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Abstract

We identify the multiparameter sensitivity of entangled spin states, such as spin-squeezed and
Dicke states that are spatially distributed into several addressable spatial modes. Analytical
expressions for the spin-squeezing matrix of families of states that are accessible by current atomic
experiments reveal the quantum gain in multiparameter metrology, as well as the optimal
strategies to maximize the sensitivity gain for the estimation of any linear combination of
parameters. We further study the mode entanglement of these states by deriving a witness for
genuine k-partite mode entanglement from the spin-squeezing matrix. Our results highlight the
advantage of mode entanglement for distributed sensing, and outline optimal protocols for
multiparameter estimation with nonclassical spatially-distributed spin ensembles. We illustrate our
findings with the design of a protocol for gradient sensing with a Bose—Einstein condensate in an
entangled spin state in two modes.

1. Introduction

Quantum metrology makes use of non-classical quantum states to enhance measurement precision [1-6].
The estimation of a single parameter, e.g. a phase shift in an atomic clock or interferometer, can be made
more precise if the atomic spins are prepared in entangled superposition states that have lower quantum
fluctuations than classical states. Recently, these ideas have been extended to the problem of multiparameter
estimation, where a collective quantum enhancement from a simultaneous estimation of several parameters
can be achieved [7-21]. While the sensitivity limits for general multiparameter scenarios are hard to
determine due to the non-commutativity of the observables that provide maximal information on different
parameters, this problem can be avoided when all parameters are encoded locally (i.e. the
parameter-encoding Hamiltonians commute with each other) [22, 23]. In this case, sometimes also called
‘distributed sensing), the collective quantum enhancement can be traced back to the entanglement between
the modes where the parameters are encoded [14].

Entanglement between addressable modes can be generated by distributing an ensemble of entangled
atomic spins into M spatial modes. This technique has been studied recently both experimentally [24, 25]
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and theoretically [26-28] for the case of split spin-squeezed ensembles that can be generated by a nonlinear
(OAT) evolution [29], as well as for split Dicke states [30]. Moreover, the usefulness of these mode-entangled
(ME) split atomic ensembles for distributed sensing has been recently demonstrated experimentally [31].

For single-parameter estimation, the sensitivity gain and the spin entanglement of spin-squeezed states is
captured by the Wineland spin-squeezing parameter [32]. This parameter expresses the quantum gain of any
quantum state with respect to the best separable strategy. In order to overcome the classical limit, the
particles’ spins must be entangled [34, 35]. Since a sensitivity beyond the classical limit also implies the
presence of entanglement, the spin squeezing parameter has been extensively used to characterize the
entanglement among particles [6].

The generalization of this concept to multiparameter settings leads to a spin-squeezing matrix [33] that
captures sensitivity enhancements beyond the classical limit for the estimation of multiple parameters. In
distributed sensing, however, we must distinguish between the entanglement of spins in the same mode,
which we denote by ‘particle entanglement’, and the entanglement among two spins in different, addressable
modes, called ‘mode entanglement’. It has been noted that particle entanglement is necessary to overcome
the classical limits of distributed sensing with spin ensembles [14]. Mode entanglement, in turn, can lead to
additional sensitivity enhancements and is required to reach the ultimate quantum limits. These results were
obtained from an analysis of the quantum Fisher matrix rather than the much more easily accessible
spin-squeezing matrix.

Past studies of the spin-squeezing matrix have focused on simple numerical examples with a focus on
systems of only two modes with moderate atom numbers N [33]. Moreover, it remains unclear how
information about the mode entanglement can be extracted from the spin-squeezing matrix. The goal of this
article is, on the one hand, to provide a complete, fully analytical study of the spin-squeezing matrix for
experimentally relevant classes of multimode spin states. Full knowledge of the spin squeezing matrix would
allow us to design state preparation recipes that are tailored to yield maximal sensitivity for any linear
combination of parameters. On the other hand, we aim to explore signatures of mode entanglement directly
in the spin-squeezing matrix, thereby avoiding the need to calculate or measure the quantum Fisher matrix.

In this article, we identify the multiparameter squeezing matrix of nonclassical spin states distributed
over multiple addressable spatial modes, that are accessible in existing platforms with atomic ensembles, such
as, e.g. Bose—FEinstein condensates (BECs). We provide exact analytical expressions for the spin-squeezing
matrix of spin-squeezed states that are distributed over multiple modes. We distinguish between
deterministic and beam-splitter-like distributions of atoms that differ in their partition noise. Furthermore,
we introduce a metrological witness for mode entanglement depth and use it to identify the number of
entangled modes from the spin-squeezing matrix. With this result, we are able to characterize mode and
particle entanglement from the spin squeezing matrix. To gauge the ability of the squeezing matrix to
describe the full multiparameter sensitivity of the states in question, we introduce advanced criteria as
benchmarks, based on the quantum Fisher matrix that is capable of capturing the sensitivity of arbitrary
states. Finally, we discuss possible paths towards a generalization of the spin-squeezing matrix to
measurements of nonlinear spin observables and apply it to split Dicke states, whose quantum fluctuations
cannot be described by the squeezing of linear spin observables.

2. Multiparameter sensitivity and spin squeezing matrix

2.1. Spin-squeezing matrix

Before discussing spin squeezing in multiparameter estimation, let us first recall the Wineland et al
spin-squeezing parameter that expresses the sensitivity gain of single-parameter measurements. Consider a
parameter  that is imprinted by a unitary evolution U(6) = exp(—iJ;8), where J. = r"] is a collective spin
operator in direction r = (7, 7y, r,)T with j= (jx,j},,jz)T, T, = Zf]:l &g) /2, and 6&0 are the Pauli matrices

« = x, ¥,z of the ith spin. An initial state p acquires information about this parameter through the evolution
p(8) = U(0)pU(A). The value of @ can now be estimated from measurements of the average value of another
spin component J, where s and r are orthogonal vectors that we can assume to be in the yz plane. It can be
shown that this procedure leads, after a sufficiently large number p of measurements, to an estimation error
of (Afest)? = (A}s)zﬁ / (,u(jx)z) Hence, the sensitivity depends, via first and second moments of collective
spin observables, on the properties of the initial probe state p. An optimal classical strategy, i.e. in the absence
of quantum entanglement in j, is given by a coherent spin state along the x direction [6] and achieves an
estimation error (Afe )3y = (4N) ! at the so-called shot-noise limit. The entanglement-induced quantum

enhancement beyond this classical limit is quantified by the Wineland et al. spin-squeezing parameter [32]

S (Abe)®  N(AL)Z
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Figure 1. Multiparameter estimation with a spatially distributed nonclassical spin ensemble. Each localized spin ensemble
occupies a different spatial mode k = 1, ..., M (a) and is subject to a different local electromagnetic field strength (b). The spins
therefore experience a different phase shift 6; in each mode (c). Strategies to improve the collective measurement sensitivity
consist in particle entanglement (d), i.e. the entanglement among two spins confined to the same mode k, and mode
entanglement (e), i.e. spin entanglement that is shared between spins in different modes k # I.

Any violation of the shot-noise condition £ 2 [ﬁ,]r,js] > 1 indicates a quantum gain for estimations of the
unknown phase parameter 6, generated by J;, from the measurement observable J;. It was in fact shown that
the shot noise condition holds for all particle separable (PS) states and its violation therefore witnesses
entanglement among the spins [34, 35].

As we will show in the following, a natural generalization of this idea leads to the spin-squeezing
matrix [33]. We assume now that a set of M parameters 8 = (6y,...,0y) 7, with k= 1,..., M, is encoded into
M spatial modes by local rotations. These parameters could, for instance, represent the spin’s precession
angles caused by an electromagnetic field to be probed, see figure 1. Each rotation is expressed in terms of
local collective spin operators J, ; = Zf\]ﬁl & +/ 2, where &l )k are the Pauli matrices o = x, y, z for the ith
atom, and N, is the number of two-level atoms in mode k, such that N = >« Nik. We consider a
parameter-imprinting evolution

M
UO)=exp | =i Joabr | » )

k=1

transforming an initial quantum state / into p(8) = U(8)pU(8)1, where Ji, x = 1] Tk 1k = (rejes Ty s Toi) |
and jk = (jx,kajy,kajz,k)T for k= L...,M.

