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We propose a spatiotemporal quench protocol that allows for the fast preparation of ground states of
gapless models with Lorentz invariance. Assuming the system initially resides in the ground state of a
corresponding massive model, we show that a superluminally moving “front” that locally quenches the
mass, leaves behind it (in space) a state arbitrarily close to the ground state of the gapless model.
Importantly, our protocol takes time O(L) to produce the ground state of a system of size ~L? (d spatial
dimensions), while a fully adiabatic protocol requires time ~O(L?) to produce a state with exponential
accuracy in L. The physics of the dynamical problem can be understood in terms of relativistic rarefaction
of excitations generated by the mass front. We provide proof of concept by solving the proposed quench
exactly for a system of free bosons in arbitrary dimensions, and for free fermions in d = 1. We discuss the
role of interactions and UV effects on the free-theory idealization, before numerically illustrating the
usefulness of the approach via simulations on the quantum Heisenberg spin chain.
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Introduction.—A central challenge in harnessing the
power of artificial quantum matter—for quantum comput-
ing and other technological purposes or for theoretical
investigation—is that of quantum state preparation. While
much progress has been made in engineering extremely
isolated quantum systems—ultracold atoms in optical
lattices [1-4] or traps [5,6], nitrogen vacancy centers
[7-12], ion traps [13—15], superconducting qubit structures
[16—-19]—as these systems grow more complex, it becomes
harder to devise equally elaborate tools to manipulate them
while maintaining isolation from sources of decoherence. It
is thus important to find theoretical answers to how
efficiently specific quantum states can be prepared, and
the minimum set of knobs required for this purpose.

In this regard, adiabatic evolution has served as a basis for
many investigations (cf. Ref. [20]). The idea here is to
prepare the system in an eigenstate of a Hamiltonian that is
easily accessible and subsequently tune the Hamiltonian
slowly to evolve this eigenstate into the target state. The
limitation of this approach is speed; to avoid exciting the
system in the process, the time taken must be of the order of
the inverse square of the smallest instantaneous spectral gap
between the target and excited states, a quantity that diverges
in the thermodynamic limit for many systems of interest.

To achieve faster preparation, recent work has proposed
engineering counterdiabatic drives [21-23] that counter the
production of excitations during adiabatic evolution, or
more radically, introducing “optimum-control” protocols
[24-28] (including “bang-bang” protocols [29-32]) that
entirely dispense with the adiabatic ansatz. As of now, a
transparent theoretical prescription for diabatic protocols
exists only for finite-size systems and how these insights
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may be extended to thermodynamically large systems is
unclear. Another body of work [33,34] has proposed spatial
quenches wherein a large chunk of the system serves as a
bath to remove entropy from the subsystem of interest.
In this Letter, we provide a novel example of a diabatic
protocol for preparing the ground state of a class of gapless
systems—those with emergent Lorentz invariance—start-
ing from the ground state of a corresponding model with an
additional term that opens a gap. Such models naturally
arise in the low-energy description of various condensed-
matter systems, including one-dimensional quantum gases
[35] and the Hubbard model at half-filling [36] in the strong
coupling limit. We assume that the ground state of the
massive model is easier to prepare due to the presence of a
gap. Our approach differs from approaches inspired by the
adiabatic ansatz in that it leads to generation of excitations;
instead, our strategy is to invoke the symmetry of the model
to “shepherd” excitations in a way that leaves a thermo-
dynamically large region completely unexcited.
Specifically, we consider performing a spatiotemporal
quench [37,38] wherein the local mass or gap is tuned to
zero—abruptly, or on some timescale 7—along a super-
luminal trajectory x = vt as illustrated in Fig. 1. Here
vy > ¢, where c¢ is the speed of “light” in the emergent
critical model. The quench front then serves as a source of
excitations that emanate from the point x = v,¢, and travel
onwards in all directions. Because of the motion of the
front, right-moving excitations get blueshifted and are
populated at higher energies, while left movers get red-
shifted and carry less energy. As the quench speed
v, — ¢, the associated Doppler factor diverges and the
left-moving modes are left entirely unpopulated.
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FIG. 1. The protocol: the local mass is tuned to zero along a

front moving at superluminal speed v, > c. As v, — ¢, right-
moving waves form a shockwave carrying all the energy released
in the quench, while the region x < ct, populated only by
infinitely redshifted left-moving waves, is left unexcited.

