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Course Outline

• Lecture 1 — Introduction to Quantum Systems (April 13, 2022)

• Lecture 2 — Teleportation and Entanglement (April 20, 2022)

• Lecture 3 — Decoherence and Quantum Networks (April 27, 2022)



Lecture 2 — Teleportation and Entanglement

• Quantum Gates

• Quantum Teleportation

• Entanglement

❖ Single-qubit gates

❖ Two-qubit gates

❖ Step-by-step analysis

❖ What entanglement is and what it is not

❖ Entanglement as resource for teleportation
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Quantum Information

• Information in quantum systems is encoded into qubits
<latexit sha1_base64="vOgfUSc1g1vk7SvQu5fIOs3NBNE="></latexit>

| i = a |0i+ b |1i

• Information is measured through measurements
<latexit sha1_base64="/MyqZP/Hrige8XpL4xz8l+jZOA0="></latexit>

⇧0 = |0ih0|
<latexit sha1_base64="NGJ5O0zZiXY2ltIdGa3+tcTidZ4="></latexit>

|a|2with probability
<latexit sha1_base64="4uirf3i+PsMGviQRI6N32/Y7MOk="></latexit>

! |0i
<latexit sha1_base64="ksahhb9+C2faWLis9DoStiBGtNI="></latexit>

⇧1 = |1ih1|
<latexit sha1_base64="rziuZWjgsZ4OfIk4kBH3WPPUaGM="></latexit>

|b|2with probability
<latexit sha1_base64="FNrrBfz5xYc7k7dnsMScATVM+Xc="></latexit>

! |1i

<latexit sha1_base64="dSg7iVgzWFl/IuLIhvanRm7tQGc="></latexit>

NOT = X
<latexit sha1_base64="h/OFudVmg5KUofpjReZVd1s1b/A="></latexit>

NOT =

<latexit sha1_base64="zGJPhgkcvIym1czVmByWzAlNNY4="></latexit>

0
<latexit sha1_base64="VxrhFNf3o59wexLWEjE7cWkAwMg="></latexit>

1

<latexit sha1_base64="VxrhFNf3o59wexLWEjE7cWkAwMg="></latexit>

1
<latexit sha1_base64="zGJPhgkcvIym1czVmByWzAlNNY4="></latexit>

0

<latexit sha1_base64="8PUGqQA8Fo3JJ3XIwfu9rvNL32k="></latexit>

a |0i+ b |1i
<latexit sha1_base64="ncEdeX4IZjgh2CqpMvKRZyG4NnU="></latexit>

b |0i+ a |1i

<latexit sha1_base64="C5ubVEoABsPsdSrvRGZR7h3lQGc="></latexit>

X = |0ih1|+ |1ih0|

<latexit sha1_base64="lEEMx7EqLTkc/jUkduwhoT/PJ3M=">AAACMHicbZDJSgNBEIZ7XOMe9SReGqPgKcyIqEfRi8cIRgOZQWo6laSxl6G7Rw3DPIFXfRGfRk/i1aewE3NwKyj4+KuKqvrTTHDrwvA1mJicmp6ZrczNLywuLa9UV9curc4NwybTQptWChYFV9h03AlsZQZBpgKv0pvTYf3qFo3lWl24QYaJhJ7iXc7Aeem8dV2thfVwFPQvRGOokXE0rleDjbijWS5ROSbA2nYUZi4pwDjOBJbzcW4xA3YDPWx7VCDRJsXo0pLueKVDu9r4VI6O1O8TBUhrBzL1nRJc3/6uDcX/au3cdY+Sgqssd6jY16JuLqjTdPg27XCDzImBB2CG+1sp64MB5rw5P7Zk/YHlzPpHFN4xLSWoThFLBFW2o8RTqu+L7ViA6gmktYjGZoTbZenNjH5b9xcu9+rRQT08368dn4xtrZBNskV2SUQOyTE5Iw3SJIwgeSCP5Cl4Dl6Ct+D9q3UiGM+skx8RfHwCukao8Q==</latexit>

X

<latexit sha1_base64="LsZcewXkzEJz2cHG3P5KIY26RZ0="></latexit>

|0i

<latexit sha1_base64="lVAoG5zhCxc6korvB8//fksghU4="></latexit>

|1i

<latexit sha1_base64="lVAoG5zhCxc6korvB8//fksghU4="></latexit>

|1i

<latexit sha1_base64="LsZcewXkzEJz2cHG3P5KIY26RZ0="></latexit>

|0i

<latexit sha1_base64="lEEMx7EqLTkc/jUkduwhoT/PJ3M=">AAACMHicbZDJSgNBEIZ7XOMe9SReGqPgKcyIqEfRi8cIRgOZQWo6laSxl6G7Rw3DPIFXfRGfRk/i1aewE3NwKyj4+KuKqvrTTHDrwvA1mJicmp6ZrczNLywuLa9UV9curc4NwybTQptWChYFV9h03AlsZQZBpgKv0pvTYf3qFo3lWl24QYaJhJ7iXc7Aeem8dV2thfVwFPQvRGOokXE0rleDjbijWS5ROSbA2nYUZi4pwDjOBJbzcW4xA3YDPWx7VCDRJsXo0pLueKVDu9r4VI6O1O8TBUhrBzL1nRJc3/6uDcX/au3cdY+Sgqssd6jY16JuLqjTdPg27XCDzImBB2CG+1sp64MB5rw5P7Zk/YHlzPpHFN4xLSWoThFLBFW2o8RTqu+L7ViA6gmktYjGZoTbZenNjH5b9xcu9+rRQT08368dn4xtrZBNskV2SUQOyTE5Iw3SJIwgeSCP5Cl4Dl6Ct+D9q3UiGM+skx8RfHwCukao8Q==</latexit>

X

<latexit sha1_base64="lEEMx7EqLTkc/jUkduwhoT/PJ3M=">AAACMHicbZDJSgNBEIZ7XOMe9SReGqPgKcyIqEfRi8cIRgOZQWo6laSxl6G7Rw3DPIFXfRGfRk/i1aewE3NwKyj4+KuKqvrTTHDrwvA1mJicmp6ZrczNLywuLa9UV9curc4NwybTQptWChYFV9h03AlsZQZBpgKv0pvTYf3qFo3lWl24QYaJhJ7iXc7Aeem8dV2thfVwFPQvRGOokXE0rleDjbijWS5ROSbA2nYUZi4pwDjOBJbzcW4xA3YDPWx7VCDRJsXo0pLueKVDu9r4VI6O1O8TBUhrBzL1nRJc3/6uDcX/au3cdY+Sgqssd6jY16JuLqjTdPg27XCDzImBB2CG+1sp64MB5rw5P7Zk/YHlzPpHFN4xLSWoThFLBFW2o8RTqu+L7ViA6gmktYjGZoTbZenNjH5b9xcu9+rRQT08368dn4xtrZBNskV2SUQOyTE5Iw3SJIwgeSCP5Cl4Dl6Ct+D9q3UiGM+skx8RfHwCukao8Q==</latexit>

X

• Information is processed through quantum gates
<latexit sha1_base64="aM1BaQQBqmxDQrmm5fgrpBPF/k8="></latexit>

UU † = U †U = 1
<latexit sha1_base64="WBxgMvPnYBLErLYSvwgj+3FZ50A="></latexit>

U
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Quantum Gates

Gate Matrix Operation Name

<latexit sha1_base64="lEEMx7EqLTkc/jUkduwhoT/PJ3M=">AAACMHicbZDJSgNBEIZ7XOMe9SReGqPgKcyIqEfRi8cIRgOZQWo6laSxl6G7Rw3DPIFXfRGfRk/i1aewE3NwKyj4+KuKqvrTTHDrwvA1mJicmp6ZrczNLywuLa9UV9curc4NwybTQptWChYFV9h03AlsZQZBpgKv0pvTYf3qFo3lWl24QYaJhJ7iXc7Aeem8dV2thfVwFPQvRGOokXE0rleDjbijWS5ROSbA2nYUZi4pwDjOBJbzcW4xA3YDPWx7VCDRJsXo0pLueKVDu9r4VI6O1O8TBUhrBzL1nRJc3/6uDcX/au3cdY+Sgqssd6jY16JuLqjTdPg27XCDzImBB2CG+1sp64MB5rw5P7Zk/YHlzPpHFN4xLSWoThFLBFW2o8RTqu+L7ViA6gmktYjGZoTbZenNjH5b9xcu9+rRQT08368dn4xtrZBNskV2SUQOyTE5Iw3SJIwgeSCP5Cl4Dl6Ct+D9q3UiGM+skx8RfHwCukao8Q==</latexit>

X
<latexit sha1_base64="VqWxirDKOdRXOMMfeeVWhfZsP60="></latexit>

|0ih1|+ |1ih0|
<latexit sha1_base64="ovitEAg9+8iGkd0u4W4Ss/j9tl0="></latexit>

|0i
<latexit sha1_base64="ZZCZGv1SHApPRlFhyVICIVQYC34="></latexit>

|1i
<latexit sha1_base64="ZZCZGv1SHApPRlFhyVICIVQYC34="></latexit>

|1i
<latexit sha1_base64="ovitEAg9+8iGkd0u4W4Ss/j9tl0="></latexit>

|0i
<latexit sha1_base64="lEEMx7EqLTkc/jUkduwhoT/PJ3M=">AAACMHicbZDJSgNBEIZ7XOMe9SReGqPgKcyIqEfRi8cIRgOZQWo6laSxl6G7Rw3DPIFXfRGfRk/i1aewE3NwKyj4+KuKqvrTTHDrwvA1mJicmp6ZrczNLywuLa9UV9curc4NwybTQptWChYFV9h03AlsZQZBpgKv0pvTYf3qFo3lWl24QYaJhJ7iXc7Aeem8dV2thfVwFPQvRGOokXE0rleDjbijWS5ROSbA2nYUZi4pwDjOBJbzcW4xA3YDPWx7VCDRJsXo0pLueKVDu9r4VI6O1O8TBUhrBzL1nRJc3/6uDcX/au3cdY+Sgqssd6jY16JuLqjTdPg27XCDzImBB2CG+1sp64MB5rw5P7Zk/YHlzPpHFN4xLSWoThFLBFW2o8RTqu+L7ViA6gmktYjGZoTbZenNjH5b9xcu9+rRQT08368dn4xtrZBNskV2SUQOyTE5Iw3SJIwgeSCP5Cl4Dl6Ct+D9q3UiGM+skx8RfHwCukao8Q==</latexit>

