. France, Y. Jeong, A. Kamiyama, T. Mano, K. Sasaki, M. Hotta, G. Yusa, Phys. Rev.
Lett., 135, 066203, (2025)

“Residual Errors after Quantum Annealing in the Axial Next Nearest Neighbor Ising
Model: Impact of Critical Points and Modulated Correlation”
H. Hasegawa, N. Shibata, J. Phys. Soc. Jpn., 94, 094004, (2025)

Project C03

“PPN meets EFT of dark energy: Post-Newtonian approximation in higher-order
scalar-tensor theories”

J. Saito, Z. Yao, T. Kobayashi, J. Cosmol. Astro. Phys., 2024, 06, 40, (2024)

“Gedanken Experiments to Destroy a Black Hole by a Test Particle: Multiply Charged
Black Hole with Higher Derivative Corrections”

K. Izumi, T. Noumi, D. Yoshida , Phys. Rev. D, 110, 044008, (2024), collaboration
with BO1

“Generalisation of Conformal-Disformal Transformations of the Metric in Scalar-
Tensor Theories”

E. Babichev, K. Izumi, K. Noui, N. Tanahashi, M. Yamaguchi, Phys. Rev. D, 110,
064063, (2024)

“Cutoff Scale of Quadratic Gravity from Quantum Focusing Conjecture”
T. Kanai, K. Maeda, T. Noumi, D. Yoshida, Phys. Rev. D, 110, 084037, (2024),
collaboration with BO1 and BO3

“Loosely trapped surface for slowly rotating black hole”
K. Izumi, T. Shiromizu, D. Yoshida, Y. Tomikawa, H. Yoshino, Prog. Theor. Exp.
Phys., 2024, 11, 113E02, (2024)

“Supersymmetry of the Robinson-Trautman solution”
M. Nozawa, J. High Energ. Phys., 2024, 10, 201, (2024)

“Attractive gravity probe surface in Einstein-Maxwell system”
K. Lee, K. Izumi, T. Shiromizu, H. Yoshino, Y. Tomikawa, Phys. Rev. D, 110, 124051,
(2024)

“Removing naked singularities in static axially symmetric spacetimes by patching with
flat spacetimes”
D. Saito, D. Yoshida, Phys. Rev. D, 111, 024031, (2025)

“Spin current generation due to differential rotation”
T. Funato, S. Kinoshita, N. Tanahashi, S. Nakamura, M. Matsuo, Phys. Rev. B, 111,
L060403, (2025), collaboration with BO3

“Initial data for a black string and a Kaluza-Klein bubble: Space-dependent
compactification radius”
H. Yoshino, Phys. Rev. D, 111, 084048, (2025)

“Gravitomagnetic tidal response of relativistic stars in partially screened scalar-tensor
theories”
T. Kobayashi, Phys. Rev. D, 111, 8, 084053, (2025)

“The first law and weak cosmic censorship for de Sitter black holes”
D. Yoshida, K. Yoshimura, Class. Quant. Grav., 42, 11, 115008, (2025)

“Holographic Description of Bulk Wave Packets in AdS,/CFT;”
N. Tanahashi, S. Terashima, S. Yoshikawa, J. High Energ. Phys., 2025, 06, 214, (2025),
collaboration with BO1

“Spherical collapse in DHOST theories and EFT of dark energy”
T. Takadera, T. Hiramatsu, T. Kobayashi, J. Cosmol. Astro. Phys., 2025, 07, 006,
(2025)

“Multi-sheet wormholes in the gravitational soliton formalism”
Y. Makita, K. Izumi, D. Yoshida, K. Uemichi, Class. Quant. Grav., 42, 17, 175024, (2025)

“Consistency between bulk and boundary causalities in asymptotically anti-de Sitter
spacetimes”
L. Fu, K. Izumi, D. Yoshida, J. High Energ. Phys., 2025, 10, 184, (2025)

“Apparent horizons associated with dynamical black hole entropy”
H. Furugori, K. Nishii, D. Yoshida, K. Yoshimura, Phys. Rev. D, 112, 104049, (2025)

Project D01
“Foliated BF theories and Multipole symmetries”
H. Ebisu, M. Honda and T. Nakanishi,, Phys. Rev. B, 109, 165112, (2024)