In the one-dimensional case, for noninteracting models,
this chirality has a huge consequence: the region x < ct is
populated only by left-moving excitations (right movers
move past into the region x € [ct, v,t]) and is thus cold.
These notions apply in higher dimensions albeit with minor
modifications. We provide proof of concept with an exact
solution of the quench for free relativistic bosons (in
dimension d > 1) and fermions (in d = 1) for the locally
instantaneous case (z = 0, finite v,). Our protocol takes
time ~O(L/c) to produce a state arbitrarily close to the
ground state of the massless theory. We show that a
spatially uniform, adiabatic protocol (v, = oo, finite 7)
by contrast produces a state exponentially close to the
ground state in time ~O(L?), parametrically slower than
our protocol.

Next, we describe how our results apply to a general
setting with interactions, band-curvature and ultraviolet
effects. We first note that the total energy produced in the
quench is, in fact, independent of v, when 7 = 0—thus,
cooling occurs purely due to spatial reorganization of the
released energy into hot and cold regions, an effect that can
be reversed by interactions favoring homogenization. It
also calls into question our use of effective low-energy
descriptions particularly in the limit v, - ¢ where the
whole energy is localized in a vanishingly small region. We
argue that introducing a finite = (that does not scale as L)
resolves these issues: a new timescale 7' = y,7 emerges and
controls the adiabaticity of the process. This timescale
diverges in the limit v, — ¢ as per the Lorentz factor

vs = 1/4/1 = 1/v2. Thus, the superluminal front enhances
the timescale 7 that introduces adiabaticity. We validate the
effectiveness of our protocol via numerical simulations on
an antiferromagnetic Heisenberg chain with a gap induced
by a Néel field, as well as a classical model of phonons.

At the time of writing, we became aware of a similar
proposal [39,40] in the Kibble-Zurek literature wherein a
critical velocity for front propagation was proposed using
scaling arguments. Our work demonstrates why this critical
velocity is exactly ¢ and the importance of relativistic
effects in engendering perfect cooling. Moreover, Ref. [39]
considers a transcritical protocol (transforming one gapped
state into another, passing through a critical point) as
opposed to our work focusing on the creation of the critical

ground state. A description of scaling properties of corre-
lations in such inhomogeneous protocols, in the spirit of
Ref. [41] will be discussed in forthcoming work.

Model.—We study the following class of quench models
described by the Lagrangian density £;:

‘cb = aﬂ¢ ' aﬂ¢ - m2¢2f[(x - vst)/(vsT)}’ (1)

with f(x) =1[1 + tanh(x)]. We set c=1; 9, =(9,.V)
and 0" = (0;, —V). The function f sets the local mass to m
everywhere at t = —oo and 0 at t = co. The fields live in a
box of linear dimension L and satisfy usual commutation
relations [42]. We assume that the system is initially in the
ground state of the massive theory.

The massless Lagrangian may describe the low-energy
physics of a range of gapless one-dimensional systems,
including many spin [43], boson, and fermion models [35],
or in two dimensions, spin waves in the Hubbard model at
half-filling [36], etc. A local gap in spin models may be
opened by applying local magnetic fields or dimerization.

Solution for v =0, finite v,.—Here f(x) = O(x); the
quench takes time 7,=L /v, from start to finish. The field
operator at all times # < x/ v, can be written in terms of a mode
expansion  @(r.t < x/vy) = 3., [bnvn(x. 1) + byvi(x. 1)),
where v,, are solutions to the massive Klein-Gordon equa-
tions, and b, are bosonic operators associated with these
modes. We work in the Heisenberg picture, fixing the initial
state to |0) defined by the condition b,|0) =0 V n. The
condition v, > ¢ ensures that no perturbations (traveling
at speed c) due to the quench affect the space-time region
t < x/v, and the mode expansion is valid.

For times t > x/v,, the field operator evolves as per
the massless solutions u,: ¢(r,t>x/v)=>,[b,y,(r.0)+
buyy(r.n)], where v, =32, @ mit + Bumitn] is deter-
mined by matching boundary conditions, that is,
Dy, (r,t=x/vs)=Dwv,(r,t=x/v,) with D€{1,0,,0,,V }.
The “Bogoliubov” coefficients a, ,, and f, ,, can be found
by evaluating appropriate Klein-Gordon norms, as described
in Ref. [44]. All correlations subsequent to the quench
can be evaluated using the above mode expansion, and
applying Wick’s theorem on the state |0 >.

