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QUANTUM QUENCH

Definition: a change in time of the parameter(s) that govern the dynamics
of an isolated quantum system (i.e. under unitary time-evolution).
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Convenient way to bring a system out-of-equilibrium and to study its
following relaxation toward a steady state (7).

Polkovnikov, RMP (2007)
D'Alessio et al., Adv Phys, (2014)
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Convenient way to bring a system out-of-equilibrium and to study its
following relaxation toward a steady state (7).

Polkovnikov, RMP (2007)
D’Alessio et al., Adv Phys, (2014)

7 Does the steady state exist? If yes, which kind of state is it?

7 Which are the features of the relaxation dynamics?
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INTEGRABLE SYSTEMS @ il

Low energy physics of 1D
interacting fermion systems T Luttinger liquid model (LL)

Integrable system:

> complete set of conserved quantities;

7 a steady state is reached (in the thermodynamical limit) but it retains
a strong memory of the initial state;

7 local observables relax to non-thermal values described by the GGE
density matrix
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€ 2o Amlm Rigol et al. PRL (2007)
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INTEGRABLE SYSTEMS @ il

Low energy physics of 1D
interacting fermion systems T Luttinger liquid model (LL)

Integrable system:

> complete set of conserved quantities;

7 a steady state is reached (in the thermodynamical limit) but it retains
a strong memory of the initial state;

7 local observables relax to non-thermal values described by the GGE
density matrix

e 2 AmIm Rigol et al. PRL (2007)
PGGE = 7
GGE
]
*Q;J Pth Relaxation PGGE
Our goal: key features of 5
the relaxation process 3 .
towards GGE in LL !
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LUTTINGER LIQUID

R

A~

Ho(w) = ive (U (2)0,0r(@) — ] (@)0:01())

L

Giamarchi, Quantum Physics in One Dimension (2004)
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LUTTINGER LIQUID

R
2 Ho(@) = ivr (Y (@), () = B} @)01 ()

L. 94 . o
Hini(1) = go np(x)np(x) + 5 (nr(z)np(x) + np(x)ng(x))

Giamarchi, Quantum Physics in One Dimension (2004)
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LUTTINGER LIQUID @ il

R

2 . Ho(w) = ive (U (2)0,0r(@) — ] (@)0:01())

Hin(2) = ga np(x)ng(z) + % (nr(x)ngr(x) +np(z)np(v))

Exact diagonalization in terms of chiral boson fields:

Hen(@,1) = 5 {[0ebs (2 — ub)? + [0pd— (v + ut)]2 |

7 Chiral boson fields are decoupled from each other.

Giamarchi, Quantum Physics in One Dimension (2004)
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LUTTINGER LIQUID @ il

R
2 Ho(@) = ivr (Y (@), () = B} @)01 ()

L
Hans(2) = g2 ()i () + 5 (n(@)i(e) + As(@)ic (@)

Exact diagonalization in terms of chiral boson fields:

Hrs (1) = 5 {00+ (x — un) + [9rd—(a + ut) |

_ 2mvp+g4—g2
K= \V 27or+gatge <1

7 Chiral boson fields are decoupled from each other.
> Different interaction strength (K') correspond to different couple of
chiral fields (Bogoliubov transformation).

Giamarchi, Quantum Physics in One Dimension (2004)
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LUTTINGER LIQUID @ il

R
2 Ho(@) = ivr (Y (@), () = B} @)01 ()

L
Hint() = go ng(x)np(z) + % (nr(x)ngr(x) +np(z)np(v))

Exact diagonalization in terms of chiral boson fields:

Her(e,t) = % {[8z¢3+(w —ut)]? + (00— (z + ut)]Q} Dy iV2ToR/L

K:\/mﬁﬁl dry1 = Ay (K)o — A_(K)ds

7 Chiral boson fields are decoupled from each other.
> Different interaction strength (K') correspond to different couple of
chiral fields (Bogoliubov transformation).

Giamarchi, Quantum Physics in One Dimension (2004)
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LUTTINGER LIQUID @ il

R
2 Ho(@) = ivr (Y (@), () = B} @)01 ()

L
Hint(2) = go fup(2)ir(2) + % (hg(2)ig() + fp(2)is (@)

Exact diagonalization in terms of chiral boson fields:

Her(e,t) = % {[8z¢3+(w —ut)]? + (00— (z + ut)]Q} Dy iV2ToR/L

K:\/mﬁﬁl dr1 = Ap(K)ps — A_(K)d+

Chiral boson fields are decoupled from each other.

