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Matter in neutron stars investigated by experimental and astronomical

observations” (Pl: H. TAMURAI) [ $7 21T pE 18 - EEREER B CTHRZBHMNT T2
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e.g. Ultracold atom = EQOS of Neutron star matter (M.Horikoshi, Ohashi)
2016/9@Miyazaki U:  Discussions at Japanese Pub (/& E TN &)
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—>Start New Research area #1217 s 18 B85 0D iR 10 (Grant-in-Aid for Scientific
Research on I.A.)
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2017/9/13 Symposium @JPS meeting at Utsunomiya U.
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2017/2 Passed 1%t round -->Application of Group Research (Submitted in Mar.)
2017/3/30-31 WS@Tokyo Tech

2017/5 Hearing (Review)

2017/6 Approved
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What we would like to realize

e Establish Collaborations Practically
among researches in different hierarchies
[EEZzEA-EEHNISHR—L—3 aREL
=Ly
e Establish a new research field, “Hierarchy-of-
Matter Science”

=EFEZAERROFLIVAR R FIMERERF]
RELT-L

We have already many research seeds, and we expect more!




All the sciences, and not just the sciences but all
the efforts of intellectual kinds, are an endeavor
to see the connections of the hierarchies.
Richard P. Feynman,

The Character of Physical Law
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Clustering as a window on the hierarchical
structure of quantum systems
--Overview

AT fER] (FREAR)

Takashi Nakamura

Tokyo Institute of Technology

Kickoff Symposium, “Clustering as a window on the hierarchical structure of quantum systems”,
O-Okayama Campus, Tokyo Institute of Technology, Nov. 19-20, 2018
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Existence of human being depends popamziEKOMEmE:
on a subtle balance of Nature NSURATRELTLNS

There are no particle-stable A=“5" and “8” nuclei in nature
1H,2D, 3He,*He,(5), 5Li, 7Li,(8),°Be,19B,...,299Bi BEMS 8lIRE

Big Bang: Mostly H and “He (Heavier than “Li were not produced)
- How are heavier elements synthesized?

Triple oo Reaction

Detour for the synthesis of element 2C—->Heavier elements

E
S0keV 280keV, Hoyle stateO Q@
e meae | 7.65MeV'@ ¢
G+G 1X10-16S Be+a Y L 4 2+ .
Semi-stable 7.37 MeV
‘@ Q@ Y

12C



K.lkeda, N.Takigawa, H.Horiuchi,Prog.Theo.Phys.Suppl.464.(1968).

(X‘CI u Ste r M..Freer: Rép. Prog. P’hy;s,. 70, 2149 (2007).
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o-Cluster
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K.lkeda, N.Takigawa, H.Horiuchi,Prog.Theo.Phys.Suppl.464.(1968).

M.Freer, Rep. Prog. Phys. 70, 2149 (2007).
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Why hierarchy is formed in quantum particles ?

Molecule
0.1~1nm

Nucleus
fm~10fm

proton

Hadron

~fm

.

Science in 20t Century

i?ﬁ?ﬁﬂ‘]*ﬁ?@ﬁﬁl:ﬁ%%*ﬁiﬁﬁ&B LTHEmRSnT=DhH

9SJaAIUN 3SIBAIQ

H More Elementary

Fundamental Question But Unresolved

—Not necessarily investigated
» Research Areas : Independently evolved
» Connection between hierarchies: Unclear

~380KY : Clear up of the Universe FFEH QLAY
Nucleus+electrons =2 Atom—> Molecule

~3min: Big Bang Nucleosynthesis EY7/\> Tt R & K

4 asJanlun Jo AloisiH

nucleon (p, n) 2*He nucleus

~0.01ms: QCD Phase Transition QCD¥R &5 %%

Big Bang



Clustering: Key to understand hierarchy in quantum world?

Systems with
EM interactions

Nucleus@

Electron } Charge= 0 Systems with Strong interactions

Interatomic force <<
Nucleus-atom int.

