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Macroscopic singlet states for gradient magnetometry

Ifiigo Urizar-Lanz,' Philipp Hyllus,' Ifiigo Luis Egusquiza,' Morgan W. Mitchell,>* and Géza Téth!+>"
'Department of Theoretical Physics, University of the Basque Country UPVIEHU, P.O. Box 644, E-48080 Bilbao, Spain
2ICFO-Institut de Ciencies Fotoniques, Mediterranean Technology Park, E-08860 Castelldefels (Barcelona), Spain

3ICREA-Institucié Catalana de Recerca i Estudis Avangats, E-08015 Barcelona, Spain
*IKERBASQUE, Basque Foundation for Science, E-48011 Bilbao, Spain
SWigner Research Centre for Physics, Hungarian Academy of Sciences, P.O. Box 49, H-1525 Budapest, Hungary
(Received 19 April 2013; published 17 July 2013)

We present a method for measuring magnetic field gradients with macroscopic singlet states realized with
ensembles of spin-j particles. While the singlet state is completely insensitive to homogeneous magnetic fields,
the variance of its collective spin components is highly sensitive to field gradients. We compute the dynamics
of this variance analytically for a chain of spins and also for an ensemble of particles with a given density
distribution. We find an upper bound on how precisely the field gradient can be estimated from the measured
data. Based on our calculations, differential magnetometry can be carried out with cold atomic ensembles using
a multipartite singlet state obtained via spin squeezing. On the other hand, comparing the metrological properties
of the experimentally prepared state to that of the ideal singlet can be used as further evidence that a singlet state

has indeed been created.
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I. INTRODUCTION

Realization of large coherent quantum systems is at the
center of attention in quantum experiments with cold atoms
[1,2] and trapped ions [3]. Besides creating large-scale entan-
glement, it is also important to look for quantum information
processing applications of the states created. Recently, a
series of experiments has been carried out with cold atomic
ensembles using spin squeezing [4]. This approach makes
it possible to entangle 10°~10'> atoms with each other by
making them interact with a light field and then measuring
the light, realizing in this way a quantum nondemolition
(QND) measurement of one of the collective spin components
[5,6]. Spin squeezed states are useful for continuous variable
quantum teleportation [7] and magnetometry [8—13]. In these
experiments, the atomic ensembles were almost completely
polarized, which makes it possible to map the quantum state
of these ensembles to the state of bosonic modes [14] and
model, with few variables even, realistic dynamics including
noise [15-18].

A basic scheme for magnetometry with an almost com-
pletely polarized spin squeezed state works as follows. The
total spin of the ensemble is rotated by a magnetic field
perpendicular to it. The larger the field, the larger the rotation,
which allows one to obtain the field strength by measuring a
spin component perpendicular to the mean spin. So far, it looks
as if the mean spin behaves like a clock arm and its position
will tell us the value of the magnetic field exactly. However, at
this point, one has to remember that we have an ensemble of
particles governed by quantum mechanics, and the uncertainty
of the spin component perpendicular to the mean spin is never
zero. Spin squeezing [19-22] can decrease the uncertainty of
one of the perpendicular components and this can be used to
increase the precision of the magnetometry [6].
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Often the interesting quantity is not the absolute strength
of the magnetic field but its gradient, and the effect of
the homogenous field must be suppressed. For example,
the magnetic field of Earth must be suppressed when the
much smaller magnetic field around an electric device or
magnetic structure is measured [23]. The field gradient can
be determined by differential magnetometry, which can be
carried out when two completely polarized atomic ensembles
are used. In fact, the same light beam can pass through the two
atomic ensembles, which can be used both for simultaneous
spin squeezing of the two atomic ensembles and to carry out
the differential measurement [8,9]. In general, singlet states
of two large spins also offer the possibility for differential
magnetometry [24].

It has recently been shown that interesting quantum states
can be obtained even in unpolarized ensembles. In particular,
if the uncertainties of the three collective angular momentum
components are squeezed one after the other, then a multiparti-
cle singlet state can be obtained [25,26]. (For other approaches
creating singlet states of cold atoms, see Refs. [27-29].)
Singlets, as ground states of antiferromagnetic Heisenberg
spin systems, have attracted considerable attention [30-34].
Such states are invariant under the action of homogenous
magnetic fields. On the other hand, a magnetic field gradient
rotates the spins at different locations differently, which leads
to the gradual destruction of the singlet state. During this
process, the variance of the collective spin components is
increasing and this fact can be used to measure the field
gradient. The advantage of this method is that only a single
ensemble is used for differential magnetometry, rather than
two ensembles, which leads to a better resolution and also
eases the experimental requirements of the method. The basic
scheme for differential magnetometry with singlets is depicted
in Fig. 1. (Other methods for measuring the field gradient can
be found, for example, in Refs. [35-39].)

Besides demonstrating the usefulness of multiparticle
singlets for metrology, our findings are interesting also to
make singlets “visible” in an experiment. An insensitivity to
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FIG. 1. (Color online) Multiqubit singlet in a field gradient.
(a) Equidistant chain of N particles. (b) Atomic ensemble with a
Gaussian density profile.

homogenous fields and a growing angular momentum variance
due to a field gradient can be strong evidence that a singlet state
has indeed been created. If we change the sign of the gradient,
then the variances should start to decrease. Such a gradient
echo experiment can be another way to analyze singlets. The
accuracy of the magnetic field gradient measurement achieved
in an experiment can also be compared to our calculations,
and such a comparison could be used as further evidence that
a singlet has been created.

Finally, our calculations are interesting from the theoretical
point of view since we succeed in modeling the quantum
dynamics of large atomic ensembles analytically. This is a
surprise as quantum systems with millions of particles are
typically difficult to model.

While we mainly discuss spin-% particles, the spin squeez-
ing procedure creating singlets and the differential metrology
presented in our paper work also for spin-j particles for
Jj> % This is very important as looking for applications of
ensembles of spin-j particles without restricting the dynamics
to the spin-% subspace is at the center of attention recently
from the point of view of experiments and experimental
proposals [11,25,40-47], and also from the point of view of
spin squeezing entanglement criteria [48—54].

