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Bosonic entanglement and quantum sensing from energy transfer in two-tone Floquet systems
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Quantum-enhanced sensors, which surpass the standard quantum limit (SQL) and approach the fundamental
precision limits dictated by quantum mechanics, are finding applications across a wide range of scientific fields.
This quantum advantage becomes particularly significant when a large number of particles are included in the
sensing circuit. Achieving such enhancement requires introducing and preserving entanglement among many
particles, posing significant experimental challenges. In this work, we integrate concepts from Floquet theory and
quantum information to design an entangler capable of generating the desired entanglement between two paths
of a quantum interferometer. We demonstrate that our path-entangled states enable sensing beyond the SQL,
reaching the fundamental Heisenberg limit (HL) of quantum mechanics. Moreover, we show that a decoding
parity measurement maintains the HL. when specific conditions from Floquet theory are satisfied—particularly
those related to the periodic driving parameters that preserve entanglement during evolution. We address the
effects of a priori phase uncertainty, imperfect transmission, and other types of noises, showing that our
method remains robust under realistic conditions. Finally, we propose a superconducting-circuit implementation
of our sensor in the microwave regime, highlighting its potential for practical applications in high-precision

measurements.
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I. INTRODUCTION

Quantum sensors are widely used today in both scientific
research [1-3] and technical applications [4—6]. For an input
with N particles, traditional quantum-enabled sensors utilize
uncorrelated (classical) states, which limits their sensitivity
to the standard quantum limit (SQL), JLN’ dictated by the
Heisenberg uncertainty principle [7]. In contrast, quantum-
enhanced sensors employ entangled states of many particles,
allowing them to surpass the SQL and reach the ultimate
limit set by quantum mechanics, known as the Heisenberg
limit (HL), 1lv [8]. Typically, in an interferometric setup, such
quantum-enhanced sensors use entangled qubits [9-11] or
photons [12,13] to probe an unknown parameter encoded in
a quantum operation. Among these states, the Greenberger-
Horne-Zeilinger (GHZ) state [8,14] in qubit systems and the
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NOON state [13,15] in optical systems—defined as |NOON) =
%(W, 0) 4+ |0, N)) over two photonic modes with a total of

N photons—were shown to precisely achieve the HL. Other
types of entangled states, such as the entangled coherent
state [16], Bat state [16—18], and coherent light mixed with
a squeezed vacuum state [19], have also been demonstrated
to asymptotically reach the HL at large photon numbers. Re-
cent experiments have demonstrated the generation of such
entangled states of photons or phonons, typically with a par-
ticle number N < 10. These states can be generated through
phonon manipulation in trapped ion systems [20], paramet-
ric down-conversion and postselection [21-23], multiphoton
entanglement with deterministic single-photon sources [24],
mixing quantum and classical light [25], and employing vari-
ational optical nonlinearities [26,27]. However, developing
efficient protocols to generate entangled states with a higher
number of bosons and stabilizing the entanglement against
experimental imperfections, such as photon loss and noise,
remains a significant challenge.

The ability to engineer exotic states and phases of matter in
controllable ways gave rise to extensive theoretical [28-31] as
well as experimental [32—34] efforts. These often involve driv-
ing materials to induce behavior that lacks a static counterpart.
For instance, spins driven adiabatically by fields with different
frequencies give rise to quantized energy transfer between the
drives, effectively realizing a temporal version of the quantum
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Hall effect [35—42]. When treating the drives in such a scheme
as quantized, their state evolves as well, and the interaction
with a spin or other system elements could be used as a tool
to engineer the quantum state of the drives [43—45].

In this work, we leverage insights from Floquet engineer-
ing to design a Floquet quantum sensor that uses periodic
driving to prepare an entangled state suitable for a sub-SQL
sensitivity. We relate the sensing properties of the entangled
state to the quasienergy spectrum of the Floquet system used
to create it. We show that our protocol can generically produce
entangled N-photon states at a time 7 ~ N, as opposed to
the typical quantum diffusion rate that results in N entangled
photons at times 7 ~ N 2. Also, we show that our protocol can
produce entangled states capable of sub-SQL measurement
resolution for phase estimation even with coherent states as
initial inputs.

As a starting point, we consider a quantum system sub-
ject to two classical periodic drives. We demonstrate that the
direction of energy transfer between the two drives is deter-
mined by the initial state of the system. Treating the drives
quantum mechanically, this allows to generate entanglement
within two modes of bosons over time. We quantify this en-
tanglement using quantum Fisher information (QFI) [46—48],
which serves as a global lower bound on the sensitivity dic-
tated by the quantum Cramér-Rao bound (qCRB) [49,50].
We show that the QFI of our path-entangled states (PESs),
generated by energy transfer in Floquet systems, can be com-
puted from the quasienergy band structure [51] of the Floquet
Hamiltonian and typically scales with the preparation time as
T? up to T = O(N), when the HL scaling N? is realized.
Furthermore, we demonstrate that for drives with identical
frequencies, a Mach-Zehnder interferometer (MZI) followed
by a parity measurement [17,18] on the output bosons can
read out the QFI with at least SQL precision. We establish
conditions on the quasienergy bands necessary for maintain-
ing such T2 growth in the (classical) Fisher information using
parity measurement, which at 7 = O(N) enables readout with
HL precision. Additionally, we address the effects of the a
priori uncertainties in the parameter (phase) to be measured
[11,52,53] as well as particle loss in imperfect transmissions
[54-56]. Our analysis suggests that our sensing protocol based
on energy transfer can, in principle, be generalized to an arbi-
trarily large number of particles. Combined with the scalable
readout by parity measurement, we anticipate that our sensing
protocol can be realized in near-term experiments.

The paper is structured as follows. In Sec. II, we briefly
review basic notions of quantum metrology. In Sec. III, we
discuss the energy transfer in two-tone Floquet systems with
classical driving fields. In Sec. IV, we quantize the drives as
bosonic quantum fields and demonstrate that path-entangled
states with QFI approaching the HL at T = O(N) can be
generated, employing properties of the quasienergy band
structure. We apply our results to three examples of driven
qubits. Next, in Sec. V, we show that these path-entangled
states can be used within an MZI with parity measurement
to reach a sensing precision given the SQL and even the
HL, if certain conditions satisfied. In Sec. VI, we study the
effect of a priori uncertainty in the sensing parameter and
imperfect transmission (photon loss) in the interferometer.
Finally, in Sec. VII, we elaborate on the realization of the

Floquet sensor, including an entangler, a microwave beam
splitter, a phase imprinter, and the parity measurement, within
a superconducting-circuit design.

II. QUANTUM SENSING AND THE QUANTUM
FISHER INFORMATION

A. Quantum Fisher information

In this section, we review basic notions of quantum metrol-
ogy and quantum estimation theory [57]. We focus on the
estimation of a single parameter (phase) 6 encoded via a
unitary transformation py — pg = e ¥4 ppe’®™ on a probe
quantum state py prepared in a quantum sensor. Throughout
the main text, we assume that the phase 6 is unknown, but
fixed in repeated runs of the experiment. This setting can be
analyzed within the quantum Fisher information framework
[57]. More generally, the parameter can be treated as a random
variable with a probability distribution P(6) within a Bayesian
approach (see Appendix I).

Our aim is to learn (estimate) the unknown parameter 0
from measurements on py. We model such measurement with
a positive operator-valued measure (POVM) IT specified by
a set of positive Hermitian operators {I1 ) and corresponding
outcomes 7, satisfying th/lzl f1, = 1, where M is the num-
ber of possible measurement outcomes. Here, the probability
p(m,10) to observe outcome 7, given an a priori value of 6,
is given by

p(,10) = TrlpgTl,]. (1

Finally, an estimator function 6. is given such that for each
outcome 1, the estimated value of the a priori phase 0 is
given by 0. (s, ), with mean value over repetitions O =
YN Best(,)p(,.16) and vari

=1 Oest (77, p(m,16) and variance

M
AOL = (Oes () — Oes) Pl |6). 2
n=1

The choice of the (classical) estimation function is crucial
for the success of the estimation procedure. In the following,
we concentrate on locally unbiased estimators that faithfully
estimate Oy = 6 in an (at least infinitesimal) local environ-
ment around its fixed value, 364 (7, )/36 = 1. In this case, the
celebrated Cramer-Rao bound [57] lower bounds the variance
of the estimator

) 1
Ao 2 Fylpo, A, TT] ®
Here, Fy[po, A, IT] is the classical Fisher information:
M
Fylpo. A TI1 = Y [ In p(m, 0)Pp(m,l6).  (4)
u=1

We note that Fy[pg, A, 1] depends on the choice of mea-
surement (the POVM) and probe state py. We can optimize
Fylpo, A, IT] over all possible POVMs IT to obtain the mea-
surement that allows to estimate 8 with minimal uncertainty
(variance). The corresponding maximal Fisher information

Fq[PO»A] ZSUPFG[PO»A» H] (5)
I
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FIG. 1. Quantum sensing from energy transfer. (a) A circuit diagram of a Mach-Zehnder interferometer: Two modes of input bosons
are first entangled by an entangler Z/M?'. An unknown phase 6 is then imprinted by a 6-dependent unitary Z/)'”'. Finally, a decoding circuit
L?ggﬂ together with a set of POVM measurements are applied to the probe state. An estimator (computer) deduces the value of 6 based on
the measurement outcome. (b) Energy transfer between two classical drives with commensurate frequencies % € Q and initial phases ¢, 5.
Depending on the initial configuration of the qudit, energy is converted from one mode to the other. (c) Quantum sensor based on energy
transfer in two-tone Floquet systems. The circuit differs from a Mach-Zehnder interferometer in the entangler: Two modes of input bosons are
now coupled to a finite-dimensional ancilla. The entangled output of bosons is then generated by projecting out the ancilla degrees of freedom.

is called the quantum Fisher information F,[po, A] [57,58]. It
can be computed explicitly and takes a 6-independent form

A — Ap)?
S S e, ©

Fylpo, Al =2
! kim0 MM
where ), are the eigenvalues of the probe state py with eigen-
vectors |k) [57]. For a pure probe state py = |o) (¥ol, the QFL
has a much simpler expression Fy[pp, A] = 4((A%) — (A)D).
Inserting into Eq. (3), this yields the quantum Cramer-Rao
bound

1
Fylpo, AT’

which fundamentally limits the sensing precision for param-
eter 6 encoded via an operator A into a quantum state p.
For a quantum state pg of N particles, the scaling of the
quantum Fisher information with N is of central importance:
The standard quantum limit F;[po, A] oc N applies to states
with only classically correlated (or uncorrelated) particles. It
originates from the Heisenberg uncertainty relation for each
particle. Entanglement (quantum correlations) between the
particles allows us to surpass this and reach the Heisenberg
limit F,[po, A] ox N2.

A lot of research has thus been dedicated to devising
and implementing probe states py with large quantum Fisher
information (see Refs. [49,59] and references therein). Addi-
tionally, the QFI involves a nontrivial optimization over all
possible POVMs allowed by quantum mechanics, with the
optimal POVM often not known or difficult to implement
[49,59]. A second challenge concerns thus the realization
of a measurement IT such that the corresponding classical

N (M

Fisher information is close to the optimal quantum Fisher
information. Various examples of such sensors are known in
the literature, which we will discuss in the next subsection.

B. Examples of quantum sensors

Typical quantum sensors built from photons and atoms
are the MZI [16,60,61] and the Ramsey interferometer (RI)
[11,52,53,62]. In these systems, the experimental quantum
sensing protocol can be summarized as follows [Fig. 1(a)]:
First, the probe state py is prepared via an entangling operation
U,y starting from a simple initial (product) state of photons or
atoms, py = UeanUJn. Second, the phase is encoded py —
po = e " poe®™. Finally, the POVM measurement is real-
ized by a decoding operation Ug.pp Uy, followed by projective
measurement.

In a Mach-Zehnder interferometer [Fig. 1(b)], two modes
of photons &, and &, are sent to a 50 — 50 beam splitter repre-
sented by UM% = ¢~ 3 with J, = £(a{a, — &}a). The beam
splitter separates the output photons to two interferometric
paths, in which a phase ¢ is imprinted by a unitary operator
UMA = e~ with J, = 1(aja) — alar). After imprinting the
phase, the probe state is sent to another 50-50 beam splitter
given by UMA = =3 with J; = L(aja, + alay). Finally,
a photocounting or parity measurement of the output pho-
tons are applied to decode the phase information. Note that
in a Mach-Zehnder interferometer, JAX,y, . form the Schwinger
representation of angular momentum, and hence is an exam-
ple of the SU(2) interferometer [63]. To maximize the QFI
F, = F,[po, J.] corresponding to the generator J., the (pure)
probe state py should maximize the variance of fz, ie., of
the number difference of photons in the two modes. For an
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N-photon input, the probe state that maximizes such QFI is
the NOON state [NOON) = f(IN) ® 10) + |0) ® |N)), where
|N) and |0) are the N-photon Fock state and the vacuum state,
respectively. The NOON state yields a QFI F, = N 2 that scales
quadratically with the number of photons N. In comparison,
in a classical (i.e., with classically nonentangled photons as
probes) interferometer, F; can at most scale linearly as N [64].
Entanglement between interferometric paths then improves
the QFI by a factor of N. In the context of metrology, such
entanglement between two interferometric paths is therefore
expected to enhance the sensitivity of phase estimation.

In a Ramsey interferometer, the input state is instead
a direct-product state |[0) ® [0) ® - - - ® |0) of N two-level

atoms. Accordingly, the entangler X! = e‘ig)% phase im-
printer LA{é{I = ¢ 8:% and the decoder Z/Al(il =i%% are real-

ized via global rotations of the atoms S’x,y,z =137 =167
with 67 the Pauli operators of the jth atom. It is, again,

clear from the construction that S‘X,yyz form a representation of
the SU(2) group and hence is another example of the SU(2)
interferometer. The counterpart of the NOON state, which
maximizes the QFI in the Mach-Zehnder interferometer,
becomes the GHZ state defined as the macroscopically en-
tangled state between atoms |GHZ) = f(IO) - ®10) +

1) ® ---® 1)), which gives an N2-scaling QFI with respect
to S..

C. This work: Floquet quantum sensor

In the previous paragraphs, we discussed the MZI and RI,
where metrologically useful quantum states are generated by
applying entangling gates to the system’s photons and qubits,
respectively. Alternatively, it was proposed to couple the sys-
tem to ancillary degrees of freedom and use operations on the
ancilla to entangle the system’s constituents [65-67]. In line
with this approach, we study a setup in this work involving
two bosonic modes coupled to an ancilla qubit [Fig. 1(b)].

Previous studies showed that in the limit of classical
drives—i.e., an ancilla qubit driven by two periodic classi-
cal driving fields—the ancilla qubit can mediate an energy
transfer between the drives, a process known as frequency
conversion [35,68]. In this work, we explore the full quantum
system and demonstrate that the energy transfer between the
classical drives, mediated by the ancilla qubit, leads to the
generation of path-entangled states in the quantum system,
also mediated by the ancilla qubit. Crucially, these path-
entangled states are metrologically significant, with their QFI
approaching the Heisenberg limit. We further show that this
can be applied in an MZI-like interferometer to estimate
phases with Heisenberg-limit sensitivity via a parity measure-
ment under specific conditions.

In short, we propose a Floquet quantum sensor [Fig. 1(c)]
as follows: Two initially uncorrelated modes of bosons with,
in total, N bosons, for instance a product state of two coherent
states or Fock states, first interact with a qubit (or qudit) for
a time 7. Following this interaction, a projective measure-
ment on the qubit (or qudit) generates path-entangled bosonic
modes as the output state. A phase 6 is then encoded using
UM?' as in the MZI. Finally, a readout circuit, comprising a
decoder Y followed by a parity measurement, is applied

to the phase-encoded state. Under certain conditions on the
initial states of the bosonic modes and their interaction with
the qubit (see below), this allows to estimate the phase 6
with sensitivity A% ~ 1/T? improving quadratically in T
and reaching the HL at times 7 = O(N).

III. ENERGY TRANSFER BETWEEN CLASSICAL DRIVES

In this section, we discuss the energy transfer between
two classical fields driving a single qubit acting as a media-
tor. We assume the qubit is governed by static Hamiltonian
H, and subject to two periodic classical drives described by
the coupling Hamiltonians ﬁlqg(a)l_yzt +¢12) = ﬁ]yz[a)lyz(l‘ +
Ti2) + ¢12] [Fig. 1(b)]. Here, w;, denote the frequencies,
Ti» = 27 /w; » the periods, and ¢ » the initial phases of the
drives. The full Hamiltonian reads as

H(t) = Hy + Hi(wit + ¢1) + Ha(wat +2).  (8)

To obtain a Floquet system, we require that two frequencies
w1, are commensurate, i.e., that their ratio, w;/w, € Q, is a
rational number. Consequently, the Hamiltonian A (¢) exhibits
a period Teom (With Teom the least common multiple of 7 ;)
such that H(r 4+ Teom) = H(1).

