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Self-introduction

Research topics:
Few-body physics
(ultracold atoms)

*  Quantum information

* Hadron physics

* Expansion dynamics of cold
atomic clouds
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Ultracold atoms: Quantum regime

Atoms and molecules Nucleons and nuclei Quarks and hadrons

Quantum kinetic energy: Temperature: Quantum kinetic energy: Temperature:
2 2
Usual conditions: —; ~40mK <« 300K Usual conditions: n:ldz ~4-101K > 300 K
~ , ~ 40 MeV
4 neV Hot and classical © Cold and quantum
Ultralow temperature: 1 mK > T

Cold and quantum Similar physics

* Tabletop experiments — e Collision experiments in accelerators
: . s Quite different -
* High controllability with light e Little control
and eIectromagnetic field ©P. Naidon, Tohoku Lecture
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Ultracold atoms: Quantum simulator

Ultracold atoms as quantum simulator / analog system:

* Light nuclei, EOS of nucl. matter & - few-fermion system, self-bound droplet  Serwane et al., Science 332, 6027 (2011)

* Neutron stars, quark-gluon plasma < -2 unitary Fermi gas: Zwierlein et al., Nature 435, 1047 (2005)
 Halo nuclei, Efimov effect: Kraemer et al., Nature 440, 315 (2006)

* Nucleon dressing by Meson cloud € - Bose polarons (impurity): Jorgensen et al., PRL 117, 055302 (2016)

* QCD < - Three-component fermi gas: Naidon et al., New J. Phys. 21 073051 (2019)
e Chiral Symmetry Restoration and Charge Confinement: Gonzalez-Cuadra et al., PRX Quantum 1, 020321 (2020)

» Studying cold-atomic systems can provide insights to other fields
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Ultracold atoms: Experiments

Trapping

coil

Source Deceleration lasers

Chamber or
glass cell

“Zeeman slower”

©OP. Naidon, Tohoku Lecture
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Ultracold atoms: Control & tunability

Interactions Dimensionality
Nature 392, 151 (1998) articles

Observation of Feshbach
resonances in a
Bose-Einstein condensate

S. Inouye*, M. R. Andrews*f, J. Stenger-, H.-). Miesner-, D. M. Stamper-Kurn* & W. Ketterle*
N artment ics and Research o Elect: of mology, Cambs

Depa of Physics and R Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

10F

5
ms /N

Vdipole X |E(T)|2

Scattering length a/a= v

03 E

Magnetic field (G)

Bloch, Nat. Phys. 1, 23 (2005)
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Three-body resonances: Motivation

Why study few-body physics?
— helps to understand many-body phenomena: 3-body losses, 3-body force, ...

-2 intrinsic interest, e.g. Efimov effect
9 inte rd | SCi p | | na ry Control of reactive collisions by quantum interference

uemo son @ iy paek @ iy @ aiano ssmwson O‘T\J'SKARMAN O‘,-uo worreans kerreree @ authors info & Afiiations

Reshaped three-body interactions and

the observation of an Efimov state in SCIENCE - 3 or 2072 PHYSICAL REVIEW LETTERS 128, 020401 (2022)
the continuum
mm‘-‘- N Bose-Einstein Condensation of Efimovian Triples in the Unitary Bose Gas

S. Musolino®,"” H, Kurkjian®,* M. Van Regemortel©, M. Wouters®.* 8. J. J. M, F. Kokkelmans®,' and V. E. Colussi @™

Why study three-body resonances? N
Mass Ratio Dependence of Three-Body Resonance Lifetimes

- Most 3-body states are not stable bound states, but resonances i mand3p Few-Body Systems 65, 32 (2024)

PHYSICAL REVIEW C 102, 054303 (2020) Efimov states in excited nuclear halos

. . . 3 PHYSICAL REVIEW B 105, 155417 (2022
Shimpei Elulul'ﬂ and Junki T;\11;1h12'3= ¢ )

Resonant states of iBe with & + & + A three-body cluster model

Linewidths and energy shifts of electron-impurity resonant states
in quantum wells with infinite barriers

Qian Wu©,'" Yasuro Funaki®,>*! Emiko Hiyama,**# and Hongshi Zong® 5675

Pavel A. Belov®”

Why study stability & lifetimes?
-2 relatively unexplored
—> control, tunability, applications require stability
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Three-body resonances: Fundamentals

Naidon, Endo, Rep. Prog.

. Efimov states are usually resonances Phys. 80 056001 (2017)
Lk
"g x T:;:Z;:::y Parti.cle—dimfer 1 Parti-cle—dim-er 2
g contintum scattering continuum scattering continuum
= x 0_,;.' ‘.
scattering L) . Efimov 3 +  Efimov
> . . It . i
- 0
X | x :
x * X5 X x
anti-resonant | & resonant =
T =
-
(=W
Hatano et al., J. Math. Phys. 55, 122106
(2014) .

