Advanced quantum information: entanglement and nonlocality
3. Homework sheet
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Problem 1 (Lecture notes Section 6)
The negativity of a quantum state p*? is defined as
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where pTB denotes partial transpose, and ||M||; = Tr VMTM is the trace norm of the matrix M.

a) Prove that negativity fulfills
E.(p*?) >0

with E,(0*8) = 0 when p*8 is separable.

b) Using the properties of trace norm prove that negativity is convex:
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Problem 2 (Lecture notes Section 6)

For a state of two qubits the concurrence C is given as
C(p™*?) = max{0, ] — A — A3 — A4,

where A; are the square roots (in decreasing order) of the eigenvalues of the non-Hermitian
matrix pp, with

p=(oy® O_y)P*(O_y ® 0y),
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glement of formation of the state can then be evaluated as
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the Pauli matrix oy = ( ; ), and p* denotes entry-wise complex conjugation. The entan-
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with the binary entropy s(x) = —xlog, x — (1 — x) log,(1 — x).
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Consider now a two-qubit state of the form
P8 = pr W]+ po [FCPT| + p3 [DTHDT| + py |[O XD

with p; > 0and }; p; = 1.

a) Evaluate the concurrence, entanglement of formation, and negativity of p*8 as a function of
the probabilities p;.

b) Use the previous results to evaluate the concurrence, entanglement of formation, and negativ-
ity for the two-qubit Werner state

g 1
P = PN+ (L= p)

as a function of p. Plot the concurrence, entanglement of formation, and negativity for 0 < p <
1.