Generally, the time evolution of the system is described by
U(t) = Te ' AT where T is the time-ordering symbol.
In the following, we are interested in the system at strobo-
scopic times T = kT, With k an integer. We can express the
qubit state conveniently in terms of the (quasi)eigenenergies
€, and eigenstates |n) with n = 1, 2 of the Floquet Hamilto-
nian Hp = i/Teom 10g U (Teom) such that (& = 1)

UT) =U(Tem)' = Y e nlnynl. (9

n=1,2

We are interested in the long-time energy transfer be-
tween the two classical drives, viewing the quantum sys-
tem as a mediator. We study the power P;(t) = E;(t) =
(Y ()| —/——L—= 48, (w ’W ) |y (¢)) absorbed from drive j at time ¢. Here,

W (@) = Z/l (t)|1ﬁ(0)) is the quantum state evolved in time
under H (r) with initial state | (0)). In general, P;(t) varies
over time. The average power absorbed by drive j over a time
window [0, T'] is given by the time average [68]

— 1 [T dH;
P"(T):?/o a1 1y )

1 .. N
= (Y (0)]iw, Fu‘ (T)ds,U(T) 1Y (0))
=w; (Y (0)|P;(T)|¥(0)). (10)

Here, ﬁj(T )= iZ;l*(T)ad)jlfl(T) and we suppress the initial
phases ¢, subscript. For Floquet systems, at 7 = kTtom
(k € N), we can derive a compact form of ITj(T) for large T
(Appendix A):

. 1
PAT) = Z (8¢j6,,)|n)(n|+0<?). (11)
n=1,2

We denote the long-time limit as P, = Y, 5 (9y,€4)]n) (nl,
the “power operator.” We note that this expression is specific
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for driven qubits (two-level systems). We derive correspond-
ing expressions for qudits (d-level systems) in Appendix A. ﬁj
is solely determined by properties of the Floquet Hamiltonian.
Crucially, the transferred energy is, however, specified by the
expectation value of Pj with respect to the initial state of the
system. This introduces controllability: By varying the initial
state |y (0)), we can control the energy transfer between the
two classical drives.

We now demonstrate explicitly that it is indeed feasible to
completely revert the energy transfer between the two drives
by choosing the appropriate initial states of the driven quan-
tum system. We focus first on the power operator P;. We show
in Appendix A that it is traceless, Tr[P ] =0 (equivalently, it
also holds Tr[P,] = 0). This ensures two opposite eigenvalues
+P of Py. Further denoting the corresponding eigenstates as
|£P), this enables us to define two states |0), |1) as

10) =1P),
1) =[=P). 12)

Equivalently, we have opposite eigenvalues of P, with
eigenstates |+=P)" and define the corresponding states |O) and
[1)’. Tt follows from energy conservation a)1P1 + a)ng =0
(see Appendix A) that these states are closely related, |0) =
|1) and |1)’ = |0). Thus, by preparing the qubit in state |0)
(]1)), we can reverse the power transferred from drive 1 to
drive 2.

Finally, we discuss energy conservation in the driven sys-
tem in more detail. Due to its bounded Hilbert space, the qubit
can only store a finite amount of energy. Therefore, over long
times 7', there is no net flow of energy in or out of the qubit.
The qubit acts as a mediator that enables energy exchange
between the two drives. Mathematically, this poses a con-
straint on the quasienergy spectrum: €, = €,(w;, w2, ¢1, $2)
is only a function of %‘] — 2—1 [69], which is used in defining
characteristic functions in Sec. V.

IV. ENERGY TRANSFER AND ENTANGLEMENT
GENERATION BETWEEN QUANTUM DRIVES

A. Energy transfer between two quantum drives

We now quantize the two classical driving fields and treat
them as two bosonic modes.

1. Quantizing the drives

We first rewrite the Hamiltonian in Eq. (8) to make its
periodic time dependence more explicit:

H(t) =Hy + Hy ,sin (it + ¢1) + H . cos (o1t + ¢1)
+ H,, sin (wat + ¢) + Hy . cos (oot + ¢2).  (13)

Here, we have expanded ﬁj(wjt+¢j) in Eq. (8) into
ﬁj,(, sin(w;t + ¢;) and ﬁj’e cos(wjt + ¢;). The subscripts
e and o in the coefficients denote even and odd contributions,
respectively. We assume that these drives are realized by
bosonic fields. Typical examples are photons from optical cav-
ities [70], bosons in superconducting circuits [71], phonons
from lattice or mechanical vibrations [72], and magnons from
spin waves [73]. The quantization of the drives is hence
accomplished via the substitution €/“/'*9) — a;, with a;

the bosonic annihilation operator for the jth drive satisfying
[a;,a ]] =1 and [&(IT) , a; )] 0. With this identification, the
two-tone Hamiltonian becomes a time-independent Hamilto-

nian for the combined system of qubit and quantum drives:

A At N
n ~ N A~ dp —da ~ d;+a
H,=Hy+ Hp+ Hi, S H, : ]
21 2
e e
~ dy—a ~ dy+a
+ B, =24+ 1, 22 2, (14)

We have included a term A = 1, ® (a)ﬂl?&l + a)zfzzﬁz) to
account for the free evolution of two drives, where 1, is the
identity operator on the qubit. The Hilbert space becomes a
direct product between H for the qubit and two Fock spaces
Fi,2 for quantum drives, H, = H ® F; ® F>. An orthonor-
mal basis of this space is denoted as [A) ® |n;) ® |ny), where
{IA)}s=1,....a is an orthonormal basis of H and {|71 2)},,,=0,1....
the Fock states for F », respectively.

2. Approximation by a uniform lattice model

In Sec. III, we have shown that a qubit driven by two clas-
sical fields can serve a mediator for energy transfer. We now
extend this to the quantized model. To this end, we note that

(Snl‘z
Ve <1

with mean ny, . = (&}L ,@1,2) and standard deviation dn;, =

\/ (@] 51 2)?) — (@] @ »)", Hamiltonian (14) can be approx-
imated by a solvable Floquet lattice model [35,44]:

for states satisfying the sub-Poissonian condition

o o =T T+ T
H1=H0+HB+HfOI .1+ch,€l 1
21 2
-1 . Dh+T)
+ A, 221 +H5,g%. (15)

Here, we neglected terms of error 0(%) and defined the

Fock space translation operators TI,Z = an [ny2 — 1)(ny 2|
and Hf/z’g o = J2cH .00 are renormalized qubit opera-
tors. Here, we extend n;, to 00 and impose a translation
symmetry, which allows to change to a Fourier basis |¢; 2) =
f02” dny ,e/2M2|n; ,) and switch to an interaction picture
with respect to the bosonic Hamiltonian U@)= e iflst Now,
the lattice model in Eg. (15) decongposes into a direct sum of
Bloch Hamiltonians H;(t) = @¢ Hy(t) ® ) (|, with

Hy(1) =H, + Hf,

sin (w1t + ¢1) +ﬁf’e cos (wit + ¢1)

+ HS sin (ot + ¢2) + Hs , cos (oot + ¢), (16)

with ¢ = (¢, ¢2) and the correspondlng ) = |p1) @ |¢a).
We briefly remark on the form of H;(¢) in the interaction
picture. First, the phase is uniquely defined only up to mod
2m, and the corresponding states should be understood in a
periodic way |¢; 2 + 2mw) = |¢12). Second, |@) is motionless
in the interaction picture, and hence the only dynamic evo-
lution results from the (driven) system. For a given |¢), the
system evolves under Hy + H,,,(t), which is identical to the
two-tone Floquet Hamiltonian in Eq. (13). We hence conclude
that the dynamics of each phase component is described by the
two-tone Floquet Hamiltonian in Eq. (13).
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In the following study of energy transfer and entanglement
generation, we assume the dynamics of the original model in
Eq. (14) being well described by the lattice model in Eq. (15)
and leave the numerical justification to Sec. IV C.

3. Energy transfer

We now analyze the dynamics under Eq. (16). We assume
that there is no initial entanglement or correlation between the
system and drives; i.e., we start with an initial product state

W) = ¥(0) ® /B RO (17)

where |W(0)) and | (0)) denote the initial system state and
initial qubit state, respectively, and d?¢ = d¢;d ¢, is the met-
ric of the integral over the first Brillouin zone BZ = [0, 27 )2
Finally, f(¢) is the initial field distribution of the drives satis-
fying [5, d*¢lf($)* = 1.

For each value of ¢, the qubit evolves under a Flo-
quet Hamiltonian i9; |y (¢, t)) = I-7¢(t)|1ﬂ(¢,t)). As before,
we want to quantify power transferred to the jth drive with
j=12

- Dj o nin .y

PA(T) = ZH(@lay), — (@fay) ). (18)
where (L)g = (W(0)|0|W(0)) and (L) = (W(T)|DNW(T))
are expectation values of [J at r =0 and r =T, respec-
tively. We observe the dynamics at stroboscopic times 7 =
kTeom with £ =0,1,2,.... In Appendix B, we show that
the long-time limit lim7_, o Pj(T) = w; (¥ (0)|B;[f1]¥(0)) is
determined by the “functional power operator”

PLfl = /B PRI (19)

Here, Pi(§) = Y, , [3,€(®)1In(@))(n($)] is the power
operator defined with respect to the ¢-dependent Floquet
Hamiltonian I?,,,(t), analogous to Sec. III. Since Pj[f] is
a weighted sum of power operators Pj(¢), it directly in-
herits properties such as tracelessness Tr[15j[f]] =0 and
energy conservation wlf’l Lf1+ wzf’z [f] = 0 (see Sec. III and
Appendix B).

As its classical counterpart, the tracelessness of P;[f] en-
sures two opposite eigenvalues £P; with eigenstates |+P) ,
which enables us to define two states

10); =1P)y,

1)y =1=P)y, (20)
which physically results in opposite energy flow from the jth
drive as (0| P;[f110) ; + (1| /P;[f1]1) ; = 0. We note that the
functional power operator ﬁj [f] depends on the field distri-
bution f(¢) and so do its eigenvalues =P, and eigenstates

|£P) . As a result, different initial field distributions f(¢)
result in different states [0)  and |1) /.

B. Quadratically growing quantum Fisher information

We have observed that flipping the qubit from |0) , to 1),
(and vice versa) changes the direction of energy flow accord-
ingly. We now ask: How should we initialize the qubit so that

useful entanglement for metrology can be generated at a later
time?

Within the lattice approximation, we can address this ques-
tion with the following statement: Given the initial field
distribution f(¢) of the drives and a nonzero power operator
13j [f], a path-entangled state can be prepared by first initial-
izing the ancilla qubit in |8, +); = \/Liuo)f + ¢|1) ), then
evolving the qubit-drives system for some time 7 = kT;om
according to H;, and finally measuring the qubit in the initial
state basis |8, +) 1B, =)y In what follows, we assume the
outcome is +; and thus, the resulting state is given by

PES); = %ﬁﬁe—’*’”[w,ﬂf ® /B Zd2¢f(¢)|¢)}, @n
where I1 p = |B, +) (B, +l; is the projection to the qubit state
I8, +); and “PES” is the abbreviation for “path-entangled
state.” N7 is a T-dependent normalization factor. We note
that, as shown in Appendix C, the two outcomes (4 and —) of
the qubit measurement are equally likely for long times 7.
If the outcome is —, it simply introduces a known phase
shift in the sensing procedure, which can be corrected as
we know the measurement result. Thus, our protocol remains
unaffected.

The QFI of [PES); with respect to J. (recall the
MZI) asymptotically exhibits a T2 scaling with prefactor
bounded by

1, 1 . )
SPUA < Jim SEIPES): L1 <2P°f1. (22

with J, = %(&'{'&1 — &;&2) and the scalar bound

1
P[f]= 3 fB Zd2¢|f2(¢>|{[<aA¢)a]2+[(aA¢>62]2}, (23)

where A¢p = ¢ — ¢, and 0py = 94, — 0y, We note that the
T — oo limit is formally valid only in the lattice approxi-
mation [cf. discussion below Eq. (15)]. For any finite initial
number of photons N = n; . + ny ., the QFI stops growing at
T = O(N), which is consistent with the fundamental Heisen-
berg limit (see also Sec. IV C4).

While the proof is left to Appendix D, we clarify here
the terminology used and the physical implications of the
statement. The term “path-entangled state” is borrowed from
optical interferometry [74], where two spatially distinguish-
able photonic modes enter different interferometric arms or
paths. Introducing (mode) entanglement between two modes
yields “path entanglement.” Proper path entanglement can
endow the interferometer with HL sensitivity. Conversely,
however, HL sensitivity (expressed in the QFI) does not
necessarily imply path entanglement, unlike in qubit sys-
tems [49,75,76]. Examples of this are single-mode cat states
%[|oz) 4 |—a)] [77], squeezed states [2], etc. Nevertheless, we
demonstrate in Appendix E that path entanglement in |PES),
significantly enhances the quantum Fisher information. The
generalization and optimization of the quantum Fisher infor-
mation for a d-level ancilla are discussed in Appendix F.

Within the lattice approximation [Eq. (15)], this quadratic
scaling (F, o T?) can be understood as the ballistic (o T?)
expansion of a wave function in a quantum random walk—
contrasting with the diffusive (o< T') spreading seen in classical
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FIG. 2. Quantum Fisher information and wave function profiles of qubit-drive systems. (a), (d), (g) Two-level system with circularly
polarized drives; (b), (e), (h) polarization conversion; and (c), (f), (i) oscillating Zeeman field. In PANELS (a)—(c), we plot both ,/F, =

\ F4[IPES) 7, J.1 (left panels) and Floquet quasienergy bands (right panels) for three models. In the left panels, we plot \/I*TQ for both coherent
state (green solid) and Fock state (blue solid) input of the driving field. The corresponding bonds [upper and lower; see Eq. (22)] P*[f]
are notated as green and blue dashed lines. In the right panels, we plot the quasienergy bands and indicate regions in the FIRST Brillouin
zone ¢; — ¢, € [0, 2m), over which f(¢) spreads for both coherent (green dashed lines and dots) and Fock (blue solid curves) inputs. In panels
(d)—(i), we plot wave function profiles | ¥ |? of the second drive for both coherent [panels (d)-(f)] and Fock [panels (g)—(i)] inputs as a function of
time T (left panels) and their cross sections (right panels) at a single moment indicated by the black dashed lines in the left panels. For all three
models, we start with average 50 bosons in each drive. For coherent-state inputs, we introduce an initial phase difference ¢,y — ¢19 = 0.6
between two drives. Other parameters in different models are given as follows: For the oscillating Zeeman field, By = B; » gBy = w »; for the
two-level system with circularly polarized drives, w = %, A = “; and for the polarization conversion, w = @, A = 3. The corresponding
parameters in the quantized models can be obtained via the procedure given in the main text (see Sec. IV).

random walks [78,79]. Under standard assumptions of a local of starting time [f, o + Teom))
graph with local jumps, T2 is indeed the fastest quantum
me§hanically allowed spreading possible in the corresponding 5 wp — w@ 12 Acos <¢1 — ¢ )6)” 25)
lattice model.

Finally, since the power operator ﬁj[ f] and the bound
P?[f] on the QFI are completely determined by the Floquet ~ with quasienergies (back in the laboratory frame)
spectrum {e,, |[n)} with initial field distributions f(¢), the
sensing ability of |PES); can be assessed before the experi- 1 X (b1 —
ment. In Sec. V, we will extend this observation to a specific €12 = 5 ot [(wy — w)” + 1642 cos (T)
choice of POVM measurement and determine the maximal
measurement sensitivity from the classical Floquet spectrum (26)
for Eq. (16).

Equation (26) has a nontrivial dispersion relation with

respect to ¢ — ¢, which, for a general field distribution

C. Numerical examples f(¢), exhibits nonvanishing power ﬁj [f] and quadratically
growing quantum Fisher information F, ~ P*[f]T?. An ex-
ception comes with a symmetric field distribution f(¢;, ¢») =
f (@2, ¢1), where the power operator vanishes, Pj [f1=0,
while P?[f] remains nonzero in general. In Figs. 2(b), 2(e),
A @0 and 2(h), we plot the time dependence of the QFI for |PES),
Hy(t) = 7@ + Alcos (wt + ¢1) + cos (ot + ¢;)]6; and the wave functions |W|?(N,) = (|N,)(N,])7 of the second
mode for different inputs. The quasienergy bands given in the

+ Alsin (t + ¢1) + sin (ot + ¢,)16,. (24)  right panel of Fig. 2(b) are dispersive except at ¢; — ¢, =

0, 7 (it is also gapless at 7w for w = wyp). Iy is given in the left

The drives’ frequencies w, amplitudes A, and polarization  panel and is well bounded by 1P?[f]1T?* and 2P*[f]T? rep-
are identical. The effective Hamiltonian in the rotating frame resented by four dashed lines (green lines for coherent-state
is given as (up to a unitary transform due to different choice input with |f(@)|> = 8(¢1 — P10, 2 — d20), Where ¢y, P2

1. Example I: two identical circularly polarized drives

The first nontrivial model is a two-level system under cir-
cularly polarized drives:
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are the initial phases of the drives, and blue lines for Fock-
state input with | f(¢)|> = 715).

Typically, energy transfer and the QFI are analogous to
the motion of waves: The mean group velocity d;e(k) quan-
tifies the energy transfer, while the square mean of the group
velocity [0ye(k)]? quantifies the QFI. In Fig. 2(e), the wave
function splits into up and down branches for a coherent-state
input with an initial phase difference ¢,y — ¢19 = 0.6 due
to a nonvanishing f’j [f]. In comparison, in Fig. 2(h), the wave
function of a twin-Fock-state input diffuses into a “Bat state”
at later times due to a vanishing P,- [f] but a nonzero P[] for

If(PI* = .

