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We discuss a scheme to measure the many-body entanglement growth during quench dynamics with
bosonic atoms in optical lattices. By making use of a 1D or 2D setup in which two copies of the same state
are prepared, we show how arbitrary order Rényi entropies can be extracted by using tunnel coupling
between the copies and measurement of the parity of on-site occupation numbers, as has been performed
in recent experiments. We illustrate these ideas for a superfluid-Mott insulator quench in the Bose-
Hubbard model, and also for hard-core bosons, and show that the scheme is robust against imperfections

in the measurements.
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Entanglement is a basic feature of many-body quantum
systems [1] and underlies the complexity of simulating
quantum physics on a classical computer [2]. The expo-
nential scaling of resources to represent and propagate a
general many-body quantum state on a classical device has
motivated the development of quantum simulators [3], and
significant progress has been made in building both analog
and digital quantum simulators with cold atoms and ions
for equilibrium and nonequilibrium dynamics. This is
exemplified by quantitative measurement of phase dia-
grams, studies of quantum phase transitions, and quench
dynamics. An outstanding challenge, however, is direct
measurement of (potentially large scale) entanglement
and monitoring entanglement growth in nonequilibrium
dynamics. Below, we address these questions by discussing
measurement scenarios for entanglement entropies, using
multiple copies of a quantum system and measurements
with a quantum gas microscope [4,5]. We illustrate these
ideas in the context of quench dynamics of bosons in 1D
optical lattices. This example is motivated by recent ex-
periments [6], where quench dynamics were observable for
times not accessible to (classical) time-dependent density
matrix renormalization group (TDMRG) simulations of
Hubbard dynamics [7-10] due to entanglement growth
[11-14]. Here the measurement protocol will directly re-
veal this entanglement growth and simultaneously monitor
the purity of the total system state. By comparing copies,
these tools will also provide a protocol for the verification
of a quantum simulator.

We are interested in quantum dynamics of an (ideally)
isolated quantum system as represented by our atomic
quantum simulator. In particular, we study a system where
we prepare an initial state |W(0)), which evolves with a
Hamiltonian H as |V(¢)) = exp(—iHt/h)|¥(0)). If the
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system can be divided into two subsystems A and B and
is in a pure state at time 7, p = |W){(¥|, then the entangle-
ment of the system can be characterized in terms of the
entropy of the reduced density matrix, p, = trz{p}. This is
commonly computed as the von Neumann entropy
Syn(p) = —tr{plogp}. If A and B are in a product state
|W) = |¥,) ® | W), then p, will also represent a pure
state with tr{p3} = 1, and Syn(p4) = 0. Below, we will
discuss measurement of the Rényi entropy of order n = 2,
S,(p) = = logtr{p"}, which gives quantitative bounds
for a variety of measures of entanglement, e.g., the con-
currence [15-18], and also Syx(p). For example, we know
that SVN(P)[: ]imn—vlsn(p)], and as dSn(p)/dn = 07
Syn(p) = S,(p). From d’S,/dn*> = 0, a stronger bound
Svn(p) = 2S,(p) — S;3(p) can be obtained [19] if we mea-
sure multiple Rényi entropies.

In order to measure the Rényi entropy S, (p) for a state
p, we require n copies of the state prepared in parallel and
the possibility to implement operations that exchange the n
copies [15,20-24]. As shown in Ref. [20], the quantity
tr{p"} can be written [20,25] as tr{p"} = tr{V, p®"}, where
the shift operator on n copies, V,l¢)...|¢,) =
)by, .. |, ). Therefore, the measurement of the
Rényi entropy can be reduced to determining the expecta-
tion value (V,) on the n copies. Measurements of inner
products can be made in this way by entangling a state with
auxiliary qubits or a quantum switch [20,26-28], as has
been demonstrated for a few entangled photons [29-31]. In
Ref. [22], it was shown that a beam-splitter operation on
two copies is sufficient to measure the purity tr{p®} for
bosonic systems. Our study of entanglement growth is
based on generalizing these techniques to measure Rényi
entropies of arbitrary order n. Remarkably, the correspond-
ing experimental tools (controlled tunneling between
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multiple copies and measurement of on-site occupation
numbers modulo n) are now available with single-site
addressing in a quantum gas microscope [4,5].