Strength of the two—body attractive interaction g

complex energy Lifetime @

l h —h

E=FEq—~T _h__Th O
R™73 T T 2mE =

<« —>
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Three identical bosons in 3D
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Two identical bosons in 3D

2-body Feshbach resonance:

=1 0.000
— —0.001 | == - ‘60/;
m —0.002— E
Pairwise contact interaction with >_oo003L oo
momentum-dependent scattering length S oosl !
C I
1 W —0.005 | | /
a(k) = apg — R*(e, — k2) ep = Sup(B — Bo) 00080 =03 02 <01 o0 0.1 0.2
b Magnetic field B — B, [E " /ou ]

Two (2-body!) channels characterized by:

* Qpg4 : Background scattering length

e R™:Strength of the resonance

* ep: Shifted energy of the bare bound state
* B :external magnetic field
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Three identical bosons in 3D

Solution via STM equation

B =1 0.000
5 . /I
x I
) —0.002 |

Pairwise contact interaction with > 0,003

momentum-dependent scattering length —0.004 |

—0.005

Ener

1
a(k) = Odbg — ep = 6up(B — Bo) —0.006 T 03 —02 -o1 0.0 0.1 0.2

* _ .2
fx(ep = %) Magnetic field B— B, [E " /ou ]
x 1074,

Two (2-body!) channels characterized by: 310 ——T
* apg : Background scattering length ; 107°
* R*:Strength of the resonance 5 10°
* ep: Shifted energy of the bare bound state = 04 -03 -02 -01 00 . 0.1 0.2
* B :external magnetic field H, etal. arxiv:2503.02037 " agnetic field BBy [E/on, ]

» Three-body zero-width resonance in Efimov scenario via tuning of an external magnetic field
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Bound states in a continuum (BIC)

Bound state in a continuum (BIC) = zero-width resonance (I' = 0)

Uber merkwiirdige diskrete Eigenwerte

REVIEWS

). von Neumann & E. P. Wigner

von Neumann and Wigner, Phys. Z. 30, 465 (1929)

Bound states in the continuum

Chia Wei Hsu'*, Bo Zhen?3*, A. Douglas Stone', John D. Joannopoulos?
and Marin Soljacic?

Hsu et al., Nature Rev. M. 1, 16048 (2016)

Realization so far mostly in photonics

Several possible mechanisms:

- Symmetry protection (angular momenta, spins, ...

- Interference of two resonances

Here: Continous tuning of system parameters

)

0.000
— —0.001

x

[y —0.002

> _ |
= 0.003

—0.004
—0.005
—0.006

Ener

=
ol

=
OI
o

(o]

Width ' [E "]
SI

Solution via STM equation

_ (3) /

- | E, +T

|
o
IN

[

0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2

Magnetic field B — B, [E " /ou ]

—=— [

03 —02 -01 00 01 02
Magnetic field B — B, [E " /ou ]
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Pole trajectory

Pole trajectory by variation of ¢, x B

0.000000
0
—=0.000025
3
= —0.000050 f
]
—0.000075
—0.000100

~0.006—0.005—0.004—0.003—0.002—0.001 0.000 0.0C
Re(FE)
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Can it exist in nuclear & hadron physics?

1004 TR —T T —
170,'8,2,2,1/ T
] T e T S ST T T
10—5 '..-"::.-'-",-:':-.P'—‘- E .____,.....-:-.'.'..'!;
SRR ]
PHYSICAL REVIEW D 87, 094002 (2013) 1. et ]
e . .- 1 3 . o 3 v..' - - 3
= baryon strong decays in a chiral quark model " .
S 56,"10,2,2,1/2
@ .
Li-Ye Xiao and Xian-Hui Zhong* = A ] r '
. L . . = 1 70,78,2,0,1/2 56,78,2,0,1/2
Department of Physics, Hunan Normal University, and Key Laboratory of Low-Dimensional Quantum Structures 1
and Quantum Control of Ministry of Education, Changsha 410081, China 0' - 3
(Received 4 February 2013; published 2 May 2013) ] e s . 3
14 . . .-----_-..":.J' ‘_--r‘l;r'i'::-:a-l. ‘.:"“:’f"‘-:
.. ) P I - * i ,‘- f" . F
coid. s 7 ] Lo Y]
E ‘:i ! L T T ‘:\.' T "(.. - — -
= 2 : { 2000 2100 2200
=~ 70,10,2,0,1/2 M(MeV)
total = = ===
B G v
==+ =Z(1530)n
E .. e ] .........2(1385)R
oql 20 i A(1405)K
2000 2100 2200 =:=-- A(1520)K
M(MeV)

FIG. 3 (color online). Strong decay properties of the JF =
1/2" excitations in the N = 2 shell.
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Two-channel model & WKB

Three-body system via
Feshbach-like two channel model

_ Ho,o Ho,c
Hc,o Hc,c

Bare (uncoupled) states via H. ., H, o

Isolated resonance theory:
2
= 27T|<q)o,klw)| ) lw) = Ho,clq)c,n)

Naidon et al., PRA 100, 042710 (2019)

» Channel-coupling leads to finite I’

Scattering state via WKB:

D, (r) x \/%cos (a + fdr’ k(r’))

Chin et al., Rev. Mod. Phys.
82,1225 (2010)

closed channel

entrance channel or
open channel

Dre(1) = 2.“ E(B) - E(Z)]