In order to estimate the parameters 6y, we consider the simultaneous measurement of a vector of local
observables J, = (js] dy--- ,L% m)T. To construct estimators Oest x for all parameters 0y, we compare the
sample average of repeated measurements of Lk with its mean value, which is known from calibration. In the
central limit, i.e. after 77 > 1 repetitions, we obtain a multiparameter estimation error of [33]

3= (nM[ﬁ’jr7jS])_l, (3)
where 3y = Cov(Oest ks Oest1) is the estimator covariance matrix, and
M[ﬁ?if?is] = C[ﬁ7ir7js]r[ﬁ7js}_lc[ﬁ7ir7js]T (4)

is the moment matrix. The latter contains the inverse of the covariance matrix

L[p, is]kl = %(<jsk,kjsl,l>ﬁ + <js1,ljsk,k>ﬁ) — (jsk7k>,3<jshl>ﬁ, and the commutator matrix

(Clp, Jr, js])kl = —i([jrk,kjs,JD 5= 0u <]x,k> ;- Throughout this article, we define our reference frame for each
mode k such that ry and sy are orthogonal vectors in the yz plane, while the mean-spin direction defines the x
direction.
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The matrix 3 contains information about the estimation error for arbitrary linear combinations n’@ of
the parameters:

A(n’'0.)> =n"%n. (5)

Therefore, the essential information about multiparameter sensitivity is contained in the moment matrix M.
Note that for M = 1, the expression (3) reduces to the single-parameter estimation error that was mentioned
above.

In the considered multiparameter scenario, the shot-noise limit [14] is given by

v = (nFsn) ', (6)
where Fgy = diag(Ny, ..., Ny). The estimation error (3) is therefore above the shot-noise limit, i.e.
3 > YN, when

M[ﬁair;js] < FSN . (7)

For square matrices A and B, the condition A > B expresses that A — B is a positive semi-definite matrix. We
write the condition (7) equivalently as [33]

&1p,JeJs] = 1, (8)

where the elements of the M x M spin-squeezing matrix read

a3 % VNNCov(Js, ki Js,0) 5
sJrs)s = X — . 9
1o Jer el Ux ) pUx1) 5 ©

The single-parameter spin-squeezing coefficient (1) is recovered for M = 1.

In multimode settings, it is possible not only to entangle particles in the same mode (particle
entanglement), but also to introduce delocalized entanglement among particles that are distributed into
different modes (mode entanglement) [14, 28, 36, 37]. It has been realized that mode entanglement is a
useful resource for achieving collective quantum enhancements for the estimation of linear combinations of
parameters that are distributed over multiple modes [11, 13, 14].

The shot-noise limit can only be overcome by particle-entangled states [14]. Hence, a violation of the
condition (8) implies particle entanglement among the spins, but does not reveal the distribution of
entanglement across the modes. A variety of entanglement witnesses suitable for the detection of mode
entanglement are available [27, 28, 38—49]. However, also the spin-squeezing matrix contains information
about the correlations between modes in its off-diagonal entries [33] and single-parameter spin squeezing
contains information about mode entanglement [28]. Below, in section 2.2, we show how a small
modification to the spin-squeezing matrix can transform it into a quantitative witness for genuine
multimode entanglement that is able to identify lower bounds on the number of entangled modes.

The spin-squeezing matrix (9) expresses the multiparameter sensitivity obtained by measurements of the
angular momentum observables J. To gauge the ability of this measurement to extract the full metrological
features of the quantum state /5 under consideration, we compare to the quantum Fisher matrix Fo[p, J;],
which represents an upper bound on multiparameter sensitivity for any measurement strategy. Here, this
upper bound can be saturated for a pure probe state, since all generators j,,ﬁk commute with each other [22,
23]. We obtain from the multiparameter quantum Cramér-Rao bound that the estimation error from an
optimal measurement is above shot noise if F,|p, ir] < Fgy;, or equivalently

X2 [0,0e] = 1a, (10)

where
Xz[ﬁjr} :FSENFQ[ﬁvjr]_lFSEN~ (11)

and Fq|p, jr] is the quantum Fisher matrix.

The moment-based approach gives rise to a lower bound to the sensitivity of an optimal measurement,
i.e. M[p, ir, is] < Folp, jr], implying that EZ [, ir, is] > x2[p, ir] We hence obtain the following hierarchy of
conditions

E0p.Je T = X5, Je] = 1, (12)

4
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where the first inequality holds for arbitrary states g, and the second inequality is valid for shot-noise-limited
multiparameter measurements, i.e. PS states p. The strongest condition to check these matrix inequalities is
obtained by comparing the respective minimal eigenvalues, i.e.

)\min Zijrajs 2%2
(&°[p.Jr.Js]) TRl

where we used Amin (x? [ﬁ,ir]) = Amax (X 2[P, ir])_l. We refer to A\pmin (éz[ﬁ, jr,js]) as the the collective
squeezing as it corresponds to the squeezing that can be achieved by the state p for the estimation of an
optimal linear combination of parameters, which in turn is identified by the associated eigenvector [recall
equation (5)]. The hierarchy (13) provides us with two pieces of information about multiparameter
squeezing. First, a violation of the condition Amin (&%[3,Jr,Js]) > 1 identifies a quantum sensitivity
enhancement achieved by squeezing, and larger violations imply stronger quantum gains. Second, the
difference between Amin (€[5, Jr,Js]) and Amax (X ~2[p,J]) ~" quantifies the metrological quality of the chosen
measurement observables J, i.e. their ability to extract the full sensitivity from the given quantum state. For
pure states ¥ = | ) (¥| we can use Fo[¥,]J;] = 4T'[¥, J,] to obtain the explicit expression

1, (13)

—27.T
b 5y =4 14
(X [ ]r] )kl \/W ( )
Note that if we restrict to the special case of a single mode, M = 1, we obtain from equation (12) the
hierarchy £2(p, J;,Js] > % > 1 for all separable states that is well known in the theory of single parameter
QLPsIs

estimation [50].

Let us finally comment on the saturability of these multiparameter bounds: It is well known that finding
a single optimal measurement for all parameters is notoriously difficult in multiparameter estimation. In the
present scenario, all generators in J; act on separate modes and therefore commute with each other, which
implies that a necessary and sufficient condition for the saturability of the quantum Fisher matrix is
automatically fulfilled for the pure probe states [22, 23] that are of interest in this manuscript. Moreover, we
will be mostly concerned with the estimation of arbitrary linear combinations v’ @ of the parameters. This
corresponds to a rank-1 cost function, for which asymptotic saturability of the multiparameter quantum
Cramér—Rao bound is ensured because it coincides with the asymptotically saturable Holevo Cramér—Rao
bound, see [17, 18] for a detailed account.

2.2. Spin-squeezing matrix for mode entanglement
To derive a criterion for mode-separability, we compare the multiparameter sensitivity to the limit achievable
by mode-separable (MS) states g, which is given by [14]

M[ﬁ?jl‘)js] g FMS[[)vjr] I (15)

where
Fus[p, )] = 4diag((AJe, 1) (ATeym)}) - (16)

Following the procedure of the preceding section, we are able to express that for all MS states p holds

Ez[ﬁjrajs] 2 1M7 (17)

where

<2 s 4(Ajrk k)ﬁ(Ajrz l)ﬁcov(jsk kjsl l)ﬁ
& 0. JeJs] ) = ’ ARG o
(& 15,Je,Ts)u Ten)pUet)p

is the modified spin-squeezing matrix for mode separability.

As we demonstrate in appendix A, this construction can be generalized even further to reveal genuine
multipartite entanglement among groups of at least k modes. A pure state is called k-producible [44, 51, 52]
if it can be written as |V _prod) = ®Z:1 |t)«) and each |1),,) is an arbitrary quantum state for not more than
k parties. A density matrix is k-producible if it can be written as a convex linear combination of arbitrary
k-producible pure states. Conversely, any density matrix that is not (k — 1)-producible contains at least
k-partite entanglement, or equivalently, an entanglement depth [35] of k.