Chiral emanation.—The energy density after the
quench can be evaluated as e(r, 1) = >, |Vy,|* + [0,7.*~
S k@i Ni|ug(r, t)]>. The approximation is valid in the
infinite size limit, neglecting time-dependent terms involv-
ing products of wave functions with two different momenta
or terms of the form uy - u_; ~e 2@, which rapidly
dephase. The population of modes is dependent on the

direction k of the mode with momentum k = kk:

(Qﬂ(ﬁ)k - a)n(ﬁ)k)2 n(0)wp<m m

N, = ,
, 4n(0)wy

(2)
A€, o)k @y (o)

where Q,=Vk>*+m?, o=k and n()=y,(1—u,cosf)

~

where u, = 1/v, < 1. @ is the angle between k and X,
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ranging from O for right movers to z for left movers. For the
uniform quench (v, = o0) we note that 7(@) = 1. For
vy = ¢t n(0)=1/ny = 0, while n(z) =ny — oo; con-
sequently, the energy N,w, carried by left-moving waves
vanishes Vk in this limit. In d > 1, most of the emission
occurs in directions perpendicular to the motion of the
front. Cooling in higher dimensions is based on the fact
n(z/2) =y, also diverges in this limit v, — ¢*; this
Doppler shift of orthogonally emitted radiation is a purely
relativistic effect.

Energy density after quench.—To calculate the space and
time dependence of the energy density, slow time-dependent
correlations cannot be neglected. Their effect, however, can
be captured using a simple physical picture of “heat waves”
as described in Ref. [38] for d = 1, but which we find to be
valid generally. In particular, excitations emanate from the

quench front, carrying an energy w; Ny, which depends on k.
The energy density at the end of the quench at any point
en(x) is given by the average energy of all excitations
emanating from the quench front and ending at this point.
These ideas are empirically verified in Fig. 1 of Ref. [44].
Here we focus on the aspect of “cooling” and calculate the
energy density at the end of the quench. First, note that
the energy carried by waves emitted in the 6 direction is given
by €y« fm/"(e) k4= dkan Ny o< (m/4)[1/n(0)*'](1/Ly,),
where L¢ = (m/c)? has dimensions of volume. Higher
momenta modes yield a parametrically similar contribution.
(UV divergences occur for d > 3 but these are eliminated
using finite z.) Summing the contribution from these chiral
waves yields in d = 1, ey (x)=(1/15)0(—x—L/2+ct,)+
1+ (1/n3)|©(x+L/2—ct,); thus, the energy density goes
to zero for x < L /2 in the limit v, — ¢ and all the energy is
singularly located at x = L/2. Similarly, for d > 1, using the
picture in Fig. 2(a), we find (see Ref. [44] for a more elaborate
derivation)

T oind—2 4 ind=2
 Jg sin0ey + [, sin0eg

where sin?=2 @ is the appropriate angular measure in dimen-
sion d > 1. Some features of ey, (x) in different dimensions
are shown in Fig. 2. Importantly, a thermodynamically
relevant region is seen to become infinitely cold for v, — ¢™.

Infinite accuracy.—The above discussion assumed the
limit L — oo to find the energy of excitations emanated in
different directions but the distinction between “left” and
“right” is meaningless at momenta ~1/L. The population
of these modes is instead found to scale as N, = (m/4y,).
Importantly, (a) this population also goes to zero as
vy, = ¢, and (b) it can be shown that this result is
unaffected by finite L (a technical discussion and numerical
confirmation is presented in Ref. [44]). Thus, the popula-
tion of the lowest momentum modes can be tuned arbi-
trarily close to zero in our protocol.