2. Example II: two circularly polarized drives
with opposite chirality

Flipping the sign of sin(wt + ¢,) in Eq. (24) and shifting
the time-independent part %6, the model now describes
energy transfer between two circularly polarized drives with

opposite chiralities (polarization conversion):
A [OLBN N
Hy(t) = 703 + Alcos (@t + ¢1) + cos (ot + ¢;)]6;

+ Alsin (ot + ¢1) — sin (ot + $2)16,. 27)

The effective Hamiltonian of Eq. (27), as well as its
quasienergies and quasieigenstates, can only be obtained nu-
merically. Fortunately, some core properties of the spectrum
can be obtained by looking at the symmetry of the Flo-
quet Hamiltonian. Note that 6,Hy, 4,(t)6, = Hy, 4, (¢), which
swaps the subscript ¢, ¢» — ¢, ¢1. This directly leads to
€12(¢1, 92) = €12(¢2, $1), |1(¢2, d1)) = 6:[1(¢1, 2)), and
[12(¢2, 1)) = 6:12(¢1, ¢2)). The 6, operation hence matches
quasienergies and quasieigenstates at (¢;, ¢») and (¢2, ¢1).
Consequently, for a symmetric field distribution f(¢;, ¢») =
f (@2, 1), the functional power operator also experiences a
sign flip under 6, operation: 6,P;[f16, = —P;[f]. The initial
state of the ancilla can be hence prepared as |8, +), = [1 / |)
with 6,1 / ) = |1 / |) eigenstates of &.

More properties are obtained by numerically solving the
quasienergies, which are given in the right panel of Fig. 2(c).
First, the bands are gapless at ¢; = ¢, with a finite dispersion,
as the quasienergies are defined modulo w, and hence +0.5w
are identified. Second, the bands are linear about ¢ — ¢, =
0, r, which results in P?[f] approximately independent of
the initial distribution f(¢). This is shown in Fig. 2(c), where
the QFI for the coherent-state and Fock-state inputs grows at
a similar rate and the dashed lines representing the bounds
overlap.

Another consequence of the linearity is that wave functions
do not disperse as the second derivative vanishes Bi p€12 = 0
except at ¢; — ¢ = 7 with a finite gap opening. In Figs. 2(f)
and 2(i), wave functions for both coherent-state and Fock-state
inputs are translated into up and down branches and maintain
their initial shapes for each branch, analogous to soliton mo-
tion in waves. This model, therefore, functions like a quantum
beam splitter that evenly splits the inputs without introducing
unwanted superpositions. Specifically, a Fock-state input re-
sults in a NOON-like output [Fig. 2(i)], whereas the previous
model produces more superpositions [Fig. 2(h)] for the same
input.

3. Example III: two-tone oscillating Zeeman field

Consider a spin-1/2 particle interacting with a two-tone
Zeeman field B(t) = [By + B cos(wit + ¢1) + B, cos(wyt +
$»)]Z, with commensurate frequencies w; » along z axis:

H(@t)=—gB(t)-S, (28)

with g the coupling strength and 8§ = (S’x,S’y,S’Z) the spin
vector. The effective Hamiltonian is given as

Heff = _gBOS‘zv (29)

which is completely independent of initial phases ¢ =
(¢1, ¢2). Since the Hamiltonian commutes with itself at dif-
ferent times [H(¢), H(t')] = 0. The ¢-independence makes
both ﬁ_,- [f] and P?[f] vanish for any field distribution f(¢).
As aresult, there is neither energy transfer between the drives
nor entanglement generation when quantizing the drives. In
Figs. 2(a), 2(d), and 2(g), we plot the time dependence of the
QFI and wave functions for different initial states of the drives.
The flat bands in the right panel of Fig. 2(a) now result in
T -independent QFI [Fig. 2(a), left panel] and wave functions
[Figs. 2(d) and 2(g)]. In other words, both energy transfer and
growing sensitivity require a dispersive quasienergy spectrum.

4. Discussion of the lattice approximation

Throughout our study of the dynamics and entangle-
ment generation, we assume that the Floquet lattice model
[Eq. (16)] provides a good approximation to the quantized-
drive model [Eq. (14)] under the condition

(Sl’l[ﬁz
\/ﬁl/Z,c

throughout the time evolution. At later times, however, this
condition breaks down because the growing AJ, causes 6n; »
to become comparable to ny, . [Figs. 2(e), 2(f), 2(h), and
2(i)].

To study the convergence to the lattice model more quan-
titatively as n. increases, Fig. 3 shows the growth of the
QFL F,[|PES)7, JAZ], for Fock-state inputs with different initial
photon numbers (colored lines). Here, we use the Hamiltonian
from Eq. (27). For comparison, the growth of the QFI under
the corresponding lattice model is plotted in gray. For the
original model [Eq. (14)], the T2 scaling of the QFI arises
from the energy transfer between the two modes (cf. Appendix
D), which necessarily ends at 7 = O(N) for an initial popu-
lation of N bosons (by this time, one of the modes is nearly
empty). Hence, the o< T? growth in the QFI only persists up
to T = O(N). Indeed, for each colored line, the QFI ceases
to grow at T = O(N). Consistent with this picture, our nu-
merical simulations show that, for generic POVMs, the Fisher
information also ceases to grow once T reaches O(N).

Therefore, to attain the full Heisenberg-level sensitivity of
~N?, we require a POVM that retains the T2 scaling of the
Fisher information up to T = O(N). In Sec. V, we show that,
under suitable conditions on the Floquet band structure, parity
measurements fulfill this role.

However, as the initial photon number increases, the QFI
dynamics under Eq. (27) aligns more closely, and for longer
times, with its lattice approximation. We observe a similar
behavior for the coherent-state input. Therefore, we conclude

<1
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FIG. 3. Quality of the lattice approximation. In this figure, we
plot the quantum Fisher information \/F>Q as a function of time 7'
for Fock-state inputs with different initial photon numbers per mode,
ranging from n, = 10 to n. = 100. As n, increases, \/Fy converges
to the linear growth (gray line) predicted by the lattice model.

that the early-time dynamics of the quantized-drive model
[Eq. (14)] is well described by Eq. (16) as a direct sum of
two-tone Floquet Hamiltonians [Eq. (13)].

V. DECODING A PHASE WITH PARITY MEASUREMENTS

A. General requirements on drive frequencies
and band structure

We have shown that PESs with QFI scaling as 72 up
to T = O(N) can be generated in preparation time 7 using
various Floquet models of the form Eq. (14). This raises a
natural question: Can such T2 scaling of the QFI be preserved
under measurements accessible to current experiments? In this
section, we aim to identify general conditions under which
models of the form IN Eq. (14) yield classical Fisher informa-
tion (FI) o< T? using experimentally feasible measurements.
For quantized-drive models, this implies HL sensitivity scal-
ing as N? at T = O(N). Importantly, our definition of the HL
refers to the N? scaling with respect to the number of photons
N in the probe—and we study the preparation time to realize
states with HL scaling—, in contrast to definitions based on
the interrogation time used in Refs. [80-82].

In optical interferometry, one widely used measurement
is the parity of an output mode of an interferometer [17]
and is shown to approach sub-SQL sensitivity for various
path-entangled states [16,18,83,84]. In principle, the parity
measurement is scalable to large number of photons with
recent experimental success [85,86]. We thus concentrate in
this section on the use of the parity measurement.

As described in Sec. IIC, we adopt a parit}f measure-
ment on the second output mode IT= (—1)%% after a
Mach-Zehnder interferometer as our POVM measurement
[Fig. 1(c)]. By the end of this section, we will filter out
Floquet models in Eq. (14) capable of generating PESs
that exhibit sub-SQL sensitivity from a single-shot parity
measurement. Recall that the phase imprinter and decoder in a

Mach-Zehnder interferometer are given as Uy'“' = e+ and

UM?' = ¢35 | respectively. The parity operator, under these
transforms, becomes

- YMZLL T 9y MZLL T 7 7MZI 7 yMZI 221: 0-2)&
f1y = OY2F AT fLg 2 g = 2%0-3)8, (30)

where § = me:l |n)(m| @ |m)(n| is the SWAP operator
over two input bosonic modes. Redefining the phase 6 =

— 7, the pa{ify operator has a simple dependence on
6 as I1; = €*"?8. The derivation of Eq. (30) is left to
Appendix G.

From classical information theory (Sec. II), the variance of
an unbiased estimator V,,(6) is lower bounded by the inverse
of the classical Fisher information Fj; [Eq. (4)], which, for the

parity operator ﬁé, is given by [17]

_ |39(H9>PES|2

F; )
’ 1—- <Hé>12>Es

€19}

where ([J)pgs = (PES|;0|PES), the expectation value of [J
with respect to the PES.

For w; # w,, we expect Eq. (31) to be unable to reach
either the SQL or the HL. We leave the analytic arguments to
Appendix H. Instead, here we provide the physical intuition
behind this observation: In an SU(2) interferometer, all uni-
tary operators commute with the total number operator, which
is the total spin §? = 82 4 §2 + $2 in a Ramsey interferom-
eter and the total number of photons N = &I&l + &;&2 in a
Mach-Zehnder interferometer. In other words, each operation
in the sensing circuit preserves the angular momentum or total
number of particles. Superposition and interference can hence
only exist between states with identical angular momentum
or number of particles. In the language of functional power
operators, the conservation of particle number is translated
into P[f1+ P[f]1=0. This is consistent with the energy
conservation wi P, [f1+ a)2132[ f1 =0 if and only if two fre-
quencies are identical, w; = w,. We thus find that a necessary
condition for approaching the SQL or HL is having drives
with identical frequencies.

For w; = wy = w, in general, we show in Appendix H
that the asymptotic behaviors of (IT5)prg and 95 (I1z)pgg are,
instead, governed by (Il3)pps = O(\LFT) and 05 (I5)ppg =

O(\/T ), which endow Fz = O(T') that approaches the SQL
(~N)atT = O(N). Although the QFI of path-entangled states
|PES); exhibits the T2 scaling in general, the parity measure-
ment (I15)ppg can only extract this phase information with
precision given by the SQL. This is because the time evolution
appears in exponentials e~*®7T [Eq. (9)] oscillating fast at
T > 1 and wiping out a significant amount of information as
most of them average to 0 in (f[é).

To overcome such fast oscillation in the long-time limit,
stationary phases (also known as critical points) of the expo-
nentials have to be degenerate, giving a “steady region” of
€, in which the exponentials vary slowly. This, as derived in
Appendix H, can be formulated by the following condition:

32Gum(®, Dz, =0,  3Gum(F0,0) #0,  (32)
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FIG. 4. A schematic illustration of the characteristic functions.
For the qubit model described in Eq. (34), one has two quasienergy
bands symmetric about € = 0. Consequently, two classes of char-
acteristic functions can be defined: intraband, G;; and G,,, and
interband, G, and G,,. Physically, they measure the difference in
quasienergies within and between bands. The band structure of
Eq. (34) is obtained for w = wy and A = 4.

where

Gum (X, é) =€,(X) — € <_3~C + ?é> (33)

is a measure of energy difference between band n, m = 1, 2 at
X and —X + %é, respectively. ¥ = ﬁ(d)] — ¢) is the time
delay (recall, due to energy conservation, the quasienergies
only depend on a single parameter X) between two drives
and X, the critical point defined by 0:G,, (X, 6)| =5, = 0. An
asymptotic quadratic enhancement Fj ~ T2 at @ is obtainable
from the parity measurement on |PES); only if Eq. (32) has
solution X, for at least one choice of n, m. Here, we assume
that Xy, —Xo + “g@ lie within the support of f(¢). We hence
dub G,,,, characteristic functions (of quasienergy bands) deter-
mining the sensitivity from parity measurement. A schematic
illustration of the characteristic functions G, for a two-level
ancilla can be found in Fig. 4.

B. Numerical examples

1. Example I: two circularly polarized drives
with same chiralities

A simple way to produce degenerate critical points,
as defined in Eq. (32), is requiring a symmetric band

@ 1p - - 7 O 1p : : n ©1p : : :
S S FaS
=0 =0 =0 —/\
~—— ~—”" ~
4L . . .
-3 A 1 3
® 1p : . .

AG ~ 70 ]
- Af T
S

FIG. 5. Parity measurements and corresponding sensitivity for three models: (a), (d), (g) two-level system with circularly polarized drives;
(b), (e), (h) polarization conversion; and (c), (f), (i) the specific model given in Eq. (34). In PANels (a), (b), and (c), we plot the expectation
value of the parity operator [1; as a function of 8 for coherent-state inputs. In panels (d), (e), and (f), the same quantity is plotted for Fock-state
inputs. The optimal sensitivity from the parity measurement for both inputs and all three models is given in panels (g), (h), and (i), where the
green (blue) curves and dashed green (blue) lines represent the sensitivity of coherent (Fock) inputs and their asymptotic scaling, respectively.
For all three models, we start with average 50 bosons in each drive, with the SQL given as A@ = 10~" (dashed gray line), the HL given as
Af = 1072, and the parity sensitivity for the twin-Fock state indicated as dashed violet line for comparison. For coherent-state inputs, we
introduce an initial phase difference ¢,y — ¢19 = 0.6 between two drives. Significantly, the coherent-state input for the polarization model
yields a sub-SQL precision in panel (h), which is further illustrated in Fig. 6(a). Other parameters in different models are given as follows: For
the specific model given in Eq. (34), @ = wy, A = %; for the two-level system with circularly polarized drives, w = %, A = ; and for the

polarization conversion, w = wy, A = 5.
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structure about some value of 6. An example of symmet-
ric band structures can be seen in our previous two-level
system with identical circularly polarized drives [Eq. (24)].
In this model, two bands meet at ¢; — ¢ = m while being
symmetric about ¢; — ¢ = 0, wr, which gives Gj1(%,0) =
gzg()?, O) =0 and gn()”c, 7'[) = gzg()?, 7'[) =0 for all X e
[—7 /2w, 70 | 20).

Consequently, a generic field distribution f(¢) is expected
to exhibit an asymptotic scaling AG ~ T~! at T > T.op, for
0=0,7 [Fig. 5(b): from numerics, we observe that with a
Fock-state input the sensitivity scales approximately as Af ~
T09% at 9 =0, ]. However, for other values of 9, critical
points of G, (%, é) become nondegenerate and hence fail to
approach the sub-SQL sensitivity.

There is one subtlety for coherent-state inputs: A sym-
metric coherent-state input f (¢, ¢») = f(¢2, ¢1) requires a
degenerate critical point at & = 0 (Appendix H), but as the
power daq€12 is vanishing at the same point, it fails to sat-
isfy the second condition in Eq. (32) and fails to exhibit
AG ~ T-!. On the other hand, an asymmetric distribution
|f(9)* = 8(¢p1 — ¢10, P2 — d2o) for coherent-state inputs re-
quires a degenerate critical point of G, (%, 8) at 6 = ¢;o —
$20 (Appendix H), where ¢ 29 are (different) initial phases of
the coherent drives. This is only obtainable for ¢9 — ¢ = 7,
which again leads to vanishing power as dagé€12|agp=r = 0.
As aresult, this model [Eq. (24)] fails to reach the HL for any
coherent-state input with the parity measurement. Thus, for a
coherent-state input, we find somewhat counterintuitively that
the QFI grows quadratically while the parity measurement is
not sensitive to the encoded phase [Figs. 5(b) and 5(h)].

2. Example II: two circularly polarized drives
with opposite chiralities

Two ways to recover the AG ~ T~! scaling for coherent-

state inputs are as follows: (1) a degenerate critical point at
6 =0, 7, while maintaining a finite dispersion dag€12 # 0,
or (2) requiring linear and symmetric dispersion about some
value of ¢; — ¢,. For (1), one can simply choose a symmetric
distribution or a m-phase difference for the coherent-state
input, and the nonvanishing power ensures an asymptotic
A6 ~ T~ scaling. For (2), the restriction on 6 is further
lifted, since linearity and symmetry allow G,,, (X, ) with de-

generate critical points for any ¥ and —% + %9 as long as they
both lie in such linear and symmetric regions (recall Dirac
points). Both cases can be found in our previous polariza-
tion conversion model [Eq. (27)], where the band structure
is symmetric and linear about both 6 =0 and 6 = 7, and
has a Dirac point at § = 0, resulting in a nonvanishing power
9ap€1,2|ap=0. For 0 = 7, the power vanishes while retaining
its symmetry and linearity about this point. Consequently, the
model follows A@ ~ T~ for coherent-state inputs even for a
general asymmetric distribution f(¢) that requires degenerate
critical points at 6 # 0, 7 [Figs. 5(c) and 5(i): an initial phase
difference ¢,9 — ¢10 = 0.6 is chosen for the coherent-state
input]. To benchmark this 7~! behavior and to show the
validity of the lattice model, in Fig. 6(a) we plot the sensitivity
A6 of the parity measurement for coherent-input states with
different photon numbers n.. As n. increases from 50 to 80,
the sensitivity follows more closely the 7~! scaling predicted

by the lattice model (gray line). For Fock-state inputs, this
lifted restriction on @ also poses less constraints on the a
priori knowledge of A and results in a wider range of sub-SQL
sensitivity in the spectrum [Fig. 5(f)].

3. Example I1I: a specific driven qubit model

Finally, we consider the sensitivity of the parity measure-
ment for a specific model given as

Ay(t) = %az + A[3sin(ef + ¢1)6, + sin(r + ¢2)6:]

+ Alcos (wt + ¢1) + 2cos (ot + ¢2)16.,  (34)

whose quasienergy bands are given in Fig. 4 and do not exhibit
any degeneracy or symmetry. Specifically, its characteristic
functions G, (%, 6) only have nondegenerate critical points
for any value of 6. Consequently, the HL is inaccessible for
any type of inputs and the nondegenerate critical points can
only approach the SQL [Figs. 5(c), 5(f), and 5(1)].

VI. PARTICLE LOSS AND A FINITE PHASE RANGE

In this section, we discuss the robustness of the PESs
against loss in the interferometer and a finite (a priori) phase
range 86. The mathematical tools employed are the Kraus
representation for lossy dynamics and the Bayesian approach
(Appendix I) for dealing with a finite (a priori) phase range.