It is possible to prove (see appendix A) that any k-producible state p of modes must satisfy

(18)

5 PN 1
éz[ﬁa]rvls] 2 %IM (19)
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This inequality is violated if and only if the smallest eigenvalue of the matrix Ez [9,Je,Js] is smaller than 1/k.
Similarly as before, we may compare this criterion to an analogous construction based on the quantum

Fisher matrix to gauge the quality of the Gaussian characterization (18) of the state’s entanglement

properties. States /) that are k-producible satisfy Fo[p,Jx] < kFus[p,Ji]. Following the steps of

equations (11)—(13) analogously, we obtain the hierarchy

2. 1
)\min(gz[pa]r;]s]) 2 NPT 2

- , 20)
Amax (X [:67]1‘]) (

|

for any mode k-producible state j, where X [p,J;] = Fus|p,Je) 2 Fo[p, )]~ "Fus|p,Ji) ? and for a pure state ¥
we obtain

Cov(jrk,k7jl‘17l)\il
(Ajrk,k)\i/(Ajl‘l,l)\i/

(X [0, J])u = (21)

3. Split squeezed states from QAT

Squeezing represents the leading strategy to achieve quantum enhancements in quantum metrology
experiments, from gravitational wave detectors [53] to atomic clocks [6]. In recent experiments, atomic
squeezed spin states were distributed coherently into several addressable modes [24, 25]. In this section, we
study the potential of this approach for multiparameter measurements, as well as the measurable signatures
of mode entanglement, by determining analytically the corresponding spin-squeezing matrices equations (9)
and (18).

Generally, we distinguish between two different experimental procedures to achieve spatially distributed
squeezed states. The first procedure was followed in the experiments [24, 25, 30] and consists of preparing a
squeezed atomic state in a single spatial mode and then dividing this mode coherently into two or more
modes via an operation that can be described as a beam splitter on spatial modes. This leads to a probabilistic
distribution of atoms in the modes described by a multinomial distribution. As a consequence, partition
noise will be present in the spin statistics. Alternatively, we also consider a second procedure, where the
atoms are distributed deterministically over the spatial modes. The squeezed state may then be generated,
e.g. by a collective interaction with a cavity [54] that affects all atoms in the same way, independently of their
spatial mode. This procedure gives rise to a similar split spin-squeezed state, which, however, is free of
partition noise.

3.1. Split squeezed states with partition noise

Consider an ensemble of N spin-1/2 particles, initially prepared in a coherent spin state polarized along the x
direction, i.e. |N/2), with J;|N/2), = N/2|N/2),. An evolution of this state generated by the one-axis
twisting (OAT) Hamiltonian H = fiy J? for a time t = j1/(2) generates squeezing of the collective spin
observables and introduces particle entanglement among the individual spins [6, 29] in the state

— N )
W)= =3 ( )e-"<N/2-’<> w12y,
7 2\

where J,|k), = (k— N/2)|k),. Note that the resulting dynamics is cyclic with period 27, and therefore we
limit our attention to the interval 0 < p < 27. For small nonzero p, the state | (1)) shows along a direction
s in the yz-plane a smaller variance than the spin-coherent state, originating from the entanglement created
by the nonlinear evolution, while remaining polarized along the x axis.

In this squeezed spin state, all particles are localized in space and occupy the same external (spatial)
mode. By applying a beam-splitter transformation to the external mode, the correlated spins can be
distributed into M addressable modes with a ratio determined by the probability distribution py, ..., py, so
that on average Ni = prN particles are localized in mode k. The resulting M-mode state is

=g 30 3355 () () () () -

Ny Ny

« plTPZT ) .'e*i(N/Z*kl*kz*...)z,u/z‘kl>

n k), s

where |k), is the N-particle Dicke state with k excitations in the z basis. In the following we will use the
notation Wpn(p) = |Upn (1)) (Upn ()|, where the subscript PN indicates the presence of partition noise. The

6
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bipartite (M = 2) version of this scenario has been analyzed theoretically in [27] and experimentally with a
BEC in [24]. In these works the focus has been the detection of (mode) entanglement and
Einstein-Podolsky-Rosen (EPR) steering between the two partitions, while here our goal is to characterize
their potential for applications in multiparameter quantum metrology and to identify entanglement from
the metrological properties.

To obtain the metrological properties for multiparameter sensing of this state, we determine all first and
second moments of spin observables in each mode for the state Wpy (11). The local directions for the
measurement s; and the rotation ry are chosen as the squeezed and anti-squeezed directions, respectively,
corresponding to minimal and maximal eigenvectors of the local 2 x 2 covariance matrices in the yz-plane of
each mode. The full expressions for first and second moments along arbitrary directions are provided in
appendix B. We obtain

5 _ N N—1[H
(Jeg) = Epk cos (E) , (22a)
L N—1 N
Cov(Jsi ks Jsi,1) = pipi 2 )fﬁ () + Ok (22b)
L N(N—1 N
Cov(Juy ks ) = Pkpz¥f N (1) + Oupry (22¢)

where we defined the functions

(cosN_z(,u) F \/(COSN_Z(M) —1)* + 16sin’ (%) cos?N—4 (g)) . (23)

I
N

fi(p) =

It is easy to check that fy (1) < 0 and f; () > 0. We further discuss in appendix B that the angle 0,
specifying the directions of squeezing and anti-squeezing via s; = (0, —sin6,,cosf,)” and
r; = (0,cosb;,sinf;) " turns out to be independent of k and reads

1 4sin( & N—2(K
0, = — arctan sin( 2 Jcos™ 2 ) . (24)
2 1 —cosN=2(u)
3.1.1. Spin-squeezing matrix
We first note that inserting equation (22) into equation (9) leads to
R s s N—1)fy 1
& [Won (1), JeJs] = W= Din () o | 1, (25)
en(p) en(p)

where 1 is the M x M identity matrix, v = (\/p1,...,/Pwm)’ is a unit vector, and we have introduced the
short-hand notation ey () = cos?™ =2 (1/2). The eigenvalues of this matrix can be easily identified as

Amin (€[ (1), 5o o)) = B %‘” =

; (26)

)\max(gz[\ilPN(M>7jr7js]) = CN(#)’ (27)

where Apin is non-degenerate for p > 0 [recall that f; (1) < 0] with eigenvector v and Apay is (M — 1)-fold
degenerate and corresponds to the eigenspace orthogonal to v. It is easy to verify that the collective squeezing
coincides with the single-parameter spin-squeezing (1) of the spin ensemble before the splitting:

Amin (€2 [Wpn (1), Js]) = €2[W (1), ), Js]. Intuitively, this result can be understood by realizing that the
spatial separation of the spins does not enhance the squeezing or the entanglement that is present between
the spins. At most, we can therefore expect to recover the full metrological potential of the spin ensemble
before the splitting. The collective squeezing thus optimally harnesses the entanglement and squeezing
between the spatially distributed spins for a quantum-enhanced multiparameter measurement.

The strongest suppression of quantum noise, i.e. the optimal quantum enhancement, is achieved for the
estimation of a linear combination of parameters v’ 6, determined by the minimal eigenvector v. It is
important to note that this vector can be manipulated by tailoring optimal states that are maximally sensitive
for any fixed linear combination of parameters. To see this, first note that the absolute weight of each
parameter is determined by the splitting ratio px. Second, the sign can be modified by applying local
rotations: a m rotation around the x axis changes the sign of the kth row and kth column of the covariance

7
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matrix and thereby of the spin-squeezing matrix (9). Hence, such a rotation, which can be realized with high
fidelity in atomic systems with external light fields, introduces a minus sign in the kth component of the
vector v. This allows us to engineer a split-squeezed state that maximizes the quantum gain for an arbitrary
linear combination of parameters of the form v0 = /P10 ... £ \/PrOu.

Notice that this linear combination is not necessarily the same one that reaches the highest sensitivity,
since the quantum gain in each parameter is normalized by the shot-noise limit which depends on the local
number of particles Ny. When this number is high, the sensitivity is high even if squeezing is only moderate.
In order to directly optimize the sensitivity, we must focus on the moment matrix equation (4), which relates
to multiparameter sensitivity via equations (3) and (5).

Our analysis based on the squeezing matrix contains only Gaussian properties of the state, i.e. first and
second moments of collective spin observables. We may gauge the ability of these expressions to efficiently
capture the properties of these states by comparison with more general functions based on the quantum
Fisher matrix, see equations (13) and (20). Inserting equation (22¢) into equation (14), we find

X[ Wen(p) el = (N= Df g (v +1. (28)

The matrix (28) has the (M — 1)-fold degenerate eigenvalue 1, and the non-degenerate
)‘maX(Xiz[\ijPN(N)aer =(N-— 1)1[;7_(/1) +1. (29)

Note that (29) coincides with Fo/N = 4(AJ;)?/N for OAT of a single mode with N particles after time 1 [see
equation (22c¢)]. We thus recover a multiparameter version of the well-known result that spin squeezing
efficiently captures the metrological features of states that can be considered to a good approximation as
Gaussian [50, 55], corresponding to the early time scales of the OAT evolution.