Below, we discuss the protocol to measure S,(p) for
arbitrary n and summarize the details of the procedure for
the simplest example n = 2. We also provide a simplified
scheme for hard-core bosons and discuss the robustness of
measurements with respect to imperfections. We note
throughout that this scheme allows simultaneous measure-
ment of S, (p) for the whole state and for every reduced
subsystem (i.e., p = py4) [32]. Thus, while measurement of
the entanglement in this form is based on the assumptions
(i) that the initial states for the whole system are pure and
(i1) that each evolves under the same Hamiltonian, these
assumptions can be checked directly by measuring S, (p)
for the whole system. In quench dynamics, these assump-
tions should be well fulfilled in experiments beginning
from low-entropy states [33,34]. Moreover, by monitoring
the copies over time and measuring, e.g., tr{p, p,} [20,25],
this scheme provides a means to verify a quantum simula-
tor, determining whether the evolution of the copies is
coherent and identical on the level of many-body wave
functions.

Scheme for arbitrary n.—The procedure to measure the
Rényi entropy S,,(p) consists of three steps. (i) n identical
instances of the many-body state are prepared in parallel
(either in n 1D chains or in n planes in 2D). This can be
performed, e.g., by beginning from a low-entropy initial
state such as a Mott insulator [33,34] and manipulating the
lattice potential identically for the two copies, i.e., allow-
ing them to evolve under the same Hamiltonian. In this
step, the lattice depth between the copies must remain large
so that these are isolated from each other. (ii)) We then
make the lattice deep within each copy of the state, to
prevent tunneling, and perform a discrete Fourier trans-
form ULT operation on the copies. If the bosonic annihila-
tion operator for site i in copy ¢ € {1, ..., n} is a;, then

1 n . B B
UET: aj;— ﬁ Z aj‘let(27r/n)(k (1 1). 1)
=1

This can be achieved by a successive application of tun-
neling between the copies and shifting the relative poten-
tial depths (to produce elements analogous to beam
splitters and phase shifters in the optical implementation
of this operation [35]). This operation is very simple for
small n, as discussed below, and should be performed on
the whole system in parallel. (iii)) We then perform a site-
resolved measurement of the on-site particle number n; . in
each copy, modulo n. We can then determine the measured
value of the swap operator VX for all possible subsystems
being swapped, R, in parallel (where we note that R can
also denote the whole system), as these commute. The
possible measurement outcomes for the swap operations
VR {eli27/n|j =1...n} can then be computed from

7 n n—
the number measurements as njeRe’zﬂ/ X miele=D),

We illustrate this scheme for n = 2 below and n = 3 in
the Supplemental Material [25].

Scheme for n = 2.—As an example, the measurement of
the Rényi entropy for n = 2 [22] is illustrated in Fig. 1. In
step (ii), the Fourier transform for two copies is a beam-
splitter operation:

—(a; + ai,2)/\/z aj,— (a;, — ai,1)/\/§- 2)

This can be achieved by lowering the barrier between the
two copies (e.g., using a superlattice [36]) and allowing the
atoms to tunnel from one site to its copy for a time 7' =
7/(4J,,), where J}, is the tunneling rate. For this step to
work in this form, interactions between atoms have to be
turned off during this process, e.g., via a Feshbach reso-
nance. We will show below that this requirement can be
relaxed in an alternative method for hard-core bosons. The
number measurement modulo 2 in step (iii) is then a parity
measurement of the site-resolved occupation number in
each site and copy {n; .}, exactly as was performed in recent
quantum gas microscope experiments [4,5].