A. Effects of particle loss

The first source of error arises from the potential loss of
particles in the interferometer. We use Kraus operators [54,56]
to simulate such loss. To be specific, we consider an interfer-
ometer with one lossy arm (a;) and one lossless arm ().
We expect qualitatively similar behaviors when both arms
are lossy. In the Kraus representation, the state after a lossy
transmission line with transmissivity n € [0, 1] is given by

+

3

Re)
Il

KR!, (35)

~.
Il
o

with py = |PES);(PES|; and IQJ» =(1- n)%n%ai&I&{/\/ﬁ.
Noting that n = 1 represents a perfect transmission with no
boson loss while n = 0 stands for a complete loss of bosons.
The simulation is made for the polarization conversion model
with 30 input bosons in each drive with identical frequen-
cies w; = wy = wp and renormalized amplitudes A = % For
the coherent-state input, we specify an initial phase differ-
ence ¢y — ¢p10 = 0.6. The conversion time is chosen as
T = 32T.om- In Fig. 6(b), we plot the sensitivity A6 both
from the QFI (solid lines) and parity measurement (dashed
lines) as a function of the transmissivity n for coherent-state
inputs (green), Fock-state inputs (blue), the twin-Fock state
(violet), and the NOON state (red). Typically, the QFIs for
coherent-state and Fock-state inputs exhibit robustness against
loss and present sub-SQL sensitivity even at = 0.5, showing
a similar behavior as the twin-Fock state. When n < 0.7,
the coherent-state input starts to outperform the twin-Fock
state. In terms of the parity measurement, this advantage starts
to show up for n < 0.97. In comparison, the NOON state is
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FIG. 6. Sensitivity with and without particle loss and a priori phase uncertainties. (a) Sensitivity of the parity measurement for coherent-
state inputs. We plot the time evolution of A@ for different initial photon numbers per mode, ranging from n, = 50 to n, = 80. The sensitivity
AB(T) for the lattice model (gray line) is given for comparison. We also show the SQL (blue dashed and red dashed lines) for each value of n,
as well as the AG ~ T~ (yellow dashed line) for the lattice model. (b) The sensitivity A@ from both the qCRB (solid) and parity measurement
(dashed) for coherent-state (green) and Fock-state (blue) inputs. We also plot A8 for the NOON state (red) and the twin-Fock state (violet) for
comparison. The entangler is chosen as the polarization conversion model with w = @, A = %, and 30 bosons in each mode initially. For
the NOON state, we choose N = 60, while for the twin-Fock state, we have |TF) = ¢’ %(‘A’T‘A’ZJ”};&')I %) ® I%), with N = 60. (c) The improvement
A6, in Eq. (38) as a function of the a priori phase uncertainty 660 for coherent (green) and Fock (blue) inputs. The behaviors of A6, for the
NOON state (red) and for the twin-Fock state (violet) are shown for comparison. The model is the same as in panel (a), but with 15 bosons in
each mode initially. For the NOON state and the twin-Fock state, we choose N = 30. We also plot the improvement A8, for the Fock input

(dashed A) from the Hamiltonian in Eq. (24). It shows a significant improvement to that for the twin-Fock state.

much more fragile to loss and already goes beyond the SQL
at n ~ 0.91. This is consistent with the observation that en-
tangled coherent states and [N —m : m) = %2(|N —m, m)+
[m, N —my)) with 1 <m < N — 1 are, in general, more ro-
bust than the NOON state against loss [54]. The parity
measurement, however, appears more sensitive to the lossy
interferometer for all three kinds of states. Specifically, the
parity measurement for the Fock-state input and NOON state
performs worse than the SQL for n < 0.93. The coherent-state
input is more robust and its superresolution survives up to
n ~ 0.8. However, this is still much worse than the QFI itself.
As a result, we conclude that the PESs we generate are robust
against loss themselves, while the parity measurement is less
able to extract the QFI when there is significant loss.

When the loss is small, however, all PESs converge to
almost the same sub-SQL sensitivity as a result of the linearity
of the band [Fig. 2(c)]. However, such sub-SQL sensitivity
only applies for specific values of @ for a general field distribu-
tion f(¢). In Figs. 5(c) and 5(f), we plot the expectation value
of the parity operator (ﬁ(;) for coherent-state inputs (panel c)
and Fock-state inputs (panel f) at n = 1 as a function of #. For
coherent-state inputs, the sub-SQL sensitivity only appears
within a finite range of 8, while Fock-state inputs are sub-SQL
in a wider range. As seen earlier, this is an interplay between
degenerate critical points of G and initial field distributions
f(¢). Consequently, when the transmission is perfect, one is,
potentially, able to tailor the input f(¢) such that the range of
6 exhibiting sub-SQL sensitivity is maximized.

B. Effects of a finite phase range

Another source of error comes from a finite (a priori)
phase range 6. This phase uncertainty arises when a priori
knowledge of its value is lacking. The quantity of interest now
becomes the posterior variance, Ap92 given in Eq. (I3), which
one aims to minimize (Appendix I). Given the probe state as
[¥), (Pp for a mixed state) and the phase imprinting unitary as
Uy, one then needs to minimize AP02 over all possible POVM
measurements. This challenging task is facilitated by the work
done in Ref. [70], which narrows the infinitely many possibil-
ities down to projective measurements {|u) (i |} with outcome
w satisfying > |u) (u| = 1. The projective measurement can
hence be described by a Hermitian operator

§=2 ulmul. (36)
"

The task now becomes finding the optimal $ that minimizes
APGZ. Denoting the probe state after the phase imprinter as

Po = Uy ,?)plflg, such a minimization is realized by choosing
[87]

k|o|!
s P . (37)

A A
kL A2 >0 kA

§=2

where A, and |k) are eigenvalues and eigenstates of
the 6-averaged mixed state p = f dOP0)py and p =
[ dOP(©)pe 6. The upper bound A6 of optimization from
the measurement is now given as the difference between the
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inverse of the minimal posterior variance A,6% and the a

priori classical CRB of the a priori phase distribution %0
as [53]
1 1 1

— = - 38
AOZ T AGE R (38)

The HL and SQL are now defined with respect to A6,,.
Numerically, we again choose the polarization conversion
model in Eq. (27) with 15 bosons in each drive with identi-
cal frequencies w; = wy = wp and renormalized amplitudes
A= %. As before, we specify an initial phase difference
P20 — P10 = 0.67 for the coherent-state input. The probe state
|[PES); is obtained at T = 8T.oy. In Fig. 6(c), we plot A6,
as a function of the a priori uncertainty 66 for coherent-state
inputs (green), Fock-state inputs (blue), the twin-Fock state
(violet), and the NOON state (red) upon assuming a Gaussian
distribution

P@) = ! o 39
0= 750 (-5 &

of the uncertain phase [53]. For small a priori uncertainty

86 < 0.1, the PESs exhibit sub-SQL sensitivity and go beyond
the SQL when §6 > 0.2 for both coherent-state and Fock-state
inputs. Meanwhile, the NOON state is less effective to the finite
a priori distribution 6 and performs worse than the SQL
for 660 > 0.06. In comparison, the twin-Fock state exhibits
a better resilience to §6. When switching the entangler to
Eq. (24), we observe a significant improvement in robust-
ness against phase uncertainties for the same Fock-state input
(blue A), comparable to the twin-Fock state. However, they
both require high-Fock-state inputs (which are challenging
for current experiments) and leave the sub-SQL region for
86 > 0.35. The PESs generated by our Floquet entangler are
hence ineffective when trying to measure a phase that has a
nonlocal a priori uncertainty. The advantage that entangled
states have when measuring a minuscule phase shift requires
some prior knowledge of the vicinity scrutinized, but this
results in poor performance when such knowledge is absent
(cf. Ref. [11]).

C. Other sources of noise and imperfections

For other types of noise and imperfections that may com-
promise the performance of the Floquet sensor, we refer the
reader to Appendix J. In particular, we consider dephasing
noise on the qubit, phase noise in the driving mode, and the
effects of imperfect driving-frequency tuning on the parity
measurement.

We remark that this work considers mainly uncorrelated
noise. It is well known that such noise typically degrades
metrological performance and leads to the well-established
no-go theorem [88]. Nevertheless, recent research indicates
that correlated noise can, in some cases, be harnessed to con-
trol and even prolong entanglement between qubits [89,90].
Although this type of noise lies beyond the scope of the
present study, we believe that it holds significant potential for
future advances in quantum-enhanced metrology.

VII. EXPERIMENTAL CONSIDERATIONS

In this section, we propose an experiment that realizes our
Floquet quantum sensor. After discussing general experimen-
tal considerations, we will propose a superconducting-circuit
realization. As discussed in Sec. IV B, the prerequisite of the
path entanglement is a dispersive quasienergy band structure
that depends on initial phases ¢, ¢, of two drives. Given
the quasienergies evaluated at the driving frequencies w; 7,
the drive amplitudes should therefore be comparable to these
frequencies. In the quantized model [Eq. (15)], this requires
the normalized coupling ﬂf/z,o /o 10 be comparable to w;»,
posing significant constraints when the drives are conven-
tional optical cavities (Fabry-Perot cavity, microsphere cavity,
etc.), where the frequency (>100THz) is much larger than
their typical coupling (<1GHz) to matter [91-93]. Energy
transfer in such cavities typically requires N > 10'? particles
for enhancement.

To lower this bound on the number of particles, we suggest
using microwave cavities (coplanar waveguide resonator, LC
resonator, etc.) with significantly smaller frequencies w ~
1-10 GHz [94,95], which couple to superconducting qubits
in a controllable way. Based on our protocol for generating
PESs, the interaction time between the qubit and cavities
needs to be shorter than the relaxation time #; and dephasing
time #, of the qubit (given the Q factor of the two resonators is
high enough). Consequently, the frequency of the resonators
is lower bounded by the inverse of the coherence time as
w > ﬁ (this also implies that qubits with long coherence
times are preferred). Assuming these conditions are satisfied,
we now discuss a potential realization of Floquet entanglers
in superconducting circuits.

We next show how the examples used in this work can be
realized in a superconducting framework. Again, our discus-
sion falls into two regimes: classical drive and quantum drives.
We discuss the realization of these regimes separately.

The realization of Eq. (24) is straightforward: For classical
drives, the superconducting qubit (for example, a transmon),
described by %6, is coupled to both a microwave current
source I(t) = Alcos(wt + ¢1) + cos(wt + ¢»)] and a mi-
crowave voltage source V (t) = A[cos(wt + ¢1) + cos(wt +
¢»)]; for quantum drives, the same superconducting qubit
is coupled to each resonator both inductively [ = g(a;, +
&I,z)ﬁx and capacitively V= iglar, — &I,z)ﬁy These inter-
actions can be achieved by an inductor and a capacitor,
respectively.

For the polarization conversion model [Eq. (27)], the real-
ization, instead, requires some engineering. For the classical
drives, we apply both current and voltage drives on the qubit
as [Fig. 7(b)]

A() = %az + ()6, + V(1) (40)

with the current drive I(r) = 2Re{e'[% + Acos(wr +
¢1) + Acos(wt + ¢,)]} and the voltage drive V(¢) =2A -
Re{e™ [sin(wt + ¢1) — sin(wt + ¢»)]}. By moving to a rotat-
ing frame with U (1) = ¢! 46 and a following rotating-wave
approximation [96], the interaction Hamiltonian becomes the
Floquet one in Eq. (27).
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FIG. 7. Superconducting-circuit realization for Eq. (41). (a) A
table of superconducting elements in the circuit: The circuit diagram
includes a flux qubit, an LC resonator, and two types of driven
(tunable) couplers. The tunability arises from an indirect coupling
to an idler mode, whose frequency is adjusted by the external flux
®(r). The energy scales of these elements in current experiments are
listed below. (b) A schematic circuit implementing Eq. (40) where
the qubit is driven by a voltage source V (¢) and a current source /().
Proper grounding of the qubit is assumed. (c) A schematic circuit
for Eq. (41), where the qubit is coupled to two resonators via tunable
couplers (variable capacitors and inductors), with typical realizations
shown in PANEL (a). Proper grounding of all circuit elements is
again assumed.

The same technique applies when the drives are quantum,
where the qubit and cavities are coupled in a time-dependent
way:

A~ ,
H(t)=—16.+ w(@ay + aja)
~ AT ~ AT
a —a a —a, | .
2 t — ,
+ 2 A cos(w, )|: T T :|a}

A At oAt
+2cos(,f) @+Aa1+al +Aaz+a2 6.
2 2 2
(4D

Similarly, by moving to the rotating frame with U (¢) and
keeping nonoscillating terms only, one obtains Eq. (27) with

quantum drives in the interaction picture. We now show how
such a Hamiltonian can potentially be realized in a supercon-
ducting circuit. We split our discussion on elements [Fig. 7(a)]
in our Floquet sensor and leave a detailed analysis of the
superconducting circuit to Appendix K. See Fig. 7(c) for a
simplified version.

A. Input: superconducting qubit and cavities

Superconducting-circuit qubits [Fig. 7(a)] are formed by
truncating Josephson-junction based oscillators to the lowest
two energy levels with gaps ranging from 1GHz < o, <
20GHz [91,97], which are assumed to be separated from
higher excited levels [97]. For two-tone Floquet Hamiltonians,
excitation to higher energy levels changes the energy transfer,
and hence the path entanglement, completely. With this in
mind, qubits with large anharmonicity are preferred. We hence
suggest flux or fluxoniumlike designs, which provide a large
energy gap (>20 GHz) between two lowest energy levels and
higher ones [98] and coherence times as long as 100—400 us
[99,100].

We couple the qubit to two cavities. In order to obtain
dispersive quasienergy bands with relatively small number of
bosons, we suggest microwave cavities with close frequencies
and coupling strengths. Two such examples are the copla-
nar waveguide resonator (w =~ 1-10GHz, % > 300 MHz,
and Q > 10%) and the LC resonator (@ =~ 1-10 GHz, % =
0.1-1 GHz, and Q ~ 10%) in Fig. 7(a).

B. Entangler: tunable coupler and qubit drive

The most nontrivial step in shaping Eq. (41) is the
time-dependent coupling A cos(w,t) between the qubit and
resonators. This requires variable capacitors and inductors
whose capacitance C(t) = Cy cos(w,t) and inductance L(t) =
Lo cos(wyt) are tuned periodically in a superconducting en-
vironment. There are existing ways to realize such variable
couplings [101-106], one of which is indirectly coupling
the qubit and resonators by an idler qubit/cavity [104,107],
whose frequency is significantly larger than those of the qubit
and resonators. The idler qubit/cavity remains in its ground
state. However, by changing an external flux, one tunes its
frequency in a controllable way, which effectively gives a
time-dependent coupling after integrating out such idler de-
grees of freedom [Fig. 7(a)]. The same principle underlies
other tunable couplers like Delft couplers and Gmon couplers.

Another time dependence in Eq. (41) is in the term
wo cos(wyt )6y, which gives rise to the qubit energy in the
rotating frame. This is typically realized by coupling the qubit
to a current source I;(¢) inductively or a voltage V,(t) source
capacitively (Appendix K).

Finally, we estimate the number of bosons one needs to use
for a given design of the circuit in order to have a dispersive
spectrum. As mentioned earlier, this requires that the
normalized amplitudes of the drives [Eq. (15)] are comparable
to the frequency of the bosons v/NA ~ w, which gives a
rough number of bosons one needs to have in the experiments
as N~ (%)2. Consequently, for an effective coupling
A~ 100MHz and resonator frequency o ~ 1GHz
[Fig. 7(a)], one needs roughly >100 bosons in the cavity. To
further decrease the number of bosons, stronger couplings and
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cavities with longer wavelengths are suggested. Alternatively,
for two-tone Floquet models with simpler couplings that can
be realized without moving to a rotating frame [for example,
Eq. (24)], direct couplings between the qubit and resonators
can reach values as large as g/2m > 800 MHz [95], which
significantly lowers the bound on the number of bosons.

C. Qubit measurement

The projective measurement of the ancilla qubit can be im-
plemented in three steps. First, the qubit is disconnected from
the two resonators, either passively by detuning their frequen-
cies or actively by introducing a tunable coupler that is quickly
and precisely adjusted to zero coupling [101-107]. Such a
process typically uses a fast control pulse lasting less than
10ns, and the evolution of the qubit during the decoupling
can be further compensated by a phase gate that accounts
for the accumulated phase. Next, a single-qubit unitary gate
is applied to rotate the state from |+£s) to the computational
basis. Finally, the qubit is read out via dispersive coupling to
another resonator, a process that can be completed in as short
as 100 ns with high fidelity [108].

D. Phase imprinter

The phase imprinter and parity measurement for a cavity
mode can both be implemented by coupling to another qubit
dispersively via Hgs = — Xa*aa; [85,109]. Here, by “disper-
sive,” we do not refer to dispersive quasienergy bands, but
rather a change in the frequency of the cavity when coupling
to a qubit. We use a different notation for the Pauli matrices
6y .. to distinguish this qubit from the ancilla qubit. The phase
operation can be generated by evolving the cavity-qubit sys-
tem for some time 7, yielding & = —x t. Here, a measurement
on 6 can be viewed as one on 7, given that the coupling
strength x is known, or as one on yx, if the evolution time

T is known.