X <latexit sha1_base64="lEEMx7EqLTkc/jUkduwhoT/PJ3M=">AAACMHicbZDJSgNBEIZ7XOMe9SReGqPgKcyIqEfRi8cIRgOZQWo6laSxl6G7Rw3DPIFXfRGfRk/i1aewE3NwKyj4+KuKqvrTTHDrwvA1mJicmp6ZrczNLywuLa9UV9curc4NwybTQptWChYFV9h03AlsZQZBpgKv0pvTYf3qFo3lWl24QYaJhJ7iXc7Aeem8dV2thfVwFPQvRGOokXE0rleDjbijWS5ROSbA2nYUZi4pwDjOBJbzcW4xA3YDPWx7VCDRJsXo0pLueKVDu9r4VI6O1O8TBUhrBzL1nRJc3/6uDcX/au3cdY+Sgqssd6jY16JuLqjTdPg27XCDzImBB2CG+1sp64MB5rw5P7Zk/YHlzPpHFN4xLSWoThFLBFW2o8RTqu+L7ViA6gmktYjGZoTbZenNjH5b9xcu9+rRQT08368dn4xtrZBNskV2SUQOyTE5Iw3SJIwgeSCP5Cl4Dl6Ct+D9q3UiGM+skx8RfHwCukao8Q==</latexit>

X
Pauli Matrix X


(NOT)

<latexit sha1_base64="joaTMiWC40YiWkFzKONfNWj1IEU=">AAACMHicbZDJSgNBEIZ7XOMe9SReGqPgKcyIqEfRi8cIxoXMIDWdStLYy9Ddo4ZhnsCrvohPoyfx6lPYiTm4FRR8/FVFVf1pJrh1YfgajI1PTE5NV2Zm5+YXFpeqyyvnVueGYZNpoc1lChYFV9h03Am8zAyCTAVepDfHg/rFLRrLtTpz/QwTCV3FO5yB89Lp1XW1FtbDYdC/EI2gRkbRuF4O1uK2ZrlE5ZgAa1tRmLmkAOM4E1jOxrnFDNgNdLHlUYFEmxTDS0u65ZU27WjjUzk6VL9PFCCt7cvUd0pwPfu7NhD/q7Vy1zlICq6y3KFiX4s6uaBO08HbtM0NMif6HoAZ7m+lrAcGmPPm/NiS9fqWM+sfUXjHtJSg2kUsEVTZihJPqb4vNmMBqiuQ1iIamyFulqU3M/pt3V8436lHe/XwdLd2eDSytULWyQbZJhHZJ4fkhDRIkzCC5IE8kqfgOXgJ3oL3r9axYDSzSn5E8PEJvBKo8g==</latexit>

Y
<latexit sha1_base64="1oBnJFHX4hIHpfQvnNeKBbHF5oU="></latexit>

�ı(|0ih1|� |1ih0|)
<latexit sha1_base64="ovitEAg9+8iGkd0u4W4Ss/j9tl0="></latexit>

|0i
<latexit sha1_base64="ZZCZGv1SHApPRlFhyVICIVQYC34="></latexit>

|1i
<latexit sha1_base64="TIZKOagyvfd9OVMmWiZwaR3+axU="></latexit>

ı |1i
<latexit sha1_base64="Q13FYuSsmA/ik4X6O2VIXFZQLGE="></latexit>

�ı |0i
<latexit sha1_base64="joaTMiWC40YiWkFzKONfNWj1IEU=">AAACMHicbZDJSgNBEIZ7XOMe9SReGqPgKcyIqEfRi8cIxoXMIDWdStLYy9Ddo4ZhnsCrvohPoyfx6lPYiTm4FRR8/FVFVf1pJrh1YfgajI1PTE5NV2Zm5+YXFpeqyyvnVueGYZNpoc1lChYFV9h03Am8zAyCTAVepDfHg/rFLRrLtTpz/QwTCV3FO5yB89Lp1XW1FtbDYdC/EI2gRkbRuF4O1uK2ZrlE5ZgAa1tRmLmkAOM4E1jOxrnFDNgNdLHlUYFEmxTDS0u65ZU27WjjUzk6VL9PFCCt7cvUd0pwPfu7NhD/q7Vy1zlICq6y3KFiX4s6uaBO08HbtM0NMif6HoAZ7m+lrAcGmPPm/NiS9fqWM+sfUXjHtJSg2kUsEVTZihJPqb4vNmMBqiuQ1iIamyFulqU3M/pt3V8436lHe/XwdLd2eDSytULWyQbZJhHZJ4fkhDRIkzCC5IE8kqfgOXgJ3oL3r9axYDSzSn5E8PEJvBKo8g==</latexit>

Y <latexit sha1_base64="joaTMiWC40YiWkFzKONfNWj1IEU=">AAACMHicbZDJSgNBEIZ7XOMe9SReGqPgKcyIqEfRi8cIxoXMIDWdStLYy9Ddo4ZhnsCrvohPoyfx6lPYiTm4FRR8/FVFVf1pJrh1YfgajI1PTE5NV2Zm5+YXFpeqyyvnVueGYZNpoc1lChYFV9h03Am8zAyCTAVepDfHg/rFLRrLtTpz/QwTCV3FO5yB89Lp1XW1FtbDYdC/EI2gRkbRuF4O1uK2ZrlE5ZgAa1tRmLmkAOM4E1jOxrnFDNgNdLHlUYFEmxTDS0u65ZU27WjjUzk6VL9PFCCt7cvUd0pwPfu7NhD/q7Vy1zlICq6y3KFiX4s6uaBO08HbtM0NMif6HoAZ7m+lrAcGmPPm/NiS9fqWM+sfUXjHtJSg2kUsEVTZihJPqb4vNmMBqiuQ1iIamyFulqU3M/pt3V8436lHe/XwdLd2eDSytULWyQbZJhHZJ4fkhDRIkzCC5IE8kqfgOXgJ3oL3r9axYDSzSn5E8PEJvBKo8g==</latexit>

Y Pauli Matrix Y

<latexit sha1_base64="a+VzJX1Gz9tAym2TEx4/IU63lWg=">AAACMHicbZDJSgNBEIZ7XOMe9SReGqPgKcyIqEfRi8cIRsXMIDWdStLYy9Ddo4ZhnsCrvohPoyfx6lPYiTm4FRR8/FVFVf1pJrh1YfgajI1PTE5NV2Zm5+YXFpeqyyvnVueGYZNpoc1lChYFV9h03Am8zAyCTAVepDfHg/rFLRrLtTpz/QwTCV3FO5yB89Lp1XW1FtbDYdC/EI2gRkbRuF4O1uK2ZrlE5ZgAa1tRmLmkAOM4E1jOxrnFDNgNdLHlUYFEmxTDS0u65ZU27WjjUzk6VL9PFCCt7cvUd0pwPfu7NhD/q7Vy1zlICq6y3KFiX4s6uaBO08HbtM0NMif6HoAZ7m+lrAcGmPPm/NiS9fqWM+sfUXjHtJSg2kUsEVTZihJPqb4vNmMBqiuQ1iIamyFulqU3M/pt3V8436lHe/XwdLd2eDSytULWyQbZJhHZJ4fkhDRIkzCC5IE8kqfgOXgJ3oL3r9axYDSzSn5E8PEJvd6o8w==</latexit>

Z
<latexit sha1_base64="3AC8vYWcogh/9WjHTnI4d4QCCew="></latexit>

|0ih0|� |1ih1|
<latexit sha1_base64="ovitEAg9+8iGkd0u4W4Ss/j9tl0="></latexit>

|0i
<latexit sha1_base64="ZZCZGv1SHApPRlFhyVICIVQYC34="></latexit>

|1i
<latexit sha1_base64="XfDIQZoEzfujnjU5zcJTOZua60E="></latexit>

|0i
<latexit sha1_base64="Fr9b6P6yMsdw5eUH/jdq3x6Utfw="></latexit>

� |1i<latexit sha1_base64="a+VzJX1Gz9tAym2TEx4/IU63lWg=">AAACMHicbZDJSgNBEIZ7XOMe9SReGqPgKcyIqEfRi8cIRsXMIDWdStLYy9Ddo4ZhnsCrvohPoyfx6lPYiTm4FRR8/FVFVf1pJrh1YfgajI1PTE5NV2Zm5+YXFpeqyyvnVueGYZNpoc1lChYFV9h03Am8zAyCTAVepDfHg/rFLRrLtTpz/QwTCV3FO5yB89Lp1XW1FtbDYdC/EI2gRkbRuF4O1uK2ZrlE5ZgAa1tRmLmkAOM4E1jOxrnFDNgNdLHlUYFEmxTDS0u65ZU27WjjUzk6VL9PFCCt7cvUd0pwPfu7NhD/q7Vy1zlICq6y3KFiX4s6uaBO08HbtM0NMif6HoAZ7m+lrAcGmPPm/NiS9fqWM+sfUXjHtJSg2kUsEVTZihJPqb4vNmMBqiuQ1iIamyFulqU3M/pt3V8436lHe/XwdLd2eDSytULWyQbZJhHZJ4fkhDRIkzCC5IE8kqfgOXgJ3oL3r9axYDSzSn5E8PEJvd6o8w==</latexit>

