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Growth of quantum Fisher information The injected particle never comes

where wy, = u(By + B,). to a full stop, without a
relaxation—Quantum flutter.
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What is the role of bipartite entanglement in T() <I'(t) = 2\/ Var([0,H,()]™) .,
partially accessible metrological schemes?



Quantum dynamical correlation functions: From coherent Luttinger liquid to Luther-Emery
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1D Hubbard model: from quantum liquids to
quantum cooling and quantum transport
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2. Luo, Pu, Guan, 51 pages, arXiv: 2307.00890; submitted to
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n one-dimensional fermionic systems, spin and charge excitations can decouple from

m O d e | ) I n p re p a rat I O n I each other. This so-called spin-charge separation has been detected in solids and cold-
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atom systems held in optical lattices. Senaratne et al. observed spin-charge separation in

one-dimensional Fermi gases of lithium atoms in the absence of a lattice structure within

the gas. The researchers were able to excite the spin and charge excitation modes inde-
pendently from each other and measure their velocities as a function of the strength of the
atomic interactions. —JS Science, abn1719, this issue p. 1305

Artist’s conception of a spin excitation propagating through a one-dimensional gas of fermionic atoms




Hubbard model with cold atoms

A paradigm of physics in condensed matter:

e Electronic properties of solids with narrow bands
* Band magnetism

Metal-Mott insulator transition,

Fractional excitations, FFLO pairing

The Hubbard model has also become increasingly
important in

e cold atoms

e quantum metrology
e quantum information
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I. 1D Hubbard model (Dynamical correlation)

Spin coherent and incoherent TLLs, critical scaling functions

Il. Interaction driven criticality and Contact (Caloric effect)
Contact susceptibility and guantum cooling in a lattice

lll. Quantum transport
Spin and charge Drude weights at zero and finite temperature

IV. Conclusion and discussion



I. 1D Hubbard model: A prototypical integrable model

Z > (e era + Grrabia)

j= 1a ™
vy 2(1 — 2n,0)(1 — 2ny,)

HGE = HO — ﬂﬁ - ZBSAZ

® (;, and C]ng : annihilation and creation operators
of electrons with spin a at site j

®n, = C'j-IC-leCl

® N =73 (npt+n;)

® <0 (u>0): on-site attractive (repulsive)
interaction

Lieb, Wu PRL 20, 1445 (1968)

Spin SU(2) symmetry
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Rich Symmetries: SU(2)QSU(2)/Z, ; U(1)QU (1) ...

The model has been realized with
ultracold atoms in lab
Essler, Frahm, Gohmann,Klumper, Korepin,

The One-Dimensional Hubbard Model
(Cambridge University Press,2005).



Exact Lieb-Wu Equations — Bethe ansatz:
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Lieb, Wu PRL 20, 1445 (1968)



Bethe ansatz equations for ground and excited states:
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Luo, Pu, Guan, 51 pages, arXiv: 2307.00890



Thermodynamics Bethe ansatz equations

Equation of state
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challenge: finding new physics
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M. Takahashi One-dimensional Hubbard model at finite temperature, Progress of Theoretical Physics, 1972, 47(1): 69-82.



Wilson ratio maps out T=0 phase diagram
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Wilson ratio: R%s = —( )
) w 3 \upg/ Cy,/T
?alllf f'”eld ed X -- susceptibility
ully pofarize ¢, -- specific heat
T-- temperature
1]
For Luttinger liquid phases at T=0
I / : ' [l: Rfvs ~ 2
///’
partially filled ,,-’/ IV: R{J(vs ~ 4V Ks +vK)/ (Vs + V)
fully polarized _ t
\Y \Y, V. RI ~ 8k,
‘,./' New result
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partially polarized

K. s -- charge & spin Luttinger parameter

V. ¢ -- charge and spin velocities

-4.5 -3.5 -2.5 -1.5 -0.5 Luo, Pu, Guan, PRB 107, L201103 (2023)

" half filled Luo, Pu, Guan, arXiv: 2307.00890
partially polarized



Microscopic origin of the Spin-charge separation

L

L
H, = _z z (Cj-l,-a Ci+1,a + Cj-lzl-l,acj;a) + UZ(l B anT)(l B anl)
j=1

j=1a=T!

Bragg Beam

The spin-charge separation involves the elementary
excitations of 1D interacting fermions that dramatically
decompose into the two collective motions of bosons:

one solely carries charge, another solely carries spin.

