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Ultracold atoms 3/19

Coldest systems in the universe |
T=1upK~10 nK

Very pure & dilute




High controllability of ultracold atoms 4/19

» Statistics & internal d.o.f by atomic species and isotopes

Bosons ("Li, 22Na, 39K, 41K,---)  Fermions (6Li, 40K, 173Yb, ---)
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Figure 1. Hyperfine energy level diagram of D, transition in *’K and *°K. Gokhroo, et.al., (2011)



High controllability of ultracold atoms ~ 4/19

» Statistics & internal d.o.f by atomic species and isotopes
» Control of parameters Feshbach resonance — Interaction
> Spatial geometry 40K
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Regol and Jin, PRL (2003)

Highly controllable systems
Ideal ground to study universal physics near resonance



Universalities near resonances
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E.g. S-wave resonance in 3D
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5/19

(AT ~ T_]/Za Imean ~ n_]/d)

Universal !l

f
dependenT of details of V(r)
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1D systems near resonances 6/19

[ Bosons near eJ 3D gases [ Fermions near J

an s-wave resonanc a p-wave resonance

v Confined to 1D v
ggin(gzego&ztflume'

Olshanii, PRL (1998)

1D bosons hear 1D fermions near
an even-wave resonance anh odd-wave resonance
Bose-Fermi
9 correspondence 20
Vg(z) = ———§ _ 2O s
b(@) = ——— () Vi(e) = =28/ ()D,

Lieb & Liniger, Phys. Rev. (1963). (h _ 1) Girardeau & Olshanii, PRA (2004).

~ 0
Regularized differential : D, = lim <— o)

x——+0



Bose-Fermi correspondence (1) 7/19

Hard-core bosons Free fermions
2
Vs(z) = " mag o(x) < > Vr(z) =0
— 100

7~ Bose-Fermi mapping N

Up(z1, - ,on) = AVp(xy, - ,on) A=]]sen(x;)
\ Ep=Lpr=F Girardeau, J. AX;F? Phys. (1960), 4
Correspondences of

lp=Zp=2=Y ¢ B/t Up|? = |Vp = |9

E

Thermodynamics Density correlations in cord. space



Bose-Fermi correspondence (2) 8/19

Bosons ag =apr = a Fermions
Ve(z) = — 2 6(x) < Vi(z) = 2555/( ) D,

mapg

Cheon & Shigehara, PRL (1999);
Girardeau & Olshanii, PRA (2004).

Bose-Fermi map
Up(z1, - ,on) = AVp(2y,- - ,on) A=]]sen(x;)

- - 1<)J
EB — EF = F Girardeau, J. Math. Phys. (1960),

Correspondences of
Zp=Zp=2=Y e P/FT Vgl = [Up|

Thermodynamics Density correlations in cord. space
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2. Universal relations for 1D bosons & fermions near

2-body resonances
Y. Sekino, S. Tan, & Y. Nishida, Phys. Rev. A 97, 013621 (2018)



Purpose of our study 10/19
1D bosons near 1D fermions near
an even-wave resonance anh odd-wave resonance

How does similarity and difference appear
in universal properties b/w bosons & fermions ??

o << AT, n-l, |a|

Universal relations

v' Exact constraints for any (a, T, n)

v' Characterized by quantities called "contact(s)"
Tan, Ann. Phys. (2008).




Universal relations for bosons 11/19

v Tail of momentum distribution (MD): Olshanii & Dunjko, PRL (2003).

pB(k) = <%5Mk> _ A6

a?k*

r mabmw of )

Contribution from Sahoe o
2 particles at short range -boady contac

P
\_ y

Few-body d.o.f — short-range scale

k) ro<< k'l << At, n, |a|

k-1

—
AT, n_l



Universal relations for bosons 12/19

v Tail of momentum distribution (MD): Olshanii & Dunjko, PRL (2003).

~y o~ 4C
pp(k) = <¢;2¢’“> B a2k24 +O(1/k) ro<< k' << Ay, n, |a

v' Adiabatic relation:

dFE Cy
da_l g m Lieb & Liniger, Phys. Rev. (1963).

v' Energy relation (ER):

dk k? C
E = / 5 pB(k) — —2

2T 2m




Comparison b/w bosons & fermions 13/19

4C
v Tail of MD pi(k) = =7+ O(1/k")  (boson)

(ro<< k' << Ay, ', |al):

or(k) = % + O(1/k?) (fermion)

Cui, PRA (2016)

v Adiabatic relation: ( ab ) __%  (boson & fermion)
S

m
, dk k? C
dk k? 4C%5 Cs 2C'3 :
E — _ =2 ~2 2238
/27r 2m ( k2 ) i ma T m (fer‘m|_on_)
YS, Tan, & Nishida

PRA (2018)
3-body contact C;

< ------ > RG analysis in QFT I
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Summary 19/19

1D bosons near 1D fermions near
an even-wave resohance an odd-wave resonance

Bose-Fermi
correspondence

v" Universal relations are
1. Exact constraint for any parameters
2. Characterized by C, & C3, which are identical
b/w bosons & fermions