“Calogero model for the non-Abelian quantum Hall effect”
J. E. Bourgine and Y. Matsuo, Phys. Rev. B, 109, 155158, (2024)

“Mass spectrum of spin-one hadrons in dense two-color QCD: Novel predictions by
extended linear sigma model”
D. Suenaga, K. Murakami, E.Itou and K.Iida, Phys. Rev. D, 109, 074031, (2024)

“Narain CFTs from quantum codes and their Z, gauging”
K. Kawabata, T. Nishioka, T. Okuda, J. High Energ. Phys., 2024, 05, 133, (2024)

“Multipole and fracton topological order via gauging foliated SPT phases”
H. Ebisu, M. Honda and T. Nakanishi,, Phys. Rev. Research, 6, 023166, (2024)

“Boundary-induced transitions in Mobius quenches of holographic BCFT”
A. Bernamonti, F. Galli and D. Ge, J. High Energ. Phys., 2024, 06, 184, (2024)

“Anomaly inflow for dipole symmetry and higher form foliated field theories™
H. Ebisu, M. Honda, T. Nakanishi and S. Shimamori, J. High Energ. Phys., 2024, 09,
061, (2024)

“End-to-end complexity for simulating the Schwinger model on quantum computers”
K. Sakamoto, H. Morisaki, J. Haruna, Etsuko Itou, Keisuke Fujii, Kosuke Mitarai,
Quantum, 8, 1474, (2024)

“DMRG study of the theta-dependent mass spectrum in the 2-flavor Schwinger model”
E. Itou, A. Matsumoto, Y. Tanizaki, J. High Energ. Phys., 2024, 09, 155, (2024)

“Lattice study on finite density QC2D towards zero temperature”
K. lida, E. Itou, D. Suenaga, K. Murakami, J. High Energ. Phys., 2024, 10, 022, (2024)

“Resurgence in Lorentzian quantum cosmology: No-boundary saddles and resummation
of quantum gravity corrections around tunneling saddle points”
M. Honda, H. Matsui, K. Okabayashi and T. Terada, Phys. Rev. D, 110, 083508, (2024)

“Anomaly inflow, dualities, and quantum simulation of abelian lattice gauge theories
induced by measurements”
T. Okuda, A. Parayil Mana, H. Sukeno, Phys. Rev. Research, 6, 043018, (2024)

“Anomaly inflow for CSS and fractonic lattice models and dualities via cluster state
measurement”
T. Okuda, A. Parayil Mana, H. Sukeno, SciPost Phys., 17, 4, 113, (2024)

“Scale setting and hadronic properties in the light quark sector with 2+1-flavor Wilson
fermions at the physical point”

T. Aoyama, T. M. Doi, T. Doi, E. Itou, Y. Lyu, K. Murakami, T. Sugiura (HAL QCD
Collaboration), Phys. Rev. D, 110, 094502, (2024)

“Quantum subsystem codes, CFTs and their Z,-gaugings”
K. Ando, K. Kawabata, T. Nishioka, J. High Energ. Phys., 2024, 11, 125, (2024)

“Exactly solvable stochastic spectator”
M. Honda, R. Jinno and K. Tokeshi, J. Cosmol. Astro. Phys., 2024, 12, 44, (2024)

“Localized RG flows on composite defects and C-theorem™
D. Ge, T. Nishioka, S. Shimamori, J. High Energ. Phys., 2025, 02, 012, (2025)

“Evidence of a CP broken deconfined phase in 4D SU(2) Yang-Mills theory at 0 ==
from imaginary 6 simulations”

M. Hirasawa, M. Honda, A. Matsumoto, J. Nishimura and A. Yosprakob, J. High Energ.
Phys., 2025, 05, 009, (2025)

“Monte Carlo study on Heisenberg model with local dipolar interaction”
E. Itou, A. Matsumoto, Y. Nakayama, T. Onagi, Phys. Rev. B, 112, 134409, (2025)

“Fermionic CFTs from topological boundaries in abelian Chern-Simons theories”
K. Kawabata, T. Nishoka, T. Okuda, S. Yahagi, J. High Energ. Phys., 2025, 05, 105,
(2025)