Our paper is organized as follows. In Sec. II, we describe
the multiparticle singlet state of spin—% particles and analyze
its properties. In Sec. III, we calculate the dynamics of the
variance of collective angular momentum components for such
states under a magnetic field gradient for a singlet realized
with a spin chain, shown in Fig. 1(a). We also compute bounds
on the precision of the gradient measurements. In Sec. 1V,
we present calculations for an atomic ensemble with a given
density profile, depicted in Fig. 1(b). In Sec. V, we consider the
case of the singlet state mixed with noise and present results
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for particles with a spin larger than % Finally, we conclude the
article in Sec. VL.

II. Multiparticle singlet states

In this section, we present an efficient description of
multiparticle singlet states of N spin-% particles.

Pure multiparticle singlet states are eigenstates of J; with a
0 eigenvalue for / = x,y,z. Here, the collective operators are
defined as

N
VEDI (1)

n=1
where j; = %’a, with the Pauli spin matrices o; for/ = x,y,z.

Due to this, pure multiparticle singlet states are invariant under
the unitary transformations

U;(0) = exp <—i%9) , )

where the angular momentum component along the 7 direction
is

Ji =nJy+nyJy +n . 3)

Such unitary transformations can be written as Uz (6) = u®",
where u = exp(—,% > nji9).

Mixed multiparticle singlet states are mixtures of pure
multiparticle singlets. Hence, multiparticle singlets give zero
for the expectation values of all moments of all collective
angular momentum components,

(s/") =0, )

where [ = x,y,z and m = 1,2,...,N. Mixed multipartite
singlets are also invariant under the transformations of the
type given by Eq. (2).

In summary, singlet states are the states within the zero
subspace of the Hamiltonian

Hy=«(J]+ ]+ J2), (5)

where k > 0 is a constant. The dimension of this space is
growing rapidly with N [55]. We have to identify the singlet
created in the spin squeezing procedure in this space.

A. Determining the singlet obtained in spin
squeezing experiments

In this section, we determine the multiparticle singlet
created by spin squeezing procedures. Due to symmetries of
the setup, the state created is permutationally invariant. There
are very many multiparticle singlets. We will now show that,
on the other hand, there is a unique permutationally invariant
singlet.

Permutational invariance means that the quantum state o
equals its permutationally invariant part,

N!
1 t
(©)p1 = T E eI, (6)
k=1

where I is a permutation operator and the summation is over
all permutations. The singlet state realized by the squeezing
procedure in an atomic ensemble is permutationally invariant
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for the following reasons. First, it is created starting from the
completely mixed state, which is permutationally invariant.
Second, the measurement-feedback procedure to squeeze the
collective variables involves only collective, not individual,
variables. Hence, the dynamics is completely symmetric under
exchange of particles [25].

Hence, we can state the following.

Observation 1. For a given even number of particles N,
there is a unique permutationally invariant singlet state. It can
be expressed as

Hs
T

s = lim ——— 7
&= Tr(e™T) @

and
Os = (V" )N (V7@ Q¥ (¥ Dpr, 3

where the operation (X)py is defined in Eq. (6) and the two-
particle singlet is

S 1 1 1 1 1 9
| >—%(’+5"z>f"z’+z>)’ ©)

where |+1). are the eigenstates of j.

Proof. First we will show that there is a unique permuta-
tionally invariant singlet state. Such states have the following
properties: (i) they are permutationally invariant and (ii) they
are the eigenstates of J; for I = x,y,z with eigenvalues 0.
All permutationally invariant multiparticle states are uniquely
characterized by the expectation values (A®N—" ® 18"),
where n =0,1,2,...,N —1 and A is a traceless single-
particle operator [56]. Moreover, as discussed before, all
states for which J; = 0 for [ = x,y,z are invariant under the
transformations of the type u®", where u are unitary matrices
acting on a single spin. Since any traceless A can be obtained
from o, by unitaries, such a state can be uniquely characterized
by the N expectation values (0@~ @ 1®"), where n =

0,1,2,...,N — 1. Knowing these expectation values is the
same as knowing the expectation values of the powers J', for
n=1,2,...,N. However, these expectation values are zero

for all singlets, as can be seen in Eq. (4). Thus, there is a single
permutationally invariant singlet state, and Eqgs. (7) and (8) are
indeed equal [57]. ]

Let us interpret first the Eq. (7) formula. It denotes a
state that is a completely mixed state within the Y_,(J?) =0
subspace. It can also be written as

do
1
0= = > 10.0.)(0.0.al. 10y
0 o=1

where |, j.,«) denotes a state for which ), le|j,jz,a) =
JG + Dljsjzse). L j, joo) = jzlj.jz.), o is used to label
the degenerate eigenstates, and dj is the degeneracy of the
Jj = j. = 0 eigenstate [55].

An alternative expression for the permutationally invariant
singlet is given in Eq. (8). It shows that the multiparticle
singlet is an equal mixture of all tensor products of two-particle
singlets [58]. One can even find that for an even N, the number
of different permutations of such a singlet chain is [59]

FINY=(N=DN=(N—=1DN=3)(N=5)---. (1)
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This fact has very important consequences for modeling
quantum systems in such a state. While storing the density
matrix for a general quantum state of many particles is
impossible, storing a representation of a product state or
a state that is a product of few-particle units can be done
efficiently. In the next sections, we will explain how to compute
quantum dynamics starting from the permutationally invariant
multiparticle singlet state.

B. Calculating the reduced states of the singlet

In this section, we will calculate 0'*,01%, and o153, which

are, respectively, the reduced one-particle, two-particle, and
four-particle density matrices of the singlet state o. Later, this
will be needed when computing the time evolution of certain
operators for the singlet state.

We have to start from the decomposition given by Eq. (8).
From that, we obtain the form

Py = (k + BV (W5 ® [Wi,) (Wi
+yI¥5R) (W, ® 3 + permutations),  (12)

where the second term has altogether three different permu-
tations, while the third term has six different permutations
[including those appearing in Eq. (12)]. The term multiplied
by B is obtained when the particles 1 to 4 are in a product
of two singlet states. The number of times that this special
order is reached is given by the number of ways to distribute
the remaining (N — 4) particles in (N — 4)/2 pairs, that is,
(N —4 — D! This has to be divided by the number of all
distributions, that is, (N — 1)!!. Hence, we obtain

(N—-4-D! 1
(N=DI' — (N—D(N=3)

The term multiplied by y is obtained when the particles 1
and 2 are in a singlet state, but particles 3 and 4 are not. As
above, the number of times the remaining N — 2 particles can
be distributed in pairs is (N — 2 — 1)!!. However, we have to
subtract here the number of distributions where particles 3 and
4 are in a singlet state as well, that is, (N — 4 — 1)!!, as shown
above. Again, we have to divide this by the total number of
distributions, (N — 1)!!, arriving at

N =2-DIt (N—-4-D!

