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We analyze the effect of a linear time-variation of the iatgion strength on a trapped one-dimensional Bose
gas confined to an optical lattice. The evolution of différenservables such as the experimentally accessible
onsite particle distribution are studied as a function efrdimp time using time-dependent exact diagonalization
and density-matrix renormalization group techniques. \We fihat the dynamics of a trapped system typically
display two regimes: for long ramp times, the dynamics aregeed by density redistribution, while at short
ramp times, local dynamics dominate as the evolution istideinto that of an homogeneous system. In the
homogeneous limit, we also discuss the non-trivial scadiifttpe energy absorbed with the ramp time.

PACS numbers: 05.70.Ln, 73.43.Nq, 67.85.Hj, 02.70.-c

Manipulating many-body quantum systems by time-ence of atrap, we identify two distinct regimes as a funatibn
varying their control parameters is a practical challenfe othe ramp time. For long ramp times, the evolution is governed
technological importance in many areas of physics inclgdin by density redistribution, whereas for shorter ramp tintles,
condensed matter, quantum information, and cold atomic anevolution is dominated by intrinsic local dynamics and mass
molecular gases. However, our understanding of the quantutnansport is absent. This last response is the same as tat of
dynamics of many-particle systems and the identification ohomogeneous system.
their universal dynamical features is still in its infandy R]. We carry out our study using the 1D Bose-Hubbard model:
Inrecentyears, it was suggested that the Kibble-Zurek mech U
nism [3], originally developed to describe the evolutiontod _ T , ult) 1) o
early universe, could explain the dynamics of systems acrosH J;[b3+1b'7+h'c']+ 2 Z n;(n;=1) ;Mm] ’
guantum phase transitions. Despite a few successes, the va-

lidity of tr_lis theory to describe the _evolution of a_lll quamtu  \yith b; the operator creating a boson at sjten; = b;bj
systems is still not accepted. Unbiased thgoretlcal methodihe density operator anflandU the hopping and interaction
going beyond scaling arguments, are required to understangypitudes. The chemical potentigls account for an exter-
the dynamics of both homogeneous and inhomogeneous NoRg| confinement. At commensurate fillings, a quantum phase

integrable quantum systems. In an attempt to shed some lighiansition from a gapless superfluid (SF) to a gapped Mott in-
on the evolution of bosonic systems subjected to a change %fulating (MI) state occurs (df ~ 3.3J for n = 1 [10]).

their control parameters, experiments tie [4] and more  Tpe gjo quench is performed by increasing the interaction

recently on cold atoms were reported. Quenches, conduct%qrength linearly, i.e.U(t) = U; + 15U with 7 the ramp

on a trapped bosonic quantum gas loaded into an optical Ia{fme SU = U; — U; the quench aanIitude, and; ;) the

tice, were performed by changing the depth of the lattic& ovejjtia| (final) interaction. This can be achieved experimen

a given time interval [5-8]. In these experiments, the outyy|ly ysing a suitable Feshbach resonance [11]. Aspects of

of-equilibrium processes were investigated by consi@ghie  |inear quenches have been discussed previously usingsgario

behavior of local observables such as the density, compresgyproximate methods [1, 2, 12]. Here, time evolution is com-

ibility and onsite particle distribution. For slow to modés puted numerically on chains of siZe using both ED with pe-

quenches, two different evolution regimes which depend onjgic boundary conditions and an onsite boson cutéft 7,

the ramp time and on the initial interaction strength were ob 54 DMRG [13] with open boundary conditions ahfl = 6.

served. These two regimes are believed to be related to thg,e convergence of the DMRG results both with the num-

local and global dynamics of the system [6, 8, 9]. How well per of states (a few hundreds) of the reduced space and the

_these experiments can be used to clarify the universal dy“a”ﬁme-step of the Trotter-Suzuki time-evolution were chetk

ics of homogeneous systems has not been addressed yet. penoting byEj ;,; the initial and final ground-state energies
In this work, we provide answers to this question by analyz-and E; the energy obtained at time we introduce the heat

ing the response of bosons stored in a one-dimensional (13s the energy absorbed by the systém= E; — Ey ;. Note

lattice to a slow increase of their interaction strengtingshe  that we only consider the time-evolution during the ramp and

unbiased methods of exact diagonalization (ED) and densitynot the relaxation once the ramp is completed. Further, the

matrix renormalization group (DMRG). In the homogeneousderivative of the chosen ramp has a discontinuity at th&init

case, we find, in addition to the sudden quench and quastime, by which higher modes might be excited.

adiabatic behaviors observed for fast and slow ramp times re  Homogeneous systeaiVe first aim here at understanding

spectively, that at intermediate ramp times the absorbed erthe intrinsic evolution of local observables by studying tio-

ergy scales non-trivially with the ramp duration. In thegpre mogeneous limit as many features identified in such systems
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1/ [J/A] 1/ [J/A] 7.1 could diverge withL if the decay is too slow. In our