- Atom cIuster%MoIecuIe- \
Nucleus: € nucleons

made of atom clusters
- Upper Hierarchy

Nuclear force <<
Strong force by gluon

—>Color charge' 0
(Neutralization)
—>Nucleon (Cluster)

%




Semi-Hierarchy: Clustering and Hierarchy of Matter

+SfEE

B Quark N OO 0 O  Hadron - Q0 © Atom
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Ex Ex Ex
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v" Threshold: Clustering near Threshold > Semi—Hierarchy

v Degree of Freedom : Neutralization of Charge, Spin(S), Isospin(T)




Clusters and Semi-Hierarchy

Conventional Hierarchy

wXZIEE

Semi-Hierarchy

174

Of
Molecule '@ v" Smaller Gap between

Hierarchies

v’ Big Gap between

Hierarchies . v" Weakly Bound
v’ Strongly Bound Atomf'.;"izﬁg‘?“‘;. (Unbound)
L] 535U (I )

v Simple constituents: v' Mixed constituents:

Nucleus= Halo Nucleus
“ . N R\ CrOerpe . .
nucleonic” system | Nycleus ="nucleonic”+”dineutron”
== _system

Hadron@

Semi-Hierarchy:

Heavy -~ Key Aspects to
Quark (&9". understand the
Baryon - hierarchical

a

Quark ag @

Q @
T " q

structure of matter

14



Why Now? EHSLTE ., BE

Three Sacred Treasures 3f 8D £

Super Compyter

v’ 1st-principles
Calculations
Lattice QCD

Exact few-body Calc.

Molecular Dynamics

v’ Ultra Cold Atoms:
Interactions can be tuned
- Universal Properties of

many-body quantum systems
“Cold-atom experiments”

Quantum Simulator

v' New-generation
Accelerators

—>Novel Clusters/Correlations

+ RCNP
@ 8 CERN/LHC

New-gen. Accelerators X Ultra-cold atoms X 1st-principles Calc.

- Collaborations> New research area that leads the world




Research Achievements So far &4EEsEIzoLEABZINETORE

P REH24-28T RERL BRI THREZAI T HEFEDEME
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Phys.Rev.X 7, 041004 (2017). B HI R FEEBES>EFSaL—4F—
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Phys.Rev.Lett.115, 222501(2016).PRL Editor’s Choice 7L AJ1J—X
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PTEP 2015, 033D02 (2015). FLRAYY—X, MIEF LR/ E
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Phys.Rev.Lett.116, 102503(2016). FL A1) —R
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v BERAGEERZEROSEFIARESRDERFIEAEH

(E4E5) NP, 19, 103039(2017).Selected as Hightlight of 2017collection
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PTEP 2014, 101D03(2014), PTEP 2016, 051D01(2016)%
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I V' beb-bar#—OFETCHAF7,Z2FHE (RIRD)
ﬁ@ﬁ (review) PTEP 2016, 062C01 (2016).
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* I (ABLL) Annu. Rev. Nucl. Part. Sci. 68 (2017) in press

—— BFQCDIZEDEANYA L DE—REEE (1 3#5)
(HAL Coll.) arXiv:1709.00654[hep-lat], Phys. Rev. Lett. in press
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PFENHZEE(E) ). Phys.Chem.Lett.8. 3595 (2017).




Three-Key factors for clustering and hierarchy formation

v Degree of Freedom(H H JE) : Neutralization of Charge, Spin(S), Isospin(T)
v Threshold (E‘EHEE”) Clustering near Threshold = Semi—Hierarchy
v Degree of Separation(ﬁj\%ﬁ‘l{i): Compositeness, Spectroscopic factor
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One more Key Factor:

Interactions —2Clustering —2>Hierarchy
AT HE R H5RH— e
Key: Understand “the force”:

= Clustering: Strong Inside, Weak Outside
fr(daa<, sHEEE<

e

I

NN interaction >> o0 interaction > (Semi)-Hi ]
(Strong Inside)  (Weak Outside) emij-Hierarcny

a-cluster nucleus: Fixed “a,, a [
—> Ultracold atom: “a.” can be tuned

- Exotic nuclei/Hyper nuclei very different “a”

— 3N force
- Effective interactions (Medium effect) -
- Understand the force from more fundamental level (Lattice QCD etc.)



Research Groups . ¢ C01,C02 A1
B S 4 (Ultra-cold atoms  (Quark gluon plasma)
€ 2  quantum Simulator)
L g DO1
E _,2 B02 (lstCPrlinc):ipIe
3 S (Exotic Nuclei) . A02
=z B01 (Hadrons)
(Hyper Nuclei)

A0l Vx—VfERENFOVEBRZEZCHMEEB(HE : SEEX)

Dynamics to bridge quark and hadron hierarchies (K.Shigaki)

A02 DA—DDSARZI—TinHE< I+ —" - /\rOEEEE (X5 KFARA)
Elucidation of hierarchical structure between hadron and phases by means of quark clusters (H.Ohnishi)
BO1 RhL2T-NNAVYISAZ—TIELME DEE#EE (KK : B8

