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Quantum-enhanced metrology can be achieved by entangling a probe with an auxiliary system, passing
the probe through an interferometer, and subsequently making measurements on both the probe and auxiliary
system. Conceptually, this corresponds to performing metrology with the purification of a (mixed) probe state.
We demonstrate via the quantum Fisher information how to design mixed states whose purifications are an
excellent metrological resource. In particular, we give examples of mixed states with purifications that allow
(near) Heisenberg-limited metrology and provide examples of entangling Hamiltonians that can generate these
states. Finally, we present the optimal measurement and parameter-estimation procedure required to realize these
sensitivities (i.e., that saturate the quantum Cramér-Rao bound). Since pure states of comparable metrological
usefulness are typically challenging to generate, it may prove easier to use this approach of entanglement and
measurement of an auxiliary system. An example where this may be the case is atom interferometry, where
entanglement with optical systems is potentially easier to engineer than the atomic interactions required to

produce nonclassical atomic states.

DOI: 10.1103/PhysRevA.92.032317

I. INTRODUCTION

There is currently great interest in quantum metrology,
the science of estimating a classical parameter ¢ with a
quantum probe at a higher precision than is possible with
a classical probe of identical particle flux. Given a fixed
number of particles, N, the ultimate limit to the sensitivity is
the Heisenberg limit A¢ = 1/N [1,2]. Naively, the choice of
probe state is a solved problem; for instance, symmetric Dicke
states [1,3] and spin-cat states [4,5] input into a Mach-Zehnder
(MZ) interferometer yield sensitivities of V2/N and 1/N, re-
spectively. However, in practice achieving quantum-enhanced
sensitivities is a significant challenge. This is due to both the
deleterious effect of losses [6] and the challenges associated
with preparing nonclassical states with an appreciable number
of particles [7-11]. For example, protocols for generating a
spin-cat state commonly require a large Kerr nonlinearity,
which either is unavailable (e.g., in optical systems [12]), is
difficult to engineer (e.g., in microwave cavities [13,14]), or
detrimentally affects the efficient operation of the metrological
device (e.g., atom interferometers where the interfering modes
have large space-time separation [15-17]).

In this paper, we present an alternative route to quantum-
enhanced metrology based on purifications of mixed states.
Physically, this involves entangling the probe with an aux-
iliary system before the probe is affected by ¢, making
measurements on both the probe and auxiliary system, and
subsequently using correlations between the two measurement
outcomes in order to reduce the uncertainty in the estimated
parameter (see Fig. 1). This approach is advantageous in
cases where it is easier to entangle the probe system with
another system, rather than directly create highly entangled
states of the probe system itself. An example of this is
atom interferometry; although quantum squeezing can be
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produced in atomic systems via atomic interactions [18-31],
the technical requirements of high-sensitivity, path-separated
atom interferometers are better suited to enhancement via
entanglement with an optical system [32—37] and information
recycling [38—41].

The structure of this paper is as follows. In Sec. II
we introduce in detail the central idea of this paper: that
purifications of mixed states can possess a large quantum
Fisher information (QFI) and therefore represent an excellent
resource for quantum metrology. In Sec. III we specialize to an
N-boson probe state and Mach-Zehnder (MZ) interferometer,
and show how to engineer purifications that yield sensitivities
at and near the Heisenberg limit. Finally, in Sec. IV we present
optimal measurement schemes that allow these quantum-
enhanced sensitivities to be achieved in practice.

II. QUANTUM FISHER INFORMATION
FOR A PURIFICATION

We can determine the best sensitivity possible for any
given metrology scheme via the QFI, F, which places an
absolute lower bound on the sensitivity, A¢ > 1/ JF , called
the quantum Cramér-Rao bound (QCRB) [42—-45]. This bound
is independent of the choice of measurement and parameter
estimation procedure, and depends only on the input state.
Explicitly, if a state p4 is input into a metrological device
described by the unitary operator U¢ = exp(—i¢G 4), then the
QFI is

. i —Aj)? A 5
Fa=FlGapal =23 = (il G ale)I*, (1)

j it
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FIG. 1. The unitary UAB = exp(—iﬂABt/h) entangles system
A (probe) with system B (auxiliary) before system A passes
through a measurement device described by U¢ = exp(—ipG ).
If measurements are restricted to system A, then the QFI for an
estimate of ¢ is Fy = F[G4,pal, where ps = Trp{|Wap)(Wapl}.
If measurements on both systems are permitted, then the QFI is
Fap = FIG 4, Wap)] = 4Var(G a)p, = Fa.

where A; and |e;) are the eigenvalues and eigenvectors of
pOa, respectively. If g, is pure, then Eq. (1) reduces to
Fu = 4Var(G ).

A naive consideration of the pure state QFI suggests that
engineering input states with a large variance in G, is an
excellent strategy for achieving a high-precision estimate of
¢. However, there are many operations on p,4 that increase
Var(G ») at the expense of a decrease to the purity y = Tr{ )
Since the QFI is convex in the state, any process that mixes
the state typically decreases the QFI. Consequently, any
improvement due to a larger Var(G ) is usually overwhelmed
by reductions in the QFI due to mixing.

