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Quantum simulation with adiabatic annealing can provide insight into difficult problems that are
impossible to study with classical computers. However, it deteriorates when the systems scale up
due to the shrinkage of the excitation gap and thus places an annealing rate bottleneck for high
success probability. Here, we accelerate quantum simulation using digital multi-qubit gates that
entangle primary system qubits with ancillary qubits. The practical benefits originate from tuning
the ancillary gauge degrees of freedom to enhance the quantum algorithm’s original functionality
in the system registry. For simple but nontrivial short-ranged, infinite long-ranged transverse-field
Ising models, and the hydrogen molecule model after qubit encoding, we show improvement in
the time to solution by one hundred percent but with higher accuracy through exact state-vector
numerical simulation in a digital-analog setting. The findings are further supported by time-averaged

Hamiltonian theory.
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Classical simulation of quantum many-body systems is
incredibly difficult because of the many degrees of free-
dom (DOF) involved [1]. To solve this problem, quan-
tum analog simulation with adiabatic annealing has been
used, which requires less strict controls for implementa-
tion [2-4]. However, due to the critical slowdown caused
by the decrease in the minimal excitation gap as the
quantum system becomes larger [5], the initial success
of adiabatic quantum annealing protocols in small quan-
tum systems [6, 7] is not expected to continue at a larger
scale due to the upper bound of the coherence time set
by quantum hardware and the condition to stay adia-
batic. Digital quantum simulations [8] have become the
mainstream to sidestep the limitation.

More recently, digital simulations through hybrid vari-
ational quantum algorithms (HVQAs) with classical opti-
mization show great promise for realizing applications [9—
15] due to their universality (in computation) and the
potential to demonstrate quantum advantage in practical
tasks. However, with overparametrized circuits, HVQAs
also suffer from many problems inherited from classical
optimization [16-20]. To leverage practical values from
current noisy quantum computing hardware [21] toward
quantum utility, diverse universal quantum computing
paradigms—involving the programmable analog model,
gate models, digital-analog models, and measurement-
based feedforward model—are actively pursued [22-29].
The race to design practical quantum algorithms (heuris-
tic or deterministic) compatible with diverse paradigms
and platforms for realizing practical quantum applica-
tions at scale remains critical. We show that quantum
simulations can be accelerated with optimal quantum
kicks, requiring only single parameter optimization of-
fline (insensitive to system size) and utilizing limited re-
sources of ancillary qubits while preserving the quantum
information in the system qubits where the core quantum

application operates.

We adopt a quantum annealer as the quantum op-
timizer with encoded applications in the system-only
Hamiltonian. The quantum annealer can overcome the
local minima traps by exploring the system energy land-
scape with mixer system Hamiltonian through quan-
tum tunneling [30]. It is theoretically equivalent to the
quantum approximate optimization algorithm after dense
Trotterization in a finite simulation time. However, the
annealer faces a significant drawback due to the finite ex-
citation gap of the encoded Hamiltonian not being large
enough for the annealing time scale. Thus the quantum
dynamics cannot follow the desired adiabatic state evo-
lution for the system Hamiltonian at a faster annealing.
Although counter-diabatic Hamiltonian approaches have
been proposed to counter the diabatic effects, the com-
plexity of the nested counter-diabatic terms makes these
approaches hard to implement in practice [31-34]. To
address this issue, we propose a new quantum protocol
to accelerate quantum simulation by controlling nonadi-
abatic quantum state evolution with additional ancillary
qubits. We achieve this by designing entangling gates
with periodic (Floquet) kicks that deviate state evolution
from the adiabatic path early in the simulation but al-
low the passage back to the target quantum path shortly
after.

