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SOME CONTEXT...

Interacting 1D Quantum Many-Body systems : WHY INTERESTING?

o Effects of correlations and interaction enhanced and lead to dramatic effects
(ex: Fermi liquid replaced by Luttinger Liquid theory)

* Many available tools, both analytical (ex: CFT 1+1D, lattice/field theory integrability) and
numerical (ex: tensor-networks based algorithms, as DMRG)

ULTRACOLD ATOMS EXPERIMENTS [ WEISsS, BLOCH, SCHMIEDMAYER, DALIBARD, BOUCHOULE ...]
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THERMALIZATION OF 1-D SYSTEMS?
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THERMALIZATION OF 1-D SYSTEMS?

EQUILIBRIUM :  Tim (w1 Ol = Tr (Opeyar)s  Pyrar = ?
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THERMALIZATION OF 1-D SYSTEMS?

EQUILIBRIUM :  Tim (w1 Ol = Tr (Opeyar)s  Pyrar = ?

[— 00
THERMAL GENERALIZED
Gibbs ensemble Generalized Gibbs ensemble (GGE)
pGibbS — e_ﬁH pGGE — e_ziﬁiQi
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HYDRODYNAMICS: THE EULER SCALE

SEPARATION OF LENGTH SCALES

+ Macroscopicscale: L =p/d_p

+ Microscopicscale:

+ MESOSCOPICscale: d<? < L

“ SEPARATION OF TIME SCALES
+ Macroscopictime: T = p/d,p

+ Microscopic time:  Tpelux

[PICTURE FROM: DUBAIL, PHYSICS 9, 153]

+ MESOSCOPIC time: Ty, Kt << T

H. SPOHN, Large Scale Dynamics of Interacting Particles (1991)
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(CONVENTIONAL) HYDRODYNAMICS

y LX) — ’\.\

{0W), = (O, P = i) |

CONSERVATION LAWS: CONTINUITY EQUATIONS:
« Mass q Op+0z5 = 0
* Momentum Oipp +09p = O
- Emergy Oipp + Ozjr = 0.
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GENERALIZED HYDRODYNAMICS (GHD)

CONSERVATION LAWS: CONTINUITY EQUATIONS:

—

“= qu(x)dx P= 12 04;+0,J; =0 1i=12,

CASTRO-ALVAREDO, DOYON, YOSHIMURA, PRX 6, 041065 (2016)
BERTINI, COLLURA, DE NARDIS, FAGOTTI, PRL 117, 207201 (2016)
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GENERALIZED HYDRODYNAMICS (GHD)

CONSERVATION LAWS: CONTINUITY EQUATIONS:

—

“= qu(x)dx P= 12 04;+0,J; =0 1i=12,

| (00), = (0@, Pace = Poe®D) |

EIGENSTATES: | @1’ oo 8N> ............................ > n(@)

“Rapidities” "Occupation function”
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GENERALIZED HYDRODYNAMICS (GHD)

CONSERVATION LAWS: CONTINUITY EQUATIONS:

—

“= qu(x)dx P= 12 04;+0,J; =0 1i=12,

(00, = (00,0 P = PocesD

EIGENSTATES: | @1’ oo €N> ............................ > n(@)
“Rapidities” "Occupation function”
(EYN0)
0.n(0) +vi@on@) =0 + v =
n(0) +v"(0)0,1(0) )

do’ dop0 — 0’
PO=9) oo

E dr —

f (0) = f(0) +
CASTRO-ALVAREDO, DOYON, YOSHIMURA, PRX 6, 041065 (2016) : 2 :
BERTINI, COLLURA, DE NARDIS, FAGOTT], PRL 1 17’ 207201 c2016) St m e A A A A A A A A R A M R A R A AR A R R A A AR R H R A A AR A H A R A AR AR AR A R A AR AR AR R A R AR AR AR A A EEEEEEEEES .
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GENERALIZED HYDRODYNAMICS (GHD)

CONSERVATION LAWS: CONTINUITY EQUATIONS:

—

“= qu(x)dx P= 12 04;+0,J; =0 1i=12,

“FREE"” GHD
PGGE’ g D, Veff —p.

