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Abstract: <span>l will present results for the quench dynamics of one-dimensional interacting bosons under two circumstances. One is when the
bosons are in the vicinity of the superfluid-Mott quantum critical point, while the second is when the bosons are in a disordered potential which can
drive the system into a Bose glass phase. | will show that the dynamics following a quench can be quite complex by being characterized by three
regimes. One is a short time perturbatively accessible regime which depends on microscopic parameters, the second is an intermediate time
prethermalized regime where inelastic effects are weak and correlation functions can show universal scaling behavior which is quantified by a
nonequilibrium generalization of the Callan-Symanzik equations. The third is a long time regime where inelastic effects become important. For the
dynamics in the inelastic regime | will construct a novel quantum kinetic equation that accounts for multi-particle scattering between bosons, and
discuss how the combined effect of interactions and (weak) disorder can thermalize the system.</span>
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A quantum quench

Startinitially in a state @H: } which is the ground state of some Hamiltonian Hi

Drive the system out of equilibrium by a sudden change in parameters of
the Hamiltonian Hi > Hf

Explore the time-evolution and the long-time behavior.
a). Is the system thermal at long times?

b). What does it mean to be thermal for an isolated quantum system in
\/

apure state? , _ O, j(\(DH_, ‘ Ti"[pz]z -I;Trlpri ]< 1

c). Prethermalization: “Glassy behavior” with intermediate long-lived
metastable states.

d). Quenches across and in the vicinity of critical points: new kinds of
nonequilibrium phase transitions? Universality out of equilibrium?
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Cold atomic gases w

cola=-atoms

o

1K
Alkali
atoms:

H ':a.':-.'."_' = 10 ; R-

Bosons: = Rb,”Na,'Li
0 671

Fermions:  K.'Li

Unique features:

1. Possible to realize almost
ideal (isolated from the
surroundings) condensed matter
systems. More often than not the
systems are out of equilibrium.
Easier to study dynamics as they

occur on much lower energy-scales.
Electric fields in a laser induce a dipole moment
which interacts with the field: schematic of
a potential felt by the atoms

2. Highly tunable systems where the interaction between particles and
the external potentials acting on them can be tuned easily and rapidly, the
former by using Feshbach resonances.
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Quench= Unitary time-evolution from a nonequilibrium initial state

Ultra-fast Optical Pump Probe methods:

Ultra-fast lasers can probe dynamics

on femto-second time scales,

much faster than times needed to
thermalize via coupling to a reservoir
such as lattice vibrations (pico seconds).

Faustietal, Science 2011 (Hamburg)
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Model
H; = 5= [ d.r [1\' (mll(.r) )2 5 % (()_1.(,)(.1'))2}

Fyl| L

Quench involves switching on a leading irrelevant or marginal perturbation V
H,=H +V

Quench 1: Sudden switching on of a commensurate periodic potential:
dynamics in the vicinity of superfluid-Mott quantum critical point

P _( s }J. dx cos|2¢(x)]
.

Quench 2: Sudden switching on of a disordered potential: Dynamics in the
vicinity of the superfluid-Bose glass quantum critical point

Hy = Hi+Vais
: | I * 2id OIP.
‘(lis = / d.r |:—:I/(.l')(')‘,.f) - (i, 2i¢ i :( *lru)
)7,5 ‘Random variables

Quench 3 (If time permits). Sudden switching on of an impurity potential .
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Equilibrium and low-energy properties of 1D Interacting Bose gas

1Dinteracting Bose gas y . 5 -y 2
characterized by an interaction parameterK: H; = Ber I doe | K (7II(x))” 4 i (Ozo(r))
K = 1/(Interaction Strength)

Hard-core Long range
bosons
Free bosons 1 interactions
O  Superfluid | charge-density-wave
K ! (crystal) ————>
Increasing
interactions

W Boson creation operator Due to quantum-fluctuations, only

quasi-long range order
L (]“ ) Boson density at r=(x,t)
Density-density correlator:  (p(x)(0)) »

ﬁDual fields

/ . - i
Boson propagator (w(r)y (0)> ®
(superfluid order parameter):

