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Superfluid # Bose-Einstein Condensate (BEC)

X
But BEC is not the same as Superfluidity!!
(but in 3D BEC and SF are intimately related...)



Consider a moving object:

Landau’s criterion
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Problem: How to define the SF properties at T > (7?



Fisher’s criterion

Thermodynamics:
Superfluidity = non-vanishing Helicity Modulus

Twisted BC'’s
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Interacting Bose fluids (BEC) in 2D
Absence of BEC (T > 0) (UT(r)T(r")) ~ |r — r’\_ﬁm — 0
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Superfluidity in 2D (Experiments)

2D *He films: Torsional oscillator measurements
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Prof. Fisher meets One dimension
FSM-16 Pore size:2.8 nm _ Brought to you by @

J Taniguchi et al PRB 2010

0.02F  w ® 0.11 MPa
iy @ 0.50 MPa
g, 0o, © 0.89MPa ¢
] 00, A 1.29 MPa
i ", %, T v 1.71 MPa
%, " <4 231 MPa |
/N\ Or .35nm R & p—
a 0.35 14 O@
- <
TEM of FSM16 (2.8 nm)
-0.02 - ¥
The helicity modulus vanishes in 1D! ) t
4 N e .
62F SO ] ] ] ] ] ]
L—+00 0y L T/T, (Th =2.17K)
. L Y,

So what is the origin of this SF signal?



Specific Heat of a He-filled Nanopore
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Landau’s criterion is violated in 1D

Support of the dynamic structure factor S(k,w)
x10"

10 Continuum of
excitations
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Exact result for a 1D interacting Bose gas |JS Caux and P Calabrese, PRA(R) (2006)



A detective story

Is it a finite size effect?

Y/Y,
107 QMC: A DelMaestro & 1 Affeck PRB(R) (2010)
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Laughlin’s criterion

“Superfluidity?... it’s like pornography
I can’t define it but I know it when I see it.”

R. B. Laughlin in “Mesoscopic Protectorates”,
talk at KITP (2000)



Could it be a dynamical effect? Phase Slips

P (MPa)

Thermal Phase Slips (from GL theory)

Uett
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FTPS — Q(T)e_ kT
T—"T.|/T. < 1

Langer-Ambegaokar PR (1967)
McCumber-Halperin PR (1970)

Phase Slips:
Quantum Phase Slip b= po+0p
S = /dasz[ip(?TH—l—---] — /daz 20000 + - - -]
Non-trivial Berry phase!
I'ps should be very small at .
low temperatures but e e
it is contradicted by FQPS € N
the experiment! Khlebnikov PRA (2005)

J Taniguchi et al PRB 2010



Torsional Oscillator (TO)

Modern torsional oscillator
(As devised by JD Reppy) >

Andronikashvili’s Experiment
(As suggested by Landau)

Be-Cu Torsion Rod
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What is being probed by the TO?

Rate of change of
angular momentum Torques

ﬁ— i IBEOLEI!:II?I = :(72—. ummor Drive
 lIog ' A
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Linear response theory
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Momentum Responseind =1
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X( 1) = —6(t) {[11(z,1), T1(0, 0}
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Model for the nano-pore potential: Periodic potential

0.35nm
solid He »>e-<«
liquid He >0+«

g0, S
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N N
H(t) = Hy + Z Vst (i — X (2)) Calculation of momentum
i—1 response akin to conductivity
N ‘ in Solid state/Mesoscopic
H'(t) = Ho+ Y Vexe(;) — X(t)II Physics
i=1

T Eggel, MAC & M Oshikawa PRL 2011



Harmonic Fluid Description

FDM Haldane PRL (1981

RG fixed point Hamiltonian (just phonons) MAC et al RMP (2011)
h
H = 3" holalB@b(@) + - 5o [ do [K71 0,0 + K (0,0)°] = [ doeto)
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muv K .
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irrelevant operator) . £ J
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Phase slips and Memory matrix

Phase Slips (for a periodic wall potential) Leading irr. operators

h nm
Hpg = Z vg2 /da: cos (2no(xz) + Akpmx) Ak, = 2nmpg — 2mG)

yen

[HPSH‘]]#O [HPSWP]#O
J and P are coupled and acquire a finite decay rate

x(w:T) = Tr {V wl 4 iM (w: T)] " iM (w: T))Z(T)}

R , , M?*vK 7w(kgT)?
R(T) = ding {7 xpp(T)) = ~ding{ 2 1)

6hv° J

M (w’ T) is a 2 x 2 matrix whose eigenvalues are the current decay
rates (it can be evaluated perturbatively in Hps)
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Results

Luttinger parameter dependence (Compressibility « K)
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Prediction: Frequency dependence
x(T)| !