Recati et. al. PRL 90, 020401 (2003)

Hart, et al. Nature 565, 56 (2019)

Vijayan, et al. Science, 367, 186 (2020)

He, Jiang, Lin, Hulet, Pu, Guan, Phys. Rev. Lett. 125, 190401 (2020)

See: Giamarchi, {Many-Body Physics in one dimension)



Elemental Fractional Excitations at O
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Two fractional spinons:
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Fractional charge holons:
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Out of TLL

The system does not exist
charge incoherent liquid!
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Fractional Excitations @ 4

Removing a spin-down fermions
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Elemental Fractional Excitations @
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Spin incoherent liquid condition:
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Finite temperature: spin-coherent and spin—incoherent Luttinger liquids

Finite temperature Co

Zero temperature
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Spin incoherent liquid in 1D Hubbard model
Distinguishing TLL and SILL: SILL Conditions
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Essler, Frahm, Gohman, Klimper and Korepin, the one-dimensional Hubbard model, Cambridge University Press, 2010



Finite temperature: spin-coherent and spin—incoherent Luttinger liquids

Finite temperature Cy
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Spin-Charge Separation: Spin coherent liquid

x 102°

Particle-hole spectrum (green) ¢ = hAK
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Effective Field Theory: separated spin and charge TLLs
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Spin backward scattering

v

He, Jiang, Lin, Hulet, Pu, Guan, PRL 125, 190401 (2020)



DSFs of Spin and Charge: TLL and nonlinear TLL

Charge and spin dynamic structure factor for Liner Luttinger liquid
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Pereira, Sela, et. al., Phys. Rev. B 82, 115324 (2010) He, et. al., Phys. Rev. Lett. 125, 190401 (2020)



Two-photon Bragg Spectroscopy: 6/j Ultracold atoms

B ) Momentum transfer (spin state detuning A )
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Using |1 > and |3 > states and narrow 2S5 — 3P, (UV) transition Sign of the llght shift potentlal:
to reduce the rate of spontaneous emission in spin excitation; * Symmetrical light shift for charge density wave

|1 > and |2 > energy levels are used for charge excitations. * Asymmetrical light shift for spin density wave

Senaratne, et. al., Pu, Guan*, Hulet*, Science 376, 1305 (2022) He, Jiang Lin*, Pu, Guan*, Phys. Rev. Lett. 125, 190401 (2020)



Observation of Spin-coherent liquid: Spin-charge separation

Hﬂl“% ala, Encoding Nonlinear TLL Effect
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Evidence for spin-Incoherent Liquid
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(a) Charge DSF; (b) charge and spin peak velocities
SILL shows a suppression of spin-change separation

Cavazos-Cavazos et al. Nat. Comms. (2023)14:3154
He, et. al., Phys. Rev. Lett. 125, 190401 (2020)
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A cold atom realization of coherent and
incoherent Tomonaga-Luttinger liquids

1. Spin-charge separation in a one-dimensional Fermi gas with tunable
interactions
Authors: Ruwan Senaratne, Danyel Cavazos-Cavazos, Sheng Wang, Feng He,
Ya-Ting Chang, Aashish Kafle, Han Pu, Xi-Wen Guan, Randall G. Hulet
Science 376, 1305 (2022); arXiv:2111.11545

2. Realization of a spin-incoherent Luttinger liquid
Authors: Danvel Cavazos-Cavazos, Ruwan Senaratne, Aashish Kafle, and Randall G.
Hulet
arXiv:2210.06306

Recommended with a Commentary by Thierry Giamarchi,
University of Geneva

Fig. 2 of paper 1 shows that indeed these velocities are different and moreover that their
dependence in the interaction follows very well what is expected for the Gaudin-Yang model.
This is of course a remarkable result. It not only shows the expected spin-charge separation
in a TLL, but also that the experimental system indeed acts as a usable quantum simulator
of the Gaudin-Yang model. This opens the door to using it in situations where the theory
is much less well established. This is the task of paper 2.

Notorious difficulties:

Spectral function

Dynamical structure factor

Quantum transport and nonequilibrium physics

Separating Spin and Charge

RESEARCH

IN SCIENCE JOURNALS  Edtedby

Michael Funk

t 8

4
?

