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Four-boson Efimov physics
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» momentum-space scattering equations
# atom-trimer and dimer-dimer scattering
# four-atom recombination



Four-particle scattering

Hamiltonian Hg + Z Vij

>

# Wave function:
Schrodinger equation

# Wave function components:
Faddeev-Yakubovsky equations

# Transition operators:
Alt-Grassberger-Sandhas equations




Four-nucleon reactions
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Symmetrized bosonic AGS equations
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basis states partially symmetrized



Scattering amplitudes

Two-cluster reactions:

Tt = Sti (@ |Uti |@)
@) = GotPj|@;)
D) = (1+Py)|@;)

four-body breakup/recombination:

Toi = Soi{ (@o|[1+ (1+ P1)Psa](1+ Pp)tGo U1 GotGo Ui | @)
+ (@] (14 P1) (14 Po)tGo U, GotGo Uz @) }



Wave function

Wi) =s{[14 (1+ Po)Psaf(1+P)[W1j) + (1+PL)(1+P2) W2)) }
with Faddeev-Yakubovsky components

NJj,i> — 5ji |(ﬂ> —I—GotG()UjGotG()Uji |(ﬂ>



Solution of AGS equations

U11]@1) = Gy *PsaPr|@1) + PsguiGotGoU11|@1) + UxGotGoUo1|@r)

» momentum-space partial-wave basis,
two types, partially symmetrized

kel (dy) S & [kl (1dy)SHI)-

#® set of coupled integral equations in 3 variables
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Solution of AGS equations
U11|@1) = Gy P34Pr|@1) + PaauiGotGoU11|@r) + UxGotGoUoq | @)

subsystem bound state poles at E —kZ/2u; — —bf
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Solution of AGS equations
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Solution of AGS equations

U11]@1) = Gy *P34Pr|@1) + Psgqui GotGoU11|@1) + UGotGoUo1|@r)
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real equations below three-cluster breakup threshold by
uj —2u; and Uj; — K; (K-matrix)




Separable potential
# universal — independent of short-range details
v=19)A (9] 91,0

t=19)1(g| a0
(ke|g) = [1+ Ca(ke/N\)?)e K/ V*

e

rank 1. at most 1 (shallow) dimer

e

small system of 2-variable integral equations for
i (IK/Ke[(Ixly) SE]I[GoKi|@):

(9/GoK11|®1) = P3a(9|P1|@1)
+P34? (9|Gou1Go|9) (9| GoK11| 1)
+2 (9|GoU2Go|9) T(9|GoKo1|@1)
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Separable potential
universal — independent of short-range details
v=19)A(d| Oi,0

t=19)1(g| a0
(ke|g) = [1+ Ca(ke/N\)?)e K/ V*

rank 1. at most 1 (shallow) dimer

small system of 2-variable integral equations for
i (IK/Ke[(Ixly) SE]I[GoKi|@):

(9/GoK11|®1) = P3a(9|P1|@1)
+P34? (9|Gou1Go|9) (9| GoK11| 1)
+2 (9|GoU2Go|9) T(9|GoKo1|@1)

lx =0 but ly,l; <3 needed for convergence!



Efimov ratio bn/bn_1 for trimers (a — o)

(ke|g) = [14 Ca(ke/A) e K/ N°

n .c,=0 . co = —9.17
1 548.114 2126.360
2 515.214 518.570
3 515.036 515.042
4 515.035 515.035
5 515.035 515.035




Unstable tetramers in atom-trimer scattering
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Unstable tetramers(a — o)

n Bn,l/bn I_n,1/2bn Bn,z/bn I_n,2/2bn
.0 5.6402 1.04185
1 45169 0.03363 1.00105 3.82x10°“
2 46035 0.01366 1.00216 2.14x10°°
3 4.6098 0.01471 1.00226 2.36x 104
4 4.6102 0.01484 1.00227 2.38x10°4
5 4.6102 0.01483 1.00227 2.38x10°“
1.0 3.2192
1 4.9923 0.01360 1.00996 4.18x10°“4
2 4.6108 0.02084 1.00227 3.34x10*
3 4.6098 0.01493 1.00226 2.39x10*
4 4.6102 0.01483 1.00227 2.38x10°*
5 4.6102 0.01483 1.00227 2.38x10°*
[UC,n<1] 458 1.01

[UC: J. von Stecher et al., Nature Phys. 5, 417 (2009)]



Unstable tetramers




Unstable tetramers

unstable bound state

T

Inelastic virtual state
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Tetramer: UBS = IVS
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Atom-trimer scattering: tetramer UBS vs IVS
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IVS properties from effective-range expansion:
—1/An+ 3rKZ —iKp =0



Atom-trimer scattering length: UBS = IVS
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T = 0 atom-trimer relaxation: B2 = —(4mh/py) Im A,



Unstable tetramers
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Dimer-dimer scattering length
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Four-atom recombination at threshold
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Comparison with other works

aﬂﬂ/aﬂd ag,dz/agd a'r(‘)n,l/ag ag,z/ag Nmax
A.D. | 0.3235 0.9995 10426 0.912 |4
[UC] | 0.352 0.981 0.43 0.90 2

(1—ag9/agd): 0.0005 vs 0.019

[UC: J. P. D’Incao et al., PRL 103, 033004 (2009),
J. von Stecher et al., Nature Phys. 5, 417 (2009)]



Atom-trimer scattering: L > 0 phase shifts(a — o)




Atom-trimer scattering: cross sections(a — )
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Dimer-dimer scattering. cross sections

a/ad = 0.951

o(dd - f)/a’

' a/al’ = 0.814
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Summary

four-boson AGS scattering equations
IN momentum space

atom-trimer and dimer-dimer scattering

properties of unstable tetramers:
universal limit with high accuracy

four-atom recombination Energy 1/a

future work: % ------- t() ........... ;

inclusion of deep dimers !
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