Firstly, we enlarge the primary system Hilbert space
S with the secondary ancillary Hilbert space A. The
quantum computation is enabled by the always-on sys-
tem unitary U (t) that encodes the interested problem in
analog quantum simulation and the digital quantum kick
unitaries US4(64, 5) = exp(—i©4 ® S) that accelerate
the quantum simulation. The operator ©4 and the col-
lective system operator S = ;\isl o7 (with Ng system
qubits) act on the A space and S space respectively. The
choice of ©4 is not unique but can be limited to sim-



ple forms with minimal compilation for target quantum
simulation. We initialize the ancillary state as a product
state right at the outset for the quantum simulation be-
fore the entanglement with the system qubits enabled by
US4(t). In qubit language, the corresponding operator
64 is given by

Na
=Y b (1)
=1

where the Pauli operators Uz for qubit [ are selected from
the gate set { X/, Y;*, Z} and the summation is over N4
ancillary qubits. For ground-state properties, the target
function to minimize is the reduced system energy in S :
Trs(p® (t)H®(t)) after the repetitive action of the identi-
cal kick unitary operator U54(64, S) acting on the state
PSA(E = )] cor = [SA(t — ) (54 (t — )| governed by
the always-on system Hamiltonian H*(t) right before the
quantum kick. For the simplicity of notation, we chose
h =1 as our unit system so that we can drop & and the
system Hamiltonian and the rest in our further discussion
have the dimension [radians/time]. The overall quantum
state evolves as po4(t) = UTSA(t)p94(t — €)U4(t) with
the reduced system state after tracing out ancillary sub-
system as p°(t) = Trap°4(t). To have a low-cost compi-
lation, we set our smart gate parameters 6; to be a single
uniform parameter 6 for the simplest gate design with
one spin orientation selected from the ancillary Pauli op-
erator set { X/, YA, Z}.

Secondly, the choices of efficient multi-qubit quantum
kicks—up to a local unitary rotation in A (gauge DOF)—
depend on the encoded quantum simulation applications.
The quantum kick gate sets shall be selected as those with
good sensitivity to change the reduced system energy
1andscape TTS gps HS(t and meet the non-commuting
relation | (t = O 75 0 and the commutation re-
lation [o f, Hs(t = T)] = 0 at the end of simulation
time 7. Guided by numerical studies from our in-house
state-vector simulator and theoretical studies with time-
averaged Hamiltonian theory [38-40]—based on leading-
order Magnus expansion in the strong rotating reference
frame from the trivial transverse-field (mixer) Hamilto-
nian. In digital-analog settings, we identify that discrete
entangling quantum kicks are instrumental in accelerat-
ing applications when the quantum kick strength is opti-
mally upper-bounded without causing nonadiabatic ex-
citations.

Optimal kick angle estimation.— We theoretically es-
timate the optimal kick angle 0,,; based on the non-
perturbative time-averaged Hamiltonian approach. The
theory estimation reconciles with the numerical results
from the state-vector simulation. The optimal kick an-
gle to stay close to the system ground state energy for
the quantum kicks, is given by the following expression
(See details in [47]) for the transverse field Ising mod-
els (TFIMs) and the Hy molecule model for describ-

ing quantum dynamics before dynamical quantum phase
transition (QPT) with a theory cutoff T' = 7:
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in which Eg is the true system ground state energy and
EMizer(T = 1) is the system mixer energy. The formula
is based on the numerical observation for circumstances
with over-kicking angles that cause reduced system en-
ergy overshoot above true system ground state energy
before QPT, it never ends up closer to the true ground
state energy. The expression is valid and universal as
long as the mixer Hamiltonian and the kick Hamilto-
nian are the only dominant [47] Hamiltonian for the pro-
posed quantum kick algorithm since the specifics of the
system Hamiltonian will not contribute much to quan-
tum state evolution before QPT. As follows, we will val-
idate the ideas through transverse-field quantum Ising
models essential for benchmarking quantum simulation
for quantum materials, hybrid quantum-classical algo-
rithms and quantum combinatorial optimization [35](its
generalization is universal for simulating exotic quantum
phases [36]) and the hydrogen molecule model, the funda-
mental building block for quantum chemistry problems.

Nearest-neighbor transverse field Ising model (NN-
TFIM) in an open chain.— It is well understood that
a QPT occurs for the NN-TFIM [37] with a finite excita-
tion gap A, that sets the bound to the simulation time
to solution. With the kick protocol, we can speed up the
passage through the QPT even at a faster annealing rate
than A~} . The schedule for the system Hamiltonian

min*

H?®(t) with the end simulation time 7" is given by:
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in which 6%y > 0 and HY) is the one-local mixer Hamil-
tonian in S space with the positive amplitude 6y, (t) =
0% (:= 0(0))e */7 following the spatially uniform an-
nealing with the time constant 7. The always-on negative
uniform Ising interaction —6% y between system qubits
favors the GHZ ground state |GHZ) = 1/v/2(]0,)%"° +
1,)®™9) for the system problem Hamiltonian Hs. With
the chosen parameters 0% /0% = 5.0, the model is ini-
tialized at the ground state in proximity to the product
state [1)®Vs for the system qubits and [0)®N4 for the
ancillary qubits.