(N =D (N — D!

_ 1 1

S WN-D (N-DWN=3)

Finally, for the coefficient of the completely mixed component,
we have

ﬂ:

13)

(14)

a=1-38—06y. (15)

This occurs when all four particles are in a singlet state with
particles outside this set.

The two-spin reduced density matrix can be obtained from
Eq. (12) by tracing out particles 3 and 4 as

P = Trsa(pishs) = PV (Wl + (1 — pod,  (16)

where

1

= - 17
P=Bty =1 (17)
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which can also be obtained from combinatorial calculations
similar to the ones carried out for g as (N — 3)!!/(N — D!
Finally, this leads to the trivial single-spin reduced state

1

red
= . 18
P 3 (18)

III. Gradient magnetometry with a multiparticle spin chain

In this section, we consider N spin-% particles in a
permutationally invariant singlet state of Eq. (8), where the
particles are confined to a one-dimensional array. This could
be prepared, for instance, with a Bose-Einstein condensate
in an optical lattice driven to the so-called Mott-insulator
state [60,61].

We will calculate the effect of the magnetic field gradient on
the singlet. In particular, we will calculate how the variance of
the collective angular momentum components increases with
the application of the field gradient. We will also calculate how
precisely the field gradient can be estimated from the measured
data.

In our calculations, we consider a one-dimensional array
along the z direction, such that the positions of the particles
are given by

(X0, Yn,2n) = (O,O,Zﬁ), (19)
wheren = 1,2, ..., N. A particular example is the equidistant
chain where

z2o° = (n— 1d + zo, (20)

d is the distance between the particles, and z is an offset. This
situation is depicted in Fig. 1. We collect the positions on the
z axis in the vector Z J.

We can write the field at the atoms, situated along x =y =0,
as

B(0,0,z) = By + zB; + 0(z%), (21)

where we will neglect the terms of order two or higher. We
will consider By = By(0,0,1) and B; = B;(0,0,1). For this
configuration, due to the Maxwell equations, for the case of
no currents or changing electric fields, we have

divB=0, curl B=0.

This implies Zl:x,v,z dB;/dl =0and0B;/0m — 0B, /0l =0
for ! # m. Thus, the spatial derivatives of the field components
are not independent of each other. However, in the case of a
linear chain only, the derivative along the chain has an influence
on the quantum dynamics of the atoms. A similar statement
holds for a quasi-one-dimensional atomic ensemble, which is
typically the case if we consider an elongated trap.

The Hamiltonian corresponding to the effect of a homoge-
nous magnetic field in the z direction is

N
H:=yByy j", (23)

n=1
where y is the gyromagnetic ratio. It gives rise to a time
evolution given in Eq. (2) with 7 = 2, where Z is the unit
vector pointing in the z direction. As we have discussed before,
multiparticle singlets are invariant under the transformations
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of the type given by Eq. (2). On the other hand, the singlet
is not invariant under the quantum dynamics generated by a
magnetic field gradient B, described by the Hamiltonian

N
Ho=yBi Y zj", (24)
n=1

where z; is the position on the z axis of the spin n and B is the
field gradient along the z direction. Introducing a characteristic
length L, the Hamiltonian (24) can be rewritten as

N c
Zn -(n
Hg = wr. ) j<f)1§ ), 25)
n=1

where w; = y B L.

For instance, one may choose L = d in the case of the
equidistant chain described by Eq. (20). Introducing the
normalized Hamiltonian Hj = z—f and

0 = w;t, (26)

the time evolution operator becomes

5]
Us(®) =exp| —1i h Q. (27)

This formalism expresses the fact that our setup measures the
field gradient times the time.

In order to use the singlet for differential magnetometry, we
need to find an observable that changes with ®. We investigate
powers of collective operators J;/" since these are relatively
easy to measure experimentally. It is clear that / = z is not a
good choice because [J,, Hé] = (), so this observable does not
change with ®. Therefore, we start by investigating whether
the first or second moment of J, might be a suitable candidate.

A. Calculating (J,) and (J2)

We compute the dynamics of (J,) and (sz) starting from
a multipartite singlet taking advantage of the fact that it is
the mixture of all the permutations of tensor products of two-
particle singlets, as can be seen in Eq. (8). We will work in
the Heisenberg picture; thus all operators will be given as a
function of ®, while expectation values will be computed for
the initial state o5. Hence the time evolution of the operator J,
is given with the time-dependent single-spin operators as

J(©) =" j"(®). (28)

1. Chain of particles at arbitrary positions

In this part, we will carry out calculations for a chain of
particles at arbitrary positions. In the next part, we will present
results for the equidistant chain.

In the Heisenberg picture, the time dependence of an
operator A is given as

 Hg HG
A@®)=expli 5 O )Aexp| —1i 7 Q). 29)

Hence, for the time dependence of the single-particle operator

Jj, we obtain

J(O) = ¢ j" = s = X, (30)
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where we introduced the notation

z . [z
c,=cos|—® )ands, =sin| —0O ). (€18
L L

The quantities ¢, and s, are the cosine and sine of the phases
picked up by the nth particle. The expectation value of J, is
therefore given by

N _ -(n) -(n) —
(s (©) = D (ealif”) o = sulji) ) =0 (32)
because the single-particle reduced state of the singlet g5 is the
completely mixed state; cf. Eq. (18). Note that the reduced state

o4 is the same for any n since o is permutationally invariant.

In analogy, it can be shown that (Jy)i”’k (®) = 0. Therefore,
a measurement of J; is not suitable for estimating ® for / =
x,y,z. We continue by investigating whether a measurement
of J?2 is useful.

