Universally optimal verification of entangled

states with non-demolition measurements

Ye-Chao Liu*, Jiangwei Shang, Rui Han, Xiangdong Zhang

*Beijing Institute of Technology, China

Young Researchers Forum on Quantum Information Science, 26-28 Aug 2020



@ Previous Works
@ Quantum State Tomography
o Quantum State Verification
o Advantages and Problems

© Non-demolition Quantum Verification
o Quantum Nondemolition Measurement
@ Sequential NDQV
e Examples
@ Verification of the Bell state

@ Verification of arbitrary two-qubit states
@ Verification of stabilizer states

@ Conclusion



an orthogonal set of matrices:I/v/2, X/v/2,Y/v/2,Z//2

_ tr(p)I+tr(Xp) X +tr (Y)Y +tr(Zp) Z
- 2

DDDDODDD DODDODDD

_ tr(o"ul ®UU2®“‘®UunP)UU1®0v2®"‘®avn
p=2y 2"
Hiffner et al., Nature 438, 643-646(2005)

Liu (BIT) Non-demolition Quantum Ver



Quantum State Verification
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o Advantages:
e ();s are implementable with local projectors only.
o The overhand for high accuracy is O(e~1).
e Many quantum states can be verified efficiently or even optimally

by QSV.

@ Problems:
o An optimal strategy can rarely be devised.
e The probabilistic measurements can be very difficult to handle in
experiments, especially in the adversarial scenario.
e The unknown quantum states to be characterized are destroyed
after each measurement as the system collapses at the detector,
thus, cannot be reused in any subsequent tasks.

Zhang et al., PRL 125, 030506 (2020).
Jiang et al., arXiv:2002.00640.

Y.C. Liu (BIT) Non-demolition Quantum Verification



Quantum Nonde on Measurement
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Verification with QND measurement

0) @ [0) 25 W) @ |0) + (1 — )| ¥) @ |1)

coupling:
Ui=Qi@1+(1-Q)®X

QND measurement:
M = (1® |0){0]) Ui

Remarks:
o Mi([$) ®10)) = |¢) ©0)
o The ancilla is one two-dimensional qubit initialized as |0).

e U; can be realized with standard quantum gates.
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Theorem 1: Sequential NDQV

If a target state 1) can be verified by the protocol Q =, 11,9, where
Q;s are local projectors, then it can be verified optimally by

M=T[M

The spectral gap of M is given by

indicating that the verification efficiency of M 1is the same as that of
the optimal global strategy.

Y.C. Liu (BIT) Non-demolition Quantum Verification



Remarks

OM[0®(|0)(0|)®q:QSU®(|O><O|)®Z — ME2Q, @1

where Qs = [[Q; = [¢)(].
@ The order of the measurements M;s in the sequential NDQV
protocol can be made arbitrary.

Corollary (No more measurements)

The verification efficiency of the sequential NDQV protocol will not be
improved by adding more measurement settings.

Corollary (Fidelity Estimation and State Preparation)

The average fidelity between the oulput state o and the target state |1)),
i.e., F = (F), can be directly estimated by the sequential NDQV

protocol,

Mo @ (10)0)*'] = Fle)wl @ (0)0)™
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Verification of the Bell state

Target state:
@) = (|00) +[11))/v2
One noise decomposition:
{(j00) = [11))/v2,(|01) + [10))/v2, (|01) — [10))/v/2}
Local measurement:
Q= Pj,=100)(00] +[11)(11].
Q = Pix=l+HF++I-=) -]
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Verification of the Bell state

Target state:

@) = (/00) + [11))/V2

One noise decomposition:

{(100) — [11))/v2, ([01) +[10))/v2, (|01) — [10))/v2}
QND measurement: M; = (1 ® |0)(0]) U;

Ui = Cx13Cx23,
Uy = (H2H®1)Cx13Cxa3 (H®H®1) .
(a) (b)

@) @)
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Verification of arbitrary two-qubit states

Target state:
|U) = sin §]00) + cos 0|11)

Local measurement:
O = P;,=0)(0[@0)(0] + [1){1] @ [1)(1],
Q2 = 1—|+){+®|ps){p+],
Q3 = 1— |-}~ p-_){p-I,

where |¢1) = cos0|0) Fsin6|1).
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Verification of arbitrary two-qubit states

Target state:
|¥) = sin 6|00) + cosH|11)

QND measurement: M; = (1 ® |0)(0]) U;

M; = (1®10){0)Cx1aCx2a;
M= (1@ 0)(0)) (Rl @ 1) (X ® X © 1)
CR(X®X®1)(R;®1),

where Ry(3) turns the state |[+) ® [p1) (|=) @ |¢p-)) into [00).
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M= (1@]0)(0))(Rl®1)(X ® X ®1)
Cxi2(X ® X @1)(R; ®1),
M? =1 — (1®00)(00]) (R} @ 1)Cx14Cxa0 (Ri ® 1)

Theorem

For the specific setting of NDQV where the ancilla is
always prepared in |0) and measured in the Pauli-Z basis,
a generalized (n + 1)-body Toffoli gate can always be
replaced by n two-body CNOT gates with ancilla qubits
initially prepared in |0)®".
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Verification of stabilizer states

These QND measurements can be implemented in the same way as the
syndrome measurements for stabilizer quantum error correction codes.

Target state:
[¥) = 1/v/2(/000) +[111))

The generator set:
{( XXX, ZIZ,ZZI}

QND measurement:

M (1®|0)(0)[(H®H®H®1)
Cx14Cx24Cx34(H ® H® H ® 1)]
My = (1®]0)(0])[Cx14Cx34] »

Mz = (ﬂ®‘0><0|)[CX14CX24].
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Conclusion

o Advantages: Maintained
v local projectors only
v O(e71) efficiency
v/ many achievable cases
@ Problems: Improved

o optimal strategy — Corollary (No more measurements)
e probabilistic measurements — sequential NDQV
o destroyed quantum states — QND measurements
e Overhands:
o Quantum States: N ~ e 'lnd~!
e Ancilla: Only one qubit would be enough if it is engineered properly.
o Couplings: O(n) local rotations and O(n) CNOT gates
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