3.1.2. Mode-entanglement spin-squeezing matrix

To analyze the mode entanglement using the modified squeezing matrix (18), we make use of the analytical
expression for the anti-squeezed variances of split spin-squeezed ensembles, given in equation (22¢) for k=1.
For arbitrary {p;}}L |, we obtain

2 . IN N—-1)fy
€ [Won(p),Jr,Js) = An(p) ( v () ww' +D, (30)
en ()
where Ay() = 1+ (N = 1)f (1) >, p} and
1 N-1)fy
An(p)
1 N-1)fy
b= PN =D () o)
en(p)
are the elements of the vector w = (wy, ..., wy)T and the diagonal matrix D, respectively.
Strategies to analytically compute the eigenvalues for matrices of this form exist [56], but are in general
cumbersome. For simplicity, we focus on the case of equal splitting ratio, i.e. py = 1/Mforallk=1,..., M.

In this case, wy and Dy no longer depend on k and D is proportional to the identity matrix. We find the
non-degenerate minimal eigenvalue

o€ T 0. e ) = UL (1 B ) 3

with eigenvector e = (1,...,1)T/+/M. Note that in the limit M — oo, we recover equation (26). Intuitively, in
this limit, each mode is populated by not more than a single particle and thus the particle entanglement,
which is detected by (26), becomes equivalent to the mode entanglement, detected by (33).

The mode entanglement criterion (19) is shown in figure 2. We compare the minimal eigenvalue (33) to
the k-producible limit (19). To observe the strongest possible violation of the separability condition, we
optimize the time evolution parameter 1 such that (33) takes on its smallest possible value. The optimal
squeezing time fi is generally shorter than the time yiop, that optimizes the quantum gain over the shot-noise
limit, i.e. the minimal eigenvalue of (25), whereas both coincide in the limit M — oc.
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Figure 2. Mode-separability for spin-squeezed states equally split into M modes. Dashed and solid curves correspond to splitting
with or without partition noise, respectively. (a) Minimal eigenvalue of the mode-separability spin-squeezing matrix (thick lines;
equation (33) with partition noise, dashed; equation (45) without partition noise, solid) and inverse of the maximum eigenvalue
of the mode-separability Fisher matrix (semi-transparent lines; equation (35) with partition noise, dashed; equation (47) without
partition noise, solid), as a function of the squeezing time y, and for different M, and N = 500. Horizontal gray lines corresponds
to the asymptotic values 1/M for the values of M considered. Note that the optimal squeezing parameter ;(M) minimizing the
eigenvalue of the mode-separability spin-squeezing matrix moves to larger values as M increases. (b) Minimal eigenvalue of the
mode-separability spin-squeezing matrix for the optimal squeezing 11(M) as a function of N, and for different M. Note that, as

N — oo the eigenvalues tend to 1/M (right-most segments). Horizontal dotted lines correspond to the bounds 1/(M — 1) for the
values of M considered; crossing these lines from above implies the detection of genuine multipartite entanglement among all M
modes. Note that for a given M there exists a minimum N for which genuine multipartite entanglement can be observed.

Again, we may gauge the quality of our Gaussian spin measurements by comparison with the quantum
Fisher matrix via the hierarchy (20). From equation (22¢) we can easily obtain the matrix defined in
equation (21) in the most general case. In the case of equal splitting ratio, px = 1/M, we obtain

g s [N )M M
X I = G e NG T .

We find the non-degenerate

PP sy N= D () +1
)\max(x [\IJPN(N)v]r])—M(Ni l)f]:]‘r(,u)JrM. (35)

We observe that

i A (2 (B (1), 1)) = (N = D () 1. (36)
hence, in this limit, we recover the maximum eigenvalue (29) of the matrix (28).
The eigenvalues (33) and (35) are plotted in figure 2 as thick and semi-transparent dashed lines,
respectively. We visually observe the hierarchy (20) and as the squeezing time i increases, we are able to
identify genuine multipartite entanglement among larger groups of at least k modes.

3.2. Split squeezed states without partition noise

Let us now turn to split squeezed states with a fixed number of particles in each mode. A OAT evolution that
acts on all spins collectively, regardless of their spatial mode, generates a split-squeezed state \i/npN( () that is
free of partition noise. The analytical expressions for the spin expectation values of interest are listed in
appendix C. As in the previous case, we focus on the spin moments for the optimal directions for spin
rotations ry and measurements s, which correspond to the local squeezed and anti-squeezed spin directions,
respectively. These directions are independent of k and coincide with those found previously in the presence
of partition noise, since the mode splitting has no impact on the spin state. We obtain

oy Nk N1 (B
{Jxk) = = cos ( 2) : (37a)
N N Ni(N;— 6 N;
Cov(j o) = =0 2y 4 5, T (37b)
N A Ni(N;— 9 N;
CoV(Jey ks Jr1) = Qﬁ (1) + 5kzzk : (37¢)
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3.2.1. Spin-squeezing matrix
Inserting equation (37) into equation (9) leads to

€ [Wupn (). JrJs] = AZZV_(L’; Dt 4! ;J;(Ii g“ 1, (38)

where v = (1/Ni/N,...,/Nu/N)T. The eigenvalues read
)\min(sz[{[jnPN(/«’J)air:is]) = (N_ lciljfé\;/é()u) + : , (39)
€1 1), Je ) = -2 (40)

Remarkably, the collective squeezing (39) coincides with that of (26), indicating that the presence of partition
noise does not affect the quantum sensitivity advantage if the squeezing is exploited in an optimal way,
i.e. for the linear combination v’ @ of parameters yielding the largest quantum gain.

For comparison, from equation (14), we obtain

X [Wuen(p), Je] = NF (v + (1= £ (m)]1. (41)

The non-degenerate Amax (X ~2[Wnpn (1), Je]) = (N — 1)f (1) + 1 coincides with the maximum eigenvalue
of (28).

3.2.2. Mode-entanglement spin squeezing matrix

For the analysis of mode entanglement using the modified squeezing matrix (18), we combine our previous
results with the expression (37¢) for the anti-squeezed variances. For arbitrary choices of the {N}2.,, we
find

52 [\ilnPN(M)a jrv is] = AII\T(M)M

where A{ (1) = N+ £y (1) >, Ni(N; — 1), and the elements of w' = (w/{,...,w;,)" and the diagonal matrix
D’ are given as

w'wT+D’, (42)

;[ Nk Ne(Ne = Df R ()
pp= 1200 (4 vyt ) (a4)
CN(M)

respectively.
For the special case of equal splitting, i.e. Ny = N/M for all k, we obtain the non-degenerate minimal
eigenvalue

2 .. N—1)fy(u)+1 N-M
)\min(g [\IjnPN(,u)a]sz]) = ( C)I;Tfé\],uz() ) (1 + M fI:Ii_ (,u)) . (45)
Comparison with equation (33) reveals that the presence of partition noise has an effect on the detection of
mode entanglement from the spin-squeezing matrix (18). A split-squeezed state without partition noise
shows a slightly smaller minimal eigenvalue and thus reveals more entanglement at the same nonlinear
evolution time x according to the witness (19). A graphical comparison is given in figure 2, where
equation (45) is displayed as the thick solid lines.

From equation (21), we obtain for the criterion based on the Fisher information matrix for a uniform
splitting ratio

s fn(wNM T M(1—fy (1)

N_Mf () M N Myt () £ M (46)

From this we get

fu(W)(N=-1)+1

(N=M)fF )+ 4

)\max(fc_z [\i/nPN 5 jr]) =M
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Comparison with (35) confirms that the influence of partition noise on the mode separability witness
remains present when we consider an optimal measurement. The eigenvalues (47) are plotted in figure 2 as
semi-transparent solid lines.

3.3. Sensitivity advantage offered by mode entanglement

Let us now compare local MS and nonlocal ME strategies for the estimation of an arbitrary linear
combination of parameters n’@. From the results found above, we conclude that—independently of the
presence of partition noise—an optimally designed nonlocal strategy can lead to a quantum gain that
coincides with the single-parameter spin squeezing coefficient of the initial spin ensemble before
splitting, i.e.

§I%/IE,opt = nT£-2 [ﬁME,opters]n = 52 [ﬁajrvjs] . (48)

For a given linear combination characterized by the coefficients n, this sensitivity is achieved by the optimal
nonlocal state PuE,opts which is prepared by splitting the maximally squeezed (i.e. the state minimizing
€%(p,Jr,Js)) spin ensemble in the state 5 with a splitting ratio py = n? and then applying local 7-rotations in
all modes with negative . This procedure ensures that the eigenvector corresponding to the minimal
eigenvalue of the resulting squeezing matrix is aligned with n. Therefore, the relevant matrix element (48)
achieves its minimum possible value.