> Different interaction strength (K') correspond to different couple of
chiral fields (Bogoliubov transformation).

7 LLs have peculiar features: zero bias anomaly in DOS (power-law
behavior), fractionalization phenomena, ...

Giamarchi, Quantum Physics in One Dimension (2004)
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SUDDEN INTERACTION QUENCH

R |02> Relaxation GGE
K; |
[&i/ *************** !
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SUDDEN INTERACTION QUENCH @ il

~ |02> Relaxation GGE
[\Y,' |
j\i/ **************** !

Focusing on the evolution after the quench:
~ u ~ ~
Hip,f(x,t>0) = 5 {[8z¢f,+(ac —ut)]® + [0:0f,—(x + ut)]Q}
+oo

10) o exp [U[Ki, K] /

—00

(0:d1.4(0)) d5.-(@)] 0y

Quench-induced entanglement between the two chiral channel + and —.
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CROSS-CORRELATORS RELAXATION

Non-vanishing
_— local cross correlator
between bosonic fields

Quench-induced
entanglement

De.(t, 1) = ((/> bt — T)(A) f(/)> + <() bt (t— 7))

— Dyt =T st —T)) = {Dy s (D)D_ £(1))
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CROSS-CORRELATORS RELAXATION @ il

Non-vanishing
_— local cross correlator
between bosonic fields

Quench-induced
entanglement

Dee(t, ) = (00 ¢t — o )+ <(f) ‘ _f(‘/,)(ﬁ) ft—=7)

— oy f(t =TV f(t = 7)) = (D4 ()D_ f(1))

In the long time limit ¢t > 7, the cross correlator relaxes to zero as a power-law

d(T
Deo(t, ) ~ % -0
» Universal: the exponent is independent on both K; and Ky
7 Pure non-equilibrium effect

7 Probe of quench-induced entanglement and relaxation dynamics



SPECTRAL FUNCTION

Local (lesser) non-equilibrium spectral function (NESF)

A< (w, 1) = 2—; / TGt GS(ht—7) = i (7))

U s(w M g(w, t
Al )_I_ Alw, t)

2 o with My~ ™t

AS(w,t) — AS (w) ~

> universal power-law induced by the peculiar ¢
dependence of D,

> non universal power-law (breaking of time
translational invariance)
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SPECTRAL FUNCTION

Local (lesser) non-equilibrium spectral function (NESF)

A1) = o / TGt GS(ht—7) = i (7))

U s(w M g(w, t
Al )_I_ Alw, t)

AS(w,t) — AS (w) ~ with My~ ™!

t2 tv

Although present,
the t 2 relaxation
is subleading!
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TRANSPORT PROPERTIES @ il

Injection from a biased - N
probe, |Oca||y tunnel Probe ( iv
=

coupled  with  the
quenched system

System

Hy(x) = ivpx! (2)0 % (x) Hr(t) = 0(t) [\dfy(w0) (o) + hic |
Injection
N ‘07 > l _______ R_el_a>_<a_ti_or_1 _____ - GGE
]XV,'
[\if ——————————————————— l
t=20 t

Breaking of inversion symmetry (injection of

R electrons): allows to study also R R
fractionalization of the injected currents. %T% o eV2r(Ard++A-¢) o



CHARGE CURRENT

00 r\ Variation of chiral (n = %)
I,(Vit) = 8t/ (6ny(V, 2, 1)) dz charge density (order |\|?)

—00

- (%)m? 2Re [/0/¢G<(/, [—7)G> (1) sin(vf)df]

L(V,t) = I2°(V) = <1+gz<f) (lf/(w M (V, f)) V(K Kp) 21

2 T T My =~ cos(V't)

Probe
System l i \%
<T T, )
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CHARGE CURRENT @ il

oo

L,(V,t) = & / (6ry(V, 2, 8)) da

—00

- (%)m? 2Re [/0/¢G<(/, —7)G> (1) sin(vf)df]

e (kg (U (V) MV V(K Kyp) 21
I,(V,t) I, (V) ~ ( 2 )( +2 + 4w M =~ cos(V't)

107!

> The universal decay
is leading!

> Competition is still
strong!

oIt

K, =09 K;=06
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CHARGE CURRENT @ il

oo

L,(V,t) = & / (6ry(V, 2, 8)) da

—00

- (%)m? 2Re [/0/¢G<(/, —7)G> (1) sin(vf)df]

e (kg (Ur(V) MVt V(K Kyp) 21
I,(V,t) I, (V) ~ ( 2 )( +2 + 4w M =~ cos(V't)

107!