Adiabatic cooling: Solution for finite t, vy, = co.—In this
case the quench occurs uniformly in space, but on a
timescale z. The time-dependent equations of motion can
be solved exactly for fixed momenta to find two complete
sets of modes u34 and v3? that behave like the massless and
massive modes u; and v, at t = o0 and t = —oo respec-
tively—for details, see Sec. 3.4 of Ref. [49], where an
analogous problem is solved for fields evolving in a time-
dependent metric. Thus, the initial state can be described as
a vacuum of the quanta b of the modes vi. The

population of the quanta @2 of the modes 4, (a;*aid),

can be found exactly once B in aid = o b3 — ﬁkbti,.kg is
determined. We find

sinh? (37(Qy — ay)) me>1

Nad — 2 _
i =1 sinh (zzwy,) sinh (77€Y,) k>

e—ZﬂaJkT. (4)

One can easily check that to obtain an energy density
e(x) ~ ek, the time required scales as 7,q ~ O(L?). Thus,
our proposed superluminal protocol that takes time ~O(L)
is more efficient than the adiabatic protocol.

en(x) = fé[ dOsin?-20 ’ Bosons vs fermions.—The fundamental conclusions
» above are unchanged for relativistic theories with
0x = Refcos™ [(x + L/2)/(u;L)]}, (3) different statistics. We examine this in the context of free
O —— (b) © g
A & T 2 F1
y ¢ s =05 RN il o)
! N TR // — —_ 6 L 5: d
¢ \,x\" o ) d=1 B I E
» B 7 o ~ 1 AR ) )
! - eﬂ\c}\y‘t = — d=2 3 i Usg
T — d=3 2 [
0 0L
T ~L/2 T L2 -L)2 T L/2

FIG. 2.

(a) The energy density is determined by tracing the excitations impending on it to the quench front. At the end of the quench,

€n(x) is uniform in the region x > —L/2 4+ ct,. (b) €y(x) for u, = 0.5 for various d. For d > 1, the curve is smooth for
x<=L/2+ct; =0. (c) en(x) in d =2 for u, = {0,0.4,0.6,0.8,0.9}; inset is min,ey(x) as a function of u, for d = {1,2,3}.
The hot region grows slimmer and the transition into the cold region grows sharper as u; — 1 in any dimension.
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fermions in d = 1, governed by the action £ = iy d,,y'y—
mpy f[(x — vst)/(vs7)]. The results for = 0, finite v, are
obtained analogously to the bosonic solution; see Ref. [44].
We find occupation numbers

Q00 — Oy(o)k n(Ok<m 1
N]];“ _ '7(2)9 n(9) E (5)
n(0)k

Thus, for fermions, excitations are populated up to a
“chemical potential” that is Doppler shifted ~m/n(@) as
opposed to the bosonic case where the population at low
momenta can be captured by a Doppler-shifted effective
temperature [38,50].

Realistic models: Combination of adiabatic and
superluminal cooling.—For 7 = 0, cooling occurs due to
spatial separation of cold and hot regions—one can verify
that f dxeg(x,t,) = 1, and thus independent of v,. Thus,
one anticipates that interactions, which lead to a homog-
enization of the energy density, spoil the cooling effect. We
now provide arguments showing how the introduction of
finite 7 resolves this issue. First, we note that the super-
luminal quench can be analyzed in a Lorentz-boosted frame
moving at speed u; = 1/v, < 1. In this frame, the quench
occurs uniformly in space. This analogy is clearly useful for
7=0: one may recover the result of the superluminal
quench, Eq. (2), using the uniform, adiabatic quench result
in Eq. (4) and Doppler shifting the momenta to obtain
population of modes in the laboratory frame.

For large momenta k > 1/L, we can ignore the breaking
of Lorentz symmetry by the walls, and use the above
intuition to find the population of modes at finite z and v,.
In the boosted frame, the mass term transforms as
fl(x = vs1)/(vy7)] = f[=1'/7]; thus, 7 = y,;z emerges as
the effective timescale for the quench in the boosted frame.
Doppler shifting back into the laboratory frame, we find
that the population of modes begins to decay rapidly for

(a) (b)
0 -
2
=
o)
E — initial
2
w
1072 1071 10° 10
k
FIG. 3.
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n(0)w, < 77! /y,. Thus, the cutoff determining the direc-
tion-dependent energy density €, is now set by m/y, for
77! ~ m instead of m [see Eq. (2)]. This implies that the
average energy density €y .q = €5/7¢ goes to zero in the
limit v, — ¢ for finite 7, suggesting that the protocol can
be useful for preparing the ground state of interacting
models.