The measured value of the swap operator, VR can be
computed as (— l)zfeR”"vz, i.e., simply by determining
whether the total atom number in block R of copy 2 after
the measurement is even or odd. This process is illustrated
in Fig. 1(b) for one measurement instance, and repeating
this process allows the expectation value (V2 ) to be com-
puted. To obtain this relationship between the occupation
numbers after the beam-splitter operation and (V), we
note that each possible measurement outcome {n; .} corre-
sponds to the measurement of one of the two eigenvalues
of the (Hermitian) operators VZR, which are *=1. This can

(a) aji(2) = (aj,l +a;2)/V2 b b
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FIG. 1 (color online). (a) Measurement of n = 2 Rényi en-
tropy for bosons in an optical lattice. First, two instances of the
many-body state are produced (shown here for a single site in a
1D chain or 2D plane). Then tunneling is switched off within
each copy, and the barrier between the copies is lowered to
realize a beam-splitter operation between the copies. Finally, the
parity of the atom number is measured at each site. This
measurement is repeated to obtain expectation values for the
swap operator V,, from which the Rényi entropy can be com-
puted (see the text). (b) Example measurement outcome for a
single shot on a quantum chain. Here the measurement result for
the whole system swap operator Vél""j} is 1, since the total
number of particles in copy 2 is even. For the swap of the first
three sites V§1‘2‘3} is —1, since this number is odd.
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be seen as follows: The eigenspaces of V2:R are the sub-
spaces of the total Hilbert space that are (anti)symmetric
with respect to exchange of the two copies, which we
denote by H ;{{ (H ®r)- Since the swap on a subsystem
R can be constructed by local swaps of the sites j € R,
VUl we have VR = [licer Véj}. Since all of the V;i} com-

mute ([V{j}, Vik}] = 0), we need to consider only a single
site. Now, if we denote the annihilation operator for bosons
on site i of copy ¢ by a; ., ¢ € {1, 2}, the tunneling proce-
dure in step (ii) gives us Eq. (2). This maps the symmetric
subspace of the two modes a;; and a;, to the subspace of
states with an even number of atoms in mode a;,. The
antisymmetric subspace is mapped to states with an
odd number of bosons in mode a;,. This can be seen by
noting that the antisymmetric subspace H ; of the
two modes at site j is spanned by the states {(a;r.y1 -
a}z)z"“(a}tl + a}tz)’"lvac>}, while the symmetric one
' is spanned by {(a;r.,l - a})z)z"(a;] + a}tz)mlvac)}
(where n,m =0,1,2,...). Under the above operation,
the first set is mapped onto {(a;2)2”+‘(a;1)m|vac>}, ie.,

states with an odd number of atoms in a;,, while the

second is mapped onto {(aIZ)zn (a;.r’l)mlvac)} with an even
number of atoms in aj,. T herefore, the measurement out-
come of VU is +1 if nj,iseven and —1if n;, is odd.

Example of a Mott insulator-superfluid quench.—We
now illustrate the entropy measurement for a quench in
the Bose-Hubbard model, where quantum dynamics gen-
erates substantial entanglement in a short time [37-39]. In
Fig. 2, we plot results obtained via TDMRG calculations
from dynamics (in each copy of the system) described by
the Bose-Hubbard model ( = 1), Hgy = —JZ@J)alTaj +
u/ Z)Ziajza%, where J is the tunneling rate between
neighboring sites (...) and U is the on-site interaction
strength. We plot both (i) a quench for soft-core bosons
from a Mott insulator state with U/J = 10 to a superfluid
at U/J = 1 and (ii) a quench for hard-core bosons U — oo,
where we begin from an initial state with one particle on
every second lattice site. Such a state could be produced in
a superlattice potential [6] or by using recently demon-
strated techniques to directly remove atoms from an initial
Mott insulator state [40].