In order to concretely demonstrate this point, we focus on an
N-boson state input into a MZ interferometer. As discussed in
Ref. [46], this system is conveniently described by the SU(2)
Lie algebra [fi,fj] = ieijkfk, where ¢;; is the Levi-Civita
symbol, for i = x,y,z. A MZ interferometer is characterized
by G4 = J,; therefore, for pure states, a large QFI requires a
large Var(fy).

Without loss of generality, we restrict ourselves to the class

of input states
T b4 2)
al —, al —,¢ |-
2? 27

Here |x(6,¢)) = exp(—i<pfz) exp(—in_v)lj,j) are spin coher-
ent states, where |j,m) are Dicke states with total angular
momentum j = N/2 and J. projection m. We focus on the
following three states in class (2), which are in order of
increasing Var(J )

2
Pa =/ do P(p)
0

Casel: P(p) = 8(p), (3a)

CaseII: P(p) = L, (3b)
2

1 b4 T
Case III: P(p) = 5[8 ((p - 5) + 8<<p + E):| (3c)

These states can be conveniently visualized by plotting the
Husimi-Q function [47,48]
2j+1
4
and the JA\ projection of the state, P(J,) = (J,|palJ,), where
Jy1Jy) = Jy|J,) (see Fig. 2).
None of these states yield sensitivities that surpass the
standard quantum limit (SQL), A¢ =1/ VN.Incasel, pa 18
a pure spin coherent state, |a(1r/2,0)), with 74 = 4Var(J,) =

Qb.¢) =

((0,9)pala(®.9)) “4)
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FIG. 2. (Color online) Husimi-Q function for case I (a), case Il
(b), and case III (c). The projection in the fy basis, P(J,) is shown
for case I (d), case II (e), and case III (f). N = 20 for all frames.

N.Incasell, g4 is an incoherent mixture of Dicke states (i.e.,
it contains no off-diagonal terms in the | j,m) basis). Although
4Var(fy) = N(N + 1)/2is much larger than for case I, the QFI
is only F4 = N/2. Finally, case III is an incoherent mixture
of maximal and minimal fy eigenstates with 4Var(fy) = N2,
which is the maximum possible value in SU(2). However, since
the state is mixed the QFI is significantly less than this, with
Fa=NJ2

However, suppose the mixing in p4 arises from entan-
glement with an auxiliary system B before system A passes
through the metrological device (see Fig. 1). Specifically, for
an input pure state |4 5) of a composite system A ® B, where
Pa = Trp{|Wap){Wasgl}, the QFLis

Fap = FIGa,|Wap)]
= 4((Wap| G Wag) — (Wapl|GalWag)?)

= 4(TralG3pa] = TralGapal’)
= 4Var(G a)s, - 5)

Consequently, for a purification of g4 the QFI only depends
on the variance in G a of pa [41,49]. Our naive strategy of
preparing a state with large Var(G ) irrespective of its purity
is now an excellent approach. Indeed, in this situation the states
in cases [-III are now also arranged in order of increasing QFI,
with cases II and III attaining a QFI of N(N + 1)/2 and N2,
respectively. It is interesting to note that the QFI for case
I is the maximum allowable for N particles in SU(2) [50]
and is usually obtained via the difficult to generate spin-cat
state, which is a macroscopic superposition, rather than a
classical mixture, of spin coherent states. Note also that Fp
is independent of any particular purification, and convexity
implies that F4p > F4. That is, in principle any purification
of p, is capable of achieving sensitivities at least as good as,
and usually much better than, g4 itself.

Quantum metrology with purifications is not simply a
mathematical “trick”; physically, a purification corresponds to
entangling the probe system A with some auxiliary system B,
and permitting measurements on both systems [51]. Therefore,
the practical utility of our proposal depends crucially on the
existence of an entangling Hamiltonian that can prepare g4 in
a state with large Var(G 4) 54
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For the three cases described by Egs. (2) and (3), a
purification of g4 can be written as

J
(Wag) =Y culjsm) & By), 6)

m=—j

with case I corresponding to (B, |B,) = 1, case II corre-
sponding to (B,,|B,) = 6,.m, and case III corresponding to
(B |Bn) = 1(0) for |n —m| even (odd). In the following
section, we present a simple scheme that converts a shot-noise
limited spin coherent state [such as case I] to the enhanced
QFI purifications of cases II and III.

III. EXAMPLE ENTANGLING DYNAMICS LEADING
TO INCREASED QFI

Consider again the N-boson probe state (system A) input
into a MZ interferometer (i.e., G4 = J,). The QFI for a
purification of p4 can be written as

Fas =4({J7) = (1)) = Fo+ F1 + Fo, (7
with
N 72
Fo= E(N +2) —2(J2), (8a)
Fi=—(i(Js = J)%, (8b)
Fo=—(J;+J2), (8¢)

where fi = fx + ify. Note that Fy,F, and F, depend only
on the matrix elements of g4 with |n — m| equal to 0,1, and
2, in the fz basis; writing F4p in this form is very convenient
for what follows.