E. Parity measurement

The parity measurement is implemented on one output
mode of the beam splitter [Eq. (30)]. A standard beam
splitting Hamiltonian ﬁBS = gBS (&Iflz + &;&1) between two
resonators is directly realized by coupling two resonators via
a capacitor or inductor up to a time t = 45%. Moreover, recent
methods allow for improved control of the coupling ggs(f)
(which may be time-dependent), either through the use of
Josephson junctions as tunable couplers [110] or via paramet-
ric processes based on three-wave or four-wave mixing [111].
These approaches enable operations on a timescale of 100 ns
with high on-off ratios exceeding 10°, and are typically 10°
times faster than the qubit decoherence time.

After the beam splitter, a parity measurement can be re-
alized by first coupling a probe qubit for ¢t = g, where a

controlled-phase gate C, = |g)(g| + ¢™@'%|e)(e| is realized,
with |g) and |e) representing the ground and excited states
of the qubit, respectively. Next, by inserting C; between two
7 pulses in a Ramsey-type interferometer, one encodes odd
and even parities to the |g) and |e) states of the qubit [85].
A different realization of the parity measurement using no-
photon measurements can be found in Ref. [86].

VIII. CONCLUSION AND OUTLOOK

In this work, we demonstrate that energy transfer in
two-tone Floquet systems can be utilized to generate path-
entangled states that exhibit sub-SQL in phase estimation.
Classically, such energy transfer between drives with com-
mensurate frequencies is described by power operators
derived from the quasienergies and quasieigenstates of the
Floquet Hamiltonians. In the quantum regime, a quantized-
drive model is approximated by a lattice model, which is a
direct sum of classical Floquet models with different initial
phases. By initializing the qubit (qudit in Appendix F) prop-
erly, we obtain path-entangled states with phase sensitivity
approaching the HL. For drives on a single qubit, we also give
explicit lower and upper bounds on the corresponding QFI,
which physically describes the square mean of energy transfer.
We show by numerics that the above conclusions drawn from
the lattice model are applicable to the original quantized-drive
model.

For a standard parity readout in optical quantum sen-
sors and superconducting platforms, we show that the
path-entangled states of two driving modes with identical fre-
quencies can reach the Heisenberg limit if its classical Floquet
model has quasienergy bands with degenerate critical points.
We show both analytically and numerically that failing to
satisfy either of these conditions (identical frequencies and
degenerate critical points) leads to phase estimation with at
most the SQL sensitivity. There is hence an open question of
extracting the phase information (to the HL) encoded in driv-
ing modes with different frequencies or from nondegenerate
quasienergy bands.

The effects of a finite a priori distribution of the phase and
the robustness of our quantum sensor against loss are mani-
fested in the study of uncertainty reduction by measurements
and imperfect transmissions in the interferometer. Our numer-
ical results show that the path-entangled states generated in
our Floquet entangler are generally ineffective to an a priori
phase distribution but more robust against imperfect transmis-
sions. However, the parity measurement is less robust against
loss in the interferometer, consistent with earlier observations
that such measurement is no longer optimal for lossy interfer-
ometers [112]. Therefore, another natural future task is to find
a better and more experimental-friendly decoding scheme in
the presence of loss and a priori uncertainties. Ongoing efforts
in these directions can be found in recent works [52,80,113].

It is now realized that, besides interferometric designs,
some single-mode quantum states also exhibit phase sensi-
tivity beyond the SQL [109,114]. We expect that our sensor
design based on energy transfer can naturally apply to this
type of sensor by treating only one drive quantum mechani-
cally while the other remains classical [44]. It is important to
note that for single-mode quantum sensing, different phase en-
coding and decoding schemes are required. Beyond quantum
metrology, we anticipate that our two-tone Floquet models can
potentially be utilized in state preparation and engineering.
An example of this is provided by the polarization conversion
model [Eq. (27)], where the nondiffusive wave functions from
the linearity of the bands suggest potential high-Fock-state
generation [Fig. 2(i)]. We thus expect that state engineering
can be further facilitated by band engineering and energy
transfer in Floquet systems.
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As a final comment, while we use a single qubit as a media-
tor for energy transfer and entanglement generation, driving a
quantum many-body system can give rise to rich correlations
and entanglement [115,116]. Along these lines, quantum crit-
ical states and nonequilibrium steady states [117—119] have
been shown to possess metrological advantages. We leave the
exploration of these directions to future work.
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APPENDIX A: ENERGY TRANSFER AND POWER
OPERATORS—CLASSICAL DRIVING FIELDS

In this Appendix, we prove useful properties of the power
operator in a quantum system driven by two classical fields.
As in the main text, we assume that our system is a two-tone
Floquet model defined in a finite-dimensional Hilbert space of
dimension d. It is governed by a Hamiltonian of the form

H(t) = Hy + Hi(o1t + ¢1) + Ha(wat + ¢2), (Al)

with Hy a static contribution and H;(w;r + ¢;) periodically
driven parts with drive frequencies w; and initial phases ¢;
(i =1, 2). In order to obtain a Floquet system, we assume that
the frequencies are commensurate, i.e., ; /w, € @ is rational,
and there exists a time T (the least common multiple of
T) =27 /w, and T = 271 /w,) such that A (1) = H(t + Teom).
We further assume that H; are differentiable (operator-valued)
functions of ¢; (i = 1, 2).

First, we show that, at stroboscopic times T = kT.on, (k €
7), the power operator Pj(T) takes the compact form as 13/- =

ZZ=1(8¢jen)|n>(n|. To this end, we first rewrite the unitary

A . rT
evolution operator U(T) = Te~"Jo #®4 in its eigenbasis:

d
UT) =" e |n)in
n=1

where €, and |n) are quasieigenenergies and quasienergy
eigenstates of the effective Floquet Hamiltonian H =

(A2)

i/ Teom 108 U (Toom). We note that both €, = €,(¢1.2, w;2) and
|n) = |n(¢;.2, w12)) are dependent on the phases ¢; » and fre-
quencies ) », but are independent of 7. The power operator
can hence be written as

i

Pu(T) = FL?*(T)%_,.L?(T) (A3)
d
= (3g,€) I (nl
n=1
i d
+= > (@ =N n)(n|dg, (In) (n]).  (Ad)

n=1

Noting that [|(1 — e*“)|n)(n|dy,(In)(n])| is bounded by
a time-independent constant, we recover ﬁj, as defined in the
main text, in the limit 7 — oo.

Second, we prove that Tr[ﬁj] = 0. This follows from its
definition via

T8, = i %Trm*'<r>a¢,.a<f>] (83)

= lim 1 dt Tr[uf(t) 'Z/I(t):| (A6)
T 0

1T dH;
= lim —— dt Tr| — (A7)
T—00 a)jT 0 dt
1 N .
= lim —Tr[H;(T) — H;(0)] (A8)
T—oo w;T
=0. (A9)

Finally, we show )" w;P; = 0, which physically is a re-
statement of the energy conservation: The system can only
restore a finite amount of energy. Therefore, over long periods
of time T, there is no net flow of energy in or out. To see this,
we again start from the definition of If’j and expand as

> by = Jim % > U (T ;5 A(T) (A10)
J J

1 T di; |
= lim — [ deUd'( L u@e) (A1l
1mTf0 ()Z_dt (t) (All)

= lim —/ dt w(t) )ua) (A12)

— lim ?QT(r)H(t)LAl(t)Ig

T—o00

T (¢
— lim l/ dt du @ )H(t)L{(t)
0 dt

T—oo T

au ®)
7 (A13)

|
— lim 7/ dt UT(HH (1)

T—o0 0
1 .. A n
S H 7t T
= Jim U OHOUDIG

T
—i lim %/ dt U O[H @), HOW(@)
0

T—o0

=0, (A14)
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where from the third to fourth line we have integrated by parts
and from the last second to last line we have used the fact that
H (1) commutes with itself at any time 7.

APPENDIX B: ENERGY TRANSFER AND POWER
OPERATORS—QUANTIZED DRIVING FIELDS

In this part, we compute the long-time limit of the func-
tional power operator ﬁj [f1. As in the main text, we express
operators and states in the (Fourier-transformed) phase space
and move to the interaction picture defined by a unitary
transform U () = e~ In the interaction picture, the dy-
namics of the combined system of qudit and quantum drives
0, |W(t)) = H(1)|W()) is decomposed into that of each phase
component o, |y (P, t)) = I-?,,,(I)W(db, 1)) [Eq. (16) and dis-
cussion below]. At stroboscopic moments 7T = kT o, With k
an integer, such time evolution can be expressed in terms of
Floquet modes as

d

V(. T)) = ce” " |n), (B1)

n=1

where €, and |n) are quasieigenenergies and quasienergy
eigenstates of the effective Floquet Hamiltonian H.q =
i/ Teom logU(Tiom). cn = (n| (¢, 0)) are initial overlaps be-
tween | (¢, 0)) and |n). In this work, we assume the initial
state being a direct product between the qudit and driv-
ing modes, giving | (¢, 0)) = [¢(0)) at r = 0. However, it
should be clear that all other quantities c¢,, €,, and |n) depend
on ¢ implicitly and we drop such dependence to simplify the
notation. The stroboscopic dynamics of the full state |W(7'))
becomes a superposition of [ (¢, T)) @ |¢) as

d
() =) Bzd2¢f<¢>cne—"”|n>®|¢>. (B2)
n=1

We next evaluate P ;(T') for the evolved state:

— 1
Pi(T) = (@)}, = (@a))- (B3)

Here, we use (), = (¥(0)|T]W(0)) and (O); =
(W(T)|J|W(T)) to abbreviate expectation values of [J at
t =0 and ¢t =T, respectively. Noting that the number
operator &;& ; of the jth drive, as the canonical quadrature of

the jth phase ¢;, becomes ata j = —i0p, in the phase space,

we can calculate Eq. (B3) term by term:

(@a;), = /B Zd2$d2¢f*(<7>)f(¢><w<<7>, 0y (¢, 0)

2 8¢.f

x G1-218) -
=1 / d*f($)dy, [ ($)
BZ
i /B DRG0/ 19 6.0) (B

>y /B RRIEUONO) (B6)

where from the first to second line we have integrated by
parts and from the second to third line we have used that
0y, [ (¢, 0)) = 0 given the assumption (see Sec. IV) that the
initial state is a product state between the system and drives.
We next calculate the second contribution (&;& j)T in
Eq. (B3). After integrating by parts, it takes exactly the same
form as the expansion for (Ez;&j) o

@, =i [ dor @@
r BZ

+i/]32d2¢|f(¢)|2(1ﬁ(¢,T)|a¢j|1p(¢,T)>' (B7)

Notably, the first term comes from the initial field distribu-
tion of the drives and cancels exactly the same contribution
from (&}& i) o The nontrivial contribution comes from the

second integral in Eq. (B7):

AN;(T) = i/BZdzd)lf(d))lz(l/f(d), )8y, 1Y (9, T)), (BS)

which measures the difference between the average boson

number (&j& f>T at moment ¢t = T and initial boson number

(&;& i) oAt = 0. At stroboscopic times, expanding |y (¢, T'))

in terms of quasieigenenergies and quasienergy eigenstates
[Eq. (B1)], we can rewrite the average power input from the
jth drive as

— AN;(T
Pi(T) = — }( )

d
=Y [ @i o
n=1 YBZ

(B9)

i< \
~5 2 | der@rcaa

n=1

. d
1 ien—
—7 2. / d*¢|f (@) chene™ @ (m]dy, |n).
1 BZ

m,n=

(B10)

Noting that both || X0, [, d?@lf(@)>cids ¢l and
ISP S0 [ IF @)k e (m|dy |n)||  are

bounded by T'-independent constants, the contributions from
them in P;(T) henceforth scales as 0(%) and can be ignored

when taking the limit 7 — oo. We hence conclude that Fj(T)
has a finite, well-defined limit:

d
Jim Py =3 | d*$lf (@) len*dpen  (BI)
—00 =1 BZ

= (W OIZ; L1y (), (B12)
with the functional operator defined as ﬁj[ fl=

Y Jo, d*01f(@)(3g,€)In) (n].  Physically, it can
be viewed as a superposition of the power operators

13j = ijl(a¢je,1)|n> (n| for the two-tone Floquet Hamil-
tonian, whose coefficient |f(¢)|*> is given by the initial
field distributions in two drives. Without any ambiguity,
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FIG. 8. Fidelity of projective measurement and parity measurement for different readout. (a). Fidelity between p,(7T") and the initial state
ps(0) for Eq. (27) with different inputs. We show the Uhlmann fidelity F(7T") for both the lattice (gray) and original (colored) models with
different initial boson numbers. For the lattice model, as expected, both the Fock-state (dashed gray) and the coherent-state (gray) inputs
converge to F' =~ (0.5, indicating a maximally mixed state. For the original models, the Fock-state inputs (dashed blue) for all values of N
converge fastly to F' = 0.5, while for the coherent-state inputs (solid red) the fidelity F(7") decays slowly at larger 7. This decay is less
significant for larger initial boson numbers, and the agreement between the original model and its lattice approximation becomes better.
(b). Parity measurement of the coherent-state input under different qubit readout outcomes. The parity undergoes a phase flip for readout 0
(projection onto the initial qubit state |s)) and readout 1 (projection onto |—s)). We choose the lattice version of Eq. (27) and start with 50

bosons per mode. The result is obtained for a conversion time 7 = 80~.

we henceforth call it the “functional power operator” for
quantized driving fields.

The tracelessness and energy conservation of ISj [f] then
follow easily from those of Isj, which are proven in
Appendix A.

APPENDIX C: PROJECTIVE MEASUREMENT
AND POSTSELECTION

In this Appendix, we explain why our protocol does not
require postselection and, therefore, is independent of the
outcome of the projective measurement.

To proceed, we assume a lattice model with linear Flo-
quet bands and f(¢)-independent group velocity dge = £P
for 0}, |1}, respectively. In the main text, we show that
the polarization conversion model [Eq. (27)] satisfies these
conditions.

To be concrete, we start with a Fock-state input |s) ® | %) ®

I%). Here, |s) = JLEGO)J‘ + [1) ;). The state evolves later into
a catlike state %(IO)J« ®|3 —PT)® |5 +PT)+e%[1); ®

|%] +PT)® |% — PT)). Tracing out two bosonic modes, the
reduced density matrix for the ancilla qubit becomes a maxi-
mally mixed one,

ps = 5(10) (Ol + 1) (11 ),

independent of the choice of the basis. Consequently, the
probability of projecting onto the initial state |s) (and actually
onto any direction) is given by

P = Tr[ps|s)(s|]] = 0.5.

(CDH

(€2

This result is not prestigious for a Fock input. In fact, as
long as the interaction time 7 is long enough that there is
no overlap between two oppositely translated wave functions
(originating from opposite energy conversion), the reduced
density matrix o, is always a maximally mixed one. Hence,
within this lattice model, we expect that this probability
P = 0.5 holds for even more general inputs, including the
coherent-state input.

In Fig. 8(a), we numerically show the Uhlmann fidelity
between the reduced density matrix pos(7) and the input state

ps(0) = [s)(sl:

F(T) = Ty VoD O/ DFE. ()

Physically, this Uhlmann fidelity shows the probability of
obtaining |s) in the projective measurement. For the lattice
model (gray and dashed-gray lines), this fidelity converges to
F = 0.5 at later times for both the Fock-state input (dashed
gray) and the coherent-state input (solid gray), consistent with
the prediction that py(7T') becomes the maximally mixed state
given in Eq. (C1). For the original model (colored and dashed-
colored lines), the Uhlmann fidelity for the Fock-state input
converges fastly to ' = 0.5 for inputs with initial boson num-
bers ranging from N = 50 to N = 80. For the coherent-state
input, at earlier time, F is in good agreement with the lat-
tice approximation, which deviates and decays slowly at later
times. However, this deviation is less significant and shows
a clear convergence to the lattice model as one starts with
larger boson numbers. We view this as one more example that
validates the lattice approximation at larger N’s (cf. Fig. 3).
Importantly, we note that a projection in |—s) = J%ﬂo) f—
[1) ) also leads to a growth in the quantum Fisher information
as well as an improvement in 7' for the sensitivity 66 of
the parity measurement. This can be explicitly seen as fol-
lows: For the evolved state |W(T')) = %UO)]« ® |% —PT)Q®

|5+ PT) +€?|1); ® |5 + PT) ® |5 — PT)), a projection
onto the initial state |s) = \/%(|0)f + [1) ;) or its complement

|—s) = J%ﬂo)f — |1)f) only differs in a 7 phase in the sec-
ond superposition as

1 N N
WIS = 710 @ (‘5 ‘PT>® '5 +PT>
+eo|Y +PT>® ‘E —PT>),
2 2
1 N N
=)=l W) = 519 @ <‘5 —PT> ® ‘5 +PT>

_ it

N+PT ® l PT
2 2 ’
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which is a sign flip for the sensing task. In Fig. 8(b), we
plot the expectation value of the parity measurement for the
coherent-state input with different projective readout: O for
the projection onto the initial qubit state |s) and 1 for the
projection onto |—s). It can be seen that they share exactly the
same sensitivity, differing only by a sign flip (T a) — —(I"I@).
This sign flip is known from the readout of the projective
measurement and can be offset in a local phase estimation.
We therefore believe that our protocol is less probabilistic
compared to other nonlinear methods [21-24].

APPENDIX D: BOUNDS ON THE QUANTUM
FISHER INFORMATION

In this Appendix, we prove that the quantum Fisher in-
formation of the path-entangled state in Eq. (21) grows
quadratically in time. We start with a general discussion on
an ancilla qudit with dimension d and specify to an ancilla
qubit d = 2 later.