Figure 2(a) shows Syy and S, calculated for a bipartite
splitting in the center of a small system with 8 particles on
8 lattice sites. In this size of system, we see that the
entanglement entropy saturates as the system thermalizes
for soft-core bosons [41]. In the hard-core case, the
system is integrable, and we see large oscillations in the
entanglement entropies instead of thermalization [42,43].
Figure 2(b) shows a comparison between the von Neumann
entropy Syy and Rényi entropies S, (for n = 2, 3, 4), after
a quench in a larger system with 30 particles on 30 sites.
We see rapid growth in the entanglement of two halves of
the system, and we note that the Rényi entropies provide
relatively good bounds for the von Neumann entropy,
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FIG. 2 (color online). Entanglement buildup and measure-
ment, for both (i) soft-core bosons in 1D after a quench from
a Mott insulator at U/J = 10 to a superfluid at U/J = 1 and
(ii) hard-core bosons with tunneling J, beginning from an initial
state where every second lattice site is occupied. (a) Quenches in
small systems with 8 particles on 8 lattice sites, showing von
Neumann and Rényi entropies for a bipartite splitting in the
center of the system; (b) the same as (a), but for a system of 30
particles on 30 sites, and also including 25, — S5 (dotted line).
(c) The number of single shot measurements (#) required to
determine S, for the Bose-Hubbard quench in (b) with a relative
accuracy o. For 2§, — S3, measurements are distributed be-
tween (S,) and (S3) to minimize the total number.
(d) Limitations of TDMRG simulations for the Bose-Hubbard
quench based on different bond dimensions D [10], shown here
with D = 2! for 4 = | =9, with corresponding bound Syy = [.
Note that we use logarithms to base 2 throughout.

especially if we use the bound Sy = 25, — S3, which is
shown as the dashed line in the figure. Figure 2(c) shows
the number of single shot measurements required to deter-
mine the quantities in Fig. 2(b) with a relative error of o.
We note that, in these larger systems, the TDMRG simu-
lations we use to compute dynamics are limited to simu-
lating short time scales, since the von Neumann entropy
increases linearly with time [11,12]. A matrix product state
with a bond dimension D [10] is capable of representing
a maximum von Neumann entropy up to log,(D). In
Fig. 2(d), we show the evolution of the entropy as a
function of time for D = 2! with 4 = =9, showing
clearly the different bounds for the entanglement that can
be represented. In the case of D = 512 we can faithfully
simulate time scales only up to ¢tJ ~ 3. The simulation
times scale ~D3, and in an experiment, substantially
higher entanglement entropies could be generated than
are accessible in reasonable time on a classical computer.
This could be demonstrated directly by measuring S, (p) in
an experiment.

Simplified scheme for hard-core bosons.—The measure-
ment scheme presented above relies on the ability to turn
off interactions between the atoms in order to realize the
beam-splitter operations, which can be challenging for
some atomic species. However, in certain cases this re-
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FIG. 3 (color online). Errors A =[u(p? ,) —
(T, ™)) /te(p_j) that are introduced by an imperfect
beam-splitter operation, determined via TDMRG simulation of
the Bose-Hubbard quench in Fig. 2(a) and the resulting mea-
surement process. (a) The effect of timing errors, with T =
a/(4J1,) + €; (b) error introduced by a finite interaction strength
u, = U./J,, during the measurement.

quirement can be relaxed; e.g., in the case of hard-core
bosons U >> J, where we have at most one atom per site,
the measurement can be performed without switching the
interaction strength. For measurement of S,(p), the
symmetric subspace at site j, FH J* is spanned by
{lvac), (a;f-,l + a}ryz)lvac), a;r.,la;f’zlvad}, while the antisym-
metric one, H i is spanned by (a}l - a;f,z)lvaC). Of those
four states the tunnel coupling in step (ii) of the measure-
ment scheme affects only states with one particle in total
on the copies of the lattice site. The other two states are
invariant (either because there are no atoms or because
tunneling is suppressed due to the hard-core constraint).
Thus we map 3—[1+ — {|vac), a}r’llvac), a}la}tzlvacﬂ and

J
atom number can then be used to directly distinguish

H:— a}zlvac> in step (ii). Measurement of the on-site

between the two eigenspaces of Vé’} and thus determine
the measurement result. We extend this to the measurement
of S3(p) in the Supplemental Material [25].