Clusters of strange hadrons for investigating hierarchical structure of matter (H.Tamura)
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Exotic nuclei for investigating hierarchical structure of matter (T. Nakamura)
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Ultracold atom study of exotic phenomena bridging different hierarchies (Y. Takahashi)
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Universal Physics of quantum matter at the change of the hierarchy and the state (M.Horikoshi)
D01 E—REHENLHALIICT LEEEEDREBEBALEK  ABILIFKEF)

Emergence of mechanism of hierarchical structure of matter studied by ab-initio calculations (E. Hiyama)
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Bridging Hierarchies

‘@ €01,C02 A01 .
-
c 9 ms Quark-Hadron Phase Diagram
S & (Ultra- coldat ms Quark gluon plasma) Exotic Hadrons
5 G ; Neutron Star Matter
T E '
— 3 | )
€ c 4
s g(EXO { A02 ) -
~ (Hadro Feedback
o ~N « Physics of.each hierarchy
0. « Novel . clusters
Threshold CommonPatameters | ). lity/Diversity
Composite- \ W
ness ) Few-b Many-body
Compositeness ster int.
4 15t principl
Calc.

[tra-cold atom
Simulator

5

New cluster states
> X =X

Interaction Scale Density e




Activities of Board of Directors
IR D F E RS

£ 3¥EF Board of Direttors

C01,02 AO1
Itracold-atoms | (Quark Gluon
Qpantum Simulator) Plasma)
- ﬁm \
B02 Principle Calc.)
(Exoﬁ'ﬁ a0 Y EELOFr—U—X
S adrons " (International Lecture Series)
uclei) v MEEBEENT S
(Bridging Hierarchies: Topical WS)
Establish Collaborations among different fields—=>Board-of-directors meetings, News Letter
MELG S HFRIEROE>RENRE. fli=1—X
Workshop/Symposium, Int.WS,Detector WS 3 H G E MRS EERWS - IR HFFWS
Promotion of International Collaboration EE;EEISZ 15
School for young researchers/students HF R+ RV -EFTO0E—F
Public Outreach [E¥R- 7R )—F

. <

Establish practical collaboration/consortium bridging different
hierarchies of matter in this innovative research area !




Summary: What we are aiming at?

Hadrons/Quarks

Ultracold atoms P | /Q |

—>Quantum Simulator - Exis Properties of

<> Universality”  ¢01,02 Exotic hadrons
(Ultracold-atoms A0l

Quantum Simulator) (Quark Gluon
H = lasma)

Principle Calc.)

(Exd A02
. .. (Hadro
uclei) -
\ﬁst-PrincipIe Calculation
Existence/Properties Lower Level>Upper Level
of exotic/hyper nuclei Establish Key Index

Simi-Hierarchy, Novel quantum clusters/particles

Keys: Interactions, D.o.F, Threshold rule, Deg. of Separability
- Universality/Diversity of matter

- Mechanism of Clustering/Formation of Hierarchy of matter

Hierarchy-of-matter Science
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Workshop”Few-body Universality in Atomic and Nuclear Physics: Recent Experimental
and Theoretical Advances”, INT, U. of Washington, May, 2014 (sh#f, IBLU. {B15E®)

*  Workshop”Hadrons and Nuclear Physics meet ultracold atoms”, Institute Henri Poincare,
Paris, France, 29/Jan-2/Feb, 2018. (%}, fBLL. 1B45EH)

* Int. Workshop”Exploring Nuclear Physics with Ultracold Atoms”, ECT*, Trento Italy, 18-
22,June,2018. (E#: 1BFHRE)

*  “Multi-Scale Problems Using Effective Field Theories”, INT, U. of Washington, USA, 2018.

& X D 15l

* “Nearly perfect fluidity: from cold atomic gases to hot quark gluon plasmas”, Rep. Prog.
Phys. 72,126001 (2009). i EREK: SEEFILSIA—V T IN—F 2 TSXIET

* “Nuclear Physics Around the Unitary Limit”, Phys. Rev. Lett. 118, 201501 (2017). 3 =%4
—1BRTOZYME (=42 —BRIZAHFEFTER)
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ZNpA:

S 2T TITo1=[E

EEEMRER

MEBFA2 017 ENOARE (FH=ASE) 2017F£98138 T12818 13pT12 13:30~17:15

SERMZEMRE, ERiWEMAE, RHTFRRMAE, FNTFRAR, fE1ERS RS UA(RE)

Clustering as a window on the hierarchical structure of quantum systems

13:30-14:10  Clustering and hierarchical structure of strongly-interacting systems Takashi Nakamura

14:10-14:35

14:35-15:00

15:00-15:15
15:15-15:45

16:45-16:15

16:15-16:45

16:45-17:15

Quark correlation and cluster

Tokyo Tech. (Exp. Nucl. Phys.)
Hiroaki Ohnishi
ELPH, Tohoku U.