QUANTUM GASES
Separating spin and charge

n one-dimensional fermionic systems, spin and charge excitations can decouple from

each other. This so-called spin-charge separation has been detected in solids and cold-

atom systems held in optical lattices. Senaratne et al. observed spin-charge separation in

one-dimensional Fermi gases of lithium atoms in the absence of a lattice structure within

the gas. The researchers were able to excite the spin and charge excitation modes inde-
pendently from each other and measure their velocities as a function of the strength of the
atomic interactions. —JS Science, abn1719, this issue p. 1305

Artist's conception of a spin excitation propagating through a one-dimensional gas of fermionic atoms
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To better capture the interaction-driven effects,
we define:

Contact (interaction driven)

of
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d = NZ‘Tlmni,i) double occupancy
i

Contact Susceptibilities
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Maxwell relations
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New Result

Contour plot of the Contact @ T = 0.005and u =1
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D 05
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Contour plot of the entropy @ B =0.15,u = —2.5

0.01
(b)

& 0.005

1072
0.1



Entropy accumulation at phase transitions!

* Interaction-driven phase transitions

0.01
(11-1V) and (V-1V) ®
, ) 1, 0 __; ) B~ 0.005
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Ana. TBA Num.

£1(0),k () = agAB + a,Au +a,Au 1 T ooy e TBA]
alll = B
15 ‘ ‘
0.99 0.995,, 1 1.002
a, 0B a, ou agp
ap ou’ a, ou’ a, 0B Upper: Contour plot of the entropy in T-u plane for

B = 0.15,u = —2.5, a maximum entropy at QC.
Lower: V-V phase transition: density shows
universal scaling behaviour driven by interaction.



* Contact susceptibilities and applications

ds _ dC_  C,dT _ acC For quantum cooling
du 9T’ T ou OT  Griineisen parameter
aCl TF r 0C u
a3 IsNv,H = L int = A
ou's WV, u int» int oT c,
as ac h Al
Also a large change of I'j;,; u’ a7 change rapidly
A .
T b Isentrope:
[ ‘\\ quantum critical ’/’
L N regime ,
2 N /. isentrope dS=0 ds = Edu_l_ﬁd-l-:()
2 " 0 y's ou oT
<9 N ,
= . '
8 A ’
low-T NS low-T
regime \-":' QCP regime
0 ®
0

control parameter r

Also see Adiabatic demagnetization cooling:

Wolf et. al. PNAS, 108, 6862 (2011)

New result

‘ I 0.04

-0.02

!0

&~ 0.005

107

(¥

Quantum Cooling

* Entropy peaks near phase boundaries.
e Isentropic process:
maximum entropy =2 minimum T

A potentially novel way of cooling
guantum gases in lattice!

Adiabatic interaction ramping cooling!



* Contact susceptibilities and applications

0.01
(b)
ds ac  C,dT acC For quantum cooling
du_ 9T’ T du AT  Griineisen parameter F 0.005
acl TF r dC u
a3 Is,Nv,H — — lint int = A .
ou® u " M aT ¢, e
0.1
as ac : u
2 = |
9u’ aT change rapidly !
Quantum refrigeration Ambient Quantum Cooling
5 * Entropy peaks near phase boundaries.
1) A->B: adiabatically ramp up; -3 — «  Isentropic process:
. C .
2) B->C: hot isochore process; W maximum entropy = minimum T

3) C->D: adiabatically ramp down;
4) D->A: cold isochore process.

M4

A potentially novel way of cooling

Target ( ) )
Target material Tyq, S 2D0815 s quantum gases in lattice!

Substance: lattice model U
Hot Ambient T

Isentropic lines



Outline

I. 1D Hubbard model (Dynamical correlation)

Spin coherent and incoherent TLLs, critical scaling functions

Il. Interaction driven criticality and Contact (Caloric effect)
Contact susceptibility and quantum cooling in a lattice

lll. Quantum transport
Spin and charge Drude weights at zero and finite temperature

IV. Conclusion and discussion



Quantum Transport
Kubo formulas for conductivities

Generalized hydrodynamics (GHD)

Bosonization , Bethe ansatz

o'(w- 0)~|w|* Conductor:

3 Drude weight DY (a) diffusive

— regular part oreg(w) (b) superdiffusive

(¢) subdiffusive

w

a=-1

Finite 0,04 ()
a—-0

Divergent 0yq4(w)
-1<a<0

Vanishing o;.c 4 (w)

a>0

Drude weight can be obtained from real-time
equilibrium current-current correlation function

Theoretical challenging!

