Entanglement Meter: Estimation of entanglement with single copy in Interferometer
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A bstract: Efficient certification and quantification of high dimensional entanglement of composite systems are challenging both theoretically as well as experimentally. Here,
we demonstrate how to measure the linear entropy, negativity and the Schmidt number of bipartite systems from the visibility of Mach—Zehnder interferometer using single
copies of the quantum state. We also propose how to measure the mutual predictability experimentally from the intensity patterns of the interferometric set-up without having
to resort to local measurements of mutually unbiased bases. Furthermore, we show that the entanglement witness operator can be measured in a interference setup and the

phase shift is sensitive to the separable or entangled nature of the state.

Quantum properties from interferometric visibility
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e If we detect the intensity corresponding to the interferometric arm |0) it results in

Z=tr (0401 @ D)
= <1+ [ (Up)] cos(6 — anger(Up)]), (1)

where tr(Up) = |tr(Up)|expliargtr(Up)|]. It is seen that the action of the controlled-unitary on p
modifies the visibility of the interference pattern by the factor V' = [tr(Up)| and the phase is modified by
the argument of tr(Up), i.e., a = arg|tr(Up)] for an input state p undergoing unitary evolution.

 Thus, we can infer the quantity tr(Up) by measuring the change in the visibility and the phase shift.
We will show that we can choose the unitary U suitably, such that, from the quantity tr(Up), we can
determine whether the state is entangled and the amount of entanglement present in the bipartite system.

Linear entropy with a single copy in Interferometer

« We show that a single copy of the input state (or even a subsystem of the input state) is sufficient to

measure the linear entropy using the notion of quantum oracle (a quantum process required to solve a
task).

- In particular, given single copy of |V) 45 an oracle implements the unitary U = (I — 2P) , where
P = |U) (V]| 45. We send one of the local subsystem p4 and another system which is prepared in a

maximally mixed state %B , where d = dim(H g). We then have

2
tr(Upap)| =1 tr(py).

« For a bipartite mixed state p4p with decomposition {p;, |¥;)}, the convex roof extended linear entropy
is defined as

EclpaB) = {prr|131§2>} (Pi€(193))) (2)

here E(| ;) = (1 — tr(p?%)) is the linear entropy of |W;), and p4; = trg(|¥; X ¥;|).

« From the definition of convex roof extended linear entropy one can then obtain
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Measuring Schmidt number with a single copy

o Let Schmidt rank of a pure state |U) is denoted as SR(|W)). The Schmidt number of a mixed state is
defined as

SN (p) min maxS R(|V;)) (4)
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e Let us denote the set of all states with Schmidt number less than of equal to k as Sj. ie., Sp. == {p
SN(p) < k}. For a state p € Sy, we have the following
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Sp is the set of maximally entangled states.

 Consider that a bipartite state p 4 g and unknown Schmidt number £ is used as input of the interferometric
setup. The oracle produces an unitary Ux = I — 2 |Wx) (V4|, where max yyeg, (V] p|¥) = (Vx| p V),

for pap € Sp.. We then obtain
1+V
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Measuring Negativity of pure states from single copy

« For a pure bipartite state |V) = Z?;& \/Aj|7)417) g, its negativity is given by

M) =5 37 i, )
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where \;’s are Schmidt coefficients.
 Consider an operator
d—1
X= )  Iil=)_(Gl+1l). (8)
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« For d = 2 case, X is unitary and the visibility is given by V' = [ tr(Upyp)| = (V| X 4@ X g |V) = 2N (|V)).
« For d > 2, we show that

V = ltr(papUa) = 5 (SV + (@~ 2?). 9

where Uyp = Uy ® Up and UK:eZ%XK.

« For d > 2, we show that |
V = ltr(papUap)| = = (SN +(d—2%) (10

where Ujp = Uy ® Ug and Uy = e'a™ K,

« Consider the following mixed state which is a mixture of maximally entangled state and a classical-classical
state

d—1
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The entanglement of the above state is given by

(12)

e It can be shown that the joint observable X 4 ® Xp , we have tr(X 4 ® Xppap) = QAgf‘fB ) Therefore,

the entanglement of the mixed state can be determined from the interferometric setup.

Mutual Predictability from interferometric set-up

« For observables O 4 and O pg for Hilbert space H 4 ® H g and the eigenvectors of O 4 and O g can be taken
as {|k) o} and {|l) g}, where [, k € {0,1,2,3, ....... d — 1}. We can define mutual predictability as

Co0p5 = B klaklpaplk)alk)p. (13)
k

- By considering m mutually unbiased observables for each subsystem as {O 4.} and {Op.}!", one

obtains
m — 1

m
> Co,.05 <1+ — (14)
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for separable states.

« Mutual predictability for a pair of observables Cy, ¢, can be determined an oracle producing the following
unitary

U005 = | T®I—2> |k) 4 (k| ® |k) g (K| | - (15)
k
We then have .
Co05 =5 (L £ [r(p4BU0,,05)]) - (16)

« Measuring visibility for m such unitaries we obtain

2<1+<m;1)>—mziwzm—2<1+(m;1>), (17)
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for separable states. If m = 2, then for separable states, we have V] + V5 < %

Witnessing Entanglement of Werner state from Interferometric set-up

» The witness operator F' = » ; ;|¢)}(j| ® |7)i| is an entanglement witness operator for Werner state
puw = Qs + (1 — x)Qq, where Qs = m (I4®Ip+ Fap) and Qg = ﬁ (I4®Ip — Fap).

« F'yp is also an unitary operator, we also have

2(2z — 1)e'™  when py, is entangled

2(2¢ — 1) (18)

tr(Upw) = {

when py, is separable.

For entangled Werner state (z < %), the phase shifts from ¢ to ¢ + .

Conclusion

« Here, we demonstrate how to measure the linear entropy, negativity and the Schmidt number of bipartite
systems from the visibility of Mach—Zehnder interferometer using single copies of the quantum state.

« We also propose how to measure the mutual predictability experimentally from the intensity patterns of
the interferometric set-up without having to resort to local measurements of mutually unbiased bases.

« Furthermore, we show that the entanglement witness operator can be measured in a interference setup
and the phase shift is sensitive to the separable or entangled nature of the state.