UV effects.—The linear dispersion w; = ck is crucial to
the Doppler physics we rely on for our diabatic protocol.
Beyond a certain energy scale (for instance, set by the
lattice), this assumption breaks down and UV modes have a
k-dependent group velocity v,(k) < c. The effective cool-

ing or heating factor for these modes can be estimated [51]
as before with y (k) = 1/4/1 — (v,(k)/v,)*—this is going
to deviate minimally from 1 when v,(k) is much smaller
than c¢. UV modes are thus excited in a nonchiral way. In
the event that the UV scale A < m/5(6) and 7/~!/n(6), we
expect the energy density €5 ~ 1/5(6), which is yet differ-
ent from previous cases. In d = 1, this predicts a cold
region with energy density m/4n, separated from a hot
region with energy density y,m/4; the average energy
density is m/4y,.

We next describe simulations of the proposed quench on
a classical model of noninteracting phonons to study UV
physics, and subsequently study its efficacy on an interact-
ing model—the Heisenberg spin chain.

Classical phonons.—We study the classical system with
Hamiltonian H = 1Y (x; — x;1)* + v7 + m?x}, where m
is quenched as per Eq. (1). Each mode is given an initial

energy €, ~ \/m? + 4sin?(k/2) akin to the vacuum point
energy in an equivalent quantum model. The simulations
allow us to verify some expectations for the role of 7 and v,
in a noninteracting setting; see Fig. 3(a).

Heisenberg chain.—We perform time-dependent DMRG
simulations (using iTensor [52]) of the antiferromagnetic

15%
16%

2 4 6 8
Us

N3

(a) Energy per phonon mode at fixed momentum k. At large v, all modes are uniformly excited. As vy — 1, low energy

“critical” modes are cooled, but UV modes remain unaffected. UV mode population is controlled by increasing z. (b) TDMRG
simulation of the quench in a Heisenberg chain for 2, = 3,7 = 2, and v,;/c = 3.2/x. The initial state has an energy ~20% of bandwidth
above ground state while the final energy density is ~0.62%. A linear ramp yields a state that is 3 times hotter in the same time.
(c) Energy density in the middle half of the chain at 7, is seen to lie below €(0)/y, and follows €(0)/#, for a large range of v,. Here,

h,=3,t=0.1, ¢c =x/2.
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Heisenberg chain with alternating local fields setting the
mass. A two-dimensional version of this model applies to
the low-energy physics of the half-filled Fermi-Hubbard
model at large Hubbard U, currently of interest in several
ultracold atom experiments. The Hamiltonian reads
H=1JY8,-S.1+ > .(=1)h(x, 1), where the magnetic
field h(x, ) is eliminated from the center outward accord-
ing to the functional form set by h.f(x) as in Eq. (1).
In the noninteracting assumption, the middle region x €
[L/2 — ct,L/2 + ct] is illuminated by only cold excitations
moving against the front, while both hot (moving with the
front) and cold excitations inundate space elsewhere; these
“heat waves” are also observed in the Heisenberg chain (see
Ref. [44]) although boundaries are blurred due to inter-
actions. The cooling efficacy of the protocol is illustrated in
Fig. 3(b) for v;/c = 1 and 7 = 2; in Fig. 3(c) we examine
the energy density in the middle half of the chain at the end
of the quench and quantitatively verify it lies below the
expected energy density ~¢(0)/y, (either at small or large
7, as per the above arguments) for the complete chain.

Summary and conclusions.—In this work, we provided a
nonadiabatic method for preparing the ground states of
models with Lorentz symmetry. An exact analysis was
presented for free relativistic bosons and fermions while
analytical arguments and numerical simulations were used
to examine the usefulness of our approach for realistic
systems with UV effects and interactions. Our protocol
should be accessible in experiments in a wide range of
setups hosting artificial quantum matter [14,53], particu-
larly ultracold atoms [1,2,54,55], where an adapted version
may serve as an alternate route to preparation of the ground
state of the Hubbard model at half-filling in the strong-
coupling limit.

We thank Eugene Demler, Emanuele G. Dalla Torre, and
Joerg Schmiedmayer for insightful comments on this work
and for previous related collaborations. We also thank Ivar
Martin, Anatoli Polkovnikov, and Alexander M. Polyakov
for discussions. We acknowledge support from DOE-BES
Grant No. DE-SC0002140 (R. N. B.), DOE Grant No. DE-
SC/0016244 (S.L.S.) and the U.K. foundation (K. A.).