We can write J? in the Heisenberg picture [cf. Egs. (28)
and (29)] as a sum over two variables. Knowing that
(X 81 ) )2 = %, we can write the expectation value of the second
moment of J, as a sum of a constant and two-body correlations
as

zc N
2\2 2 (n1) y(n2)
(12 @) = Zh + § : (x5 Xg )QS- (33)
ny#ny
In the following, we will partly drop the index Zy and

sometimes also ® from (sz)ﬁ”’ (®) when there is no risk of
confusion. Since the singlet state is permutationally invariant,
the correlation term on the right-hand side of Eq. (33) can be

rewritten with the two-particle reduced state of the singlet as

Z <X81)X82)>Q5
ni#ny
= Y =) e~ O
n#m

In Sec. II B, we obtained Qﬁd, the reduced two-spin state of

the singlet [cf. Eq. (16)]. Direct calculation shows that
hZ

CAN -1

where k,l = x,y,z and Jy; is 1 if the two indices are equal,

otherwise it is 0. Substituting Eq. (35) into Eq. (34), we obtain
the sum of the two-body correlations as

(Jk ® ji)grs = Skt (35)

1) 1 (n2 B
; (x&a0x@ >)QS - _mh’ (36)
where
L= (culm + Susm), (37)
n#m
and therefore
(72 @) = N—hz[l - ;12] (38)
xls 4 N(N — 1)

Since this is a nontrivial function of ®, a measurement of J>
can be used to estimate the magnetic field gradient.

Note that Eq. (38) contains a sum over two variables such
that the two variables are not allowed to be equal. For practical
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purposes, it is more useful to rewrite this with independent
sums that require less computational effort as

L= Z(cncm + SpSm) — Z (C,ZL + S,%) = (C2 + Sz —N),

n

(39)

where we define the sums
L s
C= Xn:cos (f@) , S= Xn:sin (f@) ., (40)

and use that ¢2 + s? = 1. A similar subtraction procedure can
be used in a more complicated calculation for the fourth
moment of an angular momentum component below [62].
Inserting Eq. (39) into Eq. (38), we can state the following.
Observation 2. The time dependence of the expectation
value of the second moment of J, starting from a singlet of a
chain of N particles with the z coordinates Z, is given by

i NR?
JNNO) = — 1+ ———
v e =" {1y
where C and S are defined in Eq. (40).
Due to the symmetries of the setup, the dynamics of the
variance of the y component of the angular momentum is the
same as the dynamics of the variance of the x component,

(J7),(©) = (J7)(©), (42)

while (JZZ)S(G) = 0 as mentioned before.

From Sec. II, we know that the singlet at t = 0 is invariant
under the influence of any homogenous magnetic fields. For
t > 0, this is not true any more. However, the singlet evolving
under the influence of Hg given in Eq. (25) still remains
invariant under the transformation U;(0) = exp(—i %9) since
[Hg,J.] = 0. Because of that, (JZZ)S((%) = (0 for all ®.

[N —C? - 52]}, 41)

2. Equidistant chain

For the particular example of the equidistant chain, it is
convenient to rewrite (sz)s using the identity

C

_.C
CnCm + SpSm = COS (% ) , (43)

which, from Eqgs. (38) and (39) and with the z coordinates z;°
given in Eq. (20), leads to

(@)

NR? 1
= (1 “NN—T) {Zcos[(n —m)®] — ND ,

(44)

with the choice L = d.

The variance of J, starts from zero as follows from the
properties of the singlet state. It can also be seen from Eq. (44)
because each of the N? terms in the sum is equal to 1 at
® = 0. Then the variance grows up to around the level of the
completely mixed state (white noise) ZlN,

= —n’% (45)

013626-5



INIGO URIZAR-LANZ et al.

7.2 1.2
6f: 1
4.8 0.8 3
— B : [SVIE§
L\m ¢ : r)
D 3.6} { 0.6
s 1} x
2.4 [\ i\ 0.4
124 3 i o2
O 2 a8
(€]

FIG. 2. (Color online) The dynamics of (/| 3)5 / (JXZ)Wn (solid line)
and (A©); ! (dashed line) as the function of ® for an equidistant
chain of N = 8 particles. The angular momentum variance for the
white noise, (Jf)wn, is defined in Eq. (45).

To be more precise, for even N,

) Ni? 1

(7). ©=m)= 2 [1+N_1}, (46)
which is very close to (sz )wn for large N. The reason for
this is that Zn n COs[(n — m)m] = 0 because when N is even,
the number of terms where n — m is even (such that cos[(n —
m)r] = +1) is equal to the number of terms where n — m
is odd (such that cos[(n — m)m] = —1). At ® =27, (sz)s
returns to 0 because again cos[(n — m)2rw] = 1 for all n and m
since n — m is an integer. Obviously, for the equidistant chain,
(sz)s((a) is a periodic function with a period time

2 2

T = - . @7)
wp=q yBid

If there is not a complete revival, then the particles are not
arranged in an array such that the interparticle distance is
uniform over the chain. This phenomenon can be used to
characterize chains of atoms from the point of view of the
uniformity of the distribution of the atoms.

In Fig. 2, we plot the dynamics of (J?)4(®) for N = 8 spin-
% particles. Note that the increase of (JKZ)S is not monotonic
for ® < m, but, rather, is oscillating. This is due to the fact that
the atoms are arranged in a lattice. In the case of a continuous
density distribution, there is no such oscillation, as will be
shown in Sec. IV.

B. Calculating the precision of estimating ®

From the calculation of (JXZ)S((H)), it is clear that a measure-
ment of sz gives information about ®; hence, it can be used
to estimate an unknown value of ®. In this section, we will
calculate the precision A® of the estimation, for the singlet
state realized with a chain of spins with the z coordinates
Zx undergoing a quantum dynamics due to a magnetic field
gradient.

The finite precision in reconstructing ® comes from the
fact that J?2 can only be measured with some uncertainty. The
precision of the reconstruction of ® based on measuring sz
can be obtained as

, (AT

A®): = , 48
B ) P “
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where (AA)? = (A%) — (A)? for an observable A. In order
to calculate the expression (48), we need to know (sz)s(®),
which we have just obtained, and (J2)(®), which we are
going to calculate now.