Atomic separation R

Key observations:
* Oscillating integrand can lead to total cancellation
* Some non-monotonicity is required in w(r)
* Frequency tunable via mass ratio § or energy gap AE
* Single resonance in a single continuum is sufficient

» Possibility for a BIC in few-body systems
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Example: 2+1 system in 1D

Gaussian interaction

M (rij/T0) 2 LH, et al. arXiv:2503.02037
V:i:(r) = vae Vij/'0 =15 F s
M/m — ﬁ l]( ) 0
__—20¢f
. _— q X X %
Born-Oppenheimer approximation: > 725
(light atom = eff. exchange particle) % _30
- T _ys I Bt e
ht @ —35¢ By e E!
[— - Uc(Z)] Pc(2) =0 9
2Upp 0z 1 e S e SRTEEPEEREREES SEEEERERETEeS
BO potentials = 10°}
—2t )
D Al — 1075}
£ 10
=—4 10 —o—BO 2-chnl
E 4 _g_: . ——full 3-body
10 C L L L @ | & |
3—6 C|=—U gpen 1 2 3 4 5 6
- U,y relative momentum p_ [h/z]
—8r _¢c n
’ | | | | Pret X + 1+p

-15 -10 -5 0 5 10 15
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Pole trajectory: 1D

Pole trajectory by variation of p,.;

-2.6 —2I,5 —2I.4 —}_':'.3 —l;.2
Re(F)
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Analytical approximation

Approximations:
- U,: square well with energy shift a, depth b, width ¢

- w(r): const with width ¢
=
BO potentials E
2t —
B T — -
.l AE = Ep—a—b 510!
En N [ = —e—BO 2-chnl ?
o \ —— full 3-body
~— 7O U e T _15| |~°—analytical
b _Uclosed 10 _' L L L L ®
~8+—¢,, 1 2 3 4 5 6
- - - S EAS - - relative momentum p [h/z]
-15 -10 -5 0 5 10 15 rel

Damped-osciallatory behavior:

2
81T Sin (C\/AE(l + ’3)) » points with zero width (stable resonances)
» power-law decay with py;

AE3/2 (1+ ,3)5/2 » Dre; dependence from scattering state

rp) =
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Open-source few-body solver

Open-source julia package: FewBodyToolkit.jl

using FewBodyToolkit

# Define the interaction and masses of the particles:

vi2(r) = -10/(1+r~4)
Features: V23(r) = -8/(1+r5)
masses = [1.0,1.0,2.0]
* 2-body, 3-body
# Define physical and numerical parameters
° 1 D 2D* 3D pp = make_phys_params3B3D(;mass_arr = masses, vint_arr=[[v23],[v23],[v12]])
) ) np = make_num_params3B3D(;gem_params=(nmax=10,r1=0.2,rnmax=20.0,Nmax=10,R1=0.2,RNmax=20.08))
. . *
i Energles and Wave funCtlonS # Solve a 3-body, 3D quantum system with your interaction and masses.

@time energies = ISGL_solve(pp,np) # ~B8.5s on an average laptop

Bound states, resonances
Observables (central, square radii) @f’:;g' @

0.3 .;g
P R
§805%%e° o e
Documentation and Examples %&; *:?.:i-
@m&igﬁdﬁ'ﬁ; https://github.com/lhapp27/FewBodyToolkit.jl




Energy (a.u.)
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Realization in ultracold atoms

Photoassociation of three-body resonances

NaK(X'Z")+K(4°P) |

NaK(X'Z*)+K(42P)
NaK(b’[1)+K(42S)

NaK(X'z*)+K(42S)

) a)
NaK(b°IT)+K(42S) 12000 f
10000}
% 776G g 8000 b NaK2 32A
8 Nak+K - 228
2 ©e > 6000} -
j B A
2 NaK (X' )+K(42S) ::j 4000 f 1?B,
P® 2000 }
0 L
0 Interatomic separation R

Cao et al., PRL 132 093403 (2024)

Controlled collision of cold
atoms and cold molecules

St

()

& w i W’w WW

g:zo '*J‘ | .?ll f:till .:i lgl L1

200 400 600 800 1000 1200 1400
Bias field (G)

Park et al., PRX 13 031018 (2023)
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Gaussian Expansion Method (GEM)

PO Re) = 3 ol

X {Yim (%C)YL“MZ'(‘F:{’C)]

=l
i

DY) 1 (Re)

JM

2

Gn1(r) = Ny rle "
wN,L(R) — NNJLRLe_)\NRz

Hiyama et al, Prog. Partcl. Nucl. Phys. 351, 223 (2003)

3D: only s-wave ([ = L = 0)
1D:no Y ;1L € {0,1}

Complex Rotation Method (CSM)
r = rexp(if)

HO)=T+V()
H(O) = T exp(—2i0) + V(r exp(if))

- Resonances can be found via bound-state
methods

i
Im(E)
threshold
o-—6—© / = Re(E)
~ 28 .

bound .

states Resonances
(a) rotating continuum

Moiseyev, Phys. Rep. 302, 211 (1998)
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