Before the interferometer, we assume the probe is coupled
to some auxiliary system B via the Hamiltonian

Hap = hgJ.Hp. 9)

When system B is a photon field and 3 is proportional to the
number of photons in the field, then H ap describes the weak
probing of the population difference of an ensemble of two-
level atoms with far-detuned light [37,52-61], or dispersive
coupling between a microwave cavity and a superconducting
qubit [62-64]. We will explore this specific case shortly;
however, for now we keep 3 completely general. If the initial
system state is a product state |W,5(0)) = |W4) ® |Wp), after
some evolution time the state of the system will be given by
Eq. (6) with ¢, = (m|W,4) and |B,,) = CXP(—imgtﬂBN‘l’B)-
The reduced density operator of system A is then

J
pa= D cachCumli-n)(j.ml, (10)

nm=—j
where the coherence of system A is determined via
Com = (Bl By) = (Wple "M wy) - (11)

When C,,_,, = 1, the system remains separable and system A
is a pure state, whereas if C,,_,, = 8, then p, is an incoherent
mixture of Dicke states.

PHYSICAL REVIEW A 92, 032317 (2015)

Using Eq. (10), Fy,F;, and F; can be written as

Fo= %(N +2) —2(72), (12a)
Fi = —(iC1y — C{ ), (12b)
Fr = —(Co(J3) +C3 (7)), (12¢)

where the above expectation values are calculated with respect
to |W,4). The effect of the entanglement between systems A and
B is entirely encoded in the coherences C; and C,; coherences
greater than second order do not affect the QFI.

Let us consider the effect on the QFI of each term in Eq. (7).
Fo is independent of the entanglement between systems A and
B, and will be of order N2/2 if |¥4) has (fzz) ~ N (e.g., the
spin coherent state |« (7 /2,¢)) has (fzz) = N/4). This suggests
that a sufficient condition for Heisenberg scaling is F; ~ JF, ~
(fzz) ~ N.Infact, since F; < 0, the maximum QFIT state must
necessarily have C; = 0. In contrast, 7, can be positive or
negative, in which case a state with C; = 0 and another state
with C; = 1 and F, ~ +N?/2 might both be capable of (near)
Heisenberg-limited metrology. We consider examples of both
states below.

A. Case II: Example dynamics yielding 7,5 ~ N?/2

To concretely illustrate the increased QFI a purification of
04 can provide, we assume system B is a single bosonic mode,
described by annihilation operator b, and take {3z = b'b such
that

Hap = hgJ.btb. (13)

If the initial state of system B is a Glauber coherent state
|B) [65], then the coherences described by Eq. (11) simplify
to

Cm = exp[—|BI*(1 — e '"=M8N)]. (14)

|C_m|> decays on a time scale gt ~ [(n —m)|B|*]~'. Al-
though the nonorthogonality of (8|Be'?) ensures that C,_,,
never actually reaches zero, it becomes very small for even
modest values of |8]>.

If the initial condition of system A is |W,4) = |a(6,¢)), then
Fap has the simple analytic form given by (see Appendix)

Fo= N<1 Tt SmZG), (152)

Fi = —N%sin? 0 sin(|]* sin(gt) + ¢)e s &1/2)  (15p)
N(1 — N)

2 sin® @ cos(|8|* sin(2gt) + 2¢p)e 2P sin(sn),

Fy =
(15¢)

In contrast, calculating F,4 via Eq. (1) requires the diagonal-
ization of p4, which must be performed numerically.

We first demonstrate the effect of vanishing first- and
second-order coherence on F,p by preparing system A in
the maximal fx eigenstate, |«(7/2,0)), with N = 100, and
a Glauber coherent state for system B with average particle
number |B|? = 500. The initial state for system A is precisely
case I [see Eq. (3a)] and has a QFI of N. As shown in Fig. 3,
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gt=0 gt =0.0251 gt =0.0377 gt = 0.15
@

U T U .l ?/ ‘t y L

01

<008 (e) (® () (h)
. [ — oo T s H; ,L_J
-50 0 50 -50 0 50 -50 0 50 -50 0 50

Jy Jy Jy Jy

FIG. 3. (Color online) Time snapshots of the Husimi-Q function
and fy projection illustrating the evolution of a maximal J, eigenstate
under entangling Hamiltonian Eq. (13). The snapshots were chosen
to correspond to times when the rotation around the J, axis is such
that (fy> = 0, which roughly corresponds to the local maxima of F 45
in Fig. 4(c). (Parameters: N = 100,|8|*> = 500).

under the evolution of Eq. (13), g4 tends towards an incoherent
mixture of Dicke states [case II], with the corresponding
broadening of the P(Jy) distribution.

Figure 4(a) shows that both coherences C; and C, rapidly
approach zero, which causes F; and F, to vanish [see
Fig. 4(b)]. Consequently, F 4 approaches Fo = N(N + 1)/2,
which allows a phase sensitivity of approximately +/2x
Heisenberg limit [see Fig. 4(c)]. In contrast, the effect of the
mixing causes the QFI of p4 itself to decrease from N to
Fa = N/2, with F4 < N for all ¢. This remains true even
if G 4 is rotated to lie in an arbitrary direction on the Bloch
sphere.