Let us consider again the one-dimensional chain of par-
ticles. For this, the Hamiltonian is given in Eq. (25). As in
Sec. III A, we will work again in the Heisenberg picture. The
time evolution of the operator J¢ is

4
Ji©) = [Z jf“(@)} : (49)

The expectation value of this can be rewritten as a sum over
four variables as

U= Y XXX o)
np,na,n3,ny ’

Again, we leave out the indices Zy and © for simplicity at
the moment. We can rewrite Eq. (50) with sums in which the
variables of the summation are not allowed to be equal as

(), = 21X e +3 22 ((X6") (x6™),,
m ny#n;

b4 Y (X8 (x5,

ni#ny

+6 3 (X8 (x67)(x6V)),
#(n1,n2,n3)

+ Z (X(QHI)XSZ)XE-T;})XSU)Q\’ (51)

#(n1,n2,n3,n4)

s

s

where ) G0 denotes summation over the indices j,k,l such
that none of them is equal to another one. Based on Eq. (51)
and by making use of the fact that (X g))z = %hz, we arrive at

(1) = ﬁ[N +3N(N - D]
s 16
3(N =2 D) <2
+h2[1 LAV =2 )] > (x&"xgY),,

>

#(n1,n2,n3,n4)

m#n;

(1) 3 (n2) v (n3) y-(n4)
(XS X5 X5V XGY), -

(52)
The expectation value of the sum of the two-body correlations
is given in Eq. (36). Next, we calculate the expectation values
for the four-body correlations. For that, we use the reduced
four-particle density matrix presented in Eq. (12). For the
reduced four-particle matrix, we obtain

n* 3
<j(1)j(2)j(3)j(4)> e ——
s S e e e T 16 (N — (N — 3)°
n* 3
(1) 5(2) :(3) +(4) ==
<.]y ]y ]y -]y >Q§ezl§4 o 16 (N - 1)(N_3)’ (53)

and
4
( (1) 2(2) -(3) '(4)) - = h_;
01234 16 (N — 1)(N —3)

LRI Iy (54)

The singlet state is invariant under U®" for any local unitary
U.This leads to (j{Vj®j& j®) s = (jVjP P jD) et =

Q123 3
0 [63]. Since the singlet is permﬁfLationally invariant, all the
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expectation values with four-body correlations with j, and
Jy follow. Taking everything into account, we arrive at the
expression

h4

<J4>5 = E{3N2 — 2N —

6N — 8 3 }
) Iy,

N—1 (N —1)(N —3)
(55)

where we defined

Iy = Z [ckcicnem + SkSiSnSm + 2¢kCiSpsSm].  (56)
#(k,l,m,n)

The term I, involves a sum over four variables, which implies
a large computational effort for large systems. Similarly to
what has been done with I, in Eq. (39), we can write 4 as

Iy = Z [ckcicnem + SkSiSuSm + 2¢ckCispsm]l — P (57)

k,,n,m

In P, we will write all the terms that appear in » , , . but
do not appear in » ;.- Let us study the first term of the
right-hand side of Eq. (57). We can rewrite it as

Z [CCICHCm + Sk81SpSm + 2¢kC18u5m] = C* + S* +2C2 S,
k,l,n,m

(58)

where C and S are defined in Eq. (40). Next, we have to
determine P. After determining it, we have to eliminate the
sums containing conditions that multiple indices are unequal
in a similar manner by replacing the sum with another
one without such a condition and subtracting the difference.
Finally, we arrive at an expression with single-index sums only.
Using these results, we obtain the following [62].
Observation 3. The time dependence of the expectation
value of the fourth moment of J,, starting from a singlet of a
chain of N particles with the z coordinates Z,, is given by

4

Ny _ P a2 4 ON -8

(13); (@)_16{31\/ 2N N_ll2
+;1 (59)
(N-DWN-3"]

where I, and I are defined in Eqgs. (37) and (56) and can be
rewritten as

L =Xi,+X5, =N,

L= Xjo+ X, +2X7 0X§, —6X40—6Xo4 — 12X5,
+3X30 4 3X5, +8X30X 10+ 8X03X01 +4X7,
+8X2,1Xo0,1 +8X12X1,0 4+ 2X2,0X02 — 6X20X7,
—6X02X5,— 2X20X5,1 — 2X02X7 o~ 8X1.1X1.0X0.1

(60)

where
N
X =Y ksl (61)
n=1

with ¢, and s, as defined in Eq. (31).
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Alternatively, it is possible to write the term /4 in a more
compact form as [62]

L = N{2(N = 3) —4N(N = 2)| fi(@)]* + N°| fi()I*
+ NI fiQa)* — 2NRe[ fi (@) /i2a)*]}, (62)

where
o 1 . (]
fil@) = v ;e”’zk and o = T (63)

which is also easier to compute.

Observations 2 and 3 make it possible to calculate the
precision of the estimation A® based on Eq. (48). It is possible
to calculate analytically the precision for ® = 0. For that,
we determined the zeroth- and first-order terms of the Taylor
expansion of Eq. (48) using the expansion of sine and cosine
up to second order. Hence, we can state the following.

Observation 4. The maximal precision of estimating A®
for an equidistant chain of N spin—% particles is characterized
by

5 N? + N3 o’ N
(A®) (O =0)= 5= [NL21|N— T (64)

where 0 = L/(N? — 1)/12 is the standard deviation of the
equidistant chain, and L = d.

A more general result on the precision at ® = 0 will be
presented in Observation 7 below.

In Fig. 2, we plot the dynamics of (A®);! for N = 8 for
the equidistant chain. As can be seen, the precision is maximal
at ® = 0. Then, it decreases; however, this decrease is not
monotonic and the precision is oscillating. In particular, based
on Eq. (48), one can see that the precision is zero when the
tangent of (sz)s(®) is horizontal, i.e., 8(.)(Jf)s(®) =0.

IV. CONTINUOUS DENSITY PROFILE

In this section, we work out the formulas describing the
case of a one-dimensional continuous density profile. We
present the dynamics of the second and fourth moments of
the collective angular momentum components for this case.

In the case of a spin chain, the particles were placed in the
fixed positions Z ~- Now, while we still consider the case when
the particles are localized in certain positions, the distribution
of N particles is given by a distribution function fy, where

zv)dzidzy - -dzy = fn@Ey)diy - (65)

is the probability that particle 1 is between z; and z; + dz;,
particle 2 is between z, and z; + dzp, etc. Without loss
of generality, fy can be considered invariant under the
permutation of any two particles. As before, we compute the
average (J2); in order to estimate the magnetic field gradient
and also (J;‘)S in order to estimate the uncertainty A®. For a
general distribution function fy(Zy), they are given by

In(zi,za, -

(20 @) = / iy fn GO @), (66)
with (J2)3¥(©) from Eq. (41), and

(75 @©) = / din fnGw(IH(©), (67)
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with (J_f)gN(®) from Eq. (59). Here and in the following,
we substitute Z,¢ with Zy in the expressions for fixed particle
positions.