Z
<latexit sha1_base64="a+VzJX1Gz9tAym2TEx4/IU63lWg=">AAACMHicbZDJSgNBEIZ7XOMe9SReGqPgKcyIqEfRi8cIRsXMIDWdStLYy9Ddo4ZhnsCrvohPoyfx6lPYiTm4FRR8/FVFVf1pJrh1YfgajI1PTE5NV2Zm5+YXFpeqyyvnVueGYZNpoc1lChYFV9h03Am8zAyCTAVepDfHg/rFLRrLtTpz/QwTCV3FO5yB89Lp1XW1FtbDYdC/EI2gRkbRuF4O1uK2ZrlE5ZgAa1tRmLmkAOM4E1jOxrnFDNgNdLHlUYFEmxTDS0u65ZU27WjjUzk6VL9PFCCt7cvUd0pwPfu7NhD/q7Vy1zlICq6y3KFiX4s6uaBO08HbtM0NMif6HoAZ7m+lrAcGmPPm/NiS9fqWM+sfUXjHtJSg2kUsEVTZihJPqb4vNmMBqiuQ1iIamyFulqU3M/pt3V8436lHe/XwdLd2eDSytULWyQbZJhHZJ4fkhDRIkzCC5IE8kqfgOXgJ3oL3r9axYDSzSn5E8PEJvd6o8w==</latexit>

Z Pauli Matrix Z

<latexit sha1_base64="r6+pgGkof4SqU94iStKFdDE9ow4="></latexit>

H

<latexit sha1_base64="gdao0Yv7IxbRkpaCkJIywFUfj5E="></latexit>

1p
2
(X + Z )

<latexit sha1_base64="ovitEAg9+8iGkd0u4W4Ss/j9tl0="></latexit>

|0i
<latexit sha1_base64="ZZCZGv1SHApPRlFhyVICIVQYC34="></latexit>

|1i
<latexit sha1_base64="yKdSUdZfH9REZpgJ8vIAwRcYoGM="></latexit>

|0i+ |1ip
2

<latexit sha1_base64="NpTwO8miG7gdvJ06MxvJauWOH7Q="></latexit>

|0i � |1ip
2

<latexit sha1_base64="r6+pgGkof4SqU94iStKFdDE9ow4="></latexit>

H
<latexit sha1_base64="r6+pgGkof4SqU94iStKFdDE9ow4="></latexit>

H Hadamard

<latexit sha1_base64="PGyTEF8+B6SvDDq260Q8tGJr+HI="></latexit>'
<latexit sha1_base64="JAqMfFDmxrAMUDACxHbociCSyAc="></latexit>

|0ih0|+ eı' |1ih1|
<latexit sha1_base64="ovitEAg9+8iGkd0u4W4Ss/j9tl0="></latexit>

|0i
<latexit sha1_base64="ZZCZGv1SHApPRlFhyVICIVQYC34="></latexit>

|1i
<latexit sha1_base64="Tbt/ypF/7+e+AFDbWTnkry4KWLI="></latexit>

eı' |1i
<latexit sha1_base64="ovitEAg9+8iGkd0u4W4Ss/j9tl0="></latexit>

|0i
<latexit sha1_base64="PGyTEF8+B6SvDDq260Q8tGJr+HI="></latexit>' <latexit sha1_base64="PGyTEF8+B6SvDDq260Q8tGJr+HI="></latexit>' Phase Shift



7

Multiple Qubits
Let us have two qubits

<latexit sha1_base64="oEFJQNU7z32V0067O5TiMNw1O4Y="></latexit>

| i(1) =

c0
c1

�
= c0 |0i+ c1 |1i

<latexit sha1_base64="1VM6Me3pbdRl9v+qj38njsuwn3E="></latexit>

| i(2) =

d0
d1

�
= d0 |0i+ d1 |1i

The combined state is given by
<latexit sha1_base64="1AlY7SPfUDgRWEED4toLbrcCdZQ="></latexit>

| i = | i(1) ⌦ | i(2) =

c0
c1

�
⌦


d0
d1

�
<latexit sha1_base64="Q/UUa/X/V8xE4OEpof6N3J5z7Q0="></latexit>

=

2

664

c0


d0
d1

�

c1


d0
d1

�

3

775

<latexit sha1_base64="8+BrAEt6X8cK66exiYav98bmuIo="></latexit>

=

2

664

c0d0
c0d1
c1d0
c1d1

3

775

In Dirac notation we have
<latexit sha1_base64="PiWb5LGi5xhShWYXgcGF+CpJQpI="></latexit>

| i = | i(1) ⌦ | i(2) = (c0 |0i+ c1 |1i)⌦ (d0 |0i+ d1 |1i)
<latexit sha1_base64="CMladgClYJgu5PwtDHfb2JBUoT0="></latexit>

= c0d0 |0i ⌦ |0i+ c0d1 |0i ⌦ |1i+ c1d0 |1i ⌦ |0i+ c1d1 |1i ⌦ |1i
<latexit sha1_base64="QTzdPy+mEsFpyxh5dd7GmMSjY7s="></latexit>

= c0d0 |00i+ c0d1 |01i+ c1d0 |10i+ c1d1 |11i

tensor product
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Two-Qubit Gates

<latexit sha1_base64="eV7L4Gj1EJKjlowPZcXtk2zoHHk="></latexit>

|0i

<latexit sha1_base64="eV7L4Gj1EJKjlowPZcXtk2zoHHk="></latexit>

|0i

<latexit sha1_base64="eV7L4Gj1EJKjlowPZcXtk2zoHHk="></latexit>

|0i

<latexit sha1_base64="eV7L4Gj1EJKjlowPZcXtk2zoHHk="></latexit>

|0i
<latexit sha1_base64="2YlLyJUrCdtMj6tcsWfBK+ovv4w="></latexit>

|1i
<latexit sha1_base64="2YlLyJUrCdtMj6tcsWfBK+ovv4w="></latexit>

|1i

<latexit sha1_base64="eV7L4Gj1EJKjlowPZcXtk2zoHHk="></latexit>

|0i
<latexit sha1_base64="eV7L4Gj1EJKjlowPZcXtk2zoHHk="></latexit>

|0i
<latexit sha1_base64="2YlLyJUrCdtMj6tcsWfBK+ovv4w="></latexit>

|1i
<latexit sha1_base64="2YlLyJUrCdtMj6tcsWfBK+ovv4w="></latexit>

|1i

<latexit sha1_base64="2YlLyJUrCdtMj6tcsWfBK+ovv4w="></latexit>

|1i
<latexit sha1_base64="eV7L4Gj1EJKjlowPZcXtk2zoHHk="></latexit>

|0i

<latexit sha1_base64="2YlLyJUrCdtMj6tcsWfBK+ovv4w="></latexit>

|1i

<latexit sha1_base64="2YlLyJUrCdtMj6tcsWfBK+ovv4w="></latexit>

|1i

<latexit sha1_base64="2YlLyJUrCdtMj6tcsWfBK+ovv4w="></latexit>

|1i

<latexit sha1_base64="eV7L4Gj1EJKjlowPZcXtk2zoHHk="></latexit>

|0i

<latexit sha1_base64="ROtVhHqXWDTp5SS99IsyttQ9ZO4="></latexit>

1

<latexit sha1_base64="ROtVhHqXWDTp5SS99IsyttQ9ZO4="></latexit>

1

<latexit sha1_base64="zKAP2Ykw/eDvCnJsQ/cAuqPochg="></latexit>

0

<latexit sha1_base64="zKAP2Ykw/eDvCnJsQ/cAuqPochg="></latexit>

0
<latexit sha1_base64="ROtVhHqXWDTp5SS99IsyttQ9ZO4="></latexit>

1

<latexit sha1_base64="zKAP2Ykw/eDvCnJsQ/cAuqPochg="></latexit>

0
<latexit sha1_base64="zKAP2Ykw/eDvCnJsQ/cAuqPochg="></latexit>

0

<latexit sha1_base64="zKAP2Ykw/eDvCnJsQ/cAuqPochg="></latexit>

0

<latexit sha1_base64="zKAP2Ykw/eDvCnJsQ/cAuqPochg="></latexit>

0

<latexit sha1_base64="zKAP2Ykw/eDvCnJsQ/cAuqPochg="></latexit>

0

<latexit sha1_base64="ROtVhHqXWDTp5SS99IsyttQ9ZO4="></latexit>

1

<latexit sha1_base64="ROtVhHqXWDTp5SS99IsyttQ9ZO4="></latexit>

1

<latexit sha1_base64="Vj/4pwTZMQDefv3q0RXqFtHIXrc="></latexit>

A
N
D

<latexit sha1_base64="Vj/4pwTZMQDefv3q0RXqFtHIXrc="></latexit>

A
N
D

<latexit sha1_base64="Vj/4pwTZMQDefv3q0RXqFtHIXrc="></latexit>

A
N
D

<latexit sha1_base64="Vj/4pwTZMQDefv3q0RXqFtHIXrc="></latexit>

A
N
D

<latexit sha1_base64="knlcJIsIZuJZ5MmZ5wJEsop0ELo="></latexit>

CNOT | i = CNOT(a |00i+ b |01i+ c |10i+ d |11i)
<latexit sha1_base64="gmmN4XOvMIQPkqjLYHu0e4kDz7M="></latexit>

= a|00i+ b|01i+ c|11i+ d|10i

control

not



Lecture 2 — Teleportation and Entanglement

• Quantum Gates

• Quantum Teleportation

• Entanglement

❖ Single-qubit gates

❖ Two-qubit gates

❖ Step-by-step analysis

❖ What entanglement is and what it is not

❖ Entanglement as resource for teleportation



quantum

gates

quantum gates

resource state

output

state

input

state
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Quantum Teleportation
classical communication

resource

state

input

state

quantum

gates

output

state

quantum

gates

Lab A (Alice) Lab B (Bob)