The summation of the probability measured at the
computational basis [0)®Vs and |1)®Vs is provided as
the proxy for the ferromagnetic order (polarized state) in
the basis and abbreviated as PFM. We expect that, with
faster annealing (A,,;,7 > 1), diabatic transitions are
not negligible and limit the time scale 7 to reach the true
target ground state. This is the critical slowdown effect.



However, this is not the problem with a large transverse
field at the initial stage of the quantum simulation with
a large excitation gap proportional to 6%.

To speed up the simulation, we can apply an efficient
quantum kick that does not commute with the trivial
mixer Hamiltonian HY,(t) at the kick time with a prop-
erly chosen ancillary and system Pauli operators O'lA and
als at this early stage in which the diabatic effects are
suppressed mostly. In Fig. 1, we show the efficient dig-
ital kick Hamiltonian H54(t) = 0(t) Y., X7 ® Z at
time ¢ with Dirac kicks 6(t) := 02%1;0_1 It — KAtg)
in which Nk is the accumulated number of kicks before
time ¢ and @ is the kick angle in radians. The impul-
sive kicks intercept periodically with the always-on sys-
tem Hamiltonian (Hp + Hy;) with a given kick angle
0 immediately after the state preparation. In the nu-
merical simulation, the optimal kick angle 0,,; is found
empirically by grid searched results, and is found later
in excellent agreement [47] with the theory estimation
from the time-averaged Hamiltonian [38, 39]. We differ-
entiate the efficiency of kicks by the sensitivity response
of the system to each type of kicks [48]. The system
Pauli operator X7 is chosen because it does not com-
mute with the instant mixer Hamiltonian HY, () in S
but commutes with the target Hamiltonian H g in S. For
the most efficient ancillary operator in A subspace, we
need to choose 7, X7 @ X or 37, X7 @ Z* with the
most pronounced landscape instead of the flattened one
Zij Xis ® YjA, which requires a stronger kick angle to
reach the same speedup.

In practice, it is hard to determine precisely what the
optimal kick angle value 6 := 6,,; is to avoid excess ex-
citations, and to have a reliable simulation at the end
but to run experiments at different system sizes. In Fig.
1, our numerical demonstration shows the periodic kick
Hamiltonian 6(¢) >_,; X7 ® Z* with N = 43, Oop =
0.004 (in radians) spanning the duration ¢t < 7. The re-
duced system energy is calculated after tracing out ancil-
lary DOF with the kicks. The true ground state energy is
calculated with imaginary time evolution in S-only sub-
space.

In subplots 1(a) and 1(b) for the slower annealing
AppinT & H%XT = 0.5, the system dynamics reaches the
same reduced system energy faster. As a byproduct, the
speedup lifts the reduced system energy from the true
ground-state energy floor at the end of the simulation.
For the Floquet quantum kicks with larger 6 (not shown),
excited quantum states can lead to very wrong answers
at the end of the quantum simulation. For a much weaker
kick angle 6 < 0.004 (not shown), we cannot achieve any
benefits from the kicks as opposed to the case without
the kicks.

In subplots 1(c) and 1(d) with the faster annealing
0% 7 = 0.25 and high-frequency kicks, the excess ex-
citations are suppressed and lead to the right drift to

the true ground state system energy [49]. The time to
the steady state for the reduced system energy is much
shorter (one hundred percent reduction) signaling the ac-
celeration to the target ground state system energy. The
drawback from excess excitations is completely negated
with the high-frequency (0%Atx < 1 and 0% Aty < 1
) quantum kicks.