In order to compute particular examples, we need some
properties of the reduced M -particle distribution functions fy,
(M < N). These can be obtained from fy as

fmGu) = /dZM-H -dzy fn@n), (68)

where we used the shorthand notation Zy; = (21,22, . .. ,2m)"
as above. Note that due to the invariance under permutations
of fy, it does not matter which of the N — M particles are
integrated over. Further, fj, is permutationally invariant as
well.

A. Distributions with Dirac § functions

For example, the distribution function of the chain consid-
ered in the previous section can be written as [62]

(ZN) ]\}' Z l_[ 8(z; — zk (69)

#(ki k.. ky) j=1

Its reduced distribution functions are given by

(N;—!M)! > H j=a). (10)

F#ki, ko, km) j=1

W @m) =

The permutational invariance of f), simplifies many cal-
culations. For instance, the average of /I, from Eq. (37) for a
distribution fy(Zy) becomes

1) = [ diwnn = Y [ dixfuGlencn + 5]

n#m
= Z/dzndszZ(ZnaZm)[cncm + snsm]
n#m
= N(N — 1)/d32f2(32)[6162 + s182]. (71)

In analogy, we obtain the average of I, from Eq. (56) for
fN(ZN)’

: N!
L) = | dZy fnG)LGE —— | d
(I4) / v fnG@En)la(zy) = N 4)|/ 24 f4(Za)
X [cicac3eq + 51508384 + 2¢1€25354]. (72)

With these, it is possible to recover all of our previous results
for spin chains.

B. Independently and smoothly distributed particles

In the following, we will make the assumption that the
system is a gas of particles that are uncorrelated in space,
which means that the distribution function can be written as a
product of single-particle distribution functions,

INGN) =T, fiz), (73)

Further, we will assume that f; is a smooth function which
does not contain Dirac § functions, i.e., points with infinitely
high density.

PHYSICAL REVIEW A 88, 013626 (2013)

Let us compute the expectation values of J2 and J, as we
did in the previous section, for a product distribution function
of the form given in Eq. (73). Considering Egs. (38) and (55),
it becomes clear that we only need to compute (I;)/¥ and
(I4)fN. Since f;’(zz) = f1(z1) fi1(z2) in the uncorrelated case,
we obtain from Eq. (71) that

(L) = N(N — 1)(C? + §2), (74)
where

¢ = /dzlfl(zl)cos (ZL—IG)) (75)
and

§= /dzlfl(zl)sin <ZL—1®). (76)

Here the averaging is over the density distribution f;(z;). With
these, we have all of the ingredients to determine the dynamics
of (J2); for the gas from Eq. (38).

Observation 5. For an ensemble of particles with a product
distribution function f }\), from Eq. (73), we obtain the following
dynamics for the expectation value of the second moment
of J,:

2
(12 @) = %[1 o, (77)

where C and § are defined in Egs. (75) and (76).
In analogy, we obtain from Eq. (72) that

L)V = C? + 8% 78

() = 4),( > (78)
Inserting ( 12>.f}} and (I4)fN into Eq. (55), we obtain the
dynamics of (J2)s.

Observation 6. For an ensemble of particles with a product
distribution function £ from Eq. (73), we obtain the following
dynamics for the expectation value for the fourth moment
of J,:

» N P
(T4 = e BN =2 (6N =8)(C* + 5

+3(N —2)(C* + §%)?}, (79)

where C and § are defined in Egs. (75) and (76).

Note that due to the product structure of £y, this expression
is much simpler than the expression for the chain given in
Eq. (59). These formulas make it possible already to calculate
the precision of the phase estimation.

1. Gaussian density profile

One of the most common density profiles is the Gaussian
profile. As an example, we will now calculate the dynamics
for this case explicitly. The Gaussian density profile is given
as

auSS( ) 1 - 7(31 710)2 (80)
Zl - e 202 ’
V2mo?

where 7 is the coordinate of the point with the highest density
and o is the width of the profile. Substituting it into Eq. (77),
we obtain

PP =0, (81)
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FIG. 3. (Color online) The dynamics of (J?2)s/{J?)wn (solid line)
and (A®); ! (dashed line) as the function of © for N = 10 particles
with a Gaussian density distribution [Eq. (80)] for o = L. We also
present (A®);! calculated based on the Gaussianity assumption
given by Eq. (111) discussed in Sec. V B (dotted line). The angular
momentum variance for the white noise, (J f)wn, is defined in Eq. (45).

and hence

NR?

7 Ry —e—%i‘*)z). (82)

(2% ©) =

Note that the maximum of (J2)s(®) is exactly the value
for white noise; cf. Eq. (45). Thus, in this case, there is no
overshooting, and the noise does not become larger than that
of the white noise, as was the case with the equidistant chain
in Eq. (41).

In Fig. 3, we plot the dynamics of (J?2)s for N = 10 spm——
particles. The density profile is a product distribution fU.IlCthIl
of Gaussian profiles witho = L.

2. Analytic formula for the maximum precision for any particle
distribution, including correlated particle distributions

We will now give an analytic formula for the maximum
precision at ® = 0O for the case of any particle distribution.
Observation 7. The maximal precision of estimating A® is
characterized by
o’ COV(ZI,ZZ):|

7h 2 (83)

(AG)} (O =0)= N|:
where
= / dzfi(2)z = (2)*, (2) = / dzfi(2)z,
cov(z1,22) = /dmzzfz(m,zz)(m —(2)(z2 — (z2)). (84)

For the derivation, see the Supplemental Material [62]. For

any product distribution function fN, (A®) 2@ =0)= Lz s
since cov(zy,z2) = 0in this case. Hence, the maximal sensitiv-
ity is a simple function of N and o. Correlations can increase
or decrease the sensitivity compared to the uncorrelated case.
For instance, the correlations present in the equidistant chain

increase (A©®); 2(® = 0) by a factor No l,cf. Eq. (64).
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V. FURTHER CONSIDERATIONS

A. The influence of noise

So far, we considered only perfect singlet states. In practice,
the multipartite singlet state cannot be realized perfectly [64].
In this section, we will consider the case of starting from
imperfect singlet states. First, we will discuss the case, when
we measure (sz), as before. Then, we will show that a higher
accuracy can be achieved in the noisy case, if other operators
are measured.