Simplified model Xx(wo;T) = 1~ iwor(T) T(Tonset) ~ .

| wiwo T wo & 2000 Hz — 15 nK
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Experiment: Frequency dependence
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Conclusions (part I)

o The helicity modulus in 1D vanishes
e Superfluidity is a dynamical effect in 1D
o Importance of Phase slips

o Importance of coupling between particle and
energy currents



Quantum Quenches:

From the generalized Gibbs
Ensemble to Prethermalization
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What Quadratic Hamiltonians
can teach us about non-equilibrium

Miguel A. Cazalilla NTHU, Taiwan.
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Why to bother with “boring” quadratic
Hamiltonians?

RG Fixed-point Hamiltonians
at Equilibrium



The Luttinger Model

Mattis & Lieb
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Luttinger

[]. Math. Phys. (1965)]

€kin (p) = VP Quasi-particle: Tomonaga bosons

Hiyv = ) Twlglb'(q)b(q)
q70

‘Anomalous’ commutation relations
qL

pr(q), PrR(—4")] = 2_5q,q’
“Infinite story hotel” |O>Dirac d



One Dimension: The Tomonaga-Luttinger Liquid
Luttinger  Mattis Lieb @A sk  Luther Emery  Peschel  Haldane
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(There are more, but I simply couldn’t fit in every one...)
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Fermi Liquid Theory

Helium 3 Phase diagram Fermi Surface (FS)
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Landau Fermi Liquid

Quasi-partic le Hamiltonian Forward scattering interactions
1
Hrpr =) e(k)qan - e Y Fok(@) k4 g gtk
k kpp

Single Quasi-particle energy

Haldane, Houghton & Marston

Bosonization of the Fermi Surface Castro Neto & Fradkin,
Kim & Wen & Lee, ...

S S JS(q) ™~ Z q;;—l—qQki
kecS

[JS(q),JT(p)} = 05,T0p+q,0 NS - q

T B 1 (5 Fs T((I)_
H=_Y |&dsp+—

Forward Exchange Eigenmodes H — ZW(Q)@T(Q)O&Z((])
l,q



Non-Equilibrium from
Quadratic models?

T Tinoshita et al Nature (2006)

Sudden Quantum Quenches

State prep  Unitary evolution = Measurement
_iHt/h

t =0 €



Some Important Questions

Does the system reach a steady state?

B 1 fto+T Q 0.12,
T—+4oo 1" [ T 0.08]
= 0.06}
O(t) = Tr p(t)O I 0.04f

: T = 0.02} ._

O =n(r),¥'(r)¥(0),... \Q‘/ oot ———— . . . . . . ... ... ... ..

0 1000 2000 3000 4000 5000

t

If so, what are its properties? Does it thermalize?
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O ="Ir psteadyOa

Psteady X e~/ Tett 9



Quantum Quench in the LM

i i ’
Hint =0 qunt # 0

Momentum distribution at time t :

t > (0

’\lﬁ t_72

p p

n(p); t =0

MAC Phys Rev Lett (2006)
A Iucci & MAC Phys Rev A (2009)



Does this work lattice models?

Model: XXZ + NN int C Karrasch et al PRL (2012)

1 ===% (a)_
1 . N '
H = E [§cjcj+1 + H.c. + Anjnj_H —+ AQ”jﬂj_|_2
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O _ =03 ~
O Vst TSI o~
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Where does the system go?

t > ( ,\t > 400

n(p)] n(p) ~ |p — pr|”

Nt'Y #

Non-equilibrium exponent: Y = Yeg

The system does not thermalize! Why?

Infinite number of conserved quantities!!

H,I(g)] =0  I(q)=0b"(q)b(q)



The GGE Conjecture

M Rigol, B Dunjko, V Yurovsky, and M Olshanii PRL (2007 )

Apply the Maximum Entropy Principle
[E.T. Jaynes, PR (1957)]

O = lim (¥(t)|O[¥(t)) = Trpcar O,

t—>—+00

ek Med (k)
. {(k))eer = (V(t = 0)[I(k)[¥(t =0))

PGGE —
LGGE

Need Integrals of Motion [H I(l{?)] 0

Luttinger Model Integrals of Motion I(k) = b'(k)b(k)

Why?

MAC, A Iucci, MC
Chung PRE (2012)

g
But only O(N) integrals are needed! }>
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Experimental Observation of GGE

Sudden Splitting of a 1D Bose gas
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T Langren et al arxiv:1411.7185 (2014)
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Pre-thermalization
ind>1?