To identify the potential advantage of mode entanglement, we compare equation (48) to the quantum
gain of an optimal mode-local squeezing strategy with the same average number of particles in each mode. In
this case, the spin-squeezing matrix is diagonal, and the multiparameter quantum gain is given by the
average of local quantum gains, namely

M
gl%/IS,opt = nT£2 [ﬁMS,opnirajs}n = Z nigz [ﬁkujrk,kajsk,k] . (49)
k=1

The optimal local strategy consists of maximally squeezing each local spin ensemble, i.e. up to the minimum
of the local squeezing coefficient £ [ﬁk,]rk,k,]sk, %)> respectively.

An advantage of mode entanglement for the estimation of n’@ is indicated when the ratio of the
respective optimized quantum gains is larger than one, i.e. when

2
Sus.opt > 1. (50)

2
gMEppt

For large number of particles N, the scaling of this figure of merit can be determined analytically. The
single-parameter spin squeezing coefficient for N particles at the optimal squeezing time behaves
asymptotically as [29, 57]

Wi

TeJ %N’§ (N>1). (51)

Since the optimal ME strategy allows us to make use of the collective squeezing of all particles, we obtain

2
& opt = N 3, whereas in each local mode we only have piN particles. We now focus on the case of the

estimation of an equally weighted linear combination of parameters, i.e. |n;| = 1/v/M. The optimal splitting
ratio for the nonlocal strategy in this case is also an equally weighted distribution of N/M atoms among all

P 2 >
modes. Thus each local spin squeezing parameter yields &, Jy, k. )5, .k] = 5 (N/M)~5. Consequently the
additional gain provided by mode entanglement is given by

2
gMS,opt _ MZ/S. (52)

2
gME,opt

The behavior of the quantum gain at numerically determined optimal squeezing times are compared to the
analytical prediction equation (52) in figure 3. Condition (50) is fulfilled for arbitrary values of N and M,
demonstrating the increased quantum gain that is offered by ME strategies. We further observe how the
asymptotic prediction (52), which is shown as red dashed line in both panels, is approached with
increasing N.

The scaling of the quantum enhancement expressed in equation (52) is limited by the maximal squeezing
that can be generated on a system of N spin-1/2 particles [29]. In spin systems, this scaling can be improved
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Figure 3. Advantage of mode entanglement. Top panel: ratio of local and nonlocal gain over the multiparameter shot-noise limit

2
M for an equally weighted linear combination of parameters as a function of the number of modes M and different values of
ME  opt

N. For the preparation of the optimal nonlocal probe state, the BEC is split equally into M modes after a squeezing evolution up
to maximum squeezing. The local strategy consists of optimal local squeezing evolutions of individual BECs whose particle
number N/M coincides with the average particle number in each mode of the nonlocal state. The red dashed line represents the
analytical prediction (52) for N — oo. We plot N =100 (blue), N = 10* (orange) and N = 10° (green). Bottom panel: Same
ratios as before as a function of the total atom number N, for splitting into M = 2 (blue), M = 3 (orange), M = 4 (green) modes.
The red dashed line represents the analytical prediction (52) for N — oo.

through the measurement of nonlinear observables [58, 59]. In contrast, in continuous-variable systems,
squeezing can become arbitrarily large since the phase space is unbounded. This allows for quantum gains
from squeezing of the order of M [11, 33].

4. Split Dicke states

In the previous section we focused on applications with squeezed spin states that are well characterized by
averages and variances of collective spin observables. This formalism is, however, no longer suitable for
non-Gaussian spin states, such as Dicke states (see figure 4) that can also be generated experimentally in
BECs [60, 61]. For single-parameter measurements, the Wineland spin-squeezing coefficient has been
generalized also to nonlinear measurements to account for the fluctuations of non-Gaussian states [55, 59].
In section 4.1, we show how generalized squeezing matrices can be constructed from more general local
measurement observables, beyond collective spin components. Then, in section 4.2.2, we apply this concept
to split Dicke states. We observe that, in contrast to the case of Gaussian squeezed states, local measurements
(even of nonlinear operators) are no longer able to capture the state’s full multiparameter sensitivity due to
the nonlinearity of the optimal observables.

4.1. Spin-squeezing matrices from nonlinear measurements
In order to generalize the construction of the spin-squeezing matrix and its variants, we consider the
measurement of a vector of local observables X = (X, 1, . .,Xs,,, m)T. Here, the observables Xs, k may
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— —_—

Figure 4. Split twin-Fock state. Wigner function of a split twin-Fock state with partition noise in M = 2 modes, represented on a
generalized Bloch sphere of N qubits. The local states after splitting are obtained from the partial trace over the respective other
subsystem.

contain higher-order moments of the local collective angular moment observables in the mode k. The value
of the phases 6, imprinted as before by a set of local collective spin operators J;, is estimated from the average
results using the method of moments [33]. We obtain in the central limit (7 > 1 repeated measurements) a
multiparameter sensitivity of

2 = (M[pJe X)) 7 (53)

where the moment matrix for such a nonlinear measurement is described as

M[p.Jr,Xs] = Clp,Je. XJ [, X] 7' C[p, I X, (54)
Since the separability limits are derived from generally valid upper sensitivity limits that depend only on

the generators but not on the measurement observables, we can define the squeezing matrix, in direct
analogy to the approach presented in section 2.1, as

VN COV( s, k> St,l)ﬁ
i

(SrASS S _%7,0 sok) (U1 X ) 5

(55)

and all PS states p must satisfy [33]

E1p,Je Xs] = 1, (56)

which is equivalent to shot-noise-limited multiparameter sensitivities.
Following an analogous procedure as in section 2.2, we define the mode-separability squeezing matrix as

4(ATey 1) 5 (ATey1) 5Cov (X Xy 1) 5

(€[5, Xs))u = — e X b)) 5 Ut Xt 5

(57)

i.e. any mode k-producible state ) must satisfy

~2

PSS 1

These definitions hold for arbitrary choices of the local measurement observables X;. Notice also that the
definitions (14) and (21) based on the quantum Fisher matrix are unaffected by this generalization, since
they are already independent of the chosen measurement observables by virtue of a systematic optimization.

4.2. Split Dicke states

The highly sensitive features of Dicke states [60] can be efficiently captured by a nonlinear spin measurement
up to second order. In the following section 4.2.1 we identify the optimal second-order observable for
arbitrary single-mode Dicke states. In section 4.2.2 we explore the potential of local measurements of this
observable for multiparameter metrology with a split Dicke state and identify the limitations of local
measurement strategies for multiparameter quantum metrology with non-Gaussian states that contain mode
entanglement.
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4.2.1. Single-mode Dicke states

To identify an optimal second-order measurement observable, we first focus on the estimation of a single
parameter using a single-mode Dicke state. Generally, for any set of accessible observables A, the maximally
achievable sensitivity for estimations of an angle imprinted by the generator H, = r - H using the method of
moments is given by r"M[p, H, A]r where [55]

M[j,H,A] = C[5,H,A]T'[5,A] " C[p,H,A]", (59)

and the optimal linear combination within this operator family A achieving this sensitivity is determined as
Xs =s- X with [55]

s=aC[p,H,A]T[,A] " 'r, (60)

and « € R is an arbitrary constant.