Project D02
“Weak ergodicity breaking with isolated integrable sectors”
H. Katsura, C. Matsui, C. Paletta, B. Pozsgay, Phys. Rev. Research, 7, 023099, (2025)

“Dynamical dimerization and subdiffusive transport of strongly correlated neutral-ionic
systems coupled to lattices”
Y. Sakai, C. Hotta, Phys. Rev. B, 111, 214307, (2025)

“Edge-Edge Correlations without Edge-States: n-clustering State as Ground State of the
Extended Attractive SU(3) Hubbard Chain”
H. Yoshida, N. Heinsdorf, H. Katsura, Phys. Rev. A, 111, 063307, (2025)

“Spinor ice correlation in flat-band electronic states on kagome and pyrochlore lattices
with spin-orbit coupling”
H. Nakai, M. Udagawa, C. Hotta, Phys. Rev. B, 111, 235154, (2025)

“Scan calculation of the density of states: Real-space cluster perturbation theory applied
to the inhomogeneous Hubbard model in one dimension”
K. Matsuki, C. Hotta, K. Asano, Phys. Rev. B, 112, 045146, (2025)

“Spin amplitude wave due to dipole-quadrupole hybridization in spin-1 pyrochlore
magnets”
H. Nakai, C. Hotta, Phys. Rev. B, 112, 054401, (2025)

“A brief note on the G, Affleck-Kennedy-Lieb-Tasaki chain”
H. Katsura, D. Schuricht, SciPost Phys. Core, 8, 052, (2025)

“Fate of Bosonic Topological Edge Modes in the Presence of Many-Body Interactions”
N. Heinsdorf, D. G. Joshi, H. Katsura, and A. P. Schnyder, Phys. Rev. Lett., 135,
146702, (2025)

“Improving the accuracy of the tree-tensor network approach by optimization of
network structure”

T. Hikihara, H. Ueda, K. Okunishi, K. Harada, T. Nishino, Phys. Rev. B, 112, 134427,
(2025)

“Spin Nernst and thermal Hall effects of topological triplons in quantum dimer magnets
on the maple-leaf and star lattices”
N. Esaki, Y. Akagi, K. Penc, H. Katsura, Phys. Rev. B, 112, 134435, (2025)

“Orbital Magnetism in Honeycomb Ladder”
T. Mizoguchi, S. Ozaki, H. Matsuura, J. Phys. Soc. Jpn., 94, 114704, (2025)

“Systematic construction of asymptotic quantum many-body scar states and their
relation to supersymmetric quantum mechanics”
M. Kunimi, Y. Kato, H. Katsura, Phys. Rev. Research, 7, 043107, (2025)

“TTNOpt: Tree tensor network package for high-rank tensor compression”
R. Watanabe, H. Manabe, T. Hikihara, H. Ueda, Comput. Phys. Commun, 379, 109918,
(2025)

“Orbital paramagnetism without density of states enhancement in nodal-line semimetal
ZrSis”

S. Ozaki, H. Matsuura, 1. Tateishi, T. Koretsune, M. Ogata, Phys. Rev. B, 112,
L161118, (2025)

“SU(3) Fermi-Hubbard gas with three-body losses: symmetries and dark states”
A. Marche, A. Nardin, H. Katsura, L. Mazza, Phys. Rev. Research, 7, 043124, (2025)

“Quantum Phase Transition and Magnetic Excitation in the S = 1/2 Ising-like
Antiferromagnetic Chain CsCoCls in Transverse Magnetic Fields”

S. Kimura, H. Onishi, Y. Narumi, K. Okunishi, M. Hagiwara, K. Kindo, and H.
Kikuchi, J. Phys. Soc. Jpn., 94, 124703, (2025)

“Coherence Length of Electronic Nematicity in Iron-Based Superconductors”

Y. Kageyama, A. Onishi, C. Bareille, K. Ishida, Y. Mizukami, S. Ishida, H. Eisaki, K.
Hashimoto, T. Taniuchi, S. Shin, H. Kontani, and T. Shibauchi, J. Phys. Soc. Jpn., 93,
103702, (2024)