In subplots 1(e)-1(h) illustrated is the reduced system
dynamics from the system Hamiltonian H°(t) and the
continuous constant kick Hamiltonian 6(t) >, X7 ZJA
spanning the whole simulation time 7T, the kicks always
drive the system energy closer to the true system en-
ergy even at faster annealing. However, the speedup is
still effective (with less error and faster convergence to
final results than the case without kicks) at a slower or
faster annealingtime 7 (as shown in subplots 1(e-f) ver-
sus 1(g-h)). It is encouraging for the NN-TFIMs that the
optimal kick angle is not sensitive to the system size for
the quantum kick protocol.
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FIG. 1: NN-TFIM in an open chain with 6% x = 1.0, 0,(0) =
0% = 50%x: time dependency of the projected probability
PFM in the ground state for the mixer Hamiltonian |1)®Vs
(in green color with values given by the left side ticks) and the
scaled system energy (in purple with values given by the right
side ticks) computed by the ratio between the reduced system
energy and the absolute value of the true system ground-state
energy. The purple solid lines present the cases without the
kicks 8 = 0. The green lines (dashed ones with kicks and solid
ones without kicks) are the proxy for the disappearance of the
ferromagnetic order along the Pauli-X orientation. All cases
with solid (dashed) lines represent the cases without (with)
any types of kicks. Floquet kicks with the same kick angle
6 = 0.004 (in radians) and the kick time interval Atx between
kicks is related to the Ising interaction 6% xAtx = 0.0008.
(a) %7 = 0.87%, (b) 6% = 0871, (c) %7 = 1.67%, (d)
0% = 1.671. Continuous weak kicks with the constant kick
angle 0 — 0, N — oco: (e) 057 =0.871, (f) 027 = 0.8, (g)
0% =1.6""1, (h) 67 =1.6"".

Infinite long-ranged transverse field Ising model (ILR-
TFIM) in a closed chain.— To study the effect with a
similar gap size near QPT as the NN-TFIM, we rescale

Scaled Energy



the Ising interaction 6% y to the lower value of 0% —
0%« /(0.5Ng) while keeping the same 6%, in which the
scaling factor 0.5Ng is given by the ratio of the con-
nectivity between ILR-TFIM:Ng(Ng — 1)/2 and NN-
TFM: Ng — 1. The robustness of the quantum kick pro-
tocol prevails with the ILR-TFIM system Hamiltonian
Hp ==Y 0% x X7 X5 [52].
i<j

Hydrogen molecule model.— Due to the fermionic par-
ity symmetry inherent to the low-energy valence electrons
in a hydrogen molecule (Hs), the Hy quantum state is
encoded by two spins after the Bravyi-Kitaev transfor-
mation [41, 42] and tapering [43, 44]. The relevant low-
energy subspace is spanned by |01) and |10) basis states.
The system Hamiltonian is given by the linear combi-
nation of the Pauli terms I5IY, Z5 77, ISZY, Z5 17,
and X§ X7 + Y;7Y{® with given coupling interaction for
different bond lengths shown in Hy data [51]. Hs sys-
tem Hamiltonian commutes with >, Z2 due to the par-
ity conservation. If we initiate the quantum state at
|01) or |10), the Hy Hamiltonian will not change par-
ity, the eigenvalue of }_, ZZ. By our proposed proto-
col, we need a mixer Hamiltonian not commuting with
H, system Hamiltonian that can facilitate the superpo-
sition between states with different parities initially and
does not lead us astray to the excited states. There-
fore, we need a one-local system mixer Hamiltonian
that is not 0 (t) >, Z7 but the mixer 0y (t) >, X7 =
0%e /73, X7 and carry out the quantum simulation
with annealing. For the choice of an efficient quan-
tum kick, we select the instantaneous kick Hamiltonian
commuting with the relevant Hs system Hamiltonian
X5 X7+ Y'Y, we can still speed up the quantum sim-
ulation as TFIMs and find the exact ground state energy
for Hy with the protocol. As one observes [52], this is not
the most efficient kick but still reaches the simulation goal
with a larger optimal kick angle . The efficient quan-
tum kick unitary US4(64,5) for the Hy molecule model
is chosen with the ancillary operator 04 =9¢ > ZlA and
system operator S = > %(XZS + Y;%) respectively.