*kagarwal@princeton.edu

[1] A. Mazurenko, C.S. Chiu, G. Ji, M.F. Parsons, M.
Kandsz-Nagy, R. Schmidt, F. Grusdt, E. Demler, D. Greif,
and M. Greiner, Nature (London) 545, 462 (2017).

[2] L. W. Cheuk, M. A. Nichols, K. R. Lawrence, M. Okan, H.
Zhang, E. Khatami, N. Trivedi, T. Paiva, M. Rigol, and M.
W. Zwierlein, Science 353, 1260 (2016).

[3] H. P. Liischen, P. Bordia, S.S. Hodgman, M. Schreiber, S.
Sarkar, A.J. Daley, M. H. Fischer, E. Altman, I. Bloch, and
U. Schneider, Phys. Rev. X 7, 011034 (2017).

[4] H.P. Liischen, P. Bordia, S. Scherg, F. Alet, E. Altman, U.
Schneider, and 1. Bloch, Phys. Rev. Lett. 119, 260401
(2017).

[5] T. Langen, R. Geiger, and J. Schmiedmayer, Annu. Rev.
Condens. Matter Phys. 6, 201 (2015).

[6] T. Langen, R. Geiger, M. Kuhnert, B. Rauer, and J.
Schmiedmayer, Nat. Phys. 9, 640 (2013).

[7] G. Fuchs, G. Burkard, P. Klimov, and D. Awschalom, Nat.
Phys. 7, 789 (2011).

[8] M. V. G. Dutt, L. Childress, L. Jiang, E. Togan, J. Maze, F.
Jelezko, A.S. Zibrov, P.R. Hemmer, and M. D. Lukin,
Science 316, 1312 (2007).

[9] P.C. Maurer, G. Kucsko, C. Latta, L. Jiang, N. Y. Yao, S. D.
Bennett, F. Pastawski, D. Hunger, N. Chisholm, M.
Markham, D.J. Twitchen, J.1. Cirac, and M. D. Lukin,
Science 336, 1283 (2012).

[10] A.O. Sushkov, I. Lovchinsky, N. Chisholm, R. L. Walsworth,
H. Park, and M. D. Lukin, Phys. Rev. Lett. 113, 197601
(2014).

[11] K. Agarwal, R. Schmidt, B. Halperin, V. Oganesyan, G.
Zarand, M. D. Lukin, and E. Demler, Phys. Rev. B 95,
155107 (2017).

[12] S. Choi, J. Choi, R. Landig, G. Kucsko, H. Zhou, J. Isoya, F.
Jelezko, S. Onoda, H. Sumiya, V. Khemani et al., Nature
(London) 543, 221 (2017).

[13] S. Debnath, N. Linke, C. Figgatt, K. Landsman, K. Wright,
and C. Monroe, Nature (London) 536, 63 (2016).

[14] J. Zhang, G. Pagano, P. Hess, A. Kyprianidis, P. Becker, H.
Kaplan, A. Gorshkov, Z.-X. Gong, and C. Monroe, Nature
(London) 551, 601 (2017).

[15] P. Jurcevic, B. P. Lanyon, P. Hauke, C. Hempel, P. Zoller,
R. Blatt, and C.F. Roos, Nature (London) 511, 202
(2014).

[16] R. Barends, A. Shabani, L. Lamata, J. Kelly, A. Mezzacapo,
U. Las Heras, R. Babbush, A. G. Fowler, B. Campbell, Y.
Chen et al., Nature (London) 534, 222 (2016).

[17] S. Boixo, T. F. Rgnnow, S. V. Isakov, Z. Wang, D. Wecker,
D. A. Lidar, J. M. Martinis, and M. Troyer, Nat. Phys. 10,
218 (2014).

[18] M. W. Johnson, M.H. Amin, S. Gildert, T. Lanting, F.
Hamze, N. Dickson, R. Harris, A.J. Berkley, J. Johansson,
P. Bunyk et al., Nature (London) 473, 194 (2011).

[19] T. Lanting et al., Phys. Rev. X 4, 021041 (2014).

[20] D.J. Griffiths and E.G. Harris, Am. J. Phys. 63, 767
(1995).

[21] C. Jarzynski, Phys. Rev. A 88, 040101 (2013).

[22] S.J. Glaser, T. Schulte-Herbriiggen, M. Sieveking,
O. Schedletzky, N.C. Nielsen, O.W. Sgrensen, and
C. Griesinger, Science 280, 421 (1998).