“Lifting of Gap Nodes by Disorder in Tetragonal FeSe, S, Superconductors”

T. Nagashima, K. Ishihara, K. Imamura, M. Kobayashi, M. Roppongi, K. Matsuura, Y.
Mizukami, R. Grasset, M. Konczykowski, K. Hashimoto, T. Shibauchi, Phys. Rev.
Lett., 133, 156506, (2024)

“Black Box Work Extraction and Composite Hypothesis Testing”
K. Watanabe, R. Takagi, Phys. Rev. Lett., 133, 250401, (2024)

“Bridging Magic and Non-Gaussian Resources via Gottesman-Kitaev-Preskill
Encoding”
O. Hahn, G. Ferrini, R. Takagi, PRX Quantum, 6, 010330, (2025)

“Field-Angle-Resolved Specific Heat in Na,Co,TeOq: Evidence against Kitaev Quantum
Spin Liquid”

S. Fang, K. Imamura, Y. Mizukami, R. Namba, K. Ishihara, K. Hashimoto, and T.
Shibauchi, Phys. Rev. Lett., 134, 106701, (2025)

“Thermodynamic signatures of diagonal nematicity in RbFe,As, superconductor”

Y. Mizukami, O. Tanaka, K. Ishida, A. Onishi, Y. Kageyama, M. Tsujii, R. Ohno, N.
Kimura, T. Mitsui, S. Kitao, M. Kurokuzu, M. Seto, S. Ishida, A. Iyo, H. Eisaki, K.
Hashimoto, T. Shibauchi, PNAS Nexus, 4, pgaf060, (2025)

“Gibbs-preserving operations requiring infinite amount of quantum coherence”
H. Tajima, R. Takagi, Phys. Rev. Lett., 134, 170201, (2025)

“Progress in chromatic calorimetry concept: validating techniques for energy resolution
and particle discrimination”

D. Arora, M. Salomoni, Y. Haddad, V. Zabloudil, M. Doser, M. Owari, E. Auffray, J. of
Instrumentation, 20, P06019, (2025)

“Quasiparticle interaction originating from Bogoliubov Fermi surfaces under pressure in
18%-S substituted FeSe studied via NMR”

Z.Yu, X. Shen, K. Nakamura, K. Inomata, K. Matsuura, Y. Mizukami, S. Kasahara, Y.
Matsuda, T. Shibauchi, Y. Uwatoko, N. Fujiwara, Scientific Reports, 15, 29824, (2025)

“Classical simulation and quantum resource theory of non-Gaussian optics”
O. Hahn, R. Takagi, G. Ferrini, H. Yamasaki, Quantum, 9, 1881, (2025)

“Symmetric channel verification for purifying noisy quantum channels”
K. Tsubouchi, Y. Mitsuhashi, Ro Takagi, No Yoshioka, PRX Quantum, 6, 040310,
(2025)

“Search for Quantum-Tricritical-Point in Antiferromagnet CeRu(Si;-Gex),”
H. Shinya, F. Ito, N. Kabeya, Y. Mizukami, N. Kimura, J. Phys. Soc. Jpn., 94, 124705,
(2025)

“Universal hard-edge statistics of non-Hermitian random matrices”
Z. Xiao, R. Shindou, and K Kawabata, Phys. Rev. Research, 6, 023303, (2024)

“Inhomogeneous quenches as state preparation in two-dimensional conformal field
theories™
M. Nozaki, K. Tamaoka, M. T. Tan, Phys. Rev. D, 109, 126014, (2024)

“Efficient Simulation of Low Temperature Physics in One-Dimensional Gapless
Systems”
Y. Kusuki, K. Tamaoka, Z. Wei, Y. Yoneta, Phys. Rev. B, 110, L041122, (2024)

“Large violation of Leggett-Garg inequalities with coherent-state projectors for a
harmonic oscillator and chiral scalar field”

T. Hirotani, A. Matsumura, Y. Nambu, K. Yamamoto, Phys. Rev. A, 110, 022217,
(2024)

“Channel attention for quantum convolutional neural networks”
G. Budiutama, S. Daimon, H. Nishi, R. Kaneko, T. Ohtsuki, Y. Matsushita, Phys. Rev.
A, 110, 012447, (2024)