Following the schedule Eq. (3) with the problem Hamil-
tonian H3 replaced by the Hy Hamiltonian, we illustrate
our numerical speedup results in Fig. 2 and Fig. 3 for
distinct bond length and interaction in atomic units [51].
The full quantum state is initialized at the product state
11:)92 ® [1,)®N4 | in which |1,)®? is the ground state for
the mixer Hamiltonian 6% >, X;°. It is noted that the
sampled kick angles # shown are not near optimal for any
annealing rate.

In Fig. 2 (N4 = 2, bond length = 2.0 a.u) and Fig. 3
(N4 = 6, bond length = 2.0 a.u), all purple energy curves
collapse to the right binding energies at the long time
limit. However, not all kick angles (fast or slow anneal-
ing rates) have the advantage over the case without the
kick (6 = 0), especially the case §%7 = 0.187! with fast
annealing in Fig. 3. For the cases with hydrogen bond
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FIG. 2: Time dependency of probability in odd parity sub-
space |01) and |10) (in green) and H> system binding energy
(in purple) with Ng = 2, N4 = 2, bond length = 2.0a.u., and
0% = 1.5. The annealing rates 6% T are shown in the attached
legend. Different line types present cases with different an-
nealing rates. The kick angle 8 = 0 labels the cases without
the kicks in the top subplot (a). The tick values at the left
vertical axis mark the values for the probability measurement
cases (green), and those marked at the right vertical axis are
for the energy measurement (purple).

length 0.7 a.u. [53], we also observe the convergence to
the true binding energy for any annealing rate. Still, with
the clear advantages of the kicks, we show the kick angle
dependence is not monotonic concerning the annealing
rates due to the over-rotation of the same kick angles for
excitations with more ancillary qubits. We also observe
the much shortened time 65%¢ to the true system binding
energy.

In summary, we have developed a quantum speedup
protocol using a digital-analog computing framework for
quantum simulations bypassing the gap bottleneck of
quantum simulation through adiabatic annealing. The
protocol can be broadly applied for any quantum appli-
cations after Hamiltonian encoding including quantum
sensing, quantum optimization [45], quantum machine
learning [46], and quantum state preparation [55].

Our method demonstrates one hundred percent
speedup (with respect to cases without kicks) in con-
sidered NN-TFIM, ILR-TFIM, and Hy models by apply-
ing quantum annealing algorithms with specific quantum
kicks, particularly useful for simulations in noisy quan-
tum hardware with short coherence time. Our design
work also builds upon existing quantum algorithms and
could be easily adapted to current or next-generation
programmable digital-analog quantum devices in the lab.
The quantum speedup primitive is novel from the stand-
point of the modular algorithm design principle, without
changing the core algorithms in the system space.
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FIG. 3: Time dependency of probability in odd parity sub-
space |01) and [10) and H; system binding energy with
Ns = 2, Na = 6, bond length = 2.0, and 6% = 1.5. The
annealing rates #%7 are shown in the attached legend. The
cases without the kicks are labeled by the kick angle # = 0 in
the top subplot.

For an end-to-end quantum application chained
through multiple Hamiltonian-encoded subroutines that
function differently in an application such as state prepa-
ration or quantum information processing, the full al-
gorithm comprises alternating annealing or ramping for
the mixer and interested system Hamiltonians inter-
sperse with quantum kicks for each subroutine layer. In
each subroutine layer, we potentially can reuse ancillary
qubits, and reset the ancillary and system states at each
functional layer by measurement and feedforward proto-
col over the ancillary registry since the quantum infor-
mation in the system registry is preserved. The ancillary
resource remains constant for the increased complexity
of the chained quantum subroutines.

The operation of the auxiliary qubits can be poten-
tially influenced by the control errors manifested in the
kick angle, coherent noises and incoherent noises in the
hardware. However, the fast and weak coherent noises
shall be perturbative for the desired outcome from the
time average behaviors of the quantum dynamics. The
low frequency coherent noises and control errors can off-
set the kick angle but can be calibrated empirically in
advance with very few ancillary qubits. The nonpertur-
bative quantum kicks boost the convergence to the tar-
get solution in addition to the native quantum anneal-
ing with strong interaction. This shall render the effects
from environmental decoherence minimized. With more
intended effort, the primitive can potentially be rendered
fault-tolerant by various schemes with further studies.
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