1. Measuring the variance of an angular momentum component

A realistic method to model the imperfections is by
introducing local decoherence channels for each qubit as

") =(1-q)+q3. (85)

where 0 < ¢ < 1. Each spin is mixed with a certain amount
of white noise locally. The above single-qubit decoherence

is given by the Kraus operators as €{*(0) = (1 —¢)o +
qy.; KiQKiT, where K = {1,0,,0,,0,}/2.

We assume that all these decoherence channels act in par-
allel for all spins. Thus, we obtain the multispin decoherence,

£ = e V@) o€ P(@) 0 o€ V(0).  (86)

In Eq. (86), o indicates function composition (f o g)(x) =
f(g(x)) and the number in the superscript indicates to which
qubit the function is applied. We consider an atomic ensemble
with a continuous distribution. Next we outline briefly the
derivation of the noisy dynamics for this case.

The moments (sz) and (J;‘) given in Egs. (33) and (52),
respectively, are affected through the two-body and four-body
correlations via the formulas

S XGUXG), =a—g? Y (XEUXEY), 67
ny#ny ni#ny
and
#(n1,n2,n3,n4)

=-q9* Y

#(ny,n2,n3,n4)

Oswn
(n1) 37 (n2) 3 (13) 3 (114)
(X@] Xo Xo Xo' )QS~ (88)

Hence, for the atomic cloud, we obtain (cf. Observations 5
and 6)
2

(2% )-ﬂ[l—(l

s,wn

@*(C? + 5] (89)

and

(75 (@) =

Nh4 2 ~2 o2
7{3N—2—(1—q) (6N — 8)(C* + 8%
+(1 — ¢)*3(N — 2)(C* + §%)%}. (90)

Note that for ¢ = 1, Egs. (89) and (90) reduce to the values
corresponding to a global white noise. Equation (89) can be
rewritten as

(2)oan(@ = (1 = @(I2) + 11— (A = @), O

Let us consider a Gaussian density profile described in
Sec. IVBI1 for which we have C?+ §? given in Eq. (81).
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Substituting Eq. (81) into Egs. (89) and (90), we can compute
the influence of the noise for the second and fourth moments
of the angular momentum components. The precision of the
reconstruction of ® based on measuring J?2 can be obtained as

(J)ﬂs,wn(@) - (sz)s,wn(@)2
(1 — )*|de(J2), [’

Let us see now the behavior of the precision given by
Eq. (92) under noise in the limiting cases, for g > 0.

(i) At ® =0, the denominator of the right-hand side of
Eq. (92) is zero. This can be seen from Eq. (44), from which it
follows that dg (JXZ)S is a sum of sine expressions, which vanish
at ® = 0. In contrast, the numerator is a positive number.
Hence, even for very small amount of noise, we have

(AO®)72 (©=0)=0. (93)

s,wn

(AO); =

s,wn

92)

Note that this is due to the fact that we chose a noise state
which is invariant under the ®-dependent transformation Ug
from Eq. (27). The precision remains close to zero until the
noise of the singlet becomes comparable to the added noise.

(i1) The other limit is the case of the large ®. Let us define
®un such that for ® > O, the singlet evolved into a state
that, based on the second and fourth moments of the angular
momentum coordinates, is like the completely mixed state.
That is, for ® > ©,, we have

(@)~ (1) (L@ 2 (L), 0%

wn’
The reason for this is that for large enough ®, the quantity
C? 4 §? as given in Eq. (81) is close to zero, and in Egs. (89)
and (90) only the constant terms corresponding to the moments
of the white noise remain. Hence, based on Eq. (92) for ® >
®Own, We have

(A0);5,(©) ~ (1 — ) (AB)X(O). 95)

S, wn

In Fig. 4, we calculated the precision (A®)swn(®)
as a function of the noise for ¢ = 0.01,0.05, and 0.1
for a Gaussian ensemble. For these values, for large ©,

_ 875 0.75
Tz £
6 (\lﬁx
2 25 05 X
= | o
< F ~
=~ 125} 0.25

FIG. 4. (Color online) The dynamics of (J2);/(J2 )y, (solid line)
and the precision (A®);! for the noiseless case (dashed line) and
(A@);}w for a noise with ¢ = 0.01,0.05 and 0.1 (from top to bottom,
dotted line) as the function of © for N = 10° particles. {J2), is
defined in Eq. (45). The density profile is Gaussian and o = L.
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we have (A@);Z(G)/(AG));?W(@) =1.04,1.23, and 1.52,
respectively.

2. Measuring operators different from the angular
momentum components

We will show a simple example that even in the noisy case,
a higher accuracy of the gradient estimation can be achieved
if quantities other than (sz) are measured. Let us consider a
noisy singlet of the type

1
Ons = pnz_N + (1 - pn)Qs~ (96)

Let us now look at the projector to the J, = 0 subspace. For
the completely mixed state, the expectation value of the

projector is
N 2 1
(P —ohn = z—N<ﬂ> ~ /;ﬁ ©7)
2

while for the singlet, we have (P; —¢)s(® = 0) = 1. Hence,
for the noisy state, we obtain

2 1
(P./X:0>ns ~ pn\/;ﬁ +1 - pn)(PJX:O)s~ (98)

During the dynamics, based on Eq. (98), the expectation value
of the projector (P, —o)s decreases from 1 to a value close to
zero, while the noise in the expectation value of the projector
(Pj.=0)n 1s proportional to N~z ,l.e.,itisO(N~ 3 ). In contrast,
if the second moment (J xz) is measured, then

2

(JE)ns = m% + 1 = p(J7)- (99)
Based on Eq. (99), (sz)S changes from 0O to a value close to
O(N), while the noise in the expectation value of the second
moment (sz)n is of the same order, O(N). It can be seen
that the effect of the noise is much smaller in the expectation
value of the projector (98) than in the second moment (99).
An analogous calculation can be carried out for local noise
channels for operators of the type Pj —const

B. Spin-j particles

So far we have discussed the case of singlet states of j = %

particles. In this section, we will study the singlet of spin-j
particles. We will find that the dynamics of (JXZ) for N spin-j
particles is the same as the dynamics of (JZ) for N spin-1
particles, when in both cases we normalize the variance with
that of the white noise. Moreover, we find that by using a
certain Gaussian assumption in order to estimate (Jf )s» WE
obtain the same dynamics even for the precision.