(06), = (06)

n(x, ;1) = n(x, p; 1)

EIGENSTATES: | 0, -, 6]\7) """"""""""""""" GHD = Evolution Wigner function
“Rapidities”
EY©0)
0.n(0) +vi@on@) =0 + v =
OO0 ()0)

do' dp0 — 0
a ) n(60")f dr(9)

E dr —

= f (0) = f(0) +
CASTRO-ALVAREDO, DOYON, YOSHIMURA, PRX 6, 041065 (2016) 2
BERTINI, COLLURA, DE NARDIS, FAGOTT], PRL 1 17, 207201 (2016) .' ............................................................................................................
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ZERO-ENTROPY STATES

DoOYON, DUBAIL, KONIK, YOSHIMURA, PRL119, 195301 (2017)
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ZERO-ENTROPY STATES

n(x.0) = {1 if (x,0)inT,

0 otherwise.

DoYON, DUBAIL, KONIK, YOSHIMURA, PRL119, 195301 (2017)
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EXAgLES: ZERO-ENTROPY STATES

Ground states within
inhomogeneous potentials

T — —

n(x.0) = {1 if (x,0)inT,

0 otherwise.

DoYON, DUBAIL, KONIK, YOSHIMURA, PRL119, 195301 (2017)
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Em%& ZERO-ENTROPY STATES

Ground states within
inhomogeneous potentials

T — —

n(x.0) = {1 if (x,0)inT,

0 otherwise.

“Split Fermi seas”

FOKKEMA, ELIENS, CAUX, PRA 89, 033637 (2014)
ELIENS, CAUX, J.PHYS.A 49, 495203 (2016)
VLIJM, ELIENS, CAUX, SciPosT 1, 008 (2016)

0 €[0),6,]U ... U[6y,_,,0,]

DoYON, DUBAIL, KONIK, YOSHIMURA, PRL119, 195301 (2017)
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m%& ZERO-ENTROPY STATES

Ground states within
inhomogeneous potentials

T —

————————

n(x.0) = {1 if (x,0)inT,

0 otherwise.

“Split Fermi seas”

FOKKEMA, ELIENS, CAUX, PRA 89, 033637 (2014)
ELIENS, CAUX, J.PHYS.A 49, 495203 (2016)
VLIJM, ELIENS, CAUX, SciPosT 1, 008 (2016)

0 €[0),6,]U ... U[6y,_,,0,]

FINITE-DIMENSIONAL GHD

0,0, +v{¥(6) 9,0, = 0

DoYON, DUBAIL, KONIK, YOSHIMURA, PRL119, 195301 (2017)
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CLASSICAL EQUATIONS QUANTIZE THEM
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"QUANTUM" HYDRODYNAMICS ¢

CLASSICAL EQUATIONS QUANTIZE THEM

° Superﬂuidity LANDAU, PHYS. REV. 60, 356 (1941)
e Bose-Einstein condensates BocoLvusov, J. PHYs. 11 (1947), 23
e Superconductivity BARDEEN, COOPER, SCHRIEFFER, PHYS REV.. 104 (4)

e Hall ||qu|ds WIEGMANN, ABANOV, PRL 113, 034501 (2014)

. Luttinger quuid theory HALDANE, J. PHYS. C 14, 2585 (1981)
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CLASSICAL EQUATIONS QUANTIZE THEM

° Superﬂuidity LANDAU, PHYS. REV. 60, 356 (1941)
e Bose-Einstein condensates BocoLvusov, J. PHYs. 11 (1947), 23
e Superconductivity BARDEEN, COOPER, SCHRIEFFER, PHYS REV.. 104 (4)

e Hall ||qu|ds WIEGMANN, ABANOV, PRL 113, 034501 (2014)

. Luttinger quuid theory HALDANE, J. PHYS. C 14, 2585 (1981)

.