“Local operator quench induced by two-dimensional inhomogeneous and homogeneous
CFT Hamiltonians”

‘W. Mao, M. Nozaki, K. Tamaoka, M. T. Tan, J. High Energ. Phys., 2024, 07, 200,
(2024)

“Final burst of the moving mirror is unrelated to the partner mode of analog Hawking
radiation”
Y. Osawa, K.-N. Lin, Y. Nambu, M. Hotta, P. Chen, Phys. Rev. D, 110, 025023, (2024)

“Deci-Hz gravitational waves from the self-interacting axion cloud around a rotating
stellar mass black hole”
H. Omiya, T. Takahashi, T. Tanaka, H. Yoshino, Phys. Rev. D, 110, 044002, (2024)

“Integrability of large-charge sectors in generic 2D EFTs”
M. Watanabe, J. High Energ. Phys., 2024, 08, 166, (2024)

“Hawking-Page and entanglement phase transition in 2d CFT on curved backgrounds™
A. Miyata, M. Nozaki, K. Tamaoka, M. Watanabe, J. High Energ. Phys., 2024, 08, 190,
(2024)

“Ground-state phase diagram of the SU(4) Heisenberg model on a plaquette lattice”
R. Kaneko, S. Goto, and I. Danshita, Phys. Rev. A, 110, 023326, (2024)

“Bridging two quantum quench problems — local joining quantum quench and Mobius
quench — and their holographic dual descriptions”

J. Kudler-Flam, M. Nozaki, T. Numasawa, S. Ryu, M. T. Tan, J. High Energ. Phys.,
2024, 08, 213, (2024)

“System-environment entanglement phase transitions”
Y. Ashida, S. Furukawa, M. Oshikawa, Phys. Rev. B, 110, 094404, (2024)

“Surface criticality in the mixed-field Ising model with sign-inverted next-nearest-
neighbor interaction”
Y. Nakamura, R. Kaneko, and I. Danshita, Phys. Rev. A, 110, 033319, (2024)

“Tensor renormalization group study of (1 + 1)-dimensional U(1) gauge-Higgs model at
6 = with Liischer’s admissibility condition”
S. Akiyama, Y. Kuramashi, J. High Energ. Phys., 2024, 09, 086, (2024)

“On perturbation around closed exclusion processes”
M. Watanabe, SciPost Physics, 17, 3, 092, (2024)

“Second-Order Coherence as an Indicator of Quantum Entanglement of Hawking
Radiation in Moving-Mirror Models™
M. Tomonaga, Y. Nambu, Phys. Rev. D, 110, 105004, (2024)

“Black Hole Singularity and Timelike Entanglement”
T. Anegawa, K. Tamaoka, J. High Energ. Phys., 2024, 10, 182, (2024), collaboration
with BO1

“Self-interacting axion clouds around rotating black holes in binary systems”
T. Takahashi, H. Omiya, T. Tanaka, Phys. Rev. D, 110, 104038, (2024)




Publications (Apr. 2024-Dec.2025)

“Strong lensing of gravitational waves with modified propagation”
H. Takeda, T. Tanaka, Phys. Rev. D, 110, 104050, (2024)

“Quantum phase transition of (1+1)-dimensional O(3) nonlinear sigma model at finite
density with tensor renormalization group”
X. Luo, Y. Kuramashi, J. High Energ. Phys., 2024, 11, 144, (2024)

“Phase diagram of a spin-1/2 Heisenberg ladder with a chirality-chirality interaction”
M. Fontaine, S. Furukawa, J. Phys. Soc. Jpn., 93, 124710, (2024)

“Extending the Hamiltonian formulation of particle motion in perturbed Kerr spacetime
to various time parametrizations”
T. Kakehi, T. Tanaka, Phys. Rev. D, 110, 124031, (2024)

“Enumerating 6D supergravities with T <1
Y. Hamada, G. J. Loges, J. High Energ. Phys., 2024, 12, 167, (2024)

“Non-Hermitian Topology in Hermitian Topological Matter”
S. Hamanaka, T. Yoshida, and K. Kawabata, Phys. Rev. Lett., 133, 266604, (2024)