[23] D. Sels and A. Polkovnikov, Proc. Natl. Acad. Sci. U.S.A.
114, E3909 (2017).

[24] S. Van Frank, M. Bonneau, J. Schmiedmayer, S. Hild,
C. Gross, M. Cheneau, 1. Bloch, T. Pichler, A. Negretti,
T. Calarco et al., Sci. Rep. 6, 34187 (2016).

[25] J. Geng, Y. Wu, X. Wang, K. Xu, F. Shi, Y. Xie, X. Rong,
and J. Du, Phys. Rev. Lett. 117, 170501 (2016).

[26] R.R. Agundez, C.D. Hill, L. C. L. Hollenberg, S. Rogge,
and M. Blaauboer, Phys. Rev. A 95, 012317 (2017).

[27] A.Baksic, H. Ribeiro, and A. A. Clerk, Phys. Rev. Lett. 116,
230503 (2016).

[28] G. M. Rotskoff, G. E. Crooks, and E. Vanden-Eijnden, Phys.
Rev. E 95, 012148 (2017).

[29] G. C. Hegerfeldt, Phys. Rev. Lett. 111, 260501 (2013).

210604-5


https://doi.org/10.1038/nature22362
https://doi.org/10.1126/science.aag3349
https://doi.org/10.1103/PhysRevX.7.011034
https://doi.org/10.1103/PhysRevLett.119.260401
https://doi.org/10.1103/PhysRevLett.119.260401
https://doi.org/10.1146/annurev-conmatphys-031214-014548
https://doi.org/10.1146/annurev-conmatphys-031214-014548
https://doi.org/10.1038/nphys2739
https://doi.org/10.1038/nphys2026
https://doi.org/10.1038/nphys2026
https://doi.org/10.1126/science.1139831
https://doi.org/10.1126/science.1220513
https://doi.org/10.1103/PhysRevLett.113.197601
https://doi.org/10.1103/PhysRevLett.113.197601
https://doi.org/10.1103/PhysRevB.95.155107
https://doi.org/10.1103/PhysRevB.95.155107
https://doi.org/10.1038/nature21426
https://doi.org/10.1038/nature21426
https://doi.org/10.1038/nature18648
https://doi.org/10.1038/nature24654
https://doi.org/10.1038/nature24654
https://doi.org/10.1038/nature13461
https://doi.org/10.1038/nature13461
https://doi.org/10.1038/nature17658
https://doi.org/10.1038/nphys2900
https://doi.org/10.1038/nphys2900
https://doi.org/10.1038/nature10012
https://doi.org/10.1103/PhysRevX.4.021041
https://doi.org/10.1119/1.18098
https://doi.org/10.1119/1.18098
https://doi.org/10.1103/PhysRevA.88.040101
https://doi.org/10.1126/science.280.5362.421
https://doi.org/10.1073/pnas.1619826114
https://doi.org/10.1073/pnas.1619826114
https://doi.org/10.1038/srep34187
https://doi.org/10.1103/PhysRevLett.117.170501
https://doi.org/10.1103/PhysRevA.95.012317
https://doi.org/10.1103/PhysRevLett.116.230503
https://doi.org/10.1103/PhysRevLett.116.230503
https://doi.org/10.1103/PhysRevE.95.012148
https://doi.org/10.1103/PhysRevE.95.012148
https://doi.org/10.1103/PhysRevLett.111.260501

PHYSICAL REVIEW LETTERS 120, 210604 (2018)

[30] S. Bao, S. Kleer, R. Wang, and A. Rahmani, arXiv:
1704.01423.

[31] Z.-C. Yang, A. Rahmani, A. Shabani, H. Neven, and C.
Chamon, Phys. Rev. X 7, 021027 (2017).

[32] M. Bukov, A. G. Day, D. Sels, P. Weinberg, A. Polkovnikov,
and P. Mehta, arXiv:1705.00565.

[33] M.P. Zaletel, D.M. Stamper-Kurn, and N.Y. Yao,
arXiv:1611.04591.

[34] T.-L. Ho and Q. Zhou, arXiv:0911.5506.

[35] T. Giamarchi, Quantum Physics in One Dimension (Oxford
University Press, New York, 2003).