The oscillations in F; and F, (and consequently 4 and
Fap) before the plateau are due to the complex rotation
of C; and C,, which causes rotations of p, around the
J, axis before being overwhelmed by the overall decay in
magnitude. Furthermore, although the purity of the state also

FIG. 4. (Color online) Evolution of a maximal J, eigenstate
under entangling Hamiltonian Eq. (13). (a) Coherences |C;|? (solid
line), |C,|? (dashed line), and purity y (dot-dashed line). (b) Three
components of F4p [see Eq. (7)]: Fy (dot-dashed line), F; (solid
line), and F, (dashed line). (c) QFI for p,,F4 (dashed line) and a
purification of p4,F4p (solid line). For reference, we have included N
(dotted line) and Fy = N(N + 1)/2 ~ N?/2 (dot-dashed line), which
correspond to phase sensitivities at the SQL and +/2x Heisenberg
limit, respectively. (Parameters: N = 100,|8|> = 500.)
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gt =0.97r

(a) (b)
@ &
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gt = 0.9867

gt = 0.9927

gt =m

L_J

FIG. 5. (Color online) Husimi-Q function and f), projection for
an initial state |W,5(0)) = |a(r/2,7/2)) ® |B) under the evolution
of Eq. (13) for different values of g¢. The Q function is symmetric
about reflection of the J, axis, resulting in part of the function being
hidden from view on the reverse side of the sphere. (Parameters:
N = 100,|8]* = 500.)

decays, it never vanishes, thereby illustrating that it is not the
entanglement per se that is causing the QFI enhancement for
a purification of p4.

B. Case III: Example dynamics yielding 7,5 = N2

At gt = 7, there is a revival in |C,|? for n even, but not
for n odd. Figure 5 shows the Husimi-Q function under the
evolution of Eq. (13) for times close to gt = 7, when the initial
state of system A is the maximal fy eigenstate |« (/2,7 /2)).

The QFI is initially zero, but the decay of C; and C, rapidly
increases to Fap = Fo = N(N + 1)/2 as in the previous
example. As gt — m, the revival of |C>|? causes Fap to briefly
increase to N2 (see Fig. 6). This is the Heisenberg limit, which
is the QFTI of a (pure) spin-cat state and the maximum QFI for
SU(2) [50]. At gt = m,p4 is identical to a classical mixture of
la(/2,7/2)) and |a(r /2, — 7 /2)); however, its Q function is
similar to that of a spin-cat state, and purifications of it behave

FIG. 6. (Color online) Evolution of a maximal JA). eigenstate near
gt = m under entangling Hamiltonian Eq. (13). (a) |C,|? (solid line),
|C»|* (dashed line), and y (dot-dashed line). (b) F (dot-dashed line),
Fi (solid line), and F, (dashed line). (¢) F, (dashed line) and F,p
(solid line). For comparison, we have included 7y = N(N + 1)/2 ~
N?/2 and the Heisenberg limit N? (dot-dashed lines); F4 < N for
all ¢. (Parameters: N = 100,|8|> = 500.)
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as a spin-cat state for metrological purposes. For these reasons,
we call this state a pseudo-spin-cat state.

C. Example dynamics for particle-exchange Hamiltonian

In the previous two examples the J. projection was a
conserved quantity, so any entanglement between systems A
and B can only degrade the coherence in the J; basis of system
A (ultimately resulting in an enhanced QFI). The situation is
more complicated when considering a Hamiltonian that does
not conserve the J. projection, such as when a spin flip in
system A is correlated with the creation or annihilation of
a quantum in system B. Here, we encounter scenarios where
the interaction can either create or destroy coherences in the J.
basis of system A, and although a significant QFI enhancement
is still possible, it depends upon the initial state of system B.

As a concrete illustration, consider the particle-exchange
Hamiltonian

He = hg(Jeb' + J2b), (16)

and assume that system A is initially prepared in the max-
imal fz eigenstate |W,) = |«(0,0)) = |j,j) (note this has
Var(JAy) = N/4, and therefore a QFI of N). Then H_ and H,
physically correspond to Raman superradiance [38,66] and
quantum state transfer [34—-37,39,40] processes, respectively.
After some period of evolution, the combined state of systems
A ® B takes the form of Eq. (6).

First, consider the case when the initial state for system
B is a large amplitude coherent state (i.e., |\Wg) = |8)). Here
the addition or removal of a quantum to or from system B
has a minimal effect on the state and the system remains
approximately separable, since |(B,|B,,)|> & 1. It is therefore
reasonable to make the undepleted pump approximation b —
B, such that Ho — hgBJ, (assuming B is real). Hence, the
effect of the interaction is simply a rotation around the J,
axis, which can create coherence in the f basis, and so
Fa = Fap < N for all time.

In the opposite limit where the initial state of system B is a
Fock state with Np particles, |¥p) = |Np), then

|Bw) = |Np £ (m — J)), A7)

and (B,,|B,) = 8,.». This ensures that the first- and second-
order coherences vanish, and F; = F, = 0 for all time. That
is, as illustrated in Fig. 7, the state moves towards the equator

gt =0 gt =004  gt=008 gt =0.133
e
. . ‘ &)

J’y ‘ J.r Jy l‘ y 1‘ y Jr
> ‘ (e) (f) (h)
oY , M LJ

50 0 5 50 0 50 -50 50 0 50
Jy Jy Jy

FIG. 7. (Color online) Husimi-Q function and fy projection for
an initial state |W43(0)) = |«¢(0,0)) ® |Np) under the evolution of
‘H_ for different values of gz. (Parameters: N = 100, Np = 20).
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10¢

107 _—

QFlI
\

10%

10 ‘ ‘
0 0.05 0.1 0.15
gt

FIG. 8. (Color online) F4 (dashed line) and F4p (solid line) for
an initial state |W45(0)) = |«(0,0)) ® |[N) under the evolution of
H_. We have indicated N and N2/2 with black dotted lines for
comparison. (Parameters: N = 100,Np = 20.)

and ultimately evolves to an incoherent Dicke mixture [i.e.,
case II]. As described in Sec. III A, and shown in Fig. 8, the
QFI increases to a maximum of approximately Fap ~ N2/2.
Although settmg Np = 0(i.e., a vacuum state) leads to a larger
variance in J;,F  still reaches approximately 70% of N2/2.