For a d-dimensional Floquet system, the power opera-
tor for the jth drive is given as P, = Zizl(a%en)m)(m
[Eqg. (A4)], from which the functional power operator follows
as

e Z f A9\ (@) (3 ea)Im)(nl. (D)

The tracelessness of I3j[ f]1 now ensures two disjoint
sets W4i[f] of eigenvalues, containing positive and neg-
ative eigenvalues, respectively. Denoting eigenvalues of

Wilf] as {PLi[f]}, the tracelessness can be written as
S P k) + Y P[] = 0, where W[ f] are cardi-
nalities of W.[f]. Further denoting the eigenstates of Py x[f]
as |+, k) £sWe define the initial qudit state as

1
VWL T+ W_If]

Wi If] W_Lf]

Zelﬁk l+kf+Ze

1B, +) ¢

-, Dyl
(D2)
factors that sat-

:n(E) .
where e are arbitrary phase

isfy (B, +|f13j[f]|,3, +);=0. We therefore have
D=W.[f]l+W_[f ] — l 1ndependent phases

B Butsoi Bl oo By g} Following  the
discussion in Sec. IVB we deﬁne the path-entangled
state as the output of three successive procedures: (1) prepare
the input ancilla state as [B, +), according to an initial
field distribution f(¢); (2) evolve the ancilla-drive system
according to the quantized-drive model I/(T) = e~HIT for
some T = kT.om [Eq. (16)]; AND (3) project the ancilla
degrees of freedom back to the input |, +); defined by the
projection operator ﬁﬁ = 1B, +) (B, +|;. At stroboscopic
moments, this procedure yields

d
PES); = <7113 fB o[ e T In) @ 19). (D3)
n=1

where u, = (n|B, +), is the overlap between the input
|8, +), and the nth quasienergy eigenstate of the effective
Floquet Hamiltonian [Eq. (16)]. The normalization factor can
be calculated by requiring (PES|, 1|PES); = 1:

Nf = Z / d*¢|f (D) *u u,e =T (m|T1gn) (D4)
m,n=1
= Z / A1 f ()l e~ (D5)
1
= d2 2 n4+0<_)9 D6
;/BZ IR —= (D6)

where in the last line we have used the stationary phase
approximation upon assuming nondegenerate €, — €, on the
support of f(¢), which scales as O(T ~ % ) for a w-dimensional
integral. Mathematically, such nondegenerate condition re-
quires a nonvanishing Hessian Hess[e, — €,,] # 0. We note
that we obtain 1/+/7 in Eq. (D6) although expecting 1/T
from naively using the stationary phase approximation of a
(seemingly) two-dimensional integral. To see why the two-
dimensional integral is effectively just one dimensional, note
that the energy conservation property of the power operators
P+ 0P =0 gives a constraint on the quasienergies as

(w18¢] + (1)28@)6,, =0 (D7)

for n =1, ,d. As a result, the quasienergies ¢€,(¥) are
only functlons of X= —(ﬂ - —) and do not depend on the
other canonical coordinate j = ﬁ(a)zqﬁl + wi¢,). One can

hence integrate out the ¥ degrees of freedom for m # n in
Eq. (D5) as

> f AP\ f ()t 2o enT
m#n BZ

=2 / dX( / A3\ f &, 31 |5, | ) el (D8)

m#n

which reduces to a ONE-dimensional stationary phase
problem. The nondegenerate condition Hess[e,, — €,,,] % 0 be-
comes 3)%(6,1 — €,) # 0. From Eq. (D6), in the limit 7 — oo,
the normalization factor converges to

d
= tim A7 =3 [ der@rt. ©9)
—00 ‘= J/Bz

To see a T2 scaling of the QFI, we now compute
%Fq[|PES)T, J;] and show it asymptotically takes a T-
independent, positive value at T — oo. For a pure state, the
QFI is simply 4 times the variance of the generator:

N 4 A
] = ﬁ«j?)PES - <‘]Z>12’ES)’

with (L) pgs the expectation value of L] with respect to the nor-
malized path-entangled state |PES);. Al a

Taking J = 2(a a, —
&;&z)z —%(8¢l — 04,), we evaluate Eq. (D10) term by

F,[|PES) (D10)

T2
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term:
4 . 4 ”
EUZ bpps = 73 (PESI7JZ[PES); (D11)
1 d n k7 * —i(e,—€ n
e 2 [ s @@ Pe T 359 (d12)
1 l 2 20, % 2 2 —i(e,—en)T 1
= Wm,;l /Bzd B (D)7 [uy, " [0ag€n] e +0<?> (D13)
_ Ly [ @615@Putose 12+0<i) (D14)
= NTz 2 - n Ap€n \/T
1 Xd: / a*$|f ()|l [0 12+0( . ) (D15)
= 7 Up €n — >
N =y ~ JT

with 9py = 0y, — 0g,. From the second to third line, we have integrated by parts, noting the fact that a factor of T comes out
only if the partial derivatives are applied to the exponential e~“»=¢)T We also assume that we are observing the system for a
sufficiently long time such that T > [N} — N,|, where N| and N, are the initial numbers of bosons in two drives. This allows
terms involving da4 f (@) to be absorbed into O( % ). From the third to fourth line, we again use the stationary phase approximation
and drop the fast-oscillating exponentials when m # n. Finally, from the fourth to the last line we have merged the T -dependent
terms of N7 into 0(\#). A similar calculation can be conducted for the second term:

2 . 2 N
T(Jz)PES = T(PES|TJZ|PES>T (D16)
. d
_ ! 27 42 * 7 * 2 —i(en—en)T 13
g X [ s @@ Pe T @losle) ®17)
1 - 2 20 % 2 —i(ep—en)T 1
=/7%m§1 | @@l Tspenle™ +0<7> (D18)
: f/ RN e]+o< ! ) (D19)
= T Up n ——
NT2 n=1 BZ Y ﬁ
: de/ a*¢|f (@)1 [B e]+0< | ) (D20)
= — Un n = b
N2 “~ Jez ao VT

where again we have used the stationary phase approximation to replace the double summation to a single one. Note that the
expectation value of J. for the probe state |PES); after the projection I1 s does not vanish asymptotically in general. To prove an
asymptotically positive %Fq[|PES)T, J.]at T — oo, one hence needs to prove the following proposition:

Proposition 1 (Asymptotic coefficient of QFI). For a path-entangled probe state defined in Eq. (D3), the following inequality
holds:

1 d
w2 [, 4@ i ase,?

2
1 d
> [/WZ fB Zd2¢|f<¢)|2|un|4[aA¢en]} , (D21)
n=1

with Yl = 1, [, @@IF @ = 1. ) for Bl @)Plualdagen = 0, and N? = 371 [, d*$1f(@)Plusl*. The
equality holds only if P;[f] = 0 for j = 1, 2, given the initial field distribution f(¢).

The constraint fo:l fBZ d2¢|f(¢)|2|un|23A¢e,, = 0 comes from the definition of |8, +) ; such that (8, +|f}3j[f]|,3, +),=0.
We start with some manipulation of the above inequality. Using the positiveness of N2, it is equivalent to prove the following
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inequality:

d

>

n=1 B

d 2
Z |:Z /Bzd2¢|f(¢)|2|un|4aA¢€n:| . (D22)
n=1

For two integrable functions x(¢), y(¢), the integral form of Cauchy-Schwarz inequality states [ fBZ d*¢ x(¢)y(¢9)]> <
Sz @26 (@) [, 4% (). By choosing x($) = |£( )1/ S, lul* and y(@) = /(@) T, Iy [3ag€, 2. we obtain

d d
/ @)Y lunl* / AP f @)Y unl* Dagen)’
BZ n=1 BZ n=1

d
RRTOETDS /B RRIIOITNCNES,
n=1

2

d d
> fB Al @) [Dunr‘}[anr‘(amen)ﬂ : (D23)
n=1 n=1

The inequality in Eq. (D23) is saturated if and only if \/ ZZ:] |u,|* and \/ ZZ:] |un|*[0agp€n]? are linearly dependent, which

dictates \/ ZZ:] |un|* [Bag€n]?> = Ay Z:=1 |u,|*, with A a ¢-independent constant. We now use the summation form of Cauchy-

Schwarz inequality for two indexed sets {p,} and {g,}, which states (}0_, p.gn)> < 20_, p2 3¢, ¢2. By identifying p, =
|un|? and g, = |u,|?dap€n, We obtain

d d d 2
[Z mr‘} [Z |un|4(aA¢en>2} > [Z |un|4aA¢en} : (D24)
n=1 n=1 n=1

The inequality in Eq. (D24) is saturated if and only if vectors |u,)? and |un|28A¢,en are linearly dependent, dictating
|un|28A¢en = (@P)|u,|> forVn =1, ..., d, with A2(¢) only a (smooth) function of ¢. Consequently, to saturate the inequality

in Eq. (D21), we must satisfy the following two equations:

d d
Dl Bagenl® =21 | D lual®s  ual*ag€n = Aa()lunl. (D25)
n=1 n=1
The solution follows as
A=A, Aa(d) =2, (D26)

with 1 a ¢-independent constant. We next show that A # 0 if Isj[f] # 0, which ultimately contradicts the definition of
|B. +) . dictating that (8, +|-P;[f]|B, +); = 0. We first note that the trace norm of ||2;[f]|r = Tr(ﬁj[ FIPi[fD) > 0 if

}A’j[f] # 0. From energy conservation w Py [f1+ a)zﬁz[f] =0, we also know ||ﬁ1 [f]1— ﬁg[f]||F > 0. From the definition of
1B, +) f [Eq. (D2)], the trace norm can be compactly written as

121 L1 = BaLf 17 = Walf14+ WoLFD(B. +1(PiLF1 = BLFD 1B +) 5 (D27)
d 2
= (WL Lf1+W_[fD(B. +; [Z /B , d2¢|f(¢)|2<aA¢en)|n><n|} 1B.+)/ (D28)
n=1
2
= (Wi Lf1+ W_Lf1)(B. +| f[ /B ] d2¢|f(¢)|28ﬁ(¢)} 1B.+); (D29)
= WL+ W-1fD | d>1d’ $al f (@011 ($2)I* (B, +18P($1)5P(¢2)|B. +) 5. (D30)

where in the third line we have introduced §P(¢) = P, (¢) — P>(¢) = Zj;l [0ag€n()]In()) (n(@)] [Eq. (A4)] to simplify the

notation. Using the covariance form of the Cauchy-Schwarz inequality [(XY)4 1> < ()A(z)ﬂ (fz)ﬂ, with (L) g = (B, +1,LIB, +)
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the expectation in Eq. (D30) satisfies the following inequality:
|(5PBSP@2))s < (3PP 18P (G2, (D31)

d d
= (Z [aA¢en<¢1)]2|un<¢1)|2> (Z [8A¢en<¢z>12|un<¢z)|2>. (D32)

n=1 n=1

The trace norm is hence bounded by

d
121 = Bl f 1l e < VWilf1+ WoLf] fBZquS|f(¢)|2 > (npen)lunl? (D33)
n=1

= [MVWLLf T+ W_[f]. (D34)

where in the last line we have used Eq. (D25) and two normalization conditions: fo:l lun|?> = 1 and fBz d*¢|f()> =1.1tis
then clear that |A]| > 0.
This, however, contradicts the requirement that (8, +|P;[f1I8, +); = 0:

d d

> f G| f (@) lun*dnpen =1 Y / d*$|f (D) lunl® = 1, (D35)
n=1 YBZ n=1 YBZ

where we have used Zle |u,)?> =1 and fBz d*¢| f(¢)|> = 1. We then prove that the equality in Eq. (D21) holds only if

Pilf1=0.

Finally, note that all the above calculations are T-independent. In fact, we have taken the asymptotic limit 7 — oo and
dropped the 0(%) contributions. As a result, for nonvanishing functional power operators ISj [f1, the asymptotic coefficient of
the QFI lim7_, o, %FqﬂPES)T, fz] takes a finite, 7'-independent, and positive value.

We now show that the finite, 7-independent, and positive asymptotic coefficient of the QFI for a two-level ancilla can be
further bounded within [%Pz[ f1, 2P*[f1], as given in Eq. (22). Note that for a two-level ancilla, the analysis above applies by
setting d = 2. Specifically, we have the following two constraints:

w|* + |wa|* = 1, (D36)
/ d*¢|F (@) [lu1]*dagp€r + lua|*dngea] = 0. (D37)
BZ
The special property of a two-level ancilla is that the expectation value of %(fZ)PES asymptotically vanishes:
L2 . 1
Jim = Fodees = 57 f d*@\f (@) [l [*9aper + |ual*0ap€a] (D38)
— 00 BZ
1
= f AP\ f @)Ll [*osper + (1 = lui ) dageal] (D39)
BZ
1
=V / AP\ @)l ' Bager + dage) + (1 = 2lur))dager] (D40)
BZ
1 2 2 2
=72 | 4@ = 2m]D)dage] (D41)
BZ
1
= 2 / Pl f D L(a® — ur*)aspe2] (D42)
BZ
1 2 2 2 2
=\ APl f (D) [|ui|"0ap€r + U] 0ag€2] = 0, (D43)
BZ

where from Eq. (D38) to Eq. (D39) and Eq. (D41) to Eq. (D42) we have used the property of Eq. (D36); from Eq. (D40) to
Eq. (D41) and Eq. (D42) to Eq. (D43) we have used the tracelessness of 131,2, which gives dag€1 + dap€2 = 0; and finally, in
Eq. (D43), we have used the property of Eq. (D37). As a result, to find an expression for limy_, %FqﬂPES)T, J.], we only
need to evaluate the following term:

1 “ 1
Jim S FlIPES)r, [ = 7 /B Zd2¢|f<¢)|2[|ul|4(3A¢el)2+ lua|*(Ing€2)*] (D44)
1
= f d* @\ f (@) (ur]* + |2 (Dager)’, (D45)
N BZ
N? = / d*¢lf () (ur[* + [ua]*), (D46)
BZ
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where from Eq. (D44) to Eq. (D45) we have used the tracelessness of the power operators that gives dage; + dager = 0.
Noting that |u;|* 4 |u|* is bounded between [, 1] under the constraint |u;|?> + |uz|*> = 1, we find the following bounds for

2 b
the numerator and denominator of Eq. (D45):

1
S PP < f d*$|f ()P (ur|* + |2 H(@ager)” < PPLS, (D47)
BZ
1
7 < NZ L, (D48)
with P2[f] = 1 [o, d*¢|f*(@)|[(dag€1)* + (9ap€2)*]. The asymptotic coefficient of the QFI is hence bounded by
1, ) 1 N 5
EP [f]1< TILH;O ﬁFq“PES)Ts 1< 2P[f]. (D49)

APPENDIX E: PATH ENTANGLEMENT

We now show that |PES); with F, « T2, given by
Eq. (D49), exhibits path entanglement for large conversion
time T. Specifically, such entanglement is quantified by a
similar bound Q[f] in the long-time limit. For clarity, we
explain the terminology “path entanglement” (Sec. IV B).
It is borrowed from optical interferometry [74], where two
spatially distinguishable modes of photons enter different in-
terferometric arms or paths. Path entanglement simply refers
to the mode entanglement between arms or paths. In order to
show that the state |PES); [Eq. (D3)] is path entangled, we
need to show the following inequality holds [120]:

Var(),) > Var(3afa,) + Var(3alas), (E1)

with Var(O) the variance of U with respect to [PES) ;. We can
equivalently show

ata A N At
(G aqa 1) pgs (@302) prs - (E2)

We stick to an ancilla qubit (d = 2) and calculate the left-
hand side of Eq. (E2) in the large T limit. Using the phase

representation of the number operator ajaj = —idy,, we have
(a}a18) peg
1 / 27 42 b 2
= 2 d“¢d ¢ (@) f(P)lu,,uy
2D .
NT m,n=1,2 BZ
x e =T (13, 05, |6) (E3)
1
=T"— d? 201|435, €,) (D€
e n; /BZ 1L @)1l (3, €0) (D)
+0(T?), (E4)

where we use the stationary phase approximation [see dis-
cussion around Eq. (D6)] to replace the double summation
to a single one. From the energy conservation (w;dy4, +
@20y, )€, = 0, we know (94,€,)(94,€,) < 0. Specifically, for
a dispersive band structure, we have (9y,€,)(9g,€,) < 0 and
hence

(@]212300) py = —BT? + O(T*?), (ES)

with B = 512 3,215 [or @2 01f (@) 1ual* 135, €,)(3g, ).

(
We next evaluate the right-hand side of Eq. (E2):

Y __ b f d2ed2 (& 2
(@)es = ~ ,22 |40 @) @)l
> efi(e,,fem)T<$|a¢j|¢> (E6)
i L 2 2 4 172
-T2 | 2or@ it + o)
(E7)
= O0(T'?). (E8)

From the first line to the second line, we drop the fast-
oscillating terms using the stationary phase approximation.
From the second to the last line, we use the fact that

> [ aor@rita =0 @)

n=1,2 BZ

following the same argument as in Eqs. (D38)—(D43). It fol-
lows that

(@] 18500) ppg — (@]01) ppg (@300) ppg = —BT? + O(T3/).
(E10)
This shows that at sufficiently late times 7', Eq. (E2) is fulfilled
and |PES); is path entangled.