To capture the nonlinear features of a Dicke state in mode k, we add to the set of 3 linear measurement
observables J all symmetrized operators of second order, i.e. {Jo.x,/5.4}/2 with a, 8 € {x,7,2z}. We obtain a
family of nine operators that can be used to express arbitrary spin observables of second order. We note that
symmetrized second-order operators can be extracted by measuring expectation values of (J, x + J..x)? E k

and 2, using {Jek, Jok} = ek +Jek)? = P — e
For the Dicke state |j, m) with J, 1[j, m) = ml|j, m), considering the family of 9 observables up to second

order Ay and 3 first-order generators Jy, it is straightforward to verify that the commutator matrix C[p, Jx, Xy]
is zero everywhere except for

—i Uxak’j%k} >\j,m> =m,
2 P PSS |
_1< |:]x; E {Iy,kv]z,k}:| > > = _E(](]"‘ 1) — sz)’
j,m

_i<|:7yvl{jx,kvjz,k}:|> = 1(](]—"_1)_3’“2) (61)
2 o) 2

This means that we can limit our attention to the family of measurement observables

X; = (jx,k,j%k, %{jx k,L,k}, %{j%k,jz, «})T. The symmetry of the Dicke states around the z axis further allow us
to focus only on rotations generated by ]x’ « and 7%;(. Restricting to the set X, furthermore removes the
singularity of the full 9 x 9 covariance matrix I'[|j, m), A¢], and we obtain (see appendix E for details)

M [l () & =200+ - (62
]y,k
Due to the symmetry of Dicke states (see figure 4), the sensitivity 2(j(j+ 1) — m?) is independent of the

rotation axis ry = (k. 7.k, 0)T in the xy-plane. This sensitivity indeed coincides with the quantum Fisher
information matrix of Dicke states

Fo lim. (74)] =26iti+ ) - e ()

thus demonstrating the optimality of the considered measurements. The optimal observable, however,
depends on ry and reads

1 . - A 1 . . o
Kopt,k = Tx,k (2{]y,k;]z,k} - mfy,k> + 1k (2{Ix,k;]z,k} - m]x,k) . (64)

4.2.2. Split Dicke states

We now try to extend these ideas to a multiparameter sensing protocol based on split multimode Dicke
states, where in each mode k, an optimal local observable is measured, in analogy to the strategy discussed
above for split squeezed states. We therefore suppose that each local parameter 6y, is estimated from the
measurement results of the observable Xsk’k = s - X; with s = (—mry g, =My, Ty ko rx’k)T chosen to match
the optimal local measurement observable (64). The rotations are locally generated by J;, x around the axis
Iy = (T’X’]<7 Tyyk,O)T.
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Figure 5. Sensitivity for Dicke states split into two modes. For N = 100 we show the minimal eigenvalue of the spin-squeezing
matrix (55) as a function of the splitting ratio p, and for different m. Horizontal dashed lines correspond to the values expected
for the sensitivity of a Dicke state before splitting, which cannot be reached by applying this local, nonlinear measurement
strategy to a split Dicke state.

In the following we focus on the relevant case of split Dicke states |j, m) in the presence of partition noise
[30, 49], i.e. splitting is created by a beam splitter operation on the spatial modes with probabilities py, p,, . . .,
leading to the state

=3 3 33 <£’1> (NZ;zNI)\/<IZ1) (I]f)

k1=0k,=0

from which we define \iljmpN = [W(j,m))pn (¥ (j,m)|py- The full analytical expressions for the elements of
the relevant covariances and commutators are given in the appendix F. These allow for a straightforward
construction of the spin-squeezing matrices (55) and (57), whose full expressions are rather lengthy and we
therefore omit them here. In figure 5, the minimal eigenvalue of the squeezing matrix (55) is plotted for
two-mode split Dicke states as a function of the splitting ratio p : 1 — p for different values of m.

To compare with the sensitivity that is accessible by an optimal measurement strategy, we employ, as
before, the full optimized expression (14). We obtain

2 2

X2 W] =W 4 1, (65)
withj = N/2 and v = {,/p1,/P2,-..}. We obtain
s - i(j+1)—m?
/\max(X Z[qjj,m,PNJr]) ](]].)7 (66)

which indeed coincides with the quantum Fisher information of the Dicke state before splitting for arbitrary
rotations in the xy-plane (63), normalized by the shot-noise level N = 2j. The resulting sensitivity is shown
for comparison in figure 5 as dashed lines.

Similarly, we may analyze the mode entanglement using the matrix (57) and its optimized version (21).
The latter can be compactly expressed as

Xﬁz[@j,m,PN,jr] = (= m*)uu’ +F, (67)

where u is a vector and F a diagonal matrix with entries

Dk
U=, ————, (68)
(j* — m?)px+j
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Figure 6. Mode entanglement of split Dicke states. We plot the inverse of equation (70) as a function of the number of modes M
into which the initial Dicke state |j, m) is split for different m and a total number of N = 100 atoms. When the mode
entanglement limits 1/k (gray lines) are crossed from above, genuine (k + 1)-partite is detected.

J

Fp=—7F—-"—"—. (69)

(= m?)px+j

We obtain in the case of uniform splitting ratio, i.e. py = 1/M for all k that
DS < i(j+1)—m?
)\max(X Z[Wj,m,PNalr]) - ](]2# (70)
T

In the limit of an infinite number of modes, we obtain again that

lim )\max (X_z [\ijj,m,PN 5 jr]) - Amalx (sz [\i’j,m,PN; jr] ) 5 (7 1)

M—o0

which is given in equation (66). The mode entanglement detected by the criterion (20) from the quantum
Fisher matrix is shown in figure 6. However, for the chosen local measurement observables, the
spin-squeezing matrix (57) is unable to reveal mode entanglement of split Dicke states.

Summarizing the findings of this section, we note that if optimal measurements are available, the highly
sensitive Dicke states can be converted into an equally sensitive resource for multiparameter estimation
through splitting into several spatial modes. Moreover, the splitting generates entanglement among large
numbers of modes, which can be detected using metrological entanglement criteria.

Implementing an optimal measurement for spatially distributed non-Gaussian entangled states is,
however, more challenging than in the case of Gaussian states. The reason is that the sum of local observables
does not correspond to the global optimal observable unless it is linear. Hence, the squeezing matrix of split
Dicke states obtained from local, nonlinear measurements describes a multiparameter sensitivity that
remains considerably below the ultimate quantum limit. Yet, since the state is pure and the parameters are
encoded locally with commuting generators, there exists another measurement strategy that attains the
sensitivity described by the quantum Fisher matrix [22, 23].

5. Application: nonlocal sensing of a magnetic field gradient

An application of practical interest is the estimation of magnetic field gradients [62, 63]. Here, we use our

results to analyze the sensitivity that can be achieved for this task using split BECs in nonclassical spin states.
In particular, we consider the case of a spin-squeezed BEC split into two modes [24] for the estimation of the
difference of the magnetic field strength in two spatial positions. In each mode, the local magnetic field leads
to a rotation of the spin state due to the Zeeman effect, yielding a parameter-imprinting evolution described
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- Q

f)

Figure 7. Experimental protocol for sensing a gradient with a split spin-squeezed state. Nonclassical correlations are created by
exposing a coherent spin state (a) to a nonlinear evolution, leading after a short time to a squeezed spin state (b). Splitting the
external degree of freedom into two modes creates a split squeezed state. For the splitting, the state’s fluctuations are aligned along
the z axis by suitable rotations in order to minimize phase noise (c). To prepare for the Ramsey protocol, the states are rotated
such that subsequent phase rotation around the z axis displace the state along its squeezed spin component (d). Moreover, for the
estimation of a gradient the second system is rotated 180° around its mean-spin direction x. In the presence of a gradient, the two
local spin states experience different rotation angles (e). A final 7 /2-pulse around x closes the Ramsey sequence and allows us to
estimate the phases from measurements of the relative populations (i.e. the spin z-components) in each mode (f).

by (2), where 6; depends on the local magnetic field strength and where the direction r can be manipulated
by suitable local rotations of the spin state. In the following, we assume that the state is oriented such that the
effective rotation axis ry corresponds to the local axes of maximal sensitivity that were discussed in sections 3
and 4.

We focus on an estimation of the parameter difference 6, — 65, where 6; corresponds to the spin
precession angle at site i € {A, B}. The angle difference contains information about the magnetic field
difference, and therefore its gradient. In order to assess the role of the mode entanglement for achieving this
measurement sensitivity, we compare our protocol to a local strategy consisting of using the same local states
without correlations between the modes. We note that, for the sake of experimental feasibility, we consider a
realistic, finite, and fixed amount of squeezing, in contrast to our theoretical analysis of section 3.3, where the

17



10P Publishing

New J. Phys. 25 (2023) 073006 M Fadel et al

squeezing of global and local strategies was independently optimized to determine the ultimate limits of each
strategy.

As a concrete example, we consider a ¥ Rb BEC of N = 1000 atoms that through OAT dynamics is
prepared in a £ = —10dB spin-squeezed state of the two hyperfine states |F = 1,mp = —1) and
|F =2,mp = 1), figures 7(a) and (b). By controlling the external trapping potential it is possible to distribute
the particles into spatially separated modes [64], figure 7(c), which creates the split-squeezed state
considered above in the presence of partition noise. During this operation the state can be oriented
horizontally (figure 7(c)), so that the squeezed quadrature is less affected by phase noise [65]. To make a
quantitative prediction for the sensitivity, we assume an equal splitting of the atoms into two modes
separated by d = 50 um, which is at least a factor 10 larger than the BEC wavefunction size for typical
trapping frequencies [24, 64]. The advantage of using BECs for sensing is the fact that they are extremely
localized ensembles, allowing to probe small volumes of space.