When considering the spin- j case, one could think about us-
ing the ideas of Observation 1 to obtain the multiparticle singlet
of spin-j particles as an equal mixture of all the permutations of
tensor products of two-particle singlets. However, the state ob-
tained this way does not equal Eq. (7). This is due to the fact that
for j > %, there are several permutationally invariant SU(2)
singlets [65]. Hence, for j > %, another method is needed.

For the dynamics of the variance of the collective angular
momentum components, we need again the variance for the
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completely mixed state (white noise), which is obtained for N
spin-j particles as
NjG+ Do

<J2>wn J T (100)

Note that (JZ)WnE = (J?)wn, Where (J2)y, is defined in
Eq. (45). As we will see, the dynamics of the variance of
the singlet will be similar to the dynamics for the j = % case,

apart from a factor of

J_ 4.
ki = =-j(+1), (101)
( 3

and hence, for large ©, we will have (J2); ;(©) & (J)wn, -

Let us denote by j; the angular momentum components
of a single spin-j particle. Since for each spin the dynamics
is invariant under a coordinate transformation, from ( j;”) )+
G + () = j(j + Dh?, we obtain
(S0} ©=

(102)

n

for I = x,y,z and for all ®. Moreover, from the requirement

that (J?)s; = 0, we obtain

<Z(1(”>) >

Note that (j (1)11(2))”- (") for n#n' due to the

permutational invariance of the state. Hence, we arrive at

+ NN =DV i), =0.

S.J

(103)

.(n) .(n') (sz)wn,j
N T (104)
and we can rewrite Eq. (35) for particles with j > % as
o (8D
(U ® ji) gess = NN DX (105)

where le 7 is now the reduced state of the spin-j singlet [63].
The time-evolved single-particle operators j,(0) = X(©)
have the same form as in the j = 5 case, given in Eq. (30).
Therefore, we can perform the calculation for any j in analogy
to the derivation for the spin-l case of Sec. IIT A. Starting from

(1) y(n2)
(2@, = {7, + ; (X50X8V) . (106)
we arrive at
[(72)@)], ; = i [(12)©)];- (107)

Therefore, Observation 2 generalizes to spin-j particles as
follows.

Observation 8. The dynamics of the variance of J, for a
chain of spin-j particles with the z coordinates Z 5 is

2

2\¢ _

[N—@—ﬁﬂ,
(108)

where C and § are defined in Eq. (40).
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For an ensemble of particles with a density profile A(z), we
can in analogy generalize Observation 5 to any j as follows.
Observation 9. For an ensemble of spin-j particles with a
product distribution function fy from Eq. (73), we obtain the
following dynamics for the expectation value of the second
moment of J,:
2
(12 ©) = x,-%[l — o3y, (109)
where C and S are defined in Egs. (75) and (76). Here the
averaging is over the density distribution f;(z;).
For the Gaussian density profile (80), we arrive at
2
(12)©) = K_,-%hz(l — e %), (110)
The calculation of (J*)(©) for the singlet of spin-j particles
seems to be much more complicated than for spin-— particles.
It is possible to avoid calculating the fourth-order moment by
using the assumption that when J, is measured, the probability
of the measurement outcomes follows a Gaussian curve, with
the zero outcome being the most probable. For such Gaussian
probability distributions, the higher-order moments can be ob-
tained from second-order ones [66]. In particular, for our case,

(78) = 3{2).

Equation (111) leads to (AJ)?)2 ~ 2(sz)2, keeping in mind
that (J;) = 0. Such a Gaussianity assumption is expected
to work for later times, as at ® = O the variance of J, is
zero, and in the beginning only a few of the eigenstates of
J, are populated. Later, however, many eigenstates of J, are
populated and a continuous approximation of the discrete
spectrum is appropriate. Note that the Gaussianity of the
probability distribution is a notion completely independent
from the Gaussianity of the density profile of the cold gas.

One can substitute the Gaussian assumption (111) into the
formula for (A@)g given in Eq. (48), which can be used for any
Jj- This clearly simplifies the calculations. For the accuracy of
gradient metrology for N spin-j particles, we obtain the same
result as for N spin—% particles,

(AB), ;(B) =

(111)

(A0), 1(®). (112)

In Fig. 3, besides the exact result, we also plot the dynamics
based on the approximation using the Gaussian assumption on
the correlations given by Eq. (111) for the j = % case as an
illustration. The bound obtained this way diverges at t = 0;
however, it is very close to the true value for ® > 0.025. We
also carried out a calculation for j > % In Fig. 5, one can see
the comparison for the case of a chain of six spin-1 particles.
The precision based on the Gaussian assumption diverges at
t = 0; however, it later fits the exact dynamics very well.

VI. Discussion and Conclusion

We presented calculations for a many-particle singlet in
a magnetic field gradient for an ensemble of distinguish-
able, well-localized spin—% particles. We have shown that
multiparticle singlets created in cold atomic ensembles can
be used for differential magnetometry. The magnetic field
gradient can be estimated by measuring the variance of one
of the components of the collective angular momentum. We
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FIG. 5. (Color online) The dynamics of (J2);/(J2)ya (solid line)
and (A@);l (dashed line) as the function of ® for N = 6 spin-1
particles in an equidistant chain. We also present (A®)_! calculated
based on the Gaussianity assumption given by Eq. (111) discussed in
Sec. V B (dotted line).

calculated the dependence of this variance on the field gradient
and the measurement time. We also calculated the precision of
the estimation of the field gradient. We have also considered
admixtures of white noise and discussed the extension of the
results for general spin-j particles. Our work opens up the
possibilities for experiments with unpolarized ensembles.

In the future, it would be interesting to find bounds for
the precision of the field gradient measurements using the
theory of the quantum Fisher information [67]. It is an
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interesting question as to whether the accuracy of parameter
estimation in our calculations saturates the accuracy bound
determined by the quantum Fisher information. It would also
be important to consider the case of particles that are not
well localized, in which case the spatial degree of freedom
cannot be easily separated from the internal degrees of freedom
for the quantum dynamics we considered [67]. For room-
temperature experiments with atomic ensembles, the atoms
must be well localized; however, singlets can also be realized
with Bose-Einstein condensates, for which all particles are
delocalized. For such systems, the noise is very different from
the case of distinguishable particles. Finally, the effect of a field
gradient could be used to examine symmetric Dicke states with
(J;) = 0 rather than singlets [41,42]. Our calculations could
be generalized to that case.
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