We now comment on the relation of the quadratic scaling
of the QFI, derived in the previous Appendix, and the path
entanglement shown here. We first bound B. Using |u;|* +
lun|* € [%, 1], we have

10111 < B <20If],

with Q[ f] = fBz d2¢|f2(¢)| [(3g,€1)(94,€2)|. Note that we can
express P?[ f1, defined in Eq. (D49), as

(E11)

P = / P LBI[(n 1) + (9ner)’
BZ
+ 2(8¢16] ) (805262)]

- fB EAF@(0e) + (Gex)] + 20171
(E13)

(E12)

using dp,€1 + dy,€2 = 0 from the tracelessness of ﬁj [f]. Ttis
then clear that a nonzero Q[f] from path entanglement can
enhance the QFI bounded by P?[f]. Thus, the T? scaling
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FIG. 9. Time evolution of the covariance Ky, y, = —2[(&?&1&;&2)%5 — (21':'&] ) pES <&;&2>PES] for different models and inputs. Specifically,

we select two models discussed in the main text: (a) qubit under circularly polarized drives with same chiralities [Eq. (24)] and (b) qubit under
circularly polarized drives with opposite chiralities [Eq. (27)]. Green and blue curves represent coherent-state and Fock-state inputs initially.
Bounds in Eq. (E11) are represented as colored dashed lines for both inputs. For comparison, we add the quantum Fisher information \/I?Q for
both inputs (A curves). We start with an average of 50 bosons in each drive. For coherent-state inputs, we introduce an initial phase difference

P20 — P10 = 0.6 between two drives. Other parameters in different models are given as (a) w = %, A= % and (b) w = wy, A =

is not an exclusive property for path (mode) entanglement,
such entanglement enters as an enhancement in F;. This phe-
nomenon is also present for the NOON state: The sum of QFI

F,[NOON, 1a7a,] + F,[NOON, aja,] = 2 for two number

operators (divided by 1) equals half of the QFI F,[NOON, J;]

for J, = %&'{'&1 - %&;&2. The missing half comes exactly
from the mode entanglement. Here, we see a more gen-
eral version of this. Labeling Ky, = —2[(2]a18302) g —
(@101) pgg (&;&z)PES], we note that the contribution in the QFI
from mode entanglement is given by 2Ky,n,. In Fig. 9, we
plot \/2K, n, as functions of T for models given in Eqs. (24)

and (27).

APPENDIX F: MAXIMIZING THE QUANTUM FISHER
INFORMATION IN QUDIT SYSTEMS

In this Appendix, we generalize the above analysis to
higher dimensional systems (qudits). Naturally, introducing a
larger Hilbert space endows us with extra degrees of freedom
in defining the initial state that optimizes the QFI.

We start with optimizing the QFI for a qubit. Ac-
cording to our procedure of generating PESs, there is a
phase degree of freedom g in defining |8, +),. While
this initial phase does not affect the energy transfer since
(B, ~|—|fﬁj[f]|,3, +); =0 holds for Vg € [0, 2r), the scal-
ing of QFI, limy_, o 7:F4[|PES)y, J.], varies with B in
general. Hence, by optimizing the initial phase B, one
maximizes the QFI of PESs. This, however, is only an
improvement by a constant factor, compared with the im-
provement by a scaling factor % Furthermore, the bound
P?[ f1 on the QFI is independent of §, which means we can
only maximize limy_, o %FQHPES)T, f] within the interval
[%Pz[ 1, 2P2[f11. Following this procedure, we get ~10%
improvement of QFI for the polarization conversion model
[Eq. 27)].

When promoting the qubit to a d-dimensional
ancilla (qudit, d > 2), such optimization becomes more
significant. From the definition of |8, +) ¢ [Eq. (D2)],

20
5 -

we have D =W_[f]+W_[f]—1 independent phases
B, Byl pyo1s B - By |y} Importantly, while the
PESs in Eq. (D3) still exhibit the F, & T2 (Appendix D), they
now generally have a nonvanishing expectation of J, (where
in the qubit case (J.) = 0 for all B). Therefore, it is necessary
to tune the D phases such that the QFI is maximized.

As an example, we study the optimization of the QFI for
the following driven-qutrit model:

Hy (1) = onalel)(el] + (@i + wa3)]e2) (€2
+ 3 Acos (wr + ¢1)(lel)(g| + |g)(el])
+ T Acos (ot + ¢2)(|e2)(el| + |el)(e2])
+ 2Asin (o + ¢1)(le2)(g| + Ig){e2])
— 2Asin (ot + ¢2)(le2) (gl + 1g)(e2]),  (F1)

where |g), |el), |e2) are the ground state, first excited state,
and second excited state, respectively, for the qutrit. For
a symmetric Fock-state input |f(¢)|> = #, the functional
power operator P»[f] with respect to the second drive has
one positive eigenvalue P, and two negative eigenvalues
P_ 1, P_, satisfying P, + P_ 1 + P_» = 0. Denoting the cor-
responding eigenvectors as |+), |—, 1), and |—, 2), the initial
qudit state |8, +) is hence defined as [Eq. (D2)]

1 . (— B —
18, 4) = ﬁ(m 4= 1)+ —,2)). (F2)

The optimization of the QFI goes over ,Bff),ﬂéf) €
[0,27). In Fig. 10, this optimization results in a signif-
icant increaseAin the QFI from %FqﬂPES)T,JZ] <1 to
& F,[|PES);, J.] > 3.

APPENDIX G: DERIVATION OF THE PARITY OPERATOR

In this Appendix, we derive the form of the parity operator
following a Mach-Zehnder interferometer. We first recall how

z

a 50-50 beam splitter, represented as UM = e~ acts on
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FIG. 10. Optimization of the quantum Fisher information for
the qutrit model. For the qutrit model given in Eq. (F1), there
are two degrees of freedom ﬁf_), é_) in defining the initial qutrit
state |B,+),. The landscape of the quantum Fisher information
%Fq[lPES)T, fz](ﬂf*), ﬂy)) shows strong dependence on these pa-
rameters. We initialize the drives in the Fock state with 30 bosons
Lo,

in each mode choose the following parameters: w, = w, w3 = 3
A=%,and T = 10T om.
the annihilation operators:
Z;lMZI,T&ILA{é\gZI _ ei%(zﬁaﬁagal)a]e—i%(ajaﬁa;a,) (G1)
r ..
= E(al —iay), (G2)
LIMALT L gMZL if (@t )y i (@lantala) (g3
de g =¢€ ae ( )
1
E(az —iay), (G4)

where we have used the Baker-Campbell-Hausdorff formula.
Plugging these transformations into the parity operator, we
obtain

Z/?é\/lzl Tl—[uMZI Z/A{MZI,T(_ 1 )QZ&ZQMZI (GS)
e
— ei%( &2+a2a1) l7Ta2(lze—l (a az-‘razal) (G6)
— 5@ 1+ﬁ5@2)e%(@5@1—ﬁﬁz), (G7)

where the first exponential in Eq. (G7) is a global phase factor
in the SU(2) interferometer given by the total boson number

J

N = aja, + aa,. The second term, which can be written as
¢"»™, has nontrivial action on the annihilation operators:

o3 @) 3 (@ar-alan) _ 5

(G8)
(G9)

o3 @nalin)y -3 @an-ale) _ g
which hence behaves as a SWAP operator with an extra sign
determined by the parity of bosons in the second mode:

o3 (@mi-ai) — 3fy, (G10)
with § = Y momet 1) (m| ® |m)(n| the SWAP operator over
L?évm

two bosonic modes. Finally, we apply on the trans-

formed parity operator and obtain

IMZL T 2 YMZLT 7 77yMZ1 7 yMZI
u& ude l_[Z/{de u@

_ Z/"{MZI,T ei%(a]‘al+a;a2)§ﬁ Z:{MZI (G11)
— (i (=)0 ,i5 (a)a1+a00) § Y o 1% (a]ai—a3a2)0 (G12)
— iz (aja- a2a2)0612(A*a1+a2a2)sema2aze—12(a a—alar o
(G13)
— (0= )ajar §,~i(6-5)aja (G14)
— (0= ) (@ -aa) & (G15)
= 2H0-5)§, (G16)

where we have used S ala

APPENDIX H: SENSITIVITY OF PARITY MEASUREMENT

In this Appendix, we prove two necessary conditions on
driving frequencies and band structure for sub-SQL sensitivity
from parity measurement on the path-entangled states |PES)
defined in Eq. (D3). We start with evaluating the expecta-
tion value of the parity operator IT; = ¢*:%S [Eq. (G16)]
2if,0

for |PES);. The action of e and § on a phase eigenstate
|§) = |$1) ® |¢2) is given as

1) = 11 +0) @ 92 — D), (HD)

S19) = I62) ® 1) (H2)

Here, e?-% acts as a translation in phase space, while § swaps

two phases. We next evaluate the expectation explicitly:

(M) pes = <PES|Tﬁ@|PES>T (H3)
el Z / d*¢d>pf* (@) f (@) une™" T (m| Fg|n) (@[ 1151) (H4)
T m,n=1
- / POL @) F B 0n e T (§12 1) (HS)
T m,n=1
= / d*¢d> () f (@) uu,)>e T (s 4 0) (B, |1 — B) (H6)
T m,n=1
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Z f d*@d>$ f* (P)f (B)ugunl e T 8(hy — ¢y — 0) 5(h2 — 1 + 0) (H7)

T mn=1

- / A2Gf (d + 0, ¢1 — ) f (1, d)lic (da + 0, ¢1 — Dun(p1, p)Pe ln@10)—en@240.0-0T (g

m,n=1

where in the last line we write the ¢-dependence explicitly. To simplify the expression, we use the energy conservation €, P +

&P, = 0, which enables our treating of €,(¥) = €,(¢, ¢») as a single-parameter function of ¥ = ﬁ(z‘l i—z) that does not
depend on j = ﬁ(a)yﬁl + w1 ¢,) completely. In terms of %, §, Eq. (H8) can be written as

(TTg)ps = Nz mnzl /dxdyMnm(x 5, 8)e xm @30T (H9)

Mun(E,5,0) = f*(d2 + 0,1 = 0)f (d1, $2)lu (2 + 0, ¢1 — D)y (¢1, $2)I7, (H10)

where we have deﬁned~the chazacteristic function y,,, as the difference between quasienergies from the nth band at (¢, ¢,) and
the mth band at (¢, + 0, ¢ — 0). A similar expression can be obtained for d;(I1z)ppg by direct differentiation:

~ 1
9 () pgs = /dxdy[ag am (X, 7, 0)]e Hm %5 OHT
T m,n=1
iT d
- / dxd5 Mo (%, 5, 0)[05 Jom (%, 3, B)]e 13O (H12)
T m,n=1

Noting that at asymptotic time 7 — oo, the integrands in Eqs. (H9) and (H12) are fast oscillating and sharing same
exponentials ¢~ %m&5T these integrals are hence fully determined by their behaviors at critical points of the characteristic
function yx,, (%, 3, 6), known as the stationary phase approximation. To find all such critical points, we need to solve the following
equation:

V xom (X, §,0) = 0, (H13)

where V = (0, d5) is the gradient operator in the %, § basis. This gives

1 [T 1/ ). 1/1 1\ 1 1 1\~
dm =0 = €@+ (e (T2 re (- Sy (4 — )5 =0, HI4)
[0)) w1 2\ wy w1 2 w] w5 2\ wp [0))

3 0 1/1 1Y, 1 a)1+a)2 ~+l 1 1 5+ 1 1+l 5 0 (HIS)
S Xnm = - A5 =zs\—F— )+t — —|—+— =0,
X 2\w} o3 2\ w, 2\w} o3 y \w, o
where efl’m(t) = %emm(t) is the differential notation.
Case w; # w,: For w; # w,, the above equations give

') Y (T POTEY (LI PO BLENIL P 1 (H16)
€ F® =€, —+—= \=-= —=| -+ = =0,
* " 2 wy w1 o 2 a)% a)% Y ﬁ w1 wy

which gives rise to the following two cases: (1) No solution: There is no stationary phase and hence the expectation value of the
parity operator (Il3)ppg = 0( ) decays faster than T 'asT — oo, which does not contain any information about the phase 6.

A similar argument can be directly applied to d;(I1;)pgg and gives 3;(IT5)pps = o(1) as T — oo. From Eq. (31), we conclude

that \/F; = o(1) as T — 0. (2) Solution exists: The stationary phases occur exactly at the nonpumping points €, ,, = 0, which
sets Eq. (Hl2) to 0 at any moment as [Eq. (H16)]

1) L VY S TR VS /0 NS I VPR N0 N ¥ )
o Xnm (X, Y, ==\ — — e | —=| — — |x - = - — | — J— =0.
2 Y N2\ o) " 2\ 2\w? 3 Y 2\ w1 @
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We hence evaluate (IAI~)PES according to Eq. (H9) and
3;(I1;)pgs according to Eq. (HI12). For an everywhere dis-
persive band structure (dag€, and 32 Ag€n NOL vanishing at the

same time), the Hessian of x,, (%, ¥, ) is nonzero, dictat-
ing all critical pomts nondegenerate. In this case, we have
(IT3) pps = 0( ) and 89( 3 pES = 0( ), which necessarily
gives rise to \/> 0( ). Together with the first case, we
conclude that given an everywhere dispersive band structure,
(TT5)pps = O(3) and 95 (I1)pps = o(1), yielding \/F; = o(1)
that fails to reach either the SQL or the HL. If the everywhere
dispersive condition is lifted, the Hessian of x,, (%, J, 9) is,
if solution exists, zero, which then gives rise to degenerate
critical points Here, we can bound both (Ag)PES =0()
and 9 (Il3)pgs = O(1) by some O(1) constant. In this case,
(HG)PES is still slowly oscillating, which in general gives
\/Fé = O(1). Potential exceptions arise when |<ﬁ9>PES| — 1
as T — oo, where the denominator of Eq. (31) becomes sin-
gular, and no straightforward argument can be made for F;.
Nevertheless, in the numerical examples studied in this work
(see also the following discussions when w; = w»), we find
no enhancement arising from these singularities.

Case w; = w,: To enhance the sensitivity of the parity
measurement from a nonvanishing Eq. (H12) as T — oo, we
need to set the driving frequencies to be identical w; = w, =
w. This constitutes our first necessary condition.

In this case, we relabel the characteristic functions y,,, as
follows:

ﬁ”} (H18)

gl1m()~cv é) = En(i) — €m |:_)~C +—0],
w

which is the form given in Eq. (33). The difference of G,
from the general functions ,, is that the former does not
depend on the second variable y. The critical points of G,,,
are already degenerate as agg,,m = 0305Gm = 0. We need

to integrate out this redundancy in evaluating (IT
9 (T5) pgs:

3)pes and

(M) prs = Z / AF M (%, B)e ™9 EOT | (H19)
T m,n=1
%(Mles = 3 Ly [ ity K. e 90
m,n=1

Z / dX Mo (%, )

m,n=1

X [ G (%, §))e ™m0, (H20)
WMo (&, 8) = /dyf*@z 18, 61— 8)f (b1, b)
x |ul(d2 + 0, 1 — Oy (1, $2)I>.  (H21)

As before, when T — o0, the integrands in Egs. (H19) and
(H20) are fast oscillating and the integrals are governed by
their behaviors at critical points:

9Gum(%,0) = 0. (H22)

The existence of solutions to Eq. (H22) is guaranteed,
unlike in the case where w; # w, as G,,(%, 6) is periodic in
X. By the mean value theorem, there must exist at least one
Xo such that 9:G,,, (%, é)|;:;m = 0. If these critical points are
nondegenerate, the asymptotic behaviors of Eqs. (H19) and
(H20) are both governed by O(\/LT), while that of Eq. (H20)

by O(+/T). The appearance of /T instead of T arises from
the reduction of the integral’s dimensionality from 2 to 1. In
consequence, Eq. (31) gives rise tof O(J/T), exhibiting
a diffusive scaling as T — oco. We hence conclude that the
sub-SQL sensitivity from parity measurement can be obtained
only if the critical points of G, ,, are degenerate. This consti-
tutes our second necessary condition.

As a final remark, the coefficient 9;G,, (X, ) of the in-
tegrand in Eq. (H20) needs to be nonvanishing at stationary
phases such the enhancement of 9;(I1)pgg from Eq. (H20) is
nonzero. Otherwise, Eq. (H20) at most gives an O(1) con-
tribution in 8é<ﬁ>PES and (IT)pgs again oscillates slowly. As
before, we expect /F; = O(1) in general. Strictly speaking,
singularities may occur when |(IT)pgs| — 1, where it be-
comes difficult to make any straightforward statements about
\/Fé . However, from extensive numerical studies, we see no
enhancement arising from such singularities. An example can
be seen from the driven model given in Eq. (24) with coherent-
state inputs [Fig. 5(b)].

APPENDIX I: GLOBAL PHASE ESTIMATION

In this Appendix, we review the standard Bayesian proce-
dure [70,87] for the global phase estimation, which defines
the posterior variance Ap92 in Sec. VI. In a global quantum
sensor, the unknown phase 6 has a finite a priori uncertainty
A6. In this case, the a priori phase should be viewed as a
random variable that takes values in [0, 27r) according to its
distribution function P(6). The task now becomes estimating a
random outcome 6 as precisely as possible. The mathematical
quantity to be minimized is the mean-square error (MSE) of
the estimator [53,87]:

2
C =f do E(9)P(0), aIn
0

where £(0) = fo:l(Gest(rr“) — 6)2p(nlt|9) is the squared
error of the estimator for a given 6. Similarly, the first
minimization step is achieved by choosing a minimal
MSE estimator whose estimated value coincides with the
mean of 9:

27
OMSE(rr,) = / do 6p@|m,), (12)
0

where the conditional probabilities p(6|m,) and p(w,|6) are
related by the Bayes theorem p(0|m,) = p(7,|0) [ifi)) with
the marginal probability distribution p(rr,, ) of the outcome
given by p(m,) = fozn do p(m,|60)P(0). As a result, the MSE
to be minimized becomes the posterior variance of 9:

M 2
0> =" p(y) /
n=1 0

6 — M (,))’ p(0lm,).  (13)
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FIG. 11. Energy transfer under (a) dephasing and (b) frequency noise. In both plots, we show the work E; , done by the first drive (red)

and the second drive (blue) under different strength of noise.