Munekazu Horikoshi

HREIBRFISRAI—CHRABHEOREEHEE
B ERIERSY KEALFvo /IR FHOSAEIR WIssHHE
BEF: 201843H30H(£)31H (1)

Universal cluster science investigated by cold atom experiments
IPST, U. Tokyo
Break

Hadrons with colorful and colorless clusters Makoto Oka

Tokyo Tech. (Theor. Nucl. Phys.)
Yoshiko Kanada-En'yo

Clustering aspects in nuclear systems
Kyoto U.

Clustering and percolation in nuclear and quark matter Keniji Fukushima

U. Tokyo (Nucl. Phys. Theory)

Universal clustering in cold atoms Naidon Pascal

RIKEN

U—Zay? [Z2FAF—RB007+—7, ~Fur, RFEETLTRT
201743 A 16 A (k) 10:00-16:30
KRR WHEFy AR i

10:00-10:10 (X LI : T—2 i a v TOMS TS e )
10:10°10:25 A b Py g — s aGipnFar s 45 A5 — [RERg %l
10:25-10:40  J§l FREIC BN D EE -2 7 A F —DHEE S P )
10:40-10:65 7 4 — 7 REBT ROBELHES =W PERT
10:55-11:10 : LTERED Y+ — 2 O E 2 7 AR — PN EA|
11:10-11:25 Ly r— s OHBLE S T AY— B8 - f
11:25-11:40 (TR TR S 7 +— o OB E 2 7 A8 — fE R W
11:40-11:55 FE{ERE T BD 74— 7 7 BT RORTZHES SE—

11:55-12:10  FHR & 7 7 A & — TRENET 5 SRS RES 0 5 BLERHE HE L 7
Lunch

13:30-13:50 Interactions between clusters on a lattice (R34 g
13:50-14:10  #~ K 2 OfF 5 & Ao b — 5 FLEPr i
14:10-14:30  Clustering in nuclear systems HE 5T
14:30-14:50 Hierarchical structure of matter states and a unified description on
the viewpoint of BCS-BEC KigvE L
Coffee Break

15:10-15:30  FHFHIEAN 278 <7 o — 7 WL L i HIRL TR BRI
15:30-15:45 Search for alpha condensed state in sd-shell nuclei JIm R
15:45-16:00 AHRIE @R Rk U — A TERD Y Aot WFifg 2

16:00-16:30  Gffiim. #840

38308 (&)
10:30 10:35 #&HI< PFEE RRIEKF
10:35 11:05 B F VSR —THABDEDOREEE—F PHES HERIEXP
11:05 11:35 RFZBE/N\FOVBERES =KL AN BEO{-F Hitx®
11:35 12:05 WRWBRISRERFEICETHI5R5—1EE HIGHRSA KRKFHMEHRR 52—
BE =
1320 13:50 BRELREDV BB UHEFROAIREYE MR- RRKP
13:50 14:20 Bose-Einsteinf#E (A DA R LB HHEAFT EERKXF
14:20 14:50 HHRFERF-/ \FOUYBEOLCE RS BmEKNT FERIEXP
14:50 15:20 1B{ER R F CHRABEBEM T/ FuomtRR BIEES RMKF
Break =
15:40 16:00 3RS | HWHAEEAT DI RTARY D EF&E BEFMA HERIXKFE
1600 1630 BFEAROME app- FRATEIHRNNES
16:30 17:30 T4 RHway P S
18:00 20:00 B|EE -
3A318(x)
900 930 JF—YHSRE—THARIA— KO RERHE KEER TLAFRTHREHR
9:30 10:00 Can heavy quark probe spin, flavor and “diquark”? ®RIRE PR KRCNP
10:00 10:30 V4 —0@ENROVU EELE S BRHE HEEK LBXZ
Break -
1050 1120 BEEHS +—INEI=H T DRBME meg= TEAFRERURRME
11:20 11:50 #TIANAIN—1%EVSRE—BHEZ BERZ RBXF
BRE -
FORNF ANFIRIEFRUTA
13:00 13:30 EFHCMABLERFROKRKE AEHNT Emﬁfﬁ%fﬁﬂ%ﬁﬁﬂ%ty
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