AH
AT

Transport Coefficients in spin chain

jth o KRth C;:h —VT
Js )\ s o, Vh
Thermal and Spin conductivities:
Kth Os
ol(k=0,w) =21Dy0(w) + 0% (w)
Thermal current: T =T%-7T°

1 t
lim— | dt' < J(t')]J(0) >
tooo t 0

Bertini, et. al. Rev. Mod. Phys. 93, 025003 (2021)
Sirker, SciPost Phys. Lect. Notes 17, 2020




Linear response theory

Drude weight & Onsager coefficients

vahish att — oo

\ finiteat t — oo

[ i \ oy Lo
/“8<°") T w { N N, #7700 D, = i = i lim 5 (7 (07°(0)
/ Pn — Pm 2 2 reg _ > reg _
_ fn rm —(E,, — E, s 2(w—0) = / dt C°5(t) = xs(B)Ds
o (w) NnmEn_EmKn\j Im) |6 (w — ( ) os®( ) =2 ; (t) = xs(8)
5 Static spin susceptibility: y,
s ™ Pn —
= nnj2m26w + — j2m25w— m — En
N Egmp [(n]T 7 Im)|"6(w) N2 Em—EnK n|J7m)|"6(w — (E ) Diffusion constant: D,
Spectral representation pn = exp(=BEy) /Z D, = %/ dt [C(t) — 2T D]
X
Drude weight D Regular part: Diffusion constant D ’

Mazur bound of the Drude weight

/

_e—Bw 0o )
w) = T [t [(T°T %)+ CEEO)
— 2n T Deng) L e,

time average of current-current correlation function

(T Qp)?
2@

Bertini, et. al. Rev. Mod. Phys. 93, 025003 (2021)

Nardis, Bernard, Doyon, SciPost Phys. 6, 049 (2019)
Sirker, arXiv:191012155



Currents depend on charge densities nearby their locations

Diffusion in GHD:

0i(e,t) + Ouia(e,t) =0 | WA= Fialo) - 5 Y07 @ o, 0)0ud 0.0)+ 0(0%3 . )
g€l

s, ix, ‘|‘aa:]z x,1 =0
(i (2, 1)) Uil 1)) Navier-Stokes Equation

i, ) = 0la-CON ) o 0) 4 0,50 (00) — 20,07, 2y (2.0) = 0

Two-point correlation & Static susceptibilities

Sig(@t) = (@@, 0a,0,0)° Gy = [arsye.n = [ arsiyw0)

1 t t

—/dxx2 (Si]-(x, t)+Sij(x,—t)—25i]-(x,O))=/ ds/ ds’/dx (i:(x,5)i;(0,5))°

2 0 0

Conservation law

Spreading of the correlation
Space and time translation invariance

1
5 /da: 72 (Szj (J?, t) + Sz'j (l‘, —t)) = Dijt2 + Qijt + O(t)
Spreading coefficients: Drude weight & Onsager coefficients

t

:= lim —/ ds /dx ji(r,8)j;(0,0))¢ L= lim [ ds (/dﬂ? <jz'(96,8)jj(0,0)>c—D¢j>

t—oo 2 —t



Inducing flux for spin & charge: Two U(1) symmetries

2 2 (e'®a/tet ciyqq +Hoe )+ uZ(l —2n;1)(1 — 2n;)
j=1

j=1a=Tl

.I.

Twisted boundary condition: Cri1a = elqb“Cl,a

A —sink; —iu
lc) J X X
—.” 4 [ORS a Wiar ia: ai )

/\1 —sinkj +iu y L 392 L; L4y
AR = AR 4 1n+ 2n+ 3n+ an
ml—[ A\ — sinkj — iu ﬁ A — 2iu * * L %2 %3 %4
= — - M __ AIMoo in 2n 3n 4n
A[ — 5111 l\ -+ Zu me—1 - n] +2‘Z‘u Agn - Aa? -Z' L : LZ E+ L3 + L4-
—=Eyg+2+=2+23+..
al"'lE \ L L 12 ' I3 /
pWL = Cod g _
ZZ ¢l+1 B =0 (nl + nT) - D*: ¢T - (pl - (PC for charge
(ny —ny) = D%:¢r = —¢, for spin
Linear DM~ (J(t)](t))
Nonlinear D®)~ (](t1)](t2)](t3)](t4)> Luo,Pu,Guan,PRB 1(;7,L201103 (2023)
D) U(tl) ...... ](tN+1)) Luo, Pu, Guan, arXiv: 2307.00890

Guan, Yang, Nucl. Phys. B 512, 601 (1998)
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qa’
2

Dressed charge:

(IIQ

<2n (pa + Pt

21T Z /(IHQ/)Q(I na)v

a=kAk—A

Des  —

D= /(19/) (1 —n(0)v(0)%2¢% (0)?