The interferometric (Ramsey) protocol begins with orienting the states vertically, figure 7(d), to
maximize the sensitivity to local phase imprinting. In section 3.1 we have seen that, in order to prepare an
optimal state for the measurement of the phase difference, it is now convenient to rotate system B’s local spin
state by 180° around the x-axis (the mean-spin direction), in order to reverse the sign of the covariance
Cov(Jsy.4,Js5.8) 5 of the local measurement observables between the two modes. The consequence of this
rotation to the spin-squeezing matrix (9) is that the off-diagonal elements acquire a minus sign, while the
rest of the elements is unchanged. This maps the linear combination of maximal sensitivity from
(04 +05)/\/2 to (04 — 05) /+/2, which is of interest here.

In the presence of a field gradient, the two local states will acquire a different rotation angle depending on
their position, see figure 7(e). The interferometic protocol is terminated with a 7 /2-pulse around the x axis,
figure 7(f) which allows to access the local phases by measuring the local population imbalances.

This protocol makes optimal use of the mode entanglement and leads to a sensitivity enhancement that
coincides with the squeezing of the atomic ensemble before the splitting (see section 3), assuming that the
splitting process does not introduce additional sources of noise. Since the spin-squeezing matrix quantifies
the quantum gain over the shot-noise limit, we obtain the absolute sensitivity by appropriate multiplication
with the shot-noise sensitivity, see section 2. For the specific case discussed here, we obtain an uncertainty for
the phase difference of A((64 — 03)/v/2) = &/+/Nx =~ 4.5mrad. Note that the phase uncertainty is related to
spin squeezing via the shot-noise sensitivity, which, according to equation (6), in multiparameter
measurements scales with the local number of atoms. This explains the factor N, rather than the total
number N that would describe the shot-noise limit for a single parameter measured by all N atoms.

The contribution of the mode entanglement can be revealed by treating the two BECs as independent
ensembles for comparison. To this end, we study the properties of a reference state ps ® pg that has been
prepared as the product of the two reduced states of modes A and B, respectively. Each subsystem consists of
N4 = Np = 500 atoms, and the local Wineland spin-squeezing coefficient £ = £ = —2.56dB is limited by
partition noise and coincides for both modes. The squeezing matrix reads £*[5* @ p%,J;,Js] = €21,. The
degeneracy of this matrix implies that the sensitivity gain is the same for arbitrary normalized linear
combinations n?@ = 1,0, + ndp of the two local phases 6,4 and @5 for this local state and reads
n €[ @ p8,Jr,JsJn = €2, whenever n3 + n = 1 (the gradient estimation considered here corresponds to
na=-ng=1/ \ﬁ) Renormalizing the sensitivity gain, as before, with respect to the shot-noise limit, we
obtain a sensitivity of A((64 — 03)/v/2) = €4/+/Na ~ 25mrad. Therefore, we can conclude that in the
scenario considered, mode entanglement between the two BECs allows for a 6-fold enhancement in
sensitivity. Recently, this protocol has been implemented experimentally in [31].

6. Conclusions

The spin-squeezing matrix provides a practical approach for describing the potential quantum gain that is
offered by nonclassical spin states in multiparameter quantum metrology. Spin squeezing is especially
convenient for the characterization of the metrological sensitivity of states that are approximately Gaussian
since in this case, only first and second moments of collective spin operators need to be considered. We have
provided exact analytical expressions for the spin-squeezing matrices of nonclassical spin states that are
relevant in current experiments with cold and ultra-cold atomic ensembles. The spin-squeezing matrix of
spatially split spin-squeezed ensembles are given in equation (25) in the case of probabilistic splitting that
leads to partition noise, and in equation (38) for deterministic splitting without partition noise.

The spin-squeezing matrix contains the full information about sensitivity enhancements for arbitrary
linear combinations of parameters. The maximal enhancement, referred to as the collective squeezing, is then
reflected by the minimal eigenvalue of this matrix. We have outlined optimal state preparation strategies
based on adjustments of the splitting ratio and local spin rotations that allow us to align the direction of the
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collective squeezing with the vector that defines the linear combination of parameters of interest. Such a
strategy thus makes optimal use of the split squeezed spin ensemble to maximize the quantum gain for
distributed sensing.

For split squeezed spin ensembles, the collective squeezing coincides with the total squeezing of the spin
ensemble before the splitting—independently of the presence of partition noise in the splitting process, see
equations (26) and (39), respectively. For comparison, we also determined the quantum Fisher matrix,
equations (28) and (41), which is known to capture the full metrological potential of a quantum state. In
direct analogy to known results from single-parameter estimation [6], this comparison reveals that the local
measurement strategy we propose is optimal as long as the state is Gaussian, i.e. for small squeezing times.

Moreover, we have introduced a way to detect and put quantitative bounds on multimode entanglement
directly from information about multiparameter squeezing. This experimentally practical method efficiently
detects genuine multimode entanglement of split squeezed ensembles; see equation (18) for the general
definition and equations (30) and (42) for analytical expressions of split squeezed ensembles with and
without partition noise, respectively. Comparison with more powerful criteria based on the quantum Fisher
information matrix in equations (34) and (46) assess the quality of the Gaussian approximation. Finally, we
have studied the performance of these states for gradient sensing with realistic experimental parameters, and
illustrated the metrological advantage provided by mode entanglement.

Our results outline concrete strategies for harnessing the nonclassical features of spatially split squeezed
states for quantum-enhanced multiparameter measurements in an optimal way. These results provide
relevant guidance for ongoing experiments with BECs and cold atoms. In future works, it would be
interesting to investigate how the spin-squeezing matrix could give a quantification of entanglement through
a connection with entanglement monotones [48, 66], and the metrological advantage provided by
correlations stronger than entanglement [67-70].
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Appendix A. k-producibility bound

In this appendix we prove the bound (19). The result follows from

M M
FQ lﬁk—prodazgi] < 4kZ(AHi)27 (Al)

i=1 i=1

which holds for any k-producible state pi_proq for arbitrary local observables H;in the modesi = 1,..., M.
Here, Fg[p, H] is the quantum Fisher information, which expresses the sensitivity of the state j to unitary
transformations generated by H [6].

Proof. We break the proofinto several stages. Firstly, we find the maximal quantum Fisher information allow-
ing for any amount of entanglement between M subsystems. Consider an arbitrary set of local observables
H = (H,,...,Hy)". First note that Fo[p, Y0 H] < 4(AY M H;)}, and then

M 2 M
(AZH,) = ZCOV(H,‘J‘I]‘)[,
i=1 p  Bj=l
M
< D (AH)H(AH),
ij=1

= (Z(AH,») f,> , (A2)

where the inequality follows from Cov(I:Ii,I:I]-)% < (AI:Ii)zﬁ(AI:Ij)zﬁ. The Cauchy-Schwarz inequality implies
(S50 (AH:) /M < YL (A /M, s0

2 M

M
<AM*) %(Aﬁ)g =4M) (AH);. (A3)
i=1

i=1

M M
Fq [@ZFL} <4 (AZE)
i=1 i=1

b

Next, take any product state p = p1 ® p,, in which p; and p, exist on M and M ' subsystems, respectively. Then
additivity of the quantum Fisher information, followed by (A3), gives

M+M’ M M+M’
Fo |p1®ps, Y Hi| =Fq [PEZH:‘ +Fq |po, Y, Hi
i=1 i=1 i=M+1
M M+M’
<AMD (AH)Z+4M' Y (AH)}
i=1 i=M+1
M+M’
<4max{M,M'} Y (AH). (A4)

i=1

It follows straightforwardly that, if we divide M subsystems into b blocks whose size is each no greater than k,
then any product state p = ®Z:1 Do With respect to this structure satisfies

M

b M
Fo [@ﬁa,zﬁi] <4k (AH) (A5)
a=1 i=1

1=1

Finally, a k-producible state py_proq is by definition a mixture of such product states p), each of which has
entangled blocks of size no greater than k but may have different partition structures. Convexity of the quantum
Fisher information and concavity of the variance then implies

M M
Fq [ﬁkprodazﬂi‘| < ZPJ’Fq [ﬁ(j)’z Ai}

im1 j
< 4kZPjZ(AHi)fs(j)
TS

20



10P Publishing

New J. Phys. 25 (2023) 073006 M Fadel et al

<4k (AH), (A6)

using (A5) in the second line. O

Now consider a linear combination of local observables H,, = nTH = Ef\il n;H;. Using
Fqlp, Ha) = nTFq[p, H]n, where Fo[p, H] is the quantum Fisher matrix [14] we can rewrite (A1) as

n"Fo[ Pk prod, HIn < 4kn"diag((AHY)}, ..., (AHM)5,  )n. (A7)

Pk—prod

This statement holds for arbitrary n and can therefore be stated as a matrix inequality

Folpr—proa, H] < 4kdiag((AH)3, oo (AHM), ) (A8)
Moreover, the moment matrix represents a lower bound on the quantum Fisher matrix [33], i.e.
M|[p,H,X] < Fq[p,H] for arbitrary states p and sets of local observables H,X. Consequently, the upper
bound (A8) also applies to the moment matrix of k-producible states, and formulating in terms of local spin
observables leads to

M[[Skfprodjr; js] < 4kdiag((Ajn,1)%k7pmda [EE) (Aer,M)%kﬂ,md)- (A9)

From this we can derive the limit on the mode-separability spin-squeezing matrix (18) following analogous
steps as for the derivation of equations (8) and (17). We finally obtain the result (19).