We therefore see that for the Hamiltonian (16), a large
QFI enhancement is achieved provided the initial state
|Wp) has small number fluctuations. Compare this to the
Hamiltonian (13), where the choice |Wg) = |Ng) leads to no
entanglement between systems A and B, while in contrast an
initial state with small phase fluctuations (and therefore large
number fluctuations), such as a coherent state, causes rapid
decoherence in p4.

IV. OPTIMAL MEASUREMENT SCHEMES

Although the QFI determines the optimum sensitivity for a
given initial state, it is silent on the question of how to achieve
this optimum. It is therefore important to identify (a) which
measurements to make on each system and (b) a method of
combining the outcomes of these measurements—which we
refer to as ameasurement signal (3 )—that saturates the QCRB.
We do this below for purifications of the incoherent Dicke
mixture (case II) and the pseudo-spin-cat state (case III).

A. Optimal measurements for incoherent
Dicke mixture (case II)

It is worthwhile briefly recounting the optimal estimation
procedure for a symmetric Dicke state |j,0) input into a
MZ interferometer. A MZ interferometer rotates J. accord-
ing to J.(¢) = lA]J)JAZ U¢ = cos ¢J, — sinpJy. Since symmet-
ric Dicke states satisfy (J,) = (J,) = (J2) =0 and (J2) =
N(N + 2)/8, it is clear that the fluctuations in J7(¢) contain
the phase information, and therefore the quantity S= [J ((j:)]2
oscillates between 0 and N(N + 2)/8. It can be shown that
at the operating point ¢ — 0, Var(S) — 0, and the quantity
(AQ)? — Var(S)/(84(S))> = 1/Fa, and therefore the signal
S saturates the QCRB [3,67,68].

For an incoherent Dicke mixture, we have (J,) = (fy) =
(J.) = 0,and <sz> = N(N + 1)/8. Unfortunately, the nonzero
variance in fz (i.e., (fzz) = N/4) implies that Var(S‘) > 0 for
all ¢, and the signal no longer saturates the QCRB. However,
since the states | B,,) in the purification Eq. (6) are orthonormal,
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a projective measurement of some system B operator diagonal
in the | B,,) basis projects system A into a J, eigenstate (i.e., a
Dicke state). That is, these measurement outcomes on system
B are correlated with J, measurement outcomes on system A.
Therefore, subtracting both measurements yields a quantity
with very little quantum noise.

More precisely, if we can construct an operator Sz on
system B that is correlated with J. measurements on system A
(1 e. SB |\IJAB) = J |W435)), then we can construct the quantity
So = J. — Sy which has the property (So) = (52) = 0. This

motivates the signal choice
8 = (0)8004) = (cos ¢, —singJ, — Sp)®. (18

Using $B|\IIAB) = lelllAB) and the fact that non-fz-
conserving terms vanish due to the absence of off-diagonal
terms in the J, represeptation of p4 (e.g., expectation values
with an odd power of J, vanish), we can show that
(8) = (J2)(cos ¢ — 1)* + (J7)sin’ ¢,
(8% = (J!)(cosp — 1)* + (J})sin’e
+(J2T7 + T2 4+ 40 J.)sin’(cos g — 1)
+2i (o Jy — J,J. J,)) sin®p cos p(cos ¢ — 1)
+(J7) cos*¢ sin’¢. (19b)

Note that the above expectation values can be taken with
respect to |W,p) or p4. The best sensitivity occurs at small
displacements around ¢ = 0. Taking the limit as ¢ — 0 and
noting that (J2) = (J2) gives

(19a)

Var(S) 111
@S g 472~ #I2) T Fas’

This demonstrates that the signal Eq. (18) is optimal since it
saturates the QCRB.

(Ag)* = (20)

B. Optimal measurements for pseudo-spin-cat state (case III)

Pure spin-cat states have the maximum QFI possible for
N particles in SU(2), are eigenstates of the parity operator,
and indeed parity measurements saturate the QCRB [69].
Pseudo-spin-cat states (case III) also have maximal QFI, and
since (B,|B,) = 1(0) for |n —m| even (odd), a projective
measurement of system B yields no information other than the
parity of the J, projection. This suggests that a measurement
of parity could be optimal.