Different problem:
Corrections
to GHD equations:

FAGOTTI,
SciPosT PHYS. 8, 048 (2020)

DEAN, LE DOUSSAL, MAJUMDAR, SCHEHR,
EPL, 126 20006 (2019)
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"QUANTUM" HYDRODYNAMICS ¢

CLASSICAL EQUATIONS QUANTIZE THEM

° Superfluidity LANDAU, PHYS. REV. 60, 356 (1941)
e Bose-Einstein Condensates BOGOLYUBOV, J. PHYsS. 11 (1947), 23
e Superconductivity BARDEEN, COOPER, SCHRIEFFER, PHYS REV.. 104 (4)

« Hall ||qu|ds WIEGMANN, ABANOV, PRL 113, 034501 (2014)

° Luttinger quuid theory HALDANE, J. PHYS. C 14, 2585 (1981)

& &

o o
Different problem: HERE:
Corrections Look at propagation of linear
to GHD equations: sound waves on top of GHD
# and quantise them:
FAGOTTI,
SCIPOST PHYS. 8, 048 (2020) I We talk about "quantum fluids”

DEAN, LE DOUSSAL, MAJUMDAR, SCHEHR, in the same sense in which
EPL, 126 20006 (2019) a Luttinger Liquid is a quantum fluid !

T
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QUANTUM GENERALIZED HYDRODYNAMICS

SIS o .
H = Z [_7632@- + Vx)] + ¢ Z o(x; — X;) n(x, ) = { T &0 nl
i=1

et 0 otherwise.
i<j

PR, CALABRESE, DOYON, DUBAIL, PRL 124, 140603 (2020)
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QUANTUM GENERALIZED HYDRODYNAMICS

& h? [ -
H = 2 [_7632@- + V)l + ¢ Z 6(x; — x;) n(x,0) = { T (x,0)InT,
i=1

et 0 otherwise.
i<j

1. Look at fluctuations around a (zero-entropy) GHD background
PLAN: . . . .
2. Quantize them in a semiclassical fashion.

PR, CALABRESE, DOYON, DUBAIL, PRL 124, 140603 (2020)
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&, A o .
H = Z [_7032@- + V)l + g Z o(x; — X)) n(x,0) = { T (xO)inl;
i=1

et 0 otherwise.
i<j

1. Look at fluctuations around a (zero-entropy) GHD background
PLAN: . . . .
2. Quantize them in a semiclassical fashion.

1.0,— 06,4+ 60,

PR, CALABRESE, DOYON, DUBAIL, PRL 124, 140603 (2020)
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& h? [ -
H = 2 [_7632@- + Vx)] + gz 6(x; — x;) n(x,0) = { T (x,0)InT,
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p0),p,=p@,)

1.0, — 6, + 00 , = D, +op,,
a_) a a > P P /% {6(9),€a=€(9a)

L'

PR, CALABRESE, DOYON, DUBAIL, PRL 124, 140603 (2020)
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& h? [ -
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p0),p,=p@,)

1.0, — 6, + 00 , = D, +0p,,
a_) a a — % P P /% {6(9),€a:€(9a)

L'
o,p,+0.e,=0

at5pa + Z ax[Aabépb] =0, Aab — aGa/apb
b

PR, CALABRESE, DOYON, DUBAIL, PRL 124, 140603 (2020)
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&, A o .
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2. 5pa —> 5ﬁa . eiS ~ eiSclassical'l'izab Sc(l%)épaépb

PR, CALABRESE, DOYON, DUBAIL, PRL 124, 140603 (2020)
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lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

“Quantum GHD HAMILTONIAN"

T

A 1
H[I',] = oy [a’x Z 5P (%) A%(x, 1) 6P, (x) 0p(s)
a,b

6p.(0), 8p,(»)| =—ic,27h%6,,8'(x — y)

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Multicomponent time-dependent and spatially inhomogeneous
CHIRAL LUTTINGER LIQUID or, (eq.) FREE CHIRAL BOSON:

0P o(X) = 0¢p,(X)

PR, CALABRESE, DOYON, DUBAIL, PRL 124, 140603 (2020)
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QGHD: Numerical check in the Lieb-Liniger model

Volx) = a4x4 — a2x2 \/\j — > V(x) = w?x*/2

t=0.27

t=0.37

t=0.17 N=10

t (ms)

0 0.5 1.0
Normalized optical thickness
200 —200 0 200

-200 0

| -200 0 200 -200 0 200

NATURE 440 900
(2006)

PR, CALABRESE, DOYON, DUBAIL, PRL 124, 140603 (2020)
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FREE QGHD: checks in the Tonks-Girardeau limit
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GHD provides an efficient way to describe
interacting quantum particles in 1D

Still, it misses important quantum effects

Quantum GHD gives a way to construct quantum
fluctuations around GHD

This is not the end of the story...