<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H <latexit sha1_base64="MxaWjLAIe6TU9kUt6JrIaiCx25M="></latexit>

|nihn|

<latexit sha1_base64="nZe3BY20238VXXi8xDxDw32UHxw="></latexit>

|mihm|

<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i<latexit sha1_base64="H9QlwcZBQaBEu6pFxPIhfVAPjTk="></latexit>

Xm <latexit sha1_base64="Sam+y0LrA4Mkm+1bnyYHY0loxoQ="></latexit>

Zn

<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

Quantum teleportation DOES NOT 
occur faster than the speed of light

Charles H. Bennett, et al. Phys. Rev. Lett. 70, 1895 (1993)
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Quantum Teleportation — Step 0

<latexit sha1_base64="HxOmCOO3hV1t1Qm80w65umUfS1E="></latexit>

| i0 = | i ⌦ |0i ⌦ |0i
<latexit sha1_base64="y9suC+Bf0ceuBesJORGkpj/TVAc="></latexit>

= (a|0i+ b|1i)⌦ |0i ⌦ |0i
<latexit sha1_base64="N16B37x4/0WANXmV2LQQWimeoKI="></latexit>

= a|000i+ b|100i

<latexit sha1_base64="v8cijZrLB50/BADtqaaS89a16ts="></latexit>

| i0
<latexit sha1_base64="6tDDCwC6zaIM999QAjfmgyvFnB8="></latexit>

| i1
<latexit sha1_base64="jpL6cB3FUhfUY04B4vFTazGD/MM="></latexit>

| i2
<latexit sha1_base64="wGmIqPElkwG/lWqUbtxVNpK1V6w="></latexit>

| i3
<latexit sha1_base64="H8i/KbDMZWBqFP7i3euVTXSgvh4="></latexit>

| i4
<latexit sha1_base64="0fK0jBRI6oeMkkcJMhS90YMqvRo="></latexit>

| i5
<latexit sha1_base64="pMlPT9z/Tn4EsGrjZaFcSE01H5s="></latexit>

| i6

<latexit sha1_base64="vOgfUSc1g1vk7SvQu5fIOs3NBNE="></latexit>

| i = a |0i+ b |1i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H <latexit sha1_base64="MxaWjLAIe6TU9kUt6JrIaiCx25M="></latexit>

|nihn|

<latexit sha1_base64="nZe3BY20238VXXi8xDxDw32UHxw="></latexit>

|mihm|

<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i<latexit sha1_base64="H9QlwcZBQaBEu6pFxPIhfVAPjTk="></latexit>

Xm <latexit sha1_base64="Sam+y0LrA4Mkm+1bnyYHY0loxoQ="></latexit>

Zn
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Quantum Teleportation — Step 1

<latexit sha1_base64="3GmMYICKcYJFESoIB+je86wmIsI="></latexit>

| i1 = (12 ⌦H⌦ 12) | i0
<latexit sha1_base64="VvA3a6ZflR9IjLhBJ+U74NVJ7eA="></latexit>

= a |0i ⌦
✓
|0i+ |1ip

2

◆
⌦ |0i+ b |1i ⌦

✓
|0i+ |1ip

2

◆
⌦ |0i

<latexit sha1_base64="FU9Aj+tsQWOH+PeE347A99AAxn8="></latexit>

=
1p
2
(a |000i+ a |010i+ b |100i+ b |110i)

<latexit sha1_base64="93QjqJRBlguW/Snfyp2NNp2zIKs="></latexit>

H |0i = |0i+ |1ip
2

<latexit sha1_base64="zkgWL5ZXRJONnD9sWKGRUBD2Sqk="></latexit>

H |1i = |0i � |1ip
2

<latexit sha1_base64="vOgfUSc1g1vk7SvQu5fIOs3NBNE="></latexit>

| i = a |0i+ b |1i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="v8cijZrLB50/BADtqaaS89a16ts="></latexit>

| i0
<latexit sha1_base64="6tDDCwC6zaIM999QAjfmgyvFnB8="></latexit>

| i1
<latexit sha1_base64="jpL6cB3FUhfUY04B4vFTazGD/MM="></latexit>

| i2
<latexit sha1_base64="wGmIqPElkwG/lWqUbtxVNpK1V6w="></latexit>

| i3
<latexit sha1_base64="H8i/KbDMZWBqFP7i3euVTXSgvh4="></latexit>

| i4

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H <latexit sha1_base64="MxaWjLAIe6TU9kUt6JrIaiCx25M="></latexit>

|nihn|

<latexit sha1_base64="nZe3BY20238VXXi8xDxDw32UHxw="></latexit>

|mihm|

<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="0fK0jBRI6oeMkkcJMhS90YMqvRo="></latexit>

| i5
<latexit sha1_base64="pMlPT9z/Tn4EsGrjZaFcSE01H5s="></latexit>

| i6

<latexit sha1_base64="H9QlwcZBQaBEu6pFxPIhfVAPjTk="></latexit>

Xm <latexit sha1_base64="Sam+y0LrA4Mkm+1bnyYHY0loxoQ="></latexit>

Zn

<latexit sha1_base64="aeI+HdJK8CAg+zjmkyxmpfLvtDE="></latexit>

= (12 ⌦H⌦ 12)(a |000i+ b |100i)
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Quantum Teleportation — Step 2

<latexit sha1_base64="u6BjNY5nFsKckqxldvAVY+lAO2w="></latexit>

| i2 = (12 ⌦ CNOT) | i1

<latexit sha1_base64="Xbzd1yt/esdDdkRVx+NDMhiksmc="></latexit>

= (12 ⌦ CNOT)


1p
2
(a |000i+ a |010i+ b |100i+ b |110i)

�

<latexit sha1_base64="I8dPwBGTs1lMhohH+RdoMyPoAE4="></latexit>

=
1p
2
(a |000i+ a |011i+ b |100i+ b |111i)

<latexit sha1_base64="/eP3x3AaUmzEaQkuvEXXDZBKX40="></latexit>

CNOT |00i = |00i
<latexit sha1_base64="zos2u26oI0wmCGjNVFyPHlknbwU="></latexit>

CNOT |01i = |01i

<latexit sha1_base64="jllJtGQC0Fwg31+7UL+roLZKgys="></latexit>

CNOT |11i = |10i

<latexit sha1_base64="kTkOnFzTiD+dhCxruGmRRdEOUPU="></latexit>

CNOT |10i = |11i

<latexit sha1_base64="vOgfUSc1g1vk7SvQu5fIOs3NBNE="></latexit>

| i = a |0i+ b |1i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="v8cijZrLB50/BADtqaaS89a16ts="></latexit>

| i0
<latexit sha1_base64="6tDDCwC6zaIM999QAjfmgyvFnB8="></latexit>

| i1
<latexit sha1_base64="jpL6cB3FUhfUY04B4vFTazGD/MM="></latexit>

| i2
<latexit sha1_base64="wGmIqPElkwG/lWqUbtxVNpK1V6w="></latexit>

| i3
<latexit sha1_base64="H8i/KbDMZWBqFP7i3euVTXSgvh4="></latexit>

| i4

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H <latexit sha1_base64="MxaWjLAIe6TU9kUt6JrIaiCx25M="></latexit>

|nihn|

<latexit sha1_base64="nZe3BY20238VXXi8xDxDw32UHxw="></latexit>

|mihm|

<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="0fK0jBRI6oeMkkcJMhS90YMqvRo="></latexit>

| i5
<latexit sha1_base64="pMlPT9z/Tn4EsGrjZaFcSE01H5s="></latexit>

| i6

<latexit sha1_base64="H9QlwcZBQaBEu6pFxPIhfVAPjTk="></latexit>

Xm <latexit sha1_base64="Sam+y0LrA4Mkm+1bnyYHY0loxoQ="></latexit>

Zn
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Quantum Teleportation — Step 3

<latexit sha1_base64="RGtrAbTSNW6RrROAd4R9HoTpC0E="></latexit>

| i3 = (CNOT⌦ 12) | i2

<latexit sha1_base64="6n1Q4f4eszz7R6yERgz2r6O9pLA="></latexit>

= (CNOT⌦ 12)


1p
2
(a |000i+ a |011i+ b |100i+ b |111i)

�

<latexit sha1_base64="O8rOStR+qyorM4M40JByyBWeUbg="></latexit>

=
1p
2
(a |000i+ a |011i+ b |110i+ b |101i)

<latexit sha1_base64="vOgfUSc1g1vk7SvQu5fIOs3NBNE="></latexit>

| i = a |0i+ b |1i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="v8cijZrLB50/BADtqaaS89a16ts="></latexit>

| i0
<latexit sha1_base64="6tDDCwC6zaIM999QAjfmgyvFnB8="></latexit>

| i1
<latexit sha1_base64="jpL6cB3FUhfUY04B4vFTazGD/MM="></latexit>

| i2
<latexit sha1_base64="wGmIqPElkwG/lWqUbtxVNpK1V6w="></latexit>

| i3
<latexit sha1_base64="H8i/KbDMZWBqFP7i3euVTXSgvh4="></latexit>

| i4

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H <latexit sha1_base64="MxaWjLAIe6TU9kUt6JrIaiCx25M="></latexit>

|nihn|

<latexit sha1_base64="nZe3BY20238VXXi8xDxDw32UHxw="></latexit>

|mihm|

<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="0fK0jBRI6oeMkkcJMhS90YMqvRo="></latexit>

| i5
<latexit sha1_base64="pMlPT9z/Tn4EsGrjZaFcSE01H5s="></latexit>

| i6

<latexit sha1_base64="H9QlwcZBQaBEu6pFxPIhfVAPjTk="></latexit>

Xm <latexit sha1_base64="Sam+y0LrA4Mkm+1bnyYHY0loxoQ="></latexit>

Zn

<latexit sha1_base64="/eP3x3AaUmzEaQkuvEXXDZBKX40="></latexit>

CNOT |00i = |00i
<latexit sha1_base64="zos2u26oI0wmCGjNVFyPHlknbwU="></latexit>

CNOT |01i = |01i

<latexit sha1_base64="jllJtGQC0Fwg31+7UL+roLZKgys="></latexit>

CNOT |11i = |10i

<latexit sha1_base64="kTkOnFzTiD+dhCxruGmRRdEOUPU="></latexit>

CNOT |10i = |11i
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Quantum Teleportation — Step 4