“Hawking radiation in quantum Hall system with an expanding edge: Application of
anomaly method”
R. Yoshimoto, Y. Nambu, Phys. Lett. A, 529, 130100, (2025)

“Critical endpoints of three-dimensional finite density SU(3) spin model with tensor
renormalization group”
X. Luo, Y. Kuramashi, J. High Energ. Phys., 2025, 07, 036, (2025)

“High-field magnetism of the spin-1/2 two-leg-ladder antiferromagnet Cu(DEP)Cl,
under high pressure”

T. Morimoto, E. Morikawa, K. Nihongi, T. Kida, Y. Narumi, Z. Honda, S. Furukawa, Y.

Uwatoko, K. Kindo, M. Hagiwara, J. Phys. Soc. Jpn., 94, 024701, (2025)

“Multifractality of the many-body non-Hermitian skin effect”
S. Hamanaka and K. Kawabata, Phys. Rev. B, 111, 035144, (2025)

“Forecasting long-time dynamics in quantum many-body systems by dynamic mode
decomposition”

R. Kaneko, M. Imada, Y. Kabashima, T. Ohtsuki, Phys. Rev. Research, 7, 013085,
(2025)

“Swampland bounds on magnetized extra dimensions”
Y. Hamada, M. Takeuchi, J. High Energ. Phys., 2025, 01, 136, (2025)

“Investigating 9d/8d non-supersymmetric branes and theories from supersymmetric
heterotic strings”
Y. Hamada, A. Ishige, J. High Energ. Phys., 2025, 01, 141, (2025)

“6D large charge and 2D Virasoro blocks”
J.J. Heckman, A. Sharon, and M. Watanabe, Phys. Rev. D, 111, 045002, (2025)

“Field theory of non-Hermitian disordered systems”
Z. Chen, K. Kawabata, A. Kulkarni, and S. Ryu, Phys. Rev. B, 111, 5, 054203, (2025)

“Gravitational entanglement witness through Einstein ring image”
Y, Kaku, Y. Nambu, Phys. Rev. D, 111, 046026, (2025)

“Entanglement entropy dynamics of non-Gaussian states in free boson systems: random
sampling approach”
R. Kaneko, D. Kagamihara, and I. Danshita, Phys. Rev. A, 111, 032412, (2025)

“Universal Stochastic Equations of Monitored Quantum Dynamics”
Z. Xiao, T. Ohtsuki, and K. Kawabata, Phys. Rev. Lett., 134, 140401, (2025)

“Stochastic inflation and entropy bound in de Sitter spacetime”
H. Tajima, Y. Nambu, Phys. Rev. D, 111, 106009, (2025)

“Acceleration-induced radiation from a qudit particle detector model”
G. Yoshimura, Y. Osawa, Y. Nambu, Phys. Rev. D, 111, 105012, (2025)

“Non-linear sigma models for non-Hermitian random matrices in symmetry classes Al
and AIl{”
A. Kulkarni, K. Kawabata, and S. Ryu, J. Phys. A: Math. Theor. 58, 225202, (2025)

“Hanbury-Brown-Twiss interferometry and quantum nature of primordial gravitational
waves in Hofava-Lifshitz gravity”
S. Kanno, H. Matsui, S. Mukohyama, Phys. Rev. D, 111, 104077, (2025)

“Inhomogeneous Quantum Quenches of Conformal Field Theory with Boundaries”
X. Liu, A. McDonald, T. Numasawa, B. Lian, S. Ryu, Phys. Rev. Lett., 134, 220404,
(2025)

“Black String in the Standard Model”
Y. Hamada, Y. Hamada, H. Kimura, Phys. Rev. D, 111, 125009, (2025)

“Witnessing Disorder in Quantum Magnets”
S. Sabharwal, T. Shimokawa and N. Shannon, Phys. Rev. Research, 7, 023271, (2025)

“Magnetic excitations from the hexagonal spin clusters in the S = 1/2 distorted
honeycomb lattice antiferromagnet Cu,(pymca);(C104)”

M. Matsuda, A. 1. Kolesnikov, Z. Honda, T. Shimokawa, S. Inoue, Y. Narumi, M.
Hagiwara, Phys. Rev. B, 111, 224430, (2025)