Robustness against imperfections.—We now analyze the
robustness of the measurements to errors in the measure-
ment steps, especially imperfect implementation of the
beam-splitter operations in step (ii). Two main imperfec-
tions can occur here, arising from timing errors or residual
interactions. In the case of timing errors where T =
7/(4J,,) + €/J 5, we can show analytically [25] that the
measured value of trp” will always be smaller than the
actual value by an amount proportional to €, thus leaving a
clear lower bound. In Fig. 3(a), we plot results obtained
from a full TDMRG simulation of the Bose-Hubbard
quench from Fig. 2 and the subsequent measurement op-
eration. For timing errors on the order of 1% we find a A on
the order of 1% which increases slowly with increasing
entanglement. In the same calculation, we also consider
errors introduced by residual interparticle interactions
U./J,, present during the measurement operation. From
Fig. 3(b), we see that even in the case of an interaction of
10% of the beam-splitter tunneling amplitude J;, we find
resulting errors on the order of only 1% which increase
slowly with time.

Nonidentical copies and verification of a quantum
simulator—Another type of imperfection is where the

0.05 . ' ‘
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0.01} Jo =0.98J] 1If 1
0 0(1) : ‘ e ws = 0,990
S0 0.5 1 0 0.5 1
tJ tJ

FIG. 4 (color online). Deviations resulting from slightly differ-
ent evolutions in the two copies, A =[ir(p2 ,,) —
(TTiL, "™ ),)/te(p. u)- (a) Results for slightly different tunnel-
ing amplitudes in each copy after the Mott insulator-superfluid
quench from Fig. 2(a). (b) Results for a case where each copy has
an additional harmonic trapping potential with w; =
2 X 10J(N/2)~? for the first copy, and we otherwise perform
the same quench as in (a).

“copies” undergo different dynamics before the measure-
ment process, e.g., due to different Hamiltonians. Such
errors are relevant for characterizing the accuracy of the
quantum simulator itself, as well as constituting an error in
the measurement scheme. In Fig. 4(a), we show results
when we have slightly different tunneling amplitudes in
each copy after the Bose-Hubbard quench. We find that the
error introduced by 2% deviations in J corresponds to a A
of 1% on a time scale of tJ ~ 1, which increases with time.
Figure 4(b) shows results from a trapped case, where we
begin with slightly different trapping potentials in the
individual copies and then perform the same interaction
quench from U/J = 10to U/J = 1. On a time scale tJ ~
1, errors of 1% lead to deviations on the order of 0.1%. In
this case, the quantity that is actually measured is tr{p; p,},
where p; and p, are the density operators of the different
copies. This can be used as a tool to verify the quantum
simulator in the case that the evolutions should be identical
or to investigate dynamics with the evolution Hamiltonians
being set to slightly different values. The latter could be
interesting in regimes of the Bose-Hubbard model ex-
pected to display signatures of quantum chaos [14,44,45],
where the inner product might decay exponentially in
analogy with single-particle systems exhibiting quantum
chaos [46-48].

Summary.—We have analyzed measurement of Rényi
entropies of 1D bosons in an optical lattice during a
quench, by using techniques currently available in quan-
tum gas microscope experiments. Such a tool can be used
to verify the coherence and accuracy of a 1D and 2D
quantum simulator and determine the entanglement growth
in a quantum quench, helping the experiments to diagnose
regimes where dynamics can be realized that are not
accessible to present classical computations.
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a single spin as a quantum switch connecting n copies of
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