~

4 X1 = g1¢; x, = gnP"/n!
y1 = g1¢; X, = gad™/n!
zy = gi¢P; x, = gnd"/n!
y 1 Xy2 Xy3
KQ + 12 [E j

X, can be expressed in terms of x;

interaction

dr
> { qa

bare charge g

= sign(p},)27(pa

L dfza

} New result

dressing
Confirm the validity of the GHD!

numerically

r:(l—?)&%*%

sign(pL(0)) = 1,1,—1 for k, A,k — A

>~ related to TBA kernels

i 0 [ay,(sin k —

cosk [an(sink — A)ng] |arx1 Olarxn

”n] |1>< N
. /
cosk [an(sink — A)ng] [N x1 [_Q%r (%@nm (%)) nm] |INxN

— [an(sink — A)n! ]|

O|n xnm
1 (8] A=A
[_ﬂ (m@nm (T)) ”m:| |'\Ix ’U




Bare charges g

qgare_ particle number, magnetization number, energy

k : op =1 mp = 1/2 e, = —2cosk—pu—2u—B
A Opjp =0 Mp|A = —N €nlp = 2nB
k—A: opr—pn=2n mypp_p =0 CnlkA = 4Re\/1 — (A —inu)? — 2np — 4nu

r — bare
— (I o B)ab *(q
Dressed charges g9" at T=0 (k — A strings are gapped)

qgr = 1+ / dAaq(sink — A)q\
W = a+ / dk cos kay (A — sin k)¢ / dA ag(A — A')qE
J-Q

a = 0,—2 for charge and spin transport



Beyond the bosonization result: finite magnetic field at T=0 New Result

Bosonization
atH =0

~ Drude weight
atH #0,u#0
for Phase IV

Susceptibility
atH + 0

General result:
_arbitrary H, u
For all phases

De — Keve . 2K,
N T . .
Koo K spin rotation symmetry K, = 1
DS = s¥s S = d
| 2
c C,(lI‘Q_‘ ‘ 1 C.dr2_ , \
D" = o Lk VklQ + oA vl Contributions from another
. 1 g2 1T a2 degrees of states
D = 5-q7 vl +5-ay vala
4 T _ {Z,p} are the dressed charges
72, 72
Xc|B = ¢« 4L <5 7 — ee(Q) Ees(A)
TUe TTUg ; ) gsc(Q) gss(fl)
Y ‘ _ (ZCC - QZ.SC)H 4+ (ZC-S‘ - 2288)_ ) Xa
Xs|p ATV ATV, Eap () = Oap + Z/ diwg€aq (xq) Kap (g, xp)
da V—Xa
Deo— K.v, N IX'C,S.‘l’,S‘ o 2K, N 2K .o q,‘é"”:gcc, qf\'d%gcs
T 7/ TV, TV 4 4
- - - - s, ar s,ar
D5 — K v, K0, s K, n K. dy =8cc — 28sc, qa =8cs —2&ss
N T ™ Y 2mus 27w,

Crossing Luttinger parameters: K., K,



Luttinger parameters v.s. Dressed charges Cover the bosonization result

5 . s s
Phasell K, = qli,dr —72 =1 free |attice at vanishing magnetic field.
qS,drz h=01 {Z,p} are the dressed charge
_ A _ - . . aﬁ
PhaseV K, = Y 72, —>  spin chain
qc,drz 72 free lattice XXX spin chain
PhaselV K =k = |
—— K,
Qf\,drz (ZCS T ZZSS)Z h=0 —0—1123
K, = > = > > 1 —— K| ]
v
C,dr2 y V ’
aa L¢s h=0
Res=" =2
s,dr?2 2
Ay (ZCC - ZZSC) h=0 -0.2
Kse = = >

2 2

For fixed B and u



Dressed charges at infinite interaction

Phase IV

New result

Subtle spin
polarization!