<latexit sha1_base64="93QjqJRBlguW/Snfyp2NNp2zIKs="></latexit>

H |0i = |0i+ |1ip
2

<latexit sha1_base64="zkgWL5ZXRJONnD9sWKGRUBD2Sqk="></latexit>

H |1i = |0i � |1ip
2

<latexit sha1_base64="MXxtIWJSqOQY47+WFQscx2FwFhg="></latexit>

| i4 = (H⌦ 12 ⌦ 12) | i3

<latexit sha1_base64="uw4PA+QT7gTKGHumAp6wD4pA03Y="></latexit>

= (H⌦ 12 ⌦ 12)


1p
2
(a |000i+ a |011i+ b |110i+ b |101i)

�

<latexit sha1_base64="dFO8hVEyZrvkAD7gouYwwQIXIO4="></latexit>

=
1

2

⇥
a(|0i+ |1i)⌦ |00i+ a(|0i+ |1i)⌦ |11i

+ b(|0i � |1i)⌦ |10i+ b(|0i � |1i)⌦ |01i
⇤

<latexit sha1_base64="LtAVL6IdBqN28LaPhikvq17TDd0="></latexit>

=
1

2

⇥
|00i ⌦ (a|0i+ b|1i) + |01i ⌦ (a|1i+ b|0i)

+ |10i ⌦ (a|0i � b|1i) + |11i ⌦ (a|1i � b|0i)
⇤

<latexit sha1_base64="vOgfUSc1g1vk7SvQu5fIOs3NBNE="></latexit>

| i = a |0i+ b |1i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="v8cijZrLB50/BADtqaaS89a16ts="></latexit>

| i0
<latexit sha1_base64="6tDDCwC6zaIM999QAjfmgyvFnB8="></latexit>

| i1
<latexit sha1_base64="jpL6cB3FUhfUY04B4vFTazGD/MM="></latexit>

| i2
<latexit sha1_base64="wGmIqPElkwG/lWqUbtxVNpK1V6w="></latexit>

| i3
<latexit sha1_base64="H8i/KbDMZWBqFP7i3euVTXSgvh4="></latexit>

| i4

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H <latexit sha1_base64="MxaWjLAIe6TU9kUt6JrIaiCx25M="></latexit>

|nihn|

<latexit sha1_base64="nZe3BY20238VXXi8xDxDw32UHxw="></latexit>

|mihm|

<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="0fK0jBRI6oeMkkcJMhS90YMqvRo="></latexit>

| i5
<latexit sha1_base64="pMlPT9z/Tn4EsGrjZaFcSE01H5s="></latexit>

| i6

<latexit sha1_base64="H9QlwcZBQaBEu6pFxPIhfVAPjTk="></latexit>

Xm <latexit sha1_base64="Sam+y0LrA4Mkm+1bnyYHY0loxoQ="></latexit>

Zn
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Quantum Teleportation — Step 5

<latexit sha1_base64="oTCyvrflmFEOTgb2hJE6ft3Dc4s="></latexit>

⇧00 = |0ih0|⌦ |0ih0|⌦ I = |00ih00|⌦ I
<latexit sha1_base64="PjRlCD2Yo/P4ipheuPX1DhPTsVE="></latexit>

⇧01 = |0ih0|⌦ |1ih1|⌦ I = |01ih01|⌦ I
<latexit sha1_base64="tdKQQdzgBwf7Wnlc1+xgjhDwhZw="></latexit>

⇧10 = |1ih1|⌦ |0ih0|⌦ I = |10ih10|⌦ I
<latexit sha1_base64="nmpWnuJ2HJxuSQF3DxmFjAxhCFo="></latexit>

⇧11 = |1ih1|⌦ |1ih1|⌦ I = |11ih11|⌦ I

<latexit sha1_base64="WODUIGm19Ndjxh250kHvOChw+KI="></latexit>

p00 = h |4 [⇧00 ⌦ I] | i4 = 1/4
<latexit sha1_base64="HaaIPpxW5bl9fa9XyqzEb5J2yNg="></latexit>

p01 = h |4 [⇧01 ⌦ I] | i4 = 1/4
<latexit sha1_base64="nzZt6CUjMRZjVoVljyDJcCMdsYI="></latexit>

p10 = h |4 [⇧10 ⌦ I] | i4 = 1/4
<latexit sha1_base64="pJo8hWg2M6rfMWK4yX2cUneJ8UU="></latexit>

p11 = h |4 [⇧11 ⌦ I] | i4 = 1/4

<latexit sha1_base64="vOgfUSc1g1vk7SvQu5fIOs3NBNE="></latexit>

| i = a |0i+ b |1i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="v8cijZrLB50/BADtqaaS89a16ts="></latexit>

| i0
<latexit sha1_base64="6tDDCwC6zaIM999QAjfmgyvFnB8="></latexit>

| i1
<latexit sha1_base64="jpL6cB3FUhfUY04B4vFTazGD/MM="></latexit>

| i2
<latexit sha1_base64="wGmIqPElkwG/lWqUbtxVNpK1V6w="></latexit>

| i3
<latexit sha1_base64="H8i/KbDMZWBqFP7i3euVTXSgvh4="></latexit>

| i4

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H <latexit sha1_base64="MxaWjLAIe6TU9kUt6JrIaiCx25M="></latexit>

|nihn|

<latexit sha1_base64="nZe3BY20238VXXi8xDxDw32UHxw="></latexit>

|mihm|

<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="0fK0jBRI6oeMkkcJMhS90YMqvRo="></latexit>

| i5
<latexit sha1_base64="pMlPT9z/Tn4EsGrjZaFcSE01H5s="></latexit>

| i6

<latexit sha1_base64="Eh98LKbEdASTOnROVNlLkiC8/WQ="></latexit>

|0ih0|
<latexit sha1_base64="jtFMmUFrkGY801ja5su/2hI9HXo="></latexit>

|1ih1|or

<latexit sha1_base64="Eh98LKbEdASTOnROVNlLkiC8/WQ="></latexit>

|0ih0|
<latexit sha1_base64="jtFMmUFrkGY801ja5su/2hI9HXo="></latexit>

|1ih1|or

<latexit sha1_base64="H9QlwcZBQaBEu6pFxPIhfVAPjTk="></latexit>

Xm <latexit sha1_base64="Sam+y0LrA4Mkm+1bnyYHY0loxoQ="></latexit>

Zn

<latexit sha1_base64="nXWFCyYn7yf6Oylq0VjGGBpneNA="></latexit>

| i4 =
1

2

h
|00i (a |0i+ b |1i) + |01i (a |1i+ b |0i) + |10i (a |0i � b |1i) + |11i (a |1i � b |0i)

i
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Quantum Teleportation — Step 5

<latexit sha1_base64="nXWFCyYn7yf6Oylq0VjGGBpneNA="></latexit>

| i4 =
1

2

h
|00i (a |0i+ b |1i) + |01i (a |1i+ b |0i) + |10i (a |0i � b |1i) + |11i (a |1i � b |0i)

i

<latexit sha1_base64="tFPnHdAR5DteNzRXl6XVmLqWwKY="></latexit>

| i(00)5 =
⇧00 | i4p

p00

<latexit sha1_base64="LVh9LBHWkhbJKf/D/7duMKtRic4="></latexit>

= |00i ⌦ (a|0i+ b|1i)
<latexit sha1_base64="bL+YPC2v7Ql7HBEY2+w1Gs5ibzc="></latexit>

| i(10)5 =
⇧10 | i4p

p10

<latexit sha1_base64="xLmr5cU4KGSEckaasM9p4bgf7uU="></latexit>

= |10i ⌦ (a|0i � b|1i)
<latexit sha1_base64="T5Ra9+kyE40vAjnMYpa5KZkYZcU="></latexit>

| i(01)5 =
⇧01 | i4p

p01

<latexit sha1_base64="pV1mim5xMB0aNHrjDNrn0It3rVY="></latexit>

= |01i ⌦ (a|1i+ b|0i)
<latexit sha1_base64="Xv7emLxKd9pzczZ/Kvp9tjCEEwA="></latexit>

| i(11)5 =
⇧11 | i4p

p11

<latexit sha1_base64="XFuB2qU8LP8OosTl4LtthUP0VQQ="></latexit>

= |11i ⌦ (a|1i � b|0i)