In analogy with case II, our aim is to construct an operator
So where the correlations between systems A and B lead to
a reduction in Var(Sy) and the system mimics a pure spin-cat
state. Introducing the quantity

So = M,Sp = M4115, (21)
where I1 A() 1s the parity operator for system A(B), defined
by Ilalj,m) = (=1)"|j,m) and Ilg|By) = (=1)"[By), W
see that pseudo spin-cat states satisfy So|Wap) = |Wap), and
therefore Var(So) = 0. This motivates the signal choice S=

U¢SOU¢.
_To calculate the sensitivity, we need to compute (S) and
(S8?). Trivially, (82) = 1 for all states. For ¢ < 1, expanding
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U, to second order in ¢ gives
(S) = ((1+ipdy — 3¢°T0)So(1 — ipJy — 36°T7))
= 1+i¢((/,S0) — (S0 )
+ 82 [(S0)) = 5 (7 80) + (Sod7)] + 0@, 22)
The relation (B, |B,+1) = 0 ensures that terms linear in fy go

to zero:
=D_cnc;

m,n

*(jnlJy|j,m)(By|By)

¢ Y emCSumi1 (Bul B)

n,m

= Zcmc::lﬂwmﬂwm =0. (23)

However, unlike case II, the condition (B |Bi2) = 1 pre-
serves terms such as (J} j2). Noting that J flips the parity of
any state in subsystem A but not subsystem B:

Mady|Wap) = =y 1Al Was), (24a)
MpJy|Was) = J, 115 Was), (24b)
and using $Q|\I/AB) = |Wyup) gives
(j,ngjy) = _(Sojy2> = _<jy2‘§0) = _<f>2) (25)
Therefore
(8) =1-2¢°(J7) + O(¢"). (26)
Since 33 = 1 implies that 8?2 = 1, we obtain
Var(8) = 4¢*(J, )+ O(ph), (27)
and consequently
(Ap) = Var(? ) _ 4¢2(j}g>2 L 28)
@s(SN? 169272 4{J7)  Fas

This demonstrates that the signal saturates the QCRB and is
therefore optimal.

The optimal estimation schemes presented in Secs. IV A
and I'V B illustrate a somewhat counterintuitive fact: Although
the optimal measurement of system B for a pseudo-spin-cat
state provides less information about system A than for an
incoherent Dicke mixture, the pseudo-spin-cat state yields the
better (in fact best) sensitivity.

C. System B observables that approximate optimal
measurements

We now turn to the explicit construction of physical
observables that approximate Sp.In general, the choice of Ss
depends upon the specific purification of j4. Physically, the
initial state of system B and the entangling Hamiltonian matter.
However, there is no guarantee that S p exists, and if it does
there is no guarantee that a measurement of this observable
can be made in practice. Nevertheless, as we show below, it
may be possible to make a measurement of an observable
that approximates Sp and can therefore give near-optimal
sensitivities.

032317-6



QUANTUM METROLOGY WITH MIXED STATES: WHEN ...

1. Casell

To begin, consider the situation in Sec. IIT A: the evolution
of the state |a(n/2,0)A> ® |B) under the Hamiltonian (13). We
require Sg|Wap) = J;|Wap). After some evolution time 7,

J

(Wag) = D culj.m)|Be ™). (29)

m=—j

Clearly, the phase of the coherent state is correlated with the J.
projection of system B. This can be extracted via a homodyne
measurement of the phase quadrature )% B = i(l3 — ET) [70]. In
fact, provided mgt < 1, phase quadrature measurements of
|B exp(—imgt)) are linearly proportional to the J, projection:

(Be™ ™! V5| pe"%") = 2B sin (mgt) ~ 2Bmgt,  (30)

where without loss of generality we have taken 8 to be real
and positive. Consequently, the scaled phase quadrature

s Y 31
5= 2Bgt
satisfies
(Wapl(J. — 8p)|Wap) ~ 0, (32a)
A A 1
2 ~
(Wapl(J; — Sp)°|Wag) ~ W, (32b)

and so the fluctuations in (J, — Sp) become arbitrarily small
(and Sp becomes perfectly correlated with J.) as (Bgt)?
becomes large. This suggests that Egs. (18) and (31) should
be a good approximation to an optimal measurement signal.
More precisely, assume that

1 Ngt

5 <<l (33)
The first inequality ensures that (Be~"8'|Be~'™8") ~ §, ,, and
S0 P4 is approximately an incoherent Dicke mixture, while the
second inequality implies that we are in the linearized regime
where Egs. (30) and (32) hold. Then the signal

R . . 5 \?
Sapprox = (JZ cos¢ — J, sing — T;) (34)

yields the sensitivity

1 A Sin?(¢/2), . 2
Ag)? ~ — !Var(§) - ——= J4
(a0 <a¢<8>>2{ aS) = =gz VI gy

4 . A
+ W[(coszb — DXJ2) + sin? ¢<Jf)]}, (35)
where Var(S) and 04 (8) are given by the expectations (19) of
the optimal signal Eq. (18). Figure 9 shows Eq. (35) compared
to an exact numeric calculation.

