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Cold atom

Cold atom T=107K

—Quantum phenomena at low T

Highly controllable

Interaction, dimension, ...

l

Realize various systems

- Superfluid
*Unitary fermi gas _
*Topological phases o

° Efi mOV State Magnetic Field (G)
Pollack et al, Phys. Rev. Lett. (2009) 2
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Feshbach resonance

a : s-wave scattering length = strength of interaction

Feshbach resonance 10
Tuning of scattering length a
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Realise large a
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Reproduce strongly correlated system 10

Scattering Length (a,)
o
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Magnetic Field (G)

Quantum simulation of strongly correlated system



Efimov state

3-identical boson with a = +o
Infinite number of bound state

Discrete scale invariance

Sequence of 3-body bound state
connected with scale transformation iy wimers

EHFEE, [FFEHE Vol 64, 90 (2019)
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Universality of Efimov state
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cold atom magnon nuclear system

Interaction, scale are completely different

\—'—l

exhibit Efimov state

Universal phenomenon in 3-body system



3-body parameter

3-bod 3-body binding energy
-body parameter 3-body loss rate peak a_

Efimov trimers

K*xX1/a_

BRET. FFEHE Vol 64, 90 (2019) 6



Universality of 3-body parameter

3-identical boson + vdw =
J a_- ~ — (89 + 1.8) qw
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Universal relation 2 . . . . | |
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a_/rygw = —9.1

van der Waals length /4w (nm)
P. Naidon, S. Endo, Rep. Prog. Phys. 80, 056001 (2017)
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Efimov state in mixture system

Bose mixture system
heavy-light scattering length = o0

‘ Efimov state appear

Fermi mixture system
heavy-light scattering length =

Mass ratio % > 13.6069 ...
‘ Efimov state appear, not observed

V. Efimov, Nucl. Phys. A 210, 157 (1973).
D. S. Petrov, Phys. Rev. A 67,010703 (2003).

New candidate for Efimov state in fermi system

Fermi Fermi



3-body parameter under vdw + dipole interaction

Feshbach resonance Er-Li mixture
Er-Li: Schéfer, Mizukami, Takahashi Phys.Rev.A:105.012816(2022)

Er mass > LI mass ‘ Fermi Efimov state !

$ o

Efimov state with van der Waals + dipole int.

Er atoms : Strong magnetic moment
Dipole interaction is important

‘ 3-body parameter universal?

(3-body parameter &= a_e= Binding energy at unitary limit) ¢



Set up
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Particle

2-heavy (spin polarized) + 1-light Hght(L)

Q

Interaction ”"i:‘:;)y contact /N unitary contact
2 0 (HL)
Heavy and Heavy MM 5 (r) - o, /’ \\\Qmﬂ 53(r)%r
Dipole + van der Waals ,/ N
C4(1 —3cos? 6 C 4 S
ad 3 ) g dipole + van der Waals
r r c—b
Heavy and Light ’ - Caa(1 —3cos’0)  Cg | -
unitary contact interaction eavy(Er) rd r6  Heavy(Er)
M M

27 HL) 0

3/, Y (HL)
p 6°(r )87°T (a 1 o0) "




Method
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Born-Oppenheimer approximation

M/m is large
—  BO approximation is appropriate

2—heavy + 1-|Ight ‘ 2-heavy
[ W)
van der Waals ¢ ™\ van der Waals o o
H Caq(1 —3cos?0) Cg %
rs r6  2mr?

Y 4 \
Q= 0.5671... /

Effect by light particle 13



QDT & Coupled channel calculation

( 1 )Quantum Defect Theory (Non-dipole) g rsrevasairzsios

Gao, et.al. Phys.Rev.A:72.042719(2005)

Interatomic potential at short range : Complicated
‘ Impose hardwall potential r < Rpnin  (Rmin < Tvaw)

R, determined

Cs
1 N -
Binding energy,
oHE , »(FD  determined short range impose
V(r)l~ © —complicated hardwall B.C.