<latexit sha1_base64="vOgfUSc1g1vk7SvQu5fIOs3NBNE="></latexit>

| i = a |0i+ b |1i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="v8cijZrLB50/BADtqaaS89a16ts="></latexit>

| i0
<latexit sha1_base64="6tDDCwC6zaIM999QAjfmgyvFnB8="></latexit>

| i1
<latexit sha1_base64="jpL6cB3FUhfUY04B4vFTazGD/MM="></latexit>

| i2
<latexit sha1_base64="wGmIqPElkwG/lWqUbtxVNpK1V6w="></latexit>

| i3
<latexit sha1_base64="H8i/KbDMZWBqFP7i3euVTXSgvh4="></latexit>

| i4

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H <latexit sha1_base64="MxaWjLAIe6TU9kUt6JrIaiCx25M="></latexit>

|nihn|

<latexit sha1_base64="nZe3BY20238VXXi8xDxDw32UHxw="></latexit>

|mihm|

<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="0fK0jBRI6oeMkkcJMhS90YMqvRo="></latexit>

| i5
<latexit sha1_base64="pMlPT9z/Tn4EsGrjZaFcSE01H5s="></latexit>

| i6

<latexit sha1_base64="H9QlwcZBQaBEu6pFxPIhfVAPjTk="></latexit>

Xm <latexit sha1_base64="Sam+y0LrA4Mkm+1bnyYHY0loxoQ="></latexit>

Zn

<latexit sha1_base64="Eh98LKbEdASTOnROVNlLkiC8/WQ="></latexit>

|0ih0|
<latexit sha1_base64="jtFMmUFrkGY801ja5su/2hI9HXo="></latexit>

|1ih1|or

<latexit sha1_base64="Eh98LKbEdASTOnROVNlLkiC8/WQ="></latexit>

|0ih0|
<latexit sha1_base64="jtFMmUFrkGY801ja5su/2hI9HXo="></latexit>

|1ih1|or
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Quantum Teleportation — Step 6
<latexit sha1_base64="vOgfUSc1g1vk7SvQu5fIOs3NBNE="></latexit>

| i = a |0i+ b |1i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="v8cijZrLB50/BADtqaaS89a16ts="></latexit>

| i0
<latexit sha1_base64="6tDDCwC6zaIM999QAjfmgyvFnB8="></latexit>

| i1
<latexit sha1_base64="jpL6cB3FUhfUY04B4vFTazGD/MM="></latexit>

| i2
<latexit sha1_base64="wGmIqPElkwG/lWqUbtxVNpK1V6w="></latexit>

| i3
<latexit sha1_base64="H8i/KbDMZWBqFP7i3euVTXSgvh4="></latexit>

| i4

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H <latexit sha1_base64="MxaWjLAIe6TU9kUt6JrIaiCx25M="></latexit>

|nihn|

<latexit sha1_base64="nZe3BY20238VXXi8xDxDw32UHxw="></latexit>

|mihm|

<latexit sha1_base64="c9z+tMl/7cx4vuV8mVbeUNIsJdI="></latexit>

| i

<latexit sha1_base64="0fK0jBRI6oeMkkcJMhS90YMqvRo="></latexit>

| i5
<latexit sha1_base64="pMlPT9z/Tn4EsGrjZaFcSE01H5s="></latexit>

| i6
<latexit sha1_base64="XayppU6/J3rdUh7HmkYGHnCrVUk="></latexit>nm

<latexit sha1_base64="lfGJZLxuTKNItomM2VoUEzL4kp0="></latexit>

00

<latexit sha1_base64="qZCoaMuxujSYXaLPFf82NkDkA5c="></latexit>

01

<latexit sha1_base64="5FzCZhDIjKWegWMpx/48YiLKjtM="></latexit>

10

<latexit sha1_base64="mG5VsJ889jHhzho9wQSGfqrbxmc="></latexit>

11

<latexit sha1_base64="L2cXE3jWvqthg1dduoyIqH/4miA="></latexit>

X 0Z 0 | i00
<latexit sha1_base64="prf4KzCw5i4et0srMYoDITQHkZI="></latexit>

X 1Z 0 | i01
<latexit sha1_base64="ejK/z0265DjMVU0i7hmHnsk64BQ="></latexit>

X 0Z 1 | i10
<latexit sha1_base64="oMfLcLOsJ3hu0U8cE8EjB6UvjWI="></latexit>

X 1Z 1 | i11

<latexit sha1_base64="76f61zBZfuTUdY6CaYG61A69l/c="></latexit>

| iij

<latexit sha1_base64="zHEjq59gL3+HwB9xLJVATwURDBE="></latexit>

= 1 | i00
<latexit sha1_base64="TilMKLcAfEjIJdyl/v/26caWLeE="></latexit>

= X | i01
<latexit sha1_base64="TQMOkl9Oz25tVeUJijghI2XoUwE="></latexit>

= Z | i10
<latexit sha1_base64="GXtfRiwM/AdZxHPmXr+w9Y3tKu4="></latexit>

= XZ | i11

<latexit sha1_base64="EZN86udnG6TpzAjKTLBzT0v5tt8="></latexit>

= 1(a |0i+ b |1i) <latexit sha1_base64="JiBAo3zp2FKGDpz67TstxsMHQMU="></latexit>

= a |0i+ b |1i = | i
<latexit sha1_base64="JiBAo3zp2FKGDpz67TstxsMHQMU="></latexit>

= a |0i+ b |1i = | i
<latexit sha1_base64="JsmlWovv61lhyLXWRXMdy0j5sXg="></latexit>

= X (a |1i+ b |0i)
<latexit sha1_base64="4sFT8Lenmqv3Em/VV0b9tO3Q474="></latexit>

= Z (a |0i � b |1i)
<latexit sha1_base64="JiBAo3zp2FKGDpz67TstxsMHQMU="></latexit>

= a |0i+ b |1i = | i
<latexit sha1_base64="Uap6yAGSjN+6lY25mE1MxHFa7PI="></latexit>

= XZ (a |1i � b |0i)
<latexit sha1_base64="JiBAo3zp2FKGDpz67TstxsMHQMU="></latexit>

= a |0i+ b |1i = | i

<latexit sha1_base64="H9QlwcZBQaBEu6pFxPIhfVAPjTk="></latexit>

Xm <latexit sha1_base64="Sam+y0LrA4Mkm+1bnyYHY0loxoQ="></latexit>

Zn

<latexit sha1_base64="Eh98LKbEdASTOnROVNlLkiC8/WQ="></latexit>

|0ih0|
<latexit sha1_base64="jtFMmUFrkGY801ja5su/2hI9HXo="></latexit>

|1ih1|or

<latexit sha1_base64="Eh98LKbEdASTOnROVNlLkiC8/WQ="></latexit>

|0ih0|
<latexit sha1_base64="jtFMmUFrkGY801ja5su/2hI9HXo="></latexit>

|1ih1|or



Lecture 2 — Teleportation and Entanglement

• Quantum Gates

• Quantum Teleportation

• Entanglement

❖ Single-qubit gates

❖ Two-qubit gates

❖ Step-by-step analysis

❖ What entanglement is and what it is not

❖ Entanglement as resource for teleportation
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Resource State for Teleportation

Resource state for teleportation:

<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i
<latexit sha1_base64="+STOa/kWiiBlBeCcxi7GdJ1VvU0="></latexit>

|0i

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H

Answer: No!

Can we always decompose 
a given vector into a tensor 
product of vectors?

<latexit sha1_base64="r7qm0EL4J1H+A+ZODvCaL1AWmTc="></latexit>
?
?

�
⌦

?
?

�
<latexit sha1_base64="oVHFZauJz/c1gBXWRFycVRNtgnk="></latexit>2

664

?
?
?
?

3

775

<latexit sha1_base64="5d9o3eNm4h5+ZisGBzPW8iRzSKk="></latexit>

?

Composite states:

<latexit sha1_base64="1AlY7SPfUDgRWEED4toLbrcCdZQ="></latexit>

| i = | i(1) ⌦ | i(2) =

c0
c1

�
⌦


d0
d1

�
<latexit sha1_base64="Q/UUa/X/V8xE4OEpof6N3J5z7Q0="></latexit>

=

2

664

c0


d0
d1

�

c1


d0
d1

�

3

775

<latexit sha1_base64="8+BrAEt6X8cK66exiYav98bmuIo="></latexit>

=

2

664

c0d0
c0d1
c1d0
c1d1

3

775

<latexit sha1_base64="oEFJQNU7z32V0067O5TiMNw1O4Y="></latexit>

| i(1) =

c0
c1

�
= c0 |0i+ c1 |1i

<latexit sha1_base64="1VM6Me3pbdRl9v+qj38njsuwn3E="></latexit>

| i(2) =

d0
d1

�
= d0 |0i+ d1 |1i

<latexit sha1_base64="P5Tf044t0XnoUW8XvEhT5PdI9hA="></latexit>

|�i = 1p
2
(|00i+ |11i) = 1p

2

2

664

1
0
0
1

3

775

(Bell state)
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What Entanglement Is
A composite quantum state that cannot be written as a tensor product of two smaller quantum 
states is called entangled state

<latexit sha1_base64="FUZZ5A7vRK/pdzgk8eZvfIspVXo="></latexit>

| i 6= | i(1) ⌦ | i(2)

Otherwise it is called separable or product state.

• Entangled systems share a common property, but we don't know which part has which 
share until we measure it.

• For example, two particles have a total (sum) spin of zero, but we don't know the spin of 
each individual particle before we measure it.

<latexit sha1_base64="KC9V3NP2iw5VuZcJcmVL8txjyT4="></latexit>

+
1

2

<latexit sha1_base64="ZSKCLbREnVAeI7eITi1p6eUdL6Q="></latexit>

�1

2

particle 1 particle 2

<latexit sha1_base64="KC9V3NP2iw5VuZcJcmVL8txjyT4="></latexit>

+
1

2

<latexit sha1_base64="ZSKCLbREnVAeI7eITi1p6eUdL6Q="></latexit>

�1

2

particle 1 particle 2

spin

spin

<latexit sha1_base64="dtrA3LeExt8bpAlJRi1IymI4wtQ="></latexit>

|�i = 1p
2
(|01i+ |10i)

<latexit sha1_base64="LRRKaXq8oTRsJZdQIlI/mENkBCc="></latexit>

|1i : �1

2

<latexit sha1_base64="MIPK2sEVjBv/7NtITKL1cqATKF0="></latexit>

|0i : +1

2
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What Entanglement is Not

• Entanglement DOES NOT allow faster-than-light communication.