Condition (33) typically ensures that the term proportional
to (fz“) is small in comparison to the term proportional to
1/(2Bgt)*. We therefore see that our approximate signal S‘appmx
gives a sensitivity worse than the QCRB, and furthermore at
an operating point ¢ # 0. Nevertheless, A¢ approaches the
QCRB at¢ = 0as 8% and (28gt)? approach infinity. Therefore,
for a sufficiently large Bgt, we can achieve near-optimal

PHYSICAL REVIEW A 92, 032317 (2015)
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FIG. 9. (Color online) A¢ vs ¢ using Eq. (34) for a state of the
form Eq. (29), with N = 100, and gt = 1072, The dot-dashed line
is with |B]*> = 10° (Bgt = 10), and the solid line is for |8|> = 10*
(Bgt = 1). The dashed line shows the approximate expression for the
sensitivity [Eq. (35) ] for |8]> = 10*. For |B|*> = 10°, the numerical
calculation and Eq. (35) are identical. The upper and lower black
dotted lines represent the standard quantum limit (1/+/N) and ~/2/N,
respectively. The divergence in A¢ close to ¢ = 0 in both cases is due
to the imperfect correlations between Sz and J, leading to nonzero
variance in . If the correlations were perfect and Var(§)|¢:o =0,A¢
would reach exactly 1//Fap at ¢ = 0.

sensitivities close to ¢ = 0. This is illustrated in Fig. 9.
When Bgt = 10, we find that A¢ is very close to the QCRB.
In contrast, for fgr = 1, the imperfect correlations between
J. and Sy prevent the sensitivity from reaching the QCRB;
nevertheless, the sensitivity is still below the SQL. Note that
there is a slight deviation between Eq. (35) and the numerical
calculation of the sensitivity using the state (29). This is due
to terms neglected by our approximations, in particular, the
nonlinear terms ignored by linearizations such as Eq. (30) and
those neglected terms that arise due to the small (but strictly
nonzero) off-diagonal elements of 4.

2. CaseIll

Now, consider the situation in Sec. III B: the evolution of
the state |«(0,0)) ® |8) under the Hamiltonian (13) that at
gt = m approximately results in a pseudo-spin-cat state.

In order to find an operator that approximates S = 15, we
introduce the amplitude quadrature operator Xz = (b + b),
and notice that

(Be™ ™™ | Xg|pe™ ™) = 2B(—1)"
=2B(j,m|[4]j,m).  (36)

That is, amplitude quadrature measurements of |Be~""") are
proportional to parity measurements on system B, which are
directly correlated with parity measurements on J, eigenstates.
Indeed, the quantity

A

Xp
28°
has a variance VaI(SQ) =1/ (28)? that becomes vanishingly

small as the amplitude of the coherent state is increased. We
therefore expect the signal

So=Tl,4 (37

. cif~ Xp\ A
Sapprox = U;; <HA z_g)Ud) (38)
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FIG. 10. (Color online) Phase sensitivity of the approximate sig-
nal Eq. (38) for a state of the form Eq. (29) at gr = (ie., a
pseudo-spin-cat state) with N = 20. The solid line and dashed line
are for |8]> = 30 and |B|> = 5, respectively. The black dotted line
indicates the Heisenberg limit A¢ = 1/N (which is the QCRB).
Note that the vertical axis is a linear scale.

will be a good
measurement S.

Figure 10 shows the sensitivity for a state of the form
Eq. (29) at gt =n with N =20. When |B|> = 30, the
sensitivity is very close to the Heisenberg limit, while for
|B]?> =5 there is a slight degradation in the sensitivity due
to imperfect correlations. In contrast to the approximate
optimal measurement scheme for case II, which requires a
large amplitude coherent state, here the signal (38) is almost
optimal even for small amplitude coherent states. This is
because (Be~"|B) = exp(—2|B|?) is approximately zero even
for modest values of S.

In situations where system A is an ensemble of atoms, and
system B is an optical mode, it would be challenging to achieve
the strong atom-light coupling regime required for gr = 7. On
the other hand, the choice of an initial coherent state for system
B ensures that the sensitivity is reasonably insensitive to losses
in system B. In particular, since particle loss from a coherent
state acts only to reduce the state’s amplitude, provided the
coherent state remains sufficiently large after losses in order
to satisfy the requirements for near-optimal measurements,
near-Heisenberg-limited sensitivities should be obtainable.

approximation to the optimal

3. Particle-exchange Hamiltonian

Finally, for completeness we include the optimal mea-
surement scheme for the state attained after evolving the
product state |«(0,0)) ® |Np) under the Hamiltonian (16) (see
Sec. III C). The optimal measurement signal is simply Eq. (18)
with

. N R
Sp = > + (N, — b'h). (39)

This choice of Sp can be constructed by counting the number
of particles in system B, and it satisfies Sp|Wap) = J,|Wap)
as required. As any entangling Hamiltonian of the form

A=Y AJeb' + J:by + > B, JE b (40)
k J.k
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will lead to a state of the form Eq. (6), with |B,,) given by
Eq. (17) (assuming an initial state |W4) = |«(0,0)),|¥p) =
INg)), Eq. (39) also transfers to these systems.

V. DISCUSSION AND CONCLUSIONS

We have shown that purifications of mixed states represent
an excellent resource for quantum metrology. In particular,
we showed that if probe system A and auxiliary system B
are entangled such that the first- and second-order coherences
of system A vanish, then near-Heisenberg-limited sensitivities
can be achieved provided measurements on both systems A and
B are allowed. Although we focused on the situation where
this entanglement is generated via a few specific Hamiltonians,
our conclusions hold irrespective of the specific entanglement
generation scheme.