DC

DS

K

K

KCS

KSC

W T .
I \‘s" 's I \—SC Ue €=
v, —>0
mo v
C=00

2
_ qg’dr _ Z&c c:o?l

2 2 )
2
_ Q/S\,dr _ (ch — 2Zss)2
2 2
2
_ a3 _ Lgs c=o0
2 2

2
_ qi,dr _ (Zee — 2Zgc)? c=c0 2m?
2 2 " n?

v, — 2sin(nn,)

Drude Weights displays a feature
of spin charge coupling!

m = 0.1968 m =0

n. = 0.803 De e
DS  — -]

o
~

De sin(7n,)
™

o
N

Drude weight
o
W

DS N4m2 sin(mn.) |

2
n: ™

0.1

DWs v.s. interaction for fixed n and m

DWs essentially depends on
polarization and filling factor!



Linear Drude weight at finite temperature New Result

dx,
do

 Dressed charges: [ qflh = Sigll(p;')Qﬂ(pa + pZ) } Density, magnetization, energy

oo

 Universal laws in TLL k — A strings has no contribution

nT? 92

S — c,sdr s v csdr
[Dcs B 2a=k,A,k—A{ (q ) Va |Q t 12 662 [(q ]

* Phase diagram: characteristic of Luttinger liquid
D¢, D~

0.75 0.75

0.5

0.25 0.25

0.01
-4.5

0.01
-4.5




Universal scaling laws at quantum criticality

. OO
-1V DA—G(O)< — ) <—2 > fi

New Result
p, = po1_p 2" — 20"  ©*T2 0°
k 1/2 poqlc(iro 6 OKx2 K (k) =0
C NV 2 (@@ (k@Y General !
k= p(m)\ 2m 2 1/2
p(mge™ (m) — 2p'(M)q" ()]  w2T? 8°
Dy, =D%{1+k + 0
A { + K12 2 qugro 6 s £(A)=0
. 2 (g7 (0)\ (x"(0)) -
HE D=\ 2 ) far 4
p , £ = _E(en(())) Zn%Lil(—e_g(O)/T)
2 (q¢(m) k" () V2T T2 3
¢ "'"I Dk: - k1/2 L
p(n) 27-[ 2 2 T1/2 K”(Tl') 2 1
2 qgr(o) SII(O) k1/2=_ 5 <_ 5 ) nELil(_eK(ﬂ)/T)
* lI-V D, = O\ 5 fi/2 1 ’
) r __Tl/Z (K”(O))__Z 1 R (O)T
. 12 =——— n2Li1(—e )
Also applied to other systems 2 2 2



Universal scaling for phase transition from Il to IV

T=0.00001
=0.000015
=

Ana. TBA Num.

-0.1

(Df —bg) -T2

-0.2

0.82825 0.82815

u=1,pu=—0.8382

(D

0.8282
B

Universal scaling for phase transition from IV to V

0
-0.01 1
Ana. TBA Num.
T=0.00002 *
T=0.000025 e ™
T=0.00003 =— -]
-0.02
0.827 0.8271 0.8272
B

0
0.827

0.8271

bg) - T~/

0.8272

0.1

0.05

0
0.82825 0.82815

0
0.827

0.8282
B

0.8282t

0.8272

Excellent agreement between numerical and analytical results!



Nonlinear Drude weight

* Universal laws at ground state

-

m 2mptgs = q,

62 hd a * oo . —
p® — E EEE[Zpiffe?]£=O——52[12pT(gfif4—29fgze?ﬂ » In = 9109n-1 /1
+2p"[(1293 + 249193)¢ + 3691 92& + 491 + 39187 /€] | ) oms 9103 Xn = gpd™/n!
=

A

vym,A..q,q9,q ...p,p ..for nonlinear DW

43 6q°v (q? v
c -4V p_6a <q +qq)
s T \m 27p
3 : 2
q( 3q 961) q°v (.2 .
A=-"(4q2 —— (7¢% + 4qj§ ——=
7\ 1 +mzv-l_npm +n(an)z 97+ *aq

Universal laws in TLL area

p

v:de/dp velocity
m: d*e/dp? mass
Ad3e/dp3 ?

depends on gand v

4q€1[3) Linear DW only

1
o =L (g,

dB 0%C

_|_

_I_
de  0¢&?

£=0 6 0€? T

m2T? 0° [ 0B 9%C
A —

de  0&?