From classical information theory, for a single-shot mea-
surement, Ap02 is bounded by a generalized CRB [53]:

AB? > !
R N

a4)

where Fy = 02” dOF,P(0) is the averaged classical Fisher
information [see Eq. (4)] and Fy = 02" d@[% log P(8)1*P(0)
is the classical Fisher information for the a priori distribution
P(0). As in the local phase estimation, the classical Fisher
information is upper bounded by the corresponding QFI F,.
The posterior variance A,0? is hence lower bounded by

) 1
N as)

T F+FR
Taking the limit P(60) — §(6 — 6y), Eq. (I5) converges to the
gCRB for a local phase sensor [Eq. (7)].

The equality in Eq. (I5) holds if and only if Fy = F, for
any 6 € [0, 27 ), which is a stringent condition in experiments.
For interferometerlike sensors, the sensitivity is, hence, much
worse than the right-hand-side bound. It is also known that the
optimal global quantum sensor deviates significantly from its
local counterpart in both the probe states and sensing schemes
[11]. Recent efforts on optimizing protocols and minimizing
the posterior variance Ap02 can be found in Refs. [11,52,53].
In this work, we focus on the estimation of a local phase,
treating the a priori uncertainty A6 as a source of noise
(Sec. VIB).

APPENDIX J: OTHER TYPES OF NOISE
AND IMPERFECTION

In the main text, we discuss how lossy interferometry and
uncertain a priori phases compromise the performance of the
Floquet sensor. In this Appendix, we examine other common
sources of noise relevant to any practical realization of the
sensor. For qubit noise, we consider the detrimental effects
of dephasing noise; for the drives, we focus instead on phase
noise arising from randomness in the frequency.

Qubit dephasing noise: We consider the situation where the
qubit is subject to a random dephasing noise 8H (t) = 1(t)é.,
with the autocorrelation of n(¢) given in a white-Gaussian
form

(n(@6)m(0)) = 8’8 (). dn

Here, 67 is the standard deviation of the noise, T = 1073 Toop
is the time step for simulation and &(¢) is the Dirac delta func-
tion approximated by §(0) = % The updated Hamiltonian

therefore becomes H (t) —> A t)+ sH (t), where the bare part
H(t) is given by Eq. (8). We expect such dephasing noise
will eventually wash out any memory of the initial state of
the qubit, which terminates the energy transfer in the long-
time limit. However, as such noise is much suppressed for
qubits with long decoherence time #, (a good example is the
fluxonium qubit that exhibits , > 100 us in recent designs).
Therefore, we also expect the energy transfer is preserved at
earlier times.

For concreteness, we numerically study the energy transfer
for the polarization conversion model [Eq. (27)] under such
dephasing noise. Since the expression for the qubit energy
is given in the &, direction, such dephasing noise is, in-
stead, given by SH(@) = n(t)é,. In Fig. 11(a), we illustrate
the work done by two drives under varying noise strengths,
dn € [0, 3.16w]. We observe that, as §7 increases, the energy
transfer stops at earlier times.

Let us estimate #, for such dephasing noise. From fluctu-
ation dissipation theory, it follows that #, ~ ﬁ (given t; ~
1), with S(w) = ffooo (n(@)n(0))e' dt. For 8y = 3.16w and
w ~ 1 GHz, t, ~ 100 ns, which is much shorter than its real-
istic value #;, > 10 us. For comparison, we added extra black
curves corresponding to the realistic parameter f, = 10 us,
which aligns well with noiseless (67 = 0) case. As a result,
dephasing noise is substantially suppressed under experimen-
tal conditions.

Phase noise: We next consider the phase noise in the drive,
coming from a randomness in its frequency o — o + Aw.
We again assume a white-Gaussian noise in the frequency

(Aw(t)Aw(0)) = *T8(t). (J2)

Here, dw is the standard deviation of the noise. We note
that such frequency noise induces a meander in the phase
AD(t) = fot dt' Aw(t'), satistying (A®>(t)) o t. The Floquet
Hamiltonian H(wt + ¢) is, therefore, replaced by H(wt +
¢ + Ad(t)), in which this meandered phase A® eventually
washes out the memory of the initial phase and stops the
energy conversion.

To see this, we assume that one drive in the polarization
conversion model [Eq. (27)] is noisy and study energy transfer
under different noise strengths dw € [0, 2w]. The result is
given in Fig. 11(b). Similar to the dephasing noise, when
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FIG. 12. Sensitivity of the parity measurement with frequency detuning. (a) Sensitivity of parity measurement for the Fock-state input with
different detuned frequencies dw. (b), (c) Sensitivity of parity measurement for the coherent-state input with different detuned frequencies. It

can be seen that as dw increases, the deviation starts earlier, which is consistent with the rough estimation ¢ ~

€

3o For the coherent-state input,
19

when such detuning is large, the parity sensitivity exhibits cyclic returns to the sub-SQL region after a sudden surge above the SQL. For all
simulations, we choose the lattice version of Eq. (27) and start with 50 photons in each mode.

increasing Sw, the energy transfer is nonpersistent due to the
phase meander: At later times, this growing phase uncertainty
overwhelms the initial phase ¢ completely. Nevertheless, in
a practical setup, the frequency noise is significantly smaller
than the bare frequency. For example, for a gigahertz mi-
crowave photon, the noise in frequency is on the order of
kilohertz to megahertz range. For comparison, we added extra
black curves corresponding to the realistic parameter w/w =
1073, which aligns well with the noiseless (6w = 0) case.
Therefore, we conclude that frequency noise can be effec-
tively suppressed as well.

Detuning in frequency: To form a Floquet system and to
define two coin states |0);, [1), correctly, in the main text,
we have assumed that the frequency of two drives are exactly
commensurate and fixed. However, in a real-time experiment,
the actual frequency w — w + dw can be mistakenly detuned
from the exact value we want. Here, we use dw to denote such
detuning, rather than a random noise. Since we are initializing
the qubit according to the exact value w, such detuning in-
evitably compromises the state preparation and the long-time
dynamics. Nevertheless, we expect the influence becomes
significant only at t ~ lw, which is generally a much longer

timescale than the period T = %’ upon assuming o <K .
Meanwhile, we expect that the most significant influence
is on the parity measurement, as it is extremely sensitive to

J

the photon addition/reduction. From the energy transfer, an
extra photon emerges at t ~ i, changing its parity com-
pletely. To show this, in Fig. 12, we show the sensitivity of
the parity measurement under frequency detuning §w for both
Fock-state and coherent-state inputs. When increasing the de-
tuning from §w = 0 to w = 0.06w, we observe a decrease in
t when the sensitivity A@ deviates from the perfectly tuned
case (bw = 0), suggesting a relation ¢ ~ i However, while
the parity sensitivity leaves the sub-SQL region and never
returns for the Fock-state input, we observe that the sensitivity
for the coherent-state input cyclically returns to the sub-SQL
region after experiencing a sudden surge above the SQL. Sim-
ilarly, the surge arises when an extra photon is injected into
the drive due to frequency detuning §w, which also follows

the relation ¢ ~ sl
w

APPENDIX K: SUPERCONDUCTING-CIRCUIT
REALIZATION

In this Appendix, we give an example of establishing su-
perconducting circuits for a specific two-tone Floquet system
after quantizing the drives. We follow the standard procedure
given in Refs. [105,107].

The time-dependent Hamiltonian in Eq. (41) can be typically realized by the circuit shown in Fig. 13, whose Lagrangian,

L =T — U, takes the following form:

1 5 1 -2 1 5 1 2 1 ‘5 1 iy 1 iy 1 . ) 1 . .0
T = ECq(pq + Ecld)l + §C2¢2 + Ecxlqul + ECX2¢x2 + ECM ¢yl + ECyz¢y2 + Echl (¢’q - ¢)‘1) + Echz (d’q - d’)’z)

1 . .
+ _Ccll((bl - ¢}’1)2 +

2 2

1

1 1 1
U :U . 2 - 2 - _ 2
(¢q) + 2L1¢1 + 2L2¢2 + 2L, (g —P1)" + 2o

1
2LL‘1 1 2L2L‘2

+E,, (1 — cos¢y,) + I(t)ey,

+ (¢l - ¢c1)2 +

1 . . 1 .
5Cen($2 = hn)” + 5Cn(dy —

(g — $2)* +

. 1 . .
é1)* + (9 — $2)%,

—— (g — ¢)”

2
(6= 9c)" + 2L,

2L

qci

(2 — ¢C2)2 + Ey (1 —cosy, ) + Ey, (1 — cos dy,) + Ey, (1 — cos ¢y,)

(K1)
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FIG. 13. Superconducting-circuit realization of the polarization conversion model. We propose a superconducting circuit that implements
the polarization conversion model [Eq. (41)] by tunably coupling two microwave resonators to a superconducting qubit. This tunability is
achieved through passive couplings to idler modes under external flux drives. Additionally, we drive the qubit using an external current source
1(t), which acts as the qubit energy in the rotating frame.

where U(¢,) is the potential for the qubit and /(¢) is the external current drive on the qubit. For notational simplicity,
we implicitly incorporate the coupling strength into /(¢). All other related quantities are marked in Fig. 13. Introducing

¢ = (Py, b1, Dy, > Dxy> P2, By, ¢XZ)T, the kinetic part 7 has a compact form as 7 = %(ﬁTCqﬁ, where the capacitance matrix is
given by

CytCye; +Cqt + Cye, +Cp2 gl —Coey 0 g2 —Ce, 0
—Cy1 Ci +Cp +Cq1 —C¢1 0 0 0 0
—Cye, —C¢1 Cy, +Cy, +C1 O 0 0 0
C= 0 0 0 Cy, 0 0 0
—Cp 0 0 0 C+Copp+Cp —C¢p2 0
—qu 0 0 0 —Cc22 Cy2 + ch'z + CCZZ 0
0 0 0 0 0 0 C,,
Assuming C,,,, Cy,,, C12,Cy > Cye,,, Coy1, Cey 2 > Cyi1, Cpa, its inverse is given as
i Car+ 4(15611 Lo, 0o o Lé:;zz S g
C_q G CyCy, GG CyCyy
C, 4 Gt c
q Cy 1 i1
C,Ci : Cl CiGy, 0 0 0 0
Cye Cept 1
1 chj‘l Cléyl C_‘l 0 0
= 0 0 0 & 0 o o
1
Cqcy Cey
qu+% 1 Cers
—cc : 0 0 o _Czéyz 0
Ce. Cey2 1
qucjz 0 0 0 Czé"z E 0
0 0 0 0 0 0 &
X
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from which we can write down the Hamiltonian in terms of ¢ and its canonical conjugate n = 2% = C¢. After canonical

a¢
quantization (i.e., promoting ¢ and n to operators), we obtain

1 1 1 1
H =4E U 2
cafty +U (@) + <2ch, + 2L, oL o + 2Lq2>¢

1 | 1\.
AEci? + (— L s
+akanm + <2L1 T T 2qu>¢1

P 4B (e g b3
n — —
@R \en Tar, 2L,

+ 4Ecy, i, — Ey, cos y, + 4Ecy, iy, — Ey, cos ¢y,

1 1 N
+4ECx] o — Ex cos¢x| (2L + L l)(]ﬁfl
qei c|

1 1\~
+4Ec,, 2, — E, cos by, + <2L + 37 2>¢>§2
qca (&)

1 .. 1 . . 1 .. 1 ..
- _¢ ¢x1 - _¢ ¢x - _¢1¢x - _¢2¢x ‘p ¢1 - _¢ ¢2
ch1 q Lqu 972 qu 1 chz 2 q qu q
Cye
+ 8—\/ EcqEcy,fighy, +8———=1/EcqEcy,Nqhy,
¢,C,, cqcyz

Cll 622
VEciEcy iy, + 88—
Cl N Y1 Y1 /7(:1 yz
Cye,Cer2

Cye,Cert
+8<1 e ) — L JEc,Ecihyh +8<1+ e ) —_ JEc,Ecafiyhy + 1)y, (K2)
oG, %C G cqEci1fiyi Gy, %CC cqEcahghy bq

VEc2Ecy, iy,

with E¢; = é Although the Hamiltonian looks formidable, each line has explicit physical meanings: The first line gives the
renormalized qubit energy, the second and third lines give renormalized resonator energies, the fourth and fifth lines give the
energy of two charge couplers, the sixth and seventh lines give the renormalized energies of two flux couplers, the eighth line
gives all possible flux couplings, and the ninth to eleventh line give all possible charge couplings. Finally, the last line gives
a drive on the qubit. Introducing creation and annihilation operators for each mode and approximating the qubit degrees of
freedom by a two-level system, the above Hamiltonian becomes

L Wy
H = ?O'Z + a)la a; + w2a2a2 + wa‘ byl + a)yzb) bV2 + wxlbx bxl + wxzb‘ b

+ 8qn O (bx, + b)) + 40,6 (b, + b)) + g1, (@1 + @) (by, + B],)
+ 82, (@2 + 83) (by, + BY,) + g206,(a1 + &) + g9)6,(a + af)
+ ing&y([’m - lA’il) + igqyzoy(byz - byo) + gy, (@ —a )(b’ - B;)
+ 820, (a2 — &) (by, — B],) + igg)6, (@1 — &) + igné, (@ — &)
iS008, 4 B2 451"+ B2 45"+ 226 451"+ 226 45" (K3)
with w, and &, given by the potential U (¢,) (i.e., the type) of the qubit (e.g., this factor has similar form as that of four couplers
if the qubit is transmonlike, or is given by the persistent current in a flux qubit), and are generally obtained by numerical study or

direct measurement. In Fig. 13, we diagrammatically draw a flux qubit to represent such degrees of freedom. Other parameters,
on the other hand, can be written out explicitly:

1 1 1 Ceil,e2 Eci,c2Ecy, cy,
w1 = 8Ec1,cz< + + >7 8y 2, = —4 = : —
\/ Lo Loty Log e m §1.26y, .3,

Cerger \_C Ec,E
) , L2 coEcrca
Oy, =V/8Ecy cnEvye 8 = —4(1 + C . ) = 4 ,

1.22Cny, J JCyCi2 £
1 1 2
= /8 _ Vi.y2
Wy, = ECxl,CxZ Exl,xz + + s Oy, = — E_Vl,yzs
chl ,qca LL'] 1,622 8
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VEqExn, :
_ q5Xx1,x2 a _ xl,xQEXI’XZ’

quI,qu - ’ X1, T
ZLqL'l »qc2 8

¢ V12805 ¢ 8Ec1.c2
w2 =—"—>7—> &l2= |[—F]TT7,
2L,
cil,e22 Le1,ey2 + Ly
g(x) _ V84612 £ _ 8Ecy, cy,
ql.q2 — ’ yiy2 = ’
2L41»1]2 Eyl,yz

g - _4 Cﬂlcl,qu ECqECM,Cyz £ _ SECxl,sz
g2 ’ X1,X2 1 1
vV CqCM Y2 %_qubyz Exl X2 + L +

qcy,q¢n Lc] Lep2
We now apply a Schrieffer-Wolff transform Usw = &5+ on the Hamiltonian [Eqg. (K3)], which is defined as

S LR IES e G
i %wqgrlwx, (Aﬂ;i‘ B 6_l;xl) + %wqgj—xza))(z (6+E’T‘2 h 6_5&)
by — b))+ S (agh, — o)

+ Zolgf;) albl —aib,,) + _wzgf; (@lh! — asby,),

N I gy TP o 1 g " .

Sy qu o) ((T by, — & yl) + zwq o) (0’ by, — & byz)
;wqgj‘y‘wyl (6+B;' - A”) %wqg-lq-yzwyz (A +b;2 - 67by2)
wlg_lylwyl (@b, allA);) wzgzﬂwyz (alby, — axbi)
wlgflw —(@lb, - ab,) wzgfzw — (@30}, ~ ash,.).

(K4)

(K5)

with 6% = 6, +i6,. By assuming that four couplers remain in their ground states (i.., the coupling is dispersive) and small
nonlinearities |y, x,.y,.y,| K |wg,1,2 £ @x, x,,31,y, |, dropping all fast-oscillating terms, we finally obtain an effective Hamiltonian

between the driven qubit and two resonators:

¥

y @, 847014 Ats At
Hee = —6, + 1(t)6, + w1001 + wr8,0,

2 2
+ 806 @ + a)) + 896,(a + a5) + i80)6y(ar — a]) + ig0)6,(ar — ab).,
where

1 1

1
(0 (x)
= + — 1
8q1 =8q1 T 58am8lx I 0 —wy,  © + o,

1 1

L R

. 1
~(y) )
Zal =801 — 388

3% =g 4 lg 2 i 1 B 1 N 1 B 1 -
2 a2 T poenein Wy — 0y, W+ W —w, wto,)]|

S A P R
q2 @ mmen L\@g — @y, ©q+ wy, W — @, W+ oy, i

(K6)

(K7)

By threading time-dependent external flux in the dc superconducting quantum interference devices of four couplers, we can

~(x.y)

make four couplers’ frequencies time-dependent wy, , y, y,(¢), and hence four time-dependent couplings g ) (t). Note that we

leave a time-independent coupling g(qxl’;"q)z in each of the couplings, such that the offset can be tuned exactly to zero. Setting
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w] = w, = w and

g(qxf(f) =§(qxg)(f) = Acos(w,t),

g =-g)

(1) = —Acos(wgt),

\/%I(t) = wg cos(wyt), (K8)

we recover the Hamiltonian in Eq. (41).
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