“Complex entanglement entropy for complex conformal field theory”
H. Shimizu and K. Kawabata, Phys. Rev. B, 112, 085112, (2025)

“Non-Hermitian Hopf insulators”
D. Nakamura and K. Kawabata, Phys. Rev. B, 112, 075134, (2025)

“Non-Hermitian Origin of Detachable Boundary States in Topological Insulators”
D. Nakamura, K. Shiozaki, K. Shimomura, M. Sato, and K. Kawabata, Phys. Rev. Lett.,
135, 096601, (2025)

“K-theory classification of Wannier localizability and detachable topological boundary
states”

K. Shiozaki, D. Nakamura, K. Shimomura, M. Sato, and K. Kawabata, Phys. Rev. B,
112, 075152, (2025)

“Parity violation in photon quasinormal modes of black holes”
S. Kanno, J. Soda, A. Taniguchi, Phys. Rev. D, 112, 063525, (2025)

“Hopf Bifurcation of Nonlinear Non-Hermitian Skin Effect”
K. Kawabata and D. Nakamura, Phys. Rev. Lett., 135, 126610, (2025)

“Floquet engineered inhomogeneous quantum chaos in critical systems”
B. Lapierre, T. Numasawa, T. Neupert, S. Ryu , Phys. Rev. B, 112, 104317, (2025)

“Seeding neural network quantum states with tensor network states”
R. Kaneko, S. Goto, Phys. Rev. B, 112, 155163, (2025)

“Toward graviton detection via photon-graviton quantum state conversion”
T. Ikeda, Y. Kaku, S. Kanno, J. Soda, Phys. Rev. D, 112, 103504, (2025)

“Inflation models selected by the swampland distance conjecture with the Lyth bound”
Y. S. Furuta, Y. Hamada, K. Kohri, Phys. Rev. D, 112, 103517, (2025)

“Exceptional second-order topological insulators”
Y. Tanaka, D. Nakamura, R. Okugawa, and K. Kawabata, Phys. Rev. B, 112, 245302,
(2025)

“Adaptive Interpolating Quantum Transform: A Quantum-Native Framework for
Efficient Transform Learning”

G. Budiutama, S. Daimon, H. Nishi, R. Kaneko, T. Ohtsuki, Y-i. Matsushita, Phys. Rev.
A, 112, 062410, (2025)

“Holographic Absolutely Maximally Entangled States in Black Hole Interiors”
T. Anegawa, K. Tamaoka, Phys. Rev. Lett., 135, 261601, (2025), collaboration with
BO1

“Emergent Spin-Gapped Magnetization Plateaus in a Spin-1/2 Perfect Kagome
Antiferromagnet”

S. Suetsugu, T. Asaba, Y. Kasahara, Y. Kohsaka, K. Totsuka, B. Li, Y. Zhao, Y. Li, M.
Tokunaga, Y. Matsuda, Phys. Rev. Lett., 132, ,226701, (2024)



HFHMosE

INTERNAL INFORMATION

5th ExU Annual Meeting Poster Presentation Awards

A## f@th Kenya Tasuki (YITP, Kyoto Univ.)
Field : Particle Physics / Poster #: A6
Title : Multi-entropy at Quantum Critical Points

#14 ZRABA Kotaro Shinmyo (YITP, Kyoto Univ.)
Field : Particle Physics / Poster #: A8
Title : Entropic Interpretation of Einstein Equation in dS/CFT

& H X7t Daisuke Yoshida (Nagoya Univ.)
Field : Cosmology / Poster #: A13
Title : Apparent Horizons Associated with Dynamical Black Hole Entropy

ZH B Kohei Fukai (Univ. Tokyo)
Field : Condensed Matter Theory / Poster #: A16
Title : Integrability in the SYK model

&B ;A Yunhyeon Jeong (Tohoku Univ.)