R X" \\Q\*\\\ /4 Ny e

Prethermalization [...] describes the very rapid establishment of [..] a
kinetic temperature based on average kinetic energy [...] the occupation
numbers of individual momentum modes still show strong deviations
from the late-time Bose-Einstein or Fermi-Dirac distribution.

J Berges et al Phys Rev Lett 2004



Prethermalization in the Hubbard Model

U
_ T T T
H=) ek)eper+3:0(t) ) chigiCoqiColOh1 M Eckstein, M Kollar, &P Werner PRL (2009)
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M Moeckel & S Kehrein PRL (2006)



Prethermalization in the Hubbard Model

(in infinite dimensions)

Double Occupancy M Eckstein, M Kollar, &P Werner PRL (2009)
0.25 f P Discontinuity at kr
0.21
S 047
0.13
Kinetic energy rapidly equilibrates 0 | mecoelcocoicoosscns

d(t) = Unip(t)n; (1)
E = (K(t)) + UNd(t) = const.



Pre-thermalization in a 2D Fermi gas
with long range interactions

J -\
- ! \
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Degenerate 1’Er Fermi gas
K Aikawa et al Phys Rev Lett (2014)

Degenerate 11Dy Fermi gas
M Lu et al Phys Rev Lett (2012)



Quench in a 2D interacting Fermi Gas

N Nessi, A Iucci & MAC, Phys. Rev. Lett (2014)

i _ ’
Hint — () qunt # 0

Hamiltonian fort<0  Ho =) e(k)clex
k

Hamiltonian for t > ()

1
H = Hy+ Hijyy = Z e(k)c};ck + % Z f(q)cLJrch_qcpck
k kpq

. . . —1 —1
Long-range (non-singular) interaction 4. > kg

flq) = foF(q) F(g>q.)~e Y% F(q=0)= const.



Pre-thermalization, perturbative? YES!

M Moeckel & S Kehrein PRL (2006)
M Eckstein, M Kollar &P Werner PRL (2009)
M Stark & M Kollar, arxiv:1308161

Perturbation theory valid for
t < Teoll ™ [f(:)))(N(O))_2]_1

Z (t) Z(t) ~1— a2 Perturbation theory [n(k), po] = 0= O(f7)

12 3 dET, (E) . , [ Et
/ 20 =114 [ g (5
0.8;-\ (Off-shell) scattering rate

0.2}
S Fermi Liquid theory (Luttinger, PR 1963)
¢ Ik (E) ~ E?

1 — Zheq = 2(1 — Zoy)

PT tells us there is a pre-thermalization plateau, but WHY?



Making an Interacting Gas Exactly Solvable

Hamiltonian fOI’ t>0 Contains inelastic processes

1
H=Hy+ Hy; = Z e(k)c;;ck — % Z f(q)cL+qc;r)_qcpck
k kpq

Fermi-liguid-like truncation of the bare Hamiltonian

(= Neglect inelastic processes)

FS Bosonization Js(q@) ~ Z CL+qu
kcS
5 Y Jsta) (mdse+ 52 sn(-a)
S T.q

JT(P)] = 05, 10g+p 75 - q

Forward Exchange

Houghton, Kwon & Marston Adv. in Phys. (2000)

Eigenmodes H = Z w(q)oﬂt (Q)Ckl (Q) +Haldane, Castro Neto & Fradkin,

l,q Kim & Wen & Lee, ...



Zneq (t)

Interaction quench in a 2D Fermi Gas
N Nessi, A Iucci, and MAC, arXiv:1401.1986

- Z°%=1+0(g")
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A T D I B B T I I -
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oVt Kinetic Energy rapidly equilibrates
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Prethermalized State = GGE
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How do we describe the Generalized Gibbs Ensemble
- ] ? 1
pre-thermalized state: _ exp | 5™ M(@) ()
L Lq

Eigenmodes H = ZW(Q)@T (@)u(q) Ii(q) = o (@)u(q) l;ermi Surface

l,q eigenmodes



Conclusions (part II)

* Generally speaking, systems that can be described in terms

of quadratic Hamiltonians of Bosonic or Fermionic
elementary excitations thermalize to a Generalized Gibbs

Ensemble (GGE).

Close to the fixed point, interacting Fermions in 1D exhibit
very slow relaxation dynamics following a quantum quench.
At T = 0, the discontinuity at the Fermi energy vanishes as a
power law.

Even systems that eventually do thermalize can exhibit an
intermediate regime known as pre-thermalization. The
system dynamics may be describable for short times by a
quadratic Hamiltonian, and therefore the pre-thermal state

will be described by the GGE.