Appendix B. Split spin-squeezed state, with partition noise

We consider the state |¥(1)) = e~* 2/|N/2), that is generated from the OAT dynamics. By applying a spatial
beam-splitter transformation, the correlated spins are distributed into M modes with a ratio determined by
the probability distribution py, ..., pum, so that on average we find Ny = piN particles in mode k. For any
modes 1 < k,I < M and local collective angular momentum observables u = (i, 1, u,)T and

v = (Vy,¥,v;)", we obtain the expectation values

- N A N-1
(Ju) = pi txcos (5) , (B1)
. - N—2
<(]u7k)2> :pkg +piw ((ufC + uf,) + (12 — uf,) cos (/QL)N*2 + 4uyu; cos (%) sin (/;)) ,  (B2)
. N(N—1 ~ N—2
(Juv) = Pkpli( 3 ) <(uxVx +uyvy) + (v — 1,vy) COS (N + 2(uyv, + uvy) cos (%) sin (Z)) }
(B3)

These expressions provide all the necessary information to determine the matrices discussed in section 3.1.
We observe that in each mode, the resulting state is polarized along the x, and it shows along a squeezing
direction s = (0, —sin(#;),cos(6;))” on the zy-plane a smaller variance than the spin-coherent state,
originating from the entanglement created by the nonlinear evolution. The angle §; is found analytically by
diagonalizing the covariance matrix to be

(B4)

1 4sin(4) cosN2(&
Gs—zarctan< (%) (2)> ,

1 —cosN=2(p)

and it represents the angle measured counterclockwise from the y-axis to the direction with maximal
variance, i.e. the anti-squeezing direction r = (0,cos(f;),sin(6;)). Interestingly, this angle is the same for all
modes, i.e. it does not depend on the mode index k. It is easy to check that the local squeezing direction
coincides with the squeezing direction for the state before splitting. This is expected from the fact that the
beam-splitter transformation does not act on the internal degrees of freedom, i.e. it does not rotate the spin
state.
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Appendix C. Split spin-squeezed state, without partition noise

We consider here the same OAT state |¥(11)) defined in appendix B, but followed by a splitting dynamics that
does not result in partition noise. This can be realized by optical lattices, where the number of particles per
site can be controlled deterministically. Let N = N4 + N + ... be the total number of particles before the
splitting, we obtain the expectation values

N LA N-1
<]u7k> =~ #xC08 (E) (C1)

N N, N;
<(Iu,k)2> = Zkuz + ?k

x ((Nk 1)+ 12) + (Ne— 1) ((ug — 1) cos (1) + duu, cos (g)N_2 sin (“))) ,

and

o NN, 3 N-2
<]u7;Jv,l> = % ((uxvx + uyvy) + (v — 1,vy) COS (M)N 2y 2(uyv; + uzvy) cos (g) sin (,u)) . (C3)

2
These results allow us to calculate all the quantities that are discussed in section 3.2. Moreover, the optimal
squeezing angle is independent of the presence of partition noise, and thus coincides with equation (B4).

Appendix D. Split Dicke state, with partition noise

Besides OAT states, Dicke states are also routinely prepared in cold atom experiments, and used for
metrological tasks. Consider here a Dicke state |j, m) that is split into M different modes by the beam splitter
transformation introduced in appendix B. Given the vectors u = (uy, uy, u.), v = (vx, vy, v;), and

m = —j,...,J, we obtain the expectation values

<ju,k> = pxmiu,, (Dl)
(Oar?) =B (G + 07 = mp) a2+ ) + G — e+ 20 p)a) (D2)
and
7 j—m 2
<]u,k]v,l> - 5 PkPl (leVx + uyVy) + <m - 2> PkPleVz~ (D3)

Appendix E. Single-mode Dicke state, covariances and commutators

In order to compute spin squeezing matrices, we need the covariance and commutator matrix associated to a
set of measurement operators. Here we consider a Dicke state |j,m) in a single mode, and the basis of
nonlinear operators

H: (jxaj)”jza {jx,jz} /27 {j}ﬁjy} /27 {jxajz} /277)20])2/77,5) N (El)
The elements of the relevant covariance matrix read:
A A A A 1
COVUxe) = COV(]y,]y) = 5 (](]+ 1) - mZ) , (E2)
Cov(J.,J.) = Cov(Ji, Jjxi) =0, (E3)
COV(},’,ij) = 0, (E4)
Ay A Ay A 1
Cov(J, ) = Cov(Jy.Jy) = g (m?(m* +5) +j(j+ 1) (j(j+1) = 2(m* +1))), (E5)

22



New J. Phys. 25 (2023) 073006 M Fadel et al

Cov(i2.12) = —5 (m* (o +5) +j(j + D(i(j + 1) ~ 20" +1)) (E6)

Covlle (T2} /2) = Covlly, Uy, J2}/2) = ™ (2j(j +1) — (2 1) (E7)

Cov(J2, {j.Ji}/2) =0, (ES)

Cov({JxJ:}/2, {J.J2}/2) = Cov({J,. 2} /2.{)y. )2} /2) = é (i + 1) + (4G +1) = 5)m* —4m*) . (E9)

and
Cov({Je, ), }/2, T 1y }/2) = é (m?(m* +5) +j(i+ 1) (G + 1) — 2(m* +1))). (E10)

For the commutator matrix, we consider only commutators between a linear spin observable, and an
element of the set H. The only non-zero commutators turn out to be

and

= illJx, ()2} /2]) = il U J2}/20) = *%(J’(H 1) —3m?). (E12)

Appendix F. Higher-order moments of split Dicke states with partition noise

We now consider a Dicke state |j, ) split into M modes with partition noise, and the basis of nonlinear
operators

Hi = (Tejes Ty ko Tk } /20 Ty Jok } /2) - (F1)
The only non-zero expectation values of a commutator between j%k and an element of Hy are
(U Ty ) = impy (F2)
Dy O Jea}/2]) = 5 G+ 1) = 3%) pi. (F3)
For the covariance matrix, we obtain the following entries (we only list nonzero elements):
S A A r ..
Cov(Juk,Jxk) = Cov(Jyk, Jyk) = Epk(] + (j* = m®)px), (F4)
N P N A 1 1. :
Cov(Jx s xSz} /2) = CovJy ks {y ks Tk }/2) = Epi <2(2] —)m+m(j* — mz)pk> , (F5)
Cov({Tu ko Joie} /2 U Tk} /2) = Cov({Ty ks o} /2, {yies Jo }/2) = (F6)
= PG 3i = 1) =m* +2(i = 1)(( = V) +m*)pe =20 = m)(j +m)(j —2m* = 1)pf),  (F7)
A A 1 .
Cov(Jek, Jer) = CovllyioJyt) = Spiapi(f* = m?), (F8)
A oA s PO 1 ]
Cov(Jx ks Uyts J21}/2) = Cov(Jy ks Uy, )21} /2) = Epkpzzm(]z —m?), (F9)
XA N PO - 1 :
Cov({Js ko okt /2,e1) = Cov({ly ko ok} /2, ]y0) = S pipim(f* = m?), (F10)

and

COV({jx,sz,k}/za {7,(,1,}2,1}/2) = COV({jy,ka,k}/z’{jy,ljz,l}/z) = _ipiplz(]. —m)(j+m)(j — 2m* — 1).
(F11)
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