. cos(270,x)

v

1

1/2K 6

I
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Review of results for quenches within the harmonic LL theory
Ko=1, Cazalilla 2006

Hard-core : lucciand Cazalilla, 2009
ong range
Free bosons boions interactions 1 i
© *Superﬂuud* | charge-density-wave g Ko
K (crystal) —————>
Increasing >
K Ko interactions time

i

Hi : Bosons with interaction Ko o \
’ HiHy | Ground-state of Hi, Hf

Hf : Bosons with interaction K

>» this have with

it _iH . ] = o0 What connection does
Pl Pe >

<(DH, (DH,.

(@,

Ao, )
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Review of results for quenches within the harmonic LL theory
Ko=1, Cazalilla 2006

Hard-core : lucciand Cazalilla, 2009
ong range
posons A
Free bosons 1 interactions a
o _ *Superﬂund* Icharge-density~wave 0 Ko
K (crystal) ————>
Increasing >
K Ko interactions time

\

Hi : Bosons with interaction Ko ® \
’ HHy [ Ground-state of Hi, Hf

Hf : Bosons with interaction K

>» this have with

. : [ — o0 What connection does
FHff A —THff
€ €

<(DH, (DH,.

(@,

A0, )
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Time-evolution of correlation functions for KO to K quench:
Calabrese and Cardy, 2007

HOR|ZON EFFECT Ko=1, lucci and Cazalilla, 2009

S — izgp(r’]:n) —1.2(0(0,]:77)
R=C,  =(e e

Inside the light-cone r<<2Tm

T - I Isthe first instant at which excitations emitted 1
m ~ 5 from the same point in space reach the two R(" << 2]:,, ) ~ K,
operators at the same time (sound velocity=1) ‘ ' '
HORIZON EFFECT !
A Tm l
: i . _ 1< 2Ty
Outside the light-cone r>>2Tm X—
1 ,_zr r=2Ty
R(i' >> 2]-;”) ~ ™ ]‘;” ]f(h Ky) ’ /
| >
j ; ‘_1' 21y N
Wavefunction = T
10

renormalization or formation
of the new quasiparticles
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Ground state properties: Interacting bosons in a periodic potential

P WL WP W

/ \
g I//\v/\vﬂvf\\ g I/\_[\_[\_[\

Superfluid Mott-Insulator
Berezinskii-Kosterlitz-Thouless Flows

gA

Critical line

ott-Insulator
Superfluid

K <nnmnssbnnnnkonnns) > !ncreasjng 12
Kc=2 Interactions
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uo [ [ . _ l t<0 H(]\:,)
H — | dx<{ Ko |7Il(2)]|” — |O0,0(x)|”
2T 1 ‘ ' ‘D ) [
Quantum
quench
u [ - 2\ H\Kg) v
[[, 7 rf.l'{]\. ‘,'.'HIJ'I:' - -]—- i“.r‘ H:_f'!:" ) 5
\ J e LN 5
—g dx cos (vo(x)) < — — — ~
When g=0 (no periodic potential), exactly solvable problem.
13
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Renormalization group procedure where fast modes are gradually
integrated out

Split fields into slow and fast modes in momentum space. Fast modes oscillate
rapidly both in position and in time.

Go,A ('u_\ -dA T (',\---.f,\_\

> - dCio A
GA—daan =dA dan

Go=Correlators for the slow
and fast fields

Integrate fast modes perturbatively in g, then rescale action in position and time.
This leads to corrections to the quadratic action and to the correlation function.
The corrections will depend on the time after the quench.

This procedure leads to the derivation of a Callan-Symanzik like differential equation
for the correlation function.

dA
Ry s =Ry p_an l:l = T ( ' )]

16
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Derivation of a Callan-Symanzik equation

Lower the cut-off A - A - dA reabsorb changes to coupling
parameters such that R remains invariant.

rAo TmolA
, |, Lo 1
) o) f'l\ln .\HT 0
+ B(g;)=— — Yano + 27alc | xR md
ainl ' P95, I ] g [ ' '-““] =0
Anomalous dimension of R
] . T P — IIJI 'f’v"- i.”_‘-:" 'A\u Vl‘m I.\II
fl(.\nf..\n[,,,u.',fni - v h}(,{ . :’ f{(.lrl)

Correlation function at large distances may be related to correlation function
at short distances but with renormalized couplings, where the latter may be
evaluated within perturbation theory.