• Entanglement DOES NOT contain information. It contains correlations about information.
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Classical Correlations

A B

or

A B

Alice Bob

The gloves are perfectly correlated but no information has traveled from one place to another!
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Quantum Correlations

Alice Bob

<latexit sha1_base64="AD3z7QByrcVTx7bBeQ66fhug+I4="></latexit>

|1i

<latexit sha1_base64="9PCfKX0175mmEWXg9qw7ml+uge4="></latexit>

|0i

<latexit sha1_base64="AD3z7QByrcVTx7bBeQ66fhug+I4="></latexit>

|1i

or
<latexit sha1_base64="9PCfKX0175mmEWXg9qw7ml+uge4="></latexit>

|0i<latexit sha1_base64="dtrA3LeExt8bpAlJRi1IymI4wtQ="></latexit>

|�i = 1p
2
(|01i+ |10i)

• The spins are perfectly correlated but no information has traveled from one place to another!

<latexit sha1_base64="dtrA3LeExt8bpAlJRi1IymI4wtQ="></latexit>

|�i = 1p
2
(|01i+ |10i)

• So, what how are quantum correlations different from classical ones?
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Quantum Correlations

Alice Bob

or

<latexit sha1_base64="dtrA3LeExt8bpAlJRi1IymI4wtQ="></latexit>

|�i = 1p
2
(|01i+ |10i)

<latexit sha1_base64="dtrA3LeExt8bpAlJRi1IymI4wtQ="></latexit>

|�i = 1p
2
(|01i+ |10i)
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Quantum Correlations

Alice Bob

or

<latexit sha1_base64="dtrA3LeExt8bpAlJRi1IymI4wtQ="></latexit>

|�i = 1p
2
(|01i+ |10i)

<latexit sha1_base64="dtrA3LeExt8bpAlJRi1IymI4wtQ="></latexit>

|�i = 1p
2
(|01i+ |10i)
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Quantum Correlations

<latexit sha1_base64="PsrjQ8wbFa261tCNSqTeSLdHe5g="></latexit>

| i = 1p
2


1
�1

�
=

1p
2
(|"i � |#i)

<latexit sha1_base64="RlYNppKK9/uEfeh33XAxvBu6HO4="></latexit>

|!i = 1p
2


1
1

�
=

1p
2
(|"i+ |#i)

<latexit sha1_base64="HkwiCn74o4tprwVcJE4+x5aasgw="></latexit>

|0i = |"i =

1
0

�

<latexit sha1_base64="z8YF0WWGa//9m/4fBvkXSQTj+WE="></latexit>

|1i = |#i =

0
1

�

<latexit sha1_base64="2lfymGr3ALq30IgbvhtAvf1yZFQ="></latexit>

|�i = 1p
2
(|01i+ |10i) = 1p

2

2

664

0
1
1
0

3

775

<latexit sha1_base64="j9y8TnkY1SKzUcAIVD9h6DHHK/0="></latexit>

=
1p
2
(|"#i+ |#"i)

<latexit sha1_base64="RfZGDNlYOyKKkwP+RxMVkgx+LJ8="></latexit>

|�i = 1p
2
(|!!i � |  i)

<latexit sha1_base64="12ky7TkuZiC+wRxJQbTNm0FVYaI="></latexit>

|�i = 1p
2


1
ı

�
=

1p
2
(|"i+ ı |#i)

<latexit sha1_base64="KukHhj5zw3o2aE+IrulfBHb4v4U="></latexit>

|⌦i = 1p
2


1
�ı

�
=

1p
2
(|"i � ı |#i)

<latexit sha1_base64="vO3S1cooYKstixd91JHGGBnUqmQ="></latexit>

|�i = �ıp
2
(|��i � |⌦⌦i)



<latexit sha1_base64="Nzr/kk6oPmGVlyvyzuiX3uPy97A="></latexit>

|#i
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Quantum Correlations

Alice Bob

<latexit sha1_base64="tmm+bkRvKD0ON1Ip7yOQDDLpYFQ="></latexit>

|"i <latexit sha1_base64="3wj+w4CQyPK7fcFcn6d+B5ty9hE="></latexit>

|�i = 1p
2
(|"#i+ |#"i)

<latexit sha1_base64="Nzr/kk6oPmGVlyvyzuiX3uPy97A="></latexit>

|#i

or
<latexit sha1_base64="tmm+bkRvKD0ON1Ip7yOQDDLpYFQ="></latexit>

|"i<latexit sha1_base64="3wj+w4CQyPK7fcFcn6d+B5ty9hE="></latexit>

|�i = 1p
2
(|"#i+ |#"i)
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Quantum Correlations

Alice Bob

<latexit sha1_base64="RfZGDNlYOyKKkwP+RxMVkgx+LJ8="></latexit>

|�i = 1p
2
(|!!i � |  i)

<latexit sha1_base64="/LQF8qGEDRnmOw4DiHwMcQq0NFU="></latexit>

| i

or
<latexit sha1_base64="RfZGDNlYOyKKkwP+RxMVkgx+LJ8="></latexit>

|�i = 1p
2
(|!!i � |  i)

<latexit sha1_base64="QLtpdvjMjq/sOFhXGfZ9Tdr78jQ="></latexit>

|!i
<latexit sha1_base64="QLtpdvjMjq/sOFhXGfZ9Tdr78jQ="></latexit>

|!i

<latexit sha1_base64="/LQF8qGEDRnmOw4DiHwMcQq0NFU="></latexit>

| i
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Quantum Correlations

• Quantum correlations are stronger than classical correlations

Alice Bob
<latexit sha1_base64="/YYeOLJP8eWouV0kXKQ+yZuZ1Z0="></latexit>

|�i
<latexit sha1_base64="/YYeOLJP8eWouV0kXKQ+yZuZ1Z0="></latexit>

|�i

or
<latexit sha1_base64="RI1pBv32qKaqGMYWvWQTMhFa1OI="></latexit>

|⌦i
<latexit sha1_base64="RI1pBv32qKaqGMYWvWQTMhFa1OI="></latexit>

|⌦i
<latexit sha1_base64="+O5b4PaniHDZP9/2N82OoPw5QcM="></latexit>

|�i = ıp
2
(|��i � |⌦⌦i)

<latexit sha1_base64="+O5b4PaniHDZP9/2N82OoPw5QcM="></latexit>

|�i = ıp
2
(|��i � |⌦⌦i)

• In quantum systems multiple properties can be simultaneously correlated
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Classical Correlations

A B

Alice Bob

A B

or

• Classical properties are compatible, i.e., they can be simultaneously measured

• Quantum properties can be incompatible, i.e., measuring one gives no information about the other
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Quantum Correlations
<latexit sha1_base64="2lfymGr3ALq30IgbvhtAvf1yZFQ="></latexit>

|�i = 1p
2
(|01i+ |10i) = 1p

2

2

664

0
1
1
0

3

775

<latexit sha1_base64="vL/07p2mZc6HXCJzsbFYtbCX2b8="></latexit>

=
1p
2
(|l$i+ |l$i)

<latexit sha1_base64="H2X7Fcw8On3yMNDfnaizK5WGT7w="></latexit>

|0i = |li =

1
0

�

<latexit sha1_base64="+n8BkRPzMOARGWB388UOiylzSLA="></latexit>

|1i = |$i =

0
1

�

<latexit sha1_base64="+SUBsRt9Lqmih3p14r4cKBd5oes="></latexit>

|%.i = 1p
2


1
1

�
=

1p
2
(|li+ |$i)

<latexit sha1_base64="iDcO82D85IJLyePWfSmmiUU0RYk="></latexit>

|-&i = 1p
2


1
�1

�
=

1p
2
(|li � |$i)

<latexit sha1_base64="GOpY1snXRO9oxCEor4sFAVR0zV0="></latexit>

|�i = 1p
2
(|%.%.i � |-&-&i)

<latexit sha1_base64="vuOyCvnL2/kqDZtK7+WXzQmSUCo="></latexit>

|�i = 1p
2


1
ı

�
=

1p
2
(|li+ ı |$i)

<latexit sha1_base64="YF5VEhXVeUzLtiLwGZoAAaf90Oc="></latexit>

| i = 1p
2


1
�ı

�
=

1p
2
(|li � ı |$i)

<latexit sha1_base64="/iCNaQnQu9bz+Nbajkww3AYuT8Y="></latexit>

|�i = �ıp
2
(|��i � |  i)
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Characterizing Entanglement

Schmidt decomposition:
orthonormal basis

Schmidt coefficients
<latexit sha1_base64="aH8TuS8AfZ+NIpOjFJ+hlyonwMo="></latexit>

{�0,�1} :

<latexit sha1_base64="PPz8qc03ugJoVawdKDeTbzwPkfg="></latexit>

| i = |00i
<latexit sha1_base64="PuQb+rinaZ2Oapk99kHL15FQCkY="></latexit>

|e(1)0 i = |e(2)0 i = |0i
<latexit sha1_base64="bTCxr/yMoSK34M6B/Vf1wOggNj4="></latexit>

|e(1)1 i = |e(2)1 i = |1i
<latexit sha1_base64="YmNwd39O9VF5pfVmQm9dACiGbFA="></latexit>

�0 = 1
<latexit sha1_base64="b3Pw7GjH+tvlXQlFS8HCK7PTvTU="></latexit>

�1 = 0&

<latexit sha1_base64="Onnc+H869trlfmKS132XjUwMpzA="></latexit>

�0 = �1 =
1p
2

<latexit sha1_base64="PuQb+rinaZ2Oapk99kHL15FQCkY="></latexit>

|e(1)0 i = |e(2)0 i = |0i
<latexit sha1_base64="bTCxr/yMoSK34M6B/Vf1wOggNj4="></latexit>

|e(1)1 i = |e(2)1 i = |1i
<latexit sha1_base64="2eUsuYDF7gZ6Of8+L6S03oHemyA="></latexit>

| i = 1p
2
(|00i+ |11i)