Q

=0




The general features in linear and nonlinear Drude weight

Conjecture

T=0 results D(()l) D(§3) D((,l),l >3
parameters q?, v q®, 4%, 4% v,m, A, p,p 01 1q%, dle/dpt, 01 2p

TLL areas w2T? 0% w?T? 0% w?T? 0%
p® p®  p® T e NG 9% Lo

e +
g 6 0€? 6 0e? g 6 0de2 O



Quantum transport in 1D Hubbard model

Measuring Drude weight in 1D Bose gas

a o b p(t<0) =— V(t<O0)
O __ . oz w(t>0) === V(t>0)

O ez —Parti, /

: ‘“‘

At t=0, the bottom of the box trap is tilted, leading an
accelerating the current of atoms across the center.

Schuttelkopt et. al. arXiv:2406.17569

dynamic process «— equilibrium problem

Breakdown integrability

Nichols et. al., Science 363, 383 (2019)

J€ : charge current

J® : spin current

J€ : kinetic current

Z Z ( C]+1a -l:l-l,acj,a)

]1aTl

+u 2(1 — 2n0)(1 — 2ny,)

+ALZ]TL]¢+ATZ]TI,JT



New frontiers in quantum integrability: Super diffusive spin transport

Kardar-Parisi-Zhang hydrodynamics!

Quantumgas H = —12(5x51ﬁ1 + Sysjji.l + AS7S7 1) Polarization: measuring polarization transfer
Jj=

P(t) = (P.(t) — Pp(t))/2 < t'/*
Ferromagnetic | — %; A~ 1, ®Rb atoms with hyperfine states

PLa(®) =2 ) (SI(D) - S1(0)

Time t/t

A . B 3 10 30 i=LR
I 20 Site I I T Q 20
< ool [ g Ll KPZ dynamics: z=3/2 for A~ 1
B ' £
g 15 S - .
g & 03 , Integrability and non-Abelian SU(2) symmetry
2101 g 022 v, ]
5 05 p Y Generalized hydrodynamics approach
8" _ _ g ooof ]
/ } e .
| L 2 02000 ] - k= L ".'ﬁ.,' o = z z
0.0 [-¢ ety | | §-022f . DCF C(x,t) =< S2(t)S%(0) >
0 10 20 30 40 -2 0 2
Time t/x Scaling parameter j/(t/t)**

e L . P(O)=f[ 7 dx dx'C(x',t)
Super diffusive transport in Heisenberg chain at high T
A: The polarization transfer for a domain wall initial state C(x, t)~t_EC(xZ/t)
with a magnetizationn = 0.22.
The insets show spin profiles 25%(t) at t=0, 10, 26 J/h.
B: Polarization transfer in log-log plot. C: Spatial spin

profiles at times t=5-35 j/h, showing z = 1.54(7) Wei, et. al. Science 376, 716 (2024)



Superdiffusive in charge

Both spin and charge have a SU(2) symmetry

°© t=50
° t=70
° t=100
=120
—— Gaussian

- fKPZ

0
b [t2/3

Density gradient KPZ scaling

Density gradient

o,n(xt) =don(xt)—én(x—1,t)

Current:

, ]
](X, t) — tr{i[cjc--l—l,ocxg — Cigcx+la]/0(t)}

Moca, et. al. Phys. Rev. B 108, 235139 (2023)

3bt'/3j(x,t)/(2u)

A, 1) + 9y j(x, 1) =0

on(x,t) = —bt—au f(bx/t™)

° t=50
o t=70
° t=100
/ t=120
l e, — Gaussian

(1) = %ato‘_l h(bx/t%)

- hKPZ

a=3/2

Current KPZ scaling Spin and charge Drude weight vanish

Spin and charge superdiffusive transport

Kardar-Parisi-Zhang hydrodynamics!

X X
(SM(X, Z)Sﬂ (0, O)) - [}ngzi;]z/:s fKPZ < [)\‘glzzt]z/:; )
(n(x, (0, 0)) = %ﬁ@%ﬁ)
[A'KPZZ] [)\'KPZI]



Conclusion and discussion

1. The 1D repulsive Hubbard model exhibits novel phases of Luttinger liquids and phase
transitions driven by either external potentials or interaction.

2. The spin and charge Drude weights at low temperature have been analytically
obtained, showing universal ballistic transport with spin polarization.

We have built up exact relations between Luttinger parameters and dressed charges.

4. The universal scaling laws of the Drude weight at quantum criticality obtained shed
light on non-Fermi liquid behaviour.

The decade-old 1D Hubbard model continues to yield new and exciting physics!

Thanks for your listening!