Integrate UptO [* = Aomin(r, Tino)

Qualitatively different behavior depending upon whether the distance ris large,
small or the same order as the time after the quench.

Lets discuss the /8 -function 18
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Derivation of a Callan-Symanzik equation

Lower the cut-off A - A - dA reabsorb changes to coupling
parameters such that R remains invariant.

!‘i\l . 'i'..;rh\ 1
”;:” + 1’(;;,}‘.;: e *2:,;1,.] B l;-.}\". '\"';1'”"_,,,{1}1 »
\_Y_/
Anomalous dimension of R
R (Aor, AoT 'm0, 90) = ¢ fag " 8- <R (,T\” T’”}I'\” Y .f{(f‘l)

Correlation function at large distances may be related to correlation function
at short distances but with renormalized couplings, where the latter may be
evaluated within perturbation theory.

Integrate UptO [* = Aomin(r, Tmo)

Qualitatively different behavior depending upon whether the distance ris large,
small or the same order as the time after the quench.

Lets discuss the /8 -function 18
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Corrections to the action: Generation of new terms out of equilibrium
representing dissipation and noise

Aditi Mitra, PRL 2012
Aditi Mitra, PRB 2013
Mitra and Giamachi, PRL 2011

. * 1 7 | -

va = ) e " 1 4 a0 a0 ’ ~D D ) ou ~9D D a

ﬁ“ == lf]l A ‘“”1”-).)_[\* rr.; (f’f‘,-—-r';[—_'l]u",--u“,{r)i.——r)r'r[-”‘)“‘; --—'—rJ', (riL.—}-():[.” )(Jr!
. ~ . &

YT o y T AnT, f
+—05 (0% +2g,,) 65 — 2205 Bur,, 05 + i— 2L

o B JL—

Dissipation of long Noise on lon
wavelength modes | :
wavelength modes

The magnitude of these corrections 7 (1, ), 7 (1, )1 - (1',)
depend on time. 19
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|
The inelastic scattering rate implies a new energy scale in the problem

the cormrelatio

2. Akinetic equation

where di ve
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Correlation functions after a quench slightly away from the critical point

<
Il
2
H
3

g A

Critical line

]1'!_\..!'. .\n_.]‘,_‘.r}“_!'-- '._'l‘,.” - 1—
pl+%4/67-(2%g)2
HORIZO FFECT

A In

r<2Ty
II':.\IZII‘. .\Ill’;;-i!.”;l.f .3[
(_) e 4 _ /8% -(2%g)¢ '

4 o -‘-\
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- T
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universal prethermalized regime | thermal regime

1/A 1/ T111

0

\ 4

NEXT. WHAT HAPPENS WHEN INELASTIC EFFECTS BECOME IMPORTANT ?

FIRST. Disorder quench in the intermediate time pre-thermal regime

23
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Ground state properties: Interacting bosons in a periodic potential

> I/ b\ Wy o
/ \
o AN AN A/ A\ W

Superfluid Bose-glass
Berezinskii-Kosterlitz-Thouless Flows

ND

Critical line

Giamarchi&Schulz, 87

Bose-Gl
Superfluid S

<Tnnsndhasssdansns > |ncreasing

Line of stable fixed points (QLRO)

Kc=3/2 interactions 24
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This forward scattering induced dephasing cuts-off logarithmic corrections
from the backscattering interactions very effectively.

RC,(,(}‘.,I,Df = O)= ‘31_5 [l+cD)(1n[min( 2f_,r)])3]
D, « @/ — min(2t,7)

|

Ree(r,f,Df # O)= %[l +cD, ln‘Df min( 27, 1)

]‘0

The main effect of backscattering is to give rise to inelastic scattering leading
to thermalization.