Field : Condensed Matter Experiment / Poster #: A17
Title : Challenge for expansion of quantum Hall edge universe

MNETO Acknowledgment iCDULVT

RO EINZ L o TRONZZBCR Z HIRES N A EIZIE, P OBISCICH ) £9 &9 2ilifFEz BEvwz L
T9o L LRREDOXY BFFEHHAFFEORER 5 TED Y £ dREEF 7L, FHEfFJE AOLYE © 21H05183, BOLJE
21H05184, BO02 #F : 21H05185, BO3 ¥t : 21H05186. CO1 ¥t : 21H05187, CO2 Ff : 21H05188, CO3 ¥ : 21H05189,
DO1¥E : 21H05190, DO2FE : 21H05191 T 9

(1) This work was supported by MEXT KAKENHI Grant Number 21H051XY.

(2) This work was supported by MEXT KAKENHI Grant-in-Aid for Transformative Research Areas A
“Extreme Universe” No.21H051XY.

B EROFTEIZEIC £ 72032 BERIE, T 64T ERFEPE(21H05182) 12 b ¥ & BV L £ 7,

F 72 A5E (55 2 1) 12D W TIE21HO051XY —24H009XY & @AR 2 TT S vy,
(B RFETEE OREF 7 1T RDHFEIIEN — VR RZ OWIES 4 MVA LOB 72 THERLT S )

81



.

EE®R 1

20214F9HIC A 7 — I L7AREME R FHIR D SFEETRDY), CO=2—A LY —d T OESENRERTLELD F
FTo Za2a—ALF—HMEHL LT, BT EFCHEICHATTEALILICEIRELTCBY I3, SMERKTD
e LT, BIEHOBERICEOVELEIRY BLLFEEFEOTWAZE T L, THELORFTHIMANTRE
NTWE T8, RPN FEIEBIGIEIE F 2208 2 0 FRIYEDTATAPOR L TB 53, REBRANDOFEILA 7 — )L -
PRI TR CTOANBZHIR L7204 7Y v FRET Lz REORK LOBHIZZOROESEET, K
EEORKEN COHEBEBRABOGHE (MBI LIk 5 L. COMERLE VIR TOREDEIE ., AH
BORBERBIP VW22 50TIEERVET,

FAREREI, AFRAZEFOINNERKE ., Sk aF T 4 TH THHV 22072 1K, SR S®
ZRETZEINE L, ChE2RaLTH 5 THIZHIUS RF 2 By —KICHEW2Z2& F L, fHiTd
SEENTVAIMKIZE 2MREHAF > 54 »aaF 7 4 (The 3rd Public ExU Online Colloquium) @ 8 13 T
FOARFIHYouTube TARME N TV E T, REHIMELF L LY, RIFETEHVWALZTETEEVET, 2H LA
BEHEHEIM &L, A2 =2V 7=, R THEDZL S OMBEREED T A DFVLHEO—-BL b
CLELDEDIELDD, Z2—AL Y —E550MmERILL IETVZEFET, (XFH TEHFR)

Please follow our Web site, X & YouTube!

REWT 2 THAMBICXT AT MTlE. WA . WFgE
B TN —FHEREEEZRFLTE T, AKX
YouTubeF ¥ ¥ AN TIEARFEIRIEMEDO A7 — VR0 JE4. H
Waudy AOHE M AHINTUE T, FOTHEIZS v,

oAk ki S

https://www2.yukawa.kyoto-u.ac.jp/~extremeuniverse/

(#5PR & )

(extreme universe japan

$EiEYouTubeF ¥ > %I

REXT HI 2k

@extremeuniverse4346
A (URL1E#R : https://www.youtube.com/@extremeuniverse4346)

X @ExUniverseja (URL5%E : https://x.com/exuniverseja)

#BPRFEH NewsLetter OS’ 2026 Mar.

Extreme

FMEFRBME(A) BRFEOVE LA ZES

L ]
U n IVe rse Transformative Research Areas (A) The Natural Laws of Extreme Universe

PRSI E (A) TR H oW LI Z A1 2 — B T M TR ZREW A OB LTG5 L 4 |
Za— ALy —E5E

BURTEE R - HORK S SEREM B AFFEIT N T 606-8502 HUAR I 22 5CIX AL I 58 45 W7

E m a i 1: extuniv-office@yukawa.kyoto-u.co.jp

oo o

DAY 84 3 H24H
;TR A5 B
S EAK (B BB D

p

i i




