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Motivation and Outline

Lower dimension

Stronger interaction
More quantum

Outline:
Ø Strong coupling ansatz w.f. of 1D strongly interacting spinor gas
Ø Observation of spin-charge separation in 1D Fermi gas



Hard-core spinless bosons: fermionization

Bose-Fermi mapping:

1D hard-core spinless bosons à free fermions 
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Hard-core spinless bosons: fermionization
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Bose-Fermi mapping:

1D hard-core bosons and free fermions
have the same energy spectra
have the same spatial density profile
all physical quantities involve only the square of w.f. are identical

Physical quantities directly related to the w.f. are in general different!
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Hard-core spinless anyon: wavefunction

0 :  boson
1:  fermion
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Anyon-fermion mapping: hard-core anyons also fermionize!

Girardeau, PRL 97, 100402 (2006)
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(Greiner group) 
arXiv:2306.01737

Spinless anyons can 
help us understand 
strongly interacting 
spinor gas!
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Hard-core particles with spin
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Hard-core particles with spin
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For  spinful bosons or fermions:
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Deuretzbacher et al., PRL 100, 160405 (2008)
Guan, Chen, Wang, and Ma, PRL 102, 160402 (2009)

spin degeneracy: (2 1)Ns +

strong coupling ansatz

w.f. in one spatial sector determines the full w.f.



Away from hard-core limit
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Away from hard-core limit
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For  spinful bosons or fermions:
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Yang, Guan, HP, PRA 91, 043634 (2015)

Spin w.f. χ determined by an effective spin-chain Hamiltonian:
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Charge d.o.f. à spinless fermion
Spin d.o.f. à spin-chain



One-Body Density Matrix

1 1( , ; ; , )N Nx x! !" !Given many-body wavefunction:

the one-body density matrix (OBDM) is defined as:
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Difficulty in evaluating OBDM:
(N-1)-dim spatial integral
Many-body wavefunction Ψ is very complicated



One-Body Density Matrix
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For strong coupling ansatz,
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Homogeneous system with periodic boundary condition:
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One-Body Density Matrix
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Generalization to arb. trapping potential: Patu, arXiv:2408.06060 
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Momentum distribution:

Momentum Distribution
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An example: single impurity in a TG gas

Science 356, 945 (2017)

For a single impurity:
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Single impurity in Tonks gas: momentum distribution
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Motivation and Outline

Lower dimension

Stronger interaction
More quantum

Outline:
Ø Strong coupling ansatz w.f. of 1D strongly interacting spinor gas
Ø Observation of spin-charge separation in 1D Fermi gas



Yang-Gaudin model: 1D spin-1/2 Fermi gas
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Antiferromagnetic coupling: :;< > 0 

Quantum critical 
regime

Tomonaga-Luttinger liquid

Spin-incoherent TLL

He, …, HP, Guan, PRL 125, 100401 (2020)



q

Collective excitation in TLL

Charge: Particle-hole continuum

Spin: Two-spinon excitation
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Observing spin-charge separation in cold atoms

Creating and measuring collective excitation: Bragg spectroscopy

Technique: Bragg spectroscopy

� Coherent 2-photon process delivers 
specific momentum and energy 

� Direct probe of dispersion relation

� Kicked atoms spatially resolved after 
time-of-flight

� Momentum transfer proportional to 
Dynamic Structure Factor (DSF)

Bragg Kick No Kick

no Bragg pulse Bragg pulse

charge excitation spin excitation



Observing spin-charge separation in cold atoms

interaction
strength

interaction
strength

Extracting spin and charge velocities

Senaratne et al. Science 376, 1305 (2022)



What about lattice system?

Momentum distributionSpin structure factorQuantum dynamics

S. Basak and HP, PRA 108, 063315 (2023)



Neural Networks for spin chain

Variational QMC + deep CNN

1D SU(N) spin chain:

site
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Neural networks for quantum many-body physics

Yang et al. PR Research 2, 012039(R) (2020)
Ju et al., arXiv:2210.00692



Summary and Outlook

• Concepts of fermionization are extended to 1D strongly interacting 
spinful particles, using the strong coupling ansatz.  

• It provides new insights into the system and serves as an extremely 
efficient computational tool.

• Spin-charge separation unambiguously observed in cold atoms.
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