29
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This forward scattering induced dephasing cuts-off logarithmic corrections
from the backscattering interactions very effectively.

Ryplr.t,D, =0)= l {1+ D, (Infmin(2¢. )] ]
D, o (Iog%):”/ = min( 21, 7)

|

Ryp(r.1.D, #0)=——[1+¢D, In|D, min( 2z, )
\ . |

The main effect of backscattering is to give rise to inelastic scattering leading
to thermalization.

29
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1
Fortimes 7,2 — when the clean or disordered backscattering

: g . : : 5
potential causeé inelastic scattering: Tavora and Mitra (2013)
A quantum kinetic equation approach. Tavora, Rosch, Mitra (2014)

In the absence of the uniform and/or disordered backscattering potential,
the boson distribution n(p) is out of equilibrium and conserved.

|
mp) =T
L Y n(p)= eh|p| T Equilibrium (T>0)
(K, - K]: Quench
4KK, Equilibrium (T=0)
> P

For disordered bosons, nonequilibrium distribution:
!‘ T IM{ I|' 0

oft
u ji U P

n,(t ~0) ) A g 11
4 ¢

f KDsA b 1y, | D(2K =2
T:,” = 7 -T.-n = AS7K D, ;’}

30

1
F2K J'
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1
Fortimes 7, 2— when the clean or disordered backscattering

: n . : : :
potential causeé inelastic scattering: Tavoraand Mitra (2013)
A quantum Kinetic equation approach. Tavora, Rosch, Mitra (2014)

In the absence of the uniform and/or disordered backscattering potential,
the boson distribution n(p) is out of equilibrium and conserved.

|
np) =T
L XY n(p)= AT 1 Equilibrium (T>0)
(K, -KY Quench
KK, Equilibrium (T=0)
>V

For disordered bosons, nonequilibrium distribution:
!‘ T IM{ l| 0

oft
u j) | 1:

n.(t ~ 1) U ]T] iF
I ¢

f _ KDyA b _ ro_ - [D(2K=2)]
Tig = o Teg = ASTKD, | TER) | 30

Pirsa: 14050087 Page 24/26



Pirsa: 14050087

Quantum Sine-Gordon (¢7#0)

» The exact Green’s function G(x7.yt") obeys the Dyson equation:

Dyson equation

-~

l - " ) 3 = o~ r R — \ 7
———(’+1’q* |G, =8t =)+ (T o G )(1.1)
nKu' ‘ ‘
GK:GR:F—F:‘GA (F(q.T)=1+2n(q.T))
1

- (97-02 ) F(t.t')=ZX (1.0) = (ZR o F)(t,8')+ (F o Z*)(2.,1)

T Ku
“~ . A .
Quantum Kinetic Equation

» We simplify the Dyson equations by performing a gradient expansion to
lowest order, which is equivalent to a quasi-particle approximation (energy

levels are not modified but only the occupation numbers change)

J i - - 08

oL @n=| 5 [25(.D- (. D) - S @.THF(@. )] 5o

ol 2‘(1‘ 2 04

d((JR - (-}4 ) ({ T) =1 7T F sl c:‘\::‘ 02 04 06 08 10
JoT . ‘ S[G] = " ( |" | i i- ‘; A(k.w)~d(w-ql)
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0.15

0.1

qn(q)

0.05

! i ] . ! Ml
03 0.4 05
q

Thermalization time shortens on approaching the critical point at K=3/2

Critical speeding up. Relaxation rate from the long time tail of the
time-evolution is found to be

. T K
Yeh ~ Db “.-ir.n] =

I.  P. Ronzheimer M. Schreiber S.  Braun C. P. Grams, M. Valldor, M. Garst, and

S. S. Hodgman, S. Langer, [. P. MecCulloch, J. Hemberger, ArXiv e-prints (2013), 33
F. Heidrich-Meisner, 1. Bloch, and U. Schneider, arXiv:1307.8287 [cond-mat.str-el].

Phys. Rev. Lett. 110, 205301 (2013
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