It is important to note that when the QFI approaches the
Heisenberg limit F4p = N 2 (in case III, for example), this is
not the frue Heisenberg limit, since N is only the number of
particles in system A (which pass through the interferometer),
rather than the rofal number of particles N, in system A and
system B. However, we have chosen to report the QFI in terms
of N instead of NV;, since we envisage our protocol to be useful
in situations where the number of particles in system A is by
far the more valuable resource. For example, consider the case
of inertial sensing with atom interferometry, where system A is
atoms and system B is photons. Here the atoms are sensitive to
an inertial phase shift, but it is difficult to arbitrarily increase
the atomic flux. Using the techniques discussed above, an
improved inertial measurement can be achieved at the cost of
introducing some number of auxiliary photons, which is cheap
compared to increasing the total number of atoms.

While preparing this paper, we also numerically examined
the effect of decoherence on the sensitivity of our metrological
schemes. In particular, we found that the effect of particle
loss, spin flips, and phase diffusion on purifications of the
pseudo-spin-cat state from Fig. 2 was identical to that of a
pure spin-cat state.

Although these purified states are no more or less robust
to decoherence than other nonclassical pure states, there are
situations where they are easier to generate. The example
we are most familiar with is atom interferometry, where
atom-light entanglement and information recycling is more
compatible with the requirements of high-precision atom
interferometry than the preparation of nonclassical atomic
states via interatomic interactions [39]. However, controlled
interactions are routinely engineered between atoms and light
[37,71-73], superconducting circuits and microwaves [74,75],
light and mechanical systems [76], and ions and light [77-79].
Given that high-efficiency detection is available in all these
systems [80-85], the application of our proposal to a range of
metrological platforms is plausible in the near term.

Finally, we note that not all quantum systems are created
equal; certain quantum information protocols, such as quantum
error correction [86] and no-knowledge feedback [87], are
better suited to some platforms than others. Our proposal
allows an experimenter to both perform quantum-enhanced
metrology and take advantage of any additional benefits a
hybrid quantum system provides.
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APPENDIX: DERIVATION OF EQS. (15)
Here we derive the QFI F 45 for a MZ interferometer with
the following entangled input:

(Wap(1)) = e 4010 0) @ |B), (A1)

where Nb = BTB, system B is initially in a coherent state |§),
and system A is initially in a spin coherent state |6,¢). Any
spin coherent state can be defined by rotating the maximal
Dicke state on the top pole of the Bloch sphere an angle 6
about the J, axis and an angle ¢ about the J; axis:

10,0) = RO.9)|j,j) = e e j, j).

Recall that j = N /2, where N is the total number of system
A particles.
The QFI is

(A2)

Fap = 4Var(e'# N f g1t Ny (A3)

where the expectations in the variance are taken with respect
to the initial separable state, |0,¢) ® |8).
By application of the Baker-Campbell-Hausdorff formula

R oA A N N oA 1~ . o4
e"Be™ = B+[A,B] + E[A’[A’B]]
| A
+§[A,[ JA BN+ - - (A4)
it can be shown that
¢i8t f),e_ig’jlﬁ” = sin(gt Np)J, + cos(gt]\A/b)fy. (A5)

Therefore, since the initial state is separable, we obtain
Fap = (sin*(gt Np))(JZ) + (cos* (gt Ny))(J7)
+ (sin(gt Ny) cos(gt Ny)) (S Sy + J, J)
— ((sin(gt Np)) () + (cos(gtNp)) (). (A6)

The system A expectations are more easily computed
by rotating the operators by R(6,¢) and then taking expec-
tations with respect to the Dicke state |j,j). Specifically,
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by virtue of

R1(6,0)J, R(0,9) = cosb cos ¢J, + cos b sin (pfy — sin6J,,

(A7a)
R'(0,9)J,R(0,9) = —singJ, +cosgJ,, (A7b)

and the application of J. = J, + ify with
Jeljm) =i+ 1) —m+Dljm£1), (AB)

we obtain

(Jy) = jsinb cos @, (A9a)
(Jy) = jsin@sing, (A9b)
(J2) = %(1 £ 2j — Dsin20cos’g),  (A9c)
(J2) = %(1 £ 2j —sin*0sin®g),  (A9d)
(Jody + JyJy) = j(2j — 1)sin® @ sing cos . (A9¢)

With some simplification this gives
Fap = 2j(1 +sin* 012 — Disin*(gt Ny + )
—2j(sin(gr Ny + 9))*]).

Incidentally, by setting + = O we can see that the QFI for a
spin coherent state input never exceeds the standard quantum
limit:

(A10)

FlJy.10,9)] = 2j(1 — sin® § sin® 9) < N. (A1l)

In order to compute the system B expectations, note that

(sin(gr ¥, + ) = =3 (e 59) — (e e

(Al2a)
e 9 _ (ezi(grz\?b+<p)> _ <e—2i(gr1\7b+(p)>
(sin“(gtNp + ¢)) = 1
(A12b)
Furthermore, for any m,
(M) = e (Bl pe™!)
=exp[—|BI*(1 — &™) + 2mg].  (A13)

Substituting Egs. (A12) and (A13) into Eq. (A10) gives
Fap =Fo+F1+ F, (Al14)
with the expressions for F,Fi, and F, listed in Egs. (15).
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