[36] A. Auerbach, Interacting Electrons and Quantum Magnetism
(Springer Science & Business Media, New York, 2012).

[37] K. Agarwal, E.G.D. Torre, B. Rauer, T. Langen, J.
Schmiedmayer, and E. Demler, Phys. Rev. Lett. 113,
190401 (2014).

[38] K. Agarwal, E.G.D. Torre, J. Schmiedmayer, and E.
Demler, Phys. Rev. B 95, 195157 (2017).

[39] J. Dziarmaga and M. M. Rams, New J. Phys. 12, 055007
(2010).

[40] J. Dziarmaga and M. M. Rams, New J. Phys. 12, 103002
(2010).

[41] A. Chandran, A. Erez, S. S. Gubser, and S. L. Sondhi, Phys.
Rev. B 86, 064304 (2012).

[42] M. E. Peskin, An Introduction to Quantum Field Theory
(Westview Press, Boulder, CO, 1995).

[43] J. Sirker, Int. J. Mod. Phys. B 26, 1244009 (2012).

[44] See  Supplemental Material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.120.210604, which in-
cludes Refs. [45-48], for details.

[45] L. C.B. Crispino, A. Higuchi, and G. E. A. Matsas, Rev.
Mod. Phys. 80, 787 (2008).

[46] E. Fradkin, Field Theories of Condensed Matter Physics
(Cambridge University Press, Cambridge, England, 2013).

[47] V. Alonso and S. De Vincenzo, J. Phys. A 30, 8573 (1997).

[48] S. Hassani, Mathematical Physics: A Modern Introduction
to Its Foundations (Springer Science & Business Media,
New York, 2013).

[49] N.D. Birrell and P.C.W. Davies, Quantum Fields in
Curved Space, 7 (Cambridge University Press, Cambridge,
England, 1984).

[50] P. Calabrese, F. H. L. Essler, and M. Fagotti, J. Stat. Mech.
2012, P07022.

[51] P. Calabrese and J. Cardy, Phys. Rev. Lett. 96, 136801
(2006).

[52] The ITensor library is available at http://itensor.org.

[53] M. Gring, M. Kuhnert, T. Langen, T. Kitagawa, B. Rauer,
M. Schreitl, I. Mazets, D.A. Smith, E. Demler, and
J. Schmiedmayer, Science 337, 1318 (2012).

[54] P.T. Brown, D. Mitra, E. Guardado-Sanchez, P. Schauf3,
S. S. Kondov, E. Khatami, T. Paiva, N. Trivedi, D. A. Huse,
and W. S. Bakr, Science 357, 1385 (2017).

[55] D. Greif, T. Uehlinger, G. Jotzu, L. Tarruell, and
T. Esslinger, Science 340, 1307 (2013).

210604-6


http://arXiv.org/abs/1704.01423
http://arXiv.org/abs/1704.01423
https://doi.org/10.1103/PhysRevX.7.021027
http://arXiv.org/abs/1705.00565
http://arXiv.org/abs/1611.04591
http://arXiv.org/abs/0911.5506
https://doi.org/10.1103/PhysRevLett.113.190401
https://doi.org/10.1103/PhysRevLett.113.190401
https://doi.org/10.1103/PhysRevB.95.195157
https://doi.org/10.1088/1367-2630/12/5/055007
https://doi.org/10.1088/1367-2630/12/5/055007
https://doi.org/10.1088/1367-2630/12/10/103002
https://doi.org/10.1088/1367-2630/12/10/103002
https://doi.org/10.1103/PhysRevB.86.064304
https://doi.org/10.1103/PhysRevB.86.064304
https://doi.org/10.1142/S0217979212440092
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.210604
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.210604
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.210604
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.210604
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.210604
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.210604
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.210604
https://doi.org/10.1103/RevModPhys.80.787
https://doi.org/10.1103/RevModPhys.80.787
https://doi.org/10.1088/0305-4470/30/24/018
https://doi.org/10.1088/1742-5468/2012/07/P07022
https://doi.org/10.1088/1742-5468/2012/07/P07022
https://doi.org/10.1103/PhysRevLett.96.136801
https://doi.org/10.1103/PhysRevLett.96.136801
http://itensor.org
http://itensor.org
https://doi.org/10.1126/science.1224953
https://doi.org/10.1126/science.aam7838
https://doi.org/10.1126/science.1236362