(11 )Numerical : Coupled channel calculation(dipole)

Dipole interaction : anisotropic ) Mixture of different ¢ states
14



Non-dipole

Analytical calculation

15



Analysis in non-dipole system

T = Rmin

vdw T

9k Cs
2mr2 r0
1 ,
I'vdw = i(MCG) 4

16



Non dipole analysis(C;,; = 0)

Analytical calculation(low energy expansion) with Quantum Defect Theory
- 2-Heavy Boson + 1-light

qHH) ; Scattering length between heavy bosons

s

1 I'vdw
7T|30| a(HH)

4 I'vdw

arctan

tanh

\

3-body parameter : Universally determined by 7vdw, o™

- 2-Heavy Fermion + 1-light

,UngH)

: Scattering volume between heavy fermions

v . N 1 F(i) (
an —m —
1 vdw 8 3\/§ (%)

—— < arctan

tanh ——
+
\ 4 r"ﬂéd‘w 3\/5 F(E

I
mls o L T(d)
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1 —tan -7

8

3-body parameter : Universally determined by 7.qw, v, 17



Numerical analysis for Boson

1

I'vdw = _(MC(S)%

Non dipole(a;; = 0)
~Intermediate dipole region
(add ~ rvdw)

Add =

2

3




Analysis in dipole system(Boson)

19



a.,_qq VS Energy

| | | | | | ‘I\\I | | | | : | | | | |
-101 -100 -107" -10721072 101 10° 107 102

(HH) (HH)
Fydw /G5 Tvdw /Gy .
ad - — Analytlcal

Multiple curve collapse into one universal-curve (¢ =0£=0)

. . Numerical
Analytical result reproduces numerical result ® (coupled channel)

c.f. Stephan Héfner et al, Phys. Rev. A 95, 062708 (2017) 2 0



o HH)

Aot —dq VS Energy

_ 1 1 MC
add/rvdw = 0.4 Tvdw = Q(MCG)“ Add = de
-1074
_10-3_.-._"‘“-'-"—-\——-‘A
— i —
~ S
~
= -107~ .
\1_(\ L
~10"" N (1=0,2)
_1003|\  ° L e \|_u||\| \ ) :_ ! L \_ | !
~10? -10' —~109 -10~" -10721072 1071 100 10 102
Pydw/ali) Pydw /a0

— Analytical
(add = O,‘g = 0)

@ Numerical
(coupled channel)

21



o HH)

At —dq VS Energy

Aga/Tyaw = 086755 (10CEr- 10Er) ruw = 5(MCo)t ag=

C | | | | | | | [ ‘I\\I | | | | : | | | ‘ |
-102 -101 -100 -107" -10721072 101 10° 107 102

Tvdw/ a’“(riljllggl Tvdw/ avgiIinc)i .
Renormalized van der Waals universality @y = 0, = 0)

*Non dipole curve reproduces dipole behavior @ Numerical

- All effects of dipole interaction incorporated into gHH)  (coupled Chanz"“i')



Estimation of 3-body parameter for Er-Li

o)
Species 7Tvaw|ao] @ad|ao] ™ [ao]  Karvaw r_
vdw
0.495 -10.1
0.107 -46.7

166 671 ;
Er-’Li 755 655 08 999x102 THIT

4.94%1072 -1.01x10°

0.352 14.2
7.65x107%  -65.3
1.66x10°2 300
3.62x1073 -1.38%x 103

168 611 75.8 66.3 137

0.298 _16.8
6.55%x 102 _76.6 Efimov trimers
1.44%1072  -349

3.16x1072 -1.59%x 103

TORr 81 76.0 67 221

3-body binding energy («k*7,gw)

Estimated from non-dipole analytical relation a(f') and energy

3-body loss rate peak (aV )
Calculated from above k*+ zero-range universal relation k*, a_

23



Numerical analysis for Fermion

Fermion Fermion 24



vi™ under dipole int & alternative parameter

Fermi non-dipole system

Obtain relation v{" & 3-body parameter(E : binding energy)

However...

J. L. Bohn, et.al. New J. Phys. 11, 055039(2009).
Alternative parameter

Asymptotic form of wavefunction (p-wave)

1 1
48 48 rvdw = —(MCg)2
w1 (r — 00) = /7 Js( 5%{)@?)1@( "’d’d)] aw = 5 (MCs)

Obtain relation between KC(’?DD) and Energy
25
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-10? -10" -10° -10 = -1072107? 101 109 10’ ; 1.'02
/K8 /K
3'b0dy parameter(binding energy) ¥ Numerical
(3 ) (coupled channel)

. D
determined by K., ryqw » Qqa 26



Conclusion

Non dipole system

-3-body parameter universally determined r,,,, , " (v,""")
- Analytical curve of Efimov binding energy obtained by QDT

With Dipole int.

*Renormalized van der Waals universality

‘ QDT analytical curve (vdw only) universally reproduces Efimov binding
energy, even with dipole int. Once the dipole effect is renormalized
into s-wave(p-wave) scattering parameter

-Comparison with experiment a_

Strong Dipole int.
*3-body parameter universally described by 1D-scattering parameter.

Oi, Naidon, Endo, Phys. Rev. A 110, 033305 27
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