• The number of non-zero Schmidt coefficients identifies entanglement

<latexit sha1_base64="88b5H/xSu68hez0HlIa2fbfH+q0="></latexit>

| i =
X

i

p
�i|eii ⌦ |hii

<latexit sha1_base64="EhYiSIjRE3mbgIe3WTICymLj9XI="></latexit>

{|eii, |hii} :

• Entanglement is the superposition of composite quantum systems

<latexit sha1_base64="YmNwd39O9VF5pfVmQm9dACiGbFA="></latexit>

�0 = 1
<latexit sha1_base64="b3Pw7GjH+tvlXQlFS8HCK7PTvTU="></latexit>

�1 = 0& <latexit sha1_base64="Vr/DEtizNggp5mjQ5sZEnAloGFg="></latexit>) (separable)
<latexit sha1_base64="DKWwvltyWypHdz6CseA47C0IEiw="></latexit>

| i = |e0i ⌦ |h0i

(entangled)
<latexit sha1_base64="Mwy3PMp4/nj3+RwC7e3QoyhQy4c="></latexit>

�0 6= 0
<latexit sha1_base64="i9T9LHqbwsXPzSXCj2cWzEZ+7yc="></latexit>

�1 6= 0& <latexit sha1_base64="Vr/DEtizNggp5mjQ5sZEnAloGFg="></latexit>)
<latexit sha1_base64="zJicVHX+5845MrQp03vKYgOPMGU="></latexit>

| i = �0|e0i ⌦ |h0i+ �1|e1i ⌦ |h1i
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Characterizing Entanglement

<latexit sha1_base64="WYJwkZTzOxGwOlZQ8ZLJmvKWJjw="></latexit>

| i = 1

2
(|00i+ |01i+ |10i � |11i)

<latexit sha1_base64="Onnc+H869trlfmKS132XjUwMpzA="></latexit>

�0 = �1 =
1p
2

<latexit sha1_base64="zoC2XhT+Xu9lO9z4/SQgBeMwQ9A="></latexit>

|e(1)0 i = |0i

<latexit sha1_base64="dM5nRRyEHoZm6jA9N7l3wRE3QeQ="></latexit>

|e(1)1 i = |1i

<latexit sha1_base64="nbhCZY7DMHTOMGV23b419GPWT38="></latexit>

|e(2)0 i = 1p
2
(|0i+ |1i)

<latexit sha1_base64="kzxAjBusmxtlywzuRBHKmKllIQ8="></latexit>

|e(2)1 i = 1p
2
(|0i � |1i)

orthonormal basis

Schmidt coefficients
<latexit sha1_base64="aH8TuS8AfZ+NIpOjFJ+hlyonwMo="></latexit>

{�0,�1} :

• The number of non-zero Schmidt coefficients identifies entanglement

<latexit sha1_base64="EhYiSIjRE3mbgIe3WTICymLj9XI="></latexit>

{|eii, |hii} :

• Entanglement is the superposition of composite quantum systems

<latexit sha1_base64="YmNwd39O9VF5pfVmQm9dACiGbFA="></latexit>

�0 = 1
<latexit sha1_base64="b3Pw7GjH+tvlXQlFS8HCK7PTvTU="></latexit>

�1 = 0& <latexit sha1_base64="Vr/DEtizNggp5mjQ5sZEnAloGFg="></latexit>) (separable)
<latexit sha1_base64="DKWwvltyWypHdz6CseA47C0IEiw="></latexit>

| i = |e0i ⌦ |h0i

(entangled)
<latexit sha1_base64="Mwy3PMp4/nj3+RwC7e3QoyhQy4c="></latexit>

�0 6= 0
<latexit sha1_base64="i9T9LHqbwsXPzSXCj2cWzEZ+7yc="></latexit>

�1 6= 0& <latexit sha1_base64="Vr/DEtizNggp5mjQ5sZEnAloGFg="></latexit>)
<latexit sha1_base64="zJicVHX+5845MrQp03vKYgOPMGU="></latexit>

| i = �0|e0i ⌦ |h0i+ �1|e1i ⌦ |h1i

Schmidt decomposition:
<latexit sha1_base64="88b5H/xSu68hez0HlIa2fbfH+q0="></latexit>

| i =
X

i

p
�i|eii ⌦ |hii
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Characterizing Entanglement

<latexit sha1_base64="YmNwd39O9VF5pfVmQm9dACiGbFA="></latexit>

�0 = 1
<latexit sha1_base64="b3Pw7GjH+tvlXQlFS8HCK7PTvTU="></latexit>

�1 = 0&

<latexit sha1_base64="jI2/04F+SftfLywDwH6eDvBsKhA="></latexit>

|e(1)0 i = |e(2)0 i = 1p
2
(|0i+ |1i)

<latexit sha1_base64="pqC3khWYO6FMFB4rCxnT1J1QayQ="></latexit>

|e(1)1 i = |e(2)1 i = 1p
2
(|0i � |1i)

<latexit sha1_base64="ctpNrSE/7ijd9F5hbjqh0ffm7GA="></latexit>

| i = 1

2
(|00i+ |01i+ |10i+ |11i)

orthonormal basis

Schmidt coefficients
<latexit sha1_base64="aH8TuS8AfZ+NIpOjFJ+hlyonwMo="></latexit>

{�0,�1} :

• The number of non-zero Schmidt coefficients identifies entanglement

<latexit sha1_base64="EhYiSIjRE3mbgIe3WTICymLj9XI="></latexit>

{|eii, |hii} :

• Entanglement is the superposition of composite quantum systems

<latexit sha1_base64="YmNwd39O9VF5pfVmQm9dACiGbFA="></latexit>

�0 = 1
<latexit sha1_base64="b3Pw7GjH+tvlXQlFS8HCK7PTvTU="></latexit>

�1 = 0& <latexit sha1_base64="Vr/DEtizNggp5mjQ5sZEnAloGFg="></latexit>) (separable)
<latexit sha1_base64="DKWwvltyWypHdz6CseA47C0IEiw="></latexit>

| i = |e0i ⌦ |h0i

(entangled)
<latexit sha1_base64="Mwy3PMp4/nj3+RwC7e3QoyhQy4c="></latexit>

�0 6= 0
<latexit sha1_base64="i9T9LHqbwsXPzSXCj2cWzEZ+7yc="></latexit>

�1 6= 0& <latexit sha1_base64="Vr/DEtizNggp5mjQ5sZEnAloGFg="></latexit>)
<latexit sha1_base64="zJicVHX+5845MrQp03vKYgOPMGU="></latexit>

| i = �0|e0i ⌦ |h0i+ �1|e1i ⌦ |h1i

Schmidt decomposition:
<latexit sha1_base64="88b5H/xSu68hez0HlIa2fbfH+q0="></latexit>

| i =
X

i

p
�i|eii ⌦ |hii
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Teleportation for Different Resource States

<latexit sha1_base64="58NcMxw1sGEgUQc8vvSLIVMqnaw="></latexit>

x = 0 ) | i = |00i (separable)
<latexit sha1_base64="JR1gJDfb2GJjnGhgJv/LMutqGVs="></latexit>

x =
1

2
) | i = 1p

2
(|00i+ |11i) (entangled)

<latexit sha1_base64="5NT615mYIQQAyLnv11fTQj/q4JU="></latexit>

H <latexit sha1_base64="MxaWjLAIe6TU9kUt6JrIaiCx25M="></latexit>

|nihn|

<latexit sha1_base64="nZe3BY20238VXXi8xDxDw32UHxw="></latexit>

|mihm|

<latexit sha1_base64="H9QlwcZBQaBEu6pFxPIhfVAPjTk="></latexit>

Xm <latexit sha1_base64="Sam+y0LrA4Mkm+1bnyYHY0loxoQ="></latexit>

Zn

<latexit sha1_base64="kMDB24aI6MkwNWZyTHpDX+SDUQI="></latexit>

{<latexit sha1_base64="b/XzzshhtiruPU7t2AOnMFovzUU="></latexit>

| i =
p
1� x |00i+

p
x |11i

0.0 0.1 0.2 0.3 0.4 0.5
0.5

0.6

0.7

0.8

0.9

1.0

<latexit sha1_base64="ODJbir0SP1RoVyC5WDqh0z+h+Dw="></latexit>

F

<latexit sha1_base64="pIHahxUdrcnnY+yf7MtBlKsRG7o="></latexit>x

<latexit sha1_base64="MyjRs/hCKVM2GA9YvKQtKq1ZKrw="></latexit>

|00i

<latexit sha1_base64="Amv9bE6ZDHvXgYHrbWmKvQq7pA4="></latexit>

1p
2
(|00i+ |11i)

maximally

entangled


state

<latexit sha1_base64="iSDU1eWF3R0FJ8QyIYsD1Er7qr0="></latexit>

| iin =
|0i+ |1ip

2

<latexit sha1_base64="t7644lqZOoRE7vQHY9oOcG+Zn3M="></latexit>

| iout

Fidelity:
<latexit sha1_base64="A6FYJFrYT3H8fB6v+8mbBogVskA="></latexit>

F = | h in| outi |2
<latexit sha1_base64="CuxMLd42khrc03+KVyM0XuQtNis="></latexit>

0 6 F 6 1
<latexit sha1_base64="fc4M1d6Q3kRe0tTKaY7UCX0T8TE="></latexit>

F = 1 , | ini = | outi



Next Week

• Lecture 1 — Introduction to Quantum Systems (April 13, 2022)

• Lecture 2 — Teleportation and Entanglement (April 20, 2022)

• Lecture 3 — Decoherence and Quantum Networks (April 27, 2022)

slides can be found at: spyrostserkis.com

you can reach out to me at: spyrostserkis@gmail.com

http://spyrostserkis.com
mailto:spyrostserkis@gmail.com
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