> The universal decay
is leading!

> Competition is still
strong!

oIt

> Charge
fractionalization is
“trivial”!

1 I ‘ t I ‘ 300 8/12
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ENERGY CURRENT

B o Variation of chiral (n = +)
Py(V1) = 3,:/ (OHy(V, 2, 1)) dz hamiltonian density (order |A|?)

o0

= 2|A[%Im [/G> (O — nusde)GR(&;l, 1 — T)‘gz cos(Vr)dr

. UAV) | Mp(V,t) v(Ki, Kyp) 21
Py(V,t) = PR(V) = Ry (Ky) < lfz ;2 = ) Mp =~ C(J)cs(Vt)

Uuswv) ME(W, /,))

_%

é(KlaKf) ( f2 f211,/

Probe

System iv
; Iz P; N

+
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B o Variation of chiral (n = +)
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ENERGY CURRENT

10~ = ———————
—
S%IV-
_ T P_ P,
=1
~ L
<
Q
4]
— _AP=AP, + AP
10—12 I I P I 1
10 t 104
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ENERGY CURRENT

]-0_4 T Probe ' ' " ToTr T
System AP ! x P, :I:]__ VT
_ P- P, T
—
L
~ L
=
oy
4]
L ——AP,
——AP_
——AP=AP, + AP_
10—12 . P B . P R . PR B
10 t 10*

Ki=09 — K;=06

The left moving component of the transient (AP-) displays an almost
perfect t~2 behavior, even after a short time.
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ENERGY FRACTIONALIZATION

Fractionalization ratio

N P ARL(V1) = Ry (V,1) — R (1)

T PV + P_(V.1)
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CONCLUSIONS @ il

Interaction quench

in Luttinger liquid _
Non-equilibrium
) /_ entangled state
Universal relaxation o< ¢~

of local cross-correlators

11/12



CONCLUSIONS @ il
Interaction quench
in Luttinger liquid
ger i \ Non-equilibrium
/_ entangled state
Universal relaxation o< ¢~2
of local cross-correlators \ Subleading in

local NESF

11/12



CONCLUSIONS @ il

Interaction quench

in Luttinger liquid _
Non-equilibrium
_ _ ) / entangled state
Universal relaxation o< ¢~
of local cross-correlators \ o
Subleading in

local NESF

Transport properties

11/12



CONCLUSIONS @ il

Interaction quench

in Luttinger liquid _
Non-equilibrium
_ _ ) / entangled state
Universal relaxation o< ¢~
of local cross-correlators \ o
Subleading in

local NESF

Transport properties

Charge current:

> t72 s leading
7 trivial”
fractionalization

11/12



CONCLUSIONS @ il

Interaction quench

in Luttinger liquid _
Non-equilibrium
_ _ ) / entangled state
Universal relaxation o< ¢~
of local cross-correlators \ o
Subleading in

local NESF

Transport properties

Energy current: A Charge current:

> t~2 emerges even more clearly > ¢t 2 s leading
7 non-trivial partitioning: 7 trivial”
> Predominance of the “~" channel fractionalization

> Direct fingerprint of quench-induced

dynamics ,
11/12



THE END @ il

A. Calzona, F. M. Gambetta, F. Cavaliere, M. Carrega, and M. Sassetti
arXiv:1706.01676

Thank you for your attention!
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PARAMETERS

Kj+ K} +3K7(1+ K?)

_ Ay
SK?K;

14
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RELAXATION @ il

Integrable system — GGE
Non-integrable system (ETH) — Thermalization

(O®))

relaxation prethermalization  thermalization

weak
non-integrability

thermal

Ty Tth t

Polkovinkov, RMP (2012)
D’Alessio, Adv. Phys (2016
Rigol, PRL (2007)
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FRACTIONALIZATION @ il

> Breakdown of Fermi liquid model, Luttinger liquid instead!
7 Excitations are collective and with bosonic nature

Safi et al. PRB (1995)
Pham et al. PRB (2000)
Karzig et al. PRL (2011) 16
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FRACTIONALIZATION @ il

> Breakdown of Fermi liquid model, Luttinger liquid instead!
7 Excitations are collective and with bosonic nature

Ho(z) = ivp (@z(f’f)aﬂ/slz(ﬂf) - Az(w)aﬂh(@)

2 —
K- TUF + G4 g2§1 H (2)
27UF + ga + go ant i

Injecting a R electron: . o
Fractional excitations!!
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Safi et al. PRB (1995)
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