. . model, we find with negligible finite-size effects thatis an
FIG. 1. (Color onlineY/; = 2J andUy = 3.J atn = 1. (a) Scaling  jncreasing function of/;, indicating that the correlator drops
of the heat put into the homogeneous system vs inverse raneg-ti off rapidly for anyU. Using Eq. (1), one obtains a quantita-

showing a non-trivial exponent in the near-adiabatic regimset.: tive agreement up to intermediate velocities and closedo th
collapse of data for differertU (ED). (b) Comparison to perturba- 9 P

tion theory (. ~ 3.471/.J). Inset Spectral function associated with POWer-law regime (see Fig. 1(b)). Furthermore, the details
perturbation theory fot/ = 2.J (ED). of B(w) do not alter much this shortregime as a truncated

triangular approximation oB(w) (“model” in Fig. 1(b)) re-
produces well this regime.
are also relevant to the trapped case. I.n Fig. 1(a), we show \we observe that the accuracy of Eq. (1) improves with de-
the heat produced by the quench for a givéhas a function  ¢reasingsty. In the smallsU limit, the quench essentially
of the inverse ramp time~*. In finite-size systems, three pecomes a probe of the initial ground-state dynamics. To sec
regimes are typically observed: at larggadiabatic limit),  onq order ins/, the maximum heat behaves @8 (5U) ~
Q ~ 72 with oscillations [1], here associated with a finite- SU2Y. o |Bn|? Jw,. Combining this result with Eq. (1), we
size gap [1.4]; at intermediate we find a non-trivial power-  fing thgtb(f, sU)/Q°(8U) ~ f(r) is a function ofr only.
law behavior; finally, for short, @ approaches the sudden |, the Inset of Fig. 1(a), we see that curves do collapse well
quench limit [15] quadratically. o onto each other fofU < 0.6; while they do not for larger
These results can be compared with time-dependent pertus; 55 in this case heat production depends on bathdsU.
bation theory in thénitial Hamiltonian basig|n)} where the  pemarkably, the smaliU limit also provides information on
“ramp velocity”v = U/7 is the small parameter. To second e |arger (adiabatic) regimes as, in that case, the first part
order inv, the energy variation reads: of the integral in Eq. (1) cancels witQ°(5U). There, we
Wt recover the results of Ref. 17. In particular, we see that for
|:(wnt)2 — 4sin’ (L)] a gapped spectrum Eq. (1) reproduces the typical decay
combined with some oscillating terms. Lastly, we discuss th
exponent; ~ 1.35 observed fol/; = 2J andéU = J. For
large system sizes, this behavior is found above the sudden
guench limit but below a ramp time set by the inverse finite-
size gap [18]. We cannot relate this exponent to various pre-
dictions on approximated versions of the model [1], nor to
the above perturbative approach. Similar non-universal be

2N 1Bl
AB(t) = vtBy— 0?3 1220
w,
n#0 n

with B = >_;nj(n; —1)/2 the perturbation operator and

B,, = (n|B|0). Numerically, we access tHé&,,|> and ener-
giesw, = E,, — Ey in the low-energy regime using the Lanc-
zos algorithm. Considering only the final timmend introduc-
ing the energy spectral functiofi(w) = Y, | By, |*6(w—wx),

one gets for the heat haviors were recently reported in Ref. 18. Moreover, thetins
Q(1,8U) = Q°(sU) (1)  ofFig. 1(a) shows that this exponent depends@n This may
SU2 [ B(w) wor have different reasons. Firstly, contributions of intediage
i d o3 [(M’)2 — 4sin’ (7)} ) interaction values at which the system possibly posseskes d
0+

ferent low-energy physics might play a role. Secondly, a dis
whereQ°(6U) = dUBy, + Ey; — Eo,s is theexactsudden  continuity in the derivative of the considered ramp form hiig
guench expectation. Counter-intuitively, even thougb tei  cause higher energy excitations. Lastly, energy redigidh
sultis perturbative in, it yields the correct result in the large between excited states, which we found to be negligible only
velocity v limit as the ramp time- becomes short enough in for small quenches, could also play a role. This exemplifies
this regime. Thus, this perturbation theory provides short that, typically, only the smaliU limit can display universal-
corrections away from the sudden quench limit, which can béty.

calculated using ground-state observables. Indeed, &3um  Following experiments, we turn to the discussion of local
that3(w) has a support with an upper bound or decays expoobservablesk; = (n2) — (n;)? denotes the compressibility
nentially, ones finds thad(, sU) = Q°(5U) —Lé—gz(T/Tc)Q at sitej while P, is the probability of having bosons onsite.
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FIG. 2. (Color online) Observables for a quench fréin= 2J to

U; = 4J (ED) (a) Occupation probability>, and compressibility:
vs ramp timer in the homogeneous syste((n.) Perturbation theory
of Eq. (2) gives a quantitative prediction fér = 11. TheL = 16
data gives an idea of finite-size effects.

FIG. 3. (Color online). Comparing local observables at teater
of the system between homogeneous and trapped configugation
a function of the ramp time (DMRG calculations). The grey area
shows the timescales over which the responses are ideritialow
change fronl/; =2JtoUy =4J. (b)U; =4JtoUy = 6J.

The evolution of Fig. 2(a) starting from the SF phase typycal

displays the same three regimes as for the heat, with finite-

size oscillations close to the adiabatic limit. Entering v initially in a SF state as the system features no or only weak
atn = 1, P, increases witt/ while otherP, concomitantly Ml regions signaled by a trough in the compressibility. Mg.
decrease. The perturbative prediction for a real symmetric ~ displays comparisons between observables taken at the cen-

servabled reads, at time and to first order in, tral site as a function of the ramp time, and for two different
interaction quenches: (&) = (2 — 4)J, (b)U = (4 — 6)J.
A(1,8U) = Ag — 50U Z MAan . @) For case (a) of Fig. 3, we see that for short ramp times the
T %o wy central density does not rearrange. In fact, the densitaigsn

constant for all ramp times shorter thare 1/.J. Meanwhile,
Here again, it is remarkable that the simple perturbatien th the compressibility: and probabilitiesP; ,, show well pro-
ory provides a quantitatively good (up to a percentin th&a nounced variations. Remarkably, for this range-pfve find

prediction of the exact time-evolution (see Fig. 2(b)). all observables to be in excellent agreement with the homo-
Trapped system In current cold atom experiments, an ex- geneous system predictions. This result supports our {previ
ternal parabolic trap is usually present, ikig. = —V(j —  ous statement that intrinsic local dynamics dominate aitsho

L+1)2. As the density increases from the edges to the centeramp times. For longer ramp times > 24/J, we find a
for largeU, MI domains coexist with SF regions [19]. Thanks clear change in the central density, associated with thetahs
to recent advances, measurements with single-site résolut particle currents [20]. Naturally, this reduction of thendity
are now possible in 2D cold atoms lattice setups [7, 8], enmodifies the particle distribution and compressibilityiyarg
abling one to focus on a particular domain. However, in arthem away from the constant density behavior and close to the
out-of-equilibrium situation, density gradients and paeter  adiabatic expectation for the trapped cloud (with slightiles
changes induce flows of particles. Consequently, the densitiations). On Fig. 4(a), we show the actual time evolution of
redistribution will have an impact on locally measured quan the density and compressibility corresponding to a rame tim
tities. These transport phenomena occur on timescales that= 204/J. The density configuration remains almost frozen
depend on the velocity of excitations (typically contrdlley  up to timet = 5h/J even though the corresponding ground
J) and the domain sizes. state considerably differs, and begins to evolve afterwatd
Generally, the timescales for density redistribution arelater times, the density profile broadens reaching a wider si
longer than the intrinsic dynamics of a local observable. Wehan the one expected for the ground state at the correspond-
show in this section that, in the fast quench regime, an ining U/J. At the end of the evolution process, the system is
trinsic evolution of the observables occurs while the dgnsi therefore in an excited state. In comparison, the compress-
redistribution remains frozen. On the contrary, this redis ibility distribution evolves much faster than the densi#t
bution dominates in the slow ramp regime. To demonstrateach time step, the compressibility is relatively closetso i
this point, we systematically compare the evolution of obse corresponding ground state value. The difference between t
ables in the trapped cloud with its homogeneous counterpatime-evolved and ground-state values are most likely due to
(choosing the same initial density in the center). We camsid the unrelaxed density profile. Consequently, this direoeti
the evolution of a trapped cloud whose majority of atoms areanalysis of a slow quench reinforces our previous conatusio
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FIG. 4. Slow quenches with = 207/J, L = 64 andV = 0.006J. () U = (2 — 4)J, (b) U = (4 — 6)J. Contour plots: density.
(up) and compressibility. (down) as a function of position and time. Graphstup) andx (down) vs position for various timas(full lines).
Circles and squares stand for ground-state predictiortsaitresponding/ ().

that the intrinsic evolution of the observables and the igns dynamics. In contrast, the short timescales observed inGRef
redistribution are characterized by two different timéssa are most likely related to local dynamics.

For case (b) of Fig. 3, the first striking feature is the even Note added During the final stages of the preparation of
slower evolution of the central density with increasing pam this manuscript, a mean-field study of the 2D version of the
times when compared to the situation discussed before. Up tmodel appeared on arXiv [21].
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